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Objective: To systematically review the involvement of KATP channel activation in pain modulation in preclinical studies.Background: KATP channels are expressed at several levels in the spinal and trigeminal pain pathways, where they seem to modulate nociceptive transmission.Methods: PubMed and Embase databases were searched until 29 January 2024, using the following search string: [(pain) OR (nociception) OR (antinociception) AND (KATP channel) OR (ATP sensitive potassium channel)]. Non-English and unavailable records, as well as records with non-experimental methodology, were excluded. Inclusion criteria were preclinical studies measuring pain in vivo upon activation of the KATP channel by administering a stimulator or positive modulator. Records were screened based on title and abstract, and those that met the study inclusion criteria were reviewed based on study design, measurements, intervention, and outcomes.Results: The search resulted in 569 records. In total, 126 duplicates were detected. Subsequently, 438 records were screened by title and abstract, resulting in the exclusion of 396. Based on inclusion criteria, 42 studies were included. The main findings of the present systematic review were that KATP channel openers can attenuate induced pain in various animal models and potentiate the effects of analgesics.Conclusion: Local, systemic, spinal, and supraspinal activation of KATP channels can attenuate pain and potentiate the efficacy of analgesic drugs. One exception was levcromakalim, as the systemic levcromakalim administration, but not a local application, induced pain. This finding is consistent with those of recent human trials. Future studies should investigate the differences in KATP channel activation between rodents and humans, as well as the differences in activation sites between levcromakalim and other KATP channel openers.Keywords: nociception, antinociception, ATP sensitive potassium channel, potassium channel, headache
1 INTRODUCTION
A large series of preclinical investigations have identified adenosine triphosphate (ATP)-sensitive potassium (KATP) channels as potential targets for novel drugs to treat several pain disorders (Al-Karagholi, 2023). KATP channels contribute to chemosensory transduction and generation/propagation of action potentials in peripheral nociceptive afferents. These channels are octamer proteins consisting of four pore-forming, inwardly rectifying subunits (Kir family) and four sulfonylurea subunits (SUR family) (Cui et al., 2001; Wu et al., 2011). The Kir subunit identified in KATP channels is the Kir6 subunit, which is expressed in two isoforms, Kir6.1 and Kir6.2 (Al-Karagholi, 2023). The SUR subunit is expressed in three isoforms: SUR1, SUR2A and SUR2B. The subtypes exist in tissues in different combinations with different properties. Kir6.2/SUR1 are expressed in pancreatic beta cells, trigeminal ganglion, trigeminal nucleus caudalis and central neurons. Kir6.2/SUR2A are found in cardiac and skeletal muscle. Kir6.1/SUR2B and Kir6.2/SUR2B exist in smooth muscle (Al-Karagholi, 2023). Distinct subunit expression has been detected in various cells, including neurons, vascular smooth muscle, and pancreatic beta cells (Babenko et al., 1998). Elevated intracellular ATP reportedly inhibits KATP channels, leading to reduced potassium efflux and depolarization (Cui et al., 2001; Yamashita et al., 1994). However, the opening of KATP channels results in hyperpolarization and, thus, a decrease in the neuronal firing frequency (Babenko et al., 1998) and dilation of vascular smooth muscle cells (Christensen et al., 2022). In the current study, we systematically reviewed the implications of KATP channels in pain transmission following in vivo central or peripheral administration of KATP channel openers in preclinical studies.
2 METHODS
A systematic search was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) reporting guidelines. PubMed and Embase databases were searched until 29th January 2024, to identify studies that investigated the involvement of KATP channels in pain transmission using the following search string: [(pain) OR (nociception) OR (antinociception) AND (KATP channel) OR (ATP-sensitive potassium channel)]. Non-English records and those that could not be retrieved were excluded from the study. In addition, records using non-experimental methods (reviews, conference abstracts, case reports, and meta-analyses) were excluded. The full text was assessed if the title and abstract did not provide all the necessary information. We included in vivo preclinical studies exploring pain mechanisms upon the administration of a stimulator or a direct activating modulator of KATP channels using pain measurement techniques (Figure 1). Data regarding authors, year of publication, study design, measurements, intervention, and outcomes were collected. For the study design, an overview of the experimental protocol was obtained. Pain was measured, and interventions were performed using KATP channel openers. Data on experiments and outcomes beyond the scope of this review were not evaluated. Data were independently extracted by two investigators (SSB and MMA). Discrepancies were resolved through discussion between the two investigators.
[image: Figure 1]FIGURE 1 | Study flowchart.
3 RESULTS
In total, 569 records were retrieved following the database search, of which 126 were identified as duplicates. Two non-English and three unavailable records were excluded. The remaining 438 articles were screened based on their titles and abstracts. Of these, 396 studies were excluded for the following reasons: non-experimental methodology, clinical trials, only in vitro experiments, only knockout animals used, no activating modulator employed, no pain measurements performed, or missing data on administration routes (Figure 1). The remaining 42 studies were included in the final analysis. Several KATP channel openers (KCO), such as pinacidil, diazoxide, cromakalim, levcromakalim, and NN414, have been used to examine the role of KATP channels in pain transmission (Table 1). The findings of the included studies are summarized in Tables 2–9.
TABLE 1 | KATP channel openers.
[image: Table 1]TABLE 2 | Central intrathecal administration.
[image: Table 2]TABLE 3 | Central intracerebroventricular administration.
[image: Table 3]TABLE 4 | Intraperitoneal administration.
[image: Table 4]TABLE 5 | Intramuscular and epidural administration.
[image: Table 5]TABLE 6 | Intraplantar administration.
[image: Table 6]TABLE 7 | Central intrathecal and central intracerebroventricular administration.
[image: Table 7]TABLE 8 | Central intracerebroventricular, intraperitoneal, intraplantar, and peroral administration.
[image: Table 8]TABLE 9 | Central intrathecal, intraperitoneal, and intraplantar administration.
[image: Table 9]4 DISCUSSION
The main findings of the present systematic review were that KCOs can attenuate induced pain in various animal models and potentiate the effects of analgesics. To present a clear overview of the results, we divided these findings based on the route of administration. Studies of KCOs administered to the central nervous system have been divided into central intrathecal (i.t.) and central intracerebroventricular (i.c.v.) administration.
4.1 Central i.t. administration
Pinacidil, diazoxide, cromakalim, levcromakalim, and NN414 have been tested against bone cancer pain (Xia et al., 2014), postoperative pain (Shen et al., 2015; Zhu et al., 2015; Qian et al., 2023; Cheng et al., 2006) neuropathic pain (Koh et al., 2016; Mixcoatl-Zecuatl et al., 2004; Mixcoatl-Zecuatl et al., 2006; Song et al., 2011; Luu et al., 2019) and peripheral nerve injury (Wu et al., 2011). In chronic pain models, KCO administration was found to attenuate pain sensation and increase nociceptive thresholds (Xia et al., 2014; Shen et al., 2015; Zhu et al., 2015; Qian et al., 2023; Cheng et al., 2006; Koh et al., 2016; Mixcoatl-Zecuatl et al., 2004; Mixcoatl-Zecuatl et al., 2006; Song et al., 2011; Luu et al., 2019). Pinacidil, diazoxide, and cromakalim did not modulate the baseline pain threshold in sham-operated or naïve animals (Wu et al., 2011; Xia et al., 2014). Induction of persistent pain decreased KATP channel activity and downregulated KATP channel expression in the spinal cord (Xia et al., 2014; Shen et al., 2015; Zhu et al., 2015). By acting on the remaining KATP channels, pinacidil attenuated the induced pain (Xia et al., 2014) and potentiated the analgesic effect of intraperitoneal (i.p.) administered nefopam (Mixcoatl-Zecuatl et al., 2006). Diazoxide reportedly potentiates the antiallodynic effects of N6-R-phenylisopropyladenosine (R-PIA) (Song et al., 2011). Interestingly, i.t. pinacidil administration elicited an antinociceptive effect in diabetic and non-diabetic mice (Zushida et al., 2002), while cromakalim was found to attenuate morphine tolerance (Cao et al., 2016a). These results indicate that the central activation of KATP channels exerts an antinociceptive effect. Conversely, Cheng et al. found that neither pinacidil nor diazoxide altered allodynia in a postoperative pain model (Cheng et al., 2006).
4.2 Central i.c.v. administration
Intracerebroventricular, administration of pinacidil potentiated the antinociceptive effect of several drugs administered subcutaneously (s.c.): tricyclic antidepressants (Galeotti et al., 2001), antihistamines (Galeotti et al., 1999a) and alpha-2-adrenoceptor agonists (Galeotti et al., 1999b). In the absence of any concurrently administered drugs, i.c.v. administration of pinacidil did not induce an antinociceptive effect.
