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Abstract: More than half of people with diabetes experience neuropathic pain. Previous research has shown that diabetes patients’
neuropathic pain exhibits a circadian cycle, which is characterized by increased pain sensitivity at night. Additional clinical research
has revealed that the standard opioid drugs are ineffective at relieving pain and do not change the circadian rhythm. This article
describes diabetic neuropathic pain and circadian rhythms separately, with a comprehensive focus on circadian rhythms. It is hoped
that this characteristic of diabetic neuropathic pain can be utilized in the future to obtain more effective treatments for it.
Keywords: diabetic neuropathies, circadian rhythm, pain, chronotherapy, microglia, sex characteristics

Introduction

In 2011, the International Association for the Study of Pain defined neuropathic pain (NP) as “pain caused by injury or
disease of the somatosensory system” An increasing amount of research conducted in the last several years has
demonstrated a close relationship between neuropathic pain and the brain and spinal cord’s functioning.? Neuropathic
pain can be brought on by tumors, injuries, inflammation, and neurological conditions such as peripheral neuropathy
brought on by diabetes.> Nociceptive hypersensitivity and spontaneous pain are two characteristics of neuropathic pain,
which is a frequent side effect of numerous illnesses.*

Diabetes affects approximately 9% of people worldwide in 2019 and will continue to affect a far larger percentage.’
Around 15% to 25% of patients with diabetes experienced neuropathic pain or painful DPN.®’ A range of symptoms,
primarily in the lower body, such as burning, cramping, and sinking sensations, along with depressive symptoms, are
indicative of DNP.® Diabetic neuropathy is a degenerative condition whose symptoms get worse with time.® Nerve pain,
either continuous or sporadic, is experienced by one-third of diabetic peripheral neuropathy patients. Pain typically
manifests in the early stages of neurotoxicity following diagnosis or before diabetic management.”

At the moment, DNPs are mostly utilized by opioids, topical medications like capsaicin, antidepressants, and analogs
of gamma-aminobutyric acid (GABA).'® Despite several therapy approaches, only a very small percentage of individuals
receive sufficient pain alleviation. Satisfaction with the treatment of circadian rhythm phenomena in DNP was also low.
Furthermore, other potential pathways for pain resulting from diabetic peripheral neuropathy have been recognized,
including increased levels of protein kinase C and auto-oxidative stress.'” Even though the underlying pathophysiological
mechanisms of DNP have been greatly expanded upon over the years of research, precise molecular and cellular
pathways have remained elusive."’

Circadian rhythms are seen in almost all biological systems. These rhythms are natural and last for around a day. They
are synchronized with the environment’s light/dark cycle.'? For instance, body temperature peaks and troughs occur
around 16:00 and dawn, respectively; blood pressure is often greater at noon, and people experience increased fatigue

around midnight. Pharmacological timing of medication delivery, or chronotherapy, is a significant medical innovation
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that resulted from an understanding of the fundamental circadian function of biological organisms. For instance, starting
the prescribed antihypertensive and asthma medications before the peak arterial systolic blood pressure and lung function
drop, respectively.'>!'

The supraoptic nucleus (SCN), sometimes referred to as the central pacemaker, is principally responsible for regulating
the circadian rhythms of practically all mammals.'> Numerous internal rhythms of the body are regulated by central
pacemakers, such as melatonin and locomotor activity (LMA), eating, aggressiveness, body temperature, wake-sleep cycles,
and corticosteroid secretion.'®!” The central pacemaker was found to have a significant influence on animals’ circadian
rhythms in research conducted on rodents.'® 2° Through a variety of signals, the central pacemaker regulates the organism’s
biological clock.?' Circadian rhythm oscillations are also present in a large number of cells, both central and peripheral.**
Furthermore, none of the biological rhythms were present after the removal of the central pacemaker.'?

The liver, brain, and lungs are among the organs that have been shown to exhibit circadian rhythms when isolated
in vitro.>* Cells that create transcription-translation feedback loops have been found to harbor a set of clock genes, also
referred to as “clock-control genes”.>* These genes have distinct circadian phase distributions in various tissues and are
tissue-specific.”>*® About half of the mouse genes that code for proteins showed transcription that was characterized by
circadian rhythms in an organ-specific way, and transcription of these genes peaked right before dusk or dawn.?’

This phenomenon of the presence of circadian rhythms in neuropathic pain has been identified in several animal
experiments and clinical studies, and this paper will compile these findings with the expectation of finding ways to utilize

circadian rhythms to alleviate diabetic neuropathic pain.

Main Body

Diabetic Neuropathic Pain

DNP is one of the most common chronic complications caused by diabetes. This pain is mainly due to the long-term
hyperglycemic state of diabetic patients, which leads to pathological changes in the peripheral nerve endings, resulting in
discomfort such as burning, pins and needles, distension, etc. In some patients, it may also be accompanied by reduced
skin sensation, sensory abnormalities, or nociceptive sensitization. Neuropathic pain due to diabetes mellitus has become

a common clinical problem that requires further investigation into its pathogenesis and treatment.

The Pathogenesis of DNP

Diabetes-related neuropathic pain is associated with several risk factors, including age over 60, alcoholism, and
smoking.?® Increases or decreases in heat or cold sensitivity due to variations in the DNP’s temperature-specific nerve
fiber count.”” Numerous elements interact to cause pain, which sets off a chain reaction of reactions.

Previous research has suggested that DNP may be linked to sensory neuron degeneration and synaptic stimulation of
peripheral nerve fibers.>*>! Subsequent research has also found a connection between pain and nerve regeneration
markers in the skin. It’s interesting to note that a diabetic patient who had both of his feet amputated experienced
symmetrical discomfort in one research, indicating that pain does not always correspond to its source.** This opinion is
supported by imaging investigations, which show that central and spinal cord dysfunction develops gradually as the
disease progresses, starting from peripheral nerve fibers and moving toward the center.*> > As a result, DNP may
develop over time due to changes at several loci.*

Patients with diabetic neuropathic pain had similar levels of glutathione and catalase, indicating that DNP may be
partially caused by oxidative stress triggered by the polyol pathway.'*>° Research indicates that DNP may be related to
lower insulin levels.?” The most often utilized model of diabetic neuropathy at the moment is diabetic rats produced with
streptozotocin (STZ).>® High dosages of STZ were used to produce nociceptive hypersensitivity more easily and
dramatically decrease insulin production in diabetic rats.>”

In the prodromal diabetes model, pain started to manifest before hyperglycemia but at the same time as insulin
resistance.*” The aforementioned diabetes model would exhibit quite different effects, including slower nerve fiber

conduction and higher nociceptive sensitivity if it were administered with tiny quantities of insulin for more than a year.*'
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Figure | Factors associated with the pathogenesis of diabetic neuropathy. Hyperglycemia, dyslipidemia, and insulin resistance promote the activation of PKC, polyol, and
AGE pathways, which ultimately affect mitochondrial function and lead to inflammation.

Nearly 1000 proteins have been linked to neuropathic pain in studies of the molecular pathways underlying the
condition.*? These proteins, which include NOS1, P2RX4, IL-6, MAPK 14, and others, are interlinked and interact with
one another to form a complex network. A genome-wide association analysis revealed additional gender disparities in
diabetic neuropathic pain, with males having twice the heritability of females, and genetic variables associated with
diabetic neuropathic pain were found.*> A brief pathogenesis is shown in Figure 1.

Treatment of DNP
The prevailing method for managing diabetic neuropathic pain currently involves either a single medication or
a combination of medications, such as pregabalin and duloxetine.*® Pregabalin exerts its analgesic effect by binding to
voltage-gated calcium channels and reducing the release of glutamate, norepinephrine, and substance P. Duloxetine, on
the other hand, is an antidepressant that works by inhibiting the uptake of 5-hydroxytryptophan and norepinephrine.
Unfortunately, none of these medications work as well as they should, as less than 50% of patients who take them report
feeling better from their pain, and their negative side effects—such as exhaustion and dizziness—further restrict how
often they can be used.** Consequently, the combination of first-line medications aids in the hunt for novel therapies that
enhance the capacity of medications to relieve pain while boosting their specificity to lessen adverse effects.*>*

When medications are used in combination, there are several ways that pain might be reduced. For example, pregabalin
has been shown to be efficacious in certain patients with DNP when used in combination with monoamine oxidase reuptake
inhibitors.*’ Due to the lack of effectiveness of clinical drugs, opioids have come back into the picture. Opioids will be
permitted for use in patients with diabetic neuropathic pain that cannot be controlled by first-line treatment combinations,
despite their evident addictive qualities and propensity to demand higher dosages of medication.*>**%°

It has been discovered that topical administration completely avoids the negative effects connected with systemic therapy
in the effort to treat diabetic neuropathic pain. Topical application of capsaicin cream was reported to decrease substance P in
nerve fibers in a clinical investigation including almost three hundred participants. This, in turn, reduced neuropathic pain in
diabetic patients.”® In an animal pain model, capsaicin magnetic nanoparticles were found to reduce pain.>' Co-administration

of capsaicin and sodium channel blockers has been found to provide long-lasting relief from neuropathic pain.>>
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In a clinical experiment, topical isosorbide nitrate treatment was also observed to alleviate diabetic neuropathic pain
in certain individuals.®> Analgesic injections administered locally may alleviate neuropathic pain, but their inherent
toxicity restricts their application.'® Ton channels have been identified as a possible therapeutic target for the relief of
neuropathic pain. A topical patch containing the sodium channel inhibitor lidocaine can be utilized to reduce pain by
preventing the propagation of action potentials during pain.*”>* Local administration has drawbacks though, and patients
receiving medication locally tend to be less obedient. This is not because of the medication itself, but rather because local
administration is more inevitable with this kind of administration, making it less effective than systemic administration.>
The corresponding number of administrations rises, and some delicate bodily parts are at risk of contamination.'®

Therefore, to get around the problems with the conventional method of drug distribution, a new one is required. Creating
nanocarriers by combining polyesters and liposomes with some conventional analgesics, such as morphine, can increase
their effectiveness and lessen their negative effects.’® Several treatments for diabetic neuropathic pain are shown in Table 1.

