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Introduction: The legal and illicit use of cannabinoid-containing products is accelerating worldwide and is accompanied by increasing
abuse problems. Due to legal issues, the USA will be entering a period of rapidly expanding recreational use of cannabinoids without the
benefit of needed basic or clinical research. Most clinical cannabinoid research is focused on adults. However, the pediatric population
is particularly vulnerable since the central nervous system is still undergoing developmental changes and is potentially susceptible to

cannabinoid-induced alterations. Research design and methods: This review focuses on the systems medicine of cannabinoids with

emphasis on the need for future studies to include pediatric populations and mother-infant dyads. Results and conclusion: Systems

medicine integrates omics-derived data with traditional clinical medicine with the long-term goal of optimizing individualized patient

care and providing proactive medical advice. Omics refers to large-scale data sets primarily derived from genomics, epigenomics,

proteomics, and metabolomics.
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1. Introduction

As more countries and states in the USA legalize med-
ical or recreational marijuana, there will be both foreseen
and unforeseen consequences relevant to pediatrics. The
pediatric health care community should ensure that ade-
quate resources are made available in an overall attempt to
minimize harm in the face of the coming tsunami of mari-
juana/cannabinoid exposure to pediatric patients. Daily and
weekly use of marijuana during pregnancy have markedly
increased over the last decade [1]. Moreover, recent data
shows a marked increase in the number of teenagers vap-
ing marijuana [2]. Nicotine vaping (e-cigarettes) in adoles-
cents and young adults is associated with a significant rise in
coronavirus 2019 (COVID-19) diagnosis [3]. The potential
association of cannabinoid oil vaping with COVID-19 signs
has not been well studied. Noteworthy is a report indicating
that USA states that have legalized recreational marijuana
use show fewer cases of e-cigarette/vaping lung injury cases
than states without such legalization [4]. A primary goal of
this review is to outline how a systems medicine/biology ap-
proach could improve our understanding of how exposure
to cannabinoids (CBs) could affect fetal development dur-
ing pregnancy and affect adolescents [5]. Moreover, this
approach holds the potential of optimizing individualized
patient care and providing proactive medical advice. For
the sake of brevity, we will generally provide internet links
or references with clear definitions of technical terms and
relevant background summaries. Hopefully, this will en-
able both basic scientists and general healthcare providers

to benefit from this review. We will also point out research
gaps pertinent to pediatrics and identify potential pediatric
health care delivery system stressors.

Cannabinoid effects on brain development during fe-
tal/neonatal development are well documented and high-
light the need to emphasize continued and expanded stud-
ies on this population [6]. Less appreciated, however, is
the fact that brain development does not stop until late ado-
lescence (18-24 years old) [7,8]. After alcohol, marijuana
is the most commonly used substance, and its use has in-
creased in the past decade for students in 12th grade [9].

There have been, and there remain, significant barriers
in cannabis and cannabinoid research, including the classi-
fication of cannabis as a Schedule I substance under fed-
eral law [10]. However, the USA House of Representatives
has passed a bill (2020) that will decriminalize marijuana
and remove it from the Controlled Substances Act. Never-
theless, we will be entering a period of rapidly expanding
recreational use of cannabis and cannabinoids without the
benefit of an appropriately extensive base of either basic
or clinical research. Moreover, the brain has arguably been
termed “the most complex biological system in nature”, and
our understanding of how cannabinoids affect this system
is still in its infancy [11]. A systems medicine approach to
cannabinoid research may prove helpful in capturing this
intrinsic complexity and translating such information into
clinically meaningful information and evidence-based poli-
cies [12].
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Fig. 1. Systems medicine integrates traditional medical practice with information gained from “omic” technologies, e.g., genomics,

epigenomics, proteomics, and metabolomics.

2. What is systems medicine?

Systems medicine (see Fig. 1) integrates traditional
medical practice and modern imaging techniques with in-
formation gained from “omic” technologies [13—15]. The
primary goal is to improve and individualize patient care.
Omics technologies provide comprehensive information
on the genetic composition (genomics), the epigenetic
alterations (epigenomics), the protein composition (pro-
teomics), and the metabolite composition (metabolomics)
of a biosample [16]. These technologies are becoming
very cost-competitive and reveal an unprecedented degree
of molecular detail useful in disease diagnosis, prognosis,
and therapy. For example, the cost of whole-genome sin-
gle nucleotide polymorphism (SNP) genotyping (more on
this below) is about $200-$500 depending on the number
of markers (1.4 to 4.5 million).

A hallmark of systems biology is the utilization of an
integrative rather than a reductionist approach with an em-
phasis on cross-disciplinary collaborations [17]. Systems
biology is ideal for studying and understanding complex bi-
ological systems such as neurodevelopment and neurophar-
macology. Systems medicine begins by applying systems
biology to clinical medicine. It can have added dimen-
sions such as bioethical considerations, increased interdis-
ciplinary collaboration, and the complex task of integrating
multi-omic data sets into valuable information for making
clinical decisions [18,19]. In contrast to system biology,

systems medicine can also contribute to public health poli-
cies and the design of optimal health care delivery systems.

Bioinformatics provides the analytical tools required
to integrate multi-omic data streams into practical clini-
cal applications. Artificial intelligence (AI) bioinformat-
ics will eventually empower healthcare providers with the
tools needed to mine large omic data sets for clinical appli-
cations. The very large-scale nature of omics data sets will
require specialized medical Al applications. These appli-
cations eventually will develop the ability to communicate
evidence-based conclusions to healthcare providers and ef-
fectively integrate omic data into electronic medical records
[20,21].

