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Abstract

The link between cyclobenzaprine (Flexeril) administration and serotonin syndrome (SS) is
subject to debate. Establishing such a connection is difficult because of the limited number of case
reports available and the almost complete ignorance of its preclinical pharmacology. In this
context, evidence is provided here that cyclobenzaprine blocks the serotonin and norepinephrine
transporters and binds to another set of five serotonin receptors. SS should be considered when
indicative signs occur in the context of cyclobenzaprine use.

Any therapeutic agent can produce adverse effects.! Side effects that occur only rarely, have
a long latency, or manifest exclusively in specific subpopulations are likely to remain
undetected during clinical trials and are discovered only once the drug is on the market,
through pharmacovigilance? and postmarketing analyses.® These adverse effects may be due
to idiosyncratic or otherwise uncharacterized pharmacology that was not identified during
the research and development process.*°

The recognition of direct links between (i) the interaction of a drug with a particular protein,
pathway, organelle, or other /n vivo component and (ii) certain side effects has motivated
the systematic testing of molecules across groups of safety-relevant targets during the early
phases of drug discovery.® This has contributed significantly to the reduction in the risk of
failure late in the drug-optimization process. However, knowledge in this area is still very
incomplete and varies widely among individual drugs,® which further hampers our
understanding of how drugs act on “targets” and “antitargets.”’
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Serotonin syndrome (SS) is a rare, potentially lethal event resulting from excessive central
and peripheral serotonergic activity.8 SS is characterized by altered mental status, autonomic
instability, and neuromuscular abnormalities. Many drugs have been linked to SS,° which
typically develops in patients within hours of initiating treatment, after dosage increase or
overdose, or when combining two or more serotonergic drugs. Substances associated with
SS include monoamine oxidase inhibitors, tricyclic antidepressants, selective serotonin
reuptake inhibitors, opioids, and antibiotics.®

In this context, the role of cyclobenzaprine (Flexeril) as a causal agent of SS has been
subject to debate.10-12 Despite its wide use as a skeletal muscle relaxant, little is known
about its pharmacological profile. Cyclobenzaprine is a 5-HT receptor antagonist;13
moreover, it moderately inhibits the Toll-like receptor 4 (ref. 14) and aldehyde oxidasel®
and is a substrate of the cytochrome P450 isoforms 1A2 and 3A4.16 Several case reports
have suggested a causal relationship between cyclobenzaprine and S$S.10-11 Therefore, we
aimed to identify additional potential SS-relevant targets for which cyclobenzaprine might
have affinity and that may provide pharmacological support to the link between
cyclobenzaprine and SS.

The increasing availability of drug-target interaction data has promoted the development of
computational approaches that link drugs and targets to clinical outcomes.1” Some of these
methods predict the affinity profiles of small molecules across thousands of targets
(currently 4,643 proteins) and thus represent an efficient method of prioritizing the targets
against which a small-molecular-structure drug should be tested.18 Accordingly,
cyclobenzaprine was profiled against ligand-based models available for 4,643 proteins. The
results, summarized in Table 1, suggest cyclobenzaprine’s action on several targets
previously linked to SS, namely, serotonin transporter and the 5-HT, and 5-HT,¢
receptors.10:19 |n addition, affinity predictions for five phylogenetically related targets of
relevance for SS—the 5-HT,g,20 5-HTg, and 5-HT- receptors;2! the norepinephrine
transporter; and the dopamine transporter (DAT)—were also made.10:22

Subsequent /n vitro testing of cyclobenzaprine on these targets confirmed that, except for
DAT, the affinities of cyclobenzaprine for the other molecules were all within the
submicromolar range (Table 1). A good correspondence was found between the
experimental affinities and our predictions, with a root mean square deviation of 0.34 log
units. The average affinity of the compound for the three 5-HT> receptor subtypes agrees
with the nonspecific inhibition constant (K;) of 62 nmol/l for 5-HT receptors reported
earlier. 12 In particular, the affinity of cyclobenzaprine for the 5-HT 4 receptor subtype was
the most potent interaction identified. The corresponding dose—response curve is provided in
Figure 1.

The structure of cyclobenzaprine is closely related to those of the tricyclic antidepressants
amitriptyline and imipramine. Cyclobenzaprine differs from amitriptyline by just one double
bond in the seven-membered ring, whereas imipramine contains an additional nitrogen atom
in the same ring. These structural differences are relevant because imipramine is linked to
SS whereas amitriptyline does not appear to be associated with it.10 Thus, for comparative
purposes, Table 1 shows the affinities of amitriptyline and imipramine for the same eight
targets for which we report the affinity values of cyclobenzaprine. Data for the two tricyclic
antidepressants were extracted from the databases of the Psychoactive Drug Screening
Program22 and the International Union of Basic and Clinical Pharmacology.2® No relevant
bioactivity data for cyclobenzaprine are currently available in these public repositories,
substantiating the novelty of the data reported here.
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DISCUSSION