Circadian Rhythm

From bacteria to plants to animals, organisms have a 24-hour timer called the circadian rhythm.”' In the course of
biological evolution, circadian rhythms have adapted to geophysical cycles and natural environmental cycles, and have
formed a very complex regulatory mechanism within organisms.”” As a central pacemaker, the SCN regulates circadian
rhythms in mammals through neural signals or hormonal signals.”> The SCN also regulates the circadian secretion of
endocrine signals such as melatonin in the pineal gland and glucocorticoids and catecholamines in the adrenal cortex by
modulating the hypothalamic-pituitary-adrenal axis.”> Melatonin enhances nociceptive sensitivity, with increased secre-
tion at 21:00 each day and a peak at 3:00 a.m. This may be related to the fact that diabetic neuropathic pain patients have
more pain at night.”* This may be related to the fact that diabetic neuropathic pain patients have more pain at night. The
glucocorticoid cortisol peaks at 8 a.m. and may be associated with daytime pain patterns.”> At the molecular level, the
control of circadian rhythms relies on clock genes such as BMAL1, CLOCK, and NPAS2, which are highly conserved
and form cell-autonomous transcriptional-translational autoregulatory feedback loops.”®

Circadian rhythm disruption is prevalent in contemporary populations in all countries.”” Nighttime light, jet lag, and
disordered eating all have an impact on human circadian rhythms.”® Disrupted circadian rhythms will have negative
outcomes directly related to pain. For example, for night shift workers, pain scores increase for cold nociception, heat
nociception, and electrical stimulation.”®*® Circadian rhythm disruption does not lead to sudden death in animal models
or humans but can have long-term or short-term adverse health effects.®' The glucocorticoid cortisol peaks at 8 a.m. and
may be associated with daytime pain patterns.®?

Harnessing the power of time to intervene in human disease has been a promising direction since the 2017 Nobel
Prize in Physiology or Medicine discovered the relationship between the biological clock and human biology. Studies of
several existing disease models have shown the potential of using circadian rhythms as a therapeutic strategy, such as
sepsis, malignancy, and ischemia-reperfusion injury.®® However, there are few detailed reports on circadian changes in
chronic neuropathic pain. Also, there may be opposed physiological effects between animal models and humans, for
example, melatonin has a sleep-promoting effect in humans and an arousal-promoting effect in nocturnal animals.

Circadian Rhythm in Pain Response

Circadian rhythms in pain behavior were first identified in 1987 in a study involving hamsters. Similar phenomena were
later observed in different strains of mice. Subsequent research on various strains of mice revealed a more complex
phenomenon: mice in C57BL/6 were found to have lower pain sensitivity in dark environments, while Swiss Webster
mice had higher pain domains during the day.**

A significant circadian rhythm oscillation was found in almost all clinical conditions related to pain; for example,
neuropathic and temporomandibular joint pain became intolerable around 8 p.m., while patients with trigeminal neuralgia
and fibromyalgia experienced a marked increase in pain in the morning.*> Individuals with acute pain also exhibit the
circadian cycle of pain. Patients with biliary colic experience more severe pain at night, and after major surgery, the pain
is more noticeable in the morning.*® Different diseases realize different circadian rhythms.®” Variations in pain disorders’
circadian cycles are partly due to variations in these disorders’ biology.*® In a survey of patients suffering from diabetic
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Table | Several Treatments for Diabetic Neuropathic Pain

Capsaicin 8% patch

receptors

Class Drugs Biological Target \Mechanisms Region where Approved Effects
Regulators approve treatment for Gabapentin The 025 subunit of calcium voltage-gated chan United Kingdom and Pain relief in painful DPN and
painful diabetic neuropathy Australia postherpetic neuralgia
Pregabalin The 029 subunit of calcium voltage-gated chan USA, Europe and Canada Pain relief in painful DPN, spinal cord and
postherpetic neuralgia
Duloxetine Inhibition of reuptake of serotonin and USA, Europe and Korea, Pain relief in painful DPN, fibromyalgia
norepinephrine etc. and chronic musculoskeletal pain
Removal of substance P from vanilloid nerve USA, etc. Relief of neuropathic pain associated with

postherpetic neuralgia and DPN

Not approved by regulators but used
to treat neuropathic pain in diabetes

Venlafaxine

Inhibition of reuptake of serotonin and

norepinephrine

USA, Europe, etc.

Pain relief in painful DPN

Amitriptyline

Inhibition of reuptake of noradrenaline and
serotonin in presynaptic neurons and antagonizing
N-methyl-D-aspartate receptors

USA, Europe, etc.

Pain relief in painful DPN, neuropathic
pain and fibromyalgia

Thiotic acid

Antioxidant

USA, parts of Europe, etc.

Pain relief in painful DPN

Carbamazepine/
Oxcarbazepine

Sodium channel blocker

USA, Europe, etc.

Pain relief in neuropathic pain

Treatments not yet agency approved
but with positive reports from Phase
2 or Phase 3 trial

Mirogabalin®”*®

The 028 subunit of calcium voltage-gated chan

Pain relief in painful DPN and

postherpetic neuralgia

YJ0O! spray*®

Localized medicine

Pain relief in painful DPN

Treatments in clinical development

Palmitoylethanolamide
(PEA)*°

N-arachidonoylethanolamine and the ENCB system

Pain relief in neuropathic pain

Platelet-rich plasma (PRP)®'

Revascularization and regeneration

Pain relief in neuropathic pain

Lidocaine medicated plaster
(LMP)®2

Topical treatment

Pain relief in painful DPN

Treatments showing pre-clinical

efficacy

Naringenin63

Modulation of oxidative-nitrosative stress, cytokines
and MMP-9 levels

Relief of pain in DNP rats

Reboxetine®*

Catecholaminergic and opioidergic system

Relief of pain in DNP rats

(Continued)
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Table | (Continued).

Class

Drugs

Biological Target \Mechanisms

Region where Approved

Effects

Withametelin (WMT)®*®

MAPK/NF-kB signaling

Relief of pain in DNP rats

Quercetin®®

Rapamycin (mTOR) and p70 ribosomal Sé kinase
(p70S6K)

Pain relief in DNP mice

Nanocarriers: amitriptyline-
and liraglutide-loaded

; 7
proniosomes®

Control of inflammation and oxidative stress

Relief of pain in DNP rats

Ajugarin-I¢®

TRPVI/TRPM8 nociceptors

Relief of pain in DNP rats

Non-pharmaceutical treatments in

current use

Neurostimulation
Transcutaneous electrical
nerve stimulation (TENS)®’

Pain relief in neuropathic pain

Spinal cord stimulation
(5CS)”°

Pain relief in neuropathic pain
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neuropathic pain, it was found that more than half of the patients had increased pain at night, and about 30% had
consistent levels of pain during the day and night.®

Notably, pain itself can have an impact on circadian rhythms. Fibromyalgia and cancer-induced pain can disrupt the
patient’s circadian rhythm.”® Breaking of molecular rhythms has also been observed in preclinical studies in selected
sciatic nerve ligation models and spinal cord injury models.”’ However, the extent of this link between the effects of pain
itself on circadian rhythms still needs to be further evaluated.

Although inflammatory and neuropathic pain has traditionally been distinguished from one another, some new
research has revealed that this differentiation may not be as strong or even unanimous.”” Fortunately, the diametrically
opposite pain patterns seen in the circadian cycles of neuropathic and inflammatory pain will also serve as a basis for the
difference in pain.

Animal Model and Circadian Rhythm of Neuropathic Pain
Modified nociceptive sensitivity is a key factor in identifying the existence of neuropathic pain in animal models.?
Research has demonstrated that both diabetic peripheral neuropathy and postherpetic neuralgia exhibit a unique circadian
cycle, with pain increasing at night and decreasing during the day.”***

Analysis of nociceptive sensitivity in experimental animals is the first step in determining treatment by performing
analyses of mechanical sensitivity or thermal sensitivity, but these experiments rarely consider circadian rhythms.
Researchers separated each day into four time periods and examined the rats’ pain thresholds in each period indepen-

dently in a study on neuropathic pain in rats with CCL.”

The study discovered that the rats’ pain thresholds were higher
when they were active than when they were at rest. At the same time, the rats were administered analgesics at various
times, and it was discovered that analgesia administered during the active period was superior to that administered during
the resting period.”” N-methyl-d-aspartate receptor 2B (NR2B)-cAMP response element-binding protein (CREB)The
CREB-regulated transcriptional coactivator 1 (CRTC1) signaling pathway can affect circadian rhythms in SCN.?® After
interferential injection of CCI mice with CREB/CRTCI1 adenovirus to inhibit the expression of CREB and CRTC1 at
2-time points during the circadian period, ZT0 (from active to resting) and ZT12 (from resting to active), the aberrant
pain behaviors of the mice were significantly reduced, and when the drug was administered at ZT0, the mice showed
lower nociceptive sensitivity and the drug effect lasted for a longer period. While when administered at ZT12, the
analgesic effect was less pronounced.” In the CCI model, a hormone associated with circadian rhythms, glucocorticoids,
was also observed to induce the release of ATP from spinal astrocytes, producing a mechanically abnormal pain circadian
rthythm.”” In another study, nociceptive sensitivity was higher in rats during the inactive phase of paclitaxel-induced
peripheral neuropathy (CIPN), and nocturnal (active phase) administration was superior to daytime (inactive phase)
administration in terms of both analgesic effect and resistance. Significant circadian oscillations in the core clock protein
BMALI were identified in satellite cells and spinal cord dorsal horn neurons.”® Altered circadian rhythms of melatonin

receptors and opioid receptors were observed in the SNI mouse model.””

The Mechanism of Circadian Rhythm of Neuropathic Pain
Changes in circadian rhythm are associated with neuropathic pain for a multitude of reasons. There is growing evidence
that clock gene-driven rhythmic expression of various proteins is involved in injury perception and pain signaling.
Alterations in relevant molecules in the clock gene feedback loop affect nociceptive sensitization in mice with disrupted
circadian rhythms."” Studies have shown that during neuropathic pain, there are diurnal fluctuations in inflammatory
modulators, and ion channels like calcium channels, naloxone receptors, and opioid receptors at different times of
the day.'**'% Meanwhile, the circadian rhythm of endogenous opioids is thought to be closely related to neuropathic
pain, with beta-endorphin levels being lowest at night and highest in the morning.'®* Circadian fluctuations in mood can
also affect the experience of pain.'®

An adenovirus-mediated signaling pathway was also found to have a palliative effect on CCI-induced neuropathic
pain in a model study on sciatic nerve injury. Neuropathic pain in rats was also found to be associated with diurnal
variations in ATP release from astrocytes and glucocorticoid secretion.”>” It has been noted that in rodents, peripheral

nerve damage affects the SCN, which disrupts the circadian rhythm of melatonin receptors in the hypothalamus.”’
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The immune system is also implicated with regard to circadian rhythms in neuropathic pain. Following the start of NP,
there is a noticeable rise in T-cells, neutrophils, astrocytes, microglia, and other brain cells that have been shown to have
circadian cycles that are also highly correlated with pain.'°*'%” Circadian rhythms also exist for many cytokines and
chemokines, which can act directly or indirectly on the spinal cord or sensory neurons to influence the perception of pain.'**

Numerous scientific studies have established a robust connection between neuropathic pain and a few key circadian
genes. The Tacl gene, which encodes substance P, is involved in pain signaling. It has been demonstrated that CLOCK:
BMALI drives circadian transcription of this gene in the dorsal root ganglia, indicating a direct biological mechanism
between the circadian oscillator and neuropathic pain.'®® In a mouse model of CCI, the Per gene was also shown to
exhibit circadian oscillations. Neuropathic pain brought on by sciatic nerve injury was alleviated by injectable medication
targeting the Perl gene (See Figure 2).'%”

Associated circadian rhythmic alterations in ion channels, and sensory receptors consistent with pain, are seen in both

DNP and postherpetic neuralgia.

