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Abstract

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a neuropeptide exerting,
among others, strong trophic and protective effects. It plays a role in several physiological
functions, including glucose homeostasis. The protective effects of PACAP are mainly me-
diated via its specific PAC1 receptor by stimulating anti-inflammatory, anti-apoptotic and
antioxidant pathways. The aim of the present review is to summarize data on the protective
effects of PACAP in the three major complications of diabetes, retinopathy, nephropa-
thy and neuropathy, as well as some other complications. In type 1 and type 2 diabetic
retinopathy models and in glucose-exposed cells of the eye, PACAP counteracted the de-
generation of retinal layers and inhibited apoptosis and factors leading to abnormal vessel
growth. In models of nephropathy, kidney morphology was better retained after PACAP
administration, with decreased apoptosis and fibrosis. In diabetic neuropathy, PACAP
protected against axonal–myelin lesions and less activation in pain processing centers. This
neuropeptide has several other beneficial effects in diabetes-induced complications like
altered vascular response, cognitive deficits and atherosclerosis. The promising therapeutic
effects of PACAP in several pathological conditions have encouraged researchers to design
PACAP-related drugs and to develop ways to enhance tissue delivery. These intentions are
expected to result in overcoming the hurdles preventing PACAP from being introduced
into therapeutic treatments, including diabetes-related conditions.

Keywords: diabetic nephropathy; diabetic retinopathy; diabetic neuropathy; diabetic
keratopathy

1. Introduction
Pituitary adenylate cyclase-activating polypeptide (PACAP) was discovered based on

its cAMP stimulating effect in the hypophysis [1]. PACAP occurs in two biologically active
forms, with 27 or 38 amino acid residues (PACAP27 and PACAP38, respectively), with the
38 form being dominant in mammals. PACAP is a conserved neuropeptide, acting on three
G protein-coupled receptors (PAC1, VPAC1 and VPAC2), and it can also traverse cellular
membranes to act directly on intracellular targets [1,2]. The diversity of the receptors, as
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well as the activity-dependent expression of the peptide and its receptors, can explain the
diversity in functions [3–5]. In addition, PACAP can activate various signaling pathways in
a cell- and tissue-specific manner and depending on activity and differentiation status [6,7].
It is therefore not surprising, similarly to many other neuropeptides, that PACAP plays
a role in several physiological and pathological conditions. Among others, it is involved
in central behavioral processes such as stress, anxiety and locomotor regulation [8–11]; in
cognitive functions [12]; in thermogenesis [13]; in central and peripheral cardiovascular and
respiratory regulation [14–16]; in bone and cartilage development and maintenance [17,18]
and in migraine pathogenesis [6,19].

One of the most intensively studied actions of PACAP is its cellular protective effects
exerted in different neuronal and non-neuronal cells [20–22]. This cytoprotective action
is mediated mainly by the PAC1 receptor, involving anti-apoptotic, anti-inflammatory
and antioxidant effects. In vitro, PACAP has been shown to protect against, for example,
cardiomyocyte apoptosis, endothelial dysfunction, cerebellar granule cell death, bacterial
infections and intestinal inflammations [23–27]. In vivo, this peptide is protective in ani-
mal models of neurodegenerative diseases, cardiomyopathy, colitis, ischemic lesions or
amyloidosis [1,20,28–30]. Diabetes is associated with several macro- and microvascular
complications, affecting most organs, especially the kidney, eye and peripheral nerves. The
protective effects of PACAP against different in vitro and in vivo toxic agents and factors
leading to degenerative changes have already drawn attention to PACAP as a protective
agent in diabetic complications [31]. The aim of the present review is to summarize data
on the protective effects of PACAP in the three major complications of diabetes, diabetic
retinopathy, nephropathy and neuropathy, as well as some other complications [32]. The
main findings are summarized in Figure 1 and Table 1.

Figure 1. A graphical summary of the main findings regarding PACAP’s protective effects in major
diabetic complications.
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Table 1. Main findings in diabetes models on effects of PACAP on ameliorating diabetes/high
glucose-induced effects.

