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ARTICLE

Association Between Serotonin Syndrome
and Second-Generation Antipsychotics via
Pharmacological Target-Adverse Event Analysis

Rebecca Racz'*, Theodoros G. Soldatos2, David Jackson? and Keith Burkhart!

Case reports suggest an association between second-generation antipsychotics (SGAs) and serotonin syndrome (SS). The US
Food and Drug Administration (FDA) Adverse Event Reporting System (FAERS) was analyzed to generate hypotheses about how
SGAs may interact with pharmacological targets associated with SS. FAERS was integrated with additional sources to link
information about adverse events with drugs and targets. Using Proportional Reporting Ratios, we identified signals that were
further investigated with the literature to evaluate mechanistic hypotheses formed from the integrated FAERS data. Analysis
revealed common pharmacological targets perturbed in both SGA and SS cases, indicating that SGAs may induce SS. The litera-
ture also supported 5-HT,, antagonism and 5-HT;, agonism as common mechanisms that may explain the SGA-SS association.
Additionally, integrated FAERS data mining and case studies suggest that interactions between SGAs and other serotonergic
agents may increase the risk for SS. Computational analysis can provide additional insights into the mechanisms underlying

the relationship between SGAs and SS.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Case reports exist that associate second-generation
antipsychotics with serotonin syndrome. A systematic anal-
ysis to identify common targets associated with both sero-
tonin syndrome and second-generation antipsychotics has
not been performed.

WHAT QUESTION DID THIS STUDY ADDRESS?
Molecular mechanisms of serotonin syndrome and
second-generation antipsychotics were examined to deter-
mine their relationships. The molecular characterization
relied on analysis of adverse events using FAERS reports
and drug target data.

Serotonin syndrome is a classification of potentially life-
threatening symptoms resulting from increased serotonin
neurotransmission. This increase of serotonin can be the
result of an overdose, drug interactions, increased ther-
apeutic dose, or recreational drug use of a chemical
that increases serotonin concentrations. Symptoms may
include agitation, hallucinations, hyperthermia, tachycar-
dia, and muscle twitching. First-line treatment of sero-
tonin syndrome includes removal of the involved drug(s)
and supportive care, which can include benzodiazepines
and cyproheptadine, a nonspecific serotonin antagonist, to
counteract the increased serotonin synaptic levels.! Sero-
tonin syndrome can result from agonism of any of the
seven families of serotonin receptors, although stimula-
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WHAT THIS STUDY ADDS TO OUR KNOWLEDGE

This study provides additional insight into the molecu-
lar mechanisms of serotonin syndrome and their possible
association with second-generation antipsychotic activity.
5-HT14 agonism and 5-HT,, antagonism were identified as
potential mechanisms of second-generation antipsychotic-
associated serotonin syndrome.

HOW THIS MIGHT CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE

[v] Bioinformatics tools can be used to detect drugs, drug
pairs, and targets associated with adverse events.

tion of 5-HTi4 and 5-HT,4 receptors have been primarily
implicated.’

Second-generation antipsychotic drugs were developed
as an alternative to the first-generation antipsychotics to treat
a wide variety of conditions, including schizophrenia, bipo-
lar disorder, and as an adjunctive treatment in major depres-
sive disorder. Second-generation antipsychotic drugs were
intended to cause fewer side effects (e.g., extrapyramidal
symptoms) than first-generation antipsychotics. These drugs
are known to antagonize the dopamine (D) and serotonin (5-
HT.a) receptors, but many also act as partial agonists at the
5-HT;a and/or 5-HT4g receptors.?

