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ABSTRACT

Diabetic peripheral neuropathy (DPN) is one
of the commonest complications of diabetes
mellitus (DM). Current therapeutic approaches
largely focus on pain management. However,
less evidence is available on the clinical poten-
tial of two widely prescribed drug categories in
DM management: dipeptidyl peptidase 4 inhibi-
tors (DPP-4is) and glucagon-like peptide-1 recep-
tor agonists (GLP-1RAs). In this review, we
discuss evidence from both experimental and
clinical studies on the potential utility of these
drugs in the management of DPN. Immunohis-
tochemical data indicate that agents in both
categories promote neurite outgrowth, ion con-
duction, neuronal survival and Schwann cell
function. Furthermore, intra-epidermal nerve
fibre density has been reported to increase with
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DPP-4is or GLP-1RAs treatment. Moreover,
electrophysiological studies have indicated a
diverse, but mostly beneficial, effect on motor
or sensory nerve conduction velocity. Clinical
tests, such as the muscular grip or paw jump-
ing control resembling neuropathic symptoms,
have also confirmed the advantageous effect
of DPP-4is and GLP-1RAs. Finally, limited but
promising clinical data have shown improved
somatosensory-evoked potentials and vibration
perception threshold, as well as restored excit-
ability and nerve size parameters. Nevertheless,
further clinical studies are required to elucidate
the exact role of DPP-4is and GLP-1RAs in DPN.
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Key Summary Points

Why conduct this review?

Diabetic peripheral neuropathy (DPN) is one
of the most frequent complications of diabe-
tes mellitus (DM)

Dipeptidyl peptidase 4 inhibitors (DPP-4is)
and glucagon-like peptide-1 receptor agonists
(GLP-1RAs) are two widely prescribed anti-
diabetic agents, but their role in DPN has not
been widely studied

What was learned from the review?

Experimental data show increased neurite
outgrowth and intra-epidermal nerve fibre
density (IENFD) with DPP-4is or GLP-1RAs

Recent clinical data also encourage their use,
but further large-scale studies are necessary
for their introduction to clinical practice

INTRODUCTION

Diabetic peripheral neuropathy (DPN) is the
most frequent microvascular complication of
diabetes mellitus (DM) [1]. It may reduce pro-
tective sensation, lead to neuropathic pain and
impair health-related quality of life (HRQoL) [2,
3]. Current treatment guidelines focus primar-
ily on glucose control and pain alleviation [2].
However, less is known on the potential role of
dipeptidyl peptidase 4 inhibitors (DPP-4is) and
glucagon-like peptide-1 receptor agonists (GLP-
1RAs) in DPN [4, 5]. Early data were not promis-
ing, but more recent evidence has sparked new
interest in this therapeutic approach [6].

Both of these pharmacological categories
enhance the incretin effect, which is seriously
impaired in subjects with type 2 diabetes melli-
tus (T2ZDM) [7]. This effect is mediated by GLP-1
and glucose-dependent insulinotropic peptide
(GIP), and it is enhanced by the inhibition of
DPP-4 promoting GLP-1 degradation [7, 8]. In
addition, GLP-1RAs in particular are gaining

persistent attention for their pleiotropic actions
beyond glucose control [9].

The aim of this review was to discuss the evi-
dence from basic research and clinical studies on
the potential utility of these drugs in DPN. The
review is based on previously conducted stud-
ies and does not contain any new studies with
human participants or animals performed by
any of the authors.

SEARCH STRATEGY

We searched Scopus, PubMed/MEDLINE and
Google Scholar databases for articles without
time restriction, using combinations of the fol-
lowing key words: “diabetic neuropathy”, “poly-
neuropathy” “diabetic peripheral neuropathy”,
“distal symmetrical polyneuropathy”, “type 1
diabetes mellitus”, “type 2 diabetes”, “glucagon-
like peptide-1 receptor agonists” and “dipepti-
dyl peptidase 4 inhibitors”. All types of articles
(clinical trials, meta-analyses, case—control stud-
ies, observational studies, cross-sectional stud-
ies, prospective/retrospective studies, cohort
studies, comparative studies, randomised con-
trolled studies, experimental studies) were
included. Articles on autonomic neuropathy
were excluded. Only articles in English were

considered.

EXPERIMENTAL STUDIES WITH
GLP-1RAS IN DPN

Experimental studies on GLP-IRAs in the man-
agement of DPN are summarised in Table 1.
GLP-1RAs have been extensively studied in
DPN in various animal models and cell lines.
Early evidence from 2008 denoted the impor-
tance of GLP-1 in the nervous system: GLP-1
administration protected nerve cells from degen-
eration or death under the condition of simulta-
neous deprivation of nerve growth factor (NGF),
a major neurotrophic factor mediating the sur-
vival of neurons [10]. GLP-1 suppressed the
induction of Bim, a pro-apoptotic protein whose
induction is promoted under NGF deprivation
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conditions [10]. Consequently, GLP-1-mediated
effects are partially promoted by Bim inhibition
[10].

