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Abstract

Chemotherapy-induced peripheral neuropathy (CIPN) is the most prevalent neurological complication of cancer treatment
which involves sensory and motor nerve dysfunction. Severe CIPN has been reported in around 5% of patients treated with
single and up to 38% of patients treated with multiple chemotherapeutic agents. Present medications available for CIPN are
the use of opioids, nonsteroidal anti-inflammatory agents, and tricyclic antidepressants, which are only marginally effective in
treating neuropathic symptoms. In reality, symptom reappears after these drugs are discontinued. The pathogenesis of CIPN
has not been sufficiently recognized and methods for the prevention and treatment of CIPN remain vulnerable to therapeutic
problems. It has witnessed that the present medicines available for the disease offer only symptomatic relief for the short
term and have severe adverse side effects. There is no standard treatment protocol for preventing, reducing, and treating
CIPN. Therefore, there is a need to develop curative therapy that can be used to treat this complication. Melittin is the main
pharmacological active constituent of honeybee venom and has therapeutic values including in chemotherapeutic-induced
peripheral neuropathy. It has been shown that melittin and whole honey bee venom are effective in treating paclitaxel and
oxaliplatin-induced peripheral neuropathy. The use of melittin against peripheral neuropathy caused by chemotherapy has
been limited despite having strong therapeutic efficacy against the disease. Melittin mediated haemolysis is the key reason
to restrict its use. In our study, it is found that a-Crystallin (an eye lens protein) is capable of inhibiting melittin-induced
haemolysis which gives hope of using an appropriate combination of melittin and a-Crystallin in the treatment of CIPN.
The review summarizes the efforts made by different research groups to address the concern with melittin in the treatment of
chemotherapeutic-induced neuropathy. It also focuses on the possible approaches to overcome melittin-induced haemolysis.
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Introduction

Cancer continues to be the leading cause of morbidity
and mortality in the globe [1, 2] with mortality increases
of about 25.0% since the 1990s and estimates as much
as > 23 million annually by 2030 [3, 4]. Most of the cancer
patients are either treated with curative or palliative chem-
otherapy throughout the treatment. While chemotherapy
has significantly enhanced survival rates in several can-
cer forms, chemotherapy-induced peripheral neuropathy
(CIPN) is a common and serious clinical problem that
affects many patients receiving cancer treatment.

Based on the particular chemotherapeutic compounds,
there can be different types of neuropathies: large and small
fiber, sensory and/or motor, demyelinating and axonal,
cranial, and autonomic [5]. Chemotherapy’s effects on the
nervous system vary across different types of medications
in which drug’s physical and chemical properties, whether
used in single or combined doses have a significant role [6].
The prevalence of CIPN is based on the person, with rates
reported ranging from 19% to over 85% [7] and it is the larg-
est for platinum-based medications (70-100%) followed by
taxanes (11-87%), ixabepilone (60-65%), and thalidomide
and its analogs (20-60%), (6). Toxicity can occur either
with a large single dosage or after combined exposure. The
signs observed differ in severity, duration, and range from
intense temporary warm stimuli to persistent peripheral
nerve changes caused by severe pain and lasting nerve dam-
age. Recent reports placed the prevalence of CIPN at about
68.1% when assessed in the first month following chemo-
therapy, 60% at third months, and 30% after sixth months
[8]. Chemotherapeutics, such as oxaliplatin and paclitaxel,
are major sources of neuropathic pain caused by the medi-
cation. CIPN results in impairment in the quality of life of
cancer survivors patients and often lead to change in either
the drug dosages or combinations especially in patients with
acute neuropathy. CIPN is seen as an acceptable, unavoid-
able complication of chemotherapy by caregivers, and is also
necessary to save the life of patients [9]. In contrast, CIPN
was seen by cancer patients as an often difficult chemothera-
peutic complication affecting their quality of life [10]. CIPN
put up to delay functional recovery, decrease treatment toler-
ability causing symptom distress in cancer patient [9]. Clini-
cal symptoms of CIPN mainly involve sensory axonal neu-
ropathy with occasionally motor and autonomic indulgence
affecting predominantly the arm and leg of the patients. Usu-
ally, sensory fibers are mostly affected but sometimes cause a
sensorimotor pattern by cytostatic agents. Typical symptoms
include numbness, paraesthesia, lancinating pain, abnormal
gait, and motor weakness. It is important to keep in mind that
CIPN will extend beyond antineoplastic therapy for several
years and is associated with an elevated risk of falls [11].
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Hence, cancer-related neuropathy is considered a major
adverse outcome for cancer patients. No drug can currently
be proposed as a gold standard to either prevent CIPN or
treat its symptoms, and the only preventive strategy remains
to modify the chemotherapeutic drug dose. According to the
American Society of Clinical Oncology (ASCO), clinicians
may offer duloxetine along with tricyclic antidepressants,
gabapentin, or pregabalin to manage CIPN-induced symp-
toms. However, these agents do not affect motor symptoms
or negative sensory symptoms [12, 13]. Therefore, a cura-
tive medication needs to be established that can be used to
treat this complication. The review summarises the numer-
ous research groups’ attempts to subdue the chemotherapy-
induced neuropathy using melittin and reflects on the poten-
tial strategies of resolving haemolysis caused by melittin.

