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Abstract: Interest in CBG (cannabigerol) has been growing in the past few years, due to its anti-

inflammatory properties and other therapeutic benefits. Here we report the synthesis of three new

CBG derivatives (HUM-223, HUM-233 and HUM-234) and show them to possess anti-inflammatory

and analgesic properties. In addition, unlike CBG, HUM-234 also prevents obesity in mice fed a

high-fat diet (HFD). The metabolic state of the treated mice on HFD is significantly better than that

of vehicle-treated mice, and their liver slices show significantly less steatosis than untreated HFD

or CBG-treated ones from HFD mice. We believe that HUM-223, HUM-233 and HUM-234 have the

potential for development as novel drug candidates for the treatment of inflammatory conditions,

and in the case of HUM-234, potentially for obesity where there is a huge unmet need.

Keywords: cannabinoid; cannabigerol; anti-inflammatory; obesity

1. Introduction

CBG (cannabigerol) was discovered by Gaoni and Mechoulam in cannabis resin
(hashish) in 1964 and was considered a missing link in the biosynthesis of THC (tetrahy-
drocannabinol) [1]. Cannabinoid biosynthesis begins with the combination of geranyl
pyrophosphate and olivetolic acid to form CBGA (Cannabigerolic acid). CBGA serves as
the substrate for the synthesis of ∆9-THCA (THC acid) and CBDA (cannabidiolic acid).
Decarboxylation of CBGA, ∆9-THCA, and CBDA by heat results in CBG, ∆9-THC, and
CBD (cannabidiol), respectively. Because CBGA serves as the substrate for the synthe-
sis of the major cannabinoids, very little is typically found naturally in material from
Cannabis sp. [2].

While the cannabis constituents CBD and THC have been thoroughly investigated [3,4],
research on CBG has been relatively neglected. Based on established pharmacological
properties, there is growing evidence that CBG has therapeutic potential for treating neu-
rological disease, gastrointestinal disease as well as some metabolic disorders [2,5–12].
Notably, having mechanisms both in common and distinct from THC and CBD respec-
tively, it was of interest to explore the anti-inflammatory and analgesic properties of CBG,
that may be relevant in the aforementioned disease areas.

Indeed, CBG has been shown to exert anti-inflammatory effects and some derivatives
of CBG have been synthesized and tested in both animal models and human patient [5–9].
CBG has also been proved to possess anti-inflammatory properties in neurological mod-
els [6,7,13] and confer other therapeutic benefits such as appetite stimulation [14]. In
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addition, CBG is known to activate α2-adrenoreceptor [15] and to interact with sub-types
of TRPV (Transient Receptor Potential Vanilloid) channels, pertinent to signaling associ-
ated with gastrointestinal inflammation [16]. Association with the classical cannabinoid
receptors CB1 and CB2R has been determined, with binding demonstrated to modulate
signaling mediated by receptors and receptor heteromers even at low concentrations of
0.1–1 µM [17]. There have been some attempts to investigate and expand CBG’s SAR
(Structure-Activity Relationship) and these investigations have led to novel pharmaceutical
candidates for Parkinson’s disease [6,8].

The immune and inflammatory system has evolved to protect against foreign or-
ganisms and substances, antigens, that may cause damage to the normal function of the
body. The immune response, when dysregulated, may also lead to various pathological
conditions, including tumors [18], autoimmune diseases [19], obesity [20], diabetes [21],
cardiovascular diseases [22] and more. Western medicine has introduced an array of drugs
aiming at the immune system trying to manipulate its response and reducing side effects of
acute inflammation. Among the most common medications used by the public are corticos-
teroids and Non-steroidal Anti-inflammatory Drugs (NSAIDs). Despite being the universal
first choice in treating inflammatory diseases, these drug classes have long been known for
their adverse side effects, limiting their dosage and prolonged treatment regimens [23–27].

Here we report the synthesis of three new synthetic CBG derivatives and show them to
possess anti-inflammatory and pain-resolving properties in preclinical models. In addition,
one of these molecules, HUM-234, has also shown prominent activity in obesity prevention
in mice fed a high-fat diet (HFD). Importantly, the metabolic state of the HUM-234 treated
HFD mice is significantly closer to healthy levels than that of vehicle-treated HFD mice,
and their liver slices show much less steatosis than untreated, or CBG-treated livers from
HFD mic, suggesting that HUM-234 and related compounds may have potential to treat
metabolic disorders including liver disease.

2. Results

2.1. Chemistry Development and Synthesis of HUM-223, HUM-233 and HUM-234

We sought to explore the effect of a bulky residue at position 5 of CBG in place of the
natural pentyl on its anti-inflammatory activity. This is based on similar observations made
for THC, among other cannabinoids, in which a bulkier residue such as dimethylheptyl
(DMH) resulted in an improved efficacy at the relevant biological model [28]. We have
also seen in our previous work with CBD derivatives that bulkier DMH derivatives were
more active in the knee arthritis model (unpublished results). We have therefore prepared
compound HUM-223 which is a monomethoxy CBG-DMH (Figure 1). During the prepara-
tion, the partial reaction with iodomethane resulted in a mixture of fully reacted dimethoxy
product, partially reacted monomethoxy and an unchanged CBG-DMH. This mixture was
hard to isolate on its own and we, therefore, decided to add an acetylation step to the
preparation. The crude mixture of the iodomethane reaction was reacted with an excess of
acetic anhydride. This made the chromatography easier and allowed us to isolate the pure
monomethoxylated product (1). The acetate protecting group can then easily be removed
using LiAlH4 (Lithium Aluminium Hydride) to produce the final HUM-223.

Another alteration deemed to be useful, namely the use of a morpholine propionate
ester at one of the phenol positions of CBG. This concept is based on observations made
by our group for a similar modification of CBD, which produced an improvement in the
anti-inflammatory properties [29]. Coupling of monomethoxy CBG (2) with morpholino-
propionic acid yielded therefore compound HUM-234 (Figure 2).
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Figure 1. The preparation of HUM-223.

Figure 2. The synthesis of HUM-234 and its maleate salt HUM-233 from monomethoxy CBG.

To further improve its bioavailability, HUM-234 was also turned into a maleic acid salt
named HUM-233 (Figure 2). This was based on a similar modification previously carried
out by our group with CBD [29]. Since maleic acid has no inherent anti-inflammatory
activity, it serves only to increase the compound’s bioavailability. As HUM-233 is solid at
room temperature, whereas HUM-234 is an oil, we believe that this could offer an additional
benefit should this compound prove efficacious since it is easier to handle solid compounds
when preparing pharmaceuticals, making the measurement of dose more accurate.

2.2. Evaluation of Anti-Inflammatory Activity

HUM-223 was compared to CBG and to a vehicle control group in three inflammation
assays: paw swelling, pain sensation in the paw and circulating TNF-α (Figure 3). CBG
itself did not show a consistent pattern of efficacy in all three assays, unfortunately. How-
ever, when comparing HUM-223 to CBG we observed significant improvement in the paw
swelling assay at a dose of 10 mg/kg.
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Figure 3. Anti-inflammatory and analgesic evaluation of HUM-223 (black) compared to CBG (cannabigerol) (grey) and
vehicle control (white). Statistical comparison was done by 1-way ANOVA (p-value = 0.0002) and post hoc analysis by
Tukey’s test. * p < 0.05 comparing to control group. # p-value < 0.05 in the indicated comparison.

