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ABSTRACT
Cyclobenzaprine is a tricyclic dimethylpropanamine skeletal
muscle relaxant, which is used clinically to decrease muscle
spasm and hypercontractility, as well as acute musculoskeletal
pain. Although the absolute mechanism of action of cycloben-
zaprine remains elusive, it is known to mediate its effects cen-
trally via inhibition of tonic somatic motor function, likely
through modulation of noradrenergic and serotonergic sys-
tems. While cyclobenzaprine is effective as a muscle relaxant,
greater than 30% of patients experience drowsiness and seda-
tive-hypnotic effects, yet the mechanisms that cause this
adverse effect are also undescribed. Based on this common
adverse effect profile and the structural similarity of cycloben-
zaprine to tricyclic antidepressants, as well as ethanolamine
first-generation antihistamines, we hypothesized that cycloben-
zaprine facilitates sedative effects via off-target antagonism of
central histamine H1 receptors (H1Rs). Here, for the first time,
we present data that demonstrate that cyclobenzaprine exhibits
low nanomolar affinity for the cloned human H1R, as well as
that expressed in both rat and mouse brain. Using saturation

radioligand binding, we also demonstrate that cyclobenzaprine
binds to the H1R in a noncompetitive manner. Similarly, func-
tional assays measuring both Ca12 influx and novel TRUPATH
G-protein subunit bioluminescence resonance energy transfer
biosensors reveal that cyclobenzaprine also blocks histamine-
mediated H1R functional activity in a noncompetitive manner,
whereas the classical H1R antagonist diphenhydramine does
so competitively. Given that cyclobenzaprine readily crosses
the blood-brain barrier and its muscle relaxant effects occur
centrally, our data suggest that off-target central antagonism of
H1R by cyclobenzaprine facilitates the significant sedative
effect of this agent seen in patients.

SIGNIFICANCE STATEMENT
Cyclobenzaprine, a clinically used muscle relaxant that is
strongly linked to sedation, demonstrates high-affinity noncom-
petitive antagonism at the histamine H1 receptor. This effect
likely modulates the high degree of sedation that patients
experience.

Introduction
Cyclobenzaprine, 3-(5H-dibenzo[a,d] cyclohepten-5-ylidene)-

N, N- dimethyl-1-propanamine hydrochloride (Fig. 1), initially
branded in the United States as Flexeril, is a skeletal muscle
relaxer used clinically to decrease muscle spasm and muscle
hypercontractility, as well as to treat acute pain due to muscu-
loskeletal conditions (Share and McFarlane, 1975). Although
the absolute mechanism of action of cyclobenzaprine remains
elusive, it is known to act centrally within the brainstem to

decrease efferent a and c spinal motor neurons that regulate
muscle reflex and activity (Barnes, 1976; Barnes and Adams,
1978). The locus coeruleus, which drives central noradrenergic
neurotransmission, was initially postulated to be the primary
site of central cyclobenzaprine action, where it was shown to
facilitate decreases in noradrenergic excitation and outflow
(Gintautas and Barnes, 1979; Barnes et al., 1980; Lang and
Barnes, 1982; 1983). Subsequently, many decades later, it was
discovered that cyclobenzaprine can also act via antagonism of
serotonin 5-HT2 receptors to block descending serotoninergic
pathways, which inhibit mono- and polysynaptic reflexes
within the spinal cord to decrease pain transmission (Honda
et al., 2003).
Although cyclobenzaprine is generally well tolerated and

has an acceptable safety profile, it also antagonizes a1-adre-
nergic receptors, leading to vasodilation and subsequent reflex
tachycardia, and it also commonly causes xerostomia (i.e., dry
mouth), mydriasis (i.e., dilation of the pupils), and gastrointes-
tinal and urinary dysfunction, as well as tachycardia,
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secondary to anticholinergic effects due to antagonism of mus-
carinic acetylcholine receptors (Aronson, 2016). Importantly,
upwards of 39% of all patients who take cyclobenzaprine
exhibit significant drowsiness, sedation, and somnolence (Teva
Pharmaceuticals USA, Inc., 2013), which by far represent the
most commonly encountered adverse effects, and which signifi-
cantly limits tolerability and the feasibility of continued clini-
cal use.
Despite nearly 50 years of clinical utilization, the mecha-

nisms behind the sedative and somnolence inducing effects of
cyclobenzaprine are completely unstudied and have only been
assumed to be due to the anticholinergic effect. Cyclobenza-
prine shares structural homology with the highly sedating
first-generation over-the-counter ethanolamine-based hista-
mine H1 receptor (H1R) antagonists (i.e., antihistamines)
such as diphenhydramine (e.g., Benadryl), triprolidine (e.g.,
Actifed), and doxylamine (e.g., Unisom and a component of
Nyquil) (Fig. 1). In addition, cyclobenzaprine shares structural
similarity with several clinically used tricyclic antidepres-
sants, (Fig. 1) including imipramine, amitriptyline, nortripty-
line, and doxepin, that are also all highly sedating, and which,
also exhibit H1R antagonism. Based on this high degree of
structural homology to known sedating histamine H1 receptor
antagonists, we hypothesized that the sedative and somno-
lence effects of cyclobenzaprine are mediated by off-target
antagonism of central H1R. Here, using a variety of receptor-
binding and functional assays, we report for the first time that
cyclobenzaprine is a potent noncompetitive antagonist of H1R,
and that indeed, the sedative effects seen clinically are likely
modulated by the blockade of central H1R.

