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ABSTRACT: Costunolide, a sesquiterpene lactone from Saussurea lappa Clarke, exhibits broad pharmacological
properties, including anti-inflammatory and anticancer effects. This review examines its emerging potential as a
host-directed antiviral compound. Costunolide modulates conserved host signaling pathways frequently exploited
during viral infection, including nuclear factor-kappa B (NF-κB), the NOD-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome, and mitogen-activated protein kinase (MAPK) cascades. Inhibition of NF-κB may suppress viral
transcription in human immunodeficiency virus (HIV-1) infection, whileNLRP3 blockademay limit inflammasome-driven
viral reactivation in Epstein–Barr virus (EBV) infection and attenuate hyperinflammation in severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) disease. Additional modulation of phosphoinositide 3-kinase/AKT (PI3K/AKT),
Janus kinase/signal transducer and activator of transcription (JAK/STAT), and Wnt/β-catenin pathways further
expands its host-directed antiviral profile. These pleiotropic effects are mechanistically linked to the electrophilic
α-methylene-γ-lactone moiety, which undergoes cysteine-directed Michael addition on target proteins. Collectively,
these findings position costunolide as a promising host-directed antiviral scaffold, though pharmacokinetic optimization
and virus-specific experimental validation remain necessary prerequisites for therapeutic translation.

KEYWORDS: Costunolide; antiviral activity; nuclear factor-kappa B pathway; NOD-like receptor family pyrin
domain-containing 3 inflammasome; mitogen-activated protein kinase signaling; viral replication

1 Introduction

Plants have evolved a wide array of secondary metabolites as chemical defenses against microbial
pathogens [1,2], many of which have since become valuable sources of therapeutic agents [3,4]. Among these
compounds, sesquiterpene lactones, predominantly found in species of the Asteraceae family, have attracted
sustained interest for their diverse biological activities, including anti-inflammatory, anticancer, and
immunomodulatory effects [5–7]. Costunolide, a germacranolide-type sesquiterpene lactone traditionally
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isolated from Saussurea lappa Clarke, is one of the most extensively studied members of this class and has
been investigated in multiple disease contexts [5,8,9].

Although the pharmacological properties of costunolide have been extensively studied in inflammatory
and oncological settings, its relevance in viral infections has only recently begun to emerge [10,11]. Many of
the cellular pathways targeted by costunolide, including nuclear factor-kappa B (NF-κB), mitogen-activated
protein kinase (MAPK), and phosphoinositide 3-kinase/AKT (PI3K/AKT) signaling, are conserved host
dependency factors that viruses frequently co-opt to support replication, persistence, and immune
evasion [12,13]. NF-κB is exploited by a broad range of DNA and RNA viruses to drive transcription
of viral and pro-survival genes [14,15], while PI3K/AKT signaling is hijacked to sustain metabolic support
and block apoptosis in infected cells [16]. Accumulating evidence indicates that costunolide modulates
these same host pathways to disrupt viral replication, persistence, and immune evasion [5,8], positioning
it as a candidate host-directed antiviral scaffold with an intrinsically higher barrier to resistance than
direct-acting antivirals [17].

In this review, we integrate current evidence on the molecular pathways targeted by costunolide
during viral infection, with particular emphasis on host signaling networks implicated in viral replication,
inflammatory responses, and cell survival. We further discuss the translational challenges associated with
its pleiotropic activity and highlight future directions for developing costunolide and related sesquiterpene
lactones as antiviral therapeutic leads.

While prior reviews have documented the pharmacological properties of costunolide comprehensively,
the present review addresses a distinct and previously uncharted dimension of its biological activity. Kim and
Choi (2019) provided a foundational synthesis of costunolide’s therapeutic potential across inflammatory,
oncological, and metabolic disease contexts [5], and Matos et al. (2021) reviewed sesquiterpene lactones as
anti-inflammatory natural compounds [8]. Neither work examined costunolide’s mechanistic relevance to
viral infection or its potential as a host-directed antiviral scaffold. More recently, Amen et al. (2025) reviewed
antiviral activities across the sesquiterpene lactone class but did not provide a focused mechanistic analysis
of costunolide’s specific protein targets and their roles in virus-host biology [10]. The present review
fills this gap by systematically reinterpreting costunolide’s documented effects on NF-κB, NLRP3, MAPK,
PI3K/AKT, JAK/STAT, and Wnt/β-catenin signaling within the framework of viral pathway dependencies,
pathways that viruses exploit for transcriptional activation, immune evasion, and replication support. This
recontextualization generates amechanistically coherent rationale for evaluating costunolide as a host-directed
antiviral candidate and identifies specific experimental priorities for the field, representing a contribution
distinct from existing reviews of either costunolide pharmacology or sesquiterpene lactone biology.

