Drugs
https://doi.org/10.1007/540265-020-01259-2

REVIEW ARTICLE q

Check for
updates

Treating Pain in Diabetic Neuropathy: Current and Developmental
Drugs

Uazman Alam'?3® . Gordon Sloan* - Solomon Tesfaye*>

© Springer Nature Switzerland AG 2020

Abstract

There is a high prevalence of painful diabetic polyneuropathy (pDPN) with around one-third of all patients with diabetes
suffering from pDPN. pDPN has debilitating consequences, with a major impact on morbidity and quality of life. Unfortu-
nately, there is no globally licenced pharmacotherapy that modulates the underlying disease mechanisms to prevent or halt
the progression of diabetic neuropathy. The cornerstone of treatment therefore remains optimising glycaemic control and
cardiovascular risk factors, and symptom control. Evidence from placebo-controlled studies has shown that antidepressants
and anticonvulsants are effective for alleviating pDPN. Current clinical guidelines recommend the treatment of pDPN through
the use of amitriptyline (tricyclic antidepressant), duloxetine (serotonin norepinephrine reuptake inhibitor), gabapentin and
pregabalin (a2-0 ligands), tramadol and tapentadol (u receptor agonists and norepinephrine reuptake inhibitors) and topical
agents such as capsaicin (transient receptor potential V1 receptor desensitizer), although the latter is known to cause degen-
eration of small nerve fibers. pDPN can be difficult to treat, which frustrates healthcare providers, patients and caregivers.
There is an additional need for clinical trials of novel therapeutic agents and optimal combinations for the management
of pDPN. This article reviews the pharmacological management of pDPN, emerging therapies, the difficulties of placebo
response in clinical trials and novel proposed biomarkers of treatment response.

and is projected to rise to 5 million by 2025 [2]. The earliest
presenting and most prevalent complication of diabetes is
diabetic peripheral neuropathy (DPN) and it is the primary
cause of diabetic foot disease, including ulceration and non-

1 Introduction

Diabetes has reached epidemic proportions worldwide, with
the International Diabetes Federation estimating a preva-

lence of 425 million people worldwide in 2017, which will
rise to 628 million by 2045 [1]. In the UK, the prevalence
of diabetes currently stands at around 3.8 million people
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traumatic amputations [3]. DPN is enormously expensive to
healthcare systems, with around one-quarter of the diabetes
healthcare expenditure in the USA spent on DPN and its
sequelae [4]. Up to one-third of patients with DPN suffer
with neuropathic pain (painful diabetic polyneuropathy,
pDPN) [5-7]. This condition causes a series of unpleasant
symptoms, which often results in sleep disturbance, poor
quality of life, depression, and unemployment [8—11]. The
treatment of pDPN continues to pose a major challenge. In
this narrative review, we evaluate the evidence on currently
utilized pharmacotherapy with an additional focus on emerg-
ing therapies.

2 Methods

A comprehensive literature review was undertaken,
incorporating article searches in electronic databases
(EMBASE/MEDLINE, PubMed, OVID) using keywords,
for example: ‘painful diabetic neuropathy’, ‘antidepressants’,
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Painful diabetic neuropathy predominantly affects the
feet and legs, and arises as a direct consequence of
abnormalities of the somatosensory system. A large
proportion of patients never receive treatment.

Specific risk factors for painful diabetic neuropathy are
not entirely clear. However, underlying cardiovascular
risk co-variates including glycaemic control, hyperten-
sion, hyperlipidaemia, and smoking, should be modified
to prevent the progression of diabetic neuropathy.

Pharmacological treatments for painful diabetic neuropa-
thy include antidepressants (serotonin norepinephrine
reuptake inhibitors and tricyclics) and anticonvulsants,
which are considered to be first-line agents but only pro-
vide partial pain relief. Novel agents are in the pipeline
that are currently in or have completed phase II and III
trials.

‘anticonvulsants’, and reference lists of relevant articles with
the authors’ expertise in pDPN. Articles published from
inception of databases to November 2019 were identified.
Authors excluded studies that were not considered relevant
to the aims of this article. Further appraisal of selected arti-
cles was undertaken and relevant explanatory data from the
selected articles were included in the review as descriptive
prose. Reported trials have focused on typical symmetrical
pDPN and not other forms of peripheral nerve lesions/dis-
ease in diabetes, i.e. mononeuritis multiplex, diabetic amyo-
trophy, etc. Included studies used standard definitions and
diagnostic criteria for pDPN.

3 Epidemiology

The reported prevalence of DPN is widely variable within
the literature. Epidemiological studies have examined het-
erogenous patient populations and used different case-def-
initions for neuropathy [12]. A seminal study assessed the
prevalence of DPN longitudinally over 25 years in a large
number of patients (N =4400), using reduced sensation
or decreased or absent ankle reflexes to define DPN [13].
At 25 years 50% of patients had DPN, and the diagnosis
positively correlated with the duration of diabetes. Another
large multicentre study (N=6500) of patients with predomi-
nantly type 2 diabetes (T2D) found 28.5% of the popula-
tion had DPN, with increasing prevalence related to older
age and duration of diabetes [14]. The PROMISE study
followed patients at risk of developing diabetes longitudi-
nally [15]. Interestingly, the prevalence of neuropathy was

A\ Adis

50% in patients who developed diabetes, 49% in those with
pre-diabetes and 29% in controls [16]. The progression of
glucose intolerance over 3 years predicted a higher risk of
peripheral neuropathy (P =0.007) and nerve dysfunction
(P=0.002) [16].

In the Diabetes Control and Complications Trial (DCCT),
the prevalence of DPN in the conventional treatment arm
was ~20%, whilst in the intensive treatment arm it was 10%
after 5 years, in those with type 1 diabetes (T1D) who were
non-neuropathic at baseline [17]. The Epidemiology of
Diabetes Interventions and Complications (EDIC) was the
observational follow-up of DCCT. The study showed that
after approximately 26 years of diabetes, DPN was present
in 25% and 35% of patients in the intensive and conventional
treatment arms, respectively [18]. The EURODIAB IDDM
study showed similar prevalence rates (28% DPN at base-
line) with risk factors including age, duration of diabetes,
HbA Ic and elevated triglycerides [19]. Even in adolescents
with diabetes there is an excessive burden of DPN. In the
SEARCH for Diabetes in Youth Study [20], in those of an
age of 20 years or less with a duration of diabetes of greater
than 5 years, the prevalence was 7% in patients with T1D
and 22% in T2D [21].

In general, there is a paucity of data on the prevalence of
pDPN. The reported prevalence has varied from 8 to 26%,
depending on the diagnostic criteria and population stud-
ied [5, 22]. However, in the largest community-based study
in the UK of ~ 15,000 patients with diabetes, one-third had
pDPN symptoms, regardless of their neuropathic deficit
[7]. There was an increased risk of painful symptoms in
patients with T2D, women and people of South Asian ori-
gin [7]. The prevalence of pDPN in the USA is estimated
at 20-24% among patients with peripheral neuropathy [23].
Unfortunately, there are data to suggest that mortality is
higher in patients with severe chronic pain [24]. Impor-
tantly, neuropathic pain in diabetes is under-reported. In a
population-based study (N=350), the prevalence of painful
DPN, as assessed by structured questionnaire and examina-
tion, was estimated at 16%; however, of these, 12.5% had
never reported symptoms to their doctor and 39% had never
received treatment for their pain [25]. Sadosky et al. [26]
also reported significant clinical misperceptions by health-
care professionals in the perceived prevalence of pDPN com-
pared to actual estimates reported by patients.

4 Symptoms and Signs of Diabetic
Polyneuropathy (DPN)

The International Association for the Study of Pain (IASP)
defines neuropathic pain as “pain initiated or caused by
a primary lesion or dysfunction in the nervous system”
[27]. The neuropathic pain features of DPN were notably
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documented by Pavy in the latter part of the 19th century,
and in an address to the British Medical Association, he
observed that pDPN was “of a burning and unremitting qual-
ity, often with a nocturnal exacerbation” [28].

