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Abstract
Around 20% of the American population have chronic pain and estimates in other Western countries report similar num-
bers. This represents a major challenge for global health care systems. Additional problems for the treatment of chronic and 
persistent pain are the comparably low efficacy of existing therapies, the failure to translate effects observed in preclinical 
pain models to human patients and related setbacks in clinical trials from previous attempts to develop novel analgesics. 
Drug repurposing offers an alternative approach to identify novel analgesics as it can bypass various steps of classical drug 
development. In recent years, several approved drugs were attributed analgesic properties. Here, we review available data and 
discuss recent findings suggesting that the approved drugs minocycline, fingolimod, pioglitazone, nilotinib, telmisartan, and 
others, which were originally developed for the treatment of different pathologies, can have analgesic, antihyperalgesic, or 
neuroprotective effects in preclinical and clinical models of inflammatory or neuropathic pain. For our analysis, we subdivide 
the drugs into substances that can target neuroinflammation or substances that can act on peripheral sensory neurons, and 
highlight the proposed mechanisms. Finally, we discuss the merits and challenges of drug repurposing for the development 
of novel analgesics.

 * Marco Sisignano 
 Marco.Sisignano@med.uni-frankfurt.de

1 pharmazentrum frankfurt/ZAFES, Institute of Clinical 
Pharmacology, Johann Wolfgang Goethe-University, 
Theodor-Stern-Kai 7, 60590 Frankfurt am Main, Germany

2 Fraunhofer Institute for Translational Medicine 
and Pharmacology ITMP, Theodor-Stern-Kai 7, 
60596 Frankfurt am Main, Germany

3 Fraunhofer Institute for Translational Medicine 
and Pharmacology ITMP, ScreeningPort, Schnackenburgallee 
114, 22525 Hamburg, Germany

4 Fraunhofer Cluster of Excellence for Immune-Mediated 
Diseases (CIMD), Theodor-Stern-Kai 7, 
60596 Frankfurt am Main, Germany

1 Introduction

Chronic and persistent pain are a massive burden for global 
health care systems. Around 20% of the adult US popula-
tion (50 million people) have chronic pain and around 8% 
of US adults have high-impact chronic pain according to 
recent estimates [1, 2]. The existing therapies for chronic 
and neuropathic pain have either low analgesic efficacy, rep-
resented by a high number needed to treat, or rather severe 
side effects [3]. Despite a clear unmet medical need for novel 

effective and safe analgesics, there has not been an approval 
of a new first-in-class small molecule analgesic in recent 
years.

The development of novel analgesics faces several prob-
lems and challenges. First, there is the failure to trans-
late effects observed in preclinical pain models to human 
patients. The readouts of preclinical pain models in rodents 
are mostly withdrawal responses to evoked stimulations. 
These are difficult to compare with a patient who has chronic 
pain for weeks or months. Accordingly, the effects of a treat-
ment may vary profoundly. This is the reason why several 
promising substances, such as the enhancer of the potassium 
channel Kv 7/M retigabine, failed to ameliorate neuropathic 
pain in clinical trials [4]. Consequently, other behavioral 
readouts such as the grimace scale have been suggested 
to complement pain threshold tests and to have a broader 
spectrum of experimental approaches to assess potential 
antihyperalgesic or antinociceptive effects of a treatment 
substance [5].

It should also be mentioned that there are various exam-
ples of translational success using preclinical pain mod-
els. For example, the analgesic effects of the ω-conotoxin 
MVIIA ziconotide that blocks N-type voltage-gated calcium 
channels were first identified using preclinical pain models 
of acute, inflammatory, and neuropathic pain in rodents [6]. 
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Key Points 

The development of novel analgesics is particularly dif-
ficult and has faced many setbacks in the past

Drug repurposing is an alternative approach to classi-
cal drug development because it decreases development 
time and costs, and the drugs can be considered safe 
for clinical use. Recent preclinical and clinical findings 
suggest several widely used drugs could be employed as 
analgesics

Pharmacological network analysis, pathway mapping, 
and other computational methods combined with pheno-
typic screening could identify additional drugs that may 
be repurposed as novel analgesics

by academia, indicating the key role this sector has in pro-
moting drug repurposing as a solution to unmet patient 
needs [12]. For example, the estrogen receptor modulator 
raloxifene, that was originally developed for the treatment 
of osteoporosis in post-menopausal women, was found to 
be effective in reducing the risk of invasive breast cancer 
in a retrospective clinical analysis [13]. These observations 
led to an FDA approval for raloxifene for invasive breast 
cancer in 2007 [11]. Raloxifene is also undergoing clinical 
trials in Europe to evaluate its efficacy and safety in adult 
paucisymptomatic COVID-19 patients (EudraCT Number: 
2020-003936-25).

1.1  Previous Advances in Repurposing Analgesic 
Therapies

In the pain field, several drugs have also been successfully 
repurposed. For example, the serotonin-norepinephrine 
reuptake inhibitor duloxetine, originally developed for the 
treatment of depression, is recommended as one of the first-
line drugs for the treatment of neuropathic pain in a recent 
review and meta-analysis [3]. Another example is the tricy-
clic antidepressant amitriptyline, nowadays considered as 
first-line treatment for neuropathic pain [3, 14]. Also, topical 
formulations of amitriptyline alone or in combination with 
ketamine caused a reduction of pelvic pain in patients [15].

Likewise, several antiepileptic drugs with analgesic prop-
erties have been identified previously. Among them are car-
bamazepine, which is primarily used for the treatment of 
trigeminal neuralgia, lamotrigine, gabapentin, and pregaba-
lin [16]. Both pregabalin and gabapentin are now established 
standard therapeutics for the treatment of neuropathic pain, 
although their efficacy seems to be lower than that of ami-
triptyline and duloxetine [3].

These previous advances demonstrate that drug repur-
posing for the development of novel analgesics can be 
successful.

1.2  Drug Repurposing: Focus on Spinal 
Neuroinflammation and Sensory Neurons

Ideally, we suggest that the following criteria concerning 
safety and efficacy should be met by any analgesic drug: (1) 
clinical evidence for analgesic effects, (2) good tolerability 
of the drug, (3) the analgesic dose needs to be in the thera-
peutic range of the drug, (4) no major drug interaction with 
other analgesics or substances treating obvious comorbidi-
ties, and (5) no confounding long-term effects.

However, none of the already existing analgesics can 
meet all these criteria. Examples are tolerance of opioids, 
interactions of celecoxib and tamoxifen and many more. It is 
therefore difficult for any repurposed drug to meet all these 
criteria.

Ziconotide was eventually approved for the management of 
chronic inflammatory and neuropathic pain by the FDA in 
2004.

However, another challenge for the development of novel 
analgesics is the mechanistical differences between different 
pain states, as well as their complexity. For example, neu-
roinflammation strongly contributes to chronic and neuro-
pathic pain, but a variety of cells and mediators are involved 
in this process, making it difficult to select and target a spe-
cific receptor or mediator [7, 8].

These limitations hamper the development of novel anal-
gesics and led many pharmaceutical companies to withdraw 
from the pain market [9].

Drug repurposing (also called drug repositioning) is 
an alternative approach to identify novel analgesics. It is 
defined as the identification of new indications for drugs that 
are already in clinical use [10]. The advantage of drug repur-
posing is that it can bypass several steps of classical drug 
development. For example, safety studies can be limited to a 
minimum because the drugs are already in clinical use, and 
development time and costs can be reduced to a great extent, 
especially regarding preclinical development and early clini-
cal trials [11]. The drugs can be directly tested in the clinical 
setting, since they are already well characterized.

For some drugs that have already been in clinical use for 
years or decades, there is plenty of pharmacology and phar-
macovigilance data available from a large number of treated 
patients and adverse effects in patients are well known and 
documented.

A large-scale analysis of drug development pipelines 
between 2012 and 2017 showed that almost 170 repur-
posed drugs entered development stages across a range of 
indications. Of these, some 72% were in phase II clinical 
development. Of particular interest is that almost 70% of 
the phase I and II trials for repurposed drugs were sponsored 



359Drug Repurposing to Target Neuroinflammation and Sensory Neuron-Dependent Pain

We previously summarized and discussed progress in 
drug repurposing for the development of novel analgesics 
[17]. Here, we provide a brief and updated review of the 
available data and discuss recent findings suggesting that 
several approved drugs, such as minocycline, fingolimod, 
pioglitazone, nilotinib, telmisartan, and others, that were 
originally developed for the treatment of different patholo-
gies, have analgesic, antihyperalgesic, or neuroprotective 
effects in preclinical models of inflammatory or neuropathic 
pain.

For this review, we focus on two essential mechanisms of 
persistent pain: (1) neuroinflammation in the spinal cord and 
(2) targeting peripheral sensory neurons. Although persistent 
pain is not a monocausal disease and involves various pro-
cesses in different tissues, these two mechanisms stand out.

Neuroinflammation is an overlapping mechanism and a 
mechanistic hallmark of various persistent pain states [7, 8]. 
It is especially interesting for drug repurposing because of 
its mechanistic interface with other neurological diseases, 
such as multiple sclerosis and Parkinson’s disease, for which 
drugs have already been approved and are in clinical use.

Likewise, stress and damage of sensory neurons is a criti-
cal hallmark of several neuropathic pain conditions [18]. 
Sensory neurons also represent the initial physiological sys-
tem of the body that encounters nociceptive stimuli from 
the environment, and their increased activity can lead to 
both peripheral and central sensitization. Targeting sensory 
neurons means targeting the beginning of the pain pathway 
[19], which is strategically important because it can prevent 
the downstream sensitization and wind-up effects that are 
caused by excessive neuronal activity.