Pathophysiology of chemotherapy-induced
neuropathy

CIPN can induce severe pain and impairment leading to sig-
nificant loss of functional ability and reduced quality of life.
Neurotoxic chemotherapy can cause peripheral nerve struc-
tural damage resulting in aberrant somatosensory processing
of the peripheral and central nervous system [14]. It is rare to
reach the firing threshold in normal primary afferent neurons
without the input of a stimulus. However, after nerve injury
it is believed that most damaged axons and related cell bod-
ies in the diagnosis-related groups experience an increase
in their intrinsic electrical excitability. As a consequence,
they start generating impulse discharge spontaneously or
with only minimal stimulation associated with the site of
injury resulting in excessive spontaneous and stimulus-
related electrical impulses feeding into the central nervous
system [15]. There are four main substance groups namely
platinum-based antineoplastic agents, taxanes, epothilones
and immunomodulatory drugs that cause damage to periph-
eral sensory, motor and autonomic neurons, which result in
the development of CIPN. Following are the mechanisms of
CIPN induced by these drugs.

Platinum-based antineoplastics (oxaliplatin,
cisplatin, and carboplatin)

The exact cause of chemotherapeutics-induced peripheral
neuropathy by platinum-based agents is not yet well under-
stood; however, their antitumor pathways tend to be respon-
sible for neurotoxic activity because chemotherapy induces
different modifications in the configuration or functions
of neuronal and glial cells [16]. A number of changes in
intracellular organelles (particularly mitochondria), mem-
brane receptors, and ion channels are caused by chemo-
therapeutic agents, followed by changes in intracellular
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homeostasis, signaling, and neurotransmission, all of which
may lead to neuroinflammation, damage to DNA, and axonal
degeneration.

Platinum-based drugs stimulates glial cells contribut-
ing to the activation of immune cells and the release and
elevation of pro-inflammatory cytokines (interleukins and
chemokines), resulting in nociceptor sensitization and
peripheral neuron hyperexcitability, and disrupting the
blood-brain barrier (together with ROS). Mitochondrial dis-
ruption induced by platinum-based medications contributes
to enhanced development of reactive oxygen species (ROS),
resulting in neuronal harm to enzymes, proteins, and lipids,
as well as calcium homeostasis dysregulation, which causes
apoptotic adjustments in peripheral nerves and dorsal root
ganglion (DRG) cells. Platinum-based drugs also change the
ion channels of Na+, K+, and TRP activity, resulting in
peripheral neurons becoming hyperexcitable (Fig. 1). Many
of the mechanisms mentioned above have the capacity to
change peripheral neuron excitability [16, 17].

Taxanes (paclitaxel, docetaxel and cabazitaxel)
and epothilones (ixabepilone)

Taxanes constitute acts on microtubules and interfere with
the normal cycle of microtubule depolymerization and repo-
lymerization leading to the death of cancer cells. Taxanes-
induced peripheral neuropathy by disrupting microtubule

Fig. 1 Pathophysiology of
platinum-based antineoplastics-
induced peripheral neuropathy.
Effect of platinum-based anti-
cancer on microglia, astrocytes,
mitochondria and ions channels
leading to peripheral neuropathy

Platinum
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anticancer

—_—

altered activity of ions
channels Na+, K+

which impairs axonal transport and contribute to Wallerian
degeneration, altered ion channel function, and peripheral
neuron hyperexcitability. Taxanes also alter the expression
and function of the ion channels (Na*, K*, and TRP) result-
ing in the hyperexcitability of peripheral neurons. Taxane-
induced mitochondrial damage contributes to the increased
production of reactive oxygen species (ROS), which leads
to enzyme, protein and lipid damage as well as the dys-
regulation of calcium homeostasis within neurons resulting
in apoptotic changes and the demyelination of peripheral
nerves. These processes alter the excitability of peripheral
neurons.