Materials and Methods
Reagents and Chemicals. DNA encoding the wild-type human

histamine H1 receptor in the pcDNA3.11 plasmid was purchased
from the Missouri S&T cDNA Resource Center (https://www.cdna.
org). Cyclobenzaprine hydrochloride (PubChem CID: 22576), diphen-
hydramine hydrochloride (PubChem CID: 8980), and other chemicals
were obtained at the highest available purity from Sigma-Aldrich (St.
Louis, MO). Histamine dihydrochloride (PubChem CID: 5818) was
obtained from Acros Organics (Fair Lawn, NJ). The TRUPATH bio-
sensors were a kind gift from the laboratory of Dr. Bryan Roth
(UNC-Chapel Hill, Chapel Hill, NC; Addgene kit #1000000163) (Olsen
et al., 2020). [3H]-Mepyramine (PubChem CID: 4992; NET594250UC)
was purchased from Perkin Elmer (Waltham, MA).

Animals. Rat cortex was obtained fresh from young adult
(125–150 g) male Sprague Dawley rats that were obtained from
Charles River Laboratories (Wilmington, MA) and housed for at least
1 week before use under controlled environmental conditions
(20–22�C, 40%–50% humidity, lights on from 0700 to 1900 hours).
The animal use protocol was approved by the Mercer University Insti-
tutional Animal Care and Use Committee. Animals had free access to
commercial food pellet and fresh tap water. Mouse cortex was dis-
sected from flash-frozen brains from male mice obtained commercially
from Innovative Research (Novi, MI).

Cell Culture, Transfection, and Treatment. Human embry-
onic kidney (HEK293) cells were obtained from ATCC (American
Type Culture Collection, Manassas, VA) and were cultured in 100-mm
plates containing Dulbecco’s modified Eagle’s medium (DMEM) and
supplemented with 10% fetal bovine serum and 1% penicillin-strepto-
mycin (Life Technologies, Grand Island, NY). The AequoScreen
HEK293/Ga16 parental cell line (ES-000-A26) was purchased from
Perkin Elmer. Transient transfections were performed using
LipoD293 reagent (Signagen Laboratories, Gaithersburg, MD)

according to the manufacturer’s directions, exactly as we have previ-
ously reported (Burns and Moniri, 2011; Singh and Moniri, 2012;
Burns et al., 2014; Senatorov et al., 2020).

Radioligand Competition and Saturation Binding Assays.
Competition binding assayswere performed aswehave described previ-
ously in detail (Booth et al., 2002;Moniri et al., 2004;Moniri andDaaka,
2007). Briefly, HEK293 cells were transfected with 5 lg of H1R in 10-
cm dishes using LipoD293 reagent according to the manufacturer’s
instructions. Cells were harvested 48 hours after transfection by
detaching from the plate with ice-cold phosphate-buffered saline (pH
7.5) andwere centrifuged at 1000 rpm for 10minutes. The resulting pel-
let was suspended again in ice-cold buffer, homogenized with 10 strokes
of a Wheaton Teflon-glass homogenizer, and centrifuged at 35,000 × g
for 20minutes at 4�C. The resulting pellet was resuspended in buffer at
1 ml per dish and used fresh or stored at �80�C for future use. Mem-
brane aliquots (25 lg) were incubated with KD concentration of [3H]-
mepyramine (�1 nM) and varying concentrations of test agent
(0.001–100 lM) for 1 hour at 25�C. Reactions were terminated by rapid
filtration over Whatman GF/C filters followed by washing in ice-cold
buffer supplemented with 0.1% bovine serum albumin (BSA). Filters
were counted for radioactivity using liquid scintillation spectrometry
(Packard 2250 Liquid ScintillationCounter,Waltham,MA), and results
are expressed as the percentage of specific binding, which is defined by
subtracting nonspecific binding in the presence of 100 lMdiphenhydra-
mine. Protein content was analyzed using DC Protein Assay (Bio-Rad,
Hercules, CA). Resulting inhibition data were analyzed by nonlinear
regression using the sigmoidal curve-fitting algorithms in GraphPad
Prism 9 (GraphPad Software, San Diego, CA) to determine half-maxi-
mal inhibitory concentration (IC50) and Hill slopes (nH). Affinity is
expressed as a measure of the exact concentration of radioligand per
experiment using the following equation:

Ki ¼ IC50=ð1 þ L=KDÞ,
where L is the concentration of radioligand in each replicate, having
affinity KD (Cheng and Prusoff, 1973). Each experimental condition
was run in triplicate, and each experiment was performed a minimum
of three times to determine S.D. Saturation binding experiments were
conducted as we have reported previously (Moniri et al., 2004). Briefly,
cells were transfected with 2 lg of H1R and prepared as described
above, except membranes were prepared in buffer containing 25 mM
Tris-HCl, 4mM MgCl2 (pH 7.5) and the filters were washed with iden-
tical buffer containing 0.1% BSA. Filters were dried on a hot plate for
20 minutes at 80–90�C, and radioactivity was assessed using a
MicroBeta2 2450 Microplate counter (Perkin Elmer, Waltham, MA).
Specific binding was obtained by subtracting nonspecific binding in
the presence of diphenhydramine from total binding, as above.