In this study we performed a mechanistic analysis using
computational methods to understand the association
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between serotonin syndrome and second-generation
antipsychotics. This mechanistic analysis examined several
variables using informatics, including potential pharmacoki-
netic and pharmacodynamic interactions, single targets, and
the possibility of confounding to create multiple hypothe-
ses for the association between serotonin syndrome and
second-generation antipsychotics. A large number of sero-
tonin syndrome cases have been reported to the US Food
and Drug Administration (FDA) Adverse Event Reporting
System (FAERS) across the second-generation antipsy-
chotics. Based on the initial profiles presented above,
partial agonism of 5-HT;4, may be one mechanism. However,
second-generation antipsychotics are serotonin antagonists,
and therefore mechanistically one might expect the class
to not be associated with serotonin syndrome. Therefore,
we performed a mechanistic analysis via computational and
case analyses to determine if the signal was truly associated
with second-generation antipsychotics, what activity was
responsible, and to identify other potential mechanisms
through data mining. Additionally, this method can identify
artificial inflations due to concomitant medications and other
confounding factors. Data mining using a variety of informat-
ics tools can quickly identify potential mechanisms, including
those involving secondary targets, to further explore using a
variety of in vivo and in vitro data. Analysis was performed
with a bioinformatics tool, EFFECT™, using the Proportional
Reporting Ratio (PRR) to first hypothesize about potential
mechanistic associations using FAERS data integrated with
target and mechanistic data. Concomitant medications were
additionally analyzed in FAERS to investigate the possibility
of a drug-drug interaction. These hypotheses were further
investigated with literature and case analyses to provide
additional evidence for the mechanisms hypothesized by
using integrated FAERS data.

MATERIALS AND METHODS

Molecular Health’s EFFECT?® platform was used to perform
adverse event analysis. The platform summarizes FAERS
data integration results and their Proportional Reporting
Ratio (PRR) characterization, as described below.

Adverse event data set

The analysis was performed using the public data set of
adverse events collected by the FDA’s FAERS. FAERS infor-
mation used in this analysis included patients’ treatments
(medications), indications (disease or condition), as well as
reported adverse reactions and observed outcomes (e.g.,
“death” or “hospitalization”). Data included in this analysis
were the publicly available FAERS data set from 2004 to
2016Q2. This data set contained 8.2 million reports for 6.8
million cases.

FAERS data integration
FAERS data regarding treatments, indications, and adverse
reactions were consolidated in the following way:

® FAERS medication synonyms (coded in free-text names)
were mapped to drugs and compounds from DrugBank?®
and PubChem.*
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® Drugs were further categorized according to the
Anatomical Therapeutic Chemical (ATC) classification
system.’

® FAERS indications and reactions (coded in Medical Dic-
tionary for Regulatory Activities (MedDRA) dictionary
terms) were further contextualized by using the full hier-
archical structure of MedDRA.®

Integration of molecular data

Using a drug-centric integration process, FAERS was
enhanced with chemical and biological data. Based
on the FAERS medication-to-drug mapping, the link to
biomolecules and molecular mechanisms involved in phar-
macodynamics and pharmacokinetics was established via
DrugBank.® Additional information for the integrated molec-
ular players (such as drug targets and metabolizing enzymes)
was imported from UniProt,” Reactome,®® and BioCarta.'®

Statistical characterization of the adverse event data
For the statistical characterization of the observed associa-
tions in FAERS between reported drugs, indications, reac-
tions, outcomes, and molecular players, the established
pharmacovigilance metric PRR was used. PRR quantifies the
extent of a particular binary association with respect to the
occurrence of each of its parts. The PRR metric was cal-
culated using the approach described by van Puijenbroek
et al.'" and shown in the below example.

quetiapine serotonin /allquetiapine adverse
syndrome cases event cases

serotonin syndrome cases /all adverse event cases
for all other drugs for all other drugs

Experiments: Definition of cohorts

Several approaches were used to analyze potential sig-
nals and the association between serotonin syndrome and
second-generation antipsychotics (see Figure 1). Using
FAERS data, patient cohorts were defined as collections of
adverse event cases that contain a drug or reaction of inter-
est, or multiple drugs combined and examined as one group.
The identified cohorts were then examined with respect to
features such as reported drugs, indications, reactions, or
drug classes, underlying targets and mechanisms, and their
associations with serotonin syndrome. Cohort results are
described in terms of observed case counts (i.e., number of
cases a certain occurrence was observed in) and the PRR
disproportionality score. Specifically:

® The serotonin syndrome cohort: Cases were identi-
fied that reported serotonin syndrome as a reaction.
This set of 6,935 reports was used to profile what is
reported in FAERS about serotonin syndrome, to con-
firm the quality of the data integration process, and
to examine how many patients experience serotonin
syndrome had taken second-generation antipsychotics.
Finally, this set was used to identify those drug targets
that were most frequently linked to serotonin syndrome
cases.