2 Phytochemical Context and Pharmacology

Plants produce a vast repertoire of secondary metabolites to counter biotic and abiotic stresses,
including microbial pathogens [1,2,18]. Many of these phytochemicals have been co-opted by humans
for medicinal use and underpin several modern drugs, such as salicylates from willow (Salix spp.) and
quinine from Cinchona bark [19,20]. Terpenes constitute the largest and most diverse class of plant
secondary metabolites and are classified by the number of isoprene units into hemiterpenes, monoterpenes,
sesquiterpenes, diterpenes, triterpenes, and higher oligomers [21–23]. Among these, sesquiterpenes (C15)
display remarkable structural diversity, adopting acyclic, monocyclic, bicyclic, and tricyclic skeletons [24,25],
and generating numerous oxygenated derivatives, including aldehydes, ketones, alcohols, acids, ethers,
esters, lactones, and epoxides [26].



Biocell. 2026;50(9):7 3

Sesquiterpene lactones (SLs) are a particularly bioactive subset of sesquiterpenes with well-documented
antiparasitic, antimicrobial, anthelmintic, anti-inflammatory [8], and anticancer activities [3,27]. Structurally,
these compounds are classified by their non-lactone ring skeletons into eudesmanolides (bicyclic systems
composed of two fused six-membered rings), guaianolides and pseudoguaianolides (5–7 bicyclic systems),
germacranolides (10-membered monocyclic systems), and xanthanolides (seven-membered monocyclic
systems bearing a non-cyclic side chain) [25,28]. Germacranolides are widely regarded as biosynthetic
precursors of other sesquiterpene lactone subclasses, with costunolide representing one of the simplest and
most extensively studied germacranolide scaffolds (Fig. 1) [5,7,27].

Figure 1: Classification of terpenes by isoprene unit number with representative examples. Sesquiterpenes (C15) are
highlighted as the class containing sesquiterpene lactones, with costunolide shown as a representative germacranolide
subclass member. The α-methylene-γ-lactone pharmacophore responsible for covalent cysteine alkylation is indicated
in yellow. Figure created using Microsoft PowerPoint (Microsoft Corporation, Redmond, WA, USA).

3 Ethnobotanical Origins and Anti-Inflammatory Actions

Traditional herbal medicine is among the oldest forms of therapeutic practice, with ethnobotanical
and archaeological evidence documenting the use of plants for medicinal purposes across diverse cultures
for thousands of years [4,29]. Many of these traditional remedies rely on bioactive phytochemicals that
exert a wide range of pharmacological effects, including anti-inflammatory activity [3,30,31]. In this
context, sesquiterpene lactones derived from medicinal plants have attracted sustained interest for their
contributions to the therapeutic efficacy of herbal medicines [8,27].

Costunolide derives its name from the plant Costus (Saussurea lappaClarke) and the suffix “olide,” which
denotes a lactone group. For more than 2500 years, indigenous populations of the Indian Himalayan region
have traditionally used costus to treat gastritis, ulcers, inflammatory conditions, liver diseases, diarrhea,
joint pain, asthma, and other ailments [9]. Chemical analyses of costus extracts identified a monocarboxylic
acid, later named costunolide, as one of the pharmacologically active constituents responsible for these
traditional medicinal effects [5,9].

In vitro evaluation of costunolide supports many of these ethnobotanical claims, as a marked reduction
in inflammatory markers is observed when cells are pretreated with costunolide [8]. Inflammation is
an essential physiological process by which the body responds to noxious stimuli through immune cell
activation and the release of inflammatory mediators; however, when sustained, this response becomes
pathological and leads to tissue damage [8]. Extensive evidence indicates that persistent inflammation
contributes to the development of numerous diseases, including cardiovascular disorders, neurodegenerative
conditions, autoimmune diseases, and cancer [32,33].



4 Biocell. 2026;50(9):7

Zhu et al. demonstrated in vitro, using murine peritoneal macrophages (MPMs) and RAW264.7 cells,
that costunolide significantly decreases the expression of pro-inflammatory cytokines TNF-α, IL-6, IL-1β,
IL-10, and MCP-1 in a dose-dependent manner [34]. The in vivo anti-inflammatory effects of costunolide
were further evaluated in a murine model of lipopolysaccharide (LPS)-induced sepsis. Pretreatment with
costunolide (10 mg/kg) for seven days before LPS challenge resulted in a 60% survival rate, whereas all
mice receiving LPS alone succumbed to septic death [34].

In a related mechanistic study, Xu et al. demonstrated that costunolide effectively and selectively
inhibits NLRP3 inflammasome assembly by alkylating Cys598 within the NACHT domain, providing a
molecular basis for its potent anti-inflammatory activity [35].