Model PACAP Treatment PACAP-Induced Effects, Counteracting
Diabetes/High Glucose-Induced Effects Reference

In Vivo Models

Rat diabetic
neuropathy, type 1

PACAP38, 20 µg/100 µL
saline i.p., every second day

for 8 weeks

- axon–myelin separation ↓
- mitochondrial fission ↓
- unmyelinated fiber atrophy ↓
- endoneurial capillary basement membrane
thickening ↓
- mechanical hyperalgesia ↓
- activation of pain processing centers (PAG,
dorsal horn) ↓

[33]

Rat diabetic
retinopathy, type 1

PACAP38 100 pmol/5 µL
saline intravitreal, 3 times
during the last week of the

3-week-long survival period

- ganglion cell number ↑
- Müller glial cell overactivation ↓
- cone photoreceptor outer segment
degeneration ↓
- dopaminergic amacrine cell damage ↓

[34]

PACAP38 100 pmol/5 µL
saline intravitreal, 3 times
during the last week of the

3-week-long survival period

- p-Akt, p-ERK2, PKC and Bcl-2 ↑
- phospho-p38MAPK and caspase-3, -8 and -12 ↓
- number of apoptotic cells ↓

[35]

PACAP38 100 pmol/5 µL
saline intravitreal, 3 times
during the last week of the

3-week-long survival period

- photoreceptor, pigment epithelial cell and outer
limiting membrane damage ↓
- GLUT1 immunoreactivity ↑
- RAGE mRNA ↓
- number of cone bipolar and ganglion cells ↑
- PAC1, VPAC1, VPAC2 receptor expression ↑
- degeneration of ribbon synapses ↓

[36]

Intraocular PACAP38,
100 µg/4 µL 1 week after STZ

- HIF-1alpha and HIF-2alpha ↓
- HIF-3alpha ↑ [37]

Intraocular PACAP38 100 µM,
1 week after STZ - ADNP expression ↑ [38]

Intraocular PACAP38 100 µM
in 4 µL, 1 week after STZ

- interleukin-1 beta ↓
- VEGF, VEGF receptor expression ↓ [39]

Intravitreal PACAP
100 pmol/5 µL saline, once a

week for 3 weeks in
spontaneously hypertensive
rats alone or in combination

with the PARP inhibitor
olaparib

- total retinal thickness ↑
- thickness of ONL, OPL, INL, IPL ↑
- number of ganglion cells ↑
- rod bipolar cell degeneration ↓
- calbindin staining ↑

[40]

Single intravitreal injection of
PACAP38—100 µL, 4 µL - Bcl-2, p53 ↑ [41]

Rat diabetic
retinopathy, type 2

PACAP eye drops (1 µg/drop)
twice a day for 16 weeks

- visual function (ERG: a-wave, b-wave,
oscillatory potential) ↑
- retinal thickness ↑
- microvascular lesion ↓
- number of surviving pericytes ↑
- number of acellular capillaries ↓
- vessel density ↑

[42]
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Table 1. Cont.

Model PACAP Treatment PACAP-Induced Effects, Counteracting
Diabetes/High Glucose-Induced Effects Reference

In Vivo Models

Rat diabetic nephropathy,
type 1

Continuous intravenous
treatment with jugular
osmotic minipump for

2 weeks

- glomerular damage and vacuolar appearance ↓
- TNF-alpha, TGF-beta ↓
- body weight ↑
- kidney weight, glomerular enlargement ↓
- hyperglycemia, proteinuria, polyuria ↓

[43,44]

PACAP38, 20 µg/100 µL
saline i.p., every second day

for 8 weeks

- histological signs of diabetes: intraglomerular
PAS positive area expansion, tubular glycogen
deposits, arteriolar hyalinosis ↓
- cytokine activation (CINC-1, TIMP-1, LIX, MIG,
s-ICAM) ↓

[45]

PACAP38, 20 µg/100 µL
saline i.p., every second day

for 8 weeks

- p38 MAPK, cleaved caspase-3 ↓
- NFκB ↓
- pAkt, ERK1/2 ↑
- collagen IV, TGF-beta1 ↓
- glutathione ↑
- glomerular basement membrane thickening ↓

[46]

High glucose exposure in vitro

Retinal explant
100 nM PACAP in vitro on
retinal explant exposed to

high glucose

- caspase-3 ↓
- VEGF ↓ [47]

ARPE19 pigment epithelial
cells exposed to

hyperglycemic/hypoxic insult
100 nM PACAP38

- ADNP ↑
- VEGF ↓
- outer retinal barrier permeability ↓
- junctional protein expression (ZO-1, occludin) ↑
- choriocapillaris neovascularization ↓

[38]