The activation of microglia and astrocytes by taxanes also
leads to the activation of immune cells and the release and
elevation of pro-inflammatory cytokines (interleukins and
chemokines), which results in the nociceptor sensitization and
hyperexcitability of peripheral neurons. These processes lead
to nociceptor sensitization and the development of neuroin-
flammation (Fig. 2), [18]. Epothilones, represented specifically
by ixabepilone, an analog of epothilone B and sagopilone, are
relatively new antineoplastic drugs with a similar mechanism
to induce peripheral neuropathy as taxanes [19].

Immunomodulatory drugs (thalidomide)

Thalidomide is a derivative of glutamic acid and an immu-
nomodulatory medication approved for the treatment of
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Fig.2 Pathophysiology of
Taxanes-based antineoplastics-
induced peripheral neuropathy.
Effect of taxanes-based anti-
cancer on microglia, astrocytes,
mitochondria, ions channels and
microtubule leading to periph-
eral neuropathy
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multiple myeloma by the US Food and Drug Administration
[20]. The mechanism of action of immunomodulatory drugs
against cancer is little known. Thalidomide drugs blocks the
production of tumor necrosis factor-alpha (TNF-a), and inhib-
its of activation of NF-kb (nuclear factor kappaB) followed
by acceleration of neuronal cell death [21]. In addition, the
thalidomide-induced antiangiogenic action induces secondary
ischemia and nerve fibre hypoxia and, consequently, perma-
nent sensory neuron harm [22].The activation of the thalido-
mide dihydroxide metabolite induces substantial release and
activation of ROS and stimulates DNA cleavage (Fig. 3), but
more preclinical and clinical studies are needed to validate the
existence of such a function in peripheral neuropathy caused
by thalidomide [23].

Current treatments
for chemotherapy-induced neuropathy

The majority of drug-induced peripheral neuropathies
(DIPN) cause damage to the dorsal root ganglia and
account for just 4% of all neuropathies, but DIPN can
occur in 60% of patients undergoing chemotherapy [24,
25]. At present, the expert opinion of the American
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Society for Clinical Oncology’s 2014 Practice Guide has
suggested that no agents can be approved for the preven-
tion of CIPN and offers only modest support for treat-
ment with a serotonin-norepinephrine reuptake inhibitor,
duloxetine [11]. Unfortunately, duloxetine is associated
with adverse effects (nausea, dizziness, and insomnia), and
the prescription of the medication must be carefully con-
trolled by a doctor [13]. As an alternative to duloxetine,
tropical agents are sometimes recommended but have only
symptomatic relief. Ketamine, baclofen, and amitriptyline
topical application improved tingling sensory subscales
but did not improve numbness, thermal pain, or func-
tional abilities [26]. Due to a related overlapping process
of mitotoxicity as part of pathophysiology, it is probable
that a single pharmacological therapy may be possible for
all CIPNs [27]. The existing medications approved for
CIPN are only marginally successful in the management of
symptoms of neuropathy. In fact, after the discontinuation
of the medications, symptoms reappear. It has witnessed
that presently available medications for the disease provide
only short-term symptomatic relief and have significant
adverse side effects. Unfortunately, there is no standard
treatment procedure regarding CIPN prevention, mitiga-
tion, and management.
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Fig. 3 Pathophysiology of
immunomodulatory-based
antineoplastics-induced
peripheral neuropathy. Effect of
thalidomide-based anticancer on
tumour necrosis factor, nuclear
factor, mitochondria and angio-
genesis leading to peripheral
neuropathy
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Melittin as a potential drug
for the chemotherapeutic-induced
peripheral neuropathy

Honey bee venom (HBV) is a colourless, acidic liquid (pH
4.5-5.5) and the most valuable product of the honeybee.
Its potential therapeutic value has been attributed to many
diseases, particularly in rheumatic and arthritic conditions.
HBYV has at least 28 different active compounds with distinct
health benefits. Several studies identified these compound’s
biological properties and the health benefits of each ingre-
dient. However, melittin is the main vital pharmacological
component of HBV accounting for 40-50% dry weight of the
venom [28]. It is a peptide with 26 amino acid residues and
because of its amphiphilic nature, it is water-soluble [29]. If
the allergenic components and histamine are removed, it is
a safer product than whole bee venom [30, 31].