2  Targeting Neuroinflammation 
with Approved Drugs

Neuroinflammation involves activation of microglia and 
astrocytes, as well as migration of immune cells to trigemi-
nal or dorsal root ganglia and the spinal cord [7]. The acti-
vated and recruited immune cells release proinflammatory 
cytokines, chemokines, signaling lipids and other media-
tors that can increase neuronal activity in the peripheral and 
central nervous system [8]. This enhancement of neuronal 
activity can cause exacerbated sensory phenomena such as 
allodynia and hyperalgesia to sensory stimuli [20].

Reducing neuroinflammation and the subsequent 
increase of neuronal activity may thus represent a therapeu-
tic approach to target persistent pain in patients. However, 
the variety of released mediators makes it difficult to target 
them. Among the proinflammatory mediators are cytokines 
such as tumor necrosis factor alpha (TNFα), and the inter-
leukins IL-1β, IL-6, chemokines such as CCL2, CCL5 
and CXCL1 [21], as well as lipids such as eicosanoids, 

lysophospholipids, and oxidized linoleic acid metabolites 
[22]. Although several substances or monoclonal antibod-
ies such as infliximab or tocilizumab may block individual 
mediators and in doing so disrupt their signaling, there is 
still an abundance of other mediators that can compensate 
for individual losses. This may be the reason why, for exam-
ple, the TNFα-blocking antibody infliximab, which is widely 
used in the clinic for the treatment of chronic inflammatory 
diseases [23], did not show any effect in reducing persistent 
pain in clinical trials [24, 25]. Likewise, the IL-6 receptor-
blocking antibody tocilizumab failed to ameliorate pain in a 
randomized, double-blind, placebo-controlled clinical trial 
in 79 patients with osteoarthritis of the hand [26].

In consequence, it may be more promising to (1) reduce 
the activation of glial cells and/or prevent the migration of 
other immune cells to the nervous system, (2) reduce the 
synthesis and release of proinflammatory mediators, such as 
cytokines, chemokines, and lipids from immune cells, or (3) 
reduce excessive neuronal activity and synaptic glutamate 
release.

Several approved drugs have anti-inflammatory proper-
ties but only a few of them target neuroinflammation and 
can reduce neuronal activity in the spinal cord in preclinical 
pain models. Among them are antibiotics such as minocy-
cline, ceftriaxone, demeclocycline, and chlortetracycline, as 
well as the sphingolipid signaling modulator fingolimod, the 
antidiabetic drug pioglitazone, and the phosphodiesterase 
inhibitor ibudilast (Fig. 1, Table 1).

2.1  Targeting ROS Production and Cytokine Release 
in Microglia

2.1.1  Minocycline

Minocycline is a semisynthetic tetracycline that received 
its FDA approval in 1971. Due to its high lipophilicity, it 
can penetrate through the blood–brain barrier better than 
other tetracyclines [27]. Minocycline has previously been 
suggested as a therapeutic option for neurodegenerative dis-
eases, as its neuroprotective and anti-inflammatory proper-
ties became apparent [28]. However, clinical studies of the 
last 20 years showed mixed results. While in some clinical 
trials beneficial effects of minocycline have been reported, 
a recent meta-analysis concluded that to date there is no 
conclusive evidence for a strong amelioration of clinical 
symptoms in neurodegenerative diseases after minocycline 
treatment [29].

In the context of neuropathic pain, several recent stud-
ies confirmed previous observations that minocycline may 
ameliorate neuroinflammation in persistent pain states. 
It was shown that intrathecal injection reduced mechani-
cal allodynia in vivo and reduced the A1/A2 ratio of spi-
nal astrocytes in a rat model of skin/muscle incision and 



360 M. Sisignano et al.

retraction (SMIR) by downregulating CXCR7 and the PI3K/
Akt system [30]. In the context of chemotherapy-induced 
neuropathic pain, minocycline treatment reduced vincris-
tine-induced mechanical hypersensitivity in mice, as well as 
tactile allodynia and cold hyperalgesia caused by oxaliplatin 
when administered alone or in combination with duloxetine 
[31, 32]. Likewise, minocycline alone and in combination 
with botulinum toxin decreased the inflammatory response 
and oxidative stress of glial cells after spinal cord injury pain 
in rats by activating SIRT1 and restraining pAKT, P53, and 
p-NF-kB [33]. In a model of systemic lipopolysaccharide 
(LPS)-induced spinal cord inflammation in neonatal rats, 
minocycline treatment reduced LPS-induced allodynia and 
hyperalgesia, and in a rat model of streptozotocin-induced 
type 1 diabetes mellitus, minocycline administration led to 
a reduction in mechanical hypersensitivity [34, 35].

Apart from minocycline monotherapy, a combination 
with other tetracyclines may also be beneficial for ame-
liorating neuropathic pain. A recent study identified that 
demeclocycline, chlortetracycline, and minocycline bind 
and inhibit the tyrosine kinase ephrin type-B receptor 1 
(EphB1) in the brain, spinal cord, and dorsal root ganglia 
(DRG). Treating mice with a combination of these three 
tetracyclines caused a reduction of mechanical and thermal 
hypersensitivity in capsaicin-, CFA- and formalin-induced 

pain [36]. Mechanistically, minocycline seems to reduce the 
production of reactive oxygen species in microglia and the 
release of proinflammatory and prologetic cytokines and 
chemokines, such as TNFα, IL-1β, and CXCL1 [37] (Fig. 1).

In recent years, several small clinical trials have con-
tributed to the concept of using minocycline as a treatment 
option for persistent pain in patients. For example, minocy-
cline reduced bilateral muscular hyperalgesia and cutaneous 
cold allodynia caused by repeated intramuscular injections 
of hypertonic saline in healthy humans [38], and minocy-
cline reduced muscle hyperalgesia induced by intramuscular 
injection of nerve growth factor (NGF) in humans in a small 
placebo-controlled double-blind clinical trial [39]. Moreo-
ver, minocycline treatment for 12 weeks caused a reduc-
tion of paclitaxel-induced acute pain and fatigue in cancer 
patients in a pilot study [40]. In another randomized clinical 
trial, minocycline treatment for 6–7 weeks reduced chem-
otherapy-induced neuropathic pain and fatigue in patients 
with non-small lung cancer [41].

A recently published systematic review of studies in 
humans concluded that minocycline could potentially reduce 
neuropathic pain in patients [42] (Table 1). However, its 
analgesic effect has not yet been assessed in a large, rand-
omized, placebo-controlled clinical trial.

Fig. 1  Proposed mechanisms of approved drugs in reducing neuro-
inflammation. CCL2 chemokine (C–C motif) ligand 2, EphB1 ephrin 
type-B  receptor  1, GLT-1 glutamate transporter 1, IκB inhibitor of 
nuclear factor kappa B, IL-1β interleukin-1β, IL-6 interleukin-6, 
mTOR mammalian target of rapamycin, NF-κB nuclear factor kappa 

B, NMDAR N-methyl-d-aspartate receptor, pERK phosphorylated 
extracellular-signal regulated kinase, PPARγ peroxisome prolifera-
tor-activated receptor γ, S1P1R sphingosine-1-phosphate receptor 1, 
TNFα tumor necrosis factor α
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Table 1  Approved drugs targeting neuroinflammation in alphabetical order, as well as proposed mechanisms and tested models

Name drug class Model Dose and route of admin-
istration

Effects/proposed mechanisms Dose in adult patients References

Biomarker-based 
approach

Using diagnostic bio-
markers to reveal pain 
mechanisms, fitting 
potential drugs to these 
mechanisms

Not applicable Several potential analgesic drugs identified: 
SC-560, pyridoxine, methylergometrine, 
haloperidol

Not applicable [116]

Ceftriaxone
Antibiotic (β-lactam)

Rat model of trigeminal 
neuropathic pain (TNP) 
by chronic compres-
sion of the infraorbital 
nerve (CCI-ION)

200 mg/kg IP on 5 con-
secutive days

Reduces mechanical hypersensitivity and 
thermal hyperalgesia restoring GLT-1 in 
the dorsal horn. Likely off-target due to 
high dose

Commonly 1–2 g/day IV or IM
For gonococcal or chancroid 

infections, 250 mg IM as 
single dose

[44]

Formalin model in rats 50–400 mg/kg intraplantar 
before formalin or IP 
one day after formalin or 
daily, for 3 or 7 days

Local or systemic, single or repeated 
administration reduces formalin-induced 
nociception (flinching behavior). Likely 
off-target due to high dose

[45]

Formalin model, SNL 
model for neuropathic 
pain in rats

200 mg/kg IP on 9 con-
secutive days

Delayed onset of formalin-induced 
nocifensive responses, reduced thermal 
hyperalgesia but no significant effect on 
mechanical hypersensitivity after SNL. 
Likely off-target due to high dose

[47]

SNL in rats Ceftriaxone alone (100 
or 200 mg/kg IP) or in 
combination with piogl-
itazone (5–20 mg/kg IP) 
for 28 days

Reduces mechanical hypersensitivity, 
thermal hyperalgesia and cold allodynia. 
Likely off-target due to high dose

[46]

Postoperative pain in 
patients

Ceftriaxone 2 g IV 1 hour 
before surgery

Reduces mechanical pain threshold and 
postoperative pain in patients. A com-
mon ceftriaxone dose was used for this 
study

[48]

Demeclocycline
Chlortetracycline
Antibiotics (tetracy-

clines)

In silico screen, 
capsaicin-induced pain 
model, CFA model, 
formalin model in mice

Combination of chlortet-
racycline 7 mg/kg/day 
PO and demeclocycline 
20 mg/kg/day PO 3 days 
in advance

Chlortetracycline binds and inhibits the 
EphB1 activation and reduces phospho-
rylation in the brain, spinal cord, and 
dorsal root ganglion (DRG)