TRUPATH Bioluminescence-Resonance Energy Transfer.
Bioluminescence-resonance energy transfer (BRET) experiments were
performed based on those described by others (Olsen et al., 2020) and
similar to our previous studies (Singh and Moniri, 2012; Senatorov
et al., 2020). Briefly, cells were washed three times, dislodged with
BRET buffer (140 mm NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mM CaCl2,
0.37 mM NaH2PO4, 24 mM NaHCO3, 25 mM HEPES, 0.1% Glucose,
pH 7.4), centrifuged at 0.5 × g for 5 minutes, and resuspended at 1 ×
106 cells/ml. Fifty thousand cells were loaded per well of a white 96-
well plate and incubated with various concentrations of test agents for
10 minutes, followed by 5-minute equilibration with Coelenterazine
400A (DeepBlueC) (5 lM) (Biotium, Hayward, CA). Cells were then
stimulated with histamine for 5 minutes before detection of emission
at 410 nm (RLuc8-DeepBlueC) and 515 nm (GFP2) using a Mithras
LB940 plate reader (Berthold Technologies, Oak Ridge, TN). BRET2
signal was calculated as a ratio of GFP2 emission over RLuc8 emis-
sion, and results are expressed normalized to the maximal histamine
response elicited. IC50 was determined using GraphPad Prism 9, and
data are expressed as mean ± S.D. for representative experiments
repeated at least three independent times. Antagonist potency,
reported as pA2, was measured using the Gaddum/Schild EC50 Shift
method and calculated in GraphPad Prism 9, using the output EC50
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for histamine alone, B 5 antagonist concentration used, and a Schild
slope of 1.0. Values for bottom, top, and KB were best-fit by Prism,
and LogEC50, bottom, top, and Hill slope were shared constraints.

Intracellular Ca+2 Luminescence. HEK2931Ga16 AequoScreen
parental cell lines (Perkin Elmer, Waltham, MA) were cultured in
100-mm tissue culture plates under Bleocin selection (MilliporeSigma,
Burlington, MA) in DMEM and supplemented with 10% FBS and 1%
penicillin-streptomycin in a humidified atmosphere with 5% CO2 at
37�C. Cells were transfected with 5 lg H1R as above, and experiments
were performed 48 hours post-transfection. Cells were resuspended
(3 × 105 cells/ml) in assay buffer (phenol-free DMEM, 25mM HEPES,
5 lM coelenterazine-h, 0.1% BSA) and placed in the dark with cons-
tant agitation for 4 hours. Cells were then diluted 3-fold in assay
buffer without coelenterazine and incubated for an additional 60
minutes, followed by pretreatment with vehicle or test agent for 10
minutes. Cells were then placed into white 96-well plates preloaded
with serial dilutions of histamine, and total luminescence was read for
30 seconds using a Tecan M200 Infinite Pro plate reader (Tecan, Man-
ndedorf, Switzerland). EC50 was determined using GraphPad Prism 9,
and data are expressed as mean ± S.D. for representative experiments
repeated at least three independent times. Antagonist potency,
reported as pA2, was measured using the Gaddum/Schild EC50 Shift
method and calculated in GraphPad Prism 9, using the output EC50

for histamine alone, B 5 antagonist concentration used, and a Schild
slope of 1.0. Values for bottom, top, and KB were best-fit by Prism,
and LogEC50, bottom, top, and Hill slope were shared constraints.

Data Analysis. Results were imported and graphed using Graph-
Pad Prism 9. Data are expressed as mean ± S.D. or normalized as
shown in the figures. Where shown, pEC50 ± S.D. was calculated using
the sigmoidal concentration-response algorithm in Prism, using pooled
data from all experiments (n denoted in figure legends). For IC50 and
pA2 calculations, the means from each individual experiment per-
formed in triplicate were pooled (n 5 3–5 as shown in the legends).
Where not visible, error bars fall within the symbol size. Ninety-five
percent confidence intervals from Prism outputs are described as CI
in the results. Statistical analysis for binding affinity in Table 1 was
performed using two-tailed, paired Student’s t test. Statistical analysis
for figures was performed in GraphPad Prism 9 using one-way analy-
sis of variance and post-hoc Tukey analysis. Statistical significance is
represented as a descriptive (nonhypothesis testing) P-value using a
single symbol for P < 0.05, a double symbol for P < 0.01, and a triple
symbol for P < 0.001, as noted in the figure legends.