Furthermore, i.c.v. administration of cromakalim potentiated the antinociceptive effect of s.c. administered mu-opioid receptor agonists morphine (Ocaña et al., 1995; Ocaña et al., 1996), buprenorphine, and methadone (Ocaña et al., 1996), but did not alter the antinociceptive effect of fentanyl or levorphanol (Ocaña et al., 1996). I.c.v. cromakalim also potentiated the subcutaneous effect of 5-HT1A receptor agonists (Robles et al., 1996), R-PIA (Ocaña and Baeyens, 1994) and clonidine (Ocaña et al., 1996). However, cromakalim did not alter the effects of s.c. administered U50,488H (a selective human kappa opioid receptor agonist) (Narita et al., 1993) and baclofen (Ocaña et al., 1996). Furthermore, cromakalim potentiated the effects of i.c.v. morphine, but not i.c.v. U50,488H (Narita et al., 1993). Collectively, these results suggest that KATP channel opening plays a role in mediating the analgesia of various types of drugs, with KATP channels functioning as downstream targets of receptor activation by these drugs. Considering cromakalim-induced analgesia when administered alone in naïve or control animals, the results were ambiguous. Some reported that cromakalim could induce an analgesic effect (Narita et al., 1993; Kamei et al., 1994; Sood et al., 2000), whereas others detected no such effect (Ocaña et al., 1995; Ocaña et al., 1996; Ocaña and Baeyens, 1994).
Three studies investigated the analgesic effect of i.c.v. pinacidil (Zushida et al., 2002) and i.c.v. cromakalim (Kamei et al., 1994; Sood et al., 2000) in diabetes models. Sood et al. (2000) reported that cromakalim induced substantial antinociception in diabetic mice, although to a lesser extent than that in non-diabetic mice. Moreover, cromakalim potentiated morphine-induced antinociception in the non-diabetic group but not in the diabetic group (Sood et al., 2000). This finding is in line with previous studies reporting that cromakalim can elicit a substantial antinociceptive effect in non-diabetic mice but not in diabetic mice, even after insulin treatment (Kamei et al., 1994). One potential explanation for this difference is the reduced activity or expression of supraspinal KATP channels in diabetes. Hyperglycemia and spleen-derived factors have been suggested to play a role in the reduced KATP channel activity (Kamei et al., 1994; Sood et al., 2000). The application of pinacidil provoked an antinociceptive effect in both diabetic and non-diabetic mice, with no marked differences in the potency ratio between the two groups (Zushida et al., 2002). I.c.v. administration of levcromakalim elicited an acute antinociceptive effect on heat-induced nociception without altering mechanical withdrawal thresholds (Christensen et al., 2022).
4.3 I.p. and peroral administration
Intraperitoneal administration of pinacidil could attenuate mechanical allodynia in postoperative pain models (Shen et al., 2015; Qian et al., 2016; Cao et al., 2015). I.p. diazoxide enhanced the antinociceptive effect of sildenafil against zymosan-induced nociception (zymosan is known to induce inflammatory pain) (Vale et al., 2007). Peroral (p.o.) administration of diazoxide potentiated the antinociceptive effect of s.c. administered alpha-2-adrenoceptor agonists clonidine and guanabenz but did not produce a notable effect when administered alone (Galeotti et al., 1999b). I.p. administration of levcromakalim (Christensen et al., 2022; Christensen et al., 2020) induced both thermal and mechanical hyperalgesia. These results differ from those of other KCOs and are further discussed below in relation to human trials.
4.4 Intramuscular (i.m.) and epidural administration
Intramuscular administration of pinacidil or diazoxide in the masseter muscle attenuated capsaicin-induced hypersensitivity (Niu et al., 2011). Pinacidil injection into the masseter muscle was shown to increase mechanical thresholds in trigeminal afferents (Cairns et al., 2008). These results suggest that KATP channels participate in the pain transmission of trigeminal afferent fibers and that the opening of these channels attenuates orofacial muscle pain.
Epidural co-administration of levcromakalim and morphine (Asano et al., 2000) potentiated the effect of morphine, although levcromakalim alone did not exert substantial antinociceptive effects (Asano et al., 2000). The observed potentiation may be due to the activation of mu-opioid receptors at the spinal cord level. Given that dissolving a higher dose of levcromakalim for epidural injection was not feasible, and with the dura mater functioning as a barrier, levcromakalim may fail to reach the spinal cord tissue (Asano et al., 2000). Notably, i.m. administration of the same dose of levcromakalim did not potentiate the effect of epidural morphine, indicating that the potentiation of morphine analgesia occurs at the spinal cord level (Asano et al., 2000).
4.5 Intraplantar administration
Pinacidil and diazoxide were co-applied to the paws with pain inducers, such as bradykinin (Du et al., 2011), formalin (Ghorbanzadeh et al., 2019; Ghorbanzadeh et al., 2018; Ortiz et al., 2002), λ-carrageenan, and prostaglandin E2 (PGE2) (Alves et al., 2004a; Alves et al., 2004b; Picolo et al., 2003; Sachs et al., 2004). Pinacidil and diazoxide were found to exert antinociceptive effects on pain induced by these agents and on heat- and mechanical-induced nociception. In formalin tests, pinacidil and diazoxide only influenced the late phases of the tests (Ghorbanzadeh et al., 2018; Ortiz et al., 2002). Notably, diazoxide potentiated the antinociceptive effect of carbamazepine against formalin-induced pain, with effects observed in both early and late phases (Ghorbanzadeh et al., 2019). Pinacidil applied to the dorsal root ganglion of the 5th lumbar nerve (L5) attenuated bradykinin-induced nociceptive behavior (Du et al., 2014). These results suggest that KATP channels are involved in peripheral antinociception of primary afferent neurons.
The effect of pinacidil on morphine tolerance was examined in a neuropathic pain model, revealing that pinacidil did not substantially impact morphine tolerance (Fisher et al., 2019). In contrast to pinacidil, diazoxide and NN414 attenuated morphine tolerance.
Diazoxide was examined in combination with analgesic drugs. In a model of PGE2-induced hyperalgesia, diazoxide reversed the antagonistic effect of NG-nitro L-arginine against diclofenac-induced antinociception (Alves et al., 2004a). Additionally, diazoxide potentiated the antinociceptive effect of fluoxetine against formalin-induced pain (Ghorbanzadeh et al., 2018). Combined with either dibutyrylguanosine cyclic monophosphate (db-cGMP) or sodium nitroprusside, diazoxide exerted marked antinociceptive effects against PGE2-induced pain (Alves et al., 2004b). Therefore, the analgesic properties of these drugs may be mediated via KATP channels. Injections of diclofenac, carbamazepine, or fluoxetine (Ghorbanzadeh et al., 2019; Ghorbanzadeh et al., 2018; Alves et al., 2004a), as well as KCOs (Du et al., 2011; Alves et al., 2004b), failed to elicit an antinociceptive effect when administered to contralateral paws in animals treated with pain inducers, indicating that the analgesic site of action is peripheral. Levcromakalim did not induce an analgesic effect (Christensen et al., 2022), which is discussed further below in relation to human trials.
4.6 Relation to human trials and future perspectives
Intraplantar administration of levcromakalim reportedly exerted no effect on mechanical withdrawal thresholds (Christensen et al., 2022), indicating that the hyperalgesic and allodynic effects of systemic administration (Christensen et al., 2022; Christensen et al., 2020) are not mediated via local activation of KATP channels in the paws. Hypersensitivity is likely to be mediated by vascular smooth muscle KATP channels (Christensen et al., 2022). These findings are consistent with trials conducted in healthy participants, where an intravenous infusion of levcromakalim reportedly induced headaches and dilated cephalic arteries (Al-Karagholi et al., 2019a); however, these effects were not observed when levcromakalim was administered intradermally or intramuscularly to the temporal muscle (Al-Karagholi et al., 2019b). Furthermore, all patients with migraine who received intravenous levcromakalim developed migraine attacks (Al-Karagholi et al., 2019c). These findings indicate that peripherally located KATP channels are unlikely to be sites of levcromakalim action. However, human data cannot be directly compared with rodent data because the measurement of pain is methodologically distinct, and interspecies differences in the molecular mechanisms underlying pain cannot be overlooked (Christensen et al., 2020). Data from human studies are inconsistent with the results of preclinical studies utilizing other KCOs; for example, systemic pinacidil was found to attenuate pain in a postoperative pain model in rodents (Shen et al., 2015; Qian et al., 2016; Cao et al., 2015), and diazoxide reportedly potentiates the antinociceptive effect of sildenafil (Vale et al., 2007) and alpha-2-adrenoceptor agonists (Galeotti et al., 1999b). Intraplantar (Du et al., 2011; Ghorbanzadeh et al., 2019; Ghorbanzadeh et al., 2018; Ortiz et al., 2002; Alves et al., 2004a; Alves et al., 2004b; Picolo et al., 2003; Sachs et al., 2004) or dorsal root ganglion (Du et al., 2014) administration of pinacidil and diazoxide attenuated locally induced pain in preclinical studies, in contrast to local administration of levcromakalim in humans (Al-Karagholi et al., 2019b) and animals (Christensen et al., 2022).
5 CONCLUSION
In preclinical studies, the opening of KATP channels attenuates induced pain and potentiates the effects of analgesic drugs at the spinal and supraspinal levels. The analgesic properties of cromakalim and the involvement of central KATP channel activity in pain modulation in diabetic populations warrant further investigation. Systemic and local administration of KCOs attenuates induced pain and potentiates the effects of analgesic drugs, except levcromakalim, which causes pain when administered systemically and has no effect on pain when administered locally. The effects of levcromakalim in preclinical investigations are consistent with the results observed in the human trials. Future studies should explore the differences in KATP channel activation between rodents and humans, as well as the differences in activation sites between levcromakalim and other KCOs.
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In vivo investigation using male C57Bl/
6] mice

