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Abstract: The endocannabinoid system (ECS) consists of endogenous cannabinoids, their receptors,
and metabolic enzymes that play a critical homeostatic role in modulating polyunsaturated omega
fatty acid (PUFA) signaling to maintain a balanced inflammatory and redox state. Whole food-based
diets and dietary interventions linked to PUFAs of animal (fish, calamari, krill) or plant (hemp,
flax, walnut, algae) origin, as well as full-spectrum hemp oils, are increasingly used to support
the ECS tone, promote healthy metabolism, improve risk factors associated with cardiovascular
disorders, encourage brain health and emotional well-being, and ameliorate inflammation. While
hemp cannabinoids of THC and CBD groups show distinct but complementary actions through a
variety of cannabinoid (CB1 and CB2), adenosine (A2A), and vanilloid (TRPV1) receptors, they also
modulate PUFA metabolism within a wide variety of specialized lipid mediators that promote or
resolve inflammation and oxidative stress. Clinical evidence reviewed in this study links PUFAs and
cannabinoids to changes in ECS tone, immune function, metabolic and oxidative stress adaptation,
and overall maintenance of a well-balanced systemic function of the body. Understanding how
the body coordinates signals from the exogenous and endogenous ECS modulators is critical for
discerning the underlying molecular mechanisms of the ECS tone in healthy and disease states.
Nutritional and lifestyle interventions represent promising approaches to address chronic metabolic
and inflammatory disorders that may overlap in the population at risk. Further investigation and
validation of dietary interventions that modulate the ECS are required in order to devise clinically
successful second-generation management strategies.

Keywords: ECS tone; phytocannabinoids; inflammation resolution; oxidative stress; systemic re-
dox balance

1. Introduction

The endocannabinoid system (ECS) is a major signaling network comprised of endoge-
nous, lipid-based, physiological ligands (endocannabinoids) that play a pro-homeostatic
role in central and peripheral organs of the human body. It is believed to constitute a
feedback loop for nutrient-energy metabolism, and regulates various cellular functions,
immune responses, and stress adaptation pathways to support physiological homeostasis
as human diets change due to evolutionary and environmental factors [1]. The physiologi-
cal outcomes may range from simple functions like eating, sleeping, and relaxing, to the
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more complex, including neuroplasticity, metabolism, and inflammation [2]. The functional
integration of the ECS system in the control of inflammation, energy metabolism, and
emotional homeostasis has been directly connected to its ability to adequately perceive and
respond to the paucity of these signals [3]. Chronic, excessive, or unresolved overstimu-
lation of the ECS often results in systemic imbalance. This can trigger oxidative stress by
increasing the levels of reactive oxygen species (ROS) that adversely affect protein oxida-
tion [4], mitochondrial bioenergetics [5], cellular functions, and redox balance maintained
in part by the nuclear factor erythroid 2-related factor 2 (Nrf2) [6,7].

Endocannabinoids are metabolite products of dietary essential polyunsaturated fatty
acids (PUFAs) (Figure 1). PUFAs are essential in terms of their critical role in maintain-
ing the efficient structure and integral function of the cell membranes, and they must
be obtained from the dietary sources [8]. Two essential dietary PUFAs, linoleic 18:2(n-6)
and α-linolenic 18:3(n-3), serve as a starting metabolites for synthesis of omega-6 and
omega-3 series fatty acids, albeit the metabolic pathway to the omega-3 eicosapentaenoic
20:5(n-3) (EPA) and docosahexaenoic 22:6(n-3) (DHA) acids in humans is very inefficient [9].
The omega-6 series fatty acid metabolites predominantly contribute to the synthesis of
pro-inflammatory lipid mediators based on arachidonic acid 20:4(n-6), that also serves
as a precursor for two major endogenous cannabinoid receptor ligands, anandamide
(AEA) [10] and 2-arachidonoylglycerol (2-AG) [11]. On the other hand, the omega-3 se-
ries metabolites lead to formation of weakly anti-inflammatory groups of prostaglandins
series 3 and leukotrienes series 5 [12], as well as less abundant classes of omega-3 de-
rived endocannabinoids such as docosahexaenoylethanolamide (DHEA), eicosapentanoyl
ethanolamide (EPEA), and related metabolites [13]. Both groups are further metabolized
by the eicosanoid synthesizing enzymes: cyclooxygenase (COX), lipoxygenase (LOX) and
cytochrome P450 epoxygenase (CYP450), to produce a variety of oxylipin metabolites
including the specialized pro-resolving lipid mediators (SPM) that modulate the crosstalk
between the ECS and immune systems of the body [14]. Dietary and nutritional supple-
mentation strategies based on these metabolites also tend to ameliorate systemic metabolic
and immune outcomes by resolving inflammation in adipose tissues and enhancing insulin
sensitivity [15].

The selective affinity of other dietary lipid food components towards modulation of
membrane-derived lipid modulator signaling is discussed in the subsequent sections below.
Both naturally and dietary occurring lipid modulators and their oxidative metabolites inter-
act with a much wider range of the ECS targets, including members of the cannabinoid re-
ceptors (CB), transient receptor potential channels (TRP), peroxisome proliferator-activated
receptors (PPARs), and P450 enzymes [16]. This review therefore attempts to outline the
progress and gaps in the field of nutrition and dietary interventions to support the ECS in
managing inflammatory and oxidative challenges.
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trocytic CB1 receptors distributed primarily in the central nervous system and CB2 recep-
tors found in highest densities on the peripheral immune and hematopoietic cells [19]. 
Additional sets of G-protein coupled receptors including TRPV1 [20], GPR18, GPR55, and 
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their relevance to the physiological effects of cannabinoid stimulation remains unclear 
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Figure 1. Pathways in the biosynthesis of polyunsaturated fatty acids including n-6 and n-3 essential fatty acids precursors,
eicosanoid family metabolites, and endocannabinoids.

2. ECS Tone and Its Health Implications

The ECS is widely conserved among the vertebrate organisms [17]. Endogenous
lipid messengers that mediate ECS signaling are synthesized on demand from the
membrane phospholipid-derived arachidonoyl metabolites and can freely diffuse through
cellular membranes due to their highly lipophilic nature. They include two well-studied
endocannabinoids, the N-arachidonoylethanolamine (anandamide, AEA) and 2-
arachidonoylglycerol (2-AG) [11], as well as a series of related molecules such as 2-
arachidonylglycerylether (noladin ether, 2-AGE), O-arachidonoylethanolamine (virho-
damine), and N-arachidonoyldopamine (NADA) [18]. Endocannabinoids activate presy-
naptic and astrocytic CB1 receptors distributed primarily in the central nervous system
and CB2 receptors found in highest densities on the peripheral immune and hematopoietic
cells [19]. Additional sets of G-protein coupled receptors including TRPV1 [20], GPR18,
GPR55, and GPR119 [21] have been also suggested to mediate CB1/2-independent sig-
naling, although their relevance to the physiological effects of cannabinoid stimulation
remains unclear [22]. An unidentified endothelial receptor for endocannabinoids also
mediates NO-independent vasodilation and endothelial cell migration [23].
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Tissue-specific enrichment and distribution of CB1/2 receptors are highly relevant to
their function. Central CB1 receptors mediate physiological control of psychoactive out-
comes, anxiety and emotional wellbeing, food intake, energy metabolism, and contributes
to the development of obesity and related metabolic risk factors when endocannabinoid
activity is increased [24]. Neuroprotective, antinociceptive, and stress-induced analgesic
activity of endocannabinoids is also predominantly mediated by central CB1 receptors that,
upon activation, decrease neuronal excitability and neurotransmitter release by reducing in-
tracellular Ca2+ stores, and induce centrally-mediated hypothermia [25]. Acute peripheral
nociception and neuropathic pain, however, are also reduced by activation of CB2 receptors
at peripheral sites and inhibition of local inflammatory hyperalgesia [26]. Peripheral and
microglial CB2 receptors are strongly upregulated by pro-inflammatory and stress-related
stimuli, and are critical in modulation of anti-inflammatory and tissue-protective activity
by endocannabinoids [27]. At the molecular level, targeting CB2 leads to profound de-
creases in immune cell activation, inflammatory cytokine production, and inflammatory
cell migration, generally in the absence of psychoactive effects. In immunocompromised
subjects, however, CB2 driven outcomes can be harmful as they may contribute to the
pathogen-induced inflammation or certain cancers [28]. Taken together, these observa-
tions suggest an intervention strategy to improve metabolic and immune outcomes that
stimulates CB2 receptor signaling with global and peripherally restricted CB1 receptor
activity, as summarized recently [29]. The wide and heterogeneous distribution of CB1
receptors in the brain [30], and recent findings of CB2 receptors not only in microglia but
also in neurons [31], at the same time suggests that strengthening of the ECS tone by mild
activation of central CB1 and CB2 is closely related with an emotional (anxiety, depression,
PTSD) wellbeing, while overstimulation of CB1 activity induces psychotic symptoms [32].

An alternative strategy to improve ECS tone is increasing tissue levels of endocannabi-
noids by inhibiting their cellular uptake and metabolism [33]. This approach was proven
successful with a series of pharmacological inhibitors targeting two key enzymes of ECS
metabolism-fatty acid amide hydrolase (FAAH) that degrades AEA [34], and monoacyl-
glycerol lipase (MAGL) that degrades 2-AG [35]. However, when an irreversible FAAH
inhibitor PF-04457845 was evaluated in patients with osteoarthritic knee pain as a part of
the randomized, placebo-controlled, phase II clinical trial (4 mg q.d. versus 500 mg b.i.d.
naproxen for 2 weeks), it reduced FAAH activity in white blood cells (>96%), increased
ECS substrates in plasma (4–10 fold), but failed to show a measurable analgesic effect [36].
Raising the global levels of endocannabinoids, therefore, is likely not sufficient to address
the complexity and pleiotropy of their physiological effects. As endocannabinoids share
a common lipid precursor with eicosanoids and can be metabolized by a shared set of
cyclooxygenases, lipooxygenases and cytochrome P450 enzymes, the physiological out-
comes of altered endocannabinoid metabolism can be tissue-specific, as it was shown in the
brain tissue where 2-AG serves as a major arachidonate precursor for neuro-inflammatory
prostaglandins [37].

