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A B S T R A C T

Ethnopharmacological relevance: Located throughout the body, cannabinoid receptors (CB1 and CB2) are ther-
apeutic targets for obesity/metabolic diseases, neurological/mental disorders, and immune modulation.
Phytocannabinoids are greatly important for the development of new medicines with high efficacy and/or minor
side effects. Plants and fungi are used in traditional medicine for beneficial effects to mental and immune system.
The current research studied five fungi from the genus Ganoderma and five plants: Ganoderma hainanense J.D.
Zhao, L.W. Hsu & X.Q. Zhang; Ganoderma capense (Lloyd) Teng, Zhong Guo De Zhen Jun; Ganoderma cochlear
(Blume & T. Nees) Bres., Hedwigia; Ganoderma resinaceum Boud.; Ganoderma applanatum (Pers.) Pat.; Carthamus
tinctorius L. (Compositae); Cynanchum otophyllum C. K. Schneid. (Asclepiadaceae); Coffea arabica L. (Rubiaceae);
Prinsepia utilis Royle (Rosaceae); Lepidium meyenii Walp. (Brassicaceae). They show immunoregulation, pro-
motion of longevity and maintenance of vitality, stimulant effects on the central nervous system, hormone
balance and other beneficial effects. However, it remains unclear whether cannabinoid receptors are involved in
these effects.
Aim of the study: This work aimed to identify components working on CB1 and CB2 from the above plants and
fungi, as novel phytocannabinoids, and to investigate mechanisms of how these compounds affected the cells. By
analyzing the structure-activity relationship, we could identify the core structure for future development.
Materials and methods: Eighty-two natural compounds were screened on stably transfected Chinese hamster
ovary (CHO) cell lines, CHO-CB1 and CHO-CB2, with application of a label-free dynamic mass redistribution
(DMR) technology that measured cellular responses to compounds. CP55,940 and WIN55,212–2 were agonist
probe molecules, and SR141716A and SR144528 were antagonist probes. Pertussis toxin, cholera toxin,
LY294002 and U73122 were signaling pathway inhibitors. The DMR data were acquired by Epic Imager software
(Corning, NY), processed by Imager Beta 3.7 (Corning), and analyzed by GraphPad Prism 6 (GraphPad Software,
San Diego, CA).
Results: Transfected CHO-CB1 and CHO-CB2 cell lines were established and characterized. Seven compounds
induced responses/activities in the cells. Among the seven compounds, four were purified from two Ganoderma
species with potencies between 20 and 35 μM. Three antagonists: Kfb68 antagonized both receptors with a better
desensitizing effect on CB2 to WIN55,212–2 over CP55,940. Kga1 and Kfb28 were antagonists selective to CB1
and CB2, respectively. Kfb77 was a special agonist and it stimulated CB1 in a mechanism different from that of
CP55,940. Another three active compounds, derived from the Lepidium meyenii Walp. (Brassicaceae), were also
identified but their effects were mediated through mechanisms much related to the signaling transduction
pathways, especially through the stimulatory Gs protein.
Conclusions: We identified four natural cannabinoids that exhibited structural and functional diversities. Our
work confirms the presence of active ingredients in the Ganoderma species to CB1 and CB2, and this finding
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establishes connections between the fungi and the cannabinoid receptors, which will serve as a starting point to
connect their beneficial effects to the endocannabinoid system. This research will also enrich the inventory of
cannabinoids and phytocannabinoids from fungi. Yet due to some limitations, further structure-activity re-
lationship studies and mechanism investigation are warranted in future.

1. Introduction

Cannabinoid receptors (CB1 and CB2) belong to the G-protein
coupled receptor (GPCR) superfamily and they are primarily coupled to
inhibitory G proteins (Gi) (Howlett, 2002). They are part of the en-
docannabinoid system (ECS) named after the plant Cannabis sativa L.
(Gaoni and Mechoulam, 1964). The ECS is a complex lipid signaling
and immunomodulator system, and it is probably the most important
physiologic system. Alterations of the ECS are reported to be associated
with neuropsychiatric disorders and immune vulnerability (Pacher
et al., 2006; Zoppi et al., 2011; Zou and Kumar, 2018). CB1 is expressed
at high levels in the brain (Matsuda et al., 1990), playing a role in
memory (Hebert-Chatelain et al., 2016), sleep (Murillo-Rodriguez,
2008), mood (Witkin et al., 2005), and pain management, and its
agonists show neuroprotective properties (Molina-Holgado et al.,
2005). CB2 receptor localization indicates a high density in immune
cells (Munro et al., 1993), and multiple pathologic conditions can be
mediated by CB2 activation (Atwood et al., 2012a), such as multiple
sclerosis (Chiurchiu et al., 2018), HIV infection (Purohit et al., 2014),
and Alzheimer's disease (Ramirez et al., 2005). CB2 stimulation is

important for development of neuroprotective therapies (Lourbopoulos
et al., 2011; Merighi et al., 2012). The involvement of cannabinoid
receptors in health and diseases is currently a topic of interest (Pacher
and Kunos, 2013).

Apart from endocannabinoids, exogenous ligands can induce effects
through the receptors as well. Nature serves as a reservoir full of active
ingredients with rich structural diversity. So far, more than 100 can-
nabinoids (also known as phytocannabinoids) have been identified
from the Cannabis sativa L., among which Δ9-tetrahydrocannabinol (Δ9-
THC) is the principal psychoactive component (Fig. 1) (Gaoni and
Mechoulam, 1964). Naturally occurring components are an important
source of novel drugs and therapies. For example, HU-210 is developed
based on the structure of Δ8-THC with enhanced affinity and efficacy
(Felder et al., 1995), and it has become a useful tool molecule in can-
nabinoid-related pharmacology studies (Devane et al., 1992). Canna-
bidiol (CBD, Fig. 1) is the second prevalent active ingredient in the
Cannabis sativa L. but lacks detectable psychoactivity (Blessing et al.,
2015). Although CBD interacts with CB1 and CB2 in vitro, it acts as an
antagonist and an antidote to Δ9-THC, providing protection against
certain negative effects caused by THC abuse (Hampson et al., 1998;

Abbreviations

CB1 cannabinoid 1 receptor
CB2 cannabinoid 2 receptor
GPCR G-protein coupled receptor
Gi inhibitory G protein
Gs stimulatory G protein
ECS endocannabinoid system
Δ9-THC Δ9-tetrahydrocannabinol
CBD cannabidiol
CBN cannabinol
CHO Chinese hamster ovary
DMR dynamic mass redistribution
FBS fetal bovine serum
BSA bovine serum albumin
BS Blasticidin
F12K Ham's F–12K medium
CHO-CB1 transfected Chinese hamster ovary cell line expressing

cannabinoid 1 receptors
CHO-CB2 transfected Chinese hamster ovary cell line expressing

cannabinoid 2 receptors
DMEM Dulbecco's modified Eagle's medium
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
CP CP55,940
WIN WIN55,212-2
PTx pertussis toxin
CTx cholera toxin
Ki inhibitory constant
Kd dissociation constant
EC50 half maximal effective concentration
IC50 half maximal inhibitory concentration
pDMR positive dynamic mass redistribution
nDMR negative dynamic mass redistribution
SAR structure-activity relationship
Kga Ganoderma hainanense J.D. Zhao, L.W. Hsu & X.Q. Zhang
Kgc Ganoderma capense (Lloyd) Teng, Zhong Guo De Zhen Jun
Kfb Kfbb and Kgx, Ganoderma cochlear (Blume & T. Nees)

Bres., Hedwigia
Kzr and Kfr Ganoderma resinaceum Boud
Kag Ganoderma applanatum (Pers.) Pat
Kct Carthamus tinctorius L. (Compositae)
Kqys Cynanchum otophyllum C. K. Schneid. (Asclepiadaceae)
Kcx Coffea arabica L. (Rubiaceae)
Kpu Prinsepia utilis Royle (Rosaceae)
Kmk Lepidium meyenii Walp. (Brassicaceae)
HEK293 human embryonic kidney
GPR35 G protein-coupled receptor 35
M3 muscarinic acetylcholine 3 receptor
D2 dopamine 2 receptor
β2 β2 adrenergic receptor
H2 histamine 2 receptor
FFA1 free fatty acid 1 receptor
μOPR μ opioid receptor
δOPR δ opioid receptor
HTRF Homogeneous Time Resolved Fluorescence assay
PI3K phosphoinositide 3-kinases
PLC phospholipase C
SC side chain
SAH southern aliphatic hydroxyl
FAAH fatty acid amide hydrolase

Compounds studied

CP55,940 (−)-cis-3-[2-Hydroxy-4-(1,1-dimethylheptyl)phenyl]-
trans-4-(3-hydroxypropyl)cyclohexanol

WIN55,212-2 mesylate (R)-(+)-[2,3-Dihydro-5-methyl-3-(4-mor-
pholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-
naphthalenylmethanone mesylate

SR141716A N-(Piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-di-
chlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide hy-
drochloride

SR144528 5-(4-Chloro-3-methylphenyl)-1-[(4-methylphenyl)me-
thyl]-N-[(1S,2S,4R)-1,3,3-trimethylbicyclo[2.2.1]hept-2-
yl]-1H-pyrazole-3-carboxamide
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Fig. 1. Chemical structures. Phytocannabinoids: major ingredients in Cannabis sativa L.; Probe molecules: used for receptor characterization and DMR detection;
Plant- and fungus-derived compounds: structures of compounds discussed in this report, active samples marked in bold. Structures of 82 compounds listed in
Supporting Information.