Results
Cyclobenzaprine Is a High-Affinity Histamine H1

Receptor Ligand. To determine if cyclobenzaprine binds to
histamine H1 receptors, we performed competition binding
experiments assessing the ability of cyclobenzaprine to dis-
place the standard H1R radioligand [3H]-mepyramine and
compared this effect to the classical high-affinity H1R antago-
nist diphenhydramine. To avoid the confounding variables of
other receptor systems, transporters, and circuits of the brain,
we first assessed binding of cyclobenzaprine in a clonal
HEK293 cell line that does not endogenously express H1R, in

which we transiently express the receptor (HEK293-H1R). In
these cells, cyclobenzaprine fully displaces [3H]-mepyramine
from the H1R with a Ki of 3.2 ± 1.0 nM and a Hill slope of
�1.1 ± 0.2 (Fig. 1A; Table 1). The displacement effects of cyclo-
benzaprine were apparent even at concentrations as low as
10 pM (–11 point, Fig. 1) in HEK293 cells. The Hill slope was
similar to that of diphenhydramine and characteristic of
antagonist binding to a uniform population of sites of a GPCR
(Hall and Langmead, 2010). Although diphenhydramine also
fully displaced [3H]-mepyramine from the H1R, it did so with
2.3-fold less affinity (Ki 7.4 ± 0.8) (Fig. 1A; Table 1). This dif-
ference in affinity was also evident at both the mouse and
rat cortical H1R, where cyclobenzaprine was 5-fold (9.2 ±
2.5 nM vs. 45.6 ± 8.6 nM) and 7-fold (7.1 ± 0.5 nM vs. 52.7 ±
13.4 nM) more potent than diphenhydramine, respectively
(Fig. 1A; Table 1). Hill slopes for cyclobenzaprine were simi-
lar to diphenhydramine in both mouse (�0.93 ± 0.04 and
�0.90 ± 0.03, respectively) and rat (�1.1 ± 0.02 and �0.96 ±
0.1, respectively) H1R (Table 1).
Cyclobenzaprine Is a Non-competitive Antagonist

of Histamine H1 Receptors. Previously, it was established
that ethanolamine-based H1R antagonists such as diphenhy-
dramine and triprolidine act competitively at the same site on
the H1R that is labeled by [3H]-mepyramine (Chang et al.,
1978; 1979; Tran et al., 1978), and our own previous data mir-
ror these (Moniri et al., 2004). To determine the nature of the
binding interaction between cyclobenzaprine and the site
labeled by [3H]-mepyramine, we performed saturation binding
experiments with increasing concentrations of [3H]-mepyr-
amine in the absence or presence of cyclobenzaprine at
approximately one-third and 3-fold its Ki concentration (i.e., 1
and 10 nM). Results of these experiments show that [3H]-
mepyramine exhibits a KD of 8.2 ± 1.3 nM in our transient
expression system, similar to what we and others have
reported elsewhere for the human receptor expressed in clonal

Fig. 1. Structures of cyclobenzaprine (left) compared with the known
sedating histamine H1 antagonists belonging to the tricyclic antide-
pressant family (top) or the first-generation arylethanolamine hista-
mine H1 receptor antagonists (bottom). An overlay of cyclobenzaprine
with a member of each is at right.

TABLE 1
Binding affinities (Ki) and Hill slopes (nH) of cyclobenzaprine and diphenhydramine at the human cloned H1R expressed in HEK293 cells and the
mouse and rat cortical H1R

HEK293-H1R Mouse Cortex Rat Cortex

Ki (nM) nH Ki (nM) nH Ki (nM) nH

Cyclobenzaprine 3.2 ± 1.0 �1.1 ± 0.2 9.2 ± 2.5 �0.93 ± 0.04 7.1 ± 0.5 �1.1 ± 0.02
Diphenhydramine 7.4 ± 0.8* �0.99 ± 0.2 45.6 ± 8.6* �0.90 ± 0.03 52.7 ± 13.4* �0.96 ± 0.1

*P < 0.05 vs. cyclobenzaprine
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cell lines (Moguilevsky et al., 1994; 1995; Booth et al., 2002;
Moniri and Booth, 2004; Moniri et al., 2004; Booth and Moniri,
2005). The presence of 1 or 10 nM cyclobenzaprine signifi-
cantly reduced [3H]-mepyramine binding to the H1R, with
specific [3H]-mepyramine binding detected only at concentra-
tions above 10 nM in the presence of cyclobenzaprine (P 5
0.01 ANOVA) (Fig. 3A). Importantly, cyclobenzaprine dose-
dependently decreased the Bmax of [3H]-mepyramine; however,
this was most evident at the highest concentration of radioli-
gand (�14 nM), where [3H]-mepyramine binding was reduced
by 41% in the presence of 1 nMand by 73% in the presence of 10
nM cyclobenzaprine (P5 0.003 ANOVA) (Fig. 3B). [3H]-mepyr-
amine binding at concentrations below 14 nM was essentially
fully blocked by the presence of cyclobenzaprine. Importantly,
the observed reduction of Bmax is consistent with binding of
cyclobenzaprine to a distinct site of the H1R from which [3H]-
mepyramine binds in a non-competitivemanner, similar to that
which has been described for other nonclassical H1R ligands
(Moniri et al., 2004).

