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Selective estrogen receptor modulators (SERMs) are used to treat estrogen receptor
(ER)-positive breast cancer and osteoporosis. Interestingly, tamoxifen and newer classes
of SERMs also exhibit cytotoxic effects in cancers devoid of ERs, indicating a non-
estrogenic mechanism of action. Indicative of a potential ER-independent target, reports
demonstrate that tamoxifen binds to cannabinoid receptors (CBRs) with affinity in
the low µM range and acts as an inverse agonist. To identify cannabinoids with
improved pharmacological properties relative to tamoxifen, and further investigate
the use of different SERM scaffolds for future cannabinoid drug development, this
study characterized the affinity and activity of SERMs in newer structural classes
at CBRs. Fourteen SERMs from five structurally distinct classes were screened for
binding to human CBRs. Compounds from four of five SERM classes examined
bound to CBRs. Subsequent studies fully characterized CBR affinity and activity of
one compound from each class. Ospemifine (a triphenylethylene) selectively bound to
CB1Rs, while bazedoxifine (an indole) bound to CB2Rs with highest affinity. Nafoxidine
(a tetrahydronaphthalene) and raloxifene (RAL; a benzothiaphene) bound to CB1 and
CB2Rs non-selectively. All four compounds acted as inverse agonists at CB1 and
CB2Rs, reducing basal G-protein activity with IC50 values in the nM to low µM range.
Ospemifine, bazedoxifene and RAL also acted as inverse agonists to elevate basal
intracellular cAMP levels in intact CHO-hCB2 cells. The four SERMs examined also
acted as CB1 and CB2R antagonists in the cAMP assay, producing rightward shifts
in the concentration-effect curve of the CBR agonist CP-55,940. In conclusion, newer
classes of SERMs exhibit improved pharmacological characteristics (e.g., in CBR affinity
and selectivity) relative to initial studies with tamoxifen, and thus suggest that different
SERM scaffolds may be useful for development of safe and selective drugs acting via
CBRs.

Keywords: SERM, cannabinoid, CB1, CB2, inverse agonist, antagonist, G-protein coupled receptor, drug
development

Abbreviation:BAZ, bazedoxifene; CB1R, Cannabinoid Receptor Type 1; CB2R, Cannabinoid Receptor Type 2; ER, estrogen
receptor, NAF, nafoxidine, OSP, ospemifene; RAL, raloxifene; SERM, selective estrogen receptor modulator.
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INTRODUCTION

Selective estrogen receptor modulators act as agonists or
antagonists at estrogen receptors (ERs) in a tissue specific
fashion (Arnott et al., 2014). SERMs are used for several
therapeutic purposes including treating ER-positive breast
cancer, preventing osteoporosis, and mitigating postmenopausal
conditions including dysregulation of bone density and serum
lipids (Maximov et al., 2013). The first SERM that was successfully
used for its antiestrogenic activity to treat breast cancer was
tamoxifen. Although tamoxifen acts as an ER antagonist in breast
tissue, it exhibits agonist activity at ERs in the uterus, which
increases the risk and incidence of endometrial cancer (Maximov

et al., 2013). In addition to these undesired agonist effects in
the uterus, tamoxifen can produce other adverse side effects
including hot flashes, increased risk of stroke and pulmonary
embolism, and ocular changes (Arnott et al., 2014). In attempt
to develop drugs in this class with fewer risks and side effects
than tamoxifen, additional SERMs were synthesized that exhibit
different tissue-specific activity (Arnott et al., 2014). Compounds
developed based on tamoxifen as a scaffold are classified as
triphenylethylene SERMs. Other classes of SERMs exhibiting
varying degrees of affinity for ERα and ERβ with desirable tissue
specificity are grouped structurally into the benzothiophene,
tetrahydronaphthalene, indole, or benzopyran classes (Figure 1)
(Arnott et al., 2014).

FIGURE 1 | Representative compounds from five structurally distinct SERM classes examined in this study. Specific compounds studied were:
(A) tamoxifen, (B) ospemifene, (C) raloxifene, (D) nafoxidine, (E) bazedoxifene, and (F) acolbifene.
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Drugs in the five major classes of SERMs were originally
designed to treat hormone-sensitive forms of cancers, bone
disorders, and cardiovascular issues. However, many of these
SERMs at higher doses have surprisingly been shown to also
produce cytotoxicity in cancers devoid of the ERs (Nagahara
et al., 2013). Our laboratory and others (Kumar and Song,
2013; Prather et al., 2013) have suggested that cannabinoids
receptors (CBRs) might represent one potential ER-independent
mechanism responsible for SERM cytotoxicity in some forms of
cancer. For example, SERMs bind to the CBRs with moderate to
high affinity (Kumar and Song, 2013; Prather et al., 2013), and
SERMs and cannabinoids exhibit overlapping anti-proliferative,
anti-angiogenic and pro-apoptotic actions.

Cannabinoids receptors are seven trans-membrane
domain-spanning receptors that couple to the Gi/o-subtype
of G-proteins. There are two commonly accepted receptor
subtypes: cannabinoid type-1 (CB1) and cannabinoid type-2
(CB2) (Pisanti et al., 2013). CB1 receptors are expressed in
highest density in the central nervous system (CNS) but are also
present in other tissues, including reproductive organs and the
gastrointestinal tract (Cabral et al., 2015). CB2 receptors are also
present in low levels in the nervous system, but are expressed in
greatest abundance in, and modulate the function of, immune
cells (Cabral et al., 2015). Ligands that bind to and modulate
the activity of CBRs (e.g., cannabinoids) are structurally diverse
and range from compounds that are endogenously produced
(endocannabinoids), to plant-derived (phytocannabinoids)
and synthesized compounds (synthetic cannabinoids). In
addition to acting at CB1 and CB2 receptors, cannabinoids
have also been shown to produce effects via modulation of
other targets including peroxisome proliferator-activated
receptors (PPAR) (Martinez et al., 2015) and transient receptor
potential vanilloid type-1 (TRPV1) channels (Morgese et al.,
2007). The only cannabinoids that are currently approved by
the FDA for therapeutic purposes are plant-derived and act
non-selectively at CB1 and CB2Rs (Pertwee, 2010). Synthetic
cannabinoids, however, have been developed that act selectively
at CB1 or CB2 receptors. Ligands acting via CB1 receptors
primarily modulate CNS function and have been investigated
for potential therapeutic uses including neuroprotection during
epilepsy, Parkinson’s disease, Huntington’s disease, pain, nausea
and for appetite enhancement (Pertwee, 2010; García et al.,
2011; Valdeolivas et al., 2012). Development of CB2-selective
cannabinoids may also prove useful for treatment of immune-
related disorders by altering inflammation and cytokine levels
(Xu et al., 2007; Cabral and Griffin-Thomas, 2009), cancer
via anti-proliferative and anti-angiogenic effects (Vidinsky
et al., 2012), and chronic neuropathic pain (Wilkerson et al.,
2012).

Thus, development of cannabinoids with high affinity and
selectivity for either CB1 or CB2 receptors could allow for a
more targeted therapeutic approach for treatment of a variety
of disease states with reduced side effects. Tamoxifen has been
used safely for decades and binds non-selectively to CB1 and
CB2 receptors with affinity in the low µM range (Kumar and
Song, 2013; Prather et al., 2013). To identify cannabinoids with
improved pharmacological characteristics relative to tamoxifen,

and investigate the usefulness of SERM scaffolds for future
cannabinoid drug development, the purpose of this study was to
characterize the affinity and activity of SERMs in newer structural
classes at CBRs.

MATERIALS AND METHODS

Materials
All SERMs were obtained from the following commercial
sources. tamoxifen and Y-134 were purchased from Tocris
Bioscience (Bristol, United Kingdom). N-desmethyl tamoxifen,
4-hydroxy tamoxifen, endoxifen, SO4-tamoxifen, toremifene, 4-
hydroxy toremifene, OSP, RAL, lasofoxifene, NAF, and BAZ
were all obtained from Sigma Aldrich (St. Louis, MO, USA).
Acolbifene was procured from AdooQ Bioscience (Irvine, CA,
USA).

AM-630, AM-251, DAMGO, and WIN-55,212-2 were
purchased from Tocris Bioscience. CP-55,940 was obtained from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). [35S]GTPγS
(1250 Ci/mmol) was procured from American Radiolabeled
Chemicals (St. Louis, MO, USA) and [3H]CP-55,940 (131.4
Ci/mmol) was purchased from PerkinElmer (Waltham, MA,
USA).

All other reagents were purchased from Fisher Scientific Inc.
(Pittsburgh, PA, USA). All compounds were dissolved in 100%
DMSO to produce a stock concentration of 10 mM.

Methods
Cell Culture
All experiments were conducted using intact cells or membranes
prepared from Chinese hamster ovary (CHO) cells stably
transfected with either human cannabinoid type-1 receptors
(CHO-hCB1), human cannabinoid type-2 receptors (CHO-
hCB2) (Shoemaker et al., 2005), or human mu opioid receptors
(CHO-hMOR) (Seely et al., 2012). CHO-hCB1 cells were
purchased from DiscoverRx Corporation (Fremont, CA, USA)
and cultured in HAM’s F-12 K media (ATCC, Manassas,
VA, USA). CHO-hCB2 and CHO-hMOR cells were cultured
in DMEM (Mediatech Inc., Manassas, VA, USA). All media
contained 10% Fetalplex, (Gemini Bioproducts, Sacramento,
CA, USA), 0.05 IU/mL penicillin, 50 µg/mL streptomycin
(Invitrogen, Carlsbad, CA, USA), and 250 µg/mL of Geneticin
(G418; Sigma-Aldrich, St. Louis, MO, USA). Cells were cultured
in a 37◦C humidified incubator with 5% CO2 and harvested with
PBS (10 mM)/EDTA (1 mM) when 80% confluent. All cells used
were maintained between passages 4–15.