Circadian Rhythm of Microglia

Microglia are immune cells that are special to the nervous system and are engaged in the growth and development of the
central nervous system as well as the process of mending damaged nerves.''® Numerous cells, including astrocytes and
immune cells, have been implicated in the research of diabetic neuropathic pain, with microglia being crucial in the
genesis of pain.''" Numerous animal models of neuropathic pain, including the CCI model, the SNI model, and the STZ-
induced diabetes model, have shown activation of microglia.''*''* 42 days following a successful induction, significant
activation of microglia was shown in an animal model of STZ-induced diabetic neuropathic pain in rats. Remarkably, no
activation of astrocytes was observed in the rats.''> In STZ-induced DNP rats, alterations in the morphology of microglia
may be seen, including changes in the thickness and retraction of protrusions as well as modifications to the hypertrophic
morphology.''® Spinal dorsal root neurons in DNP exhibit activation of the microglial signal-regulating proteins SFK and

b
eta~endo "Dhin

v \w occoons

immune cell

Glucocorticoid diurnal variation

@@@m
L N

Release of ATP from astrocytes

Figure 2 Causes of circadian rhythms in neuropathic pain.
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EPK.''® Phosphorylation of MAPK, involved in intracellular signaling such as JNK, p38-MAPK, and ERK, happens
during microglia activation and has been linked to the development of neuropathic pain.''”"!"® Phosphatase-induced
MAPK inactivation reduces inflammation and eases diabetic neuropathic pain.'"® Tyrosine kinases (SFKs) play a role in
the nervous system’s development. DNP is formed when SFKs are phosphorylated, and DNP can be relieved by injecting
SFK inhibitors intrathecally.'?*'?!

The morphology of activated microglia differs from that of resting microglia. When microglia are activated, they
undergo morphological changes to an amoeboid shape lacking branches and functional modifications related to gene
expression. Resting microglia feature small branches and protrusions.'**'?* Two types of microglia activate M1 and M2.
M1 microglia alter synaptic communication between neurons, which can result in neuropathic pain. In vitro experiments,
interleukin 13 or interleukin 4 can induce the production of M2 phenotype microglia, which can produce pro-
inflammatory and anti-inflammatory cytokines, respectively, and interferon-gamma or lipopolysaccharide can induce
the production of M1 phenotype microglia.'*>"'*® After being activated, microglia release IL-10, which encourages
polarization of the cell toward the M2 type, and IL-1p, and IL-6, which encourages polarization of the cell toward the M1
type.'?” Different models of neuropathic pain have been reported to exhibit varied degrees of dysregulation of the
microglial ratio between M1 and M2 types.'?® Numerous studies have demonstrated the enormously beneficial effects of
returning M1 and M2 microglia to a normal state of proportionality in the treatment of neuropathic pain.'*’

Even while our understanding of immune cells’ circadian rhythms has improved recently, microglia have received
less attention. The central and peripheral nervous systems include a high number of microglia, which are stimulated by
lipopolysaccharides to release a large amount of cytokines.'** Interestingly, cytokine expression in microglia after
lipopolysaccharide stimulation differed at different times of the day. There was a significant circadian difference in the
expression of pro-inflammatory cytokines TNFa, IL6, IL1p, and ILIR1 in microglia."*’

Interestingly, microglia produced fewer inflammatory factors during the active phase (dark phase) than during the
resting phase (day phase) in rats, but exposure to a small amount of light during the active phase increased the secretion
of inflammatory factors by microglia.'*' As in Figure 2. Microglia were discovered to be more sensitive to immunolo-
gical stimuli during the resting phase and the expression of their biological clock genes was altered in the absence of
glucocorticoids in the animal model.'*"*'** Some genes have been identified to exhibit rhythmic expression in central
nervous system molecular studies in rat hippocampus microglia, and these genes exhibit a considerable drop in
expression at the start of or during times of activity."*' Microglia’s clock genes have been observed to be less expressed
in the cerebral cortex during resting periods, although the timing of the expression of cytokines produced by microglia,
such as TNF-a and IL-6, varies.'** Disruption of circadian rhythms exacerbated macrophage responses to LPS stimula-
tion in vitro, and peripheral LPS injections enhanced the induction of TNFa and IL6 mRNA in microglia from mice
exposed to dim light compared with darkness.'*?

Melatonin is regulated by the SCN and its secretion has typical circadian rhythm differences.'** Melatonin has been
shown to reduce neuropathic pain. Melatonin can act on microglia to alter intracellular MAPK cascade responses.'>”
Tissue protease S is strongly associated with diabetic neuropathic pain, which is expressed in microglia in the central
nervous system and exhibits a circadian rhythm. It can modulate synaptic strength in cortical neurons.'

It is important to note that relatively little study has been done on female rodents in this field; the majority of studies

have been on males.'>°

Clinical Experiment and Treatment of Neuropathic Pain Circadian Rhythm

Clinical studies have shown that the intensity of pain feelings varies during the day for several pain-causing illnesses,
including multiple sclerosis, cancer, and diabetic peripheral neuropathy.'’®'*” Changes in circadian rhythm in neuro-
pathic pain have been examined in two clinical trials."*®'3° Patients with diabetic neuropathic pain (DNP) and
postherpetic neuralgia (PHN) participated in both trials. Every day in the morning, midday, and evening, the patients’
levels of pain were measured and recorded by the experimenters. A subset of patients receiving round-the-clock opioid
treatment or opioid combinations were found to still have a circadian rhythm to their neuropathic pain, indicating that
opioids may not be able to effectively improve the circadian rhythm of this pain. Patients with both disorders were
observed to show a gradual increase in pain intensity from morning to evening. Pain intensity increased significantly
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from 08: 00 a.m. to 16: 00 p.m. and then again from 16: 00 p.m. to 20: 00 p.m. The mean relative difference in pain
intensity from 8: 00 a.m. to 20: 00 p.m. was higher in patients with DNP than in patients with PHN.”* At the same time,
women and patients with diabetic neuropathic pain have more intense nociception at night, suggesting that the circadian
rhythm of pain is modulated by multiple factors. Some external factors such as ambient temperature, humidity, tactile
stimuli, etc., and internal factors include circadian fluctuations in endocrine regulation and physical activity.

Chronotherapy has been shown to be useful in the clinic. It involves treating a patient at specified times according to
the circadian rhythms present in biology or in a particular ailment, regardless of the patient’s or the treating physician’s
convenience. For instance, glucocorticoid inhibitors used at night can more effectively alleviate pain and other
rheumatoid arthritis symptoms than those taken in the morning.'*® There is a circadian rhythm to the expression of
opioid receptors, and research in rodents has shown that giving opioids at night produces superior analgesia and a faster
recovery of nociception than doing so during the day.'*' Also, opioids can directly affect the circadian system, and
a disrupted circadian rhythm can alter the efficacy of opioids. This effect usually leads to an increase in opioid use.'*?

Exosomes can significantly improve diabetes-induced peripheral neuropathy. In a rat model of DNP, exosomes
alleviated neurovascular dysfunction, accelerated nerve conduction velocity, and increased pain threshold.'*® Exosomes
are paracellular, 50—150 nm in diameter, and contain lipids, proteins, RNA, and other substances.'** Through the transfer of
genetic material, exosomes play an important role in intercellular communication. Exosomes derived from M2 macrophages
can convert the vast majority of M1 macrophages in the body into M2 macrophages.'** Microglia are a type of macrophage,
and treatment of neuropathic pain with exosomes can convert activated microglia in vivo to the M2 phenotype. Microglia
have their own circadian rhythms, and exosomes given at different times may affect microglia differently, which in turn
may alleviate the increased pain at night in patients with diabetic neuropathic pain.

A 24-hour circadian rhythm exists for the a2d-1 subunit of the voltage-gated calcium channel, and a blocker of this
subunit, gabapentin, administered at the correct time point enhances pain relief in mice.'*® According to a study, the most
plausible explanation for the superior analgesic effect of oral probenecid in STZ-induced DNP rats during the active

phase is a diurnal rhythm in the expression of the intestinal organic cation transporter Octnl.'*’

Gender Differences in Circadian Rhythm System and Neuropathic Pain

Investigations into circadian rhythms have revealed some intriguing phenomena. Men’s circadian cycles are longer than
women’s, indicating that men and women have different biological clocks.'*® In a similar vein, research on neuropathic
pain has revealed that women’s nociception varies more throughout the day than at night and that female DNP patients
have higher nociceptive sensitivity.”> Women seem to be more susceptible to altered pain sensitivity with a lower pain
field in most illnesses that produce neuropathic pain.'** Gender is not often taken into account in clinical investigations,
and male rats are typically chosen and female rats are rarely used as research subjects in animal models of pain.'® It has
been demonstrated that male and female mice have distinct nociceptive pathways in response to neuropathic pain caused
by nerve injury. Microglia activation was linked to increased nociceptive sensitivity in male mice, but immunological
T cells in the spinal cord facilitated nociceptive sensitization in female mice, independent of microglia.'>"'>* According
to a study, a long-chain non-coding RNA that prevents the release of pro-inflammatory cytokines has a neuropathic pain-
relieving effect on female rodents.'>® LPS injections enhance nociceptive sensitivity in female patients in a way that does
not occur in male patients, suggesting that neuropathic pain in female patients is more closely linked to the activation of
peripheral immune cells.'** Numerous studies have been conducted on the mechanisms underlying neuropathic pain, and
the majority of these causative factors are found in men. Approximately 80% of these mechanisms do not apply to female
patients, which presents a significant challenge to the clinical treatment of pain in female patients.'>> Male rodents have
better efficacy than females in the treatment of pain with opioids, but in studies of humans, female patients have been
more sensitive to the analgesic effects of opioids, which is consistent with the more pronounced rhythmicity of daytime
pain in females.'**'*” Estrogen is associated with the circadian function of reactive astrocytes, and it is unclear whether
sex differences in pain are associated with different gender characteristics and estrogen cycles.'”® Thus, additional

research should be conducted on both gender variations in circadian rhythms and neuropathic pain.
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Discussion