DPN encompasses an array of both ‘positive’ and ‘nega-
tive’ sensory symptoms. The symptom of pain is a subjec-
tive experience that is the result of a complex interaction of
sensory input, mood and behaviour incorporating cultural
and societal influences. pDPN is often described as burning,
prickling or pins and needles, shooting or electric shock-like,
cramping, aching and hypersensitive to touch in the lower
limbs [12]. Nocturnal exacerbation is a typical characteristic
of pDPN often leading to sleep interference. Deep burning
pain is considered a good discriminator of painful neuropa-
thy as suggested by the EURODIAB study [19]. Of non-
painful symptoms, numbness (dead feeling) and tingling are
the most frequently experienced by patients with DPN [19].

5 Pharmacotherapy in Painful DPN

5.1 Current US Food and Drug Administration
Treatments

There is a paucity of disease-modifying therapies targeting
the natural history of DPN; therefore, symptomatic treat-
ment is the mainstay of management for pDPN. There are
currently four US Food and Drug Administration (FDA)-
approved treatments available to ameliorate pain of pDPN:
pregabalin (Lyrica), duloxetine (Cymbalta), fluoxetine (Pro-
zac) and tapentadol (Nucynta). Drugs approved for other
indications such as post-herpetic neuralgia include gabap-
entin (Neurontin) and lidocaine (Lidoderm patch). Tricyclic
antidepressants (TCA) such as amitriptyline are commonly
used ‘off label’ to treat pDPN.

Although fluoxetine has a label for the treatment of
pDPN, there is a lack of data to support its use, with only
one small study (N =12 participants) in pDPN included in
a Cochrane review [29]. Fluoxetine will not be considered
further due to a lack of evidence [29] and efficacy and lack
of any recommendation for use in international guidelines
[30-34]. Currently utilized pharmacotherapies are detailed
in Table 1.

5.2 Aldose Reductase Inhibitors and Alpha-Lipoic
Acid: Do They Provide Symptom Relief?

Aldose reductase inhibitors have been successful in revers-
ing experimental diabetic neuropathy [35], although this has
not been translated to human clinical trials [36]. A number
of aldose reductase inhibitors have been withdrawn due to
toxicity or lack of efficacy [36]. In addition, there is limited
evidence on their effects on symptom relief [36]. Epalrestat

is the only aldose reductase inhibitor licensed for the treat-
ment of DPN. It was initially licenced/marketed in Japan and
now is available in other counties such as India and China.
Of other disease-modifying agents, alpha-lipoic acid has
shown some benefit in treating neuropathic symptoms. The
SYDNEY 2 trial [37] and a meta-analysis of clinical trials
of alpha-lipoic acid suggested some improvement in nerve
function and symptoms [38]. However, it was acknowledged
that included studies had methodological flaws [38] and cur-
rently there is no recommendation for its use by the FDA
or the European Medicines Agency (EMA). In view of the
limited good quality methodological data on use in neuro-
pathic pain, the disease-modifying agents aldose reductase
inhibitors and alpha-lipoic acid, will not be further discussed
in this manuscript. Again, there is a lack of any recommen-
dation for their use in symptom control for pDPN in any
international guidelines [30-34].

5.3 International Consensus

There are five major international guidelines that give rec-
ommendations for the pharmacological treatment of pDPN
[30-34]. A summary of their recommendations is given in
Table 2. The American Diabetes Association (ADA), Ameri-
can Association of Clinical Endocrinologists (AACE) and
American Academy of Neurology (AAN) give recommen-
dations specifically for pDPN. However, the National Insti-
tute for Health and Care Excellence (NICE) guidelines offer
recommendations for neuropathic pain of all aetiologies and
the European Federation of Neurological Societies (EFNS)
for painful polyneuropathy, including pDPN.

Pregabalin, gabapentin, duloxetine/serotonin noradrena-
line re-uptake inhibitors (SNRIs) and amitriptyline/TCAs
are recommended as the first or second-line agents for the
treatment of pDPN in all five guidelines [30-34]. There
is consensus among all the guidelines in giving pregaba-
lin first-line status. Moreover, duloxetine/SNRIs are given
first-line status in all guidelines, with the exception of the
AAN as only one duloxetine trial was graded as class 1 evi-
dence, due to completion rates being < 80% in other dulox-
etine trials [31]. Additionally, gabapentin is given first- or
second-line status by all guidelines [33]. The guidelines
then differ on the selection and hierarchy of the other thera-
peutic agents. The ADA guidelines do not recommend any
other agents than pregabalin, gabapentin, amitriptyline and
duloxetine [31]. Agents other than gabapentanoids, TCAs
and SNRIs are all classed as less than first line [30, 32-34].

5.4 Gabapentanoids (Calcium Channel a,-6
Ligands)

The a,-0 ligands were initially developed as anticonvulsant
agents prior to being marketed for neuropathic pain [39,
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Table 1 Drug therapy for painful diabetic neuropathy

Treatment (references)

Initial dosage

Maintenance dosage

Common adverse reactions
and approximate prevalence

Serious adverse reactions

Anmitriptyline [73, 105,

107]

Duloxetine [134—136]

Gabapentin [54]

Pregabalin [77, 80]

Venlafaxine [140]

Tramadol [150]

Tapetandol Extended
Release (ER) [153—
155, 255]

10-25 mg once per day

60 mg once per day

100-300 mg, 1-3 times

per day

25-75 mg 2-3 times

per day (usual start-
ing dose is 75mg per
day/twice daily with
subsequent up-titration
depending on age and

renal function)

37.5 mg once per day

25-100 mg once daily

60-120 mg per day

1,200 mg-3,600 g per
day in 34 divided
dosages

150-600 mg in 2-3
divided dosages

75-225 mg per day

50 mg 1-4 times per day 100 mg four times

50 mg twice daily

per day

250 mg twice daily

Dry mouth (9-34%)
Sedation (34—46%)
Dizziness (5-21%)
Headache

Insomnia

Orthostatic hypotension

Nausea
Blurred vision
Urinary retention

Nausea (23-37%)
Dry mouth (12-32%)
Headache (12%)
Dizziness (9-20%)
Somnolence (9-20%)
Diarrhoea (8—14%)
Sweating (6-9%)
Tremor (3—-10%)
Insomnia (10%)
Constipation (10%)

Dizziness (19%)
Somnolence (14%)

Gait disturbance (14%)
Peripheral oedema (7%)

Dry mouth
Weight gain
Headache
Dizziness (7-28%)

Peripheral oedema (6-16%)

Somnolence (6-25%)
Weight gain (5-9%)
Weakness (2-9%)
Headache (7%)

Dry mouth (2-6%)

Nausea (10-22%)
Somnolence (15%)
Sweating (5-10%)
Vomiting (6%)
Insomnia (5-10%)
Diarrhoea

Dry mouth
Headache
Anorexia

Constipation (29%)
Somnolence (33%)
Nausea (26%)
Headache
Dizziness (36%)
Sweating

Constipation (~23%)
Somnolence (15%)
Nausea (30%)
Headache

Dizziness (24%)
Sweating

Cardiac arrhythmias
Seizures
Hepatotoxicity
Suicidal thoughts
Serotonin syndrome
Hyponatraemia
Interstitial lung disease

Serotonin syndrome
Stevens-Johnson syndrome
Urinary retention

Hepatic failure
Hypertensive crisis
Interstitial lung disease
Hyponatraemia

Serizures

Stevens-Johnson syndrome

Suicidal thoughts and behaviour
Seizures (after rapid discontinuation)
Confusion

Hepatitis

Withdrawal reactions

Angioedema

Stevens-Johnson syndrome
Hepatotoxicity

Rhabdomyolysis

Suicidal thoughts

Seizures (after rapid discontinuation)
Thrombocytopenia

Cardiac arrhythmia

Pulmonary oedema

Same as duloxetine

Seizures

Serotonin syndrome (particularly if
prescribed with selective seroto-
nin reuptake inhibitors (SSRIs),
serotonin-noradrenaline reuptake
inhibitors (SNRIs), tricyclic antide-
pressants, and antipsychotics)

Hallucinations

Opioid abuse/misuse

Same as tramadol and angioedema
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Table 2 Current guidelines for the treatment of painful diabetic neu-
ropathy

Treatment NICE AACE EFNS AAN ADA
Anmitriptyline 12 1 1 2 2
Duloxetine 1-2 1 1 2 1
Pregabalin 1-2 1 1 1 1
Gabapentin 1-2 1 1 2 2
Lidocaine 5% NM 2 NM 3 NM
Valproate NM NM NR 2 NM
Venlafaxine ER NR NM 1 2 NM
Capsaicin 0.075% 3 NM NR 2 NM
cream
Tramadol 3 (short term) 2 2-3 2
Tapentadol ER Researchrec- NM NM NM 3
ommendation
only
Dextromethorphan ~ NM NM NR 2 NM

