


The Analytical Chemistry of Cannabis



Emerging Issues in Analytical Chemistry

Series Editor

Brian F. Thomas

AMSTERDAM • BOSTON • HEIDELBERG • LONDON
NEW YORK • OXFORD • PARIS • SAN DIEGO

SAN FRANCISCO • SINGAPORE • SYDNEY • TOKYO



The Analytical Chemistry
of Cannabis
Quality Assessment, Assurance, and
Regulation of Medicinal Marijuana
and Cannabinoid Preparations
Brian F. Thomas
Analytical Chemistry and Pharmaceutics, RTI International, Research
Triangle Park, NC, United States

Mahmoud A. ElSohly
National Center for Natural Products Research, Research Institute of
Pharmaceutical Sciences and Department of Pharmaceutics, School of
Pharmacy, University of Mississippi, MS, United States

AMSTERDAM • BOSTON • HEIDELBERG • LONDON
NEW YORK • OXFORD • PARIS • SAN DIEGO

SAN FRANCISCO • SINGAPORE • SYDNEY • TOKYO



Elsevier
Radarweg 29, PO Box 211, 1000 AE Amsterdam, Netherlands
The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, UK
225 Wyman Street, Waltham, MA 02451, USA

Copyright r 2016 Elsevier Inc. All rights reserved.

Published in cooperation with RTI Press at RTI International, an independent, nonprofit research
institute that provides research, development, and technical services to government and
commercial clients worldwide (www.rti.org). RTI Press is RTI’s open-access, peer-reviewed
publishing channel. RTI International is a trade name of Research Triangle Institute.

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher. Details on how to seek
permission, further information about the Publisher’s permissions policies and our arrangements
with organizations such as the Copyright Clearance Center and the Copyright Licensing Agency,
can be found at our website: www.elsevier.com/permissions

This book and the individual contributions contained in it are protected under copyright by the
Publisher (other than as may be noted herein).

Notices
Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods or professional practices,
may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information or methods described herein. In using such information or
methods they should be mindful of their own safety and the safety of others, including parties for
whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of products
liability, negligence or otherwise, or from any use or operation of any methods, products,
instructions, or ideas contained in the material herein.

ISBN: 978-0-12-804646-3

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress

For Information on all Elsevier Publishing publications
visit our website at http://store.elsevier.com/

http://www.rti.org
http://www.elsevier.com/permissions
http://store.elsevier.com/


DEDICATION

This work is dedicated to my wife Cathy, and my mentors Billy Martin,
Ed Cook, Bob Jeffcoat, and Ken Davis.



LIST OF CONTRIBUTORS

Suman Chandra
National Center for Natural Products Research, Research Institute of Pharmaceutical
Sciences, School of Pharmacy, University of Mississippi, MS, United States

Mahmoud A. ElSohly
National Center for Natural Products Research, Research Institute of Pharmaceutical
Sciences and Department of Pharmaceutics, School of Pharmacy, University of
Mississippi, MS, United States

Michelle Glass
Department of Pharmacology, University of Auckland, Auckland, New Zealand

Hemant Lata
National Center for Natural Products Research, Research Institute of Pharmaceutical
Sciences, School of Pharmacy, University of Mississippi, MS, United States

Raphael Mechoulam
Institute for Drug Research, The Hebrew University of Jerusalem, Jerusalem, Israel

Roger G. Pertwee
Institute of Medical Sciences, University of Aberdeen, Aberdeen, Scotland, United
Kingdom

Brian F. Thomas
Analytical Chemistry and Pharmaceutics, RTI International, Research Triangle Park,
NC, United States

Ryan G. Vandrey
Behavioral Biology Research Unit, Johns Hopkins University School of Medicine,
Baltimore, MD, United States



FOREWORD

Cannabis has been used for thousands of years for recreational,
medicinal, or religious purposes. However, the determination of the
chemical structures of its cannabinoids, terpenes, and many other con-
stituents, and of the pharmacological actions and possible therapeutic
uses of some of these compounds, began less than 100 years ago. This
book begins by describing the cultivation, harvesting, and botanical
classification of cannabis plants, and then goes on to specify how these
plants produce some of their chemical constituents. Subsequent chap-
ters focus on medical formulations of cannabis and cannabis-derived
drugs, on the routes of administration of these formulations, and on
analytical methods that are used in the formulation development and
for the quality control or stability assessment of cannabis constituents.
The penultimate chapter deals with regulatory and additional
formulation-related issues for medical cannabis and cannabinoids,
while the final chapter identifies ways in which analytical chemistry
will most likely contribute to the development of cannabinoid thera-
peutics in the future. This book provides much needed insights into the
important roles that analytical chemistry has already played and is
likely to continue to play in the development of cannabis and its con-
stituents as medicines.

Roger G. Pertwee MA, DPhil, DSc, HonFBPhS
Institute of Medical Sciences

University of Aberdeen

Aberdeen, Scotland, United Kingdom



PREFACE

Pharmacology began with natural products and, over some years on
either side of 1900, evolved into a rigorous scientific discipline domi-
nated, at least in the West, by well-defined chemical entities, either
extracted and processed or synthesized. The two traditions evolved
together, each informing the other, the natural strain by long experi-
ence pointing the way toward how a drug development program might
be structured, the synthetic strain contributing molecular specificity,
with analytical chemistry a common element. The resultant contribu-
tion to modern medicine, with all its caveats and controversies, must
be accounted as one of the great advancements in science.

Natural products pharmacology is very much alive. However, that
“natural” is one cause of the popular misconception that herbs are in
some way better or safer than pills. Though some herbal remedies do
appear to be safe and effective, the opposite is closer to the truth.
Cannabis is a good example. The number of parameters on which can-
nabis products can vary is enormous, from strain, growing conditions,
harvesting methods, and handling to storage and processing of the raw
material to combination with a wide variety of foods and other excipi-
ents in manufacturing to methods of administration (eating, smoking,
“vaping,” applying to mucous membranes). At every step, from plant-
ing through consumption, myriad influences can alter dose, absorption
rate, interactions among constituents, exposure to toxins, and a host of
other factors that can result in underdosing, overdosing, and various
types and levels of acute and chronic poisoning, not excepting an
increase in the probability of lung cancer. Even if quality were well
controlled, which on the whole is very much not the case, this
complexity means that governmental oversight of cannabis products
cannot be as close and complete as that for prescription and over-the-
counter pharmaceuticals. Caveat emptor.

Governments around the world are coming slowly to the conclusion
that, in the absence of draconian enforcement, and to a nontrivial
extent in its presence, people are going to use cannabis for medicine
and recreation. The Internet spreads knowledge of genetic sequencing,



metabolomics, proteomics, and other disciplines such that people are
going to manipulate cannabis, as they have long done by selective
breeding, to maximize its mental and physical effects and tailor the
quality of those effects. The present legal status in the United States
and elsewhere cannot stop these activities by amateurs, but it does
inhibit research by professionals to investigate the basic science of can-
nabis, and to use this information to better understand neurophysio-
logical function, develop new medicines for people and animals, and
find ways to deal with cannabis addiction. Tight control of marijuana
and inhibition of legal research has arguably led to another paradoxi-
cal effect: driving the chemistry underground, which has resulted in the
proliferation of new and more dangerous synthetic cannabinoids.
There needs to be more involvement by elements of the US Food and
Drug Administration rather than the Drug Enforcement Agency.

Clearly, the policy, regulatory, and research challenges that accom-
pany the study and understanding of cannabis are unique. Despite all
the issues, research continues, understanding of cannabis and its effects
is evolving, policies are in flux, and the literature is ever-changing. The
aim of this book is to provide the reader with a detailed understanding
of the analytical chemistry of cannabis and cannabinoids as the foun-
dation for quality, safety, and utility of cannabis-derived therapeutics,
and offer direction for future advancements.

xiv Preface
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CHAPTER 11
The Botany of Cannabis sativa L.

Cannabis sativa L. is a widespread species in nature. It is found in
various habitats ranging from sea level to the temperate and alpine
foothills of the Himalayas, from where it was probably spread over the
last 10,000 years.1,2 The age-old cultivation makes its original distribu-
tion difficult to pinpoint.3 Cannabis has a long history of medicinal
use in the Middle East and Asia, with references as far back as the 6th
century BCE, and it was introduced in Western Europe as a medicine
in the early 19th century to treat epilepsy, tetanus, rheumatism,
migraine, asthma, trigeminal neuralgia, fatigue, and insomnia.4,5

As a plant, it is valued for its hallucinogenic and medicinal prop-
erties, more recently being used for pain, glaucoma, nausea, asthma,
depression, insomnia, and neuralgia.6,7 Derivatives are used in
HIV/AIDS8 and multiple sclerosis.9 The pharmacology and
therapeutic efficacy of cannabis preparations and its main active
constituent Δ9-tetrahydrocannabinol (Δ9-THC) have been extensively
reviewed.10�12 The other important cannabinoid constituent of
current interest is cannabidiol (CBD). There has been a significant
interest in CBD over the last few years because of its reported
activity as an antiepileptic agent, particularly its promise for the
treatment of intractable pediatric epilepsy.13,14 Other than Δ9-THC
and CBD, tetrahydrocannabivarin (THCV), cannabinol (CBN), can-
nabigerol (CBG), and cannabichromene (CBC) are major isolates.
Fig. 1.1 shows chemical structures.

Cannabis is also one of the oldest sources of food and textile
fiber.15�17 Hemp grown for fiber was introduced in Western Asia and
Egypt and subsequently in Europe between 1000 and 2000 BCE.
Cultivation of hemp in Europe became widespread after 500 CE.
The crop was first brought to South America (Chile) in 1545, and to
North America (Port Royal, Acadia) in 1606.18 Now its cultivation
is prohibited or highly regulated in the United States.

The Analytical Chemistry of Cannabis. DOI: http://dx.doi.org/10.1016/B978-0-12-804646-3.00001-1
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BOTANICAL DESCRIPTION

Table 1.1 describes the botanical nomenclature of C. sativa L. Cannabis
is a highly variable species in terms of botany, genetics, and chemical
constituents. The number of species in the Cannabis genus has long
been controversial. Some reports proposed Cannabis as a polytypic
genus.19�22 However, based on morphological, anatomical, phyto-
chemical, and genetic studies, it is generally treated as having a single,
highly polymorphic species, C. sativa L.23�26 Other reported species

Figure 1.1 Chemical structures of major cannabinoids present in Cannabis sativa. Δ9-THC, Δ9-tetrahydrocan-
nabinol; THCV, tetrahydrocannabivarin; CBN, cannabinol; CBG, cannabigerol; CBC, cannabichromene; CBD,
cannabidiol.
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are Cannabis indica Lam. and Cannabis ruderalis Janisch, but plants
considered to have belonged to these species are now recognized as
varieties of C. sativa L. (var. indica and var. ruderalis, respectively).
Cannabis sativa and indica are widely cultivated and economically
important; Cannabis ruderalis is hardier and grows in the northern
Himalayas and the southern states of the former Soviet Union but is
rarely cultivated for drug content.

The main morphological difference between indica and sativa is in
their leaves. The leaves of sativa are much smaller and thinner,
whereas those of indica have wide fingers and are deep green, often
tinged with purple; at maturity, they turn dark purple. Indica plants
are shorter and bushier, usually under 6 ft tall and rarely over 8 ft
Indica has short branches laden with thick, dense buds, which mature
early, usually at the beginning of September in the Northern
Hemisphere. Indica buds also vary in color from dark green to purple,
with cooler conditions inducing more intense coloration. Indica flowers
earlier. The natural distribution of indica is Afghanistan, Pakistan,
India, and surrounding areas. The plants of sativa have long branches,
with the lower ones spreading 4 ft or more from the central stalk, as
on a conical Christmas tree. Height varies from 6 ft to more than 20 ft,
with 8�12 ft being the most common. Buds are long and thin and far
less densely populated than in indica, but longer, sometimes 3 ft or
more. Maturation time varies considerably depending on the variety
and environmental conditions. Low Δ9-THC Midwestern sativa varie-
ties (ditchweed) mature in August and September, while equatorial

Table 1.1 Botanical Nomenclature of Cannabis sativa L.
Category Botanical Nomenclature

Kingdom Plantae—Plants

Subkingdom Tracheobionta—Vascular plants

Superdivision Spermatophyta—Seed plants

Division Magnoliophyta—Flowering plants

Class Magnoliopsida—Dicotyledons

Subclass Hamamelididae

Order Urticales

Family Cannabaceae

Genus Cannabis

Species Cannabis sativa L.
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varieties mature from October to December. Buds of sativa require
intense light to thicken and swell; indica does not. Sativa tends to be
higher in Δ9-THC and lower in CBD than indica. Sativa is found
all over the world and comprises most of the drug type equatorial
varieties such as Colombian, Mexican, Nigerian, and South African,
where marijuana plants can be very potent. Cannabis has many local
common names, some of which are given in Table 1.2.

Normally, cannabis exhibits a dioecious (male and female flowers
develop on separate plants) and occasionally a monoecious (hermaphro-
dite) phenotype. It flowers in the shorter days (below 12-h photoperiod)
and continues growing vegetatively in the longer photoperiod. Sex is
determined by heteromorphic chromosomes (males being heterogametic
XY, females homogametic XX). Male flowers can be differentiated from
female by their different morphological appearance. At the vegetative
stage, differentiation is difficult because of morphological similarities.
Molecular techniques, however, can differentiate at an early stage.27�32

Cannabis is wind pollinated. For the production of cannabinoids (or
phytocannabinoids), female plants are preferred for several reasons.
First, they produce higher amounts of cannabinoids. Second, once
pollinated, female plants produce seeds at maturity, whereas seed-free

Table 1.2 Common Cannabis Names in Different Languages
Language Common Names

Arabic Bhang, hashish qinnib, hasheesh kenneb, qinnib, tîl

Chinese Xian ma, ye ma

Danish Hemp

Dutch Hennep

English Hemp, marihuana

Finnish Hamppu

French Chanvre, chanvre d’Inde, chanvre indien, chanvrier

German Hanf, haschisch, indischer hanf

Hindi Bhang, charas, ganja

Japanese Mashinin

Nepalese Charas, gajiimaa, gaanjaa

Portuguese Cânhamo, maconha

Russian Kannabis sativa

Spanish Cáñamo, grifa, hachís, mariguana, marijuana

Swedish Porkanchaa
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plants (sinsemilla, a Spanish word) are preferred for their higher yield of
secondary metabolites. Third, if several cannabis varieties are being
grown together, cross-pollination would affect the quality (chemical
profile) of the final product. To avoid this, removing male plants as they
appear, screening female clones for higher metabolite content, and
conservation and multiplication using biotechnological tools ensures the
consistency in chemical profile that is desirable for pharmaceuticals.

CHEMICAL CONSTITUENTS AND PHENOTYPES OF C. SATIVA L.

CBN was the first cannabinoid to be isolated33,34 and identified35�37

from C. sativa. The elucidation of CBN led to speculation that the
psychotropically active constituents of cannabis could be THCs. The
nonpsychotropic compound CBD was subsequently isolated from
Mexican marijuana38 and the structure was determined.39 Gaoni and
Mechoulam, two pioneers of cannabis research, determined the struc-
ture of Δ9-THC after finally succeeding in isolating and purifying this
elusive compound (see Mechoulam Close-up: How to Pamper an
Idea).40 Since then, the number of cannabinoids and other compounds
isolated from cannabis has increased continually, with 545 now
reported. Of these, 104 are phytocannabinoids (Table 1.3). From the
isolation and structural elucidation of Δ9-THC in 1964 until 1980,

Table 1.3 Constituents of Cannabis sativa L.
No. Groups Number of Known Compounds

1 CBG type 17

2 CBC type 8

3 CBD type 8

4 Δ9-THC type 18

5 Δ8-THC type 2

6 CBL type 3

7 CBE type 5

8 CBN type 10

9 CBND type 2

10 CBT type 9

11 Miscellaneous 22

12 Total cannabinoids 104

13 Total noncannabinoids 441

Total 545

5The Botany of Cannabis sativa L.



61 phytocannabinoids were isolated and reported.41 Only nine new
ones were characterized between 1981 and 2005,42 but 31 were
reported between 2006 and 2010. The 13 chemical constituent type
groups shown in Table 1.3 suggests the chemical complexity of the
cannabis plant.42

The concentration of Δ9-THC and CBD, the most abundant canna-
binoids, can be characterized qualitatively and quantitatively.43

Qualitative characterization is based on the Δ9-THC/CBD ratio and
assigning the plant to a discrete chemical phenotype (chemotype). In
1971, cannabis was initially characterized in two phenotypes, drug
type and fiber type, by Fetterman et al.44 A Δ9-THC/CBD ratio .1
was drug type, a lesser ratio was fiber type. In 1973, Small and
Beckstead proposed three categories based on the ratio: drug type if
.1, intermediate if close to 1, and fiber if ,1.45,46 In 1987, Fournier
et al. added a rare chemotype that was characterized by a very low
content of Δ9-THC and CBD with CBG as the predominant
constituent.47

Quantitatively, the plant is characterized by potency through mea-
suring the level of its most abundant cannabinoids, Δ9-THC and CBD,
in its tissues (Fig. 1.2). The levels of cannabinoids are controlled by
the interaction of several genes and also influenced by the growth
environment of the plant.48�52 Numerous biotic and abiotic factors
affect cannabinoid production, including the sex, growth stage, environ-
mental parameters, and fertilization.23,50,53�56

CANNABIS BIOSYNTHESIS

Fig. 1.3 is a schematic of cannabinoid biosynthesis. In the plant,
Δ9-THC, CBD, and CBC are in their acid forms.57�59 Two indepen-
dent pathways, cytosolic mevalonate and plastidial methylerythritol
phosphate (MEP), are responsible for terpenoid biosynthesis. The
MEP pathway is reported to be responsible for the biosynthesis of the
terpenoid moiety.12 Olivetolic acid (OLA) and geranyl diphosphate
(GPP) are derived from the polyketide and the deoxyxylulose phos-
phate (DOXP)/MEP pathways, respectively, followed by condensation
under the influence of the prenylase olivetolate geranyltransferase,
yielding cannabigerolic acid (CBGA). CBGA, in turn, is oxidocyclized
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by flavin adenine dinucleotide-dependent oxidases, namely, cannabi-
chromenic acid (CBCA) synthase, cannabidiolic acid (CBDA)
synthase, and Δ9-THCA synthase, producing CBCA, CBDA, and Δ9-
THCA, respectively.60,61
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Figure 1.2 Gas chromatography-flame ionization detector (GC-FID) analysis of (A) a high CBD type and
(B) a high Δ9-THC type cannabis plant.
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SELECTION OF ELITE CLONES FOR PLANT PROPAGATION

The quality, safety, and efficacy of starting material are basic prerequi-
sites in the pharmaceutical industry. Cannabis as a feedstock is more
challenging because it is a chemically complex and highly variable
plant due to its allogamous nature. The chemical composition of can-
nabis biomass is affected by a range of factors such as genetics, envi-
ronment, growth conditions, and harvesting stage. Therefore, selection
of elite starting material (female clone) based on chemical composition,
conservation, and mass multiplication using advanced biotechnological
tools is a suitable way to ensure the consistency in chemical profile of
a crop for pharmaceuticals.

In our laboratory, we developed a GC-FID method for screening
and selection of elite biomass based on major cannabinoid content.

Geranyl pyrophosphate      Olivetolic acid

Geranylpyrophosphate:olivetolate
geranyltransferase

(GPP)                         (OLA)

Cannabigerolic acid (CBGA)

Tetrahydrocannabinolic acid
synthase

Cannabidiolic acid
synthase

Cannabichromenic acid
synthase

Tetrahydrocannabinolic
acid (THCA)

Cannabidiolic
acid (CBDA)

Cannabichromenic
acid (CBCA)

Figure 1.3 Biosynthetic pathway of tetrahydrocannabinolic acid, cannabidiolic acid, and cannabichromenic acid.
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Briefly, quantitative analysis of seven major cannabinoids (THCV,
CBD, CBC, Δ8-THC, Δ9-THC, CBG, and CBN) is done by solvent
extraction followed by analysis using capillary gas chromatography, a
method offering short analysis time and resolution of all cannabinoids
on a single column. Three samples (100 mg each) are used for analysis
from each manicured biomass sample. A 3-mL internal standard (IS)
extraction solvent (100 mg of 4-androstene-3,17-dione1 10 mL
chloroform1 90 mL methanol) is added to the sample and allowed to
rest at room temperature for 1 h. The extract is then filtered through
a cotton plug and the clear filtered material is transferred to an
autosampler vial. Samples are placed onto the GC instrument along
with vials of ethanol, internal standard/Δ9-THC mixture (unextracted
standard), and controls. The results are calculated by obtaining an
average percentage of each cannabinoid from the two chromatograms
of each sample. It must be noted that the response factor for the can-
nabinoids relative to IS is 1. Therefore, the area of each cannabinoid
divided by that of the IS multiplied by the amount of IS added (3 mg)
gives the percentage of each cannabinoid in the sample, as 100 mg of
sample is used for analysis. For example, a cannabinoid with the
same peak area as that of the IS represents a 3% concentration in the
sample. The method has been validated to meet FDA-GMP
requirements.

Once a female cannabis plant is screened and selected based on its
cannabinoids profile, it can be used as a mother stalk for future
propagation.

PLANT GROWTH AND CULTIVATION

Cannabis is an annual species and can be grown from seed or vegeta-
tive cuttings under indoor and outdoor conditions. Indoor cultivation
under controlled environmental conditions can generate three or four
crops per year, depending upon required per-plant biomass yield;
outdoor cultivation is limited to one crop per year. Selection of starting
material or variety depends upon the composition of active ingredients
required in the end product.

Propagation Through Seed
Fig. 1.4 shows the typical seeds of a high-Δ9-THC-yielding Mexican
variety of C. sativa L. Cultivation through seed is an ancient and

9The Botany of Cannabis sativa L.



traditional method. Seeds can be sown in small biodegradable jiffy
pots containing soil with good aeration and should be kept moist by
watering with a light spray when the upper surface begins to feel dry.
During winter, a heat mat can be used below the pots to increase the
soil temperature and enhance germination.

Normally seeds start sprouting by the fourth day of plantation, and
most of the viable seeds germinate within 15 days. Variation in the rate
of seed germination depends on the variety, seed age, storage conditions,
and soil and water temperatures. Germinated seedlings can be kept under
cool fluorescent light with an 18-h photoperiod until the seedlings are big
enough to transplant to bigger pots. Once transplanted, they can be kept
under full-spectrum grow light (1000 W high-pressure sodium or metal-
halide bulbs) with an 18-h photoperiod for further vegetative growth.

Upon completion of desired vegetative growth, plants may be
exposed to a 12-h photoperiod for flowering. (At this stage, cuttings of
selected healthy plants can be made and maintained at vegetative stage
for screening purposes.) Onset of flowering normally occurs in 2 weeks,
depending upon variety. Being a dioceous species, seed raised plants nor-
mally turn 50% male and 50% female, depending on the variety. Onset
of male flowers normally occurs a week earlier than female flowers.
For the production of useful secondary metabolites, female plants are
preferred as they produce higher cannabinoid content. At this early
flowering stage, male plants can be identified and separated from female

Figure 1.4 Cannabis sativa seeds (high-yielding Mexican variety).
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plants. Once all the male plants are removed, female plants can be
grown to full maturity for the production of sinsemilla (seedless) buds.
Mature buds can be analyzed for cannabinoid content using GC-FID.
Based on this analysis, elite high-yielding clones can be identified and
their vegetative backup cuttings can be used as mother plants for future
propagation.

Vegetative Propagation in Soil
The pharmaceutical industry requires consistency in the active ingredi-
ents of source material. Using cannabis as a source raw material
remains especially challenging. In spite of being grown from seeds
derived from a single cannabis mother plant, a considerable degree of
variation in chemical composition of juvenile plants may be observed.
Therefore, screening of high-yielding female plants and mass propaga-
tion of vegetative clones is the most suitable way to meet the demand
for uniformity of the final product.