Melittin has many therapeutic values such as anti-
viral, anti-bacterial, anti-fungal, anti-parasitic, anti-cancer
and neuroprotective effect [32—35]. It strengthens muscle
control, suppresses the development of pro-inflammatory
cytokines, increases the expression of muscle regenera-
tion factors (MyoD, myogenin, and a-SMA) and improved
histological changes of damaged tissue in animal model of
muscle contusion (Fig. 4) [36, 37]. In the studies conducted
using different animal models of pain, HBV acupuncture has
been reported to have a potent analgesic effect [34, 36, 38]
and two studies have suggested that bee venom acupuncture
treatment can help to reduce peripheral neuropathy caused
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by chemotherapy. Although there is no clinical trial evaluat-
ing the impact of melittin on humans, Park et al. examined
the efficacy and protection of the sweet bee venom pharma-
coacupuncture on five patients with peripheral neuropathy
(CIPN) caused by chemotherapy [39, 40]. The graphic com-
parison scale of patients and the CIPN classification of the
world health organization (WHO) as the primary outcomes
shown that the treatment is effective without causing signifi-
cant adverse effects such as allergic reaction. Since sweet
bee venom therapy uses melittin, the discovery indicates that
melittin can be used safely for future patients. When admin-
istered 20 min before treatment, prazosin (al-adrenergic
receptor antagonist, 30 pg, i.t.) or idazoxan (a2-adrenergic
receptor antagonist, 50 pg, i.t.) blocked melittin analgesia on
mechanical and cold allodynia. This suggested involvement
in the melittin analgesic effects of both the spinal a1- and 2
adrenergic receptors [35]. Bee venom acupuncture combined
with morphine has prolonged analgesic effects, in compari-
son to BVA or morphine alone. Similarly, it has shown that
BVA could enhance the analgesic effect of clonidine injec-
tion in the persistent constriction-caused neuropathic pain
model [41]. Whole honeybee venom attributes to allergic
reaction whereas melittin is free from such action.
Because of its intense surface action on lipid mem-
branes accompanied by the release of inflammatory media-
tors and the activation of primary nociceptor cells [34],
melittin has thus far been considered a pain-producing
agent. Subcutaneous injection of melittin on the back
surface of rat’s hind paw actually produced spontaneous
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Fig.4 Possible mode of action
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paw flinching reflex and an increase in the incidence of
spontaneous spinal wide dynamic range (WDR) neuron
discharges on the hind paw’s cutaneous receptive area. In
contrast, subcutaneous melittin administration on the ST36
acupuncture point did not produce unwanted unpredict-
able behaviour. Injecting melittin at ST36 will contribute
to more analgesic effect than systemic administration and
the adverse effect associated with the melittin produced
by injecting it through systemic injection such as intra-
peritoneal or intravenous can be avoided. Moreover, it
did not generate spontaneous discharge of wide dynamic
neuron that was stated to respond to the sensitive hind
paw. Analgesic impact of acupuncture or electroacupunc-
ture on ST36 was induced by triggering the descending
pain inhibitory system [35], melittin injection on ST36
may also have triggered the descending noradrenergic
inhibitory system. Melittin’s cytotoxicity depends on
its dosage, considering its sensitivity to the erythrocyte
membrane, low-dose intradermal, or subcutaneous injec-
tion of melittin may also be a safe method for haemolysis
prevention[42].

Limitation of melittin therapy

Despite having a strong effective report against chemothera-
peutic-induced neuropathy, melittin was ruled out from clin-
ical applicability since it induces haemolysis which might
lead to rhabdomyolysis and acute renal failure resulting in
a broad range of clinical signs starting from local oedemic
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swelling of skin to a life-threatening systemic anaphylac-
tic shock [43]. These toxic features of melittin are indeed
assumed as restricting factors for its use in cancer therapy
[44]. Other reasons such as toxicity, lack of precision, deg-
radation, systemic inefficiency, and limited bioavailability
are also concerns for its therapeutic application [44-46].
To overcome these problems, various approaches including
nanotechnology, gene therapy, and immunoconjugate were
tried on melittin [30, 38]. However, the problem still per-
sists and continues to be challenging [47]. Novel approaches
are indeed necessary to tackle side effects associated with
melittin treatments. In our study with melittin, we found that
melittin-induced haemolysis in human RBCs can be inhib-
ited by a-crystallin (human eye lens proteins). This study
gives hope to use an appropriate amount of combination of
melittin with a-crystallin to use it for therapeutic application
without the problem of haemolysis.

Novel approach to tackle melittin-induced
haemolysis

Haemolysis is one of the major side effects of melittin
which limits its usage in treating various diseases includ-
ing chemotherapeutic-induced neuropathy. It was found
that a-Crystallin (eye lens protein) can subdue the melittin-
induced haemolysis in human RBC which indicates that
melittin in combination with a-Crystallin can be useful in
treating chemotherapeutic-induced neuropathy.