Managing individuals with clinical diabetes presents substantial challenges due to pain resulting from diabetic peripheral
neuropathy. This is in spite of the clinical finding that pain from diabetic peripheral neuropathy has a diurnal rhythm and the
discovery that rats in the CCI and CIPN models demonstrate circadian rhythmicity of pain. Studies presenting circadian
cycles in STZ-induced DNP mice are still scarce, nonetheless. Future research has a lot of potential when neuropathic pain
and circadian rhythms are combined. Microglia have been discovered to be crucial in studies of both DNP and circadian
rhythms, thus it will be important to look into whether regulating microglia activation in conjunction with therapies
involving circadian timing can affect DNP. The intermediary between the two is the microglia; more “links” might be
investigated in the future. The reason temporal therapy—a treatment not available for other conditions—is available for
neuropathic pain is because it has a circadian rhythm. This could have unexpected implications for neuropathic pain therapy
in the future. Exosomes derived from MSCs are a type of natural drug carrier, and a variety of constituents within them
have the ability to control the activation of microglia and influence their transformation. MSCs have achieved rational
therapeutic effects in the treatment of many diseases, and an increasing number of studies have found that MSCs can
effectively inhibit the activation of microglia. Exosomes have been shown in numerous trials to alleviate neuropathic pain.
Exosomes have been used in several clinical disorders and have shown some benefits as a result of ongoing research. In
conjunction with chronotherapy, the impact of MSCs or exosomes on microglia may offer a novel approach to the treatment
of DNP. There might be the best time to treat DNP if exosomes are given at different intervals. Simultaneously, the gender
disparities in pain behavior would justify further research into the mechanisms and management of pain. Given that male
and female patients experience pain differently according to their circadian rhythms, treating patients of various genders at
different times with alternative drug administration schedules may yield better outcomes. There should be an effort to
transfer animal models to people with circadian rhythm abnormalities because the majority of studies on neuropathic pain
are now carried out in rats, whose rest and activity cycles are completely different from those of humans.

Acknowledgments
We express our gratitude to the Taiyuan Central Hospital’s laboratory professors at Peking University First Hospital for
their assistance to the writers.

Funding
This work was supported by grants from the Bureau of Science and Technology of Taiyuan City (202232 and 202268).

Disclosure
The authors report no conflicts of interest in this work.

References

1. Jensen TS, Baron R, Haanpdd M, et al. A new definition of neuropathic pain. Pain. 2011;152(10):2204-2205. doi:10.1016/j.pain.2011.06.017
2. Gilron I, Watson CP, Cahill CM, Moulin DE. Neuropathic pain: a practical guide for the clinician. CMAJ. 2006;175(3):265-275. doi:10.1503/
cmaj.060146
3. Breitinger U, Breitinger HG. Excitatory and inhibitory neuronal signaling in inflammatory and diabetic neuropathic pain. Molecul Med. 2023;29
(1):53. doi:10.1186/s10020-023-00647-0
4. Bahari Z, Meftahi GH. Spinal a(2) -adrenoceptors and neuropathic pain modulation; therapeutic target. Br J Pharmacol. 2019;176
(14):2366-2381. doi:10.1111/bph.14580
5. Saeedi P, Petersohn I, Salpea P, et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: results
from the International Diabetes Federation Diabetes Atlas, 9(th) edition. Diabetes Res Clin Pract. 2019;157:107843. doi:10.1016/j.
diabres.2019.107843
6. Abbott CA, Malik RA, van Ross ER, Kulkarni J, Boulton AJ. Prevalence and characteristics of painful diabetic neuropathy in a large
community-based diabetic population in the U.K. Diabetes Care. 2011;34(10):2220-2224. doi:10.2337/dc11-1108
7. Shillo P, Sloan G, Greig M, et al. Painful and painless diabetic neuropathies: what is the difference? Curr Diab Rep. 2019;19(6):32.
doi:10.1007/s11892-019-1150-5
8. Bansal V, Kalita J, Misra UK. Diabetic neuropathy. Postgrad Med J. 2006;82(964):95-100. doi:10.1136/pgm;j.2005.036137
9. Stino AM, Smith AG. Peripheral neuropathy in prediabetes and the metabolic syndrome. J Diabetes Invest. 2017;8(5):646-655. doi:10.1111/jdi.12650
10. Bhandari R, Sharma A, Kuhad A. Novel nanotechnological approaches for targeting dorsal root ganglion (DRG) in mitigating diabetic
neuropathic pain (DNP). Front Endocrinol. 2021;12:790747. doi:10.3389/fendo.2021.790747

Journal of Pain Research 2024:17 hetps: 3015

Dove:


https://doi.org/10.1016/j.pain.2011.06.017
https://doi.org/10.1503/cmaj.060146
https://doi.org/10.1503/cmaj.060146
https://doi.org/10.1186/s10020-023-00647-0
https://doi.org/10.1111/bph.14580
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.2337/dc11-1108
https://doi.org/10.1007/s11892-019-1150-5
https://doi.org/10.1136/pgmj.2005.036137
https://doi.org/10.1111/jdi.12650
https://doi.org/10.3389/fendo.2021.790747
https://www.dovepress.com
https://www.dovepress.com

Yang et al Dove

—_

1

. Jin GL, Hong LM, Liu HP, et al. Koumine modulates spinal microglial M1 polarization and the inflammatory response through the Notch-RBP-
Jx signaling pathway, ameliorating diabetic neuropathic pain in rats. Phyfomed. 2021;90:153640. doi:10.1016/j.phymed.2021.153640

12. Reppert SM, Weaver DR. Coordination of circadian timing in mammals. Nature. 2002;418(6901):935-941. doi:10.1038/nature00965

13. Sundar IK, Sellix MT, Rahman I. Redox regulation of circadian molecular clock in chronic airway diseases. Free Radic Biol Med.
2018;119:121-128. doi:10.1016/j.freeradbiomed.2017.10.383

14. Hermida RC, Ayala DE, Smolensky MH, et al. Chronotherapy improves blood pressure control and reduces vascular risk in CKD. Nat Rev
Nephrol. 2013;9(6):358-368. doi:10.1038/nrneph.2013.79

15. Bumgarner JR, McCray EW, Nelson RJ. The disruptive relationship among circadian rhythms, pain, and opioids. Front Neurosci.
2023;17:1109480. doi:10.3389/fnins.2023.1109480

16. Todd WD, Fenselau H, Wang JL, et al. A hypothalamic circuit for the circadian control of aggression. Nat Neurosci. 2018;21(5):717-724.
doi:10.1038/s41593-018-0126-0

17. Todd WD, Venner A, Anaclet C, et al. Suprachiasmatic VIP neurons are required for normal circadian rhythmicity and comprised of
molecularly distinct subpopulations. Nat Commun. 2020;11(1):4410. doi:10.1038/s41467-020-17197-2

18. Moore RY, Eichler VB. Loss of a circadian adrenal corticosterone rhythm following suprachiasmatic lesions in the rat. Brain Res. 1972;42
(1):201-206. doi:10.1016/0006-8993(72)90054-6

19. Stephan FK, Zucker I. Circadian rhythms in drinking behavior and locomotor activity of rats are eliminated by hypothalamic lesions. Proc Natl
Acad Sci USA. 1972;69(6):1583—-1586. doi:10.1073/pnas.69.6.1583

20. Weaver DR. The suprachiasmatic nucleus: a 25-year retrospective. J Biolog Rhyth. 1998;13(2):100-112. doi:10.1177/074873098128999952

21. Fonken LK, Weil ZM, Nelson RJ. Mice exposed to dim light at night exaggerate inflammatory responses to lipopolysaccharide. Brain Behav
Immun. 2013;34:159-163. doi:10.1016/j.bbi.2013.08.011

22. Mohawk JA, Green CB, Takahashi JS. Central and peripheral circadian clocks in mammals. Annu Rev Neurosci. 2012;35:445-462. doi:10.1146/
annurev-neuro-060909-153128

23. Yoo SH, Yamazaki S, Lowrey PL, et al. PERIOD2::LUCIFERASE real-time reporting of circadian dynamics reveals persistent circadian
oscillations in mouse peripheral tissues. Proc Natl Acad Sci USA. 2004;101(15):5339-5346. doi:10.1073/pnas.0308709101

24, Partch CL, Green CB, Takahashi JS. Molecular architecture of the mammalian circadian clock. Trends Cell Biol. 2014;24(2):90-99.
doi:10.1016/j.tcb.2013.07.002

25. Panda S, Antoch MP, Miller BH, et al. Coordinated transcription of key pathways in the mouse by the circadian clock. Cell. 2002;109
(3):307-320. doi:10.1016/S0092-8674(02)00722-5

26. Storch KF, Lipan O, Leykin I, et al. Extensive and divergent circadian gene expression in liver and heart. Nature. 2002;417:6884):78-83.
doi:10.1038/nature744

27. Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB. A circadian gene expression atlas in mammals: implications for biology and
medicine. Proc Natl Acad Sci USA. 2014;111(45):16219-16224. doi:10.1073/pnas.1408886111

28. Gore M, Brandenburg NA, Dukes E, Hoffman DL, Tai KS, Stacey B. Pain severity in diabetic peripheral neuropathy is associated with patient
functioning, symptom levels of anxiety and depression, and sleep. J Pain Sympt Manage. 2005;30(4):374-385. doi:10.1016/j.
jpainsymman.2005.04.009

29. McCarthy BG, Hsieh ST, Stocks A, et al. Cutaneous innervation in sensory neuropathies: evaluation by skin biopsy. Neurology. 1995;45
(10):1848-1855. doi:10.1212/WNL.45.10.1848

30. Cheng HT, Dauch JR, Porzio MT, et al. Increased axonal regeneration and swellings in intraepidermal nerve fibers characterize painful
phenotypes of diabetic neuropathy. J Pain. 2013;14(9):941-947. doi:10.1016/j.jpain.2013.03.005

31. Brown MJ, Martin JR, Asbury AK. Painful diabetic neuropathy. A morphometric study. Arch Neurol. 1976;33(3):164—171. doi:10.1001/
archneur.1976.00500030020004