® The second-generation antipsychotics cohort: Cases
were identified that reported a second-generation
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Figure 1 Methods of analyzing the relationship between serotonin syndrome and second-generation antipsychotics. A variety of com-
putational and expert analyses were used to explore the mechanistic relationship between serotonin syndrome and second-generation
antipsychotics. SS: Serotonin syndrome; SGA: Second-generation antipsychotic; SSRI: Selective serotonin reuptake inhibitor.

antipsychotic. The following drugs were considered:
amisulpride, aripiprazole, asenapine, blonanserin,
clozapine, iloperidone, lurasidone, melperone, olanzap-
ine, paliperidone, perospirone, quetiapine, risperidone,
sertindole, ziprasidone, zotepine, and cariprazine. This
cohort was used to identify drug targets that linked to
most second-generation antipsychotic-reporting cases
and contrast them with those identified for serotonin
syndrome.

® Receptor agonism/antagonism cohorts: In order to iden-
tify their role with respect to the mechanisms underly-
ing serotonin syndrome, the molecular targets perturbed
in both the serotonin syndrome and second-generation
antipsychotic cohorts were examined further. For each
target, the occurrence of serotonin syndrome was char-
acterized in two cohorts—one when the target is inhib-
ited (antagonism) and one when the target is induced
(agonism). These cohorts were defined by looking at
those cases that had the drugs associated with the
activity of interest reported. For a drug-target associa-
tion to be considered, DrugBank was required to have
both the “actions” (such as “inhibitor” or “antagonist”)
and the “pharmacological action” annotations explicitly
determined.

® The selective serotonin reuptake inhibitors cohort:
Selective serotonin reuptake inhibitors have a known
association with serotonin syndrome. To compare selec-
tive serotonin reuptake inhibitor activity and sero-
tonin syndrome statistical association with second-
generation antipsychotics, cases were identified where
a selective serotonin reuptake inhibitor was reported.
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The following drugs were considered: duloxetine,
nefazodone, desvenlafaxine, milnacipran, venlafaxine,
levomilnacipran, dapoxetine, indalpine, fluvoxamine,
citalopram, fluoxetine, paroxetine, sertraline, escitalo-
pram, zimelidine, and etoperidone.

RESULTS

FAERS analysis of serotonin syndrome cases

First, a FAERS analysis was performed to create a mecha-
nistic hypothesis for the association between serotonin syn-
drome and second-generation antipsychotics by using a
bioinformatics tool that makes connections between adverse
events and drugs, targets, and molecular pathways. A
total of 6,935 cases of serotonin syndrome were reported
to FAERS, and these cases were coreported with 892
total drugs, 816 disease indications, and 2,256 additional
reactions.

The most commonly reported adverse reactions along
with serotonin syndrome included drug interaction (N: 2,097,
PRR: 33.82), tremor (N: 869, PRR: 12.06), and hyperhidro-
sis (N: 747, PRR: 13.58). Tremor and hyperhidrosis are
commonly associated with serotonin syndrome and are in
accordance with symptoms on the Hunter Toxicity Criteria
Decision Rules and the Sternbach Criteria.’ Additionally,
drug interactions are frequently reported in serotonin syn-
drome cases; this finding agrees with a previous study
performed with the French pharmacovigilance database that
examined serotonin syndrome cases and found drug-drug
interactions primarily responsible for a large proportion of
cases.'®



Table 1 Second-generation antipsychotics and serotonin syndrome reports in
FAERS

Drug N PRR PRR CI
Quetiapine 417 5.23 4.74-5.77
Risperidone 269 4.49 3.97-5.07
Olanzapine 251 5.48 4.84-6.22
Aripiprazole 183 3.86 3.33-4.47
Ziprasidone 95 6.27 5.12-7.67
Clozapine 70 1.73 1.37-2.19
Lurasidone 21 8.71 5.69-13.34
Asenapine 16 2.53 1.55-4.13
Paliperidone 7 0.30 0.14-0.63

This list represents the second-generation antipsychotics investigated in this
study and the correlating case count, PRR score, and 95% confidence interval
for the PRR score (PRR CI) for each drug with serotonin syndrome.