Combination of minocycline, chlortet-
racycline and demeclocycline reduces 
mechanical and thermal hypersensitivity. 
Likely off-target due to high dose

Chlortetracycline is used oph-
thalmic or local (ointment) 
1–3% (w/w)

Demeclocycline is used at 
100 mg orally/d

[36]

Fingolimod
S1P-modulator

Cancer-induced bone 
pain (CIBP) model 
in mice

1 mg/kg/day IP or SC 
(continuous infusion with 
osmotic minipump) for 7 
consecutive days

Fingolimod treatment reduces flinching and 
guarding behavior. Possibly off-target 
due to high dose

0.5 mg PO once daily [55]

Mouse model of multiple 
sclerosis-induced 
neuropathic pain (EAE 
model)

0.1–1 mg/kg IP daily from 
days 15–34 and 45–52 
post-EAE induction;

0.001–1 mg/kg IP daily 
from days 15–37 post-
EAE induction

Reduces mechanical hypersensitivity and 
cold allodynia, reduces pERK activation 
in the spinal cord via S1P1R and reduces 
the number of activated spinal microglia 
and astrocytes. Possibly off-target due to 
high dose

[56]

Bortezomib-induced 
neuropathic pain in 
mice and rats

0.003–0.3 mg/kg PO for 
20 days

1 mg/kg/day IP for 36 days; 
0.3 mg/kg/day PO for 
25 days

Reduces neuroinflammation (decreased 
production of TNFα, IL-1β, enhanced 
production of IL-10, IL-4) in astrocytes. 
Signals via S1P1R in spinal astrocytes, 
reduces their activation. Possibly off-
target due to high dose

[53]

Chronic constriction 
injury (CCI) model 
of neuropathic pain 
in mice

1–5 mg/kg/day IP
6 mg/kg/day IP for 6.5 days

S1P1R desensitization may cause tolerance 
to thermal antinociceptive actions of 
fingolimod and may mediate long-term 
antiallodynic effects of fingolimod. 
Likely off-target due to high dose

[117]
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Table 1  (continued)

Name drug class Model Dose and route of admin-
istration

Effects/proposed mechanisms Dose in adult patients References

Ibudilast
Phosphodiesterase 

inhibitor (mainly 
PDE4)

Sciatic nerve injury 
in rats

Single intrathecal injection 
25 µg

Repeated intrathecal 
injection (25 µg) daily 
for 4 days from day 11 
post-injury

Treatment reduces mechanical hypersen-
sitivity after sciatic nerve injury in rats, 
reduces the numbers of iba1-positive 
microglia in the spinal cord, and the 
numbers of pp38-positive cells. Possibly 
off-target due to high dose

Currently in clinical testing [63]

Oxaliplatin-induced 
neuropathic pain

7.5 mg/kg IP for 3 days, 
or a single dose before 
von-Frey-testing

reduces oxaliplatin-induced mechanical 
hypersensitivity in rats. Likely off-target 
due to high dose

[62]

Opioid withdrawal 
symptoms and opioid-
dependent analgesia

Ibudilast 50 mg twice daily 
for 30 days

Reduces opioid withdrawal symptoms and 
increases the analgesic effects of oxy-
codone in human volunteers diagnosed 
with opioid dependence

[64]

Minocycline
Antibiotic (tetracy-

cline)

Skin/muscle incision 
and retraction (SMIR) 
model

100 µg Ith for 7 days Treatment reduces mechanical allodynia 
in vivo and reduced the A1/A2 ratio of 
spinal astrocytes. Possibly off-target due 
to high dose

Various applications and doses: 
most commonly 100–200 mg/
day PO for several days to 
weeks

Also IV application at 
100–200 mg is common

[30]

Vincristine-induced 
peripheral neuropathy

25 mg/kg IP on days 3–4 
after and days 7–11 after 
vincristine treatment

Prevents development of mechanical allo-
dynia after local or systemic vincristine 
injection. Reduces leukocyte infiltration 
after local or vincristine treatment. 
Likely off-target due to high dose

[31]

Oxaliplatin-induced 
neuropathic pain

50–100 mg/kg IP single 
or repeated dose (for 7 
consecutive days starting 
with oxaliplatin treat-
ment)

Reduces tactile allodynia and cold hyper-
algesia 1 h and 6 h after administration. 
Likely off-target due to high doses

[32]

Spinal cord injury pain 
in rats

25 mg/kg IP post-injury for 
7, 12, or 16 days

Minocycline alone and in combination with 
botulinum toxin reduces the inflamma-
tory response and oxidative stress of 
glial cells, activates SIRT1 and restrains 
pAKT, P53, and pNF-KB. Likely off-
target due to high dose

[33]

Systemic lipopolysac-
charide (LPS)-induced 
spinal cord inflamma-
tion in neonatal rats

Single injection 45 mg/
kg IP 5 min after LPS 
injection

Reduces LPS-induced allodynia and hyper-
algesia. Likely off-target due to high dose

[34]

Streptozotocin (STZ)-
induced rat model of 
type-1 diabetes

80 mg/kg/day PO for 3 
weeks (weeks 4–7 after 
STZ injection)

Reduces mechanical hypersensitivity in 
diabetic rats. Likely off-target due to 
high dose

[35]

Repeated intramuscular 
injections of hypertonic 
saline in humans

200 mg PO loading dose, 
followed by 100 mg PO 
twice daily for 7 days

Reduces bilateral muscular hyperalgesia 
and cutaneous cold allodynia. Common 
minocycline doses were used for this 
study

[38]

Intramuscular injection 
of nerve growth factor

200 mg PO loading dose, 
followed by 100 mg PO 
twice daily for 7 days

Reduces the muscle hyperalgesia induced 
by intramuscular injection of nerve 
growth factor in humans. Common mino-
cycline doses were used for this study

[39]

Paclitaxel-induced acute 
pain

100 mg twice daily for 12 
weeks

Causes decrease in pain score and reduces 
fatigue in patients

[40]

Chemotherapy-induced 
neuropathic pain

100 mg twice daily for 6–7 
weeks

Reduces chemotherapy-induced pain and 
fatigue in patients with non-small cell 
lung cancer

[41]

Systematic review of 
human studies

In most studies, 100 mg PO 
twice daily for several 
weeks to months

Minocycline could have some potential for 
reducing neuropathic pain

[42]

Pioglitazone
Antidiabetic drug

Bone cancer pain model 
in rats

500 µg/day Ith for 7 days Treatment reduces mechanical hypersensi-
tivity, possibly via activation of PPARγ 
and reduction of mTOR-signaling in 
spinal cord neurons. Likely off-target due 
to high dose

Initial dose 15–30 mg/day PO 
then 15–45 mg/day PO

[59]

SNL in rats Pioglitazone alone 
(5–20 mg/kg IP) for 28 
days or in combination 
with ceftriaxone (100 or 
200 mg/kg IP)

Ceftriaxone alone or in combination with 
pioglitazone (100 mg/kg each) reduces 
mechanical hypersensitivity, thermal 
hyperalgesia and cold allodynia. Likely 
off-target due to high dose

[46]
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2.2  Enhancing Spinal Glutamate Uptake

2.2.1  Ceftriaxone

Several lines of evidence suggest analgesic effects of the 
antibiotic ceftriaxone in preclinical pain models. The first 
observation showing that ceftriaxone causes upregulation of 
the glutamate transporter GLT-1 in the spinal cord, which 
reduces spinal glutamate concentrations and decreases trans-
mission of painful signals to the central nervous system in 
the context of neuropathic pain, was published in 2010 [43] 
(Fig. 1).

Similar observations were reported by recent studies. For 
example, ceftriaxone treatment reduced mechanical hyper-
sensitivity and thermal hyperalgesia in a GLT-1 dependent 
manner in a rat model of trigeminal neuropathic pain (TNP) 
by chronic compression of the infraorbital nerve (CCI-ION) 
[44]. Likewise, local or systemic, single or repeated adminis-
tration of ceftriaxone caused a reduction of formalin-induced 
nociception (flinching behavior) in rats [45].

However, the effect of ceftriaxone in spinal nerve ligation 
(SNL)-induced pain is controversial. A recent study reported 
that ceftriaxone alone or in combination with pioglitazone 
reduced mechanical hypersensitivity, thermal hyperalge-
sia and cold allodynia after SNL in rats [46]. Conversely, 
another study found that ceftriaxone caused delayed onset 
of formalin-induced nocifensive responses and reduced ther-
mal hyperalgesia but had no significant effect on mechanical 
hypersensitivity after spinal nerve ligation (SNL) in rats [47] 
(Table 1). In summary, the results from preclinical studies 
are promising and suggest analgesic efficacy of ceftriaxone 
in inflammatory and neuropathic pain. In human patients 
undergoing surgery (n = 15), treatment with intravenous 
ceftriaxone (2 g) 1 h before surgery caused a reduction in 
mechanical pain threshold for several hours after surgery 
[48]. These data indicate that ceftriaxone may reduce post-
operative pain in patients and has the additional beneficial 
effect of antimicrobial prophylaxis when applied prior to 
surgery.