Cyclobenzaprine Inhibits H1R Function in a Non-
competitive Manner. Since H1R primarily couples to
the Gaq/11-PLC/IP3-DAG signaling cascade that facilitates
intracellular Ca12 release, we examined the functional effects
of cyclobenzaprine compared with diphenhydramine upon ago-
nism of the H1R with the endogenous agonist histamine, using
the luminescent Ca12 AequoScreen assay. Agonism of untrans-
fected parental HEK293 (1Ga16) AequoScreen cells with hista-
mine elicited no luminescence (data not shown). On the
contrary, in cells transfected with H1R, histamine elicited a sig-
moidal dose-response of Ca12 luminescence with an pEC50 of
�6.1 ± 0.1 (i.e., 764 nM) (Fig. 4, A and B). In the presence of the
classical competitive H1R antagonist diphenhydramine, the
histamine curve was expectedly right-shifted and the agonist
pEC50 decreased to �5.0 (CI: �5.5 to �4.4) and �3.7 (CI: �3.2
to �4.3) in the presence of 1 nM and 10 nM diphenhydramine,
respectively (P< 0.01 ANOVA) (Fig. 4A). Notably, the maximal
histamine efficacy (Emax) was not altered by either concen-
tration of diphenhydramine, consistent with competitive
diphenhydramine interaction at the H1R at a site that overlaps
the histamine binding site.
The Ca12-inducing effects of histamine were similarly right-

shifted in the presence of 100 pM, 1 nM, or 10 nM cyclobenza-
prine, with pEC50 shifts from �6.1 to �4.1, �2.3, and �0.14,
respectively, although the last point lacked confidence due to
abolishment of the curve (P < 0.001 ANOVA; CI: �6.3 to �5.8,
�4.3 to �3.9, and �3.5 to �2.2, respectively) (Fig. 4B). When
potency values were reported as pA2, which is defined as the
negative logarithm of the concentration of antagonist needed to
shift the curve by a factor of 2, cyclobenzaprine yielded a calcu-
lated pA2 of 11.92 (1.2 pM), whereas diphenhydramine yielded
a calculated pA2 of 10.15 (70 pM), demonstrating that cyclo-
benzaprine is approximately 70-fold more potent at inhibiting
histamine-induced Ca12 release at H1R compared with diphen-
hydramine. Importantly, and contrary to that seen with di-
phenhydramine, cyclobenzaprine treatment also significantly
decreased theEmax of the histamine-induced effect to 60%, 30%,
and 15% of the maximal histamine response in the presence of
100 pM, 1 nM, and 10 nM of the antagonist, respectively (P <

0.001 ANOVA; CI: 43.2� 74.4, 25.7�33.4, and 9.6�20.5,
respectively) (Fig. 4B). Together, these data suggest that cyclo-
benzaprine decreases H1R function via non-competitive inter-
actions at a distinct site from where histamine and
mepyramine bind.

Fig. 3. Saturation binding of [3H]-mepyramine was inhibited in the pres-
ence of 1 nM or 10 nM cyclobenzaprine in a non-competitive manner. Ali-
quots of each membrane preparation were incubated with shown
concentrations of [3H]-mepyramine in the absence or presence of either
concentration of cyclobenzaprine for 1 hour at 25�C and filtered and quan-
tified as described in the materials and methods. (A) [3H]-mepyramine
exhibited a KD of 8.2 ± 1.3 nM and the presence of 1 or 10 nM cyclobenza-
prine significantly reduced [3H]-mepyramine binding to the H1R, with
specific [3H]-mepyramine binding detected only at concentrations above
10 nM in the presence of cyclobenzaprine (P 5 0.01 ANOVA). (B) The
Bmax of [

3H]-mepyramine was reduced by 41% in the presence of 1 nM and
by 73% in the presence of 10 nM cyclobenzaprine (P 5 0.003 ANOVA).
Each experiment was performed in triplicate (n5 3–5).

Fig. 2. Competition binding assays of cyclobenzaprine (blue) or the classical competitive H1R antagonist diphenhydramine (red) at H1R tran-
siently expressed in HEK293 cells (A), mouse cortex (B), or rat cortex (C). Aliquots of each membrane preparation (25 lg) were incubated with KD
concentration of [3H]-mepyramine (�1 nM) and varying concentrations of test agent (0.001–100 lM) for 1 hour at 25�C and filtered and quantified
as described in the materials and methods. Diphenhydramine (100 mM) was used to define nonspecific binding, which was subtracted from the
total binding of [3H]-mepyramine to calculate specific binding. The affinity of cyclobenzaprine, defined as Ki, was 3.2 ± 1.0, 9.2 ± 2.5, and 7.1 ±
0.5 nM (A–C) for the human, mouse, and rat receptor, respectively, whereas the affinity of diphenhydramine was 7.4 ± 0.08, 45.6 ± 8.6, and 52.7
± 13.4 nM, respectively. Each experiment was performed in triplicate (n 5 4–5).
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Cyclobenzaprine Inhibits H1R G-Protein Signaling
in a Non-competitive Manner. To confirm these results,
we next assessed the effects of diphenhydramine compared
with cyclobenzaprine in the novel TRUPATH assay that
examines agonist-induced G-protein subunit signaling. The
H1R is well described to couple to heterotrimeric Gaq/11 pro-
teins that are also comprised of Gb1 or Gb2 and Gc1 or Gc2
subunits. Others have shown that the Gb1/Gc1 combination
does not significantly impact agonist-independent H1R activ-
ity while it preserves native agonist-induced signals (Bakker
et al., 2001; Adjobo-Hermans et al., 2011). Hence, we per-
formed BRET experiments with TRUPATH plasmids encoding
Gaq fused to RLuc8 (Gaq-RLuc8), Gc1 fused to GFP2 (Gc1-
GFP2), and Gb1 (Olsen et al., 2020). In this experiment,
unagonized H1R retains the Gaq-RLuc8/Gc1-GFP2/Gb1 in the
heterotrimeric state that elicits BRET transmission from the
GFP donor to the RLuc acceptor, emitting a net BRET signal.
Upon agonism with histamine, the displacement of the hetero-
trimer into distinct Gaq-RLuc8 and Gc1-GFP2/Gb1 subunits
leads to loss of the fluorescence-induced BRET signal, allowing
us to measure agonist, and in turn, antagonist function at G-
protein activation. Results of this experiment demonstrate

