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ARTICLE INFO ABSTRACT

Keywords: AMP-activated protein kinase (AMPK) is an energy-sensing kinase that has emerged as a novel therapeutic target
AMPK for pain due to its ability to inhibit mechanistic target of rapamycin (mTOR) and mitogen activated protein
CIPN kinase (MAPK) signaling, two signaling pathways that are linked to pain promotion after injury as well as the
Pain . development of hyperalgesic priming. MAPK and mTOR signaling are also implicated in chemotherapy induced
x::i?crg sliI;e peripheral neuropathy (CIPN). We conducted a series of experiments to gain further insight into how AMPK
MK8722 activators might best be used to treat pain in both sexes in the setting of CIPN from paclitaxel. We also assessed

whether hyperalgesic priming emerges from paclitaxel treatment and if this can be prevented by AMPK tar-
geting. AMPK can be pharmacologically activated indirectly through regulation of upstream kinases like liver
kinase B1 (LKB1) or directly using positive allosteric modulators. We used the indirect AMPK activators met-
formin and narciclasine, both of which have been shown to reduce pain in preclinical models but with much
different potencies and different efficacies depending on the sex of the animal. We used the direct AMPK acti-
vator MK8722 because it is the most potent and specific such activator described to date. Here, the AMPK
activators were used in 2 different treatment paradigms. First the drugs were given concurrently with paclitaxel
to test whether they prevent mechanical hypersensitivity. Second the AMPK activators were given after the
completion of paclitaxel treatment to test whether they reverse established mechanical hypersensitivity.
Consistent with our previously published findings with metformin, narciclasine (1 mg/kg) produced an anti-
hyperalgesic effect, preventing paclitaxel-induced neuropathy in outbred mice of both sexes. In contrast to
metformin, narciclasine also reversed mechanical hypersensitivity in established CIPN. Both metformin
(200 mg/kg) and narciclasine prevented the development of hyperalgesic priming induced by paclitaxel treat-
ment. MK8722 (30 mg/kg) had no effect on mechanical hypersensitivity caused by paclitaxel in either the
prevention or reversal treatment paradigms. However, MK8722 did attenuate hyperalgesic priming in male and
female mice. We conclude that paclitaxel induces robust hyperalgesic priming that is prevented by AMPK tar-
geting and that narciclasine is a particularly attractive candidate for further development as a CIPN treatment.

1. Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is character-
ized by a glove-and-stocking (Seretny et al., 2014; Ma et al., 2018)
distribution of pain and develops in 30-40% of cancer patients re-
ceiving chemotherapy (Pachman et al., 2011). In these patients, the
pain, numbness and tingling in hands and feet develops during treat-
ment and frequently continues even after completion of therapy. This

pervasive peripheral neuropathy is a major dose-limiting adverse effect
of multiple chemotherapeutic agents, particularly paclitaxel which
causes CIPN in a high proportion of patients (Colvin, 2019). Currently,
there are no effective treatments for chemotherapy-induced neuropathy
(Brown et al., 2019). Therefore, identification of novel or existing drugs
that are effective in preventing or reversing CIPN would greatly benefit
treatment and quality of life of cancer patients undergoing che-
motherapy treatment.
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Metformin, a well-known anti-diabetic drug, activates adenosine
monophosphate-activated protein kinase (AMPK) indirectly in a liver
kinase B1 (LKB1) dependent fashion (Shaw et al., 2005). AMPK detects
changes in the AMP/ATP ratio to regulate anabolic processes when
cellular energy status is low (Kahn et al., 2005). Several studies have
shown that AMPK plays a key role in nociceptive sensitization (Song
et al., 2015; Bullon et al., 2016). Recent findings show that metformin
reverses established mechanical allodynia in models of neuropathic
pain induced by spinal nerve ligation in rats (Melemedjian et al., 2013)
and spared nerve injury in mice (Melemedjian and Khoutorsky, 2015;
Inyang et al., 2019a), but these positive effects are only seen in male
animals (Burton et al., 2017). On the other hand, metformin prevents
CIPN in female mice but only when given concurrently with the che-
motherapeutic treatment (Mao-Ying et al., 2014). Furthermore, met-
formin prevents hyperalgesic priming induced by plantar incision, a
model of the transition from acute to chronic pain (Reichling and
Levine, 2009; Price and Inyang, 2015), but again, only in male mice
(Inyang et al., 2019b). Finally, several recent clinical trials suggest that
metformin can be effective for mitigation of pain in humans (Taylor
et al., 2013; Kialka et al., 2016; El-Fatatry et al., 2018), supporting the
clinical translational potential of these preclinical findings. A major
unresolved issue is whether the sex-specific effects of metformin are
observed across models. Because metformin can prevent CIPN devel-
opment in female mice (Mao-Ying et al., 2014), this is an ideal model
system to assess the effects of this drug on pain more thoroughly. An-
other question is whether paclitaxel treatment can produce hyper-
algesic priming. The presence of hyperalgesic priming caused by pa-
clitaxel would suggest a long-lasting impact of chemotherapy treatment
on the nervous system. Understanding mechanisms causing these
changes could reveal new therapeutic options for this important type of
neuropathic pain.