2.1 Why a systems medicine approach to cannabinoid
issues in pediatrics?

The application of systems medicine to pediatrics has
been progressing for the last decade, but very few publica-
tions have focused on health issues related to cannabinoids
[22-28]. The National Academies of Sciences has pub-
lished an outstanding report on the general health effects of
cannabis and cannabinoids [29]. This report covered gen-
eral cannabis-related health issues (both therapeutic and ad-
verse) from 1999 to 2016 but did not cover basic, nonhuman
research results. In addition, a very limited number of pub-
lications have focused on issues related to cannabinoid use
in the pediatric population [30,31].
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Fig. 2. Organic structures of: (A) delta-9-THC. (B) (-)-trans-cannabidiol (CBD). (C) WIN 55,212-2. (D) CP-55,940.

The review presented here will address the back-
ground of cannabinoid pharmacology only to the extent that
it advances a systems medicine approach. Moreover, we
will address relevant basic in vitro research and results from
animal models. As detailed below, basic research into the
genetic variants of key protein players in cannabinoid phar-
macodynamics (e.g., the cannabinoid receptors) is essen-
tial for understanding the molecular mechanisms behind the
possible short- and long-term adverse effects of cannabi-
noids and for predicting clinical variability in cannabinoid
responses. Thus, our first step in this review is to address
some basic definitions.

3. What are cannabinoids?

Surprisingly, the definition of “cannabinoids” in much
of the scientific literature is neither precise nor uniform.
The National Cancer Institute definition is somewhat nar-
row in defining cannabinoids as “a type of chemical in mar-
ijuana that causes drug-like effects all through the body,
including the central nervous system and the immune sys-
tem” [32]. While “cannabis” refers to the Cannabis sativa
plant, “marijuana” is generally more specific in referring to
the dried leaves and flowers of the Cannabis sativa plant.
Cannabinoids like delta-9-tetrahydrocannabinol (delta-9-
THC) and cannabidiol (CBD) (see Fig. 2) are indeed found
in marijuana, along with at least 100 other minor cannabi-
noids [33].

3.1 Phytocannabinoids (pCBs)

The cannabinoids found in the cannabis plant are col-
lectively termed phytocannabinoids (pCBs), and there are
at least 15 subclasses of cannabinoids. The pharmacology
of pCBs is, therefore, intrinsically convoluted due to this
complex mix of cannabinoids. Moreover, it has been sug-
gested that the pharmacological effects of cannabis are due
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to an “entourage effect” wherein the complex mixture of
pCBs play synergistic roles not readily understood by the
effects of the isolated cannabinoid chemical species [34].

3.1.1 Delta-9-THC content differentiates hemp from
marijuana

Both hemp and marijuana belong to the same species,
i.e., Cannabis sativa, and have similar appearance and
smell. Hemp, however, differs from marijuana in its
cannabinoid composition: hemp primarily contains CBD
with only low concentrations of delta-9-THC. Hemp is
legally defined by the USA Hemp Farming Act of 2018 as
“the cannabis plant having less than 0.3% delta-9-THC by
dry weight”. This act also removed hemp from Schedule
I of the Controlled Substances Act, thereby essentially le-
galizing CBD under specific circumstances [35]. The term
“cannabis” is traditionally thought to refer to a genus that in-
cludes two species, Cannabis sativa, and Cannabis indica,
but recent thought suggests that “ubiquitous interbreeding
and hybridization of Sativa and Indica has rendered their
distinction almost meaningless” [36]. The taxonomy of
cannabis remains controversial [34].

3.1.2 CBD products are generally thought to be legal and
have some pediatric therapeutic use

Marijuana remains illegal under federal law despite
many states having legalized medical marijuana and/or
recreational marijuana [37]. CBD products are generally
thought to be legal if made from hemp and not marketed
as having any therapeutic use unless specifically approved
by the Food and Drug Administration (FDA). Recently, the
FDA has approved Epidiolex to treat Dravet syndrome and
Lennox-Gastaut syndrome in patients two years of age and
older. These syndromes are epileptic encephalopathies that
manifest during early childhood and are typically very dif-
ficult to treat [38]. Epidiolex is a plant-based CBD solution
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that is taken as an oral medication. The mechanisms by
which Epidiolex could exert an anti-epileptic effect have re-
cently been reviewed [39]. The fact that CBD, in the form
of Epidiolex, has an FDA-approved use prevents it from
being sold as a dietary supplement [40]. Nevertheless, a
cursory look at CBD oil marketing on the internet shows
all the earmarks of a dietary supplement. Dietary CBD oil
supplements are sold at the checkout counter of many su-
permarkets.

3.1.3 CBD has some promise for treating a variety of
substance abuse disorders

CBD has some promise as a treatment for various sub-
stance abuse disorders, including opioid use disorder [41]
and cannabis use disorder [42]. Opioid use disorder during
pregnancy is the underlying cause of neonatal abstinence
syndrome [15]. A recent phase 2, double-blind, placebo-
controlled, randomized study in a 16 to 60-year-old pop-
ulation, found CBD to be effective in treating cannabis
use disorder with no serious short-term side effects [42].
Campbell et al. [30] noted that CBD is a powerful in-
hibitor of CYP450 enzymes and therefore interferes with
drug metabolism. This suggests that pharmacists have an
important role in issues related to CBD use (and cannabi-
noid use in general) [30].

