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Abstract

Herbal medicinal products are increasingly used alongside conventional medicines, raising
the risk of potential interactions such as pharmacodynamic drug-herb interactions (PD-
DHls) that can cause serious adverse drug reactions (ADRs). This review aims to present
available pharmacological, clinical and pharmacoepidemiological literature regarding po-
tential DHIs associated with serotonin syndrome or cardiac arrhythmias. Furthermore,
it assesses the current evidence using the Oxford Centre for Evidence-Based Medicine
(CEBM) 2009 framework. Serotonin syndrome most often results from combining seroton-
ergic herbs (e.g., St. John’s wort) with antidepressants like serotonin reuptake inhibitors
(SSRIs), as supported by repeated case reports and mechanistic plausibility (CEBM Level 3,
Grade C). Other herbs such as black cohosh, ginseng, Syrian rue, turmeric, rhodiola, ash-
wagandha, and L-tryptophan/5-HTP have been linked to serotonin syndrome when used
with SSRIs, serotonin-norepinephrine reuptake inhibitors (SNRIs), or monoamine oxidase
inhibitors (MAOIs), but evidence is limited (Levels 4-5, Grade D). For cardiac arrhythmias,
PD-DHIs arise when herbs interact with drugs that alter cardiac electrophysiology—such
as QT-prolonging agents, psychotropics, antiarrhythmics or digoxin—thereby amplify-
ing arrhythmogenic risk. Ephedra with sympathomimetics is strongly associated with
arrhythmias (Level 2-3, Grade B). Licorice may potentiate digoxin and QT-prolonging
drugs via hypokalemia (Level 4, Grade C). Other related PD-DHIs include aconite with
antiarrhythmics, bitter orange or caffeine with QT-prolonging psychotropics, yohimbine
with cardiovascular agents, and aloe or senna with digoxin. Overall, the evidence for PD-
DHIs varies from moderate to weak but large-scale pharmacoepidemiological data is scarce.
Future approaches, including artificial intelligence with explainable machine learning and
network pharmacology, may integrate mechanistic, clinical, and real-world data to improve
early detection or prediction of PD-DHIs. However, several specific challenges must be
addressed. Therefore, it is crucial for healthcare providers in both clinical and community
settings to increase their awareness of these interactions and ADRs to ensure the safe use of
herbal remedies alongside conventional therapies.
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1. Introduction

The global use of herbal supplements has increased markedly over the past few
decades, driven by growing public interest in complementary and alternative medicine,
perceptions of safety and naturalness, and adherence to cultural or traditional practices [1].
Herbal products are commonly consumed for health promotion, disease prevention, or
symptom management and are widely accessible without prescription. However, their
concurrent use with conventional medicines raises significant safety concerns due to the
potential for drug-herb interactions (DHIs), which can result in altered pharmacokinetics
or pharmacodynamics, reduced therapeutic efficacy, or the occurrence of serious adverse
effects [2,3].

Unlike conventional medicines, herbal products are complex mixtures of bioac-
tive constituents. Their interactions with drugs may occur at multiple levels of drug
disposition—absorption, distribution, metabolism, and excretion (ADME)—or through
modulation of drug targets and physiological systems [4-7]. Pharmacokinetic (PK) inter-
actions are commonly mediated through modulation of cytochrome P450 enzymes (e.g.,
CYP3A4, CYP2D6), drug transporters such as P-glycoprotein, or phase II conjugation
pathways. The variability in herbal product composition—resulting from differences in
plant species, cultivation conditions, harvesting time, extraction techniques, and lack of
standardization—further complicates the predictability and reproducibility of DHIs [8].

Among these, PK-based DHIs are well-studied and well-documented in the literature,
particularly with regard to herbs such as Hypericum perforatum (St. John’s Wort, SJW), Ginkgo
biloba, and grapefruit juice [9-12]. These can profoundly affect the bioavailability and clear-
ance of substrate drugs through induction or inhibition of metabolic enzymes. In contrast,
pharmacodynamic (PD) DHIs remain underexplored, owing to their greater mechanistic
complexity. PD interactions typically involve additive, synergistic, or antagonistic effects
at the level of receptors, enzymes, ion channels, or signaling pathways. These effects may
arise via primary mechanisms (e.g., two agents acting on the same receptor) or secondary
mechanisms (e.g., modulation of downstream biological cascades or compensatory physio-
logical systems). The absence of validated biomarkers, limited standardization of herbal
preparations, and lack of mechanistic clarity further impede the systematic evaluation
of PD-DHIs, despite their potential to provoke clinically significant outcomes. A particu-
larly important category of PD interactions—both drug—drug and drug-herb—involves
those that can precipitate serotonin syndrome or cardiac arrhythmias. These conditions
are potentially life-threatening and may be difficult to identify in routine clinical practice,
especially in the context of self-medication with herbal products. Especially for the latter,
their detection and management become particularly challenging when herbal products
are involved. Patients often do not disclose their use of herbal supplements, and healthcare
providers may not routinely inquire [13-15]. Furthermore, herbal products are omitted
from pre-marketing studies, pharmacovigilance systems, and randomized clinical trials,
leading to a substantial gap in safety data. Regulatory agencies such as the U.S. Food and
Drug Administration (FDA), the European Medicines Agency (EMA), and China’s National
Medical Products Administration (NMPA) have initiated efforts to incorporate herbal safety
data into broader pharmacovigilance frameworks [16-23]. However, the classification of
herbal remedies or supplements rather than drugs, along with significant heterogeneity in
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national regulations and limited requirements for safety evaluation, continues to challenge
systematic risk assessment.

Pharmacoepidemiological research is instrumental in filling this knowledge gap. It
leverages post-marketing surveillance data, real-world evidence, spontaneous adverse
event reports, and observational study designs to detect, characterize, and quantify the
public health impact of DHIs. Pharmacovigilance data consistently indicate that while
herbal medicinal products are widely used, their safety profiles remain poorly characterized
and frequently underreported [24]. The existing framework was originally designed
for conventional medicines and when these approaches are used to assess the safety
of herbal medicines, they face specific challenges as mentioned earlier, including the
complex herbal formulations, product diversity with different herbs, dose variability
among products or use patterns, lack of standardization protocols, and underreporting
of self-use by patients [25,26]. Previous systematic analysis highlighted cardiovascular
adverse effects, including arrhythmias, hypertension, and myocardial infarction, associated
particularly with aconite, ephedra, and licorice, though incidence rates could not be reliably
estimated due to limited evidence [27]. Subsequent regional or broader longitudinal
studies reveal important ADR cases with confounders to be common such as chronic
conditions, polypharmacy or unregistered and adultery supplements while also posing the
challenges of underreporting, inadequate quality control, and weak regulatory frameworks
as persistent issues [28-35]. A recent meta-analysis estimated adverse event reporting
rates for herbal supplements ranging from 0.03% to 29.84%, with a median of 1.42% [36].
Therefore, it is critical to assess published and emerging data in order to enhance our
understanding of the potential ADRs associated with herbal remedies. This is particularly
important for complex scenarios such as PD-DHIs, where intricate mechanisms may be
involved and establishing a direct association between herbal product use and ADRs
arising from PD-DHIs is particularly challenging. This review aims to synthesize available
literature data regarding pharmacological mechanisms and clinical evidence of DHIs
specifically associated with serotonin syndrome and cardiac arrhythmias. By mapping
available data across evidence hierarchies—from randomized clinical trials to case reports
and experimental studies—we seek to identify high-risk herbal supplements, implicated
drug classes, and clinical consequences. Finally, we explore how artificial intelligence
(AI) tools can facilitate the extrapolation of experimental and real-world data to improve
the early detection, interpretation, and management of DHI risks in both clinical and
regulatory contexts.