The anti-inflammatory ability of HUM-223 was also assessed in zymosan-induced
arthritis (ZIA), a model of acute inflammation in the knee (Figure 4), in comparison to
dexamethasone. This molecule has been chosen for knee arthritis assay as previously
CBD-DMH derivatives have shown better results in this model than pentyl-chain deriva-
tives. HUM-223 significantly reduced neutrophil elastase levels at 10 mg/kg, in a manner
comparable to dexamethasone, when compared to vehicle only treated mice, as measured
by in vivo imaging of a fluorescent reporter (IVIS). Additionally, gene analysis of inflamed
knee joints demonstrated the ability of HUM-223 to significantly reduce expression of
pro-inflammatory genes which encode for enzymes that degrade matrix proteins impor-
tant for structural integrity, namely adamts4 (A disintegrin and metalloproteinase with
thrombospondin motifs 4), neutrophil elastase (Elane) and myeloperoxidase (Mpo), with
5 mg/kg having the greatest effect.

Figure 4. Anti-inflammatory effect of HUM-223 in zymosan-induced arthritis. Mice were treated with
vehicle (white bars), dexamethasone (2 m/kg, grey bars) or HUM-223 (black bars). (A) Representative
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images of neutrophil elastase IVIS fluorescence imaging of knees of ZIA mice treated with vehicle
control or HUM-223. (B) Quantification of neutrophil elastase average radiant efficiency in the
inflamed knee of ZIA mice. (C) Gene expression analysis of inflamed ZIA knee joints. Statistical
analysis by one-way ANOVA (p-value 0.0392 for Neutrophil elastase IVIS, 0.0080 for Elane, 0.0037
for Adams4 and 0.0002 for MPO) with Tukey’s post-hoc test. * p < 0.05, ** p < 0.001, *** p < 0.0001
compared to vehicle-treated mice.

The biological results revealed that both HUM-233 and HUM-234 have anti-inflammatory
activity (Figure 5). Both compounds showed improvement of swelling and pain sensation
which is comparable to CBG in all tested doses. HUM-233 was able to reduce TNF-α levels
in doses of 25 and 50 mg/kg and presented a distinct increase of biological reaction when
the doses were increased. HUM-234 showed an opposite trend at elevated doses. HUM-233
and HUM-234 were comparable but were not significantly better than CBG in these assays.

Figure 5. Anti-inflammatory and analgesic evaluation of HUM-233 and HUM-234 (black) compared to CBG (grey) and
vehicle control (white). Statistical comparison was carried out by one-way ANOVA (p-value < 0.0001) and post hoc analysis
by Tukey’s test. * p < 0.05 comparing to control group. # p < 0.05 in the indicated comparison.

2.3. Evaluation of Effects on Weight Gain

Despite having comparable anti-inflammatory activity, HUM-234 is much more active
than CBG in the prevention of obesity. Adult female mice fed an HFD (high-fat diet)
gradually gain weight, much faster than STD (standard diet) fed ones. CBG (15 mg/kg, the
dose which caused the least weight gain from the preliminary experiments) does not limit
weight gain in our model. On the contrary, the weight gain is at some time points even
higher for this group than for the vehicle-treated HFD group. However, HUM-234-treated
mice (25 mg/kg) gain weight much slower than HFD or HFD + CBG groups (Figure 6).
The ALS (Alanine Transaminase) and AST (Aspartate Transaminase) enzymes levels are
elevated in the HFD group comparing to STD; HUM-234 significantly reduces their levels
(Figure 7), significantly better than CBG. Liver slices of the HFD mice show liver steatosis
(liver cells are not dense with large white fat areas between them), while slices of HUM-
234-treated mice livers show almost no steatosis (liver cells are dense with almost no white
fat areas between them), comparable to healthy livers from mice on the standard diet (STD
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group, Figure 8); the livers of CBG-treated mice show almost as much steatosis as those of
HFD mice.

It is of great interest that while the anti-inflammatory and pain-relieving activity of
CBG and HUM-234 are similar, HUM-234 ameliorates weight gain, in contrast to CBG,
suggesting this compound has the potential for development as an anti-obesity drug.

Figure 6. Anti-obesity evaluation of HUM-234 (25 mg/kg) in comparison to CBG (15 mg/kg), HFD
(high fat diet) and STD (standard food diet). Statistical analysis by two-way ANOVA matching
treatment groups in different days (p-value < 0.0001). Post-hoc analysis by Bonferroni test. * p < 0.05,
*** p < 0.001 comparing to HFD group.

Figure 7. Liver enzymes evaluation of HUM-234 (25 mg/kg) in comparison to CBG (15 mg/kg), HFD
(high fat diet) and STD (standard food diet). (A) ALT (Alanine transaminase) (B) AST (Aspartate
transaminase). Statistical analysis by one-way ANOVA (p-value < 0.0001 for both ALT and AST)
and post hoc analysis by Tukey’s test. *** p < 0.001 comparing to HFD group. # p-value < 0.05 in the
indicated comparison.
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Figure 8. Liver steatosis in HUM-234 (25 mg/kg) in comparison to CBG (15 mg/kg), HFD (high-fat
diet) and STD (standard food diet). Magnification 40×, bar length 50 µm.

3. Discussion

Here we report the synthesis of, and the evaluation in-vivo of the anti-inflammatory,
analgesic and anti-obesity of three novel CBG derivatives.

Inflammation contributes to the pathogenesis of many diseases. Chronic inflammation
can lead to cardiovascular diseases, gastrointestinal diseases, obesity, asthma, arthritis,
neurodegenerative diseases, cancer and more.

Currently, the drugs used to treat inflammation are most often NSAIDs and steroids.
Monoclonal antibodies to cytokines, TNF, IL6 and IL12/23 are used if these do not work.
NSAIDs work by inhibiting the activity of cyclooxygenase enzymes (COX-1 or COX-2). In
cells, these enzymes are involved in the synthesis of prostaglandins, which are associated
with inflammation, and thromboxanes, which are involved in blood clotting [30]. Most
NSAIDs are non-selective and inhibit the activity of both COX-1 and COX-2. These
NSAIDs, while reducing inflammation, also inhibit platelet aggregation and increase the
risk of gastrointestinal ulcers/bleeds [31]. Side effects can include an increased risk of
gastrointestinal ulcers and bleeds, heart attack, and kidney disease [32,33]. COX-2 selective
inhibitors have fewer gastrointestinal side effects but promote thrombosis and some of
these agents substantially increase the risk of heart attack [31]. By inhibiting physiological
COX activity, all NSAIDs increase the risk of kidney disease [34] and through a related
mechanism, heart attack. In addition, NSAIDs can blunt the production of erythropoietin
resulting in anemia, since hemoglobin synthesis depends on this hormone [35].

Of equal if not greater concern are side effects associated with long-term use of
steroidal drugs. Although highly effective in the elimination of inflammation, they can
cause obesity, growth retardation in children, and even lead to convulsions and psychiatric
disturbances, osteoporosis, adrenal suppression, hyperglycemia, dyslipidemia, cardio-
vascular disease, Cushing’s syndrome, immunosuppression. an increase in the rate of
infections [36].

There has been progress in the treatment of many inflammatory diseases, initially
rheumatoid arthritis, and Crohn’s disease, then many others. TNF (Tumor Necrosis Factor)
inhibitors have been an important step forward in the treatment of several chronic inflam-
matory diseases, especially rheumatoid arthritis, and Crohn’s disease. But these drugs
are injectable and costly and have a potential for adverse effects, such as reactivation of
latent tuberculosis. Furthermore, many patients treated with TNF inhibitors continue to
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experience chronic pain and so there is a big unmet need for cheaper, orally available drugs
that reduce inflammation and pain [37].

The search for easily prepared, small molecular weight compounds, which can be
delivered as an oral formulation continues. A hitherto mostly untapped wealth of novel
compounds are natural products from plants, known to possess anti-inflammatory prop-
erties. Indeed, Cannabis sativa preparations and pure cannabinoids have been used to
relieve symptoms of pain associated with several clinical disease conditions and ailments.