Recommendations are indicated as 1=first choice, 2 =second choice
3 =third choice

ER extended release, NM not mentioned, NR not recommended,
NICENational Institute of Clinical Excellence[30], AACE American
Association of Clinical Endocrinologists [32], EFNSEuropean Fed-
eration of Neurological Societies Task Force [34], AAN American
Academy of Neurology [33], ADA American Diabetes Association
[31]

40]. Pregabalin and gabapentin are widely used pharma-
cotherapeutic agents for pDPN, whereas mirogabalin is an
emerging therapy in this drug class [39, 40]. Gabapentin
and pregabalin are y-aminobutyric acid (GABA) mimet-
ics; however, they do not bind to the GABA receptor, but
exert their analgesic effect through high affinity binding and
modulation of the calcium channel a,-8 proteins in the dor-
sal root ganglion (DRG) [40]. Modulation of these channels
decreases the number of synaptic vesicles fusing with the
presynaptic membrane, reducing the release of a number
of neurotransmitters (e.g. GABA, glutamate, noradrenaline,
substance P and calcitonin gene-related peptide) into the
synapse [40, 41]. Compared with other anticonvulsant drugs
the a,-6 ligands do not have significant drug interactions,
predominantly as a result of their lack of hepatic metabolism
or their modulation of cytochrome P450 activity [42].

5.5 Gabapentin

Gabapentin was the first a,-0 ligand to receive approval for
the treatment of neuropathic pain. It reaches a maximum
plasma concentration approximately 3 h after oral ingestion
[42-44]. Its half-life is 6-8 h, consequently the drug is typi-
cally administered three times daily [44]. A dosing regimen
with titration up to 1800 mg and maximum upper dose of
3600 mg is recommended in pDPN [45]. Dose adjustment

in individuals with a creatinine clearance of less than 79 ml/
min is also advised [46].

Backonja et al. performed an 8-week double-blind, rand-
omized, controlled trial (RCT) of gabapentin monotherapy
for the treatment of pDPN (N=165) [47]. The treatments
were titrated to a maximum tolerated dose over 4 weeks,
followed by a further 4-week fixed treatment period. The
highest dose of gabapentin, 3600 mg, was achieved by 67%
of patients. Compared with placebo, gabapentin-treated
patients had lower pain scores (p <0.001) with improve-
ments in quality of life, mood and sleep. The most common
adverse events associated with gabapentin were dizziness
(24%), somnolence (23%) and confusion (8%). Further
smaller studies have found gabapentin to be more effec-
tive than placebo at maximum doses of 1200 mg [48] and
3600 mg [49], but not 900 mg/day [50]. Comparator studies
have shown gabapentin to have equal [51] or superior effi-
cacy to amitriptyline [52]. In order to overcome the pharma-
cokinetic limitations of gabapentin, alternative preparations
have been trialed. A large RCT (N=421) of a gabapentin
pro-drug, gabapentin enacarbil, however did not lead to sig-
nificant reductions in the mean 24-h pain intensity score
compared with placebo [53].

Meta-analyses and systematic reviews have found gabap-
entin to be superior to placebo in the treatment of pDPN and
other aetiologies of neuropathic pain [54—-56]. A Cochrane
review of nine RCTs, including three unpublished stud-
ies [54], calculated a number-needed-to-treat for benefit
(NNTB) of 5.9 (95% confidence interval (CI) 4.6-8.3) to
reduce pain intensity by at least 50%. None of the included
studies met first-tier evidence criteria, nor were there any
unequivocally unbiased studies; however, the pain intensity
reduction was consistent across studies at gabapentin doses
of 1200 mg or more. Moreover, a recent meta-analysis by
the Neuropathic Pain Specialist Interest Group of the Inter-
national Association for the Study of Pain (NeuPSIG) found
gabapentin to have a NNTB of 6.3 (95% CI 5.0-8.3) [55].
Rudroju et al. [56] concluded from a network meta-analysis
comparing the efficacy and safety of six antidepressants
and anticonvulsants, that gabapentin was the most effica-
cious treatment. Gabapentin also showed the most favorable
benefit-risk balance and the fewest study withdrawals due to
adverse effects compared to the other five agents [56].

5.6 Pregabalin

Pregabalin is one of the most commonly recommended treat-
ments of neuropathic pain [31]. It is the second «,-0 ligand
to be developed and was granted approvals approximately
10 years after gabapentin. The pharmacological profile and
structure of pregabalin is similar to its predecessor [57].
However, it is more potent and displays a superior prefer-
able pharmacokinetic properties [43, 58]. It is absorbed
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more quickly from the gastrointestinal tract and achieves
peak blood concentrations 1 h after oral administration [43].
Unlike gabapentin, it has linear pharmacokinetics over its
recommended dose ranges. The average half-life is 6 h and
it is therefore normally administered in two or three divided
doses [43, 57]. Pregabalin may be initiated at 75 mg twice
per day and the maximal approved dose for the treatment of
pDPN is 300 mg in the USA and 600 mg in Europe [59].
Similar to gabapentin, a dose reduction is required if creati-
nine clearance is less than 60 ml/min.

Rosenstock et al. performed a double-blind RCT of pre-
gabalin 300 mg/day and placebo over a period of 8 weeks
(N=146) [60]. In comparison to placebo, the pregabalin-
treated group had a statistically significant reduction in mean
pain scores by the end of week 1, which persisted through-
out the study. Moreover, pregabalin treatment significantly
improved sleep interference, mood disturbance and tension
anxiety scores. Adverse events were more common in the
pregabalin-treated group (62% pregabalin vs. 29% placebo),
but these were mostly mild or moderate. Dizziness, somno-
lence, infection and peripheral edema were the most com-
monly reported adverse events. Subsequent studies have
found pregabalin at doses greater than 300 mg to be superior
to placebo, but associated with more adverse events than
lower doses [61-66]. When prescribed at sub-maximal doses
(i.e. 150-300 mg), some studies have shown pregabalin to
be superior to placebo, but a number of recent, and in some
cases very large, trials did not meet their primary endpoint
[53, 67-72]. A number of head-to-head studies have also
demonstrated a similar efficacy of pregabalin to a number
of other pharmacotherapeutic agents [53, 71-76]. Many of
these studies are quite small and are likely to be underpow-
ered [72-75]. However, a large RCT designed to assess the
efficacy of high-dose monotherapy or combination therapy
of pregabalin and duloxetine, found pregabalin 300 mg per
day was less efficacious than duloxetine 60 mg per day
during the 8-week monotherapy phase (N=804) [76].
When responders to monotherapy were removed from
the study, there was a trend towards superiority of prega-
balin 600 mg per day versus duloxetine 120 mg per day
(p=0.068), although the study was not designed to assess
this comparison.

Pooled analyses and systematic reviews consistently find
pregabalin to be more efficacious than placebo for treating
neuropathic pain at doses of 300 mg and 600 mg per day
[55, 77-84]. Higher doses are associated with more adverse
events but doses of < 150 mg are unlikely to be effective [77,
81]. A Cochrane Database review found the NNTB for 50%
pain reduction in pDPN to be 7.8 (95% CI 5.4—14) with pre-
gabalin 600 mg per day [77, 85]. In fact, a large percentage
of improvement in pDPN is thought to be associated with
improvements via an indirect effect of improving sleep [86].
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The most common adverse events related to pregabalin
are similar to those of gabapentin, including: dizziness, som-
nolence, euphoria, peripheral edema and weight gain [77,
87, 88]. These adverse events are typically mild or moder-
ate. Despite pregabalin being associated with weight gain,
Parsons et al. performed a pooled-analysis on data from 11
double-blind RCTs and found no clinically meaningful effect
of pregabalin on metabolic parameters such as HbAlc [89].

There have been recent concerns regarding the misuse
and safety of pregabalin and gabapentin, which has led to
its reclassification to a controlled drug in the UK [90, 91].
These changes have led to an increased regulation of the
prescription, storage, dispensing and disposal of both agents.
The change has been implemented due to increasing reports
of deaths, primarily with recreational misuse [92]. At thera-
peutic doses, pregabalin and gabapentin have a low risk of
addiction [93]. However, prescription of these agents should
be avoided, or administered with caution, in patients with
substance misuse disorders [90, 94].