Table 1
Names and uses of plants and fungi of this work.

Plant Name Uses

Carthamus tinctorius L. (Compositae)
(Safflower, Chinese: Hong Hua)

Promotion of blood circulation and menstruation, alleviation of pain (Zhou et al., 2014), management of
menstrual cramps and post-partum hemorrhage, and treatment of numb limbs (Delshad et al., 2018)

Cynanchum otophyllum C.K. Schneid. (Asclepiadaceae)
(Chinese: Qing Yang Shen)

Treatment of epilepsy, rheumatic pain and muscle injuries (Guo and Kuang, 1996; Li et al., 2006)

Coffea arabica L. (Rubiaceae)
(Coffee, Chinese: Ka Fei)

Antioxidants (Durak et al., 2014; Ramalakshmi et al., 2008), hepatoprotective effects (Heath et al., 2017),
stimulant effects on the central nervous system (Patay et al., 2016)

Prinsepia utilis Royle (Rosaceae)
(Chinese: Qing Ci Guo)

Against inflammations (Dafni, 2007; Weckerle et al., 2006)

Lepidium meyenii Walp. (Brassicaceae)
(Maca, Chinese: Ma Ka)

Energy uplifting (Gonzales-Arimborgo et al., 2016) and improvement of hormone imbalance (Brooks et al.,
2008; Tian et al., 2018)

Fungus (Ganoderma) Name Uses

Ganoderma hainanense J.D. Zhao, L.W. Hsu & X.Q. Zhang
(Chinese: Hai Nan Ling Zhi)

Treatments in chronic diseases (Mizushina et al., 1998; Nishitoba et al., 1988; Wasser and Weis, 1999),
promotion of longevity and maintenance of vitality (Adams et al., 2010; Barros et al., 2008; Liao et al., 2013;
Wang et al., 2017; Xie et al., 2006), and neuroprotective effects (Tang et al., 2005; Zhao et al., 2019)Ganoderma capense (Lloyd) Teng, Zhong Guo De Zhen Jun

(Chinese: Bo Shu Ling Zhi)
Ganoderma cochlear (Blume & T. Nees) Bres., Hedwigia
(Chinese: Fan Bing Ling Zhi)

Ganoderma resinaceum Boud. (Chinese: Wu Bing Ling Zhi)
Ganoderma applanatum (Pers.) Pat.

(Chinese: Shu She Ling Zhi)
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Rong et al., 2017). Sativex (GW Pharmaceuticals, UK), an oromucosal
spray with THC and CBD in a 1:1 ratio, has now received marketing
authorization in Europe and Canada for the treatment for adult multiple
sclerosis-related spasticity (Bifulco and Pisanti, 2015; Karschner et al.,
2011; Wright et al., 2012).

Nowadays, the concept of phytocannabinoid is no longer limited to
active ingredients from Cannabis sativa L., and a number of components
have been identified in non-cannabis species, having important effects
through the mediation of cannabinoid receptors (Gertsch et al., 2010;
Sharma et al., 2015). For example, Amyrins, widely distributed in
nature, are extremely potent on CB1 (Ki = 0.133 nM) over CB2
(Ki = 1,989 nM) (da Silva et al., 2011). Such naturally occurring mo-
lecules not only enrich the inventory of cannabinoids, but also offer
potential leads for drug design. Cannabinoid-related drug development
in return helps people understand the underlying mechanisms of how
medicines act on human bodies (Hanus et al., 2016).

Multiple reports have revealed adverse health effects of synthetic
cannabinoids with emphasis on psychosis-like effects. CB1 antagonism
is considered as a promising therapeutic approach to treat overweight/
obesity and related cardiometabolic disorders (Janero and Makriyannis,
2009). CB1-selective antagonists, SR141716A and its close analogs
(MK-0364 and CP945,598), were first used for the treatment of obesity
but later found to cause serious depression and anxiety (Di Marzo and
Despres, 2009; Proietto et al., 2010; Traynor, 2007). Thus, clinical
applications of these drugs were discontinued. How to minimize and
overcome side effects is a challenge. It drives us to continuously explore
the natural source to seek new active ingredients as templates to de-
velop drugs with no or minor negative effects, for the sake of human
health.

In this work, 82 compounds derived from 10 species (5 plants and 5
fungi) were screened on CB1 and CB2 receptors. These species grow in
west China and have been reported to have beneficial effects to mental
health and immune system (Table 1), but whether the cannabinoid
receptors are engaged in their effects remains not known. A label-free
dynamic mass redistribution (DMR) technology was applied that mea-
sured cellular responses to compounds by a resonant waveguide grating
optical biosensor (Fang, 2011; Schroder et al., 2011). Active ingredients
were found in three of the ten species. Among the 82 compounds, 4
compounds distributed in the Ganoderma species were identified to be
active on the cannabinoid receptors, including three antagonists and a
special agonist that may stimulate CB1 via a different mechanism. EC50
values of these compounds were between 20 and 35 μM, making them
promising leads for drug design. Another three compounds were iden-
tified in the Lepidium meyenii Walp. (Brassicaceae) plant, effects of
which were mediated through mechanisms much related to the sig-
naling transduction pathways.

2. Materials and Methods

2.1. Materials

CP55,940 and U73122 were purchased from Sigma-Aldrich (St.
Louis, MO), WIN55,212–2 from Absin Bioscience Inc. (Shanghai,
China), and SR141716A and SR144528 from Tocris Biosciences
(Ellisville, MO). Pertussis toxin was purchased from APExBio (Houston,
TX), cholera toxin from Shanghai Yuan Ye Biotechnology Co., Ltd.
(Shanghai, China), and LY294002 from Selleck Chemicals (Houston,
TX). Cyclic monophosphate (cAMP)-Gi kit was purchased from cisbio
(Number 62AM9PEB, Bedford, MA) for cAMP HTRF screening assays.

Tissue culture-treated Epic biosensor microplates were obtained
from Corning Inc. (Corning, NY). General laboratory chemicals and
reagents were purchased from Gibco Thermo Fisher Scientific
(Waltham, MA), including cell culture media, fetal bovine serum (FBS),
penicillin, streptomycin, bovine serum albumin (BSA), and antibiotics
G418 and Blasticidin S (BS). CB1- and CB2-expressing CHO cell lines
were stably transfected in this laboratory, and plasmids of CB1 and CB2

were provided by Dr. Olivier Civelli at University of California, Irvine.

2.2. Fungus and plant information and names

The fruiting bodies of Ganoderma hainanense J.D. Zhao, L.W. Hsu &
X.Q. Zhang, Ganoderma capense (Lloyd) Teng, Zhong Guo De Zhen Jun
and Ganoderma cochlear (Blume & T. Nees) Bres., Hedwigia were pur-
chased in July 2012, and those of Ganoderma resinaceum Boud. were
purchased in April 2010 from the Juhuacun Traditional Chinese
Medicine Market in Kunming, Yunnan Province, China. The fruiting
bodies of Ganoderma applanatum (Pers.) Pat. were collected at
Gaoligong Mountains of Baoshan, Yunnan Province in July 2015. These
mushrooms were identified by Dr. Peigui Liu, a fungal taxonomist
working at Kunming Institute of Botany, Chinese Academy of Sciences.
These voucher specimens (12071001, 12071501, 10042501,
120711002, and QiuMH-9322) were deposited at the State Key
Laboratory of Phytochemistry and Plant Resources in West China,
Kunming Institute of Botany, Chinese Academy of Sciences.