3. Crosstalk between Inflammatory and ECS Signaling Mediators

Biological effects of arachidonic acid that serves as a precursor for endocannabinoids,
are largely attributed to its enzymatic conversion to prostaglandins and thromboxanes
by membrane-bound cyclooxygenases (COX), leukotrienes by cytoplasmic lipoxygenases
(LOX), and lipoxides by cytochrome P450 epoxygenases [38]. Prostaglandins derived from
arachidonic acid serve as secondary messengers of hydrophilic bioactive molecules such as
glucocorticoids, non-steroidal anti-inflammatory drugs (NSAIDs), and statins to regulate
blood cell aggregation, dilation of blood vessels, and vascular permeability, resulting in
increased tissue edema, hyperemia, and fever to maintain the propagation of an inflamma-
tory process. Both COX and LOX enzymes metabolize eicosanoids and endocannabinoid
substrates with a similar efficacy [39]. While the oxidized endocannabinoids do not activate
classical CB1/2 receptors, their cellular targets and respective biological mechanisms of
action remain to be elucidated.
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Eicosanoids serve also as key signaling molecules for activation of apoptotic neu-
trophils that drive the first line of host defense against microbes and external irrita-
tion/sensitivity signals from the environment, and lead to exacerbated tissue injury and
chronic inflammation when not resolved in a timely fashion [40]. Uncontrolled production
of noxious agents released by the immune cells to defend from the biotic and abiotic chal-
lenges such as proinflammatory and inflammatory mediators, ROS, and certain enzymes
could also be detrimental. The transition from arachidonate-derived eicosanoids that drive
inflammation (prostaglandins and leukotrienes) to anti-inflammatory lipoxins (such as
LXA4) is driven in part by prostaglandins E2 and D2 that regulate the transcription of
enzymes involved in lipoxin biosynthesis that complete the inflammatory feedback loop
signaling [41].

Omega-3 series of essential fatty acids serve as substrates for synthesis of ligands
that reduce incidence of infection and inflammation. Inflamed human endothelial cells
used both EPA and DHA to release lipid-derived intermediates that are metabolized by
leukocytes or glial cells to bioactive series E (RvE1) and series D (RvD1, PD1) metabo-
lites [42]. Ethanolamide esters of DHA and EPA are also metabolized by neutrophils and
brain tissues to active products that interact with CB1/2R receptors [43]. Activation of
CB2 receptors on the immune cells by these cannabinoid ligands generally leads to the
inhibition of CD14/TLR4 (Tol-like Receptor-4) inflammatory signaling pathway that drives
pro-inflammatory T-helper-1 (TH1) immune response by increased interleukins (IL-1b, IL-6,
IL-8) and tumor necrosis factor -α (TNF-α) production in macrophages [38].

Additionally, two sets of prostaglandins derived from dihomo-γ-linolenic acid
20:3(n-6) and eicosatetraenoic acid 20:4(n-3) show the relative anti-inflammatory activities
of a lesser magnitude and remain virtually unexplored. It is postulated that these pathways
shift the prostaglandin cascade away from the series 2 products to suppress cytokine
production by monocytes and decrease platelet aggregation [44]. Hemp oil contains on
average 3–6% γ-linolenic acid which serves as a precursor to series 1 prostaglandins and
15–25% α-linolenic acid that is metabolized into series 3 prostaglandins [45], and thus hold
potential for activation of these pathways.

Recent developments in lipidomic methodologies uncovered a large number of ad-
ditional oxylipins derived from other PUFAs, including those derived from the omega-6
fatty acids, as well as precursor linoleic and α-linolenic acids [46]. Oxylipins derived
from different pathways and substrates can have same or opposing biological activity, and
much remains to be elucidated about their actions and contributions to the individual
oxylipin profiles.

4. Direct Modulation of ECS by Fatty Acids

Dietary fatty acids play a direct role in generation of lipid mediators that modulate
inflammation and oxidative stress. While humans are very effective at desaturating two
major circulating fatty acids, palmitic acid 16:0 and stearic acid 18:0 to their palmitoleic
acid 16:1(n-7) and oleic acid 18:1(n-9) monounsaturated counterparts, they lack the en-
zymes to introduce the second unsaturated bond to form polyunsaturated linoleic acid
18:2(n-6) (a dietary precursor of omega-6 fatty acids) and α-linolenic acid 18:3(n-3) (a di-
etary precursor of omega-3 fatty acids) in their bodies. Dietary α-linolenic acid can be
slowly metabolized into the long-chain polyunsaturated omega-3 fatty acids EPA and
DHA when ingested directly, albeit with a lower efficiency [9]. Some marine organisms,
especially fatty fish and shellfish accumulate large quantities of algae-derived EPA and
DHA and serve as an excellent dietary source of these fatty acids [14].

On the contrary, synthesis of the omega-6 series of long chain polyunsaturated fatty
acids via γ-linolenic acid 18:3(n-6) and dihomo-γ-linolenic acid 20:3(n-6) intermediates
is very efficient [47]. Therefore, the intake of linoleic acid significantly exceeds that of α-
linolenic acid, the elongation and desaturation of α-linolenic acid is inhibited because both
molecules compete for the same enzymes. In order to keep the natural balance between
omega-3 and omega-6 fatty acid metabolism, their dietary ratio should be kept in the
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range of 1:1 to 1:4, while a current estimate places it into 1:8 to 1:20 ratio for modern highly
processed diets [48], resulting in part from the excessive use of vegetable oils high in linoleic
acid [49]. The systemic imbalance that generally occurs under these circumstances, may
trigger undesired immune, metabolic, and neurologic responses in the body [50]. It has
been shown that various lipid dietary components may support key resolution pathways
to inflammation, energy balance and metabolism via the ECS [51–55]. Recent clinical
evidence from elder postmenopausal women receiving a fish oil supplement (720 mg EPA,
480 mg DHA) for 6 months confirmed increases of circulating omega-3 acyl-ethanolamide
and omega-3-derived oxylipins that led to phenotypical responses in gene targets of the
ECS system [56].

Diet is the main source of the arachidonic acid, which is subsequently stored in the
form of phospholipid components of the cellular membranes. The cellular concentration
of arachidonic acid is estimated from 3 pmol/106 resting leukocytes (1 µM on a per vol-
ume basis) to 100 nmol/106 inactivated human platelets (5 mM), with up to 50 µM local
concentrations expected prior to its release from the cell [57]. Dietary fat intake exerts
direct effects on ECS by increasing CB1 expression in the adipose tissue [58] and circulating
levels of endocannabinoids AEA and 2-AG in the blood of healthy and insulin-resistant
subjects [59], indicating chronic increase in the ECS tone directed at the preferential adipose
tissue energy storage. These effects can be counteracted with additional EPA/DHA supple-
mentation that changes the baseline levels of lipid mediators and decreases arachidonic
acid derivatives [60], while also reducing expression of cannabinoid receptors and the ECS
enzyme activity [61].

Further to signaling as lipid mediators, dietary fatty acids also play a critical role in
the regulation of energy metabolism of monocyte/macrophage- and lymphocyte-based
immune responses. Following monocyte activation or antigen recognition by lymphocytes
in a lymph node, naïve immune cells undergo massive differentiation and expansion into
M1/2 and Th1/2/17 phenotypes, respectively, which is generally achieved by switching
from the β-oxidation of fatty acids to predominant use of glycolysis in the activated immune
cells [62]. Supplementation of SPMs or omega-3 FAs ameliorates metabolic syndrome by
resolving inflammation in adipose tissues and enhancing insulin sensitivity [15].

5. Hemp Oils as ECS Metabolic Modulators

Hemp oils derived from the cannabis plant (Cannabis sativa L.) are a rich source of lipid
bioactive compounds, including cannabinoids, β-caryophyllene, and polyunsaturated fatty
acids [63] that potentially interact with the ECS. Following the first elucidation of structure
and chemical synthesis of cannabinol (CBN), THC, and CBD in 1940s-60s [64] (Figure 2a),
the first THC-binding site was described as CB1 receptor twenty years later [65], while
specific molecular targets of CBD remained unknown until today. The therapeutic potential
of cannabinoids, both as single bioactive agents and in combination with other bioactive
plant compounds, to manage and alleviate multiple human health outcomes has received
an excellent review [66]. Here we will briefly summarize key findings published since then,
with a special emphasis on their ability to modulate the ECS tone.

It is generally accepted that ∆9-THC found in Cannabis is a partial agonist of both
CB1 and CB2 receptors similar to the endocannabinoids, with a slightly higher affinity
for CB1 in the Ki range 4–40 nM [67], and exerts both psychotropic as well pain- and
emesis-controlling effects in the CNS via CB1 and 5HT3 receptors activation [68]. Selective
pharmacological inhibition of CB1 was achieved with a synthetic cannabinoid rimona-
bant (SR141716A, Acomplia) that reduced both food intake and body weight gain with a
concomitant increase in psychiatric adverse events by modulating inhibitory neurotrans-
mission in the central nervous system (CNS) [69]. Similar to endocannabinoids, ∆9-THC
acts on neuronal presynaptic CB1 receptors to inhibit active neurotransmitter (i.e., gamma-
aminobutyric acid) and stimulate dopamine release. Its high potency is likely responsible
for a number of psychological side effects (anxiety, paranoia, panic and dysphoria) that
occur more frequently with THC than with whole cannabis [70].
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Table 1. Analytical workflow for HPLC-UV quantitative determination of 11 major cannabinoids in cannabis, its derivative
extracts, oils, formulations, and biological test fluids.