3.1.4 Medical marijuana and pregnancy

Marijuana is the most widely used drug during preg-
nancy [43]. Medical marijuana or medical cannabis (the
preferred name) refers “to using the whole, unprocessed
marijuana plant or its basic extracts to treat symptoms of
illness and other conditions™ [9]. It should be noted that the
FDA does not recognize medical cannabis as a medicine de-
spite many states having legalized this substance. The three
primary reasons cited for cannabis use during pregnancy
are: (1) to decrease stress or anxiety; (2) to minimize nausea
or vomiting (morning sickness); (3) pain relief [44]. Morn-
ing sickness occurs during the first trimester of pregnancy
and is very common, occurring in about 50% of all pregnan-
cies [45]. While much research is needed, the available ev-
idence shows that cannabis use during pregnancy and post-
partum is associated with long-term adverse neurodevelop-
mental outcomes [46]. Work by Barbosa-Leiker et al. [47]
empbhasizes the need to utilize a “harm reduction” approach
to help reduce cannabis use both during pregnancy and post-
partum. Smoking marijuana during pregnancy is also asso-
ciated with lower birth weight which is similarly associated
with cigarette smoking in the perinatal period [48]. More-
over, the robust oxidative stress caused by smoke (in gen-
eral) could contribute to low weight birth outcomes in preg-
nant women who smoke cigarettes and/or marijuana [25].

3.1.5 Marijuana use and breastfeeding

Marijuana use during gestation and through breast-
feeding will expose the fetus/child to lipophilic cannabi-

noids since these compounds freely cross the placenta and
concentrate in breastmilk [49]. A study by Perez-Reyes,
et al. [50] found that the concentration of delta-9-THC in
breastmilk was eight times higher than in maternal plasma
and THC was still detectable in breastmilk up to six days af-
ter the last reported use. Therefore, it is recommended that
breastfeeding mothers abstain from marijuana use [46,51].
Endocannabinoids (see below) from the mother are also
found in breastmilk, with much higher levels of 2-AG than
AEA [52].

3.1.6 Edible phytocannabinoids

With the legalization of medical and recreational mar-
ijuana in many states, it is not surprising that marketing ef-
forts are increasingly aimed at promoting marijuana con-
sumption. There has been rapid growth in various types
of edible marijuana products. Traditionally, it has mostly
been brownies, but there is now a wide variety of candies
and other food items [53]. When delta-9-THC is ingested,
it is more slowly absorbed into the bloodstream than from
smoking, creating a lag before experiencing its psychoac-
tive effects [54]. This ingestion can cause overconsump-
tion of marijuana during the lag period. There can also be
interactions with other medications when delta-9-THC is
ingested due to the involvement of hepatic detoxification
mechanisms. In contrast, inhaled delta-9-THC directly ex-
erts its effects on the brain [55]. The edibles’ packaging
raises concerns about children eating these edibles, inno-
cently thinking they are candies they are usually allowed
to consume. This risk is heightened because the dosage of
these edibles is typically much higher than what is consid-
ered a safe dose [53]. In a study by Wang et al. [56], after
the legalization of marijuana in Colorado, there was an in-
crease in emergency department visits by young children
due to marijuana ingestion. Most of these cases involved
the consumption of edibles. A study by Friese et al. [57]
has shown considerable misinformation among adolescents
who perceive edibles as less risky than inhaled marijuana,
thereby promoting earlier first use. Washington and Col-
orado have added regulations to marijuana sales that pre-
vent edibles from being packaged and advertised to chil-
dren. Still, neither state requires packaging to look distin-
guishable from other food items [53].

3.2 Synthetic cannabinoids (sCBs)

In addition to pCBs, we now have a wide variety of
synthetic cannabinoids (sCBs) that are typically designer
drugs not found naturally. These sCBs are generally mem-
bers of a new group of drugs termed “new psychoactive
substances” [58]. To complicate matters further, sCBs are
often sprayed on herbs and spices, sometimes with non-
cannabinoid psychoactive drugs [29]. sCBs cannot be con-
sidered as safe alternatives to phytocannabinoids [59,60].
sCBs are a very commonly used illegal drug in teenagers
and young adults [59].
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Table 1. Cannabinoids and examples.

Class Abbreviation Examples

Phytocannabinoids pCBs 9-tetrahydrocannabinol cannabidiol
Synthetic cannabinoids sCBs CP WIN
Endocannabinoids eCBs Anandamide 2-arachidonoylglycerol

Both “K2” and “Spice” are examples of commer-
cial preparations that contain sCBs. At least 21 different
sCBs have been detected in commercial preparations [59].
There are various types of synthetic cannabinoids split into
five or more classifications (classical, nonclassical, hybrid,
aminoalkylindole, eicosanoid, and others) based on their
chemical structure. The most studied sCBs are CP-55,940
(CP) and WIN-55,212-2 (WIN) (Fig. 2). There are many
concerns and unanswered questions about the health-related
side-effects, toxicity, and addictive potential of these sCBs
[61]. WIN is an aminoalkylindole derivative producing
effects like delta-9-THC, even though it has an entirely
different chemical structure. As detailed further below,
WIN is a full agonist for CBIR and CB2R, whereas delta-
9-THC is a weak partial receptor agonist for both CBIR
and CB2R [62]. WIN also has about 19-fold higher speci-
ficity for CB2R compared to CB1R [63]. After administra-
tion is discontinued, WIN is eliminated faster from circula-
tion than delta-9-THC, suggesting that WIN may induce a
more robust withdrawal response than delta-9-THC [59].
CP (Fig. 2D) is a nonclassical, bicyclic lipophilic cyclo-
hexylphenol sCB and is a full agonist for CB1R and CB2R.
CP is more potent than delta-9-THC and recent work in
an animal model suggests this sSCB may selectively disrupt
lipids in young brains compared to adult brains [64].

3.3 Endocannabinoids (eCBs) and the endocannabinoid
system (ECS)

In addition to pCBs and sCBs, there are naturally oc-
curring cannabinoids (endocannabinoids or eCBs) in all
major subdivisions of bilaterians, i.e., animals with bilat-
eral symmetry [65]. For example, both AEA and 2-AG are
major eCBs (see Table 1), and their structures are provided
in Fig. 3 [66]. eCBs were discovered in the search for the
mammalian receptors responsible for binding pCBs [66].
As detailed more below, the signaling events that arise from
the binding of eCBs to their cannabinoid protein receptors
(see Fig. 4), along with the set of molecules capable of mod-
ulating these signaling events, are called the endocannabi-
noid system (ECS). Genetic variants in the ECS will be dis-
cussed below since they likely play a role in modulating the
potential adverse and therapeutic effects of cannabinoids.

