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Abstract

Linezolid, a synthetic oxazolidinone antibiotic, is used to treat gram-positive bacterial infections,
including methicillin-resistant Staphylococcus aureus. Despite its efficacy, linezolid can cause sero-
tonin syndrome, a potentially fatal condition associated with excessive serotonin activity in the
brain. This narrative review examined the pharmacological mechanisms of this interaction, par-
ticularly linezolid’s mild monoamine oxidase-inhibitory activity, which can trigger serotonin syn-
drome in combination with serotonergic drugs. Serotonin syndrome causes cognitive, autonomic,
and somatic symptoms ranging from mild (tremors, diarrhea) to severe (hyperthermia, seizures,
multiorgan failure). The Hunter Serotonin Toxicity Criteria have superior sensitivity and specific-
ity over the Sternbach Criteria for diagnosis. Clinical evidence indicates that although the inci-
dence of linezolid-induced serotonin syndrome is low, the risk justifies careful monitoring and risk
assessment. This review emphasizes enhanced pharmacovigilance and standardized reporting
criteria to better capture and analyze data on linezolid-induced serotonin syndrome.
Assessments of the pharmacological mechanisms, large-scale clinical trials, and cohort studies
are essential to elucidate risk factors and outcomes. Developing comprehensive clinical guidelines
and education programs for healthcare providers is crucial to improve linezolid’s safety profile.
Exploring pharmacogenomic approaches and alternative therapies with lower serotonin syn-
drome risks is recommended to enhance patient outcomes while maintaining linezolid’s efficacy
in treating severe bacterial infections.
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Introduction

Linezolid is an important antibiotic used
to treat serious gram-positive bacterial
infections, including methicillin-resistant
Staphylococcus aureus (MRSA).! However,
linezolid has been linked to the develop-
ment of serotonin syndrome, a potentially
life-threatening condition caused by exces-
sive serotonin activity in the brain.!
Serotonin syndrome can occur when linezo-
lid is co-administered with other serotoner-
gic medications, such as selective serotonin
reuptake inhibitors (SSRIs), serotonin—nor-
epinephrine reuptake inhibitors (SNRIs),
and monoamine oxidase  inhibitors
(MAOIs).! This narrative review examined
the pharmacological mechanisms underlying
the interactions of linezolid with serotoner-
gic agents, summarizes the available clinical
evidence on the incidence and risk factors of
linezolid-induced serotonin syndrome, and
provided guidance on the appropriate clini-
cal management of patients receiving con-
comitant linezolid and serotonergic therapy.

Methods

This narrative review was guided by the
Scale for the Assessment of Narrative
Review Articles.” A copy of the scale pre-
senting the quality rating of this narrative
review is provided in the supplement
(Appendix A). The literature search was
performed using PubMed and Google
Scholar with the following keyword combi-
nations: (linezolid OR antibiotics) AND
(serotonin syndrome OR serotonin toxici-
ty); (linezolid AND drug interactions) OR
(monoamine oxidase inhibitors AND sero-
tonin syndrome); (adverse effects OR side
effects) AND (linezolid AND clinical out-
comes); (CNS effects OR neurological
effects) AND (linezolid OR serotonin syn-
drome). Studies written in languages other
than English were excluded. Studies with no
full-text access were also excluded.

Pharmacological overview of
linezolid

Linezolid is a synthetic oxazolidinone anti-
microbial drug that has been approved for
treating bacterial pneumonia, skin and
skin structure infections, and vancomycin-
resistant enterococcus (VRE) infections,
including those complicated by bacteremia.
It has a broad spectrum of in vitro activities
against gram-positive organisms, including
methicillin-resistant ~ staphylococci  and
VRE.? Linezolid was the first oxazolidinone
found to inhibit the initiation of protein
synthesis in bacteria, a mechanism of
action unique to this class.!*  This is
achieved through binding to the 50S subu-
nit of the bacterial ribosome, specifically
the peptidyl transferase center. This inhibi-
tion prevents the formation of the function-
al 70S initiation complex, ultimately
preventing bacteria from producing essen-
tial proteins for growth and replication,
making it highly effective against gram-
positive pathogens.” Linezolid is well
absorbed, and it has high bioavailability,
allowing conversion to oral therapy. It is
generally well tolerated, with myelosuppres-
sion being the most serious adverse effect.*