The safflower seed oil cake (Carthamus tinctorius L. (Compositae))
and Prinsepia utilis Royle (Rosaceae) were provided by Lijiang
Yongsheng Biantun Shishang Yangshengyuan Co. Ltd. in Yunnan in July
2015. The air-dried cherries of Coffea arabica L. (Rubiaceae) cultivated
in Yunnan were harvested in July 2016 and identified by Dr. Hongbo
Zhang, Dehong Institute of Tropical Agriculture. A specimen (No.
KCF1606) was deposited in the State Key Laboratory of Phytochemistry
and Plant Resources in West China, Kunming Institute of Botany. The
rhizomes of Lepidium meyenii Walp. (Brassicaceae) were collected from
Lijiang, Yunnan, in 2014 and authenticated by Dr. Xiwen Li at Kunming
Institute of Botany. A voucher specimen (KIB-14-09-25) was deposited
in the State Key Laboratory of Phytochemistry and Plant Resources in
West China, Kunming Institute of Botany. The roots of Cynanchum
otophyllum C. K. Schneid. (Asclepiadaceae) were purchased from
Traditional Chinese Medicine Market in Kunming and were identified
by Dr. Quanzhang Mu. A specimen (KUN No. 0776933) was deposited
in the Herbarium of Department of Taxonomy, Kunming Institute of
Botany.

The plant names had been checked on the website at http://www.
theplantlist.org and the fungus names had been checked on http://
www.mycobank.org/quicksearch.aspx, listed in Table 1.

2.3. Extraction and identification

Extraction was conducted to five plants and five fungi separately
following methods described in detail in literatures (Peng et al., 2013,
2015b, 2017, 2018; Tian et al., 2018). For each species, the plant or
fungus sample was extracted with methanol under reflux at 60 °C three
times, each time for 3 h. The methanol extracts were concentrated
under pressure and the residue was extracted by petroleum ether and
ethyl acetate, respectively. The combined ethyl acetate extract was
treated with repeated column chromatography, including silica gel,
reverse silica gel, macrosporous resin, and sephadex gel column chro-
matography, as well as high performance liquid chromatography.

Structures of natural compounds were confirmed by extensive 1D-
and 2D-Nuclear Magnetic Response, Infrared Radiation, Ultraviolet,
High-Resolution Electrospray Ionization Mass Spectrometry, X-ray
Crystallography and Electronic Circular Dichroism analysis.
Characterization data of the main compounds in this work were pre-
sented in Supporting Information. Our results were in agreement with
the data previously published (Niedermeyer et al., 2005; Peng et al.,
2015a, 2015c; Wu et al., 2013; Zhao et al., 2005). Characterization data
of other compounds were available in prior literatures (listed in Sup-
porting Information).

2.4. Cell culture and transfection

Transfection of human CB1 and CB2 receptors to CHO cells was
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conducted essentially as reported with modifications (Holmen et al.,
1995). Briefly, CHO cells were maintained at 37 °C in Ham's F–12K
medium, supplemented with 10% FBS and 0.6% penicillin-strepto-
mycin and reached cell confluence of approximately 60% in 10-cm Petri
dishes. For each transfection, 8 μg of plasmid and 24 μL of Lipofecta-
mine 2000 were first separately diluted in 750 μL Opti-MEM, and then
combined as transfection mixture. After standing at room temperature
for 5–10min, the transfection mixture was added to the cells dropwise.
About 6 h after the transfection, the culture medium was replaced with
F12K containing 10% FBS to remove Lipofectamine 2000. About 48 h
after the transfection, the cells were cultured in the presence of 600 μg/
mL G418 and 2 μL BS for two weeks, and then cultured in the presence
of 400 μg/mL G418 and 2 μL BS for another two weeks. Untransfected
cells would die during these periods, leaving only transfected cells.

Stably transfected CHO-CB1 and CHO-CB2 cell lines were main-
tained at 37 °C in F12K, supplemented with 10% FBS and 0.6% peni-
cillin-streptomycin. All cells were exposed to 5% CO2 in their media
and were passaged twice a week using non-enzymatic cell dissociation
solution. Other cell lines applied in this study were stably transfected in
this laboratory and maintained in individual culture media, Dulbecco's
modified Eagle's medium (DMEM) or McCoy's 5A media supplemented
with 10% FBS and 0.6% penicillin-streptomycin, exposed to 5% CO2

incubator.

2.5. Dynamic mass redistribution detection

The label-free DMR detections were performed using Corning Epic
system as previously described (Codd et al., 2011; Schroder et al.,
2011). Stably transfected CHO cell lines expressing either CB1 or CB2
receptors were plated on Epic tissue culture-treated, 384-well bio-
sensor-containing assay plates at an approximate density of 10,000 cells
per well. The cells were allowed to attach to the assay plate and form a
monolayer on the surface of the well in 12 h with cell confluence of
∼95%. On the day of the experiment, each well was washed with 40 μL
of assay buffer (1×Hank's balanced salt solution with 20mM HEPES,
pH 7.4) and the plate was transferred to the Epic reader for an hour at
room temperature so a steady baseline was reached.

DMR agonism experiments were conducted to directly record the
signal arising from the cells after addition of a ligand. After measure-
ment of a baseline signal for 2min, ligand dilutions of designed con-
centrations were added in 10 μL aliquots, and DMR measurements were
taken at 2-s intervals for an hour. In agonism experiments of general
screening of test compounds, the assay plate was divided into three
parts: control (where only the assay buffer was added), standard (where
the agonist probe CP55,940 was added), and test (where natural com-
pounds were added). The CP55,940-induced pDMR was used as a re-
ference response, against which the DMR results of the test compounds
were assessed.

DMR desensitization experiments were conducted on the cells that
had been incubated with ligands for an hour. After measurement of a
baseline signal for 2min, DMR responses arising from a probe ligand
(CP55,940 or WIN55,212–2 at a fixed concentration) were recorded
every 2 s for an hour. In desensitization experiments of general
screening of test compounds, the above-mentioned assay plate was still
divided into three parts yet with modification: blank (in half of the
assay wells, only the assay buffer was added, and in the other half,
CP55,940 at a fixed concentration was added), standard (CP55,940 at a
fixed concentration was added) and test (CP55,940 at a fixed con-
centration was added). The CP55,940-induced pDMR responses in the
cells that were not pretreated with any ligand or compound was used as
a reference response, against which the DMR results of the test com-
pounds were assessed.

DMR inhibition experiments were performed on cells pre-incubated
with receptor antagonists (SR141716A or SR144528) for an hour. After
measurement of a baseline signal for 2min, ligands that were con-
sidered as receptor agonist candidates were added at a fixed

concentration and DMR responses were recorded at 2-s intervals for an
hour. In inhibition experiments of general screening of test compounds,
the plate design was similar to that in the desensitization experiment
but using antagonists as probe molecules.

DMR inhibition experiments that applied signaling pathway in-
hibitors were performed to examine compounds that were considered
to produce signals on the cells yet not through receptors. About 6 h after
cells were seeded on an assay plate, pertussis toxin and cholera toxin
were added to individual wells and incubated for 18–24 h. After mea-
surement of a baseline signal for 2min, compounds at a fixed con-
centration were added and DMR responses were recorded at 2-s inter-
vals for an hour. LY294002 and U73122 were added to the assay plate
following the above inhibition experiment protocol, without overnight
incubation.

2.6. Homogeneous time resolved fluorescence (HTRF) assays

HTRF-based cAMP detections were conducted to further verify
compound selectivity between receptor subtypes, following instructions
provided by the assay kit (https://www.cisbio.com/camp-gi-kit-40364)
and suggested in the literatures (Degorce et al., 2009; Gabriel et al.,
2003; Martinez-Pinilla et al., 2016) with modification. In the wells of a
384-well low volume assay plate, CHO-CB1 or CHO-CB2 cells (7,500
cells in 5 μL) were added and cultured in the 37 °C incubator overnight.
The plate was divided into a ‘negative control’ part and a ‘stimulate’
part. In the ‘negative control’ wells, 5 μL stimulation buffer was added
to the cells; in the ‘stimulate’ wells, 5 μL test compounds prepared in
required concentrations/mixtures were added. For CHO-CB1 cells, they
were CP55,940 50 nM; CP55,940 50 nM + Kga1 20 μM; CP55,940 50
nM + Kga1 100 μM; Kga1 100 μM; and SR141716A 20 μM. For CHO-
CB2 cells, they were CP55,940 50 nM; CP55,940 50 nM + Kfb28 20
μM; CP55,940 50 nM + Kfb28 100 μM; Kfb28 100 μM; and SR144528
20 μM. The plate was sealed and incubated for cell stimulation for 30
min at room temperature. Then, 5 μL conjugate and lysis buffer and 5
μL cAMP-d2 were added in the two parts, respectively. Finally, 5 μL
anti-cAMP Cryptate working solution was added in all wells. The plate
was sealed and incubated at room temperature for an hour before signal
detection. The signal was detected using a Cytation 5 Cell Imaging
Multi-Mode Reader (BioTek Instruments, VT) and collected at both
665 nm and 620 nm. Results were calculated from the HTRF ratio
(665 nm signal/620 nm signal× 10,000).