4. Which cannabinoids are psychoactive?

Delta-9-THC is universally classified as being the pri-
mary psychoactive agent present in marijuana. In colloquial
parlance, the term “high” is often used to describe the psy-
choactive effects of delta-9-THC. “High” is not a particu-
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Fig. 3. Organic structures of: (A) 2-arachidonoylglycerol. (B)
anandamide.

larly useful term since individual responses to delta-9-THC
can vary from depression to well-being, and even transient
psychotic symptoms [67—69]. In contrast to most humans
or squirrel monkeys, rodents are averse to delta-9-THC and
will not self-administer this CB [70]. The effects of delta-9-
THC can be highly variable and dependent upon the age of
the individual, the dose and form of delta-9-THC, the pres-
ence or absence of other cannabinoids, and genetic factors.
From a pediatric perspective, it is vital to distinguish the
short-term acute effects of cannabinoids from the chronic
effects that could be irreversible.

In contrast to delta-9-THC, CBD is often described as
being non-psychoactive or non-psychotropic, c.f. [30]. A
psychoactive substance is defined by the WHO as a sub-
stance that “when taken in or administered into one’s sys-
tem, affects mental processes, e.g., cognition” [71]. The
National Institute on Drug Abuse Blog Team defines psy-
choactive drugs as those that “act on the central nervous sys-
tem and alter its normal, everyday activity, causing changes
in mood, awareness, and behavior” [72]. This webpage lists
caffeine as a licit psychoactive drug. CBD is widely used
by consumers hoping that it will positively affect anxiety,
pain, or insomnia, i.e., mental processes. While CBD cer-
tainly lacks the psychoactive effects of delta-9-THC, cur-
rent evidence supports its potential use for treating a vari-
ety of anxiety disorders, but further clinical trials will be
needed [73]. Hammell ef al. [74] found that transdermal
CBD reduced inflammation and pain-related behaviors in a
rat model of arthritis. While this research supports the role
of CBD in pain management, it is only relevant to CBD in
the form of a topical gel, not the typical rubbing of CBD oil
near an arthritic joint or by an oral CBD capsule.
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5. The cannabinoid receptors help define
cannabinoids and their functions

Genetic variants and the epigenetic regulation of pro-
teins in the ECS are prime candidates for modulating the ef-
fects of cannabinoids. Moreover, cannabinoids can be more
precisely defined by their interactions with and effects on
the ECS. Therefore, the molecular perturbations of the ECS
caused by pCBs and sCBs play a central role in understand-
ing their potential pediatric consequences. Both the classic
cannabinoid receptor type 1 (CB1R) and type 2 (CB2R) are
vital components of the ECS, and both are class A G-protein
coupled receptors (GPCRs) [75]. The organ, tissue, cel-
lular and subcellular distribution of cannabinoid receptors
are pivotal in understanding the effects of cannabinoids.
Moreover, characterizing the dynamic spatial distribution
of biomolecules is a component of system medicine [12].
CB1Rs are highly expressed in the central nervous system
(CNS) but also present in peripheral organs (e.g., the gas-
trointestinal tract and the urinary tract) as well as immune
cells [76]. While CB2 receptors are expressed more highly
than CB1 receptors on immune cells both these receptors
play significant roles in modulating many aspects of the im-
mune system [77,78]. As reviewed by Turcotte et al. [79],
CB2Rs are absent from most non-immune tissues except for
the pancreas, lung, and uterus where the levels are relatively
low. Strong evidence also suggests that CB2Rs are also ex-
pressed in specific areas of the brain with the potential to
regulate drug addiction [80]. This review will emphasize
the role of the ECS in the CNS, but cannabinoid pharma-
ceuticals may play a role in modulating immune disorders
significant in pediatrics (e.g., childhood autoimmune disor-
ders).

5.1 Retrograde cannabinoid signaling, behavior, and
neuronal plasticity

We will briefly review the role of retrograde ¢CB sig-
naling in the ECS with the limited goal of identifying key
ECS protein/gene players (see Fig. 4). Genetic variants in
these proteins could be relevant to cannabinoid use disorder
(CUD) and their responses to cannabinoids. Excellent and
more extensive reviews of the eCB signaling are available
[66,76,81,82]. eCB receptors on neurons in the peripheral
and CNS inhibit neurotransmitter release by “retrograde”
eCB signaling [81]. CBIR (and CB2R) bind both AEA
and 2-AG, naturally occurring “retrograde neurotransmit-
ters.” However, AEA binding to CBIR is much more ro-
bust than binding to CB2R [82]. Typically, neurotransmit-
ters are released from the presynaptic neuron, cross the neu-
ronal synapse and bind to receptors on the postsynaptic neu-
ron and elicit responses. In contrast, retrograde neurotrans-
mitters, such as eCBs and nitric oxide, are synthesized and
released by the postsynaptic neuron and diffuse back (retro)
across the synaptic cleft, where they bind and activate re-
ceptors on presynaptic neurons [83,84].