Once a best candidate female clone with a specific chemical profile
is screened and selected, a fresh nodal segment about 6 to 10 cm long
containing at least two nodes can be used for vegetative propagation.
A soft apical branch is cut at a 45-degree angle just below a node
and immediately dipped in distilled water. The base of the cutting is
subsequently dipped in rooting hormone and planted in biodegradable
jiffy pots (23 2 in) containing coco natural growth medium and a
mixture (1:1) of sterile potting mix and fertilome. At least one node is
covered by soil for efficient rooting. Plants are regularly irrigated and
kept under controlled environmental conditions. Rooting initiates in
2 to 3 weeks, followed by transplantation to bigger pots after 5 to 6
weeks. The cuttings can be maintained at constant vegetative state
under 18-h photoperiod (Fig. 1.5).

Vegetative Propagation in Hydroponics
Vegetative cuttings can also be grown in a hydroponics system.
A small branch consisting of a growing tip with two or three leaves is
cut and immediately dipped in distilled water. The base of the cutting
is dipped in rooting hormone and inserted (B1 in) deep into a rock-
wool cube or a hydrotone clay ball supporting medium. Plants are
supplied with vegetative fertilizer formula and exposed to fluorescent
light under 18-h photoperiod. Rooting initiates in 2 to 3 weeks.

11The Botany of Cannabis sativa L.



Figure 1.5 Indoor vegetative propagation of Cannabis sativa. (A) Vegetative cuttings under fluorescent lights,
(B) plant growing under full-spectrum metal-halide lamps.
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In Vitro Plant Regeneration
Tissue culture methods offer an alternative means of vegetative
propagation. Clonal propagation through tissue culture, commonly
called micropropagation, can be achieved in a short time and a
small space. It is possible to produce plants in large numbers
starting from a single clone. However, the process involves several
stages, from initiation and establishment of aseptic cultures to
multiplication, rooting of regenerated shoots, and hardening in soil.
Direct organogenesis is the most reliable method for clonal propa-
gation because it upholds genetic uniformity among progenies.62�64

An efficient micropropagation protocol for mass growing of drug
type varieties using apical nodal segments containing axillary
buds65�67 (Fig. 1.6), as well as the micropropagation of a hemp
variety using shoot tips,68 have been reported. Recently, our group
developed an improved one-step micropropagation protocol using
meta-topolin.69

Plant tissue culture is also considered the most efficient
technology for crop improvement by the production of somaclonal

Figure 1.6 Micropropagation of Cannabis sativa. (A) A representative mother plant, (B and C) fully rooted
cannabis plants, (D) micropropagated plants under the acclimatization condition, and (E�G) well-established
micropropagated plants in soil.
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and gametoclonal variants. The callus-mediated cultures have
inheritable characteristics different from those of parent plants due
to the possibility of somaclonal variability,70 which may lead to
the development of commercially important improved varieties.
Micropropagation through callus production has been reported,
including production of roots through cannabis calli,71 occasional
shoot regeneration,63 and high-frequency plant regeneration from
leaf tissue�derived calli.72

Quality Control of In Vitro Regenerated Plants
The sustainability of the regeneration systems depends upon the
maintenance of the genetic integrity of micropropagated plants.
Despite its potential, in vitro techniques are known to induce soma-
clonal variations. Further, the frequency of these variations varies
with the source of explants and their regeneration pattern, media
composition, and cultural conditions. Tissue culture�induced varia-
tions can be determined at the morphological, cytological, bio-
chemical, and molecular levels with several techniques. At present,
molecular markers are powerful tools used in the analysis of genetic
fidelity of in vitro propagated plantlets. These are not influenced by
environmental factors and generate reliable and reproducible
results.

In our laboratory, DNA-based intersimple sequence repeat (ISSR)
markers have been successfully used to monitor the genetic stability
of the micropropagated plants of C. sativa.73,74 Fully mature in vitro
propagated plants were also analyzed for their chemical profile and
cannabinoid content, and compared with mother plants and vegeta-
tively grown plants from the same mother plant using GC-FID for
quality assurance.75

Our results showed that micropropagated plants were highly
comparable to the mother plant and vegetatively grown plants in terms
of genetics, chemical profile, and cannabinoid content. These results
confirm the clonal fidelity of in vitro propagated plants and suggest
that the biochemical mechanism used to produce the micropropagated
plants does not affect genetics or metabolic content. So these protocols
can be used for mass propagation of true to type plants of C. sativa for
commercial pharmaceutical use.
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Conservation of Elite Germplasm
The conservation of plant genetic resources is vital for the maintenance
and improvement of existing gene pool and plant breeding programs.76

In the last few decades, in situ conservation methods have played an
important role in the conservation of elite plant germplasm. We have
developed protocols for the conservation of elite C. sativa clones using
vegetative propagation, slow growth conservation techniques, and algi-
nate encapsulation.66,77

INDOOR CULTIVATION

Indoor cultivation under controlled environmental conditions allows
total control of the plant life cycle and the quality and quantity of
the biomass as starting material for the production of a desirable
cannabinoid profile for pharmaceutical use. Parameters such as light
(intensity and photoperiod), temperature, carbon dioxide level, air cir-
culation, irrigation, relative humidity, and plant nutrition are the most
important factors.

Light
Light is a vital component for the photosynthesis in plants.
Suitable light quality, optimum light intensity, and desirable photope-
riod are important in the indoor cultivation of cannabis. Our study
shows that cannabis plants can use high photosynthetic photon flux
density (B1500 μmol/m2/s) for efficient gas and water vapor exchange
between leaves and the environment.50,78 Different light sources can be
used: fluorescent (for cuttings), metal-halide bulbs, high-pressure
sodium lamps (for well-established plants), conventional bulbs, and
light emitting diodes. However, with indoor lighting, it is difficult
to match photosynthetically active radiation received in the bright
outdoor sunlight. An 18-h photoperiod is optimum for vegetative
growth; 12-h is recommended for the initiation of flowering.

Irrigation and Humidity
The amount of water and the frequency of watering vary with the
growth stage, size of the plants and pots, growth temperature, humidity,
and many other factors. During the early seedling or vegetative
stage, keeping the soil moist is recommended. Once the plants are
established, the top layer of soil must be allowed to dry out
before the plants are watered again. Overall, the soil should not be kept
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constantly wet and the plant should not be allowed to wilt. In general,
watering should be done based on the requirement of the plant
depending on its growth stage and the size of the container. Vegetative
cuttings require regular moisture on the leaves to maintain a high
humidity in its microclimate until the plants are well rooted. Humidity
around 75% is recommended during the juvenile stage and about 55%
to 60% during the active vegetative and flowering stages.

Temperature
Depending upon the original growth habitat and the genetic
makeup, the temperature response of photosynthesis varies with the
cannabis variety. Growth temperature of 25�C to 30�C is ideal for
most varieties.50,51,79

Level of Carbon Dioxide
Air circulation in the growing room is another important factor and
is necessary for indoor cultivation of healthy plants. An elevated CO2

level enhances photosynthetic carbon assimilation and so may acceler-
ate growth and improve productivity. A doubling of CO2

concentration has been reported to increase the crop yield by 30% or
more in experiments conducted under close environmental conditions
such as in greenhouses and growth chambers.80�84 Doubling of CO2

concentration (B750 μmol mol21) was reported to stimulate the rate of
photosynthesis and water use efficiency by 50% and 111%, respec-
tively, as compared to ambient CO2 concentration.50,85 Therefore,
supplementing CO2 and proper air circulation in the growing room are
recommended and will scale up the rate of photosynthesis and overall
growth.

Plant Nutrition
Cannabis requires a minimum amount of nitrogen and a high level of
phosphorus to promote early root growth. For vegetative growth, a
higher level of nitrogen is required. For flowering, more potassium and
phosphorous for the production of buds is needed.

OUTDOOR CULTIVATION

Cannabis is an annual. In the natural environment, it flowers at the
end of summer (shortening days) irrespective of planting date or plant
age. Seed is set before the arrival of winter and plant dies, if not
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harvested. Outdoor planting normally starts during late March or early
April, depending on weather conditions, and could last into November
or early December for some varieties. Starting from seed, plants may
be raised in small jiffy pots and the selected healthy seedlings trans-
planted to the field (seeds also may be directly planted in the field).
Male flowers start appearing within 2 to 3 months, around the middle
of July, followed by female flowers. Male plants are generally removed
from the fields for reasons stated above. Vegetative propagation of
selected elite female clones and their field plantation is generally pre-
ferred over seedlings for the consistency in the chemical profile of
the end product. Similar to seedlings, propagation of cuttings can be
done in small jiffy pots and rooted cuttings then planted in the field
by hand or by automated planters. Fig. 1.7 shows a typical outdoor
cultivation through vegetative cuttings.

Throughout the growing season, a few randomly selected plants
from different plots are periodically analyzed for cannabinoid content.
We found that the amount of Δ9-THC increases with the age of the
plant, reaching the highest level at the budding stage and plateauing
before the onset of senescence. The maturity of the crop is determined

Figure 1.7 Outdoor cultivation of cannabis crop. (A and B) plants at vegetative stage, (C and D) plants at bud-
ding stage.
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visually and confirmed using GC-FID based on the Δ9-THC and other
cannabinoid content in samples collected at different growth stages.
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 maturity.

Outdoor cultivation has a few advantages and disadvantages in
comparison to indoor. Field-cultivated plants are normally bigger
and have higher biomass. Growing in the natural environment does
not require the intensive investment in equipment and maintenance
that indoor does. The primary disadvantage is less control over grow-
ing conditions. The weather may be unfavorable for harvest when the
plants have reached maturity, or a thunderstorm may seriously
damage plants when they are ready to harvest. Outdoor plants need a
longer growing season than indoor.

HARVESTING AND PROCESSING

Fig. 1.8 shows harvesting, drying, and processing of field-grown cannabis
biomass.

Figure 1.8 Harvesting, drying, and processing cannabis biomass. (A) Harvesting mature plants, (B) drying
biomass, (C) dried cannabis buds, and (D) processed plant material in barrel.
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Harvesting
Determining the optimum harvesting stage is a critical step in cannabis
cultivation. Too early or too late can significantly affect the yield of
Δ9-THC. Periodical monitoring of Δ9-THC level allows harvesting
material with the desired content. Harvesting should be done in the
morning because Δ9-THC level peaks before noon and then gradually
declines. Within the plant, the mature top buds may be harvested first
and the others allowed time to mature.

Handling, Drying, Processing, and Storage
During harvest, drying, and processing, gloves are recommended.
If the biomass is being used as starting material for pharmaceuticals,
contact with the ground should be avoided. Dry and large leaves may
be removed from mature buds before drying (Fig. 1.8).

The drying facility is based on the size of cultivation. For large-
scale growing, a commercial tobacco drying barn (such as BulkTobac,
Gas-Fired Products, Inc., Charlotte, NC) can be used. For small
samples, a simple laboratory oven will suffice for overnight drying
at 40�C.

When the material is dried, it can be hand manicured. Big leaves
should be separated from buds. The 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 separate big stems and seeds from the useable
biomass.

Storing Biomass
Properly dried and processed biomass can be stored in FDA-approved
sealed fiber drums containing polyethylene bags at 18�C to 20�C for
the short term. For the long term, 210�C in a freezer is recommended.
Stability of Δ9-THC and other cannabinoids in biomass and products
has been reviewed by several authors.86�88

CONCLUSION

Cannabis is very special in the plant kingdom in that it belongs to a family
(Cannabaceae) with a single genus (Cannabis) with only one species (sativa)
that has many varieties. The plant is very rich in constituents, the most
specific of which are the cannabinoids that have not been reported in any
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other plant, and it has broad pharmacological properties with tremendous
medical potential in the treatment of epilepsy, spasticity, inflammation,
irritable bowel syndrome, pain, and other disorders. Methods for growing,
harvesting, processing, formulation, and use continue to evolve towards an
important position in the pharmacopeia.

Close-Up: How to Pamper an Idea

R. Mechoulam
Hebrew University, Institute for Drug Research, Jerusalem, Israel

A scientific idea has not only to be pursued, but also pampered—in par-
ticular, if it is not welcome.

In the early 1960s as a newly appointed junior scientist at the
Weizmann Institute in Rehovot, I was supposed to work with the head of
my department, but could also explore some ideas of my own. I was
interested in the chemistry and biological effects of natural products. I
looked for biologically active plants that had not been previously well
investigated. To my great surprise, I noted that the chemistry and hence
the various activities of Cannabis sativa, the hashish plant, were not well
known.

Morphine and cocaine had been isolated in the 19th century, and the
availability of these alkaloids had made possible biochemical, pharmaco-
logical and clinical work with them. Why not cannabis? Actually its
chemistry and biology had been investigated. There were numerous publi-
cations in the 19th century in mostly obscure journals. More recently, in
the late 1930s and early 1940s, Roger Adams, a prominent US chemist,
and Lord Alexander Todd, a Nobel Prize winner, had looked at the
chemistry of cannabis, but apparently the active constituents had never
been isolated in pure form and no definite structures had been put
forward. The reasons may have been technical. We know today that the
cannabinoids—a term I coined some years later—are present in the plant
as a mixture of constituents with closely related chemical structures which
presumably could not be separated by the methods available then.

Later, legal obstacles made work on cannabis almost impossible,
particularly in North America and Europe. Cannabis—an illicit entity—
was not readily available to most scientists, and research with it was next
to impossible for academics, as few of them could follow effectively the
security regulations required. By the mid 1940s cannabis research had
effectively been eliminated.

I was not aware of the legal problems. And neither were the adminis-
tration of the Weizmann Institute and even the police! In early 1963,
through the administrative head of the Institute, I requested hashish for
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research from the police and was asked to come over to their store of
confiscated smuggled material in Tel Aviv. There I drank a cup of coffee
with the elderly person in charge, he told me how the police had caught
hashish smugglers from the Lebanon and I told him what we wanted to
explore. I received 5 kg of hashish in the form of 10 “hashish soles,”
signed a receipt and boarded a bus to the Weizmann Institute some 15
miles away. On the bus travelers commented on the pleasant smell of the
“vegetables” I was carrying.

We had all actually broken the strict laws on illicit substances. The
Ministry of Health was supposed to have approved the research, the
police should not have given me such a dangerous substance and I was
essentially a criminal. But at the Ministry some of the bureaucrats in
charge were my ex-colleagues, and after I was severely scolded for break-
ing the laws, we drank together some more coffee and I got a properly
signed and stamped document. Living and doing research in a small
country where people working in related areas generally know each other
has at times its positive aspects.

The first thing my colleague Yuval Shvo and I did with the now legal
hashish was to reisolate cannabidiol (CBD)—already isolated previously
by Adams and Todd—and elucidate its structure. Not surprisingly, for
over 40 years after our work on CBD in 1963, very few scientists and
clinicians became interested in CBD, although we showed, together with
Brazilian colleagues, already in 1980, that it is a good, novel antiepileptic
drug and together with Israeli and British colleagues and friends pub-
lished, in the early years of the 21st century, that it is also a potent drug
in autoimmune diseases. Gratifyingly, today CBD is widely acclaimed as
a novel antiepileptic drug in children.

In 1964 Yehiel Gaoni, a recent PhD chemist from the Sorbonne,
joined the hashish group, and together we isolated for the first time the
psychoactive constituent of hashish, which we named Δ1-tetrahydrocan-
nabinol (Δ1-THC). The chemical nomenclature rules demanded a change,
and today Δ1-THC is known as Δ9-THC. However, the academic admin-
istration of the Weizmann Institute were not happy with our research.
Why could not we work on more respectable scientific topics? With a
heavy heart in 1966 I moved to the supposedly more conservative
Hebrew University in Jerusalem, where, surprisingly, I had full support
for our work and where we continued to pamper cannabinoid ideas for
over 50 years.

Over the next decades many other cannabinoids were isolated, their
structures were elucidated and compounds were synthesized by our
group. We looked at the metabolism of the cannabinoids and we collabo-
rated with numerous biologists in exploring the various cannabinoid
activities.
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Anandamide and 2-AG were discovered by my group in the 1990s,
and, with colleagues in many countries, we found that the newly discov-
ered endocannabinoid system is involved in a large number of biological
reactions and clinical conditions. The pampered idea has become a scien-
tific adult.

Looking ahead. Shall we have endocannabinoid drugs soon? By
modification of the endocannabinoid system, possibly through epige-
netics, can we possibly treat clinical conditions in the future? As we have
previously speculated, is the subtle chemical disparity of the many dozens
of endocannabinoid-like compounds in the brain somehow involved
in the huge variability in personality—an area in psychology that is yet to
be fully understood?

What next?
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CHAPTER 22
Biosynthesis and Pharmacology of
Phytocannabinoids and Related
Chemical Constituents

In addition to nucleic acids, proteins, lipids, and carbohydrates, cannabis
produces a large number of additional constituents, or secondary
metabolites, including phytocannabinoids, terpenoids, and phenylpro-
panoids.1,2 While phytocannabinoids are often referred to as the
“active” ingredients in cannabis, these other chemical constituents
have a broad spectrum of pharmacological properties and can
contribute to the effects seen upon cannabis ingestion or combustion
and inhalation, and may also be contained within and contribute to
the activity of extracts, tinctures, and other cannabis formulations.3

This overview of cannabis constituents will focus on the phytocanna-
binoids, terpenoids, and flavonoids that make up a large percentage
of the pharmacologically active ingredients of current or emerging
interest.

PHYTOCANNABINOID CONSTITUENTS IN CANNABIS

Phytocannabinoids are a structurally diverse class of naturally occur-
ring chemical constituents in the genus Cannabis (Cannabaceae). This
chemical classification is broadly based on their derivation from a com-
mon C21 precursor (cannabigerolic acid,4 CBGA), or its C19 analog
(cannabigerovaric acid,5 CBGVA), the predominate phytocannabinoid
precursors formed through the reaction of geranyl pyrophosphate with
olivetolic and divarinic acid, respectively (Fig. 2.1).

Enzymatic conversion of cannabigerolic and cannabidivaric acid
produces a wide variety of C21 terpenophenolics,6 including
(2)-trans-Δ9-tetrahydrocannabinol (Δ9-THC), cannabigerol (CBG),
cannabichromene (CBC), cannabicyclol (CBL), cannabidiol (CBD),
cannabinodiol (CBND), and cannabinol (CBN), and their C19
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homologs Δ9-tetrahydrocannabivarin (Δ9-THCV), cannabivarin (CBV),
and cannabidivarin (CBDV). More than 100 phytocannabinoids across
11 chemical classes have been isolated and identified to date.7 In the
growing Cannabis sativa plant, most of these cannabinoids are initially
formed as carboxylic acids (eg, Δ9-THCA, CBDA, CBCA, and
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Δ9-THCVA) that are decarboxylated to their corresponding neutral
forms as a consequence of drying, heating, combustion, or aging
(Fig. 2.2). There are also different isomers of phytocannabinoids result-
ing from variations or isomerization in the position of the double bond
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in the alicyclic carbon ring (eg, (2)-trans-Δ8-THC). It is important
to note that CBN is not formed biosynthetically, but is an oxidative
degradant ofΔ9-THC.2

Regulation of cannabinoid content in each plant phenotype
(chemotype) has been proposed to involve genetic control of the
expression of a variety of synthetic enzymes by four independent loci.8

Qualitatively, the cannabinoid chemotype is controlled by the variation
in expression of these phytocannabinoid synthetic enzymes, resulting in
progenies and populations that have discrete distributions of chemical
composition (ie, chemical ratios of phytocannabinoids, such as the
Δ9-THC/CBD ratio). Quantitatively, the phytocannabinoid content is
controlled by polygenic mechanisms, and is strongly influenced by
environmental factors, such that a Gaussian distribution of total
cannabinoid content is typically observed. In addition, the cannabinoid
content and profile changes over time as the plant grows, matures, and
ages.9 Wild-type chemotypes can therefore differ between Δ9-THCA
predominance and CBDA predominance in discrete populations,
but vary dramatically in total cannabinoid content, with clones of
both types reaching total cannabinoid content levels of up to 25�30%
(w/w) of the dry and trimmed inflorescences. Spontaneous mutations
and selective breeding have produced unique chemotypes that
show CBGA-,10 CBCA-,11 or Δ9-THCVA predominance,8 as well as
cannabinoid-free chemotypes.12 Selective breeding has produced hun-
dreds of strains that differ in appearance and chemical composition,
and patients and recreational users often prefer specific strains for
their purported ability to produce specific pharmacological effects. De
Meijer speculates that future breeding might produce novel terpeno-
phenolic compounds such as those with branched alkyl or aromatic
side chains, or chemotypes with increased ratios of currently minor
constituents such as methyl, butyl, or farnesyl cannabinoids.8

The current variation in phytocannabinoid content across and
within chemotypes has important implications in medicinal cannabis
and cannabis-based formulations and dosing. This has become increas-
ingly apparent and can be recognized by the plethora of varieties of
cannabis being cultivated, manufactured, and marketed as dosing
formulations in the medicinal and recreational market. Similarly, the
nonphytocannabinoid composition of cannabis is receiving increasing
pharmacological attention, particularly terpenoids and flavonoids.13
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MONOTERPENOID, SESQUITERPENOID, AND DITERPENOID
CONSTITUENTS OF CANNABIS

Geranyl pyrophosphate is the precursor in the synthesis of the more
ubiquitous terpenoids (Fig. 2.3), leading to the formation of limonene
and other monoterpenoids in secretory cell plastids,14 or coupling with
isopentenyl pyrophosphate in the cytoplasm to form farnesyl pyro-
phosphate, a key intermediate in the biosynthesis of sesquiterpenoids
and triterpenoids.13,15 Addition of another isopentenyl group to farne-
syl pyrophosphate leads to geranylgeranyl pyrophosphate, which is the
precursor of the diterpenoids.15 Some of the predominate volatile
monoterpenes found in cannabis are β-myrcene, (E)-β-ocimene, terpi-
nolene, limonene, and β-pinene.16,17 β-caryophyllene, α-caryophyllene
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(humulene), longifolene, α-zingiberene, and β-cedrene are among the
major sesquiterpenes found in prototypical cannabis samples.16

PHENYLPROPANOID CONSTITUENTS OF CANNABIS

Phenylpropanoids are of interest for their diverse pharmacological and
industrial applications.18 Their biosynthesis begins with phenylalanine,
derived from the shikimate pathway, which is converted by phenylala-
nine ammonia lyase into cinnamic acid (Fig. 2.4). After hydroxylation
of cinnamic acid by cinnamate-4-hydroxylase to form p-coumaric acid,
it is converted in p-coumaroyl CoA by addition of a CoA thioester
by a 4-coumarate:CoA ligase enzyme. This common high energy
intermediate is used in the biosynthesis of cell wall constituents (lignins),
pigments (flavonoids, antocians), and UV protectant and pest resistance
compounds (stilbenoids, flavonoids, isoflavonoids, coumarins, and
furanocoumarins). A key enzyme in the flavonoid biosynthesis pathway
is chalcone synthase (CHS), a protein in the superfamily of polyketide
synthase that includes stilbene synthase, phlorisovalerophenone
synthase, isobutyrophenone synthase (BUS), and olivetol synthase
activities that can be detected during the development and growth
of glandular trichomes on bracts of cannabis.18,19 The activities of
polyketide synthases and the resulting biosynthesis of cannabinoids,
stilbenoids, and flavonoids in the plant are induced in response to a
wide range of stimuli such as UV light, pathogens, hormones, elicitors,
growth substances, and wounding. Some of the naturally occurring
flavonoid constituents are orientin, vitesin, luteolin-7-O-β-D-glucuronide,
and apigenin-7-O-β-D-glucuronide.20

THERAPEUTIC INDICATIONS FOR MEDICINAL CANNABIS AND
CANNABIS-DERIVED DOSAGE FORMULATIONS

Cannabis and cannabis-derived dosage formulations such as hashish
have a long history of medicinal use. However, the intoxicating effects
and associated abuse liability, scheduling, and control efforts have
limited the number of methodologically rigorous clinical studies. The
most widely supported indications for herbal cannabis and cannabis-
derived medicines are nausea and vomiting in cancer chemotherapy,
anorexia and cachexia in HIV/AIDS, chronic and neuropathic pain,
and spasticity in multiple sclerosis and spinal cord injury.21 A recent
review of the randomized clinical trials investigating cannabis and
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cannabinoid therapeutics provides some support for these indications
as well as for sleep disorders and Tourette’s syndrome.22 Glaucoma
was one of the more frequently cited medical indications in the late
twentieth century; however, this indication has received diminished
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support from the medical community due to the success of surgical
approaches and the availability of drugs with greater efficacy.21

Cannabis also has a long history of use to control epileptic seizures, the
subject of recent reviews.23 The use of cannabis or cannabinoid-derived
drugs for seizures is not fully supported by the Institute of Medicine;
however, CBD has gained considerable attention and anecdotal support
as a treatment for Dravet Syndrome and other specific seizure disor-
ders.24 Other indications being investigated are irritable bowel
syndrome25�28 and posttraumatic stress disorder.29,30

PHARMACOLOGICAL EFFECTS OF CANNABIS CONSTITUENTS

The contribution of the various chemical constituents in cannabis to
its therapeutic and organoleptic effects varies because of several
factors, including their differing concentrations (content), chemical
properties (eg, stability, volatility), pharmacological actions (eg, recep-
tor affinities, efficacies), physicochemical parameters (eg, lipophilicity,
solubility), pharmacokinetics, and pharmacodynamics. The principal
acidic forms of phytocannabinoids produced by plant biosynthesis
have generally been considered devoid of psychoactivity in man and
laboratory animals.31 Δ9-THCA, CBNA, and CBGA have previously
been reported to lack affinity at the CB1 receptor.32 More recently,
however, Δ9-THCA showed antinausea and antiemetic effects in
animals, with greater potency than Δ9-THC,33 and the effect was
reversed by rimonabant, the CB1 receptor antagonist. Δ9-THCA was
recently reported to bind to CB1 and CB2 receptors with greater
affinity than Δ9-THC.34 Δ9-THCA has shown immunomodulatory
actions that are CB1- and CB2 receptor�independent.35 Thus, further
studies of the pharmacological activity and mechanism of action of
Δ9-THCA are needed.