Various other AMPK activators have emerged in recent years that
are more potent and efficacious than metformin (Cao et al., 2018; Qin
et al., 2018). In experiments done to date, none of these other AMPK
activators show sex-specific effects on pain outcomes in preclinical
models (Inyang et al., 2019b). A particularly potent and efficacious
AMPK activator for therapeutic development is narciclasine. It is a
natural compound from the plant Amaryllidaceae (Dumont et al., 2007)
that indirectly activates AMPK (Julien et al., 2017a,b) and strongly
inhibits incision-evoked mechanical hypersensitivity and hyperalgesic
priming in male and female mice (Inyang et al., 2019b). While indirect
AMPK activators stimulate upstream kinases that phosphorylate AMPK,
another way to activate AMPK is via direct, positive allosteric me-
chanisms. A highly selective and potent positive allosteric modulator of
AMPK called MK8722 was recently described (Feng et al., 2018;
Weihrauch and Handschin, 2018). We have recently compared direct
(MK8722) and indirect (metformin and narciclasine) AMPK activators
in an incisional pain model. Our findings demonstrate that narciclasine
produces more efficacious relief of mechanical hypersensitivity than
MK8722 (Inyang et al., 2019b). This likely occurs because the indirect
AMPK activator narciclasine is capable of overcoming the suppression
of AMPK phosphorylation that is induced by injury (Julien et al.,
2017a,b; Inyang et al., 2019b). Interestingly, while indirect AMPK ac-
tivators reduce acute mechanical hypersensitivity and attenuate hy-
peralgesic priming caused by hindpaw incision, direct AMPK activators
only attenuate hyperalgesic priming in this model (Inyang et al.,
2019b).

Based on the findings described above, we hypothesized that nar-
ciclasine would efficaciously prevent mechanical hypersensitivity
caused by paclitaxel treatment and that it would attenuate hyperalgesic
priming in male and female mice. We further hypothesized that
MK8722 would have little effect on prevention of paclitaxel-induced
mechanical hypersensitivity but that it would attenuate hyperalgesic
priming in both sexes. Finally, we hypothesized that metformin would
show similar effects to narciclasine in both male and female mice. The
experiments described below were designed to test these hypotheses.
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2. Methods
2.1. Laboratory animals

Animal procedures were approved by The University of Texas at
Dallas Institutional Animal Care and Use Committee and were in ac-
cordance with National Institutes of Health Guidelines. All the experi-
ments were performed on male and female ICR outbred mice obtained
from Envigo at 4 weeks of age or bred in a colony at University of Texas
at Dallas. Mice were housed in the University of Texas at Dallas Animal
Care Facility for at least one week prior to the start of behavioral
testing. Animals had ad libitum access to food and water and were on a
12 hr non-inverted light/dark cycle. Experimenters were blinded to
treatment groups in behavioral experiments. Mice were randomized to
treatment groups using a random number generator and in such a
manner that multiple treatment groups were always found within any
individual cage of animals. Male and female mice were housed sepa-
rately in groups of 4 per cage.