Exenatide, also termed exendin-4, has been
extensively evaluated [11]. Exendin-4 has a
short half-time and is considered to be rela-
tively more resistant to degradation by dipepti-
dyl dipeptase-4 (DPP-4) [12]. In an experimental
study using models of both T2DM and type 1
diabetes mellitus (T1DM), Kan et al. [13] con-
firmed that GLP-1 expression was present not
only in the dorsal root ganglion of diabetic mice,
but also in those of non-diabetic mice. In strep-
tozocin (STZ)-induced T1DM mice, the admin-
istration of high-dose insulin resulted in opti-
mal glucose control, reversed partially thermal
sensory defects and increased intra-epidermal
innervation without yielding any electrophysio-
logical improvement, while low-dose insulin was
ineffective [13]. In the same study, exendin-4
improved electrophysiological parameters and
sensation and both insulin and exendin-4
administration had an insignificant impact on
hyperglycaemia, electrophysiological indices or
epidermal axon loss in T2DM db/db mice [13].
Interestingly, in T1DM mice these same authors
reported a significant improvement of sensory
nerve conduction velocity (SNCV) and a trend
towards improved motor nerve condution veloc-
ity (MNCV), whereas the exact opposite effect
was found in the T2DM model [13].

In a further experiment with another ani-
mal model, that of C57BL6/] STZ-induced dia-
betic mice [14], GLP-1R was expressed in the
dorsal root ganglion, neurite outgrowth was
improved by exendin-4 and exendin-4 treat-
ment improved neuropathic symptoms (e.g.
hypoalgesia), MNCV and SNCYV, as well as intra-
epidermal nerve fibre density (IENED).

Diabetic and non-diabetic rats were treated
with either exendin-4 or placebo in a 24-week
study [15]. In diabetic rats, exendin-4 signifi-
cantly improved current perception thresh-
olds at 2000 Hz at week 16 (p<0.05); at week
24, this effect was significant at both 250 Hz
and 2000 Hz (both p<0.05). Major improve-
ments were noted in other nerve functional
parameters upon exendin-4 administration: the
initially observed decrease in myelinated fibre
size (p<0.05), decreased axon/fibre area ratio in

the sciatic nerve (p<0.05) and reduced IENFD,
as evaluated by anti-rat protein gene product
(PGP) 9.5, anti-GLP-1R (glucagon-like peptide 1
receptor) or anticaspase 3 at weeks 16 and 24
(p<0.05 and p<0.01, respectively), were ame-
liorated [15]. In this same study, exendin-4 sig-
nificantly increased nerve fibre density of the
hind dorsum (p<0.05), significantly decreased
Schwann cell apoptosis (p<0.05) and increased
cyclic adenosine monophosphate (CAMP) levels
(p<0.05) [15].

The neuroblastoma-derived cell-line SH-SYSY
has also been studied [16, 17]. In the study of
Luciani et al. [16], GLP-1R was found to be
expressed in the SH-SYSY cell-line. Oxidative
stress and H,0,-mediated cell apoptosis were
ameliorated by exendin-4, and the increased
number of neurites upon exendin-4 admin-
istration was mediated through intracellular
actin and tubulin changes [16]. These research-
ers focused on cell membrane electrophysiol-
ogy and observed an increased cell membrane
surface, increased Na* conduction through the
respective channels and increased Ca?* currents
(both T-[transient opening] and L-[long-lasting]
type), features corresponding to a mature neu-
ronal phenotype [16]. The recent study of Pan-
dey et al.[17] focused on apoptosis-related indi-
ces and mitochondrial function in cells treated
with exendin-4. The increased expression of
survival markers (phosphorylated-AKT[pAKT]/
protein kinase B [AKT] and Bcl-2) and decreased
expression of pro-apoptotic marker Bax and
reactive oxygen species (ROS) defence marker
levels (catalase, superoxide dismutase 2 [SOD-
2] and heme oxygenase-1 [HO-1]) were found
following exendin-4 administration in high-
glucose conditions [17]. Exendin-4 treatment
had a major effect on mitochondrial function,
as evidenced by the diminished expression of
genes associated with mitochondrial function
(mitochondrial Ca?* uniport [MCU] and uncou-
pling protein 3 [UCP3]) and mitochondrial fis-
sion genes (dynamin-related protein 1 [DRP1]
and mitochondrial adaptor fission 1 [FIS1]), as
well as by increased expression of mitochondrial
homeostasis regulators, such as the RBR (RING-
Between RING-RING) E3 ubiquitin-protein
ligase Parkin and the phosphatase and tensin
homolog-induced kinase 1 (PINK1) [17]. These
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neuroprotective actions promoting survival were
mediated by the Epac/AKT pathway [17].

The impact of GLP-1RAs (exendin-4 or GLP-1
(7-37)) on oxidative stress and neuronal func-
tion overall was discussed in a study of neuronal
50B11 cells [18]. In this study, the 3-(4,5-dimeth-
ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium inner salt
(MTS) assay was used to evaluate cell viability,
with the results showing that GLP-1RAs attenu-
ated oxidative stress-driven diminished viability
and, in particular, exendin-4 oxidative stress-
driven apoptosis. The administration of GLP-
1RAs also led to SOD activation, corresponding
to increased antioxidant enzyme activity, sup-
pressed cell proliferation inhibition and facili-
tated neurite formation [18].

The neuronal PC12 cell line, a cell line that
expresses the GLP-1 receptor, has also been stud-
ied [19]. GLP-1 and exendin-4 administration
accelerated neurite outgrowth, an action which
resembled that of NGF. Coincubation with the
selective GLP-1R antagonist exendin (9-39)
reversed this effect [19].