2. Literature Search and Evidence Grading

This review adopted a narrative approach to synthesize available evidence on PD-DHIs
associated with serotonin syndrome and cardiac arrhythmias, with a focus on pharma-
coepidemiological insights. Literature searches were performed in MEDLINE, Cochrane
Library, and Google Scholar, using combinations of terms such as “serotonin syndrome,”
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“arrhythmia,” “QT prolongation,” “herbal medicine,” “drug-herb interaction,” “artificial
intelligence,” and “machine learning.” Searches were complemented by targeted queries
for specific herbs (e.g., Hypericum perforatum, Ginkgo biloba, Panax ginseng, Glycyrrhiza glabra,
berberine, L-tryptophan). To incorporate real-world data, we also reviewed signals from the
FDA Adverse Event Reporting System (FAERS). Evidence from case reports, observational
studies, experimental findings, clinical trials, systematic reviews, and regulatory documents
was included if relevant to the clinical and mechanistic understanding of DHIs. Preference
was given to reports highlighting pharmacological plausibility, clinical outcomes, or regu-
latory considerations. The strength of evidence was interpreted according to the Oxford

Centre for Evidence-Based Medicine (CEBM) 2009 framework [37]. In this respect associa-
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tions supported by systematic reviews, randomized controlled trials, or high-quality cohort
data (Levels 1-2) were considered strong and correspond to Grades A-B recommendations.
Evidence derived from case—control studies, case series, or regulatory reports (Levels 3—4)
was regarded as moderate, aligning with a Grade C recommendation. Finally, associations
based solely on mechanistic reasoning, in vitro findings, or isolated case reports without
replication (Level 5) were classified as weak and correspond to a Grade D recommendation.
PD-DHIs association with serotonin syndrome or cardiac arrhythmias This grading allowed
us to distinguish well-documented risks from more speculative interactions where clinical
confirmation remains limited. The review also discusses how Al-driven methods may
complement current evidence by integrating pharmacovigilance, clinical, and experimental
data to improve early detection of DHIs.

2.1. Herbal Products That Are Associated with Serotonin Syndrome

Serotonin syndrome is an iatrogenic, potentially life-threatening condition charac-
terized by excessive serotonergic activity in the central nervous system [38,39]. It was
first described in 1960, when elevated CNS serotonin was linked to restlessness, sweating,
mental impairment, ataxia, and hyperreflexia in hypertensive patients treated with MAQIs
and L-tryptophan which was later named “serotonin syndrome” [40,41]. The condition is
most commonly triggered by drugs that increase serotonin levels, such as selective sero-
tonin reuptake inhibitors (SSRIs), serotonin—norepinephrine reuptake inhibitors (SNRIs),
monoamine oxidase inhibitors (MAOIs), and certain opioids (e.g., tramadol, fentanyl).
Clinically significant cases most often involve SSRIs or SNRIs combined with MAOIs,
but other implicated agents include tricyclic antidepressants, opioids, antibiotics (e.g.,
linezolid), antiemetics (e.g., ondansetron, metoclopramide), antimigraine drugs (triptans),
stimulants (amphetamines, cocaine), and over-the-counter medicines such as dextromethor-
phan [42-49]. At the molecular level, overstimulation of 5-HT; A and 5-HT, A receptors in
the brainstem and spinal cord leads to the characteristic triad of symptoms often diagnosed
using the Hunter serotonin toxicity criteria: neuromuscular excitation (e.g., tremor, clonus,
hyperreflexia), autonomic instability (e.g., hypertension, tachycardia, hyperthermia), and
altered mental status (e.g., agitation, confusion) [38,39,46,50]. These features do not always
appear simultaneously, and severity ranges from mild to life-threatening, depending on
the number and intensity of symptoms [42]. Mild-to-moderate cases may present with
restlessness, sweating, and tachycardia, whereas severe cases can progress to hyperthermia,
seizures, rhabdomyolysis, acidosis, disseminated intravascular coagulation, hepatitis, coma,
and death [46,48]. Although hospitalization is rarely required and most mild cases resolve
within 24 h, recovery can take 34 days or longer, and initially mild presentations may
suddenly deteriorate [42,46,48,50].

Despite the increasing number of drugs associated with the risk for serotonin syn-
drome and the incidence rates estimate a prevalence of 12% among psychiatric inpatients on
serotonergic therapy [44,51]. Risk factors include polypharmacy, especially antidepressant—
analgesic combinations and higher rates have been observed in older adults, males, and
with certain drug classes such as MAOIs and SSRIs [45,52]. Fatal cases are typically marked
by rapid onset, hyperthermia, seizures, and elevated creatine kinase [53]. Nonetheless, the
risk of serotonin syndrome with some combinations may be lower than once feared: for
example, the concomitant use of triptans with SSRIs or SNRIs was associated with a low
incidence (0.6-2.3 cases per 10,000 person-years), challenging the FDA’s 2006 advisory on
this condition [54].

Because serotonin syndrome often arises from PD interactions that directly or indirectly
modify serotonin levels, the same concern extends beyond prescription medicines. In this
context, potential PD-DHIs should not be overlooked [55]. Herbal remedies (e.g., St. John's
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wort, ginseng, Syrian rue, turmeric) or other dietary supplements (L-tryptophan or 5-HT)
that increase serotonin levels in the synaptic cleft can also cause serotonin syndrome,
particularly when combined with other serotonergic drugs [44,46,55,56]. Figure 1 illustrates
an overview of the underlying mechanisms and potential herbal compounds that may
contribute to serotonin syndrome, while Table 1 summarizes associated mechanisms and
drug-herb combinations that may potentiate the risk.
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Figure 1. Schematic representation of serotonergic neurotransmission, highlighting the underlying
mechanisms involved in serotonin syndrome. The diagram illustrates serotonin biosynthesis and
release, reuptake via the serotonin transporter (SERT), postsynaptic serotonin receptors (5-HT re-
ceptors), and potential herbal compounds implicated in serotonin modulation along with potential
interacting drugs. Exception is Rhodiola which its potential DHIs are related to PK-mechanisms and
modulation of Cytochrome P450 (CYP).
Table 1. Herbal remedies associated with serotonin syndrome and level of evidence.
Evidence Level *
Herb Pharmacological Mechanism Interacting Drugs (Oxford CEBM References
Level/Grade)
Inhibits serotonin, dopamine,
St. John’s Wort norepinephrine reuptake SSRIs, SNRIs, triptans, .
(Hypericum perforatum) (hyperforin); synergistic MAOIs, buspirone High 3/0) [57-611
serotonergic activity
Serotonergic modulation; unclear
Bk.mk. (.:OhOSh mechanism; potential interaction Ssms’ SNRIs, other Low (4/D) [62,63]
(Cimicifuga racemosa) with antidepressants antidepressants
. . Ginsenosides T monoamine
Ginseng (Panax ginseng) biosynthesis including serotonin SSRIs, SNRIs Low (4/D) [64]
. [3-carboline alkaloids (harmine,
Syrian Rue harmaline): MAO-A inhibition, SSRIs, SNRIs, MAOIs, 1 (4 /) [65,66]
(Peganum harmala) . I antipsychotics
serotonin reuptake inhibition
Turmeric (Curcuma longs) Curcumin 1 serotonin/dopamine  SSRIs, opioids Moderate (4/C) 55]

release; MAO-A inhibition

(fentanyl)
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Table 1. Cont.
Evidence Level *
Herb Pharmacological Mechanism Interacting Drugs (Oxford CEBM References
Level/Grade)
Increases serotonin/dopamine;
Rhodiola (Rhodiola rosea)  inhibits CYP enzymes (CYP2C9, SSRIs, SNRIs, MAOIs Low (4/D) [67]
2D6, 3A4)
Ginkgo biloba MAO 1nh1b1t10n, neurotransmitter SSRIs Low (5/E) [68-70]
modulation
Ashwagandha Modulates serotonin receptors; SSRIs, SNRIs, other Low (4/D) [71]
(Withania somnifera) CYP3A4/2D6 inhibition antidepressants
Precursor to serotonin (via 5-HTP); MAOIs, SSRIs, SNRIs,
L-Tryptophan } serotonin synthesis TCAs Moderate (4/C) [72,73]
MAO-A inhibition; 1 brain 5-HT;
Berberine inhibits CYP2D6/3A4 metabolism tSrSigtI;liNRIs, MAQI, Low (4/D) _

of SSRIs/SNRIs

* Evidence Level is defined based on the type and amount of supporting data according to Oxford CEBM.
High = Levels 1-3 (up to RCTs and systematic reviews) and Grade A-B; Moderate = corresponds to Levels 4-5
(lower-quality evidence, sporadic cases) and Grade C; Low = corresponds to Level 5 (theoretical, mechanism-based
only) and Grade D.

2.1.1. St. John’s Wort (Hypericum perforatum)

St. John’s wort (SJW) is among the most common herbal remedies with well-
established efficacy against mild-to-moderate depression [10]. Of its many components,
hyperforin is primarily responsible for its antidepressant effect, inhibiting the reuptake of
neurotransmitters (serotonin, norepinephrine, and dopamine) at synapses [10-12]. SJW
shows the greatest number of DHIs among herbal products, which can be PK and/or PD.
The latter mostly occur when SJW is combined with drugs that enhance serotonergic neuro-
transmission. For example, serotonin syndrome has been reported with coadministration
of SJW and SSRIs or 5-HT receptor agonists [57].