Step Detailed Description Comments

1a

Hemp tissues and powdered samples:
Weigh 1 g of air-dried samples from sealed bags in triplicate
Add 20 mL of methanol/chloroform (9:1, v:v)
Agitate in an orbital shaker for 30 min at 200 rpm and 37 ◦C
Sonicate in an ultrasonic bath for 30 min at 37 ◦C
Centrifuge for 5 min at 3000 rpm and RT, and collect supernatant
Repeat twice and combine supernatants into a single sample
Evaporate to dryness and dissolve in 1 mL methanol
Collect supernatant and filter through a 0.45µm PTFE syringe filter

Whole plant complexity, minor
cannabinoids of importance, and a
variable terpenoid profile may all
contribute to beneficial entourage effect
of hemp

1b

Hemp oils and liquid formulations:
Add 400 µL of isopropanol to a 2 mL Eppendorf tube
Add 10 µL of liquid sample and completely dissolve
Vortex the sample for 30 sec at RT
Add 400 µL of methanol to the mixture
Vortex the sample for 30 sec at RT
Filter through a 0.45µm PTFE syringe filter

Hemp oil density is 0.92 (used as a
conversion factor to calculate volume to
weight ratio)

1c

Biological fluids (urine or plasma):
Add 1 mL urine (3 mL plasma) and 20 µL of DDT to a 20 mL glass vial
Add 3 mL of 100 mM sodium acetate buffer (pH 4.8) and mix briefly
Add 375 µL of β-glucuronidase in acetate buffer
Vortex briefly and incubate at 37 ◦C for 16 h
Add 15 mL of ice cold 1% formic acid in acetonitrile
Vortex briefly and sonicate in an ultrasonic bath for 3 min at RT
Centrifuge for 5 min at 10,000 rpm and RT, and collect supernatant
Add 15 mL methanol to the pellet and vortex briefly
Repeat once and combine supernatants into a single sample
Evaporate to dryness and dissolve in 200 µL methanol

4,4- Dichlorodiphenyltrichloro ethane
(DDT, 50 µg/mL) is used as an internal
analytical standard;
β-glucuronidase (Abalone)

2 Standard curves over a linear dynamic range of 0.5–100 µg/mL (ppm) Shimadzu #220-91239-21

3

Instrument: Shimadzu Prominence LC-2030C UV
Column: Restek Ultra C18 (250 mm × 4.6 mm, 5 µm dp)
Guard column: Restek Ultra C18 Guard (10 mm × 2.1 mm, 5 µm dp)
Mobile-phase A: 0.1% formic acid in water
Mobile-phase B: 100% acetonitrile
Flow rate: 1 mL/min; Column temperature: 30 ◦C
Injection volume: 20 µL; Detection: 220 nm

Cannabinoid totals are calculated as the
sum of the neutral form and the acid
form multiplied by the conversion factors
(0.877 for THCA and CBDA; 0.878
for CBGA)

∆9-THC affinity for both CB1 and CB2 exceeds that of other cannabinoids in the ap-
proximate potency order of ∆9-THC (4–40 nM) > ∆8-THC (35–40 nM) > THCV
(60–125 nM) > CBN (100–1130 nM) > CBG (330–440 nM) > CBD (2860–4900 nM) [71].
Both ∆8-THC and CBN are degradation products of ∆9-THC found predominantly in
heated, dried, and aged plant tissues, and act as antagonists of CB1/2 receptors at low
doses and as agonists at high doses, possibly through competitive inhibition of endo-
cannabinoid signaling or activity via an unrelated target [72]. Tetrahydrocannabivarin
(THCV), a metabolic product of divarinolic rather than olivetolic acid, also antagonizes
CB1R and acts as a partial agonist of CB2R. Together, these cannabinoids seem to act
similar to Rimonabant in improving metabolic and glycemic control outcomes with greatly
reduced psychotropic effects [73].

Cannabigerol (CBG), cannabichromene (CBC), and CBD is a group of non-psychotropic
cannabinoids derived from the cannabinogerolic acid that show very low affinity for
CB1/2 receptors, including a weak negative allosteric modulation of CB1 by CBD [74].
These cannabinoids modulate endocannabinoid tone indirectly by inhibiting anandamide
uptake and reducing anandamide hydrolysis by fatty acid amide hydrolase (FAAH) and
monoacylglycerol lipase (MAGL) [75].
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Additionally, CBC shows potent agonist action at the TRPA1 channel [76], while
CBD carries potent anti-inflammatory and immunosuppressive properties by activating
adenosine A2A receptors [77] and attenuates anxiety, nausea, and depression by activa-
tion of 5HT1A receptors [78]. The vast variety of pharmacological effects associated with
cannabinoids can therefore be partially explained by multiple interactions among different
cannabinoids and their relative amounts found in cannabis interventions. The proportion
of each cannabinoid class in the plant is strongly affected by growing conditions, geo-
graphical location, plant processing methods, and plant variety or chemotype. While the
complexity of the described pharmacological interactions requires a widespread routine
implementation of quality control and cannabinoid profile testing of hemp products, it also
highlights the potential for the development of personalized interventions that modulate
endocannabinoid tone and pathophysiological mechanisms of the ECS system.

6. Phytochemical Complexity of Hemp Oils

In 2017, the U.S. imported $67 million worth of hemp seed and fiber products, while
the CBD market alone was worth $200 million, prompting nearly 60% of Kentucky hemp
farmers to grow high CBD hemp varieties in 2018 [79]. Most farmers grow dioecious (sepa-
rate male and female plants) high CBD hemp cultivars, and those plants show significant
differences in cannabinoid profiles dependent on the target hemp tissue. Hemp accumu-
lates cannabinoids primarily in the epidermal glandular trichomes in their native acid
forms that decarboxylate to the respective neutral forms during storing and heat processing.
Cannabinoids are present in decreasing amounts in flower bracts > flowers (female > male)
> leaves (young > old) > stalks and branches > roots > seeds (hempseed oil) [80].

Overall, the hemp plant produces in excess of 140 cannabinoids that determine its
potency and over 100 terpenes that define its distinctive flavor and aroma [81]. A typical
high-resolution high-performance liquid chromatography (HPLC) analytical method with
UV detection is capable of a full baseline resolution of 11 major cannabinoids including
their native (acid) and neutral (decarboxylated) forms (Figure 2b). The HPLC analysis
avoids conducting a previous decarboxylation of the samples and results in comprehen-
sive identification and quantification of cannabinoids in their natural states. Quantitative
determination of exact cannabinoid composition of hemp test samples and its derivatives,
including extracts and oils, is critical because both cannabis type (variety, age, or target
plant tissue such as flower buds, leaves, stems or roots) and agricultural practices (plant-
ing density, fertilization, light, humidity, harvest, and storage) dramatically influence the
cannabinoid profile [82]. This inherent complexity of the cannabis phytochemical profile
also allows for selective breeding strategies and blend reformulations towards the devel-
opment of personalized interventions in response to individual patient outcomes. The
modified analytical workflow for HPLC-UV quantitative determination of cannabinoids in
cannabis tissues, oils [83], and biological samples are shown in Table 1.

Unique cannabinoid profiles of hemp crops sourced from different locations may
determine their precise therapeutic and adverse side effects, further complicated by interac-
tions between cannabinoids and terpenoids within the whole plant or full-spectrum hemp
products responsible for the entourage effects [66]. Recent investigations summarized
modulatory and therapeutic contributions of the cannabis terpenes [84] and flavonoids [85]
to the entourage far beyond expectations considering their modest concentrations in the
plant [86]. Notably, diverse compositional profiles of “full spectrum” (<0.3% THC) hemp
oils that incorporate omega-3 PUFAs, cannabinoids, terpenes, and flavonoids in various
ratios, are theorized to synergize through their biological activity, and the ECS system
remains a primary target for such interactions [87]. Further industrial manipulations of
crude hemp oils focus on selective elimination of THC below the detection limit (broad-
spectrum oils), CBD distillates (refined to contain approx. 80% CBD with traces of other
hemp phytoactives), and CBD isolates (crystallized CBD dissolved in hemp seed oil or
another suitable oil carrier at approx. 99% CBD). Variations in the individual ECS tone
and delivery formats (oral softgels, sublingual tinctures, or liposomal formulations) war-
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rant further clinical research to substantiate the potential health promoting properties of
different preparations.

7. ECS and the Oxidative Stress: Role of Dietary Antioxidants

The ECS tone is also critically associated with other systemic function of the body
including inflammation and oxidative stress. Favorable redox and systemic homeostasis
can be further promoted by incorporating bioactive botanicals that stimulate endogenous
antioxidant networks signaling in an integrated fashion when the cannabinoids and ter-
penoids are delivered in appropriate quantities and ratios. Further, clinical evidence linking
phytocannabinoids, endocannabinoids, and ECS suggests their unique potential role in
the management of immune response and metabolic health outcomes for a well-balanced
systemic function of the body [88].