Tsukamoto et al. [20] analysed the effect of
exendin-4 in the rat dorsal root ganglion of
3-month-old Wistar rats and also in PC12 cells.
In both the in vitro and in vivo analyses, these
authors observed that small and large peptider-
gic neurons expressed GLP-1R. Exendin-4 treat-
ment increased neurite outgrowth and neuronal
survival; this effect was dose-dependent and was
seen at days 2 and 7 of culture. In PC12 cells, the
highest exendin-4 dose (100 nM) resulted in the
suppression of RhoA, an inhibitory regulator of
peripheral nerve regeneration suppression [20].
These effects on neurite outgrowth and neuronal
survival were enhanced by the coadministration
of exendin-4 and LY294002, a phosphoinositide
3-kinase (PI3K) inhibitor [20].

Komsuoglu Celikyurt et al. [21] performed
pain perception assays in BALB/c STZ-induced
diabetic mice. In the hotplate test, the latency of
the mice to lick the hindpaws was significantly
increased (p<0.01), indicative of impaired pain
reaction. Decreased latency was observed for
exenatide-treated mice, indicative of improved
reaction (p<0.05) [21].

STZ-induced diabetic rats were also assessed in
relation to exenatide response [22]. In this study,

the administration of GLP1-RAs resulted in sig-
nificantly increased pERK1/2 levels in the sci-
atic nerves of diabetic rats, indicating increased
function (p<0.01); these increased levels were
suppressed by exendin 9-39 (p<0.05) [22]. The
latter is known to inhibit GLP-1 actions [23].
Exenatide administration led to significantly
increased GLP-1R expression in sciatic nerve
samples from diabetic mice (p<0.01) [22].
MNCV (p<0.05 after 1 month; p<0.01 at the
end of the study period) and IENFD (p<0.05)
were significantly decreased in skin sections, but
were normalised by exenatide [22].

Kornelius et al. [24] studied oxidative stress
and inflammation in the RSC96 cell line
(Schwann cells) exposed to high glucose and
high free fatty acids and found that the viability
of the RSC96 Schwann cells decreased by 51%
under these conditions. Liraglutide administra-
tion reduced oxidative stress by increasing the
activity of antioxidant enzymes, such as SOD1/2;
it also suppressed the activity of nuclear factor
kappa-light-chain-enhancer of activated B cells
(NF-xB), thus reducing inflammation [24]. Lira-
glutide administration restored the expression of
ciliary neurotrophic factor (CNTF), NGF, neuro-
trophin-3 (NT-3) and brain-derived neurotrophic
factor (BDNF) [24]. Such neurotrophic factors
are increasingly being considered as therapeutic
agents in DPN [25, 26]. Of note, Gumuslu et al.
[27] also observed the association between NGF
and GLP-1R expression in the central nervous
system. These authors reported reduced GLP-
1R and NGF expression in the hippocampus of
STZ/nicotinamide-induced diabetic BALB/cBy]J
mice. Following exenatide administration twice
daily, the same authors observed a doubling of
the expression of hippocampal GLP-1R and NGF
compared to baseline over a period of 2 weeks
[27]. Furthermore, notable improvement was
found in myelination patterns: the mRNA levels
of myelination-related proteins, such as prote-
olipid protein (PLP), myelin basic protein (MBP)
and myelin protein zero (MPZ), were also found
to be elevated, which are overall linked to insu-
lin signalling [24]. The same analysis yielded
restored receptor for advanced glycated end
products (RAGE) expression following liraglutide
administration, as an improvement was noted in
the markedly elevated mRNA levels under the
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diabetic conditions [24]. Interestingly, LY294002
reversed the liraglutide-induced effects in an
insulin-AKT signalling-dependent manner [24].

A very recent study by Fontanella et al. [28]
provided an insight into the potential effect of
tirzepatide in DPN by studying the neuroblas-
toma cell line SH-SYSY. Tirzepatide is termed a
twincretin due to its role as a dual agonist of
both GLP-1 and GIP receptors [29]. In Fontanella
et al.’s study [28], a significantly decreased Ki-67
index was observed with tirzepatide administra-
tion under high-glucose levels, indicative of cell
proliferation (p<0.05). Substantially elevated
BDNF expression (both mRNA and protein lev-
els) was also noted (p<0.05) by these authors.
Tirzepatide also inhibited the apoptosis of neu-
rons, increased Bcl-2 and decreased Bax pro-
tein levels, without any effect on mRNA levels
(p<0.05); these effects were mitigated under
high-glucose levels. Tirzepatide treatment
resulted in significantly elevated pAKT, micro-
tubule-associated protein 2 (MAP2), growth
associated protein 43 (GAP43) and adenosine
triphosphate/guanosine-5’-triphosphate bind-
ing protein like 4 (AGBL4) protein and signifi-
cantly increased GAP43 and AGBL4, indicative
of neuronal cell differentiation; likewise, AGBL4
protein and mRNA levels were unaffected
under concomitant high glucose. Significantly
elevated GLUT3 (glucose transporter [GLUT]
3) and GLUT4 mRNA levels and significantly
elevated GLUT4 and sorbin and SH3 domain
containing 1 (SORBS1) protein levels, a major
mediator of insulin signalling pathways and
glucose uptake, were observed with tirzepatide
treatment under high-glucose levels. Tirzepatide
administration reversed high glucose-mediated
increased DNA methylation of cyclic adenosine
monophosphate response element-binding pro-
tein (CREB) and BDNF, without any effects on
the methylation status of AGBL4 and SORBS1.
Of note, tirzepatide treatment resulted in sig-
nificantly decreased miR-34a (miR [microRNA])
(involved in neuronal growth) and increased
levels of miR-212 (involved in apoptosis) and
miR-29c¢ (involved in differentiation), whereas
the exact opposite effects were observed under
high-glucose levels and these were efficiently
reversed by tirzepatide [28].