ARPE19 pigment epithelial
cells exposed to

hyperglycemic/hypoxic insult
100 nM PACAP38

- HIF-1alpha ↓
- HIF-3alpha ↑
- VEGF, VEGF receptors ↓
- p38 MAPK ↓

[48,49]

ARPE19 cells exposed to high
glucose and interleukin-1 beta 100 nM PACAP38 - hyperpermeability ↓ [50]

Human corneal epithelial cells
exposed to high glucose 0.1, 1, 5 µM PACAP38

- cell proliferation, migration ↑
- Ki-67, Bcl-2 mRNA ↑
- autophagy ↑
- p-AMPK, p-ERK, Bcl-2 ↑
- p62 ↓

[51]

Rabbit corneal epithelial cells
exposed to high glucose 100 nM PACAP38

- cell viability ↑
- corneal epithelial wound healing ↑
- EGFR, ERK1/2 ↑

[52]

Rabbit corneal epithelial cells
exposed to high glucose 100 nM PACAP38

- IL-1beta, TNF-alpha ↓
- activation of NF-kB ↓
- epithelial morphology, corneal barrier
thickness ↑

[53]

2. PACAP in the Pancreas
The presence of PACAP and its receptors has been described in both the exocrine and

endocrine pancreas [54–57]. PACAP is abundant in the Langerhans islets, and it is also
involved in the nervous control of hormonal secretion. Intrapancreatic ganglia and sensory,
parasympathetic and enteric fibers innervating the endocrine pancreas contain PACAP [56].
In humans, immunohistochemistry revealed that PACAP and the PAC1 receptor are present
in the exocrine and endocrine parts of the pancreas [54,58]. PACAP immunoreactivity was
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weak in the acini and very strong in the islets of the normal pancreatic tissue, while it almost
disappeared in ductal adenocarcinoma samples [54]. PAC1 receptor immunostaining was
very strong in both the exocrine and endocrine parts and was found to be markedly weaker
in tumor samples [54]. In insulinoma samples, strikingly weaker immunostaining was
observed, while staining disappeared in the exocrine part in chronic pancreatitis [58].

PACAP is known to participate in the regulatory mechanisms of insulin and glucagon
secretion and to be involved in glucose homeostasis in animals and humans [59–63].
Therefore, PACAP is considered as an insulinotropic peptide in the islets of Langer-
hans [64]. PACAP stimulated both insulin and glucagon secretion at high glucose
concentrations [65–67], while at basal glucose concentrations, only glucagon was in-
creased [66,68,69]. Daily injections of the antagonist PACAP6-27 for 14 days impaired
glucose tolerance, insulin sensitivity and the glycemic response to feeding without altering
glucagon, basal insulin, plasma glucose or lipid levels; feeding activity or body weight in
ob/ob mice [70]. The acute administration of PACAP1-27 caused an elevation in blood
glucose and insulin secretion, while acute PACAP6-27 could antagonize the insulinotropic
action of PACAP1-27 without altering glucose levels [70]. On a long-term basis, PACAP
exerted the transcriptional regulation of the insulin gene and of the genes of the glucose
transporter and hexokinase in a rat insulinoma cell line [71]. Other studies found that
PACAP could directly stimulate glucose output from hepatocytes [72,73]. PACAP also
participates in the adrenergic counter-response to hypoglycemia, during which PACAP is
released from the sympathetic splanchnic nerves innervating the adrenal medulla [74]. It
is also known that PACAP participates in the regulation of glucose homeostasis not only
at the peripheral level but centrally, in the ventromedial hypothalamus [75,76]. Further-
more, PACAP is an important component in the hypothalamic control of hepatic glucose
production [77]. The insulinotropic effect of PACAP was significantly impaired in diabetic
islets in spite of the increased cAMP response and unaltered co-localization pattern [78].
Similarly to PACAP, a cyclopeptide derived from the cyclization of PACAP(1-5) activating
the PAC1 receptor could decrease plasma glucose levels, increase insulin levels and im-
prove glucose tolerance in vivo [79]. A recombinant, slow-release PACAP-derived peptide
could also alleviate diabetes by promoting both insulin secretion and action [80]. In a
transplantation model, PACAP elevated insulin secretion in vivo [81]. The indirect effects
of PACAP through the regulation of selenoprotein T have also been shown to be involved
in the control of glucose homeostasis [82]. A recent study identified two viral peptides
that are structurally similar to PACAP and implied that viral peptides may be linked to
PACAP-stimulated glucose-dependent insulin secretion [83].