2.7. Data analysis

The DMR data were acquired by Epic Imager software (Corning, NY)
and processed by Imager Beta 3.7 (Corning). The resulting concentra-
tion-response relationship was analyzed with GraphPad Prism 6
(GraphPad Software, San Diego, CA). EC50 and IC50 values for test li-
gands were determined by fitting the DMR responses to a nonlinear
regression curve and presented as means with 95% confidence intervals
from at least two independent experiments performed in duplicate.

3. Results

3.1. Characterization of transfected CHO-CB1 and CHO-CB2 cell lines

DMR detections were performed with the transfected CHO-CB1 and
CHO-CB2 cell lines so as to verify the transfection quality and char-
acterize the models with specific tool molecules, and meanwhile to
prove the suitability of applying the DMR technology on the cannabi-
noid receptors. Four high-affinity, commonly-used probe molecules
were used in this work to fulfill the aims (Fig. 1).

CP55,940 is a non-selective agonist of CB1 and CB2. Reported Ki
values, obtained from radiolabeling assays, are in a low nanomolar or
subnanomolar range (McPartland et al., 2007). WIN55,212–2 is an
agonist to both subtypes and was originally reported as non-selective
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with affinity values in a nanomolar range. Yet more investigations have
shown that WIN55,212–2 possesses a higher affinity for CB2 than CB1,
and Ki ratios of CB1/CB2 vary from 5 to 20 (Felder et al., 1995;
McPartland et al., 2007). Δ9-THC was not considered as an agonist
probe in this research since this substance is a controlled drug in China.

Unlike the agonists working on both CB1 and CB2, two antagonists
used in this study exhibit considerable receptor selectivity. SR141716A
(Rimonabant) is the first CB1-selective antagonist/inverse agonist,
displaying no activity at CB2 (Rinaldicarmona et al., 1994), while
SR144528 is the first selective CB2 receptor antagonist with a Ki of
0.6 nM on CB2 and 400 nM on CB1 (Rinaldi-Carmona et al., 1998).
They were used in this work to discriminate the specific cannabinoid
receptor subtype.

DMR detections were conducted separately with the probe mole-
cules (Fig. 2 and Table 2), and results were explained using CP55,940
and CB1 receptor as an example. In the agonism experiment,
CP55,940 at 100 nM produced a time-dependent positive DMR (pDMR)
event that peaked after 8min (Fig. 2A, red). DMR responses induced by
different concentrations of CP55,940 were recorded by the biosensor
and the peak readout of each concentration was chosen to yield a
concentration-response relationship, fitting in a single-phase non-linear
regression (Fig. 2C), with EC50 at 5.95 ± 0.04 nM. Desensitization
experiment was followed by adding CP55,940 at a fixed concentration
(100 nM) to the assay plate. The CP55,940-induced DMR response was
inhibited by previously added CP55,940, shown as a flat line (Fig. 2B,

red). Readouts of each concentration were fitted in a non-linear re-
gression in a concentration-dependent manner (Fig. 2C), with an IC50
value of 2.07 ± 0.05 nM.

An inhibition experiment was conducted to verify that CP55,940
producing DMR responses was through the CB1 receptor. Antagonist
SR141716A added to the cells produced a negative DMR (nDMR) event
at 100 μM (Fig. 2A, green). This concentration completely inhibited
CP55,940 from binding CB1 and generating signals (Fig. 2B, green).
The inhibition of SR141716A against CP55,940 followed a concentra-
tion-dependent manner (Fig. 2D), with an IC50 value of 17.1 ± 0.8 nM.

Similar experiments were conducted using WIN55,212–2 on CHO-
CB1. WIN55,212–2 induced a pDMR event at 5 μM (Fig. 2A, blue), and
it was noticed that compared with CP55,940 (100 nM), a higher con-
centration of WIN55,212–2 was required to induce an equivalent
maximal signal in the CHO-CB1 cells. The pDMR produced by
WIN55,212–2 was concentration dependent (Fig. 2E), with an EC50
value of 2,006 ± 68 nM. In the desensitization experiment, the cells
were completely desensitized by the first added WIN55,212–2 (5 μM)
(Fig. 2B, blue). The desensitizing effects were concentration-dependent
(Fig. 2E), with IC50 at 476.8 ± 0.8 nM. Inhibition experiment was
conducted and SR141716A inhibited WIN55,212–2 from binding the
receptor (Fig. 2B, blue and F), with IC50 at 107.1 ± 9.2 nM.

There were some points that were also worth noting. First, the
agonists CP55,940 and WIN55,212-2 generated pDMR events in the
CHO-CB1 cells, responses of which were detectable and repeatable.

Fig. 2. Characterization of the CHO-
CB1 model. (A) DMR responses of tool
molecules (CP55,940, red; WIN55,212–2,
blue; SR141716A, green) in agonism ex-
periments; (B) DMR responses of tool
molecules in desensitization experiments;
(C) Non-linear regression curves of
CP55,940 in agonism and desensitization
experiments; (D) Non-linear regression
curve of CP55,940 in inhibition experi-
ment against SR141716A; (E) Non-linear
regression curves of WIN55,212–2 in
agonism and desensitization experiments;
(F) Non-linear regression curve of
WIN55,212–2 in inhibition experiment
against SR141716A. Data represent at
least two measurements. (For interpreta-
tion of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.)
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SR141716A induced a nDMR event when added to the cells, but before
the next experiment began, a 2-min baseline was always measured to
ensure that the baseline signal was flat. Therefore, the nDMR would not
affect later measurements. Second, inhibition experiments proved that

the pDMR events produced by CP55,940 and WIN55,212–2 were
through the CB1 receptor. Third, additional experiments were per-
formed using one agonist to desensitize CHO-CB1 to the other. Results
showed that WIN55,212–2 was completely desensitized by CP55,940

Table 2
DMR potencies of cannabinoid probes in CB1/2-expressing cells.

Function Probe CB1 (nM) CB2 (nM)

Agonist CP55,940 EC50=5.95 ± 0.04
IC50= 2.07 ± 0.05 (against CP)
IC50= 1.22 ± 0.10 (against WIN)

EC50= 37.2 ± 0.9
IC50= 10.2 ± 0.3 (against CP)
IC50= 10.5 ± 0.5 (against WIN)

Agonist WIN55,212-2 EC50=2,006 ± 68
IC50= 476.8 ± 8.5 (against WIN)
IC50= 40.1 ± 0.44 (against CP)

EC50= 140.7 ± 5.3
IC50= 68.4 ± 1.2 (against WIN)
IC50= 0.25 ± 0.01 (against CP)

CB1 selective Antagonist SR141716A IC50= 17.1 ± 0.8 (against CP)
IC50= 107.1 ± 9.2 (against WIN)

–

CB2 selective Antagonist SR144528 – IC50= 1,258 ± 39 (against CP)
IC50= 704.8 ± 26.3 (against WIN)

CP: CP55,940; WIN: WIN55,212–2. Data represent mean ± s.d from at least two independent experiments.

Fig. 3. Characterization of the CHO-CB2 model. (A) DMR responses of tool molecules (CP55,940, red; WIN55,212–2, blue; SR144528, green) in agonism ex-
periments; (B) DMR responses of tool molecules in desensitization experiments; (C) Non-linear regression curves of CP55,940 in agonism and desensitization
experiments; (D) Non-linear regression curve of CP55,940 in inhibition experiment against SR144528; (E) Non-linear regression curves of WIN55,212–2 in agonism
and desensitization experiments; (F) Non-linear regression curve of WIN55,212–2 in inhibition experiment against SR144528. Data represent at least two mea-
surements. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(Fig. 2B and C, blue), and vice versa (Fig. 2B and E, red), with IC50
values of 1.22 ± 0.10 nM and 40.1 ± 9.2 nM, respectively. These re-
sults confirmed that the DMR responses were caused by interaction
between probes and CB1. Fourth, CP55,940 appeared more potent and
competitive than WIN55,212–2 on the CHO-CB1 cell in DMR detec-
tions. Therefore, we chose CP55,940 as a primary probe molecule for
later experiments.