Definition of serotonin syndrome

Serotonin syndrome is a potentially life-
threatening condition resulting from
increased serotonin activity in the central
nervous system (CNS). It typically occurs
because of the use of serotonergic medica-
tions, either alone or in combination, lead-
ing to excessive serotonin accumulation.®’
This syndrome is characterized by a triad of
cognitive, autonomic, and somatic effects.
Symptoms can range from mild (e.g., trem-
ors, diarrhea) to severe (e.g., hyperthermia,
seizures, rhabdomyolysis). Common mani-
festations include agitation, confusion,
hyperreflexia, myoclonus, diaphoresis, shiv-
ering, and gastrointestinal symptoms.®
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Pathophysiology of serotonin
syndrome

Serotonin syndrome occurs because of
excessive serotonergic activity in the CNS
and peripheral systems, often attributable
to drug interactions or overdose. Several
key aspects of its pathophysiology have
been identified.

Serotonin receptors

The syndrome is primarily caused by the
overstimulation of serotonin receptors, par-
ticularly the 5-HTIA and 5-HT2 receptors.
When serotonergic drugs are used in com-
bination, they can lead to an increase in
serotonin levels at synapses, enhancing
receptor activation.”

Mechanism of action

e Activation of 5-HT1A receptors is asso-
ciated with mood regulation and anxiety.
Overstimulation can lead to cognitive and
behavioral changes.®

e 5-HT2 receptors are linked to autonomic
functions and neuromuscular activity,
and their overactivation can result in
symptoms like hyperreflexia, tremor,
and agitation.”

Neurotransmitter imbalance

An imbalance between serotonin and other
neurotransmitters, particularly dopamine,
might contribute to symptoms resembling
neuroleptic malignant syndrome (NNMS).
This imbalance can exacerbate motor symp-
toms and autonomic instability.®

Clinical presentation

The syndrome typically presents with a
triad of symptoms: cognitive/behavioral
symptoms including confusion, agitation,
and an altered mental status;® autonomic
symptoms including hyperthermia, tachy-
cardia, diaphoresis, and gastrointestinal

disturbances;’ and neuromuscular symp-
toms including myoclonus, hyperreflexia,
and rigidity.®

Onset of symptoms

Symptoms usually develop within hours of
initiating serotonergic agent treatment or
increasing its dosage. The rapid onset is
linked to the acute increase in serotonin
levels, which can overwhelm the regulatory
mechanisms of the CNS.’

Clinical significance of serotonin
syndrome

Serotonin syndrome is significant because
of its potential to cause severe, life-
threatening complications if not promptly
recognized and treated. Serotonin syn-
drome can develop rapidly, often within
hours of initiating or increasing the dose
of one serotonergic drug or adding another
serotonergic agent. This rapid onset neces-
sitates high vigilance among healthcare pro-
viders when prescribing or managing
medications.® The severity of serotonin syn-
drome varies widely. Mild cases can involve
tremors, diarrhea, and mild hypertension,
whereas severe cases can involve hyperther-
mia, seizures, and multiorgan failure, poten-
tially leading to death.”'° Understanding
this spectrum is crucial for appropriate and
timely intervention.

Serotonin syndrome, NMS, and
anticholinergic toxicity

Serotonin syndrome, NMS, and anticholin-
ergic toxicity are three distinct but poten-
tially overlapping conditions that can arise
from the use of certain medications.
Serotonin syndrome is characterized by
a hyperadrenergic state resulting from
excessive serotonergic activity in the CNS.
Key symptoms include an altered mental
status,  autonomic instability, and
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neuromuscular abnormalities. The onset is
typically rapid, occurring within hours of
introducing a serotonergic agent or increas-
ing its dosage.® NMS is primarily associated
with antipsychotic medications and is char-
acterized by extreme muscle rigidity, hyper-
thermia, autonomic dysregulation, and an
altered mental status. Unlike serotonin syn-
drome, NMS develops more slowly, often
over days to weeks after introducing or
increasing the dose of a neuroleptic. The
pathophysiology of NMS is believed to
involve dopamine receptor antagonism
and is associated with significant morbidity
and mortality if not promptly treated.'!
Anticholinergic toxicity arises from the
blockade of acetylcholine at muscarinic
receptors, leading to symptoms such as
dry mouth, urinary retention, constipation,
and confusion. The presentation can mimic
both serotonin syndrome and NMS, compli-
cating the differential diagnosis.
Anticholinergic toxicity usually occurs after
the use of medications with anticholinergic
properties, and it can also lead to severe com-
plications if untreated.'” Understanding the
differences and similarities among these con-
ditions is crucial for accurate diagnosis and
management. Prompt recognition of the
underlying syndrome is essential to guide
appropriate treatment and improve patient
outcomes.

