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Abstract

Selective estrogen receptor modulators (SERMs) target estrogen receptors (ERs) to treat breast 

cancer and osteoporosis. Several SERMs exhibit anti-cancer activity not related to ERs. To 

discover novel anti-cancer drugs acting via ER-independent mechanisms, derivatives of the SERM 

tamoxifen, known as the “ridaifen” compounds, have been developed that exhibit reduced or no 

ER affinity, while maintaining cytotoxicity. Tamoxifen and other SERMs bind to cannabinoid 

receptors with moderate affinity. Therefore, ER-independent effects of SERMs might be mediated 

via cannabinoid receptors. This study determined whether RID-B, a first generation ridaifen 

compound, exhibits affinity and/or activity at CB1 and/or CB2 cannabinoid receptors. RID-B binds 

with high affinity (Ki = 43.7 nM) and 17-fold selectivity to CB2 over CB1 receptors. RID-B acts as 

an inverse agonist at CB2 receptors, modulating G-protein and adenylyl cyclase activity with 

potency values predicted by CB2 affinity. Characteristic of an antagonist, RID-B co-incubation 

produces a parallel-rightward shift in the concentration-effect curve of CB2 agonist WIN-55,212-2 

to inhibit adenylyl cyclase activity. CB2 inverse agonists are reported to exhibit anti-inflammatory 

and anti-ostoeclastogenic effects. In LPS-activated macrophages, RID-B exhibits anti-

inflammatory effects by reducing levels of nitric oxide (NO), IL-6 and IL-1α, but not TNFα. Only 

reduction of NO concentration by RID-B is mediated by cannabinoid receptors. RID-B also 

exhibits pronounced anti-osteoclastogenic effects, reducing the number of osteoclasts 

differentiating from primary bone marrow macrophages in a cannabinoid receptor-dependent 

manner. In summary, the tamoxifen derivative RID-B, developed with reduced affinity for ERs, is 

a high affinity selective CB2 inverse agonist with anti-inflammatory and anti-osteoclastogenic 

properties.
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1. Introduction

Cannabinoids have been used for medicinal purposes for centuries; however, there are only 

two FDA-approved cannabinoids that are currently used therapeutically (Grotenhermen and 

Muller-Vahl, 2012). Cannabinoids can be endogenously produced (endocannabinoids), 

extracted from plants (phytocannabinoids) or synthetically produced (synthetic 

cannabinoids) (Pertwee, 2006). They act at two major types of receptors, CB1 and CB2 

receptors, which are Gi/o-coupled seven transmembrane receptors. Cannabinoids that are 

FDA-approved for therapeutic use act at both CB1 and CB2 receptors (Pertwee, 2010); 

however, unfortunately produce many adverse effects, including euphoria, lightheadedness, 

sedation, tolerance and dependence (Clark et al., 2005). Thus, there is a need to develop 

drugs acting via cannabinoid receptors with fewer side effects.

There is significant scientific evidence supporting the development of drugs that act at either 

CB1 or CB2 receptors. For example, CB1 receptors are densely expressed in the central 

nervous system (CNS), making these receptors potential targets for many CNS-related 

disorders, such as epilepsy, Parkinson’s disease, Huntington’s disease, pain, nausea and 

decreased appetite (Pertwee, 2010; Garcia et al., 2011; Valdeolivas et al., 2012). Although 

CB2 receptors primarily modulate immune function, they are also expressed in the CNS, 

reproductive system and bone (Bhutani and Gupta, 2013; Cabral et al., 2015; Hojnik et al., 

2015). Drugs acting via CB2 receptors could prove therapeutically useful for treatment of 

diseases related to immune function, including inflammatory disorders (Cabral and Griffin-

Thomas, 2009) and neuropathic pain (Wilkerson et al., 2012), but also have been shown to 

produce anti-angiogenic and anti-proliferative effects in several types of cancer (Vidinsky et 

al., 2012).

Our laboratory and others have recently reported that several selective estrogen receptor 

modulators (SERMs) exhibit moderate affinity for cannabinoid receptors and act as inverse 

agonists (Kumar and Song, 2013; Prather et al., 2013; Ford et al., 2016). SERMs are 

agonists and antagonists at estrogen receptors (ERs) and have traditionally been used 

therapeutically to treat ER-positive breast cancer, post-menopausal conditions, and 

osteoporosis (Maximov et al., 2013). Interestingly, some SERMs demonstrate anti-cancer 

activity in cancers devoid of ERs (Martinkovich et al., 2014). A potential mechanism to 

explain these ER-independent effects of SERMs might be due to inverse agonist activity at 

cannabinoid receptors. Thus, development of cannabinoid ligands based on a SERM scaffold 

might result in efficacious anti-cancer drugs acting via a novel mechanism with reduced side 

effects. However, to avoid potential ER-related adverse effects, it will first be important to 

develop SERM-based cannabinoids that act selectively at CB1 and/or CB2 receptors and lack 

affinity for ERs.

Tamoxifen, a SERM in the triphenylethylene class, has been used for decades for treatment 

of ER-positive breast cancer. However, due to tissue-specific action at ERs not expressed in 
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breast, tamoxifen also unfortunately produces several adverse effects, including increased 

incidence of endometrial cancer, stroke, hot flashes, and ocular changes (Maximov et al., 

2013; Martinkovich et al., 2014). A class of pseudo-symmetrical derivatives of tamoxifen 

has been synthesized with the goal of decreasing affinity for ER receptors, to reduce these 

adverse effects, while maintaining cytotoxic actions in cancer via novel ER-independent 

mechanisms of action (Shiina et al., 2008; Guo et al., 2013b). This novel class is referred to 

as the ridaifen (RID) compounds, and a first generation compound, ridaifen-B (RID-B), 

appears to have promise against some forms of cancer by inhibiting cell proliferation more 

efficaciously than tamoxifen (Nagahara et al., 2008; Tsukuda et al., 2013). Importantly for 

this study, RID-B is equally cytotoxic in both ER-positive and ER-negative cancer cells. 

Furthermore, the mechanism of action of RID-B has been shown to be different from that of 

tamoxifen, as well as 200 other existing cancer medications (Tsukuda et al., 2013). Since 

cannabinoids and RID-B share cytotoxicity in several types of ER-negative cancers 

(Alexander et al., 2009; Nagahara et al., 2013), it is possible that the ER-independent actions 

of RID-B are mediated via cannabinoids receptors.

As an initial step to determine if cannabinoid receptors may contribute to the effects of RID-

B, this study characterized the affinity and activity of RID-B at cannabinoid receptors. Based 

on our previous studies with other SERMs, it was hypothesized that RID-B exhibits 

moderate to high affinity for the cannabinoid receptors and demonstrates inverse agonist 

activity with anti-inflammatory and anti-osteoclastogenic activity.

2. Materials and methods

2.1. Materials

Ridaifen-B, CP-55,940, and JWH-015 were purchased from Sigma Aldrich (St. Louis, MO). 