Case series have shown that SJW interacts with SSRIs such as paroxetine, sertraline,
venlafaxine, and nefazodone through a pharmacodynamic mechanism, as both agents
inhibit serotonin reuptake. This interaction has caused typical symptoms of central sero-
tonergic syndrome (mental status changes, tremors, autonomic and gastrointestinal dis-
turbances, headache, myalgia, and hyperkinesia), especially in elderly patients [57,74].
A case of mania was also reported in a 28-year-old man after 5 weeks of combined SJW
and sertraline 50 mg/day [74]. Buspirone (a 5-HT1A receptor agonist) may also interact
with SJW, producing synergy and enhancing serotonin’s pharmacological effect. Probable
serotonin syndrome occurred in a 27-year-old woman treated with both agents for general-
ized anxiety disorder [58]. Additionally, a 42-year-old woman developed hypomania after
adding SJW and Ginkgo biloba to an existing fluoxetine-buspirone regimen [59]. Another
episode of serotonin syndrome with rhabdomyolysis occurred in a 28-year-old woman
taking eletriptan, fluoxetine, and SJW. The syndrome developed three days after eletriptan
administration for migraine, while she had been on fluoxetine for a year and SJW for a
month [60]. Apart from cases related to potential PD-DHIs, there are case reports also of
toxicity from high-dosing of SJW that resulted in serotonin syndrome or psychosis [61].

Regarding FAERS data there are 34 cases (15.9% of 214 in total reports) of serotonin
syndrome from 1997 till 2025 considering SJW. Overall, the association of St. John’s wort
with serotonin syndrome is supported by multiple case series, recurrent case reports,
and pharmacovigilance data (34 cases in FAERS). The consistency of these reports across
different settings increases clinical confidence that could propose a CEBM Level 3 evidence,
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aligning with a Grade C recommendation. This underscores the importance of carefully
evaluating patients’” health status before initiating any treatment involving SJW.

2.1.2. Black Cohosh

Black cohosh (Cimicifuga racemosa), often promoted for relief of menopausal complaints
such as hot flashes and night sweats, is thought to exert its effects primarily through sero-
tonergic modulation rather than by mimicking estrogen. Triterpene glycosides, including
actein and cimicifugoside, are the primary active compounds in black cohosh extracts and
have been identified as partial agonists for specific serotonin receptors, including 5-HT1A,
5-HT1D, and 5-HT7. This serotonergic activity is a hypothesized mechanism for how
black cohosh helps relieve menopausal symptoms, although other potential mechanisms,
such as estrogen modulation and antioxidant effects, are also being studied. This phar-
macological profile makes it an appealing choice for women who wish to avoid, or are
unsuitable for, hormone replacement therapy. Although some clinical investigations have
reported meaningful symptom improvement, particularly in vasomotor disturbances, find-
ings across studies remain variable and inconclusive regarding both benefit and safety [62].
Importantly, concurrent use with antidepressants has been associated with serotonergic
adverse effects attributed to agonistic action of black cohosh’s triterpene glycosides on
the 5-HT receptors [75]. In one published case from 2024, a woman taking two different
antidepressants developed serotonin syndrome accompanied by rhabdomyolysis after
ingesting black cohosh supplements [63]. Till today pharmacovigilance databases (FAERs
and Eudravigilance) do not provide any data. The serotonergic activity of triterpene glyco-
sides and the few published case reports provide only CEBM Level 4-5 evidence (single
cases, mechanistic plausibility), corresponding to a Grade D recommendation. The absence
of pharmacovigilance signals further underscores the limited strength of evidence but
prompts for vigilance from healthcare providers.

2.1.3. Ginseng (Panax ginseng)

Ginseng is a traditional Chinese medicinal plant used in dietary supplements for its
beneficial effects on brain function (antioxidant, anti-aging, neuroprotective, anxiolytic,
and memory-enhancing actions). These effects are mediated by ginsenosides, which can
increase monoamine biosynthesis, including serotonin. Serotonin syndrome has been
reported in patients taking ginseng with SSRIs or SNRIs such as escitalopram, fluoxetine,
or paroxetine [64]. Despite the underlying pharmacological mechanisms and case reports,
pharmacovigilance data are absent for serotonin syndrome. Overall, evidence is limited to
isolated case reports and pharmacological plausibility, with no pharmacovigilance support.
This represents CEBM Level 4-5 evidence, which translates into a Grade D recommendation
due to the lack of consistent real-world data.

2.1.4. Syrian Rue (Peganum harmala)

Peganum harmala is a traditional medicinal plant whose main active constituents
are (3-carboline alkaloids (harmine, harmaline, harmaline, harmalol, harmol, tetrahydro-
harmine) [76]. Serotonin syndrome occurred in a 42-year-old man on chronic quetiapine
and fluoxetine therapy after taking Peganum harmala for hemorrhoids [65]. Symptoms
(nausea, vomiting, sweating, tremor) progressed within hours to confusion with visual
hallucinations and disorientation. This reaction was likely due to monoamine oxidase A
(MAO-A) inhibition by harmine and harmaline, increasing serotonin levels in the CNS
in the presence of fluoxetine [66]. Additional contributing factors may include tetrahy-
droharmine, which inhibits serotonin reuptake (synergy with fluoxetine), and CYP2D6
inhibition by Peganum harmala, for which fluoxetine is a substrate. Currently, no relative
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reports in FAERS databases exist for Syrian Rue which limits the strength of association.
and reflects a CEBM Level 4-5 evidence and a Grade D recommendation.

2.1.5. Turmeric (Curcuma longa)

Turmeric, used as a food additive and dietary supplement, exhibits serotonergic
effects by inhibiting MAO-A. This inhibition slows the breakdown of serotonin in the
presynaptic neuron, increasing its levels and promoting greater release into the synaptic
cleft [55]. Its main active compound, curcumin, has demonstrated antidepressant effects,
attributed to increased serotonin and dopamine release [77,78]. Hence, when combined
with other antidepressants, curcumin can further elevate brain serotonin levels [78]. In
one study, patients on serotonergic drugs and herbal supplements faced an increased risk
of serotonin syndrome during surgeries involving the opioid fentanyl [55]. For example,
a 72-year-old man on fluoxetine and turmeric developed serotonin syndrome with loss
of consciousness and generalized seizures after receiving two 50 pg doses of fentanyl
for bone marrow biopsy. Fluoxetine inhibits serotonin reuptake, increasing its synaptic
concentration, while curcumin inhibits MAO-A, preventing serotonin breakdown. Fentanyl
further enhances serotonergic effects by promoting serotonin release and weakly inhibiting
reuptake. The potential of turmeric to produce serotonin syndrome has been documented
in 30 reports (10.2% of 294 total reports) for a period from 2015 to 2021 in FAERS. The
presence of mechanistic studies and isolated clinical cases supported by FAERS reports
suggest for CEBM Level 4 (case reports and regulatory reports), corresponding to a Grade
C recommendation for turmeric.

2.1.6. Rhodiola Rosea

Rhodiola (Rhodiola rosea), a traditional medicinal plant widely used in northern Europe
in Russia and Scandinavia, is valued for its adaptogenic properties—enhancing the body’s
resistance to stress and modulating nervous system activity [79]. Its pharmacological prop-
erties attributed to compounds such as monoterpenic alcohols and glycosides, flavonoids,
proanthocyanidins, and cyanogenic glycosides. It can enhance serotonin, dopamine, and
other neurotransmitters, while modulating stress-response pathways involving protein
kinases (p-JNK) and heat shock proteins (Hsp70, FoxO/DAF-16) [80]. Rhodiola also inhibits
cytochrome P450 isoenzymes (e.g., CYP2C9, CYP1A2, CYP2C19, CYP2D6, CYP3A4), poten-
tially reducing the metabolism of antidepressants, thereby intensifying their effects, and
raising the risk of serotonin syndrome [81,82]. Cases of pharmacokinetic or pharmacody-
namic interactions have been observed with Rhodiola rosea. One reported instance involved
a 68-year-old woman with recurrent moderate depressive disorder with somatic features,
who developed tremors, restlessness, and autonomic disturbances after combining Rhodi-
ola rosea with paroxetine, suggesting a possible serotonergic syndrome [67]. Despite the
pharmacological properties of rhodiola, till today no reports have been provided in FAERS
databases. Since clinical documentation is sparse, rhodiola risk for serotonin syndrome
represents CEBM Level 5 evidence, corresponding to a Grade D recommendation.