Crystallins are water-soluble chaperone proteins found in
the lenses of all vertebrate eyes at high levels [48]. There are
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three classes of crystallins found in the human eye, namely
a, B, and y, which make up to more than 90% of the lens’
proteins [49]. a-Crystallin accounts for about 35% of all pro-
teins of the vertebrate lens and is known to have chaperone-
like properties and is a representative member of the small
heat shock proteins (sHsp) [50-52]. It is understood that
a-crystallin exhibits many physiological roles, i.e. prevent-
ing denatured protein precipitation and enhancing cellular
tolerance to stress that are essential for maintenance of lens
transparency and the prevention of cataract. Moreover, subu-
nits of a-crystallin can inhibit cellular aggregation and pro-
tein inactivation in different stress states. It was discovered
that melittin interacts with o crystallin with amino acid resi-
dues 13-21 and 71-88 of aA-crystallin and residues 70—78
of aB-crystallin [52].

Prevention of haemolysis caused by melittin by a-
crystallin

Heparinized human blood (expired for human transfusion)
was collected from the blood bank of Kasturba Medical
College (KMC), Manipal, Karnataka. The blood was cen-
trifuged (3500 rpm, 10 min) and washed with PBS (x3).
The Supernatant was disposed, and 2% RBC suspension
was prepared with PBS. Melittin was diluted in PBS to get
8 pg/ml. Seven pg/ml of a-crystallin was used. Triton X-100
(1%) and phosphate buffer saline were used as positive and
negative controls, respectively. The haemolytic activity was
tested in a 96-well microtiter plate. Each well of the plate
was added with 100 pl of 2% RBCs and treated with melittin
alone and the combination of melittin and a-crystallin in 1:1
molar concentration. The plate was incubated (37 °C, 2 h)
and centrifuged (3000 rpm, 10 min) at room temperature.
Fifty pl of the supernatant was moved from each well into a
fresh 96-well microtiter plate and at 540 nm optical density
was measured using a microplate reader.

The percent of haemolysis was calculated as follows:

Haemolysis percentage
_ OD of sample — OD of Neg. control y
"~ OD Pos. control — OD Neg. control

—_
o

In accordance with the above study, we can clearly
state that a-crystallin reduces melittin-induced haemolysis
(Fig. 5). This data can be useful not only in the treatment
of chemotherapeutic-induced neuropathy using melittin but
also in the diseases where melittin has good therapeutic
value. However, the therapeutic activity of melittin in pres-
ence of a-crystallin needs to be studied. Later appropriate
combinations of a-crystallin and melittin may be used to
restrain the therapeutic activity of melittin, at the same time
the ill effects of it can be prevented.

Conclusion

Whole honeybee venom and melittin are effective in treating
few diseases. Particularly, in case of chemotherapy-induced
neuropathy, melittin ameliorated the condition by improv-
ing mechanical hyperalgesia, cold allodynia and spinal wide
dynamic range. Despite that, their usage has often been lim-
ited due to its side effects, mainly haemolysis. Since it is
demonstrated that a-crystallin can inhibit melittin-induced
haemolysis, it is plausible that this combination if used in
appropriate ratios in the treatment of chemotherapeutic-
induced neuropathy may have therapeutic benefit. Therefore,
there is a need to further investigate the proposed combina-
tional therapy with respect to its efficacy and safety.

Acknowledgements This work was supported by the Manipal College
of Pharmaceutical Sciences, Manipal Academy of Higher Education,
Manipal University, India

@ Springer



52 Page8of9

Medical Oncology (2021) 38:52

Funding Open access funding provided by Manipal Academy of
Higher Education, Manipal. This work did not receive any specific
grant.

Data availability Not applicable.

Code availability Not applicable.

Declarations

Conflict of interest The author declares that they have no conflicts of
interest.

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Alhuqail AJ, Alzahrani A, Almubarak H, Al-Qadheeb S, Algho-
faili L, Almoghrabi N, Alhussaini H, Park BH, Colak D, Karakas
B. High prevalence of deleterious BRCA1 and BRCA?2 germline
mutations in arab breast and ovarian cancer patients. Breast Can-
cer Res Treat. 2018;168(3):695-702.

2. Karakas B, Colak D, Kaya N, Ghebeh H, Al-Qasem A, Hendray-
ani F, Toulimat M, Al-Tweigeri T, Park BH, Aboussekhra A. Prev-
alence of PIK3CA mutations and the SNP rs17849079 in Arab
breast cancer patients. Cancer Biol Ther. 2013;14(10):888-96.

3. Ghafoor M, Schuyten R, Bener A. Epidemiology of prostate can-
cer in United Arab Emirates. Med J Malays. 2003;58(5):712-6.

4. Hilal L, Shahait M, Mukherji D, Charafeddine M, Farhat Z,
Temraz S, Khauli R, Shamseddine A. Prostate cancer in the
Arab world: a view from the inside. Clin Genitourin Cancer.
2015;13(6):505-11.