2.3  Targeting Sphingolipid Signaling in Spinal 
Neurons and Glial Cells

2.3.1  Fingolimod

The sphingolipid sphingosin-1-phosphate (S1P) is an 
important lipid mediator that exerts a wide range of pleio-
tropic immunological effects via its five G-protein-coupled 
receptors (S1PR1–5) [49]. The S1P receptors 1–3 are also 
expressed in peripheral sensory neurons [50]. It has previ-
ously been suggested that S1P and its precursor ceramide 
may be involved in peripheral sensitization and aberrant ion 
channel activity in sensory neurons in the context of persis-
tent pain [51, 52]. Recently it was shown that the dysregu-
lation of S1P signaling causes increased activation of the 
S1P1 receptor in spinal astrocytes during neuropathic pain 
evoked by the cytostatic bortezomib or by nerve injury. In 
consequence, astrocytes release proinflammatory mediators 
that initiate and maintain neuroinflammation. Treating mice 
with the fucS1P1 receptor agonist fingolimod acting as a 
functional antagonist, which is approved for the treatment of 
multiple sclerosis, reduced astrocyte-induced neuroinflam-
mation and neuropathic pain in vivo [53, 54]. Similar results 
were observed in a cancer-induced bone pain (CIBP) model 
in mice. As reported by the authors, fingolimod treatment 
reduced flinching and guarding behavior in these animals 
[55]. Likewise, fingolimod treatment was found to reduce 
mechanical hypersensitivity and cold allodynia by reducing 
pERK activation in the spinal cord via the S1P1 receptor in 
a mouse model of multiple-sclerosis-induced neuropathic 
pain [56].

Fingolimod itself is an example of successful drug repur-
posing because it was originally considered as treatment for 
kidney transplant rejection [57].

Based on these preclinical observations, two clinical tri-
als have been initiated to assess the effect of fingolimod in 
chemotherapy-induced neuropathic pain in patients (Clini-
calTrials.gov identifiers NCT03941743, NCT03943498), but 
have not yet reported results (Fig. 1, Table 1).

Table 1  (continued)

Name drug class Model Dose and route of admin-
istration

Effects/proposed mechanisms Dose in adult patients References

Sivelestat
Neutrophil elastase 

inhibitor

Spinal cord injury (SCI) 
in rats

30 mg/kg IP 1 h after SCI. 
Rats received either 2, 
14, or 28 injections

Reduces spinal glial response, cytokine 
and chemokine release, ameliorates glial 
damage in the spinal cord and reduces 
mechanical hypersensitivity. Likely off-
target due to high dose

Not approved in the US. In 
Japan, 4.8 mg/kg/day for up 
to 14 days

[67]

CFA complete Freund’s adjuvant, EAE experimental autoimmune encephalomyelitis, EphB1 ephrin type-B receptor 1, GLT-1 glutamate trans-
porter, IL interleukin, IM intramuscular, IP intraperitoneal, Ith intrathecal, IV intravenous, mTOR mammalian target of rapamycin, pAKT phos-
phorylated RAC-alpha serine/threonine-protein kinase, pERK phosphorylated extracellular-signal regulated kinase, pNF-κB phosphorylated 
nuclear factor kappa B, PO oral, PPARγ peroxisome proliferator-activated receptor γ, S1P1R sphingosine-1-phosphpate receptor 1, SC subcuta-
neous, SNL spinal nerve ligation, TNF tumor necrosis factor α
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2.4  Activating PPARγ in Spinal Cord Neurons

2.4.1  Pioglitazone

The antidiabetic drug pioglitazone is a highly potent agonist 
of the peroxisome proliferator activating factor-γ (PPARγ) 
[58]. Intrathecal injection of pioglitazone was shown to 
reduce mechanical hypersensitivity in a bone cancer pain 
model in rats, possibly via activation of PPARγ and reduc-
tion of mTOR signaling in spinal cord neurons [59]. Piogl-
itazone may also reduce the inflammatory response of spinal 
astrocytes in the context of nerve-injury-induced neuro-
pathic pain [60]. Moreover, pioglitazone also seems to have 
beneficial effects on peripheral sensory neurons in the con-
text of persistent pain that are discussed in Sect. 3.3 (Figs 1 
and 2; Tables 1 and 2).

2.5  Reducing Microglia Activation

2.5.1  Ibudilast

The phosphodiesterase inhibitor ibudilast is an FDA-
approved drug for the treatment of amyotrophic lateral 
sclerosis (ALS). Mechanistically it seems to reduce the 
production of the proinflammatory mediators TNFα, IL-1β, 
IL-6, and glial fibrillary acidic protein (GFAP) [61], which 
are also hallmarks of neuroinflammation [8]. In recent 

studies, intraperitoneal injection of ibudilast was found 
to reduce mechanical hypersensitivity of rats after treat-
ment with the cytostatic oxaliplatin [62]. In another study, 
intrathecal administration of ibudilast caused a reduction 
in hypersensitivity in two different rat models of nerve-
injury-induced neuropathic pain. The mechanism for these 
effects are unclear but seem to be related to a reduced num-
ber of p-p38-positive activated spinal microglia [63] (Fig. 1, 
Table 1).

Ibudilast was also assessed in clinical trials in the con-
text of opioid withdrawal. A small recent trial reported that 
treatment with ibudilast (50 mg twice daily) reduces opioid 
withdrawal symptoms and seems to increase the analgesic 
effects of oxycodone in human volunteers diagnosed with 
opioid dependence [64]. These results are promising and 
suggest ibudilast for the treatment of opioid use disorders. 
However, larger clinical trials are required for conclusive 
evidence about the analgesic effects of ibudilast in patients.

2.6  Targeting T‑Cell–Neuron Interaction

2.6.1  Sivelestat

Peripheral nerve injury causes recruitment and infiltration 
of T cells to dorsal root ganglia. These T cells were shown 
to release leukocyte elastase, which is a serine protease that 
interacts with and sensitizes sensory neurons. Inhibiting 

Fig. 2  Proposed mechanisms of approved drugs targeting or pro-
tecting sensory neurons. Ca2+ calcium, CGRP calcitonin gene-
related peptide, CYP2J2 cytochrome-P450-epoxygenase isoform 2J2, 
DMF dimethyl fumarate, EphB1 ephrin type-B  receptor  1, GLP-1 
glucagon-like peptide-1, GLT-1 glutamate transporter 1, NMDAR 
N-methyl-D-aspartate receptor, OATP1B2 organic anion-transporting 

polypeptide 1b, OCT2 organic cation/carnitine transporter 2, ROS 
reactive oxygen species, Src sarcoma, SOD superoxide dismutase, 
TRPA1 transient receptor potential ankyrin 1 channel, TRPV1 tran-
sient receptor potential vanilloid 1 channel, TRPM8 transient recep-
tor potential melastatin 8 channel. The dashed line for minoxidil indi-
cates preliminary observations



365Drug Repurposing to Target Neuroinflammation and Sensory Neuron-Dependent Pain

Ta
bl

e 
2 

 A
pp

ro
ve

d 
dr

ug
s t

ar
ge

tin
g 

or
 p

ro
te

ct
in

g 
se

ns
or

y 
ne

ur
on

s i
n 

al
ph

ab
et

ic
al

 o
rd

er
, a

s w
el

l a
s p

ro
po

se
d 

m
ec

ha
ni

sm
s a

nd
 te

ste
d 

m
od

el
s

N
am

e 
dr

ug
 c

la
ss

M
od

el
D

os
e 

an
d 

ro
ut

e 
of

 a
dm

in
ist

ra
tio

n
Eff

ec
ts

/p
ro

po
se

d 
m

ec
ha

ni
sm

s
D

os
e 

in
 a

du
lt 

pa
tie

nt
s

Re
fe

re
nc

es

A
ce

ta
zo

la
m

id
e

C
ar

bo
ni

c 
an

hy
dr

as
e 

in
hi

bi
to

r

O
xa

lip
la

tin
-in

du
ce

d 
ne

ur
o-

pa
th

ic
 p

ai
n 

in
 m

ic
e

50
 m

g/
kg

 P
O

 1
 h

 b
ef

or
e 

ox
al

ip
l-

at
in

 tr
ea

tm
en

t
O

xa
lip

la
tin

 re
du

ce
s t

he
 in

tra
ce

llu
la

r p
H

 o
f m

ur
in

e 
D

RG
 n

eu
ro

ns
, c

au
si

ng
 se

ns
iti

za
tio

n 
of

 T
R

PV
1 

an
d 

TR
PA

1 
ch

an
ne

ls
. T

op
ira

m
at

e 
an

d 
ac

et
az

ol
am

id
e 

in
hi

bi
t c

ar
bo

ni
c 

an
hy

dr
as

e 
(to

pi
ra

m
at

e 
off

-ta
rg

et
), 

le
ad

in
g 

to
 e

le
va

tio
n 

of
 th

e 
pH

, p
hy

si
ol

og
ic

al
 a

ct
iv

ity
 

of
 T

R
PV

1 
an

d 
TR

PA
1 

an
d 

re
du

ce
d 

ox
al

ip
la

tin
-

in
du

ce
d 

co
ld

 a
llo

dy
ni

a.
 L

ik
el

y 
off

-ta
rg

et
 d

ue
 to

 h
ig

h 
do

se

25
0–

10
00

 m
g/

da
y 

PO
 o

r 
IV

 fo
r g

la
uc

om
a

Fo
r e

pi
le

ps
y 

an
d 

se
iz

ur
es

 
8–

30
 m

g/
kg

/d
ay

 P
O

[9
1]

Po
sto

pe
ra

tiv
e 

pa
in

5 
m

g/
kg

 IV
 d

ur
in

g 
an

es
th

es
ia

 
or

 5
 m

g/
kg

 P
O

 1
 h

ou
r b

ef
or

e 
su

rg
er

y

Re
du

ce
s r

ef
er

re
d 

pa
in

 a
fte

r l
ap

ar
os

co
pi

c 
su

rg
ic

al
 p

ro
-

ce
du

re
s. 