2.2. Behavioral testing and drug administration

2.2.1. Paclitaxel treatment

CIPN was induced using paclitaxel (Sigma Aldrich, 4 mg/kg) given
via intraperitoneal injection (i.p.) every other day for one week for a
cumulative dose of 16 mg/kg (Megat et al., 2019). Paclitaxel was dis-
solved in a 50/50 Kolliphor EL (Sigma Aldrich)/ ethanol solution then
further dissolved in 0.9% saline for injections. Mechanical sensitivity
was assessed using stimulation of the left hindpaw of the mouse with
calibrated von Frey filaments from Stoelting. We used 0.6, 1.0 and 1.4-
gram filaments and measured the response frequency to 10 consecutive
stimulations of the hindpaw with each filament with stimulations
spaced by at least 5 sec following 45 min of habituation to the testing
boxes. The number of responses for each filament force was recorded
with the tester blinded to the treatment groups. Withdrawal frequencies
are presented as the percentage of times responding for each individual
filament. Two different treatment paradigms were used in this study. In
the prevention paradigm, paclitaxel and an AMPK activator were given
concurrently for 1 week. In the reversal paradigm, paclitaxel was given
for a week followed by 1 week of AMPK activator treatment. Mice were
tested for mechanical hypersensitivity periodically until response fre-
quency returned to baseline levels.

2.2.2. Hyperalgesic priming

Following the return to baseline, hyperalgesic priming was tested by
giving each animal an intraplantar injection of prostaglandin E, (PGEy)
(Cayman Chemical, 100 ng/25uL) into the left hindpaw. Response
frequency following PGE, administration was tested at time points in-
dicated in graphs. The PGE, priming experiments were modeled after
previous priming experiments done in the plantar incision model with
and without AMPK activator treatment (Tillu et al., 2012; Burton et al.,
2017; Inyang et al., 2019b). The different AMPK activators used in this
experiment were metformin i.p. (LKT Laboratories, 200 mg/kg), nar-
ciclasine by oral gavage (p.o., Santa Cruz Biotech, 1 mg/kg) (Julien
et al., 2017a,b) and MK-8722p.o. (gift from Merck, 30 mg/kg) (Feng
et al., 2018). Metformin was dissolved in 0.9% saline and narciclasine
was made in 45% w/v (2-Hydroxypropyl)-B-cyclodextrin (Sigma Al-
drich). MK-8722 was administered in 0.25% methyl cellulose (MC), 5%
Tween-80, and 0.02% sodium dodecyl sulfate (SDS) (Feng et al., 2018).

2.2.3. Statistics

Data are shown as mean =+ standard error of the mean (SEM) and
the number of animals or samples used in each analysis are given in
figure legends. GraphPad Prism 8 was used to analyze data for statis-
tical tests, which are given in figure legends. Repeated measures two-
way ANOVAs were used to analyze von Frey data. Post-hoc tests used
were the Bonferroni multiple comparisons test. Significance level was
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Fig. 1. Paclitaxel induced hyperalgesic priming in male mice. A-C. Paclitaxel
treatment caused an increase in mechanical hypersensitivity. Following re-
solution of this hypersensitivity, PGE, was able to cause an increase in response
frequency indicating the presence of hyperalgesic priming. ***p < 0.001;
N = 4 per group.

setata < 0.05. Values for all test statistics are given in Supplementary
Table 1.

3. Results
3.1. Paclitaxel induced hyperalgesic priming in male mice

Our previous work in the hindpaw incision model indicates that
indirect AMPK activators reduce acute mechanical hypersensitivity and
attenuate hyperalgesic priming whereas direct AMPK activators only
attenuate hyperalgesic priming (Inyang et al., 2019b). We hypothesized
that similar effects might be seen in a CIPN model, however, no pub-
lished studies have assessed whether hyperalgesic priming is produced
by treatment with chemotherapeutics like paclitaxel. To test whether
paclitaxel can cause hyperalgesic priming, we first obtained baseline
response frequency measures. Then mice received i.p. paclitaxel or
vehicle treatment. Once the mice returned to baseline level mechanical
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sensitivity, animals received 100 ng PGE; into the left hindpaw. Only
the mice that received paclitaxel demonstrated mechanical hy-
persensitivity at the time points tested indicating that paclitaxel causes
robust hyperalgesic priming (Fig. 1A-C).