5. Cioroiu C, Weimer LH. Update on chemotherapy-induced periph-
eral neuropathy. Curr Neurol Neurosci Rep. 2017;17(6):47.

6. Banach M, Juranek JK, Zygulska AL. Chemotherapy-induced
neuropathies—a growing problem for patients and health care
providers. Brain Behav. 2017;7(1):e00558.

7. Fallon MT. Neuropathic pain in cancer. Br J Anaesth.
2013;111(1):105-11.

8. Seretny M, Currie GL, Sena ES, Ramnarine S, Grant R,
MacLeod MR, Colvin LA, Fallon M. Incidence, preva-
lence, and predictors of chemotherapy-induced peripheral

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

neuropathy: a systematic review and meta-analysis. Pain®.
2014;155(12):2461-70.

Staff NP, Grisold A, Grisold W, Windebank AJ. Chemotherapy-
induced peripheral neuropathy: a current review. Ann Neurol.
2017;81(6):772-81.

Jones D, Zhao F, Brell J, Lewis MA, Loprinzi CL, Weiss M, Fisch
MIJ. Neuropathic symptoms, quality of life, and clinician percep-
tion of patient care in medical oncology outpatients with colorec-
tal, breast, lung, and prostate cancer. J Cancer Surviv. 2015;9(1):1.
Winters-Stone KM, Horak F, Jacobs PG, Trubowitz P, Dieckmann
NF, Stoyles S, Faithfull S. Falls, functioning, and disability among
women with persistent symptoms of chemotherapy-induced
peripheral neuropathy. J Clin Oncol. 2017;35(23):2604.

Smith EM, Pang H, Cirrincione C, Fleishman S, Paskett ED, Ahles
T, Bressler LR, Fadul CE, Knox C, Le-Lindqwister N, Gilman PB.
Effect of duloxetine on pain, function, and quality of life among
patients with chemotherapy-induced painful peripheral neuropa-
thy: a randomized clinical trial. JAMA. 2013;309(13):1359-67.
Hershman DL, Lacchetti C, Dworkin RH, Lavoie Smith EM,
Bleeker J, Cavaletti G, Chauhan C, Gavin P, Lavino A, Lustberg
MB, Paice J, Schneider B, Smith ML, Smith T, Terstriep S, Wag-
ner-Johnston N, Bak K, Loprinzi CL. Prevention and Management
of Chemotherapy-Induced Peripheral Neuropathy in Survivors of
Adult Cancers: American Society of Clinical Oncology Clinical
Practice Guideline. J Clin Oncol. 2014;32(18):1941-1967.

Wolf S, Barton D, Kottschade L, Grothey A, Loprinzi C. Chemo-
therapy-induced peripheral neuropathy: prevention and treatment
strategies. Eur J Cancer. 2008;44(11):1507-15.

Wall PD, Gutnick M. Ongoing activity in peripheral nerves: the
physiology and pharmacology of impulses originating from a neu-
roma. Exp Neurol. 1974;43(3):580-93.

McKeage MJ, Hsu T, Screnci D, Haddad G, Baguley BC. Nucle-
olar damage correlates with neurotoxicity induced by different
platinum drugs. Br J Cancer. 2001;85(8):1219-25.
Zajaczkowska R, Kocot-Kepska M, Leppert W, Wrzosek A, Mika
J, Wordliczek J. Mechanisms of chemotherapy-induced peripheral
neuropathy. Int J Mol Sci. 2019;20(6):1451.

Gornstein EL, Schwarz TL. Neurotoxic mechanisms of paclitaxel
are local to the distal axon and independent of transport defects.
Exp Neurol. 2017;288:153-66.

Lopus M, Smiyun G, Miller H, Oroudjev E, Wilson L, Jordan
MA. Mechanism of action of ixabepilone and its interactions
with the PIII-tubulin isotype. Cancer Chemother Pharmacol.
2015;76(5):1013-24.

Richardson P, Hideshima T, Anderson K. Thalidomide in multiple
myeloma. Biomed Pharmacother. 2002;56(3):115-28.
Fernyhough P, Smith DR, Schapansky J, Van Der Ploeg R, Gar-
diner NJ, Tweed CW, Kontos A, Freeman L, Purves-Tyson TD,
Glazner GW. Activation of nuclear factor-kB via endogenous
tumor necrosis factor o regulates survival of axotomized adult
sensory neurons. J Neurosci. 2005;25(7):1682-90.

Mohty B, El-Cheikh J, Yakoub-Agha I, Moreau P, Harousseau JL,
Mohty M. Peripheral neuropathy and new treatments for multiple
myeloma: background and practical recommendations. Haemato-
logica. 2010;95(2):311-9.