Membrane Preparation
Membrane homogenates were prepared for competition receptor
binding and [35S]GTPγS binding studies by using pellets
previously frozen of CHO-hCB1 or CHO-hCB2 cells as described
in (Franks et al., 2014). In short, pellets were thawed on
ice, combined in a 40 ml glass Dounce homogenizer and
homogenized in 20 ml of cold buffer (50 mM HEPES at pH 7.4,
3 mM MgCl2, and 1 mM EGTA) using 10 strokes. Homogenates
were then centrifuged at 40,000 × g for 10 min at 4◦C.
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After discarding the supernatant, pellets were homogenized and
centrifuged twice more. Final pellets were re-suspended in ice-
cold 50 mM HEPES, pH 7.4, aliquoted and stored at −80◦C for
future use. Protein concentration was determined the same day,
prior to freezing, using BCATM Protein Assay (Thermo Fisher
Scientific, Waltham, MA, USA).

Competition Receptor Binding
Competition receptor binding was conducted by using 0.2 nM of
the radioligand [3H]CP-55,940, a high-affinity and non-selective
cannabinoid agonist as reported previously (Prather et al., 2013).
The final volume of each sample was 1 ml, containing 50 mM
Tris-HCl buffer (pH 7.4), 0.05% bovine serum albumin, 5 mM
MgCl2, increasing concentrations of non-radioactive competing
SERM ligands, and either 100 µg of CHO-hCB1 or 50 µg of
CHO-hCB2 membrane homogenates. Non-specific binding was
defined by radioactivity remaining in the presence of 1 µM
of the non-radioactive CB1/CB2 agonist WIN-55,212-2. Each
sample condition was performed in triplicate and allowed to
reach equilibrium at room temperature for 90 min. Reactions
were terminated by rapid vacuum filtration through Whatman
GF/B glass fiber filters (Brandel, Inc.), followed by four 4 ml
washes of ice-cold filtration buffer (50 mM Tris at pH 7.4
and 0.05% BSA). Filter punches of individual samples were
placed in scintillation vials containing 4 mls of ScintiverseTM
BD cocktail scintillation fluid (Fisher Scientific, Pittsburg, PA,
USA). Final counts were determined using liquid scintillation
spectrophotometry (Tri Carb 2100 TR Liquid Scintillation
Analyzer, Packard Instrument Company, Meriden, CT, USA)
after overnight incubation.

[35S]GTPγS Binding
The [35S]GTPγS binding assay was conducted as described
previously (Prather et al., 2013) in a final volume of 1 ml
by incubating 0.1 nM [35S]GTPγS in 20 mM HEPES with
10 mM MgCl2, 100 mM NaCl, 10 µM GDP, 0.1% bovine
serum albumin, varying concentrations of SERM ligands, and
either 25 µg of CHO-hCB2, 50 µg of CHO-hCB1 or 50 µg
of CHO-hMOR membranes homogenates. Non-specific binding
was defined by radioactivity remaining in the presence of 10 µM
of non-radioactive GTPγS. All reactions were incubated for
30 min at 30◦C, terminated by filtration through Whatman
GF/B glass fiber filters (Brandel, Inc.) and followed by four
4 ml washes of ice cold filtration buffer (50 mM HEPES, pH
7.4) containing 0.1% bovine serum albumin. Filter punches of
individual samples were placed in scintillation vials containing
4 mls of ScintiverseTM BD cocktail scintillation fluid (Fisher
Scientific, Pittsburg, PA, USA). Final counts were determined
using liquid scintillation spectrophotometry (Tri Carb 2100 TR
Liquid Scintillation Analyzer, Packard Instrument Company,
Meriden, CT, USA) after overnight incubation.

Adenylyl Cyclase Assay
Adenylyl cyclase activity was measured using intact CHO-
hCB1 or CHO-hCB2 cells, similar to that previously reported
(Rajasekaran et al., 2013). Briefly, cells cultured between passages
4 and 15 were seeded into 24-well plates at a concentration of 6.5

million cells per plate and incubated overnight in a humidified
incubator maintained at 37◦C and 5% CO2. Growth media was
removed the next day and replaced with media containing 2.5
Ci/ml [3H]adenine, 0.9g/L NaCl, and 0.5 mM isobutyl-methyl-
xanthine (IBMX) for 2–3 h. Radioactive media was then removed
and each well treated with 0.5 ml of varying concentrations of
SERM compounds in a Krebs-Ringer-HEPES solution (10 mM
HEPES, 110 mM NaCl, 25 mM Glucose, 55 mM Sucrose, 5 mM
KCl, 1 mM MgCl2, 1.8 mM CaCl2, 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 before reactions were terminated by
addition of 50 µL of 2.2 N HCl to each well.

For experiments to determine the ability of SERMs to
antagonize the inhibition of adenylyl cyclase activity by CP-
55,940, plates were seeded and incubated with [3H]adenine as
described above. After removal of radioactivity, SERMs were
preincubated with cells in Krebs-Ringer-HEPES solution for
30 min at room temperature prior to addition of increasing
concentrations of CP-55,940 (10−10-10−5M). Following
addition of CP-55,940, samples were further incubated at room
temperature for 7 min at room temperature. Reactions were
then terminated by adding 50 µL of 2.2 N HCl to each well.
[3H]cAMP was isolated using alumina column chromatography
and radioactivity quantified following addition of 10 mls of
scintiverseTM BD cocktail scintillation fluid (Fisher Scientific,
Pittsburg, PA, USA) by liquid scintillation spectrophotometry
(Tri Carb 2100 TR Liquid Scintillation Analyzer, Packard
Instrument Company, Meriden, CT, USA).

Statistical Analysis
Statistical analyses were conducted by utilizing GraphPad Prism
v6.0g (GraphPad Software, Inc.; San Diego, CA, USA). IC50
values from competition receptor binding curves were derived by
non-linear regression. Experimental IC50 values were converted
to Ki values (a measure of receptor affinity) by using the
Cheng–Prusoff equation (Cheng and Prusoff, 1973). Non-linear
regression analysis of concentration-effect curves was also used to
determine potency (ED50 or IC50) and efficacy (Emax or Imax) for
modulation of GTPγS and adenylyl cyclase activity, respectively.
All IC50, EC50, Ki, and Kb values were converted to pEC50,
pIC50, pKi, and pKb values in order to permit use of parametric
statistical analyses. For all experiments comparing three or more
values, an one-way ANOVA was employed, followed by Dunnett’s
or Tukey’s post hoc tests. For comparisons of two values, an
unpaired t-test was utilized. To determine significant radioligand
displacement or modulation of G-protein activity compared to
basal levels, a one-sample t-test was employed.

RESULTS

SERMs from Four of Five Structural
Classes Exhibit Affinity for CB1 and
CB2Rs
For initial comparison of potential SERM binding to CBRs, 14
commercially available compounds from 5 structurally distinct
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classes (Figure 1) were subjected to a radioligand binding
screen (Figure 2). Specifically, the ability of a single 1 µM
concentration of each SERM to displace 0.2 nM of the high
affinity, non-selective CB1R/CB2R radioligand [3H]CP-55,940
from human CB1 (CHO-hCB1) or CB2 (CHO-hCB2) receptors
stably expressed in CHO cells was examined. Based on these
experimental conditions, the Cheng–Prusoff equation (Cheng
and Prusoff, 1973) predicts that the concentration of a SERM
producing 50% displacement of [3H]CP-55,940 (e.g., IC50) from a
receptor will approximate the affinity (e.g., Ki) of that compound
for the receptor examined.

Selective estrogen receptor modulators in the
triphenylethylene class (1 µM) displace [3H]CP-55,940 from
both hCB1 and hCB2Rs by amounts ranging from little to
no displacement, to as high as 58% (Figure 2A). Specifically
for hCB1Rs (open bars), OSP, and the tamoxifen metabolites
4-hydroxy-tamoxifen (4OH-TX), endoxifen (ENDX), and
4-hydroxy-toremifene (4OH-TOR) produce the greatest
amount of [3H]CP-55,940 displacement of approximately 50%.
Concerning CB2Rs (filled bars), the triphenylethylenes produce
levels of [3H]CP-55,940 displacement similar to that from

hCB1Rs, from 5 to 58%. Importantly, data from this initial
binding screen predict that while 4OH-TX and 4OH-TOR
bind to hCB1 and hCB2Rs non-selectively (e.g., producing
similar levels of radioligand displacement at 1 µM from both
receptors), OSP exhibits some degree of selective affinity for
hCB1Rs.

Based on data from the initial screen, both compounds
in the benzothiophene group (Figure 2B) would be predicted
to bind to both CBRs with moderate to high affinity in the
nM range, with RAL producing 67 and 80% displacement of
[3H]CP-55,940 from hCB1 and hCB2Rs, respectively. SERMs in
the tetrahydronaphthalene class, lasofoxifene (LAS) and NAF,
also apparently exhibit appreciable affinity for CBRs, with LAS
predicted to bind relatively selectively to hCB2Rs. BAZ, the only
SERM commercially available from the indole group, appears to
exhibit higher affinity for the CB2 receptors, producing 29 and
73% displacement of [3H]CP-55,940 from hCB1 and hCB2Rs,
respectively. Finally, acolbifene, the sole compound available for
examination in the benzopyran group, fails to displace [3H]CP-
55,940 from either hCB1 or hCB2Rs and thus would be predicted
to have no affinity for CBRs.