3.2. Metformin effects on paclitaxel-induced mechanical hypersensitivity
and hyperalgesic priming in male and female mice

Previous studies have demonstrated that metformin treatment
during the course of chemotherapy administration prevents the devel-
opment of CIPN in female mice. However, if treatment is given after
CIPN is established, it fails to reverse the behavioral signs of neuro-
pathy (Mao-Ying et al., 2014). Other studies in the spared nerve injury
and incisional models in mice have demonstrated that metformin re-
verses and prevents, respectively, mechanical hypersensitivity, but only
in males (Inyang et al., 2019b; Inyang et al., 2019a). Hence, there is a
discrepancy in the efficacy of metformin in male and female mice de-
pending on the model and time point of intervention. Having shown
that hyperalgesic priming is present in the paclitaxel CIPN model, we
reasoned that metformin might be effective in reversing paclitaxel-in-
duced hyperalgesic priming in both male and female mice.

To test the effects of metformin on paclitaxel-induced mechanical
hypersensitivity in male mice, animals were given paclitaxel. These
mice were then allocated into metformin (200 mg/kg) and vehicle
treatment groups. Consistent with previous results (Mao-Ying et al.,
2014), metformin did not reverse established paclitaxel-induced me-
chanical hypersensitivity in males. However, metformin did attenuate
hyperalgesic priming (Fig. 2A-C). To test whether similar effects would
be observed in female mice paclitaxel treatment was given over the
course of a week followed by a week of metformin treatment. Like with
male mice, metformin had no effect on the mechanical hypersensitivity
caused by paclitaxel but did attenuate hyperalgesic priming (Fig. 2D-F).
Therefore, unlike the hindpaw incision model where effects on hyper-
algesic priming were only observed in male mice (Inyang et al., 2019b),
metformin is effective in reversing paclitaxel-induced hyperalgesic
priming in both sexes.

3.3. Narciclasine effects on paclitaxel-induced mechanical hypersensitivity
and hyperalgesic priming in both sexes

We then tested the effects of a structurally distinct indirect AMPK
activator, narciclasine. Our previous studies in the hindpaw incision
model demonstrate that narciclasine dose-dependently inhibits me-
chanical hypersensitivity and hyperalgesic priming induced by incision
in both sexes (Inyang et al., 2019b). In male mice, under the prevention
treatment paradigm, narciclasine both prevented mechanical hy-
persensitivity and attenuated development of hyperalgesic priming
following paclitaxel (Fig. 3A-C). Just as in male mice, narciclasine
prevented paclitaxel-induced mechanical hypersensitivity in female
mice and attenuated paclitaxel-induced priming (Fig. 3D-F). In both
sexes, the effect of narciclasine on mechanical hypersensitivity per-
sisted after cessation of treatment.

We then tested narciclasine’s ability to reverse paclitaxel-induced
mechanical hypersensitivity. Unlike with metformin, narciclasine was
able to significantly inhibit mechanical hypersensitivity from paclitaxel
in addition to attenuating hyperalgesic priming in males (Fig. 4A-C). In
female mice, narciclasine also inhibited paclitaxel-induced mechanical
hypersensitivity in the reversal treatment paradigm in addition to re-
ducing hyperalgesic priming (Fig. 4D-F). In these experiments, where
narciclasine was given after paclitaxel treatment, we also observed a
continued effect of the drug even after cessation of treatment. Com-
paring the prevention to the reversal treatment paradigms, narciclasine
was clearly more effective in the prevention paradigm where it almost
completely attenuated development of mechanical hypersensitivity in
both sexes. In the reversal paradigm, the effect of drug was significant,
but there was not a complete reversal of mechanical hypersensitivity or
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Fig. 2. Metformin attenuated paclitaxel-induced hyperalgesic priming in male and female mice. A-F. In male and female mice, metformin treatment immediately
following a 7-day paclitaxel treatment failed to reverse CIPN but attenuated subsequent hyperalgesic priming precipitated by PGE,. *p < 0.05, **p < 0.01,