CLINICAL STUDIES WITH GLP-1RAS
IN DPN

Clinical studies on GLP-IRAs in the management
of DPN are summarised in Table 2.

Senyigit et al. [30] included T2DM subjects
with and without microvascular diabetic com-
plications (25 study participants with neu-
ropathy) and 26 healthy participants. Signifi-
cantly diminished DPP-4 (p<0.005) and GLP-1
(p<0.001) levels were seen in T2DM subjects.
Interestingly, significantly elevated DPP-4
(p<0.05) and total GLP-1 (p<0.001) levels were
present in T2DM subjects with complications.
There was a positive correlation between DPP-4
levels and total GLP-1 (r=0.290, p<0.01), thus
showing that DPP-4 activity cannot be used as
a predictive marker of endogenous GLP-1 deg-
radation. Among subjects with neuropathy, sig-
nificantly elevated levels of DPP-4 (p<0.005),
total (p<0.001) and active GLP-1 (p<0.01) and
secreted frizzled-related protein-4 (SFRP-4)
(p<0.005), were observed, compared to T2DM
subjects without complications [30]. SFRP-4 is
regarded as an adipokine capable of inducing
insulin resistance [31].

In a recent observational study by Dhana-
palaratnam et al. [32], 22 subjects with T2DM
were treated either with semaglutide or dula-
glutide. Before the intervention, increased
nerve size was observed in 81.8% of partici-
pants; at 1 month after treatment, a signifi-
cantly improved nerve size (decreased mean
tibial nerve cross-sectional area [CSA]) was
observed in 86.4% of participants (p<0.035),
while 31.8% showed normal nerve features
(<12.4 mm?). CSA has been validated as a reli-
able ultrasonographic index of DPN [33]. The
Total Neuropathy Score (TNS) of study par-
ticipants was significantly reduced (p=0.039)
[32]. At 3 months, additional improvement was
observed in 92.8% of participants (p<0.05),
along with a significant improvement in
sural nerve conduction amplitude (p<0.035);
conversely, sural nerve conduction velocity
was insignificantly affected at the 3-month
follow-up (p=0.214). At 3 months, the reduc-
tions in TNS persisted (p=0.025), while sig-
nificantly decreased modified Toronto Clinical
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Neuropathy Scale (mTCNS) score was also
improved (p=0.049) [32]. In a subgroup of
14 participants, there was continuous signifi-
cant improvement of nerve CSA at both study
points (p=0.04 and p=0.08, respectively) [32].
Dulaglutide treatment was associated with
an insignificantly greater reduction in tibial
CSA compared with semaglutide at both study
points (p=0.464 and p=0.454, respectively)
[32].

A subsequent study by Dhanapalaratnam et
al. [34] included 14 participants treated with
GLP-1RAs and previously obtained data from
10 study participants treated with exenatide.
Significantly improved TNS was found after 3
months of GLP-1RA therapy (p=0.005) [34].
Sural amplitude was also significantly increased
(p=0.013) [34].

In an 18-month proof-of-concept open-label
randomised study, 46 T2DM subjects were allo-
cated either to the exenatide treatment arm (22
participants) or to the insulin glargine treatment
arm (24 participants) [35]. DPN symptoms were
observed in 21 (96%) subjects in the exenatide
treatment arm and in 22 (92%) subjects in the
insulin glargine treatment arm. No differences
in glycaemic control were observed between the
two study arms (p=0.3). Exenatide was not asso-
ciated with any benefit in terms of confirmed
clinical neuropathy, IENFD, NCV or HRQoL.
The nerve regeneration rate with glargine was
significantly superior than that with exenatide
(p=0.002 vs. p=0.06) [35].

Issar et al. [36] performed a study with five
treatment arms: 32 participants treated with
exenatide; 31 participants treated with DPP-4is;
27 participants treated with sodium-glucose
cotransporter-2 inhibitors (SGLT-2is); 32 healthy
controls; and a cohort of ten participants
evaluated prospectively for a 3-month period
of exenatide treatment. DPP-4is therapy and
SGLT-2is therapy had no effect on nerve func-
tion; in contrast, subjects treated with exena-
tide exhibited normal nerve excitability, indica-
tive of impulse conduction. Subjects in the
prospective study arm treated with exenatide
showed increased S2 accommodation (p=0.028),
increased superexcitability (p=0.037) and dimin-
ished subexcitability (p=0.045), independent of
glycaemic control [36].

EXPERIMENTAL STUDIES WITH
DPP-41S IN DPN

Experimental studies on DPP-4is in the manage-
ment of DPN are summarised Table 3.

A recent study by Yamaguchi et al. [37]
assessed several DPP-4is (diprotin A, linaglip-
tin, and sitagliptin) and DPP-4 substrates (pitui-
tary adenylate cyclase-activating polypeptide
[PACAP], neuropeptide Y [NPY] and stromal
cell-derived factor-1a [SDF-1a]) in dorsal root
ganglia neurons from C57BL/6] (BL6) mice and
50B11 cells. Diprotin A is a tripeptide only used
in the experimental setting [38, 39]. Yamaguchi
et al. [37] used neurite outgrowth, a commonly
used index, to assess the results, reporting that
all three DPP-4is administered showed a signifi-
cantly elevated mean neurite length, with sitag-
liptin showing the best result (<0.0001) com-
pared with diprotin A (p<0.05) and linagliptin
(p<0.05). The three DPP-4 substrates adminis-
tered as potential enhancers of DPP-4is in DPN,
namely PACAP, NPY and SDF-1a, are major gut
hormones involved in the incretin effect [40].
The results showed that the only substrate sig-
nificantly increasing neurite growth was PACAP
(p<0.0001) [37]. There was also an advantageous
effect of DPP-4is and PACAP on cell viability:
their administration in 50B11 cells (an immor-
talised cell line of rat dorsal root ganglion neu-
rons) significantly attenuated decreased cell
viability under H,O, cytotoxic conditions [37].