As outlined in Fig. 4, depolarization of the post-
synaptic neuron opens a voltage-gated Ca®*t-channel
(VGCC) promoting the Ca?*-stimulated biosynthesis
of eCBs. More specifically, the multistep-amidation
of arachidonic acid (20:4n6) with ethanolamine
forms AEA (N-arachidonoylethanolamide), and the
multistep-esterification of 20:4n6 forms 2-AG (2-
arachidonoylglycerol) [82]. eCBs released from the
postsynaptic neuron travel (retro) to CBIR (or CB2R) on
the presynaptic neuron resulting in the exchange of a GTP
for GDP and the subsequent dissociation of the Ga-GTP
complex from the GPCR. The presynaptic Ga-GTP
complex then inhibits Ca?* influx through the VGCC and
activates an inwardly rectifying K*-channel, resulting
in an inhibition of presynaptic neurotransmitter release,
which would otherwise bind to neurotransmitter receptors
on the postsynaptic neuron [85]. Thus, this retrograde
signaling process can inhibit the release of either excitatory
or inhibitory neurotransmitters.

The enzymes that synthesize or hydrolyze eCBs are
also critical components of the ECS [86]. Enzymatic hy-
drolysis of eCBs results in their inactivation and cessa-
tion of subsequent signaling events. Monoglyceride li-
pase (MGL) deactivates 2-AG by promoting its hydrol-
ysis to glycerol and 20:4n6 [87]. Similarly, fatty acid
amide hydrolase (FAAH), in the postsynaptic terminal,
catalyzes the hydrolysis and inactivation of AEA (N-
arachidonoylethanolamide or anandamide) to ethanolamine
and 20:4n6 [88].

2-AG is considered a “full agonist” for both CB1R and
CB2R with a low to moderate binding affinity and elicits a
robust physiological response [82]. In contrast, AEA is a
high affinity “partial agonist” for CBIR but largely inac-
tive at CB2R, i.e., it has a lower binding affinity and elicits
aless robust response [82]. Delta-9-THC is a partial agonist
for both CBIR and CB2R and can produce the same inhi-
bition of presynaptic neurotransmitter release as eCBs (see
Fig. 4) [89]. Moreover, it is via this effect on retrograde
signaling that delta-9-THC is thought to modulate its many
CNS effects. In contrast to delta-9-THC, CBD has a much
lower affinity to CB1R and CB2R [90]. Moreover, CBD
acts as an indirect antagonist of cannabinoid agonists [89].
Asnoted by Tai et al. [59], many of the sCBs that mimic the
effects of delta-9-THC are full agonists of CB1, and their
pharmacology and toxicology are not well-understood.

Cannabinoids, via their retrograde signaling, are
known to affect synaptic plasticity, i.e., the continual alter-
ations in neuronal connections and their dynamic informa-
tion processing [66,91]. In a comprehensive review, Schae-
fer et al. [92] define synaptic plasticity as “the potential
of neural activity patterns generated by experiences to in-
duce alterations in synaptic connectivity”. Among the be-
haviors modulated by cannabinoids are learning, memory,
habituation, reward, addiction, pain perception, and anxiety
[66]. Neuroplasticity can be further defined as either short-
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Fig. 4. Endocannabinoid (eCB) retrograde signaling (simplified). Depolarization of the postsynaptic neuron opens a voltage-gated

Ca?"-channel (VGCC) promoting the Ca®" stimulated synthesis of eCBs derived (in part) from arachidonic acid (20:4n6). Enzymatic

hydrolysis of eCBs results in their inactivation. eCBs released from the postsynaptic neuron travel (retro) to the CB1 receptor (CB1R)

on the presynaptic neuron resulting in the exchange of a GTP for GDP and the dissociation of the Ga-GTP complex from the G protein-
coupled receptor (GPCR). The presynaptic Ga-GTP complex then inhibits Ca®>" influx through the VGCC (dotted line with sphere end)
and activates (dotted line with arrow end) the K*-channel. These alterations in ion fluxes inhibit the release of presynaptic neurotrans-

mitters (light blue spheres), which would otherwise bind to neurotransmitter receptors on the postsynaptic neuron.

term (sub-second time scale) or long-term (minutes, hours,
days, years). Of particular pediatric concern are the criti-
cal periods in neurodevelopment during which alterations
in long-term synaptic plasticity are occurring rapidly and
result in the formation of permanent and irreversible neu-
ral networks [92]. Thus, the interplay between cannabi-
noids and the genetic and epigenetic modulators of long-
term synaptic plasticity is central to a systems medicine ap-
proach.

6.2 How does delta-9-THC exert its effects on the brain

The brain’s ventral tegmental area (VTA) region plays
a key role in reward behavior with the amount of dopamine
released into the VTA being highly correlated with reward
effects [93]. Research in an animal model suggests that the
behavioral effects of delta-9-THC are strongly influenced
by its binding to CB1 receptors on both glutamate-releasing
(glutamatergic) neurons and gamma-aminobutyric acid-
releasing (GABAergic) neurons in the VTA. The binding
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of delta-9-THC to these CB1 receptors inhibits the activ-
ity of both these neuronal types [69]. Glutamatergic neu-
rons produce a reward effect by promoting dopamine re-
lease from dopaminergic neurons. In contrast, GABAer-
gic neurons in the VTA produce an aversion response by
inhibiting dopamine release from dopaminergic neurons
[94]. Consequently, delta-9-THC binding to CB1 receptors
on glutamatergic neurons results in an aversion response,
whereas delta-9-THC binding to GABAergic neurons re-
sults in a reward response. Therefore, the relative expres-
sion of CB1 receptors on glutamatergic- and GABAergic-
neurons is thought to be an essential factor influencing how
individuals (or species) respond to delta-9-THC [69].

6. Role of the endocannabinoid system in
neurodevelopment

The ECS plays important roles in the development of
the CNS, such as the differentiation of neural progenitor
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cells (NPCs) and the commitment, survival, and synaptic
plasticity of NPCs [86]. NPCs are multipotent stem cells
that give rise to almost all the cell types of the CNS [95].
The ECS has also been shown to contribute to neuronal mi-
gration [86]. CB1Rs are implicated in axonal elongation,
synaptogenesis, and myelinogenesis [96]. Disruptions to
the temporally ordered sequence of ECS signaling by pCBs
or sCBs may lead to disturbances in the normal functions
of eCBs [86]. In animal models, changes to male copu-
latory behavior [97], learning ability [98], stress response
[99], and pain sensitivity [100] in adult mice are linked to
perinatal marijuana exposure.