32. Rajbhandari SM, Jarratt JA, Griffiths PD, Ward JD. Diabetic neuropathic pain in a leg amputated 44 years previously. Pain. 1999;83
(3):627-629. doi:10.1016/S0304-3959(99)00163-3

33. Segerdahl AR, Themistocleous AC, Fido D, Bennett DL, Tracey I. A brain-based pain facilitation mechanism contributes to painful diabetic
polyneuropathy. Brain. 2018;141(2):357-364. doi:10.1093/brain/awx337

34. Okuse K, Chaplan SR, McMahon SB, et al. Regulation of expression of the sensory neuron-specific sodium channel SNS in inflammatory and
neuropathic pain. Molec Cellul Neurosci. 1997;10(3—4):196-207. doi:10.1006/mcne.1997.0657

35. Calcutt NA. Diabetic neuropathy and neuropathic pain: a (con)fusion of pathogenic mechanisms? Pain. 2020;161(Suppl 1):S65-s86.
doi:10.1097/j.pain.0000000000001922

36. Schreiber AK, Nones CF, Reis RC, Chichorro JG, Cunha JM. Diabetic neuropathic pain: physiopathology and treatment. World J Diab. 2015;6
(3):432-444. doi:10.4239/wjd.v6.i3.432

37. Romanovsky D, Cruz NF, Dienel GA, Dobretsov M. Mechanical hyperalgesia correlates with insulin deficiency in normoglycemic
streptozotocin-treated rats. Neurobiol Dis. 2006;24(2):384-394. doi:10.1016/j.nbd.2006.07.009

38. Pathak R, Sachan N, Chandra P. Mechanistic approach towards diabetic neuropathy screening techniques and future challenges: a review.
Biomed Pharmacothe. 2022;150:113025. doi:10.1016/j.biopha.2022.113025

39. Romanovsky D, Dobretsov M. Pressure-induced pain: early sign of diabetes-associated impairment of insulin production in rats. Neurosci Lett.
2010;483(2):110-113. doi:10.1016/j.neulet.2010.07.072

40. Romanovsky D, Walker JC, Dobretsov M. Pressure pain precedes development of type 2 disease in Zucker rat model of diabetes. Neurosci Lett.
2008;445(3):220-223. doi:10.1016/j.neulet.2008.08.087

41. Calcutt NA. Modeling diabetic sensory neuropathy in rats. Methods Mol Med. 2004;99:55-65. doi:10.1385/1-59259-770-x:225

42. Jamieson DG, Moss A, Kennedy M, et al. The pain interactome: connecting pain-specific protein interactions. Pain. 2014;155(11):2243-2252.
doi:10.1016/j.pain.2014.06.020

43. Meng W, Deshmukh HA, Donnelly LA, et al. A genome-wide association study provides evidence of sex-specific involvement of Chrlp35.1
(ZSCAN20-TLR12P) and Chr8p23.1 (HMGBI1P46) with diabetic neuropathic pain. EBioMedicine. 2015;2(10):1386-1393. doi:10.1016/j.
ebiom.2015.08.001

3016 e Journal of Pain Research 2024:17

Dove!


https://doi.org/10.1016/j.phymed.2021.153640
https://doi.org/10.1038/nature00965
https://doi.org/10.1016/j.freeradbiomed.2017.10.383
https://doi.org/10.1038/nrneph.2013.79
https://doi.org/10.3389/fnins.2023.1109480
https://doi.org/10.1038/s41593-018-0126-0
https://doi.org/10.1038/s41467-020-17197-2
https://doi.org/10.1016/0006-8993(72)90054-6
https://doi.org/10.1073/pnas.69.6.1583
https://doi.org/10.1177/074873098128999952
https://doi.org/10.1016/j.bbi.2013.08.011
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1146/annurev-neuro-060909-153128
https://doi.org/10.1073/pnas.0308709101
https://doi.org/10.1016/j.tcb.2013.07.002
https://doi.org/10.1016/S0092-8674(02)00722-5
https://doi.org/10.1038/nature744
https://doi.org/10.1073/pnas.1408886111
https://doi.org/10.1016/j.jpainsymman.2005.04.009
https://doi.org/10.1016/j.jpainsymman.2005.04.009
https://doi.org/10.1212/WNL.45.10.1848
https://doi.org/10.1016/j.jpain.2013.03.005
https://doi.org/10.1001/archneur.1976.00500030020004
https://doi.org/10.1001/archneur.1976.00500030020004
https://doi.org/10.1016/S0304-3959(99)00163-3
https://doi.org/10.1093/brain/awx337
https://doi.org/10.1006/mcne.1997.0657
https://doi.org/10.1097/j.pain.0000000000001922
https://doi.org/10.4239/wjd.v6.i3.432
https://doi.org/10.1016/j.nbd.2006.07.009
https://doi.org/10.1016/j.biopha.2022.113025
https://doi.org/10.1016/j.neulet.2010.07.072
https://doi.org/10.1016/j.neulet.2008.08.087
https://doi.org/10.1385/1-59259-770-x:225
https://doi.org/10.1016/j.pain.2014.06.020
https://doi.org/10.1016/j.ebiom.2015.08.001
https://doi.org/10.1016/j.ebiom.2015.08.001
https://www.dovepress.com
https://www.dovepress.com

Dove

Yang et al

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

He Y, Al-Mureish A, Wu N. Nanotechnology in the treatment of diabetic complications: a comprehensive narrative review. J Diabet Res.
2021;2021:6612063. doi:10.1155/2021/6612063

Pop-Busui R, Boulton AJ, Feldman EL, et al. Diabetic neuropathy: a position statement by the American diabetes association. Diabetes Care.
2017;40(1):136-154. doi:10.2337/dc16-2042

Tavakoli M, Gogas Yavuz D, Tahrani AA, Selvarajah D, Bowling FL, Fadavi H. Diabetic neuropathy: current status and future prospects.
J Diabet Res. 2017;2017:5825971. doi:10.1155/2017/5825971

Balogh M, Janjic JM, Shepherd AJ. Targeting neuroimmune interactions in diabetic neuropathy with nanomedicine. Antioxid. Redox Signaling.
2022;36(1-3):122-143. doi:10.1089/ars.2021.0123

Balogh M, Zador F, Zadori ZS, et al. Efficacy-based perspective to overcome reduced opioid analgesia of advanced painful diabetic neuropathy
in rats. Front Pharmacol. 2019;10:347. doi:10.3389/fphar.2019.00347

Derry S, Stannard C, Cole P, et al. Fentanyl for neuropathic pain in adults. Cochrane Database Syst Rev. 2016;10(10):Cd011605. doi:10.1002/
14651858.CD011605.pub2

The Capsaicin Study Group. Treatment of painful diabetic neuropathy with topical capsaicin. A multicenter, double-blind, vehicle-controlled
study. Archives of Internal Medicine. 1991;151(11):2225-2229. doi:10.1001/archinte.1991.00400110079017

Baskaran M, Baskaran P, Arulsamy N, Thyagarajan B. Preparation and evaluation of PLGA-coated capsaicin magnetic nanoparticles. Pharm
Res. 2017;34(6):1255-1263. doi:10.1007/s11095-017-2142-2

Kopach O, Zheng K, Dong L, et al. Nano-engineered microcapsules boost the treatment of persistent pain. Drug Delivery. 2018;25(1):435-447.
doi:10.1080/10717544.2018.1431981

Bril V. Treatments for diabetic neuropathy. J Periph Nerv Syst. 2012;17(2):22-27. doi:10.1111/j.1529-8027.2012.00391.x

Barbano RL, Herrmann DN, Hart-Gouleau S, Pennella-Vaughan J, Lodewick PA, Dworkin RH. Effectiveness, tolerability, and impact on
quality of life of the 5% lidocaine patch in diabetic polyneuropathy. Arch Neurol. 2004;61(6):914-918. doi:10.1001/archneur.61.6.914
Kuthati Y, Navakanth Rao V, Busa P, Tummala S, Davuluri Venkata Naga G, Wong CS. Scope and applications of nanomedicines for the
management of neuropathic pain. Mol Pharmaceut. 2020;17(4):1015-1027. doi:10.1021/acs.molpharmaceut.9b01027

Wang M, Cai X, Wang Y, et al. Astragalin alleviates neuropathic pain by suppressing P2X4-mediated signaling in the dorsal root ganglia of rats.
Front Neurosci. 2020;14:570831. doi:10.3389/fnins.2020.570831

Vinik A, Rosenstock J, Sharma U, Feins K, Hsu C, Merante D. Efficacy and safety of mirogabalin (DS-5565) for the treatment of diabetic
peripheral neuropathic pain: a randomized, double-blind, placebo- and active comparator-controlled, adaptive proof-of-concept phase 2 study.
Diabetes Care. 2014;37(12):3253-3261. doi:10.2337/dc14-1044

Baba M, Matsui N, Kuroha M, Wasaki Y, Ohwada S. Mirogabalin for the treatment of diabetic peripheral neuropathic pain: a randomized,
double-blind, placebo-controlled Phase III study in Asian patients. J Diabetes Invest. 2019;10(5):1299-1306. doi:10.1111/jdi.13013

Yang X, Zhu R, Zhang J, et al. First-in-human Phase I studies of YJ001 spray applied to local skin in healthy subjects and patients with diabetic
neuropathic pain. Expert Opin Invest Drugs. 2023;32(6):553-562. doi:10.1080/13543784.2023.2219388

Pickering E, Steels EL, Steadman KJ, Rao A, Vitetta L. A randomized controlled trial assessing the safety and efficacy of palmitoylethano-
lamide for treating diabetic-related peripheral neuropathic pain. Inflammopharmacology. 2022;30(6):2063—2077. doi:10.1007/s10787-022-
01033-8

Hassanien M, Elawamy A, Kamel EZ, et al. Perineural platelet-rich plasma for diabetic neuropathic pain, could it make a difference? Pain Med.
2020;21(4):757-765. doi:10.1093/pm/pnz140

Uberall M, Bésl I, Hollanders E, Sabatschus I, Eerdekens M. Painful diabetic peripheral neuropathy: real-world comparison between topical
treatment with lidocaine 700 mg medicated plaster and oral treatments. BMJ Open Diabetes Res Care. 2022;10(6):¢003062. doi:10.1136/
bmjdrc-2022-003062

Singh P, Bansal S, Kuhad A, Kumar A, Chopra K. Naringenin ameliorates diabetic neuropathic pain by modulation of oxidative-nitrosative
stress, cytokines and MMP-9 levels. Food Funct. 2020;11(5):4548-4560. doi:10.1039/C9FO00881K