The CHO-CB2 model was characterized using CP55,940 and
WIN55,212–2 following the same protocol. Both agonists induced
pDMR events (Fig. 3A) and fully desensitized the CB2 receptor
(Fig. 3B). Calculated from the non-linear regressions (Fig. 3C and E),
EC50 and IC50 values of CP55,940 were 37.2 ± 0.9 nM and
10.2 ± 0.3 nM, respectively, and those of WIN55,212–2 were
140.7 ± 5.3 nM and 68.4 ± 1.2 nM, respectively. Inhibition experi-
ments were conducted using the CB2-selective SR144528, and this
molecule inhibited CP55,940 and WIN55,212–2 from binding the

receptor concentration-dependently (Fig. 3D and F), with IC50 values at
1,258 ± 99 nM and 704.8 ± 26.3 nM, respectively.

There were also some interesting points during the CB2 receptor
characterization. First, CP55,940 and WIN55,212–2 induced pDMR
events on the CHO-CB2 cells, and these events were caused by ligand-
receptor binding. It was proved by inhibition experiments and addi-
tional experiments, in which one agonist could desensitize CB2 to the
other (Fig. 3C and E), with IC50 values of 10.5 ± 0.5 nM and
0.25 ± 0.01 nM, respectively. Second, although CP55,940 had a
higher potency, the EC50 ratio of CP55,940/WIN55,212–2 was (37.2/
140.7= ) 0.26 and WIN55,212–2 was not significantly less potent.
Thus, both agonists would be proper tool molecules for CHO-CB2.

Transverse data comparison between CB1 and CB2 revealed char-
acteristics of the models and the probes. In most literatures, binding
affinities of CP55,940 were at the same level on both subtypes, and
some reports even demonstrated a slightly higher affinity with CB2 over

Fig. 4. Scatter-point plots of CB1 and CB2 DMR responses to 82 compounds. (A and B) on CHO-CB1 cells: agonism and desensitization experiments. (C and D) on
CHO-CB2 cells: agonism and desensitization experiments. CP55,940 applied as probe and reference compound. Blue line represents 20% of the reference response in
agonism experiment; red line represents 60% of desensitizing effects. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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CB1 (Kd ratios of CB1/CB2 1.5–3) (Felder et al., 1995; McPartland et al.,
2007). However, in this work, CP55,940 exhibited an EC50 ratio of
CB1/CB2 at (5.95/37.2= ) 0.16. Since these data were obtained from
transfected cell lines, it was postulated that the expression level of CB1
was relatively higher than CB2 in the CHO cells. Another fact is that,
despite the receptor expression levels, WIN55,212-2 has a higher se-
lectivity for CB2 and its EC50 difference between subtypes was (2,006/
140.7= ) 14.7. Reports have demonstrated the CB2 selectivity of
WIN55,212–2 with its Ki ratios of CB1/CB2 varying from 5 to 20, and
our data supported the results. Such characteristics of the probe mo-
lecules served as solid evidence that proved the successful establish-
ment of the CHO-CB1 and CHO-CB2 models. This whole-cell DMR
technology recorded the whole set of molecular interactions in a cell
once it was stimulated by a ligand, and therefore, the potency data were
higher in value but still congruent with the literatures. DMR detection
was applicable to the CHO-CB1 and CHO-CB2 cell lines.

3.2. DMR general screening of compounds on CB1 and CB2

Given the total number of test compounds, it was practical to con-
duct general screening on the receptors to qualitatively assess the
compound in the first place, through which compounds exhibiting po-
tency would be selected as candidates for further investigation. Eighty-
two natural compounds were derived from 10 species (Figures S1, S2
and S3). Names and abbreviations of fungi were as follows: Ganoderma
hainanense J.D. Zhao, L.W. Hsu & X.Q. Zhang (Kga), Ganoderma capense
(Lloyd) Teng, Zhong Guo De Zhen Jun (Kgc), Ganoderma cochlear
(Blume & T. Nees) Bres., Hedwigia (Kfb, Kfbb and Kgx), Ganoderma
resinaceum Boud. (Kzr and Kfr), and Ganoderma applanatum (Pers.) Pat.
(Kag). Names and abbreviations of plants were as follows: Carthamus
tinctorius L. (Kct), Cynanchum otophyllum C. K. Schneid. (Kqys), Coffea
arabica L. (Kcx), Prinsepia utilis Royle (Kpu), and Lepidium meyeniiWalp.
(Kmk).

These plants and fungi have been for medical use for thousands of
years (Table 1). The genus Ganoderma has long been used for promotion
of longevity, anti-aging, preventing cardiovascular disease and other
beneficial effects (Adams et al., 2010; Barros et al., 2008; Liao et al.,
2013; Lull et al., 2005; Peng et al., 2014, 2015b; Xie et al., 2006).
Carthamus tinctorius L. (safflower) is vastly utilized for various medical
conditions with properties of pain relief and treatment of numb limbs
(Delshad et al., 2018; Peng et al., 2017). Lepidium meyeniiWalp. (maca)
is taken to enhance energy and improve female hormone imbalance,
and it has been reported to reduce psychological symptoms, including
anxiety and depression, in clinic (Brooks et al., 2008; Tian et al., 2018).
Due to their beneficial effects to mental and immune system, these
plants and fungi have enticed commercial and research interest. How-
ever, it remains unclear whether the cannabinoid receptors are in-
volved in these effects. Therefore, in this research, the 82 compounds
were tested on CB1- and CB2-expressing CHO cell lines by the DMR
technology, to find whether any worked on the receptors.

The compounds were dissolved in dimethyl sulfoxide (DMSO) to
50mM as stock solutions. DMR assay was conducted as described in the
Methods section 2.5 At this stage, the natural compounds were diluted
to 50 μM and 10 μM with assay buffer, and CP55,940 was used as the
probe and reference compound on both cell lines.

Results were presented in scatter-point plots after normalization
(Fig. 4). All compounds were tested at 50 μM. The pDMR response
generated by CP55,940 on the CHO-CB1 cells was set as reference re-
sponse (100%), against which the DMR responses of the compounds
were assessed by being converted to percentage relative to the
CP55,940 response (Fig. 4A). The desensitization graph showed de-
sensitizing effects of the compounds at 50 μM on CB1 to the probe
(Fig. 4B). CP55,940 at a fixed concentration of 100 nM was added to the
assay plate. On the cells where only the assay buffer was added (no pre-
incubation with ligand or compound), the CP55,940-induced response
was recorded as reference response. On the cells that were pre-

incubated with the compounds, CP55,940-induced DMR responses were
recorded and normalized to the reference response.

Compounds that could decrease the CP55,940-induced DMR re-
sponses more than 60% were selected as candidates (Fig. 4B, below the
red line). The standard was set for two factors: first, samples that
achieved this level exhibited noticeable capability of inhibiting the
binding of CP55,940 on CB1; second, such compounds probably had an
IC50 value lower than 50 μM, promising for future drug design. With
this in mind, 25 compounds were selected. The candidates that also
induced DMR responses more than 50 pm (∼20% of the reference re-
sponse, Fig. 3A, above the blue line) showed agonistic potency on CB1.

Results of the compounds on CHO-CB2 cells were presented in
scatter-point plots after normalization the same way as mentioned
above (Fig. 4C and D). CB2 receptor candidates were selected following
the same criteria and 27 compounds were selected.

This screening step provided a quick and qualitative summary of
compound performance on the CHO-CB1 and CHO-CB2 cells. The
candidate lists of the two subtypes largely overlapped, and together, 31
compounds were selected for further evaluation.