Previously we have reported the inflammatory disease modulating properties of CBD
in several in vitro and in vivo systems and have demonstrated a potent ameliorating effect
on the clinical signs of arthritis in a model of Rheumatoid Arthritis (RA) [38]. In a related
study, our group has also established the potential of HU-320, a synthetic CBD derivative
as a promising candidate for use in RA [39]. The anti-inflammatory activity of CBD and
HU-320, as previously demonstrated by us in various experimental systems, has led us to
explore the potential of CBG derivatives, new, chemically related cannabinoid compounds,
which are much less studied, with the aim to evaluate therapeutic potential.

The synthesis of HUM-223, HUM-233 and HUM-234 uses CBG as starting material.
CBG is formed in the plant (or by heating) from its precursor CBGA [40]. CBG acid is
present in young plants in most Cannabis sativa varieties, including hemp, which is used
for industrial purposes. Hemp is grown in many parts of the world, including Europe, for
the production of textile fibers. Hence, CBG is potentially an inexpensive natural product.
The synthetic pathway from CBG to the derivatives is a short, but relatively low yield one.
In view of the simplicity of the reactions described herein, it is predicted that the yields can
be increased.

The in-vivo assays used in the present study are well established and widely used in
inflammation research [41,42]. The results indicate that HUM-223, HUM-233 and HUM-234
are anti-inflammatory candidates (and HUM-234 also anti-obesity), which we believe have
the potential to be developed into therapeutic leads.

HUM-223 was able to significantly reduce swelling in all doses and exceed CBG’s
effect at a dose of 10 mg/kg. In addition, it showed activity in reducing pain responses
and reducing TNF-α levels. The latter effects were comparable to CBG.

We chose HUM-223 to be tested on the knee-arthritis model to complement the de-
scribed paw arthritis model, as previously similar CBD derivatives, possessing DMH
(dimethylheptyl) side chain were more active than pentyl chain derivatives in this model
(unpublished results). We were able to prove that HUM-223 is indeed efficacious and
doses of 5, 10 and 25 mg/kg have a comparable response to dexamethasone. A dose of
5 mg/kg HUM-223 was proved as the most effective dose out of the three doses tested. At
this dose, the effect of HUM-223 was similar to dexamethasone, a known highly effective
anti-inflammatory steroidal drug. Furthermore, HUM-223 was shown to reduce local gene
expression of Elane, Mpo and Adamts4 at the endpoint of the experiment; enzymes upregu-
lated in inflammatory arthritis, shown to play a central role in oxidant production, cartilage
degradation and joint damage [43–45]. In line with our findings, CBG has previously been
shown to decrease myeloperoxidase in the context of inflammatory bowel disorder [9],
however to our knowledge there have been no previous reports of CBG/CBG analogs
reducing neutrophil elastase or Adamts4.

Regarding HUM-233 and HUM-234, both showed anti-inflammatory activity compa-
rable to CBG in all three assays. They were all able to reduce swelling, decrease evoked
pain responses upon application of localized pressure on the inflamed paw. We observed
an inverse dose-response trend upon increasing the dose of the compounds (Figure 5).
The salt HUM-233 at a dose of 10 mg/kg does not equal the same dose of the free base.
The inverse linear dose-response behavior of HUM-233 and HUM-234 could be therefore
explained as a bell-shaped dose response curve of HUM-234 since the dosage of HUM-233
given represents a smaller dosage of the free amine. A bell-shaped dose-response for CBD
has been documented, but for CBG or its derivatives, it has rarely been documented [15].
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Of notable interest is the effect on weight gain in an established standard model
of obesity. We chose HUM-234 to be assayed on diet-induced obesity, as we previously
established a similar derivative of CBD, HU-435, could prevent weight gain in mice [46].
Indeed, HUM-234 prevented the high-fat diet-induced weight gain at a dose of 25 mg/kg.
Obesity leads to metabolic abnormalities, so we examined the effect of HUM-234 on the
serum levels of liver enzymes ALT, AST and liver damage. We found that serum levels of
both ALT and AST were significantly lowered and observed significant amelioration of
histological liver damage, with a healthy liver almost fully restored with the administration
of 25 mg/kg HUM-234. Importantly, liver sparing was not observed with administration
of CBG, suggesting that this novel derivative offers improved benefits over the parent
compound for the treatment of obesity and metabolic disease.

The effect of HUM-234 on diet-induced obesity is of great interest to us. Obesity is
an “epidemic” of the developed world [47]. It causes abnormal physiological metabolism,
which leads to a series of physiological, psychological, and social problems. Additionally,
obesity is an important risk factor for diseases such as hypertension [48], hyperlipemia [49],
diabetes [13] and even cancer [50], and it is closely associated with the emergence of many
chronic diseases [51]. The medications currently used for obesity are only approved for
patients who are obese (BMI (body mass index) > 30), or overweight (BMI > 27) with
one weight-related health issue, as they possess numerous side effects. The quest for an
effective and safe treatment for obesity is ongoing.

We are aware of the limitations posed by the compounds’ biological behavior. All
three compounds showed some variability in the concentrations most active in the swelling,
pain sensation and TNF-α assays as did CBG. This is a known and well-documented trend
in cannabis studies [52]. Moreover, the observed bell-shaped dose-response is unfavored
when looking for new therapeutics. These challenges should be addressed in further
development. However, the activity of HUM-234 in diet-induced obesity assay and in liver
enzymes suggests that this may be a candidate therapeutic for obesity.

We believe that CBG derivatives HUM-223, HUM-233 and HUM-234 have the poten-
tial to be further developed as novel drug candidates for use in inflammatory conditions,
and potentially also as anti-obesity treatment, where there is a huge unmet need.

4. Materials and Methods

4.1. NMR Spectroscopy

NMR data were collected on Varian Unity Inova 300 MHz spectrometer using the
standard pulse sequences and processed with Agilent software.

4.2. Mass Spectrometry

The samples were analyzed by GC-MS in a Hewlett-Packard G1800 A GCD system
with HP-5971 gas chromatograph with electron ionization detector. Ultra-low-bleed 5%-
phenyl capillary column (28 mm × 0.25 mm (i.d.) × 0.25 µm film thickness) based on
diphenyl methylsiloxane chemistry (HP-5MS; Agilent Technologies, Santa Clara, CA, USA)
was used. Experimental conditions were: inlet, 250 ◦C; detector, 280 ◦C; splitless injection
time; initial temperature, 90 ◦C; initial time, 3.00 min; rate, 25 ◦C/min; final temperature,
280 ◦C; helium flow rate, 1.0 mL/min. The software used was GCD Plus ChemStation.

LC-ESI-MS was done with Waters LC e2695 Separation Module equipped with re-
versed phase C18 column (Xselect® CSH, 2.1 × 100 mm, 2.5 um, Waters (TC) Israel Ltd.,
Petah Tikva, Israel) connected to Waters 2489 UV/visible Detector and Waters QDa Detec-
tor. The Software used was MassLynx V4.2. Several gradients of Acetonitrile and water
both containing 0.1% FA were developed for analysis starting from 0% to 100% Acetonitrile
or 50% to 100% Acetonitrile. Eventually, the addition of Methanol to the gradient was
proved effective for the analysis of our compounds and the final method of analysis was
as follows: column temperature: 45 ◦C, UV detector: 225 nm, sampling rate 20 points/s;
QDa detector: ES (+) m/z between 100 to 1000, cone voltage 2V, ES (−) m/z between 100 to
1000, cone voltage 2 V. Gradient: starting point: 15% acetonitrile (0.1% FA), 15% methanol



Molecules 2021, 26, 5601 10 of 16

(0.1% FA) and 70% water (5% acetonitrile and 0.1% FA) from 0 to 15 min. Then, 40%
acetonitrile (0.1% FA), 40% methanol (0.1% FA) and 20% water (5% acetonitrile and 0.1%
FA) from 15 to 22 min. Equilibration to starting conditions from 22 to 27 min. Flow rate:
0.25 mL/min. Probe temperature: 600 ◦C, source temperature: 120 ◦C, turbo temperature:
49 ◦C.