Wani TH, Chakrabarty A, Shibata N, Yamazaki H, Guengerich
FP, Chowdhury G. The dihydroxy metabolite of the teratogen
thalidomide causes oxidative DNA damage. Chem Res Toxicol.
2017;30(8):1622-8.

Jones MR, Urits I, Wolf J, Corrigan D, Colburn L, Peterson E,
Williamson A, Viswanath O. Drug-induced peripheral neuropa-
thy: a narrative review. Curr Clin Pharmacol. 2020;15(1):38—48.
Ma J, Kavelaars A, Dougherty PM, Heijnen CJ. Beyond symp-
tomatic relief for chemotherapy-induced peripheral neuropathy:
targeting the source. Cancer. 2018;124(11):2289-98.


http://creativecommons.org/licenses/by/4.0/

Medical Oncology (2021) 38:52

Page90of9 52

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Barton DL, Wos EJ, Qin R, Mattar BI, Green NB, Lanier KS,
Bearden JD, Kugler JW, Hoft KL, Reddy PS, Rowland KM. A
double-blind, placebo-controlled trial of a topical treatment for
chemotherapy-induced peripheral neuropathy: NCCTG trial
NO6CA. Support Care Cancer. 2011;19(6):833—41.

Xiao WH, Zheng H, Bennett GJ. Characterization of oxaliplatin-
induced chronic painful peripheral neuropathy in the rat and com-
parison with the neuropathy induced by paclitaxel. Neuroscience.
2012;203:194-206.

Choi SH, Cha BC, Kwon KR. Component analysis of sweet BV
and clinical trial on antibody titer and allergic reactions. J Phar-
macopuncture. 2006;9(2):79-86.

Kwon YB, Yoon SY, Kim HW, Roh DH, Kang SY, Ryu YH,
Choi SM, Han HJ, Lee HJ, Kim KW, Beitz AJ. Substantial role of
locus coeruleus-noradrenergic activation and capsaicin-insensitive
primary afferent fibers in bee venom’s anti-inflammatory effect.
Neurosci Res. 2006;55(2):197-203.

Lee JS, Lee JY, Kwon KR, Lee HC. A study on allergic responses
between bee venom and sweet bee venom pharmacopuncture. J
Korean Inst Herb Acupunct. 2006;9(3):61-77.

Kwon YB, Kang MS, Han HIJ, Beitz AJ, Lee JH. Visceral antino-
ciception produced by bee venom stimulation of the Zhongwan
acupuncture point in mice: role of a2 adrenoceptors. Neurosci
Lett. 2001;308(2):133-7.

Kim HW, Kwon YB, Ham TW, Roh DH, Yoon SY, Lee HJ, Han
HIJ, Yang IS, Beitz AJ, Lee JH. Acupoint stimulation using bee
venom attenuates formalin-induced pain behavior and spinal cord
fos expression in rats. J Vet Med Sci. 2003;65(3):349-55.

Lee JE, Shah VK, Lee EJ, Oh MS, Choi JJ. Melittin—a bee venom
component—enhances muscle regeneration factors expression in
a mouse model of skeletal muscle contusion. J Pharmacol Sci.
2019;140(1):26-32.

Roh DH, Kwon YB, Kim HW, Ham TW, Yoon SY, Kang SY,
Han HJ, Lee HJ, Beitz AJ, Lee JH. Acupoint stimulation with
diluted bee venom (apipuncture) alleviates thermal hyperalgesia
in a rodent neuropathic pain model: involvement of spinal alpha2-
adrenoceptors. J Pain. 2004;5(6):297-303.

Yang EJ, Kim SH, Yang SC, Lee SM, Choi SM. Melittin restores
proteasome function in an animal model of ALS. J Neuroinflam-
mation. 2011;8(1):69.

Park JW, Jeon JH, Yoon J, Jung TY, Kwon KR, Cho CK, Lee YW,
Sagar S, Wong R, Yoo HS. Effects of sweet bee venom pharma-
copuncture treatment for chemotherapy-induced peripheral neu-
ropathy: a case series. Integr Cancer Ther. 2012;11(2):166-71.
Choi J, Jeon C, Lee JH, Jang JU, Quan FS, Lee K, Kim W,
Kim SK. Suppressive effects of bee venom acupuncture on
paclitaxel-induced neuropathic pain in rats: mediation by spinal
o2-adrenergic receptor. Toxins. 2017;9(11):351.

Yoon SY, Roh DH, Kwon YB, Kim HW, Seo HS, Han HJ, Lee
HIJ, Beitz AJ, Lee JH. Acupoint stimulation with diluted bee
venom (apipuncture) potentiates the analgesic effect of intrathecal

Authors and Affiliations

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

clonidine in the rodent formalin test and in a neuropathic pain
model. J Pain. 2009;10(3):253-63.