Intraperitoneal (i.p.) administration of
leveromakalim or vehicle every other
day (5 times in total)

In vivo investigation using male
Sprague-Dawley rats

Postoperative pain model: SMIR
operation in the gracilis muscle of the
right leg,

Sham-operated group: Same procedure
but no retraction

Control group: No treatment

Pinacidil injected i.p. 30 min prior to
SMIR surgery

In vivo investigation using male
Sprague-Dawley rats

Postoperative pain model: SMIR
operation in the gracilis muscle of the
right leg

Sham-operated group: Same procedure
but no retraction

Control group: No treatment

Pinacidil administered at different doses

pre-surgery

In vivo investigation using male Swiss
mice

Mice injected with phosphodiesterase
5 inhibitor sildenafil (1-10 mg/kg; i.p.)
or vehicle. 20 min later, zymosan
injections (ip.)

Pretreatment: glibenclamide (Krp
channel blocker; 0.1-1 mg/kg) peroral
(p.0.) or vehicle 45 min before sildenafil
Diazoxide (1 mg/kg i.p.) or vehicle plus
sildenafil

Diazoxide (1 mg/kg i.p.) or vehicle
before glibenclamide

Measurements

Mechanical and heat stimulus-induced
nociception: MWT measurements
performed using von Frey filaments to left
hind paw

Measurements at baseline and every hour
(h) for 4 h post-injection on days 1,3, 5,7,
and 9

Mechanical stimulus-induced
nociception: MWT measurements
performed using von Frey filaments
Measurements on day 1,3, 7, and 12 post-
SMIR

Mechanical induced nociception: MWT
‘measurements with von Frey filaments.
Measurements before and 1, 3, 7 and
12 days after surgery

Zymosan-induced nociception: Writhing
model: zymosan injected ip. (1 mg,

0.2 mL) and nociception intensity
evaluated by number of writhes 0-20 min
post-injections

Interventions
Leveromakalim (0.1,0.5, and

1 mg/kg) or vehicle
(10 mL/kg; i.p.)

Pinacidil (25 pg/kg ip.)

Pinacidil (10, 25 and
50 pg/ke) i

Diazoxide (1 mg/kg) or
vehicle ip.

Findings

Compared with the vehicle,
levcromakalim induced
hyperalgesia, decreasing the MWT
in a dose-dependent manner. The
effect was notable after the third
dose, administered on day 5. The
effect was most pronounced 2 h
post-inection. The basal response to
leveromakalim was significantly
reduced on day 9 in the two highest
dose groups but was reduced from
day 5

SMIR induced mechanical allodynia
on day 3,7, and 12. No significant
alterations on the first day compared
to control group

Pretreatment with pinacidil reversed
the allodynia observed following
SMIR.

No significant reduction in MWT in
pinacidil group compared to control
group

SMIR induced mechanical allodynia
in a time-dependent manner when
compared with the control

No significant differences in MWT
in the sham group pre- and post-
surgery

Pretreatment with pinacidil
attenuated the SMIR-induced
allodynia in a dose-dependent
manner

‘The was a significant reduction in
MWT in the low-dose pinacidil
group 3, 7, and 12 days post-surgery
MWT was significantly reduced in
the medium-dose pinacidil group
12 days post-surgery

High-dose pinacidil completely
blacked the SMIR-induced
reduction in MWT at measurement
time points.

Zymosan administration produced a
writhing response

Sildenal inhibited the zymosan-
induced writhing response in a dose-
dependent manner, with 10 mg/kg
liciting the maximal effect
Compared with the vehicle,
pretreatment with glibenclamide
reversed the antinociceptive effect of
sildenafil in a dose-dependent
manner

Pretreatment with diazoside before
glibenclamide (1 mg/kg)
antagonized the effect of
glibenclamide on the antinociceptive
effect of sildenail

Pretreatment with diazoxide
enhanced the antinociceptive effect
of sildenafil
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Asanoetal. | In vivo investigation using male | Heat stimulus induced nociception: | Leveromakalim (10 and 100 g, Epidural administration of
(2000) Sprague-Dawley rats Measurements of tail-flick latency to | 50 pL; epidural) leveromakalim alone did not
50 L epidural injections: morphine | thermal stimulus with custom-made | Leveromakalim (100 pg, 200 pL; im.) | significantly increase tail-flick
(1, 10, and 100 pg) and tail-flick apparatus latency
leveromakalim (10 and 100 g) Measurements at baseline and 5, 10, Epidural low-dose morphine (1 pg)
Other experiments with 20, 30, and 60 min after the last did not induce an apparent
intramuscular (im.) leveromakalim | injection antinociceptive effect. High-dose
after epidural administration of epidural leveromakalim (100 pg)
morphine produced a significant potentiation
of the effect of epidural morphine
and caused a left shift in the dose-
response curve
Leveromakalim (100 pg) did not
potentiate the antinociceptive
effect of epidural morphine (1 pg)
when administered i.m.
Epidural morphine increased the
tail-flick latency in a dose-
dependent manner
Niu et al. In vivo investigation using male and | Mechanical induced nociception: Pinacidil (2, 20,100, and 300 pgsim.) | No difference between sexes in
(2011) female Wistar rats Measurements of thresholds using von | Diazoxide (100 and 300 pg; i.m.) baseline thresholds
Pretreatment of masseter muscle | Frey aesthesiometer until ipsilateral Both sexes developed acute
with pinacidil (2, 20, 100, and hind paw shaking when force applied mechanical hypersensitivity in the
300 ug) 10 pL im. or vehicle to masseter muscle. Measurements of ‘masseter muscle after capsaicin
After 5 min, 100 pL of baseline and 15, 30, 45, 60, and 90 min injections, although female rats
TRPV1 receptor agonist capsaicin  after drug treatment showed higher hypersensitivity
(0.1%) was administered Pretreatment with pinacidil
Diazoxide (100 and 300 pg) 10 uL attenuated the capsaicin-induced
im. was examined in the same hypersensitivity in a dose-
manner dependent manner in male rats.
High-dose pinacidil (300 pg) Pinacidil (20 pg) blocked the
injected into the masseter muscle hypersensitivity reaction
contralaterally in capsaicin-injected completely. The same dose was
muscle in a separate group ineffective in female rats
Female rats pretreated with Pinacidil (300 pg) significantly
medium-dose pinacidil (20 pg) attenuated capsaicin-induced
administered during the proestrus hypersensitivity in female rats
or diestrus phase Pinacidil (300 pg) had no effect
when injected contralaterally
Pinacidil (20 pg) did not attenuate
capsaicin-induced hypersensitivity
in female rats during the proestrus
or diestrus phases of the estrus
cyde
Pretreatment with diazoxide
attenuated capsaicin-induced
‘hypersensitivity in a dose-
dependent manner in male rats
Diazoxide (300 g) failed to
attenuate capsaicin-induced
hypersensitivity in female rats
Cairns etal. | In vivo investigation using Sprague- | Trigeminal primary afferent fiber Pinacidil (0.1 mg/mL), 10 uL alone or | Repeated injection of HS or KCI
(2008) Dawley rats activity (masseter muscle) under as second injection (1 or 0.1 mg/ | caused afferent discharge

Two injections (10 pL) within

30 min intervals in masseter muscle
Lm. injections of potassium
chloride (KCl; 2.0 M), followed by
either KCl alone or KCI + pinacidil
(1 or 0.1 mg/mL)

Lm. injections of hypertonic saline
(HS), followed by HS + pinacidil
(0.1 mg/mL)

surgical anesthesia measured using
microelectrodes (baseline and
monitored for 10 min after each
injection)

Mechanical threshold measurements
performed using von Frey filaments
applied to masseter muscle (bascline,
1 min post-injection and for 10 min
with 1-min intervals)

mL) im.

Covinjection of pinacidil (1 mg/
mL) with KCl suppressed the KCl-
induced afferent discharge, but this
dose also made the afferents
unresponsive to mechanical
stimulation of the muscle after
10-20 min

KCl alone did not impact the
responsiveness of afferents to
mechanical stimulation of the
muscle

Coinjection of pinacidil (0.1 mg/
mL) with KCl increased the KCI-
induced afferent discharge, and
afferents were responsive to
mechanical stimulation

Pinacidil alone elevated the
mechanical threshold by 20% up to
10 min post-injection

Pinacidil (0.1 mg/mL) did not
significantly impact the HS-
induced afferent discharge
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In vivo investigation using female Wistar rats

Bone cancer pain mod
256 cells (4 x 10°71) i

10 L Walker
jected in the tibia

‘Sham group: 10 L. D-Hanks injected
Naive control group: Untreated

Intrathecal (i) injection of pinacidil 15 days
post-surgery

In vivo investigation using male Sprague-
Dawley rats

Peripheral nerve injury model: Chronic
constriction injury (CCI) of the left sciatic
nerve

‘Sham operated group: Operated but no nerve
injury

Naive control group: Untreated

Pain induction test: Injections of cromakalim
for 3 days starting 30 min pre-surgery

Pain persistence test: Posttreatment with
cromakalim as a single injection on day 10
Assessment of long-term effects following
repetitive administration: posttreatment with
cromakalim injections on days 10, 11, and 12
Diazoxide: a single injection on postoperative
day 10

Measurements

Mechanical stimulus-induced nocicept
Mechanical withdrawal threshold (MWT)
‘measurements performed using von Frey
flaments on right hind paw
Measurements 1,3, 7,9, 11, 13 and 15 days
after surgery