2.1.7. Ginkgo Biloba

Ginkgo biloba is derived from the leaves of a tree native to China. While its seeds are
considered a delicacy in some regions, they can be toxic in large amounts. The leaf extract
has been used in traditional Chinese medicine for thousands of years to alleviate various
symptoms, including memory loss, anxiety, asthma, diabetes, and erectile dysfunction.
Despite its widespread use in both Eastern and Western medicine, robust clinical evidence
supporting its efficacy remains limited [83-85].

The extract contains two main groups of active compounds: terpene lactones (no-
tably ginkgolides and diterpenes) and flavone glycosides (including ginkgetin, bilobetin,
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and sciadopitysin). Preclinical studies demonstrate that standardized Ginkgo biloba ex-
tract (EGb761) modulates several neurotransmitter systems and brain structures. EGb761
reduces stress-induced corticosterone secretion by downregulating adrenal peripheral ben-
zodiazepine receptors and reversibly inhibits monoamine oxidase in the brain, affecting
serotonin and dopamine uptake. It also exhibits mild anticholinesterase activity, enhancing
cholinergic transmission.

Due to its inhibitory properties on MAQO, concomitant use of Ginkgo biloba with seroton-
ergic antidepressants, such as selective serotonin reuptake inhibitors (SSRIs), may increase
the risk of serotonin toxicity and serotonin syndrome, highlighting important safety consid-
erations. Although sufficient clinical evidence is not available, there are 4 reports (0.4% of
989 reports) in FAERS database from 2018 to 2025 [68-70]. Overall, mechanistic plausibility
exists through MAO inhibition, but the few pharmacovigilance reports place gingko biloba
in CEBM Level 4-5 evidence, aligned with a Grade D recommendation

2.1.8. Ashwagandha (Withania somnifera)

Withania somnifera, or ashwagandha, is an adaptogenic shrub used in traditional
Ayurvedic and Unani medicine to enhance resilience to stress and promote sleep [86,87]. It
is often used to reduce anxiety and has shown potential as an adjunct to selective serotonin
reuptake inhibitors (SSRIs) in treating generalized anxiety disorder [88]. Its pharmaco-
logical activity is due to steroidal lactones (withanolides) and alkaloids. Withanolides
are ergostane-based compounds including withaferin A and various derivatives, while
alkaloids such as withanine and somniferine contribute to its effects. Flavonoids like
quercetin are also present [89,90]. Ashwagandha modulates serotonin by interacting with
serotonin receptors and transport proteins, mimicking SSRI effects at moderate doses by
increasing serotonin. However, higher doses may reduce serotonin, potentially worsening
mood disorders.

DHIs analyses suggest potential adverse effects when ashwagandha is co-administered
with antidepressants [91]. Reboxetine can cause testicular pain and ejaculatory dysfunc-
tion; sertraline is linked to severe diarrhea; escitalopram co-use has resulted in myalgia,
gastrointestinal symptoms, restless legs syndrome, and cough; and paroxetine may cause
generalized myalgia and ocular symptoms. A recent case report document serotonin
syndrome when ashwagandha is combined with SSRIs such as escitalopram [71]. Ash-
wagandha inhibits also CYP3A4 and CYP2D6 enzymes, thus has the potential to lead in
increased concentrations and side effects of antidepressants metabolized by these path-
ways [91]. This raises safety concerns, especially for elderly patients and those on multiple
medications. Long-term safety data on ashwagandha are limited, and lack of standardiza-
tion in formulations complicates consistent clinical outcomes. This can also explain the
absence of reports regarding the herb in FAERS databases. This corresponds to CEBM
Level 5 evidence, yielding a Grade D recommendation till additional data is available.
Hence, caution is advised when using ashwagandha supplements, particularly alongside
serotonergic drugs and providers should remain vigilant for any associated adverse event.

2.1.9. L-Tryptophan and 5-HTP

L-tryptophan is an essential amino acid obtained from dietary proteins. While daily
needs are about 5 mg/kg, some individuals consume much larger amounts (up to
4-5 g/day) via supplements, often to improve mood or sleep [92]. Serotonin is synthesized
from L-tryptophan via two reactions: hydroxylation by tryptophan hydroxylase to L-5-
hydroxytryptophan, then decarboxylation to serotonin [92,93]. Increased L-tryptophan
intake can raise endogenous serotonin levels, triggering the syndrome [92]. When L-
tryptophan is combined with MAOISs, adverse effects can range from mild (drowsiness,
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ataxia, muscle spasms) to more severe (nausea, hyperreflexia). In contrast, coadministration
with tricyclic antidepressants produces minimal or no adverse effects [38,92,93]. 5-HTP
itself can be obtained directly from dietary supplements, often extracted from the seeds of
Griffonia simplicifolia. By bypassing the initial hydroxylation step, 5-HTP supplementation
may lead to a more direct increase in serotonin production. Both increased L-tryptophan
and 5-HTP intake can elevate endogenous serotonin levels. This prompts for caution in
individuals concurrently using serotonergic medications SSRIs, TCAs and MAOIs. Case re-
ports in the literature describe serotonin syndrome-like toxic reactions when L-tryptophan
was co-administered with fluoxetine [72]. Additionally, there are reports in which sero-
tonin syndrome is presented clinically as status epilepticus following the combined use
of tranylcypromine or clomipramine with L-tryptophan [73]. Despite the straightforward
association of 5-HTP with serotonin syndrome, no relative reports can be retrieved from
FAERS database. However, given the mechanistic plausibility and the presence of several
case reports in patients combining 5-HTP with antidepressants they constitute CEBM
Level 4 evidence, which corresponds to a Grade C recommendation for L-tryptophan or
5-HTP supplements.

2.1.10. Berberine

Berberine is widely promoted as a botanical supplement for managing metabolic disor-
ders, particularly type 2 diabetes, hyperlipidemia, and obesity, due to its glucose-lowering
and lipid-regulating properties. Beyond its metabolic benefits, preclinical studies sug-
gest that berberine also exerts antidepressant-like effects by modulating neurotransmitter
levels, including serotonin in the brain through MAO-A inhibition [94,95]. In addition,
berberine is an inhibitor of key drug-metabolizing cytochrome P450 enzymes (notably
CYP2D6, CYP2C9, and CYP3A4) [96]. Similar inhibitory activity has been reported for
goldenseal (Hydrastis canadensis), another berberine-rich herbal product [6]. Since many
antidepressants, including SSRIs and SNRIs, are CYP2D6 or CYP3A4 substrates, berber-
ine may elevate their plasma concentrations and thereby intensify their pharmacological
effects. This dual action raises the theoretical risk that concurrent use of berberine with
SSRIs, SNRIs, MAO inhibitors, or other serotonergic agents such as triptans could result in
excessive serotonergic activity. However, to date, no confirmed clinical cases of serotonin
syndrome attributable to berberine have been documented. Likewise, while berberine’s
CYP2Dé6 inhibition could interfere with the metabolism of agents such as fluoxetine, dulox-
etine, tramadol, and other antidepressants, published case reports remain absent While
no clinical serotonin syndrome cases from berberine are known, and no reports in FAERS
and Eudravigilance, berberine’s MAO-A inhibitory properties and its CYP3A4/CYP2D6
inhibition could theoretically precipitate serotonin toxicity when combined with other sero-
tonergic drugs. In light of these mechanistic insights, healthcare professionals are advised
to exercise caution when evaluating patients who use berberine alongside serotonergic
medications, until sufficient clinical evidence becomes available.