FIGURE 2 | Selective estrogen receptor modulators from four of five structural classes exhibit affinity for CB1 and CB2Rs. Commercially available
compounds from 5 structurally distinct classes were subjected to a radioligand binding screen (A,B). The ability of a single 1 µM concentration of each SERM to
displace 0.2 nM of the high affinity, non-selective CB1R/CB2R radioligand [3H]CP-55,940 from hCB1 [open bars] or hCB2 [filled bars] receptors stably expressed in
CHO cells was examined. ∗,∗∗ Histograms that are designated by asterisks, are significantly different from 100% specific [3H]CP-55,940 binding (P < 0.05, 0.01;
One-sample t-test). a,b[3H]CP-55,940 binding of individual SERMs to hCB1 and hCB2 receptors designated by different letters, are significantly different (P < 0.05;
Student’s t-test).
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SERMs Act as Inverse agonists at CBRs
to Modulate G-Protein Activity
Selective estrogen receptor modulators that were predicted to
exhibit appreciable affinity for CBRs based on initial binding
studies were next screened for intrinsic activity (e.g., to determine
if these SERMs act as agonists, antagonists or inverse agonists at

CBRs; Figure 3). CBRs are coupled to Gi/Go type G-proteins.
Therefore, binding of agonists to CBRs leads to G-protein
activation, antagonists produce no effect, and inverse agonists
reduce basal G-protein activity produced by constitutively
active receptors. SERMs were screened by examining the
ability of a single receptor saturating concentration (10 µM)

FIGURE 3 | Selective estrogen receptor modulators act as inverse agonists at CBRs to modulate G-protein activity. SERMs predicted by initial binding
studies to exhibit appreciable affinity for CBRs, were next screened for intrinsic activity at (A) hCB1Rs, (B) hCB2Rs or (C) hMORs by examining [35S]GTPγS binding
in the presence or absence of a receptor-saturating concentration (10 µM) of all compounds. G-protein modulation by full agonists CP-55,940 (10 µM) and DAMGO
(10 µM) was examined to serve as positive controls for activation of (A,B) CBRs and (C) MORs, respectively. G-protein modulation by the inverse agonists AM-251
and AM-630 was examined to serve as positive controls for regulation of (A) CB1 and (B) CB2R signaling, respectively. The mean ± SEM of [35S]GTPγS binding is
presented as percent of basal G-protein activity in the presence of vehicle. ∗,∗∗ Histograms that are designated by asterisks, are significantly different from basal
activity (P < 0.05, 0.01; One-sample t-test). a[35S]GTPγS binding produced by individual SERMs acting at hCB1 or hCB2 receptors are significantly different that
binding produced by the CBR inverse agonists AM-251 (for hCB1Rs) or AM-630 (for hCB2Rs), respectively (P < 0.05; Student’s t-test).
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to modulate G-protein activity in membranes prepared from
CHO-hCB1 and CHO-hCB2 cells. G-protein activation was
quantified using employing [35S]GTPγS, a non-hydrolyzable
analog of GTP, that irreversibly binds to the G-proteins when
activated.

When examining intrinsic activity at hCB1Rs (Figure 3A),
as anticipated, the full hCB1/hCB2R agonist CP-55,940 (1 µM)
produces a 70% increase in [35S]GTPγS binding above basal
levels and the well-characterized CB1 inverse agonist AM-
251 (10 µM) reduces basal G-protein activity over 30%. All
SERMs examined, except 4OH-TX, RAL and Y-134, reduce basal
G-protein activity to levels similar to that produced by the full
inverse agonist AM-251. Therefore, 4OH-TX, RAL and Y-134
would be predicted to act as partial, while all other SERMs
examined act as full inverse agonists at CB1Rs.

Concerning G-protein modulation by SERMs at hCB2Rs
(Figure 3B), the full hCB1/CB2R agonist CP-55,940 (1 µM)
activates G-proteins by 17%, while the full hCB2R inverse
agonist AM-630 (10 µM) reduces G-protein activity by 34%.
Similar to intrinsic activity observed at hCB1Rs, all SERMs
from the four classes examined act as full inverse agonists,
with only Y-134 and LAS exhibiting partial inverse agonist
activity.

To demonstrate that the observed modulation of G-protein
activity by SERMs in transfected CHO cells occurs due to action
at CBRs, [35S]GTPγS binding assays were also conducted in
membranes prepared from CHO cells devoid of cannabinoid
receptors, but stably expressing mu-opioid receptors as a positive
control (CHO-hMOR) (Figure 3C). As anticipated, the full
mu-opioid agonist DAMGO increases G-protein activity by
53%. In marked contrast to that observed in CHO-hCB1 and
CHO-hCB2 membranes, in CHO-hMOR membranes all SERMs
except OSP do not alter basal G-protein activity. Although
OSP does decrease G-protein activity by 11% in CHO cells not
expressing CBRs, this SERM reduces basal G-protein activity to
a much greater level (e.g., ∼30%) in CHO cells expressing CBRs.
Taken collectively, these data strongly indicate that reduction in
G-protein activity produced by all SERMs screened in CHO-
hCB1 and CHO-hCB2 cells occurs specifically due to interaction
with CBRs.

SERMs Bind With High Affinity (e.g., Ki
Values) and Differential Selectivity to
CB1 and CB2Rs
To more fully characterize SERMs from different structural
classes, one compound from each class was selected based on
distinctive characteristics identified by the initial binding screen.
For example, the triphenylethylene OSP and the indole BAZ
were selected due to potential selective affinity for hCB1 and
hCB2Rs, respectively. Although the benzothiophene RAL and
tetrahydronaphthalene NAF appear to bind non-selectively to
hCB1 and hCB2Rs, both were selected for further analysis due
to predicted high affinity for CBRs based on the binding screen.
The benzopyran acolbifene was not selected for further studies
because 1 µM of this SERM did not produce any displacement of
[3H]CP-55,940 from either CBR.

The affinity (Ki) of each compound was determined by full
competition receptor binding curves (Figure 4) employing the
CB1/CB2R radioligand [3H]CP-55,940 in membranes prepared
from CHO-hCB1 and CHO-hCB2 cells. Ki values were derived
from experimental IC50 values employing the Cheng–Prusoff
equation (Cheng and Prusoff, 1973) and are presented in Table 1.
For hCB1Rs, RAL exhibits the highest affinity with a Ki value of
210 nM, while NAF, OSP and BAZ bind to hCB1Rs with moderate
affinity in the sub-micromolar range. Considering CB2Rs, RAL
and BAZ exhibit high affinity with Ki values in the low nM
range (240 and 254 nM, respectively). NAF and OSP bind to
hCB2Rs with statistically lower affinity (1–4 µM) than RAL
or BAZ. As predicted by the initial binding screen (Figure 2),
OSP binds relatively selectively to hCB1Rs with a CB1/CB2
ratio of 0.20, while BAZ exhibits selectivity for hCB2Rs with a
CB1/CB2 ratio of 3.29. Also as predicted, RAL and NAF lacked
any selectivity and bound to both hCB1and hCB2Rs with similar
affinity.

Collectively, these data suggest that the different SERM
scaffolds can be modified to develop non-selective and selective
hCB1 and hCB2R ligands with high affinity.

SERMs Modulate G-Protein Activity With
Potencies Predicted by Affinity for hCB1
and hCB2Rs
To further characterize intrinsic activity at CBRs, full
concentration-effect curves were conducted to determine
the potency (IC50) and efficacy (Imax) for SERM modulation of
G-protein activity by hCB1 and hCB2Rs (Figure 5; Table 2).
Concerning hCB1Rs (Figure 5A), OSP and RAL potently
reduce basal G-protein activity with IC50 values of 170 and
143 nM. Both SERMs are significantly more potent than
either NAF or BAZ. Importantly, the rank order of potency
for CB1R-mediated G-protein modulation by these SERMs
is identical to the rank order of their affinity for CB1Rs
(e.g., RAL > OSP > NAF = BAZ). When considering
efficacy, as predicted by the initial intrinsic efficacy screen
(Figure 3), all SERMs except RAL acted as full inverse agonists at
hCB1Rs.

When examining activity at hCB2Rs (Figure 5B), BAZ and
RAL more potently (IC50 = 71.6 and 87.1 nM, respectively)
reduce basal G-protein activity when compared to OSP or
NAF. As observed for hCB1Rs, the rank order of potency
for CB2R-mediated G-protein modulation by these SERMs is
identical to the rank order of their affinity for CB2Rs (e.g.,
RAL = BAZ > NAF > OSP). All SERMs were relatively equally
efficacious, maximally reducing G-protein activity via hCB2Rs
with Imax values of approximately 40%.

SERMs Also Act as Inverse CB2 Agonists
to Modulate of Adenylyl Cyclase Activity
To provide a second measure of intrinsic activity, the ability of
SERMs to modulate intracellular levels of cAMP in intact cells
was examined (Figure 6). CBRs couple to Gi/Go-proteins, and
thus cannabinoid agonists inhibit activity of the downstream
intracellular effector adenylyl cyclase, reducing intracellular
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FIGURE 4 | Selective estrogen receptor modulators bind with high affinity and differential selectivity to CB1 and CB2Rs. A measure of affinity (Ki) of
(A) OSP, (B) RAL, (C) NAF, and (D) BAZ for CB1 and CB2Rs was obtained by conducting competition binding studies, employing 0.2 nM [3H]-CP-55,940 and
increasing concentrations of SERMs (10−10 to 10−5M). Ki values (mean ± SEM) were derived from non-linear regression analysis of the curves shown by using the
Cheng–Prusoff equation (Cheng and Prusoff, 1973). Individual Ki values and statistical analysis of pKi values are presented in Table 1. Filled symbols represent
binding of SERMs to CB2Rs, open symbols represent binding of SERMs to CB2Rs.

TABLE 1 | Competition binding between ospemifene, raloxifene, nafoxidine, and bazedoxifene and the CBR agonist [3H]CP-55,940 employing CHO-hCB1
and CHO-hCB2 membranes.