The overexpression of PACAP could inhibit hyperinsulinemia and islet hyperplasia
in agouti yellow mice [84,85]. Transgenic mice overexpressing PACAP in pancreatic islets
showed increased insulin levels, attenuated streptozotocin-induced plasma glucose and
an age-dependent increase in islet cell mass [86]. PACAP administration could retard the
onset of hyperglycemia by maintaining the beta cell mass in calmodulin-overexpressing
diabetic mice [87]. Exogenous PACAP administration for 7 weeks prevented the develop-
ment of hyperglycemia in Goto–Kakizai (GK) rats, emphasizing the peptide’s antidiabetic
effects [88]. In turn, PACAP knockout (KO) or PAC1 receptor-deficient mice have metabolic
disturbances. PACAP KO mice had unaltered serum insulin and glucose levels in the
fed state, while increased insulin and decreased glucose levels were observed in fasting
animals [89]. Another study found a 30% decrease in insulin levels, a reduction in glu-
cose levels and a temperature-dependent increase in insulin tolerance [90]. Mice with
virus-mediated PACAP deletion in the mediobasal hypothalamus rapidly gained weight
and became hyperinsulinemic and hyperglycemic [91]. Another study, on the other hand,
found hypoinsulinemia, reduced fat tissue mass, and lower body weight and food intake
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in whole-body PACAP KO mice [92]. PACAP-deficient mice also displayed other metabolic
disturbances with increases in lipid parameters [89,93]. PAC1 receptor-deficient mice
had 50% reduced insulin response to raising glucose concentrations in the perfused pan-
creas [94] and disturbed lipid metabolism [95]. Several other metabolic effects of PACAP
can be related to diabetes, like its anorectic and anti-obesity effects, although no direct
connection has been established yet [96,97].

A recent study found that PACAP could ameliorate insulin resistance, characterized
by increased glycogen synthesis and the suppression of gluconeogenesis, in an insulin-
resistant cell model and in mice fed with a high-fat diet [98]. In obese mice, the authors
found that PACAP treatment reduced body weight, blood glucose levels and food in-
take [98]. Several other studies have described PACAP’s participation in the regulation of
food intake, nutrition, thermoregulation, energy balance, metabolic functions and glucose
tolerance [99–103]. It could attenuate hepatic lipid accumulation and inhibit lipogenesis in
high-fat-diet-fed mice [100]. PACAP plays a role in various other metabolic processes in
addition to the above described effects, which can also contribute to the factors in diabetes
generation and complications [104–108]. As PACAP is involved in the regulation of insulin
secretion and the PACAP gene is located on chromosome 18p11, where a genome-wide
scan revealed an association between type 2 diabetes and obesity, it was presumed that
PACAP gene variations could also be one of the factors accounting for the development of
diabetes. A Scandinavian population scan found, however, that the variants of the Adcyap1
gene may not be a major influencing factor in the Swedish and Finnish populations [109].

Studies have shown that the general cytoprotective actions of PACAP are also present
in pancreatic islets. Vagal PACAP can function synergistically with cholinergic signaling to
increase beta cell proliferation via the forkhead box cell cycle transcriptional factor [110].
The protective effects of endogenous PACAP were shown in PACAP-null mice islets, which
displayed increased sensitivity to gluco- and lipotoxicity [111]. Treatment with high glucose
or palmitate not only caused impaired calcium and insulin response but also led to the
impaired mRNA expression of uncoupling protein 2 [111]. The protective effects of a
PACAP38 analog were also proven in rat insulinoma cells against STZ-toxicity. The chronic
administration of this analog protected islets in neonatally STZ-injected rats, followed by
an improvement in glycemic control [112]. Protection was also shown in the rat islet cell
line RINm5F treated with conditioned medium from PACAP-preconditioned mesenchymal
stromal cells exposed to high glucose and streptozotocin [113]. In these cells, viability was
increased, mitochondrial membrane potential was restored and oxidative stress-induced
apoptosis was reduced. Oxidative stress markers were also altered: radical oxygen species
were reduced, while the antioxidant activity of glutathione peroxidase was increased. The
functional recovery of the cells was proven by increased insulin levels [113]. PACAP
could also improve beta cell viability and survival during culture, with increased insulin
secretion [81]. All these results imply the potential therapeutic role of PACAP along with
VIP in diabetes [31,114].