WIN-55,212-2, AM-630, and AM-281 were obtained from Tocris Bioscience (Minneapolis, 

MN). SR-144528 was procured from Cayman Chemicals (Ann Arbor, MI). The radioligand 

[3H]CP-55,940 (131.4 Ci/mmol) was purchased from Perkin Elmer (Waltham, MA) and 

[35S]GTPγS (1250 Ci/mmol) from American Radiolabeled Chemicals (St. Louis, MO). All 

compounds were diluted to 10−2M in 100% DMSO and stored at −20 °C. N-1 

napthylethlene, sulfanilamide, and lipopolysaccharide from E. coli 0111:B4 were purchased 

from Sigma Aldrich (St. Louis, MO). ELISA kits to measure levels of mouse TNFα and 

mouse IL-6 were obtained from R&D systems (Minneapolis, MN). Mouse IL-1α release 

was quantified by ELISA kits procured from Ray Biotech (Norcross, GA). The WST-1 cell 

proliferation reagent from CellPro Roche was obtained from Sigma Adrich (St. Louis, MO). 

Reagents for TRAP staining were purchased from Sigma Aldrich (St. Louis, MO). All other 

supplies were purchased from Fisher Scientific.

3. Methods

3.1. Animals

Bone marrow was extracted from the tibiae and femora of eight to ten week-old C57/BL6J 

mice. Animals were maintained according to guidelines of UAMS Institutional Animal Care 

and Use Committee, animal use protocol number 3661.
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3.2. Cell culture

Chinese hamster ovary (CHO-K1) cells stably expressing human CB1 receptors (CHO-

hCB1) were purchased from the DiscoverRx Corporation (Fremont, CA). CHO-K1 cells 

stably expressing human CB2 receptors (CHO-hCB2) were produced in our laboratory as 

described previously (Shoemaker et al., 2005a). CHO-hCB1 cells were cultured in Kaighn’s 

modification of Ham’s F-12 media (Sigma Aldrich, St. Louis, MO) while Dulhecco’s 

Modification of Eagles’s Medium (DMEM; Cellgro, Manassas, VA) was used for CHO-

hCB2 cells. Both types of growth medium contained 10% FetalPlex animal serum complex 

(Gemini Bio Products, West Sacramento, CA) and 1% penicillin/streptomycin (10,000 

IU/ml penicillin, 10,000 μg/ml streptomycin; Cellgro, Manassas, VA) and 0.5 mg/ml of 

G418 geneticin (Sigma Aldrich, St. Louis, MO), a selection antibiotic used to maintain the 

stable expression of transfected receptors. Cells were used between passages 4–18 and were 

maintained in a humidified incubator at 37 °C with 5% CO2. Cells were harvested using 

PBS (10mM)/EDTA (1 mM) upon reaching 90–100% confluency. Cells were then either 

plated for assessment of adenylyl cyclase activity (see following for complete Methods), 

frozen at −80 °C for future membrane preparation or reseeded into flasks for further 

culturing of the cell line.

3.3. Membrane preparation

Cell pellets were harvested from CHO cells stably expressing human CB1 and CB2 receptors 

(CHO-hCB1 and CHO-hCB2) and stored in −80 °C. Pellets were thawed on ice, pooled and 

suspended in ice-cold homogenization buffer (50 mM HEPES pH 7.4, 3 mM MgCl2, and 1 

mM EGTA). Suspended pellets were placed in a 40 ml Dounce glass homogenizer and 

subjected to 10 strokes followed by centrifugation at 40,000 × g for 10 min at 4 °C. 

Supernatants were discarded and the homogenization-centrifugation steps were repeated 

twice more. Pellets were then resuspended with ice-cold 50 mM HEPES, pH 7.4 and 

aliquoted for storage at −80 °C. Protein concentration was determined using the BCA™ 

Protein Assay (Thermo Scientific, Rockford IL).

3.4. Competition receptor binding

Increasing concentrations of RID-B (10−10 to 10−5M) were co-incubated with 0.2 nM of the 

CB1/CB2 agonist [3H] CP-55,940 as previously reported (Prather et al., 2013). Each sample 

also contained 50 μg of CHO-hCB1 or CHO-hCB2 membrane homogenates, 5 mM MgCl2 

and an incubation mix containing 50 mM Tris-HCl buffer (pH 7.4) with 0.05% bovine serum 

albumin. Nonspecific binding was defined as radioactivity remaining in the presence of 1 

μM of non-radioactive CB1/CB2 agonist WIN-55,212-2. Assays contained a final volume of 

1 ml and were conducted in triplicate. To achieve equilibrium, samples were incubated for 

15 min at 37 °C. Termination of reactions was achieved by rapid vacuum filtration through 

Whatman GF/B glass fiber filters followed by four washes of four mls of ice-cold filtration 

buffer (50 mM Tris, pH 7.4 and 0.05% bovine serum albumin). Filters were then placed in 

scintillation vials containing four mls of ScintiverseTM BD Cocktail scintillation fluid 

(Fisher Scientific, Pittsburg, PA). After overnight incubation in scintillation fluid, 

radioactivity was quantified by a liquid scintillation spectrophotometer (TriCarb 2100TR 

Liquid Scintillation Analyzer, Packard Instrument Company, Meriden, CT).
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3.5. [35S]GTPγS binding

[35S]GTPγS binding was conducted as described previously (Prather et al., 2013) in a final 

volume of 1 ml by incubating 25 μg of CHO-hCB2 membrane homogenates with increasing 

concentrations of RID-B (10−10 to 10−5M) and 0.1 nM [35S]GTPγS in 20mM HEPES buffer 

containing 10 mM MgCl2, 100 mM NaCl, 10 μM GDP, 0.1% bovine serum albumin. Non-

specific binding was defined by radioactivity remaining in the presence of 10 μM of non-

radioactive GTPγS. Each assay condition was conducted in triplicate and reactions were 

incubated for 30 min at 30 °C. Termination of reactions was achieved by rapid vacuum 

filtration through Whatman GF/B glass fiber filters followed by four washes of four mls of 

ice-cold filtration buffer (50 mM Tris, pH 7.4 and 0.05% bovine serum albumin). Filters 

were then placed in scintillation vials containing four mls of ScintiverseTM BD Cocktail 

scintillation fluid (Fisher Scientific, Pittsburg, PA). After overnight incubation in 

scintillation fluid, radioactivity was quantified by a liquid scintillation spectrophotometer 

(TriCarb 2100TR Liquid Scintillation Analyzer, Packard Instrument Company, Meriden, 

CT).

3.6. Adenylyl cyclase activity

CHO-hCB2 cells, between the passages of 6–18, were seeded into 24-well plates at a density 

of 6 × 106 cells per plate and allowed to adhere overnight in a humidified incubator 

maintained at 37 °C with 5% CO2. Growth media was then replaced with an incubation 

media containing DMEM with 0.9 g/l NaCl, 2.5μCi/ml of [3H]adenine and 0.5 mM isobutyl-

methyl-xanthine (IBMX) for 3 h. The incubation media was then removed and replaced with 

0.5 ml of test compounds in a Krebs-Ringer-HEPES solution (10 mM HEPES, 110 mM 

NaCl, 25 mM Glucose, 55 mM Sucrose, 5mM KCl, 1 mM MgCL2, and 1.8 mM CaCl2 at 

pH 7.4) containing 0.5 mM IBMX and 10 μM forskolin. Plates were then floated in a 37 °C 

water bath for 15 min followed by termination of reactions by adding 50 μl of 2.2 N HCl to 

each well. [3H]cAMP was collected in 4 ml of final eluate following alumina column 

chromatography. Following 10 ml addition of ScintiverseTM BD Cocktail scintillation fluid, 

radioactivity was quantified by a liquid scintillation spectrophotometer (TriCarb 2100TR 

Liquid Scintillation Analyzer, Packard Instrument Company, Meriden, CT).