2.2. Herbal Products Associated with Cardiac Arrhythmias

Cardiac arrhythmias, including QT prolongation, torsade de pointes (TdP), and ventricu-
lar tachycardia, may result from drug-induced disturbances in cardiac electrophysiology [97].
The most well-established mechanism involves blockade of the rapid component of the de-
layed rectifier potassium current (I_Kr), encoded by the human Ether-a-go-go-Related Gene
(hERG). Inhibition of hERG channels delays repolarization and prolongs action potential
duration, thereby increasing the risk of arrhythmogenic afterdepolarizations [98]. Additional
mechanisms include myocardial heterogeneity, drug interactions, genetic polymorphisms,
electrolyte disturbances, modulation of potassium (K*), sodium (Na"), or calcium (Ca®") chan-
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nels, interference with sympathetic tone, and the influence of aging or comorbidities [99,100].
When herbal constituents act synergistically or antagonistically with drugs affecting cardiac
repolarization, the risk of life-threatening arrhythmias can be significantly increased [101].
Drug-induced arrhythmias are a recognized clinical challenge, precipitated by a wide range
of pharmacological agents [97]. These disturbances—ranging from QT interval prolonga-
tion and TdP to bradyarrhythmias and atrial fibrillation—result from altered ion channel
function, imbalances in calcium handling, or autonomic dysregulation [99,102]. Established
risk factors include older age, female sex, structural heart disease, electrolyte abnormali-
ties, genetic predisposition, and comorbid conditions such as cancer, all of which heighten
susceptibility to arrhythmogenic triggers [103,104]. While antiarrhythmics, antimicrobials,
psychotropics, and certain analgesics are frequently implicated, herbal supplements have
also emerged as potential contributors, either independently or through interactions with
prescribed medicines [101,105,106].

Herbal products can disrupt cardiac rhythm by modulating ion channels, interfering
with repolarization, or potentiating the effects of cardioactive drugs such as cardiac gly-
cosides (Figure 2) [106]. For example, licorice may enhance proarrhythmogenic effects or
alter action potential parameters, while ephedra and bitter orange exert sympathomimetic
stimulation that can precipitate tachyarrhythmias or hypertensive crises. Evidence remains
limited underscoring the need for clinical vigilance (Table 2). Presentations may include
palpitations, chest pain, syncope, dizziness, or sudden cardiac arrest (particularly in ventric-
ular tachycardia), accompanied by electrocardiographic findings such as QT prolongation,
bidirectional ventricular tachycardia, or Brugada-like patterns.
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Figure 2. Proposed mechanisms by which herbal compounds may precipitate cardiac arrhythmias
along with potential interacting drugs. These mechanisms converge on distinct electrophysiological
substrates that may trigger ventricular arrhythmias such as VT (ventricular tachycardia), VF (ventric-
ular fibrillation), TdP (torsades de pointes), SVT (supraventricular tachycardia), AF (atrial fibrillation),
PVCs (premature ventricular contractions), and varying degrees of AV block (atrioventricular block).
(K*: potassium).
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Table 2. Herbal remedies related to elevated risk for cardiac arrhythmia when combined with certain

medications and level of evidence.

Evidence Level *

Herbal Product Mechanism Interacting Drugs (Oxford CEBM References
Level/Grade)
Aconite Aconitine toxin — sodium channel Digoxin, .
(Aconitum spp.) activation, bidirectional VT antiarrhythmics High (3/B) [107-111]
Licorice Inhibits 113-HSD2 — QT-prolonging drugs
(Glycyrrhiza glabra) pseudo-hyperaldosteronism, di 123 tics C% (;gxin 8% Moderate (3/0) [112-115]
yey 8 hypokalemia — TdP . » 18
Ephedra/Sida spp. Sympathomimetic alkaloids B-agonist
(Ephedra sinica, (ephedrine) — adrenergic Q,?_g(; ls rs1, ine dr High (2-3/B) [116-118]
Sida acuta) overstimulation profonging drugs
Bitter Orange p-synephrine — adrenergic agonist = Sympathomimetics, .
(Citrus aurantium) tachycardia, hypertension QT-prolonging drugs Moderate (4/D) [119-121]
Kratom Affects ion channels; QT prolongation; ~Antiarrhythmics,
(Mitragyna speciosa) Brugada-like ECG opioids, SSRIs Moderate (4/D) [122-125]
Yohimbine «2-antagonism — sympathetic Antiarrhythmics, B
(Pausinystalia yohimbe) overdrive -agonists Moderate (3/C) [126-128]
. e QT-prolonging drugs,
Berberine Prolong§ QT mter\'/al, 1nh1b1t's CYP antiarrhythmics, Moderate (4/D) [129]
metabolism of antiarrhythmics .
quinolones etc.
. . . . QT-prolonging drugs,
Gmseng' Gms.enosmles prolong QT interval antiarthythmics, Low (5/D) [130]
(Panax ginseng) possible through hERG .
quinolones etc.
. . QT-prolonging
Guarana, black tea, green Caffeine blocks adenosine receptors, antibiotics
! ’ T sympathetic tone, 1 Ca?* handling . ’ Moderate (4/C) [131]
coffee, yerba mate . . antidepressants,
— tachycardia, arrhythmias . .
antiarrhythmics
Aloe vera and Senna Anthraquinone glycosides — laxative  Digoxin,
. effect — chronic hypokalemia — antiarrhythmics, Moderate (4/C) [132]
(laxative use) . . . .
arrhythmogenic substrate diuretics, psychotropics
Digoxin,
Oleander Cardiac glycoside (oleandrin) inhibits  antiarrhythmics,
(Nerium oleander) Na*/K*-ATPase — 1 intracellular B-blockers, Ca2* Moderate (3/C) [133]
Ca?* — arrhythmias channel blockers, ACE
inhibitors
Cardiac glycosides (convallatoxin, Dlgoxm, .
Lily of the Valley convallarin, convallamarin) inhibit antiarrhythmics,
(Convallaria majalis) Na*/ K+—A"i"Pase — digitalis-like B-blockers, Ca?* Moderate (3/C) [134]
] toxicit & channel blockers, ACE
y inhibitors
Cardiac glycosides,
Alkaloids and vasoactive compounds; ~ACE inhibitors,
Night-blooming cereus historical “heart tonic” use; potential p-blockers, CaZ* Moderate (3/C) [106]
ion channel effects channel blockers, other
antiarrhythmics
Evodiamine — positive Antiarrhythmics,
inotropic/chronotropic effects; QT-prolonging agents,
Evodia rutaecarpa dehydroevodiamine, hortiamine B-blockers, Ca%* Moderate (3/C) [135]

inhibit hERG channels — prolonged
action potential, proarrhythmia

channel blockers,
platelet inhibitors

* Evidence Level is defined based on the type and amount of supporting data according to Oxford CEBM.
High = Levels 1-3 (up to RCTs and systematic reviews) and Grade A-B; Moderate = corresponds to Levels 4-5
(lower-quality evidence, sporadic cases) and Grade C; Low = corresponds to Level 5 (theoretical, mechanism-based

only) and Grade D.
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2.2.1. Aconite

Despite their high risk for toxicity, aconite-containing preparations (Aconitum spp., e.g.,
Chuanwu in traditional Chinese medicine) as herbal medicines have been used for pain relief,
specifically for conditions like neuralgia, muscular rheumatism, and arthritis as well as for
skin conditions, paralysis, and even toothache [136-138]. Aconite remedies contain potent
diterpenoid alkaloids such as aconitine, which bind voltage-gated sodium channels in the
open state, delaying inactivation and prolonging depolarization. This produces triggered ac-
tivity, slowing conduction, and malignant ventricular arrhythmias, including bidirectional and
polymorphic ventricular tachycardia (VT) [139-142]. Regarding epidemiological occurrence
consistent case reports suggest a robust mechanistic plausibility of aconite toxicity through the
heart. Numerous toxicology series from China and other regions report fatalities following
ingestion of improperly processed roots or tinctures, with electrocardiographic features resem-
bling digitalis toxicity [107-111]. Despite toxicology reports in China, FAERS does not include
any reports regarding arrythmia for aconite products. Taken together, recurrent case series
and toxicology reports provide consistent clinical documentation and mechanistic plausibility,
corresponding to CEBM 2-3 evidence and a Grade B recommendation.

2.2.2. Licorice

Licorice (Glycyrrhiza glabra) has been traditionally used for various ailments such as
respiratory issues like coughs and bronchitis, digestive problems such as heartburn and
ulcers, and skin conditions like eczema. Moreover, it has been explored for its potential anti-
inflammatory, antimicrobial, and antiviral properties [143]. Licorice contains glycyrrhizin,
which inhibits 113-hydroxysteroid dehydrogenase type 2 (113-HSD2), causing apparent
mineralocorticoid excess, sodium retention, K* wasting, and hypertension. Hypokalemia
prolongs repolarization and can trigger TdP or polymorphic VT, particularly in patients
on QT-prolonging drugs or digoxin [143-145]. Multiple consistent case reports describe
life-threatening arrhythmic “electrical storms” or relative heart events after licorice con-
sumption suggesting a strong pathophysiological rationale [112-115]. FAERS database
does not provide any arrhythmia reports but there are 31 reports of hypokalemia (43.06%
of 72 total reports) for licorice. Hence, caution should be advised from healthcare providers
for patients with cardiovascular conditions already taking medications that prolong the QT
interval or taking digoxin to avoid consuming excessive amounts of licorice preparations.
This combination of robust mechanistic plausibility and recurrent case reports aligns with
CEBM Level 4 evidence and a Grade C recommendation.