Table 2 Top 20 concomitant drugs with second-generation antipsychotics and
serotonin syndrome

Concomitant drug N
Citalopram 159
Sertraline 150
Mirtazapine 148
Venlafaxine 140
Clonazepam 139
Lorazepam 121
Lithium 118
Fluoxetine 112
Paroxetine 108
Duloxetine 104
Escitalopram 101
Tramadol 96
Lamotrigine 88
Trazodone 86
Acetaminophen 85
Alprazolam 75
Ondansetron 74
Bupropion 73
Diazepam 71
Fentanyl 63

This list represents the top reported drugs given when a case of serotonin
syndrome is associated with a second-generation antipsychotic. From this list,
we identified that second-generation antipsychotics and serotonin syndrome
are often associated with another serotonergic drug. Total case count (N) is
1,140 reports.

Finally, cases of serotonin syndrome reported with second-
generation antipsychotics were examined (Table 1). The
strongest statistical signals were seen for lurasidone (N: 21,
PRR: 8.71) and ziprasidone (N: 95, PRR: 6.27), while queti-
apine had the most reports (N: 417, PRR: 5.23). An analysis
of concomitant medications in cases of serotonin syndrome
associated with second-generation antipsychotics revealed
several potential confounders, including many serotonergic
agents, such as selective serotonin reuptake inhibitors, and
potential serotonin syndrome treatments, such as benzo-
diazepines (Table 2). Serotonin syndrome occurrence was
also found high within the overall second-generation antipsy-
chotic cohort (N: 1,168, PRR: 4.79).
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FAERS analysis of molecular targets

Targets potentially involved in serotonin syndrome mecha-
nisms were identified by looking at the drug-target asso-
ciations linked to the adverse events of the serotonin
syndrome cohort. Similarly, targets involved in second-
generation antipsychotic adverse events were also exam-
ined; a second-generation antipsychotic cohort was defined
(consisting of AEs where at least one second-generation
antipsychotic was reported) and the targets perturbed by the
drugs in each case were analyzed.

Table 3 juxtaposes the 20 most frequent targets linked
to serotonin syndrome cases with the 20 most frequent tar-
gets linked to second-generation antipsychotic cases. Top
targets for second-generation antipsychotics and serotonin
syndrome included 5-HTia, 5-HT,a, D2, and 5-HT,s. Of
these 20 individual targets, 11 targets overlapped between
serotonin syndrome and second-generation antipsychotics.
We hypothesized that one or more of these 11 targets
may be involved in the mechanisms associated with sero-
tonin syndrome and second-generation antipsychotics, and
thus, these targets were selected for further computational
analysis.

The 11 overlapping targets in Table 3 were individually
analyzed to determine if agonism or antagonism of each tar-
get is primarily responsible for the serotonin syndrome signal.
Individual cohorts of each target’s agonists and antagonists
were analyzed for serotonin syndrome occurrence (Table 4).
The strongest signals were seen for 5-HT5 agonism, 5-HT 4
antagonism, 5-HTg agonism, 5-HT,4 antagonism, 5-HT.c
agonism, and alpha-2A antagonism. Based on this analysis,
we hypothesized that second-generation antipsychotics
could be associated with serotonin syndrome through at
least one of these mechanisms. These six target mecha-
nisms were individually investigated for their associations
with second-generation antipsychotics and serotonin syn-
drome in peer-reviewed literature to determine if one or
more hypothesized mechanisms linked the two entities. This
literature analysis provided further support for two proposed
mechanisms: 5-HT;5, agonism and 5-HT,, antagonism
(Figure 2).21