Heat- and mechanical stimulus-induced

nociception: MWT measurements
performed using von Frey filaments to each
hind paw

Measurement of withdrawal latency
following application of thermal stimulus to
each hind paw using an analgesiometer
Baseline tests performed 2 days pre-surgery
Assessment of drug effects upon induction of
neuropathic pain: Postoperative days 1, 3,4,
and 5

Assessment of drug effects on persistence of
neuropathic pain: Postoperative days 3, 7,
and 10. Additional tests performed 1,2, 4,6,
24,48, and 72 h after a single cromakalim
injection on the day 10
Long-term effect of repeti
of cromakalim on persistent pain tests:
Postoperative days 3, 7, and 10. Ad
tests 2-4 h after each injection on
postoperative days 10, 11, and 12,
respectively, and continuing for 1, 2, and

3 days after termination of the last injection
In naive rats: Tests 1, 2, 4, 6,and 24 h after
single cromakalim injection

Interventions

Pinacidil (10-100 g) or vehicle,
10 4L i,

Cromakalim (5, 10 or 20 yg) or
vehicle, 20 p it

Diazoxide (20 g), or vehicle,
20uLit

Findings

‘The MWT was significantly lower in the
bone cancer pain group than in the sham
group after 3-12 days. No significant
difference in MWT was observed
between the sham and naive control
groups

‘The vehicle had no significant effect on
the MWT in the sham control and bone
cancer pain groups

Pinacidil did not exert a significant effect
on MWT in the sham group

Pinacidil significantly increased the
MWT in the bone cancer pain group in a
dose-dependent manner, which persisted
for 30-60 min post-injection

CCl induced long-lasting thermal
hyperalgesia and mechanical allodynia
compared with sham operation
Induction of neuropathic pain:
Pretreatment with cromakalim (10 and
20 pg) delayed the onset of thermal
hyperalgesia and mechanical llodynia in
the CCI group for 1-2 days

Persistence of neuropathic pain:
Cromakalim (10 and 20 yg) suppressed
thermal hyperalgesia and mechanical
allodynia in the CCI group. A single
injection of cromakalim on postoperative
day 10 suppressed pain within 1, which
then peaked at 6-8 h and returned within
24h

Long-term effect of repetitive
administration: Cromakalim injections
administered on postoperative days 10,
11, and 12, respectively, resulted in pain
inhibition 4 h after each injection, with
the pain returning within 2 days after the
st injection

Pretreatment or posttreatment with low-
dose cromakalim (5 g) failed to alter
‘neuropathic pain sensitivity

‘The vehicle failed to alter thresholds in
CCI- or sham-operated groups
Cromakalim did not alter thresholds in
the naive control group

Diazoxide prevented thermal
hyperalgesia in the CCI group for at least
2 but not in the sham-operated group

Zhu et al. (2015)

Qian et al. (2023)

Koh et al. (2016)

Cao et al, (2016b)

Song et al. (2011)

Cheng et al. (2006)

Mixcoatl Zecuatl et al.

(2004)

Mixcoatl Zecuatl et al.

(2006)

In vivo investigation using male Sprague-
Dawley rats:

Postoperative pain model: Skin/muscle
incision and retraction (SMIR) performed in
the gracilis muscle of the right leg
Sham-operated group: Same procedure but no
retraction

Naive control group: Not operation

Pinacidil injected i.. 7 days post-surgery

In vivo investigation performed with adult
male C7BL6 ) mice

Postoperative pain model: Plantar incision
surgery performed on the plantaris muscle of
the lef hind paw.

Injections of cromakalim or vehicle (i) were
injected 30 min pre- and post-surgery every
24 h for 7 days

Single injection of cromakalim (5 g, 10 L) or
vehicle .. 30 min pre-surgery

In vivo investigation performed using male
Sprague-Dawley rats

Neuropathic pain model: Spinal nerve ligation
(SNL) of left L5 and L6 spinal nerves distal to
the dorsal root ganglion (DRG)

Pre-nefopam group: Pretreated with nefopam
(analgesic) (10, 30, and 60 mg/kg) or vehicle,
3 mL/kg intraperitoneal (ip.) 20 min before
SNL

Post-nefopam group: Post-treated with
nefopam (same doses) or vehicle, 3 mL/kg
ip. 7 days after SNL

Pretreatment with pinacidil or vehicle it.

20 min before postireatment with nefopam or
vehicle

Pinacidil was administered alone at the same
doses

In vivo investigation performed using male
mice (no breed listed)

Morphine tolerance model: Morphine (opioid)
(10 pg) or vehicle, 10 pL i, daily for 7 days
Pretreatment with cromakalim (0.3, 1,0r 3 pg)
or vehicle i.t. 15 min before morphine
administration

Administration of cromakalim (3 yg) alone for
7 days

In vivo investigation performed using male
Sprague-Dawley rats

Neuropathic pain model: SNL of left L5 and
16 spinal nerves distal to the DRG
Adenosine Al receptor agonist N*-(R)-
phenylisopropyladenosine (R-PIA) (0.5, 1, or
2 g) or vehicle, 10 yL. i, injected
Diazoxide or vehicle-injected alone or 5 min
before R-PIA injection

In vivo investigation performed using male
Wistar rats

Postoperative pain model: Plantar incision
surgery tothe plantaris muscle n the right hind
paw

Lt administration of 5 L. of drug, followed by
10 L of saline

Gabapentin (anticonvulsant) (100 g it
Adenosine triphosphate-sensitive potassium
(KATP) channel openers, it

In vivo investigation performed using female
Wistar rats

Neuropathic pain model: SNL of left L5 and
L6 spinal nerves distal to the DRG
Sham-operated group

Lt gabapentin (25-200 pg) or vehicle, 10 ul
Positive control: i, pinacidil or vehicle
MWT evaluation 15 min afier it injections

In vivo investigation performed using female
Wistar rats

Neuropathic pain model: SNL of left L5 and
16 spinal nerves distal to the DRG
Sham-operated group

Lt gabapentin (25-100 pg) or vehicle, 10 ul.
Positive control: i Kyrp opener or vehicle
MWT evaluation 15 min after i.t. injections

Mechanical stimulus-induced nociception:
MWT measurements performed using von
Frey flaments to hind paws
Measurements before and 1,3, 5, 7, 10, 21,
28 and 32 days post-surgery

Mechanical stimulus-induced nociceptior
MWT measurements were performed using
von Frey filaments on the hind paws, with
‘measurements at baseline and 6 h after each
injection

Single injection: Measurements every 2 h for
24 h total post-surgery

Mechanical stimulus- nociception: MWT
‘measurements were performed using von
Frey filaments to ipsilateral hind paw with
nerve injury

Measurements at baseline 1-day pre-surgery
and5,9,13,17,21, 25,and 29 days post-SNL
in the pre-nefopam group
Measurements at 30, 60, 90, and 120
postinjection and 8, 9, 13, 17, 21, and

29 days post-SNL in the post-nefopam group

Heat stimulus-induced nociception:
Measurements oftail-fick latency to thermal
stimulus with hot water

Measurements performed 30 min after every
morphine injection

Mechanical stimulus-induced nociception:
MWT measurements with von Frey
flaments to hind paw ipsilateral to nerve
injury. Measurements at baseline, 10, 20, 30,
40,50, 60, 90 and 120 min after drug
administration

Mechanical stimulus-induced nociception:
MWT measurements performed using von
Frey flaments (before, 2 h after incision, and
15, 30, 45, 60, 90, and 120 min after i,
administration)

Mechanical induced nociception: MWT
‘measurements performed using von Frey
flaments

Measurements every 30 min for 3 h

Mechanical induced nociception: MWT
measurements performed using von Frey
flaments

Measurements every 30 min for 3 h

Pinacidil (4, 20 or 40 g) or
vehicle, 40 L it

Cromakalim (1, 2.5 and 5 pg) or
vehicle, 10 pl it

Pinacidil (10 and 30 g) or vehicle,
10 4L it

Cromakalim (03, 1 or 3 yig) or
vehicle, 10 pl it

Diazoxide (10, 30, and 100 sg) or
vehidle, 10 L it.

Pinacidil (100 g or 300 yg) or
vehicle, 5 . it
Diazoxide (600 g or 1,200 g) or
vehicle, 5 L it.

