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Sesquiterpene lactones as potential
drugs treating nerve injury
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Traumatic axonal lesions of peripheral nerves
disrupt neuronal connections with their targets,
resulting in the loss of motor and sensory
functions. Despite the peripheral nervous system’s
capacity for axonal regrowth, this may lead to
permanent impairements resulting in a loss of
quality of life and a high socioeconomic burden.
For example, peripheral nerve injuries in the upper
extremities are relatively common, especially due
to work-related accidents, and can lead to
significant morbidity and long-term costs. A study
found that 30% of patients with work-related
nerve injuries experienced permanent disabilities,
requiring financial compensation and impacting
their quality of life. The estimated lifetime cost per
patient with severe injury, including treatment,
rehabilitation, and compensation, is approximately
€102,167, highlighting the substantial economic
impact of these injuries (Bergmeister et al., 2020).
While these nerves have, in principle, the capacity
to regenerate, the pace of recovery alongside age
depends on the nature and severity of the injury.
Additionally, the chance of functional recovery
declines as the distance between the lesion and
the target increases due to the relatively slow
axonal growth rates, typically not exceeding 2—3
mm daily. Consequently, regrowth into the target
tissue may require several weeks to months
following traumatic nerve injuries in the
extremities. This is problematic since the
necessary regenerative support of Schwann cells
diminishes over time, eventually leading to muscle
atrophy in denervated areas (Sulaiman and
Gordon, 2013). Moreover, the decreasing support
of Schwann cells with time delays functional
recovery and can even prevent axons from
reaching their appropriate targets and, eventually,
cause lifelong functional loss. Furthermore,
regenerating axons frequently exhibit misguided
growth, leading to neuromas around the injury
site, culminating in chronic, arduous-to-treat pain.
Therefore, the limited axonal growth rate can
significantly compromise patients’ life quality and
is associated with substantial socioeconomic costs
and prolonged professional downtimes
(Bergmeister et al., 2020). Despite substantial
research efforts over the last decades, therapies
and interventions aiming to accelerate axon
growth and thus improve functional recovery have
lacked efficiency in the clinic or were unsuitable
because of severe side effects. For example,
several preclinical studies have explored
neurotrophic factors, such as nerve growth factor
and brain-derived neurotrophic factor, to enhance
axonal regeneration (Zheng et al., 2016). These
factors play crucial roles in the survival and growth
of neurons, and their exogenous application has

demonstrated positive effects on nerve repair in
preclinical models (Faroni et al., 2015). However,
the use of neurotrophic factors in humans is
limited by significant challenges such as short half-
life, inefficient delivery methods, and potential
side effects. Another promising pharmacological
strategy for enhancing axon regrowth following
nerve damage is the utilization of tacrolimus. This
immunosuppressive drug has been shown to
support axonal growth in preclinical studies and
clinical case reports. The exact mechanisms
underlying its neuroregenerative effects are not
fully understood. Still, these positive effects on
regenerating nerve fibers are separate from its
immunosuppressive actions and primarily target
the injured neuron (Daeschler et al., 2023).
However, the systemic use of the drug is limited by
significant side effects such as nephrotoxicity and
immunosuppression. Therefore, drugs that
promote axon regeneration with acceptable side
effects are still unavailable in the clinic,
highlighting the urgent need for further research
and innovation. The discovery that constitutively
active glycogen synthase kinase 3 (GSK3)
significantly speeds up axon regeneration in
peripheral nerves and understanding the
underlying mechanism has opened up novel
possibilities for pharmacological approaches
(Gobrecht et al., 2014). GSK3 is a serine/threonine
kinase with two isoforms encoded by separate
genes, GSK3a and GSK3p. Studies involving
knockin mice that express constitutively active
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forms of GSK3 (GSK3**) have demonstrated
markedly accelerated axon regeneration in the
injured sciatic nerve and functional recovery in
adult mice (Gobrecht et al., 2014). This effect on
axon growth results from GSK3’s influence on
microtubule dynamics within the growing axons.
The underlying mechanism involves the kinase’s
ability to phosphorylate microtubule-associated
protein 1 B (MAP1B), which reduces the
microtubule detyrosination level - a post-
translational modification known to reduce
microtubule dynamics in axon growth cones and
thus limits the axonal growth rate (Figure 1;
Gobrecht et al., 2024a).
detyrosination in neurons is controlled by different

Microtubule

enzymatic actions that add or remove the
C-terminal tyrosine residue of tubulin. Tubulin
tyrosine ligase adds a tyrosine residue to the
detyrosinated a-subunit of tubulin dimers before
they are added to microtubule plus-ends, thus
restoring the tyrosinated state at the C-terminal
end (Figure 1). There is no evidence of interaction
between phosphorylated MAP1B (pMAP1B) and
tubulin tyrosine ligase. Instead, pMAP1B reduces
microtubule detyrosination by binding to
tyrosinated microtubules and hindering the access
of detyrosinating enzymes (Barnat et al., 2016).
These enzymes removing tyrosine, also known as
carboxypeptidases, were identified as vasohibin-1
(VASH1) and vasohibin-2 (VASH2) (Aillaud et al.,
2017). The small vasohibin-binding protein (SVBP)
is an essential cofactor for the activity of vasohibin
enzymes, implying a tightly regulated enzymatic
collaboration that ensures precise control over
microtubule dynamics within neurons. A partial
knockdown of vasohibin enzymes (VASH1 or
VASH2) or SVBP slightly shifts the balance of
detyrosinated to tyrosinated microtubules to an
extent as similarly found in regenerating axonal
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Figure 1 | Optimized a-tubulin detyrosination levels accelerate axon growth.