Drug [3H]CP-55,940 Binding

CHO-hCB1 CHO-hCB2 Selectivity

Ki (nM) pKi N Ki (nM) pKi N (CB1/CB2)

OSP 753 6.123 ± 0.060a 5 3715 5.430 ± 0.033a,∗∗ 3 0.20

RAL 210 6.677 ± 0.063b 4 240 6.620 ± 0.037b 3 0.88

NAF 957 6.019 ± 0.084a 3 1300 5.886 ± 0.044c 3 0.74

BAZ 836 6.078 ± 0.066a 5 254 6.595 ± 0.023b,∗∗ 5 3.29

a,b,cpKi values designated by different letters are significantly different from values in the same column; P < 0.05, one-way ANOVA, Tukey Post-hoc test. ∗∗ pKi values for
individual SERMs examined at hCB2 receptors are significantly different from pKi values for same compounds at hCB1 receptors; P < 0.01, student’s t-test.

cAMP levels. Cannabinoid antagonists do not affect cAMP levels,
and inverse agonists increase cAMP levels due to inhibition of
constitutively active CBRs.

Modulation of adenylyl cyclase activity by hCB1Rs could not
be examined in CHO-hCB1 cells because all SERMs tested, as
well as the well established hCB1R full inverse agonist AM-251
(with concentrations as high as 10 µM) do not alter basal cAMP
levels (data not shown). This indicates that the CHO-hCB1 cell
line likely does not express a sufficient density of constitutively
active CB1Rs to detect inverse agonism in this assay.

However, as predicted by intrinsic activity observed for
hCB2R modulation of G-protein activity (Figure 5B), all SERMs
examined similarly act as inverse agonists at CB2Rs, producing
robust increases intracellular cAMP levels (Figure 6A; Table 3).
BAZ, OSP and RAL elevate cAMP with Emax values of 352,
279 and 234%, respectively. Very interestingly, all SERMs
examined are more efficacious when compared to the well-
established full inverse agonist AM-630, which increases cAMP
levels in CHO-hCB2 cells by only 214 ± 6.4% (Table 3).
When considering potency, RAL increases cAMP levels most
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FIGURE 5 | Selective estrogen receptor modulators modulate
G-protein activity with potencies predicted by affinity for hCB1 and
hCB2Rs. The ability of OSP (circles), RAL (upward triangles), NAF (downward
triangles) and BAZ (squares) to modulate G-protein activity via (A) CB1Rs and
(B) CB2Rs was evaluated by examining [35S]GTPγS binding in the presence
increasing concentrations (10−10 to 10−5M) of all SERMs. All IC50 and IMAX

values (mean ± SEM) were derived from non-linear regression analysis of the
curves shown and are presented in Table 2 with statistical analysis.

potently with an EC50 of 873 nM, while the potency of
OSP and BAZ is only in the low micromolar range. As
anticipated, based on lower affinity for hCB2Rs, all SERMs
were also less potent than AM-630 in this assay. Quantification

of the intrinsic activity of NAF for regulation of adenylyl
cyclase activity in CHO-hCB2 cells could not be determined
due to solubility limitations that precluded examination of
concentrations high enough for calculation of accurate EC50
and Emax values. Modulation of adenylyl cyclase activity in
CHO-hCB2 cells by SERMs is mediated by hCB2Rs because
basal cAMP levels in CHO-hMOR cells, that do not express
hCB2Rs, are only slightly altered by one SERM (e.g., BAZ)
(Figure 6B).

SERMs Produce Surmountable
Antagonism of CP-55,940 Inhibition of
Adenylyl Cyclase in CHO-hCB1 Cells
To demonstrate potential pharmacological relevance and
provide additional support that SERMs act as CBR inverse
agonists/antagonists, antagonist dissociation constants (e.g., Kb
values) were determined by examining the effect of SERM co-
incubation on the potency (IC50) and efficacy (Imax) of CP-55,940
modulation of adenylyl cyclase activity in intact CHO-hCB1
and CHO-hCB2 cells (Figures 7 and 8). IC50 and Kb values
were converted to pIC50 and pKb values (pIC50 = -Log[IC50]
or pKb = -Log[Kb], respectively) to allow use of parametric
statistics for comparison.

In absence of co-incubation with any SERM, the CB1/CB2R
full agonist CP-55,940 produces a concentration-dependent
decrease in cAMP production with a potency (IC50) of 10.4 nM
and an efficacy (Imax) of 36.0% in intact CHO-hCB1 cells
(Figure 7; Table 4). To obtain a near maximal response, a
receptor saturating concentration of each SERM (based on
receptor affinity) was selected for co-incubation with CP-
55,940. Co-incubation with all SERMs produces a significant
decrease in potency, but not efficacy, of CP-55,940-mediated
inhibition of adenylyl cyclase activity (Table 4). Graphically, this
is observed as a parallel rightward shift in the concentration-
effect curve for CP-55,940 (Figures 7A–D), and indicates that
all SERMs act as surmountable CB1R antagonists in this assay.
The degree of shift produced by co-incubation was used to
calculate a Kb value for each SERM (the antagonist dissociation
constant), a quantifiable measure of antagonism. The high
affinity and well characterized CB1R inverse agonist/antagonist
AM-281, produces a 16-fold decrease in potency of CP-55,940

TABLE 2 | Modulation of GTPγS binding by SERMs employing CHO-hCB1 and CHO-hCB2 membranes.

Drug GTPγS Binding (% Basal)

CHO-hCB1 CHO-hCB2

IC50 (nM) pIC50 IMAX (%) N IC50 (nM) pIC50 IMAX (%) N

OSP 170 6.769 ± 0.147a 30.3 ± 2.0a 3 558 6.253 ± 0.117a,∗∗ 39.7 ± 2.4a,∗∗ 3

RAL 143 6.846 ± 0.174a 11.7 ± 4.7b 3 87.1 7.060 ± 0.190b 34.3 ± 2.2b,∗∗ 3

NAF 524 6.281 ± 0.105b 31.7 ± 1.5a 3 344 6.463 ± 0.073a 38.7 ± 1.2a,b,∗∗ 3

BAZ 1164 5.934 ± 0.146b 29.7 ± 1.9a 3 71.6 7.145 ± 0.085b,∗∗ 34.0 ± 1.0b,∗ 3

a,bpIC50 or IMAX values designated by different letters are significantly different from values in the same column; P < 0.05, one-way ANOVA, Tukey Post hoc test. ∗,∗∗pIC50
or IMAX values for individual SERMs examined at hCB2 receptors are significantly different from pIC50 or IMAX values for same compounds at hCB1 receptors; P < 0.05,
0.01, student’s t-test.
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FIGURE 6 | Selective estrogen receptor modulators also act as inverse
CB2 agonists to modulate of adenylyl cyclase activity. The potency
(EC50) and efficacy (EMAX) for modulation of forskolin-stimulated adenylyl
cyclase activity was evaluated by analyzing concentration-effect curves (10−8

to 10−5M) for OSP (circles), RAL (triangles) and BAZ (squares) in intact
CHO-hCB2 cells (A). All IC50 and IMAX values (mean ± SEM) were derived
from non-linear regression analysis of the curves shown and are presented in
Table 3 with statistical analysis. In (B), CHO-hMOR cells were employed as a
positive control, and adenylyl cyclase activity was measured in the presence
of a receptor saturating concentration (10 µM) of the mu-opioid agonist
DAMGO, or the SERMs OSP, RAL, NAF, and BAZ. The mean ± SEM of cAMP
production is presented as percent of basal adenylyl cyclase activity in the
presence of vehicle. ∗∗Bar graphs in (B) that are designated by asterisks, are
significantly different from basal activity (P < 0.01; One-sample t-test).

with a calculated a Kb value of 155 nM (Table 4). Although
all SERMs clearly act as surmountable hCB1R antagonists,
the rank order of Kb values for SERM antagonism of CP-
55,940 inhibition of adenylyl cyclase activity via hCB1Rs (e.g.,
OSP > RAL = NAF > >BAZ; Table 4) fails to completely
correlate with the rank order of affinity of these compounds
for hCB1Rs (e.g., RAL > OSP = NAF = BAZ; Table 1). For
example, because RAL exhibits highest affinity (e.g., lowest Ki
value) for hCB1Rs, this SERM would also be predicted to act
as the antagonist with the lowest Kb value. However, this was
not observed, with OSP instead exhibiting the lowest Kb value
of 210 nM (Table 4), while displaying only moderate affinity for
CB1Rs of 753 nM (Table 1).

TABLE 3 | Modulation of adenylyl cyclase activity by SERMs in intact
CHO-hCB2 cells.

Drug Intracellular [3H]cAMP

EC50 (nM) pEC50 EMAX (%) N

OSP 1445 5.840 ± 0.096a,b 279 ± 17.0a 3

RAL 873 6.059 ± 0.088a 234 ± 21.0b 3

BAZ 1982 5.703 ± 0.105b 352 ± 14.0c 3

AM-630† 398 6.40 ± 0.096c 214 ± 6.5b 4

a,b,cpEC50 and EMAX values designated by different letters are significantly different
from values in the same column; P < 0.05, one-way ANOVA, Tukey Post-hoc test.
†Values obtained from Ford et al. (2016).

SERMs Produce Surmountable and
Insurmountable Antagonism of
CP-55,940 Inhibition of Adenylyl Cyclase
Activity in CHO-hCB2 Cells
The same co-incubation strategy was applied to determine
Kb values for SERMs acting via hCB2Rs (Figure 8; Table 5).
When incubated alone with intact CHO-hCB2 cells, the
full CB1/CB2R agonist CP-55,940 inhibited adenylyl cyclase
activity in a concentration-dependent manner with a potency
(IC50) of 8.62 nM and an efficacy of (Imax) of 36.1%.
As anticipated, co-incubation with the established hCB2R
inverse agonist/antagonist AM-630 resulted in a 33-fold parallel
shift-to-the-right in the concentration-effect curve of CP-
55,940, resulting in a calculated Kb value of 55.4 nM
(Table 5).