that as expected, histamine elicits a dose-dependent decrease
in net BRET with a pIC50 of �5.3 ± 0.13 (CI: �5.5 to �5.1)
(Fig. 5, A and B). In the presence of 10 nM, 1 nM, or 1 lM
diphenhydramine, the histamine-induced decrease in Gaq-
RLuc8/Gc1-GFP2 BRET was right-shifted but surmountable
as the histamine concentration increased, as expected for a
competitive antagonist (Fig. 5A). pIC50s were shifted to �5.6 ±
0.5, �5.1 ± 0.3, and �3.9 ± 0.2 in the presence of these concen-
trations of diphenhydramine, respectively, with a correspond-
ing pA2 value of 7.6 (25 nM) and a slope (�1.16 ± 0.07) that
again, corresponds to the effects of a competitive antagonist.
On the contrary, in the presence of 10 nM, 100 nM, or 1 lM

cyclobenzaprine, the histamine-induced decrease in Gaq-
RLuc8/Gc1-GFP2 BRET was both right-shifted and insur-
mountable, confirming a non-competitive effect (Fig. 5B).
pIC50s were shifted from �5.3 ± 0.1 to �4.9 ± 0.6 and �3.7 ±
0.2 in the presence of 10 nM and 100 nM, cyclobenzaprine,
respectively, whereas the shift was incalculable for the 1 lM
concentration due to flattening of the regression curve, as
above. The resultant pA2 value of 8.57 (2.7 nM) corresponded

Fig. 5. Histamine-induced Ga-RLuc8 – Gc1-GFP2 BRET is inhibited by
cyclobenzaprine in a non-competitive manner. (A and B) Histamine
elicits a dose-dependent decrease in net BRET with a pIC50 of �5.3 ±
0.13 (CI: �5.5 to �5.1). (A) In the presence of 10 nM, 1 nM, or 1 lM
diphenhydramine, the histamine pIC50s were shifted to �5.5 ± 0.5,
�5.1 ± 0.3, and �3.9 ± 0.2, respectively, and the effects of diphenhydra-
mine were surmountable by increasing histamine concentrations, indic-
ative of competitive antagonism. The calculated pA2 value was 7.6 (25
nM), and the slope was �1.16 ± 0.07. Each experiment was performed
in triplicate (n 5 3), and a representative curve is shown. (B) In the
presence of 10 nM, 100 nM, or 1 lM cyclobenzaprine, the histamine-
induced decrease in Gaq-RLuc8/Gc1-GFP2 BRET was both right-shifted
and insurmountable, confirming a non-competitive effect. Histamine
pIC50s were shifted from �5.3 ± 0.1 to �4.9 ± 0.6 and �3.7 ± 0.2 in the
presence of 10 nM and 100 nM cyclobenzaprine, respectively, whereas
the pIC50 was incalculable for the 1 lM concentration due to flattening
of the regression curve. The resultant pA2 value of 8.57 (2.7 nM) corre-
sponded precisely with the affinity of cyclobenzaprine for the human
H1R. The Emax of histamine in the presence of 10 nM, 100 nM, and 1 lM
cyclobenzaprine was only 76% ± 3%, 39% ± 5%, and 33% ± 0% of that
seen in the absence of antagonist, respectively. Each experiment was
performed in triplicate (n 5 3), and a representative curve from pooled
experiments is shown. To ensure that the effects of the inhibition were
not due to cell death induced by the vehicle, the experiment was also
performed with only the highest concentration of vehicle, and these
results did not affect the BRET signal (not shown).

Fig. 4. Histamine-induced Ca12 luminescence is inhibited by cycloben-
zaprine in a non-competitive manner. (A and B) Histamine induces
H1R-dependent Ca12 luminescence in HEK293 (1Ga16) AequoScreen
cells with a pEC50 of �6.1 ± 0.1 (i.e., 764 nM) (green). No histamine-
induced effect was seen in cells that were not transfected with H1R
(not shown). (A) The competitive H1R antagonist diphenhydramine
right-shifted the histamine effect, and the agonist pEC50 decreased to
�5.0 (CI: �5.5 to �4.4) and �3.7 (CI: �3.2 to �4.3) in the presence of 1
nM and 10 nM diphenhydramine, respectively (P < 0.01 ANOVA). The
Emax of the histamine effect was not altered by either concentration of
diphenhydramine, consistent with the known competitive interaction of
diphenhydramine with the H1R. The calculated pA2 of diphenhydra-
mine for this effect was 10.15 (70 pM). Each experiment was performed
in triplicate (n 5 4). (B) In the presence of 100 pM, 1 nM, or 10 nM
cyclobenzaprine, the histamine pEC50 shifts from �6.1 to �4.1, �2.3,
and �0.14, respectively, although the last point lacked confidence due
to abolishment of the curve (P < 0.001 ANOVA; CI: �6.3 to �5.8, �4.3
to �3.9, and �3.5 to �2.2, respectively). The calculated pA2 of cyclo-
benzaprine for this effect was 11.92 (1.2 pM). The Emax of the hista-
mine-induced effect decreased to 60%, 30%, and 15% of the maximal
histamine response in the presence of 100 pM, 1 nM, and 10 nM of
cyclobenzaprine, respectively (P < 0.001 ANOVA; CI: 43.2� 74.4,
25.7� 33.4, and 9.6� 20.5, respectively). Each experiment was per-
formed in triplicate (n 5 5).
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precisely with the affinity of cyclobenzaprine for the human
H1R (Fig. 2A). Importantly, and in contrast to diphenhydra-
mine, the Emax of histamine in the presence of 10 nM, 100 nM,
and 1 lM cyclobenzaprine was only 76% ± 3%, 39% ± 5%, and
33% ± 0% of that seen in the absence of antagonist, respec-
tively (Fig. 5B). Since the effect in this assay is an inhibitory
one, to ensure that the outcome was not due to cell death or
the effects of the vehicle, we also performed the experiment in
the presence of the highest concentration of vehicle alone, and
these results showed no significant reduction the BRET signal
(data not shown).