***p < 0.001; N = 4 per group.
hyperalgesic priming.

3.4. MK8722 effects on paclitaxel-induced mechanical hypersensitivity and
hyperalgesic priming in male and female mice

Metformin and narciclasine activate AMPK indirectly via upstream
signaling mechanisms. MK8722 is a structurally distinct AMPK acti-
vator that binds directly to the kinase to allosterically increase kinase
activity. We tested this direct AMPK activator in males and females in
paclitaxel CIPN prevention and reversal paradigms. MK8722 did not
prevent mechanical hypersensitivity in male mice but did reduce hy-
peralgesic priming (Fig. 5A-C). MK8722 also did not prevent paclitaxel-
induced mechanical hypersensitivity in female mice when given con-
currently with paclitaxel but it did attenuate paclitaxel-induced hy-
peralgesic priming (Fig. 5D-F).

With another set of male mice, we assessed the ability of MK8722 to
reverse paclitaxel-induced neuropathy. These mice received paclitaxel

for a week followed by a week of MK8722 treatment. MK8722 was not
able to reverse mechanical hypersensitivity induced by paclitaxel but it
again attenuated hyperalgesic priming (Fig. 6A-C). In females, MK8722
also did not reverse established mechanical hypersensitivity but did
attenuate hyperalgesic priming (Fig. 6D-F).

4. Discussion

One of the key findings of this study is that paclitaxel can induce
hyperalgesic priming and that this priming effect is strongly attenuated
by AMPK activator treatment. All of the direct and indirect AMPK ac-
tivators used successfully reduced and/or reversed paclitaxel-induced
hyperalgesic priming, even though narciclasine was the only one cap-
able of both preventing and reversing paclitaxel-induced mechanical
hypersensitivity. Hyperalgesic priming effects have not been previously
explored in models of CIPN, but our work makes it clear that paclitaxel
treatment produces a robust hyperalgesic priming effect that is



K.E. Inyang, et al.

>

© NCLS (1 mg/kg)

@ Vehicle

2 __ 1004
2
5% ™
2

o 60
s 8

w s
mE 404
(2]

c g

8 © 201
ng
xS o

Treatment day

1001

80+

60+

40+

20

1.0 gram von Frey (%)

Response Frequency to

o
1

T T T T T T T
14 18 22 25 28 3hrs 1 19

Treatment day

(@

-
(=23 @ (=
o o o
I 1 1

3
o
1

N
o
1

1.4 gram von Frey (%)

i’

Response Frequency to

1 14 18 22 25 28 3hrs 1 19

Treatment day

Response Frequency to
0.6 gram von Frey (%)

Response Frequency to
1.0 gram von Frey (%)

Response Frequency to

Neurobiology of Pain 6 (2019) 100037

© NCLS (1 mg/kg) @ Vehicle

O

1004

©
o
1

o
o
1

»
o
1

N
=1
I

o
1

18 22 25 28 3hrs 1 3 7

Treatment day

m

100+

=]
=]
I

=]
o
I

»
=]
1

N
o
1

o
1

9 11 14 18 22 25 28 3hrs 1 3 7

Treatment day

m

100+

804

60+

404

20

1.4 gram von Frey (%)

— T T T T T T T T
9 11 14 18 22 25 28 3hrs 1

Treatment day

Fig. 3. Narciclasine (NCLS) attenuated paclitaxel-induced mechanical hypersensitivity and hyperalgesic priming in males and females. A-C. NCLS attenuated the
development of CIPN in male mice when give concurrently with paclitaxel and reduced hyperalgesic priming precipitated by PGE,. *p < 0.05; **p < 0.01;
***p < 0.001; N = 6 for NCLS group and vehicle group. D-F. NCLS prevented CIPN in female mice when given concurrently with paclitaxel treatment and atte-

nuated hyperalgesic priming precipitated by PGE,. *p < 0.05; **p < 0.01; ***p < 0.001; N = 6 for NCLS group and N = 6 for vehicle group.