As observed with hCB1Rs, SERM co-incubation in CHO-
hCB2 cells also results in significant decreases in the potency
(e.g., higher IC50 values) of CP-55,940 to inhibit adenylyl
cyclase activity (Table 5), as reflected by shifts to the right in
all concentration-effect curves (Figure 8). Three of the four
SERMs examined (RAL, NAF and OSP) also do not alter
the efficacy (e.g., Imax value) of CP-55,940, indicating that
these compounds likely act as surmountable antagonists at
hCB2Rs. Furthermore, unlike that observed for hCB1Rs, the
rank order of Kb values for SERM-antagonism of adenylyl
cyclase activity by CP-55,940 via hCB2Rs, correlates well with
the rank order of affinity of these compounds for hCB2Rs (e.g.,
RAL > NAF > OSP; Table 1). Interestingly, co-incubation
with BAZ (a SERM in the indole structural class), significantly
decreases the efficacy (Imax) of CP-55,940 in this assay, suggesting
this compound appears to act as an insurmountable antagonist
at hCB2Rs. The Kb value for BAZ acting via hCB2Rs could
not be determined because insurmountable antagonism violates
the assumption of competitive antagonism required for Kb
calculation.

DISCUSSION

The major findings of this study are that compounds within
four of five structurally distinct classes of SERMs bind to
CBRs with moderate to high affinity, exhibit differential CB1
and CB2 selectivity, and act as partial or full inverse agonists.
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TABLE 4 | Selective estrogen receptor modulator antagonism of CP-55,940 inhibition of adenylyl cyclase activity in intact CHO-hCB1 cells.

Drug Intracellular [3H]cAMP

Pre-Incubation IC50 (nM) pIC50 IMAX (%) Kb (nM) pKb N

CP-55,940 —— 10.4 7.982 ± 0.125 36.0 ± 2.2 —— —— 4

+OSP 10 µM 614 6.212 ± 0.078∗∗ 43.8 ± 2.7 173 6.762 ± 0.122a 4

+RAL 2 µM 26.6 7.575 ± 0.200∗ 38.7 ± 1.9 1122 5.950 ± 0.062b 3

+NAF 10 µM 102 6.990 ± 0.118∗∗ 38.3 ± 1.7 1164 5.934 ± 0.161b 4

+BAZ 10 µM 30.5 7.515 ± 0.176∗∗ 35.3 ± 0.7 4519 5.345 ± 0.044c 3

+AM-281† 1 µM 166 6.78 ± 0.053∗∗ 35.7 ± 0.9 155 6.810 ± 0.061a 3

∗,∗∗pIC50 and IMAX values are significantly different from the pIC50 and IMAX value for CP-55,940; P < 0.05, 0.01, one-way ANOVA, Dunnett’s Post hoc test. a,b,cpKb
values designated by different letters are significantly different from values in the same column; P < 0.05, one-way ANOVA, Tukey Post hoc test. †Values obtained from
Ford et al. (2016).

Although two initial reports have shown that a limited number
SERMs bind to CB2Rs (Kumar and Song, 2013, 2014; Prather
et al., 2013), no studies other than our initial observations
with tamoxifen (Prather et al., 2013) have investigated whether

these compounds also exhibit potential affinity and activity at
CB1Rs, or if additional SERMs might exhibit higher affinity
and/or selectivity for binding to CB1 or CB2Rs. Observations
reported here demonstrate that newer classes of SERMs exhibit

FIGURE 7 | Selective estrogen receptor modulators produce surmountable antagonism of CP-55,940 inhibition of adenylyl cyclase in CHO-hCB1
cells. CHO-hCB1 cells were pre-incubated for 30 min with receptor saturating concentrations of individual SERMs and were subsequently co-incubated for 7 min
with increasing concentrations of CP-55,940. Measurements of CP-55,940 effects alone on potency (IC50) and efficacy (IMAX) of intracellular cAMP were obtained
and were compared to the shifts in IC50 and IMAX values observed by co-incubation with individual SERMS: (A) Ospemifene, (B) Raloxifene, (C) Nafoxidine, and (D)
Bazedoxifene. All IC50, IMAX and Kb values (mean ± SEM) were derived from non-linear regression analysis of the curves shown and are presented in Table 4 with
statistical analysis. Asterisk symbols represent the concentration-effect curve for CP-55,940 alone, while open symbols the action of CP-55,940 in the presence of
the SERM indicated.
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FIGURE 8 | Selective estrogen receptor modulators produce surmountable and insurmountable antagonism of CP-55,940 inhibition of adenylyl
cyclase activity in CHO-hCB2 cells. CHO-hCB2 cells were pre-incubated for 30 min with receptor saturating concentrations of individual SERMs and were
subsequently co-incubated for 7 min with increasing concentrations of CP-55,940. Measurements of CP-55,940 effects alone on potency (IC50) and efficacy (IMAX)
of intracellular cAMP were obtained and were compared to the shifts in IC50 and IMAX values observed by co-incubation with individual SERMS: (A) Ospemifene, (B)
Raloxifene, (C) Nafoxidine, and (D) Bazedoxifene. All IC50, IMAX, and Kb values (mean ± SEM) were derived from non-linear regression analysis of the curves shown
and are presented in Table 5 with statistical analysis. Asterisk symbols represent the concentration-effect curve for CP-55,940 alone, while filled symbols the action
of CP-55,940 in the presence of the SERM indicated.

TABLE 5 | Selective estrogen receptor modulator antagonism of CP-55,940 inhibition of adenylyl cyclase activity in inact CHO-hCB2 cells.

Drug Intracellular [3H]cAMP

Pre-Incubation IC50 (nM) pIC50 IMAX (%) Kb (nM) pKb N

CP-55,940 —— 8.62 8.246 ± 0.151 36.1 ± 2.83 —— —— 8

+OSP 10 µM 65.9 7.218 ± 0.124∗∗ 31.7 ± 2.3 1256 5.901 ± 0.222a 3

+RAL 2 µM 229 6.713 ± 0.100∗∗ 33.0 ± 1.3 66.5 7.177 ± 0.242b 6

+NAF 10 µM 226 6.691 ± 0.145∗∗ 32.3 ± 2.3 337 6.473 ± 0.187c 3

+BAZ 2 µM 52.9 7.309 ± 0.095∗∗ 28.8 ± 3.0∗∗ —— —— 4

+AM-630† 1 µM 288 6.540 ± 0.060∗∗ 31.7 ± 0.3 55.4 7.26 ± .064b 3

∗∗pIC50 and IMAX values are significantly different from the pIC50 and IMAX value for CP-55,940; P < 0.01, one-way ANOVA, Dunnett’s Post hoc test. a,b,cpKb values
designated by different letters are significantly different from values in the same column; P < 0.05, one-way ANOVA, Tukey Post hoc test. †Values obtained from Ford
et al. (2016).

improved pharmacological characteristics (e.g., in CBR affinity
and selectivity) relative to these initial studies, and thus suggest
that several of the distinct SERM scaffolds may be useful
for future development of safe and selective drugs acting via
CBRs.

Knowledge that SERMs act via CBRs at pharmacologically
relevant concentrations has potential therapeutic significance

for several reasons. First, although the most well established
mechanism of action for SERMs occurs through modulation
of ERs (Arnott et al., 2014; Ellis et al., 2015), interaction
with non-ER targets such as CBRs may expand therapeutic
actions of these compounds and explain currently observed
anti-cancer or anti-oxidant properties in tissues not expressing
ERs (Perry et al., 1995; Moreira et al., 2004; Arnott et al.,
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2014). For example, tamoxifen exhibits anti-tumor activity in
several types of cancer devoid of ERs, including pancreatic
(Tomao et al., 2002), glioma (Mastronardi et al., 1998) and
melanoma (Beguerie et al., 2010). Since both SERMs and
cannabinoids reduce tumor angiogenesis by inhibiting VEGF
(Blázquez et al., 2003; Garvin and Dabrosin, 2003), perhaps
this and other shared mechanisms of action might be due
to SERM interaction with CBRs. Second, in addition to
serving as potential ER-independent targets, CB2R expression
is significantly increased in several forms of ER positive breast
cancer, and is negatively correlated to patient survival (Pérez-
Gómez et al., 2015). Therefore, it is possible that SERMs
exhibiting a dual mechanism of action to both antagonize
ER function and act as CBR inverse agonists might exhibit
superior therapy and lead to development of a novel class of
specialized SERMs for use in personalized cancer therapy. Third,
in addition to treatment of osteoporosis and prevention of
breast cancer in post-menopausal women (Gizzo et al., 2013),
RAL has been shown to produce neuroprotective (Ishihara
et al., 2015) and beneficial cardiometabolic effects (Dayspring
et al., 2006), as well as improve cognition in both male and
female schizophrenic patients (Kindler et al., 2015). Although
involvement of ERs has been implicated for mediation of several
of these effects (Khan, 2016), CB1 antagonists/inverse agonists
similarly improve neurocognitive symptoms in schizophrenics
(Roser et al., 2010), are neuroprotective (Sommer et al.,
2006) and improve cardiometabolic measures (Ginsberg and
Woods, 2009). It is therefore tempting to speculate that
dual action of RAL at ERs and CBRs may contribute to
these potentially important therapeutic effects, and suggest a
need for further investigation and development of drugs with
similar mechanisms of action. Finally, given that cannabinoid
actions can also be mediated by receptors other than CB1
and CB2 (Morgese et al., 2007; Martinez et al., 2015), future
studies examining the affinity of SERMs for such additional
targets including PPAR and/or TRPV1 channels might be
informative.

Although dual action of SERMs at ERs and CBRs might
be therapeutically beneficial in some situations, it is possible
that interaction CBRs might also contribute to some of the
adverse effects observed with this class of compounds. For
example, tamoxifen use in humans (Yang et al., 2013) and
research of CBR inverse agonists demonstrate that both groups
of compounds increase bone mineralization, sensitivity to
nociception and may result in depression (Idris and Ralston,
2010; Buggy et al., 2011; Nazarali and Narod, 2014; Azizi-
Malekabadi et al., 2015). Furthermore, endogenously produced
cannabinoids (e.g., endocannabinoids) are important modulators
of cerebral blood flow (Benyo et al., 2016) and agonist
activation of CB2Rs reduces infarct volume and improves
functional outcome in experimental stroke (England et al., 2015).
Antagonism of CB2R function by SERMs might thus contribute
to the increased stroke incidence sometimes observed with this
class of drugs (Rizzoli et al., 2011). In any case, additional
research will be required to clearly delineate the participation
of CBRs in both potential therapeutic and adverse effects of
SERMs.