In experiments to determine if RID-B acted as a CB2 antagonist, CHO-hCB2 cells were first 

incubated with RID-B (3 μM) for 30 min at room temperature. Following RID-B 

pretreatment, cells were co-incubated with increasing concentrations (10−10 to 10−5M) of 

the CB1/CB2 agonist WIN-55,212-2 for an additional 7 min at room temperature. Reactions 

were terminated by addition of 50 μl of 2.2 N HCl to each well and samples were processed 

as described above to isolate and quantify [3H]cAMP.

3.7. Nitric oxide production

Nitric oxide production was quantified by use of the Greiss Reagent. Specifically, RAW 

264.7 cells were plated at a density of 10,000 cells per well in DMEM (10% FetalPlex and 

1% penicillin/streptomycin) and allowed to adhere overnight in a 37 °C incubator with 5% 

CO2. Growth media was removed and replaced with media containing the experimental 

compounds for 90 min at 37 °C. LPS (concentrations optimized per experiment) was then 

added and cells incubated for 48 h. Following LPS exposure, 100 μl of media from each well 
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was removed and added to separate wells of a 96 well plate, to which 150 μl of Greiss 

reagent (4 mM N-1 napthylethlene, 4% 12.2 N HCl and 46 mM sulfanilamide) was added. 

Plates were covered with aluminum foil to protect from the light and gently shaken for 15 

min and read at 540 nM in a SpectraMax® Plus Spectrophotometer (Molecular Devices 

Corporation, Sunnyvale, CA). Nitric oxide concentrations were quantified from standard 

calibration curves containing sodium nitrite concentrations ranging from 0.5 μM to 100 μM.

3.8. Cell viability

Cell viability was assessed by quantifying cellular metabolic activity of RAW264.7 mouse 

macrophage cells with the cell proliferation WST-1 reagent (CellPro-Ro Roche; Sigma-

Adrich, St. Louis, MO). Following indicated drug treatments, growth media was removed 

and 100 μl of DMEM (10% FetalPlex, 1% penicillin-streptomycin) at 37 °C was added to 

each well, followed by WST-1 reagent (10 μl). After thorough mixing, cells were incubated 

at 37 °C with 5% CO2 for 2–3 h and colormetric differences were quantified by reading 

absorbance was 450 nM in a SpectraMax® Plus spectrophotometer (Molecular Devices 

Corporation, Sunnyvale, CA). All values were normalized to percent of vehicle-treated 

controls.

3.9. Enzyme-linked immunosorbent assays (ELISAs)

Production of mouse TNF-α, IL-1α and IL-6 was quantified by ELISA assays. Specifically, 

RAW264.7, were pre-incubated with cannabinoid compounds for 1 h prior to addition of 

500 ng/ml lipopolysaccharide (LPS) for an additional 48 h incubation. Media was removed 

and stored at −20 °C. All ELISAs were performed according to the manufacturer’s 

instructions.

3.10. Osteoclast differentiation

Primary bone marrow macrophages were prepared as described previously (Zhou et al., 

2015). Briefly, whole bone marrow was isolated from the tibiae or femurs of 8–10 week old 

mice (C57/BL6J). 5 × 106 Bone marrow cells were then plated in a 10 mm bacteria petri-

dish in α-10 medium [α-MEM, 1 × penicillin-streptomycin-L-glutamine solution (Sigma-

Aldrich, St. Louis, MO), 10% heat-inactivated fetal bovine serum (Hyclone; GE Healthcare 

Life Sciences, Pittsburg, PA)], containing a 1/10 volume of M-CSF conditioned medium 

supernatant (CMG), which is equivalent of 1 μg/ml of M-CSF. Cells were subsequently 

incubated at 37 °C with 95% O2 and 5% CO2 for 4–5 days to generate bone marrow 

macrophages. During the incubation, fresh media and CMG were replaced every other day. 

Bone marrow macrophages were then plated into 48 well plates at a concentration of 1.5 × 

104 cells/well. For differentiation into osteoclasts, fresh media was replaced on days 2 and 3 

containing 1/100 volume of CMG and 100 ng/ml of RANKL. Drug treatments were added 

on days 2 and 3 and cells were fixed on day 4 with 4% paraformaldehyde in phosphate 

buffered saline for 20 min, followed by two 5 min washes with phosphate buffered saline. 

Plates were then stored at 4 °C until tartrate-resistant acid phosphatase staining was 

performed.
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3.11. Tartrate-resistant acid phosphatase (TRAP) staining

As described in (Zhou et al., 2015), bone marrow macrophages were cultured in 48-well 

culture plates for 4 days in α-10 medium containing M-CSF and RANKL. Afterwards, 4% 

paraformaldehyde/phosphate buffered saline (PBS) was used to fix the cells. TRAP was then 

stained using sodium potassium tartrate and napthol AS-BI phosphoric acid. The solution 

was gently mixed and 0.4 ml added to each well of fixed osteoclasts. After a 20 min 

incubation at 37 °C, the reactions were terminated by washing with tap water three times 

and air-dried. TRAP-stained osteoclasts were then quantified visually by microscopy using a 

grid-system.

3.12. Statistical analyses

GraphPad Prism® v6.0 g (GraphPad Software, Inc.; San Diego, CA) was used for all 

statistical analyses and curve-fitting. Non-linear regression for one-site competition was 

used to determine the IC50 for competition receptor binding. The Cheng-Prusoff equation 

(Cheng and Prusoff, 1973) was used to convert the experimental IC50 values to Ki values, a 

quantitative measure of receptor affinity. Similarly, non-linear regression was also used to 

determine IC50, EC50, Emax and Imax values for measures of intrinsic activity. Statistical 

comparison of three or more treatment groups was accomplished by employing one-way 

ANOVA followed by Dunnett’s post-hoc comparisons of individual groups.

4. Results

Based on the structural similarity of RID-B to tamoxifen (Fig. 1), and our past reports that 

tamoxifen exhibits moderate affinity for cannabinoid receptors (Prather et al., 2013; Ford et 

al., 2016), a competition receptor-binding screen was conducted. From this initial binding 

screen, it was observed that RID-B (1 μM) produced > 50% displacement of the CB1/CB2 

radioligand [3H]-CP-55,940 (0.2 nM) from human CB1 and CB2 receptors stably expressed 

in CHO cells. These data suggested that RID-B exhibits sub-micromolar affinity for both 

cannabinoid receptors (data not shown). As such, subsequent studies were conducted to 

determine the specific affinity (Ki) of RID-B at both CB1 and CB2 receptors (Fig. 2A). 