C
om

m
on

 d
os

es
 w

er
e 

us
ed

 fo
r t

he
se

 st
ud

ie
s

[9
2,

 9
3]

A
lo

gl
ip

tin
D

PP
-4

 in
hi

bi
to

r
Pa

cl
ita

xe
l- 

an
d 

bo
rte

zo
m

ib
-

in
du

ce
d 

ne
ur

op
at

hi
c 

pa
in

 
in

 ra
ts

1 
an

d 
10

 m
g/

kg
 P

O
 5

 ti
m

es
 a

 
w

ee
k 

fo
r 4

 w
ee

ks
Re

du
ce

s n
eu

rit
e 

sh
or

te
ni

ng
 a

nd
 m

ec
ha

ni
ca

l h
yp

er
se

n-
si

tiv
ity

 in
 ra

ts
 c

au
se

d 
by

 p
ac

lit
ax

el
 a

nd
 b

or
te

zo
m

ib
Li

ke
ly

 o
ff-

ta
rg

et
 d

ue
 to

 h
ig

h 
do

se

C
om

m
on

ly
 2

5 
m

g/
da

y 
PO

[1
03

]

C
im

et
id

in
e

H
ist

am
in

e 
 H

2-
re

ce
pt

or
 

an
ta

go
ni

st

O
xa

lip
la

tin
-in

du
ce

d 
ne

ur
o-

pa
th

ic
 p

ai
n 

in
 m

ic
e 

an
d 

ra
ts

C
im

et
id

in
e:

 3
0 

m
g/

kg
 IV

 b
ol

us
 in

 
co

m
bi

na
tio

n 
w

ith
 o

xa
lip

la
tin

B
ot

h 
co

m
po

un
ds

 in
hi

bi
t t

he
 o

rg
an

ic
 c

at
io

n 
tra

ns
po

rte
r 

O
C

T2
 th

at
 fa

ci
lit

at
es

 tr
an

sp
or

t o
f o

xa
lip

la
tin

 in
to

 
se

ns
or

y 
ne

ur
on

s

C
im

et
id

in
e:

 2
00

–8
00

 m
g/

da
y 

PO
[8

2,
 8

3]

D
as

at
in

ib
Ty

ro
si

ne
 k

in
as

e 
in

hi
bi

to
r

D
as

at
in

ib
:1

5 
m

g/
kg

 P
O

 
pr

et
re

at
ed

 b
ef

or
e 

ox
al

ip
la

tin
 

ad
m

in
ist

ra
tio

n

D
as

at
in

ib
: 1

00
–1

80
 m

g/
da

y 
PO

D
em

ec
lo

cy
cl

in
e

C
hl

or
te

tr
ac

yc
lin

e
A

nt
ib

io
tic

s (
te

tra
cy

cl
in

es
)

In
 si

lic
o 

sc
re

en
, c

ap
sa

ic
in

-
in

du
ce

d 
pa

in
 m

od
el

, C
FA

 
m

od
el

, f
or

m
al

in
 m

od
el

 in
 

m
ic

e

C
om

bi
na

tio
n 

of
 c

hl
or

te
tra

cy
cl

in
e 

7 
m

g/
kg

/d
ay

 P
O

 a
nd

 d
em

e-
cl

oc
yc

lin
e 

20
 m

g/
kg

/d
ay

 P
O

 3
 

da
ys

 in
 a

dv
an

ce

C
hl

or
te

tra
cy

cl
in

e 
bi

nd
s a

nd
 in

hi
bi

ts
 th

e 
Ep

hB
1-

ac
tiv

a-
tio

n 
an

d 
re

du
ce

s p
ho

sp
ho

ry
la

tio
n 

in
 th

e 
br

ai
n,

 sp
in

al
 

co
rd

, a
nd

 D
RG

C
om

bi
na

tio
n 

of
 m

in
oc

yc
lin

e,
 c

hl
or

te
tra

cy
cl

in
e 

an
d 

de
m

ec
lo

cy
cl

in
e 

re
du

ce
s m

ec
ha

ni
ca

l a
nd

 th
er

m
al

 
hy

pe
rs

en
si

tiv
ity

. L
ik

el
y 

off
-ta

rg
et

 d
ue

 to
 h

ig
h 

do
se

C
hl

or
te

tra
cy

cl
in

e 
op

ht
ha

l-
m

ic
 o

r l
oc

al
 (o

in
tm

en
t) 

1–
3%

 (w
/w

). 
D

em
ec

lo
-

cy
cl

in
e 

is
 u

se
d 

at
 1

00
 m

g 
or

al
ly

/d

[3
6]

D
im

et
hy

l f
um

ar
at

e
A

nt
i-m

ul
tip

le
 sc

le
ro

si
s 

dr
ug

O
xa

lip
la

tin
-in

du
ce

d 
ne

ur
o-

pa
th

ic
 p

ai
n 

in
 ra

ts
10

0 
or

 2
00

 m
g/

kg
 P

O
 5

 ti
m

es
 p

er
 

w
ee

k 
fo

r 4
 w

ee
ks

Re
du

ce
s a

xo
na

l d
eg

ra
da

tio
n 

m
ec

ha
ni

ca
l b

ut
 n

ot
 c

ol
d 

hy
pe

rs
en

si
tiv

ity
 in

 ra
ts

 c
au

se
d 

by
 o

xa
lip

la
tin

. L
ik

el
y 

off
-ta

rg
et

 d
ue

 to
 h

ig
h 

do
se

In
iti

al
 d

os
e:

 1
20

 m
g 

PO
 

tw
ic

e 
da

ily
 fo

r 7
 d

ay
s, 

th
en

 2
40

 m
g 

PO
 tw

ic
e 

da
ily

[1
04

]

D
on

ep
ez

il
A

nt
i-d

em
en

tia
 d

ru
g

O
xa

lip
la

tin
-in

du
ce

d 
ne

ur
o-

pa
th

ic
 p

ai
n 

in
 ra

ts
0.

3 
or

 1
 m

g/
kg

 P
O

 5
 ti

m
es

 a
 

w
ee

k 
fo

r 4
 w

ee
ks

Re
du

ce
s n

eu
rit

e 
sh

or
te

ni
ng

 a
nd

 m
ec

ha
ni

ca
l h

yp
er

-
se

ns
iti

vi
ty

 in
 ra

ts
 c

au
se

d 
by

 o
xa

lip
la

tin
 p

os
si

bl
y 

by
 

re
sto

rin
g 

th
e 

ac
tiv

ity
 o

f s
up

er
ox

id
e 

di
sm

ut
as

e 
(S

O
D

) 
an

d 
ne

ur
op

ro
te

ct
io

n.
 L

ik
el

y 
off

-ta
rg

et
 d

ue
 to

 h
ig

h 
do

se

In
iti

al
 d

os
e 

5 
m

g/
da

y 
PO

, t
he

n 
10

 m
g/

da
y 

PO
 

fo
r 4

–6
 w

ee
ks

. C
an

 b
e 

in
cr

ea
se

d 
to

 2
3 

m
g/

da
y 

PO
 a

fte
r t

ak
in

g 
10

 m
g/

da
y 

fo
r a

t l
ea

st 
3 

m
on

th
s

[1
05

]

N
eu

ro
pa

th
ic

 p
ai

n 
pa

tie
nt

s
D

on
ep

ez
il 

(5
 m

g/
d)

En
ha

nc
es

 g
ab

ap
en

tin
 a

na
lg

es
ia

 a
t c

om
m

on
ly

 u
se

d 
do

se
s

[1
08

]

Fu
lv

es
tr

an
t

C
yt

os
ta

tic
, e

str
og

en
 

re
ce

pt
or

 a
nt

ag
on

ist

Pa
cl

ita
xe

l-i
nd

uc
ed

 n
eu

ro
-

pa
th

ic
 p

ai
n 

in
 ra

ts
5 

or
 1

0 
m

g/
kg

 S
C

 o
nc

e 
a 

w
ee

k 
fo

r 5
 w

ee
ks

, s
ta

rti
ng

 7
 d

ay
s 

be
fo

re
 o

xa
lip

la
tin

 tr
ea

tm
en

t

Re
du

ce
s n

eu
rit

e 
sh

or
te

ni
ng

, d
em

ye
lin

at
io

n 
an

d 
m

ec
ha

ni
ca

l h
yp

er
se

ns
iti

vi
ty

 in
 ra

ts
 c

au
se

d 
by

 p
ac

li-
ta

xe
l. 

Pr
ob

ab
ly

 o
ff-

ta
rg

et
 d

ue
 to

 h
ig

h 
do

se

50
0 

m
g 

IM
 o

n 
da

ys
 1

, 1
5,

 
29

, a
nd

 o
nc

e 
m

on
th

ly
 

th
er

ea
fte

r

[1
06

]

M
in

ox
id

il
A

nt
ih

yp
er

te
ns

iv
e 

dr
ug

Pa
cl

ita
xe

l-i
nd

uc
ed

 n
eu

ro
-

pa
th

ic
 p

ai
n 

in
 ra

ts
25

 o
r 5

0 
m

g/
kg

 IP
 e

ve
ry

 o
th

er
 

da
y 

fo
r 7

 d
ay

s t
og

et
he

r w
ith

 
pa

cl
ita

xe
l

Re
du

ce
s n

eu
rit

e 
sh

or
te

ni
ng

 a
nd

 m
ec

ha
ni

ca
l h

yp
er

-
se

ns
iti

vi
ty

 in
 ra

ts
 c

au
se

d 
by

 p
ac

lit
ax

el
, p

os
si

bl
y 

by
 

in
hi

bi
tin

g 
pa

cl
ita

xe
l-i

nd
uc

ed
 c

al
ci

um
 d

ys
re

gu
la

tio
n.