Cyclobenzaprine reaches plasma concentration levels between 0.003 and 0.046 mg/I,24
which is equivalent to values between 10 and 150 nmol/l . With the exception of DAT, the
affinities of cyclobenzaprine for all the targets tested (Table 1) are within the range of its
therapeutic levels. The steady-state plasma concentrations of cyclobenzaprine in elderly
subjects and individuals with mild hepatic insufficiency can be twice as high as those in
young subjects and healthy controls, respectively,2° setting the upper limit of therapeutically
relevant affinities at 300 nmol/l. A 10-fold overdose might even lead to a cyclobenzaprine-
induced DAT blockade.

A comparative analysis of the affinity profiles of cyclobenzaprine, amitriptyline, and
imipramine on the eight targets studied is not conclusive (Table 1). Even though they could
be considered qualitatively similar, there are differences in the relative potencies of the
drugs for several targets. For example, cyclobenzaprine is two orders of magnitude less
potent than imipramine on serotonin transporter; by contrast, it shows higher affinities for 5-
HToa, 5-HTyc, and 5-HT7. However, because these measurements were obtained from
different laboratories and are therefore subject to interexperimental variation, strict
comparisons using these values cannot be made. Regardless of how accurate these profiles
are, the affinities of cyclobenzaprine for the aforementioned targets are consistent with the
therapeutic levels achieved by this drug and are likely to lead to increased agonist activity at
serotonergic neuronal junctions. In summary, the data from Table 1 provide a
pharmacological basis for a causal relationship between cyclobenzaprine—taken alone or in
combination with other serotonergic drugs—and SS.

Several case reports link cyclobenzaprine, in combination with known serotonergic drugs, to
possible cases of SS. For example, a 27-year-old woman taking escitalopram (Lexapro)
developed somnolence following an overdose of cyclobenzaprine.® She became stuporous
and developed fever, nystagmus, tachycardia, diaphoresis, tremors, muscle rigidity, and
hyperreflexia. The symptoms resolved over a period of 2 days following treatment with
cyproheptadine, nonspecific therapies, and discontinuation of cyclobenzaprine and
escitalopram.? In another case, a 70-year-old woman who was taking phenelzine (Nardil)
developed confusion, agitation, tremulousness, tachycardia, diaphoresis, and fever following
a third dose of cyclobenzaprine.1? The symptoms resolved over a period of 3 days following
withdrawal of phenelzine and cyclobenzaprine.19 Finally, a 53-year-old man who was taking
duloxetine (Cymbalta), pregabalin (Lyrica), bupropion (Wellbutrin), and opioids developed
diaphoresis, tachycardia, agitation, tremors, and spontaneous, sustained clonus shortly after
cyclobenzaprine was added to his regimen.19 Symptoms resolved over several days,
following intubation, sedation, and withdrawal of cyclobenzaprine and duloxetine.10
Cyclobenzaprine-induced blockade of norepinephrine transporter alone can cause
tachycardia, and coadministration with duloxetine and escitalopram is likely to increase
synaptic concentrations of serotonin, causing agonist saturation at all receptor subtypes.
Coadministration with phenelzine may lead to increased hyperkinetic neuromuscular
symptoms. In the absence of additional data, however, ascertaining the pharmacodynamic
consequences of cyclobenzaprine administration is difficult because no single receptor has
been implicated in the clinical tableau of SS;” moreover, extrapolating directly from these
preclinical binding studies and clinical effects is not possible. Among cyclobenzaprine’s
prevalent side effects, xerostomia is likely to be caused by blockade of the muscarinic M1
and M3 receptors, 28 and drowsiness is caused by histamine H1-receptor antagonism.8

Why is the clinical association between cyclobenzaprine and SS not clearly recognized? The
first difficulty in establishing such a relationship, apart from the limitations of retrospective
case reports, is the absence of a definitive diagnostic test.2” At least one of the
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aforementioned cases has been criticized as not being indicative of SS, citing various
physical “diagnostic” criteria.1l Although most scientists and clinicians currently believe
that there is a pathophysiologic state of serotonin excess associated with various physical
manifestations, and there are animal models that confirm an increase in neurotransmitters of
the central nervous system in correlation with certain clinical effects following exposure to
serotonergic agents,28 this condition does not have a definitive diagnostic test in humans.
Current “diagnostic” criteria, such as the Hunter Serotonin Toxicity Criteria,?? are
ultimately based on the clinical impressions of an experienced observer. They cannot have
true sensitivity or specificity, and a definitive diagnosis of SS in any clinical case cannot be
made, or disputed, on this basis. The second difficulty in establishing a relationship between
cyclobenzaprine and SS is the logistical challenge of developing a sufficiently large
retrospective series or a prospective study. Further difficulties include the apparent rarity of
the interaction and the probable misattribution of symptoms and signs to other agents of
exposure. In 2009, 10,184 human exposures to cyclobenzaprine were reported at various
poison centers in the United States, 5,787 of them being polysubstance exposures. Twenty-
six deaths involved cyclobenzaprine, in each instance as part of a polysubstance exposure. In
addition, 45,238 human exposures to selective serotonin reuptake inhibitors and hundreds of
thousands of exposures to other substances with serotonergic activity were reported.
However, only 62 cases in the database were coded as SS.30 This may be secondary to the
actual rarity of the condition, the difficulty in establishing the diagnosis, coding issues, or
other limitations of the database. The observed symptoms and signs may also be the direct
effect of many of these substances. Thus, when cyclobenzaprine is combined with a
serotonergic drug, the symptoms and signs of SS might simply be attributed to other
conditions or substances of exposure.2? Furthermore, no retrospective or prospective studies
on this subject are currently available.