Pinacidil (1-30 ig) or vehicle,
10 4L it

Diazoxide (3-100 g) or vehicle,
10 4L it
Pinacidil (10 yg) or vehicle,

There was no significant difference in
basal MWT between the SMIR group,
sham-operated group, or control group
‘The MWT of the SMIR-operated group
was decreased on day 1 and maintained
for 521 days post-surgery. The SMIR-
induced hypersensitivity in the ipsilateral
paw was significant on postoperative day
3 and most prominent on day 10 when
compared with baseline values

No significant change in MWT in the
sham or control groups, with no.
significant difference between the two

‘markedly increased the MWT
within 1 h and peaked at 2 h, with the
pain returning within 3 h. Pinacidil 20 pg
eicited optimal antinociceptive effects

Cromakalim (2.5 or 5 g, 10 ul)
significantly attenuated plantar incision-
induced mechanical allodynia
Compared with the vehicle, a single
jection of cromakalim (5 yg, 10 L)
reduced nociception from approximately
2h, peaking at 6-8 h, with the pain
returning within 24 h

Nefopam reversed mechanical allodynia
in SNL rats in a dose-dependent manner,
as shown by elevated MWT, when
compared with the control group. The
effect was maintained until day 29
Compared with the vehicle treatment,
pretreatment with high-dose nefopam
(30 and 60 mg/kg) suppressed the
development of mechanical allodynia in
SNL rats, as shown by increased MWT
Pinacidil at both doses enhanced the
antiallodynic effect of nefopam by days
8and 9

Pinacidil alone elicited a dose-dependent
antiallodynic effect when compared with
the vehicle

There was no change in tail-flick latency
or behavior when injected with
cromakalim (3 pg) o the vehicle alone
Mice repeatedly treated with morphine
showed a time-dependent decrease in the
‘maximum possible effect elicted by
‘morphine

Coadministration of cromakalim with
morphine inhibited the reduced
morphine analgesia in a dose-dependent
manner, although the effect was only
significant at 3 g cromakalim

From 20 min onward, R-PIA elicited a
dose-dependent antiallodynic effect
compared with the vehicle. The effect of
R-PIA (2 yug) was greater than that
induced by lower doses from 30 min
onward

Diazoxide alone elicited a dose-
dependent antiallodynic effect of similar
‘magnitude to that of R-PIA (2 yg)
Initally, high-dose R-PIA (2 pg) exerted
a more profound effect than low-dose:
RPIA (0.5 pug) with diazoxide (100 ug).
Gradually, the effect of diazoxide
increased untilthe animals receiving low-
dose R-PIA and pretreated with
diazoxide demonstrated a greater
antiallodynic effect than high-dose
R-PIA alone

Gabapentin (100 g) reduced allodynia

in the postoperative pain model. The
effect peaked after 45-60 min and lasted
for more than 2 h

Administration of pinacidil (100 or

300 ), diazoxide (600 or 1,200 yg), and
the vehicle did not alter allodynia in the
postoperative pain model

SNL-induced allodynia when compared
with the sham-operated group
Gabapentin or pinacidil, but not the
vehidle, reduced tactile allodynia in a
dose-dependent manner in the SNL
group

Gabapentin filed to reduce MWT in the
sham-operated group

“The maximum antallodynic effect was
achieved with 10 g pinacidil and 100 pg
of gabapentin

Compared with the vehicle, i.t.
administration of gabapentin (100 pg),
diazoxide (100 pg), or pinacidil (10 pg)
reduced SNLrinduced tactile allodynia
Gabapentin and diazoxide exerted dose-
dependent effects
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Inecerbroventricub 16) administrtion of L. morphine or
UisossH

o administation of cromakali (02 ) o shile with -
apiidrecptoragonist morphine r kappa oo rceplor sgonst
50,1851, Median lfctive doses (D) reported inthe aice
L adminisration of comakalion skone

I vio investgton wing male ICR mice
Disbetesgroup mode inducto by adenintering intrvenous
(i) sireptaupoci (ST2) (200 me/g)

Contro group:injction of vehie

Pretratment with nslin (5 Ukg) subetancous 5)

L administtion of cromatalim o schile slone or
prtrstment with il

In vi invstigton sin feal S CDI mice
Advinstraton o 5T, agoists (5 mL, 5. 30 min before
the st 3-OH-DPAT, eopitron, buspione and undospirone

Prercstment with i romskalim or vlicle 30 min befre st

In viv invstigton win female CD-1 mice
Administraton o m-opoid rcepor agonists (5 Lk, s
morphine, buprenorphine, methadone. entany, nd evorphanel
L administration of cromafalim o il immedialy st
opiid adminisraton

In vio ithfemale CD-1 mice
Administrtion o adencsine AL reeptoragoist RPIA

058 mikg ) or vehik, 5 mlkg

Cromakalim v adminsered immedistly afer R-PIA inecton

In vio instigation sing albino s ice
Adminsteaton of riycli anidepresants (10 mLg, 1) 30 min
eore the e Clomipraine (25 k) and amtcptyline

5 mgie)

L njctions o inscd o chic 15 min bfoe the ot pltc

In vio investigton sing Swiss albin rice
Adminstration of vhice o anghitaines: pyrlamine

(5-15 mykg ). diphenbydiamine (10-20 mgh sc).and
promethaine (3-6 mig sc)

Pretscatment with pnscdi o sehice 15 min beor the et or
adminsteed done

I vio insstgton sing e dAY mice:
L adminisiration of cromabalm o schice
Stesinduced analesa perormed 10 i e
Footshackfr 15 min

Forced swimming for 3 min

Paychaogial (ommanicaton bo) for 5 i

I vio invstigtion win female CD-1 mice
S inectons 5 LIk of mu opiorcepor agonis:Morphine
©5-16 mpka)

Alpha-2 adenocepor sgonist: Clonidine (012-2 mgg)
Gamma.amincbutyric acil(B)rcepor agonist: Bclfe

16 mye)

Kappa oo eceptor agonist: USDASSH (216 mg/k)
Immeditel olowed by i injcion of romaalim o vhice

In vio invstigton sin Swis alino ice ofcither sex
Disbeesgroups: Ineapertoneal (i) STZ indoced diets
0 mge)

Group LIV: Ve trsed 1.

Group V-VII: Morphine teament (4 and 8 mgks: sc)
Group IX XIV: Cromakalm ratment (03,1, and 2 g )
Group XV-XVI: Morpine rcament (4 mg/k 5.) and
cromlalim rsted (03 g <)

Group XVILXVIT: The disbetc group was reated with e
ol suspnsion (1 Uk every 8 for 3 day before rstnent
with morphine (1 mglkg ) nd cromakalim (1 g <)
Group XIX Xl Underwentsugcl spenctomy and a8,
ncted it morphine (1 myhg: ) and cromakali (1 pgic )

Measurements

Heat stimulus induced nocieption: Mewsurements of paw-ap o
panlick atency 10 themal smulus n the ot plate test
Messrements befoe and 10 mi postnjcion

Hest stimuls induced nocicption: Messurerments of Tk
Iatency veih st lamp.
Messrcments befoe s 30 min atr cromlalio injcion

Heat stimuls nduced noceeption: Measurements of orepa
lickingtency 1 theralstmuls usio the hot ple.
Measurements performed 30 min postijectons

Heat stimuls nduced noccption: Measurements of il ik
Iatency 103 thermal simulus with a rdiant het source.
Measrements performed a baseine, 10, 20, 30, 45, 60,90 and
120 min st nections

Heat stimuls-nduced nocicption: Measureents of il fck
Iatency to thermal simulo with -k pparsus.
Measrements performed atbascine and 10,20,3,45,60,90 and.
120 min pst jction

Heatsimalus induced ocieption: Measurements o pav icking
Intency in response 10 thermal sl an he ht plate
Messrements befoe nd 15, 3, 15, and 60 i afr dro
sdminisesion

Holeboued st Ealunion of sty and spontancousshilty
Rotar0d et Eahation ofmator funcion

‘Hest il inducdnockeption: Messurements o e licking
Tatencytothermal simluswithhot plte st Reactontimes were
messured bor, 15, 30,15, and 60 min afe the anhisaine
njection

Moor coondintion evaltion wsingth rota: o st

Reacto times mesured befre, 15,30, 45, ad 60 min afe he
antbisamine injection

Mechaicl stimulus indoced noiception: Noicption mesured
wsing the i pinch method every 5 min for 15 min

Hest stimuls indoced nocction
Mevsrements of i ik bteny o 3 thermal stimuls with &
nosiousbeam of ght

Mevsrements st bascine and 10,20, 0, 5,60,9 and 120 min
atr njctions

Heat stimuls-nduced noception: Measurements of il ik
Intency to thermalsmulus it it eat bmp.
Mevsrements 0,5, 15, 3, 45, 6,90, ad 120 min afcr drug
adminiseaion

Interventions

Cromtalim (02,15 o 10 ) or vehice,
Sulicw

Cromlalim (03,1 3nd 3 ) o vhic,
Sulicx

Cromlalim (32 or 64 ) or vehice, 5 L i

Cromlalim (1-64 g or sehie, L. L.

Cromtalim (16-64 ) o vehice, 5 4L ic.

Pinacilil (5 g or 25 ) or vehie, L .

Pinacidl (25 g or vehice, 5 L i

Cromlalim (0110 ) or sehice 10 i

Cromlalim (5-64 g or ehie S L. .