 
Li

ke
ly

 o
ff-

ta
rg

et
 d

ue
 to

 h
ig

h 
do

se

In
iti

al
: 5

 m
g/

da
y 

PO
 th

en
 

2.
5–

80
 m

g/
d

[1
07

]



366 M. Sisignano et al.

Ta
bl

e 
2 

 (c
on

tin
ue

d)

N
am

e 
dr

ug
 c

la
ss

M
od

el
D

os
e 

an
d 

ro
ut

e 
of

 a
dm

in
ist

ra
tio

n
Eff

ec
ts

/p
ro

po
se

d 
m

ec
ha

ni
sm

s
D

os
e 

in
 a

du
lt 

pa
tie

nt
s

Re
fe

re
nc

es

N
ilo

tin
ib

Ty
ro

si
ne

 k
in

as
e 

in
hi

bi
to

r
Pa

cl
ita

xe
l-i

nd
uc

ed
 n

eu
ro

-
pa

th
ic

 p
ai

n 
in

 m
ic

e
10

0 
m

g/
kg

 P
O

 3
0 

m
in

ut
es

 b
ef

or
e 

pa
cl

ita
xe

l t
re

at
m

en
t

N
ilo

tin
ib

 in
hi

bi
ts

 th
e 

or
ga

ni
c 

an
io

n 
tra

ns
po

rte
r 

O
A

TP
1B

2 
th

at
 se

em
s t

o 
be

 re
sp

on
si

bl
e 

fo
r t

he
 

tra
ns

po
rt 

of
 p

ac
lit

ax
el

 in
to

 se
ns

or
y 

ne
ur

on
s. 

Li
ke

ly
 

off
-ta

rg
et

 d
ue

 to
 h

ig
h 

do
se

30
0–

40
0 

m
g 

PO
 tw

ic
e 

da
ily

[8
1]

C
hr

on
ic

 m
ye

lo
id

 le
uk

em
ia

 
(C

M
L)

 p
at

ie
nt

s
M

ea
n 

do
se

 4
80

 m
g/

da
y 

PO
N

ilo
tin

ib
 in

cr
ea

se
s t

he
rm

al
 p

ai
n 

th
re

sh
ol

ds
 in

 C
M

L 
pa

tie
nt

s a
t s

lig
ht

ly
 h

ig
he

r d
os

es
 th

an
 c

om
m

on
ly

 u
se

d
[1

08
]

Pi
og

lit
az

on
e

A
nt

id
ia

be
tic

 d
ru

g
C

is
pl

at
in

-in
du

ce
d 

ne
ur

op
at

hi
c 

pa
in

 in
 m

ic
e

10
 m

g/
kg

/d
ay

 IP
 fo

r 7
 d

ay
s 

to
ge

th
er

 w
ith

 c
is

pl
at

in
In

je
ct

io
n 

re
du

ce
s m

ec
ha

ni
ca

l h
yp

er
se

ns
iti

vi
ty

 a
nd

 
co

ld
 a

llo
dy

ni
a 

an
d 

in
cr

ea
se

s t
he

 e
xp

re
ss

io
n 

of
 

RO
S-

m
et

ab
ol

iz
in

g 
en

zy
m

es
 (S

O
D

, c
at

al
as

e)
. L

ik
el

y 
off

-ta
rg

et
 d

ue
 to

 h
ig

h 
do

se

in
iti

al
 d

os
e 

15
–3

0 
m

g/
da

y 
PO

 th
en

 1
5–

45
 m

g/
da

y 
PO

[1
01

]

Fo
rm

al
in

 m
od

el
 in

 ra
ts

10
–5

0 
m

g/
kg

 IP
 o

r 1
0–

30
 µ

g/
pa

w
 

in
tra

pl
an

ta
r p

rio
r t

o 
be

ha
vi

or
al

 
te

sti
ng

Tr
ea

tm
en

t r
ed

uc
es

 p
os

t-f
or

m
al

in
 n

oc
ife

ns
iv

e 
be

ha
vi

or
 

in
 a

 P
PA

R
γ-

de
pe

nd
en

t m
an

ne
r t

ha
t m

ay
 in

vo
lv

e 
re

du
ce

d 
ac

tiv
at

io
n 

of
 N

O
 sy

nt
he

si
s. 

Li
ke

ly
 o

ff-
ta

rg
et

 
du

e 
to

 h
ig

h 
do

se

[1
02

]

R
ilu

zo
le

A
nt

i-a
m

yo
tro

ph
ic

 la
te

ra
l 

sc
le

ro
si

s d
ru

g

O
xa

lip
la

tin
-in

du
ce

d 
ne

ur
o-

pa
th

ic
 p

ai
n 

in
 ra

ts
12

 m
g/

kg
/d

ay
 P

O
 fo

r 2
7 

da
ys

 o
r 

fo
r 4

 d
ay

s
Re

du
ce

s n
eu

rit
e 

sh
or

te
ni

ng
 a

nd
 m

ec
ha

ni
ca

l a
nd

 c
ol

d 
al

lo
dy

ni
a 

in
 ra

ts
 c

au
se

d 
by

 o
xa

lip
la

tin
, p

os
si

bl
y 

by
 

in
hi

bi
tin

g 
th

e 
ov

er
ex

pr
es

si
on

 o
f T

R
PM

8 
an

d 
G

LT
-1

 
in

 se
ns

or
y 

ne
ur

on
s. 

Li
ke

ly
 o

ff-
ta

rg
et

 d
ue

 to
 h

ig
h 

do
se

C
om

m
on

ly
 5

0 
m

g 
PO

 
tw

ic
e 

da
ily

[9
5,

 9
6]

Te
lm

isa
rt

an
A

ng
io

te
ns

in
 II

 ty
pe

 1
 

re
ce

pt
or

 a
nt

ag
on

ist

Pa
cl

ita
xe

l-i
nd

uc
ed

 n
eu

ro
-

pa
th

ic
 p

ai
n 

in
 m

ic
e

2.
5–

10
 m

g/
kg

 IP
 o

nc
e 

af
te

r 
es

ta
bl

is
he

d 
m

ec
ha

ni
ca

l h
yp

er
-

se
ns

iti
vi

ty
5 

or
 1

0 
m

g/
kg

 IP
 d

ai
ly

 b
ef

or
e 

an
d 

af
te

r p
ac

lit
ax

el
 tr

ea
tm

en
t f

or
 8

 
da

ys
 in

 to
ta

l

Te
lm

is
ar

ta
n 

in
hi

bi
ts

 th
e 

cy
to

ch
ro

m
e 

P4
50

-e
po

xy
ge

-
na

se
 is

of
or

m
 2

J2
, w

hi
ch

 re
du

ce
s t

he
 sy

nt
he

si
s o

f 
th

e 
ox

id
iz

ed
 li

no
le

ic
 a

ci
d 

m
et

ab
ol

ite
 9

,1
0-

Ep
O

M
E 

in
 se

ns
or

y 
ne

ur
on

s. 
Th

is
 p

re
ve

nt
s 9

,1
0-

Ep
O

M
E-

m
ed

ia
te

d 
se

ns
iti

za
tio

n 
of

 T
R

PV
1,

 su
bs

eq
ue

nt
 re

le
as

e 
of

 C
G

R
P 

an
d 

ne
ur

og
en

ic
 in

fla
m

m
at

io
n.

 C
Y

P2
J-

in
hi

bi
tio

n 
is

 a
n 

off
-ta

rg
et

 e
ffe

ct
 o

f t
el

m
is

ar
ta

n

In
iti

al
 4

0 
m

g/
da

y 
PO

 th
en

 
40

–8
0 

m
g/

da
y 

PO
[9

8]

To
pi

ra
m

at
e

A
nt

ic
on

vu
ls

an
t

O
xa

lip
la

tin
-in

du
ce

d 
ne

ur
o-

pa
th

ic
 p

ai
n 

in
 m

ic
e

50
 m

g/
kg

 P
O

 1
 h

 b
ef

or
e 

ox
al

ip
l-

at
in

 tr
ea

tm
en

t
O

xa
lip

la
tin

 re
du

ce
s t

he
 in

tra
ce

llu
la

r p
H

 o
f m

ur
in

e 
D

RG
 n

eu
ro

ns
, c

au
si

ng
 se

ns
iti

za
tio

n 
of

 T
R

PV
1 

an
d 

TR
PA

1 
an

d 
ch

an
ne

ls
. T

op
ira

m
at

e 
an

d 
ac

et
az

ol
am

id
e 

in
hi

bi
t c

ar
bo

ni
c 

an
hy

dr
as

e 
(to

pi
ra

m
at

e 
off

-ta
rg

et
), 

le
ad

in
g 

to
 e

le
va

tio
n 

of
 th

e 
pH

, p
hy

si
ol

og
ic

al
 a

ct
iv

ity
 

of
 T

R
PV

1 
an

d 
TR

PA
1 

an
d 

re
du

ce
d 

ox
al

ip
la

tin
-

in
du

ce
d 

co
ld

 a
llo

dy
ni

a.
 L

ik
el

y 
off

-ta
rg

et
 d

ue
 to

 h
ig

h 
do

se

20
0–

40
0 

m
g/

da
y 

PO
 

di
vi

de
d 

in
 tw

o 
do

se
s

[9
1]