4.3. Chemical Synthesis

All the chemicals and solvents used were purchased from well-established commercial
sources and used without any further purification procedures.

Newly synthesized cannabinoids and intermediate compounds were characterized by
1H NMR, 13C NMR and either GCMS or LC-ESI-MS.

4.3.1. 1,1-Dimethylheptyl Cannabigerol (CBG-DMH)

1.84 gr (7.8 mmol) of DMHR are dissolved in 3.3 mL of dry DCM with 0.13 gr
(0.78 mmol) of p-toluenesulfonic acid (PTSA). This solution is then cooled to 0 ◦C. Sepa-
rately, 1.35 mL (7.8 mmol) of geraniol are dissolved in 2.6 mL of dry DCM and then cooled
to 0 ◦C as well. The cold geraniol solution is then added dropwise with a high stir to the
cold DMHR solution. The reaction is then stirred at RT for 45 min and quenched by the
addition of sat. NaHCO3 solution. The water phase is then separated from the organic
phase and the former is further extracted with DCM three times. The combined organic
phase is washed with brine, dried over MgSO4 and evaporated. The crude product is then
purified by silica gel column chromatography (TLC 20% EtOAc: Pet Ether). CBG-DMH is
purified by repeated chromatography. CBG-DMH is obtained as a pale-yellow oil. Yield:
0.09 gr (30%). Analytical characteristics were in accordance with previously published
literature [53].

O-Methyl-O-Acetoxy-CBG-DMH. (1) is prepared from CBG-DMH in two steps with-
out purification in between. 1.67 gr (1.8 mmol) of CBG-DMH are dissolved in 10 mL of
dry DMF under a nitrogen atmosphere. 0.37 gr (2.71 mmol) of potassium carbonate is
added and the suspension is then allowed to stir at room temperature for 5 min. To this
suspension, 60 µL (0.9 mmol) of methyl iodide is added. The reaction is allowed to stir
overnight at room temperature. The reaction is then diluted with 10% w/v HCl to pH 1
and extracted three times with Et2O. The organic phase is washed with sat. NaHCO3
to pH 10 and with brine to neutral pH. It is then dried over MgSO4 and evaporated.
Since chromatography of the crude did not efficiently separate the mono-methoxylated
CBG-DMH from the di-methoxylated CBG-DMH, we decided to acetylate the free phenol
that remained on the mono-methoxylated CBG-DMH. This method, in our hands, makes
the chromatography much simpler and improves the overall yield. The 0.7 gr of crude
methoxylation product are therefore carried to the next step without further purification.

The crude is dissolved in 10 mL of pyridine under nitrogen atmosphere with a catalytic
amount of 4-dimethylaminopyridine (4-DMAP). 2 mL (18.2 mmol) of acetic anhydride
are added slowly and the reaction is stirred at room temperature, monitoring by TLC.
The reaction is worked up by diluting with EtOAc and washing the organic phase with
10% w/v HCl to pH 1. The aqueous phase is then extracted three times with EtOAc. The
combined organic phase is then washed with sat. NaHCO3 to pH 8 and brine to neutral
pH. The organic phase is dried over MgSO4 and evaporated. The crude product is purified
by silica gel column chromatography (TLC 10% EtOAc: Pet Ether). Yield after two steps:
0.23 gr (30%). Compound (1) is obtained as yellow oil. 1H NMR (500 MHz, CDCl3) δ 6.75
(s, 1H), 6.63 (s, 1H), 5.18 (t, J = 6.9 Hz, 1H), 5.11 (t, J = 6.9 Hz, 1H), 3.85 (s, 3H), 3.27 (d,
J = 7.0 Hz, 2H), 2.31 (s, 3H), 2.09 (t, 2H), 2.01 (t, 2H), 1.78 (s, 3H), 1.68 (s, 3H), 1.61 (s, 3H),
1.31 (s, 6H), 1.25 (q, J = 9.8, 7.9 Hz, 6H), 1.15 (d, J = 13.1 Hz, 2H), 0.89 (t, J = 6.9 Hz, 3H).
13C NMR (126 MHz, CDCl3) δ 169.36, 157.94, 149.38, 149.20, 134.76, 131.15, 124.40, 122.26,
119.52, 112.54, 106.22, 77.39, 77.14, 55.74, 44.59, 39.76, 37.86, 31.80, 30.06, 28.87, 26.72, 25.68,
24.64, 22.98, 22.73, 20.95, 17.67, 16.06, 14.12. GCMS: m/z 428 tR:13.67 min.
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4.3.2. 1”,1”-Dimethylheptyl-monomethoxycannabigerol (HUM-223)

0.52 gr (1.2 mmol) of (1) is dissolved in 15 mL of dry THF under a nitrogen atmosphere
and cooled to 0 ◦C. Then, 0.49 gr (12.8 mmol) of LiAlH4 is added, and the reaction is
heated to reflux and monitored by TLC. The reaction is cooled to room temperature and
the LiAlH4 is neutralized first by dropwise addition of EtOAc followed by ice and 10%
w/v HCl. The water phase is extracted three times with EtOAc. The combined organic
phase is washed with sat. NaHCO3 and brine, dried over MgSO4 and evaporated. The
crude product is purified by medium pressure liquid chromatography (TLC 10% EtOAc:Pet
Ether). HUM-223 is obtained as a colorless oil. Yield: 0.25 gr (54%). 1H NMR (300 MHz,
CDCl3) δ 6.48 (1H, s), 6.46 (1H, s), 5.31–5.29 (1H, m), 5.08–5.06 (1H, m), 3.83 (3H, s), 3.43
(2H, d, J = 6.9 Hz), 2.13–2.07 (2H, m), 1.83 (3H, s), 1.75–1.66 (1H, m), 1.69 (3H, s), 1.61 (3H, s),
1.59–1.54 (1H, m), 1.3 (12H, s), 1.22–1.09 (2H, m), 0.87 (3H, t, J = 6.9 Hz). 13C NMR (75 MHz,
CDCl3) δ 157.45, 155.13, 149.65, 137.93, 131.85, 123.95, 122.24, 112.01, 106.89, 101.15, 55.78,
44.56, 39.75, 37.75, 31.83, 30.09, 28.98, 26.48, 25.73, 24.69, 22.74, 22.11, 17.72, 16.16. 14.15.
GCMS: m/z 386 tR: 13.7 min.

4.3.3. Monomethoxycannabigeroyl-3-morpholinopropraonate Maleate (HUM-233)

0.343 gr (0.72 mmol) of HUM-234 are dissolved in 40 mL of isopropyl alcohol (IPA).
Then, 83.5 mg (0.72 mmol) of maleic acid are added and the reaction is stirred at room
temperature for 2.5 h. IPA is evaporated and HUM-233 is recrystallized from EtOAc and
ether. HUM-233 is obtained as crystalline white solid. Yield: 0.32 gr (75%). 1H NMR
(300 MHz, CDCl3) δ 6.59 (s, 1H), 6.46 (s, 1H), 6.33 (s, 2H), 5.09–4.96 (m, 2H), 4.04–3.89 (m,
4H), 3.82 (s, 3H), 3.40 (t, J = 7.0 Hz, 2H), 3.26–3.05 (m, 4H), 2.56 (t, J = 7.8 Hz, 2H), 2.10–1.96
(m, 2H), 1.96–1.85 (m, 2H), 1.70 (s, 3H), 1.64 (s, 3H), 1.56 (s, 3H), 1.40–1.24 (m, 4H), 0.89 (t,
J = 6.8 Hz, 3H). LCMS:ES (+) m/z 472 [M + H], 494 [M + Na] tR: 7.26 min, ES (−) m/z 115
[M − H], 231 [2M − H] tR: 1.91 min.