FAERS analysis of concomitant medications

The possibility of a drug—drug interaction or confounding
was also investigated by examining concomitant medi-
cations. Confounding may occur if the second-generation
antipsychotics are often seen in cases of serotonin syndrome
by chance, but it is truly another drug that is associated with
serotonin syndrome mechanistically. A drug—drug interaction
may occur if two drugs may independently be associated
with serotonin syndrome, but the risk of serotonin syndrome
increases when both drugs are taken together. Concomitant
medications were analyzed as described previously (Table 2),
and this analysis noted several serotonergic agents, par-
ticularly selective serotonin reuptake inhibitors were often
taken concomitantly with second-generation antipsychotics
in serotonin syndrome cases. Therefore, the significant
statistical signal noted in FAERS for second-generation
antipsychotics and serotonin syndrome may be attributable
to confounding or a drug—drug interaction. To determine
the relationship between second-generation antipsychotics,
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Table 3 The top 20 targets associated with serotonin syndrome or second-generation antipsychotics (excluding CYPs) in integrated FAERS data

20 Top targets associated with serotonin syndrome

20 Top targets associated with second-generation antipsychotics

PRR PRR
Target N PRR CI Target N PRR CI
Sodium-dependent serotonin transporter 6,135 8.47 5-HT1a receptor 274,178 27.28
8.39-8.54 27.17-27.39
Multidrug resistance protein 1 5,719 1.68 5-HT2a receptor 274,178 23.34
1.66-1.69 23.26-23.43
Sodium-dependent noradrenaline transporter 5,023 8.07 Alpha-2C adrenergic receptor 274,178 26.41
7.95-8.19 26.31-26.51
Sodium-dependent dopamine transporter 4,492 8.67 D2 dopamine receptor 274,178 26.01
8.52-8.82 25.91-26.11
Muscarinic acetylcholine receptor M1 3,487 4.98 Alpha-2a adrenergic receptor 273,537 19.52
4.87-5.10 19.45-19.58
Alpha-1a adrenergic receptor 3,397 4.43 Histamine H1 receptor 272,980 14.59
4.32-4.53 14.55-14.64
Histamine H1 receptor 3,362 4.60 Alpha-1a adrenergic receptor 272,967 13.48
4.49-4.72 13.44-13.52
5-HT2a receptor 3,055 5.43 D1a dopamine receptor 272,725 64.48
5.29-5.58 64.08-64.88
5-HT2c¢ receptor 3,014 5.97 D3 dopamine receptor 272,721 62.79
5.81-6.14 62.41-63.17
Muscarinic acetylcholine receptor M3 2,983 4.88 D4 dopamine receptor 272,662 112.80
4.75-5.02 111.88-113.72
Serum albumin 2,871 1.41 5-HT2c receptor 272177 28.82
1.37-1.45 28.70-28.94
Kappa-type opioid receptor 2,760 5.63 Alpha-2b adrenergic receptor 272,127 27.90
5.46-5.79 27.79-28.01
Mu-type opioid receptor 2,634 4.50 Alpha-1b adrenergic receptor 267,103 17.74
4.37-4.64 17.68-17.80
Delta-type opioid receptor 2,495 4.51 5-HT1d receptor 266,733 59.03
4.37-4.65 58.67-59.38
5-HT1a receptor 2,487 4.77 Multidrug resistance protein 1 230,210 1.76
4.62-4.92 1.75-1.76
Alpha-2a adrenergic receptor 2,485 4.02 5-HT7 receptor 217,891 58.44
3.90-4.15 58.05-58.84
Alpha-1-acid glycoprotein 1 2,465 2.99 Muscarinic acetylcholine receptor M1 216,532 10.91
2.89-3.08 10.88-10.95
Muscarinic acetylcholine receptor M2 2,450 3.98 5-HT®6 receptor 215,175 83.58
3.85-4.11 82.90-84.26
D2 dopamine receptor 2,368 4.43 5-HT1b receptor 214,824 28.64
4.29-4.58 28.49-28.78
Alpha-1b adrenergic receptor 2,260 3.55 Muscarinic acetylcholine receptor M3 212,787 13.05
3.43-3.67 13.0-13.10