Cromlalim (03,1, and 2 ) o ehicle.
WLicx

Findings

Cromkalim 10 g diced sgnifcant antinocceptive et
when compared with vehicl

Morphine provoked a poten aninocicepive et which was
sgnifcany incesed b co-administation f 02 g
cromalalim. EDi was 137 g wih vhicleand 045 g with
romalalin

Cromkalim did ot sgnfcanty afct U-SO.4881-induced
sntinockeption

Nosignifant diference i i ic btncy beoween disbeic snd
o diabetc mice

Cromkalim (0.3 and 1 yg) dosc-dependenty incrssd il ik
Iatncy in non-dibeti mice when comparsd it the vehie
Cromakalim (even at the high dose of 3 ) did o mrkedy
impact 5K tencie in disetc mice when compared with
the v

No difference i cromakalios (3 g induced antinocicptive
et betwee insulin trested and mcatd dibetic ice
“The cromakali induced aninocicepive ffect was sgnicanty
Jower i nslin-ratd diabtic mice tha in on-dibetc mice

o the hot plae s, 5.1 DPAT (054 g osapitron
(5-40 mgk), bspione (10-50 mg/e), and tandosprone
(10-50 myhg) et aninocicpiv effcts i a dose
dependen manner

Pretrtment ith comakalim resuted i the disphcement of
thedos-response cuveof & OF-DPAT (01252 mghg) tothe
et ina dos-dependent mannerwhen compard withthe veice
Cromakalim potentistd he inockepivecfct o ksopitron
(10 mglg) buspirone (10 mglke) and andosprone 20 mge)
i dose-dependent manner

A - opiidreceptor agonists induced a dose dependent
antinoccepive cfect buprenorphine (004-0.64 mg/kg.
morphin (1-16 mg/ie). methadone (1-6 myg), entany
(002-032 mghg). nd levorphanol (02-3.2 mgh)
Cromakalim . cohanced the atinociepive fstof
morphine (1 myg), methadone (2 myk). and buprencrphine
(001 mghg)

romkalim did ot sgnifanty modiy the antinocicepive
it o entanyl 004 mgfk) or evrphanol (04 mgke)
A fixed dos o cromalalim (32 ) diphaced the dase response
cures of merphine, methadone, and buptenorphine o the e
without ncrssing heie masimum sntinodcepiveefct. This
cromalalim dose didnot signifcnty dipace th do esponse
cure offntanylorlvorphanol
Cromskalim did no signifcandy modify the wilfck ency in
contol animals

RPIA produced an antinocicepive fct n a dose dependent
Cromakalim caused a dose dependent incrsse n the
antinoccepive efectof RPIA

romakalim (32 g) diplacedthe R PIA dose response lne (0
the ek
No doe of comsbalim causd 3 sgrificant change in the i
ik aency of contol i

Clomipramine and amiripyline dliced an antnocceive
i, incessing he pain thrshlds i the ho poe st The
masimu algoc fect occrred 30 i post adminisrtion
Pinacidil (25 ) poteniatd the antiocicptie fiect o
clomipramine and amitipyline by incesin iking lency
vales when compared wilhth veide

Low-dose pnacdl ( ) was inffctive

Pinacid (25 ) adminsered alone had o anlgic fect
Clomipramine and amispyline i doscs sed in the ot plte
st did ot akermoor function, a5 evidenced i he rot-rd st
or upon asscssing aciviy and spontancous abily in the hole
bosrd et

High-dose domipramine (15 mg/ig) and amitpyline

(30 myhg) afced the moror fancion

Pinacid (25 ) modulstd the pain thrshold when
administerod with th rcyclic aniepressants without afcing,
he motor functon,actvty, and spontancousabilty wen
compared with the shile

o the host placed et pyelamine, dphenhydeamine, and
promethuine i a dose dependent antiociepive efect
compared wih the ehile

Preratment with pinackll admiisered ic. 15 i proc to
esing poteniaed he ainockepive effectofthe
antisamins by ncrsing the pain threshok when compared
iththe veice

Pinacidl dministerd alone did not ffsctthe cking lteny
when compared with the sehice

Pyelamine,diphenhydeaming, and promcthzine did ot sfct
the motr funcion of mice e compared ith vl teed
imice. Trstment with high-dos pyrlamine (35 gl 1),
diphenhydramine (30 mglk sc), and pomethazine

(10 myg sc) sigifcantly affcted motor fncton i te ot
od kst

Neithercromlalin nor vhice exerted  signifcan effect on
s induced snslgesia

Clonidine clited s dose-deprdentantinoicptve efct
Cromlalim (32 ) enbanced the lonidine.nduced
antineccepive efect when compared with the shic,shiig.
he dose response cuve 10 te et

Several cromaalim doses (3-64 ) asociated with e dose
of donidine 025 mig) enbanced he lonidine nduced
antinoccepive efectin a dose dependent manner when
Compared with the ehile

Cromakalim slone did not signfcandly modiy e il-tck
atncy compared with the vehicke

Morphine it s dose dependent aninoicpive et
Cromakalim (32 ) enbanced the merphine inducol
antinoccepive efect when compared with the vhic,shiing.
the dose response cuve to the et

Several cromalim doses (564 ) asciated with e dose
of morphine (1 k) incrssd the morphin induced
antinockcepive cfet i o dose dependent manner when
compared with the vehicle

Both baclofen and USDASSH dicted  dos dependent
antinocicepive effect

Cromalim (32 ) id ot st the dose.rsponse curve and
idnok ity the ntinoccepive et of baclfen e USOASH.
when compared with the seice

Several doses of cromalali (16-64 ) asocsted wih fsed
doses of badofen (4 ) ox USOASSH (2 k) id
modiy the antinocicepive cfct o the desgs compred t
e

Morphine incrasd the al-fick Lty ime n b dibeic
and nonisbetc mice vhen compared ih the ehice

“The dibetic roup exhibited sgnfantderese i morphine-
induced aninociception when compared wthnon-dibetic mice:
Cromakalim incressed the ik lteney in on-disbetc mice
when compared with the sehice

Cromkalim chanced the i ick tency indiabticmice when
compared withthe ehice, hough  sgnifcant fect s nly
bservod with igh-dose ratment (2 ) and was s clfctive
thanin o disbetc mice:

Co-administation of romalalim (03 g <) and merphine
(4 mgike) lighly ncreasd the bk latncy ime n non-
disbetc mice, with no incese in disbetc mice

sl treament sahanced the atinocicptive et of
morphine and cromatlim n didbetc mic. The ncrese i il
ik teny time was e i sl rested diabtcmice than
in non-dibetc e

The antinocicepive fftof cromaln and merphine was
increasod in splencctomy-opersted dabetc mice and was
comparsble wih that of non-dabeti mic. The increasedtai-
ik lateny inhesplenctomy group s igherthan thatin the
sl tested group nd ststclly significans
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ly design

In vivo investigation using male and
female C57BI/6 J wild-type (WT) mice
Lp. injections of leveromakalim every
other day, administered 2 or 6 times
Le. injections of leveromakalim or
vehicle repeated twice, separated by a
1-day interval

Lpl. injections of leveromakalim or
vehicle between foot pads of the right
hind paw, repeated twice, separated by
a 1-day interval. HS is used as a
positive control. No injection to the
contralateral paw for control purposes

In vivo investigation using male Swiss.
albino mice

10 mL/kg subcutaneous (s.c.)
injections of alpha-2-adrenoceptor
agonists: Clonidine (0.05-0.50 mg/kg)
Guanabenz (0.05-1.0 mg/kg)

Control group: Vehicle injection
Pretreatment with Kxrp openers

15 min before s.c. injections

Measurements

Heat- and mechanical stimulus-induced
nociception

Leveromakalim ip. or icv: MWT
measurements performed using von Frey
flaments on hind paws. Measurements
120 min post-injection on days 1 and 3
Hind paw withdrawal- and licking latency
time performed using the hot plate test.
Measurements performed 20 and 135 min
post-injection on days 1 and 3
Leveromakalim i.pl: MWT
measurements performed using von Frey
filaments applied to the hind paws 20 and
120 min post-injection on days 1 and 3

Heat stimulus-induced nociception:
Measurements of the hind paw-licking
latency to thermal stimulus in the hot
plate test. Measurements at baseline, 15,
30, 45, and 50 min after clonidine
treatment or 15, 30, 45, 60, 75, 90, 120,
and 180 min after guanabenz treatment
Motor coordination evaluation
determined using the rota-rod test,
performed simultancously with the hot
plate test

Interventions

Levcromakalim (1 mg/kg),
10 mL/kg ip
Levcromakalim (10 pg) or
vehicle, 5 pL i.c.v
Levcromakalim (2.5 pg) or
vehicle (20 pL i.pl.)

Pinacidil (25 pg, 5 pls ic.v.)
Diazoxide (100 mg/kg)

10 mL/kg p.o. (esophageal
injection)

In the hot plate test, p. administration
of leveromakalim induced no response
after 20 min. MWT was significantly
lower 120 min after the second
injection. Heat hypersensitivity
developed after the second injection on
day 3, with decreasing withdrawal
latency time

In the hot plate test, i.c.v.
administration of leveromakalim
increased withdrawal latencies after
20 min. No significant effect was
observed after the second injection on
day 3. There was no difference in MWT
when compared with the vehicle

No response was observed following
intraplantar leveromakalim
administration into the right hind paw.
No response was observed in the
contralateral paw. HS-induced
hypersensitivity in the ipsilateral paw

In the hot plate test, clonidine
(0.08-0.20 mg/kg) and guanabenz
(0.05-0.50 mg/kg) elicited a dose-
dependent antinociceptive effect
Pretreatment with pinacidil and
diazoxide potentiated the
antinociceptive effect of 0.125 mg/kg
clonidine and 0.30 mg/kg guanabenz.
At various doses of clonidine
(0.05-0.20 mg/kg) and guanabenz
(0.05-0.30 mg/kg), pinacidil shifted the
dose-response curves to the left

None of the KATP modulators
modified the licking latency values
when administered alone

In the rota-rod test, high doses of
clonidine (0.50 mg/kg) or guanabenz
(1.0 mg/kg) increased the number of
falls when compared with the control
group. Clonidine (0.125 and

0.20 mg/kg) and guanabenz (0.30 and
0.50 mg/kg) did not impair the motor
function of the mice when compared
with the control group
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Study design