4.3.4. Monomethoxycannabigeroyl-3-morpholinoproprionate (HUM-234)

0.432 mL of methyl morpholinoproprionate are dissolved in 4 mL of 1,4-dioxane,
2.16 mL of water and 1.08 mL of 3N aqueous sodium hydroxide. The reaction is stirred at
room temperature for 4.5 h and then the solvent is evaporated. The solids are suspended
in 40 mL of dry DCM under nitrogen atmosphere and small amount of MgSO4 is added
to insure the absence of water in the reaction flask. Then, 0.889 gr of O-monomethyl
cannabigerol (2) are added, followed by 0.04 gr of pyrrolidinopyridine. The reaction is
then stirred at room temperature for 5 min. 0.56 gr of N,N-dicyclohexylcarbodiimide
(DCC) are added and the reaction is stirred at room temperature overnight. The solids are
filtered, and the solution is evaporated. The crude product is purified by silica gel column
chromatography (TLC 20% EtOAc:Pet Ether). HUM-234 is obtained as yellow oil. Yield:
0.25 gr (20%). 1H NMR (300 MHz, CDCl3) δ 6.57 (s, 1H), 6.50 (s, 1H), 5.19–4.99 (m, 2H),
3.80 (s, 3H), 3.72 (t, J = 4.6 Hz, 4H), 3.25 (d, J = 6.9 Hz, 2H), 2.88–2.66 (m, 4H), 2.55–2.48 (m,
5H), 2.11–2.00 (m, 2H), 1.99–1.89 (m, 2H), 1.73 (s, 3H), 1.65 (s, 3H), 1.57 (s, 3H), 1.39–1.24
(m, 4H), 0.91 (d, J = 6.0 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 170.89, 158.12, 149.31, 145.98,
141.99, 134.79, 131.18, 124.32, 122.26, 119.72, 114.34, 108.53, 66.91, 55.70, 54.03, 53.42, 39.75,
35.96, 32.30, 31.57, 30.92, 26.69, 25.71, 22.85, 22.57, 17.69, 16.11, d14.08. LCMS: ES (+) m/z
472 [M + H], 494 [M + Na] tR: 7.26 min.

4.4. Biological Evaluation

4.4.1. Animals

Female Sabra mice (for the swelling, pain and TNF-α experiments) and C57Bl6 (for
obesity experiments, a line that was shown to gain much weight under HFD conditions),
7–8 weeks old, were maintained in the specific-pathogen-free unit of the Hadassah Medical
School, Hebrew University, Jerusalem, Israel. The experimental protocols were approved
by the Institutional Animal Care Ethics Committee (permission # MD-20-16042-5). The
animals were maintained at a constant temperature (20–21 ◦C) and a 12-h light/12-h dark
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cycle and were provided a standard pellet diet with water ad libitum. The mice were
acclimatized in the animal facility for at least 2 weeks before the experiments. The data
presented in Figures are representatives of 2 separate experiments.

4.4.2. Induction and Treatment of Paw Inflammation (Paw ZIA)

Inflammation was induced by injection of 40 uL of a suspension of 1.5% w/v zymosan
A (Sigma-Aldrich Israel Ltd., Rehovot, Israel) in saline into the subplantar surface of the
right hind paw of the mice. This was followed immediately by an intraperitoneal injection
of the test compound. For injection, the compounds were dissolved in a vehicle containing
ethanol:Cremophore:saline at a ratio of 1:1:18. Paw swelling and pain perception were
assessed after 2, 6 and 24 h. Blood was collected after 24 h for analysis of TNFα serum levels.

4.4.3. Evaluation of Edema

Calibrated calipers were used to measure paw swelling (thickness) 2, 6 and 24 h after
injection of zymosan.

4.4.4. Pain Assay

Pain at 2, 6 and 24 h after zymosan injection was assessed by the von Frey nociceptive
filament assay, where 1.4–60 g filaments, corresponding to 4.17–5.88 log of force, was used
to test the sensitivity of the swollen paw. The untreated hind paw served as a control. The
measurements were performed in a quiet room and the animals were handled for 10 s before
the test. A trained investigator then applied the filament, poking the middle of the hind
paw to provoke a flexion reflex, followed by a clear finch response after paw withdrawal.
Filaments of increasing size were each applied for about 3–4 s. The mechanical threshold
force in grams was defined as the lowest force required to obtain a paw retraction response.

4.4.5. Measurement of TNFα

Blood was collected 24 h after zymosan injection, and the sera were assayed for TNFα
using a mouse TNFα ELISA kit (R&D Systems, Minneapolis, MN, USA), according to the
manufacturer’s instructions.

4.4.6. Zymosan Induced Arthritis of the Knee

All experimental procedures were approved by the Ethical Review Process Committee
and the UK Home Office, in accordance with the 1986 Animals (Scientific Procedures) Act
(permission # 30/3441). Male C57BL/6J mice aged 8–10 weeks were used. Mice were
housed in ventilated cages, maintained at 21 ◦C ± 2 ◦C and a 12-h light/12-h dark cycle,
with food and water available ad libitum. Mice were anesthetized with 2% isoflurane and
both knees were shaved. ZIA was induced by intra-articular injection of 180 µg of Zymosan
A (Sigma) suspended in PBS as previously described [9]. Left knee joints received a vehicle
control injection. For IVIS imaging, mice received an intravenous injection of 4 nmol
Neutrophil Elastase 680 FAST imaging probe (Perkin Elmer, Waltham, MA, USA) and
were imaged 4 h post intravenous injection using the IVIS Spectrum (Perkin Elmer) [54].
Images were analyzed using Living Image 4.7 software (Perkin Elmer) to obtain the average
fluorescence intensities of a circular region of interest encompassing the knee joint. Mice
were humanely culled 8 h post zymosan administration and knee joints were snap-frozen
for gene expression analysis. RNA was extracted using the TRIzol method, as previously
described [54]. Reverse transcription of 1 ug of total RNA was conducted using a High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) with random primers
and following the manufacturer’s protocol. Real-time PCR was carried out using the power
SYBR Green Master Mix in a real-time PCR system (Thermo Fisher Scientific, Waltham,
MA, USA). Data are expressed as relative units calculated by 2−∆∆Ct by normalization
relative to RPL32 and to fold change over vehicle-treated control samples.
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4.4.7. Diet-Induced Obesity

Mice were fed with a standard diet (STD) or high-fat diet (HFD) for 7 days be-
fore the beginning of the injections. On day 7 they were divided into the groups: STD,
HFD, HFD+CBG and HFD+HUM-234, and treated for 35 days. The mice were weighed
every week.

4.4.8. Liver Injury

At the end of the diet-induced obesity experiment, the mice were sacrificed. The
livers were removed, fixed with buffer formalin and stained with haematoxylin and eosin,
for microscope evaluation. Paraffin sections of 4–5 µm thickness, were stained with
hematoxylin and eosin. For microscopic evaluation, sections were examined (×40).

4.4.9. Determination of ALT and AST Levels

The levels of two aminotransferases, alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), were assayed in the sera of mice at the end of diet-induced obesity
experiment with or without HUM-234 treatment, by ALT and AST strips respectively
(Refloram-Mannheim GmbH, Mannheim, Germany) and quantitated by an automated
analyzer (Reflotran Plus, Roche, Basel, Switzerland).