Diagnostic criteria of serotonin
syndrome

Several diagnostic criteria for serotonin
syndrome exist, and the Hunter Serotonin
Toxicity Criteria are among the most
widely used criteria. The Hunter Serotonin
Toxicity Criteria comprise a set of clinical
guidelines designed to diagnose serotonin
syndrome with high sensitivity and specific-
ity. These criteria were developed by
Dunkley et al. in 2003 through the analysis
of a large cohort of patients with suspected

serotonin toxicity. The goal was to establish
a simple and accurate diagnostic tool that
could be used in clinical settings."?

According to the Hunter criteria, seroto-
nin syndrome is diagnosed if a patient
meets one of the following conditions after
taking a serotonergic agent: spontancous
clonus; inducible clonus and agitation or
diaphoresis; ocular clonus and agitation or
diaphoresis; tremor and hyperreflexia; and
hypertonia, temperature > 38°C, and ocular
clonus or inducible clonus. The Hunter cri-
teria are highly valued because of their sim-
plicity and accuracy. They are particularly
useful in emergency settings, in which rapid
diagnosis is crucial. Compared with other
diagnostic criteria, such as the Sternbach
criteria, the Hunter criteria have displayed
better diagnostic performance, including
higher sensitivity (84% vs. 75%) and specif-
icity (97% vs. 96%)."

The Sternbach criteria were proposed by
Horowitz and Sternbach in 1991 to diag-
nose serotonin syndrome. These criteria
predate the Hunter Serotonin Toxicity
Criteria, and they were widely used before
the latter’s development.'* Although the
Sternbach criteria were instrumental in
increasing awareness of serotonin syn-
drome, they are considered less specific
and sensitive than the Hunter criteria.
According to Sternbach, a diagnosis of
serotonin syndrome can be made if a
patient exhibits at least three of the follow-
ing symptoms after the recent addition or
increase of the dose of a known serotoner-
gic agent: mental status changes, including
confusion, hypomania, and agitation; auto-
nomic dysfunction, including diaphoresis
(excessive sweating), shivering, hyperther-

mia, hypertension, tachycardia, nausea,
and diarrhea; and neuromuscular abnor-
malities, including myoclonus (muscle
jerks),  hyperreflexia, tremor, and
incoordination.

Additionally, the Sternbach criteria

require the exclusion of other etiologies,
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such as infections, metabolic disorders, and
substance abuse, as well as the absence of
NMS. As they are less specific and sensitive
than the Hunter criteria, the Sternbach cri-
teria can miss mild cases or falsely attribute
symptoms to serotonin syndrome when
another diagnosis is more appropriate.
Excluding other potential causes of symp-
toms, such as infections or metabolic disor-
ders, can be challenging in acute setting,
potentially delaying diagnosis."

Challenges in diagnosing
serotonin syndrome in critically
ill patients

The diagnosis of serotonin syndrome can be
particularly challenging in critically ill
patients because of several factors inherent
to this population. Critically ill patients
often present with multiple comorbidities,
and their clinical status can fluctuate rapid-
ly. This complexity can obscure the clinical
signs and symptoms typically associated
with serotonin syndrome, leading to poten-
tial misdiagnoses or delayed recognition.'®

One significant challenge is that only
some patients fulfill the current diagnostic
criteria for serotonin syndrome, which typ-
ically rely on the identification of specific
clinical features such as an altered mental
status, autonomic instability, and neuro-
muscular abnormalities.!” In critically ill
patients, these symptoms can overlap with
manifestations of other conditions, such as
septic shock, metabolic disturbances, or
adverse effects from polypharmacy.'®
Consequently, clinicians might overlook
serotonin syndrome or attribute its symp-
toms to more common complications of
critical illness.

Additionally, the use of various medica-
tions, including opioids, sedatives, and
other psychoactive drugs in the intensive
care setting, can further complicate the
assessment of serotonin syndrome. The

potential for drug interactions and the pres-
ence of different syndromes that mimic
serotonin syndrome can lead to diagnostic
confusion.'® Healthcare providers need to
maintain a high index of suspicion for sero-
tonin syndrome, especially in patients
receiving serotonergic agents, and to con-
sider the possibility of serotonin syndrome
even when patients do not meet all diagnos-
tic criteria.