3.3. General evaluation of candidates on multiple GPCRs

Due to the multi-target characteristics of natural compounds, it was
necessary to assess the compounds exhibiting CB1 and/or CB2 potency
on multiple GPCRs. The chosen 31 compounds were evaluated on a
variety of cell lines expressing other types of GPCRs so as to investigate
receptor selectivity of the compounds. Previously, we have successfully
established multiple GPCR models through stable transfection and DMR
detection. In this study eight GPCRs were selected; some were en-
dogenous receptors, and some were expressed in stably transfected CHO
or human embryonic kidney (HEK293) cell lines. They were the human
colon cancer cell line HT29-GPR35 (G protein-coupled receptor 35),
HT29-M3 (Muscarinic acetylcholine 3 receptor), CHO–K1-D2
(Dopamine 2 receptor), the human epidermoid carcinoma cell line
A431-β2-adrenoceptor, HEK293-H2 (Histamine 2 receptor), HEK293-
FFA1 (Free fatty acid 1 receptor), HEK293-μOPR and HEK293-δOPR (μ
and δ opioid receptors). These receptors are linked to a plethora of
diseases, such as diabetes, obesity, inflammation, and neurodegenera-
tive diseases. Particularly, these receptors have linkages with the ECS.
For example, D2 and CB1 have many overlaps of functions in the CNS,
such as the control of locomotion and pain management, and a number
of studies have demonstrated connections between the dopamine
system and the ECS, such as the effects of Δ9-THC on the dopamine
system (Bloomfield et al., 2016). Therefore, D2 was selected to confirm
if the CB1/CB2 candidate compounds were also active to D2. GPR35 is
a potential therapeutic target in inflammatory diseases, highly ex-
pressed in the immune system. Although GPR35 is still considered as an
orphan receptor, 2-arachidonoyl lysophosphatidic acid (LPA) is sug-
gested to be its endogenous ligand (Oka et al., 2010). It has been found
that the endocannabinoid 2-arachidonoylglycerol (2-AG) can be meta-
bolized to 2-arachidonoyl LPA by phosphorylation, and an opposite
dephosphorylation reaction also takes place (Zhao and Abood, 2013).
GPR35 and the cannabinoid receptors are thus linked up through their
natural ligand conversions. Located throughout the CNS, μOPR is a
target for drug addiction and pain relief research, so is CB1. Studies
have described interactions between the two receptors (Rios et al.,
2006). THC and CP55,940 have been reported to increase the potency
of fentanyl, a μOPR agonist (Maguire and France, 2016). How the
candidates would behave therefore drew our interest. Together with
CB1 and CB2 receptors, the ten receptors are potential drug targets in
the treatment of those ailments. Similar DMR assays were performed
with the 31 compounds using tool molecules that were specific to in-
dividual receptors.

Desensitization experiment results of each compound were sum-
marized in bar graphs and the same compound-selection criteria
(> 60% desensitizing effect) were used. Kfb68, Kfb28, Kfb77, Kga1,

H. Zhou, et al. Journal of Ethnopharmacology 246 (2020) 112218

9



Kmk38-1, Kmk38-2, and Kmk38-3 did not efficiently desensitize most
of these receptors to individual tool molecules (Fig. 5A–G). Therefore,
they had no or little interaction with most targets, indicating that these
7 compounds were more selective to CB1 and/or CB2.

The other compounds were removed from the candidates after the

general evaluation on the panel of GPCRs, as they were found to be
active on multiple cell lines. For example, Kag56 that also desensitized
FFA1, μOPR and δOPR to the same degree (60–70%) (Fig. 5H). These
three receptors were expressed on transfected HEK293 cell lines, and
such desensitization effects most likely resulted from the nature of this

Fig. 5. Compound desensitization assay with different GPCRs. (A to G) Selected compounds more selective to CB1 and/or CB2 among the ten receptors, (H) One
representative compound not selective among these receptors.

H. Zhou, et al. Journal of Ethnopharmacology 246 (2020) 112218

10



host HEK293 cell line, instead of compound-receptor interactions.
Among the 7 selected compounds, some were also found to be active

on other targets, such as Kfb28 and Kga1 on D2 (Fig. 5B and D), Kfb77
on GPR35 and μOPR (Fig. 5C), and Kmk38-1 on GPR35 and D2
(Fig. 5E). GPR35 was endogenously expressed on HT29, and μOPR was
transfected on HEK293, so activities on these receptors could not be
explained simply as endogenous to the cells. Since D2 was expressed on
CHO–K1 (a variant of CHO) and it was concerned if the desensitizing
effects of some compounds resulted from something other than GPCRs.
Therefore, these compounds were not removed and would be further
tested.

3.4. Non-selective antagonist candidate Kfb68

General screening experiments qualitatively evaluated compound
performance on CB1 and CB2, and quantitative measurements were
required for potency and subtype selectivity of the 7 compounds.
Quantitative DMR detections were conducted subsequently on both
CB1 and CB2 (Table 3). Compound dilutions started from 100 μM, and
dose-response relationships for selected compounds were established.
CP55,940 and WIN55,212–2 were the probe molecule for CB1 and CB2,
respectively.

Kfb68 showed antagonistic activities against both CB1 and CB2, and
its desensitizing effect was dose-dependent. On the CHO-CB1 cells,
Kfb68 inhibited CP55,940 at a level of 60% (Fig. 6A and B), with an
IC50 value of 33.73 ± 1.72 μM. On the CHO-CB2 cells, Kfb68 com-
pletely desensitized the receptor's response to WIN55,212–2 (Fig. 6C
and D, blue), with an IC50 value of 24.30 ± 1.56 μM.

To compare the inhibitory potency of Kfb68 between subtypes,
another experiment was performed on CHO-CB2 using CP55,940 as the
probe, in which the agonist-induced DMR was fully reduced by Kfb68 at
100 μM (Fig. 6C, red). However, this reduction did not show gradual
descent and the DMR response dropped significantly only when 100 μM
Kfb68 was present (Fig. 6D). These results implied that binding situa-
tions of CP55,940 and WIN55,212-2 might be distinct in the binding
pocket of CB2, and Kfb68 managed to recognize such difference. The
results suggested that the binding site of Kfb68 should be close to the
site of WIN55,212–2 on CB2.

3.5. Specific antagonist candidates Kga1 and Kfb28

Quantitative DMR detections revealed the discriminating behavior
of two compounds, that Kga1 and Kfb28 had subtype selectivity on CB1
and CB2 (Table 3 and Fig. 7). Kga1 gradually prevented CP55,940 from
binding CHO-CB1 by 60% (Fig. 7A and B), with an IC50 value of
22.90 ± 0.54 μM. Mechanism of such prevention remained unclear at
this stage; probably, Kga1 literally competed with CP55,940 at the
binding site, or its interaction with CHO-CB1 lead to certain con-
formational change of the receptor so that the binding site of CB1 was
no longer accessible to CP55,940, or the two machineries acted to-
gether. On CHO-CB2, Kga1 did not prevent WIN55,212–2 from acti-
vating the receptor (Fig. 7C), and WIN55,212–2 induced a pDMR re-
sponse to the same level as the control sample did (cells only stimulated
by WIN55,212–2). These results showed that Kga1 was selective to CB1
over CB2. Although the IC50 value (22 ± 0.54 μM) did not suggest
Kga1 to be greatly active, it was still considered as a lead for two rea-
sons. First, as a natural compound, its scaffold could serve as a template
for future modifications to develop potent ligands. Second, during the
receptor model characterization in the Results section 3.1, it was no-
ticed that binding potencies of probe molecules measured by DMR were
generally higher in value than those measured by radiolabeling binding
assays. It was likely that Kga1 exhibited a higher IC50 value when
measured by the DMR. Together, Kga1 was determined to be a CB1
antagonist.

On CHO-CB2, Kfb28 fully inhibited the binding of WIN55,212–2 in
the desensitization experiment (Fig. 7D). The inhibition was

concentration dependent (Fig. 7E), with an IC50 value of
24.15 ± 6.16 μM. On CHO-CB1, Kfb28 did not affect the CP55,940-
induced responses (Fig. 7F); in the presence of 100 μM Kfb28, CP55,940
induced a response close to the control (cells only stimulated by
CP55,940). These results made Kfb28 a CB2-selective antagonist.

To future verify the compound selectivity between subtypes, HTRF
detection was conducted because of its high sensitivity (Gabriel et al.,
2003), results summarized in bar graphs (Fig. 8). On the CHO-CB1 cells,
the CB1-selective antagonist SR141716A increased the HTRF ratio,
which was mild but statistically significant, compared to the agonist
CP55,940. Addition of Kga1 showed increases of HTRF ratios at the
same level (Fig. 8A) while Kfb28 did not change the HTRF ratio
(Fig. 8C). On the CHO-CB2 cells, Kfb28 changed the HTRF ratios as
significantly as the CB2-selective antagonist SR144528 did (Fig. 8D),
while Kga1 did not much affect the HTRF ratios (Fig. 8B). These results
implied that on CB1, Kga1 behaved similarly to SR141716A, and on
CB2, Kfb28 behaved similarly to SR144528, which qualitatively ver-
ified subtype selectivity of the two compounds.