Although RID-B exhibits moderate affinity for CB1 receptors (filled squares) with a Ki value 

of 732 ± 168 nM (N = 3), this tamoxifen derivative hinds to CB2 receptors (open squares) 

with high affinity (e.g., Ki = 43.7 ± 14.6 nM, N = 3). Based on these results, RID-B exhibits 

17-fold higher affinity for CB2 receptors when compared to CB1 receptors. These data 

suggest that RID-B is the first SERM-based cannabinoid reported that exhibits moderate 

CB2 selectivity. Based on these observations, the focus of subsequent experiments was to 

characterize CB2 signaling produced by RID-B.

Experiments were next designed to determine the intrinsic activity of RID-B at CB2 

receptors (e.g., whether RID-B acts as an agonist, antagonist, or inverse agonist). 

Cannabinoid receptors are coupled to the Gi/Go subtype G-proteins, thus agonists activate 

G-proteins, antagonists have no effect, and inverse agonists decrease G-protein activity 

produced by constitutively active receptors (Pertwee, 2006). The ability of RID-B to 

modulate G-protein activation was examined by employing a non-hydrolyzable radioactive 

analogue of GTP, [35S]GTPγS, which hinds to G-proteins irreversibly when activated. As 
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expected, the well characterized full CB2 agonist CP-55,940 increases G-protein activation 

(Emax = 25.4 ± 3.0%) with a potency (EC50) of 2.3 ±1.1 nM, N = 3 (Fig. 2B). In marked 

contrast, RID-B decreases G-protein activation below basal levels (Imax = −31.2 ± 0.37%) 

with a potency (IC50) of 300 ± 34 nM (N = 3). RID-B has no effect on G-protein activity in 

CHO cells devoid of CB2 receptors (data not shown). Collectively, these data indicate that 

RID-B acts as an inverse agonist at CB2 receptors for modulation of G-protein activity 

(Bouaboula et al., 1997).

To provide a second measure of intrinsic activity, CB2 regulation of adenylyl cyclase activity 

was examined. Through coupling to Gi/Go-proteins, CB2 receptor agonists inhibit the 

activity of the intracellular effector adenylyl cyclase, resulting in a reduction of intracellular 

cAMP levels. Neutral antagonists at CB2 receptors do not affect adenylyl cyclase activity, 

while inverse agonists increase cAMP levels due to inhibition of constitutively active CB2 

receptors. Consistent with modulation of G-protein activity (Fig. 2B) and also characteristic 

of an inverse agonist, RID-B increases adenylyl cyclase activity in a concentration-

dependent manner, elevating cAMP levels with an Imax of 398 ± 30% and a potency (IC50) 

of 134 ± 397 nM (N = 3) (Fig. 2C). RID-B does not alter intracellular cAMP levels in CHO 

cells not expressing cannabinoid receptors (data not shown). To provide additional evidence 

for inverse agonist/antagonist action of RID-B at CB2 receptors, an antagonist dissociation 

constant (Kb) was determined for RID-B (Fig. 2D). This was accomplished by co-incubating 

a receptor saturating concentration of RID-B (3 μM) in the presence of increasing 

concentrations of the full CB1/CB2 agonist WIN-55,212-2. As expected, WIN-55,212-2 

decreases cAMP level with an efficacy (Imax) of 86 ± 2.6% and a potency (IC50) of 0.5 ± 0.3 

nM (N = 3) (open triangles). RID-B co-incubation (filled triangles) produces an 11.2-fold 

decrease in the potency, but not efficacy, of inhibition of adenylyl cyclase activity by 

WIN-55,212-2 (e.g., resulting in a parallel-rightward shift in the concentration-effect curve), 

yielding a Kb value of 294 nM ± 67.4 (N = 3). In summary, the in vitro pharmacological 

characterization presented (Fig. 2A–D) clearly indicates that the tamoxifen derivative RID-B 

acts as a high affinity, selective, inverse agonist at CB2 receptors when considering 

modulation of G-protein and adenylyl cyclase activity.

Evidence suggests that CB2 inverse agonists might be developed therapeutically for use in 

inflammation and osteoporosis, specifically due to anti-inflammatory (Turcotte et al., 2016) 

and anti-ostoeclastogenic (Idris et al., 2008; Yang et al., 2013) effects. As such, subsequent 

experiments were conducted to examine RID-B modulation of inflammatory markers in 

LPS-activated RAW264.7 macrophages and osteoclast differentiation of primary bone 

marrow macrophages (e.g., osteoclastogenesis).

To examine potential anti-inflammatory effects of RID-B, nitric oxide (NO) production (a 

measure of oxidative stress and inflammation (Coleman, 2001)) was first measured 

following activation of RAW264.7 murine macrophages with increasing concentrations (5–

500 ng/ml) of lipopolysaccharide (LPS) for 48 h (Fig. 3). As shown in Fig. 3A, LPS 

produces a concentration-dependent increase in NO production (as measured by nitrite 

present in the media) with a potency (ED50) of 77.7 ± 1.4 nM and an efficacy (Emax) of 25.0 

± 4.0 (N = 5) μM. Consistent with anti-inflammatory properties, co-incubation of LPS with 

RID-B (300 nM, 500 nM, and 1 μM) significantly decreases the Emax of NO production to 
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19.4 ± 3.8 (N = 3), 22.0 ± 9.9 (N = 3), and 18.2 ± 4.7 (N = 4) μM, respectively. RID-B co-

incubation did not alter the EC50 values of LPS, indicative of non-competitive antagonism.

To determine if cannabinoids receptors participate in the anti-inflammatory actions produced 

by RID-B in RAW264.7 macrophages, receptor-saturating concentrations of selective and 

non-selective CB1 and/or CB2 agonists and antagonists/inverse agonists were co-incubated 

with 1 μM of RID-B (a concentration of RID-B that produced maximal reduction in NO 

production, Fig. 3B). Similar to data presented from the concentration-effect experiments 

(Fig. 3A), RID-B (1 μM) alone reduced NO production by 30.1 ± 5.1% (N = 10) when 

compared to cells treated only with LPS (500 ng/ml) for 48 h. While producing slight but 

insignificant effects, co-incubation with selective CB2 antagonists/inverse agonists AM-630 

(5 μM) and SR-144528 (5 μM) (Ross et al., 1999; Rhee and Kim, 2002), or the CB1 

antagonist/inverse agonist AM-281 (5 μM) (Cosenza et al., 2000), did not alter NO levels 

compared to RID-B administered alone. Interestingly, co-incubation with the selective CB2 

agonist JWH-015 (5 μM) (Murataeva et al., 2012) significantly increases the effect of RID-

B, reducing NO levels to 51.1 ± 6.4% (N = 4). Importantly, co-incubation with the well 

characterized non-selective full CB1/CB2 agonist CP-55,940 (2 μM) significantly attenuates 

the anti-inflammatory effect of RID-B, resulting in NO reduction of only 9.3 ± 4.6% (N = 

10). Although slight reductions in NO concentrations are observed when cannabinoid 

agonists or antagonist/inverse agonists are administered alone, none of these effects are 

significant (white bars).

To examine additional mediators of inflammation in LPS-activated RAW264.7 

macrophages, the effect of RID-B on the release of the inflammatory cytokines IL-1α, IL-6 

and TNF-α was measured (Fig. 4). In RAW264.7 macrophages treated with LPS (500 

ng/ml) for 48 h, IL-1α concentrations are increased to 153.3 ± 16.6 pg/ml (N = 4) (Fig. 4A). 