The primary psychoactive phytocannabinoid is often considered to
be Δ9-THC because of its rapid formation from Δ9-THCA through
decarboxylation during combustion of plant material resulting in its
high concentration in smoke during inhalation and its potency at
cannabinoid receptors at physiologically relevant concentrations. In
support of this hypothesis, radioligand binding studies have shown
that Δ9-THC binds to the CB1 receptor with high affinity (Ki values
B50 nM), while CBN has an approximately 10-fold lower affinity,
and CBD and CBG have Ki values estimated to be greater than
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500 nM.36,37 This receptor binding affinity correlates to both the inhi-
bition of adenylate cyclase in vitro and the analgesic and psychoactiv-
ity of these compounds in vivo.38 Δ9-THC also binds to the CB2
receptor with similar high affinity and inhibits adenylate cyclase.39

However, it is important to note that Δ9-THC acts as a partial agonist
in GTP-γ-S assays40 as compared to the effects seen with more
efficacious synthetic cannabinoid agonists such as CP-55940 and
WIN55212-2.41 Because it acts as a partial agonist at both CB1 and
CB2, it elicits a response that is strongly influenced by the tissue-
specific expression levels, their extent of constitutive signaling, and the
ongoing endogenous cannabinoid release or tone of the receptor sys-
tem.42 In addition to its production of psychoactivity in man, Δ9-THC
produces a myriad of additional cannabinoid receptor�mediated phar-
macological effects in laboratory animals and man.43

Several other phytocannabinoids bind to and modulate cannabi-
noid receptor function. Δ8-THC, for example, binds to CB1 and CB2
with affinities approximating those of Δ9-THC and acts as an
agonist.44�46 Δ9-THCV also binds to CB1 and CB2 with nanomolar
affinities47 and acts as a cannabimimetic agonist. High doses of
Δ9-THCV have been reported to produce a psychoactive effect
characterized as mild intoxication in man31,48 and catalepsy49 and
analgesia50 in laboratory animals. However, Δ9-THCV can also
antagonize cannabinoid receptor agonists in CB1-expressing tissues in
a manner that is both tissue- and ligand-dependent.42,50 Moreover,
this compound is reported to be capable of behaving either as a CB1
antagonist or, at higher doses, as a CB1 agonist in vivo. CBN can
also bind to CB151 and CB2, but does so with lower affinity than
Δ9-THC. It also fails to inhibit forskolin-stimulated cAMP increase at
doses up to 1 μM in transfected cell lines expressing CB1 or CB2
receptors,52 and produces only mild intoxication in man at high
intravenous doses.31 Other than Δ9-THC, Δ8-THC, CBN, and
Δ9-THCV, no phytocannabinoids have been reported to activate CB1
or CB2 receptors with nanomolar or low micromolar potency.53

Neither CBD nor CBDA is psychoactive in man,31 nor does CBD
bind to the CB151 or CB254 receptor with high affinity. However,
Pertwee has reported that CBD displays high potency as an antagonist
in CB1- and CB2-expressing cells or tissues.42

The phytocannabinoids in cannabis can act via a plethora of other
noncannabinoid receptor�mediated systems to produce a wide variety
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of additional pharmacological effects. As reviewed by Pertwee in 2010,
Δ9-THC and other phytocannabinoids have been shown to modulate
the activity of GPR-5555 and many other receptors and enzyme
systems.56 For instance, CBD, CBN, and Δ9-THC produce noncom-
petitive/allosteric interactions with μ and δ

_
opioid receptors,57,58 and

Δ9-THC allosterically modulates glycine receptor activation at nano-
molar concentrations.59 Δ9-THC and CBD inhibit Ca(V)3 channels at
pharmacologically relevant concentrations, and Δ9-THC but not CBD
may increase the amount of calcium entry following T-type channel
activation by stabilizing open states of the channel.60 These phytocan-
nabinoids also interact with transient receptor potential (TRP)
channels and enzymes of the endocannabinoid system.61 De Petrocellis
et al. showed that both CBDV and CBD activate and desensitize
transient receptor potential vanilloid 1 (TRPV1) channels, and that
CBC disrupts transport of the endocannabinoid anandamide in vitro.62

CBG, CBGV, and Δ9-THCV stimulate and desensitize human
TRPV1, while Δ9-THC, CBC, CBD, and CBN are potent rat TRPA1
agonists and desensitizers. All of these cannabinoids except CBC and
CBN also potently activate and desensitize rat TRPV2.62 Interestingly,
in three models of seizure, cannabis-derived “botanical drug sub-
stances” rich in CBDV and CBD exerted significant anticonvulsant
effects that were not mediated by the CB1 receptor and were of com-
parable efficacy with purified CBDV.63 Whether the anticonvulsant
activity produced by certain phytocannabinoids and cannabis-derived
drug formulations in vivo is related to these effects on calcium channels
remains to be determined; however, these actions are indicative
of potential therapeutic utility in the treatment of neuronal hyperexcit-
ability. Both Δ9-THC and CBN induce a cannabinoid receptor�
independent release of calcitonin gene-related peptide (CGRP) from
capsaicin-sensitive perivascular sensory nerves.64 Thus, the antinocicep-
tive actions of phytocannabinoids may rely on the activation of
inhibitory cannabinoid receptors (CB1) in the peripheral and central
nervous systems, as well as on the activation of excitatory ionotropic
TRP channels coexpressed with CB1 in primary nociceptive neurons
that contain and release CGRP upon activation.65 Δ9-THC can also
act as an agonist at the peroxisome proliferator-activated receptor,
whereas Δ9-THCV does not. Thus it appears that these highly lipo-
philic phytocannabinoids66 can gain access to and modulate a variety
of non-CB1, non-CB2 G protein�coupled receptors, transmitter-gated
channels, ion channels, and/or nuclear receptors.56
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Nonphytocannabinoid terpenoids in cannabis contribute to the
organoleptic properties of the plant, but can also modulate the
activity of cannabinoid receptors and contribute to a wide variety of
noncannabinoid receptor�mediated pharmacological effects.13 For
example, the sesquiterpenoid β-caryophyllene has been shown to bind to
CB2 with nanomolar affinity.67 Upon binding to CB2, it acts like a
prototypical CB2 agonist and inhibits adenylate cylcase, produces
intracellular calcium transients, and activates the mitogen-activated
protein kinase Erk1/2 and p38 pathways in primary human mono-
cytes. β-Caryophyllene reduces the carrageenan-induced inflammatory
response in wild-type mice but not in mice lacking CB2 receptors,
evidence that this terpenoid exerts cannabimimetic effects in vivo. In
addition to modulation of cannabinoid receptors, terpenoids and
phenylpropanoids in cannabis have potent antioxidant,68 anticancer,69,70

and antiinflammatory activity.71�75 Several monoterpenic alcohols,
including geraniol, nerol, and citronellol, have been reported to be
promiscuous TRP modulators.76�78 It has been hypothesized that the
broad spectrum and prolonged sensory inhibition produced by phyto-
cannabinoids and terpenoids may allow them to act synergistically
as therapeutics for allodynia, itch, and other types of pain involving
superficial sensory nerves and skin.78�80 Russo has proposed therapeutic
synergies and interactions among phytocannabinoids, terpenoids, and
phenylpropanoids. If clinically proven, this increases the likelihood of an
extensive pipeline of new therapeutic products and cannabis-derived
botanical drug products.13

REFERENCES
1. ElSohly MA, Slade D. Chemical constituents of marijuana: the complex mixture of natural

cannabinoids. Life Sci. 2005;78(5):539�548.

2. Turner CE, Elsohly MA, Boeren EG. Constituents of Cannabis sativa L. XVII. A review of
the natural constituents. J Nat Prod. 1980;43(2):169�234.

3. McPartland JM, Russo EB. Cannabis and cannabis extracts: greater than the sum of their
parts? J Cannabis Ther. 2001;3/4:103�132.

4. Yamauchi T, Shoyama Y, Matsuo Y, Nishioka I. Cannabigerol monomethyl ether, a new
component of hemp. Chem Pharm Bull (Tokyo). 1968;16(6):1164�1165.

5. Shoyama Y, Hirano H, Makino H, Umekita N, Nishioka I. Cannabis. 10. Isolation and struc-
tures of 4 new propyl cannabinoid acids, tetrahydrocannabivarinic acid, cannabidivarinic acid,
cannabichromevarinic acid, and cannabigerovarinic acid, from Thai Cannabis, MEAO vari-
ant. Chem Pharm Bull. 1977;25(9):2306�2311.

6. Shoyama Y, Yagi M, Nishioka I, Yamauchi T. Cannabis 8. Biosynthesis of cannabinoid
acids. Phytochemistry. 1975;14(10):2189�2192.

37Biosynthesis and Pharmacology of Phytocannabinoids and Related Chemical Constituents

http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref1
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref1
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref1
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref2
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref2
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref2
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref3
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref3
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref3
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref4
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref4
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref4
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref5
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref5
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref5
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref5
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref5
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref6
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref6
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref6


7. ElSohly MA, Gul W. Constituents of Cannabis sativa. In: Pertwee RG, ed. Handbook of
Cannabis. New York, NY: Oxford University Press; 2014:3�22.

8. de Meijer EP. The chemical phenotypes (chemotypes) of Cannabis. In: Pertwee RG, ed.
Handbook of Cannabis. New York, NY: Oxford University Press; 2014:89�110.

9. Pacifico D, Miselli F, Carboni A, Moschella A, Mandolino G. Time course of cannabinoid
accumulation and chemotype development during the growth of Cannabis sativa L.
Euphytica. 2008;160(2):231�240.

10. de Meijer EPM, Hammond KM. The inheritance of chemical phenotype in Cannabis
sativa L. (II): Cannabigerol predominant plants. Euphytica. 2005;145(1�2):189�198.

11. de Meijer EPM, Hammond KM, Micheler M. The inheritance of chemical phenotype in
Cannabis sativa L. (III): variation in cannabichromene proportion. Euphytica. 2009;165
(2):293�311.

12. de Meijer EPM, Hammond KM, Sutton A. The inheritance of chemical phenotype in
Cannabis sativa L. (IV): cannabinoid-free plants. Euphytica. 2009;168(1):95�112.

13. Russo EB. Taming THC: potential cannabis synergy and phytocannabinoid-terpenoid entou-
rage effects. Br J Pharmacol. 2011;163(7):1344�1364.

14. Loza-Tavera H. Monoterpenes in essential oils. Biosynthesis and properties. Adv Exp Med
Biol. 1999;464:49�62.

15. Dewick PM. The biosynthesis of C5-C25 terpenoid compounds. Nat Prod Rep. 2002;19
(2):181�222.

16. Rothschild M, Bergstrom G, Wangberg SA. Cannabis sativa: volatile compounds from pollen
and entire male and female plants of two variants, Northern Lights and Hawaian Indica.
Bot J Linn Soc. 2005;147(4):387�397.

17. Ross SA, ElSohly MA. The volatile oil composition of fresh and air-dried buds of Cannabis
sativa. J Nat Prod. 1996;59(1):49�51.

18. Docimo T, Consonni R, Coraggio I, Mattana M. Early phenylpropanoid biosynthetic steps in
Cannabis sativa: link between genes and metabolites. Int J Mol Sci. 2013;14(7):13626�13644.

19. Flores-Sanchez IJ, Verpoorte R. PKS activities and biosynthesis of cannabinoids and flavo-
noids in Cannabis sativa L. plants. Plant Cell Physiol. 2008;49(12):1767�1782.

20. Vanhoenacker G, Van Rompaey P, De Keukeleire D, Sandra P. Chemotaxonomic features
associated with flavonoids of cannabinoid-free cannabis (Cannabis sativa subsp. sativa L.) in
relation to hops (Humulus lupulus L.). Nat Prod Lett. 2002;16(1):57�63.

21. Institute of Medicine. Washington DC: National Academy of Sciences; 1999.

22. Whiting PF, Wolff RF, Deshpande S, et al. Cannabinoids for medical use: a systematic
review and meta-analysis. JAMA. 2015;313(24):2456�2473.

23. Gloss D, Vickrey B. Cannabinoids for epilepsy. Cochrane Database Syst Rev. 2014;3:
CD009270.

24. Hussain SA, Zhou R, Jacobson C, et al. Perceived efficacy of cannabidiol-enriched cannabis
extracts for treatment of pediatric epilepsy: a potential role for infantile spasms and Lennox-
Gastaut syndrome. Epilepsy Behav. 2015;47:138�141.

25. Esfandyari T, Camilleri M, Ferber I, Burton D, Baxter K, Zinsmeister AR. Effect of a can-
nabinoid agonist on gastrointestinal transit and postprandial satiation in healthy human sub-
jects: a randomized, placebo-controlled study. Neurogastroenterol Motil. 2006;18(9):831�838.

26. Esfandyari T, Camilleri M, Busciglio I, Burton D, Baxter K, Zinsmeister AR. Effects of a
cannabinoid receptor agonist on colonic motor and sensory functions in humans: a random-
ized, placebo-controlled study. Am J Physiol Gastrointest Liver Physiol. 2007;293(1):
G137�145.

38 The Analytical Chemistry of Cannabis

http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref7
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref7
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref7
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref8
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref8
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref8
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref9
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref9
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref9
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref9
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref10
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref10
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref10
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref10
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref11
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref11
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref11
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref11
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref12
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref12
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref12
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref13
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref13
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref13
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref14
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref14
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref14
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref15
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref15
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref15
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref16
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref16
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref16
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref16
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref17
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref17
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref17
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref18
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref18
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref18
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref19
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref19
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref19
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref20
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref20
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref20
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref20
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref21
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref21
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref21
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref22
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref22
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref23
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref23
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref23
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref23
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref24
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref24
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref24
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref24
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref25
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref25
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref25
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref25
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref25


27. Storr M, Devlin S, Kaplan GG, Panaccione R, Andrews CN. Cannabis use provides symp-
tom relief in patients with inflammatory bowel disease but is associated with worse disease
prognosis in patients with Crohn’s disease. Inflamm Bowel Dis. 2014;20(3):472�480.

28. Naftali T, Mechulam R, Lev LB, Konikoff FM. Cannabis for inflammatory bowel disease.
Dig Dis. 2014;32(4):468�474.

29. Trezza V, Campolongo P. The endocannabinoid system as a possible target to treat both the
cognitive and emotional features of post-traumatic stress disorder (PTSD). Front Behav
Neurosci. 2013;7:100.

30. Betthauser K, Pilz J, Vollmer LE. Use and effects of cannabinoids in military veterans with
posttraumatic stress disorder. Am J Health Syst Pharm. 2015;72(15):1279�1284.

31. Razdan RK. Structure-activity relationships in cannabinoids. Pharmacol Rev. 1986;38
(2):75�149.

32. Ahmed SA, Ross SA, Slade D, et al. Cannabinoid ester constituents from high-potency
Cannabis sativa. J Nat Prod. 2008;71(4):536�542.

33. Rock EM, Kopstick RL, Limebeer CL, Parker LA. Tetrahydrocannabinolic acid reduces
nausea-induced conditioned gaping in rats and vomiting in Suncus murinus. Br J Pharmacol.
2013;170(3):641�648.

34. Rosenthaler S, Pohn B, Kolmanz C, et al. Differences in receptor binding affinity of several
phytocannabinoids do not explain their effects on neural cell cultures. Neurotoxicol Teratol.
2014;46:49�56.

35. Verhoeckx KC, Korthout HA, van Meeteren-Kreikamp AP, et al. Unheated Cannabis sativa
extracts and its major compound THC-acid have potential immuno-modulating properties
not mediated by CB1 and CB2 receptor coupled pathways. Int Immunopharmacol. 2006;6
(4):656�665.

36. Howlett AC, Barth F, Bonner TI, et al. International union of pharmacology. XXVII.
Classification of cannabinoid receptors. Pharmacol Rev. 2002;54(2):161�202.

37. Devane WA, Dysarz III FA, Johnson MR, Melvin LS, Howlett AC. Determination and
characterization of a cannabinoid receptor in rat brain. Mol Pharmacol. 1988;34(5):605�613.

38. Howlett AC. Cannabinoid inhibition of adenylate cyclase: relative activity of constituents
and metabolites of marihuana. Neuropharmacology. 1987;26(5):507�512.

39. Slipetz DM, O’Neill GP, Favreau L, et al. Activation of the human peripheral cannabinoid
receptor results in inhibition of adenylyl cyclase. Mol Pharmacol. 1995;48(2):352�361.

40. Sim LJ, Hampson RE, Deadwyler SA, Childers SR. Effects of chronic treatment with delta9-
tetrahydrocannabinol on cannabinoid-stimulated [35S]GTPgammaS autoradiography in rat
brain. J Neurosci. 1996;16(24):8057�8066.

41. Breivogel CS, Selley DE, Childers SR. Cannabinoid receptor agonist efficacy for stimulating
[35S]GTPγS binding to rat cerebellar membranes correlates with agonist-induced decreases in
GDP affinity. J Biol Chem. 1998;273(27):16865�16873.

42. Pertwee RG. The diverse CB1 and CB2 receptor pharmacology of three plant cannabinoids:
delta9-tetrahydrocannabinol, cannabidiol and delta9-tetrahydrocannabivarin. Br J
Pharmacol. 2008;153(2):199�215.

43. Adams IB, Martin BR. Cannabis: pharmacology and toxicology in animals and humans.
Addiction. 1996;91(11):1585�1614.

44. Felder CC, Veluz JS, Williams HL, Briley EM, Matsuda LA. Cannabinoid agonists stimulate
both receptor- and non-receptor-mediated signal transduction pathways in cells transfected
with and expressing cannabinoid receptor clones. Mol Pharmacol. 1992;42(5):838�845.

45. Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. Structure of a cannabinoid
receptor and functional expression of the cloned cDNA. Nature. 1990;346(6284):561�564.

39Biosynthesis and Pharmacology of Phytocannabinoids and Related Chemical Constituents

http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref26
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref26
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref26
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref26
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref27
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref27
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref27
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref28
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref28
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref28
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref29
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref29
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref29
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref30
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref30
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref30
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref31
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref31
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref31
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref32
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref32
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref32
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref32
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref33
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref33
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref33
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref33
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref34
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref34
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref34
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref34
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref34
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref35
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref35
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref35
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref36
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref36
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref36
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref37
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref37
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref37
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref38
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref38
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref38
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref39
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref39
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref39
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref39
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref40
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref40
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref40
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref40
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref40
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref41
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref41
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref41
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref41
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref42
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref42
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref42
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref43
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref43
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref43
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref43
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref44
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref44
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref44


46. Gerard CM, Mollereau C, Vassart G, Parmentier M. Molecular cloning of a human cannabi-
noid receptor which is also expressed in testis. Biochem J. 1991;279(Pt 1):129�134.

47. Thomas A, Stevenson LA, Wease KN, et al. Evidence that the plant cannabinoid Delta9-
tetrahydrocannabivarin is a cannabinoid CB1 and CB2 receptor antagonist. Br J Pharmacol.
2005;146(7):917�926.

48. Hollister LE. Structure-activity relationships in man of cannabis constituents, and homologs
and metabolites of delta9-tetrahydrocannabinol. Pharmacology. 1974;11(1):3�11.

49. Gill EW, Paton WD, Pertwee RG. Preliminary experiments on the chemistry and pharmacol-
ogy of cannabis. Nature. 1970;228(5267):134�136.

50. Pertwee RG, Thomas A, Stevenson LA, et al. The psychoactive plant cannabinoid, Delta9-
tetrahydrocannabinol, is antagonized by Delta8- and Delta9-tetrahydrocannabivarin in mice
in vivo. Br J Pharmacol. 2007;150(5):586�594.

51. Thomas BF, Gilliam AF, Burch DF, Roche MJ, Seltzman HH. Comparative receptor bind-
ing analyses of cannabinoid agonists and antagonists. J Pharmacol Exp Ther. 1998;285
(1):285�292.

52. Felder CC, Joyce KE, Briley EM, et al. Comparison of the pharmacology and signal trans-
duction of the human cannabinoid CB1 and CB2 receptors. Mol Pharmacol. 1995;48
(3):443�450.

53. Cascio MG, Pertwee RG. Known pharmacological actions of nine nonpsychotropic phyto-
cannabinoids. In: Pertwee RG, ed. Handbook of Cannabis. New York, NY: Oxford
University Press; 2014:137�156.

54. Showalter VM, Compton DR, Martin BR, Abood ME. Evaluation of binding in a trans-
fected cell line expressing a peripheral cannabinoid receptor (CB2): identification of cannabi-
noid receptor subtype selective ligands. J Pharmacol Exp Ther. 1996;278(3):989�999.

55. Ryberg E, Larsson N, Sjogren S, et al. The orphan receptor GPR55 is a novel cannabinoid
receptor. Br J Pharmacol. 2007;152(7):1092�1101.

56. Pertwee RG. Receptors and channels targeted by synthetic cannabinoid receptor agonists
and antagonists. Curr Med Chem. 2010;17(14):1360�1381.

57. Vaysse PJ, Gardner EL, Zukin RS. Modulation of rat brain opioid receptors by cannabi-
noids. J Pharmacol Exp Ther. 1987;241(2):534�539.