Turan Yiicel N, Can OD, Demir Ozkay U. Catecholaminergic and opioidergic system mediated effects of reboxetine on diabetic neuropathic
pain. Psychopharmacology. 2020;237(4):1131-1145. doi:10.1007/s00213-019-05443-5

Khan A, Shal B, Khan AU, Baig MW, Haq IU, Khan S. Withametelin, a steroidal lactone, isolated from datura innoxa attenuates STZ-induced
diabetic neuropathic pain in rats through inhibition of NF-kB/MAPK signaling. Food Chem Toxicol. 2023;175:113742. doi:10.1016/].
fct.2023.113742

Wang R, Qiu Z, Wang G, et al. Quercetin attenuates diabetic neuropathic pain by inhibiting mTOR/p70S6K pathway-mediated changes of
synaptic morphology and synaptic protein levels in spinal dorsal horn of db/db mice. Eur J Pharmacol. 2020;882:173266. doi:10.1016/j.
¢jphar.2020.173266

Eissa RG, Eissa NG, Eissa RA, et al. Oral proniosomal amitriptyline and liraglutide for management of diabetic neuropathy: exceptional control
over hyperglycemia and neuropathic pain. /nt J Pharm. 2023;647:123549. doi:10.1016/j.ijpharm.2023.123549

Khan A, Wang F, Shal B, et al. Anti-neuropathic pain activity of Ajugarin-I via activation of Nrf2 signaling and inhibition of TRPV1/TRPM8
nociceptors in STZ-induced diabetic neuropathy. Pharmacol Res. 2022;183:106392. doi:10.1016/j.phrs.2022.106392

Forst T, Nguyen M, Forst S, Disselhoff B, Pohlmann T, Pfiitzner A. Impact of low frequency transcutaneous electrical nerve stimulation on
symptomatic diabetic neuropathy using the new Salutaris device. Diabetes Nutri Metab. 2004;17(3):163—168.

Slangen R, Schaper NC, Faber CG, et al. Spinal cord stimulation and pain relief in painful diabetic peripheral neuropathy: a prospective
two-center randomized controlled trial. Diabetes Care. 2014;37(11):3016-3024. doi:10.2337/dc14-0684

Dibner C, Schibler U, Albrecht U. The mammalian circadian timing system: organization and coordination of central and peripheral clocks.
Annu Rev Physiol. 2010;72:517-549. doi:10.1146/annurev-physiol-021909-135821

Takahashi JS. Transcriptional architecture of the mammalian circadian clock. Nat Rev Genet. 2017;18(3):164—179. doi:10.1038/nrg.2016.150
Paschos GK, FitzGerald GA. Circadian clocks and vascular function. Circulat Res. 2010;106(5):833-841. doi:10.1161/CIRCRESAHA.109.211706
Perissin L, Boccalon S, Scaggiante B, Petrelli L, Ortolani F, Porro CA. Diurnal changes of tonic nociceptive responses in mice: evidence for
a proalgesic role of melatonin. Pain. 2004;110(1-2):250-258. doi:10.1016/j.pain.2004.03.039

Kotani N, Kushikata T, Hashimoto H, et al. Intrathecal methylprednisolone for intractable postherpetic neuralgia. New Engl J Med. 2000;343
(21):1514-1519. doi:10.1056/NEJM200011233432102

Journal of Pain Research 2024:17 hetps: 3017

Dove:


https://doi.org/10.1155/2021/6612063
https://doi.org/10.2337/dc16-2042
https://doi.org/10.1155/2017/5825971
https://doi.org/10.1089/ars.2021.0123
https://doi.org/10.3389/fphar.2019.00347
https://doi.org/10.1002/14651858.CD011605.pub2
https://doi.org/10.1002/14651858.CD011605.pub2
https://doi.org/10.1001/archinte.1991.00400110079017
https://doi.org/10.1007/s11095-017-2142-2
https://doi.org/10.1080/10717544.2018.1431981
https://doi.org/10.1111/j.1529-8027.2012.00391.x
https://doi.org/10.1001/archneur.61.6.914
https://doi.org/10.1021/acs.molpharmaceut.9b01027
https://doi.org/10.3389/fnins.2020.570831
https://doi.org/10.2337/dc14-1044
https://doi.org/10.1111/jdi.13013
https://doi.org/10.1080/13543784.2023.2219388
https://doi.org/10.1007/s10787-022-01033-8
https://doi.org/10.1007/s10787-022-01033-8
https://doi.org/10.1093/pm/pnz140
https://doi.org/10.1136/bmjdrc-2022-003062
https://doi.org/10.1136/bmjdrc-2022-003062
https://doi.org/10.1039/C9FO00881K
https://doi.org/10.1007/s00213-019-05443-5
https://doi.org/10.1016/j.fct.2023.113742
https://doi.org/10.1016/j.fct.2023.113742
https://doi.org/10.1016/j.ejphar.2020.173266
https://doi.org/10.1016/j.ejphar.2020.173266
https://doi.org/10.1016/j.ijpharm.2023.123549
https://doi.org/10.1016/j.phrs.2022.106392
https://doi.org/10.2337/dc14-0684
https://doi.org/10.1146/annurev-physiol-021909-135821
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1161/CIRCRESAHA.109.211706
https://doi.org/10.1016/j.pain.2004.03.039
https://doi.org/10.1056/NEJM200011233432102
https://www.dovepress.com
https://www.dovepress.com

Yang et al Dove

76

71.

78.
79.
80.

. Man K, Loudon A, Chawla A. Immunity around the clock. Science. 2016;354(6315):999-1003. doi:10.1126/science.aah4966

Bumgarner JR, Walker WH, Nelson RJ. Circadian rhythms and pain. Neurosci Biobehav Rev. 2021;129:296-306. doi:10.1016/].
neubiorev.2021.08.004

Vetter C. Circadian disruption: what do we actually mean? Europ J Neurosci. 2020;51(1):531-550. doi:10.1111/ejn.14255

Pieh C, Jank R, Wail} C, et al. Night-shift work increases cold pain perception. Sleep Med. 2018;45:74-79. doi:10.1016/j.sleep.2017.12.014
Matre D, Knardahl S, Nilsen KB. Night-shift work is associated with increased pain perception. Scand J Work Environ Health. 2017;43
(3):260-268. doi:10.5271/sjweh.3627

81. Bass J, Lazar MA. Circadian time signatures of fitness and disease. Science. 2016;354(6315):994-999. doi:10.1126/science.aah4965
82. Jones CR, Huang AL, Ptacek LJ, Fu YH. Genetic basis of human circadian rhythm disorders. Exp Neurol. 2013;243:28-33. doi:10.1016/j.
expneurol.2012.07.012
83. Ruan W, Yuan X, Eltzschig HK. Circadian rhythm as a therapeutic target. Nat Rev Drug Discov. 2021;20(4):287-307. doi:10.1038/s41573-020-
00109-w
84. Castellano C, Puglisi-Allegra S, Renzi P, Oliverio A. Genetic differences in daily rhythms of pain sensitivity in mice. Pharmacol Biochem
Behav. 1985;23(1):91-92. doi:10.1016/0091-3057(85)90135-2
85. Knezevic NN, Nader A, Pirvulescu I, Pynadath A, Rahavard BB, Candido KD. Circadian pain patterns in human pain conditions - A systematic
review. Pain Pract. 2023;23(1):94-109. doi:10.1111/papr.13149
86. Burish MJ, Chen Z, Yoo SH. Emerging relevance of circadian rhythms in headaches and neuropathic pain. Acta Physiolog. 2019;225(1):e13161.
doi:10.1111/apha.13161
87. Tanaka Y, Shigetoh H, Sato G, et al. Classification of circadian pain rhythms and pain characteristics in chronic pain patients: an observational
study. Medicine. 2021;100(25):€26500. doi:10.1097/MD.0000000000026500
88. Woolf CJ, Mannion RJ. Neuropathic pain: aetiology, symptoms, mechanisms, and management. Lancet. 1999;353(9168):1959-1964.
doi:10.1016/S0140-6736(99)01307-0
89. Turk DC, Dworkin RH, Allen RR, et al. Core outcome domains for chronic pain clinical trials: IMMPACT recommendations. Pain. 2003;106
(3):337-345. doi:10.1016/j.pain.2003.08.001
90. Korszun A. Sleep and circadian rhythm disorders in fibromyalgia. Curr Rheumatol Rep. 2000;2(2):124-130. doi:10.1007/s11926-000-0052-4
91. Gaudet AD, Fonken LK, Ayala MT, et al. Spinal Cord Injury in Rats Disrupts the Circadian System. eNeuro. 2018;5(6). doi:10.1523/
ENEURO.0328-18.2018
92. Koop SM, ten Klooster PM, Vonkeman HE, Steunebrink LM, van de Laar MA. Neuropathic-like pain features and cross-sectional associations
in rheumatoid arthritis. Arthritis Res Therapy. 2015;17(1):237. doi:10.1186/s13075-015-0761-8
93. Gilron I, Bailey JM, Vandenkerkhof EG. Chronobiological characteristics of neuropathic pain: clinical predictors of diurnal pain rhythmicity.
Clin J Pain. 2013;29(9):755-759. doi:10.1097/AJP.0b013e318275f287
94. Odrcich M, Bailey JM, Cahill CM, Gilron I. Chronobiological characteristics of painful diabetic neuropathy and postherpetic neuralgia: diurnal
pain variation and effects of analgesic therapy. Pain. 2006;120(1-2):207-212. doi:10.1016/j.pain.2005.10.007
95. Xia T, Cui Y, Qian Y, et al. Regulation of the NR2B-CREB-CRTC1 signaling pathway contributes to circadian pain in murine model of chronic
constriction injury. Anesthesia Analg. 2016;122(2):542-552. doi:10.1213/ANE.0000000000000991
96. Lindsay JH, Glass JD, Amicarelli M, Prosser RA. The mammalian circadian clock in the suprachiasmatic nucleus exhibits rapid tolerance to
ethanol in vivo and in vitro. Alcohol Clin Exp Res. 2014;38(3):760-769. doi:10.1111/acer.12303
97. Koyanagi S, Kusunose N, Taniguchi M, et al. Glucocorticoid regulation of ATP release from spinal astrocytes underlies diurnal exacerbation of
neuropathic mechanical allodynia. Nat Commun. 2016;7:13102. doi:10.1038/ncomms13102
98. Kim HK, Lee SY, Koike N, et al. Circadian regulation of chemotherapy-induced peripheral neuropathic pain and the underlying transcriptomic
landscape. Sci Rep. 2020;10(1):13844. doi:10.1038/s41598-020-70757-w
99. Odo M, Koh K, Takada T, et al. Changes in circadian rhythm for mRNA expression of melatonin 1A and 1B receptors in the hypothalamus
under a neuropathic pain-like state. Synapse. 2014;68(4):153—158. doi:10.1002/syn.21728
100. Takada T, Yamashita A, Date A, et al. Changes in the circadian rhythm of mRNA expression for p-opioid receptors in the periaqueductal gray
under a neuropathic pain-like state. Synapse. 2013;67(5):216-223. doi:10.1002/syn.21633
101. Labrecque G, Vanier MC. Biological rhythms in pain and in the effects of opioid analgesics. Pharmacol Ther. 1995;68(1):129—147.
doi:10.1016/0163-7258(95)02003-9
102. Nakao A. Temporal regulation of cytokines by the circadian clock. J Immunol Res. 2014;2014:614529. doi:10.1155/2014/614529
103. Cermakian N, Lange T, Golombek D, et al. Crosstalk between the circadian clock circuitry and the immune system. Chronobiol Int. 2013;30
(7):870-888. doi:10.3109/07420528.2013.782315
104. Bruguerolle B, Labrecque G. Rhythmic pattern in pain and their chronotherapy. Adv Drug Delivery Rev. 2007;59(9—-10):883—-895. doi:10.1016/].
addr.2006.06.001
105. McClung CA. Circadian genes, rhythms and the biology of mood disorders. Pharmacol Ther. 2007;114(2):222-232. doi:10.1016/.
pharmthera.2007.02.003
106. Smolensky MH, Portaluppi F, Manfredini R, et al. Diurnal and twenty-four hour patterning of human diseases: acute and chronic common and
uncommon medical conditions. Sleep Med Rev. 2015;21:12-22. doi:10.1016/j.smrv.2014.06.005
107. Ellis A, Bennett DL. Neuroinflammation and the generation of neuropathic pain. Br J Anaesth. 2013;111(1):26-37. doi:10.1093/bja/aet128
108. Zhang J, Li H, Teng H, et al. Regulation of peripheral clock to oscillation of substance P contributes to circadian inflammatory pain.
Anesthesiology. 2012;117(1):149-160. doi:10.1097/ALN.0b013e31825b4fcl
109. Morioka N, Saeki M, Sugimoto T, et al. Downregulation of the spinal dorsal horn clock gene Perl expression leads to mechanical
hypersensitivity via c-jun N-terminal kinase and CCL2 production in mice. Molec Cellul Neurosci. 2016;72:72-83. doi:10.1016/j.
men.2016.01.007
110. Zhao H, Alam A, Chen Q, et al. The role of microglia in the pathobiology of neuropathic pain development: what do we know? Br J Anaesth.
2017;118(4):504-516. doi:10.1093/bja/aex006
111. Ji RR, Chamessian A, Zhang YQ. Pain regulation by non-neuronal cells and inflammation. Science. 2016;354(6312):572-577. doi:10.1126/
science.aaf8924
3018 e Journal of Pain Research 2024:17