C
a2

+
 c

al
ci

um
, C

G
RP

 c
al

ci
to

ni
n 

ge
ne

-r
el

at
ed

 p
ep

tid
e,

 C
FA

 c
om

pl
et

e 
Fr

eu
nd

’s
 a

dj
uv

an
t, 
C
YP

2J
2 

cy
to

ch
ro

m
e-

P 4
50

-e
po

xy
ge

na
se

 is
of

or
m

 2
J2

, D
M
F 

di
m

et
hy

l f
um

ar
at

e,
 D

PP
-4

 d
ip

ep
tid

yl
 p

ep
ti-

da
se

-4
, D

RG
 d

or
sa

l r
oo

t g
an

gl
io

n,
 E
ph

B1
 e

ph
rin

 ty
pe

-B
 r

ec
ep

to
r 

1,
 E
pO

M
E 

ep
ox

y-
oc

ta
de

ce
no

ic
 a

ci
d,

 G
LT

-1
 g

lu
ta

m
at

e 
tra

ns
po

rte
r 

1,
 I
M

 in
tra

m
us

cu
la

r, 
IP

 in
tra

pe
rit

on
ea

l, 
IV

 in
tra

ve
no

us
, 

N
M
D
AR

 N
-m

et
hy

l-D
-a

sp
ar

ta
te

 re
ce

pt
or

, O
AT

P1
B2

 o
rg

an
ic

 a
ni

on
-tr

an
sp

or
tin

g 
po

ly
pe

pt
id

e 
1b

, O
C
T2

 o
rg

an
ic

 c
at

io
n/

ca
rn

iti
ne

 tr
an

sp
or

te
r 2

, P
O

 o
ra

l, 
PP

AR
γ 

pe
ro

xi
so

m
e 

pr
ol

ife
ra

to
r-a

ct
iv

at
ed

 
re

ce
pt

or
 γ

, R
O
S 

re
ac

tiv
e 

ox
yg

en
 s

pe
ci

es
, S

C
 s

ub
cu

ta
ne

ou
s, 
Sr
c 

sa
rc

om
a,

 S
O
D

 s
up

er
ox

id
e 

di
sm

ut
as

e,
 T
RP

A1
 tr

an
si

en
t r

ec
ep

to
r p

ot
en

tia
l a

nk
yr

in
 1

 c
ha

nn
el

, T
RP

V1
 tr

an
si

en
t r

ec
ep

to
r p

ot
en

tia
l 

va
ni

llo
id

 1
 c

ha
nn

el
, T

RP
M
8 

tra
ns

ie
nt

 re
ce

pt
or

 p
ot

en
tia

l m
el

as
ta

tin
 8

 c
ha

nn
el



367Drug Repurposing to Target Neuroinflammation and Sensory Neuron-Dependent Pain

leukocyte elastase with the specific inhibitor sivelestat, 
which is an approved drug in Southeast Asia for the treat-
ment of acute lung injury, causes a reduction of nerve-
injury-induced neuropathic pain in vivo [65]. In another 
study by the same group, sivelestat was also found to reduce 
diabetes-induced neuropathic pain and cancer pain in respec-
tive rodent models [66].

Recently, it was shown that sivelestat attenuates the 
expression of proinflammatory cytokines and chemokines 
such as TNFα, IL-1β, IL-6, and CCL2 after spinal cord 
injury in rats, reducing both neuroinflammation and mechan-
ical hypersensitivity in vivo [67]. These recent results point 
towards an additional role of sivelestat in reducing neu-
roinflammation in the spinal cord, apart from its already 
described effect in peripheral sensory neurons, and suggest 
repurposing the compound for the treatment of neuropathic 
pain in patients (Fig. 1, Table 1).

3  Targeting Peripheral Sensory Neurons 
with Approved Drugs

Apart from neuroinflammation, other mechanisms that 
mainly involve increased activity of peripheral sensory 
neurons have been identified as hallmarks of neuropathic 
pain [18, 68]. Of course, the peripheral nervous system and 
the immune system are not completely different entities and 
there is communication between the two systems in persis-
tent pain states [69, 70]. However, alterations in the activity 
of ion channels, as well as axonal degradation and mitochon-
drial dysfunction, have been described as key mechanisms 
of neuropathic pain in peripheral sensory neurons, respec-
tively [19, 71–73]. In particular, neuropathic pain caused by 
cytostatics (chemotherapy-induced neuropathic pain) seems 
to develop as a result of toxic effects and severe damage of 
peripheral sensory neurons [74–76]. The absence of a bar-
rier, such as the blood–brain barrier, to prevent external sub-
stances from entering the system makes peripheral sensory 
neurons more exposed to toxic substances that may enter, 
accumulate, and damage the cells. Several approved drugs 
seem to target these mechanisms.

3.1  Preventing Uptake of Cytostatics into Sensory 
Neurons

3.1.1  Nilotinib, Dasatinib, and Cimetidine

The two cytostatics, paclitaxel and oxaliplatin, are widely 
used in the clinic and are first-line therapeutics for breast 
and ovarian cancer (paclitaxel) and colorectal cancer (oxali-
platin). Both can cause peripheral neuropathies and neuro-
pathic pain in patients, which is a dose- and therapy-limiting 
side effect that can lead to dose reduction of discontinuation 

of chemotherapy in affected patients [77–79]. Currently, 
there is no approved drug available to treat paclitaxel- or 
oxaliplatin-induced neuropathic pain in patients [80].

However, two transporters have been identified that 
seem to be responsible for uptake of these cytostatics into 
sensory neurons. For paclitaxel, the organic anion–trans-
porter OATP1B2 seems to be responsible for the transport 
of paclitaxel into sensory neurons [81]. Likewise, an organic 
cation transporter called OCT2 seems to facilitate transport 
of oxaliplatin into sensory neurons [82]. In both cases, 
blocking these transporters with the approved drugs nilo-
tinib (OATP1B2), dasatinib, or cimetidine (OCT2) reduces 
uptake of the cytostatics into sensory neurons and amelio-
rates hypersensitivity caused by these substances in preclini-
cal models in vivo [81, 83] (Fig. 2, Table 2). Preventing toxic 
substances from being transported into sensory neurons may 
thus be a promising strategy to ameliorate toxic neuropathies 
and associated neuropathic pain.

For nilotinib, there is also evidence for analgesic effects 
from a human study. Nilotinib was found to increase thermal 
pain thresholds in human patients (n = 31) at a mean dose 
of 480 mg/day, possibly due to inhibition of the tyrosine 
kinase c-Kit [64].

However, other strategies involve the reduction of ion 
channel activity, axonal degeneration, and calcium dysregu-
lation in sensory neurons. Several approved drugs have been 
proposed to target these mechanisms.

3.2  Reducing TRP Channel Activity

3.2.1  Topiramate, Acetazolamide, Telmisartan, and Riluzole

The transient receptor potential vanilloid 1 (TRPV1) channel 
is a ligand-gated ion channel, permeable mainly for calcium, 
that is expressed in sensory neurons. Under physiological 
conditions, it can be activated by heat (<43 °C), low pH 
(<5.2) and the vanilloid capsaicin [84]. Under pathophysi-
ological conditions, its aviation threshold is reduced, and 
its excessive activity contributes to enhanced neuronal 
activity during inflammatory and neuropathic pain [19, 85]. 
Also, cold temperatures are sensed by a member of the TRP 
channel family. The transient receptor potential melastatin 
8 (TRPM8) channel responds to cold temperatures, and 
the compounds menthol and icilin [86, 87]. Likewise, the 
TRPA1 (ankyrin) channel is expressed in a subset of sen-
sory neurons acting as a chemosensor that is activated by 
pungent electrophilic substances such as mustard oil and 
cinnamaldehyde [88, 89].

Despite their well described role in persistent pain states, 
clinical development of TRP channel antagonists has not yet 
succeeded in providing new therapeutics for persistent pain 
in patients. However, several FDA-approved drugs seem to 



368 M. Sisignano et al.

reduce TRP channel activity or their expression in sensory 
neurons indirectly.

A recent study showed that the cytostatic oxaliplatin 
reduces the intracellular pH of murine DRG neurons, caus-
ing sensitization of TRPV1 and TRPA1 channels. The two 
approved drugs acetazolamide and topiramate inhibit car-
bonic anhydrase. While this is the main function of aceta-
zolamide, it is an off-target effect of topiramate, which was 
originally developed as an anticonvulsant drug that modu-
lates the activity of voltage-gated sodium channels, GABA 
receptors, glutamate, and kainate receptors [90]. Blocking 
carbonic anhydrase with either of the two drugs leads to 
elevation of the pH in sensory neurons, causing restoration 
of the physiological activity of TRPV1 and TRPA1 and a 
reduction of oxaliplatin-induced cold allodynia in vivo [91].

For acetazolamide, there is some evidence from small 
clinical trials suggesting analgesic effects. Acetazolamide 
5 mg/kg, when applied intravenously after induction of anes-
thesia, was found to reduce referred pain after laparoscopic 
surgical procedures in 18 patients [92]. Likewise, a single 
dose of oral acetazolamide (5 mg/kg) decreased radiated 
shoulder pain immediately after laparoscopy in a rand-
omized trial involving 70 patients [93]. These data indicate 
that acetazolamide can reduce referred postoperative pain 
in patients, but they are yet to be confirmed in larger clini-
cal trials.

The drug riluzole was approved by the FDA in 1995 
for the treatment of ALS, as it blocks tetrodoxin-sensitive 
sodium channels [94]. In the context of neuropathic pain 
caused by the cytostatic oxaliplatin, riluzole reduced neurite 
shortening and decreased mechanical and cold hypersen-
sitivity in rats after oxaliplatin treatment. Mechanistically, 
riluzole seems to reduce the expression of the TRPM8 chan-
nel and the expression of the glutamate transporter GLT-1 
in sensory neurons, which balances spinal glutamate levels 
[95, 96].

A different mechanism was observed for the angiotensin 
II receptor type 1 antagonist telmisartan. Treating mice with 
the cytostatic drug paclitaxel causes increased expression of 
the cytochrome-P450-epoxygenase isoform 2J2 (CYP2J2) in 
sensory neurons. Telmisartan inhibits CYP2J2 [97] which 
reduces synthesis of the oxidized linoleic acid metabolite 
9,10-EpOME (epoxy-octadecenoic acid) in sensory neu-
rons. This prevents 9,10-EpOME-mediated sensitization of 
TRPV1 and subsequent release of calcitonin gene-related 
peptide (CGRP) and neurogenic inflammation. Treating 
mice with telmisartan prevents and reduces mechanical 
and thermal hypersensitivity after paclitaxel treatment [98] 
(Fig. 2, Table 2).