Cellular defense mechanisms against oxidative, inflammatory, and toxic biochemical
and environmental challenges constitute an important preservation mechanism to maintain
optimal cellular structure and metabolism. The ability of the body to detoxify free radicals
from an imbalanced physiological manifestation of ROS and reactive nitrogen species
(RNS) may lead to a state of oxidative stress. The cellular redox homeostasis is challenged
due to the formation of ROS and the prolonged oxidative stress is the underlying cause
for unresolved inflammation leading to the development of several chronic metabolic
conditions [89]. The uncontrolled ROS production and activity of the native antioxidant
enzymes superoxide dismutase, glutathione peroxidase, nitric oxide synthase and cata-
lase leads to increased peroxidation of polyunsaturated fatty acids, DNA oxidation, and
cell death [90], therefore, the balanced redox system is critical in preserving the healthy
metabolic conditions. Phytocannabinoids, including CBD, decreased the neuronal damage
associate with β-amyloid accumulation and NADPH oxidase activity in SH-SY5Y neu-
roblastoma and BV-2 microglia cells, thus ameliorating oxidative stress [91]. Endogenous
endocannabinoids like anandamide were also reported to attenuate inflammation and
neurotoxicity in response to oxidative stress in PC12 cells [92], suggesting a significant
cross-talk between the ECS and ROS signaling systems. Additionally, a 1:1 mixture of CBD
and THC increased the ratio of reduced/oxidized glutathione and promoted autophagy
in the brain of the tauopathic mice [93]. Further evidence to support this conclusion was
obtained in a preclinical model of hepatic injury, where MAGL inhibition led to increased
ECS tone and decreased oxidative stress and associated inflammation [35], while the mod-
ulation of distinct cannabinoid receptors promoted different cellular redox outcomes, with
CB2 showing a protective response against ROS in isolated human macrophages [94]. In
turn, activation of NADPH oxidase led to the upregulation of cannabinoid receptor expres-
sion in a feedback signaling loop to ameliorate oxidative damage in Schistosoma-infected
mice [95]. CB2R receptor activation was also shown to activate Nrf-2 and induce heme
oxygenase-1, a key cellular antioxidant in a mouse myocardial infarction model [96]. While
∆9-THC is typically oxidated one order of magnitude faster than other non-psychotropic
cannabinoids, both CBD and CBG were shown to maintain redox stability and offer good
UVA and UVB photoprotective properties [97].

Lipid peroxidation is a key feature of oxidative stress and associated pathogenesis
of chronic metabolic and inflammatory diseases, in part by increased production of reac-
tive aldehydes from the omega-6 and omega-3 PUFAs. The Nrf2 oxidation pathway is
tightly connected to lipid peroxidation and the regulation of mitochondrial metabolism
and function [98]. Additional dietary Nrf2 activators such as glucosinolates found in
cruciferous vegetables may potentiate induction of genes that regulate defenses against
oxidative stress, inflammation, and DNA-damaging electrophiles when consumed as a part
of the healthy diet or dietary intervention strategy. Studies have shown that many isothio-
cyanates, particularly sulforaphane, increased expression of antioxidant enzymes via the
activation of Nrf-2 dependent pathway [99]. The biological actions of glucosinolate-derived
isothiocyanates (ITCs) with active myrosinase component enhanced the bioavailability of
ITCs thereby enhancing Nfr2 activation and promoting cellular antioxidant capacity [100].
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8. Other Dietary Interventions That Target ECS

Additional nutritional and dietary supplementation options to modulate ECS signal-
ing and improve overall systemic health outcomes have been described in the literature.
Over 20 different alkylamides with a variable degree of unsaturation of the aliphatic chains
were found predominantly in the roots of Echinacea angustifolia DC. and E. purpurea (L.)
Moench [101]. Of those, A1 alkylamide showed the highest selective partial agonist affinity
for CB2R with Ki value of 60 nM [102]. A series of related N-alkylamides from oxeye daisy
(Heliopsis helianthoides (L.) Sweet) and macamides from maca (Lepidium meyenii Walp.) with
selective CB1 receptor activity (Ki of 400 nM) [103]. A sesquiterpene component of many
essential oils, β-caryophyllene showed selective full agonist affinity for CB2R with Ki value
of 150 nM [104]. Among 6 kavalactones naturally present in the roots of kava shrub (Piper
methysticum G. Forst.), yangonin showed selective agonist activity against CB1R with Ki
value of 720 nM [105]. On the other hand, falcarinol, a polyene fatty alcohol natural present
in carrot root and seed oil (Daucus carota L.) provides a unique opportunity to downregulate
CB1R signaling by serving as selective non-reversive agonist of this receptor with Ki value
of 600 nM [106].

The selective affinity of dietary food components towards either CB1R or CB2R
receptors suggests that dietary and supplementary interventions could be developed
to support and contribute to the complex human pharmacology of the ECS system in
addition to classic hemp cannabinoids and endocannabinoids of the human body. Food
components could exert cannabinomimetic effects at the level of the endocannabinoid
degrading enzymes FAAH and MAGL by directly inhibiting their activity and therefore
increasing the systemic endocannabinoid tone. For example, non-endocannabinoid N-
acylethanolamines found in many plants were found inactive for cannabinoid receptors,
but nevertheless effective as restorative modulating lipid precursors that modify chronic
inflammation in various infective, metabolic, and autoimmune states [107]. Functional
interactions between the endocannabinoid system and essential ion micronutrient ions
such as zinc and magnesium may be additive as it was shown in the animal models of
depression [108].

Targeting stress responses and adaptation to internal and external stimuli are multistep
processes that involve multiple molecular-cellular network at different levels. Collectively,
the metabolic regulation by botanical interventions at the cellular and systemic levels are
likely to be associated with a multitude of targets and physiological responses. Therefore,
to achieve a desired biological outcome these phytoactive components can be preferably as-
sembled and function collectively in the form of dietary matrix with multitargeting effects.

9. Conclusions

Dietary PUFAs are major sources for the biosynthesis of endocannabinoids, both by
contribution of omega-6 fatty acids to the arachidonic biosynthesis pathway and mod-
ulation of the ECS tone by dietary omega-3 EPA and DHA esterified to phospholipids.
Understanding this intricate balance could hold potential to reduce over activation of cen-
tral and circulating endocannabinoids observed in subjects with metabolic disorders [109],
as well as modifying the onset and progression of many chronic metabolic and immune
disorders associated with elevated inflammation and oxidative stress. The role of multi-
ple cannabinoids in the integrated and often opposing control of these outcomes may be
considered direct evidence in favor of developing novel strategies that deliver appropriate
quantities and ratios of different metabolites found in full-spectrum hemp oils and provide
a more discriminating means of eliciting a balanced and personalized response. While no
single bioactive principle may balance these complex health outcomes, novel intervention
strategies and selected nutrient supplementation regimes that specifically target the ECS,
and metabolic health outcomes could support key mediators and inflammatory resolution
pathways critical in maintaining a well-balanced systemic function of the body.
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Abbreviations

2-AG 2-arachidonoylglycerol
AEA N-arachidonoylethanolamine
ALA α-linolenic acid
CBD cannabidiol
CB cannabinoid receptor
COX cyclooxygenase
DHA docosahexaenoic acid 22:6(n-3)
ECS endocannabinoid system
EPA eicosapentaenoic acid 20:5(n-3)
FA fatty acid
FAAH fatty acid amide hydrolase
HPLC high-performance liquid chromatography
IL interleukin
LOX lipoxygenase
MAGL monoacylglycerol lipase
NRF2 nuclear factor erythroid 2-related factor 2
PPAR peroxisome proliferator-activated receptor
PUFA polyunsaturated omega fatty acid
ROS reactive oxygen species
RNS reactive nitrogen species
THC tetrahydrocannabinol
TNF-α tumor necrosis factor-α
TRP transient receptor potential channel s (PPARs)
SPM specialized proresolving mediators

References
1. Gertsch, J. Cannabimimetic Phytochemicals in the Diet - an Evolutionary Link to Food Selection and Metabolic Stress Adaptation?

Br. J. Pharmacol. 2017, 174, 1464–1483. [CrossRef]
2. Di Marzo, V. “Endocannabinoids” and Other Fatty Acid Derivatives with Cannabimimetic Properties: Biochemistry and Possible

Physiopathological Relevance. Biochim. Biophys. Acta 1998, 1392, 153–175. [CrossRef]
3. Freitas, H.R.; Isaac, A.R.; Malcher-Lopes, R.; Diaz, B.L.; Trevenzoli, I.H.; De Melo Reis, R.A. Polyunsaturated Fatty Acids and

Endocannabinoids in Health and Disease. Nutr. Neurosci. 2018, 21, 695–714. [CrossRef] [PubMed]
4. Chen, C.-A.; Wang, T.-Y.; Varadharaj, S.; Reyes, L.A.; Hemann, C.; Talukder, M.A.H.; Chen, Y.-R.; Druhan, L.J.; Zweier, J.L.