Another, and perhaps most important, implication from
findings presented here is the potential for development of a
novel class of drugs based on different SERM scaffolds that
act selectively via CBRs. As an initial step toward development
of CBR selective SERM-based drugs, new compounds must be
designed to lack affinity for ERs. Interestingly, such studies
to reduce ER affinity while maintaining anti-cancer activity of
SERMs in the triphenylethylene class, as a means to discover
novel anti-cancer targets, are already underway (Guo et al.,
2013b). For example, several tamoxifen analogs, designated as
the ridaifen compounds, retain growth inhibition in multiple
cancer cell lines similar to that of tamoxifen, while totally
lacking affinity for ERs (Guo et al., 2013a,b). One ridaifen
compound in particular (ridaifen-B) induces autophagy in a
human T-cell lymphoma cell line devoid of estrogen receptors
(Nagahara et al., 2013), implicating a novel non-ER target
for this class of compounds. Importantly, ridaifen compounds
exhibit growth-inhibitory effects in many types of cancer that
are similarly sensitive to cannabinoids, such as ER-negative
breast cancer, gliomas, lung carcinoma, prostate cancer and
leukemia/lymphoma (McKallip et al., 2006; Chakravarti et al.,
2014; Nabissi et al., 2015). Cannabinoids produce efficacious
anti-tumor activity by a variety of mechanisms, including
inhibition of proliferation, induction of apoptosis, and inhibition
of angiogenesis (Chakravarti et al., 2014). Collectively, these
studies suggest that high affinity selective cannabinoids based
on the triphenylethylene SERM scaffold, lacking ER affinity,
might represent a novel class of drugs used to treat cancer
that act via an ER-independent mechanism of action. In
addition to anti-cancer activity, pre-clinical and clinical studies
of CB1R inverse agonists have shown that drugs with this
mechanism of action reduce appetite, body weight, insulin
resistance, and hepatic steatosis, while CB2R inverse agonists
act as potent and efficacious anti-inflammatory agents in a
variety of disease states (Tam et al., 2012; Presley et al., 2015).
Therefore, development of novel SERM-based selective CBR
inverse agonists, lacking ER affinity, may exhibit improved
safety relative to currently available compounds acting via
CBRs.

Despite the limited number of compounds available for
examination in the present study for each structural class,
some potential structural activity relationships may be worth
noting. All groups have a degree of structural likeness, consisting
of three planar benzyl rings providing similarity to estrogen
(Maximov et al., 2010) (Figure 1). Compounds in each class
also contain a chemical moiety unique to each structural
class that may participate in binding to CBRs, providing
enhanced affinity, selectivity and/or activity. For example, all
compounds in the triphenylethylene class contain a polar
R-group stemming from a phenol and exhibit only moderate
affinity for CBRs. However, SERMs in the benzothiophene, indole
and tetrahydronaphthalene class possess chemical moieties
present in recent designer synthetic cannabinoids (Debruyne and
Le Boisselier, 2015; Thaxton et al., 2015), and exhibit moderate to
high affinity for CBRs. The chemically distinct second generation
SERM RAL, containing a polyhydroxy phenol benzothiopene
group, exhibits highest, but similar affinity (∼200 nM) for both

Frontiers in Pharmacology | www.frontiersin.org 13 December 2016 | Volume 7 | Article 503

http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive


fphar-07-00503 December 20, 2016 Time: 14:59 # 14

Franks et al. SERMs As Cannabinoid Ligands

hCB1 and hCB2Rs. In contrast, altering the ER core binding
domain by introduction of a 2-phenyl-3-methyl indole contained
in the third generation SERM BAZ maintains high affinity for
hCB2Rs, while significantly decreasing hCB1R affinity. Finally,
removal of the 2-dimethylamino-ethoxy moiety of tamoxifen
to produce OSP, apparently increases affinity for CB1, but not
CB2Rs. Although current information concerning structural
activity relationships for SERM interaction with CBRs is limited,
observations from this and future studies may form the basis for
design of more comprehensive medicinal chemistry studies to
systematically optimize affinity and potency of SERMs acting at
CB1 and/or CB2Rs.

In summary, this study characterized the affinity and activity
of SERMs in newer structural classes at CBRs to identify
cannabinoids with improved pharmacological properties relative
to initial studies with tamoxifen. It was found that newer
classes of SERMs bind to CBRs with higher affinity and exhibit
differential selectivity than tamoxifen, while exhibiting similar
inverse agonist activity. Therefore, different SERM scaffolds may
be useful for development of selective and non-selective drugs
acting via CBRs for treatment of cancer and a variety of other
disease states.

AUTHOR CONTRIBUTIONS

LF and BF acquired, analyzed, and interpreted data, as well
as assisted in designing and conception of methodology and
experiments. PP did the majority of analysis, design and
conception of the study. PP and LF primarily wrote the
manuscript with significant input from BF. All authors are willing
to approve final versions and agree to be accountable for accuracy
and integrity of this work.

FUNDING

These studies were supported by bridging funds provided by the
UAMS Department of Pharmacology and Toxicology.

ACKNOWLEDGMENTS

The authors wish to thank Dr. Kadlubar (UAMS) for providing
many of the compounds used in this study and for her very useful
discussions.

REFERENCES
Arnott, J., Martinkovich, S., Planey, S., and Shah, D. (2014). Selective estrogen

receptor modulators: tissue specificity and clinical utility. Clin. Interv. Aging 9,
1437–1452. doi: 10.2147/CIA.S66690

Azizi-Malekabadi, H., Pourganji, M., Zabihi, H., Saeedjalali, M., and Hosseini, M.
(2015). Tamoxifen antagonizes the effects of ovarian hormones to induce
anxiety and depression-like behavior in rats. Arq. Neuropsiquiatr. 73, 132–139.
doi: 10.1590/0004-282X20140221

Beguerie, J. R., Xingzhong, J., and Valdez, R. P. (2010). Tamoxifen vs. non-
tamoxifen treatment for advanced melanoma: a meta-analysis. Int. J. Dermatol.
49, 1194–1202. doi: 10.1111/j.1365-4632.2010.04529.x

Benyo, Z., Ruisanchez, E., Leszl-Ishiguro, M., Sandor, P., and Pacher, P. (2016).
Endocannabinoids in cerebrovascular regulation. Am. J. Physiol. Heart Circ.
Physiol. 310, H785–H801. doi: 10.1152/ajpheart.00571.2015

Blázquez, C., Casanova, M. L., Planas, A., and del Pulgar, T. G. (2003). Inhibition
of tumor angiogenesis by cannabinoids. FASEB J. 17, 529–531. doi: 10.1096/fj
.02-0795fje

Buggy, Y., Cornelius, V., Wilton, L., and Shakir, S. A. (2011). Risk of
depressive episodes with rimonabant: a before and after modified
prescription event monitoring study conducted in England. Drug Saf. 34,
501–509.

Cabral, G. A., and Griffin-Thomas, L. (2009). Emerging role of the
cannabinoid receptor CB2 in immune regulation: therapeutic prospects
for neuroinflammation. Expert Rev. Mol. Med. 11:e3. doi: 10.1017/
S1462399409000957

Cabral, G. A., Rogers, T. J., and Lichtman, A. H. (2015). Turning over
a new leaf: cannabinoid and endocannabinoid modulation of immune
function. J. Neuroimmune Pharmacol. 10, 193–203. doi: 10.1007/s11481-015-
9615-z

Chakravarti, B., Ravi, J., and Ganju, R. K. (2014). Cannabinoids as therapeutic
agents in cancer: current status and future implications. Oncotarget 5, 5852–
5872. doi: 10.18632/oncotarget.2233

Cheng, Y., and Prusoff, W. (1973). Relationship between the inhibition constant
(K1) and the concentration of inhibitor which causes 50 per cent inhibition
(i50) of an enzymatic reaction. Biochem. Pharmacol. 22, 3099–3108. doi: 10.
1016/0006-2952(73)90196-2

Dayspring, T., Qu, Y., and Keech, C. (2006). Effects of raloxifene on lipid and
lipoprotein levels in postmenopausal osteoporotic women with and without

hypertriglyceridemia. Metabolism 55, 972–979. doi: 10.1016/j.metabol.2006.03.
005

Debruyne, D., and Le Boisselier, R. (2015). Emerging drugs of abuse: current
perspectives on synthetic cannabinoids. Subst. Abuse Rehabil. 6, 113–129. doi:
10.2147/SAR.S73586

Ellis, A. J., Hendrick, V. M., Williams, R., and Komm, B. S. (2015). Selective
estrogen receptor modulators in clinical practice: a safety overview.
Expert Opin. Drug Saf. 14, 921–934. doi: 10.1517/14740338.2015.
1014799

England, T. J., Hind, W. H., Rasid, N. A., and O’Sullivan, S. E. (2015). Cannabinoids
in experimental stroke: a systematic review and meta-analysis. J. Cereb. Blood
Flow Metab. 35, 348–358. doi: 10.1038/jcbfm.2014.218

Ford, B. M., Franks, L. N., Radominska-Pandya, A., and Prather, P. L. (2016).
Tamoxifen isomers and metabolites exhibit distinct affinity and activity at
cannabinoid receptors: potential scaffold for drug development. PLoS ONE
11:e0167240. doi: 10.1371/journal.pone.0167240

Franks, L. N., Ford, B. M., Madadi, N. R., Penthala, N. R., Crooks, P. A., and
Prather, P. L. (2014). Characterization of the intrinsic activity for a novel class
of cannabinoid receptor ligands: indole quinuclidine analogs. Eur. J. Pharmacol.
737, 140148. doi: 10.1016/j.ejphar.2014.05.007

García, C., Palomo-Garo, C., García-Arencibia, M., Ramos, J., Pertwee, R., and
Fernández-Ruiz, J. (2011). Symptom-relieving and neuroprotective effects of
the phytocannabinoid 1?-THCV in animal models of Parkinson’s disease. Br. J.
Pharmacol. 163, 1495–1506. doi: 10.1111/j.1476-5381.2011.01278.x

Garvin, S., and Dabrosin, C. (2003). Tamoxifen inhibits secretion of vascular
endothelial growth factor in breast cancer in vivo. Cancer Res. 63, 8742–8748.