Given these challenges, a more nuanced
approach to diagnosis is warranted.
Clinicians should be encouraged to evaluate
the overall clinical picture, consider the
pharmacological history, and use adjunct
diagnostic tools when appropriate. This
comprehensive assessment might improve
the recognition of serotonin syndrome in
critically ill patients, facilitating timely inter-
ventions and improving patient outcomes.

Epidemiology of serotonin
syndrome caused by linezolid

Linezolid, primarily known for its antibac-
terial properties, has been implicated in the
development of serotonin  syndrome
because of its mild MAOI activity. It is a
reversible, non-selective inhibitor of mono-
amine oxidase, an enzyme responsible for
the degradation of serotonin, norepineph-
rine, and dopamine. Monoamine oxidase
inhibition can lead to increased levels of
these neurotransmitters.”’ Patients who
are concurrently taking other serotonergic
medications, especially SSRIs, MAOISs, or
SNRIs, are at increased risk.”! The inci-
dence of serotonin syndrome associated
with linezolid is relatively low but clinically
significant given the potential severity of
the syndrome, although the exact incidence
rates are not well defined.

Incidence data from cohort studies

Bai et al. examined the incidence of seroto-
nin syndrome in patients aged 66 years or
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older who were prescribed oral linezolid
while also taking antidepressants. Among
the 1134 patients, 215 (19.0%) concurrently
received antidepressants. The study found
that serotonin syndrome occurred in fewer
than six patients (<0.5%), and the inci-
dence was numerically but not significantly
lower in the antidepressant group. In a pro-
pensity score-matched cohort, the adjusted
risk difference for serotonin syndrome
between patients who did and did not
receive antidepressants was —1.2% (95%
confidence interval [CI]=-2.9-0.5), and
similar rates of mental status alteration,
hospitalization, and death were observed
between the two groups.”> SanFilippo
et al. investigated the association between
serotonin toxicity and the combination of
linezolid and serotonergic agents through
a systematic review and meta-analysis.
This study aimed to determine the incidence
of serotonin toxicity when linezolid is used
alone or in combination with serotonergic
agents and compare the risk of serotonin
toxicity when linezolid is combined with
one or multiple serotonergic agents. The
analysis, which included data from 14 stud-
ies, with five meeting the criteria, found that
the concomitant use of linezolid and sero-
tonergic agents increased the odds of sero-
tonin toxicity, with odds ratios of 1.78 for
linezolid monotherapy versus combination
therapy and 5.18 for linezolid combined
with multiple serotonergic agents versus a
single agent. The findings suggest that the
number of serotonergic agents used con-
comitantly with linezolid is a significant
risk factor for serotonin toxicity, highlight-
ing the need for careful consideration and
risk—benefit analysis in clinical practice.”
Lawrence et al. reviewed post-marketing
data from the FDA Adverse Event
Reporting System (FAERS) to assess
cases of serotonin toxicity associated with
linezolid use. Of the 29 identified cases of
serotonin toxicity linked to the concurrent
administration of linezolid and drugs that

increase CNS serotonin concentrations, the
patients’ ages ranged from 17 to 83years,
and the female-to-male ratio was 1:1. In
total, 43 serotonergic drugs were involved,
most commonly SSRIs (26 of 43 patients),
followed by tricyclic antidepressants
(6 patients) and atypical antidepressants
(4 patients). The outcomes included three
deaths, six interventions to prevent perma-
nent impairment, and seven instances of ini-
tial or prolonged hospitalization. This study
underscored the need for caution and
awareness among prescribers when combin-
ing linezolid with serotonergic medications
because of the significant risk of serotonin
toxicity.>*

Elli et al. analyzed 8997 reported cases of
serotonin syndrome using FAERS data. In
the study, SSRIs accounted for the highest
number of reports, followed by opioids and
other antidepressants. The reporting odds
ratio (ROR) was 45.99 (95% CI=41.21-
51.33) for MAOIs, compared with 32.66
(95% CI=31.33-34.04) for SSRIs. Among
individual substances, moclobemide had
the highest ROR (ROR =388.36 95%
CI=1314.58-479.46), followed by trypto-
phan (ROR=44.19, 95% CI=25.38-
76.94). The study illustrated that the risk
for serotonin syndrome is notably higher
in older adults (aged 65 and older) and
men, underscoring the need for careful
monitoring of serotonergic drugs, including
lesser-known risks associated with linezolid
and triptans.®