Dove!


https://doi.org/10.1126/science.aah4966
https://doi.org/10.1016/j.neubiorev.2021.08.004
https://doi.org/10.1016/j.neubiorev.2021.08.004
https://doi.org/10.1111/ejn.14255
https://doi.org/10.1016/j.sleep.2017.12.014
https://doi.org/10.5271/sjweh.3627
https://doi.org/10.1126/science.aah4965
https://doi.org/10.1016/j.expneurol.2012.07.012
https://doi.org/10.1016/j.expneurol.2012.07.012
https://doi.org/10.1038/s41573-020-00109-w
https://doi.org/10.1038/s41573-020-00109-w
https://doi.org/10.1016/0091-3057(85)90135-2
https://doi.org/10.1111/papr.13149
https://doi.org/10.1111/apha.13161
https://doi.org/10.1097/MD.0000000000026500
https://doi.org/10.1016/S0140-6736(99)01307-0
https://doi.org/10.1016/j.pain.2003.08.001
https://doi.org/10.1007/s11926-000-0052-4
https://doi.org/10.1523/ENEURO.0328-18.2018
https://doi.org/10.1523/ENEURO.0328-18.2018
https://doi.org/10.1186/s13075-015-0761-8
https://doi.org/10.1097/AJP.0b013e318275f287
https://doi.org/10.1016/j.pain.2005.10.007
https://doi.org/10.1213/ANE.0000000000000991
https://doi.org/10.1111/acer.12303
https://doi.org/10.1038/ncomms13102
https://doi.org/10.1038/s41598-020-70757-w
https://doi.org/10.1002/syn.21728
https://doi.org/10.1002/syn.21633
https://doi.org/10.1016/0163-7258(95)02003-9
https://doi.org/10.1155/2014/614529
https://doi.org/10.3109/07420528.2013.782315
https://doi.org/10.1016/j.addr.2006.06.001
https://doi.org/10.1016/j.addr.2006.06.001
https://doi.org/10.1016/j.pharmthera.2007.02.003
https://doi.org/10.1016/j.pharmthera.2007.02.003
https://doi.org/10.1016/j.smrv.2014.06.005
https://doi.org/10.1093/bja/aet128
https://doi.org/10.1097/ALN.0b013e31825b4fc1
https://doi.org/10.1016/j.mcn.2016.01.007
https://doi.org/10.1016/j.mcn.2016.01.007
https://doi.org/10.1093/bja/aex006
https://doi.org/10.1126/science.aaf8924
https://doi.org/10.1126/science.aaf8924
https://www.dovepress.com
https://www.dovepress.com

Dove

Yang et al

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.
125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Decosterd I, Woolf CJ. Spared nerve injury: an animal model of persistent peripheral neuropathic pain. Pain. 2000;87(2):149—158. doi:10.1016/
S0304-3959(00)00276-1

Bennett GJ, Xie YK. A peripheral mononeuropathy in rat that produces disorders of pain sensation like those seen in man. Pain. 1988;33
(1):87-107. doi:10.1016/0304-3959(88)90209-6

Wodarski R, Clark AK, Grist J, Marchand F, Malcangio M. Gabapentin reverses microglial activation in the spinal cord of
streptozotocin-induced diabetic rats. Europ J Pain. 2009;13(8):807-811. doi:10.1016/j.ejpain.2008.09.010

Zhang TT, Xue R, Fan SY, et al. Ammoxetine attenuates diabetic neuropathic pain through inhibiting microglial activation and neuroinflamma-
tion in the spinal cord. J Neuroinflammation. 2018;15(1):176. doi:10.1186/s12974-018-1216-3

Tsuda M, Ueno H, Kataoka A, Tozaki-Saitoh H, Inoue K. Activation of dorsal horn microglia contributes to diabetes-induced tactile allodynia
via extracellular signal-regulated protein kinase signaling. Glia. 2008;56(4):378-386. doi:10.1002/glia.20623

Wang D, Couture R, Hong Y. Activated microglia in the spinal cord underlies diabetic neuropathic pain. Eur J Pharmacol. 2014;728:59-66.
doi:10.1016/j.ejphar.2014.01.057

Ji RR, Gereau RW, Malcangio M, Strichartz GR. MAP kinase and pain. Brain Res Rev. 2009;60(1):135-148. doi:10.1016/j.
brainresrev.2008.12.011

Xing L, Yang T, Cui S, Chen G. Connexin hemichannels in astrocytes: role in CNS disorders. Front Mol Neurosci. 2019;12:23. doi:10.3389/
famol.2019.00023

Ge MM, Zhou YQ, Tian XB, et al. Src-family protein tyrosine kinases: a promising target for treating chronic pain. Biomed Pharmacothe.
2020;125:110017. doi:10.1016/j.biopha.2020.110017

Liu XJ, Gingrich JR, Vargas-Caballero M, et al. Treatment of inflammatory and neuropathic pain by uncoupling Src from the NMDA receptor
complex. Nature Med. 2008;14(12):1325-1332. doi:10.1038/nm.1883

Tsuda M, Inoue K, Salter MW. Neuropathic pain and spinal microglia: a big problem from molecules in ”small” glia. Trends Neurosci. 2005;28
(2):101-107. doi:10.1016/j.tins.2004.12.002

Rajchgot T, Thomas SC, Wang JC, et al. Neurons and microglia; a sickly-sweet duo in diabetic pain neuropathy. Front Neurosci. 2019;13:25.
doi:10.3389/fnins.2019.00025

Tsuda M. Microglia in the spinal cord and neuropathic pain. J Diabetes Invest. 2016;7(1):17-26. doi:10.1111/jdi.12379

Koss K, Churchward MA, Tsui C, Todd KG. In vitro priming and hyper-activation of brain microglia: an assessment of phenotypes. Molecul
Neurobiol. 2019;56(9):6409-6425. doi:10.1007/s12035-019-1529-y

Littlefield A, Kohman RA. Differential response to intrahippocampal interleukin-4/interleukin-13 in aged and exercise mice. Neuroscience.
2017;343:106-114. doi:10.1016/j.neuroscience.2016.11.027

Wu J, Ding DH, Li QQ, Wang XY, Sun YY, Li LJ. Lipoxin A4 regulates lipopolysaccharide-induced BV2 microglial activation and
differentiation via the notch signaling pathway. Front Cell Neurosci. 2019;13:19. doi:10.3389/fncel.2019.00019

Gong X, Chen Y, Fu B, Jiang J, Zhang M. Infant nerve injury induces delayed microglial polarization to the M1 phenotype, and exercise
reduces delayed neuropathic pain by modulating microglial activity. Neuroscience. 2017;349:76—86. doi:10.1016/j.neuroscience.2017.02.051
Tang Y, Le W. Differential roles of M1 and M2 microglia in neurodegenerative diseases. Molecul Neurobiol. 2016;53(2):1181-1194.
doi:10.1007/s12035-014-9070-5

Fonken LK, Weber MD, Daut RA, et al. Stress-induced neuroinflammatory priming is time of day dependent. Psychoneuroendocrinology.
2016;66:82-90. doi:10.1016/j.psyneuen.2016.01.006

Fonken LK, Frank MG, Kitt MM, Barrientos RM, Watkins LR, Maier SF. Microglia inflammatory responses are controlled by an intrinsic
circadian clock. Brain Behav Immun. 2015;45:171-179. doi:10.1016/j.bbi.2014.11.009

Hayashi Y, Koyanagi S, Kusunose N, et al. The intrinsic microglial molecular clock controls synaptic strength via the circadian expression of
cathepsin S. Sci Rep. 2013;3:2744. doi:10.1038/srep02744