S-Glutathionylation Uncouples ENOS and Regulates Its Cellular and Vascular Function. Nature 2010, 468, 1115–1118. [CrossRef]
5. Han, Z.; Varadharaj, S.; Giedt, R.J.; Zweier, J.L.; Szeto, H.H.; Alevriadou, B.R. Mitochondria-Derived Reactive Oxygen Species

Mediate Heme Oxygenase-1 Expression in Sheared Endothelial Cells. J. Pharmacol. Exp. Ther. 2009, 329, 94–101. [CrossRef]
[PubMed]

6. Rajasekaran, N.S.; Varadharaj, S.; Khanderao, G.D.; Davidson, C.J.; Kannan, S.; Firpo, M.A.; Zweier, J.L.; Benjamin, I.J. Sustained
Activation of Nuclear Erythroid 2-Related Factor 2/Antioxidant Response Element Signaling Promotes Reductive Stress in the
Human Mutant Protein Aggregation Cardiomyopathy in Mice. Antioxid. Redox Signal. 2011, 14, 957–971. [CrossRef] [PubMed]

7. Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef] [PubMed]

http://doi.org/10.1111/bph.13676
http://doi.org/10.1016/S0005-2760(98)00042-3
http://doi.org/10.1080/1028415X.2017.1347373
http://www.ncbi.nlm.nih.gov/pubmed/28686542
http://doi.org/10.1038/nature09599
http://doi.org/10.1124/jpet.108.145557
http://www.ncbi.nlm.nih.gov/pubmed/19131585
http://doi.org/10.1089/ars.2010.3587
http://www.ncbi.nlm.nih.gov/pubmed/21126175
http://doi.org/10.1146/annurev-biochem-061516-045037
http://www.ncbi.nlm.nih.gov/pubmed/28441057


Int. J. Mol. Sci. 2021, 22, 5479 13 of 16

8. Ander, B.P.; Dupasquier, C.M.; Prociuk, M.A.; Pierce, G.N. Polyunsaturated Fatty Acids and Their Effects on Cardiovascular
Disease. Exp. Clin. Cardiol. 2003, 8, 164–172.

9. Burdge, G.C.; Calder, P.C. Conversion of Alpha-Linolenic Acid to Longer-Chain Polyunsaturated Fatty Acids in Human Adults.
Reprod. Nutr. Dev. 2005, 45, 581–597. [CrossRef] [PubMed]

10. Bisogno, T.; Maccarrone, M. Endocannabinoid Signaling and Its Regulation by Nutrients. Biofactors 2014, 40, 373–380. [CrossRef]
11. Alhouayek, M.; Muccioli, G.G. COX-2-Derived Endocannabinoid Metabolites as Novel Inflammatory Mediators. Trends Pharmacol.

Sci. 2014, 35, 284–292. [CrossRef] [PubMed]
12. Weylandt, K.H.; Chiu, C.-Y.; Gomolka, B.; Waechter, S.F.; Wiedenmann, B. Omega-3 Fatty Acids and Their Lipid Mediators:

Towards an Understanding of Resolvin and Protectin Formation. Prostaglandins Other Lipid Mediat. 2012, 97, 73–82. [CrossRef]
[PubMed]

13. Watson, J.E.; Kim, J.S.; Das, A. Emerging Class of Omega-3 Fatty Acid Endocannabinoids & Their Derivatives. Prostaglandins
Other Lipid Mediat. 2019, 143, 106337. [CrossRef] [PubMed]

14. Calder, P.C. Marine Omega-3 Fatty Acids and Inflammatory Processes: Effects, Mechanisms and Clinical Relevance. Biochim.
Biophys. Acta 2015, 1851, 469–484. [CrossRef] [PubMed]

15. Kwon, Y. Immuno-Resolving Ability of Resolvins, Protectins, and Maresins Derived from Omega-3 Fatty Acids in Metabolic
Syndrome. Mol. Nutr. Food Res. 2020, 64, 1900824. [CrossRef]

16. Iannotti, F.A.; Di Marzo, V.; Petrosino, S. Endocannabinoids and Endocannabinoid-Related Mediators: Targets, Metabolism and
Role in Neurological Disorders. Prog. Lipid Res. 2016, 62, 107–128. [CrossRef]

17. Elphick, M.R. The Evolution and Comparative Neurobiology of Endocannabinoid Signalling. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 2012, 367, 3201–3215. [CrossRef]

18. Mechoulam, R.; Hanuš, L.O.; Pertwee, R.; Howlett, A.C. Early Phytocannabinoid Chemistry to Endocannabinoids and Beyond.
Nat. Rev. Neurosci. 2014, 15, 757–764. [CrossRef]

19. Pertwee, R.G.; Ross, R.A. Cannabinoid Receptors and Their Ligands. Prostaglandins Leukot. Essent. Fatty Acids 2002, 66, 101–121.
[CrossRef]

20. Ross, R.A. Anandamide and Vanilloid TRPV1 Receptors. Br. J. Pharmacol. 2003, 140, 790–801. [CrossRef] [PubMed]
21. Alexander, S.P.H.; Benson, H.E.; Faccenda, E.; Pawson, A.J.; Sharman, J.L.; Spedding, M.; Peters, J.A.; Harmar, A.J.; CGTP

Collaborators. The Concise Guide to PHARMACOLOGY 2013/14: G Protein-Coupled Receptors. Br. J. Pharmacol. 2013, 170,
1459–1581. [CrossRef]

22. Mackie, K. Cannabinoid Receptors: Where They Are and What They Do. J. Neuroendocrinol. 2008, 20 (Suppl. 1), 10–14. [CrossRef]
23. Járai, Z.; Wagner, J.A.; Varga, K.; Lake, K.D.; Compton, D.R.; Martin, B.R.; Zimmer, A.M.; Bonner, T.I.; Buckley, N.E.; Mezey, E.;

et al. Cannabinoid-Induced Mesenteric Vasodilation through an Endothelial Site Distinct from CB1 or CB2 Receptors. Proc. Natl.
Acad. Sci. USA 1999, 96, 14136–14141. [CrossRef] [PubMed]

24. Pacher, P.; Bátkai, S.; Kunos, G. The Endocannabinoid System as an Emerging Target of Pharmacotherapy. Pharmacol. Rev. 2006,
58, 389–462. [CrossRef] [PubMed]

25. Hohmann, A.G.; Suplita, R.L. Endocannabinoid Mechanisms of Pain Modulation. AAPS J. 2006, 8, E693–E708. [CrossRef]
26. Malan, T.P.; Ibrahim, M.M.; Vanderah, T.W.; Makriyannis, A.; Porreca, F. Inhibition of Pain Responses by Activation of CB2

Cannabinoid Receptors. Chem. Phys. Lipids 2002, 121, 191–200. [CrossRef]
27. Klein, T.W.; Newton, C.; Larsen, K.; Lu, L.; Perkins, I.; Nong, L.; Friedman, H. The Cannabinoid System and Immune Modulation.

J. Leukoc. Biol. 2003, 74, 486–496. [CrossRef] [PubMed]
28. Pacher, P.; Mechoulam, R. Is Lipid Signaling through Cannabinoid 2 Receptors Part of a Protective System? Prog. Lipid Res. 2011,

50, 193–211. [CrossRef] [PubMed]
29. Pacher, P.; Kunos, G. Modulating the Endocannabinoid System in Human Health and Disease: Successes and Failures. FEBS J.

2013, 280, 1918–1943. [CrossRef]
30. Busquets-Garcia, A.; Bains, J.; Marsicano, G. CB1 Receptor Signaling in the Brain: Extracting Specificity from Ubiquity. Neuropsy-

chopharmacology 2018, 43, 4–20. [CrossRef]
31. Liu, Q.-R.; Canseco-Alba, A.; Zhang, H.-Y.; Tagliaferro, P.; Chung, M.; Dennis, E.; Sanabria, B.; Schanz, N.; Escosteguy-Neto,

J.C.; Ishiguro, H.; et al. Cannabinoid Type 2 Receptors in Dopamine Neurons Inhibits Psychomotor Behaviors, Alters Anxiety,
Depression and Alcohol Preference. Sci. Rep. 2017, 7, 17410. [CrossRef]

32. Navarrete, F.; García-Gutiérrez, M.S.; Jurado-Barba, R.; Rubio, G.; Gasparyan, A.; Austrich-Olivares, A.; Manzanares, J. Endo-
cannabinoid System Components as Potential Biomarkers in Psychiatry. Front. Psychiatry 2020, 11. [CrossRef] [PubMed]

33. Roques, B.P.; Fournié-Zaluski, M.-C.; Wurm, M. Inhibiting the Breakdown of Endogenous Opioids and Cannabinoids to Alleviate
Pain. Nat. Rev. Drug Discov. 2012, 11, 292–310. [CrossRef] [PubMed]

34. Godlewski, G.; Alapafuja, S.O.; Bátkai, S.; Nikas, S.P.; Cinar, R.; Offertáler, L.; Osei-Hyiaman, D.; Liu, J.; Mukhopadhyay, B.;
Harvey-White, J.; et al. Inhibitor of Fatty Acid Amide Hydrolase Normalizes Cardiovascular Function in Hypertension without
Adverse Metabolic Effects. Chem. Biol. 2010, 17, 1256–1266. [CrossRef] [PubMed]

35. Cao, Z.; Mulvihill, M.M.; Mukhopadhyay, P.; Xu, H.; Erdélyi, K.; Hao, E.; Holovac, E.; Haskó, G.; Cravatt, B.F.; Nomura, D.K.;
et al. Monoacylglycerol Lipase Controls Endocannabinoid and Eicosanoid Signaling and Hepatic Injury in Mice. Gastroenterology
2013, 144, 808–817.e15. [CrossRef]

http://doi.org/10.1051/rnd:2005047
http://www.ncbi.nlm.nih.gov/pubmed/16188209
http://doi.org/10.1002/biof.1167
http://doi.org/10.1016/j.tips.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24684963
http://doi.org/10.1016/j.prostaglandins.2012.01.005
http://www.ncbi.nlm.nih.gov/pubmed/22326554
http://doi.org/10.1016/j.prostaglandins.2019.106337
http://www.ncbi.nlm.nih.gov/pubmed/31085370
http://doi.org/10.1016/j.bbalip.2014.08.010
http://www.ncbi.nlm.nih.gov/pubmed/25149823
http://doi.org/10.1002/mnfr.201900824
http://doi.org/10.1016/j.plipres.2016.02.002
http://doi.org/10.1098/rstb.2011.0394
http://doi.org/10.1038/nrn3811
http://doi.org/10.1054/plef.2001.0341
http://doi.org/10.1038/sj.bjp.0705467
http://www.ncbi.nlm.nih.gov/pubmed/14517174
http://doi.org/10.1111/bph.12445
http://doi.org/10.1111/j.1365-2826.2008.01671.x
http://doi.org/10.1073/pnas.96.24.14136
http://www.ncbi.nlm.nih.gov/pubmed/10570211
http://doi.org/10.1124/pr.58.3.2
http://www.ncbi.nlm.nih.gov/pubmed/16968947
http://doi.org/10.1208/aapsj080479
http://doi.org/10.1016/S0009-3084(02)00155-X
http://doi.org/10.1189/jlb.0303101
http://www.ncbi.nlm.nih.gov/pubmed/12960289
http://doi.org/10.1016/j.plipres.2011.01.001
http://www.ncbi.nlm.nih.gov/pubmed/21295074
http://doi.org/10.1111/febs.12260
http://doi.org/10.1038/npp.2017.206
http://doi.org/10.1038/s41598-017-17796-y
http://doi.org/10.3389/fpsyt.2020.00315
http://www.ncbi.nlm.nih.gov/pubmed/32395111
http://doi.org/10.1038/nrd3673
http://www.ncbi.nlm.nih.gov/pubmed/22460123
http://doi.org/10.1016/j.chembiol.2010.08.013
http://www.ncbi.nlm.nih.gov/pubmed/21095576
http://doi.org/10.1053/j.gastro.2012.12.028