4 Molecular Targets and Mechanisms of Action

4.1 Electrophilic 𝜶-Methylene-𝜸-Lactone and Michael Reactivity

The core pharmacophore of costunolide is the α-methylene-γ-lactone moiety, a conjugated α,β-
unsaturated carbonyl system that can undergo Michael addition with nucleophilic residues, particularly
cysteine thiols in proteins [5,28,36]. In this system, resonance stabilization of the conjugated π bonds,
together with polarization by the lactone carbonyl oxygen, renders the β-carbon electrophilic and highly
susceptible to nucleophilic attack. According to Pearson’s hard–soft acid–base (HSAB) concept,α,β-
unsaturated carbonyl compounds are classified as soft electrophiles because of their polarizable π-electron
system and preferentially react with soft nucleophiles, such as thiolate groups on cysteine residues,
rather than with hard nucleophiles such as hydroxyl groups [28,36]. This chemical reactivity underlies the
ability of costunolide to covalently modify cysteine residues in target proteins (Fig. 2) [5,35].

Figure 2: Mechanism of cysteine alkylation by the α-methylene-γ-lactone pharmacophore of costunolide via Michael
addition. Resonance delocalization renders the exocyclic methylene electrophilic, enabling nucleophilic attack by a
protein cysteine thiol and formation of an irreversible covalent adduct. Figure created using MolDraw (molDraw.com).

Structure-activity relationship (SAR) studies indicate that theα-methylene-γ-lactone moiety is critical for
enhancing biological potency and covalent protein binding, and that the stereochemistry and three-dimensional
conformation of the sesquiterpene lactone scaffold strongly influence target selectivity and overall biological
behavior [37]. Covalent alkylation of cysteine residues has been implicated as a key mechanism underlying
many of costunolide’s effects on signaling proteins, including NLRP3 [35], IKKβ [38], TAK1 [39], and other
kinases and transcription factors involved in inflammatory signaling pathways.

Consistent with this electrophilic reactivity, experimental studies have shown that costunolide
covalently modifies specific cysteine residues in key signaling proteins. In particular, costunolide directly
alkylates Cys598 in the NACHT domain of NLRP3, resulting in reduced ATPase activity, impaired
inflammasome assembly, and suppression of downstream inflammatory signaling [35]. This covalent
interaction is mediated by the electrophilic α-methylene-γ-lactone moiety via Michael addition to cysteine
thiols, as demonstrated by mutational analysis, mass spectrometry, and irreversible inhibition assays [35].
Similar electrophile-driven mechanisms have been implicated in modulating additional signaling nodes,
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including IKKβ and TAK1, providing a molecular framework for the broad anti-inflammatory effects of
costunolide observed across diverse experimental models [38,39].

The most direct evidence for costunolide’s antiviral activity at the molecular level comes from hepatitis
B virus (HBV) studies. Chen et al. demonstrated that costunolide suppresses hepatitis B surface antigen
(HBsAg) and hepatitis B e antigen (HBeAg) gene expression in human hepatoma cells (Hep3B and HepA2)
in a dose-dependent manner, with an IC50 of 1.0 µM at concentrations that did not significantly affect
cell viability. Northern blot analysis confirmed that suppression occurred primarily at the mRNA level,
indicating interference with HBV transcriptional programs rather than direct cytotoxicity [40]. Although
the precise molecular target mediating this effect was not characterized, the observed potency and selectivity
are consistent with cysteine-directed disruption of host transcription factor complexes driving HBV gene
expression, a mechanism that aligns with costunolide’s documented inhibition of NF-κB and related
transcriptional regulators discussed in subsequent sections.

Beyond this experimentally demonstrated activity, the electrophilic α-methylene-γ-lactone moiety
raises the mechanistic possibility of direct interactions with viral proteins containing solvent-exposed
cysteine residues in their catalytic or regulatory domains. Several clinically validated antiviral targets
harbor reactive cysteines amenable to covalent modification, including the catalytic Cys145 of SARS-CoV-2
main protease (Mpro), which is the target of the approved covalent inhibitor nirmatrelvir [41], and cysteine
residues present in HIV reverse transcriptase and integrase [42]. The structural basis for covalent inhibition
of viral cysteine proteases by natural electrophiles is well established, and the Michael addition chemistry
of sesquiterpene lactones is chemically compatible with these targets [41,43]. No experimental studies
have directly evaluated costunolide against viral proteases, polymerases, or structural proteins, and this
represents a tractable and scientifically well-motivated priority for future investigation. Systematic in silico
docking of costunolide against the cysteine-containing active sites of HBV polymerase, SARS-CoV-2 Mpro, and
HIV reverse transcriptase, followed by biochemical validation, would directly address whether the compound’s
electrophilic pharmacophore engages viral protein targets in addition to its established host-directed activity.