Castanon-Cervantes O, Wu M, Ehlen JC, et al. Dysregulation of inflammatory responses by chronic circadian disruption. J Immunol. 2010;185
(10):5796-5805. doi:10.4049/jimmunol.1001026

Srinivasan V, Pandi-Perumal SR, Spence DW, et al. Potential use of melatonergic drugs in analgesia: mechanisms of action. Brain Res Bull.
2010;81(4-5):362-371. doi:10.1016/j.brainresbull.2009.12.001

Mauriz JL, Collado PS, Veneroso C, Reiter RJ, Gonzalez-Gallego J. A review of the molecular aspects of melatonin’s anti-inflammatory
actions: recent insights and new perspectives. J Pin Res. 2013;54(1):1-14. doi:10.1111/.1600-079X.2012.01014.x

Warfield AE, Prather JF, Todd WD. Systems and circuits linking chronic pain and circadian rhythms. Front Neurosci. 2021;15:705173.
doi:10.3389/fnins.2021.705173

Gilron I, Ghasemlou N. Chronobiology of chronic pain: focus on diurnal rhythmicity of neuropathic pain. Current Opin Support Palliat Care.
2014;8(4):429-436. doi:10.1097/SPC.0000000000000085

Gilron I, Bailey JM, Tu D, Holden RR, Weaver DF, Houlden RL. Morphine, gabapentin, or their combination for neuropathic pain. New Engl
J Med. 2005;352(13):1324-1334. doi:10.1056/NEJMo0a042580

Gilron I, Bailey JM, Tu D, Holden RR, Jackson AC, Houlden RL. Nortriptyline and gabapentin, alone and in combination for neuropathic pain:
a double-blind, randomised controlled crossover trial. Lancet. 2009;374(9697):1252—1261. doi:10.1016/S0140-6736(09)61081-3

Walton JC, Walker WH, Bumgarner JR, et al. Circadian variation in efficacy of medications. Clin Pharmacol Ther. 2021;109(6):1457-1488.
doi:10.1002/cpt.2073

Palada V, Gilron I, Canlon B, Svensson CI, Kalso E. The circadian clock at the intercept of sleep and pain. Pain. 2020;161(5):894-900.
doi:10.1097/.pain.0000000000001786

Becker-Krail DD, Walker WH, Nelson RJ. The Ventral Tegmental Area and nucleus accumbens as circadian oscillators: implications for drug
abuse and substance use disorders. Front Physiol. 2022;13:886704. doi:10.3389/fphys.2022.886704

Fan B, Li C, Szalad A, et al. Mesenchymal stromal cell-derived exosomes ameliorate peripheral neuropathy in a mouse model of diabetes.
Diabetologia. 2020;63(2):431-443. doi:10.1007/300125-019-05043-0

Liu W, Rong Y, Wang J, et al. Exosome-shuttled miR-216a-5p from hypoxic preconditioned mesenchymal stem cells repair traumatic spinal
cord injury by shifting microglial M1/M2 polarization. J Neuroinflammation. 2020;17(1):47. doi:10.1186/s12974-020-1726-7

Journal of Pain Research 2024:17 hetps: 3019

Dove:


https://doi.org/10.1016/S0304-3959(00)00276-1
https://doi.org/10.1016/S0304-3959(00)00276-1
https://doi.org/10.1016/0304-3959(88)90209-6
https://doi.org/10.1016/j.ejpain.2008.09.010
https://doi.org/10.1186/s12974-018-1216-3
https://doi.org/10.1002/glia.20623
https://doi.org/10.1016/j.ejphar.2014.01.057
https://doi.org/10.1016/j.brainresrev.2008.12.011
https://doi.org/10.1016/j.brainresrev.2008.12.011
https://doi.org/10.3389/fnmol.2019.00023
https://doi.org/10.3389/fnmol.2019.00023
https://doi.org/10.1016/j.biopha.2020.110017
https://doi.org/10.1038/nm.1883
https://doi.org/10.1016/j.tins.2004.12.002
https://doi.org/10.3389/fnins.2019.00025
https://doi.org/10.1111/jdi.12379
https://doi.org/10.1007/s12035-019-1529-y
https://doi.org/10.1016/j.neuroscience.2016.11.027
https://doi.org/10.3389/fncel.2019.00019
https://doi.org/10.1016/j.neuroscience.2017.02.051
https://doi.org/10.1007/s12035-014-9070-5
https://doi.org/10.1016/j.psyneuen.2016.01.006
https://doi.org/10.1016/j.bbi.2014.11.009
https://doi.org/10.1038/srep02744
https://doi.org/10.4049/jimmunol.1001026
https://doi.org/10.1016/j.brainresbull.2009.12.001
https://doi.org/10.1111/j.1600-079X.2012.01014.x
https://doi.org/10.3389/fnins.2021.705173
https://doi.org/10.1097/SPC.0000000000000085
https://doi.org/10.1056/NEJMoa042580
https://doi.org/10.1016/S0140-6736(09)61081-3
https://doi.org/10.1002/cpt.2073
https://doi.org/10.1097/j.pain.0000000000001786
https://doi.org/10.3389/fphys.2022.886704
https://doi.org/10.1007/s00125-019-05043-0
https://doi.org/10.1186/s12974-020-1726-7
https://www.dovepress.com
https://www.dovepress.com

Yang et al Dove

145. Kim H, Wang SY, Kwak G, Yang Y, Kwon IC, Kim SH. Exosome-guided phenotypic switch of M1 to M2 macrophages for cutaneous wound
healing. Adv Sci. 2019;6(20):1900513. doi:10.1002/advs.201900513

146. Kusunose N, Koyanagi S, Hamamura K, et al. Molecular basis for the dosing time-dependency of anti-allodynic effects of gabapentin in
a mouse model of neuropathic pain. Molecular Pain. 2010;6:83. doi:10.1186/1744-8069-6-83

147. Akamine T, Koyanagi S, Kusunose N, et al. Dosing time-dependent changes in the analgesic effect of pregabalin on diabetic neuropathy in
mice. J Pharmacol Exp Ther. 2015;354(1):65-72. doi:10.1124/jpet.115.223891

148. Duffy JF, Cain SW, Chang AM, et al. Sex difference in the near-24-hour intrinsic period of the human circadian timing system. Proc Natl Acad
Sci USA. 2011;108:15602-15608. doi:10.1073/pnas.1010666108

149. Mogil JS. Sex differences in pain and pain inhibition: multiple explanations of a controversial phenomenon. Nat Rev Neurosci. 2012;13
(12):859-866. doi:10.1038/nrn3360

150. Ghazisaeidi S, Muley MM, Salter MW. Neuropathic pain: mechanisms, sex differences, and potential therapies for a global problem. Annu Rev
Pharmacol Toxicol. 2023;63:565-583. doi:10.1146/annurev-pharmtox-051421-112259

151. Coull JA, Beggs S, Boudreau D, et al. BDNF from microglia causes the shift in neuronal anion gradient underlying neuropathic pain. Nature.
2005;438(7070):1017-1021. doi:10.1038/nature04223

152. Won S, Park K, Lim H, Lee SJ. Sexual dimorphism in cognitive disorders in a murine model of neuropathic pain. Behav Brain Funct. 2020;16
(1):1. doi:10.1186/s12993-019-0164-0

153. Wen Y, Fan X, Bu H, et al. Downregulation of IncRNA FIRRE relieved the neuropathic pain of female mice by suppressing HMGBI
expression. Mol Cell Biochem. 2021;476(2):841-852. doi:10.1007/s11010-020-03949-7

154. Karshikoff B, Lekander M, Soop A, et al. Modality and sex differences in pain sensitivity during human endotoxemia. Brain Behav Immun.
2015;46:35-43. doi:10.1016/j.bbi.2014.11.014

155. Mogil JS. Qualitative sex differences in pain processing: emerging evidence of a biased literature. Nat Rev Neurosci. 2020;21(7):353-365.
doi:10.1038/s41583-020-0310-6

156. Fillingim RB, King CD, Ribeiro-Dasilva MC, Rahim-Williams B, Riley JL. Sex, gender, and pain: a review of recent clinical and experimental
findings. J Pain. 2009;10(5):447—-485. doi:10.1016/j.jpain.2008.12.001

157. Niesters M, Dahan A, Kest B, et al. Do sex differences exist in opioid analgesia? A systematic review and meta-analysis of human experimental
and clinical studies. Pain. 2010;151(1):61-68. doi:10.1016/j.pain.2010.06.012

158. Lembach A, Stahr A, Ali AAH, Ingenwerth M, von Gall C. Sex-dependent effects of bmall-deficiency on mouse cerebral cortex infarction in
response to photothrombotic stroke. Int J Mol Sci. 2018;19(10):3124. doi:10.3390/ijms19103124

Journal of Pain Research Dove

Publish your work in this journal

The Journal of Pain Research is an international, peer reviewed, open access, online journal that welcomes laboratory and clinical findings in the
fields of pain research and the prevention and management of pain. Original research, reviews, symposium reports, hypothesis formation and
commentaries are all considered for publication. The manuscript management system is completely online and includes a very quick and fair
peer-review system, which is all easy to use. Visit http:/www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/journal-of-pain-research-journal

3020 3w in B Dove Journal of Pain Research 2024:17


https://doi.org/10.1002/advs.201900513
https://doi.org/10.1186/1744-8069-6-83
https://doi.org/10.1124/jpet.115.223891
https://doi.org/10.1073/pnas.1010666108
https://doi.org/10.1038/nrn3360
https://doi.org/10.1146/annurev-pharmtox-051421-112259
https://doi.org/10.1038/nature04223
https://doi.org/10.1186/s12993-019-0164-0
https://doi.org/10.1007/s11010-020-03949-7
https://doi.org/10.1016/j.bbi.2014.11.014
https://doi.org/10.1038/s41583-020-0310-6
https://doi.org/10.1016/j.jpain.2008.12.001
https://doi.org/10.1016/j.pain.2010.06.012
https://doi.org/10.3390/ijms19103124
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Main Body
	Diabetic Neuropathic Pain
	The Pathogenesis of DNP
	Treatment of DNP
	Circadian Rhythm
	Circadian Rhythm in Pain Response
	Animal Model and Circadian Rhythm of Neuropathic Pain
	The Mechanism of Circadian Rhythm of Neuropathic Pain
	Circadian Rhythm of Microglia
	Clinical Experiment and Treatment of Neuropathic Pain Circadian Rhythm
	Gender Differences in Circadian Rhythm System and Neuropathic Pain

	Discussion
	Acknowledgments
	Funding
	Disclosure