5.7 Mirogabalin

Mirogabalin is an emerging a,-0 subunit ligand for the treat-
ment of neuropathic pain that has recently gained its first
approval in Japan [39, 95]. Whereas pregabalin and gabap-
entin are non-selective ligands for the a,-8-1 and o,-5-2
subunit of the voltage-gated calcium channel, mirogabalin
has a longer dissociation half-life against the «,-5-1 com-
pared with the ,-3-2 subunit [39, 96]. These unique bind-
ing characteristics may result in a putative improved safety
profile with superior analgesic effects. A recent large phase 3
RCT (N=2834) found mirogabalin 30 mg per day to be supe-
rior to placebo [97]. The most common adverse events were
similar to those seen using other a,-8 ligands, including:
somnolence, dizziness, peripheral edema and weight gain;
however, these were generally mild or moderately severe. A
phase 2 RCT of mirogabalin at doses of 15 mg, 20 mg and
30 mg per day found it to be superior to placebo in reduc-
ing mean daily pain scores [98]. Javed et al. compared the
efficacy of mirogabalin in these studies against other neuro-
pathic pain agent NNTs and suggested that mirogabalin may
have a similar efficacy but potentially lower rate of adverse
events [39]. Therefore, mirogabalin may be an efficacious
and tolerable treatment option for pDPN in the near future.

5.8 Tricyclic Antidepressants

TCAs were first developed in the 1950s, and remain popular
treatments for depression. Additionally, they are commonly
prescribed and recommended agents for the treatment of
neuropathic pain and pDPN [77]. Their analgesic action is
not completely understood but involves a multimodal mecha-
nism, including inhibition of noradrenaline and serotonin
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reuptake from the synaptic cleft, variable degrees of anticho-
linergic inhibition, indirect dopaminergic action and pos-
sibly sodium channel blockade [99—-101]. Amitriptyline is
the most commonly prescribed TCA for neuropathic pain.
It is rapidly absorbed, but has a low bioavailability because
of a large first-pass effect [102]. The terminal elimination
half-life ranges from 12.9-36.1 h. Dosing for neuropathic
pain starts at 10-25 mg in the evening with up-titration over
a number of weeks to a maximum dose of 75 mg per day, or
occasionally higher.

Small placebo-controlled RCTs have found amitriptyline
to be superior to placebo; however, in two of these studies
the dose used was over the recommended prescribing doses
in current clinical practice (> 100 mg/day) [74, 103—105].
Small comparator studies have shown amitriptyline to be
equally efficacious to a,-0 ligands [51, 73, 74, 106], other
TCAs [103, 105], topical capsaicin [107], lamotrigine [108]
and duloxetine [74, 109]. Meta-analyses have found amitrip-
tyline to be more effective than placebo in the treatment of
pDPN [110]. Finnerup et al. calculated the combined NNTB
for TCAs to be 3.6 (3.0-4.4), whereas the Cochrane Data-
base Library review calculated an NNTB of 5.1 (3.5-9.3) for
amitriptyline in the treatment of neuropathic pain [55, 111].
However, the Cochrane Collaboration review concluded that
there was a lack of supportive unbiased evidence for a ben-
eficial effect [111]. A network meta-analysis for commonly
used pDPN agents by Rudroju et al. found amitriptyline to
have the second lowest efficacy, only above placebo, with
the lowest safety profile and lowest benefit-risk balance [56].
Other small studies have shown efficacy of other TCA agents
(e.g. imipramine, nortriptyline and desipramine), although
the evidence for their use is limited [103, 105, 112-118].
Amitriptyline does not require dose adjustment in renal dys-
function but should be used with caution in patients with a
history of epilepsy, cardiovascular disease and in the elderly
[100-102]. Common adverse events include: drowsiness, dry
mouth, constipation, difficulty urinating, tachycardia, dizzi-
ness/postural hypotension, sexual dysfunction and headache
[111, 119]. Amitriptyline has been utilized as a first-line
agent for neuropathic pain for decades. Unfortunately, it has
limited robust supporting evidence and dose escalation may
often be restricted due to common adverse effects and co-
morbidities [56, 111].

5.9 Serotonin Norepinephrine Reuptake Inhibitors

Duloxetine is approved for the treatment neuropathic pain
and is one of the most widely studied, prescribed and rec-
ommended agents for pDPN. Duloxetine relieves neuro-
pathic pain through inhibition of serotonin and norepineph-
rine reuptake, which enhances descending inhibition of
pain [120-122]. Duloxetine is rapidly absorbed, reaching
maximal plasma concentrations approximately 6 h after

administration, reaching a steady state in the bloodstream
within 3 days [121]. Patients with hepatic impairment have
a reduced ability to metabolize and eliminate duloxetine;
therefore, it is not recommended in patients with hepatic
insufficiency [121, 123]. Dose adjustment is not required
in mild to moderate renal impairment, but prescription
is not recommended for patients with a creatinine clear-
ance <30 ml/min [123]. Co-prescription with serotonergic
drugs (e.g. selective serotonin reuptake inhibitors (SSRIs)
and TCAs) increases the risk of serotonin syndrome and
should be avoided, particularly monoamine oxidase inhibi-
tors or tramadol [123].

Goldstein et al. [124] performed an large placebo-con-
trolled RCT to determine the efficacy of duloxetine in the
treatment of pDPN (N =457). Participants were randomly
allocated to placebo or duloxetine at 20 mg, 60 mg or
120 mg, with a 1:1:1:1 allocation ratio. Duloxetine 60 mg
and 120 mg met the primary efficacy outcome, reducing
24-h average pain scores compared with placebo. Two fur-
ther RCTs similarly found duloxetine 60 mg and 120 mg to
be superior to placebo for pDPN [125, 126]. Adverse events
and study discontinuations were more common in the dulox-
etine-treated groups, including nausea, somnolence, dizzi-
ness, reduced appetite, dry mouth, anorexia, sweating and
weakness [124—126]. All three of the aforementioned stud-
ies found duloxetine to be safe and well tolerated in three
open-label 52-week continuation studies [127-129].

Duloxetine has been compared with a number of other
pharmacotherapeutic agents in head-to-head trials. Dulox-
etine 60 mg has been shown to be superior to pregabalin
300 mg in two RCTs [76, 130] and pooled analysis [110].
However, other studies have found duloxetine to have simi-
lar or inferior efficacy to pregabalin and/or gabapentin [56,
74, 131, 132]. Small studies demonstrated no difference in
the efficacy of duloxetine and amitriptyline [74, 109, 133].
Overall, duloxetine dosed at 60 mg or greater is effective
in treating pDPN, but not at 40 mg or lower doses [134].
The NNTB of duloxetine 60 mg daily for 50% reduction in
pain is 5.0 (95% CI 4.0-7.0). The rates of adverse events in
placebo-controlled RCTs are greater for duloxetine (72.4%)
than placebo (57.2%) [135]. The most common is nausea,
with dry mouth, dizziness, somnolence, fatigue, insomnia,
constipation, reduced appetite and sweating occurring less
frequently [124—126, 134, 135]. Most adverse events occur
early after the onset of treatment, are mild to moderate, and
do not worsen with time [136]. In order to reduce nausea
patients can be advised to take duloxetine with or after food.

Venlafaxine, an alternative SNRI, has also been studied in
the treatment of neuropathic pain. A double-blind RCT com-
pared venlafaxine extended-release at 75 mg or 150/225 mg
versus placebo for the treatment of pDPN [137]. Venlafax-
ine was superior to placebo at doses of 150/225 mg. How-
ever, notably there were cases of atrial fibrillation in those
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treated with venlafaxine and hence the reluctance of some
consensus panels to include venlafaxine as first-line agent
for pDPN [138]. Other studies have also found venlafaxine
to be efficacious in the treatment of neuropathic pain [49, 83,
110]. However, there are only a limited number of relatively
small studies [139-141]. The NeuPSIG meta-analysis of 14
studies including SNRIs (duloxetine 20-120 mg; venlafax-
ine 150-225 mg) had a combined NNTB of 6.4 (95% CI
5.2-8.4) [55].