This list depicts the top targets associated with second-generation antipsychotics or serotonin syndrome in integrated FAERS data. Targets that are shared
between the two cohorts that were used for mechanistic hypothesis generation are bolded. The association of some of these targets resulted from the multiple
target activities of the drugs analyzed. PRR Cl: 95% confidence interval of the PRR score.

serotonergic drugs, such as selective serotonin reuptake
inhibitors, and serotonin syndrome, four additional cohorts
were created: FAERS cases that include selective serotonin
reuptake inhibitors but not second-generation antipsy-
chotics, FAERS cases that include second-generation
antipsychotics but not selective serotonin reuptake
inhibitors, FAERS cases that include both selective serotonin
reuptake inhibitors and second-generation antipsychotics,
and a cohort that includes all FAERS cases with selective
serotonin reuptake inhibitors, similar to the original second-
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generation antipsychotic cohort. All cohorts were then ana-
lyzed for their relationship with serotonin syndrome (Table 5).

The cohort including all FAERS cases with selective
serotonin reuptake inhibitors displayed a strong signal for
serotonin syndrome (N: 5,232, PRR: 41.27) compared with
the second-generation antipsychotics (N: 1,168, PRR: 4.79).
Notably, a cohort for second-generation antipsychotics
without selective serotonin reuptake inhibitors had a weak-
ened signal (N: 326, PRR: 1.56). Additionally, by restricting
FAERS data to only serotonin syndrome cases with both
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Table 4 Targets of interest and serotonin syndrome in integrated FAERS data
Agonist Antagonist
Case count with Case count with
serotonin serotonin
Target syndrome PRR PRR CI syndrome PRR PRR CI
Targets associated with serotonin syndrome and second-generation antipsychotics from FAERS
5-HT1a 639 8.36 7.71-9.07 110 7.39 6.13-8.92
5-HT4g 261 7.06 6.24-7.99 N/A N/A N/A
5-HTop 4 2.26 0.85-6.03 2,326 7.74 7.37-8.14
5-HToc 389 9.39 8.48-10.39 225 5.87 5.14-6.70
M1 259 4.76 4.21-5.39 354 3.07 2.76-3.42
M3 2 0.61 0.15-2.45 238 1.24 1.09-1.41
Alpha-1A 104 1.36 1.12-1.65 169 1.1 0.95-1.29
Alpha-2A 163 1.47 1.26-1.71 526 16.87 15.44-18.42
D2 164 2.69 2.30-3.14 1,369 5.05 4.76-5.36
H1 N/A N/A N/A 508 1.79 1.62-1.95
Targets Known to be Associated with Serotonin Syndrome
SERT N/A N/A N/A 2,044 15.20 14.43-16.0
Mu-type opioid receptor 2,270 6.11 5.81-6.42 42 1.64 1.21-2.23
5-HT3a 3 2.51 0.81-7.78 896 9.82 9.16-10.54

This list represents the targets of interest investigated in this study and the correlating case count, PRR score, and 95% confidence interval for the PRR score

(PRR CI) for each target with serotonin syndrome.
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Figure 2 Mechanisms of serotonin syndrome. Depiction of the
actions of the second-generation antipsychotics on the sero-
tonergic system. SGA: Second-generation antipsychotic; SERT:
Serotonin transporter. © User: Splette/Wikimedia Commons/CC-
BY-SA-4.0 (https://commons.wikimedia.org/wiki/File:Synapse
Schematic_unlabeled.svg).

second-generation antipsychotics and selective serotonin
reuptake inhibitors, the signal increased significantly com-
pared with second-generation antipsychotics alone (N:
842, PRR: 13.89). These three cohorts indicate that cases
involving both selective serotonin reuptake inhibitors and
second-generation antipsychotics are more disproportion-
ally associated with serotonin syndrome compared with
cases involving second-generation antipsychotics alone.
This suggests a potential drug—-drug interaction, as there is
a signal for serotonin syndrome when second-generation