2.2.3. Ephedra

Ephedra (Ephedra sinica, “Ma Huang”) has long been used for its stimulant and
antiasthmatic effects and, more recently, gained popularity in Western countries as a weight
loss aid and bodybuilding supplement [146,147]. Its use, however, has been strongly
associated with serious cardiovascular complications for dietary supplements containing
ephedra alkaloids [148,149]. Ephedra and other ephedrine alkaloid-containing herbs,
such as Sida species, produce sympathomimetic effects through both direct and indirect
adrenergic agonism [150]. These mechanisms elevate heart rate, increase myocardial oxygen
demand, enhance automaticity, and promote afterdepolarizations, thereby predisposing
individuals to supraventricular tachycardias, ventricular arrhythmias, and sudden cardiac
death [116]. Epidemiological studies, regulatory reviews, and pharmacovigilance reports
in the early 2000s documented substantial cardiovascular morbidity and mortality linked
to ephedra use [117,118]. FAERS search for standalone products also resulted in one case
of arrhythmia but also additional heart-related cases (heart rate increase, syncope, etc.)
Based on multiple case series, consistent pharmacovigilance data, and strong mechanistic
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evidence, the overall level of evidence supporting this association corresponds to CEBM
Levels 2-3 evidence and a Grade B recommendation which also led the FDA to ban ephedra
products in 2004 [151,152].

2.2.4. Bitter Orange

Bitter orange (Citrus aurantium) has been used as a flavoring and acidifying agent in
food. As a source of flavonoid-type compounds with diverse biological effects it has been
researched for diverse biological activities, including anticancer, antianxiety, antibacterial,
antioxidant, antidiabetic, and metabolic syndrome-modulating effects. Its principal pro-
toalkaloid, p-synephrine, is structurally related to ephedrine and interacts variably with
o- and 3-adrenergic receptors [153]. Although less potent than ephedrine, p-synephrine
can raise heart rate and blood pressure and has been implicated—often in combination
with caffeine-containing supplements—in tachyarrhythmias, hypertension, and myocardial
infarction [119,120]. FAERS search did not provide any data or reports. The association be-
tween synephrine and cardiovascular adverse events is supported by consistent mechanistic
plausibility without excluding confounding factors and relies primarily on case reports,
resulting in a low CEBM Level 4-5 evidence and a Grade D recommendation [120,121].
Patients receiving cardiovascular medications, especially those with hypertension or ar-
rhythmia, should be counseled to avoid or strictly limit bitter orange due to its potential to
counteract therapeutic goals.

2.2.5. Kratom

Kratom (Mitragyna speciosa), is often used for pain relief and to aid opioid withdrawal.
It contains alkaloids such as mitragynine, which act on p-opioid receptors and modulate
several ion channels, with possible hERG potassium channel blockade [154-156]. Clinical
case reports and poison-control center data describe QT prolongation, ventricular tach-
yarrhythmias, and Brugada-like electrocardiographic changes, in some cases unmasking
latent channelopathies. Mechanistic data, although preliminary, suggest both direct electro-
physiological effects and indirect risks from concomitant drug use [122-125]. FAERS search
did not provide any data. Given the mechanistic plausibility and multiple case reports
but absence of robust controlled studies or pharmacovigilance reports, the overall level of
evidence represents CEBM Level 4-5 evidence and a Grade D recommendation. However,
given the underlying mechanisms healthcare professionals should be vigilant and advise
patients with cardiac disease or those on antiarrhythmic or QT-prolonging drugs to avoid
kratom, as it may amplify arrhythmic risk.

2.2.6. Yohimbine

Yohimbine (Pausinystalia yohimbe) is, an ap-adrenergic antagonist, enhances sympa-
thetic outflow and norepinephrine release, which has led to its promotion for erectile
dysfunction, athletic performance, weight loss, and mood enhancement [157,158]. Exces-
sive intake, however, can precipitate sinus tachycardia, supraventricular arrhythmias, atrial
flutter, and—in susceptible individuals—tachycardia-mediated cardiomyopathy. Case
reports, some of those fatal, describe arrhythmias that are resolved after discontinuing
yohimbine [126-128]. The link between yohimbine use and these cardiovascular effects
is mechanistically plausible but documented primarily in isolated clinical reports, corre-
sponding to a very low certainty of evidence of CEBM Level 4-5 and a Grade D recom-
mendation [159]. However, given the underlying pharmacological action and intended use,
clinicians should warn patients taking cardiovascular medications—particularly those with
structural heart disease—that yohimbine’s stimulatory effects may provoke dangerous
rhythm disturbances.
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2.2.7. Berberine

Berberine itself affects cardiac electrophysiology and can precipitate arrhythmias,
especially when combined with other cardiotoxic drugs. It has negative chronotropic and
anti-arrhythmic actions, mediated by blockade of cardiac K* channels including hERG
channel and M2 receptor activation [160]. In vitro studies have shown that berberine di-
rectly degrades/inhibits hERG, prolonging QT. A recent case report described an event
of symptomatic sinus bradycardia with junctional rhythm from berberine that resolved
after drug withdrawal highlighting its bradyarrhythmic potential [129]. An additional
case study described the case of a 56-year-old woman with acquired long QT syndrome,
TdP, and syncope following the excessive use (up to 6 times recommended dose) of herbal
supplements of hemp oil (cannabinoid derivatives) along with berberine [129]. These data
reveal the proarrhythmic effect of berberine suggesting caution in use. Importantly, DHIs
can greatly amplify these risks. Co-incubation in HEK293 cells stably expressing hERG
gene and HepG2 cells with macrolide antibiotics (azithromyecin, clarithromycin) produced
additive hERG block and CYP3A4 inhibition: the berberine + macrolide combination sup-
pressed hERG currents far more than either agent alone [161]. Similarly, berberine combined
with simvastatin or atorvastatin caused enhanced hERG current inhibition and CYP3A4
blockade compared to each drug alone [162]. In practice, this means berberine use with
any QT-prolonging or hERG-blocking drug (e.g., certain antiarrhythmics, antihistamines,
macrolides, azoles)—or with drugs highly dependent on CYP3A4 metabolism—may trigger
TdP or other arrhythmias. While mechanistic and case evidence are compelling, epidemi-
ological confirmation is lacking, with no relevant reports in FAERS, placing berberine at
CEBM Level 4 evidence with a Grade C recommendation. Given berberine’s promotion
as a plant-derived adjunct for managing dysglycemia, dyslipidemia, and weight control,
and till sufficient safety data emerge, healthcare professionals should remain vigilant for
potential arrhythmias or other related ADR.

2.2.8. Ginseng (Panax ginseng)

Ginseng has been identified as a potential cause of Long QT Syndrome (LQTS), partic-
ularly when consumed in large quantities. Ginsenosides, the active compounds in ginseng,
are suspected to be responsible for these cardiac effects, possibly through interactions with
hERG channels, as in vivo studies have shown [163]. This is further supported by a case
report of a woman who developed severe LQTS and torsade de pointes after consuming
large amounts of ginseng daily for several months [130]. To date, evidence linking ginseng
to arrhythmias remains tentative, and direct causality has not been firmly established, as
ginseng may also exert cardioprotective effects. Moreover, FAERS data do not provide any
reports of potential arrhythmia. Despite the mechanistic insights, the limited cases reflect
a CEBM Level 4-5 of evidence and a grade E recommendation. However, patients with
underlying cardiovascular or renal conditions, or those taking medications that predispose
arrhythmia, should exercise caution when using ginseng.