58. Kathmann M, Flau K, Redmer A, Trankle C, Schlicker E. Cannabidiol is an allosteric mod-
ulator at mu- and delta-opioid receptors. Naunyn-Schmiedeberg’s Arch Pharmacol. 2006;372
(5):354�361.

59. Hejazi N, Zhou C, Oz M, Sun H, Ye JH, Zhang L. Delta9-tetrahydrocannabinol and endog-
enous cannabinoid anandamide directly potentiate the function of glycine receptors. Mol
Pharmacol. 2006;69(3):991�997.

60. Ross HR, Napier I, Connor M. Inhibition of recombinant human T-type calcium channels
by Delta9-tetrahydrocannabinol and cannabidiol. J Biol Chem. 2008;283(23):16124�16134.

61. De Petrocellis L, Ligresti A, Moriello AS, et al. Effects of cannabinoids and cannabinoid-
enriched Cannabis extracts on TRP channels and endocannabinoid metabolic enzymes. Br J
Pharmacol. 2011;163(7):1479�1494.

62. Iannotti FA, Hill CL, Leo A, et al. Nonpsychotropic plant cannabinoids, cannabidivarin
(CBDV) and cannabidiol (CBD), activate and desensitize transient receptor potential vanil-
loid 1 (TRPV1) channels in vitro: potential for the treatment of neuronal hyperexcitability.
ACS Chem Neurosci. 2014;5(11):1131�1141.

63. Hill TD, Cascio MG, Romano B, et al. Cannabidivarin-rich cannabis extracts are anticon-
vulsant in mouse and rat via a CB1 receptor-independent mechanism. Br J Pharmacol.
2013;170(3):679�692.

40 The Analytical Chemistry of Cannabis

http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref45
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref45
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref45
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref46
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref46
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref46
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref46
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref47
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref47
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref47
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref48
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref48
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref48
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref49
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref49
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref49
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref49
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref50
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref50
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref50
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref50
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref51
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref51
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref51
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref51
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref52
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref52
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref52
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref52
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref53
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref53
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref53
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref53
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref54
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref54
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref54
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref55
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref55
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref55
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref56
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref56
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref56
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref57
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref57
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref57
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref57
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref58
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref58
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref58
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref58
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref59
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref59
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref59
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref60
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref60
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref60
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref60
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref61
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref61
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref61
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref61
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref61
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref62
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref62
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref62
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref62


64. Zygmunt PM, Andersson DA, Hogestatt ED. Delta 9-tetrahydrocannabinol and cannabinol
activate capsaicin-sensitive sensory nerves via a CB1 and CB2 cannabinoid receptor-
independent mechanism. J Neurosci. 2002;22(11):4720�4727.

65. Engel MA, Izydorczyk I, Mueller-Tribbensee SM, Becker C, Neurath MF, Reeh PW.
Inhibitory CB1 and activating/desensitizing TRPV1-mediated cannabinoid actions on CGRP
release in rodent skin. Neuropeptides. 2011;45(3):229�237.

66. Thomas BF, Compton DR, Martin BR. Characterization of the lipophilicity of natural and
synthetic analogs of delta 9-tetrahydrocannabinol and its relationship to pharmacological
potency. J Pharmacol Exp Ther. 1990;255(2):624�630.

67. Gertsch J, Leonti M, Raduner S, et al. Beta-caryophyllene is a dietary cannabinoid. Proc
Natl Acad Sci U S A. 2008;105(26):9099�9104.

68. Tiwari M, Kakkar P. Plant derived antioxidants - Geraniol and camphene protect rat alveo-
lar macrophages against t-BHP induced oxidative stress. Toxicol In Vitro. 2009;23
(2):295�301.

69. Crowell PL. Prevention and therapy of cancer by dietary monoterpenes. J Nutr. 1999;129
(3):775S�778S.

70. Shoff SM, Grummer M, Yatvin MB, Elson CE. Concentration-dependent increase of murine
P388 and B16 population doubling time by the acyclic monoterpene geraniol. Cancer Res.
1991;51(1):37�42.

71. d’Alessio PA, Ostan R, Bisson JF, Schulzke JD, Ursini MV, Bene MC. Oral administration
of d-limonene controls inflammation in rat colitis and displays anti-inflammatory properties
as diet supplementation in humans. Life Sci. 2013;92(24�26):1151�1156.

72. Barrett ML, Gordon D, Evans FJ. Isolation from Cannabis sativa L. of cannflavin—a novel
inhibitor of prostaglandin production. Biochem Pharmacol. 1985;34(11):2019�2024.

73. Vasanthi HR, ShriShriMal N, Das DK. Phytochemicals from plants to combat cardiovascu-
lar disease. Curr Med Chem. 2012;19(14):2242�2251.

74. Nieman DC, Laupheimer MW, Ranchordas MK, Burke LM, Stear SJ, Castell LM. A-Z of
nutritional supplements: dietary supplements, sports nutrition foods and ergogenic aids for
health and performance—part 33. Br J Sports Med. 2012;46(8):618�620.

75. Cimino S, Sortino G, Favilla V, et al. Polyphenols: key issues involved in chemoprevention
of prostate cancer. Oxid Med Cell Longev. 2012;2012:632959

76. Lübbert M, Kyereme J, Schöbel N, Beltrán L, Wetzel CH, Hatt H. Transient receptor poten-
tial channels encode volatile chemicals sensed by rat trigeminal ganglion neurons. PLoS One.
2013;8(10):e77998.

77. Ohkawara S, Tanaka-Kagawa T, Furukawa Y, Nishimura T, Jinno H. Activation of the
human transient receptor potential vanilloid subtype 1 by essential oils. Biol Pharm Bull.
2010;33(8):1434�1437.

78. Stotz SC, Vriens J, Martyn D, Clardy J, Clapham DE. Citral sensing by transient [corrected]
receptor potential channels in dorsal root ganglion neurons. PLoS One. 2008;3(5):e2082.

79. Schlosburg JE, O’Neal ST, Conrad DH, Lichtman AH. CB1 receptors mediate rimonabant-
induced pruritic responses in mice: investigation of locus of action. Psychopharmacology
(Berl). 2011;216(3):323�331.

80. Schlosburg JE, Boger DL, Cravatt BF, Lichtman AH. Endocannabinoid modulation of
scratching response in an acute allergenic model: a new prospective neural therapeutic target
for pruritus. J Pharmacol Exp Ther. 2009;329(1):314�323.

41Biosynthesis and Pharmacology of Phytocannabinoids and Related Chemical Constituents

http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref63
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref63
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref63
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref63
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref64
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref64
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref64
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref64
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref65
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref65
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref65
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref65
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref66
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref66
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref66
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref67
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref67
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref67
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref67
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref68
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref68
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref68
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref69
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref69
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref69
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref69
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref70
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref70
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref70
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref70
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref70
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref71
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref71
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref71
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref72
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref72
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref72
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref73
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref73
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref73
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref73
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref74
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref74
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref75
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref75
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref75
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref76
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref76
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref76
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref76
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref77
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref77
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref78
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref78
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref78
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref78
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref79
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref79
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref79
http://refhub.elsevier.com/B978-0-12-804646-3.00002-3/sbref79


CHAPTER 33
Medical Cannabis Formulations

CANNABIS INFLORESCENCE AND HASHISH

Dried cannabis inflorescence (the complete flower head) is one of the
most commonly encountered formulations for delivery of medicinal can-
nabinoids. In the Netherlands, for example, medicinal marijuana is grown
by Bedrocan B.V. under contract with the Dutch Ministry of Health and
made available as herbal inflorescence in Dutch pharmacies on
prescription.1 Bedrocan grows six varieties, and each is assayed and
labeled with a standardized level of three cannabinoids: Δ9-tetrahydro-
cannabinol (Δ9-THC), cannabidiol (CBD), and cannabinol (CBN). The
Ministry also exports cannabis for medicinal use to Italy, Germany,
Finland, Canada, and the Czech Republic, and to approved researchers
around the world. In Canada, there are 26 authorized licensed producers
of dried cannabis and a more limited number of authorized and licensed
producers of fresh cannabis and cannabis oil (Fig. 3.1). The flowering

Figure 3.1 Example of medicinal cannabis products cultivated and sold by Tilray under Canada’s Marihuana for
Medical Purposes Regulations.
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tops or buds of a wide range of varieties are also available through dispen-
saries and medicinal programs in the United States and elsewhere and are
sold under a surprisingly large number of popularized names such as
“Skunk,” “Kush,” “Diesel,” and “Haze.” In contrast to the situation in
the Netherlands, the differences in chemical content between these pro-
ducts are not often readily discernable from the label, or in some instances
even through rigorous quantitative analysis, and the pharmacological and
organoleptic effects can be unpredictable. The breadth of product lines
in popular markets appears to be more a matter of marketing than of
differential therapeutic utility.

Regardless of strain, when cannabis inflorescence is procured in
bulk, it is often cut or further processed into finer material that can
be rolled into “cigarettes” or otherwise used for combustion and
inhalation administration. The cigarette form has historically been
quite popular in the illicit market and is one of the most widely distrib-
uted dosage formulations in the US National Institute on Drug Abuse
Drug Supply Program (NIDA DSP). Inflorescence can also be frozen
and agitated to separate the phytocannabinoid-rich trichome resin
head from the trichome stalk. The resin heads are then compressed
into hashish, which is a physically refined form of cannabis that has
been significantly enriched in phytocannabinoid content. Compared to
plant material containing total concentrations of Δ9-THCA and
Δ9-THC of up to 25% (w/w), hashish preparations commonly have
concentrations of 65% (w/w). Alternative processing techniques include
agitation of plant material in ice water followed by filtration separa-
tion of the resin heads through a sieve. The concentrated preparation
of trichomes can be dried for pharmaceutical formulation and use or
for further separation and isolation of purified phytocannabinoid
constituents.2 The freezing method can produce materials with higher
Δ9-THC content than traditional agitation-based methods. Like herbal
cannabis, solid forms of concentrated trichomes vary considerably in
shape, size, color, and chemical constituents, and are marketed under
a variety of popularized names.

TEAS, TINCTURES, OILS, AND EXTRACTS

The chemical constituents of inflorescence can be extracted and purified
further with various solvents. A simple method is the use of boiling
water to make a tea (infusion) for oral administration. In a systematic

44 The Analytical Chemistry of Cannabis



laboratory study, Hazekamp et al. took a chemotype legally grown in
the Netherlands with a Δ9-THCA content of 191 mg/g (19.1%) and a
Δ9-THC content of 6 mg/g (0.6%) of dry weight plant material and pre-
pared a standard tea using the procedures recommended by the
Netherlands Office of Medicinal Cannabis. One gram of cannabis was
added to 1 L of boiling water and simmered for 15 min. The remaining
solids were removed with a common tea-sieve. Samples of the tea were
lyophilized to complete dryness, reconstituted in ethanol, and analyzed
using a validated HPLC method. Although the amount of Δ9-THC in
1 g of inflorescence amounted to nearly 200 mg (the sum of Δ9-THC
and its precursorΔ9-THCA), the whole 1 L volume of standard tea con-
tained only a fraction of this amount (about 43 mg of Δ9-THCA and
10 mg of Δ9-THC) in the water phase. The relatively low concentration
in the liquid was attributed to the limited solubility and saturation of
the water phase with these lipophilic chemicals, as analysis of a precipi-
tate remaining after the removal of solid plant material revealed that
relatively complete extraction of the phytocannabinoids had actually
occurred. Incomplete conversion of Δ9-THCA into Δ9-THC was also
observed in the tea, as it was in experiments performed with pure stan-
dards.3 Boiling for longer periods more than doubled the concentration
of Δ9-THC in the liquid, but did not result in complete conversion from
Δ9-THCA to Δ9-THC after 30 min, or significantly increase the con-
centration of Δ9-THCA in the liquid extract, again suggesting that ther-
mal conversion rates and limited solubility under these conditions are
the predominate factors affecting the final concentrations of phytocan-
nabinoids in tea. It has been noted that the cannabinoid content in tea
reported in the studies of Hazekamp et al. is unlike that found in the
plant or the chemical exposures that occur with other dosage formula-
tions, which is likely to affect bioavailability and pharmacological
actions.4 To compensate for the low solubility of Δ9-THC in water,
users of tea often add a small amount of vegetable oil or butter and
increase boiling time to several hours.

Ethanol and other organic solvents are often more effective
extraction agents than water and can be used to prepare fairly concen-
trated tinctures or extracts. Ethanolic tinctures have a long history of
use through buccal or sublingual administration and ingestion. Extracts
and tinctures appeared early in the United States Pharmacopoeia and
other pharmaceutical references and were manufactured and marketed
by pharmaceutical companies such as Merck in Germany, Burroughs-
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Wellcome in Britain, and Eli Lilly in the United States.5 In making tinc-
tures, the plant material or the final product may be heated or otherwise
treated to facilitate transformation of the biosynthetic acid forms into
their neutral forms. Hot ethanol extraction has been used in the NIDA
DSP to remove essentially all of the Δ9-THCA, Δ9-THC, and other
cannabinoids from cannabis and produce both an extracted plant mate-
rial that can be used as a placebo for research and a crude phytocanna-
binoid tincture that can be used as a drug product or in dosage
formulations. To ensure complete extraction, the temperature of the
ethanol is typically increased to approximately 60 �C. The ethanol is
recirculated for B24 h. After 24 h, the ethanol is replaced with fresh
ethanol, and the process is repeated daily for at least 3 days. This
approach can dramatically increase the total extraction and
yield. However, ethanol is not a very selective extraction solvent,
and many other chemical constituents are also removed. As a result,
the placebo plant material burns more rapidly, and is often noted to dif-
fer considerably in its organoleptic properties from the nonextracted
material. Nevertheless, the ethanol can be evaporated to produce
a crude cannabis extract with a suitably high concentration of
Δ9-THCA andΔ9-THC.

Chloroform, hexane, and other organic solvents that are heated and
refluxed over time can be used to produce more refined extracts than
can ethanol. However, many are toxic and must be carefully removed
before product use. Compressed gases are readily available to produce
highly concentrated preparations. For example, butane extracts are
popular in dispensaries and on the illicit market. But doing the extrac-
tion improperly can produce explosions and fires leading to severe
burns, other injuries, and death. A safer approach is supercritical fluid
extraction with compressed liquid CO2. Cannabinoids can be isolated
from other plant constituents by immersion in liquid CO2 or the use of
commercially available supercritical fluid extraction units, providing a
relatively inexpensive and facile approach to purification of large
amounts of relatively pure final products. However, while CO2 is
not flammable, there are risks from asphyxiation and high-pressure
failures. In addition, if Δ9-THC or CBD is the desired end product to
be obtained by the extraction, further heating is typically required to
ensure that all of the acid forms are decarboxylated to their neutral
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analogs. Because of the relative ease and efficiency of extraction, liquid
CO2 is increasingly employed for purification of phytocannabinoids
and has rekindled interest in supercritical fluid extraction in the
isolation of chemical constituents from other natural products. For
example, the pharmaceutical formulation Sativex is manufactured in
the United Kingdom by incorporating purified botanically derived
drug substances containing Δ9-THC and CBD (initially isolated from
cannabis inflorescence with liquid CO2) in an accurately measured
ratio into a final drug product containing ethanol, propylene glycol,
and peppermint oil as excipients.6

CONSUMABLES

Edible or ingested cannabis products are popular. They are pro-
duced and marketed in a wide variety of forms, including solids that
are eaten, liquids that are swallowed, and mints, candies, lollipops,
and other products to be held in the mouth for buccal absorption
(Fig. 3.2). As with other formulations, there is potential for variance
in chemical composition, strength, and homogeneity based on the
raw plant material variety and the method of manufacture. For
example, when cannabis inflorescence or extract is used in the prep-
aration of food products baked at high temperature, the cannabi-
noids will be decarboxylated to their neutral forms, a desirable
quality for pharmacological effects. This is not the case with popsi-
cles, soft drinks, and other products not subjected to high heat, so
the manufacturer may use plant material that has been aged or
heated. It should be emphasized that the ingredients used in the
preparation of consumables are the equivalent of excipients in phar-
maceutical preparations, and that both active ingredients and excipi-
ents should be carefully selected, tested for compatibility and
storage stability, and analytically monitored and assessed during
manufacture and release of the final product. The variety of con-
sumable dosage formulations made available to patients through
cannabis dispensaries might be better suited for consistency
in chemical constituents and pharmacological effect if they were
more limited in nature and number and subjected to well-described
manufacturing specifications and quality control.
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Figure 3.2 Example of edible medicinal cannabis products purchased in dispensaries in Seattle, Washington, USA.
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Figure 3.2 (Continued).
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FORMULATIONS FOR PARENTERAL ADMINISTRATION

Δ9-THC and other phytocannabinoids have been formulated for
transmucosal, transdermal, topical (eg, ophthalmic), rectal, and intra-
venous (i.v.) routes.7 Sublingual and intranasal transmucosal con-
tinue to be popular for their ease of administration and rapid onset
of action. One of the best-characterized oromucosal preparations is
Sativex, a metered dose spray manufactured by GW Pharmaceuticals
and approved for the spasticity of multiple sclerosis. It is also in
development for cancer pain. According to the patient information
leaflet, each 0.1 mL spray contains 3.8 to 4.4 mg and 3.5 to 4.2 mg of
two extracts (as soft extracts) from Cannabis sativa L. leaf and
flower, corresponding to 2.7 mg Δ9-THC and 2.5 mg CBD, dissolved
in the excipients ethanol, propylene glycol, and peppermint oil. This
product is available in 15 countries and has been approved in 12
others but has not been approved by the US Food and Drug
Administration (FDA) for sale in the United States. However, both
Sativex and Epidiolex 1, an investigational CBD-containing canna-
bis-derived oromucosal product being developed by GW
Pharmaceuticals for epilepsy, received Fast Track Designation by the
FDA for specific therapeutic indications. The tests with Sativex in
cancer patients have not produced results superior to placebo, but the
FDA might still approve it for multiple sclerosis. Mouth sprays,
drops, and gums containing Δ9-THC and other cannabinoids are
becoming increasingly common in cannabis dispensaries, where they
are being offered in a wide variety of concentrations and flavors,
including cinnamon, peppermint, and fruits.

Intranasal transmucosal formulations have been tested in laboratory
animals and deemed viable. For example, one containing glatiramer
acetate and CBD in soy phospholipid (Phospholipon 90 G) containing
94% phosphatidylcholine, lysophosphatidylcholine, and vitamin E has
been reported effective in experimental autoimmune encephalomyelitis,
an animal model of multiple sclerosis. The drug combination reduced
the clinical signs better than each alone and augmented neuron regen-
eration in the hippocampus.8 Several other intranasal formulations,
including mucoadhesive gels and permeability enhancers, have been
evaluated.9�11 There appears to be continuing interest and merit in
intranasal products, which are noticeably absent in most medicinal
cannabis dispensaries.
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A variety of transdermal formulations have been shown to produce
pharmacological effects locally and systemically.12,13 For example, an
appliance (7.25 cm2) containing 8 mg of Δ8-THC in 0.5 mL 1:1:1 (v/v/v)
propylene glycol:water:ethanol in a drug reservoir sandwiched between
a drug-impermeable backing laminate (MEDIFLEX 1502) and a
rate-controlling EVA membrane (CoTran 9715) with ARcare7396 adhe-
sive showed sustained systemic transdermal drug delivery.14 The skin
permeability enhancer 2-(2-ethoxyethoxy)ethanol in similar CBD-
containing formulations increased plasma steady-state levels almost
fourfold.10 Sustained transdermal delivery systems offer considerable
advantages over other formulations and continue to be of therapeutic
interest, but are not often found in medical cannabis dispensaries.
Instead, salves and creams containing cannabinoids suspended in coco-
nut oil, beeswax, shea butter, and other excipients intended for local
application are common.

Δ9-THC in light mineral oil or olive oil has been tested for
topical ophthalmic use in glaucoma. Though effective in laboratory
animals,15,16 0.05% and 0.1% in light mineral oil were no more effective
than vehicle control in six human subjects with primary open-angle
glaucoma in a randomized, balanced, double-masked protocol.16

Similar lack of efficacy was noted by other investigators for
light mineral oil formulations,17 which has led to the development
and testing of alternative topical formulations for ocular applica-
tion using submicron emulsions,18,19 cyclodextrins,20,21 ion-pairing
reagents,22 hydroxypropylmethylcellulose,21 polyvinyl alcohol, polyvi-
nylpyrrolidone, corn oil, hyaluronic acid,23 and alternative24 or prodrug
forms of phytocannabinoids25 in order to improve drug solubility,
stability, transcorneal permeability, and efficacy. Some improvements
have been demonstrated in drug delivery and efficacy; however, the
availability of superior therapeutic agents has limited the development
and use of phytocannabinoid-containing topical formulations for
glaucoma and other ocular diseases, and ophthalmic products are not
generally offered by cannabis dispensaries.

Alternative formulations include rectal suppositories as well as spray
freeze dried formulations to be inhaled as with asthma inhalers. For
example, the bioavailability of Δ9-THC from suppositories containing
prodrug hemisuccinate, N-formyl alaninate, N-methyl carbamate, and
methoxy acetate esters in both lipophilic (Witepsol H15) and
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hydrophilic (polyethylene glycol) bases was tested in laboratory ani-
mals.26 Among these formulations, the use of the hemisuccinate ester of
Δ9-THC and Witepsol was found to provide the most sustained and
consistent release and delivery and was well tolerated in limited clinical
studies.27,28 Regardless of their potential pharmaceutical advantages, at
present these formulations have more interest in research than in the
commercial market. Nevertheless, the evolution and popularity of novel
cannabis-derived formulations is increasing at a remarkable pace to
include lip balms, shampoos, massage oils, toothpastes, sunscreens,
lubricants, and products for pets.