4.2 Targeting the NLRP3 Inflammasome

The NLRP3 inflammasome is a pattern-recognition receptor that senses a wide range of pathogenic
and danger-associated signals and functions as a multiprotein cytosolic complex composed of NOD-like
receptor family, pyrin domain-containing 3 (NLRP3) [44,45]. This sensor assembles with caspase-1, an
effector protease responsible for the proteolytic maturation of pro-inflammatory cytokines such as IL-1β
and IL-18 [45,46]. The apoptosis-associated speck-like protein containing a CARD (ASC) adaptor protein
links NLRP3 and caspase-1 [45]. Although inflammasome activation is required for anti-pathogen responses,
aberrant activation of the NLRP3 inflammasome has been implicated in the initiation and progression of
numerous inflammatory and metabolic disorders [44,45], including type 2 diabetes, atherosclerosis, ischemic
heart disease, liver disease, inflammatory bowel disease [46], and neurodegenerative conditions such as
Parkinson’s and Alzheimer’s disease [47].

In EBV-infected cells, viral exploitation of host metabolic stress activates the NLRP3 inflammasome,
driving lytic reactivation and viral production [48]. Burton et al. showed that in EBV-positive endemic
Burkitt lymphoma cells, oxidative stress or increased glucose availability elevates thioredoxin-interacting
protein (TXNIP), promoting NLRP3 inflammasome assembly and resulting in caspase-1–mediated depletion
of the heterochromatin-promoting factor KAP1, thereby inducing EBV lytic gene expression and a nearly
4- to 100-fold increase in released viral genomes [48].
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In other viral infections, such as SARS-CoV-2 and influenza A virus (IAV), excessive NLRP3 activation
is linked to hyperinflammation and cytokine storm, contributing to respiratory failure and multiorgan
dysfunction, including central nervous system effects [49,50]. Costunolide directly inhibits NLRP3 activation
by covalently modifying the NACHT domain, thereby blocking the ATPase activity required for inflammasome
oligomerization [35]. This inhibition suppresses caspase-1 activation and downstream IL-1βmaturation in
cellular and animal models of NLRP3-driven inflammation [35], consistent with the established role of aberrant
NLRP3 signaling in inflammatory disease [47]. In viral contexts, costunolide-mediated NLRP3 inhibition
limits inflammasome-dependent viral reactivation, as directly demonstrated in herpesviruses [48,51], and
attenuates the excessive inflammatory responses that exacerbate disease pathology in coronavirus infections
characterized by hyperinflammation [49,50]. These findings identify NLRP3 as a relevant host target of
costunolide and support its role as a modulator of inflammasome-driven inflammatory pathways engaged
during viral infection.

4.3 Inhibition of NF-𝜿B Signaling

NF-κB is a central transcription factor complex that regulates inflammatory gene expression [14,15].
Dysregulated NF-κB signaling contributes to chronic inflammation and inflammation-associated tissue
damage [38] and plays a central role in the pathogenesis of viral infections [14]. Furthermore, NF-κB is
frequently exploited by viruses, including HIV-1, to promote viral transcription, persistence, and immune
evasion. In particular, NF-κB activity is essential for efficient transcription from the long terminal repeat
(LTR) of HIV-1 [14], where two conserved NF-κB binding sites upstream of the transcription start site drive
viral gene expression [15].

Costunolide has been shown to inhibit NF-κB activation across multiple experimental models by
targeting key components of the canonical NF-κB pathway. Gene expression analysis and immunochemical
studies implicate IKKβ as a critical regulatory node modulated by costunolide in murine models of unilateral
ureteral obstruction and inflammatory lung injury [34,38]. In experimental models of pulmonary fibrosis,
costunolide likewise suppresses NF-κB–dependent inflammatory responses. This effect is evidenced by
reduced phosphorylation of p65, IκBα, and decreased expression of inflammatory mediators, alongside
modulation of TGF-β1/Smad2 and Nrf2/NOX4 signaling pathways [52], indicating attenuation of NF-κB
signaling rather than direct targeting of upstream IKKβ in this context.

Upstream of IKKβ, transforming growth factor-β–activated kinase 1 (TAK1) has been identified as a
molecular target of costunolide. Binding studies, including pull-down assays and biolayer interferometry,
demonstrate a direct interaction between costunolide and TAK1, leading to disruption of TAK1/TAB2
complex formation and subsequent inhibition of canonical NF-κB signaling [39]. Given that TAK1 activation
is required for NF-κB signaling downstream of multiple receptors, its inhibition by costunolide suggests a
unifying mechanism for broad suppression of inflammatory and potentially virus-supportive transcriptional
programs [14,39]. In the context of HIV-1 infection, NF-κB binding sites within the 5′ LTR play a central
role in HIV-1 transcriptional activation; costunolide-mediated inhibition of this pathway therefore targets a
critical node of viral gene expression and replication [14,15].