(A) Parthenolide and cnicin promote axon regeneration following sciatic nerve injury by modulating microtubule (MT)
dynamics in axonal growth cones. In contrast to parthenolide, which requires injection, cnicin allows oral application
due to its high bioavailability. (B) MTs elongate by polymerizing tubulin dimers at the tubules plus ends. Tubulin dimers
with detyrosinated a-tubulin attach more frequently to the plus end while forming less stable MTs. Vasohibins 1 and 2
(VASH1/2) and the small vasohibin-binding protein (SVBP) as a cofactor remove the tyrosine residues of a-tubulin, while
the tubulin tyrosine ligase (TTL) restores its tyrosinated state. Glycogen synthase kinase 3 (GSK3) activates microtubule-
associated protein 1B (MAP1B) via phosphorylation, hindering MT detyrosination. Like MAP1B activity, partial VASH
knockdown or pharmacological inhibition via parthenolide or cnicin reduces MT detyrosination, enhancing MT dynamics
and accelerating axon growth. To achieve axon growth-promoting effects, VASH inhibition needs to be balanced.
Excessive inhibition by complete knockdown or very high parthenolide/cnicin concentrations has adverse effects.
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growth cones of postnatal neurons (Gobrecht et
al., 2024a), which typically show higher growth
rates. Consistently, axon growth speed of adult
neurons was also accelerated to similar levels as in
the postnatal state (Gobrecht et al. 2024a).
Consistently, the axonal growth rate of adult
neurons increases to similar levels as postnatal
neurons in culture (Gobrecht et al. 2024a).
However, a complete knockdown of each enzyme
alone already shifts the balance of detyrosinated
and tyrosinated microtubules to suboptimal levels,
which have either no beneficial, or even adverse
effects on axon growth, underscoring the delicate
equilibrium required to achieve optimal
microtubule dynamics and axon growth (Gobrecht
et al., 2024a). The finding that partial vasohibin
knockdown promotes axon regeneration led to
investigating whether a pharmacological
intervention can mimic these effects. The
sesquiterpene lactone parthenolide, a naturally
occurring compound of the plant Tanacetum
parthenium, was identified as an inhibitor of
vasohibins, impacting the detyrosination-
tyrosination balance of microtubules (Li et al.,
2019). We have shown in various studies that
parthenolide promotes axon growth of cultured
dorsal root ganglion neurons from adult rats and
mice and even primary retinal ganglion cells
derived from rodent and human tissue (Leibinger
et al., 2023; Gobrecht et al., 2024a). Moreover, in
vivo experiments in different rodent models of
peripheral nerve injury also demonstrated the
great potential of parthenolide as daily repeated
intravenous injections of 2 pug/kg markedly
reduced the recovery time of motor and sensory
function after sciatic nerve injury and accelerated
the growth of motor, sensory, and sympathetic
axons in the nerve (Gobrecht et al., 2024a).
Parthenolide remained effective even when the
treatment started a couple of days after the nerve
injury. Despite its promising preclinical results in
speeding up axon regeneration, parthenolide faces
a significant hurdle in its low oral bioavailability,
which limits its administration to parenteral
routes. As repeated daily doses showed the most
robust results, there is a considerable limitation
regarding costs and treatment adherence. Another
sesquiterpene lactone, cnicin, a natural compound
found in blessed thistle (cnicus benedictus),
promotes axon regeneration in various species,
likely also by inhibiting VASHs (Gobrecht et al.,
2024b). However, compared to parthenolide,
cnicin has two advantages over parthenolide in
terms of potential therapeutic agents for nerve
regeneration. Firstly, cnicin exhibits an oral
bioavailability of 84.7% in rats. Secondly, it lacks

the potentially mutagenic and allergenic epoxy
group found in parthenolide, making it a
potentially safer alternative and a strong candidate
for further drug development (Gobrecht et al.,
2024b). Cnicin promoted axon growth in rodent
neuronal cultures and, as parthenolide, even in
cultured adult primary human neurons (Gobrecht
et al., 2024b). Moreover, it demonstrated efficacy
in rats, mice, and rabbits at 2 pg/kg daily doses.
Even intravenous administration of cnicin at
4 mg/kg (2000-fold higher than the effective oral
dose) for 2 weeks did not result in observable
toxicity or body weight changes in rats, suggesting
a favorable safety profile for human treatment.

Thus, while preclinical studies have demonstrated
the great potential of parthenolide in promoting
axon regeneration, its therapeutic translation
is hampered by its poor oral bioavailability. In
contrast, cnicin, with its favorable pharmacokinetic
profile, high oral bioavailability, absence of
a potentially mutagenic epoxy group, and
demonstrated efficacy in promoting axon
regeneration across multiple species, emerges
as an even more promising candidate for further
development. However, rigorous clinical trials
are essential to ascertain its safety and efficacy in
humans, determine optimal dosages, and evaluate
its therapeutic potential across various nerve
injury types and clinical settings. The identification
of sesquiterpene lactones as a promising
therapeutic might be a significant advancement
toward developing effective treatments for nerve
damage, offering hope for improved outcomes
and enhanced quality of life of patients.
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