Int. J. Mol. Sci. 2021, 22, 5479 14 of 16

36. Huggins, J.P.; Smart, T.S.; Langman, S.; Taylor, L.; Young, T. An Efficient Randomised, Placebo-Controlled Clinical Trial with
the Irreversible Fatty Acid Amide Hydrolase-1 Inhibitor PF-04457845, Which Modulates Endocannabinoids but Fails to Induce
Effective Analgesia in Patients with Pain Due to Osteoarthritis of the Knee. Pain 2012, 153, 1837–1846. [CrossRef]

37. Nomura, D.K.; Morrison, B.E.; Blankman, J.L.; Long, J.Z.; Kinsey, S.G.; Marcondes, M.C.G.; Ward, A.M.; Hahn, Y.K.; Lichtman,
A.H.; Conti, B.; et al. Endocannabinoid Hydrolysis Generates Brain Prostaglandins That Promote Neuroinflammation. Science
2011, 334, 809–813. [CrossRef]

38. Rouzer, C.A.; Marnett, L.J. Endocannabinoid Oxygenation by Cyclooxygenases, Lipoxygenases, and Cytochromes P450: Cross-
Talk between the Eicosanoid and Endocannabinoid Signaling Pathways. Chem. Rev. 2011, 111, 5899–5921. [CrossRef]

39. Forsell, P.K.A.; Brunnström, A.; Johannesson, M.; Claesson, H.-E. Metabolism of Anandamide into Eoxamides by 15-Lipoxygenase-
1 and Glutathione Transferases. Lipids 2012, 47, 781–791. [CrossRef]

40. Rock, K.L.; Kono, H. The Inflammatory Response to Cell Death. Annu. Rev. Pathol. 2008, 3, 99–126. [CrossRef] [PubMed]
41. Levy, B.D.; Clish, C.B.; Schmidt, B.; Gronert, K.; Serhan, C.N. Lipid Mediator Class Switching during Acute Inflammation: Signals

in Resolution. Nat. Immunol. 2001, 2, 612–619. [CrossRef] [PubMed]
42. Serhan, C.N. Novel Lipid Mediators and Resolution Mechanisms in Acute Inflammation: To Resolve or Not? Am. J. Pathol. 2010,

177, 1576–1591. [CrossRef] [PubMed]
43. Shinohara, M.; Mirakaj, V.; Serhan, C.N. Functional Metabolomics Reveals Novel Active Products in the DHA Metabolome. Front.

Immunol. 2012, 3, 81. [CrossRef]
44. DeLuca, P.; Rothman, D.; Zurier, R.B. Marine and Botanical Lipids as Immunomodulatory and Therapeutic Agents in the

Treatment of Rheumatoid Arthritis. Rheum. Dis. Clin. North Am. 1995, 21, 759–777. [PubMed]
45. Montserrat-de la Paz, S.; Marín-Aguilar, F.; García-Giménez, M.D.; Fernández-Arche, M.A. Hemp (Cannabis sativa L.) Seed

Oil: Analytical and Phytochemical Characterization of the Unsaponifiable Fraction. J. Agric. Food Chem. 2014, 62, 1105–1110.
[CrossRef] [PubMed]

46. Gabbs, M.; Leng, S.; Devassy, J.G.; Monirujjaman, M.; Aukema, H.M. Advances in Our Understanding of Oxylipins Derived from
Dietary PUFAs. Adv. Nutr. 2015, 6, 513–540. [CrossRef]

47. Salem, N.; Pawlosky, R.; Wegher, B.; Hibbeln, J. In Vivo Conversion of Linoleic Acid to Arachidonic Acid in Human Adults.
Prostaglandins Leukot. Essent. Fatty Acids 1999, 60, 407–410. [CrossRef]

48. Kris-Etherton, P.M.; Taylor, D.S.; Yu-Poth, S.; Huth, P.; Moriarty, K.; Fishell, V.; Hargrove, R.L.; Zhao, G.; Etherton, T.D.
Polyunsaturated Fatty Acids in the Food Chain in the United States. Am. J. Clin. Nutr. 2000, 71, 179S–188S. [CrossRef] [PubMed]

49. Blasbalg, T.L.; Hibbeln, J.R.; Ramsden, C.E.; Majchrzak, S.F.; Rawlings, R.R. Changes in Consumption of Omega-3 and Omega-6
Fatty Acids in the United States during the 20th Century. Am. J. Clin. Nutr. 2011, 93, 950–962. [CrossRef]

50. Bosma-den Boer, M.M.; van Wetten, M.-L.; Pruimboom, L. Chronic Inflammatory Diseases Are Stimulated by Current Lifestyle:
How Diet, Stress Levels and Medication Prevent Our Body from Recovering. Nutr. Metab. 2012, 9, 32. [CrossRef]

51. Giugliano, D.; Ceriello, A.; Esposito, K. The Effects of Diet on Inflammation: Emphasis on the Metabolic Syndrome. J. Am. Coll.
Cardiol. 2006. [CrossRef]

52. Fichna, J.; Bawa, M.; Thakur, G.A.; Tichkule, R.; Makriyannis, A.; McCafferty, D.-M.; Sharkey, K.A.; Storr, M. Cannabinoids
Alleviate Experimentally Induced Intestinal Inflammation by Acting at Central and Peripheral Receptors. PLoS ONE 2014, 9,
e109115. [CrossRef] [PubMed]

53. Gatta-Cherifi, B.; Cota, D. New Insights on the Role of the Endocannabinoid System in the Regulation of Energy Balance. Int. J.
Obes. 2016, 40, 210–219. [CrossRef]

54. Acharya, N.; Penukonda, S.; Shcheglova, T.; Hagymasi, A.T.; Basu, S.; Srivastava, P.K. Endocannabinoid System Acts as a
Regulator of Immune Homeostasis in the Gut. Proc. Natl. Acad. Sci. USA 2017, 114, 5005–5010. [CrossRef]

55. Horn, H.; Böhme, B.; Dietrich, L.; Koch, M. Endocannabinoids in Body Weight Control. Pharmaceuticals 2018, 11, 55. [CrossRef]
[PubMed]

56. Watkins, B.A.; Kim, J.; Kenny, A.; Pedersen, T.L.; Pappan, K.L.; Newman, J.W. Circulating Levels of Endocannabinoids and
Oxylipins Altered by Dietary Lipids in Older Women Are Likely Associated with Previously Identified Gene Targets. Biochim.
Biophys. Acta 2016, 1861, 1693–1704. [CrossRef] [PubMed]

57. Brash, A.R. Arachidonic Acid as a Bioactive Molecule. J. Clin. Invest. 2001, 107, 1339–1345. [CrossRef] [PubMed]
58. Sarzani, R.; Bordicchia, M.; Marcucci, P.; Bedetta, S.; Santini, S.; Giovagnoli, A.; Scappini, L.; Minardi, D.; Muzzonigro, G.;

Dessì-Fulgheri, P.; et al. Altered Pattern of Cannabinoid Type 1 Receptor Expression in Adipose Tissue of Dysmetabolic and
Overweight Patients. Metab. Clin. Exp. 2009, 58, 361–367. [CrossRef]

59. Gatta-Cherifi, B.; Matias, I.; Vallée, M.; Tabarin, A.; Marsicano, G.; Piazza, P.V.; Cota, D. Simultaneous Postprandial Deregulation
of the Orexigenic Endocannabinoid Anandamide and the Anorexigenic Peptide YY in Obesity. Int. J. Obes. 2012, 36, 880–885.
[CrossRef]

60. Balvers, M.G.J.; Verhoeckx, K.C.M.; Meijerink, J.; Bijlsma, S.; Rubingh, C.M.; Wortelboer, H.M.; Witkamp, R.F. Time-Dependent
Effect of in Vivo Inflammation on Eicosanoid and Endocannabinoid Levels in Plasma, Liver, Ileum and Adipose Tissue in
C57BL/6 Mice Fed a Fish-Oil Diet. Int. Immunopharmacol. 2012, 13, 204–214. [CrossRef]