4.4 Modulation of MAPK Signaling

Mitogen-activated protein kinase (MAPK) pathways regulate fundamental cellular processes, including
proliferation, differentiation, stress responses, and apoptosis, and their dysregulation underlies oncogenic
transformation as well as a broad spectrum of developmental disorders [53]. Beyond these established roles,
MAPK signaling is a central host signaling axis frequently activated during viral infection. A diverse range of
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DNA [12] and RNA viruses [13] engage MAPK pathways to support viral gene expression, genome replication,
and the modulation of host inflammatory and stress responses that favor productive infection. In particular,
the ERK, JNK, and p38 MAPK cascades have been implicated at multiple stages of viral life cycles [12,13],
highlighting MAPK signaling as a shared host dependency factor conserved across viral families.

Costunolide has been reported to modulate MAPK signaling primarily by inhibiting stress-activated
kinases. Experimental studies in neuronal cell models show that costunolide suppresses JNK and p38 MAPK
phosphorylation, whereas its effects on ERK signaling are more variable and depend on cellular context,
stimulus, and dose [54,55]. In models of oxidative stress–induced neuronal injury, costunolide-mediated
attenuation of MAPK activation correlates with reduced apoptosis and improved cell viability, supporting a
role for MAPK modulation in its cytoprotective and anti-inflammatory effects [54,55].

MAPK signaling does not operate in isolation but is tightly interconnected with other inflammatory
pathways. Transforming growth factor β–activated kinase 1 (TAK1) is a critical upstream regulator of both
MAPK and NF-κB signaling, integrating cellular stress and inflammatory cues. Costunolide has been shown
to disrupt the formation of TAK1/TAB2 complexes, thereby inhibiting downstream activation of MAPK
and NF-κB signaling cascades [39]. Costunolide-mediated modulation of MAPK activity occurs within a
broader network of interconnected host signaling pathways rather than through isolated kinase inhibition.

In viral infection, suppression of MAPK signaling disrupts virus-induced activation of host stress and
inflammatory pathways that facilitate viral replication and contribute to tissue damage [12,13]. Costunolide’s
documented suppression of JNK- and p38-dependent signaling, together with upstream disruption of
TAK1-mediated pathway activation, positions it as a host-directed modulatory of signaling networks
critically engaged during viral infection [39,54,55].

4.5 PI3K/AKT, JAK/STAT, and Wnt/𝜷-Catenin Pathways

The PI3K/AKT pathway regulates cell growth, survival, metabolic activity, and resistance to apoptosis,
and is frequently hijacked by viruses to promote replication and persistence across hepatitis, herpesvirus,
and respiratory virus families [16]. Costunolide suppresses AKT phosphorylation and downstream signaling
across multiple cellular contexts [56,57], directly impairing the pro-survival and metabolic support that
infected cells provide to the replicating virus. These findings identify AKT as a conserved molecular
target of costunolide and establish PI3K/AKT interference as a mechanistically relevant component of its
host-directed activity during viral infection.

The JAK/STAT pathway presents a critical pharmacological tension that must be explicitly addressed.
As a core mediator of interferon-induced transcriptional programs, JAK/STAT signaling is essential for
restricting viral replication during early infection [58]; inhibition of this axis by costunolide therefore
carries the theoretical risk of blunting antiviral innate immune defenses and exacerbating infection. This
concern is not hypothetical, broad JAK inhibition during the early, viremic phase of infection could impair
interferon-stimulated gene expression and compromise viral clearance [58]. However, the therapeutic
calculus shifts substantially depending on the disease context. Clinical experience with baricitinib, a JAK1/2
inhibitor approved for the treatment of severe COVID-19, demonstrates that during the hyperinflammatory
phase of disease, dysregulated JAK/STAT-driven cytokine amplification causes greater harm than the loss of
interferon-mediated antiviral activity [59]; JAK/STAT inhibition in this setting reduces immunopathology
rather than promoting viral persistence. A distinct but equally instructive context is provided by HIV
latency reversal strategies. In shock and kill approaches, reactivation of latently infected CD4+ T cells
requires robust LTR-driven viral gene expression; however, JAK/STAT pathway activity in latently infected
primary CD4+ T cells contributes to the maintenance of viral latency, such that JAK/STAT inhibition may



8 Biocell. 2026;50(9):7

facilitate rather than impair latency reversal in this context [60]. The available evidence for costunolide
reflects this same disease-stage and context dependence: its documented inhibition of STAT3 and STAT5
in oncogenic and inflammatory models targets constitutively activated, pathological JAK/STAT signaling
rather than the transient interferon-driven activation that characterizes early antiviral responses [61–63].
Whether costunolide differentially affects these two modes of JAK/STAT activation remains unresolved
and represents a critical question for future experimental evaluation. Until this selectivity is characterized,
the antiviral application of costunolide is most relevant to hyperinflammatory viral disease and chronic
infection contexts such as HIV latency reversal, where JAK/STAT inhibition is mechanistically supportive
rather than detrimental.