Gatti et al. explored serotonin syndrome
induced by drug—drug interactions (DDIs)
with linezolid through pharmacovigilance
and  pharmacokinetic/pharmacodynamic
analysis. Using FAERS data, this study
identified 669 reports of serotonin syn-
drome linked to linezolid, representing
5.9% of the 11,429 total reports. The most
frequent DDIs were linezolid and citalo-
pram (69 patients; 10.3%). Citalopram,
methadone, and escitalopram were classi-
fied as high-risk (“red-zone”) medications,
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with citalopram having the highest propor-
tion of serotonin syndrome reports
(0.277%) and methadone having the
lowest mean number of DDIs (1.41). A sig-
nificant correlation was found between the
VD/Ki SERT ratio and the mean number
of DDIs (p=-0.53; P=0.05). The results
suggest that linezolid is more likely to cause
serotonin syndrome when co-administered
with these high-risk serotonergic agents,
emphasizing the need for tailored manage-
ment to mitigate the risk of serotonin syn-
drome in clinical practice.

Karkow et al. examined the incidence of
serotonin syndrome in patients receiving
linezolid, either alone or in combination
with SSRIs or SNRIs. This retrospective
case—control study was conducted at the
University of Towa Hospitals and Clinics
and included 348 patients treated between
2010 and 2014. Of these, 87 patients
received combination therapy with SSRIs
or SNRIs, whereas 261 received linezolid
monotherapy. Only one patient in each
group (1.1% in the combination therapy
group and 0.4% in the monotherapy group)
was diagnosed with serotonin syndrome,
revealing no significant difference in incidence
(P=10.438). The study found that the overall
incidence of serotonin syndrome was low and
raised questions about the practicality of the
FDA guidelines, which recommend discon-
tinuing SSRIs or SNRIs before starting line-
zolid therapy. The findings suggested that the
risks associated with concomitant use might
not be as high as previously believed.?’

The retrospective cohort study by
Mitwally et al. investigated the incidence
of serotonin syndrome among 106 acutely
ill patients receiving concomitant linezolid
and opioids at Hamad Medical Corporation
from March to September 2020. The findings
revealed a low incidence of serotonin syn-
drome, with only one patient (1.6%) meeting
the criteria, and this case was associated with
post-cardiac arrest, making a direct link to
the linezolid—opioid combination unlikely.

The authors concluded that the co-
administration of linezolid and opioids
appears to be safe, although they emphasized
the need for larger prospective studies to fur-
ther explore and validate these results in crit-
ically ill populations.®®

Traver et al. conducted a cross-sectional
analysis of 494 hospitalized adults to eval-
uate the incidence of serotonin toxicity
associated with the concurrent use of line-
zolid and opioids (methadone or buprenor-
phine). Over the study period from
November 2015 to October 2019, two pos-
sible cases of serotonin toxicity were identi-
fied, both occurring in patients who
received linezolid and methadone for more
than 3 days, with no definite cases reported.
The results indicated that serotonin toxicity
was rare, occurring in 0.40% of all encoun-
ters and 1.89% of those with prolonged
overlap of medications. The authors con-
cluded that although serotonin toxicity
can occur, it is infrequently observed in
clinical practice, highlighting the need for
further investigation of the risks associated
with this combination in hospitalized
patients.”’

Incidence data from case reports

Table 1 summarizes findings from case
reports on serotonin syndrome. Masbough
et al. reported a case of serotonin syndrome
induced by the concomitant use of linezolid
and methadone in a 60-year-old man with a
history of drug addiction and bipolar disor-
der. The patient was admitted to the poi-
soning department with dizziness, nausea,
and vomiting, and his clinical findings
included blood pressure of 95/61 mmHg, a
heart rate of 110 bpm, a respiratory rate of
7 breaths per minute, and a Glasgow Coma
Scale score of 7. Laboratory findings includ-
ed a white blood cell count of 14.2 x 10°/L,
platelet count of 183 x 10”/L, creatinine level
of 6.8 mg/dL, potassium level of 7.3 mg/dL,
and creatine phosphokinase level of
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Summary of the findings from case reports of serotonin syndrome.

Table I.