3. PACAP in Diabetic Retinopathy—In Vivo Studies
Diabetic retinopathy is one of the most feared complications of diabetes that affects a

high percentage of patients, leading to severe visual impairment. The presence of PACAP
and its PAC1 receptor has been mapped in rodent and human retinas [115–121]. The protec-
tive effects of PACAP have been shown in several models of retinopathies, including optic
nerve transection, glaucoma, ischemic retinopathy, excitotoxity-induced injury, UV light-
induced retinopathy and retinopathy of prematurity [116,122,123]. Endogenous PACAP is
also protective in the retina, as PACAP KO mice displayed early retinal aging [124] and
increased susceptibility to retinal ischemia-induced degeneration [125] or retinopathy of
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prematurity [126]. The distribution of PACAP and the PAC1 receptor in the human eye
was found to be very similar or identical to that in rodents, implying that the protective
effects observed in rats and mice could be translated to humans [115]. Diabetes affected the
endogenous expression of PACAP, as mRNA for PACAP and its receptors were reduced in
diabetic rat retinas [41].

Regarding diabetes, several studies have proven the potency of PACAP in protect-
ing against diabetes-induced retinal damage [127]. The first in vivo study revealed that
intravitreal PACAP treatment in type 1 diabetic rats, induced by a one-time higher dose of
streptozotocin, led to less severe damage in the retina [34]. Ganglion cell loss and Müller
glial cell overactivation were reduced by PACAP. This latter effect could also be a direct
effect on Müller glial cells, as these cells are direct target cells for PACAP’s action [128].
The terminals of cone photoreceptor outer segments were damaged in diabetic rats, which
was not observed after PACAP treatment. Furthermore, in PACAP-treated animals, the
dopaminergic amacrine cell structure was retained [34]. These results prompted further
research, as PACAP turned out to be a promising peptide in treating diabetic retinopa-
thy [129,130]. Since PACAP did not change body weight or blood glucose levels, molecular
mechanisms targeting cell death or other pathways must be responsible for the observed
protective effects. In a follow-up study, more insight into the molecular mechanism was
gained [35]. Intraocular PACAP could increase the expression of anti-apoptotic p-Akt,
p-ERK2, PKC and Bcl-2 in diabetic rats. In contrast, the treatment downregulated pro-
apoptotic phospho-p38MAPK and caspase-3, -8 and -12. This led to a significant decrease
in the number of apoptotic cells in all nuclear layers of the retina. The degeneration of
the dopaminergic amacrine cells is among the first signs of diabetic retinopathy. The
apoptosis of these cells was increased in diabetic samples, while PACAP treatment could
decrease the death of these cells. These results were in accordance with another study,
where a single intravitreal injection of PACAP could counteract the diabetes-induced de-
crease in Bcl-2 and p53 transcript levels three weeks after the onset of diabetes [41]. This
study, in addition, revealed that an acute transient increase in retinal PACAP, VPAC1 and
VPAC2 receptor expression is followed by a significant decrease three weeks later [41]. The
anti-apoptotic effects of PACAP are well established in several cell types under different
pathological conditions, including cerebellar granule cells, cortical neurons, astrocytes,
neuroblastoma cells, intestinal and kidney tubular cells, hepatocytes, cardiomyocytes and
PC12 cells [1,20,131–141]. These results in a rat model of diabetic retinopathy showed that
the retinoprotective effects are, at least partly, achieved by the anti-apoptotic effects of
PACAP in the retina [35]. In a similar experimental setup, PACAP modulated hypoxic
processes, as marked changes in hypoxia-inducible factor expression were found [37].
Diabetes induced an increased expression of HIF-1alpha and HIF-2alpha, along with a
marked downregulation of HIF-3alpha. All these changes were counteracted by intraocular
PACAP injections [37]. HIF-1alpha and HIF-2alpha promote growth factors that lead to
neovascularization typical for diabetic retinopathy, while HIF-3alpha, a negative modulator
of the other HIFs, inhibits these processes. The changes induced by PACAP confirm that the
peptide is able to counteract the molecular mechanisms responsible for pathological vessel
formation [37]. PACAP was also able to induce the retinal expression of the protective pep-
tide ADNP (activity-dependent neuroprotective peptide) and reduce VEGF, VEGF receptor
and interleukin-1 beta expression in diabetic rats, thereby implying the involvement of
other induced factors in PACAP’s protective effects [38,39,142].