Wnt/β-catenin signaling intersects with innate immunity and inflammatory regulation through
suppression of virus-induced innate immune responses downstream of the canonical WNT/CTNNB1 axis [64].
Aberrant β-catenin-dependent transcription supports immune evasion and enhanced replication across
influenza virus [64] and herpesvirus families [65,66], which actively exploit this pathway to promote viral
propagation and evade host antiviral defenses. Costunolide inhibits Wnt/β-catenin signaling by suppressing
β-catenin nuclear accumulation and transcriptional activity [67], and given this pathway’s established
role in viral immune evasion and replication, its modulation extends costunolide’s mechanistic reach into
host-directed antiviral territory [64,66].

The convergent modulation of PI3K/AKT, JAK/STAT, and Wnt/β-catenin signaling by costunolide
disrupts interconnected nodes of viral persistence, immune evasion, and host cell survival across hepatitis,
herpesvirus, and respiratory virus infections, positioning this compound at multiple critical intersections of
virus-host biology independent of direct virucidal activity.

4.6 Oxidative Stress, ROS, and Autophagy

Oxidative stress and redox signaling are central determinants of cellular fate during both pathological
and infectious conditions [68,69]. Viruses actively manipulate host redox homeostasis to create intracellular
environments permissive for replication, and ROS accumulation, mitochondrial dysfunction, and ER stress
are established mediators of viral pathogenesis [69].

Costunolide exhibits context-dependent redox-modulating activity with direct relevance to these
processes. In neuronal models of oxidative injury, costunolide reduces intracellular ROS levels, stabilizes
mitochondrial membrane potential, and suppresses stress-activated MAPK signaling through inhibition of
p38 and ERK phosphorylation [55]. In cancer cell systems, costunolide acts as a pro-oxidant, inducing ROS
accumulation that drives mitochondrial dysfunction, caspase-dependent apoptosis, and ER stress responses
with downstream activation of JNK and p38 MAPK pathways [70,71]. Costunolide-induced redox imbalance
further drives autophagic flux through AKT/GSK3β suppression [56], engaging autophagy as a cooperative
pro-death mechanism. This dual redox capacity is mechanistically relevant to viral infection because viruses
similarly depend on mitochondrial integrity, ER homeostasis, and autophagic flux to support replication
and evade host cell death programs [68,69,72], cellular dependencies that overlap extensively with those
exploited in oncogenesis.

The tissue-dependent and concentration-dependent nature of costunolide’s redox activity has direct
implications for its antiviral applicability that merit explicit consideration. Different viruses establish
infection in cell types with distinct redox environments and transformation states, and the available evidence
suggests that costunolide’s redox behavior, cytoprotective in non-transformed neuronal cells and pro-oxidant
in transformed cancer cells, tracks primarily with cellular transformation status and baseline oxidative tone
rather than tissue of origin per se. In the context of HIV-1 infection, where the primary cellular reservoirs
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are non-transformed CD4+ T cells and macrophages, the cytoprotective antioxidant profile observed in
non-malignant cell models is the more likely predominant effect, suggesting that costunolide would preserve
host cell viability in infected reservoirs while modulating the inflammatory and survival signaling that
supports viral persistence. In influenza and SARS-CoV-2 infections of respiratory epithelial cells, the relevant
question shifts to concentration dependence: at sub-cytotoxic concentrations, costunolide’s NLRP3 and
MAPK inhibitory effects are predicted to dominate in non-transformed epithelium, while the pro-oxidant
profile is expected to emerge only at higher concentrations that would compromise host cell integrity.
In EBV-associated Burkitt lymphoma cells, which are transformed, the pro-oxidant profile could constitute
an additional therapeutic mechanism operating in parallel with NLRP3-dependent lytic reactivation
suppression, cooperating to reduce both viral reservoir size and transformed cell viability. Critically, none of
these cell-type-specific predictions have been experimentally validated in the context of active viral infection,
and costunolide’s redox effects in primary immune cells, including CD4+ T lymphocytes, macrophages,
and B cells, remain entirely uncharacterized. Establishing concentration-response relationships in
infection-relevant primary cell types represents a prerequisite for a realistic assessment of costunolide’s
therapeutic window across these distinct viral contexts.