The ECS plays a vital role in neurodevelopment dur-
ing adolescence, including pruning and synaptic plasticity
[101]. The use of pCBs and sCBs has been connected to
ECS signaling abnormalities affecting both reward and cog-
nition pathways [102]. Increased stress responsivity, nega-
tive emotional states, and drug cravings can all be linked to
altered eCB signaling [103]. Epidemiologic studies have
linked cannabis use in adolescence to an increased risk
of neuropsychiatric disorders, including cognitive deficits,
psychotic symptoms, and drug abuse [104,105]. There is
also an increased risk for cocaine and polysubstance abuse
when cannabis use is initiated during adolescence [106].
There may be other environmental and developmental fac-
tors at work in these responses [105].

7. Cannabinoid effects on newborns

There are many difficulties in obtaining a clear picture
of the real effects of perinatal marijuana on infants, mainly
because there are no human randomized control studies (for
ethical considerations). Delta-9-THC can readily cross the
placenta, and thus enter the fetal bloodstream [107]. Some
of the confounding factors come from polysubstance use
(i.e., alcohol, cigarettes, opioids, etc.) with the amount and
frequency primarily being self-reported [46]. There are also
socio-economic considerations such as malnutrition, edu-
cation level, poverty, and lack of folic acid supplementa-
tion that could increase risk [108]. Implantation of the fetus
can be disturbed by delt-9-THC stimulating CB1R and dis-
rupting trophoblast formation [109]. Other problems dur-
ing pregnancy can follow such as miscarriage, growth re-
striction, pre-eclampsia, and preterm labor [110]. Hurd et
al. [111] found that aborted fetuses exposed to marijuana
showed decreased birth weight and fetal foot length nega-
tively correlated with the amount of marijuana consumed.
An additional study by Fried et al. [112] demonstrated
that infants exposed to perinatal marijuana had significantly
smaller head circumferences at birth. Future intelligence
quotient is significantly linked to head growth during the
first month of life [113]. A study from Canada assessing
live births from 2007 to 2012 showed that cannabis use dur-
ing pregnancy is associated with an increased risk of neu-
rodevelopmental disorders by ten years of age, including
autism spectrum disorder and attention deficit hyperactiv-

ity disorder [107]. Further, the incidence of autism spec-
trum disorder was 4.00 per 1000 person-years in children
exposed to cannabis, compared to 2.42 in children who were
not exposed [107].

8. The systems biology of hemp and
marijuana

A systems medicine approach to clinical conditions
usually begins with the omics of individual patients or
mother/fetus dyads. In most substance use disorder cases,
the “substance” (e.g., opioids) is usually a drug with
well-defined organic compositions and pharmacodynam-
ics. Since hemp and marijuana are “herbal” entities
with complex and variable cannabinoid compositions the
cannabis “substance” at hand requires a more thoughtful
characterization: systems biology ideally suited for this
task. Despite its central importance, the systems biology
of hemp is just beginning to be systematically well defined.
Moreover, a complete review of this topic is beyond the
scope of this paper. As detailed by Aliferis ez al. [114],
characterizing metabolomics of cannabis (termed cannabi-
nomics) is an essential first step in understanding its adverse
and potentially useful effects. However, the metabolomics
of marijuana is further complicated by the combustion or
high-temperature heating/vaporizing that often accompa-
nies delivery which would certainly alter the metabolomics.
A relevant example is delta-9-tetrahydrocannabinolic A
acid (delta-9-THCA-A), a non-psychoactive precursor of
delta-9-THC, which comprises about 90% of the “total”
delta-9-THC in marijuana [115]. Heating converts most of
the delta-9-THCA-A into delta-9-THC. Combustion is also
likely to cause extensive oxidative alterations to many small
organic molecules.

Since the legal definition of hemp versus marijuana
rests on the content of delta-9-THC, it is reasonable to ask
whether these plants only differ in the genes underlying
delta-9-THC biosynthesis. Sawler ef al. [116] addressed
this question by a genome-wide single nucleotide (SNP)
study of hemp (N = 43) and marijuana (N = 81) samples.
These investigators found that the genetic differences be-
tween hemp and marijuana are not limited to the delta-9-
THC biosynthetic genes.

9. The genomics of cannabis use and
cannabis use disorder (CUD)

Most users of cannabis do not develop CUD [117,
118]. Nevertheless, cannabis use or CUD during pregnancy
is highly relevant in pediatrics and associated with sig-
nificant problematic neonatal outcomes including preterm
birth, low birth weight, hospitalizations, and death [119].
A key sign of CUD is the presence of withdrawal symp-
toms when abstaining from cannabis use [120]. A detailed
and comprehensive review of CUD has recently been pub-
lished [121]. Genomic studies (or omic studies in gen-
eral) of cannabis use/CUD utilizing mother-infant dyads
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Table 2. Genes and SNPs associated with cannabis use disorder.