5.10 Combination Therapy

There is often limited benefit of any one agent as mono-
therapy, which reflects the complex aetiology of neuropathic
pain and challenge of treating it. Combination therapy is
frequently used to good effect in clinical practice; however,
there are only a small number of studies testing combination
therapies. The largest trial in pPDPN is COMBO-DN (Com-
bination vs. Monotherapy of pregabalin and duloxetine in
DPN) (N=_804), which studied duloxetine and pregabalin
monotherapy at high doses versus a combination of these
two agents at standard dosing [76]. The aim of the study
was to determine whether the combination of duloxetine and
pregabalin at standard doses (60 mg and 300 mg per day,
respectively) was superior to the maximum recommended
dose of either agent (120 mg and 600 mg per day, respec-
tively) in non-responders to standard doses of pregabalin
and duloxetine. There were no significant differences in the
primary outcome between high-dose monotherapy or stand-
ard-dose combination therapy. The 50% response rates were
52.1% for combination and 39.3% for high-dose monother-
apy (p=0.068). However, the trend of the primary outcome
and secondary outcomes consistently favoured combination
therapy over monotherapy. Further combination studies have
been trialled in patients with neuropathic pain of varying
aetiologies. Gilron et al. [142] performed a double-blind,
randomized, active placebo-controlled, four-period crosso-
ver trial to determine the efficacy of gabapentin, morphine
or their combination against placebo for the treatment of
neuropathic pain (N=57; 35 pDPN and 22 post-herpetic
neuralgia). Combination therapy with gabapentin and mor-
phine at lower doses was more effective than monotherapy
of either agent at higher doses. Further comparator studies
have reported the efficacy of a number of different treatment
combinations for neuropathic pain, including nortriptyline
and gabapentin [143], prolonged-release oxycodone and
gabapentin [144], imipramine and pregabalin [118], and nor-
triptyline and morphine [145]. However, not all combination
therapy studies have been positive [146—148].

Based on the COMBO-DN study, the combination of
duloxetine and pregabalin appears to be safe and efficacious.
A meta-analysis of two studies combining gabapentin plus
opioid therapy demonstrated superiority compared with
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gabapentin alone, but with greater adverse events [149].
Two of the international guidelines give recommendations
for combining neuropathic pain therapies, but the NeuP-
SIG recommendations concluded that there is inconclusive
evidence [55]. The EFNS guideline suggests TCAs may be
combined with gabapentin or opioids [34]. The ADA posi-
tion statement recommends a trial of combining two of the
following three agents: gabapentanoids, SNRIs or TCAs if
monotherapy fails, and considering the addition of tramadol/
tapentadol if the two-agent combination is inadequate [31].

5.11 Opioid Analgesia
5.11.1 Partial p Receptor Agonists

Tramadol is a centrally acting synthetic opioid with weak
affinity at the p opioid receptor; however, it has an additional
effect in inhibiting norepinephrine and serotonin re-uptake
[150]. In an early study of tramadol in pDPN (N=131),
an average dosage of 210 mg per day was more effective
than placebo (p < 0.001) and resulted in better in physical
(p=0.02) and social functioning (p =0.04) ratings. However,
a Cochrane Collaboration review found the evidence of qual-
ity to be low for the efficacy of tramadol in neuropathic pain
[151]. The included studies were generally small and short,
with a potential for bias. However, three studies reported
improvements in pain of 50% or more. A meta-analysis of
these three trials showed a risk ratio in favour of tramadol
of 2.16 (1.02-4.58) and a NNTB for 50% pain reduction of
4.4 (95% C12.9-8.9) [151]. The risk ratio for adverse events
compared with placebo was 4.1 (95% CI 2.0-8.4) and the
number-needed-to-treat for an additional harmful outcome
(NNTH) was 8.2 (95% CI 5.8—14). There is insufficient data
of adequate quality to provide convincing evidence that
tramadol is effective in relieving neuropathic pain [151].
Despite these shortgivings, tramadol is still recognised as a
second- or third-line therapy in all five of the major inter-
national guidelines [30-34]. It may be used to treat break-
through pain in combination with first-line therapy; however,
its use in combination with TCAs and SNRIs is cautioned
due the potential for adverse reactions including serotonin
syndrome, confusion and seizures. The most frequently asso-
ciated adverse events are fatigue, dizziness and constipation.

Tapentadol has a similar mode of action to tramadol;
however, it has stronger affinity at the p receptor (than
tramadol) with inhibition of norepinephrine and serotonin
re-uptake. The p opioid agonism interrupts synaptic trans-
missions of ascending pain signals at the level of the spinal
cord and activates descending inhibition supraspinally, while
norepinephrine and serotonin re-uptake increases descend-
ing inhibitory tone [152]. To date, there are three published
RCTs of tapentadol in pDPN [153—155]. In one of the largest
studies by Vinik et al. (N=318), pain score improvements
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achieved during the open-label titration period with tap-
entadol extended release (ER) were maintained during the
double-blind phase in patients randomized to tapentadol ER,
but diminished in patients randomized to placebo. Treat-
ment-emergent adverse events (>10%) in the tapentadol
ER group during the double-blind maintenance phase were
nausea (21.1%) and vomiting (12.7%). A pooled analysis of
396 patients with pDPN demonstrated a 30% pain reduc-
tion in 65% of patients and a 50% pain reduction in~35%
of patients [156]. Incidences of treatment-emergent adverse
events were 56% with placebo and 75% with tapentadol ER
during maintenance [156]. In 2012, the FDA approved the
use of tapentadol ER for the treatment of neuropathic pain
[153].

5.11.2 Traditional Opioid Agonists

The use of opioids should be limited wherever possible in
view of increasing concerns of dependency, especially with
long-term use, and a lack of efficacy in treating pDPN [157].
Suppression of the hypothalamic-pituitary axis with long-
term opioid use is an underappreciated problem. This con-
dition can be life threatening, with opioid-induced adrenal
insufficiency occurring in up to 29% of people on long-term
opioids [158]. The analgesic efficacy of opioids in chronic
neuropathic pain is subject to substantial uncertainty and
should only be considered when first- to third-line therapies
fail. The extent of physician-initiated opioid use in patients
with pDPN is in contrast with current clinical guidelines
and evidence-based medicine [159]. Traditional opioids
(not tramadol or tapentadol) should therefore be actively
discouraged as a first-line treatment for pDPN [159] and
are generally considered a last oral pharmacological option
(or third line) by clinical guidelines due to lack of efficacy,
side-effect profile and risk of abuse. However, there is grow-
ing evidence that opioid use (again excluding tramadol and
tapentadol) in a pDPN population is markedly high. A retro-
spective analysis of records from 8000 patients with pDPN
found that 56% received an opioid before prescription of a
first-line drug [160]. Another retrospective study suggested
that over half of patients with diabetes were receiving no
physician-prescribed treatment in the year following diagno-
sis of DPN, 54% of those who subsequently received treat-
ment were prescribed opioids and 33% were given the opi-
oid as first-line treatment [161]. Moreover, the availability
of alternative non-opioid first-line drugs neither prevented
nor replaced opioid use or prescribing in pDPN in the USA
[160].

Two short-term RCTs of oxycodone have shown efficacy
in pDPN (4 weeks/6 weeks) [162, 163]; however, one of
these studies had a small sample size (N=236) and was thus
liable to bias. It is known that stronger effect estimates are

seen in small to moderately sized trials than in the larg-
est trials [164], therefore caution should be exercised when
considering these results. A Cochrane Collaboration review
[165] evaluated the use of ten different opioids in 31 trials
in the treatment of neuropathic pain. Six studies (N=170)
found that mean pain scores with opioids were ~ 1.5 points
(out of 10) lower than placebo. It was concluded that the
evidence was derived from studies with features likely to
overestimate treatment effects [165]. The subsequent meta-
analysis demonstrated at least 33% pain relief in 57% of
participants receiving an opioid versus 34% of those receiv-
ing placebo with a NNTB of 4.0 (95% CI 2.7-7.7) [165].
Assessing the number of participants achieving at least 50%
pain relief, the NNTB was 5.9 (3.0-50.0) [165]. The most
common adverse event was constipation (34% opioids vs.
9% placebo: NNTH 4.0; 95% CI 3.0-5.6) [165]. It was con-
cluded that further RCTs are required to determine unbiased
estimates of long-term efficacy, safety (including addiction
potential) and effects on quality of life [165]. Cochrane
reviews for oxycodone, hydromorphone, levorphanol, fen-
tanyl, methadone and morphine in neuropathic pain have
all shown low-quality evidence for efficacy [166—169].
Traditional opioids may be considered on a case-by-case
basis, particularly in those refractory to traditional anti-
neuropathic agents.