Direct inhibition of TRP channels seems to be an obvious 
strategy to reduce their pathophysiological activity in per-
sistent pain states. However, until now TRPV1 antagonists 
failed in early clinical trials due to severe side effects, such 

as hyperthermia [99]. These results described above suggest 
indirect targeting of TRP channels with approved drugs as 
a promising alternative strategy to reduce their excessive 
activity in neuropathic pain states.

3.3  Reducing Oxidative and Neuronal Stress 
by PPARγ Activation

3.3.1  Pioglitazone

Mitochondrial dysfunction and the production of reactive 
oxygen species (ROS) in peripheral sensory neurons is 
another characteristic mechanism of neuropathic pain after 
nerve injury or neuronal damage [100]. As mentioned above, 
the antidiabetic drug pioglitazone activates the PPARγ [58]. 
Treatment with pioglitazone increases the expression of 
ROS-metabolizing enzymes in peripheral sensory neurons, 
such as superoxide dismutase (SOD) and catalase. This 
causes degradation of ROS into their innocuous metabo-
lites. In mice that were treated with the cytostatic cisplatin, 
additional treatment with pioglitazone reduces mechanical 
and cold hypersensitivity induced by the cytostatic cisplatin 
in vivo [101]. Another recent study observed that intraplan-
tar or intraperitoneal injection of pioglitazone reduced post-
formalin nocifensive behavior in rats in a PPARγ-dependent 
manner that may involve reduction of nitric oxide (NO) syn-
thesis [102] (Fig. 2, Table 2).

Together these preclinical studies imply that pioglita-
zone may have a dual effect on both reducing damage in 
peripheral sensory neurons and in reducing the activity of 
spinal cord neurons (see Sect. 2.3), thereby decreasing the 
transmission of nociceptive signals to the central nervous 
system. However, this concept has not yet been addressed 
by clinical studies.

3.4  Enhancing Neuroprotection

3.4.1  Alogliptin, Dimethyl Fumarate, Donepezil, 
Fulvestrant, and Minoxidil

Several drugs lead to a reduction of neurite shortening, 
axonal degradation, or demyelination caused by the cyto-
statics paclitaxel, oxaliplatin, or bortezomib in vitro without 
affecting the anti-tumor effects of the cytostatics. Treatment 
of rodents with these drugs caused a reduction of mechani-
cal or thermal hypersensitivity in models of chemotherapy-
induced neuropathic pain. This has been reported for the 
antidiabetic drug and DPP-4 inhibitor alogliptin [103], 
the multiple sclerosis agent dimethyl fumarate [104], the 
anti-dementia drug donepezil [105], the estrogen receptor 
antagonist and cytostatic fulvestrant [106], and the strong 
anti-hypertensive drug minoxidil [107]. The authors claim 
possible neuroprotective effects, such as the reduction of 
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calcium dysregulation for minoxidil [107] or enhanced activ-
ity of superoxide dismutase and ROS degradation for done-
pezil [105], to be responsible for these effects.

Indeed, cotreatment with donepezil (5 mg/d) was found to 
enhance gabapentin analgesia in neuropathic pain patients in 
a small randomized controlled clinical trial, indicating that 
a combination therapy of donepezil and gabapentin may be 
beneficial for patients with insufficient response to gabap-
entin [108].

However, the precise mechanisms of action of these 
drugs on peripheral sensory neurons remain unknown and 
should be addressed to understand the effects and estimate 
the potency of these drugs for their potential off-label use 
as analgesics in patients with chemotherapy-induced neuro-
pathic pain (Fig. 2, Table 2).

4  Concluding Remarks

As described above, several approved drugs showed promis-
ing antihyperalgesic or analgesic effects in preclinical pain 
models by either targeting neuroinflammation in the spinal 
cord or by reducing activity or stress of peripheral sensory 
neurons.

Analyzing the list of drugs discussed above, there is no 
clear pattern recognizable that, for example, drugs of a cer-
tain drug class are more likely to exhibit analgesic effects 
than drugs of another class. In contrast, the list includes 
antihypertensive drugs (telmisartan), antidiabetic drugs 
(pioglitazone), as well as tyrosine kinase inhibitors (dasat-
inib, nilotinib) that had not been associated with persistent 
pain before.

Instead, the analgesic effects of the drugs discussed in 
this manuscript were identified because of mechanistic over-
lap with pathophysiological pain. In most cases, off-target 
effects of the drugs have been identified that address crucial 
mechanisms in development or maintenance of persistent 
pain.

Today, the availability of large data sets, such as genome-
wide association (GWAS) data, in combination with pathway 
analysis tools, molecular docking, and signature matching 
of drugs makes it easier to identify overlapping therapeutic 
effects of various diseases and simplifies the identification 
of drugs that could be repurposed for the treatment of other 
pathologies [11]. The use of novel databases, such as the 
connectivity map (Cmap) and the multi-institutional library 
of integrated network-based cellular signatures (LINCS), as 
well as the implementation of network analysis and machine 
learning approaches may additionally help to identify mech-
anistical connections between approved drugs and disease 
pathologies [109, 110]. However, better integration of public 
and proprietary data with resources such as Connectivity 
mapping tools is needed to reveal compounds exhibiting 

common activity profiles across multiple targets for selectiv-
ity evaluation to select the optimal compounds for progres-
sion and provide clear insights into the potential mechanisms 
of action.

Network pharmacology in combination with phenotypic 
screening is another powerful tool to identify novel analge-
sics because the screening hits can be directly validated on 
a neuronal system [111]. Using this approach, drug repur-
posing screens could easily be implemented and validated.

Also, the use of induced pluripotent stem cell (iPSC)-
derived neurons for compound screening is a promising 
approach to identify novel analgesics [112]. For example, 
disease modeling using iPSC-derived neurons from persis-
tent pain patients could be used to identify common patho-
physiological alterations that may be responsible for the 
pain state of subgroups of patients. Based on these common 
pathophysiological patterns, a treatment option could be rec-
ommended for these populations. This technology could be 
eventually integrated in drug repurposing workflows.

However, despite potential merits of drug repurposing, 
there are also setbacks. For example, the antibiotic ceftri-
axone showed neuroprotective effects in preclinical studies 
but failed to show efficacy in a randomized, double-blind, 
placebo-controlled, phase III trial for the treatment of ALS 
[113, 114].

This example and several other failures show that there 
are confounding factors and problems in drug repurposing 
that need to be addressed as well.

First, drug repurposing may cause pharmacological 
problems, because the drugs were originally designed and 
optimized for targeting different receptors, cells, or even 
organs. This may lead to lower efficacy and to increases in 
the required dose or to enhanced interactions with other drugs. 
Also, alterations of the dose regimen may be a consequence, 
and subsequently an increase of adverse events can occur. For 
example, long-term use of antibiotics such as ceftriaxone, or 
the tetracyclines minocycline, demeclocycline, and chlortet-
racycline, may reduce neuroinflammation in persistent pain 
states but may also enhance the risk of antimicrobial resist-
ance and severe infections [17, 37]. However, as indicated by 
preliminary studies in human patients, their effective analge-
sic dose is in the same range as their antimicrobial dose. If 
possible, equal doses and treatment schedules should be used 
for both antimicrobial and analgesic therapy for these drugs 
and the treatment duration should be restricted to reduce the 
risk of antibiotic resistance. Since ceftriaxone was applied 
only once before surgery, the risk of developing antimicrobial 
resistance was comparably low. In this special case, ceftriax-
one may serve a dual role of reducing postoperative pain and 
simultaneously reducing postoperative microbial infections.

Repurposing of fingolimod, for example, may also reveal 
additional unforeseen safety issues; when treatment was 
stopped in multiple sclerosis, the disease was observed 
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to worsen, leading to a recent safety announcement from 
regulators.

Second, the patent situation and the weak protection of 
intellectual property of already approved drugs discourages 
many companies from further exploration and development. 
Many of the repurposing uses have already been described 
in the scientific literature, which limits the possibility of 
receiving patent protection for the repurposed context [109]. 
In many cases, patent protection for the original drugs has 
already expired, and generic products that are already avail-
able could simply be used off-label [115]. At present there 
exists a reimbursement and health technology assessment 
(HTA) environment that has impediments to efficient uptake 
of repurposed drugs. The lack of a viable path to market for 
repurposed generic medicines is compounded by a regula-
tory landscape that is not yet fully aligned to the specific 
needs of the drug repurposing process.

Third, many companies are hesitant to engage in col-
laborations, and the exchange of substances and data with 
the scientific community is often accompanied by restricted 
information exchange or publication restrictions. Likewise, 
companies are often unwilling to pursue repurposing pro-
grams if the repurposed indication does not fall within the 
core expertise or disease priorities of the respective com-
pany, which may also hamper drug repurposing programs 
and further clinical development [11].

Fourth, the repurposed drug addresses a different group 
of patients. Factors such as age, comorbidities, and specific 
drug combinations in this group of patients could be prob-
lematic when implementing the repurposed drug in their 
therapeutic regimen [110].

Fifth, as mentioned above, the problem of translating 
effects from preclinical pain models to human patients is 
not only a challenge for classical drug development but also 
for drug repurposing. In preclinical pain models, withdrawal 
reflexes to evoked stimulations are mostly used to assess 
mechanical or thermal pain thresholds and to investigate 
potential analgesic effects of a substance. But these read-
outs are difficult to compare with a chronic pain patient [4].

Despite these confounding factors and challenges, drug 
repurposing is a chance to accelerate the availability of new 
therapies. In the case of persistent and neuropathic pain, 
several drugs have shown promising effects in preclinical 
studies and a few of them are already being tested in clini-
cal trials. Of course, drug repurposing cannot and should 
not replace the search for novel analgesics, but it can be 
used as a complementary strategy to relieve and ameliorate 
persistent pain in patients.
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