Ginsberg, H. N., and Woods, S. C. (2009). The endocannabinoid system: potential
for reducing cardiometabolic risk. Obesity (Silver Spring) 17, 1821–1829. doi:
10.1038/oby.2009.107

Gizzo, S., Saccardi, C., Patrelli, T. S., Berretta, R., Capobianco, G., Di Gangi, S., et al.
(2013). Update on raloxifene: mechanism of action, clinical efficacy, adverse
effects, and contraindications. Obstet. Gynecol. Surv. 68, 467–481. doi: 10.1097/
OGX.0b013e31828baef9

Guo, W.-Z. Z., Shiina, I., Wang, Y., Umeda, E., Watanabe, C., Uetake, S., et al.
(2013a). Ridaifen-SB8, a novel tamoxifen derivative, induces apoptosis via
reactive oxygen species-dependent signaling pathway. Biochem. Pharmacol. 86,
1272–1284. doi: 10.1016/j.bcp.2013.08.020

Guo, W.-Z. Z., Wang, Y., Umeda, E., Shiina, I., Dan, S., and Yamori, T. (2013b).
Search for novel anti-tumor agents from ridaifens using JFCR39, a panel of

Frontiers in Pharmacology | www.frontiersin.org 14 December 2016 | Volume 7 | Article 503

https://doi.org/10.2147/CIA.S66690
https://doi.org/10.1590/0004-282X20140221
https://doi.org/10.1111/j.1365-4632.2010.04529.x
https://doi.org/10.1152/ajpheart.00571.2015
https://doi.org/10.1096/fj.02-0795fje
https://doi.org/10.1096/fj.02-0795fje
https://doi.org/10.1017/S1462399409000957
https://doi.org/10.1017/S1462399409000957
https://doi.org/10.1007/s11481-015-9615-z
https://doi.org/10.1007/s11481-015-9615-z
https://doi.org/10.18632/oncotarget.2233
https://doi.org/10.1016/0006-2952(73)90196-2
https://doi.org/10.1016/0006-2952(73)90196-2
https://doi.org/10.1016/j.metabol.2006.03.005
https://doi.org/10.1016/j.metabol.2006.03.005
https://doi.org/10.2147/SAR.S73586
https://doi.org/10.2147/SAR.S73586
https://doi.org/10.1517/14740338.2015.1014799
https://doi.org/10.1517/14740338.2015.1014799
https://doi.org/10.1038/jcbfm.2014.218
https://doi.org/10.1371/journal.pone.0167240
https://doi.org/10.1016/j.ejphar.2014.05.007
https://doi.org/10.1111/j.1476-5381.2011.01278.x
https://doi.org/10.1038/oby.2009.107
https://doi.org/10.1038/oby.2009.107
https://doi.org/10.1097/OGX.0b013e31828baef9
https://doi.org/10.1097/OGX.0b013e31828baef9
https://doi.org/10.1016/j.bcp.2013.08.020
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive


fphar-07-00503 December 20, 2016 Time: 14:59 # 15

Franks et al. SERMs As Cannabinoid Ligands

human cancer cell lines. Biol. Pharm. Bull. 36, 1008–1016. doi: 10.1248/bpb.
b13-00129

Idris, A. I., and Ralston, S. H. (2010). Cannabinoids and bone: friend or foe? Calcif.
Tissue Int. 87, 285–297. doi: 10.1007/s00223-010-9378-8

Ishihara, Y., Itoh, K., Ishida, A., and Yamazaki, T. (2015). Selective estrogen-
receptor modulators suppress microglial activation and neuronal cell death via
an estrogen receptor-dependent pathway. J. Steroid Biochem. Mol. Biol. 145,
85–93. doi: 10.1016/j.jsbmb.2014.10.002

Khan, M. M. (2016). Neurocognitive, neuroprotective, and cardiometabolic effects
of raloxifene: potential for improving therapeutic outcomes in Schizophrenia.
CNS Drugs 30, 589–601. doi: 10.1007/s40263-016-0343-6

Kindler, J., Weickert, C. S., Skilleter, A. J., Catts, S. V., Lenroot, R.,
and Weickert, T. W. (2015). Selective estrogen receptor modulation
increases hippocampal activity during probabilistic association learning in
Schizophrenia. Neuropsychopharmacology 40, 2388–2397. doi: 10.1038/npp.
2015.88

Kumar, P., and Song, Z.-H. H. (2013). Identification of raloxifene as a novel CB2
inverse agonist. Biochem. Biophys. Res. Commun. 435, 76–81. doi: 10.1016/j.bb
rc.2013.04.040

Kumar, P., and Song, Z.-H. H. (2014). CB2 cannabinoid receptor is a novel target
for third-generation selective estrogen receptor modulators bazedoxifene and
lasofoxifene. Biochem. Biophys. Res. Commun. 443, 144–149. doi: 10.1016/j.bb
rc.2013.11.071

Martinez, A. A., Morgese, M. G., Pisanu, A., Macheda, T., Paquette, M. A.,
Seillier, A., et al. (2015). Activation of PPAR gamma receptors reduces levodopa-
induced dyskinesias in 6-OHDA-lesioned rats. Neurobiol. Dis. 74, 295–304.
doi: 10.1016/j.nbd.2014.11.024

Mastronardi, L., Puzzilli, F., and Ruggeri, A. (1998). Tamoxifen as a potential
treatment of glioma. Anticancer Drugs 9, 581–586. doi: 10.1097/00001813-
199808000-00001

Maximov, P. Y., Lee, T. M., and Jordan, C. V. (2013). The discovery
and development of selective estrogen receptor modulators (SERMs)
for clinical practice. Curr. Clin. Pharmacol. 8, 135–155. doi: 10.2174/
1574884711308020006

Maximov, P. Y., Myers, C. B., Curpan, R. F., Lewis-Wambi, J. S., and Jordan,
V. C. (2010). Structure-function relationships of estrogenic triphenylethylenes
related to endoxifen and 4-hydroxytamoxifen. J. Med. Chem. 53, 3273–3283.
doi: 10.1021/jm901907u

McKallip, R. J., Jia, W., Schlomer, J., Warren, J. W., Nagarkatti, P. S., and
Nagarkatti, M. (2006). Cannabidiol-induced apoptosis in human leukemia cells:
a novel role of cannabidiol in the regulation of p22phox and Nox4 expression.
Mol. Pharmacol. 70, 897–908. doi: 10.1124/mol.106.023937

Moreira, P. I., Custódio, J. B., Oliveira, C. R., and Santos, M. S. (2004).
Hydroxytamoxifen protects against oxidative stress in brain mitochondria.
Biochem. Pharmacol. 68, 195–204. doi: 10.1016/j.bcp.2004.03.019

Morgese, M. G., Cassano, T., Cuomo, V., and Giuffrida, A. (2007). Anti-dyskinetic
effects of cannabinoids in a rat model of Parkinson’s disease: role of CB(1) and
TRPV1 receptors. Exp. Neurol. 208, 110–119. doi: 10.1016/j.expneurol.2007.07.
021

Nabissi, M., Morelli, M. B., Amantini, C., Liberati, S., Santoni, M., Ricci-Vitiani, L.,
et al. (2015). Cannabidiol stimulates Aml-1a-dependent glial differentiation
and inhibits glioma stem-like cells proliferation by inducing autophagy in
a TRPV2-dependent manner. Int. J. Cancer137, 1855–1869. doi: 10.1002/ijc.
29573

Nagahara, Y., Takeyoshi, M., Sakemoto, S., Shiina, I., Nakata, K., Fujimori, K.,
et al. (2013). Novel tamoxifen derivative ridaifen-B induces Bcl-2 independent
autophagy without estrogen receptor involvement. Biochem. Biophys. Res.
Commun. 435, 657–663. doi: 10.1016/j.bbrc.2013.05.040

Nazarali, S. A., and Narod, S. A. (2014). Tamoxifen for women at high risk of breast
cancer. Breast Cancer 6, 29–36. doi: 10.2147/BCTT.S43763

Pérez-Gómez, E., Andradas, C., Blasco-Benito, S., Caffarel, M. M., García-
Taboada, E., Villa-Morales, M., et al. (2015). Role of cannabinoid receptor CB2
in HER2 pro-oncogenic signaling in breast cancer. J. Natl. Cancer Inst. 107,
djv077. doi: 10.1093/jnci/djv077

Perry, R. R., Kang, Y., and Greaves, B. (1995). Effects of tamoxifen on growth and
apoptosis of estrogen-dependent and -independent human breast cancer cells.
Ann. Surg. Oncol. 2, 238–245. doi: 10.1007/BF02307030

Pertwee, R. G. (2010). Receptors and channels targeted by synthetic cannabinoid
receptor agonists and antagonists. Curr. Med. Chem. 17, 1360–1381. doi: 10.
2174/092986710790980050

Pisanti, S., Picardi, P., D’Alessandro, A., Laezza, C., and Bifulco, M. (2013). The
endocannabinoid signaling system in cancer. Trends Pharmacol. Sci. 34. doi:
10.1016/j.tips.2013.03.003