4.5. Statistical Analyses

Statistical analysis was performed with GraphPad Prism software. Statistical analysis
details are listed under each figure. The results are presented as value ± SE (standard error).
In rare cases where all the measurements give the same values, no SE bar is presented, as
no error can be measured. * p-value < 0.05, ** p-value < 0.01 and *** p-value < 0.001 when
comparing to a control group. # p-value < 0.05 when comparing between the different
dosages of the tested compounds, or when comparing them to CBG, the exact comparisons
are listed on Figures’ legends.

Author Contributions: Conceptualization, N.M.K., R.G. and R.M.; methodology, N.M.K., L.M.T., R.G.
and R.M.; investigation, N.M.K., Y.L., L.M.T. and Z.Y.; writing—original draft preparation, N.M.K.
and Y.L.; writing—review and editing, N.M.K., L.M.T., R.O.W., F.E.M., M.F. and R.M.; visualization,
N.M.K.; supervision, R.M. and M.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by 180 Life Sciences, Menlo Park, CA 94025, USA.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the (or Ethics Committee of the Hebrew University of
Jerusalem (protocol code MD-20-16042-5, date of approval 15 January 2020) and by UK Home Office
and the University of Oxford Clinical Medicine Animal Welfare and Ethical Review Board (protocol
code 30/3441, date of approval 22 September 2016)).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Aviva Breuer for helpful advice.

Conflicts of Interest: M.F. is a shareholder and co-chairman of 180 Life sciences, FM is an employee
of 180LS; FM and ROW have share options in 180LS.

Sample Availability: Samples of the compounds are not available from the authors.



Molecules 2021, 26, 5601 14 of 16

References

1. Gaoni, Y.; Mechoulam, R. The structure and synthesis of cannabigerol, a new hashish constituent. Proc. Chem. Soc. 1964, 82.
[CrossRef]

2. Nachnani, R.; Raup-Konsavage, W.M.; Vrana, K.E. The Pharmacological Case for Cannabigerol. J. Pharmacol. Exp. Ther. 2021, 376,
204–212. [CrossRef] [PubMed]

3. Hill, K.P.; Palastro, M.D.; Johnson, B.; Ditre, J.W. Cannabis and Pain: A Clinical Review. Cannabis Cannabinoid Res. 2017, 2, 96–104.
[CrossRef]

4. Nichols, J.M.; Kaplan, B.L.F. Immune Responses Regulated by Cannabidiol. Cannabis Cannabinoid Res. 2020, 5, 12–31. [CrossRef]
5. Gugliandolo, A.; Pollastro, F.; Grassi, G.; Bramanti, P.; Mazzon, E. In Vitro Model of Neuroinflammation: Efficacy of Cannabigerol,

a Non-Psychoactive Cannabinoid. Int. J. Mol. Sci. 2018, 19, 1992. [CrossRef]
6. Burgaz, S.; García, C.; Gómez-Cañas, M.; Muñoz, E.; Fernández-Ruiz, J. Development of An Oral Treatment with the PPAR-γ-

Acting Cannabinoid VCE-003.2 against the Inflammation-Driven Neuronal Deterioration in Experimental Parkinson’s Disease.
Molecules 2019, 24, 2702. [CrossRef] [PubMed]

7. di Giacomo, V.; Chiavaroli, A.; Orlando, G.; Cataldi, A.; Rapino, M.; Di Valerio, V.; Leone, S.; Brunetti, L.; Menghini, L.;
Recinella, L.; et al. Neuroprotective and Neuromodulatory Effects Induced by Cannabidiol and Cannabigerol in Rat Hypo-E22
cells and Isolated Hypothalamus. Antioxidants 2020, 9, 71. [CrossRef] [PubMed]

8. Díaz-Alonso, J.; Paraíso-Luna, J.; Navarrete, C.; del Río, C.; Cantarero, I.; Palomares, B.; Aguareles, J.; Fernández-Ruiz, J.;
Bellido, M.L.; Pollastro, F.; et al. VCE-003.2, a novel cannabigerol derivative, enhances neuronal progenitor cell survival and
alleviates symptomatology in murine models of Huntington’s disease. Sci. Rep. 2016, 6, 29789. [CrossRef]

9. Borrelli, F.; Fasolino, I.; Romano, B.; Capasso, R.; Maiello, F.; Coppola, D.; Orlando, P.; Battista, G.; Pagano, E.; Di Marzo, V.; et al.
Beneficial effect of the non-psychotropic plant cannabinoid cannabigerol on experimental inflammatory bowel disease. Biochem.

Pharmacol. 2013, 85, 1306–1316. [CrossRef] [PubMed]
10. Mammana, S.; Cavalli, E.; Gugliandolo, A.; Silvestro, S.; Pollastro, F.; Bramanti, P.; Mazzon, E. Could the Combination of Two

Non-Psychotropic Cannabinoids Counteract Neuroinflammation? Effectiveness of Cannabidiol Associated with Cannabigerol.
Medicina 2019, 55, 747. [CrossRef]

11. Henley, D.; Lightman, S.; Carrell, R. Cortisol and CBG—Getting cortisol to the right place at the right time. Pharmacol. Ther. 2016,
166, 128–135. [CrossRef]

12. Ruhaak, L.R.; Felth, J.; Karlsson, P.C.; Rafter, J.J.; Verpoorte, R.; Bohlin, L. Evaluation of the Cyclooxygenase Inhibiting Effects of
Six Major Cannabinoids Isolated from Cannabis sativa. Biol. Pharm. Bull. 2011, 34, 774–778. [CrossRef]

13. Bjerregaard, L.G.; Jensen, B.W.; Ängquist, L.; Osler, M.; Sørensen, T.I.A.; Baker, J.L. Change in Overweight from Childhood to
Early Adulthood and Risk of Type 2 Diabetes. N. Engl. J. Med. 2018, 378, 1302–1312. [CrossRef] [PubMed]

14. Brierley, D.I.; Samuels, J.; Duncan, M.; Whalley, B.J.; Williams, C.M. Cannabigerol is a novel, well-tolerated appetite stimulant in
pre-satiated rats. Psychopharmacology 2016, 233, 3603–3613. [CrossRef]

15. Cascio, M.; Gauson, L.; Stevenson, L.; Ross, R.; Pertwee, R. Evidence that the plant cannabinoid cannabigerol is a highly potent
α2-adrenoceptor agonist and moderately potent 5HT1A receptor antagonist. Br. J. Pharmacol. 2010, 159, 129–141. [CrossRef]

16. de Petrocellis, L.; Orlando, P.; Moriello, A.S.; Aviello, G.; Stott, C.; Izzo, A.A.; di Marzo, V. Cannabinoid actions at TRPV channels:
Effects on TRPV3 and TRPV4 and their potential relevance to gastrointestinal inflammation. Acta Physiol. 2012, 204, 255–266.
[CrossRef]

17. Navarro, G.; Varani, K.; Reyes-Resina, I.; Sánchez de Medina, V.; Rivas-Santisteban, R.; Sánchez-Carnerero Callado, C.; Vincenzi, F.;
Casano, S.; Ferreiro-Vera, C.; Canela, E.I.; et al. Cannabigerol Action at Cannabinoid CB1 and CB2 Receptors and at CB1–CB2
Heteroreceptor Complexes. Front. Pharmacol. 2018, 9, 632. [CrossRef]

18. Greene, E.R.; Huang, S.; Serhan, C.N.; Panigrahy, D. Regulation of inflammation in cancer by eicosanoids. Prostagland. Other Lipid

Mediat. 2011, 96, 27–36. [CrossRef] [PubMed]
19. Shachar, I.; Karin, N. The dual roles of inflammatory cytokines and chemokines in the regulation of autoimmune diseases and

their clinical implications. J. Leukoc. Biol. 2013, 93, 51–61. [CrossRef] [PubMed]
20. Ertunc, M.E.; Hotamisligil, G.S. Lipid signaling and lipotoxicity in metaflammation: Indications for metabolic disease pathogenesis

and treatment. J. Lipid Res. 2016, 57, 2099–2114. [CrossRef]
21. Lackey, D.E.; Olefsky, J.M. Regulation of metabolism by the innate immune system. Nat. Rev. Endocrinol. 2015, 12, 15–28.