Indicative of an anti-inflammatory action, RID-B reduces IL-1α levels in a concentration-

dependent manner to 73.1 ± 4.7 pg/ml (52.3%) when tested at 1 μM. Co-incubation of RID-

B (1 μM) with receptor saturating concentrations of selective CB2 antagonists/inverse 

agonists AM-630 (5 μM) and SR-144528 (5 μM), the CB1 antagonist/inverse agonist 

AM-281 or the CB1/CB2 agonist CP-55,940 (2 μM), does not alter the anti-inflammatory 

effect of RID-B. No cannabinoid agonist or antagonist/inverse agonist altered IL-1α 
concentrations when administered alone (white bars).

Consistent with observations for IL-1α, treatment with LPS (500 ng/ml) for 48 h increases 

IL-6 levels to 636.1 ± 38.01 pg/ml (N = 4), and this increase is reduced by 45% by co-

incubation with RID-B (1 μM) to 349.9 ± 34.9 pg/ml (N = 4) (Fig. 4B). Also similar to 

experiments with IL-1α, co-incubation with all cannabinoid agonists or antagonists/inverse 

agonists fails to attenuate the anti-inflammatory effect of RID-B on IL-6 release. Curiously, 

while all other cannabinoids ligands have no effect on IL-6 levels when administered alone, 

the selective CB1 antagonist/inverse agonist AM-281 increases IL-6 levels to 1040 ± 119.4 

pg/ml (N = 4) (white bars).

Finally, TNF-α levels dramatically increase to 17.2 ± 0.48 ng/ml (N = 4) in RAW264.7 

macrophages exposed to LPS (500 ng/ml) for 48 h (Fig. 4C). Interestingly, unlike that 

observed for IL-1α and IL-6, RID-B (1 μM) produces a slight but non-significant increase in 
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TNF-α levels. However, co-incubation of RID-B with the selective CB2 antagonist/inverse 

agonist AM-630 and selective CB1 antagonist/inverse agonist AM-281 significantly 

increases TNF-α levels, while co-incubation with the CB2 agonist JWH-015 or CB1/CB2 

agonist CP-55,940, have no effect. AM-281, but no other cannabinoids ligands examined, 

significantly increases TNF-α levels to 21.3 ± 0.21 (N = 4) ng/ml when administered alone 

(white bars).

Collectively, results from studies employing LPS-activated RAW264.7 macrophages suggest 

that, similar to previous reports for CB2 inverse agonists (Turcotte et al., 2016), RID-B 

exhibits anti-inflammatory effects characterized by reduction of oxidative stress and 

decreased release of inflammatory cytokines. However, the participation of cannabinoid 

receptors in these responses is complex.

RID-B was designed to exhibit selective cytotoxicity toward cancer cells. Therefore, to 

assure that the observed reductions in NO production and cytokine levels in the present 

experiments did not result from cytotoxic actions of RID-B or the other cannabinoids 

ligands examined, cell viability of RAW264.7 macrophages was assessed in response to the 

conditions and drug treatments that were employed (Fig. 5). Cell viability of RAW264.7 

macrophages was quantified by measuring mitochondrial activity via employing the WST-1 

reagent. Forty-eight hour exposure to LPS (500 ng/ml) in the absence or presence of all 

cannabinoid ligands, examined alone or in combination with RID-B (1 or 3 μM), has no 

effect on cell viability (Fig. 5A). However, as observed in Fig. 5B, when cells are exposed to 

higher concentrations of RID-B (10 μM) alone during a 4 h exposure to LPS, cell viability is 

decreased by 34.0 ± 5.4% (N = 4). Interestingly, RID-B cytotoxicity is attenuated by co-

incubation with the selective CB1 antagonist/inverse agonist AM-281 or the CB1/CB2 

agonist CP-55,940, indicating a potential cannabinoid receptor-mediated mechanism.

A second area of interest for drug development of CB2 inverse agonists is for potential use in 

osteoporosis, specifically due to reported anti-ostoeclastogenic (Idris et al., 2008) effects. 

Osteoclasts are derived from the monocyte/macrophage lineage of hematopoietic stem cells, 

and overactivity of this modulator of bone plays an important role in development of 

osteoporosis. To examine the effect of RID-B on osteoclastogenesis, drugs were added to 

primary bone marrow-derived macrophages in the pre-osteoclast stage, and their 

development into mature osteoclasts was quantified (Figs. 6 and 7). Pre-osteoclasts exposed 

only to vehicle matured into 339.1 ± 15.6 (N = 4) osteoclasts per well (Fig. 6A). RID-B 

produces a concentration-dependent reduction in the number of osteoclasts, resulting in a 

maximal decrease of 48.6% (174.4 ± 19.2, N = 4) when tested at 300 nM (Figs. 6A and 7B). 

To determine if the anti-osteoclastogenic effect of RID-B involves cannabinoid receptors, 

pre-osteoclasts were co-incubated with RID-B (300 nM) and receptor-saturating 

concentrations of selective and non-selective CB1 and/or CB2 agonists and antagonists/

inverse agonists (Fig. 6B, 7D and F). Treatment of pre-osteoclasts with the selective CB2 

inverse agonist AM-630 alone reduces osteoclastogenesis to levels similar to that produced 

by RID-B (168.1 ± 15.4, N = 4) (Fig. 6B and 7C), and in an additive manner following co-

incubation with RID-B (94.6 ± 15.6, N = 4) (Figs. 6B and 7D).
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Although the CB2 agonist JWH-015 and CB1 antagonist/inverse agonist AM-281 also 

significantly reduce osteoclast development when administered alone, co-incubation has 

little consequence on the effects of RID-B. Importantly, although the CB1/CB2 agonist 

CP-55,940 marginally reduced osteoclast formation when administered alone (Figs. 6B and 

7E), co-incubation significantly attenuated the anti-osteoclastogenic effects produced by 

RID-B (Fig. 6B and 7F). To summarize, experiments examining osteoclastogenesis indicate 

that, similar to that reported for other selective CB2 inverse agonists (Ouyang et al., 2013; 

Yang et al., 2013), RID-B exhibits significant anti-osteclastogenic effects that may be 

mediated in part by CB1 and/or CB2 receptors.

5. Discussion

The present study identifies RID-B as the first high affinity, selective, CB2 inverse agonist 

derived from a SERM scaffold. Furthermore, similar to that reported for other selective CB2 

inverse agonists (Idris et al., 2008; Yang et al., 2013; Reiner et al., 2014; Feng et al., 2015; 

Presley et al., 2015a), RID-B exhibits anti-inflammatory, anti-osteoclastogenic and cytotoxic 

effects that are mediated in part by CB2 and/or CB1 receptors. RID-B is a first generation 

pseudo-symmetrical derivative of tamoxifen with reduced ER affinity (Shiina et al., 2008; 

Guo et al., 2013b), while exhibiting increased affinity for cannabinoid receptors (this study). 

Collectively, these observations provide proof of principle for development of a novel class 

of SERM-based cannabinoids that act selectively at CB2 and/or CB1 receptors and lack 

affinity for ERs.