2.2.9. Caffeine in Herbal Remedies

Herbal remedies used as stimulants (e.g., Guarana, black tea, green coffee, yerba
mate) owe their action to their caffeine content. Pharmacologically, caffeine blocks the
effects of adenosine and stimulates the central nervous system and the heart, leading to
increased heart rate and potentially a stronger heartbeat [164]. This effect can be beneficial
for alertness and physical performance but may also cause palpitations or other heart
rhythm issues in some individuals. The risk is further increased when caffeine-containing
preparations are combined with medications that prolong the QT interval, enhance sym-
pathetic tone, or affect cardiac conduction, such as certain antibiotics, antidepressants,
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and antiarrhythmics. In these cases, overlapping mechanisms—particularly enhanced
catecholamine release and altered calcium handling—can predispose supraventricular
tachycardia, atrial fibrillation, or even ventricular arrhythmias. From 1999 to 2025 there
are 37 cases of arrhythmia (0.77% of 4819 reports from 1999 to 2025) in FAERS database for
caffeine (not counting combinations with other medicines, i.e., acetaminophen). Although
moderate consumption is regarded as safe, case reports and pharmacovigilance signals
document episodes of clinically significant arrhythmias, including atrial fibrillation and
ventricular tachycardia, following excessive intake of stimulant herbal products or coffee,
especially in young adults consuming high doses of caffeine energy drinks [131,165,166].
Caffeine has a CEBM level 4 evidence and a Grade C recommendation as to arrhythmias.

2.2.10. Aloe and Senna Products

Laxative herbal remedies such as aloe vera and senna exert their action primar-
ily through anthraquinone glycosides, which stimulate colonic motility and fluid se-
cretion [167]. Chronic or excessive use can cause significant loss of K*, leading to hy-
pokalemia [168]. Low serum K* disrupts cardiac repolarization and increases susceptibility
to arrhythmias, particularly when combined with QT-prolonging or digoxin-like drugs.
This risk is clinically relevant because hypokalemia potentiates digoxin toxicity and en-
hances the proarrhythmic effects of antiarrhythmics, diuretics, and certain psychotropics.
Case reports and clinical observations have documented severe electrolyte disturbances
and arrhythmic events in patients with prolonged senna or aloe use, especially in co-
administration with digoxin [132]. FAERS database search returns 6 reports of arrhythmia
for senna (0.66% of 927 reports in total from 1969 to 2025) but no data for aloe except for
one case of heart failure. The available evidence, based on consistent pathophysiology and
case reports, corresponds to CEBM Level 4 evidence and a Grade C recommendation.

2.2.11. Herbs with Cardiac Glycosides or Cardiotonic Compounds

Herbs containing cardiac glycosides or related cardiotonic agents may precipitate
serious toxicities, particularly arrhythmias. Among the best-known examples is oleander
(Nerium oleander), an ornamental plant valued for its evergreen foliage and colorful flowers.
Oleander is rich in glycosides such as oleandrin, which inhibit Na* /K*-ATPase, raising
intracellular calcium concentrations and predisposing to arrhythmogenic events. Both
accidental and intentional ingestion of oleander continue to account for notable morbidity
and mortality worldwide [133,169-171]. Another example is Lily of the valley (Convallaria
majalis), which contains convallatoxin, convallarin, and convallamarin. These compounds
act in a digitalis-like manner via Na*/K*-ATPase inhibition, producing toxic cardiac effects.
Most published cases of poisoning arise from accidental ingestion [134]. Night-blooming
cereus has historically been used as a “heart tonic” for chest pain and cardiovascular sup-
port. Its alkaloids and possible other vasoactive constituents may influence cardiac function,
although published evidence is limited. Nonetheless, the possibility of pharmacodynamic
drug-herb interactions (PD-DHIs) with glycosides, ACE inhibitors, beta-blockers, calcium-
channel blockers, or antiarrhythmics is clinically relevant, and concurrent use should be
avoided [106]. Evodia rutaecarpa demonstrates complex cardiovascular actions, attributed
to evodiamine and related compounds. These include positive inotropic and chronotropic
effects, vasodilation, and antiplatelet properties. However, certain constituents, such as
dehydroevodiamine and hortiamine, inhibit hRERG potassium channels, prolonging cardiac
action potential duration and conferring proarrhythmic potential. Although clinical case
reports remain scarce, experimental studies indicate cardiotoxicity [135,172]. Overall, herbs
with cardiotonic or glycoside-like activity should be used with extreme caution, particularly
in patients receiving cardiovascular drugs, as co-administration may significantly increase
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the risk of life-threatening cardiac events. Collectively, these reports provide mechanistic
plausibility and repeated case documentation, aligning with a CEBM Level 3 evidence and
a Grade C recommendation.

3. AI-Driven Approaches Drug-Herb Interactions Epidemiology

Artificial intelligence (Al) and machine learning (ML) can assist in advancing our un-
derstanding of DHIs, particularly in high-risk outcomes such as serotonin syndrome and
drug-induced arrhythmias. Traditional pharmacovigilance approaches rely heavily on spon-
taneous reports and retrospective reviews, often detecting problems only after they become
clinically significant. In contrast, Al-driven approaches can augment pharmacovigilance anal-
ysis by integrating mechanistic, clinical, and epidemiological data to proactively identify and
quantify potential risks even before widespread harm occurs (Figure 3 and Table 3) [173-177].
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Figure 3. Integrative artificial intelligence (AI) framework for predicting serotonin syndrome and
cardiac arrhythmia risks from herbal supplements. General and patient-specific data can be integrated
to generate alerts for potential ADRs.

Table 3. Al and XAI outputs for Predicting and Managing DHIs Risks in serotonin syndrome and
arrhythmias. The table presents examples of herbal remedies, their active constituents, the primary
mechanisms associated with increased risk (indicated by —), relevant Al data sources used for risk
prediction, and the potential clinical outputs generated through Al and explainable AI (XAI) systems.

Herb Remedies
(Active Constituents)

Primary Mechanism Related Potential AI/XAI
to Risk Al-Relevant Data Sources Clinical Output

St. John’s Wort
(Hyperforin)

Inhibits serotonin reuptake —
risk of serotonin syndrome
with SSRIs/SNRIs

Medline case reports, FAERS,  Predicts serotonin toxicity risk;
EHRs, CYP DBs patient-specific susceptibility

Black Cohosh
(Triterpene glycosides)

Alerts on co-use with
antidepressants; explains
mechanism

Modulates serotonin — Case reports, supplement
potential serotonergic toxicity = databases, NLP gray-literature
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Table 3. Cont.

Herb Remedies Primary Mechanism Related Al-Relevant Data Sources Potential AI/XAI
(Active Constituents) to Risk Clinical Output
. . . FAERS, Eudravigilance Identifies high-risk
Ginseng T monoamine synthesis — h ) h d binations:
(Ginsenosides) serotonin syn drome risk pharmacology pathways, antidepressant combinations;
herbal DBs patient-specific susceptibility
Syrian Rue MAO-A inhibition + serotonin EHR, traditional medicine Predicts severe serotonin
(B-carbolines: harmine, reuptake inhibition + CYP2D6 pharmacopeia, molecular syndrome; explains additive
harmaline) inhibition docking DBs PK/PD effects
Turmeric MAO-A inhibition + 1 Medline, Case DBs, Forecasts patient-specific
. . elevated serotonin syndrome
(Curcumin) serotonin release

supplement surveys, PD DBs

risk

Rhodiola rosea

(Phenylpropanoids, T é?gtfnrﬁﬁ);?jndgp?rgize * PK data, CYP inhibition Models cumulative serotonin
flavonoids, exposure & datasets, integrative registries  toxicity risk in polypharmacy
proanthocyanidins)
. Gznkgo biloba MAQO inhibition; serotonin PV reports, MAO assays, Identifies E.it_rISk. patients;
(Ginkgolides, flavone ; .. . Flags caution with SSRIs;
. modulation clinical trials . .
glycosides) evidence limited
Ashwagandha Serotonin receptor Predicts ADRs (serotonin

(Withanolides, alkaloids)

PK interaction datasets,
FAERS, NLP notes

modulation + CYP inhibition
— 1 antidepressant levels

syndrome) for specific drug
pairs

L-Tryptophan and 5-HT

Serotonin precursor — excess
+ serotonergic drugs —
serotonin syndrome

Supplement DBs, metabolic
models, case archives

Forecasts high-risk combos;
simulates symptom onset

Berberine

T serotonin transporter +
CYP/MAO-A inhibition +
hERG block — 1 5-HT and QT
prolongation

Medline, in vitro/in vivo data

Caution with SSRIs/MAOs or

QT-prolonging drugs

Ginseng (Panax ginseng)