3.6. Special agonist candidate Kfb77

Apart from the antagonists, an agonist Kfb77 was identified to ex-
hibit agonistic behavior however unlike common agonists did. Kfb77
was originally considered as a CB1 receptor antagonist based on the
compound selection criteria. It desensitized CB1 to CP55,940 but did
not induce a pDMR response in the agonism experiment. Later experi-
ment showed that this compound was quite special and should be ad-
dressed separately.

In the agonism experiment, Kfb77 generated nDMR response of
−70 pm at 100 μM while the response of CP55,940 remained a normal
level of 200 pm (Fig. 9A). The nDMR responses followed a concentra-
tion dependent manner (Fig. 9B) and the DMR value ascended close to
zero with the decrease of Kfb77 concentrations. An EC50 value of
21.39 ± 0.69 μM was obtained from the agonism experiment. In the
desensitization experiment, Kfb77 dose-dependently inhibited the
CP55,940-induced response of CB1 receptor (Fig. 9B), with an IC50 of
29.03 ± 1.83 μM.

During the CB1 model characterization, it was noticed that the in-
verse agonist/antagonist SR141716A generated negative responses in
the agonism experiment (Fig. 2A), leading to a hypothesis that Kfb77
was an inverse agonist on CB1 and its ‘negative’ effects on CB1 would
be blocked by an antagonist. An inhibition experiment was conducted
and serially-diluted SR141716A was pre-incubated with CHO-CB1 be-
fore Kfb77 was added at a fixed concentration. Kfb77 induced a max-
imal DMR response of 50 pm. This response gradually declined as the
concentration of SR141716A increased, and reached a plateau at ap-
proximately −60 pm (Fig. 9C). This result undermined the hypothesis
and the curve showed the same trend as observed in the inhibition
experiment of CP55,940 (Fig. 2D), implying that Kfb77 was an agonist.

Similar DMR assays were conducted on the CHO-CB2 cells (Fig. 9D).
In the agonism experiment, Kfb77 exhibited concentration-dependent
nDMR responses as it did on CB1. However, in the desensitization ex-
periment, Kfb77 failed to prevent WIN55,212–2 from binding CB2,

Table 3
Potency of compounds on CB1 and CB2.

Function Compound CB1 (μM)
(against CP)

CB2 (μM)
(against WIN)

CB1/2 antagonist Kfb68 IC50= 33.79 ± 1.72 IC50=24.30 ± 1.56
CB1 antagonist Kga1 IC50= 22.90 ± 0.54 –
CB2 antagonist Kfb28 – IC50=24.15 ± 6.16
CB1 agonist

(special)
Kfb77 EC50=21.39 ± 0.69

IC50= 29.03 ± 1.83
–

CP: CP55,940; WIN: WIN55,212–2. Data represent mean ± s.d from at least
two independent experiments.
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indicating that Kfb77 might bind to different sites on CB2.
Some information was learned from these experiments. First, Kfb77

was an CB1 receptor agonist, but its performance was very different
from that of CP55,940. Second, although Kfb77 induced nDMR events
on both CHO-CB1 and CHO-CB2 cells, it only desensitized CB1 to the
probe, so Kfb77 was selective to CB1. What made Kfb77 special on CB1
remained unclear and future investigation is warranted to reveal it.

3.7. Kmk38-1, Kmk38-2 and Kmk38-3 signaling-pathway studies

Apart from the receptor-active compounds, there were compounds
affecting the cellular responses yet not through the receptors. The three
Kmk38-series compounds induced pDMR responses in CHO-CB1 and
CHO-CB2 to a moderate degree. However, none of the responses were
blocked by SR141716A (Fig. 10A), indicating that these compounds
might not interact with the CB1 receptor directly.

Inhibition experiment was modified using four molecules that
function on signaling transduction pathways: pertussis toxin (PTx, in-
activating Gi/o proteins), cholera toxin (CTx, continually stimulating Gs

protein), LY294002 (a strong inhibitor of phosphoinositide 3-kinases,
PI3K), and U73122 (a potent inhibitor of phospholipase C, PLC). In
general, the three compounds were affected by these pathway in-
hibitors in similar patterns yet with some differences.

Kmk38-1 induced a pDMR response of about 80 pm on the CHO-CB1
cells (Fig. 10B). Overnight treatment of PTx did not change the pDMR
response. However, overnight treatment of CTx negatively influenced
the pDMR by making considerable reduction to below −100 pm.
LY294002 reduced the pDMR response to 50 pm, and U73122 reduced
the response close to zero.

Kmk38-2 induced a pDMR response of about 60 pm on the CHO-CB1
cells (Fig. 10C). Overnight treatment of PTx brought no change to the
pDMR response. However, overnight treatment of CTx negatively in-
fluenced the pDMR by making considerable reduction to around −75
pm. LY294002 decreased the pDMR response to almost zero, and
U73122 reduced the response to −25 pm.

Kmk38-3 induced a pDMR response of about 80 pm on the CHO-CB1
cells (Fig. 10D). Yet overnight treatment of PTx did not reduce the
pDMR response but enhanced it to about 100 pm. Overnight treatment
of CTx negatively influenced the pDMR by making considerable

reduction to around −50 pm. LY294002 reduced the pDMR to about
−25 pm and U73122 decreased the pDMR responses as much as CTx
did.

These results indicated, first, inactivation of the Gi or Go proteins
did not much affect the compound-induced pDMR events, and these
Kmk38-series compounds were not PTx-sensitive. Second, the com-
pounds were CTx-sensitive, and the rank of order of potency was
Kmk38-1 > Kmk38-2 > Kmk38-3. Third, LY294002 and U73122 de-
creased the pDMR responses in the same order, and the reductions
caused by U73122 were larger than those caused by LY294002. It could
be tentatively concluded that the Kmk38-series compounds interacted
with the CHO-CB1 cells and the following signaling transduction
pathways were involved: Kmk38-1 worked mainly through the stimu-
latory Gs protein, with certain PLC-related mechanism involved;
Kmk38-2 and Kmk38-3 through the Gs protein and mechanisms related
with PLC and PI3K.

4. Discussion

4.1. Binding characteristics of CP55,940 and WIN55,212-2

During the model characterization, CP55,940 and WIN55,212–2
were used as agonist tool molecules, and some points should not be
missed. First, DMR assay results showed that CP55,940 was non-se-
lective between receptor subtypes and the transfection level of CB1 was
higher than CB2. WIN55,212–2 was determined to be selective to CB2
over CB1 with EC50 differed by a factor of (CB1/CB2: 2,006/140.7= )
14.7. This result agrees with earlier reports (Felder et al., 1995;
McPartland et al., 2007).

Second, to our surprise, we noticed that the specific binding sites of
CP55,940 and WIN55,212-2 might be distinct in the binding pocket of
CB2. In this work, an antagonist Kfb68 only efficiently desensitized the
response of CB2 to WIN55,212–2, not to CP55,940. These results in-
dicated that Kfb68 could recognize the distinct binding sites of the two
ligands and might interact with CB2 at a site close to the site of
WIN55,212–2. It has been reported that CP55,940 and WIN55,212–2
exhibit large difference in effects on the CB2 trafficking, such as in-
ternalization, and WIN55,212-2 shows strong functional bias at CB2
(Atwood et al., 2012b). Results in this study served as binding evidence

Fig. 6. DMR assay with Kfb68. (A and B)
Desensitization experiment on CHO-CB1 against
CP55,940 and non-linear regression curve; (C and D)
Desensitization experiment on CHO-CB2 against
WIN55,212–2 (blue) and CP55,940 (red) and non-
linear regression curves. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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to support the differences between the two ligands when interacting
with CB2.

Third, the DMR technology revealed differences of binding char-
acteristics between CP55,940 and WIN55,212–2 on the cell level. In
most recorded works, the two agonists were studied at a molecular level
and their affinities on CB1 and CB2 were generated by radiolabeling
assays. Therefore, their binding characteristics and affinities were
usually considered as alike. In cell-based experiments, CP55,940 was a
proper tool molecule for CB1 while WIN55,212–2 was suggested for
experiments conducted on CB2.