Increasing evidence indicates that CB2 inverse agonists show promise for development as a 

novel class of anti-inflammatory drugs (Ueda et al., 2005; Maekawa et al., 2006; Ueda et al., 

2007; Lunn et al., 2008). Nitric oxide (NO) (Coleman, 2001) and cytokines (Holdsworth and 

Gan, 2015) are synthesized and released during inflammatory responses by a variety of 

immune modulating cell types. Therefore, in the present study, potential anti-inflammatory 

activity of RID-B was assessed by quantifying the modulation of NO and inflammatory 

cytokine production in LPS-activated RAW264.7 macrophages. RID-B reduced NO 

accumulation in macrophages exposed to LPS; however, determining a potential mechanistic 

role for CB2 and/or CB1 receptor involvement in mediating this anti-inflammatory response 

was complex. For example, although co-incubation of RID-B with the CB1/CB2 agonist 

CP-55,940 significantly attenuates reduction in NO levels produced by RID-B, there is no 

consistent pattern observed when RID-B is co-incubated with individual cannabinoid 

agonists or antagonists/inverse agonists that act selectively at CB1 and/or CB2 receptors. An 

obvious explanation for these observations might be that both CB1 and CB2 receptors 

participate in the mechanism by which RID-B reduces NO accumulation in this model, and 

thus concurrent occupation of both receptors must be achieved to observe antagonism. 

However, it might also be expected that co-incubation with a CB2 selective agonist (e.g., 

JWH-015) would attenuate the effects of a CB2 inverse agonist/antagonist (e.g., RID-B). 

Although such reversal was not observed in the present study, these results might be 

explained by “functional selectivity” often reported for ligands that act at CB2 receptors 

(Shoemaker et al., 2005b; Yao et al., 2006; Bosier et al., 2010; Brailoiu et al., 2014; 

Dhopeshwarkar and Mackie, 2016). The intrinsic activity of functionally selective CB2 

ligands can vary, depending on the cell, tissue and/or signaling pathway examined (Kenakin 
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and Miller, 2010; Goupil et al., 2012). For example, in transfected cells stably expressing 

CB2 receptors, the previously classified CB2 inverse agonist SR144528 acts as an inverse 

agonist for regulation of both adenylyl cyclase activity and arrestin recruitment; however, 

other reported CB2 inverse agonists AM630 and JTE907 modulate only adenylyl cyclase 

activity as inverse agonists, but instead act as partial agonists for recruitment of arrestin 

(Dhopeshwarkar and Mackie, 2016). Therefore, it has not been established whether the 

cannabinoid ligands used for co-incubation with RID-B in this study, that have been 

classified as “agonists” or “antagonists/inverse agonists” in other systems, truly exhibit the 

expected intrinsic activity concerning modulation of pathways involved in NO production in 

this inflammatory model. Finally, it is also certainly possible that the anti-inflammatory 

mechanism of action for RID-B in this model is cannabinoid-independent, and might occur 

via action of RID-B at ERs (see following discussion).

CB2 inverse agonists also exhibit anti-inflammatory effects via modulation of cytokine 

release (Reiner et al., 2014; Presley et al., 2015b). In this study, release of pro-inflammatory 

cytokines IL-6, IL-1α, and TNF-α was examined in LPS-activated macrophages. Consistent 

with anti-inflammatory actions, RID-B decreases levels of IL-1α and IL-6; however, no 

effect on TNF-α is observed. Co-incubation with selective CB1 and/or CB2 cannabinoid 

agonists or antagonists/inverse agonists fail to alter reduction of cytokine levels produced by 

RID-B, indicating that cannabinoid receptors likely do not mediate this antiinflammatory 

effect. These apparent cannabinoid-independent anti-inflammatory effects of RID-B may 

involve action at ERs. For instance, although the affinity of RID-B for ERs is lower than 

tamoxifen (from which it was derived), this analogue nevertheless retains moderately high 

affinity for ERs (Guo et al., 2013b). Several SERMs, including tamoxifen and raloxifene, 

exhibit anti-inflammatory activity by reducing oxidative stress and pro-inflammatory 

cytokine levels in the brain and blood of ovariectomized rats (Yazgan et al., 2016). 

Raloxifene has also been reported to decrease NO and IL-6 levels in an inflammatory mouse 

model of Parkinson’s disease (Poirier et al., 2016). Finally, certain xenoestrogens decrease 

IL-6 release (Teixeira et al., 2016). Collectively, these observations suggest that the 

cannabinoid-independent reduction in cytokine release observed for RID-B in this study is 

likely mediated via ERs. Although use of selective ER antagonists might help tease out ER 

versus CB2-mediated effects of RID-B on LPS-treated macrophages observed here, a more 

definitive answer could be provided by development and examination of SERM-based 

cannabinoids that lack any ER affinity. These studies are ongoing in our laboratory.

It is interesting that RID-B selectively reduces LPS-induced production of interleukins, but 

not TNFα in RAW 264.7 macrophages. However, it should be noted that selective effects on 

individual cytokines similar to those reported here have been demonstrated for other CB2 

inverse agonists. For example, the CB2 inverse agonist SMM-189 reduces elevated levels of 

IL-6, IL-10 and IFNγ, but not TNFα in primary human microglial cells activated by LPS 

(Reiner et al., 2014). Although the precise explanation(s) for the observed selective effects 

on cytokines are unclear, these observations should not be too surprising given the complex 

role of cytokines in inflammation (Rathinam and Fitzgerald, 2016), coupled with the 

incomplete understanding of inflammatory regulation by CB2 inverse agonists to date 

(Turcotte et al., 2016).
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In addition to development as anti-inflammatory agents, CB2 inverse agonists may represent 

a novel approach to treat certain forms of cancer (Feng et al., 2015). In support of this 

suggestion, there is significant overlap between the mechanisms by which RID-B and 

cannabinoids produce cytotoxicity in cancers of immune origin. For example, RID-B 

demonstrates anti-cancer activity in lymphoma and leukemia cancer cell lines that are both 

ER-positive and ER-negative (Nagahara et al., 2008). Mechanisms underlying the cytotoxic 

effect of RID-B in these cancer types include induction of apoptosis, activation of 

caspases-3, -8, and -9, and disruption of mitochondrial membrane potential. Similarly, the 

cannabinoids Δ9-tetrahydrocannabinol (Δ9-THC) and cannabidiol produce apoptosis of 

lymphoma and leukemia cell lines via disruption of mitochondrial membrane potential 

(Lombard et al., 2005; Mckallip et al., 2006). Furthermore, RID-B induces autophagy in the 

ER-negative Jurkat T-cell lymphoma cancer cell line, independent of the conventional Beclin 

1 autophagy pathway (Nagahara et al., 2013). The cannabinoid WIN-55,212-2 also induces 

cell death via autophagy of non-Hodgkin lymphoma cells with no evidence of the traditional 

lysosomal degradation pathway (Wasik et al., 2011). Importantly, lymphoma and leukemia 

cell lines express little to no CB1, but significant levels of CB2 receptors (Mckallip et al., 

2002; Lombard et al., 2005). Although not the primary focus of this study, it is interesting to 

note that high (10 μM), but not low (1 or 3 μM), concentrations of RID-B significantly 

decrease cell viability of LPS-activated macrophages via a cannabinoid receptor-dependent 

mechanism. Therefore, cytotoxic effects of RID-B reported in cancers of immune origin 

may be mediated via cannabinoid receptors and indicate an additional potential clinical use 

for this novel class of CB2 inverse agonists.