antipsychotics are evaluated alone, but the disproportionality
score increases when second-generation antipsychotics and
selective serotonin reuptake inhibitors are given together.
Additionally, a cohort of selective serotonin reuptake
inhibitors without second-generation antipsychotics had
a weaker signal for serotonin syndrome (N: 4,390, PRR:
27.30) compared with the general selective serotonin reup-
take inhibitors, indicating that cases with second-generation
antipsychotics heavily contribute to the signal seen for selec-
tive serotonin reuptake inhibitors. As before, this suggests a
drug—drug interaction, as the removal of second-generation
antipsychotics lowers the disproportionality score and sug-
gests that the two drug classes increase each other’s risk for
serotonin syndrome. These fluctuations in signal strength in
the second-generation antipsychotic and selective serotonin
reuptake inhibitor cohorts indicate that second-generation
antipsychotics and selective serotonin reuptake inhibitors
may act synergistically to induce serotonin syndrome.
Further analysis was performed with the literature, which
supported that pharmacodynamic and pharmacokinetic
interactions between second-generation antipsychotics and
other drugs, especially serotonergic agents, may increase
the risk for serotonin syndrome. %18

DISCUSSION

This study identified drugs and the common receptors that
they target that are associated with serotonin syndrome and
examined potential mechanisms for the association between
serotonin syndrome and second-generation antipsychotics.
This analysis integrated FAERS data with molecular data
from other sources to produce hypotheses about the mech-
anisms that may explain the association between serotonin
syndrome and second-generation antipsychotics.
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Table 5 Interaction of second-generation antipsychotics with selective serotonin reuptake inhibitors in serotonin syndrome cases

Total number of

Number of cases
of serotonin

cases syndrome PRR PRR CI
Second-generation antipsychotics 275,543 1,168 4.79 4.50-5.10
Second-generation antipsychotics w/o selective 208,643 326 1.56 1.39-1.74
serotonin reuptake inhibitors
Second-generation antipsychotics w/ selective 66,900 842 13.89 12.93-14.92
serotonin reuptake inhibitors
Selective serotonin reuptake inhibitors w/o 403,641 4,390 27.30 26.0-28.66
second-generation antipsychotics
Selective serotonin reuptake inhibitors 470,541 5,232 41.27 39.08-43.59

This table shows the cohorts created for selective serotonin reuptake inhibitors and second-generation antipsychotics to analyze their relationships with serotonin
syndrome. Five cohorts were created for this query: second-generation antipsychotics, which includes all FAERS cases with second-generation antipsychotics,
second-generation antipsychotics without selective serotonin reuptake inhibitors, which includes FAERS cases that include second-generation antipsychotics
but not selective serotonin reuptake inhibitors, second-generation antipsychotics with selective serotonin reuptake inhibitors, which includes FAERS cases that
include both selective serotonin reuptake inhibitors and second-generation antipsychotics, selective serotonin reuptake inhibitors without second-generation
antipsychotics, which includes FAERS cases with selective serotonin reuptake inhibitors but not second-generation antipsychotics, and selective serotonin reup-
take inhibitors, which includes all FAERS cases with selective serotonin reuptake inhibitors. PRR Cl: 95% confidence interval of the PRR score.

The FAERS analysis demonstrated that the function
of second-generation antipsychotic targets overlap with
receptor functions that are commonly associated with sero-
tonin syndrome. Eleven targets of interest were identified
that overlapped between second-generation antipsychotics
and serotonin syndrome, which were further narrowed down
to six targets and activities of interest (agonism of 5-HTa,
5-HT4g, and 5-HT,c and antagonism of 5-HTqa, 5-HT>a, and
alpha-2A) based on their association with serotonin syn-
drome. Additionally, analysis of concomitant medications
with FAERS demonstrated a potentially synergistic effect
between second-generation antipsychotics and selective
serotonin reuptake inhibitors, as the disproportionality score
for serotonin syndrome was higher for second-generation
antipsychotics and selective serotonin reuptake inhibitors
combined than for second-generation antipsychotics indi-
vidually. Put together, analysis of the integrated FAERS
data alone generated two hypotheses: first, six targets and
activities of interest were hypothesized to be associated
with both second-generation antipsychotics and serotonin
syndrome, and second, concomitant administration of
additional serotonergic medications may increase the risk
of serotonin syndrome with second-generation antipsy-
chotics. Further literature investigation supported these
hypotheses.