apparent in both male and female mice. Consistent with our previous
work in the incisional model, narciclasine, metformin and MK8722
were all capable of inhibiting hyperalgesic priming revealed by me-
chanical hypersensitivity in response to PGE, injection. These findings
demonstrate that paclitaxel treatment creates an enduring change in the
nervous system that enhances the response to subsequent challenge to a
normally non-noxious dose of PGE,. This finding gives new insight into
long-lasting effects of chemotherapeutics on the nociceptive system and
demonstrates that a variety of AMPK activators can be used to attenuate
and/or reverse this type of plasticity. Since clinical CIPN can be re-
curring (Ewertz et al., 2015), hyperalgesic priming may be a useful
paradigm for understanding how to break the cycle of pain that can
occur in certain patients. Previous studies have shown that CIPN pain
resolution is actively regulated by T cells and interleukin 10 (Krukowski
et al., 2016; Laumet et al., 2019). Similar observations have been made
in inflammatory and post-surgical pain models wherein pain resolution
occurs via a mechanism that involves inhibitory G-protein coupled re-
ceptors in the spinal cord dorsal horn or nociceptive afferents (Corder

et al., 2013; Taylor and Corder, 2014; Price and Inyang, 2015; Walwyn
et al., 2016; Severino et al., 2018). While it is not known to what extent
these pain resolution mechanisms overlap with mechanisms that re-
solve hyperalgesic priming, it is notable that AMPK activators are ef-
fective in reversing hyperalgesic priming in all of these contexts (Tillu
et al., 2012; Burton et al., 2017; Inyang et al., 2019b).

It has previously been established that metformin is capable of
blocking the establishment of CIPN as a result of paclitaxel treatment in
mice but that this drug does not reverse established CIPN (Mao-Ying
et al., 2014). Our findings are consistent with that previous work in-
sofar as we saw no effect of metformin on established paclitaxel-in-
duced mechanical hypersensitivity in male and female mice. However,
we did note an inhibition of hyperalgesic priming in both sexes, in-
dicating that metformin does have effects even when given after ces-
sation of chemotherapy treatment. While the anti-hyperalgesic effects
of metformin in male mice are very robust in the SNI and incisional
models (Melemedjian et al., 2011; Burton et al., 2017; Inyang et al.,
2019a), our previous observations in female mice have demonstrated a
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marked sexual dimorphism in the efficacy of metformin (Inyang et al.,
2019a) (Inyang et al., 2019b). Surprisingly, in this study, metformin
was just as effective in reversing hyperalgesic priming in females as it
was in males. While the mechanistic underpinning of these divergent
sex-specific effects are not currently known, several clinical trials with
metformin for pain suggest that this drug can be effective in both male
and female humans (Taylor et al., 2013; Kialka et al., 2016; El-Fatatry
et al., 2018). Additional clinical trials will be needed to understand the
utility of metformin as a pain therapeutic. Our work provides new in-
formation that can be useful in designing those clinical trials.
Narciclasine has shown robust behavioral effects in mice in treat-
ment of acute and chronic pain (Inyang et al., 2019b) as well as com-
bating inflammation (Stark et al., 2019) making it an attractive po-
tential analgesic. One benefit of narciclasine is that it is a natural
compound and can be extracted as well as synthesized (Ceriotti, 1967).
Compared to other AMPK activators, narciclasine stimulates the kinase