In vivo investigation using male
Sprague-Dawley rats

Group administered intraplantar
(i.pl.) injections of adenosine
triphosphate sensitive potassium
(Kp) channel openers or vehicle
5 min before i pl. injections of
bradykinin (BK) or vehicle
Group administered K,rp
channel openers or vehicle 8 min
before withdrawal measurements
Control experiments:

Injection of Kyrp channel opener
to contralateral paw of BK
injections

Phentolamine (vasodilator)
injected 5 min before BK injection

In vivo investigation using male
Wistar rats

Rats injected subcutaneous (s.c.)
with prostaglandin E; (PGE,) or
vehicle (0.1, 0.5, and 2 pg) to
plantar surface of right hind paw
Diclofenac (non-steroid anti-
inflammatory drug) (25, 50, 100,
and 200 g) or vehicle (100 uL)
injected to right hind paw 2 h)
after PGE,

NG-Nitro L-arginine (nitrogen
oxide synthase inhibitor) (50 pg;
100 L) ipl. injected to right hind
paw 1 h before diclofenac
Diazoxide administered 45 min
after diclofenac to the right hind
paw

Control: PGE injected into both
hind paws. After 2 h, diclofenac
was administered into the left or
right hind paw

In vivo investigation using adult
C57B16 mice

Neuropathic pain model: SNL of
left L5

Right L5 spinal nerve left intact as
control

Morphine (opioid) tolerance test:
morphine (15 mg/kg) 100 uL s.c,
twice daily for 5 days

Lpl. injections of Kxrp opener or
vehicle 10 min after morphine
injections

In vivo investigation using male
Wistar rats

Formalin (2.5%) 50 uL subplantar
injection to the right hind paw
Pretreatment with carbamazepine
(anticonvulsant; 100, 300, and
1,000 pg) or vehicle (50 L) to the
ipsilateral paw 20 min before
formalin administration
Pretreatment with diazoxide

10 min before carbamazepine
administration

Control experiment with
carbamazepine (1,000 pg) 50 L to
contralateral paw 20 min before
formalin injection into right
hind paw

In vivo investigation using male
Wistar rats

S.c. injection of PGE; (0.1, 0.5,
and 2 pg; 100 pL) administered to
the plantar surface of right hind
paw

Vasodilator sodium nitroprusside
(125 g 100 L) or cGMP analog
dibutyryl-cGMP (db-cGMP;

50 g, 100 uL) administered s.c. to
the right hind paw 2 h after PGE,
injection

Diazoxide administered s.c. to the
right hind paw 2 h 45 min after
PGE; injection or to the
contralateral paw

In vivo investigation using male
Wistar rats

Lpl. administration of PGE,
(100 ng) or \-carrageenan
(200 g) to the hind paw
After 2 h, peroral (p.0.)
administration of Crotalus
durissus terrificus snake venom
(200 pg/kg)

Control (confirmation of local
antinociceptive action): Kyrp
openers i.pl.

In vivo investigation using male
‘Wistar rats

S.c. administration of formalin
(50 pg of 2.5% solution in saline)
to the plantar surface of the right
hind paw

Pretreatment with 50 pL
fluoxetine (selective serotonin
reuptake inhibitor) (10, 30, 100,
and 300 pg) or vehicle to right
hind paw 20 min before formalin
administration

Pretreatment with diazoxide or
vehicle 10 min before fluoxetine
administration

Control experiment with
maximum fluoxetine dose
administered to the contralateral
hind paw

In vivo investigation using male
‘Wistar rats

Acute hypernociception model:
Lpl. administration of PGE;

(100 ng) or vehicle. Diazoxide ipl.
was administered 2 h after PGE,
administration

Persistent hypernociception
model (chronic inflammatory
pain model): Lpl. administration
of PGE; (100 ng) or vehicle daily
for 14 days. Diazoxide ipl. was
administered 5 days after
discontinuing PGE,

In vivo investigation using female
Wistar rats

Scc. administration of formalin
(50 L of 1% solution in saline) to
the dorsal side of the right hind
paw

Pretreatment with pinacidil

20 min before formalin
administration

In vivo investigation using male
Sprague-Dawley rats

Pinacidil or vehicle applied to the
dorsal root ganglion (DRG) of LS
Immediately after administering
BK (200 uM) or vehicle (50 L,
ipl.) to the ipsilateral hind paw

Measurements

BK, heat, and mechanical stimulus
induced nociception: Rats injected
with BK (200 uM) or vehicle (50 uls
ipl). Nocifensive behavior recorded
for 30 min

Measurements of withdrawal latency
of the hind paw following thermal
stimulus with heat lamp
Mechanical withdrawal threshold
(MWT) measurements performed
using von Frey filaments applied to
the hind paw

Measurements performed 8 min
post-injections

Mechanical stimulus induced
nociception: Paw pressure measured
using an analgesy-meter applied to
right hind paw. Measurements of
nociceptive thresholds on right hind
paw before and 3 h after injection of
PGE,

Mechanical induced nociception:
MWT measurements performed on
the ipsilateral hind paw using von
Frey filaments

Baseline measurements and every
day 30 min after morphine
administration. On day 6, 18 h after
last morphine injection and 20 min
after the last Kyrp opener or vehicle
injection

Formalin-induced nociceptive
behavior:

Number of flinches per min,
measured every 5 min for 60 min.
‘The first 5 min considered
neurogenic phase, while 15-60 min
considered inflammatory phase

Mechanical stimulus-induced
nociception

Paw pressure test with analgesy
meter applied to the right hind paw
before and 3 h after PGE, injection.
Measurements of changes in the
nociceptive threshold

Mechanical stimulus-induced
nociception

Paw pressure test performed using
pressure apparatus applied to the
right hind paw

Pain withdrawal thresholds before
and 3 h after PGE; or A-carrageenan
administration

Formalin-induced nocifensive
behavior:

Number of flinches per min,
measured every 5 min for 60 min
total

Paw pressure test with constant
pressure applied to the right hind
paw until a “freezing reaction”
Acute hypernociception measured
before and 3 h after PGE,
administration

Persistent nociception measured for
30 days

Formalin-induced nociceptive
behavior: Number of flinches per
‘min, measured every 5 min for
60 min total

BK-induced nociception:
Nocifensive behavior - flinching,
licking, and biting the injected paw
was analyzed for 30 min

Interventions

Pinacidil (10 uM) or vehicle (50 uL.
ipl)

Diazoxide (100 uM) or vehicle
(50 pL ipl)

Diazoxide (300 pg: 100 L i.pl)

Diazoxide (100 M solution) or
vehicle (10 L ipl)

NN414 (100 pM solution) or
vehicle (10 L ipl.)

Pinacidil (100 uM) or vehicle
(10 L ipl)

Diazoxide (400 pg; 50 pL, i.pl.)

Diazoxide (20, 38, 75, 150, 300 and
600 pig) 100 L ipl.

Diazoxide (50-200 pg; ipl) or
vehicle

Pinacidil (50-200 pg, ipl) or
vehicle

Diazoxide (100, 200, and 400 pg;
ipl) or vehicle

Diazoxide (600 pig) or.
vehicle (i.pl.)

Pinacidil (1-50 pig) s.c. to dorsal
side of right hind paw

Pinacidil (200 pM) or vehicle
(5 L) in DRG

Findings

Compared with the vehicle, BK i.pl.
resulted in strong nocifensive
behavior

Co-administration of diazoxide or
pinacidil with BK reduced the BK-
induced nocifensive behavior by
50%. Vehicle treatment had no effect
on BK-induced nocifensive behavior
Control experiments: Pinacidil
injected into contralateral paw did
not affect the BK-induced
nocifensive behavior. Phentolamine
did not affect the BK-induced
nocifensive behavior

Diazoxide and pinacidil significantly
increased the withdrawal latencies
upon applying thermal stimulus
when compared with the vehicle
Diazoxide and pinacidil significantly
increased the MWT when compared
with the vehicle

PGE, reduced the nociceptive
threshold to mechanical stimuli in a
dose-dependent manner when
compared with the vehicle
Diclofenac injected into the right
hind paw elicited a dose-dependent
antinociceptive response to PGE,
(2 pg)-induced hyperalgesia. No
statistical difference was detected
between the 200 and 100 pg doses in
terms of counteracting PGE,-
induced hyperalgesia

Diclofenac 100 pg injected into the
contralateral paw did not elicit an
antinociceptive effect in the right
paw. Diclofenac injected into the
contralateral paw at 400 g evoked
an antinociceptive effect in the right
paw

NG-Nitro L-arginine antagonized
the antinociceptive effect of
diclofenac (100 pg)

Diazoxide reversed the antagonistic
effect of NG-Nitro L-arginine

NN414 and diazoxide i.pl.
attenuated morphine tolerance when
compared with the vehicle
Pinacidil ipl. did not significantly
attenuate morphine tolerance when
compared with the vehicle

On day 6, NN414 administration
significantly enhanced MWT in
‘morphine-withdrawn mice when
compared with vehicle
administration. Pinacidil did not
exerta significant effect on the MWT
when compared with the vehicle

Formalin caused a classic pattern of
flinching behavior. A biphasic time
course with an early phase
(neurogenic phase) within 5 min
post-injection and a late phase
(inflammatory phase) from 15 min
to 1 h post-injection
Administration of carbamazepine to
the right hind paw reduced the
formalin-induced nociceptive
behavior in a dose-dependent
manner during both the early and
late phases of the test. At 100 g,
carbamazepine elicited a subeffective
dose, with 300 pg determined as an
effective dose. Carbamazepine
injected contralaterally did not
impact the formalin-induced
nociceptive behavior