Finally, the i.v. route of cannabinoid administration is generally
reserved for nonclinical laboratory settings; hence, many i.v. formula-
tions have been prepared in a manner that is not consistent with
human use. Human use-compatible formulations can be prepared
using solvents such as ethanol and propylene glycol, or cyclodextrin
and other excipients that serve as carriers for the lipophilic cannabi-
noids and facilitate their solubility or suspension in sterile saline. The
NIDA Drug Supply provides resources for the formulation and
manufacture of sterile injectable formulations for use in nonclinical
and clinical research. However, because of the inherent risks of infec-
tion associated with the intravenous, intramuscular, and subcutane-
ous routes, these formulations are infrequently requested and seldom
prepared for human use. Ethanolic solutions of phytocannabinoids
are requested and provided for formulation by the investigator
for laboratory animal experiments or the occasional human use
study. When these ampules of cannabinoids in ethanol are provided
for such studies, the ethanol is typically evaporated to dryness
and a suitable sterile formulation is prepared by the researcher in
accordance with institutional, state, and federal requirements and
procedures for experimental protocol review, approval, and use
(eg, Institutional Animal Care and Use Committee, Investigational
New Drug Application, Institutional Review Board), as is the case
with any new dosage formulation that is tested in nonclinical or
clinical studies. Unfortunately, similar review and approval of novel
dose formulations and their intended use are not generally required
in cannabis dispensaries, and good manufacturing and quality control
standards are not uniformly applied and enforced across the wide
variety of drug products being offered.
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SMOKING AND VAPORIZING

Regardless of the cannabis raw material or formulation selected for
use, the route of administration, unit dose, and dose frequency are
often left up to the patient or recreational user to determine what is
best suited to their needs. Two commonly employed routes for herbal
inflorescence are inhalation of smoke after combustion in pipes
or cigarettes, and inhalation of aerosols and gas/vapor streams after
heating in noncombusting appliances. However, it is important to
emphasize that the chemical constituents in cannabis are not represen-
tative of the chemicals present in smoke. This is because the heating
and incineration of the plant material produces a variety of thermolysis
and combustion products in the inhaled smoke. Of particular impor-
tance to a medicinal cannabis user seeking the pharmacological effects
of Δ9-THC is the thermolytic conversion of Δ9-THCA into Δ9-THC,
which occurs rapidly such that about 70% of the Δ9-THCA is
converted into Δ9-THC prior to inhalation of the smoke into the
mouth and lungs (approximately 30% of the total THC equivalents are
lost to oxidative degradation during combustion and heating). Studies
have suggested that the thermal conversion of Δ9-THCA to Δ9-THC
serves to facilitate the delivery of Δ9-THC, and that more thermal
decomposition and lower smoke yields of Δ9-THC may occur if
the Δ9-THCA in the plant material is converted to Δ9-THC prior to
smoking.29

Once inhaled, the decarboxylated phytocannabinoids are absorbed
into the bloodstream, producing rapid increases in their concentration
in circulation to peripheral tissues. As the flow of blood from the lungs
avoids first-pass metabolism occurring in the liver, plasma concentra-
tion profiles for phytocannabinoids such as Δ9-THC are similar to
those achieved with i.v. administration.30 However, the absorption and
bioavailability following the smoking route has been found to be quite
variable (between 2% and 56%), due in part to intra- and intersubject
variability in smoking dynamics, loss of chemical constituents to side
stream smoke, and other factors contributing to uncertainty in dose
delivery.31�33 Despite this variability, the increase in plasma concentra-
tion occurs relatively rapidly after inhalation, and the circulating
drug then gains rapid access to the brain, providing a reasonably
timely feedback between dosing parameters and effect that allows dose
titration and helps prevent overdosing.
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The combustion and heating of cannabis promotes decarboxylation
of Δ9-THCA and CBDA to Δ9-THC and CBD, which are commonly
considered the desired, pharmacologically active end products for
inhalation. Unfortunately, other chemical products of combustion
that are inhaled include the “tar” and hazardous substances that are
formed during the combustion of all plant material, carbon monoxide
(a predominant component), and polycyclic aromatic hydrocarbons. As
compared to filtered tobacco cigarette smokers, marijuana smokers expe-
rience a fivefold greater increment in their blood carboxyhemoglobin
levels, and an approximately threefold increase in inhaled tar; one-third
more of the inhaled tar is retained in the respiratory tract. These
increased exposures are associated with differences noted experimentally
in the dynamics of smoking cannabis and tobacco, among them an
approximately two-thirds larger puff volume, a one-third increased depth
of inhalation, and a fourfold longer duration of inhalation hold time
with cannabis than with tobacco.34 Another recent study on the health
impact of cannabis smoke exposure demonstrated that short exposure
to marijuana secondhand smoke causes acute vascular endothelial
dysfunction (impaired arterial flow-mediated dilation) similar to that
caused by tobacco secondhand smoke. The investigators also observed
similar endothelial effects with exposure to secondhand smoke from
placebo marijuana lacking Δ9-THC, demonstrating that impairment
was due to smoke constituents other than Δ9-THC.35 These untoward
exposures may be diminished by the use of filtration devices such as
water pipes, or through the use of vaporization instead of combustion.
As a result of the increased appreciation of the inherent risks associated
with combustion of cannabis and inhalation of smoke at present, bulk
cannabis inflorescence is also provided through the NIDA DSP for use
in other formulations and non-combusted routes of administration such
as vaporization.

Compared to inhalation of smoke from combusted cannabis,
vaporization of cannabis inflorescence or cannabis-derived formula-
tions can significantly reduce the harmful exposures. The heating
of the material still serves to promote the decarboxylation of
the phytocannabinoid acids and the delivery of the constituents in the
aerosol and gas/vapor phase, but heating can also produce oxidative
degradation such as the conversion of Δ9-THC to CBN, isomerization
of Δ9-THC to Δ8-THC, and inhalation exposure to a variety of unin-
tended and undesirable chemicals. In addition, as with smoking, the
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dose of phytocannabinoids and other chemical constituents that
is delivered by vaporization and inhalation can vary considerably
depending upon the formulation used and the design and configuration
of the vaporizer and its heating element. For example, when herbal
inflorescence is heated, the concentration of the phytocannabinoids in
the plant material is one of the primary determinants of the amount of
these constituents that is delivered to the lungs. The volume and depth
of inhalation and the retention of the inhaled aerosol and gas/vapors
in the lung for an extended period of time can also influence the
delivery and extraction of active ingredients into the lungs and
bloodstream. This is also the case when extracts of phytocannabinoids
are heated and inhaled with e-cigarettes or pipes. A matter of particu-
lar concern with vaporization is that in some cases the extracts
available for consumers can be over 80% pure Δ9-THC, which can
result in administration of a significantly greater dose than could
be achieved with herbal inflorescence or most forms of hashish. The
exposure of naïve individuals to such high inhaled concentrations
of active cannabinoids can bypass the ability of the user to titrate
the dose, which can lead to severe intoxication and discomfort.

BIOAVAILABILITY FOR ENTERAL AND TRANSMUCOSAL
ADMINISTRATION

The bioavailability of Δ9-THC, CBD, and other phytocannabinoids is
generally low and variable in humans after ingestion.31 Cannabis tea
and other products that are ingested undergo first-pass metabolism by
the liver as they are absorbed from the gastrointestinal tract, whereas
tinctures or liquid formulations used sublingually are absorbed into
the bloodstream without first-pass metabolism. The acidic milieu of
the stomach can cause chemical transformation of phytocannabinoids,
including conversion of CBD into Δ9-THC and isomerization of
Δ9-THC into Δ8-THC. As noted with Marinol (dronabinol) and other
relatively simple formulations of Δ9-THC, markedly different phyto-
cannabinoid absorption and pharmacological properties may be
observed between and within ingested products due to differences in
product composition (vehicles or ingredients) and individual variabil-
ity (body mass, diet and stomach contents, gastric emptying times,
etc.). For example, when gelatin capsules containing liquid formula-
tions were formulated with similar phytocannabinoid content and
orally administered to humans, the speed and degree of absorption
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was greatly influenced by the liquid vehicle, and even when the same
vehicle was used, absorption of the drug varied significantly among
individuals.36 Thus, even with a consistently produced formulation
of synthetically derived Δ9-THC in sesame oil (Marinol), absorption
of the Δ9-THC can vary considerably due to differences in individuals
and their diets. More importantly, the time lag between dose adminis-
tration and effect compared to inhalation routes can be considerable.
This can lead to inadvertent overdosing, as individuals may take addi-
tional doses before the absorption and pharmacological effects from
the initial exposure have reached their maximum level. Improved for-
mulations of orally ingested Δ9-THC are still of therapeutic interest,
and are currently being developed and tested in clinical trials. For
example, Namisol is a novel tablet formulation of Δ9-THC and Alitra
(Echo Pharmaceuticals b.v., Nijmegen, the Netherlands), an emulsify-
ing drug delivery technology, which has been studied in human trials
using sublingual and oral routes.4 Despite the limited sample size, the
data suggest that Δ9-THC from Namisol might have a faster absorp-
tion rate and reach a less variable maximal concentration, and there-
fore be more favorable than currently registered oral dronabinol
formulations and cannabis-based medicines with respect to its phar-
macokinetic and pharmacodynamic properties.

Whether intranasal or oral sprays or drops are used, the transmucosal
delivery of cannabis-derived therapeutics has the advantage of bypass-
ing metabolism in the gut and liver. In addition, it avoids the confound-
ing effects of stomach contents, gastrointestinal emptying times, and
the chemically reactive acidic conditions encountered in the stomach.
Therefore, the delivery of cannabinoids is typically more
predictable when a transmucosal spray is used, particularly with a
metered dose delivery system. In addition, the absorption and delivery
of cannabinoids from these formulations is relatively faster than from
ingested formulations like Marinol, but slower than that occurring after
inhalation of smoked or vaporized and inhaled products. This tends to
diminish the risks that individuals will dose repeatedly prior to the time
of maximum effect from the initial dose, which is a continuing problem
for cannabis edibles. With Sativex, the package insert is very clear in
instructing users to carefully titrate the dose, particularly as they begin
treatment. Specifically, the package insert states that plasma starts to
contain measurable levels of cannabinoids and their metabolites after
30 min, and advises that treatment should be started at a maximum
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rate of one spray every 4 h on the first day, up to a maximum of four
sprays on the first day. This dose titration strategy is consistent with
the pharmacokinetic information provided in the insert, which indi-
cates that the Tmax, or the time after administration of a drug when the
maximum plasma concentration is reached, is between 2 and 4 h.
However, the insert also warns that individual subject plasma con-
centration data and pharmacokinetic parameters show a high degree
of intersubject variability, and emphasizes that the product can pro-
duce an overdose that requires immediate medical attention. It is pos-
sible to limit the number of sprays that are delivered from a metered
dosing device, which would further serve to decrease the likelihood of
misuse or accidental overdose. However, the currently available
spray formulations of cannabinoids do not generally employ this
approach, as it appears the risks associated with misuse, overdose, or
abuse and dependence with the existing device do not warrant the
added expense involved in producing an alternative and safer drug
delivery device.

BIOAVAILABILITY FOR OTHER PARENTERAL ROUTES
OF ADMINISTRATION

Transdermal delivery of phytocannabinoids using a well-designed patch
can provide relatively constant plasma levels for an extended period of
time. For example, a study of a Δ9-THC-containing transdermal patch
in guinea pigs demonstrated that a mean steady-state plasma level of
4.4 ng/mL could be reached within 1.4 h and maintained for at least
48 h, and that significant amounts of metabolites accumulated in the
plasma after extended topical application.14 After removal of the patch,
sustained delivery has been noted to continue for up to 24 h, which
suggests that there is a considerable depot of active drug in the skin and
subcutaneous tissue that slowly decreases over time. This depot effect
may be due to the lipophilic nature of phytocannabinoids, which
increases retention in lipid membranes of the skin and in fat. It has
also been shown that phytocannabinoids and the endocannabinoid
system are involved in skin sensation and cutaneous cell growth
and differentiation,37 that lipophilic cannabinoids are sequestered in
sebaceous glands,38 and that CBD can modulate sebaceous gland func-
tion and inflammation and act as a highly effective sebostatic agent.39

Thus phytocannabinoid formulations for topical application may prove
to be of therapeutic value for indications such as acne, seborrhea,
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allergic dermatitis, pruritus (itch), pain, psoriasis, hair growth disorders,
systemic sclerosis, and cancer.40

Rectal suppository formulations containing Δ9-THC-hemisuccinate
ester have the advantage of bypassing metabolism by the gut and liver,
and have been shown to produce increased delivery and bioavailability
of cannabinoids in laboratory animals and superior therapeutic effects
over oral ingestion in limited clinical studies. In general, plasma levels
increase within 15 to 30 min and can produce effects that are sustained
over 4 to 8 h.7,27,28 Though a variety of rectal suppositories containing
cannabinoids are manufactured and marketed in cannabis dispensaries
and on the internet, this route appears not to be widely employed at
the present time.

Intravenous and other parenteral routes can provide the most
consistent delivery of cannabinoids, and can often produce the
lowest inter- and intraindividual variability in drug plasma
concentrations.30�32 After a bolus i.v. injection, concentrations of
cannabinoids in circulating blood rapidly rise and then fall due to
distribution into tissues, with metabolism and elimination of parent
compound progressing at slower rates.30�33 Other injection routes,
such as intramuscular and subcutaneous, provide for a slower, more
variable increase in plasma levels of cannabinoids but can achieve
a more sustained delivery of cannabinoids and their metabolites than
a bolus i.v. injection. There are also ongoing efforts aimed at design-
ing sustained long-release depot formulations of cannabinoids that
can be injected subcutaneously or intramuscularly.41�43 For example,
the development of Δ9-THC biodegradable microspheres as an alter-
native delivery system for cannabinoid parenteral administration has
been reported. In this study, tetrahydrocannabinol was encapsulated
into biodegradable microspheres by the oil-in-water (o/w) emulsion
solvent evaporation method, and several formulations were prepared
using different drug:polymer ratios and antioxidant excipients.
The in vitro drug release studies showed that the encapsulated drug
was released over a 2-week period and demonstrated efficacy in inhi-
biting the growth of a cancer cell line.41 Similarly, sustained release
formulations of CBD- and Δ9-THC-loaded poly-ε-caprolactone
microparticles have produced long-term cannabinoid administration
and enhanced apoptosis and decreased cell proliferation
and angiogenesis in a murine xenograft model of glioma.42 The
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merits of parenteral routes of administration are apparent, but the
risks associated with infection, overdose, or misinjection and injury
generally relegates this mode to laboratory animals or medical
professionals.
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CHAPTER 44
Analytical Methods in Formulation
Development and Manufacturing

With all cannabis and cannabis-derived formulations, there is the
potential for considerable variance in chemical composition, strength,
and homogeneity based on the selection of plant material seed
stock and the methods used in their growth, harvesting, processing,
formulation, and manufacture.1�4 The chemotype or metabolome
of a cannabis plant results from the complex integrated biosyn-
thetic pathways for cannabinoids, terpenoids, flavonoids, and other
constituents that are defined by genetics and heavily influenced by
environmental factors. As the chemical constituents of cannabis can
vary dramatically, accurate analytical information on the chemical
content and strength of the natural product is required for its
safe and effective use as a drug product or as a raw material for
formulation. Information on the content of many different chemical
constituents and potential contaminants may be required in order to
determine suitability for use. In addition, the analytical characteriza-
tion of chemical and physical factors, including moisture content,
blend or batch homogeneity, and content uniformity, can play a
particularly important role in formulations of cannabis inflorescence
that are combusted or vaporized and inhaled (including hashish and
hash oils, extracts, and concentrates), or manufactured into edible
products, tablets, capsules, tinctures, salves, buccal or sublingual
sprays, and other dosage forms. Furthermore, as cannabis is a
natural product that can harbor many kinds of pests and microbes,
including bacteria and fungi, careful analytical monitoring and
quality control to exclude these and other potentially harmful
contaminants from medicinal products is also a necessity. In some
federally administered medicinal cannabis programs, for example,
products are independently tested for appearance, cannabinoid and
terpene profile, and moisture content, and for the absence of heavy
metals, pesticides, bacteria, molds, and fungal toxins.5
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GENERAL CONSIDERATIONS IN SAMPLE PREPARATION FOR
ANALYTICAL CHARACTERIZATION

A variety of sample preparation, separation, and detection methods
have been shown to be useful in the characterization and standardiza-
tion of cannabis inflorescence and cannabis-derived drug products.6�18

But it should be emphasized that no single extraction solvent
will extract all chemicals present, nor can a single means of separa-
tion and detection adequately isolate, detect, and define the complex-
ity of the chemicals in the sample; these limitations hold true for all
analytical procedures, including those based on mass spectrometry
(MS) and nuclear magnetic resonance (NMR). Therefore, prepara-
tion and extraction must be carefully considered and performed
under controlled conditions to ensure that reliable characterization
of desired constituents occurs while precluding contamination of the
sample.

Samples of cannabis inflorescence or dosage units should be taken
based on sampling protocols that allow batch or blend homogeneity
and content uniformity to be assessed as recommended by best practice
and guidance (eg, see the World Health Organization’s Quality
Control Methods for Medicinal Plant Materials,19 the US FDA Draft
Guidance for Botanical Drug Development,20 and the United States
Pharmacopeia—National Formulary [USP-NF]21). The sampling
approach used should take into consideration batch size, suspected or
past data on material homogeneity, intended use, requirements for
amount of material needed to complete all analytical procedures and
for retainer, and other factors, and the material should be frozen or
processed immediately to avoid any biochemical change. After appro-
priate sampling has occurred and been documented, the samples are
typically ground or otherwise processed individually into homogeneous
particles for extraction and analysis. The apparatus used for grinding
must then be carefully rinsed to recover any material adhering to the
equipment and prevent contamination of subsequent samples. Plant
material can also be directly homogenized in acetonitrile or other
solvents using a Polytron or other homogenization device to process
the bulk material into fine particle sizes while they are being mixed
and extracted by the solvent. This approach decreases the loss of the
resinous trichomes and their associated cannabinoid content that
may occur with other approaches to grinding and homogenization.
A wide range of methods for sample extraction are possible, each
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requiring a judicious selection of conditions such as temperature,
pressure, and time. Internal standards should be used when available
to help control for the recovery of certain chemicals for quantitative
purposes, particularly as the solvent extraction processes can lead
to varying degrees of decarboxylation and degradation of the
phytocannabinoids.22 As terpenes (and cannabinoids) are known to be
chemically unstable during conditions encountered in many extraction
techniques,23 supercritical fluid extraction using liquid CO2 or com-
pressed gases offers several advantages, including effectiveness at low
temperature and the reduction or elimination of thermal degradation
and residual solvents before analysis.9,13,24,25 Care is required in the
use of compressed gases for extraction. For example, CO2 can lead
to asphyxiation and death if not handled properly. Butane has also
become popular for the extraction of cannabis for consumption;
however, the dangers involved in using this compressed gas have been
well documented on YouTube and in the popular media.

DIRECT ANALYSIS OF CANNABIS INFLORESCENCE AND ITS
EXTRACTS

Direct analysis of solids or crude extracts by MS14,26 or NMR14,27 can
provide information in the absence of chromatographic resolution.
NMR can be particularly useful for the direct analysis of cannabis
extracts, and has several advantages over other analytical approaches
for qualitative and quantitative characterization of complex mixtures.12

For instance, it can give a detailed analysis of chemical composition
very quickly with relatively simple sample preparation; it is a universal
detector for molecules containing NMR-active nuclei; and the intensity
of all proton signals is proportional to the molar concentration of the
metabolite. With internal standardization, the concentration of chemi-
cal constituents can be determined accurately and with high reproduc-
ibility. 1H-NMR has been used to demonstrate that the temperature
and polarity of solvents used for the extraction of cannabis affect the
total amount of Δ9-THC in the extracts and its relative quantity with
respect to Δ9-THCA and other metabolites.27 This study also showed
that 1H-NMR, without any evaporation or separation procedure, can
distinguish between tinctures manufactured from different cannabis
cultivars (Fig. 4.1).27 In an extended study combining NMR and high-
pressure liquid chromatography (HPLC) with diode array detection, a
collection of chemical markers was identified in herbal drugs and
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extracts and a rationale for use of the method in developing chemical
specification for pharmaceutical purposes was made. In this instance,
the most selective signals in the aromatic and aliphatic area for the
selected cannabis constituents Δ9-THC, Δ9-THCA, CBD, CBDA,
CBG, and CBGA were identified, and a pattern of a few key proton
signals was compiled for fast identification without the need to analyze
the complete proton signal set of complex mixtures.10 This relatively
targeted approach can be contrasted with more comprehensive and
nontargeted NMR approaches for complex mixtures when combined
with multivariate pattern recognition and principal component analysis

Tinctures 20% (v/v)

NC
(Noncannabinoids
THC-free) NC

CBD

IM

Bed

CS

NC

CBD

IM

Bed

CS

CBD
(Cannabidiol-rich
THC-free)

IM
(Illicit material)

Bed
(Bedrocan
THC-rich)

CS
(Northern Light
THC-rich)

9 8 7 6 5 4 3 2 ppm 9 8 7 6 5 4 3 2 ppm 9 8 7 6 5 4 3 2 ppm

Tinctures 40% (v/v) Tinctures 80% (v/v)

Figure 4.1 1H-NMR experiments (500 MHz) with suppression of the ethanol and water signals. Comparison of
three tinctures (20%, 40%, and 80%, v/v) from five different cannabis cultivars (CS5Northern Lights 5 crossed
with Haze, THC-rich; Bed5Bedrocan, THC-rich; IM5 illicit material; CBD5 cannabidiol rich, THC-free;
NC5 noncannabinoids, THC-free). In the 80% tinctures, the typical cannabinoids signals appear around 6 ppm
in the spectra of the THC-rich plants (CS and Bed) and the illicit material (IM). While these signals in the CS
and Bed tinctures are similar, the IM tincture presents a different profile for these cannabinoids signals as well as
other signals at 4.35, 6.90, and 8.22 ppm that are unique to this tincture. Both THC-free cultivars (CBD and
NC) do not show these cannabinoid signals within the spectra and they are clearly distinguishable from the other
tinctures. In the 40% tinctures from both THC-rich plants, cannabinoids signals appear greatly reduced around
6 ppm while other aromatic signals appear in the spectra at 7.45 and 6.75 ppm. These are not detected in any of
the other 40% tinctures and they represent a marker for the THC-rich plants in this analysis. Other minor protons
are observed between 5 and 9 ppm for all the 40% tinctures and they can be used to compare in detail the various
samples. For the 20% tinctures a set of proton signals around 2.55 ppm is characteristic of the IM and NC
samples, while a similar set of protons is detected around 2.75 ppm only for CS and Bed samples. Source: From
Ref. 27.
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(PCA). When performed in parallel, the targeted analysis of key chemi-
cals or signals that can be attributed to a compound or compound
class in a sample can amend PCA results and be particularly useful in
quality control assessment because it yields information in addition
to the mathematical data output of PCA.10

SEPARATION AND ANALYSIS OF CANNABIS USING GAS
CHROMATOGRAPHY

More extensive chemical characterization of cannabis and cannabis-
derived drug substances typically requires the use of several carefully
chosen and applied analytical methods, including high-resolution
chromatographic separation with either broad spectrum or targeted
detection. Capillary gas chromatography (GC) allows high-resolution
separation of volatile constituents and can be coupled to several
compatible modes of detection, including the universal thermal con-
ductivity detector or the more sensitive and selective flame-ionization
(FID), photoionization, electrochemical, nitrogen-phosphorous, and
mass selective detectors. Because of their sensitivity to cannabinoids
and other chemicals of interest, GC-FID28�33 and GC-MS are
commonly used. However, the high temperatures required for the
injection port to convert the liquid extract into the gas phase for
gas�liquid phase chromatographic separation results in the rapid
decarboxylation of Δ9-THCA and CBDA and the thermal degrada-
tion of other chemical constituents, which needs to be properly
accounted for in the analysis of cannabis and cannabis-derived
drug products. As a result of the rapid decarboxylation of these
aromatic carboxylic acids, the products are retained and elute
from the chromatographic separation with the preexisting neutrals
(ie, as the total amount of free1 acid equivalents). Derivatization of
Δ9-THCA, CBDA, and other phytocannabinoids containing carbox-
ylic acids to their trimethylsilyl esters before injection and analysis
using GC is one approach that can stabilize these derivatized forms
and allow the differential separation and detection of the acid
and free forms. Alternative analytical approaches such as LC-based
separations or NMR spectroscopy can detect and quantitate the
chemical constituents without decarboxylation of the aromatic
carboxylic acids.
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SEPARATION AND ANALYSIS OF CANNABIS BY THIN LAYER,
LIQUID, AND CONVERGENCE CHROMATOGRAPHY

LC methods that have been used to characterize cannabis also vary
considerably across their approaches to separation and detection. Thin
layer and flash chromatography continue to be used for their cost-
effective resolution of cannabinoid-containing mixtures.34,35 More
frequently, analytical separation is done using reverse-phase high-
performance or ultra-performance LC. In addition, the combination of
high-pressure liquid CO2 and high-resolution LC columns packed with
small particles (,2.1 μM) has enabled the refinement of supercritical
fluid chromatography and the development of ultra-performance con-
vergence chromatography (UPC2) systems. This technique provides a
mode of analytical or preparative chromatography that is relatively
low in cost and environmentally friendly and allows rapid resolution
of a wide range of nonpolar and low polarity compounds.36 UPC2 is a
unique, orthogonal mode of separation for the characterization of phy-
tocannabinoids and other constituents in cannabis dosage forms as
compared to reverse-phase UPLC (Fig. 4.2). The utility of supercritical
fluids in analytical and preparative scale applications in medicinal
cannabis is increasingly recognized.37 Both UPLC and UPC2 are com-
patible with ultraviolet adsorption, diode array detection, and MS,
combinations that are particularly well-suited for the characterization
of pharmaceuticals because of their sensitivity for detection and quan-
titation. These two approaches can accomplish the separation and
characterization of nonvolatile or thermally labile substances such as
the aromatic acid and neutral forms of phytocannabinoids in the
absence of the derivatization step that is required in GC (illustrated in
Fig. 4.2).