Jones SL. Editors: Stephen Waman, Donald G. Stein, Dick Swaab,
Howard Field. Descending noradrenergic influences on pain. In:
Progress in brain research (Vol. 88, p. 381-394). 1991. Elsevier.
Choi S, Chae HK, Heo H, Hahm DH, Kim W, Kim SK. Analgesic
effect of melittin on oxaliplatin-induced peripheral neuropathy in
rats. Toxins. 2019;11(7):396.

Peiren N, Vanrobaeys F, de Graaf DC, Devreese B, Van Beeu-
men J, Jacobs FJ. The protein composition of honeybee venom
reconsidered by a proteomic approach. Biochimica et Biophysica
Acta (BBA) Proteins Proteomics. 2005;1752(1):1-5.

Pan H, Soman NR, Schlesinger PH, Lanza GM, Wickline
SA. Cytolytic peptide nanoparticles (‘NanoBees’) for can-
cer therapy. Wiley Interdiscip Rev Nanomed Nanobiotechnol.
2011;3(3):318-27.

Soman NR, Baldwin SL, Hu G, Marsh JN, Lanza GM, Heuser JE,
Arbeit JM, Wickline SA, Schlesinger PH. Molecularly targeted
nanocarriers deliver the cytolytic peptide melittin specifically
to tumor cells in mice, reducing tumor growth. J Clin Investig.
2009;119(9):2830-42.

Cheng B, Thapa B, Remant KC, Xu P. Dual secured nano-melittin
for the safe and effective eradication of cancer cells. ] Mater Chem
B. 2015;3(1):25-9.

Kim W, Kim MJ, Go D, Min BI, Na HS, Kim SK. Combined
effects of bee venom acupuncture and morphine on oxaliplatin-
induced neuropathic pain in mice. Toxins. 2016;8(2):33.
Horwitz J. Alpha-crystallin can function as a molecular chaper-
one. Proc Natl Acad Sci. 1992;89(21):10449-53.

Jester JV. Editor: John Davey. Corneal crystallins and the develop-
ment of cellular transparency. In: Seminars in cell & developmen-
tal biology (Vol. 19, No. 2, p. 82-93). 2008. Academic Press.
Klemenz R, Frohli E, Steiger RH, Schifer R, Aoyama AK. Alpha
B-crystallin is a small heat shock protein. Proc Natl Acad Sci.
1991;88(9):3652-6.

Bhat SP. Editors: Frank Petersen, Rene Amstutz. Crystallins,
genes and cataract. In: Progress in drug research (p. 205-262).
2003. Birkh&user, Basel.

Thomson JA, Augusteyn RC. Ontogeny of human lens crystallins.
Exp Eye Res. 1985;40(3):393-410.

Augusteyn RC. a-crystallin: a review of its structure and function.
Clin Exp Optom. 2004;87(6):356—66.

Sharma KK, Kumar RS, Kumar GS, Quinn PT. Synthesis and
characterization of a peptide identified as a functional element in
aA-crystallin. J Biol Chem. 2000;275(6):3767-71.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Tenzin Tender' - Rakesh Ravishankar Rahangdale’ - Sridevi Balireddy' - Madhavan Nampoothiri? -

K. Krishna Sharma3 - Hariharapura Raghu Chandrashekar’

Department of Pharmaceutical Biotechnology, Manipal
College of Pharmaceutical Sciences, Manipal Academy
of Higher Education, Manipal 576104, Karnataka, India

Department of Pharmacology, Manipal College
of Pharmaceutical Sciences, Manipal Academy of Higher
Education, Manipal 576104, Karnataka, India

3

Department of Ophthalmology and Biochemistry, University
of Missouri - Columbia School of Medicine, Columbia,
MO 65211, USA

@ Springer


http://orcid.org/0000-0002-6538-7758

	Melittin, a honeybee venom derived peptide for the treatment of chemotherapy-induced peripheral neuropathy
	Abstract 
	Graphic Abstract
	Introduction
	Pathophysiology of chemotherapy-induced neuropathy
	Platinum-based antineoplastics (oxaliplatin, cisplatin, and carboplatin)
	Taxanes (paclitaxel, docetaxel and cabazitaxel) and epothilones (ixabepilone)
	Immunomodulatory drugs (thalidomide)

	Current treatments for chemotherapy-induced neuropathy
	Melittin as a potential drug for the chemotherapeutic-induced peripheral neuropathy
	Limitation of melittin therapy
	Novel approach to tackle melittin-induced haemolysis
	Prevention of haemolysis caused by melittin by α- crystallin

	Conclusion
	Acknowledgements 
	References