Outcome

Symptoms observed

Medications involved

Patient demographics

Study/report

Improved within 48 hours after

Fever, agitation, tremor, sponta-

Linezolid, methadone

60-year-old man,

Masbough et al. (2022)

linezolid discontinuation
Improved after medication

neous clonus, tachycardia

Restlessness, diaphoresis,

drug addict
68-year-old woman

Linezolid, amitriptyline,

Samartzis et al. (2013)

withdrawal

tremor, shivering, myoclonus,

confusion, coma
Restlessness, diaphoresis,

fentanyl

Improved after treatment

Linezolid, escitalopram,

65-year-old woman

Kulkarni and

cessation

tremor, myoclonus, diarrhea,

confusion, hallucinations
Confusion, agitation, tremor,

clonazepam

Kulkarni (2013)

Improved after citalopram

85-year-old woman Linezolid, citalopram

Tahir (2004)

withdrawal

restlessness, dysarthric speech

4218 U/L. On the third day of hospitaliza-
tion, after initiating linezolid 600 mg twice
daily intravenously for ventilator-associated
pneumonia, the patient developed symptoms
of serotonin syndrome, including a fever of
39°C, agitation, tremor, spontaneous clonus,
and a pulse rate of 115bpm. Linezolid was
discontinued, and vancomycin (1000mg,
twice daily) was administered together with
supportive therapies, leading to symptom
resolution within 48 hours. The report
underscores the importance of recognizing
drug interactions leading to serotonin syn-
drome and the need for careful patient edu-
cation and monitoring to prevent such
adverse reactions.*”

Samartzis et al. reported a case of sero-
tonin syndrome in a 68-year-old woman
with advanced ischemic peripheral arterial
disease and sepsis who was treated with
25mg of amitriptyline twice daily and a
25ug/hour fentanyl transdermal patch
every 72 hours. Upon the addition of
600 mg of linezolid every 12 hours to her
treatment regimen on the 10th day of hos-
pitalization, the patient exhibited rapid clin-
ical deterioration within the first 24 hours,
including restlessness, diaphoresis, tremor,
shivering, myoclonus, high fever (40°C),
disorientation, confusion, and coma. The
Hunter and Sternbach diagnostic criteria
confirmed serotonin syndrome, which
improved after discontinuing linezolid and
amitriptyline. The patient exhibited signs of
improvement within a few hours and grad-
ual recovery of consciousness and orienta-
tion within 48 hours. This case underscored
the risk of serotonin syndrome when line-
zolid is used in conjunction with serotoner-
gic medications, such as amitriptyline and
fentanyl, despite the lack of previously
reported interactions involving these com-
binations. The authors suggested that line-
zolid should be avoided in patients
receiving both amitriptyline and fentanyl
because of the predictable and preventable
risk of serotonin toxicity.”!
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Another case involved near-fatal seroto-
nin syndrome induced by the concomitant
use of linezolid (600 mg twice daily) and the
antidepressant escitalopram (10 mg/day) in
a 65-year-old woman. The patient was
treated for depression with escitalopram
for 2 months and developed severe seroto-
nin syndrome symptoms, including restless-
ness, tremors, shivering, myoclonus,
diarrhea, and mental status changes,
within 24 hours of linezolid administration
for sepsis. Her initial presentation included
a temperature of 101°F, a pulse rate of
126/minute, and blood pressure of 136/
88 mmHg, with leukocytosis (15,640/mm?)
and neutrophilia (80%). Serotonin syn-
drome was diagnosed on the basis of the
exclusion of other CNS pathologies and
the sequence of symptom onset following
linezolid administration. Treatment involved
discontinuing both linezolid and escitalo-
pram, administering cyproheptadine (4mg
thrice daily), and supportive care, leading
to the patient’s recovery within 48 hours.*

In addition, Tahir reported an 85-
year-old woman who developed serotonin
syndrome because of the interaction
between linezolid and citalopram, an SSRI
prescribed at 20 mg/day for depression. The
patient was initially treated for systemic infec-
tion with oxacillin-resistant Staphylococcus
aureus using linezolid (600 mg twice daily)
after she refused vancomycin. The patient
exhibited symptoms of worsening tremor,
confusion, restlessness, dysarthric speech,
hyperreflexia, and autonomic instability
(tachycardia, elevated blood pressure) shortly
after being transferred to a skilled nursing
facility. Her Mini-Mental Status
Examination score decreased to 27/30.
Upon identifying the DDI, citalopram was
discontinued, leading to the resolution of
serotonin  syndrome symptoms  within
72 hours. The patient also developed pancy-
topenia, which resolved after the completion
of the linezolid course. This article highlight-
ed the challenges in treating drug-resistant

infections in older adults, the importance of
recognizing potential DDIs, and the need for
cautious use of serotonergic agents to prevent
serotonin syndrome.*