Discussion
Here, for the first time, we demonstrate that the skeletal

muscle relaxer cyclobenzaprine, which is heavily used clini-
cally in the settings of musculoskeletal injury and pain, is a
potent non-competitive antagonist of the histamine H1 recep-
tor. As such, our results demonstrate that the primary adverse
effect encountered by patients, namely drowsiness and somno-
lence, is likely mediated by functional antagonism of central
H1R. Although this effect would be similar to other first-gener-
ation antihistamines such as diphenhydramine, our results
also demonstrate that cyclobenzaprine is 2- to 7-fold more
potent than diphenhydramine, suggesting an even more sig-
nificant antihistaminergic response. Interestingly, previous
results of others have shown that the tricyclic-based antihist-
amines olopatadine and desloratidine, but not epinastine or
loratidine, which also have tricyclic nuclei, inhibit histamine
induced functional effects in a non-competitive manner (Mat-
sumoto et al., 2008). The effects of olopatadine were dependent
on geometric isomerism, as the E-isomer displayed competitive
effects at all but the highest concentration, suggesting that
the orientation of the dimethylaminopropylidene group about
the double bond modulates the non-competitive effects of the
former. Amitriptyline, another tricyclic agent with an sp2
hybridized dimethylaminopropylidene, but which is planar
and lacks geometric isomers similar to cyclobenzaprine, was
noted to exert competitive antagonism at H1R (Kachur et al.,
1988), demonstrating that simple geometry about the double
bond does not drive non-competitive binding interactions.
Indeed, the only difference between amitriptyline and cyclo-
benzaprine is the additional double bond in the cycloheptene
ring (Fig. 1), implying that the more rigid central ring of cyclo-
benzaprine can constrain conformations that exhibit unique
(i.e., non-competitive) binding configurations.
Doxepin (Fig. 1), a tricyclic antidepressant and structurally

similar N,N-dimethylpropylamine compound that differs from
cyclobenzaprine by replacement of the cycloheptyl double bond
with an ether, is one of the most potent known H1R antago-
nists (Kanba and Richelson, 1984; Richelson and Nelson,
1984) and is used clinically as a hypnotic for this reason, albeit
at much lower doses compared with its antidepressant use.
Importantly, this agent has been shown to bind to H1R in a
competitive manner, at least for H1R expressed in rodent
brain (Aceves et al., 1985). The crystal structure of the H1R
with doxepin bound has been solved and shows that like other
bioaminergic agents, doxepin’s dimethylamine forms an ionic
salt bridge with Asp107, which is highly conserved among bio-
aminergic GPCRs (Shimamura et al., 2011). Meanwhile, the
tricyclic ring system sits far further (�5Å) within the H1R
binding pocket compared with other GPCRs, including the b2-

adrenergic receptor, dopamine D3 receptor, and a2A adrener-
gic receptor (Shimamura et al., 2011). Although the Z-isomer
of doxepin can form a H-bond with Thr1123.37 in TMH3 (Shi-
mamura et al., 2011), the lack of this group in cyclobenzaprine
suggests that this interaction does not exist. The presence of
the additional double bond, and hence additional pi electrons,
at the equivalent site in cyclobenzaprine suggests unique
hydrophobic interactions, perhaps with nearby Tyr1083.33 or
Trp1584.56, which are similarly distanced to the corresponding
oxygen in doxepin, or with Phen4326.52 or Phe4356.55, which
protrude into the doxepin binding site from the opposing side
and are involved with hydrophobic interactions with the phe-
nyl rings (Shimamura et al., 2011). Zwitterionic N-alkylcar-
boxylic acids based on the cyclobenzaprine and doxepin
backbones also demonstrate potent H1R antagonistic effects,
as measured by inhibition of histamine-induced contraction
of guinea pig ileum, whereas increasing the length of the
N-substituted alkyl chain upheld H1R antagonism but signifi-
cantly decreased muscarinic receptor and a-adrenoreceptor
antagonism (Muramatsu et al., 1993).
Our results demonstrate that cyclobenzaprine has markedly