An increasing body of literature suggests that tamoxifen does indeed exhibit significant anti-

cancer action in cellular models of ER-negative breast cancer (reviewed in (Manna and 

Holz, 2016)). Although clinical cases reporting non-ER-mediated anti-cancer effects of 

tamoxifen are few, several have been noted. For example, a combination of tamoxifen with 

radiation increases overall survival of triple negative breast cancer patients when examined 

at 3-, 5- and 10-year post treatment (Payandeh et al., 2015). Furthermore, tamoxifen 

improves both drug response and survival of ER-negative and triple negative breast cancer 

patients in a manner that directly correlates to expression of estrogen-related receptor alpha 

(ERRalpha) (Manna et al., 2016) and androgen receptors (Hilborn et al., 2016). These 

clinical studies indicate that tamoxifen and carefully designed structural derivatives may one 

day be developed that exhibit clinical usefulness for treatment of non-ER expressing form of 

cancer, perhaps via CB2 receptors.

Another important potential clinical use of CB2 inverse agonists is treatment of osteoporosis, 

specifically due to reported anti-ostoeclastogenic effects of drugs in this class (Idris et al., 

2005; Schuehly et al., 2011; Yang et al., 2013). Therefore, in the present study experiments 

were conducted to examine RID-B modulation of osteoclast differentiation from primary 

bone marrow macrophages (e.g., osteoclastogenesis). Bone integrity is maintained by bone 

remodeling wherein old bone is appropriately replaced with young matrix (Bhutani and 

Gupta, 2013). Osteoclasts are responsible for bone resorption while osteoblasts organize 

bone formation (Idris et al., 2005). Osteoporosis is a chronic disease characterized by 

decreased bone density and an increase risk of fractures, thought to be caused by an 

imbalance of bone remodeling. Treatment could therefore focus either on increasing bone 
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formation via activation of osteoblasts or decreasing bone resorption through decreasing 

formation/activity of osteoclasts (Bhutani and Gupta, 2013). CB1 and CB2 receptors are 

present in bone, and CB2 inverse agonists produce significant decrease in the production of 

osteoclasts (Idris et al., 2005; Schuehly et al., 2011; Yang et al., 2013). For example, the 

selective CB2 antagonist/inverse agonist AM-630 inhibits, while CB2 agonists increase, 

osteoclast formation (Idris et al., 2008). Osteoclasts generated from CB2 knockout are 

resistant to the anti-osteoclastogenic effects of AM-630, strongly supporting the argument 

that this effect is due to the CB2 receptors (Idris et al., 2008). Similarly, a novel class of CB2 

selective inverse agonists derived from a triaryl sulfonamide scaffold produce potent 

inhibition of osteoclastogenesis (Yang et al., 2013). In this study, both CB2 inverse agonists/

antagonists examined, RID-B and AM-630, greatly reduced the number of osteoclasts 

formed and co-administration resulted in an additive effect. The cannabinoid agonist, 

CP-55,940 had little effect when administered alone, but produced almost complete 

antagonism with co-incubated with RID-B. Consequently, similar to that reported for other 

CB2 inverse agonists, RID-B produces pronounced anti-osteoclastogenic effects that are 

likely mediated via cannabinoid receptors, and provides further evidence for potential use of 

drugs in this class for treatment of osteoporosis.

Although this and previous studies clearly demonstrate that SERM-scaffolds may be useful 

for synthesis of selective CB1 and/or CB2 cannabinoid ligands (Kumar and Song, 2013; 

Prather et al., 2013; Ford et al., 2016), before novel compounds can be useful 

therapeutically, drugs in this class must first be designed that lack ER affinity to prevent off-

target effects. Importantly, RID-B is only a first generation of many ridaifen (RID) 

compounds that are tamoxifen derivatives, developed to reduce ER affinity, yet maintain 

cytotoxic effects in cancer (Shiina et al., 2008; Guo et al., 2013b). These studies have found 

that modification of substituents on the phenyl rings at the C1 position of tamoxifen greatly 

decrease affinity for ERα (Guo et al., 2013b). The structure of RID-B contains 

modifications of substituents associated with two phenyl rings. However, in order to 

completely lose affinity for ERα, one or both of the phenyl or ethyl groups at the C2 

position must be eliminated. It is unknown how such modifications would alter the affinity 

of these compounds for cannabinoids receptors. Two RID compounds developed that 

completely lack ERα affinity have been investigated to determine ER-independent 

mechanism(s) of action for observed growth-inhibitory activity. The mechanism(s) of action 

observed for these compounds was poorly correlated to that of tamoxifen, indicating distinct 

cytotoxic modes of action for these two distinct classes of drugs (Guo et al., 2013b). For 

example, one of these compounds RID-SB8 exhibited broad cytotoxic effects across many 

human cancer cells lines with greater efficacy than tamoxifen. Characterization of the 

growth-inhibitory effects of RID-SB8 were shown to result from apoptosis, partially 

mediated via a caspase-independent pathway, alteration of AIF expression, and 

mitochondrial dysfunction (Guo et al., 2013a). Interestingly, the cannabinoid Δ9-THC 

produces cytotoxicity in leukemia cells via similar mechanism(s) of action (Lombard et al., 

2005). In summary, the tamoxifen derivative RID-B, developed to exhibit reduced affinity 

for ERs, acts as a high affinity selective CB2 inverse agonist with anti-inflammatory, anti-

osteoclastogenic and cytotoxic properties that are mediated by cannabinoid receptors. These 
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observations provide proof of principle for development of a novel class of SERM-based 

cannabinoids that act selectively at CB2 and/or CB1 receptors and lack affinity for ERs.
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AC adenylyl cyclase

CB1R cannabinoid receptor type 1

CB2R cannabinoid receptor type 2

CHO Chinese hamster ovary

CP-55,940 5-(1,1-dimethylheptyl)-2-[5-hydroxy-2-(3-

hydroxypropyl)cyclohexyl]phenol

DMEM Dulbecco’s Modification of Eagle’s Medium

ELISA enzyme-linked immunosorbent assay

ER estrogen receptor

GPCR G-protein coupled receptor

[35S]GTPγS guanosine 5′-O-(3-[35S]thio) triphosphate

hCB2 human CB2 receptors

IBMX isobutyl-methyl-xanthine

RID ridaifen

SERM selective estrogen receptor modulator

TRAP tartrate-resistant acid phosphatase

WIN-55,212-2 [(3R)-2,3-dihydro-5-methyl-3-(4-

morpholinylmethyl)pyrrolo-[1,2,3-de]-1,4-benzoxazin-6-

yl]-1-naphthalenyl-methanone
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Fig. 1. 
Structures of ligands examined in this study. The ligands examined in this study were; A) 

tamoxifen, classified as a selective estrogen receptor modulator (SERM) in the 

triphenylethylene structural class (Maximov et al., 2013), recently shown to also exhibit 

moderate affinity for CE1 and CB2 receptors (Prather et al., 2013); and B) ridaifen-B, a 

pseudo-symmetrical derivative of tamoxifen developed to exhibit reduced affinity for 

estrogen receptors (ERs) while maintaining cytotoxic actions in cancer models (Shiina et al., 