Gene Protein name/function SNPs Online detail
CADM?2 CADM2/cell adhesion molecule 2 rs2875907 www.snpedia.com/index.php/Rs2875907
L rs806380 www.snpedia.com/index.php/Rs806380
CNRI CBI1R/cannabinoid receptor 1 . .
152023239 www.snpedia.com/index.php/Rs2023239
L. rs35761398  www.snpedia.com/index.php/Rs35761398
CNR2 CB2/cannabinoid receptor 2 . .
rs12744386  www.snpedia.com/index.php/Rs12744386
FAAH FA AH/fatty acid amide hydrolase 1s324420 www.snpedia.com/index.php/Rs324420
MGL MGL/monoglyceride lipase rs604300 www.ncbi.nlm.nih.gov/snp/rs604300
Near CHRNA2  nAChRa2/cholinergic receptor nicotinic alpha-2 subunit  rs56372821 www.ncbi.nlm.nih.gov/gene/1135
FOXpP2 FOXP2/forkhead box protein P2 157783012 www.ncbi.nlm.nih.gov/gene/93986

have not yet been reported but this would be the optimal
study design. However, we have some limited information
on the genetic predispositions for cannabis use or CUD in
adults which will be reviewed below. This genomic infor-
mation could be potentially helpful in counseling pregnant
or lactating women about their susceptibility to cannabis
use/CUD. Counseling men about cannabis use in the pre-
conception period may also prove useful (see below).

An extensive genome-wide association study (GWAS)
found eight SNPs associated with lifetime cannabis use
[122]. Collectively, these eight SNPs account for about
10% of the variance in lifetime cannabis use. The strongest
association was found for SNPs (e.g., rs2875907) in the
CADM?2 gene, which codes for the cell adhesion molecule
2 (see Table 2). CADM?2 is vital in synaptic cell adhesion
and genetic variants of CADM2 have been associated with a
variety of behavioral (e.g., risk-taking) and metabolic traits
[123].

Classical genetic studies with twins have firmly estab-
lished that CUD has a substantial heritability, with between
30-80% of the total variance in CUD risk explained by ge-
netic factors [124,125]. Candidate gene-CUDs association
studies have been reviewed by Agrawal et al. [125] and
will only briefly be summarized. Genome linkage anal-
ysis points to the potential importance of CNR1, CNR2,
FAAH, and MGL genes (see Table 2). As detailed above,
both MGL and FAAH inactivate endocannabinoids by hy-
drolysis. However, genetic linkage studies have many lim-
itations, and GWASs are considered superior at identifying
genes associated with a phenotype [125].

A candidate gene-SNP association study by Hopfer et
al. [126] found that the G; G genotype of SNP rs806380
in the CNR1 gene was associated with a lower odds of
CUD in adolescents (see Table 2). The C allele of CNR1
SNP 152023239 has also been associated with more sig-
nificant withdrawal symptoms and a higher craving for
cannabis [127]. Further work indicates that the G allele of
CNR1 SNP 152023239 may enhance the neural response to
cannabis in the reward area of the brain [128]. Candidate
gene-SNP association studies have also implicated SNPs in
the FAAH gene and the MGL gene as playing significant
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roles in CUD (see Table 2) [127—-129]. Recent work also
suggests that polymorphisms in CNR2 (see Table 2) are risk
factors for schizophrenia in adult CUD subjects [130].

Large-scale GWAS studies found SNP rs56372821
near the CHRNA?2 gene is highly associated with CUD in
Danish and Icelandic populations [131,132]. The CHRNA2
gene encodes for the alpha-subunit of nicotinic acetyl-
choline receptors (nAChRs), which are components of
ligand-gated ion channels widely expressed in the CNS.
The biological mechanism (s) whereby CHRNA?2 is func-
tionally connected to CUD is not yet clear. These stud-
ies also identified rs7783012 in the FOXP2 gene as being
a variant associated with CUD. The FOXP2 gene encodes
a member of the forkhead/winged-helix (FOX) family of
transcription factors which are important in language de-
velopment and synaptic plasticity [132].

Commercial services are driving down the cost of ex-
tensive SNP genotyping ($100-$200/sample) and hold the
potential for making significant contributions to improving
healthcare delivery systems. Many of the SNPs associated
with CUD are reported by these commercial services such
as 23andme. Nevertheless, major obstacles remain for in-
tegrating genomics/omics data with electron health records
[133,134]. Overcoming these obstacles will undoubtedly
accelerate the application of systems medicine to both re-
search and patient care.

10. The epigenomics of cannabis use/CUD

The clinical epigenetics of cannabis use has not been
well studied in populations relevant to pediatrics. Still, such
studies are critical for defining potential underlying molec-
ular mechanisms pertinent to CUD and cannabinoid phar-
macology [135]. Epigenomics refers to alterations in gene
expression not caused by changes in DNA sequence, e.g.,
DNA methylation and histone modifications. In a prescient
article, Smith ez al. [136] reviewed the evidence connecting
cannabis exposure during critical periods of brain develop-
ment to epigenetic alterations relevant to neuropsychiatric
diseases such as autism spectrum disorder (ASD) and at-
tention deficit hyperactivity disorder (ADHD). Recent data
shows that children exposed to cannabis in utero have an
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increased risk of ASD. The underlying mechanism for this
association is unknown but cannabis-induced epigenetic al-
terations are a strong possibility. It is generally assumed
that maternal rather than paternal cannabis use is a pri-
mary cause of any altered neurodevelopmental outcomes.
This assumption may need reevaluation in light of a recent
genome-wide epigenomic study linking paternal offspring
ASD susceptibility to specific sperm DNA methylation pat-
terns [137]. In a rat model, Slotkin ef a/. [138,139] has re-
cently shown that paternal delta-9-THC administration or
cannabis exposure can have adverse effects on neurodevel-
opment in the offspring. Future research is critically needed
to determine the potential adverse effects of human paternal
delta-9-THC use in the preconception time interval.