First, the six target mechanisms of interest that were iden-
tified with integrated FAERS data were further investigated
using peer-reviewed literature. This literature analysis pro-
vided further support for two proposed mechanisms: 5-HTa
antagonism and 5-HT+, agonism. The literature supports that
second-generation antipsychotics are 5-HT,4 antagonists.?
There is evidence that antagonism of 5-HT,n may cause
selective activation of 5-HT4, which may in turn increase
the sensitivity of this receptor to serotonin.’®?" Addition-
ally, data have shown that 5-HT,5 antagonists enhance the
effects of a 5-HT, agonist.?>?3 Additionally, many second-
generation antipsychotics have also been shown to be 5-
HT;s agonists' 5-HT;s» agonism has been implicated in
increased serotonin levels and an increased risk for sero-
tonin syndrome.?* These two mechanisms, in combination,
may increase serotonin levels, increase receptor sensitivity
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to serotonin, or increase the effects of other drugs (such as
selective serotonin reuptake inhibitors), potentially leading to
serotonin syndrome.

Second, based on our findings of potential interac-
tions with concomitant medications, including serotonergic
medications, we additionally investigated the associations
between second-generation antipsychotics and metabolic
enzymes that may lead to drug-drug interactions using
the literature. Many second-generation antipsychotics are
metabolized via CYP3A4, CYP2D6, or CYP1A2 and are
substrates and inhibitors of P-glycoprotein.’™ "7 Many other
drugs also interact with these enzymes and transporters,
including several serotonergic agents.'® These interactions
could lead to increased concentrations of various drugs
or serotonin levels, which could be associated with sero-
tonin syndrome. Finally, FAERS and literature case analyses
demonstrated that second-generation antipsychotics alone
can be associated with serotonin syndrome, but in most
reported cases serotonin syndrome occurs when second-
generation antipsychotics are given with other serotonergic
agents.20:25:26

This analysis combines FAERS data with several other
data sources to connect drugs, adverse events, and tar-
gets, among many other entities. In this analysis, FAERS
data were used for hypothesis generation. These data and
the signals generated are used regularly at the FDA to
evaluate safety concerns, and the large amount of data (over
8 million reports) contained in public FAERS from health-
care professionals, consumers, and manufacturers includes
valuable information. FAERS and similar postmarket report-
ing databases have previously been used successfully for
adverse event analysis.?’° However, FAERS also has limi-
tations, including confounded cases, reporting biases, and
a lack of confirmation that the case even occurred. For
example, serotonin syndrome could be miscoded in FAERS
as neuroleptic malignant syndrome, or vice versa. These
limitations can all affect the statistics calculated from FAERS.
FAERS should not be used to infer causality. Thus, FAERS
may be used for hypothesis generation, but identified signals
should be further investigated for confirmation, as performed
here.



Future work includes the integration of a systems biology
approach to further examine targets, proteins, and genes
that may be associated with a variety of adverse events and
drugs. Additionally, off-target prediction is under investiga-
tion for routine integration into this methodology to evaluate
secondary or off-target effects that may be responsible for
adverse events. Similar methodologies have previously been
successfully employed to analyze adverse events.303!

This study demonstrated that informatics tools and anal-
yses can quickly identify drugs, targets, drug-drug interac-
tions, and mechanisms that may be associated with adverse
events. Computational analysis performed with FAERS and
supporting pharmacokinetic data from the literature and
case studies show that second-generation antipsychotics
are associated with serotonin syndrome. Further research
should be performed to elucidate the mechanism of 5-
HT,a/5-HT44 interaction and serotonin levels after adminis-
tration of second-generation antipsychotics to better clar-
ify the risk of serotonin syndrome with second-generation
antipsychotics. Additionally, drug—drug interaction studies
may explain the magnitude of increased risk for serotonin
syndrome when second-generation antipsychotics are taken
concomitantly with other serotonergic drugs. Confirmation of
these mechanisms may impact patient treatment and result
in new combinations of drugs, lower dosages of drug regi-
mens, or increased patient monitoring to reduce the risk of
serotonin syndrome.
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