Electron microscopical examination revealed that in the same diabetic retinopathy
model, pigment epithelial cells, ribbon synapses and other synaptic profiles suffered from
alterations [36]. Horseshoe-shaped ribbon synapses were more retained in PACAP-treated
retinas, and the number of cone bipolar and ganglion cells was restored. The outer segments
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of the photoreceptors, pigment epithelial cells and the outer limiting membrane suffered
severe degeneration in diabetic retinas, which was prevented by PACAP treatment. The
reduction in GLUT1 immunoreactivity was also prevented by PACAP treatment, and
the increased expression of RAGE mRNA was reduced. PACAP could counteract the
diabetes-induced reduction in the expression of the PAC1, VPAC1 and VPAC2 receptors.
These results indicate that PACAP can help to maintain the integrity of the vertical retinal
pathway [36].

Similar protective effects were observed in spontaneously hypertensive rats with
induced diabetic retinopathy [40]. It was found that PACAP alone had some protective
effects, but better results could be obtained when PACAP was combined with the PARP
inhibitor olaparib. Double treatment could restore the decrease in the thickness of retinal
layers and the ganglion cell number and could partially restore the altered staining patterns
of the calcium-binding proteins, calbindin and parvalbumin [40].

A recent study has found similar protective effects in a rat model of type 2 diabetes [42].
Type 2 diabetes was modeled in rats with low-dose streptozotocin and a high-fat diet for
16 weeks. Twice-daily treatment with PACAP eye drops did not alter body weight or
triglyceride levels. Blood glucose levels were slightly, though not significantly, lower in
the PACAP-treated group. However, marked differences were observed in the visual
function tested with electroretinography: the striking reductions in a- and b-waves and
oscillatory potential were ameliorated by PACAP treatment in diabetic animals. The total
retinal thickness, measured by optic coherence tomography, was well preserved in the
PACAP-treated animals, as shown by the thickness of the sublayers, such as INL, IPL,
ONL and photoreceptor outer segments. The microvascular structure was also protected:
PACAP could counteract the vessel density-decreasing effect of diabetes in the periphery
and edge regions of the retina, the decrease in pericyte survival and the increase in the
number of acellular capillaries [42]. These results show that PACAP is protective not only
in type 1 but also in type 2 diabetic retinopathy. Naturally, the translational limitation of
animal studies with type 2 diabetes is that the time-course is much shorter in animals for
the development of the disease than in humans, even though the 16-week-period in the
mentioned model can be considered as a chronic treatment. Furthermore, these results
also prove the effectiveness of PACAP treatment in the form of eye drops, not only via
invasive intravitreal administration. The passage of PACAP through the ocular barriers
has been tested previously, and it could be proven that PACAP, through eye drops on the
cornea, reaches the retina and exerts retinoprotective effects in models of retinal ischemia
and glaucoma [143,144].