2008).
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Fig. 2. 
RID-B acts as a high-affinity, CB2 selective antagonist/inverse agonist. A) IC50 values for 

competition between increasing concentrations of RID-B (10−10 to 10−5 M) and 0.2 nM of 

[3H]-CP-55,940 were determined experimentally by incubation with 50 μg of membranes 

prepared from CHO-hCB1 cells (filled squares) or CHO-hCB2 cells (open squares). As a 

quantitative measure of affinity, Ki values were calculated using experimental IC50 values by 

employing the Cheng Prusoff equation (Cheng and Prusoff, 1973). RID-B demonstrates 17-

fold selectivity for binding to CB2 relative to CB1 receptors. B) Modulation of G-protein 

activity was examined by incubating 0.1 nM of the non-hydrolyzable [35S]GTPγS analogue 

with increasing concentrations of RID-B (10−8 to 10−5M; filled circles) or CP-55,940 (10−10 

to 10−7 M; open circles) and 25 μg of CHO-hCB2 membrane. CP-55,940 increases G-

protein binding, indicative of agonist activity, while RID-B decreases G-protein binding, 

indicative of inverse agonist activity. C) Modulation of forskolin-stimulated adenylyl cyclase 

activity was examined by incubating CHO-hCB2 cells with increasing concentrations of 

RID-B (10−8 to 10−4M) as described in the Materials and Methods section. D) Inhibition of 

adenylyl cyclase activity by the CB1/CB2 agonist WIN-55,212-2 alone (open triangles) or in 

the presence of a receptor saturating concentration of RID-B (3 μM; filled triangles) was 

examined in CHO-hCB2 cells. Potency (EC50 or IC50) and efficacy (Emax or Imax) values for 

all curves presented in panels A-D were derived from non-linear regression analysis.
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Fig. 3. 
RID-B reduces NO production in LPS-stimulated RAW 264.7 macrophages in a 

cannabinoid-dependent manner. A) RAW 264.7 macrophages were incubated with LPS-

alone (filled circles), LPS + 300 nM (open circles), LPS + 500 nM (open squares), or LPS 

+ 1 μM of RID-B (open triangles) for 48 h. Supernatants were analyzed for presence of 

nitrite using the Greiss reagent. Data represent the mean ± SEM for 3–5 experiments 

conducted in triplicate. B) RAW 264.7 macrophages were treated with LPS-alone (black 

bar), LPS + RID-B alone, LPS + RID-B plus cannabinoids acting via CB1 and/or CB2 
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receptors (gray bars), or LPS with cannabinoids alone (white bars). Statistical analysis to 

determine differences between treatments employed a one-way ANOVA with Dunnett’s 

multiple comparison post-hoc test. Asterisks denote statistically significant differences from 

vehicle-treated cells (*p < 0.05, **p < 0.01, ***p < 0.001). Crosses signify statistical 

differences from RID-B 1 μM treatment. (†p < 0.05, ††p < 0.01, †††p < 0.001).
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Fig. 4. 
The effect of RID-B on IL-1α, IL-6, and TNFα release in LPS-stimulated RAW 264.7 

macrophages. Black bars represent IL-1α (panel A), IL-6 (panel B) or TNFα (panel C) 

release in the absence (left) or presence (right) of LPS (500 ng for 48 h). Gray Bars 

represent RID-B alone (300 nM) or plus co-incubation of cannabinoids acting via CB1 

and/or CB2 receptors, while white bars represent incubation with cannabinoids alone. 

Cytokines levels were measured by ELISA. The results are expressed as the mean ± SEM 

for separate experiments conducted in triplicate. Asterisks denote values significantly 
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different from macrophages treated with LPS 500 ng/ml (*p < 0.05, **p < 0.01, ***p < 

0.001, using a one-way ANOVA followed by a Dunnett’s multiple comparison post-hoc 
test). Crosses represent statistically significant values from treatment with RID-B 1 μM.
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Fig. 5. 
High but not low concentrations of RID-B reduce cell viability of LPS-stimulated RAW 

264.7 macrophages in a cannabinoid-dependent manner. Cell viability was analyzed by 

using the WST-1 reagent 4 (panel A) and 48 (panel B) hours after addition of LPS (500 ng/

ml). Results represent the mean ± SEM of independent experiments conducted from 4 to 12 

times in triplicate. LPS-stimulated macrophages were treated with vehicle (black bars), RID-

B alone, RID-B plus cannabinoids acting via CB1 and/or CB2 receptors (gray bars), or with 

cannabinoids alone (white bars). Statistical analysis to determine differences between 
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treatments employed a one-way ANOVA with Dunnett’s multiple comparison post-hoc test. 

Asterisks denote values significantly different from vehicle-treated macrophages (*p < 0.05, 

**p < 0.01, ***p < 0.001, using a one-way ANOVA with Dunnett’s multiple comparison 

post-hoc test). Crosses represent values statistically different from treatment with RID-B 10 

μM (†p < 0.05, †††p < 0.001, using a one-way ANOVA with Dunnett’s multiple comparison 

post-hoc test).
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Fig. 6. 
RID-B reduces osteoclast formation in a concentration- and cannabinoid-dependent manner. 

A) Pre-osteoclasts were incubated with 30 nM, 100 nM, and 300 nM of RID-B. B) Black 

bars represent osteoclasts formed in the presence of vehicle only. Gray bars represent 

osteoclastogenesis in the presence of RID-B or RID-B plus cannabinoids acting via CB1 

and/or CB2 receptors (gray bars), or with cannabinoids alone (white bars). Osteoclasts were 

quantified visually by microscopy using a grid system. Osteoclasts were cultured from wild-

type mouse bone marrow macrophages using M-CSF and RANK-L for 4 days. Drugs were 
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added on days 2 and 3. Four independent experiments were conducted in triplicate. Results 

represent means ± SEM. Statistical analysis to determine differences between treatments 

employed a one-way ANOVA with Dunnett’s multiple comparison post-hoc test. Values 

statistically different from vehicle treatment are noted with asterisks (*p < 0.05, **p < 0.01, 

***p < 0.001). Values significantly differing from RID-B 300 nM treatment are indicated by 

crosses (†p < 0.05, ††p < 0.01, †††p < 0.001).
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Fig. 7. 
Anti-osteoclastogenic effects are produced by the CB2 inverse agonist RID-B are attenuated 

by co-incubation with CB1/CB2 agonist CP-55,940. Tartrate-resistant acid phosphatase 

(TRAP) staining of wild-type osteoclasts, cultured for 4 days in a 48 well plate in the 

presence of A) vehicle, B) RID-B (300 nM), C) AM-630 (1 μM), D) RID-B (300 nM) + 

AM-630 (1 μM), E) CP-55,940 (1 μM) or F) RID-B (300 nM) + CP-55,940 (1 μM) are 
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presented. Images are representative of those taken from four independent experiments 

conducted in triplicate.
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