CONCLUSION

METHODS

Cyclobenzaprine is a potent blocker of the transporters of the monoamines serotonin and
norepinephrine. It has low micromolar affinity for the DAT and exerts its pharmacological
action over the 5-HTa, 5-HT2g, 5-HT ¢, 5-HTg, and 5-HT7 receptor subtypes with
affinities that are within the therapeutic concentration range. This study provides preclinical
pharmacological evidence that supports a causative relationship between cyclobenzaprine
and the occurrence of SS.

In silico target profiling

The affinities of cyclobenzaprine for the different targets were predicted using a similarity-
based approach to target profiling.1® This method relies on the assumption that small
molecules provide a complementary description to the target binding site. Molecular
descriptors that capture the structural and pharmacophoric features of all molecules for
which affinity data are publicly available provide a mathematical description of each target
from a ligand’s perspective. On this basis, the affinity of a compound for a given target can
be estimated by inverse distance—weighting interpolation of the experimental affinities from
all neighboring molecules found within a predetermined applicability domain.1® On the
basis of the ligand-based target models defined from all the pharmacological data available
in chemogenomic databases, each small molecule can be currently processed against 4,643
such models. The output returns a list of the targets for which affinity is predicted for each
query molecule. Further details on this methodology are provided as Supplementary
Materials and Methods online.
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Radioligand binding assays

Cyclobenzaprine (Sigma Aldrich, St Louis, MO; purity >98%) was assayed /1 vitro using
concentration—response competition curves at all targets predicted /n silico, by assaying six
different concentrations (range 10 nmol/I-100 pymol/l). The —log value of the inhibition
constant (pKj;) was calculated using the Cheng—Prusoff equation: Kj = ICs¢/(1 + (L)/Kp),
where ICsx is the concentration of the compound that displaces 50% of the bound
radioligand, (L) is the concentration of free radioligand, and K)p is the dissociation constant
of each radioligand. The 1Cgq values were obtained by nonlinear data fitting with Prism 2.1
(GraphPad, San Diego, CA). The procedures and conditions for the competition binding
experiments carried out with five subtypes of the human serotonin receptor (5-HT;a, 5-
HTog, 5-HTc, 5-HTg, and 5-HT7) and three human neurotransmitter transporters (the
serotonin transporter, the norepinephrine transporter, and DAT) are provided in detail as
Supplementary Materials and Methods online.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Concentration—response curve of the action of cyclobenzaprine on 1umol/l 5HT-activated 5-
HT,p receptors, obtained by measuring the release of inositol phosphate (IP). The
antagonistic potency (expressed as Kjp) of cyclobenzaprine for this receptor was 28.78 nmol/
| £ 2.49. Mean values + SEM (vertical bars) of triplicate measurements are shown. Kj,
equilibrium dissociation constant.
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Computationally predicted (/n silico) and experimentally determined (/7 vitro) binding affinities (K in nmol/

1) of cyclobenzaprine to three monoamine transporters and five serotonin receptor subtypes

Cyclobenzaprine  Amitriptyline Imipramine

Transporter/receptor Insilico Invitro In vitro In vitro
Serotonin transporter 251 108 44 14
Norepinephrine transporter 126 36 204 504
Dopamine transporter 7,943 5,489 3,2504 8,5004
Serotonin 5-HT,4 receptor 20 29 44 1194
Serotonin 5-HT,g receptor 200 154 39.8 N/A
Serotonin 5-HT,¢ receptor 62 57 64 1204
Serotonin 5-HTg receptor 40 145 1034 890 1904
Serotonin 5-HT; receptor 69 151 1264 3980 1,0004

The corresponding data for two structurally related drugs—amitriptyline and imipramine—are also included.

N/A, not available.

aData extracted from the Psychoactive Drug Screening Program database.22

b . . . -
Data extracted from the International Union of Basic and Clinical Pharmacology database.23
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