This mechanistic convergence between viral and oncogenic programs extends to telomerase biology.
Costunolide suppresses hTERT activity in breast cancer cells through inhibition of c-Myc and Sp1
transcription factors [73], and the structurally related sesquiterpene lactone helenalin directly inhibits
telomerase through cysteine-directed alkylation of the reverse transcriptase domain [74]. This is
mechanistically relevant because HIV-1 reverse transcriptase, like telomerase, is a template-dependent
polymerase that harbors cysteine residues susceptible to electrophilic modification [42], raising the
possibility that the α-methylene-γ-lactone pharmacophore may engage reverse transcriptase activity
through the same Michael addition chemistry that underlies costunolide’s broader target profile.

Given that ROS accumulation, ER stress, and autophagy are established determinants of cellular fate
during viral infection, costunolide’s documented modulation of these processes places it at a mechanistically
relevant intersection of host stress biology and antiviral defense. Virus-specific experimental models are
now needed to define the antiviral consequences of these effects.

5 Pharmacokinetics, Metabolism, and BBB Permeability

Pharmacokinetic properties critically shape the translational potential of phytochemicals as therapeutic
agents. Natural sesquiterpene lactones, including costunolide, commonly exhibit limited oral bioavailability
and extensive metabolic clearance, reflecting their lipophilicity, electrophilic reactivity, and susceptibility to
hepatic biotransformation [75]. Experimental pharmacokinetic studies in rodents indicate that costunolide is
rapidly absorbed and extensivelymetabolized, resulting in a relatively short systemic half-life [76]. Metabolic
profiling further reveals biotransformation through oxidative and conjugative pathways, yielding multiple
metabolites with reduced electrophilic reactivity compared to the parent compound [75,76]. Notably,
costunolide and structurally related sesquiterpene lactones cross the blood-brain barrier and modulate
barrier integrity by regulating tight and adherens junction proteins and efflux transporter expression,
supporting potential relevance for viral infections involving central nervous system pathology [77].

The broad cysteine reactivity conferred by the α-methylene-γ-lactone moiety represents the principal
barrier to clinical translation of costunolide. Simultaneous covalent modification of multiple signaling
proteins, including NLRP3, IKKβ, TAK1, and AKT, raises significant concerns regarding therapeutic
selectivity, as indiscriminate pathway suppression in vivo could produce immunosuppression, impaired
tissue repair, and off-target cytotoxicity [78]. Although costunolide demonstrates cytotoxic selectivity
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toward transformed cells in vitro, with relatively lower toxicity in non-malignant cell lines, the therapeutic
window in the context of infectious disease remains undefined [5,55]. Preclinical toxicology data are sparse;
the rapid metabolic clearance documented in rodent models may inherently limit systemic exposure to
reactive species [75,76], but this has not been systematically evaluated against efficacy thresholds in any
viral infection model.

Structure-activity relationship studies indicate that modification of the α-methylene-γ-lactone group
can attenuate electrophilic reactivity while partially preserving biological activity [37,79], and strategies
including prodrug design and advanced formulation approaches offer additional routes to improving
bioavailability and tissue targeting. Until selectivity profiling, dose-response toxicology, and antiviral
efficacy data are generated in parallel in relevant infection models, the therapeutic window of costunolide
remains uncharacterized and its clinical development premature.

6 Limitations of Current Evidence

The mechanistic framework developed in this review reflects the current state of a nascent field,
and several evidence gaps warrant acknowledgment as the foundation for future research priorities. The
majority of costunolide studies employ in vitro models using transformed cell lines, and direct evaluation in
primary infection-relevant cell types, including CD4+ T lymphocytes, macrophages, respiratory epithelial
cells, and B cells, represents a logical next step for the field [5,8]. Similarly, most in vivo evidence derives
from inflammatory disease models, and virus-specific infection studies are needed to confirm that the
pathway-level effects documented in these contexts translate to infectious disease settings [5,8].

Concentration-response relationships in primary immune cells remain to be established, and pharmacokinetic
optimization, as discussed in Section 5, will be central to ensuring that effective concentrations are achievable
at sites of infection in vivo. The pretreatment paradigm employed in key in vivo studies, while valuable for
mechanistic proof-of-concept, does not capture therapeutic dosing scenarios [34] and points toward the need for
studies evaluating costunolide after viral challenge.

These gaps are not unique to costunolide but reflect the broader stage of development for sesquiterpene
lactones as antiviral candidates [3,10]. The mechanistic coherence of the evidence synthesized here,
grounded in well-characterized host pathway dependencies conserved across viral families, provides
the rationale for the targeted experimental investment needed to advance this compound class toward
direct antiviral evaluation.