Monoamine 1 + hERG action =~ Medline, in vitro/in vivo data

Caution with SSRIs/MAOs;

avoid excessive use

Aconite Sodium channel activation Toxicology DBs, TCM, poison sifnrﬁiial tc;c: gggyzﬁ;?: aer;s;;{' d
(Aconitine alkaloids) — VT control &
set alerts
Licorice Root 11B-HSD2 inhibition — Nutrition/ electrolyte data, QT_Fersl;csmTil: rl;l:uw;tgr ”
(Glycyrrhizin) hypokalemia — TdP FAERS 3 181N Arus
wasting diuretics
Ephedra/Sida spp. [-adrenergic stimulation — Supplement sales, CV ADR Predicts arrhythmia risk;
(Ephedrine alkaloids) tachyarrhythmia DBs models stimulant interactions
Bitter Orange Sympathomimetic effect —

(p-Synephrine)

tachycardia, arrhythmia FDA reports, market data

Identifies or predicts hyperten-

sive/arrhythmogenic risk
Kratom Opioid-like + ion channel Forecasts QT risk
(Mitragynine, effects — QT prolongation, Social media PV, EHR mining atient-specific
7-hydroxymitragynine) Brugada pattern p p
Yohimbine ap-blockade — sympathetic supplement market data, Predicts atrial
(Indole alkaloid) overdrive — tachyarrhythmia

cardiology archives

flutter /tachycardia risk

Caffeine herbs (guarana, black
tea, green coffee, yerba mate)

Adenosine receptor blockade
+ 1 catecholamines/Ca%* —
tachyarrhythmia

Case reports, PV signals,
market data

Models risk of SVT/AF/VT in
excessive stimulant co-use

Aloe vera and Senna
(Anthraquinone glycosides)

Laxative — K* loss —

OTC or electrolyte DBs and
hypokalemia — arrhythmia

market data

Flags hypokalemia-related

arrhythmia risk

Oleander (Nerium oleander,
oleandrin)

Nat /K*-ATPase inhibition
— 1 Ca%* — digitalis-like
arrhythmia

Regulatory reports, toxicology
DBs

Warns for digitalis-like
toxicity
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Table 3. Cont.
Herb Remedies Primary Mechanism Related Potential AI/XAI
(Active Constituents) to Risk AlRelevant Data Sources Clinical Output
Lily of the Valley Cardiac glycosides — Regulatory reports, toxicology Flags accidental poisoning
(Convallaria majalis) digitalis-like arrhythmia DBs risk digitalis-like toxicity

Historical /ethnomedicine

Night-blooming Cereus Alkaloids, vasoactive agents DBs Flags potential PD-DHIs
Tinotropy/chronotropy + Models hERG-related
Evodia rutaecarpa hERG inhibition — Medline, in vitro/in vivo data

arrhythmia arrhythmias

By combining chemical structures, pharmacokinetics, molecular pathways, pharma-
cogenomics, and adverse event reports, ML models can link herbal constituents to drug
targets such as CYP2D6, CYP3A4, serotonin transporters, or cardiac ion channels. This
allows prioritization of drug-herb combinations with a high potential for serotonin toxicity
or arrhythmogenic effects. From a mechanistic perspective, Al models can integrate chem-
informatics data such as SMILES, a machine-readable representation of molecular structure
to network pharmacology knowledge graphs (i.e., networks linking herbs, compounds,
and targets) and make predictions that can be cross validated against real-world clinical
outcomes thereby uncovering “hidden” risks—such as synergistic serotonergic effects
or arrhythmia—that may be missed in traditional analyses [178-183]. These approaches,
though not yet applied to herbal products, indicate how analogous frameworks could even-
tually be adapted to assess pharmacodynamic DHIs, provided challenges such as variable
herbal composition, heterogeneous reporting, and limited clinical data are addressed.

On the epidemiological front, Al can mine electronic health records (EHRs), phar-
macovigilance systems (FAERS, EudraVigilance), and even patient-generated data from
social media to detect early safety signals [184-188]. Natural language processing (NLP)
enables rapid extraction of case reports or clinical notes, while patient-level features such
as age, comorbidities, and polypharmacy allow personalized risk stratification [189]. For
example, ML models could estimate that elderly patients on SSRIs and black cohosh carry a
two- to threefold increased risk of serotonin syndrome compared to the general population.
Importantly, such tools can be embedded at the point of dispensing to support healthcare
providers, including community pharmacists. If a patient requests SJW while taking an
SSRI, the system could flag the interaction and provide interpretable context from case
reports, FAERS, and CYP data to guide counseling. Similarly, Al could highlight TdP risk in
patients combining licorice with QT-prolonging drugs or forecast emerging threats such as
kratom and berberine by integrating social media, pharmacovigilance, and pharmacology
data. These systems can be further incorporated into tools that empower patients towards
improved interventions and healthcare provision in community level [190,191].

A particularly valuable feature of Al-enhanced pharmacoepidemiology could be
predictive “what-if” simulations [192-194]. By integrating real-time supplement market
trends and online discussion monitoring, models can forecast the interaction landscape
of newly popular herbal products—such as kratom, adaptogens, berberine, etc.—before
sufficient ADE reports accumulate. This capacity is especially critical for outcomes like
serotonin syndrome or TdP, where early warnings may prevent harm.

Explainable Al (XAI) may soon become a necessary component of pharmacoepidemi-
ology. XAl further enhances clinical utility by showing why an algorithm predicts elevated
risk—for example, highlighting serotonin reuptake inhibition in SJW and SSRI, or sodium
channel activation in aconite with antiarrhythmics [195,196]. XAl can provide transparency
on why an algorithm predicts that a given drug—herb combination may be of risk for a spe-
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cific patient or group of patients. Such interpretability enables pharmacists and clinicians
not only to be alerted to risks but also to integrate predictions with their own expertise,
fostering trust and informed decision-making.

However, challenges remain, including variable herbal product composition, under-
reporting of supplement use, heterogeneous documentation, and the computational de-
mands of real-time data integration [7,173]. In addition, healthcare providers, especially
those within communities, need training to interpret model explanations, assess their
validity, and integrate them into patient counseling [197,198]. Moreover, substantial com-
putational power is still required to process and integrate multi-source, high-dimensional
clinical, molecular, and real-world data in real time to model potential risk scenarios.
Addressing these barriers will require standardized data frameworks, interdisciplinary
collaboration, and continuous feedback between developers, epidemiologists, and clini-
cians. Nonetheless, Al—particularly when augmented by XAl—offers a scalable strategy
to strengthen pharmacovigilance. For serotonin syndrome and arrhythmias, integrating
transparent, interpretable models into healthcare workflows could significantly enhance
early detection, risk stratification, and patient safety in integrative medicine.

4. Conclusions

Herbal products and DHIs associated with serotonin syndrome and cardiac arrhyth-
mias, although relatively uncommon, pose significant clinical concerns. Some interactions
are supported by sufficient evidence, such as serotonin syndrome from St. John’s wort com-
bined with SSRIs or arrhythmias linked to ephedra with sympathomimetic drugs. Other
interactions—such as black cohosh, ginseng, Syrian rue, turmeric, rhodiola, ashwagandha,
or L-tryptophan/5-HTP with serotonergic drugs, and licorice, aloe, or senna with cardiac
medications—have limited clinical evidence or have not been consistently observed in
large-scale real-world studies. A key limitation in DHISs research is the variability of self-
administered products, including inconsistent dosing and differing formulations, which
can affect the clinical relevance of observed data. Clinicians and community healthcare
providers, such as pharmacists, should routinely assess patients” use of herbal and di-
etary supplements, particularly when prescribing serotonergic or QT-prolonging drugs
and when dispensing these medications, respectively. Monitoring for serotonin toxicity
is recommended when patients use serotonergic drugs in combination with herbs that
may trigger serotonin syndrome, while check electrolytes and perform ECGs are advised
when cardiac medications are combined with hypokalemia-inducing or stimulant herbs.
Considering the often self-care practices, patient education on potential interactions and
prompt adverse event reporting is essential. Regarding Al-based tools such as XAI or
generative Al models, they may support DHI risk prediction, but should complement
clinical judgment rather than replace it. Pharmacoepidemiological efforts should focus on
strengthening data collection across electronic health records, pharmacovigilance databases,
and supplement registries, with standardized reporting of herbal product type, dosage,
and co-medications. Large-scale studies are needed to determine whether the absence of
reported adverse events reflects true safety or underreporting. Regulatory strategies for
harmonized labeling, integration of DHIs into clinical guidelines as well as in electronic
prescribing systems, and oversight of product quality remain critical. Combining vigilant
clinical practice, enhanced real-world evidence, and robust regulation will support the safe
integration of herbal and conventional therapies and improve understanding of PD-DHIs.
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SSRI Selective Serotonin Reuptake Inhibitor
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