BROAD-SPECTRUM CHEMICAL PROFILING

Comprehensive broad-spectrum chemical fingerprinting of constituents
using chromatography-coupled MS has become increasingly useful
for studying plant biochemistry, establishing chemotaxonomy classifi-
cations, and providing information for quality control of medicinal
plants.12 Several popular MS platforms enable high-resolution GC
and/or LC separation of the chemicals, efficient ionization of the
molecules as they elute, and sensitive detection of the ions and their
fragment or adduct ions according to their mass-to-charge ratio (m/z).
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These systems may differ in their resolution, ionization modes, efficien-
cies, and whether they produce adducts or fragmentation ions that
spread a molecule’s m/z signal across additional ion currents, leading
to decreased sensitivity. However, adduct ions and/or fragmentation
can give valuable structural information, and both are advantageous in
the identification of unknown components with MS-MS technologies
or mass spectral library searching. Because of the sensitivity and rapid
duty cycle of modern mass spectrometers, a complex sample extract
can usually be prepared for analysis, separated with high-resolution
chromatography, and subjected to detailed mass spectral data acquisi-
tion strategies in less than an hour. Samples typically include internal
standards and, in the case of high-resolution MS, continuous mass-axis

Figure 4.2 Comparison of phytocannabinoid separation using UPLC (top) and UPC2 (bottom). Note the differ-
ing orders of retention that occur using the two separation systems. The UPLC conditions involved an Acquity
CSH C18 2.13 50 mm 1.7 µm column maintained at 40�C. Mobile phase A consisted of 10 mM ammonium
bicarbonate (pH 10.0) and mobile phase B was acetonitrile. The total flow rate was held at 1.00 mL/min. The ini-
tial mobile phase composition was held at 64% A:36% B for 0.5 min, then linearly ramped over 5 min to a final
composition of 16% A:84% B. Detection was UV absorbance at 228 nm. The UPC2 conditions were programmed
to maintain the pressure at 1500 psi and the column at 60�C. The separation was performed at a flow rate of
1.7 mL/min using a concave gradient (curve 8) starting at 1.7 min from the initial conditions of 94.5% CO2

(mobile phase A) and 5.5% 80:20 isopropanol:acetonitrile with 2% water (mobile phase B) and ending at 70% A
and 30% B at 6.8 min. The analytical column was a UPC2 BEH 2-EP (33 150 mm, 1.7 µM particle size).
Detection was at 228 nM.
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calibration to facilitate quantitation, mass accuracy, and comparisons
between samples. In addition, due to inherent variation in chro-
matographic retention times and ionization efficiencies among samples,
software-based signal processing and deconvolution approaches
are used for the alignment of chromatographic peaks, automated
baseline correction and background subtraction, and alignment and
integration of all component peaks across all samples. Subsequent
statistics and bioinformatic tools can then interrogate the data and
provide a detailed view of the differences and similarities between
samples.12

Chromatography and MS-based analytical techniques have been
used in studies of cannabis pollen,11 cannabis seedlings,6 and mature
cannabis inflorescence. In many instances, a characteristic chemical
profile signature able to differentiate distinct chemotypes can be identi-
fied. In 28-day-old cannabis seedlings, a GC-MS method combined
with chemoinformatic classification using a support vector network
with supervised learning of the relative proportions of guaiol,
γ-eudesmol, bulnesol, α-bisabolol, THV, CBD, Δ9-THC, and CBN
was used to discriminate high Δ9-THC “drug-type” from low Δ9-THC
“fiber-type” cannabis, with low false-positive rates.6 This approach
was investigated as an alternative to the time-consuming process
required for growth of seeds or seedlings to maturation before analysis
(eg, as might be required for classification by law enforcement
agencies). The positive discrimination in seedlings likely reflects the
observations from a previous analytical study showing that, 28 days
after sowing, the CBD/Δ9-THC and CBG/CBD ratios in cannabis
leaves are relatively constant and consistent with the ratios determined
on mature inflorescences.16 Broad-spectrum profiling of chemical
constituents in cannabis combined with PCA has also been investi-
gated as a means to differentiate between specific drug-type cannabis
chemotypes.1,7,8,15 In one such study, 11 cannabis varieties were
grown under the same environmental conditions. Samples of mature
plant material were assayed using GC-FID for quantitative analysis
of cannabis monoterpenoids, sesquiterpenoids, and cannabinoids.
In total, 36 compounds were identified and quantified in the 11
varieties, and PCA of the quantitative data enabled each variety to
be chemically discriminated from most of the other varieties tested
(Fig. 4.3). This example illustrates how the approach may be useful
in guiding pharmacological or clinical studies to examine the potential
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Figure 4.3 Principal components analysis of 36 chemical constituents detected using gas chromatography-flame-ionization detection in 11 cannabis varieties. PC1 versus PC2 (left panels)
and PC1 versus PC3 (right panels), presented as factor score scatter plots (top) and loading plots (bottom). The 11 varieties of cannabis are identified by numbers (1) AO,
(2) Bedropuur, (3) Bedrocan, (4) Bediol, (5) AG, (6) AE, (7) Ai94, (8) AN, (9) AF, (10) AM, and (11) AD. Source: From Ref. 7.



interactions of the volatile chemical constituents of cannabis and their
therapeutic effectiveness. This method could be implemented in the
quality control and contribute to the release specifications defined for
a particular medicinal cannabis drug substance or dosage formulation.
However, further improvement and testing is needed, as a similar study
had difficulty discriminating drug-type cannabis accessions from one
another.15 Moreover, Hillig15 concluded that sesquiterpenoids were
more important then monoterpenoids in chemically differentiating can-
nabis varieties, whereas Fishedick et al.7 found that monoterpenoids
could distinguish between varieties that had similar sesquiterpenoid
levels and similar cannabinoid levels. These discrepancies suggest
that a combination of genomic and epigenetic approaches with broad-
spectrum analytical profiling may be required to further elucidate
exactly which biochemical pathways differ in cannabis varieties
and how these differences lead to their observed chemical profiles and
pharmacological attributes.7

TARGETED QUANTITATIVE ANALYTICAL APPROACHES AND
COMPENDIAL METHODS

For accurate and reproducible determination of constituents in
cannabis, analytical procedures should be developed and validated for
the specific drug product or formulation as warranted by its intended
use. Once methods have been validated, analytical testing should be
rigorously performed against specifications set for release of raw mate-
rials, as well as during formulation, processing, and manufacturing,
and before final release. A drug product’s performance (ie, the delivery
of chemicals during use) should also be specified and monitored with
validated analytical instruments and methods. For example, smoke or
vaporizer yields should be determined on a validated smoking machine
with appropriate smoking topography for final release of a batch of
cannabis cigarettes or e-cigarette delivery devices. Similarly, disintegra-
tion or dissolution testing of cannabis consumables should be used
to ensure that products are manufactured with consistent and
well-characterized drug delivery. Interestingly, CBD, a nonpsychoac-
tive cannabinoid, was found to be converted to the psychoactive sub-
stances Δ9-THC, 9α-hydroxy-hexahydrocannabinol (9α-OH-HHC),
and 8-hydroxy-iso-hexahydrocannabinol (8-OH-iso-HHC) in artificial
gastric juice. This illustrates how the simulation of conditions expected
to be encountered with a dose formulation such as CBD-containing
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cannabis edibles can reveal a potential pharmacological liability
associated with a particular route of administration. This type of
careful consideration and analytical testing should ideally be built into
formulation development before marketing, use, and potential product
recall.

The FDA,20 USP,21 and other guidance documents for articles of
botanical origin and botanical drug development recommend specific
procedures that should be used to test cannabis and cannabis-derived
drug products. Validated analytical methods for targeted quantitation
of selected phytocannabinoid constituents in cannabis have a long
history of application in the characterization of illicit material
and biological matrices, and the delivery characteristics of cannabis
inflorescence during smoking (smoke constituents and quantitative
yields) have been extensively studied.38 The utility of these validated
quantitative approaches for targeted constituents in medicinal canna-
bis and formulations thereof is also increasingly recognized and
required. In general, the best available analytical technology should
be used to address the issue of analytical resolution and quantitation
accuracy. When the resolution is inadequate in one method, multiple
methods should be used to provide complementary data for adequate
chemical identification and quantification of chemical constituents.
For example, when estimates of total Δ9-THC, CBD, and other
phytocannabinoids (aromatic acids and neutrals) are desired, GC-
based analysis of solvent extracts that result in rapid decarboxylation
of the acidic cannabinoids upon injection can be used to determine
“total THC” as a measure of the anticipated strength of the herbal
product or formulation.39�42 However, if quantitation of both acidic
and neutral forms of phytocannabinoids is desired, derivatization
of the aromatic acids should be performed before GC analysis,
or an alternative approach such as HPLC43�45 or NMR46 should be
adopted or developed and validated. To facilitate method develop-
ment and validation of these quantitative assays, and enable the
identification of components detected in broad-spectrum screening,
analytical reference standards and isotopically labeled chemicals
are available from chemical suppliers and government programs.
For instance the National Institutes of Health has a metabolomics
standard synthesis program where investigators can nominate
candidate compounds for stable isotope labeling and use in their
research.
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The analytical testing needed to produce a certificate of analysis
for cannabis-derived products or dosage forms should include the
assayed concentration of major chemical constituents, excipients,
impurities, and degradants over a specified limit, and other determina-
tions such as moisture content and limit tests for foreign organic
matter, total ash, acid-insoluble ash, loss on drying, pesticides, micro-
bial and fungal organisms, metals, and residual solvents, as required
or warranted by their chemical or biological nature and potential
formation during manufacture.47 All analytical testing methods and
results should then be documented and compared against the
specifications established for each batch of cannabinoid-containing
drug substance or product in a batch production record and a
certificate of analysis to fulfill the standards promulgated by current
good manufacturing and good laboratory practices. If any analytical
procedure performed on a batch fails to meet specifications,
an out-of-specification investigation should be conducted so that
it can be attributed to an aberration of the measurement process or an
aberration of the manufacturing process.

Botanical identification, microscopic examination, and compendial
methods used in the characterization of cannabis and cannabis-derived
drug products should be well documented and shown to be qualified
according to available reference standards before use. As described
in the American Herbal Pharmacopeia monograph on cannabis inflo-
rescence, limits that are applicable to herbal materials include solvent
and pesticide residues, microbial and fungal limits, and content of
certain metals. With the exception of loss on drying and moisture
contents of dry cannabis material, the limits are based on general
recommendations for botanical ingredients promulgated by national
and international agencies as determined through the use of standard
pharmacopoeia methods. With cannabis inflorescence, it is recom-
mended that moisture content as determined by weight loss on drying
be at or below 15%, preferably around 10%, to prevent microbial or
fungal contamination. For other cannabis formulations, the moisture
content should be tested for conformance to specifications established
based on desired attributes and requirements for chemical content
or stability, or product performance characteristics. Other residual
organic solvent testing should be done when production or purification
processes are known to result in the presence of such solvents. As there
is no therapeutic benefit from residual solvents, most residual solvents
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should be removed to the extent possible to meet product
specifications, good manufacturing practices, or other quality-based
requirements. There are obvious exceptions for the use of solvates, such
as ethanol in tinctures or acetic acids in vinegars; however, the use of
certain solvents should be carefully evaluated and justifiable with
respect to ensuring the safety of the drug product. Specific limits on
certain solvents that can be used in the manufacture of botanical or
pharmaceutical products have been established and promulgated by the
International Conference on Harmonization (ICH) Q3C, 2011. These
solvents are categorized in three classes based on a risk assessment
or their potential toxicity level for the consumer or patient. Class 1
solvents include benzene, carbon tetrachloride, 1,2-dichloroethane,
1,1-dichloroethene, and 1,1,1-trichloroethane. These are to be avoided
in the manufacture of all herbal or pharmaceutical drug substance,
excipients, and drug products. The concentration limits set for class 1
solvents range from 2 parts per million (ppm) for benzene to 1500 ppm
for 1,1,1-trichloroethane. Class 2 solvents are associated with less
severe toxicity, and should be limited in use or formation during
manufacture to protect patients from potential adverse effects. They
include acetonitrile, chloroform, hexane, methanol, methylene chloride,
tetrahydrofuran, toluene, and other commonly used organic solvents,
and their limits are specified individually as both ppm (based on a 10 g
daily product dose) and permissible daily exposure. Ideally, less toxic
solvents in Class 3 should be used where practical. Class 3 solvents with
low toxic potential to man have permissible daily exposure of 50 mg
or more per day. They include (among others) acetic acid, acetone,
ethanol, ethyl acetate, ethyl ether, formic acid, 1- and 2-butanol,
1-pentanol, and 1- and 2-propanol, which should be limited by GMP
or quality specifications of the drug product or justified according to
a clearly defined risk/benefit assessment. Most manufacturers and
analytical laboratories test for residual solvents by validated headspace
GC methods as specified in the USP ,467.. However, some Class 2
solvents are not sufficiently volatile to be analyzed by this method and
require an alternate validated method to assess residual levels. If only
Class 3 solvents are used or suspected to be present, a nonspecific
method such as loss on drying may be used.

The analysis of residual pesticides, fungicides, and plant growth
regulators and their degradants may best be accomplished by a combi-
nation of analytical approaches that provides for the detection of a
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variety of chemicals, such as that described by Schneider et al.48

Pesticides and nutrient systems are widely available at hardware
stores, specialty indoor hydroponic shops, and online vendors.49

There are no established application limits for pesticides, and studies
have shown that inhalation of cannabis smoke containing pesticides
or their chemical residues can occur and may pose significant risks to
public health.49 The heating or combustion of plant material
commonly employed for inhalation administration can also produce
harmful pyrolysis products of the pesticides,50 and inhalation exposure
to pesticides often causes the most rapid and profound appearance
of toxic symptoms (eg, respiratory failure and death from organopho-
sphates). A broad-spectrum approach may also be warranted because
of the lack of approved pesticides and product registration for use on
cannabis. The American Herbal Pharmacopeia recently published a
list of pesticides that are most likely to be used in cannabis
cultivation, highlighting 158 active ingredients consisting of acaricides,
insecticides, fungicides, and plant growth regulators.47 This informa-
tion is supported by anecdotal and analytical sources. In one screen of
50 seized illegal cannabis plants for pesticides using a compendial
method for foods of plant origin, samples were analyzed for 160
pesticides with UPLC/MS-MS in positive ESI mode using multiple
reaction monitoring and GC-MS in scan mode. Seven pesticides were
detected in 19 samples, and five samples contained two pesticides.
Four of the pesticides detected were fungicides (propamocarb,
tebuconazole, propiconazole, and tolylfluanid); the other three were
insecticides or acaricides (imidacloprid, bifenthrin, and hexythiazox).48

Pesticides and growth regulators are prevalent in medicinal cannabis
according to research laboratory and regulatory authority laboratory
testing (for review, see Ref. 51). In addition to the previously men-
tioned QuEChERS approach to screening foods, the Environmental
Protection Agency (EPA Residue Analytical Methods52) and the
FDA (FDA Pesticide Analytical Manual) recommend pesticide testing
methods for use on commodity food products that could be applicable
to the detection of pesticide residues and their degradants in cannabis-
derived drug products.47 However, even the EPA methods are
currently being validated, which likely will not include validation of
their use on cannabis-derived drug substances, given their current
status as illegal and Schedule I controlled products.

Microbial contamination of natural products such as cannabis can
occur even when they are carefully cultivated. Hence, microbial
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exposure through the use of cannabis or cannabis-derived drug
products presents obvious health risks associated with infection, partic-
ularly in immune-compromised subjects or individuals with conditions
that can be exacerbated by contaminated products. Recommended
tolerance limits for unprocessed cannabis (inflorescence, hashish) and
processed materials (solid- or liquid-infused edible preparations, oils,
topicals, and water processed trichomes/resin) have been proposed by
the American Herbal Pharmacopeia: total viable aerobic bacteria
# 105, total yeast and mold # 104, total coliforms # 103, bile-tolerant
Gram-negative bacteria # 103, and Escherichia coli (pathogenic
strains) and Salmonella spp. not detected in 1 g sample. For CO2 and
solvent-based extracts, these limits are lowered by a log unit, with the
exception of the criteria for E. coli (pathogenic strains) and Salmonella
spp., which remain at not detected in 1 g sample. However, it is impor-
tant to note that significant microbial contamination can occur during
postharvesting or postprocessing handling, and that more restrictive
limits may be required to be consistent with applicable state, federal,
and international regulations, or when used in specific patients. For
example, Aspergillus spp. in inhaled formulations may be a particular
concern. Thus, specific microbial testing should always be employed,
and treatments might be warranted to further reduce the microbial
risks as much as possible without compromising therapeutic activity.47

Acceptable methods for microbial testing have been recommended by
the FDA in the Bacteriological Analytical Manual.53

Cannabis spp. can grow and serve as a bioaccumulator of heavy
metals in soil and water, and thus pose a health risk to consumers of
cannabis-derived drug substances.54�58 When grown under carefully
controlled conditions, the risk of heavy metal contamination is rela-
tively low. Nevertheless, the American Herbal Products Association
has recommended limits for heavy metals in botanical dietary supple-
ments of 10 μg/day for inorganic arsenic, 4.1 μg/day for cadmium,
6.0 μg/day for lead, and 2.0 μg/day for methyl mercury. Limits for
heavy metals in drug products and their test methods are also provided
in the USP-NF21 and other international guidance documents. The
recommended approaches often include general screening methods as
well as specific tests for individual elements and their species (oxidation
states) of concern such as aluminum, arsenic, iron, lead, mercury,
and selenium. As recommended in the USP-NF, two instrumental
procedures are considered appropriate for elemental impurities:
inductively coupled plasma�atomic (optical) emission spectroscopy
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(ICP-AES or ICP-OES) and inductively coupled plasma�mass
spectrometry (ICP-MS). Both procedures must be validated for the
specific instrumentation and sample preparation and analysis to
ensure suitability for intended use. The level of validation necessary
to ensure that a procedure is appropriate for its intended purpose is
dependent upon whether a limit test or a quantitative determination
is necessary.21
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CHAPTER 55
Quality Control and Stability Assessment

CHALLENGES IN QUALITY CONTROL AND SAFETY OF
CANNABIS AND CANNABIS-DERIVED DRUGS

Medical cannabis products that are obtained from dispensaries or state
programs may follow specific international, national, or state require-
ments related to growing, formulation, manufacturing, marketing, and
distribution. However, in general the standards for these products and
their labeling have not been thoroughly researched or harmonized.
Cannabis dispensaries in the United States are providing their users
with products that have not been reviewed or approved by the FDA as
mandated by the Compassionate Investigational New Drug Program.
These dispensaries are also not legally registered or licensed by the
DEA to distribute cannabis or cannabis-derived materials, and the dis-
tribution of these substances may not be well-documented or con-
trolled as is the case with pharmaceutical substances regulated by the
FDA or DEA. Formulations provided by dispensaries vary widely in
nature and origin of materials, with many cannabis herbal chemotypes
processed in different ways. There are myriad solid and liquid products
for various methods of inhalation as smoke or vapor, ingestion, and
delivery to mucous membranes. Labeling practices vary between states
and even dispensaries, often providing the user with limited informa-
tion on ingredients. Batch production records for raw materials and
formulations are generally not available. Varieties of cannabis are
often distinguished by popular names that can vary from place to
place. Fig. 3.1 gives an idea of the nebulous labeling. While the con-
tent of Δ9-tetrahydrocannabinol (Δ9-THC) and other phytocannabi-
noids is often provided on the label or packaging, the nomenclature
used to describe the chemical constituents can be unclear or lacking in
sufficient detail. For example, the decarboxylated forms of Δ9-THC
carboxylic acid (Δ9-THCA) and cannabidiol carboxylic acid (CBDA),
Δ9-THC and cannabidiol (CBD), respectively, are often referred to as
“activated cannabinoids” on edible products.
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VARIABILITY IN COMPOSITION AND STRENGTH

As with most natural product-derived formulations, cannabis tinctures
and extracts are associated with variable pharmacological composition
and strength, leading to difficulty in obtaining replicable therapeutic
effects. This inconsistency has generally been attributed to the varying
origins and age of the plant material and variations in preparation.1

With some notable exceptions (eg, Sativex), this historical trend
appears to be continuing in today’s medicinal cannabis dispensaries,
where solvent and compressed gas extracts containing concentrated
phytocannabinoids are manufactured with varying levels of analytical
assessment, quality control, and release specifications, are often mar-
keted as hash oil, butane hash oil, dabs, shatter, wax, and other popu-
lar names, and can vary in chemical content and strength between
suppliers or even between batches from the same supplier. In addition,
results from stability assessments of concentrated cannabis extracts
reveal that a steady decay of phytocannabinoids, including Δ9-THCA
and CBDA, can occur during storage.2 Specifically, the degradation
of Δ9-THCA in samples exposed to light at 22�C is more
pronounced than in samples stored in darkness at 4�C. Sensitivity to
light has also been observed in other solvents and samples of
phytocannabinoids. As a primary chemical degradant of Δ9-THCA is
cannabinol carboxylic acid (CBNA), the concentration of CBNA and
cannabinol (CBN) also increases during storage, and the observed
increase is more pronounced for samples exposed to light at 22�C
than those stored in darkness at 4�C. The concentration of CBDA
in extracts decreases during storage, especially for samples
exposed to light at 22�C, which is consistent with cyclization of CBDA
to Δ9-THCA, followed by the degradation of Δ9-THCA to CBNA.2

While CBDA and CBD are generally thought of as nonpsychoactive,
CBD can readily cyclize to Δ9-THC under acidic conditions that can
be achieved using relatively simple and routine synthetic chemistry
reagents and methods,3,4 and this conversion has also been shown in
laboratory simulations of the acids found in the human stomach.5

Humans in some studies have been given relatively high oral doses of
CBD,6,7 but it remains to be clearly determined whether the conversion
of CBD to active Δ9-THC degradants occurs in vitro after acute or
chronic dosing, and whether this can produce CB1 and CB2 receptor
agonist-like effects in man.
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CONTENT AND LABELING INACCURACIES AND VIOLATIONS

Particularly concerning are the recent observations that errors or inac-
curacies in chemical content and labeling are prevalent in products
purchased from medical cannabis markets in the United States. In
one instance, over 75 products were purchased (47 brands) and ana-
lyzed. The investigators (see Vandrey Close-Up: Cannabis Quality
Assurance?) reported that only 17% were accurately labeled, 23% were
underlabeled, and 60% were overlabeled with respect to THC content.8