Jin et al. [41] conducted an experimental
study and administered vildagliptin at two
different doses, 0.3 mg/kg or 10 mg/kg, on a
daily basis to adult male STZ-induced diabetic
Sprague-Dawley rats in two of the four experi-
mental groups. In the group treated with vild-
agliptin at 10 mg/kg/day, nerve fibre loss was
significantly limited compared with the other
experimental groups (p<0.05). Moreover, vilda-
gliptin administration significantly (p<0.05)
attenuated the decrease in IENFD, evaluated
as the number of nerve fibres per millimetre of
epidermis in immunohistochemical staining,
in a dose-dependent manner. Compared with
untreated rats, vildagliptin-treated rats showed
a significantly reduced effect at 2000 and 250 Hz
(p<0.05). These outcomes indicate that sensory
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perception, including pressure, vibration and
pain, was significantly improved in the vilda-
gliptin-treated group. The highest measured
GLP-1 levels were found in the group treated
with the highest vildagliptin dose [41].

The impact of vildagliptin administration on
DPN was the objective of a subsequent study
by Tsuboi et al. [42]. This basic research study
included both non-obese T2DM Goto-Kakizaki
(GK) rats and STZ-induced diabetic mice. The
results confirmed the beneficial effect of vilda-
gliptin: this agent improved NCV and neuronal
atrophy, and also increased IENFD level. More-
over, vildagliptin-based treatment increased
the number of calcitonin gene-related peptide
(CGRP)-expressing cells [42]. CGRP-expressing
neurons promote wound healing and muscle
regeneration through inflammation-modulating
actions (mainly through inhibition of neutro-
phil/monocyte/macrophage recruitment and
through changes in macrophage polarisation)
[43]. An additional vildagliptin-induced effect
was the restoration of insulin receptor phospho-
rylation and GLP-1-associated mediators, such
as CREB, PKB/AKT and S6-ribosomal protein
(S6RP) in the dorsal root ganglion of GK rats
and mice [42]. Alterations in insulin signalling
have been reported to promote the development
of sensory neuropathy in experimental studies
[44].

A long-lasting and orally bioavailable vilda-
gliptin analog termed PKF275-055 (1-[(2-ada-
mantyl)amino]acetyl-2-cyano-(S)-pyrrolidine,
monohydrochloride) has also been evaluated in
DPN [45]. PKF275-055, when assessed as a pre-
vention agent for DPN, increased Na*/K*-ATPase
activity and also partially reversed NCV deficits
without having a major impact on mechani-
cal and thermal sensitivity perception [45].
The administration of PKF275-055 as a thera-
peutic agent resulted in significantly improved
sodium-potassium adenosine triphosphatase
(Na*/K*-ATPase) activity and NCV. Importantly,
the thresholds corresponding to mechanical sen-
sitivity perception were significantly improved
by almost 50% (p<0.01) along with an improve-
ment in thermal perception [45].

In addition to studies focusing on DPP-4i
monotherapy in DPN, several combination
treatments have been assessed in experimental

settings. Guo et al. [46] conducted a study
on 5-week-old male GK and Wistar rats and
assessed three different therapeutic approaches:
one study arm received canagliflozin, a second
study arm received teneligliptin and the third
study arm received combination therapy with
these two DPP-4is. Pancreatic p-cell volume
density (Vg), a novel parameter in this work,
was reduced in GK rats (p<0.01) compared with
Wistar rats, and was significantly increased
in rats receiving teneligliptin compared with
untreated rats (p<0.05). A similar positive
effect on Vi was noted in GK rats treated with
both canagliflozin and teneligliptin (p<0.05).
Parasympathetic nerves and IENFD were signif-
icantly increased in rats receiving either cana-
gliflozin or teneligliptin (both p<0.05), par-
ticularly in rats in the combined treatment arm
(p<0.01) [46]. Parasympathetic nerve density
(r=0.55, p<0.01) and IENFD (r=0.54, p<0.01)
were positively associated with Vg. IENFD was a
clinically reliable surrogate marker of Vg, with
a cut-off at 16.39, yielding a sensitivity of 0.86
and specificity of 0.82 [46]. These authors sug-
gested that the effect of canagiflozin in DPN
was particularly achieved through major gly-
caemic regulation, as SGLT-2 is not expressed
in the central nervous system [46]. Neverthe-
less, there is evidence pointing to an effect of
SGLT-2is on the nervous system due to their
lipid-soluble properties and to their presence
in some brain regions [47, 48].

Sharma et al. [49] designed a study encom-
passing multiple combination treatment
and monotherapy regimens with sitagliptin
(metformin, pioglitazone and glimepiride or
metformin and sitagliptin or sitagliptin, ami-
triptyline and sitagliptin) using nicotinamide-
streptozocin-induced T2DM Wistar Albino rats.
Major defects in muscular grip were observed
after the induction of diabetes (p<0.001). Mus-
cular grip strength was significantly improved
in all treatment groups on days 28 and 35
(p<0.001). Thermal pain perception was
assessed using paw jumping control and was
significantly diminished in rats in all treatment
arms on days 21, 28 and 35 (p<0.01), com-
pared with untreated rats. Finally, increased
sciatic regeneration capacity was demon-
strated in nerve samples from rats treated with
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metformin and sitagliptin, as compared with
all other study groups [49].