[CrossRef]
22. Yang, Y.; Lv, J.; Jiang, S.; Ma, Z.; Wang, D.; Hu, W.; Deng, C.; Fan, C.; Di, S.; Sun, Y.; et al. The emerging role of Toll-like receptor 4

in myocardial inflammation. Cell Death Dis. 2016, 7, e2234. [CrossRef]
23. Kim, S.Y.; Solomon, D.H. Comparative safety of nonsteroidal anti-inflammatory drugs. Nat. Rev. Cardiol. 2011, 8, 193–195.

[CrossRef]
24. Wehling, M. Non-steroidal anti-inflammatory drug use in chronic pain conditions with special emphasis on the elderly and

patients with relevant comorbidities: Management and mitigation of risks and adverse effects. Eur. J. Clin. Pharmacol. 2014, 70,
1159–1172. [CrossRef] [PubMed]

25. Heffler, E.; Madeira, L.N.G.; Ferrando, M.; Puggioni, F.; Racca, F.; Malvezzi, L.; Passalacqua, G.; Canonica, G.W. Inhaled
Corticosteroids Safety and Adverse Effects in Patients with Asthma. J. Allergy Clin. Immunol. Pract. 2018, 6, 776–781. [CrossRef]

http://doi.org/10.1039/ps9640000073
http://doi.org/10.1124/jpet.120.000340
http://www.ncbi.nlm.nih.gov/pubmed/33168643
http://doi.org/10.1089/can.2017.0017
http://doi.org/10.1089/can.2018.0073
http://doi.org/10.3390/ijms19071992
http://doi.org/10.3390/molecules24152702
http://www.ncbi.nlm.nih.gov/pubmed/31349553
http://doi.org/10.3390/antiox9010071
http://www.ncbi.nlm.nih.gov/pubmed/31941059
http://doi.org/10.1038/srep29789
http://doi.org/10.1016/j.bcp.2013.01.017
http://www.ncbi.nlm.nih.gov/pubmed/23415610
http://doi.org/10.3390/medicina55110747
http://doi.org/10.1016/j.pharmthera.2016.06.020
http://doi.org/10.1248/bpb.34.774
http://doi.org/10.1056/NEJMoa1713231
http://www.ncbi.nlm.nih.gov/pubmed/29617589
http://doi.org/10.1007/s00213-016-4397-4
http://doi.org/10.1111/j.1476-5381.2009.00515.x
http://doi.org/10.1111/j.1748-1716.2011.02338.x
http://doi.org/10.3389/fphar.2018.00632
http://doi.org/10.1016/j.prostaglandins.2011.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21864702
http://doi.org/10.1189/jlb.0612293
http://www.ncbi.nlm.nih.gov/pubmed/22949334
http://doi.org/10.1194/jlr.R066514
http://doi.org/10.1038/nrendo.2015.189
http://doi.org/10.1038/cddis.2016.140
http://doi.org/10.1038/nrcardio.2011.30
http://doi.org/10.1007/s00228-014-1734-6
http://www.ncbi.nlm.nih.gov/pubmed/25163793
http://doi.org/10.1016/j.jaip.2018.01.025


Molecules 2021, 26, 5601 15 of 16

26. Sarnes, E.; Crofford, L.; Watson, M.; Dennis, G.; Kan, H.; Bass, D. Incidence and US Costs of Corticosteroid-Associated Adverse
Events: A Systematic Literature Review. Clin. Ther. 2011, 33, 1413–1432. [CrossRef] [PubMed]

27. Krensky, A.M.; Vicenti, F.; Bennett, W.M. Immunosuppressants, tolerogens, and immunostimulants. In Goodman & Gilman’s

the Pharmacological Basis of Therapeutics; Brunton, L.L., Lazo, J.S., Parker, K.L., Eds.; McGraw-Hill: New York, NY, USA, 2005;
pp. 1405–1431, ISBN 0071422803.

28. Bow, E.W.; Rimoldi, J.M. The Structure–Function Relationships of Classical Cannabinoids: CB1/CB2 Modulation. Perspect.

Medicin. Chem. 2016, 8, PMC.S32171. [CrossRef]
29. Mechoulam, R.; Kogan, N.; Gallily, R.; Breuer, A. Novel Cannabidiol Derivatives and Their Use as Anti-Inflammatory Agents.

WO Patent 107879, 12 September 2008.
30. Smyth, E.M.; Burke, A.; FitzGerald, G.A. Lipid-derived autacoids: Eicosanoids and platelet-activating factor. In Goodman &

Gilman’s the Pharmacological Basis of Therapeutics; Brunton, L.L., Lazo, J.S., Parker, K.L., Eds.; McGraw-Hill: New York, NY, USA,
2005; pp. 653–670, ISBN 0071422803.

31. Day, R.O.; Graham, G.G. The vascular effects of COX-2 selective inhibitors. Aust. Prescr. 2004, 27, 142–145. [CrossRef]
32. Bally, M.; Dendukuri, N.; Rich, B.; Nadeau, L.; Helin-Salmivaara, A.; Garbe, E.; Brophy, J.M. Risk of acute myocardial infarction

with NSAIDs in real world use: Bayesian meta-analysis of individual patient data. BMJ 2017, 357, j1909. [CrossRef]
33. Lanas, A.; Chan, F.K.L. Peptic ulcer disease. Lancet 2017, 390, 613–624. [CrossRef]
34. Brater, D.C.; Harris, C.; Redfern, J.S.; Gertz, B.J. Renal Effects of COX-2-Selective Inhibitors. Am. J. Nephrol. 2001, 21, 1–15.

[CrossRef]
35. Bleumink, G.S.; Feenstra, J.; Sturkenboom, M.C.J.M.; Stricker, B.H.C. Nonsteroidal Anti-Inflammatory Drugs and Heart Failure.

Drugs 2003, 63, 525–534. [CrossRef] [PubMed]
36. Liu, D.; Ahmet, A.; Ward, L.; Krishnamoorthy, P.; Mandelcorn, E.D.; Leigh, R.; Brown, J.P.; Cohen, A.; Kim, H. A practical guide to

the monitoring and management of the complications of systemic corticosteroid therapy. Allergy Asthma Clin. Immunol. 2013,
9, 30. [CrossRef] [PubMed]

37. Feldmann, M.; Maini, R.N. TNF defined as a therapeutic target for rheumatoid arthritis and other autoimmune diseases. Nat.

Med. 2003, 9, 1245–1250. [CrossRef]
38. Mechoulam, R.; Sumariwalla, P.F.; Feldmann, M.; Gallily, R. Cannabinoids in Models of Chronic Inflammatory Conditions.