As a clear indication of the increasing concern over quality control in
the medical marijuana market in the United States, the FDA reported
in February 2015 that there were firms marketing unapproved
cannabidiol-containing drugs “for the diagnosis, cure, mitigation, treat-
ment, or prevention of diseases. Some of these firms claim that their
products contain cannabidiol (CBD). FDA has tested those products
and, in some of them, did not detect any CBD. It is important to note
that these products are not approved by FDA for the diagnosis, cure,
mitigation, treatment, or prevention of any disease, and often they do
not even contain the ingredients found on the label. Consumers should
beware purchasing and using any such products.” Excerpted language
used in one warning letter further illustrates the lack of quality control
and approval of these drug products, their chemical constituents, and
their medical claims and labeling as “‘new drugs’ under section 201(p)
of the Act [21 U.S.C. y 321(p)] because they are not generally recog-
nized as safe and effective for use under the conditions prescribed,
recommended, or suggested in the labeling. New drugs may not be
legally introduced or delivered for introduction into interstate commerce
without prior approval from the FDA, as described in section 505(a) of
the Act [21 U.S.C. y 355(a)]; see also section 301(d) of the Act [21
U.S.C. y 331(d)]. FDA approves a new drug on the basis of scientific
data submitted by a drug sponsor to demonstrate that the drug is safe
and effective.” and noted that the products were also “misbranded
within the meaning of section 502(f)(1) of the Act [21 U.S.C. y 352(f)
(1)], because the labeling for these products fails to bear adequate
directions for use. “Adequate directions for use” means directions under
which a layman can use a drug safely and for the purposes for which it is
intended [21 CFR y 201.5]. Your marketed products are offered for con-
ditions that are not amenable to self-diagnosis and treatment by indivi-
duals who are not medical practitioners; therefore, adequate directions
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for use cannot be written so that a layperson can use this drug safely for
its intended purposes. FDA-approved drugs which bear their FDA-
approved labeling are exempt from the requirements that they bear ade-
quate directions for use by a layperson [21 CFR yy 201.100(c)(2) and
201.115]. Because the above-mentioned products lack FDA-approved
applications, they are not exempt under 21 CFR yy 201.100(c)(2) and
201.115. For these reasons, these products are misbranded under section
502(f)(1) of the Act. The introduction or delivery for introduction of a
misbranded drug into interstate commerce is a violation of section 301
(a) of the Act [21 U.S.C. y 331(a)].”9

FOODS AND PHARMACEUTICALS

Beyond content and labeling concerns, MacCoun and Mello have
noted that edibles resembling sugary snacks pose several clear risks,
including inadvertent consumption and overintoxication.10 Indeed,
these products were often found to be distributed without safety
packaging, tamper resistance, or clear unit doses, and inadvertently
consumed by both children and adults who became intoxicated or suf-
fered adverse effects.11,12 Furthermore, a single candy could constitute
a single serving several times the phytocannabinoid content that is con-
sidered a safe dose.10 The dangers of overdosing are exacerbated by
the absence of appropriate labeling and directions for use, as well as
the lack of an FDA-approved antagonist to rapidly reverse the adverse
effects. In response to repeated incidences of inadvertent consumption,
Colorado and Washington state have adopted regulations for edibles
requiring child-resistant packaging, a warning to “keep out of the
reach of children,” and labeling describing a standard serving size,
along with prohibition of packaging and advertising that target chil-
dren. However, neither state requires warnings that ingested marijuana
can have different effects from smoked marijuana, or packaging that is
clearly distinguishable from ordinary food products.10 Furthermore,
each nonphytocannabinoid ingredient in a cannabis edible or ingestible
product could be considered the equivalent of an excipient in a phar-
maceutical dosage formulation. As these ingredients can profoundly
affect the properties of the dosage formulation, they should be care-
fully considered and tested for compatibility and stability, and fully
documented and controlled during the manufacturing and labeling
process.
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BEST PRACTICES AND QUALITY CONTROL

Good Agricultural and Collection Practices
Cannabis contains a wide range of chemical constituents and can be
selected and grown under various conditions that can affect their pres-
ence and strength, with obvious implications for pharmacological
effects. Because of the inherent complexity and variability of cannabis
and the limitations in the capacity for analytical techniques to charac-
terize all constituents solely by chemical or biological means, the
reproducibility of the raw botanical material for medical or veterinary
use should be maximized by using good agricultural and collection
practices (GACP) to the greatest extent possible in all aspects of grow-
ing, harvesting, drying, and storage (for GACP guidance, see Refs. 13
and 14). As described by Potter, and by Stott and Guy, the quality
and reliability of cannabis used as a drug substance or in the prepara-
tion of cannabis-containing dosage formulations should be ensured by
specification and rigorous control of the seeds or rooted clones used
and the growth conditions employed, which should be described in a
detailed protocol or batch production record.15�17 Another important
aspect for production of medicinal cannabis plants or derived sub-
stances is the use of hygienic procedures to minimize microbiological
load. This is particularly true for indoor growing, where systematic con-
trol of soil conditions, water, nutrients, temperature, and lighting is pos-
sible and advantageous for maximizing yields, consistency in the
content of chemical constituents, and the quality and reproducibility of
the final product. After the cannabis plants are harvested, they should
be carefully processed and dried in the dark in a ventilated area. Prompt
drying is required to minimize bacterial and fungal decay. The flowering
tops (inflorescence) of the female plants are subsequently removed and
manicured to retain their phytocannabinoid content and strength while
eliminating stems and unwanted materials. A final moisture content at
or slightly below 10% (w/w) is generally considered suitable for long-
term storage and use.18 Specific methods for harvesting, drying,
manicuring, and storing the inflorescence may be allowed to vary
between products but should be documented and adhered to, as this can
have a significant impact on the consistency of a final product’s chemi-
cal constituents. Long-term stability of the phytocannabinoids and
chemical constituents in harvested and manicured cannabis is best
insured through the use of secure, environmentally controlled storage
conditions that eliminate exposure to air (moisture), light, and elevated
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temperatures.19 However, even under ideal conditions, the cannabinoid
acids (eg, Δ9-THCA and CBDA) undergo slow degradation to their
decarboxylated forms (Δ9-THC and CBD, respectively), and the ter-
penes and flavonoids can also isomerize, degrade, or suffer loss through
evaporation.18,19 While aging or further processing of cannabis may be
desired, maintenance of the original content and stability of the chemi-
cal constituents is likely to be best achieved by using cold temperature
storage under an inert atmosphere in the absence of light.20

Good Manufacturing Practices
The manufacturing process is also a critical activity where quality
control and best practices are required to ensure the suitability of medic-
inal products. Many guidance documents are available for reference
and use in the development of botanical medicines, including the World
Health Organization’s (WHO) guidelines on good manufacturing prac-
tices (GMP) for herbal medicines21 and the US FDA Guidance for
Industry: Botanical Drug Development (Draft Guidance).22 Any pro-
cessing, manufacturing, packaging, and storage of raw cannabis and
cannabis-derived chemicals for medicinal use should be performed and
documented in accordance with GMP and other applicable regulations
and best practices. For example, the use of generally recognized as safe
ingredients is preferred; as is the use of appropriately cleaned and
approved sample handling, processing, and packaging materials.
Additional consideration should be given to the final dosage formula-
tion’s chemical constituents, the route of administration, and other mat-
ters with implications for use and safety. This has been a particular
concern with the increasing use of vaporizers containing flavorings and
additives that are generally accepted as safe when consumed orally but
have not been rigorously evaluated for safety with routes of administra-
tion that involve combustion or heating and inhalation.

Good Laboratory Practices
When targeted analytical methods are used for quantitative determina-
tion of specific ingredients, they should be validated for specificity, lin-
earity, accuracy, precision, and ruggedness, and only then used to
assess the product’s constituents against specifications. The FDA and
other regulatory organizations provide guidance documents that repre-
sent the current thinking on method validation and other subjects
related to good laboratory practices (GLP) to assist industry in satisfy-
ing applicable statutes and regulations. For analytical method
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validation, relevant literature and applicable guidance from a regula-
tory perspective include the following:

• USP-NF, Validation of Compendial Methods; USP Pharmacopeia
35, United States Pharmacopeial Convention, Inc., Rockville MD,
May 1, 2012�December 1, 2012.

• U.S. FDA, Center for Drug Evaluation and Research (CDER),
Reviewer Guidance on Validation of Chromatographic Methods,
November 1994.

• U.S. FDA, CDER, ICH Guideline for Industry, Text on Validation
of Analytical Procedures. ICH-Q2A, March 1995.

• U.S. FDA, CDER, Validation of Analytical Procedures:
Methodology. ICH-Q2B, November 1996.

• U.S. FDA, CDER, Draft Guidance for Industry, Analytical Procedures
and Methods Validation CMCDocumentation, August 2000.

Validation or qualification of instrumentation involves tasks
whereby the installation, operation, and performance of the instrument
is verified by a series of tests to determine that it performs and provides
results that are valid and accurate. Following successful validation of an
assay procedure, an analytical method is documented in a manner con-
sistent with Chemistry, Manufacturing and Controls (CMC) submission
to the FDA as part of an Investigational New Drug (IND) or New
Drug Application (NDA). Although a summary of validation results is
included in the analytical method for information purposes, the details
of validation are documented in a separate validation report. System
suitability specifications are based on the entire validation package and
include acceptance criteria for capacity factor (k0), tailing factor (T),
and theoretical plate number (N). If multiple analytes are involved, lim-
its for resolution (RS) and relative retention may also be included.
System suitability testing is routinely done in advance of sample analysis
to provide documentation that the system performance, and hence data
quality, is adequate to the intended purpose.

With a botanical drug product or derived substance, the types of impu-
rities present may range from structurally similar organic compounds
(eg, biosynthetic intermediates, degradation products) to unexpected
byproducts or contaminants, pesticide residues, metals, residual solvents,
and water. Although no single analytical technique is capable of detecting
all possible types of impurities, information from a variety of analytical,
physical, and chemical characterization techniques must be considered in
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combination to arrive at a reasonable estimate of absolute drug purity in
the absence of a defined reference standard. In some instances, such as the
determination of noncannabinoid terpene profiles, broad-spectrum
chemical profiling methods may be used to illustrate consistency or discre-
pancies between batches of drug substance or formulated product.
Similarly, the phytocannabinoid constituents of primary interest such as
Δ9-THCA,Δ9-THC,Δ8-THCA,Δ8-THC, CBDA, CBD, CBNA, CBN,
cannabigerolic acid (CBGA), cannabigerol (CBG), cannabigerovarinic
acid (CBGVA), cannabigerovarin (CBGV), cannabichromenic acid
(CBCA), cannabichromene (CBC), tetrahydrocannabivarinic acid (Δ9-
THCVA), and tetrahydrocannabivarin (Δ9-THCV) should be profiled
when applicable, while the principal phytocannabinoid constituents
should be quantitated using validated chromatographic, spectrometric, or
spectrophotometric methods.

RELEASE TESTING AND CHARACTERIZATION OF
CHEMICAL DELIVERY

Finished drug products require release testing that may include appear-
ance, identity, assay, content uniformity, average weight and weight
variation, dissolution, moisture content, and related substances
(eg, impurities and degradation products) as per established specifica-
tions. The postformulation tests performed on a batch of dosage forms
depend on the nature of the formulation. Packaged solutions are typi-
cally tested for clarity, pH, weight or volume variation, content
uniformity, and intact container-closure seals. Other specialized tests,
including the USP sterility test and pyrogen test, are done on
injectable solutions. Tablets and capsules are typically tested for weight
variation and content uniformity (assay), as well as disintegration char-
acterization or dissolution by using a USP-approved apparatus to mea-
sure the release of chemical ingredients over time. By extension, such
characterization might be warranted for all ingestible forms of
cannabis-derived drug products so that the manufacturer and the con-
sumer would know how products differed in their chemical stability,
compatibility, and release characteristics. Inhaled drug devices such as
nasal sprays, metered-dose inhalers, dry powder inhalers, vaporizers
and nebulizers also require careful analytical characterization of chem-
ical contents and delivery characteristics. For example, the delivery of
vaporized (noncombusted) cannabis or phytocannabinoid concentrates
from e-cigarettes and other vaporization delivery devices has been
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shown to reduce harmful exposure as compared to combustion,23 but
this exposure differential can vary depending upon vaporization tem-
perature,24 the mechanical properties of the device, and the chemical
ingredients and excipients.25 The use of nonpharmaceutically tested
vehicles and flavorings found in nonregulated products poses addi-
tional risks for chemical reactions, pharmacokinetic interactions, and
other product liabilities. Thus, while vaporization is generally assumed
to be considerably safer than smoking, the unknowns involved in the
development and use of novel drug formulations and delivery devices
may still represent a significant public health concern.26 This is particu-
larly true because of their potential for easing or facilitating initiation
and use, altering sensory perceptions, serving as sensory cues associ-
ated with drug administration, and generally increasing their abuse or
dependence liability.27 For cigarettes, e-cigarettes, vaporizers, nebuli-
zers, and other inhalation devices, chemical delivery should be charac-
terized with a validated apparatus to produce and collect smoke or
vapor and the results included on the certificate of analysis and prod-
uct specifications. This approach should also allow determination of
chemical constituents, particle size, and particle deposition characteris-
tics using a cascade impactor or similar device, as particle size has
been shown to influence the deposition, retention, and absorption of
constituents as they are inhaled.28�30 Release testing data for a batch
are reviewed to verify conformity, and then released upon satisfactory
conformance with the specifications. Any unexplained deviations
should be investigated immediately and the results documented to
inform the decision-making process regarding approval and release or
rejection of the batch.

STABILITY ASSESSMENT

Stability studies also play an important role in the development of can-
nabis and cannabis-derived drug formulations for use in humans and
companion animals. In this context, the purpose of stability testing is
to provide evidence on how the quality of a drug substance or drug
product varies with time under the influence of a variety of environ-
mental factors, such as temperature, humidity, and light, and enables
recommended storage conditions, retest periods, and the shelf-life to be
established. A considerable amount of information has already
been obtained on the stability of selected phytocannabinoid chemical
standards in pharmaceutical vehicles and solvents under various
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environmental storage conditions,31�34 and the stability of cannabis in
bulk and in cigarettes when stored under various environmental condi-
tions has also been defined over extended periods (Fig. 5.1).35�38 For
instance, it has been reported that Δ9-THCA degrades exponentially
via decarboxylation, with concentration half-lives of approximately
330 and 462 days in daylight and darkness, respectively. In this study,
the degradation of neutral Δ9-THC occurred somewhat slower.
This study also demonstrated that when cannabinoids were stored
in extracted form at room temperature the degradation rate of acidic
Δ9-THC increased significantly relative to resin material, with concen-
tration half-lives of 35 and 91 days in daylight and darkness, respec-
tively.39 These data suggest that cannabinoid-containing products
should be maintained under refrigerator or freezer conditions in the
absence of light to best ensure that they retain quality. Each drug
product needs to have stability determined in accordance with the
FDA and ICH guidelines (Fig. 5.1).

Before executing formal stability studies, stability-indicating analyti-
cal methods should be developed and validated, and preliminary infor-
mation on the inherent stability of the bulk drug should be gained
through stress testing. Stress testing is usually done on a single batch
of drug substance in the solid-state form and in solution, under stress
conditions of elevated temperature, high humidity, light, and atmo-
spheric oxygen. In planning stability studies on bulk drug substances
or drug formulations, it is important that the storage conditions be
carefully chosen so that appropriate data are gathered to provide early
indications of potential stability problems and to support tentative
expiration dating. Many factors can affect the stability of a drug sub-
stance, including the storage time, temperature, humidity, container/
closure system, headspace atmosphere, and inclusion or exclusion of
light. Stability testing is planned and conducted according to the FDA
guidance so as to cover those physical and chemical properties suscep-
tible to change during storage and likely to influence the quality,
safety, or efficacy of the drug material:

• U.S. FDA, CDER, ICH Guidance for Industry, Q1A(R2) Stability
Testing of New Drug Substances and Products, Revision 2,
November 2003

• U.S. FDA, CDER, ICH Guidance for Industry, Impurities in New
Drug Substances, Revision 2, June 2008.
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Photostability testing is an integral part of stress testing for a drug
substance and should be done on most cannabinoid-containing drug
products. The objective is to determine whether alternative formula-
tions, light-resistant packaging, or special labeling is needed to reduce
exposure to light.
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Figure 5.1 Cannabis cigarette stability study.
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The FDA and ICH guidance document for the design, conduct,
and evaluation of photostability studies is:

• U.S. FDA, CDER, ICH Guidance for Industry, Q1B Photostability
Testing of New Drug Substances and Products, November 1996.

The results must be verified through long-term testing or actual
shelf-life monitoring. Shelf-life monitoring samples are stored accord-
ing to their intended conditions and are assayed periodically to deter-
mine integrity and strength. The rigorous assessment of the storage
stability of a drug product as it relates to its ability to provide a consis-
tent delivery of cannabinoids is also necessary to provide expiration
dates and storage conditions for the package labeling and/or product
insert. In summary, all dosage formulations, including cannabis
extracts, pills, lotions, injectables, and consumables, should be shown
to be accurately formulated and consistently produced, and to have
the delivery characteristics and stability attributes required for safety
and efficacy over the lifetime of the product.

ADDITIONAL CONSIDERATIONS

It may not be intuitively obvious that an analytical method that has
been validated for a cannabis-containing extract or “infused” beverage
may not be applicable to a cannabinoid-containing cookie or gummy
bear. However, as the complexity of the dosage formulation increases,
it is increasingly likely that it will contain ingredients or excipients that
can affect the recovery and accuracy of a particular analytical method
developed and validated for a different dosage formulation. Therefore,
analytical methods should be validated for each formulation and used
to assure consistency in the constituents and their ability to serve as a
reproducible dose delivery system. Why do not ethical pharmaceutical
companies make their dosage formulations in several varieties of cook-
ies, lollipops, and chocolate bars? Beyond the potential to be mistaken
as foods, it could also be argued that the requirements for the control
of the quality of the ingredients and excipients, and the determination
of their compatibility and stability, would result in prohibitive produc-
tion costs. Each unique product would not only require targeted
methods that had been validated for constituents at their specified
levels, but the final products would likely be tested for their disintegra-
tion or dissolution to ensure that the product released its active
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substances in a desirable and reproducible fashion. Thus, for FDA
approval, the analytical methods would need to be developed, vali-
dated, and employed in formulation development, manufacturing, sta-
bility studies, dissolution testing, and nonclinical and clinical studies
showing that they can be safe and effective drug products. In response,
reputable pharmaceutical formulations are typically manufactured to
contain the least number of ingredients and excipients required, in a
limited number of doses and formulations, with validated analytical
methods and well-characterized, consistent approaches for manufac-
ture, packaging, and labeling. While this is not a requirement for all
distributors of cannabis, either legal or illicit, it is a standard that
ensures that the quality of a botanical drug substance or finished
botanically derived drug product is established and maintained
through standard conditions and expected duration of use.

Close-Up: Cannabis Quality Assurance?

Ryan Vandrey
Johns Hopkins University, Baltimore, MD

In 1996, California became the first state to pass legislation allowing
residents to use cannabis for medical purposes. This was landmark legis-
lation that has been followed by another 22 states and the District of
Columbia. There have been growing pains and controversies, one of
which was how to disentangle the conflict between federal and state law.
Initially, the focal point in the media was on criminal cases where federal
authorities arrested and/or confiscated property of individuals and busi-
nesses allegedly operating in compliance with the state law. However,
perhaps a more pressing concern is the inability of federal regulators to
oversee the large medical and nonmedical cannabis industries.

Living in Maryland, where the use of cannabis for any reason was
and is illegal, it was difficult for me to directly observe the evolution of
the “legal” market. So I would occasionally search Internet websites that
describe cannabis products, offer menus for dispensaries in various loca-
tions, and comment on the expanding legal market. I was shocked by the
variety of products on offer! I recall the online menu of a dispensary in
California that offered 75 types of dried cannabis and over 150 other pro-
ducts, including oils, concentrates, edibles, creams, and transdermal
patches. This was intriguing for a couple reasons. First, it was unclear
why a dispensary would need to provide 75 strains. Were these really
very different, or was it more of a marketing ploy? Second, I was curious
whether what was being sold as a specific strain such as “Green Crack”
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or “OG Kush” in one dispensary was the same as that being sold under
the same name elsewhere.

When travel took me to western states, I would often search out a dis-
pensary and ask if I could come in and ask questions. Some were polite and
welcoming, others showed me the door. On one visit to California, I spoke
to a gentleman in the front office of a dispensary for about 30 minutes.
Many of the their products were carefully labeled to indicate the amount/
concentration of THC and sometimes minor cannabinoids. I asked if
they tested the products to ensure accuracy and he said no. He gave the
same answer when I asked whether they did safety testing (eg, mold, pes-
ticides). I asked how he knew the products they received from growers
and manufacturers were reliable, safe, and accurately labeled. He replied
that, if the product was not as advertised, the community would not
stand for it and the company or individual would be forced out of busi-
ness. I asked how many companies he worked with and whether he knew
what they did for testing. He said the dispensary was a cooperative that
worked with several people. When I asked how many cooperative mem-
bers there were, he said he did not know. During our chat, I saw several
people carrying duffel bags in and out. I left with the impression that this
dispensary was nothing more than a consignment shop for anybody who
wished to sell cannabis or cannabis-based products, and that there was
no system of quality assurance whatsoever.

I immediately wanted to conduct a study to test the quality and label
accuracy of products being sold in medical dispensaries. But . . . there was
a major hurdle. Purchasing, transporting, or otherwise possessing canna-
bis not obtained from the federal government was illegal. Though I
receive cannabis for my research from the federal government, and
though the DEA agents I spoke to about my proposal thought it was a
great idea, there was no legal way to obtain cannabis products openly
sold in states that allow medical use and have them evaluated in federally
approved facilities. Frustrated, I tabled the idea.

That summer, at the annual meeting of the International Cannabinoid
Research Society, I saw a presentation by Jeff Raber, who described his
cannabis plant testing in California. His data showed significant variabil-
ity in the chemotype (ie, concentrations of cannabinoids, terpenes, and
flavonoids) of cannabis labeled as being of a certain strain. I explained
my interest and we quickly agreed to partner on a project. Because he
had already obtained and tested a large volume of plant material, we
decided to focus on edibles. By using laboratories that he operated in
Washington and California, we were able to do the study in accordance
with state law and did not transport products across state lines. We
selected edibles because they were growing in popularity, there was no
natural ceiling on the amount of cannabinoids that could be put into a
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product, and manufacturing provides a lot of room for error. Thus, it
was no surprise that we rarely found the measured quantities of THC
and CBD that were listed on the label. What was most surprising was the
variety of edibles available from so few dispensaries, and the range of
doses. That there was a product with a listed content of 1000 mg of THC
(it tested at 1236 mg) is simply astounding. To put that in perspective, the
maximum recommended medical dose of THC (dronabinol) is 20 mg,
and in my laboratory several daily cannabis users became sick or vomited
after swallowing an 80 mg dose. Yes, this product was labeled as contain-
ing 20 doses, but it resembled a brownie and was no bigger than a typical
single serving, there was no clear way of selecting one dose from it, and
the THC was not evenly distributed.