5.12 Other Treatments for pDPN

A number of additional therapies including sodium val-
proate, carbamazepine, oxcarbazepine, topiramate, lacosa-
mide, phenytoin, levetiracetam and zonisamide have been
trialled in neuropathic pain; however, the level of evidence to
support their use is limited [170]. In the Cochrane overview
of “antiepileptic drugs for neuropathic pain and fibromyal-
gia”, the author’s conclusions provided an overall summary
of the data: “other antiepileptic drugs (other than prega-
balin and gabapentin), there was no evidence, insufficient
evidence, or evidence of a lack of effect” [170]. However,
there is evidence from clinical practice and experience that
some patients can achieve good results with anticonvulsants
other than gabapentin or pregabalin. Two studies in pDPN
of sodium valproate showed some benefit in pain relief [171,
172]. Valproic acid inhibits GABA transaminase, and thus
increases levels of GABA in the central nervous system. It
is also thought to block sodium and calcium channels at the
DRG, and thus modulate pain processing at the spinal cord.
A gain of function in the ‘gatekeeper’ sodium, channels has
been reported in a significant proportion of pDPN patients
[173]. It may be that targeting this population with thera-
pies that may modulate sodium channels may provide more
targeted pain relief; however, this requires further scientific
investigation [174].
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5.13 Topical Pharmacological Therapies

The management of DPN can be challenging and often
requires a multifaceted approach in reducing pain and
improving functioning. Numerous topical therapies have
been evaluated in pDPN. These treatments may be particu-
larly useful in patients who are unable to tolerate conven-
tional first- or second-line oral therapies [175].

5.13.1 Topical Lidocaine

Lidocaine antagonises voltage-gated sodium channels
(including Nav 1.7 and 1.8) and stabilises the neuronal mem-
brane potential on hyperexcitable small nerve fibers, with
a subsequent reduction of ectopic neuronal discharges [75,
176]. Barbano et al. [177], in an open-label, flexible-dos-
ing, 3-week study with a 5-week extension, showed a 42%
improvement in the Brief Pain Inventory by week 3 in those
treated with a lidocaine 5% patch. In a network systematic
review and meta-analysis conducted by Wolff et al. [178]
of 23 studies, significant pain reduction was shown with
the 5% lidocaine patch, which was comparable to that with
topical capsaicin, amitriptyline, gabapentin and pregabalin
[178]. The lidocaine patch had fewer adverse events and less
significant adverse effects compared to systemic therapies
[178]. Another systematic review and meta-analysis has also
reported similar efficacy with pregabalin to the 5% lidocaine
patch [83]. Typically, a 5% lidocaine plasters (up to four)
may be applied for up to 18 h and is effective in providing
analgesia in pDPN [177].

5.13.2 Topical Nitrates

Topical nitrates are commonly used off-label treatments of
pDPN, but only on the basis of a handful of small clinical
trials [159]. Impaired nitric oxide (NO) synthesis has been
found to play a role in DPN pathogenesis [12]. The use of
topical nitrate underpins the theory that impaired nitric oxide
synthesis (endothelial and neuronal) is an important causa-
tive factor in the pathogenesis of DPN [179]. Several studies
suggest that NO production is reduced in diabetes and that
the decrease of NO may be related to the pathogenesis of
diabetic endothelial damage. The vasodilatory response of
vessels to nitrates suggests a potential role in pDPN [164].
There are alterations of neuronal NO synthase in DRG cells
and spinal cord that contribute to spinal sensory processing
and neuronal plasticity in the dorsal horn (spinal cord) that
have been detailed in animal models of DPN [180].

Yuen et al. in a double-blind crossover trial recruiting 22
patients showed a reduction in pain and pain intensity utilis-
ing a locally/topically administered isosorbide dinitrate spray
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[181]. Subsequently, Rayman et al. determined a reduction in
local pain scores in a case series of patients (N=18) treated
with 5 mg glyceryl-trinitrate (GTN) patches applied to the
shins [182]. Topical lidocaine and GTN patches may be used
in combination to provide 24-h pain cover with alternating
12-h application of each therapy [12, 159].

5.13.3 Topical Capsaicin

The use of capsaicin is limited by the required frequency
of application (four times daily) and burning pain induced
on topical administration. It is an alkaloid found in chilli
peppers that selectively binds to the Transient Receptor
Potential Vanilloid 1 (TRPV1) receptor, which is present
on A-delta and C-fibers. This causes an influx of sodium and
calcium that results in the release of substance P. The deple-
tion of substance P and desensitisation of TRPV1 causes a
reduction of painful stimuli [183, 184]. The capsaicin study
group conducted a double-blind RCT (N=252) to determine
the efficacy and safety of 0.075% topical capsaicin and found
improvements in pain and pain intensity [185]. However,
two studies of capsaicin cream have shown only minimal
benefits in pain relief [186, 187]. Capsaicin is currently
recommended as third-line therapy for local neuropathic
symptoms in the NICE guidelines [CG173] and second-
line therapy (class B evidence) in the AAN for the treat-
ment of neuropathic pain (2011) [33, 138], although AAN
guidelines are due to be updated shortly. A major concern
is that capsaicin leads to small nerve fiber denervation with
subsequent aberration in nociception [188]. At present, we
do not recommended capsaicin in the treatment of pDPN for
this reason [188].

The 8% capsaicin patch is not currently included in any
published international guidance for pDPN. A 12-week
double-blind trial in patients with pDPN provided modest
improvement in both pain and sleep quality compared to pla-
cebo [189]. There are again limited data on the 8% capsai-
cin patch, with only one further 52-week study published to
date reporting no negative functional or neurological effects
compared to standard of care [190]. However, skin biopsies
were not conducted to determine alterations in small nerve
fibers [190].

5.13.4 Other Topical Therapies

Other topical treatments include amitriptyline and cloni-
dine, and both have been trialled in pDPN. However, current
data relating to these treatments are severely limited and no
recommendation can be made for their use, although one
RCT of topical clonidine did show improvements in pain
in the foot in people with functional (irritable) nociceptors
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(ascertained through a burning response to topical capsaicin)
[191, 192].

5.14 Intravenous Lidocaine

Intravenous (IV) lidocaine has been used in the treatment
of intractable pDPN for a number of years. The first pub-
lished therapeutic success, in 1943, was with IV novocaine
successfully used in a series of burns patients [193]. Sub-
sequently, a double-blind RCT in patients with intractable
pDPN (N =15) refractory to traditional neuropathic pain
medication [194] showed a significant analgesic effect with
an IV lidocaine infusion at doses of 5 mg/kg and 7.5 mg/kg
(a change of 1 point on the pain-intensity scale), which con-
tinued for up to 28 days [194]. There was only one adverse
event (light-headedness), although this cohort was notably
small. It is postulated that lidocaine modifies sodium chan-
nel expression at the DRG reducing peripheral nociceptive
sensitisation [195] and may also have anti-inflammatory
mechanisms modulating inflammatory cytokines [196],
which are thought to have a role in hyperalgesia and central
sensitisation [197]. However, the most recent study of IV
lidocaine in an RCT assessing its efficacy in painful neurop-
athy showed no additional analgesic benefit when compared
to the control infusion [198].

5.15 pDPN in Older Adults and the Elderly

The worldwide population, including those with diabetes,
is ageing, and it is well recognised that pain and disability
increases with age. In the USA the incidence of diabetes
increases with age until about 65 years, after which both
incidence and prevalence seem to plateau [199]. As a result,
older adults with diabetes may have long-standing diabetes
with onset in middle age or earlier. In older adults with dia-
betes, DPN is especially troublesome due to its detrimental
effects on stability, sensorimotor function, gait and activi-
ties of daily living [200]. In addition, drug therapy may also
need to be tailored in the older and elderly population. TCAs
have a high incidence of anticholinergic effects, and warn-
ings for their use include the presence of glaucoma, urinary
retention, arrhythmias and myocardial infarction. There are
data to suggest that TCAs were associated with increased
relative risk and higher doses (amitriptyline 100 mg equiva-
lent) should be used cautiously, particularly in patients with
an elevated baseline risk of sudden death [201]. Caution is
therefore urged in the use of TCAs (particularly in higher
doses) in an elderly age group. Alternative anti-neuropathic
agents with theoretical superior cardiovascular safety profile
should instead be considered, for example duloxetine and
pregabalin [202, 203].