7 Antiviral Implications and Future Directions

Costunolide exerts pleiotropic biological effects by modulating host inflammatory [14], stress-
responsive [12], and survival signaling pathways [16] that viruses depend on for replication, persistence, and
immune evasion. Rather than functioning as a direct-acting antiviral, costunolide operates as a host-directed
modulator targeting conserved cellular processes that sustain viral infections across multiple virus families.
As illustrated in Fig. 3, its mechanistic reach spans NLRP3 inflammasome activation, NF-κB transcriptional
programs, MAPK stress cascades, and PI3K/AKT survival signaling, establishing a multi-node host-directed
antiviral framework. Validating these mechanistic implications in virus-specific experimental models
remains the critical next step toward therapeutic development.
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Figure 3: Proposed mechanistic framework for costunolide as a host-directed antiviral scaffold. Covalent alkylation of
NLRP3 (Cys598), TAK1, and IKKβ drives downstream suppression of inflammasome activation, NF-κB transcription,
MAPK, PI3K/AKT, and Wnt/β-catenin signaling across EBV, SARS-CoV-2, influenza A, and HIV-1 infection contexts.
Translational advancement requires pharmacokinetic optimization and virus-specific experimental validation.
↓ inhibition/decrease; ↑ induction/increase; ↑↓ context-dependent. Figure created using Microsoft PowerPoint
(Microsoft Corporation, Redmond, WA, USA).

The convergence of costunolide’s molecular actions on NF-κB signaling, NLRP3 inflammasome
activation, MAPK cascades, PI3K/AKT signaling, redox regulation, and autophagy establishes a multi-node
capacity to disrupt viral life cycle progression while simultaneously attenuating excessive inflammatory
responses. This pleiotropic mode of action confers a particular advantage in emerging and re-emerging
viral infections, where host-directed targeting reduces susceptibility to the rapid resistance mechanisms
that undermine direct-acting antivirals [17].

Meaningful comparison of costunolide’s antiviral potential is most productively conducted within
the sesquiterpene lactone class, where shared pharmacophore chemistry enables direct mechanistic
inference and clarifies what makes costunolide the appropriate focal point for this analysis. As the
simplest and most extensively mechanistically characterized germacranolide scaffold, costunolide occupies
a foundational position within its subclass, it is the biosynthetic precursor from which structural diversity
across germacranolides derives [6,7], and its relative simplicity has made it uniquely tractable for the kind
of target-level biochemical characterization, including direct identification of alkylated cysteine residues
in NLRP3 [35], IKKβ [38], and TAK1 [39], that underpins the mechanistic arguments developed in this
review. This depth of mechanistic characterization distinguishes costunolide from structurally related
compounds, including parthenolide, which shares the α-methylene-γ-lactone moiety, comparable NF-κB
and NLRP3 inhibitory activity, and similar blood-brain barrier permeability [77,80], and has accumulated
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more direct antiviral evidence in experimental models, but lacks equivalent target-level mechanistic
resolution. Rather than undermining the rationale for focusing on costunolide, this comparison highlights
the complementary contributions of the two compounds: parthenolide provides proof-of-concept antiviral
activity for the germacranolide scaffold, while costunolide provides the mechanistic framework that explains
how that activity is generated and how it might be optimized. Helenalin, a pseudoguaianolide SL cited in
this review for cysteine-directed telomerase inhibition [74], further illustrates that subclass-level differences
in ring geometry determine which cysteine residues are alkylated and therefore which signaling proteins
are targeted, a principle that both validates the cysteine-directed mechanistic framework established
here for costunolide and underscores the importance of scaffold-specific structure-activity relationship
studies for improving target selectivity. Thapsigargin, a guaianolide SL currently in clinical development
as a broad-spectrum antiviral, demonstrates that the sesquiterpene lactone class is capable of producing
clinically viable antiviral leads [81,82], establishing a precedent that the mechanistic framework developed
here for costunolide is worth pursuing toward experimental validation. Collectively, these comparisons
position this review not as an argument for costunolide in isolation but as an exercise in using the
best-mechanistically-characterized member of a pharmacologically coherent compound class to establish
the conceptual and experimental foundations for broader sesquiterpene lactone antiviral development.

The electrophilic reactivity of the α-methylene-γ-lactone moiety, while mechanistically central to
costunolide’s pleiotropic activity, simultaneously defines its primary translational liability, as discussed
in Section 5. Realizing the therapeutic potential of this multi-node activity profile, therefore, requires
addressing several key challenges. Limited pharmacokinetic stability [75,76], context-dependent biological
effects, and off-target cysteine reactivity require systematic optimization and rigorous validation [77]. Future
studies should prioritize evaluation of costunolide and its derivatives in virus-specific infection models,
with emphasis on defining antiviral efficacy, selectivity, and immune modulation within a host-directed
therapeutic framework.

In parallel, medicinal chemistry efforts to refine electrophilic reactivity, improve bioavailability, and
enhance tissue targeting will be essential to developing costunolide-derived scaffolds with improved
therapeutic indices [37,79]. Combining chemical biology, virology, and pharmacology within an integrated
experimental framework represents the most direct path toward establishing costunolide as a viable
host-directed antiviral lead.
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