CLINICAL STUDIES WITH DPP-41S
IN DPN

Clinical studies on DPP-4is in the management
of DPN are summarised in Table 4.

Syngle et al. [50] included 20 T2DM subject
in a prospective, open-label, pilot study. In this
study, teneligliptin was administered at 20 mg
once daily over a period of 3 months. The
authors found that therapy reduced the vibra-
tion perception threshold (VPT) (p<0.01) and
that the VPT was associated with C-reactive pro-
tein (CRP) (r=0.69, p<0.02), glycated haemo-
globin (HbAlc) (r=0.48, p<0.01) and heart rate
response to standing (HRS) (r=-0.45, p<0.01).
The treatment also improved autonomic neu-
ropathy, as evidenced by sudomotor function
(p<0.01), HRS (p<0.01), heart response to deep
breathing (HRD) (p<0.01) and blood pressure
response to standing (BPS) (p<0.05). Teneliglip-
tin improved HRQoL. Significantly reduced glu-
cose, HbAlc, erythrocyte sedimentation rate
(ESR) and CRP were seen following teneligliptin
treatment [50].

Sitagliptin was evaluated in a 3-month inter-
ventional, prospective clinical trial by Barros
et al. [S1]. These authors observed an improve-
ment in the somatosensory-evoked potentials
(SEPs) of the treated participants, as well as a
reduction in HbAlc (p<0.0001), fasting glucose
(p=0.001), total cholesterol (p=0.019) and ala-
nine transaminase (ALT) (p=0.022). Interest-
ingly, the study involved T2DM subjects without
clinical manifestations of DPN [51].

A recent 1:5 matched cohort study encom-
passing data from 2012 to 2021 compared the
impact of biguanide- (514 participants) or DPP-
4i-based treatment (2570 participants) on DPN
[52]. Both agent classes had no significant effect
on DPN (p=0.491, p=0.560 for cumulative inci-
dence after 5 years). A further comparison fur-
ther substantiated this conclusion, as the hazard
ratio for biguanide treatment compared with
DPP-4is-based treatment was assessed overall at

0.76 (95% confidence interval [CI] 0.34-1.67)
[52].

Kolaczynski et al. [53] included 3015 individ-
uals receiving vildagliptin and 3015 individuals
receiving sulfonylurea in a retrospective cohort
study on diabetic complications. Vildagliptin
administration was linked with a significantly
decreased incidence of DPN (odds ratio [OR]
0.71, 95% CI 0.60-0.85, p=0.0001), as well as
of the composite outcome featuring both retin-
opathy and DPN (OR 0.70, 95% CI 0.61-0.82,
p<0.0001) [53].

DISCUSSION

In this review we discuss current experimental
and clinical evidence on the role of GLP-1RAs
and DPP-4is in DPN. GLP-1RAs that have been
investigated in experimental studies include
exenatide [10, 14-17, 19, 21, 22], liraglutide
[24] and the twincretin tirzepatide [28]. In these
studies, GLP-1R was found to be expressed in
the dorsal root ganglion [14], and in two stud-
ies GLP-1R expression was not limited to neu-
rons (small and large peptidergic neurons) but
was also seen in Schwann cells [20, 22]. In two
studies, GLP-1 promoted neurite outgrowth and
reduced pro-apoptotic factors (e.g. Bim), induced
under NGF deprivation [10, 19]. Interestingly,
hippocampal expression of GLP-1R and NGF
doubled over a short period of GLP-1RAs-based
treatment. In two other studies, NGF expression
was restored with liraglutide [24, 27].

In experimental studies, GLP-1RAs achieved
its effects by promoting neurite outgrowth, with
multiple studies confirming the promotion of
neurite outgrowth by GLP-1RAs, their capac-
ity to reassemble of actin and tubulin and their
activation of neuronal projections [13, 14, 16,
18-20]. Even increased nerve fibre density in
the hind dorsum was seen with exendin-4 treat-
ment, further substantiating the neurotorophic
effect of GLP-1RAs [15]. Electrophysiological
parameters, such as MNCV and SNCV, have been
found to be significantly improved following
treatment with GLP-1RAs [14, 22], and myeli-
nation markers were also restored [14]. In some
studies, a significant improvement was seen in
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IENFD and a gradual increase in intra-epidermal
innervation [13-15, 22]. There has also been evi-
dence of an improvement in neuropathic symp-
toms: thermal sensory perception was improved
with exenatide, whereas the latencies assessed in
other exenatide-based studies revealed no effect
[21, 22]. A number of studies have shown that
GLP-1RAs effectively counteracted oxidative
stress and the apoptosis of Schwann cells and/
or neurons [15-18, 24].

An interesting action of GLP-1RAs was
observed when this agent was co-administered
with exendin-4 and LY294002, a PI3K inhibitor,
with a further promotion of neurite outgrowth
and neuronal survival [20]. GLP-1RAs have also
been observed to exhibit immunomodulatory
actions, facilitating production of anti-inflam-
matory cytokines by Schwann cells [24]. Tirzepa-
tide treatment counteracted neuronal apoptosis
and facilitated neuronal differentiation [28].