Phytochem. Rev. 2005, 4, 11–18. [CrossRef]
39. Sumariwalla, P.F.; Gallily, R.; Tchilibon, S.; Fride, E.; Mechoulam, R.; Feldmann, M. A novel synthetic, nonpsychoactive

cannabinoid acid (HU-320) with antiinflammatory properties in murine collagen-induced arthritis. Arthritis Rheum. 2004, 50,
985–998. [CrossRef]

40. Pellati, F.; Borgonetti, V.; Brighenti, V.; Biagi, M.; Benvenuti, S.; Corsi, L. Cannabis sativa L. and Nonpsychoactive Cannabinoids:
Their Chemistry and Role against Oxidative Stress, Inflammation, and Cancer. Biomed Res. Int. 2018, 2018, 1691428. [CrossRef]

41. Malfait, A.M.; Gallily, R.; Sumariwalla, P.F.; Malik, A.S.; Andreakos, E.; Mechoulam, R.; Feldmann, M. The nonpsychoactive
cannabis constituent cannabidiol is an oral anti-arthritic therapeutic in murine collagen-induced arthritis. Proc. Natl. Acad. Sci.

USA 2000, 97, 9561–9566. [CrossRef]
42. Gallily, R.; Yekhtin, Z.; Hanuš, L.O. Overcoming the Bell-Shaped Dose-Response of Cannabidiol by Using Cannabis Extract

Enriched in Cannabidiol. Pharmacol. Pharm. 2015, 6, 75–85. [CrossRef]
43. Carmona-Rivera, C.; Carlucci, P.M.; Goel, R.R.; James, E.; Brooks, S.R.; Rims, C.; Hoffmann, V.; Fox, D.A.; Buckner, J.H.;

Kaplan, M.J. Neutrophil extracellular traps mediate articular cartilage damage and enhance cartilage component immunogenicity
in rheumatoid arthritis. JCI Insight 2020, 5, e139388. [CrossRef]

44. Rose, K.W.J.; Taye, N.; Karoulias, S.Z.; Hubmacher, D. Regulation of ADAMTS Proteases. Front. Mol. Biosci. 2021, 8, 701959.
[CrossRef] [PubMed]

45. Odobasic, D.; Yang, Y.; Muljadi, R.C.M.; O’Sullivan, K.M.; Kao, W.; Smith, M.; Morand, E.F.; Holdsworth, S.R. Endogenous
Myeloperoxidase Is a Mediator of Joint Inflammation and Damage in Experimental Arthritis. Arthritis Rheumatol. 2014, 66,
907–917. [CrossRef] [PubMed]

46. Gallily, R.; Breuer, A.; Mechoulm, R. Cyclohexenyl Compounds, Compositions Comprising Them and Uses Thereof. U.S. Patent
10,239,848, 26 March 2019.

47. Meldrum, D.R.; Morris, M.A.; Gambone, J.C. Obesity pandemic: Causes, consequences, and solutions—But do we have the will?
Fertil. Steril. 2017, 107, 833–839. [CrossRef]

48. Teixeira, L.G.; Leonel, A.J.; Aguilar, E.C.; Batista, N.V.; Alves, A.C.; Coimbra, C.C.; Ferreira, A.V.M.; De Faria, A.M.C.; Cara, D.C.;
Alvarez Leite, J.I. The combination of high-fat diet-induced obesity and chronic ulcerative colitis reciprocally exacerbates adipose
tissue and colon inflammation. Lipids Health Dis. 2011, 10, 204. [CrossRef]

49. Doll, S.; Paccaud, F.; Bovet, P.; Burnier, M.; Wietlisbach, V. Body mass index, abdominal adiposity and blood pressure: Consistency
of their association across developing and developed countries. Int. J. Obes. 2002, 26, 48–57. [CrossRef]

50. Latino-Martel, P.; Cottet, V.; Druesne-Pecollo, N.; Pierre, F.H.F.; Touillaud, M.; Touvier, M.; Vasson, M.-P.; Deschasaux, M.;
Le Merdy, J.; Barrandon, E.; et al. Alcoholic beverages, obesity, physical activity and other nutritional factors, and cancer risk: A
review of the evidence. Crit. Rev. Oncol. Hematol. 2016, 99, 308–323. [CrossRef]

51. Suárez-Carmona, W.; Sánchez-Oliver, A.J.; González-Jurado, J.A. Pathophysiology of obesity: Current view. Rev. Chil. Nutr. 2017,
44, 226–233. [CrossRef]

http://doi.org/10.1016/j.clinthera.2011.09.009
http://www.ncbi.nlm.nih.gov/pubmed/21999885
http://doi.org/10.4137/PMC.S32171
http://doi.org/10.18773/austprescr.2004.119
http://doi.org/10.1136/bmj.j1909
http://doi.org/10.1016/S0140-6736(16)32404-7
http://doi.org/10.1159/000046212
http://doi.org/10.2165/00003495-200363060-00001
http://www.ncbi.nlm.nih.gov/pubmed/12656651
http://doi.org/10.1186/1710-1492-9-30
http://www.ncbi.nlm.nih.gov/pubmed/23947590
http://doi.org/10.1038/nm939
http://doi.org/10.1007/s11101-004-1534-1
http://doi.org/10.1002/art.20050
http://doi.org/10.1155/2018/1691428
http://doi.org/10.1073/pnas.160105897
http://doi.org/10.4236/pp.2015.62010
http://doi.org/10.1172/jci.insight.139388
http://doi.org/10.3389/fmolb.2021.701959
http://www.ncbi.nlm.nih.gov/pubmed/34268335
http://doi.org/10.1002/art.38299
http://www.ncbi.nlm.nih.gov/pubmed/24757143
http://doi.org/10.1016/j.fertnstert.2017.02.104
http://doi.org/10.1186/1476-511X-10-204
http://doi.org/10.1038/sj.ijo.0801854
http://doi.org/10.1016/j.critrevonc.2016.01.002
http://doi.org/10.4067/S0717-75182017000300226


Molecules 2021, 26, 5601 16 of 16

52. Lima, M.G.; Tardelli, V.S.; Brietzke, E.; Fidalgo, T.M. Cannabis and Inflammatory Mediators. Eur. Addict. Res. 2021, 27, 16–24.
[CrossRef]

53. Baek, S.H.; Yook, C.N.; Han, D.S. Boron-Trifluoride Etherate on Alumina-A Modified Lewis-Acid Reagent(V) A Convenient
Single-Step Synthesis of Cannabinoids. Bull. Korean Chem. Soc. 1995, 16, 293–296.

54. Vermeij, E.A.; Koenders, M.I.; Blom, A.B.; Arntz, O.J.; Bennink, M.B.; van den Berg, W.B.; van Lent, P.L.E.M.; van de Loo, F.A.J.
In vivo molecular imaging of cathepsin and matrix metalloproteinase activity discriminates between arthritic and osteoarthritic
processes in mice. Mol. Imaging 2014, 13, 1–10. [CrossRef] [PubMed]

http://doi.org/10.1159/000508840
http://doi.org/10.2310/7290.2014.00001
http://www.ncbi.nlm.nih.gov/pubmed/24881106

	Introduction 
	Results 
	Chemistry Development and Synthesis of HUM-223, HUM-233 and HUM-234 
	Evaluation of Anti-Inflammatory Activity 
	Evaluation of Effects on Weight Gain 

	Discussion 
	Materials and Methods 
	NMR Spectroscopy 
	Mass Spectrometry 
	Chemical Synthesis 
	1,1-Dimethylheptyl Cannabigerol (CBG-DMH) 
	1″,1″-Dimethylheptyl-monomethoxycannabigerol (HUM-223) 
	Monomethoxycannabigeroyl-3-morpholinopropraonate Maleate (HUM-233) 
	Monomethoxycannabigeroyl-3-morpholinoproprionate (HUM-234) 

	Biological Evaluation 
	Animals 
	Induction and Treatment of Paw Inflammation (Paw ZIA) 
	Evaluation of Edema 
	Pain Assay 
	Measurement of TNF 
	Zymosan Induced Arthritis of the Knee 
	Diet-Induced Obesity 
	Liver Injury 
	Determination of ALT and AST Levels 

	Statistical Analyses 

	References