61. Hutchins, H.L.; Li, Y.; Hannon, K.; Watkins, B.A. Eicosapentaenoic Acid Decreases Expression of Anandamide Synthesis Enzyme
and Cannabinoid Receptor 2 in Osteoblast-like Cells. J. Nutr. Biochem. 2011, 22, 195–200. [CrossRef] [PubMed]

http://doi.org/10.1016/j.pain.2012.04.020
http://doi.org/10.1126/science.1209200
http://doi.org/10.1021/cr2002799
http://doi.org/10.1007/s11745-012-3684-z
http://doi.org/10.1146/annurev.pathmechdis.3.121806.151456
http://www.ncbi.nlm.nih.gov/pubmed/18039143
http://doi.org/10.1038/89759
http://www.ncbi.nlm.nih.gov/pubmed/11429545
http://doi.org/10.2353/ajpath.2010.100322
http://www.ncbi.nlm.nih.gov/pubmed/20813960
http://doi.org/10.3389/fimmu.2012.00081
http://www.ncbi.nlm.nih.gov/pubmed/8619098
http://doi.org/10.1021/jf404278q
http://www.ncbi.nlm.nih.gov/pubmed/24422510
http://doi.org/10.3945/an.114.007732
http://doi.org/10.1016/S0952-3278(99)80021-0
http://doi.org/10.1093/ajcn/71.1.179S
http://www.ncbi.nlm.nih.gov/pubmed/10617969
http://doi.org/10.3945/ajcn.110.006643
http://doi.org/10.1186/1743-7075-9-32
http://doi.org/10.1016/j.jacc.2006.03.052
http://doi.org/10.1371/journal.pone.0109115
http://www.ncbi.nlm.nih.gov/pubmed/25275313
http://doi.org/10.1038/ijo.2015.179
http://doi.org/10.1073/pnas.1612177114
http://doi.org/10.3390/ph11020055
http://www.ncbi.nlm.nih.gov/pubmed/29849009
http://doi.org/10.1016/j.bbalip.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27452639
http://doi.org/10.1172/JCI13210
http://www.ncbi.nlm.nih.gov/pubmed/11390413
http://doi.org/10.1016/j.metabol.2008.10.009
http://doi.org/10.1038/ijo.2011.165
http://doi.org/10.1016/j.intimp.2012.03.022
http://doi.org/10.1016/j.jnutbio.2010.06.001
http://www.ncbi.nlm.nih.gov/pubmed/20951563


Int. J. Mol. Sci. 2021, 22, 5479 15 of 16

62. Gerriets, V.A.; Rathmell, J.C. Metabolic Pathways in T Cell Fate and Function. Trends Immunol. 2012, 33, 168–173. [CrossRef]
[PubMed]

63. Badal, S.; Smith, K.N.; Rajnarayanan, R. Analysis of Natural Product Regulation of Cannabinoid Receptors in the Treatment of
Human Disease. Pharmacol. Ther. 2017, 180, 24–48. [CrossRef] [PubMed]

64. Howlett, A.C.; Breivogel, C.S.; Childers, S.R.; Deadwyler, S.A.; Hampson, R.E.; Porrino, L.J. Cannabinoid Physiology and
Pharmacology: 30 Years of Progress. Neuropharmacology 2004, 47 (Suppl. 1), 345–358. [CrossRef]

65. Matsuda, L.A.; Lolait, S.J.; Brownstein, M.J.; Young, A.C.; Bonner, T.I. Structure of a Cannabinoid Receptor and Functional
Expression of the Cloned CDNA. Nature 1990, 346, 561–564. [CrossRef]

66. Russo, E.B. Taming THC: Potential Cannabis Synergy and Phytocannabinoid-Terpenoid Entourage Effects. Br. J. Pharmacol. 2011,
163, 1344–1364. [CrossRef]

67. Compton, D.R.; Rice, K.C.; De Costa, B.R.; Razdan, R.K.; Melvin, L.S.; Johnson, M.R.; Martin, B.R. Cannabinoid Structure-Activity
Relationships: Correlation of Receptor Binding and in Vivo Activities. J. Pharmacol. Exp. Ther. 1993, 265, 218–226. [PubMed]

68. Tramèr, M.R.; Carroll, D.; Campbell, F.A.; Reynolds, D.J.; Moore, R.A.; McQuay, H.J. Cannabinoids for Control of Chemotherapy
Induced Nausea and Vomiting: Quantitative Systematic Review. BMJ 2001, 323, 16–21. [CrossRef]

69. Aagaard, L.; Hallgreen, C.E.; Hansen, E.H. Serious Adverse Events Reported for Antiobesity Medicines: Postmarketing Experi-
ences from the EU Adverse Event Reporting System EudraVigilance. Int. J. Obes. 2016, 40, 1742–1747. [CrossRef] [PubMed]

70. Cocchetto, D.M.; Cook, L.F.; Cato, A.E. A Critical Review of the Safety and Antiemetic Efficacy of Delta-9-Tetrahydrocannabinol.
Drug Intell. Clin. Pharm. 1981, 15, 867–875. [CrossRef]

71. Pertwee, R.G. The Diverse CB1 and CB2 Receptor Pharmacology of Three Plant Cannabinoids: ∆9-Tetrahydrocannabinol,
Cannabidiol and ∆9-Tetrahydrocannabivarin. Br. J. Pharmacol. 2008, 153, 199–215. [CrossRef]

72. McPartland, J.M.; Duncan, M.; Di Marzo, V.; Pertwee, R.G. Are Cannabidiol and ∆(9) -Tetrahydrocannabivarin Negative
Modulators of the Endocannabinoid System? A Systematic Review. Br. J. Pharmacol. 2015, 172, 737–753. [CrossRef] [PubMed]

73. Jadoon, K.A.; Ratcliffe, S.H.; Barrett, D.A.; Thomas, E.L.; Stott, C.; Bell, J.D.; O’Sullivan, S.E.; Tan, G.D. Efficacy and Safety of
Cannabidiol and Tetrahydrocannabivarin on Glycemic and Lipid Parameters in Patients With Type 2 Diabetes: A Randomized,
Double-Blind, Placebo-Controlled, Parallel Group Pilot Study. Diabetes Care 2016, 39, 1777–1786. [CrossRef] [PubMed]

74. Laprairie, R.B.; Bagher, A.M.; Kelly, M.E.M.; Denovan-Wright, E.M. Cannabidiol Is a Negative Allosteric Modulator of the
Cannabinoid CB1 Receptor. Br. J. Pharmacol. 2015, 172, 4790–4805. [CrossRef] [PubMed]

75. Elmes, M.W.; Kaczocha, M.; Berger, W.T.; Leung, K.; Ralph, B.P.; Wang, L.; Sweeney, J.M.; Miyauchi, J.T.; Tsirka, S.E.; Ojima, I.;
et al. Fatty Acid-Binding Proteins (FABPs) Are Intracellular Carriers for ∆9-Tetrahydrocannabinol (THC) and Cannabidiol (CBD).
J. Biol. Chem. 2015, 290, 8711–8721. [CrossRef] [PubMed]

76. De Petrocellis, L.; Ligresti, A.; Moriello, A.S.; Allarà, M.; Bisogno, T.; Petrosino, S.; Stott, C.G.; Di Marzo, V. Effects of Cannabinoids
and Cannabinoid-Enriched Cannabis Extracts on TRP Channels and Endocannabinoid Metabolic Enzymes. Br. J. Pharmacol. 2011,
163, 1479–1494. [CrossRef]

77. Carrier, E.J.; Auchampach, J.A.; Hillard, C.J. Inhibition of an Equilibrative Nucleoside Transporter by Cannabidiol: A Mechanism
of Cannabinoid Immunosuppression. Proc. Natl. Acad. Sci. USA 2006, 103, 7895–7900. [CrossRef]

78. Resstel, L.B.; Tavares, R.F.; Lisboa, S.F.; Joca, S.R.; Corrêa, F.M.; Guimarães, F.S. 5-HT1A Receptors Are Involved in the Cannabidiol-
Induced Attenuation of Behavioural and Cardiovascular Responses to Acute Restraint Stress in Rats. Br. J. Pharmacol. 2009, 156,
181–188. [CrossRef]

79. Nemo, L. The Race to Relearn Hemp Farming. Available online: https://www.scientificamerican.com/article/the-race-to-
relearn-hemp-farming/ (accessed on 11 January 2021).

80. Pate, D.W. Chemical Ecology of Cannabis. J. Int. Hemp Assoc. 1994, 2, 32–37.
81. Hanuš, L.O.; Meyer, S.M.; Muñoz, E.; Taglialatela-Scafati, O.; Appendino, G. Phytocannabinoids: A Unified Critical Inventory.

Nat. Prod. Rep. 2016, 33, 1357–1392. [CrossRef]
82. Potter, D.J. A Review of the Cultivation and Processing of Cannabis (Cannabis sativa L.) for Production of Prescription Medicines

in the UK. Drug Test. Anal. 2014, 6, 31–38. [CrossRef] [PubMed]
83. Young, C.; Clifford, B. The Quantitative Determination of Phytocannabinoids in Hemp Oils Using HPLC with UV Detection.

Cannabis Sci. Technol. 2018, 1, 38–43.
84. Sommano, S.R.; Chittasupho, C.; Ruksiriwanich, W.; Jantrawut, P. The Cannabis Terpenes. Molecules 2020, 25, 5792. [CrossRef]

[PubMed]
85. Bautista, J.L.; Yu, S.; Tian, L. Flavonoids in Cannabis sativa: Biosynthesis, Bioactivities, and Biotechnology. ACS Omega 2021, 6,

5119–5123. [CrossRef] [PubMed]
86. Russo, E.B.; Marcu, J. Cannabis Pharmacology: The Usual Suspects and a Few Promising Leads. Adv. Pharmacol. 2017, 80, 67–134.