4. In Vitro Protective Effects of PACAP in Retinal Cells Exposed to
Hyperglycemia or Other Insults

PACAP’s retinoprotective effects were also studied in vitro in different cells of the
retina and in retinal explants. In retinal explant preparations exposed to high glucose to
mimic diabetic conditions, 100 nM PACAP could counteract the elevated caspase-3 and
VEGF levels [47]. Pigment epithelial cells are connected to each other by tight junctions
forming the outer retinal barrier and play a role in photoreceptor functions and regeneration.
Their dysfunction lies in the background of several ocular complications, including diabetic
retinopathy [50,145,146]. Not only hyperglycemia itself but also hypoxia, oxidative and
hyperosmotic stress are additional aggravating factors in diabetic retinopathy [146–148].
PACAP has been shown to protect pigment epithelial cells exposed to various stressors,
including hypoxia, hyperosmotic stress and oxidative stress [122,147]. In accordance with
other findings, PACAP could reduce the expression of HIF-1alpha in pigment epithelial
cells, reduce apoptosis and decrease the expression of cytochrome-c and p53, while it could
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increase the levels of antioxidant superoxide dismutase 2, thioredoxin and paraoxonase2
in a human pigment epithelial cell culture (ARPE19 cells) [146]. Another study found
that PACAP ameliorated the pigment epithelial cell junctional disruption measured by
the decrease in the transmembrane protein occludin and the plaque protein ZO-1 in cells
exposed to osmotic (sucrose) or oxidative stress (hydrogen peroxide) [145]. PACAP co-
administration could also moderate the cytoskeletal disorganization analyzed by atomic
force microscopy in cells exposed to osmotic stress. This led to the restoration of the
worsened elasticity of the cells. PACAP treatment could also mitigate the upregulation
of angiogenic factors, such as VEGF, angiogenin and endothelin-1, in cells exposed to
hyperosmotic or oxidative stress. All these effects could play a role in the effect of PACAP
increasing cell survival [145]. Similar results were obtained in the same cells exposed to a
hyperglycemic/hypoxic insult: the decrease in the junctional proteins ZO-1 and occludin
was ameliorated, and PACAP increased transepithelial electrical resistance, indicating
the preservation of the outer retinal barrier [38]. Furthermore, PACAP treatment could
decrease choriocapillaris neovascularization, increase ADNP expression and decrease VEGF
expression [38]. In another study with ARPE19 cells, reduced HIF-1alpha and increased HIF-
3alpha levels were detected upon PACAP treatment [49]. PACAP could also decrease the
hyperglycemia/hypoxia-exposed increase in VEGF and receptor expression and decrease
the elevated apoptotic p53 expression level [49]. Under the same conditions, these protective
effects were shown to be mediated through anti-apoptotic actions, involving the PI3K/akt
and MAPK/ERK pathways [48]. In pigment epithelial cells exposed to a combination
of high glucose and inflammation by interleukin-1beta, PACAP administration could
reverse the increased permeability and the reduction in the junctional proteins claudin-1
and ZO-1 [48]. All these experiments using human pigment epithelial cells show that
PACAP can counteract the changes induced by high glucose and other harmful effects also
accompanying diabetic conditions, such as hyperosmolarity and inflammation.

5. PACAP and Diabetic Keratopathy
Diabetic keratopathy (DK) represents the major complication of the cornea characteriz-

ing diabetes-affected patients [149]. DK is associated with the hyperglycemic state leading
to persistent corneal epithelial defects, superficial punctate keratopathy, alteration of the
normal wound healing mechanism with delayed epithelial regeneration, recurrent corneal
ulcers and reduced corneal sensitivity [150]. The expression of PACAP and its receptors in
the cornea has been well-documented, providing a foundation for its therapeutic poten-
tial [151]. Studies on rabbit and human corneal tissue have identified PACAP-positive cells
primarily in the basal layer of the epithelium [115]. The expression of the peptide and its
receptors was also detected in the corneal endothelial layer and in the stroma [152–154]. In
addition, PACAP immunoreactivity has been detected in the nerve terminals that extend
through the stroma, with branches reaching into the epithelium [155]. A lot of evidence
has shown the protective role of PACAP in the cornea. In an experimental model of
laser-assisted in situ keratomileusis (LASIK) surgery, treatment with PACAP promoted the
recovery of corneal sensitivity following the creation of a corneal flap [156]. Moreover, the
peptide, alone or in combination with the N-terminal agrin (NtA) domain, significantly
induced the repair of mechanically injured corneal epithelial cells [157]. Interestingly, in a
mouse model of corneal epithelial damage, a PACAP27-derived mutant peptide (MPAPO)
accelerated wound closure after 36 h. Histological analysis confirmed a restored corneal
structure with an intact epithelial layer 48 h post-administration. Furthermore, MPAPO pro-
moted lacrimal secretion and axonal regeneration, with innervation patterns comparable to
control groups. PACAP itself also stimulates lacrimal secretion and protects against dry eye
symptoms [158]. The underlying mechanism involved the activation of the cAMP/PKA
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signaling pathway, which, in turn, enhanced cell proliferation in H2O2-injured corneal
epithelial cells [159,160].

The protective effects of PACAP were also observed in the corneal endothelium. In
human corneal endothelial cells (HCECs), isolated from the peripheral corneal–scleral tis-
sue of a donor, PACAP treatment improved cell viability, maintained barrier integrity and
promoted wound repair in growth factor-deprived monolayers [152,154]. The molecular
mechanism behind this trophic effect is linked to the phosphorylation of the epidermal
growth factor receptor (EGFR), leading to the activation of the MAPK/ERK1/2 signaling
pathway [152]. The ability of PACAP to induce EGFR transactivation is a well-established
phenomenon, observed in various cell types and models, including neurons and diabetic
retinopathy models [161–164]. Furthermore, PACAP protected HCECs from UV-B radia-
tion damage by promoting the formation of new tight junctions, which are essential for
maintaining barrier integrity and proper fluid transport [153].