As I write this, the State of Maryland is accepting applications to
begin a medical cannabis program. On paper, the regulations for this pro-
gram are very strict and appear to place special emphasis on product reli-
ability and safety. However, it remains to be seen whether there is
adequate expertise, standards for testing, and enforcement infrastructure.
Without clear, consistent, enforced quality control standards, the current
legal medical cannabis industry offers little consumer advantage over the
black market, aside from the convenience and comfort of purchase at a
retail store. Thus, there is a dire need for the development and implemen-
tation of standards for the cultivation, processing, labeling, and quality
assurance testing of cannabis products. Federal agencies are much more
capable of doing this, which highlights the importance of resolving the
discrepancy between state and federal law on cannabis for medical or
nonmedical reasons.
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CHAPTER 66
The Roles of Research and Regulation

FROM HERBAL MEDICINES TO CONTROLLED SUBSTANCES

Natural products have been used throughout history as food substances,
incense, herbs, and spices, and as intoxicants and herbal medicines.1 The
cultivation and use of cannabis or hemp for one or more of these pur-
poses appears to date back at least 10,000 years to the very emergence
of agriculture. In western cultures the popularity of medicinal cannabis
and cannabis-derived tinctures peaked in the late nineteenth century.
Then came a change in perspective and a preference for well-defined
drug products as opposed to herbal remedies, giving rise to modern
pharmaceutical science and, concurrently, national and international
drug control measures. Interest in the evolving technology and science
around medicinal chemistry and pharmacology, and the isolation and
testing of the active constituents from natural products, diminished
interest in and use of complex, unrefined herbal medicines.2

As a result of increasing concern over substance abuse, the 1961
UN Single Convention on Narcotic Drugs subjected cannabis and can-
nabis derivative products to special measures of control, and parties
could ban their use altogether.3 Psychoactive substances were catego-
rized according to the perceived risks associated with their abuse liabil-
ity and benefits based on their therapeutic utility. The placement of the
cannabis plant and its resin in both Schedules I and IV, and extracts
and tinctures in Schedule I, essentially prohibited their legal use. In
1971 the UN Convention on Psychotropic Substances proposed a new
system of classification to address synthetic drugs, and Δ9-THC and
its isomers were again classified in the most restricted Schedule (I).
Cannabidiol (CBD) was not controlled under the Psychotropic
Convention, but the United States and other nations elected to control
it and other pure cannabinoid preparations. For example, the US
Controlled Substances Act of 1970 placed “all parts of the plant
Cannabis sativa L., whether growing or not, the seeds thereof; the resin
extracted from any part of such plant; and every compound,
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manufacture, salt, derivative, mixture or preparation of such plant,
seeds or resin” in Schedule I. With the exception of Marinol (dronabi-
nol, synthetic (2)-trans-Δ9-THC), which is Schedule III, all non-THC
pure cannabinoids, including CBD, are Schedule I in the United States.
With its current scheduling cannabis and cannabis-derived dosage
formulations can only be legally obtained from the National Institute on
Drug Abuse (NIDA); procurement from other sources, including medici-
nal or recreational use dispensaries and programs under select state
regulations, is still in violation of US and international treaty laws.

IMPLICATIONS TO CONSUMERS

The existing patchwork nature of international, federal, state, and
regional regulations and enforcement over cannabis and cannabis-
derived drug substances (Fig. 6.1) presents an array of challenges for
patients, recreational users, entrepreneurs, drug manufacturers,
researchers, customs agents, law enforcement officers, and regulatory
agencies. The US, the federal government considers cannabis a
Schedule I controlled substance and Δ9-THC in the form of Marinol a
Schedule III controlled substance, while certain states and districts
have passed legislation allowing medicinal or recreational open access
and use of these or similar substances to adults. As a result, trafficking

Figure 6.1 Global variability in the legality of cannabis use in 2015. Note that the legal status of cannabis is evolv-
ing rapidly, and in some areas the status is unknown or sufficiently unclear that “no information” was used. It is
also important to note that within the United States, cannabis and its constituents (including pure Δ9-THC and
CBD) are still Schedule I controlled substances under the US Controlled Substances Act (1970).
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of substances from noncontrolled to controlled regions is widespread.
Some states that consider cannabis use illegal have resorted to liti-
gation against other states providing legal access for medical or recrea-
tional use because of the increase in transportation of controlled
substances across their state lines. Patients may need to move or cross
state lines to gain access to medicinal products. The long half-life of
Δ9-THC and other phytocannabinoids further confounds the issues
associated with recreational intoxication or medicinal use and law
enforcement in the existing global framework. In principal, a person
could drive to one jurisdiction and use cannabis legally, and then
several days later return to an area of strict control and enforcement,
test positive for use, and suffer considerable legal consequences. This
situation is exacerbated by the increasing availability of synthetic
cannabinoid “designer drugs” such as JWH-018 and other cannabimi-
metics, which enable people to become intoxicated and avoid detec-
tion, but represent exceptional risks to public health because of their
structural novelty and lack of quality control and pharmacological
and toxicological information on safety and efficacy during acute or
chronic use.

IMPLICATIONS TO SUPPLIERS

The current legal framework also challenges individual entrepreneurs
and large-scale pharmaceutical manufacturers who wish to address the
public’s desire or need for access to improved recreational or medicinal
cannabis or phytocannabinoid-containing products. In the United
States, for instance, entrepreneurs in states where cannabis is legal for
use must currently deal in cash and face difficulty establishing bank
accounts or insurance to protect their earnings and investments. In
addition, psychoactive cannabis or cannabinoid-containing products
that are regulated (eg, Schedule I or II substances such as Δ9-THC-
and CBD-containing products) are likely to be of limited interest to
large-scale pharmaceutical companies because of the barriers to licens-
ing and sales and the significant costs of compliance with existing fed-
eral or international controls. In 2014 the US National Institute on
Drug Abuse (NIDA) increased the annual production of cannabis at
the University of Mississippi from 18 to 600 kg, as it is the only source
considered legal by federal authorities (described in detail below).
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IMPLICATIONS TO RESEARCHERS

US researchers find themselves in a particularly problematic position.
Many can only watch from the sidelines as real-world experimentation
with cannabis and cannabinoids is conducted without proper controls,
reliable or well-characterized and consistent dose formulations, appro-
priately informed consent, and other procedural attributes required to
adequately assess treatments and outcomes for safety and efficacy. For
example, if an investigator wanted to acquire drug substances from dis-
pensaries in Colorado and submit them for chemical analysis in North
Carolina, shipment to North Carolina would be a violation of US law.
For the materials to be packaged and shipped in accordance with
DEA regulations, the intended recipient would need to request that a
DEA-222 form be sent from the dispensary. But this is not likely to
happen as long as the DEA considers the only legal supply of mari-
juana in the United States to be that grown at the University of
Mississippi and made available through NIDA. Thus, researchers are
limited in what can be done using material that is available through state-
approved dispensaries and distribution programs. And because Congress
voted to prohibit the federal government from raiding such facilities, the
products are not available for NIDA or its researchers to study.

To facilitate cannabis investigations, NIDA has a long history of
providing consistent cannabis-derived dosage formulations to patients
through the Compassionate Investigational New Drug Program, and
to researchers. Bulk plant material, cannabis cigarettes, cannabis
extracts, and other dosage formulations in a variety of phytocannabi-
noid strengths (including ethanol extracted “placebo” marijuana) can
be requested through the NIDA Drug Supply Program (DSP) for use
in preclinical and clinical studies. NIDA operates its DSP in accor-
dance with DEA regulations for controlled substances. Its cannabis
supply is grown, harvested, processed, analyzed for Δ9-THC and other
cannabinoids, and stored under controlled conditions to preserve
purity and stability at the University of Mississippi. Batches of plant
material and extracts are sent with a certificate of analysis to RTI
International in Research Triangle Park, North Carolina, where they
are quarantined, further analyzed, and stored for release and distribu-
tion. Alternatively, the material can be analytically tested and released
for blending or dosage formulation and manufacturing. NIDA’s fin-
ished cannabis and cannabis-based dosage formulations are fully
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characterized and released for distribution, stored in secure DEA regis-
tered facilities under controlled conditions, and distributed only at the
authorization of NIDA.

Persons in the United States who have funding with the National
Institutes of Health (NIH) and wish to conduct research using NIDA’s
drug substances and formulations must first obtain a special DEA reg-
istration under the Controlled Substances Act, and then submit a
request for consideration to NIDA along with other required docu-
mentation about their intended use. To facilitate the use of these mate-
rials, NIDA has compiled a Drug Master File with the Food and
Drug Administration (FDA) that provides the FDA with information
on the seed selection, growth, harvesting, manufacturing, analytical
characterization, and stability testing for each batch of its cannabis
and cannabis-derived dosage formulations. Investigators who desire
access to human use material from the NIDA DSP must have an
approved Investigational New Drug Application (IND) for the con-
duct of clinical studies that references the NIDA Drug Master File. If
the material is to be used for other than clinical human research, the
request is simply forwarded to NIDA’s Office of the Director for
review and recommendation. Researchers without an NIH grant are
subject to additional scientific review. For non-grantees using cannabis
and cannabis dosage formulations from the NIDA DSP in human
research, an additional review is required by the US Department of
Health and Human Services, Public Health Services. Foreign appli-
cants must provide necessary documentation that controlled sub-
stances, research chemicals, or marijuana cigarettes being requested
are permitted for import to their countries. When NIDA approves and
authorizes the distribution of a Schedule I controlled substance to a
researcher or patient, the recipient must have the appropriate DEA
registration and associated drug code, and submit a DEA-222 official
order form. When appropriate documentation and approval has been
received, cannabis and cannabinoid-containing dosage formulations
are released for use in preclinical and clinical studies or for medicinal
use under the Compassionate Use Act. Each batch of cannabis or
cannabis-derived dosage formulation has a certificate of analysis or
data sheet that is provided to the researcher or end-user containing
information on the particular batch along with recommendations for
its proper handling, storage, and use.
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Despite the provision to researchers of access to consistent and ana-
lytically well-characterized cannabis and cannabis-derived dosage for-
mulations, the documentation and approvals needed to receive
cannabis from the US government are often described as time-
consuming and difficult. Sara Reardon in Nature News: “Residents of
23 US states can buy medical marijuana to treat everything from can-
cer pain to anxiety, but US scientists must wade through onerous
paperwork to score the drug for study.”4 The range of available canna-
bis varieties and dosage formulations available from NIDA is limited.
For example, researchers and individuals receiving medicinal cannabis
through the Compassionate Investigational New Drug program have
historically been limited to placebo and Δ9-THC-containing cannabis
varieties, and the potency of this material was often limited to Δ9-
THC levels below those available in the illicit market, the intent being
to avoid or limit tolerance or dependence. While this was often por-
trayed negatively, it was also recognized that the interest of the NIDA
DSP was likely to be limited to the provision of well-characterized and
consistent dosage formulations to be used with appropriate controls
and procedures to ensure investigations were conducted in a safe and
reproducible fashion. In 2014 NIDA increased its spending on research
marijuana by 50%, and the crop harvested in late 2015 year included
two new strains. One has low concentrations of tetrahydrocannabinols
(THCs), marijuana’s primary active ingredients, but high levels of
CBD; the second has relatively balanced levels of the two. Dr Nora
Volkow, the Director of NIDA, was quoted as saying “We want to be
able to evaluate the claims that marijuana is therapeutically beneficial”
and to explore treatments for addiction.4 NIDA’s DSP also supplies
reference materials and hard to procure standards of cannabinoids
and their metabolites, as well as a selection of radioisotope- or
stable isotope�labeled cannabinoid analogs for use in research, and
provides a contract mechanism with RTI International for the synthe-
sis of compounds as requested by researchers. The DEA still requires
researchers and the NIDA synthesis and drug supply programs to
adhere to all of the typical labeling, inventory, distribution controls,
and the meticulous record-keeping required for other chemicals falling
under this schedule; whereas products distributed through state
programs are not required or penalized for failing to follow these
requirements. Moreover, individual cannabinoid researchers at US
universities are often required to apply for and obtain their own DEA
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registrations and provide for the secure storage and inventory manage-
ment systems necessary for Schedule I controlled substances.

IMPLICATIONS TO REGULATORS

Resources continue to be consumed by international agencies such as
the United Nationals Drug Control and the US FDA and DEA as
they determine how to address (or in some instances ignore) the cur-
rent situation to provide for and protect the public’s health and well-
being. For example, the growing unwillingness among an increasing
number of nations to apply the strictly prohibitionist interpretation of
the UN drug control conventions with respect to medicinal cannabis
suggests that some form of treaty revision and legislative reform of
national drug policies should be considered.5 By revising drug policies,
the FDA and other regulatory agencies might be further empowered to
oversee, improve, and ensure the quality of cannabis and cannabinoid-
containing products for use in medicinal, recreational, or religious
practices. The development and use of herbal formulations of novel
synthetic cannabinoids and other new illicit psychoactive substances of
abuse is another area of public concern requiring unique approaches to
legal frameworks and regulatory actions (see Glass Close-Up: The
New Zealand Experience).

In addition to the regulation of the naturally occurring constituents
in cannabis and synthetics, the use of pesticides and growth regulators
during medicinal cannabis cultivation can also be a considerable chal-
lenge for regulatory agencies. No specific pesticides have been regis-
tered for use with cannabis in the United States, and this seems
unlikely to occur soon given the illegal status of cannabis under federal
law. The absence of approved pesticides for use in the United States
creates a dilemma for the legal medical and recreational cannabis
industry that seeks to balance lawful compliance with pesticide use,
worker health, and public health, particularly since the absence of
approved products for use on cannabis may result in consumer expo-
sures to otherwise more hazardous pesticides or higher residue levels
than would occur if regulatory guidance and specifications existed.
Indeed, despite the lack of product registrations for cannabis, illegal
pesticide use has been verified through residue monitoring, enforce-
ment activities, and legislative testimony.6
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Close-Up: The New Zealand Experience: A Novel Approach to
Regulating Synthetic Cannabinoids

Michelle Glass
Department of Pharmacology, University of Auckland, Auckland,
New Zealand

Similar to most developed countries, New Zealand has seen a dra-
matic increase in the number and availability of “legal highs” over the
past decade. These compounds, initially marketed as natural and herbal,
were soon realized by the international community to contain highly
potent synthetic cannabinoids.1

As community concerns about new psychoactive products grew, the
New Zealand Government, along with many international regulators,
placed a series of temporary bans on products. These bans were based on
the identified chemical structure of the psychoactive ingredient of each
product. Between 2005 and 2013, 35 distinct chemical structures were
identified and banned. However, such an approach was doomed to fail-
ure, with banned compounds being rapidly replaced by alternative, struc-
turally distinct compounds, often with no change to packaging or
product names.

The New Zealand Government thus looked for a different approach
and passed a new law in 2013. This legislation was novel in that, rather
than banning all substances, it acknowledged the demand for such pro-
ducts, and innovatively shifted the onus to manufacturers to prove that
the compounds were safe. This “Psychoactive Substances Act” (PSA) has
as its main purpose, “[to] regulate the availability of psychoactive sub-
stances in New Zealand to protect the health of, and minimize harm to,
individuals who use psychoactive substances.”2

The PSA therefore requires producers to establish through preclinical
and clinical trials, to the satisfaction of an expert advisory panel, that
their products “pose no more than a low risk of harm to individuals who
use it.” Nowhere does the PSA describe what a “low risk of harm” would
look like, but the Ministry of Health was tasked with outlining this in
subsequent guidelines. The PSA also put significant restrictions around
advertising of psychoactive substances, and criminalized the sale and sup-
ply, as well as purchase, of PSA-approved substances for individuals aged
below 18 years. Furthermore, in an attempt to limit the exposure of
youth, it specified that products could not be sold in convenience stores,
petrol stations, supermarkets, or liquor outlets.

The bill provides a broad definition of a psychoactive substance: “a
substance, mixture, preparation, article, device, or thing that is capable of
inducing a psychoactive effect (by any means) in an individual who uses
the psychoactive substance”.2 Thus it casts a wide net not only on
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synthetic cannabinoids but also on any other classes of compounds that
could emerge in coming years. The Act specifically excludes alcohol,
tobacco, food, medicines, and, importantly, drugs currently scheduled
under the Misuse of Drugs Act. As marijuana is scheduled under Class C
of the Act, and more potent forms, such as hashish and cannabis oil, are
scheduled under Class B,3 the act therefore specifically excluded any
attempt to use the legislation to legalize cannabis.

In the initial stages of the PSA’s introduction, products that were
already on the market could legally remain so under an “interim regime”
while the testing regime was developed. Substances identified as causing
harm during this period, usually on the basis of reports to the New
Zealand Poisons Centre or hospital admissions, were withdrawn from the
market by the Ministry of Health. Five products were removed in late
2013 and six in April 2014. However, the products were proving popular,
and a large number of media reports profiled wide ranging adverse effects
from psychotic episodes, seizures, vomiting, and panic attacks. A public
backlash against the legal sale of synthetic cannabinoids developed, and
in April 2014 the government announced a decision to end the interim
phase of the PSA. This decision removed the remaining 36 products on
sale, effective as of May 8, 2014.

Thus currently there are no approved psychoactive products legally
available for sale in New Zealand, and no products will be available until
they have been fully approved under the Regulations. The regulatory
environment was further complicated by the decision, again in response
to public pressure, to ban the use of animals in research geared toward
establishing the safety of a psychoactive substance (perhaps notably, 2014
was an election year in New Zealand). Thus while the guidelines now lay
out a process for establishing “no more than a low risk of harm” which
progresses from preclinical to clinical testing, they acknowledge that, “at
this time, the OPSRA is unaware of any suitable nonanimal alternatives
for assessing the pharmacokinetics, metabolism, reproductive toxicity, or
addiction potential of a substance. These are key requirements in asses-
sing risk.” Thus it is near impossible that a substance could currently
work its way through the Act’s requirements to be made legal. As might
have been expected, the media are reporting an increase in black market
synthetic cannabinoid sales,4 and while there has been some suggestion
that the number of patients being admitted with synthetic cannabinoid
induced psychotic episodes had decreased,5 there have continued to be
reports of hospital admissions due to adverse responses to synthetic
cannabinoids.6

So this bold and somewhat ground-breaking legislation appears to
have been rendered impotent, and New Zealand is almost back to where
it was before legislation was introduced, with a range of unregulated
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illegal products. The legislation contains a requirement for it to be
reviewed by the Parliament by 2018, and it will be interesting to see what
has been learnt from this process.
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CHAPTER 77
The Future of Cannabinoid Therapeutics

The pharmacologic and therapeutic effects of drugs are dependent on
formulation and dose, route of administration, and patient characteris-
tics. People now have access to more varieties of cannabis and
cannabis-derived formulations for a wider range of therapeutic
indications or recreational use than ever before. For example, dronabi-
nol (Marinol) and nabilone (Cesamet) are orally administered,
prescription-based, Δ9-THC-containing pharmaceutical preparations
approved by the FDA and other regulatory agencies for the treatment
of nausea and vomiting associated with cancer chemotherapy and of
anorexia and cachexia in patients with acquired immune deficiency
syndrome and other disorders. Chronic pain1 and muscle spasm in
multiple sclerosis2 are also recognized as indications that can be treated
effectively with these and other cannabis-based therapeutics such as
nabiximols (Sativex). Nabiximols has not been approved in the United
States but is available in other countries as a prescription sublingual
spray containing a cannabis extract with Δ9-THC and the nonpsy-
choactive compound cannabidiol (CBD) as its primary active ingredi-
ents. CBD and high-CBD cannabis strains are also of clinical interest
for their purported antiseizure activity and other pharmacological
effects. However, having access to a variety of drug substances for a
wide range of conditions is not a guarantee of their safety or efficacy,
and may place people at considerable health risk if improperly formu-
lated or used.

The accumulating experimental evidence and public acceptance of
the therapeutic utility of cannabis and cannabis-derived drug products
appears to be particularly vulnerable to exploitation and misuse in the
current political environment, where regulation and control hamper
research and pharmaceutical development, but laws remain widely
unenforced or ignored in the nonfederally regulated setting. The list of
medical indications that are being claimed for cannabis and cannabi-
noids is expanding at a rate that far exceeds scientific review or
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evaluation as fact or fiction. For instance, based on anecdotal reports,
limited experimental evidence obtained in open-label trials, and wide-
spread media coverage, CBD is promoted as a treatment for pediatric
epilepsy, especially Dravet syndrome. However, a recent study that
supports a potential role for CBD in the treatment of refractory child-
hood epilepsy including intractable seizures and Lennox�Gastaut syn-
drome emphasized that appropriately controlled clinical trials are still
required to adequately establish efficacy and safety.3 Similarly, an
increasing number of states have approved posttraumatic stress disor-
der (PTSD) as a qualifying condition for medical marijuana, although
evidence of efficacy is limited. It appears that in some instances mari-
juana may actually worsen PTSD symptoms or nullify the benefits of
specialized intensive treatments, such that cessation or prevention of
use in some patients may be warranted.4

There is a great need for research in specific areas of cannabis and
cannabinoid therapeutics, such as the definition of chemical constitu-
ents and treatment modalities and improved methods for assessing effi-
cacy and outcomes. It has been only a little over 50 years since Roger
Adams5, Raphael Mechoulam,6 and others opened the world’s eyes to
the chemistry of cannabis and the cannabis-like effects associated with
tetrahydrocannabinols. The structures of CB1 and CB2 receptors and
endocannabinoids were only discovered7,8 and cloned9,10 in the 1980s
and 1990s. Dronabinol, nabilone, and nabiximols are still industry
standards of efficacy and safety for their specific indications. And fed-
eral regulations are becoming less prohibitionist and more accepting
(or forgiving) of the use of cannabis products as medicine or intoxi-
cant. However, there are limits to access even in free markets, and
there are societal expectations for regulation to be placed over pharma-
ceutical substances that will ensure that the public health is well served
and protected. It is unethical to promote cannabinoids for indications
that have not been fully evaluated and documented, or to distribute
drug substances in untested drug delivery devices without clear labeling
of ingredients, secure packaging, and specific consumer information
and instructions. E-cigarette drug delivery devices may be less harmful
than smoking cannabis, but the inhalation of concentrated formulations
of cannabis may have abuse and dependence liability above that of
smoking the herb and could facilitate initiation or continued use under
situations where it would be inappropriate but undetected. The United
States has seen an increased rate of admissions to substance treatment
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facilities for cannabis use disorders, where it is the most commonly iden-
tified illicit substance.11,12 In addition to the potential risks associated
with smoking or e-cigarette initiation, the epidemiological literature in
the past two decades indicates that cannabis use increases the risk of
motor-vehicle accidents, and there is a consistently found association
between regular cannabis use in youth and poor psychosocial outcomes
and mental health in adulthood.13 Therefore, NIDA and the DEA
should remain involved in the research and regulatory framework going
forward to further our understanding of abuse liability and other poten-
tial hazards, to limit diversion, and to control public access to structur-
ally unique synthetic cannabinoids (eg, JWH-018) and novel herbal
formulations until sufficient information is obtained to justify their use
and distribution in human and animal medicine.

The FDA’s recent issuance of Draft Guidance for Industry on
Botanical Drug Dependence is likely to be the first step among many
taken to ensure that the public only has access to cannabis-based ther-
apeutics that have proven to be safe and effective. The American
Herbal Pharmacopoeia, the American Herbal Products Association,
the Natural Products Association, and other organizations and
researchers involved with natural products or dietary supplements are
also contributing to the knowledge base and best practices. Dietary
supplement manufacturers must register their facilities with the FDA,
and manufacturers and distributors must make sure that all claims and
information on the product label and in other labeling are truthful and
not misleading. Under FDA regulations at 21 CFR part 111, all
domestic and foreign companies that manufacture, package, label, or
hold dietary supplements, including parties involved with testing, qual-
ity control, and distribution in the United States, must comply with
the Dietary Supplement Current Good Manufacturing Practices
(CGMPs) for quality control. In addition, the manufacturer, packer,
or distributor whose name appears on the label of a dietary supple-
ment is required to submit to the FDA all serious adverse event reports
associated with use. The FDA recently assumed regulatory authority
over the tobacco industry. This may enable comparison and extrapola-
tion to be made to cannabis products and markets. In this model,
entrepreneurs, pharmaceutical companies, researchers, and regulators
help to define best practices and establish areas where research is
needed, further product development or refinement and standardiza-
tion are warranted, product liabilities need to be eliminated, and
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funding prioritized. It seems likely that the FDA will assume a more
prevalent role, and undertake a similar approach, in furthering the
research and regulation of cannabis-derived therapeutics.

In summary, the results of scientific research must guide the deci-
sions for laws and medical use of marijuana in the future. Analytical
chemistry will continue to play a critical role in this process, particu-
larly the characterization of cannabis and its formulations, and the
study of physiological processes involved in health and disease states
as they are affected by cannabinoid-containing therapeutics. For exam-
ple, metabolomics, proteomics, and genomic approaches can be
applied to both plant and patient to facilitate a broader understanding
of the biochemical basis of experimental therapeutics derived from can-
nabis. More importantly, analytical chemistry must be applied to pro-
ducts that are distributed for research, recreation, or medication to
substantiate their quality and establish the relationship between chemi-
cal exposure profiles and health outcomes. In this fashion, knowledge
can be turned into practice to better serve the human condition.
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