6 Therapies in Development for pDPN

Current therapies in development are detailed below. Most
novel and those in phase 2 or 3 trials are discussed. Details
of developmental therapies including parent pharmaceutical
companies are shown in Table 3.

6.1 Nav Channel Antagonist

A substantial number of patients with DPN develop chronic
painful neuropathy; however, the genetic factors that pre-
dispose to neuropathic pain in DPN remain to be fully
elucidated [204]. Voltage-gated sodium channel genes are
among the most relevant due to their key role in the patho-
genesis of painful small fiber neuropathies. Sodium channel
therapeutic targets provide a novel approach to the treat-
ment of pDPN [205]. In a recent study by the PROPANE
study group, underlying hyperexcitability induced by the
B2-subunit mutation (gain of function) of the Nav 1.7 chan-
nel has been shown [204]. Vixotrigine is a selective Nav
1.7 channel antagonist currently undergoing phase 3 trials
for pDPN and small fiber neuropathy [204]. However, most
recent RCTs in lumbosacral plexopathy and trigeminal neu-
ralgia have unfortunately failed to show any benefit.

6.2 Trazadone Plus Gabapentanoids

The combination of trazadone (50-300 mg/day) plus pre-
gabalin (75-450 mg/day) has previously been trialled in a
two-phase, open-label uncontrolled study for 24 weeks in
fibromyalgia [206]. With the addition of pregabalin (to traza-
done), 46% of patients had a moderate-substantial decrease
in pain scores [206]. Trazodone is a well-established second-
generation antidepressant that has a potent secondary seda-
tive activity. It is frequently used as a sedative primarily in
subtherapeutic antidepressant doses (< 100 mg) in particular
in disorders where disturbed sleep is a cardinal feature, such
as fibromyalgia [207, 208]. Trazodone exerts its effect by
antagonism of 5-HT,, a; and H, and inhibition of serotonin
reuptake presynaptically. The separate modulatory action of
the gabapentanoids and trazadone may provide an analgesic
effect in combination therapy at much lower doses than each
drug individually. Currently, a phase 2 trial is underway of
trazadone/gabapentin combination for pDPN comparing the
efficacy of placebo, gabapentin monotherapy and trazadone/
gabapentin combination in three doses (trazadone/gabapen-
tin: 2.5/25 mg, 5/50 mg, 10/100 mg) (NCT03749642).

6.3 Olodanrigan

Olodanrigan, which is also known as EMA 401 or
PD-126055, is an angiotensin 2 type 2 receptor (AT,R)
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Table 3 Emergent therapies for painful diabetic polyneuropathy (pDPN)

Therapy Company name

Mechanism of action

Mirogabalin (Tarlige) Daiichi Sankyo Co., Ltd.,

Tokyo, Japan

Dextromethorphan/ Avanir Pharmaceuticals, Inc.,
quinidine combination Aliso Viejo, USA
(Nuedexta)

Cibinetide (ARA290) Araim Pharmaceuticals, Inc.,

New York, USA
PL37* eNovation Chemicals LLC.,

New Jersey, USA

Binds to the a28, subunit of VGCC, and VGCC, with higher specificity than «25,
resulting in analgesia with fewer central nervous system adverse effects than
pregabalin. Is currently only licenced in Japan for use

Dextromethorphan is a 61 receptor agonist and an uncompetitive NMDA receptor
antagonist. Quinidine inhibits cytochrome P450 2D6 increasing plasma concen-
tration of dextromethorphan. The therapeutic mechanism is unknown

Preclinical models suggest cibinetide has a high affinity and selectivity for innate
repair receptor (IRR) triggering and promoting tissue protection and repair. There
is suggestion that cibinetide antagonizes TRPV, channels upregulated in neuro-
pathic pain conditions

The proposed mechanism of action from preclinical data indicates that PL-37
inhibits enkephalinases increasing the concentrations of enkephalins at the site of
peripheral nociceptor. Enkephalins have a high affinity for p-opioid receptors and

d-opioid receptors eliciting lasting analgesic effects similar to those of morphine
but with fewer adverse events

Low-dose gabapentin/ Angelini Pharma, Inc., Rome,
trazodone combination  Italy

Trazodone is multi-functional, and inhibits serotonin reuptake and competitively
blocks histamine and o1-adrenergic receptors. Gabapentin interacts with the a28

subunits of VGCC1 and VGCC2. Low-dose trazodone and gabapentin taken in
combination may lessen the frequency of excitatory post-synaptic currents or
irritable nociceptors

Olodanrigan (EMA401)2 MedChemExpress LLC., New
Jersey, USA

Upregulation of angiotensin II receptors (AT2R) and transient vanilloid receptor
1 (TRPV1) contributes to neuropathic pain signals through sensitisation and

decreased activation thresholds of irritable nociceptors. Olodanrigan antagonises
AT2R and inhibits the direct phosphorylation of TRPV1

Vitamin D3 -

Studies have demonstrated a link between vitamin D deficiency and the prevalence

of DPN. Intramuscular injections of vitamin D were associated with significant
reductions in symptoms of pDPN

antagonist that is being developed for the treatment of neuro-
pathic pain, pDPN, postherpetic neuralgia and inflammatory
pain indications [209]. Anand et al. [210] found that AT,R
expression was localised in small/medium-sized cultured
neurons of human and rat DRG. Subsequently, treatment
with EMA401 resulted in functional inhibition of capsai-
cin responses in a dose-response relationship. AT,R activa-
tion is thought to increase kinase levels in DRG neurons
such as levels of protein kinase A (PKA), protein kinase C
(PKC) and mitogen-activated protein kinase (MAPK) [211],
and olodanrigan antagonises this effect. In the first phase
2, double-blind RCT, using a novel study design, EMA401
100 mg twice daily provided superior relief of postherpetic
neuralgia compared with placebo [212]. Mean pain scores
were lower with olodanrigan compared with placebo from
baseline to the final week of treatment [— 2.29 (SD: 1.75)
vs. — 1.60 (SD: 1.66)].

6.4 PL37
PL37 is the first orally administered dual inhibitor of
enkephalinases (DENKI) [213]. Enkephalinases inhibit the

activity of enkephalin-degrading enzymes hence increasing
the half-life and local concentration of enkephalins, which

A\ Adis

are potent natural analgesics, and enhancing the body’s
natural pain control mechanism. An experimental rodent
model showed the increase in endogenous enkephalin levels
induced by PL37 reduced neuropathic pain [214]. A phase
2 clinical trial of PL37 with gabapentin or pregabalin or
placebo plus gabapentin or pregabalin has been undertaken;
however, the results are yet to be published (EudraCT Num-
ber, 2013-004876-37). This molecule effectively enhances
the opioidergic system to relieve pain without the potential
for abuse/misuse.

6.5 Cibinetide

Cibinetide, also known as ARA290, is a non-hematopoietic
peptide that is closely related to erythropoietin. It interacts
selectively with the innate repair receptor that mediates tis-
sue protection [12]. In a double-blind, placebo-controlled
trial, ARA290 demonstrated improvements in HbAlc, lipid
profiles and neuropathic symptoms. Additionally, partici-
pants with small nerve fiber deficits showed improvements
in corneal nerve fiber density, with no change in the placebo
group [215]. Cibinetide therefore improves both metabolic
control and neuropathic deficits in T2D [215]. A further
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study of cibinetide also confirmed improvements of small
nerve fibers with improvements in pain in sarcoidosis [216].

6.6 Dextromethorphan/Quinidine Combination

Dextromethorphan/quinidine (DMQ) has been evaluated
in two studies. In an early open-label multicentre dose-
escalation study (max DMQ 120/120 mg in increments of
30/30 mg), improvements were seen in pain intensity-rating
and pain relief-rating scales [217]. Subsequently, a 13-week,
phase 3 RCT (N=379) included subjects with pDPN who
received placebo, DMQ 45/30 mg or DMQ 30/30 mg [218].
DMQ resulted in significant improvements in the 11-point
numerical Pain Rating Scale (p <0.0001) with improve-
ments in pain intensity, and pain interference with sleep and
activities (all p <0.0001) [218].