Mortality rate of serotonin
syndrome

Recent studies highlighted the variability in
mortality rates associated with serotonin
syndrome, emphasizing the importance of
prompt recognition and management. The
systematic review by Prakash et al. investi-
gated fatal serotonin syndrome, analyzing
56 cases from the literature to characterize
its epidemiology, clinical features, and risk
factors. The study identified a mean patient
age of 42.3 years, with a predominance of
females and cases primarily from North
America and Europe. Symptoms typically
appeared rapidly within 24 hours of seroto-
nergic drug administration, with fever
(61%), seizures (36%), and tremors (30%)
being the most common manifestations.
High creatine kinase levels and severe com-
plications, including cardiopulmonary
arrest, were frequently observed, leading
to a high mortality rate, with approximately
50% of patients dying within 24 hours. The
findings highlighted the importance of early
recognition and management of serotonin
syndrome despite its rarity.**

Management of serotonin
syndrome

The management of serotonin syndrome
primarily involves the prompt recognition
of symptoms, immediate discontinuation
of serotonergic agents, and supportive
care tailored to the severity of the condi-
tion. Early diagnosis is crucial for effective
management. Clinicians should be aware of
signs such as mental status changes (agita-
tion, confusion), autonomic hyperactivity
(hyperthermia, hypertension), and
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neuromuscular  abnormalities
hyperreflexia).®

The first step in managing serotonin syn-
drome is to immediately discontinue all
serotonergic medications. These include com-
monly implicated drugs, such as SSRIs,
SNRIs, tricyclic antidepressants, MAOIs,
and certain opioids such as tramadol and fen-
tanyl.%* Discontinuing these agents reduces
the serotonergic activity that causes the
syndrome.

Supportive care is the cornerstone of
treatment, and it varies according to symp-
tom severity. In mild cases, management
typically involves observation and symp-
tomatic treatment, including oral or intra-
venous fluids, to maintain hydration and
external cooling measures to manage hyper-
thermia.®*> Benzodiazepines such as loraz-
epam and diazepam are often administered
to control agitation and decrease muscle
rigidity, which can significantly improve
patient comfort and reduce the risk of
complications.®?¢

In moderate-to-severe cases, hospitaliza-
tion is often required for intensive monitor-
ing and treatment. Aggressive cooling
measures, such as cooling blankets or ice
packs, are necessary if the patient’s body
temperature exceeds 41°C (105.8°F).%3°
Short-acting antihypertensive agents
such as esmolol and nitroprusside can be
used to manage severe hypertension.
Pharmacological management can include
the administration of serotonin antagonists.
Cyproheptadine, a histamine-1 receptor
antagonist with antiserotonergic properties,
is commonly used in moderate-to-severe
cases. The initial dose is usually 12 mg, fol-
lowed by 2mg every 2 hours if symptoms
persist, up to a maximum of 32 mg over 24
hours.>”*® Chlorpromazine is another sero-
tonin antagonist, although it is less com-
monly used because of its potential side
effects, including hypotension.®°

In the most severe cases, advanced inter-
ventions, such as intubation and mechanical

(tremor,

ventilation, might be necessary, particularly
if there is significant hyperthermia, an
altered mental status, or respiratory fail-
ure.**  Non-depolarizing neuromuscular
blockers, such as vecuronium, can be used
to control severe hyperthermia and muscle
rigidity, but they should only be adminis-
tered to intubated patients to ensure
safety.?>3¢

Continuous monitoring of patients’ vital
signs, mental status, and neuromuscular
function is essential until the symptoms
are resolved. Long-term follow-up includes
evaluating the potential underlying causes
or contributing factors and educating
patients about the risks associated with
serotonergic medications. This education
is vital to prevent recurrence and ensure
that patients are aware of the symptoms
of serotonin syndrome to ensure that they
seek immediate medical attention if they
experience these symptoms.®>°

Pharmacological options:
Cyproheptadine and
chlorpromazine

Cyproheptadine is an antihistamine with
antiserotonergic properties that has been
used to treat serotonin syndrome. Its anti-
serotonergic action can effectively reduce
serotonin activity, making it beneficial in
managing this condition. Additionally,
cyproheptadine has a relatively quick
onset of action, making it suitable for
acute management. Although case reports
suggest its efficacy, robust clinical trials
are lacking, limiting its widespread accep-
tance in clinical guidelines.® Common side
effects include sedation, dizziness, and dry
mouth, which might not be ideal for all
patients, particularly those who are already
compromised.