in vivo at low doses and shows efficacy in cancer, metabolic and pain
models at doses that coincide with AMPK activation kinetics (Van
Goietsenoven et al., 2010; Julien et al., 2017a,b; Inyang et al., 2019b).
Mechanistically, narciclasine increases the adenosine diphosphate
(ADP)/ATP ratio in myotubes, which is a potential mechanism through
which the compound causes AMPK activation (Hu et al., 2015; Julien
et al.,, 2017a,b). The mechanism through which narciclasine activates
AMPK in sensory neurons is not known, but our previous work de-
monstrates that the drug stimulates AMPK in dorsal root ganglion
neurons in vitro and in vivo (Inyang et al., 2019b). Interestingly, while
narciclasine activates AMPK in skeletal muscle and neurons, it does not
activate AMPK in liver (Julien et al., 2017a,b; Inyang et al., 2019b). The
restricted action of narciclasine on AMPK in certain tissues may be
advantageous from a safety perspective. We cannot rule out a potential
action of narciclasine on other signaling mechanisms. For instance,
narciclasine negatively influences inflammation via downregulation of
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Fig. 5. MK8722 attenuates paclitaxel-induced hyperalgesic priming in male and female mice when given concurrently with paclitaxel. A-C. MK8722 did not block the
development of CIPN in male mice when give concurrently with paclitaxel but was effective in attenuating hyperalgesic priming precipitated by PGE,.
***p < 0.001; N = 6 for MK8722 group and vehicle group. D-F. MK8722 failed to prevent CIPN in female mice when given concurrently with paclitaxel treatment
but again attenuated hyperalgesic priming precipitated by PGE,. *p < 0.05; **p < 0.01; ***p < 0.001; N = 4 for NCLS and vehicle group.

tumor necrosis factor type 1 receptor (Stark et al., 2019), which would
also be expected to have an impact on neuropathic pain. It is possible
that engagement of multiple molecular targets by this compound im-
proves its in vivo efficacy.

AMPK activators are likely effective for alleviating pain in CIPN for
several reasons. One is that paclitaxel treatment induces enhanced
signaling in mTOR and MAPK signaling pathways and activation of
AMPK targets both of these signaling mechanisms to reduce nociceptor
excitability (Megat et al., 2019). Another potential target is mitochon-
drial dysfunction in CIPN. This has recently been comprehensively re-
viewed by Trecarichi and Flatters (Trecarichi and Flatters, 2019) and is
clearly a central feature of sensory neuron dysfunction across CIPN
types (Ma et al., 2018). AMPK activation has multiple effects on dys-
functional mitochondria in many different contexts (Hardie et al., 2012;
Burkewitz et al., 2014). However, the influence of AMPK activation on
mitochondrial dysfunction in CIPN has not been addressed directly.

There are several weaknesses of this study that could be addressed
in future experiments. Behavioral measures in this work relied com-
pletely on evoked pain measures. Future experiments will focus on the

effect of narciclasine on affective components of pain using the condi-
tioned place preference paradigm (King et al., 2009; Megat et al.,
2019). Another shortcoming of this study is that it was completely fo-
cused on mechanical pain features of CIPN. CIPN is characterized by
other features such as weakness and numbness (Izycki et al., 2016) that
we did not assess. Our previous work with metformin demonstrated
that numbness and the loss of intra-epidermal nerve fibers could be
prevented by metformin treatment in both sexes (Mao-Ying et al.,
2014). We hypothesize that narciclasine would be similarly effective,
but might also reverse these effects once established, unlike our ob-
servations with metformin. Finally, and as mentioned above, the
common molecular mechanism of the compounds used in this study is
AMPK, but we cannot rule out other potential mechanisms of action. It
is possible that the differences we observed are due to differential ef-
ficacy in AMPK activation in vivo for each compound, with narciclasine
likely being the most efficacious; but it is also possible that differences
arise because AMPK is not the sole target for these compounds.

In conclusion, we observed that hyperalgesic priming is induced by
paclitaxel treatment in mice and this priming can be attenuated with
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diverse types of AMPK activators in both male and female animals. We
did find differential effects of these AMPK activators. Most notably,
unlike metformin and MK8722, narciclasine both prevented and re-
versed paclitaxel-induced mechanical hypersensitivity suggesting that
this compound can have a unique, disease modifying effect on CIPN.
Based on these and other, previously published effects (Julien et al.,
2017a,b; Inyang et al., 2019b; Stark et al., 2019), the natural product
narciclasine is a promising lead for further clinical development given
its substantial potency and efficacy in multiple preclinical pain models
in both sexes.
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