Prather, P. L., FrancisDevaraj, F., Dates, C. R., Greer, A. K., Bratton, S. M., Ford,
B. M., et al. (2013). CB1 and CB2 receptors are novel molecular targets for
tamoxifen and 4OH-tamoxifen. Biochem. Biophys. Res. Commun. 441, 339343.
doi: 10.1016/j.bbrc.2013.10.057

Presley, C. S., Mustafa, S. M., Abidi, A. H., and Moore, B. M. (2015). Synthesis and
biological evaluation of (3’,5’-dichloro-2,6-dihydroxy-biphenyl-4-yl)-aryl/alkyl-
methanone selective CB2 inverse agonist. Bioorg. Med. Chem. 23, 5390–5401.
doi: 10.1016/j.bmc.2015.07.057

Rajasekaran, M., Brents, L. K., Franks, L. N., Moran, J. H., and Prather, P. L. (2013).
Human metabolites of synthetic cannabinoids JWH-018 and JWH-073 bind
with high affinity and act as potent agonists at cannabinoid type-2 receptors.
Toxicol. Appl. Pharmacol. 269, 100–108. doi: 10.1016/j.taap.2013.03.012

Rizzoli, R., Reginster, J. Y., Boonen, S., Breart, G., Diez-Perez, A., Felsenberg, D.,
et al. (2011). Adverse reactions and drug-drug interactions in the management
of women with postmenopausal osteoporosis. Calcif. Tissue Int. 89, 91–104.
doi: 10.1007/s00223-011-9499-8

Roser, P., Vollenweider, F. X., and Kawohl, W. (2010). Potential antipsychotic
properties of central cannabinoid (CB1) receptor antagonists. World J. Biol.
Psychiatry 11(2 Pt. 2), 208–219. doi: 10.3109/15622970801908047

Seely, K. A., Brents, L. K., Franks, L. N., Rajasekaran, M., Zimmerman,
S. M., Fantegrossi, W. E., et al. (2012). AM-251 and rimonabant act as
direct antagonists at mu-opioid receptors: implications for opioid/cannabinoid
interaction studies. Neuropharmacology 63, 905–915. doi: 10.1016/j.neuropha
rm.2012.06.046

Shoemaker, J. L., Joseph, B. K., Ruckle, M. B., Mayeux, P. R., and Prather, P. L.
(2005). The endocannabinoid noladin ether acts as a full agonist at human CB2
cannabinoid receptors. J. Pharmacol. Exp. Ther. 314, 868–875. doi: 10.1124/jpet
.105.085282

Sommer, C., Schomacher, M., Berger, C., Kuhnert, K., Muller, H. D., Schwab, S.,
et al. (2006). Neuroprotective cannabinoid receptor antagonist SR141716A
prevents downregulation of excitotoxic NMDA receptors in the ischemic
penumbra. Acta Neuropathol. 112, 277–286. doi: 10.1007/s00401-006-0110-8

Tam, J., Cinar, R., Liu, J., Godlewski, G., Wesley, D., Jourdan, T., et al.
(2012). Peripheral cannabinoid-1 receptor inverse agonism reduces obesity by
reversing leptin resistance. Cell Metab. 16, 167–179. doi: 10.1016/j.cmet.2012.
07.002

Thaxton, A., Belal, T. S., Smith, F., DeRuiter, J., Abdel-Hay, K. M., and Clark, C. R.
(2015). Mass spectral studies on 1-n-pentyl-3-(1-naphthoyl)indole (JWH-018),
three deuterium-labeled analogues and the inverse isomer 1-naphthoyl-3-n-
pentylindole. Rapid Commun. Mass Spectrom. 29, 871–877. doi: 10.1002/rcm.
7171

Tomao, S., Romiti, A., Massidda, B., Ionta, M. T., Farris, A., Zullo, A., et al. (2002).
A phase II study of gemcitabine and tamoxifen in advanced pancreatic cancer.
Anticancer Res. 22, 2361–2364.

Valdeolivas, S., Satta, V., Pertwee, R. G., Fernandez-Ruiz, J., and Sagredo, O.
(2012). Sativex-like combination of phytocannabinoids is neuroprotective in
malonate-lesioned rats, an inflammatory model of Huntington’s disease: role
of CB1 and CB2 receptors. ACS Chem. Neurosci. 3, 400–406. doi: 10.1021/cn20
0114w

Vidinsky, B., Gal, P., Pilatova, M., Vidova, Z., Solar, P., Varinska, L., et al. (2012).
Anti-proliferative and anti-angiogenic effects of CB2R agonist (JWH-133) in
non-small lung cancer cells (A549) and human umbilical vein endothelial cells:
an in vitro investigation. Folia Biol. 58, 75–80.

Wilkerson, J. L., Gentry, K. R., Dengler, E. C., Wallace, J. A., Kerwin, A. A., Armijo,
L. M., et al. (2012). Intrathecal cannabilactone CB(2)R agonist, AM1710,
controls pathological pain and restores basal cytokine levels. Pain 153, 1091–
1106. doi: 10.1016/j.pain.2012.02.015

Xu, H., Cheng, C. L., Chen, M., Manivannan, A., Cabay, L., Pertwee, R. G., et al.
(2007). Anti-inflammatory property of the cannabinoid receptor-2-selective
agonist JWH-133 in a rodent model of autoimmune uveoretinitis. J. Leukoc.
Biol. 82, 532–541. doi: 10.1189/jlb.0307159

Frontiers in Pharmacology | www.frontiersin.org 15 December 2016 | Volume 7 | Article 503

https://doi.org/10.1248/bpb.b13-00129
https://doi.org/10.1248/bpb.b13-00129
https://doi.org/10.1007/s00223-010-9378-8
https://doi.org/10.1016/j.jsbmb.2014.10.002
https://doi.org/10.1007/s40263-016-0343-6
https://doi.org/10.1038/npp.2015.88
https://doi.org/10.1038/npp.2015.88
https://doi.org/10.1016/j.bbrc.2013.04.040
https://doi.org/10.1016/j.bbrc.2013.04.040
https://doi.org/10.1016/j.bbrc.2013.11.071
https://doi.org/10.1016/j.bbrc.2013.11.071
https://doi.org/10.1016/j.nbd.2014.11.024
https://doi.org/10.1097/00001813-199808000-00001
https://doi.org/10.1097/00001813-199808000-00001
https://doi.org/10.2174/1574884711308020006
https://doi.org/10.2174/1574884711308020006
https://doi.org/10.1021/jm901907u
https://doi.org/10.1124/mol.106.023937
https://doi.org/10.1016/j.bcp.2004.03.019
https://doi.org/10.1016/j.expneurol.2007.07.021
https://doi.org/10.1016/j.expneurol.2007.07.021
https://doi.org/10.1002/ijc.29573
https://doi.org/10.1002/ijc.29573
https://doi.org/10.1016/j.bbrc.2013.05.040
https://doi.org/10.2147/BCTT.S43763
https://doi.org/10.1093/jnci/djv077
https://doi.org/10.1007/BF02307030
https://doi.org/10.2174/092986710790980050
https://doi.org/10.2174/092986710790980050
https://doi.org/10.1016/j.tips.2013.03.003
https://doi.org/10.1016/j.tips.2013.03.003
https://doi.org/10.1016/j.bbrc.2013.10.057
https://doi.org/10.1016/j.bmc.2015.07.057
https://doi.org/10.1016/j.taap.2013.03.012
https://doi.org/10.1007/s00223-011-9499-8
https://doi.org/10.3109/15622970801908047
https://doi.org/10.1016/j.neuropharm.2012.06.046
https://doi.org/10.1016/j.neuropharm.2012.06.046
https://doi.org/10.1124/jpet.105.085282
https://doi.org/10.1124/jpet.105.085282
https://doi.org/10.1007/s00401-006-0110-8
https://doi.org/10.1016/j.cmet.2012.07.002
https://doi.org/10.1016/j.cmet.2012.07.002
https://doi.org/10.1002/rcm.7171
https://doi.org/10.1002/rcm.7171
https://doi.org/10.1021/cn200114w
https://doi.org/10.1021/cn200114w
https://doi.org/10.1016/j.pain.2012.02.015
https://doi.org/10.1189/jlb.0307159
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive


fphar-07-00503 December 20, 2016 Time: 14:59 # 16

Franks et al. SERMs As Cannabinoid Ligands

Yang, G., Nowsheen, S., Aziz, K., and Georgakilas, A. G. (2013). Toxicity and
adverse effects of Tamoxifen and other anti-estrogen drugs. Pharmacol. Ther.
139, 392–404. doi: 10.1016/j.pharmthera.2013.05.005

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Franks, Ford and Prather. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org 16 December 2016 | Volume 7 | Article 503

https://doi.org/10.1016/j.pharmthera.2013.05.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Pharmacology/
http://www.frontiersin.org/
http://www.frontiersin.org/Pharmacology/archive

	Selective Estrogen Receptor Modulators: Cannabinoid Receptor Inverse Agonists with Differential CB1 and CB2 Selectivity
	Introduction
	Materials And Methods
	Materials
	Methods
	Cell Culture
	Membrane Preparation
	Competition Receptor Binding
	[35S]GTPS Binding
	Adenylyl Cyclase Assay

	Statistical Analysis

	Results
	SERMs from Four of Five Structural Classes Exhibit Affinity for CB1 and CB2Rs
	SERMs Act as Inverse agonists at CBRs to Modulate G-Protein Activity
	SERMs Bind With High Affinity (e.g., Ki Values) and Differential Selectivity to CB1 and CB2Rs
	SERMs Modulate G-Protein Activity With Potencies Predicted by Affinity for hCB1 and hCB2Rs
	SERMs Also Act as Inverse CB2 Agonists to Modulate of Adenylyl Cyclase Activity
	SERMs Produce Surmountable Antagonism of CP-55,940 Inhibition of Adenylyl Cyclase in CHO-hCB1 Cells
	SERMs Produce Surmountable and Insurmountable Antagonism of CP-55,940 Inhibition of Adenylyl Cyclase Activity in CHO-hCB2 Cells

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