Chlorpromazine, an antipsychotic, has
also been used to manage serotonin syn-
drome, although its application is less
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common. [ts dopaminergic action might be
beneficial in addressing agitation and
muscle rigidity. Nevertheless, only a few
case reports have demonstrated the efficacy
of chlorpromazine in treating serotonin syn-
drome, raising questions about its reliability
as a treatment option.* Furthermore, chlor-
promazine can cause significant side effects,
including sedation, orthostatic hypotension,
and extrapyramidal symptoms, which can
complicate treatment for vulnerable patient
populations.

Future directions

Given the significant implications of
linezolid-induced  serotonin  syndrome,
future research and clinical practice should
focus on several key topics. Enhanced phar-
macovigilance and reporting systems are
essential to better capture and analyze
data on cases of serotonin syndrome related
to linezolid, especially in combination with
other serotonergic agents. Developing stan-
dardized reporting criteria and enhancing
the utility of databases such as FAERS
are crucial.

There is a need for clinical tools for risk
stratification to identify patients at higher
risk of serotonin syndrome when prescribed
linezolid. These tools can incorporate fac-
tors such as patient history, concurrent
medications, and genetic predispositions.
Large-scale prospective clinical trials and
cohort studies are needed to better under-
stand the incidence, risk factors, and out-
comes of serotonin syndrome in patients
treated with linezolid. These studies
should aim to provide more robust data
to  guide clinical  decision-making.
Furthermore, the creation and dissemina-
tion of comprehensive clinical guidelines
for the management of patients taking line-
zolid, particularly those taking serotonergic
medications, is essential. These guidelines
should include recommendations for

monitoring, dose adjustment, and alterna-
tive treatment options.

Implementing education and awareness
programs targeted at healthcare providers
can improve their understanding of seroto-
nin syndrome, as well as its risks and man-
agement strategies. This includes continuing
medical education modules, workshops, and
informational materials. Exploring pharma-
cogenomic approaches to predict individual
patient responses to linezolid and the risk of
developing serotonin syndrome is another
promising area of research. Identifying
genetic markers associated with increased
susceptibility could lead to personalized
medical strategies.

Finally, it is critical to investigate alter-
native therapies and novel antibiotics with a
lower risk of inducing serotonin syndrome.
This could involve the development and
clinical testing of new antimicrobial agents
that do not inhibit monoamine oxidase or
otherwise interfere with serotonergic path-
ways. By addressing these future directions,
the medical community can enhance the
safety and efficacy of linezolid, ultimately
improving patient outcomes and reducing
the incidence of serotonin syndrome.

Conclusion

Linezolid is a crucial antibiotic for treating
serious gram-positive bacterial infections,
including those caused by MRSA.
However, its association with serotonin
syndrome, a potentially life-threatening
condition, requires careful consideration in
clinical practice. Owing to its mild inhibi-
tion of monoamine oxidase, linezolid can
induce serotonin syndrome when used
concurrently with other serotonergic medi-
cations such as SSRIs, SNRIs, and MAOISs.
Understanding the pharmacological mech-
anisms underlying these interactions is vital.
The Hunter Serotonin Toxicity Criteria rep-
resent a practical and accurate diagnostic
tool, especially in emergency settings, and
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these criteria are preferred to the less spe-
cific Sternbach criteria. The incidence of
serotonin syndrome associated with linezo-
lid, although relatively low, is clinically sig-
nificant. This review has underscored the
importance of vigilant monitoring and risk
assessment when prescribing linezolid, par-
ticularly for patients receiving serotonergic
agents. Future research should focus on
enhancing pharmacovigilance, exploring
underlying mechanisms, and developing
clinical guidelines and risk stratification
tools. Additionally, education programs
for healthcare providers and the explora-
tion of alternative therapies with lower
risks for inducing serotonin syndrome are
crucial. Addressing these issues can
improve the safety profile of linezolid,
ensuring its continued efficacy in treating
severe bacterial infections while minimizing
the risk of serotonin syndrome. This bal-
anced approach will enhance patient out-

comes and contribute to the effective
management of infections in clinical
settings.
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