Various experimental studies evaluating DPP-
4is have assessed vildagliptin [41, 42], a long-
acting vildagliptin analog, termed PKF275-055
[45], diprotin A [37], linagliptin [37], sitagliptin
[37, 49], teneligliptin [46] and several combina-
tions of these, such as teneligliptin with cana-
gliflozin [46] or sitagliptin-based combinations
(e.g. metformin and sitagliptin, or amitripty-
line and sitagliptin) [49]. In one of these stud-
ies, vildagliptin emerged as a promising treat-
ment option, effectively reversing NCV delays
in the rat model and improving NCV in the
mice model [42]. However, mechanical/thermal
sensitivity was not improved with vildagliptin
[45]. In therapeutic settings, motor thresholds
were found to be substantially improved by
50%, whereas a progressive improvement in
thermal perception was also noted [45]. Overall
sensory function was improved by vildagliptin,
showing promising effects in pain, pressure and
vibration [41]. Experimental assays resembling
clinical tests showed clear benefits of sitagliptin
or sitagliptin-based combinations, either in mus-
cular grip or paw jumping control, indicative of
thermal pain perception [49].

Evaluations of immunohistochemical param-
eters further identified novel molecular patterns.
Neurite outgrowth was found to be enhanced
by several DPP-4is, with sitagliptin yielding the
best outcome [37]. Vildagliptin improved IENFD

in a dose-dependent manner. Teneligliptin or
combined teneligliptin-canagliflozin treatment
also resulted in the improvement of this par-
ticular index, with the most noteworthy effect
specifically found in parasympathetic innerva-
tion [41, 46]. Nerve regeneration was observed
to be promoted through sitagliptin and met-
formin treatment [49]. The decrease of CGRP-
expressing neurons was counteracted by vilda-
gliptin. The highest GLP-1 levels corresponded
to the highest dose of medication administered,
while insulin signalling and the action of sev-
eral GLP-1 downstream mediators (e.g. CREB)
were also enhanced [41, 42]. DPP-4 substrates
and their introduction into clinical practice may
also pave the way for a more efficient therapeu-
tic approach in treating subjects with DPN, as
PACAP administration further strengthened neu-
rite outgrowth [37].

Many clinical studies shared common meth-
odology in terms of participant selection. Clini-
cal diagnosis was established according to the
criteria of the American Diabetic Association [30,
50], the International Classification of Diseases
(ICD-10) [43], the Michigan Diabetes Neuropa-
thy Scale [35], the TNS [33, 34, 36] or mTCNS
[33]. Most studies also adjusted for potential
alternative diagnoses by excluding subjects suf-
fering from vitamin B,, deficiency [33], those
who had been administered neurotoxic agents
(e.g. immunotherapy, chemotherapy) [33, 34],
those who consumed alcohol [52] and neuropa-
thy attributed to other reasons [32, 34].

The number of studies on GLP-1RAs is limited
although some data are available from studies
ranging in designs (observational [30, 32, 34],
comparative [36] and a 18-month proof-of-con-
cept open-label randomised study [35]). Sema-
glutide [32], dulaglutide [32] and exenatide
[34, 35] have been used so far. In these stud-
ies, treatment with GLP-1RAs resulted in major
improvement in CSA [32]. Improvement in Na*/
K*-ATPase pump function and Na* conduction,
indicative of a more optimal neuronal function,
was found in experiments carried out in clini-
cal settings, and also confirmed in experimental
works [16, 34]. Despite substantially increased
sural amplitude, NCV was not affected [32, 34].
Excitability assays have also been carried out,
with the results indicating that only exenatide
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Table 5 Emerging mechanisms of incretin action in DPN in experimental studies.

Agent class Potential mechanisms of action Outcomes in experimental studies References
DPP-4is Increased GLP-1 levels Improvement of [ENFD [37, 41,42, 45, 46,
Increase in CGRP expressing Increased neurite outgrowth 49]
neurons Increased cell viability under cytotoxic condi-
Restoration of insulin signalling tions
Improved activity of Na*/ Increased Vig
K*-ATPase Increased NCV
Enhanced action with PACAP Improved mechanical sensitivity and thermal
co-administration pain perception
Increased nerve regeneration capacity
Increased muscular grip strength
GLP-1RAs Attenuation of oxidative stress Improvement of sensory and motor NCV (10, 13-22, 24,
Alterations in actin and tubulin Increased neurite outgrowth and neurite number ~ 27]
Increased cell membrane surface, Alleviation of neuropathic symptoms (e.g.
increased Na* conduction and hypoalgesia)
increased Ca®* currents Increased IENFD
Induction of Epac/AKT pathway  Increased myelinated fibre size and decreased
NGF-like action axon/fibre area ratio
RhoA suppression Increased nerve fibre density in the hind dorsum
NF-xB suppression Decrease of Schwann cell apoptosis
Enhanced action with PI3K inhibi- Increase of cAMP levels
tion Induction of mature neuronal phenotype
Increased pERK1/2 Improved mitchondrial function
Induction of cell-proliferation and neurite
formation
Inhibition of pro-apoptotic proteins and of ROS
defence markers levels
Increased expression of anti-apoptotic markers
Improved pain perception
Improved myelination
GLP-1/GIP  Increased neurotrophic factors Increase in GLUT3 and GLUT4 [28]
receptor Activation of pAKT/CREB/ Restoration of insulin signalling
agonists BDNF pathway Increased neuroprotection capacity