Combination of diazoxide and the
subeffective dose of carbamazepine
elicited an antinociceptive effect in
the early and late phases of formalin
test

PGE, il. dosedependently reduced
nociceptive withdrawal threshold when
compared with the control threshold,
with a peak of effect observed 3 h after
administration

Diamxide dose dependenty reduced
the effect of PGE, (2 ug)

Diazoxide (300 pg) did not induce an
antinodiceptive effect in the right paw
when injected into the contralateral
paw

Both sodium nitroprusside (125 pg)
and diazoxide (20 pg) evoked an
antinodiceptive effect, respectively, on
PGE;-induced hyperalgesia. Co-
administration at the same doses
elicited a marked inhbitory effect
against PGE-induced hyperagesia
Both db-<GMP (50 pg) and diazoxide
(20 pg) produced an antinociceptive
effect, respectively, against PGEy-
induced hyperalgesia. Co-
administration of db-cGMP and
diazoxide elicited a marked inhibitory
effect against PGE,-induced
hyperalgesia

Lpl. administration of PGE; or A-
carrageenan -induced hyperalgesia
and reduced pain thresholds
Treatment with snake venom-
induced antinociception and
enhanced pain thresholds

Both diazoxide and pinacidil elicited
a long-lasting increase in pain
thresholds in non-treated rats and
antinociception in rats treated with
\-carrageenan or PGE, in a dose-
dependent manner

Formalin elicited classic flinching
behavior: A biphasic time course,
with an early phase (neurogenic
phase) within 5 min post-injection
and a late phase (inflammatory
phase) from 15 min to 1 h after
injection

Fluoxetine reduced flinching
behavior ipsilaterally in a dose-
dependent manner in both phases.
No effect was observed in the
contralateral paw

High-dose diazoxide potentiated the
antinociceptive effect of fluoxetine
(100 pg) in the late phase of the
formalin test but not in the early
phase

In the acute hypernociception
model, treatment with diazoxide
induced an antinociceptive effect
when compared with the control
Diazoxide blocked persistent
hypernociception, resulting in the
antinociceptive quiescent phase of
persistent hypernociception (wherea
small nociceptive stimulus could
restore the intensity of
hypernociception)

Formalin produced a typical biphasic
pattern of flinching behavior: First
phase within 10 min, and second
phase after 15 min to 1 h

Pinacidil elicited a dose-dependent
antinociceptive effect against
formalin-induced pain during the
second phase of the formalin test

Lpl. administration of BK induced
strong nocifensive behavior, with no
such effects observed following
pretreatment with the vehicle
Pretreatment with pinacidil
significantly attenuated the BK-
induced nocifensive behavior when
compared with the vehicle
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In vivo investigation
using male ICR-mice
STZ-induced diabetes
(200 mg/kg i.v.)
Non-diabetic control
group: Vehicle
injection

After 2 weeks: Pinacidil
(icv or it)

Measurements

Heat-induced nociception

Measurements of tail-flick latency to a thermal
stimulus with a beam of light. Measurements 10 min
(min) after injection

Interventions

Pinacidil (3-30 pg)
icv.

Pinacidil (10 or

30 pg) it.

Findings

Diabetic mice had lower tail-flick latencies than
non-diabetic mice

Pinacidil i.c.v. dose-dependently increased the
tail-flick latencies in both diabetic and non-
diabetic mice. No significant differences in the
antinociceptive effect of pinacidil in the two
groups

Pinacidil (10 or 30 g i.t) dose-dependently
increased the tail-flick latencies in the diabetic
group but did not produce a significant
antinociceptive effect in the non-diabetic
group. Pinacidil (100 pg; i.t) induced a significant
antinociceptive effect in non-diabetic mice,
although barely notable

Treatment with pinacidil elicited a significant
antinociceptive effect in diabetic mice when
compared with that in non-diabetic mice
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Katp channel
openers
(KCO)

Cromakalim
(Mannhold, 2004)

Leveromakalim
(Mannhold, 2004)

Pinacidil
(Mannhold, 2004)

Diazoxide
(Mannhold, 2004)

NN414
(Tifenazoxide)
(Mannhold, 2004)

Action on Katp
channel

SUR2-selective KCO
with a greater potency
for SURB than for SURA

SUR2-selective KCO
with a greater potency
for SURB than for SURA

SUR2-selective KCO
with a greater potency
for SURB than for SURA

‘The binding site remains
to be fully elucidated.
Several studies indicate
that diazoxide is a
nonsclective SUR agonist

SURI-selective KCO

Tissue
specific®

Smooth muscle
cells

Smooth muscle
cells

Smooth muscle
cells

Cardiac, skeletal

and smooth muscle
cells, neurons and
p-pancreatic cells

Neurons and p-
pancreatic cells

The rout of
administration®

Peroral and intravenous
administration

Peroral administration was
investigated in the treatment of
asthma and essential hypertension.
Intravenous administration dilated
cerebral arteries

Peroral administration was
investigated in the treatment of
essential hypertension

Peroral administration

Peroral administration

Crossing the
blood—brain
barrier (BBB)

Yet to be clarified

Given the dilation of cerebral
arteries, levcromakalim might
cross the BBB

Yet to be clarified

Yet to be clarified

Whether NN414 can cross BBB
is uncertain. Given its lipophilic
nature and small molecular
weight (29178 Da) a direct
action of NN414 on central
neurons is possible

Clinical use

Not approved for
clinical use

Not approved for
dlinical use

Not approved for
clinical use

Diazoxide decreases the
release of insulin and is
used to manage
hypoglycemia caused by
pancreas cancer, surgery,
or other conditions

Not approved for
dlinical use

‘Cromakalim, leveromakalim, pinacidil and diazoxide target mitochondrial K vrp, channel. Opening of mitochondrial K vy, channels could improve mitochondrial ATP, production and lower

Ca2+ overload.

"KCOs, are lipophilic and small molecules (molecular weight <500 g/mol) that have several routes of administration. KCOs, are rapidly absorbed following oral administration with the time to
peak plasma concentration being 0.5-1 h.
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In vivo investigation using male
Sprague-Dawley rats

Postoperative pain model: SMIR
operation in the gracilis muscle of
the right leg

Sham-operated group: Same
procedure but no retraction
Nive control group: No operation
Pinacidil injected intraperitoneal
(ip) 30 min before SMIR or it.

7 days post-SMIR

In vivo investigation using adult
C57BI6 mice

Neuropathic pain model: SNL of left
L5 and L6 spinal nerves distal to the
DRG

Control group: Uninjured

Karp openers or vehicle
administered intraplantar (i.pl.) or
it after SNL

Measurements

Mechanical stimulus-induced
nociception

MWT measurements performed using
von Frey filaments applied to the hind
paws

Following i.p. pinacidil administration,
MWT was measured over the following
month

Following i.t. pinacidil administration,
MWT was measured for 3 h

Mechanical- and thermal stimulus-
induced nociception

Measurements of flinching/withdrawal
latency upon application of thermal
stimulus using glass plate apparatus
(radiant paw withdrawal assay)

MWT measurements performed using
von Frey filaments applied to the hind
paws

Measurements of thresholds and
latencies at baseline, 3, 15, 30, 45, and
60 min after drug administration

Mice mobility and activity assessed
using the open field test. Measurements.
before (15 min) and after (30 min)
injection

Interventions

Pinacidil (4, 20, or 40 pg) or
vehicle (20 pL; i.t.)

Pinacidil (10, 25 or 50 pg/kg) or
vehicle (i.p.)

Diazoxide 10 L i.pl. and 10 pl.

NN414 10 L ipl. and 10 pL i
L and 10 L it

Pinacidil 10 L i,
Leveromakalim 10 L ipl and
10 i,

The doses of Kyrp openers have
not been reported

Findings

The MWT of the SMIR-operated
group was transiently

decreased >21 days post-surgery. No
change in MWT was observed in the
sham-operated group

Lp. administration of pinacidil prior
to SMIR dose dependently suppressed
the allodynic effect of SMIR
(reduction in MWT) compared with
the vehicle

Seven days after SMIR, pinacidil i.t.
reversed the allodynic effect of SMIR
in a dose-dependent manner when
compared with the vehicle

‘The ipl. administration of diazoxide
and NN414, respectively, enhanced
the MWT in the SNL group compared
with the vehicle-treated

group. Thermal thresholds were not
significantly increased

Lpl. administration of pinacidil and
leveromakalim, respectively, did not
significantly alter mechanical or
thermal withdrawal latencies when
compared with the vehicle

‘The un-injected contralateral paw did
not demonstrate any significant
changes in mechanical or thermal
withdrawal thresholds

The i.t. administration of diazoxide,
NN414, and leveromakalim,
respectively, significantly increased
MWT in the SNL group compared
with the vehicle-treated group

Open field test: Compared with the
pre-vehicle injection group, the
vehicle-administered (i.pl.) SNL
group exhibited decreased distance
traveled, reduced average velocity, and
increased immobile time, indicating
that the animals were hypersensitive
after i,pl. injection. Diazoxide

(100 M ipl.) attenuated the effect on
distance traveled and average velocity
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