11. The proteomics of cannabis use/CUD

There is very minimal clinical proteomic informa-
tion on cannabinoid use/CUD in adult populations and in-
formation on pediatric populations is even more lacking.
We will briefly review the adult clinical proteomic infor-
mation since this will provide potential focus areas for
future pediatrics studies. In a small population, Jayan-
thi et al. [140] found that heavy adult marijuana users
showed significant increases in serum levels of apolipopro-
tein C-III (apoC-III), which is a risk factor for cardiovas-
cular disease. The mechanism for this apparent delta-9-
THC induced upregulation of apoC-III is not yet known.
A recent study looked at proteomic and metabolomic al-
terations in plasma from a small adult population (24 to-
tal participants) of cannabis users and nonusers [141].
Plasma levels of delta-9-tetrahydrocannabinol carboxylic
acid (delta-9-THC-COOH) correlate with 13 proteins rel-
evant to pathways important in immune system regula-
tion, i.e., interleukin-6 production, T lymphocyte regula-
tion, apoptosis, kinase signaling pathways, and nuclear fac-
tor kappa-light-chain-enhancer of activated B cells. Future
proteomic studies looking at relevant pediatrics populations
are undoubtedly a high priority.

As detailed more below, urine is an excellent body
fluid for pediatric omic analyses. Nedumaran et al. [142]
examined urine protein biomarkers in a small population
of adult cannabis users and nonusers. Proteomic analyses
detected 1337 proteins in both groups: 19 proteins had a
significantly different expression level in cannabis users.
Moreover, 91 proteins were expressed only in the cannabis
group and 46 proteins were only absent in this group. The
application of pathway analysis suggested that the cannabis
user group had alterations in innate immune responses and
carbohydrate metabolism. These data are very encouraging
since they support using urine as a biofluid for future omic
analyses.

12. The metabolomics of cannabis use/CUD

Not surprisingly, the application of metabolomics to
cannabinoids has primarily focused on characterizing the
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small bioactive molecules present in commercial cannabis
products. This information is essential for documenting
a user’s exposure to the complex mixture of chemicals in
cannabis: such basic information has been lacking in most
clinical cannabis studies [114,143]. Equally important,
however, is documenting the cannabinoids and cannabinoid
metabolites in a biofluid/tissue sample after exposure to a
cannabis product [144].

We have previously reviewed the application of
metabolomics to issues surrounding neonatal abstinence
syndrome. Much of that discussion is relevant to pedi-
atric cannabinoid exposure: particularly, our discussion on
the suitability of various body fluids/tissues for pediatric
omic analyses [15]. Plasma, cord blood, and urine samples
would all be excellent samples. Like opioids, delta-9-THC
is very lipophilic. The endoplasmic reticulum hydroxyla-
tion of delta-9-THC yields the psychoactive 11-hydroxy-
delta-9-tetrahydrocannabinol (11-OH-THC), and oxidation
of 11-OH-THC produces the inactive 11-nor-9-carboxyl-
delta-9-tetrahydrocannabinol (THC-COOH), which is ex-
creted in urine as the glucuronic conjugate [144]. Thus,
biofluid levels of delta-9-THC, 11-OH-THC, and THC-
COOH are essential metabolites that should be quantified
in clinical cannabinoid studies. Given that many cannabis
users also smoke cigarettes and may unknowingly be ex-
posed to synthetic cannabinoids, clinical metabolomic anal-
yses should ideally identify and quantify as broad a range
of relevant small organic molecules as technically possi-
ble. Since cannabinoid exposure is likely to alter normal
metabolites, these should also be quantified. Fortunately,
rapid technological advances in metabolomics have made it
possible to cost-effectively characterize an enormous num-
ber of metabolites (about 4000) in urine or plasma/serum
samples [145-147].

12.1 The exposome, cannabinoids, and polysubstance use

A key systems medicine measure of environmental ex-
posures is the “exposome” which is defined as “the mea-
sure of all the exposures of an individual in a lifetime
and how those exposures relate to health” [148]. In prac-
tice, attempts to measure the exposome rely on modern
metabolomic technologies such as liquid chromatography-
tandem mass spectrometry (LC-MS/MS) and nuclear mag-
netic resonance spectroscopy (NMR). Attempts to corre-
late the exposome to any potential cannabinoid-induced
pathologies (e.g., psychosis) or therapeutic benefits are very
limited at present and complicated by polysubstance use
[149,150]. Nevertheless, the rapid development of ex-
posome academic centers (e.g., ehe.jhu.edu/research/the-e
xposome-collaborative/resources-links.html) and the emer-
gence of exosome commercial services (e.g., daltonbioana
lytics.com/) will accelerate the future application of expo-
some metabolomics to pediatric cannabinoid/polysubstance
use research. Longitudinal urine samples are readily avail-
able from newborns from cotton balls inserted into diapers.
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13. Conclusions

Our review strongly supports the official policy from
the American College of Obstetrics and Gynecology which
recommends abstaining from marijuana use while pregnant
and breastfeeding due to the potential neurodevelopmental
risks to the fetus/newborn [151]. Nevertheless, both CBD
and marijuana are often used (self-initiated) by women to
treat nausea and vomiting during pregnancy (NVP), i.e.,
morning sickness [152,153]. Most cases of NVP occur
only during the first trimester and subside before 20 weeks
of gestation. Although rare, prolonged severe nausea and
vomiting (SNVP) can occur during pregnancy and is asso-
ciated with psychiatric and cognitive problems in children
[154]. At present, it is not known if using any cannabi-
noids could be justified for treating SNVP. The rapid pace
of marijuana legalization is presenting pediatricians with
new challenges, particularly for adolescents. The mental
health and cognitive problems associated with adolescent
cannabinoid/polysubstance use have been sufficiently well
documented to support active office-oriented interventions
and patient/family educational efforts [155]. Some adoles-
cents, neonates, and fetuses are likely more susceptible to
the detrimental effects of cannabinoid/polysubstance expo-
sure than others. Systems medicine and omic data may help
identify these individuals so preventative/preemptive mea-
sures can be taken.
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