4.2. Structure-activity relationships (SARs)

Kfb68 antagonized both CB1 and CB2 receptors with inhibitory
potency between 25 and 35 μM. It bears a tricyclic core. When the
skeleton of Kfb68 is flipped from top to bottom, and left to right
(Fig. 11A), its core is reminiscent of the core of Δ9-THC. According to a
general pharmacophore model, THC has a C3-position side chain (SC)

and a southern aliphatic hydroxyl (SAH) (Thakur et al., 2005). Kfb68
appears to have its SC linked to the SAH position. CP55,940 has a bi-
cyclic structure with an open ring at the SAH moiety. This structural
difference may contribute to the observation that Kfb68 did not effi-
ciently displace CP55,940.

Kfb77 also has a tricyclic core and it consists of two benzene rings
linked by a pyran. Flip the skeleton of Kfb77 in the same manner, and
its core is the same to the core in cannabinol (CBN, a degradation
product of THC and present in the Cannabis sativa L.) (Fig. 11B). CBN
has a methyl group linked on one phenyl ring and Kfb77 has an alde-
hyde group at that position. Compound Kfb29 is structurally similar to
Kfb77 but carries a carboxyl group (Fig. 1). DMR assays showed that
Kfb29 was not active on the cannabinoid receptors. This position on the
phenyl ring is a possible pharmacophore, and in the case of Kfb77
versus Kfb29, the aldehyde group worked better than the carboxyl in
term of CB2 activity.

Kga1 and Kfb28 were selective antagonists to CB1 and CB2, re-
spectively. Derived from different Ganoderma species, the two

Fig. 7. DMR assays with Kga1 and Kfb28. (A to C) Kga1: (A) Desensitization experiment against CP55,940; (B) Non-linear regression curve; (C) Desensitization
experiment against WIN55,212–2. (D to F) Kfb28: (D) Desensitization experiment against WIN55,212–2; (E) Non-linear regression curve; (F) Desensitization ex-
periment against CP55,940.
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compounds share similarity in the four-fused ring structure, and the
rings are marked as A, B, C and D (Fig. 11C). Multiple natural com-
pounds screened in this work have such a core (Fig. 1), and they reveal
some SAR information. Kfb1 and Kfb2 have an open ring A and DMR
assays showed that they were not active on the cannabinoid receptors.
Completeness of ring A is a factor that may affect compound activity. A
hydroxyl/ketone group on the ring A is also important, and Kfb28 has a
hydroxyl while Kga1 has ketone at this position. Kga9, a hydroxyl
analog of Kga1, had no detectable potency on the cannabinoid re-
ceptors. This position plays a role in this type of structures and how it
affects ligand activity depends on the binding situation.

Side-chain substitutions on ring D were found to have a large effect.
Kfb28 has a six-carbon side chain and a terminal hydroxyl, and this
hydroxyl unit practically lengthens the chain. Kgx3 and Kgx6 also carry
six-carbon chains yet without a terminal hydroxyl, and they were found
inactive in this study. Kfb69 and Kfb28 are exactly alike except for the
side chains. Kfb69 has a dimethyl tetrahydrofuran moiety on the ring D,
and the bulky size of this moiety probably prevented the compound
from approaching the binding pocket of the receptors. Therefore, chain
length and flexibility matter much for the ring D and this type of
structures.

4.3. Mechanisms underlying Kmk38-series activities

Derived from the plant Lepidium meyenii Walp. (maca), the Kmk38-
series (Kmk38-1, Kmk38-2 and Kmk38-3) exhibited cannabimimetic
effects that were however not directly through the cannabinoid re-
ceptors. There are naturally occurring compounds that have been re-
ported to bear such properties, for example salvinorin A, an inhibitor of

endogenous enzyme fatty acid amide hydrolase (FAAH, a key catabolic
enzyme of the ECS) (Braida et al., 2009). In this work, addition of CTx
made considerable reduction to the pDMR responses induced by the
Kmk38-series compounds, and therefore the Gs protein was involved.
Mechanisms involving PLC and PI3K should be also taken into con-
sideration as LY294002 and U73122 could reduce the compound-in-
duced responses of varying degrees.

There is another analog in this series, Kmk38 that carries a two-
carbon shorter chain (Fig. 1). The four Kmk38-series compounds belong
to macamides. Macamides are secondary metabolites in the maca plant,
and inhibitors of FAAH (Wu et al., 2013). Together with this work,
apart from the FAAH regulation, the macamides are probably working
through the Gs protein, PLC and PI3K as well.

4.4. Limitations of this work

This work is subject to some limitations that are worth noting. First,
compounds we tested were derived from the natural source and the SAR
analyses were based on structures and potencies of these samples.
Compared to synthesized ligands, structures of naturally occurring
samples are random and lacking systematic modification and replace-
ment on key pharmacophores. Therefore, the SAR study in this work is
not comprehensive.

Second, compounds identified as phytocannabinoids here are not
highly potent or effective. In-depth investigation is warranted before
learning more information or achieving novel compound designs.
However, experiments were limited to the small sample amounts since
they were isolated from the natural source.

Third, because of the multi-target characteristic of medical species,

Fig. 8. HTRF detection of subtype selectivity of Kga1 and Kfb28. (A and B) Effects of addition of Kga1 on (A) CHO-CB1 compared with CP55,940 and
SR141716A, and on (B) CHO-CB2 compared with CP55,940 and SR144528. (C and D) Effects of addition of Kfb28 on (C) CHO-CB1 compared with CP55,940 and
SR141716A, and on (D) CHO-CB2 compared with CP55,940 and SR144528.
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compounds identified as phytocannabinoids here may not be highly
specific to the cannabinoid receptors. Although they were also tested on
other eight GPCRs so as to try to cover many important therapeutic
targets, the complexity of the human body is far beyond assays.

4.5. Possible clinical significance

In spite of the limitations, findings of this study exhibited sig-
nificance that would contribute to the clinic usage of the Genoderma
species. First, Genoderma are traditionally medical fungi for beneficial
effects such as boosting immunity, increasing energy and reversing the
aging process (Table 1). This work, for the first time, suggested a
connection between the Genoderma species and the pharmaceutically
important ECS and the cannabinoid receptors, which is a good start of
in-depth pharmaceutical investigation of these medical fungi and the
active ingredients within.

Second, antagonists to CB1 and/or CB2 have potential for obesity-
related treatment (Rossi et al., 2018). CB1 antagonism was once con-
sidered as a therapeutic approach to treat overweight; however, clinical
trials of SR141716A (Rimonabant) and its close analogs were dis-
continued for psychiatric side effects (Di Marzo and Despres, 2009;
Proietto et al., 2010; Traynor, 2007). CB2 antagonism has also been
demonstrated to participate in the management of metabolic disorders
(Deveaux et al., 2009; Rossi et al., 2018). The natural antagonists
identified here can be novel medicines of new treatments for obesity-
associated diseases.

Third, natural compounds are generally multi-target and our phy-
tocannabinoids showed such a quality as well. Multi-target drugs draw
attention for advantages in treating complex diseases and may make a
breakthrough to the limitations of the ‘one drug, one target’ paradigm
(Bolognesi and Cavalli, 2016; Ramsay et al., 2018), such as drug re-
sistance issues (Bartenschlager et al., 2013). Therefore, our findings can

be possible novel multi-target agents and potential solutions to complex
diseases, such as infection and neurodegeneration.

5. Conclusions

For decades, phytocannabinoids were considered as cannabinoids
that occur naturally in the Cannabis sativa L. plant. Then more and more
naturally occurring compounds distributed in species besides Cannabis
sativa L. have been found active on the cannabinoid receptors. In this
work, natural cannabinoids were identified in Lepidium meyenii Walp.,
and also in two species of Ganoderma (Ganoderma hainanense J.D. Zhao,
L.W. Hsu & X.Q. Zhang and Ganoderma cochlear (Blume & T. Nees)
Bres., Hedwigia).

Here reported three antagonists (Kfb68, Kga1 and Kfb28). Kfb68
antagonized both CB1 and CB2, and more importantly, it distinguished
CP55,940 and WIN55,212–2 when binding CB2. Kga1 and Kfb28 have
four-fused rings in structures, and they were selective antagonists to
CB1 and CB2, respectively. A special CB1 agonist (Kfb77) was also
identified. The mechanism of its working was unlike that of CP55,940
and remained unclear at this stage. Potencies of these compounds were
between 20 and 35 μM. The Kmk38-series compounds (macamides)
worked mainly through Gs proteins. The structural and functional di-
versity will broaden the natural cannabinoid inventory and inspire
novel discoveries in cannabinoid-based medicines and therapies.
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