6.7 VitaminD

The analgesic effect of vitamin D (vitD) in DPNP has gained
considerable attention in the medical and scientific commu-
nity in recent years [219-224]. Lower vitD levels are known
to correlate with greater severity of neuropathic pain, and
measures of nerve dysfunction [225]. The NHANES study
(weighted sample N=28.82 million) showed a clear asso-
ciation between vitD insufficiency (<75 nmol/l) and pDPN
[226].

A recent study in type 2 diabetes with group stratifica-
tion based on neuropathy and pain phenotype showed, after
adjusting for confounders, vitD levels were significantly
lower in pDPN [225]. A study in a South Asian popula-
tion (N=141) with DPNP showed that a single high dose
(600,000 IU) of intramuscular cholecalciferol resulted in
70% pain relief [227]. VitD is effective in improving the
quality of life (QoL) in patients with pDPN, with reduced
emotional distress and overall improvements in wellbeing
[228]. A short-term (8 weeks) non-randomized but placebo-
controlled trial (N=112) of oral vitD3 resulted in a reduc-
tion in the neuropathic symptom score (NSS), but with no
changes were observed in clinical signs or neurophysiologi-
cal assessments [221]. To date, this is the only published pla-
cebo-controlled trial. Future large-scale RCTs are required
to determine the place of vitD in the treatment algorithm
of pDPN, particularly in view that vitD is a relatively safe
therapy with a limited side-effect profile.

7 Placebo Response, Failed Therapies
and Trial Design

A number of RCTs in neuropathic pain have failed to dem-
onstrate differences between the active therapy and pla-
cebo, in part due to a high placebo effect [229-234]. A high

placebo effect has been previously shown in trials of analge-
sics [235] and thus may mask the positive treatment effect in
neuropathic pain trials [236]. Freeman et al. [237] evaluated
patient-level data from 16 double-blind RCTs of pregabalin
in pDPN (N=13053) and postherpetic neuralgia (N =1460).
Data were pooled to examine the placebo response and its
predictors [237]. The authors concluded that younger age,
higher mean baseline pain score, longer study duration,
higher ratio of patients on active treatment to placebo, and
study conducted post-marketing approval were all signifi-
cantly associated with a higher placebo response (p <0.05).
Interestingly, there was a trend towards an increased placebo
response in all studies over time without any corresponding
change in the response to pregabalin [237]. As discussed ear-
lier, lamotrigine does not have a significant place in neuro-
pathic pain therapy [238] due to limited evidence regarding
efficacy. However, placebo response was evaluated in three
trials of lamotrigine (N =252 placebo; N=222 pDPN) [239].
Again, a higher baseline pain score was identified as an inde-
pendent predictor of the placebo response in addition to a
faster rate of recruitment. The large placebo response noted
may have obscured the true treatment effect. Selvarajah et al.
[240] concluded that depression is an important confounder
with depressed participants having a higher baseline pain
score. As a consequence, depressed participants show bet-
ter response to both placebo and active therapy [240]. In the
single published study of Sativex (medicinal cannabis), the
placebo effect was superior to Sativex, with the mean total
pain score reduced by 37% compared with 20% for active
therapy [240]. Despite the FDA requiring trials of at least
20 weeks to determine analgesic efficacy, there is little indi-
cation that the placebo response reaches a plateau even by
19 weeks [241, 242].

Clinical trial design for neuropathic pain agents has
received some consideration in view of the issues pertain-
ing to the placebo response [243]. A placebo run-in period,
discontinuation of prior analgesic treatments, flexible dosing
rather than fixed-dose assignments, exclusion of subjects
with mild pain at baseline and specificity of the pain score
instrument have all been considered as putative approaches
in minimising the placebo effect to tease out the true treat-
ment benefits [235, 241]. However, in a review of placebo
effect in pain, it was suggested that the greatest determinants
of the placebo response are random factors [244]. Incorpo-
rating factors that influence placebo response into clinical
trial design may result in the ability to more accurately and
sensitively measure a treatment effect; however, there needs
to be international consensus on the appropriate methodol-
ogy to enrich neuropathic pain trials.
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8 Neuropathic Pain Biomarkers
for Treatment Response

Pain is a complex and subjective physiological and psycho-
logical experience and is therefore inherently difficult to
study and treat [245]. The individual variability in pain per-
ception poses additional challenges to assessing and treating
pain [246, 247]. Currently, at best, 50% pain relief in 50% of
patients treated with monotherapy is considered a favourable
outcome [179]. Furthermore, whether a drug will offer anal-
gesic efficacy at an individual level is unpredictable. Current
neuropathic pain therapies have accompanying side effects
(nausea, sedation, dizziness, dry mouth, weight gain, falls)
that occur in 40% of people and are dose dependent [248].
A major unmet need of patients with pDPN is the ability to
predict whether a particular drug is likely to be efficacious at
an individual level and obviate ineffective therapy that may
consequently result in adverse events. To date, there are no
validate pain biomarkers of therapeutic response; however,
we present current innovative methods that may be utilized
in the future.

Functional magnetic resonance imaging (fMRI) may pro-
vide brain-based biomarkers of pain [245]. The identification
of fMRI-based biomarkers for pain would be extremely use-
ful in clinical practice in determining prognosis and impor-
tantly in identifying likely patient responders to a particular
therapy. The largest study of brain structural alterations in
DPN and pDPN showed cortical atrophy localised within the
somato-motor cortex and insula [249]. There are addition-
ally abnormal cortical interactions within the somato-motor
network that correlate with pain and behaviour in pDPN
[250]. Recently, a well-phenotyped fMRI study found that
ventrolateral periaqueductal grey functional connectivity is
altered in patients suffering from pDPN, which correlates
with spontaneous and allodynic pain [251]. Such biomarkers
may facilitate decisions in analgesic selection. For instance,
Wanigasekera et al. [252] determined the utility of fMRI
with a capsaicin-induced central sensitisation to differentiate
anti-neuropathic therapy (gabapentin) from ineffective (ibu-
profen) treatment and both from placebo. Gabapentin sup-
pressed the secondary mechanical hyperalgesia-evoked neu-
ral response in a region of the brainstem’s descending pain
modulatory system and suppressed resting state functional
connectivity during central sensitisation [252]. Ibuprofen
showed no difference when compared with placebo [252].

Neuropathic pain phenotyping has been suggested as a
method for determining therapeutic response. In a secondary
analysis of the COMBO-DN study, treatment effect showed
a trend for high-dose monotherapy in severe pain, whereas
combination therapy favoured moderate-mild pain [253]. In
a systematic review by Rolim et al. [254], four RCTs were
identified and investigated with three main results in relation
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pain phenotypes. Paroxysmal pain was found to have a better
response to pregabalin [118], the preservation of thermal
sensation or nociception anticipated a positive response to
the topical treatment of pain [191, 254]. In addition, after
failure on duloxetine (60 mg per day), patients with evoked
pain or severe deep pain had a better response to a combina-
tion of duloxetine/pregabalin, while those with paraesthesia/
dysesthesia benefited from high-dose duloxetine monother-
apy (120 mg per day) [253, 254].

Future clinical trials incorporating concomitant pain phe-
notyping with fMRI are warranted to delineate treatment
response biomarkers of anti-neuropathic agents in pDPN.

9 Conclusion

pDPN is a highly prevalent, misdiagnosed, expensive and
inadequately treated condition. In view of a lack of under-
standing of the pathogenesis of the condition, symptomatic
treatment to reduce the morbidity and improve physical
functioning and quality of life remains the cornerstone of
management. Currently recommended therapies with the
most substantial clinical evidence include agents from the
TCA, SNRI and gabapentanoid drug classes. However, even
these treatments only have partial efficacy, which is often
offset by intolerable side effects. Moreover, the evidence for
combining medications is limited, although this is very com-
mon in clinical practice. Further well-conducted, large head-
to-head comparator trials and combination trials of existing
agents are urgently required. A number of agents with novel
therapeutic targets are currently in process. However, future
clinical trials should include strategies for placebo response
to ensure the true treatment effect is observed. Finally, sen-
sory phenotyping and fMRI may represent novel methods
of determining treatment response.
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