[CrossRef]
87. VanDolah, H.J.; Bauer, B.A.; Mauck, K.F. Clinicians’ Guide to Cannabidiol and Hemp Oils. Mayo Clin. Proc. 2019, 94, 1840–1851.

[CrossRef]
88. Lattanzi, S.; Brigo, F.; Trinka, E.; Zaccara, G.; Cagnetti, C.; Del Giovane, C.; Silvestrini, M. Efficacy and Safety of Cannabidiol in

Epilepsy: A Systematic Review and Meta-Analysis. Drugs 2018, 78, 1791–1804. [CrossRef]
89. Varadharaj, S.; Kelly, O.J.; Khayat, R.N.; Kumar, P.S.; Ahmed, N.; Zweier, J.L. Role of Dietary Antioxidants in the Preservation of

Vascular Function and the Modulation of Health and Disease. Front. Cardiovasc. Med. 2017, 4, 64. [CrossRef]

http://doi.org/10.1016/j.it.2012.01.010
http://www.ncbi.nlm.nih.gov/pubmed/22342741
http://doi.org/10.1016/j.pharmthera.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28583800
http://doi.org/10.1016/j.neuropharm.2004.07.030
http://doi.org/10.1038/346561a0
http://doi.org/10.1111/j.1476-5381.2011.01238.x
http://www.ncbi.nlm.nih.gov/pubmed/8474008
http://doi.org/10.1136/bmj.323.7303.16
http://doi.org/10.1038/ijo.2016.135
http://www.ncbi.nlm.nih.gov/pubmed/27478924
http://doi.org/10.1177/106002808101501104
http://doi.org/10.1038/sj.bjp.0707442
http://doi.org/10.1111/bph.12944
http://www.ncbi.nlm.nih.gov/pubmed/25257544
http://doi.org/10.2337/dc16-0650
http://www.ncbi.nlm.nih.gov/pubmed/27573936
http://doi.org/10.1111/bph.13250
http://www.ncbi.nlm.nih.gov/pubmed/26218440
http://doi.org/10.1074/jbc.M114.618447
http://www.ncbi.nlm.nih.gov/pubmed/25666611
http://doi.org/10.1111/j.1476-5381.2010.01166.x
http://doi.org/10.1073/pnas.0511232103
http://doi.org/10.1111/j.1476-5381.2008.00046.x
https://www.scientificamerican.com/article/the-race-to-relearn-hemp-farming/
https://www.scientificamerican.com/article/the-race-to-relearn-hemp-farming/
http://doi.org/10.1039/C6NP00074F
http://doi.org/10.1002/dta.1531
http://www.ncbi.nlm.nih.gov/pubmed/24115748
http://doi.org/10.3390/molecules25245792
http://www.ncbi.nlm.nih.gov/pubmed/33302574
http://doi.org/10.1021/acsomega.1c00318
http://www.ncbi.nlm.nih.gov/pubmed/33681553
http://doi.org/10.1016/bs.apha.2017.03.004
http://doi.org/10.1016/j.mayocp.2019.01.003
http://doi.org/10.1007/s40265-018-0992-5
http://doi.org/10.3389/fcvm.2017.00064


Int. J. Mol. Sci. 2021, 22, 5479 16 of 16

90. Pisoschi, A.M.; Pop, A. The Role of Antioxidants in the Chemistry of Oxidative Stress: A Review. Eur. J. Med. Chem. 2015, 97,
55–74. [CrossRef] [PubMed]

91. Janefjord, E.; Mååg, J.L.V.; Harvey, B.S.; Smid, S.D. Cannabinoid Effects on β Amyloid Fibril and Aggregate Formation, Neuronal
and Microglial-Activated Neurotoxicity in Vitro. Cell. Mol. Neurobiol. 2014, 34, 31–42. [CrossRef] [PubMed]

92. Mnich, K.; Finn, D.P.; Dowd, E.; Gorman, A.M. Inhibition by Anandamide of 6-Hydroxydopamine-Induced Cell Death in PC12
Cells. Int. J. Cell Biol. 2010, 2010, 818497. [CrossRef] [PubMed]

93. Casarejos, M.J.; Perucho, J.; Gomez, A.; Muñoz, M.P.; Fernandez-Estevez, M.; Sagredo, O.; Fernandez Ruiz, J.; Guzman, M.; de
Yebenes, J.G.; Mena, M.A. Natural Cannabinoids Improve Dopamine Neurotransmission and Tau and Amyloid Pathology in a
Mouse Model of Tauopathy. J. Alzheimers Dis. 2013, 35, 525–539. [CrossRef]

94. Han, K.H.; Lim, S.; Ryu, J.; Lee, C.-W.; Kim, Y.; Kang, J.-H.; Kang, S.-S.; Ahn, Y.K.; Park, C.-S.; Kim, J.J. CB1 and CB2 Cannabinoid
Receptors Differentially Regulate the Production of Reactive Oxygen Species by Macrophages. Cardiovasc. Res. 2009, 84, 378–386.
[CrossRef]

95. Wang, M.; Abais, J.M.; Meng, N.; Zhang, Y.; Ritter, J.K.; Li, P.-L.; Tang, W.-X. Upregulation of Cannabinoid Receptor-1 and Fibrotic
Activation of Mouse Hepatic Stellate Cells during Schistosoma J. Infection: Role of NADPH Oxidase. Free Radic. Biol. Med. 2014,
71, 109–120. [CrossRef]

96. Wang, Y.; Ma, S.; Wang, Q.; Hu, W.; Wang, D.; Li, X.; Su, T.; Qin, X.; Zhang, X.; Ma, K.; et al. Effects of Cannabinoid Receptor Type
2 on Endogenous Myocardial Regeneration by Activating Cardiac Progenitor Cells in Mouse Infarcted Heart. Sci. China Life Sci.
2014, 57, 201–208. [CrossRef]

97. Vacek, J.; Vostalova, J.; Papouskova, B.; Skarupova, D.; Kos, M.; Kabelac, M.; Storch, J. Antioxidant Function of Phytocannabinoids:
Molecular Basis of Their Stability and Cytoprotective Properties under UV-Irradiation. Free Radic. Biol. Med. 2021, 164, 258–270.
[CrossRef] [PubMed]

98. Esteras, N.; Dinkova-Kostova, A.T.; Abramov, A.Y. Nrf2 Activation in the Treatment of Neurodegenerative Diseases: A Focus on
Its Role in Mitochondrial Bioenergetics and Function. Biol. Chem. 2016, 397, 383–400. [CrossRef]

99. Bryan, H.K.; Olayanju, A.; Goldring, C.E.; Park, B.K. The Nrf2 Cell Defence Pathway: Keap1-Dependent and -Independent
Mechanisms of Regulation. Biochem. Pharmacol. 2013, 85, 705–717. [CrossRef]

100. Fahey, J.W.; Wehage, S.L.; Holtzclaw, W.D.; Kensler, T.W.; Egner, P.A.; Shapiro, T.A.; Talalay, P. Protection of Humans by Plant
Glucosinolates: Efficiency of Conversion of Glucosinolates to Isothiocyanates by the Gastrointestinal Microflora. Cancer Prev. Res.
2012, 5, 603–611. [CrossRef] [PubMed]

101. Mudge, E.; Lopes-Lutz, D.; Brown, P.; Schieber, A. Analysis of Alkylamides in Echinacea Plant Materials and Dietary Supplements
by Ultrafast Liquid Chromatography with Diode Array and Mass Spectrometric Detection. J. Agric. Food Chem. 2011, 59,
8086–8094. [CrossRef] [PubMed]

102. Raduner, S.; Majewska, A.; Chen, J.-Z.; Xie, X.-Q.; Hamon, J.; Faller, B.; Altmann, K.-H.; Gertsch, J. Alkylamides from Echinacea
Are a New Class of Cannabinomimetics. Cannabinoid Type 2 Receptor-Dependent and -Independent Immunomodulatory Effects.
J. Biol. Chem. 2006, 281, 14192–14206. [CrossRef] [PubMed]

103. Hajdu, Z.; Nicolussi, S.; Rau, M.; Lorántfy, L.; Forgo, P.; Hohmann, J.; Csupor, D.; Gertsch, J. Identification of Endocannabinoid
System-Modulating N-Alkylamides from Heliopsis Helianthoides Var. Scabra and Lepidium Meyenii. J. Nat. Prod 2014, 77,
1663–1669. [CrossRef] [PubMed]

104. Gertsch, J.; Leonti, M.; Raduner, S.; Racz, I.; Chen, J.-Z.; Xie, X.-Q.; Altmann, K.-H.; Karsak, M.; Zimmer, A. Beta-Caryophyllene Is
a Dietary Cannabinoid. Proc. Natl. Acad. Sci. USA 2008, 105, 9099–9104. [CrossRef] [PubMed]

105. Ligresti, A.; Villano, R.; Allarà, M.; Ujváry, I.; Di Marzo, V. Kavalactones and the Endocannabinoid System: The Plant-Derived
Yangonin Is a Novel CB1 Receptor Ligand. Pharmacol. Res. 2012, 66, 163–169. [CrossRef]

106. Leonti, M.; Casu, L.; Raduner, S.; Cottiglia, F.; Floris, C.; Altmann, K.-H.; Gertsch, J. Falcarinol Is a Covalent Cannabinoid CB1
Receptor Antagonist and Induces Pro-Allergic Effects in Skin. Biochem. Pharmacol. 2010, 79, 1815–1826. [CrossRef]

107. Keppel Hesselink, J.M.; de Boer, T.; Witkamp, R.F. Palmitoylethanolamide: A Natural Body-Own Anti-Inflammatory Agent,
Effective and Safe against Influenza and Common Cold. Int. J. Inflam. 2013, 2013, 151028. [CrossRef] [PubMed]
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