Epigenetic modulation of neuronal
growth, apoptosis and differentia-

tion

AKT Protein kinase B, BDNF brain derive neurotrophic factor, cAMP cyclic adenosine monophosphate, CGRP calcitonin gene-
related peptide, CREB cyclic adenosine monophosphate response element-binding protein, DPP-4is dipeptidyl peptidase 4 inhibi-
tors, GIP glucose-dependent insulinotropic peptide, GLP-1 glucagon-like peptide 1, GLUT glucose transporter, JENFD intra-epi-
dermal nerve fibre density, Nz'/K*-ATPase sodium—potassium adenosine triphosphatase, NCV nerve conduction velocity, NF-xB,
nuclear factor kappa-light-chain-enhancer of activated B cells, NGF nerve growth factor, PACAP pituitary adenylate cyclase-acti-
vating polypeptide, pERK1/2 proline extensin-like receptor kinase 1/2, PI3K phosphoinositide 3-kinase, Rbo.4 Ras homolog family
member A, ROS reactive oxygen species, g pancreatic 3-cell volume density, DPNN diabetic peripheral neuropathy
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could contribute effectively to optimal neuronal
function, compared to both DPP-4is and SGLT-
2is [36]. In some studies, assessment using the
TNS vyielded contradictory data with improve-
ment in two studies [32, 34] and a lack of
improvement, at least in motor modalities, in
a third study [36]. Again, exenatide was inferior
to insulin glargine in one study but effective in
other studies [34, 35]. In one study, semaglu-
tide and dulaglutide were compared, with the
authors reporting a non-significant trend in
favour of dulaglutide with respect to tibial CSA
measurements [32]. The effect of GLP-1RAs on
autonomic nerve function has not been fully
elucidated, and only limited data exist. On the
one hand, a beneficial effect on autonomic
neuropathy has been assessed [50]; on the other
hand, the known inhibitory effect of GLP-1RAs
on gastrointestinal motility has not been evalu-
ated and the exact effect needs to be clarified
[54].

Clinical data on DPP-4is in DPN are also
sparse. Overall, data from two studies with a pro-
spective design (a prospective, open-label, pilot
study [50] and an interventional, prospective
and open clinical trial [51]), one matched cohort
study [52] and one retrospective cohort study
[53] are available. These studies used sitagliptin
[51], vildagliptin [53] or teneligliptin [50]. In one
study, a substantial decrease in VPT was observed
in teneligliptin-treated individuals, showing
that DPP-4is-based treatment alleviated large
myelinated fibre dysfunction [50]. In another
study, the improvement in SEPs, corresponding
to restored peripheral nerve function under sit-
agliptin treatment, was also considerable [51].
Of note, one study strengthened the potential
role of DPP-4is in cardiac autonomic neuropa-
thy, yielding promising outcomes in multiple
associated indices [50]. There is increasing evi-
dence pointing to the need for further studies
to elucidate the role of DPP-4is in DPN: beyond
significant improvement in HRQoL, vildagliptin
was found to significantly reduce the incidence
of DPN restrospectively and prevent the occur-
rence of combined outcome including DPN and
retinopathy [50, 53]. Perhaps, the reason for the
limited clinical evidence of DPP-4is lies in their
lack of benefit, as compared with other medica-
tions, such as biguanides [52].

The effect of incretins on DPN is very promis-
ing, both in clinical and experimental settings.
Incretins essentially improve neuronal function,
counteract inflammation and oxidative stress
and imitate or promote the actions of several
neurotrophic factors. An overview of the multi-
ple mechanisms mediating the benefit of DPP4-
is and GLP-1RAs in DPN can be found in Table 5.
Compared with other antidiabetic agents, the
potential of incretins is more promising for
different reasons. Metformin has been associ-
ated with vitamin B,, deficiency, which may
per se lead to neuropathy. Consequently, great
caution is needed [55]. Conversely, the benefit
documented for canagliflozin has been mainly
attributed to the restoration of normoglycaemia
and not to any effects specific to nervous system,
as the expression of these cotransporters in the
nerve system is ambiguous [46-48].

STRENGTHS AND LIMITATIONS OF
THIS REVIEW

The strength of this review is inclusion of both
experimental and clinical data. Also, the clini-
cal outcomes related to DPN are provided in
a time-dependent way, showing the effects of
DPP-4is and GLP-1RAs in subjects with DPN.
Nevertheless, there are certain limitations. First,
participant series in clinical studies were small.
Moreover, most studies were not interventional
but relied on retrospective data. Accordingly,
they could not fully document any benefit for
DPP-4is and GLP-1RAs, but only compare their
effects with other antidiabetic agents. Thirdly,
design, research questions and study endpoints
were heterogeneous. Indeed, even contradictory
results have been reported.

CONCLUSIONS

The role of GLP-1RAs and DPP-4is in DPP has
not been sufficiently studied so far. Experimen-
tal evidence suggests that both agent classes
not only enhance neurite outgrowth, promote
increased innervation and restore motor and
sensory electrophysiological parameters, but
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they also counteract the detrimental effects
of oxidative stress and inflammation induc-
ing apoptosis. Clinical data are still sparse,
but promising, pointing to a beneficial effect
on electrophysiological parameters, neuronal
function and HRQoL. Nevertheless, the lim-
ited number of participants in the clinical tri-
als and the relative scarcity of evidence pose
considerable obstacles in terms of the clini-
cal utility of antidiabetic agents to improve
DPN-associated outcomes. Therefore, further
studies are required, which will determine the
exact effect of both drug categories on their
utility in DPN and whether their actions are
dependent on any associated parameters of the
condition, such as severity and/or symptoms.
Finally, studies should shed light on the ques-
tion of whether DPP-4is and/or GLP-1RAs hold
potential as preventive agents for DPN, given
that they are widely prescribed among T2DM
subjects.
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