higher affinity for the H1R compared with diphenhydramine.
For the human H1R, cyclobenzaprine demonstrates �2.3-fold
greater affinity than diphenhydramine, an effect that trans-
lated to a surprising 70-fold difference in the pA2 value for
functional inhibition of histamine-induced Ca12 signaling
between the two. Interestingly, the difference in pA2 for Ga-
RLuc/Gc1-GFP dissociation was only �9-fold between cyclo-
benzaprine and diphenhydramine. This stark difference in
pA2 values in the Ca12 and BRET results is likely due to the
nature of the aequorin-expressing HEK293 cells used in the
former experiments. These cells stably express the mitochon-
drial aequorin Ca12-binding protein, which is highly sensitive
to even small kinetic increases in Ca12, an effect that may be
amplified compared with the BRET technique. The stable
expression of proprietary levels of aequorin by the manufac-
turer, which is likely much higher compared with relatively
lower (1lg per 100-mm dish) and transient levels of Ga, Gb,
and Gc subunits transfected in the BRET assay, may also con-
tribute to this difference. Additionally, the aequorin HEK293
cells used in the Ca12 assays stably express the promiscuous
Ga16, which is highly efficient in coupling to phospholipase C,
but importantly, previous work has shown that the potency
and efficacy of GPCR agonists are significantly increased in
the presence of Ga16, which is used in these assays to allow for
robust detection of Ca12 (Stables et al., 1997; Langer et al.,
2001; Zhu et al., 2008; Kurko et al., 2009). Finally, the differ-
ence in pA2 values in these experiments may also be reflective
of the amplification of the signal in the presence of histamine,
despite antagonist presence, as well as involvement of other
G-protein subunits such as Ga11, Gb2, Gb5, and Gc2, which are
known to be implicated in histamine-induced Ca12 effect (Bak-
ker et al., 2001) but are not assessed in our Gaq/Gc1/b1-based
BRET assay here. Importantly, the efficacy of blockade of the
histamine-induced Ca12 effect mirrored that of the BRET
data in that the diphenhydramine-elicited response was sur-
mountable by increasing histamine concentrations, whereas
the cyclobenzaprine-elicited response was not, in a manner
consistent with non-competitive reduction in the efficacy (i.e.,
Emax) of histamine by cyclobenzaprine. Accordingly, the effects
of cyclobenzaprine on both antagonism of the histamine-
induced Ca12 and G-protein effects appear to be mainly a
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result of the decrease in Emax, which significantly affects the
EC50 seen in both assays.
Given the high affinity of cyclobenzaprine for H1R, it is

somewhat surprising that only 30%–40% of patients on cyclo-
benzaprine experience significant drowsiness and sedative-
hypnotic effects. This less-than-expected proportion agrees
with effects seen with other first-generation antihistamines,
including diphenhydramine, and may be a result of metabo-
lites, which in that case can cause paradoxical stimulation (de
Leon and Nikoloff, 2008). In the case of cyclobenzaprine, it is
known that dosage, administration, and formulation can also
play a role, given the relatively slow biotransformation and
accumulation of the agent. Indeed, patients on once-daily
extended-release formulation exhibit effective muscle relaxa-
tion and pain management but also demonstrate very little in
the way of somnolence (McCarberg et al., 2011; Teva Pharma-
ceuticals USA Inc., 2013) compared with those on standard
three-times-daily regimens. Finally, since cyclobenzaprine acts
in part via inhibition of NET and also exhibits a2-adrenorecep-
tor antagonism (Muramatsu et al., 1993), sedative effects may
be offset by norepinephrine-mediated stimulation.
The current study explains the molecular mechanisms of

the potential sedative effects of cyclobenzaprine but also dem-
onstrates the need to use cyclobenzaprine with caution in
patients on other antihistamines, particularly over-the-coun-
ter antihistamines and combination cough and cold products.
In this regard, there are an abundance of case reports of cyclo-
benzaprine toxicities and overdoses when the agent is com-
bined with other centrally acting depressants, including
GABAergics such as benzodiazepines and alcohol (Winek
et al., 1999; Spiller and Cutino, 2003; Bebarta et al., 2011).
Given that histamine plays a role in the maintenance of sys-
temic, arterial, and pulmonary blood pressure, as well as in
regulating seizure susceptibility, there are also concerns about
the additive effects of cyclobenzaprine and other antihist-
amines on blood pressure and convulsions (Bebarta et al.,
2011). A recent case report documenting the fatal interaction
between cyclobenzaprine and the over-the-counter H1R antag-
onist chlorpheniramine is illustrative of the cautions of com-
bining these agents (Shihata, 2021).
In conclusion, our results show that the skeletal muscle

relaxer cyclobenzaprine exhibits low nanomolar potency for
the histamine H1 receptor, which is 2- to 7-fold higher than
diphenhydramine, depending on the species. Cyclobenzaprine
binds to the H1R binding pocket at a site that leads to non-
competitive displacement of histamine and mepyramine, and
this effect allows for non-competitive inhibition of histamine-
induced functional effects via H1R, in contrast to competitive
interactions seen with classical ethanolamine backbones such
as diphenhydramine. As a consequence of these effects, the
sedative-inducing properties of cyclobenzaprine are likely
modulated by antagonism of central H1R.
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