In the diabetic cornea, the expression levels of PACAP, PAC1R and EGFR were com-
promised. This condition could be responsible for the delayed epithelial wound healing
observed in DK [52]. In rabbit corneal epithelial cells grown in high glucose to mimic a dia-
betic microenvironment, treatment with the peptide increased cell viability and promoted
corneal epithelial wound healing via EGFR/ERK signaling pathway activation [52].

In an effort to better understand these mechanisms in vitro, studies have utilized the
air–liquid interface (ALI) cornea model, which closely mimics the corneal epithelial barrier
in a controlled environment. Experiments on this model have demonstrated that PACAP
treatment significantly accelerated epithelial wound closure, restored tight junction protein
expression (e.g., ZO-1) and reduced the expression of pro-inflammatory cytokines, further
solidifying its role in maintaining corneal homeostasis [53]. The mechanism through which
PACAP appears to counteract the inflammatory event triggered by high glucose levels is
through the inhibition of the NF-kB signaling pathway, which is known to play a central
role in the inflammatory response [165]. A recent study has confirmed the protective
effects of PACAP in high-glucose-exposed human corneal epithelial cells [51]. PACAP was
able to restore the glucose-induced impairment of cell proliferation capacity, autophagy
and migration. PACAP also counteracted the high-glucose-induced decreased levels of
Beclin1, LC3B, Ki-67 and Bcl-2 mRNA and the p-AMPK, p-ERK and Bcl-2 proteins [51]. In
conclusion, by activating its specific receptors, PACAP enhances cell survival, decreases
apoptosis, promotes epithelial proliferation and migration and reduces oxidative stress,
thereby counteracting the pathological changes induced by the hyperglycemic environment.
Its ability to regulate tight junction proteins and maintain epithelial barrier function is also
critical for corneal integrity. These multifaceted actions highlight the potential of PACAP
to address the core pathological features of diabetic keratopathy, offering a novel and
comprehensive approach for the treatment of this debilitating ocular complication.

6. PACAP in Diabetic Neuropathy
Diabetic polyneuropathy is another main microvascular complication of diabetes [166].

Hyperglycemia and a reduction in oxygen delivery in the vessels of peripheral nerves
lead to increased inflammation and increased oxidative stress resulting in endothelial
dysfunction and hyperplasia, Schwann cell degeneration and dysfunction, demyelination,
and a lower energy status of the nerves, as well as axonal degeneration [167,168]. Adenylyl
cyclases are recognized therapeutic targets in neuroregeneration, as adenylate cyclase
activity increases after nerve injury, and the cascade of events initiated by this activation
is critical in axonal growth, growth cone dynamics and regeneration [169,170]. Soon after
its discovery, it became evident that PACAP possesses neurotrophic and neuroprotective
effects. Dozens of studies have described the involvement of PACAP in the development
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of the central and peripheral nervous system [171,172]. Thanks to all these observations,
PACAP is now an accepted neurotrophic factor [5]. Trophic factors are known to be upreg-
ulated after injuries to promote regenerative processes [172], and PACAP, along with its
receptors, is upregulated following peripheral nerve injury of different types [169,173–175].
PACAP has been proven to induce axonal growth [176,177] and to direct axonal growth
cone elongation [178]. In the peripheral nervous system, PACAP could enhance nerve
regeneration [179]. This effect is also present endogenously, as mice lacking endogenous
PACAP showed significantly delayed axonal regeneration in a facial nerve injury model,
accompanied by increased inflammatory cytokine levels of TNF-alpha, interleukin-6 and
interferon gamma and decreased anti-inflammatory interleukin-4 levels [180].

Schwann cells are crucial in peripheral nerve regeneration; they are able to respond
rapidly following injury to redifferentiate into a regeneration-supporting phenotype [181].
Schwann cells release several neurotrophic factors, such as NGF, BDNF, GDNF, VEGF
and NT3. This list can be completed by PACAP, as Schwann cells have been shown to
release PACAP [181]. In turn, it is now well established that PACAP influences Schwann cell
functions in several ways [181,182]. PACAP receptors are highly expressed in Schwann cells
and macrophages, and PACAP is able to promote myelin gene expression and inhibit pro-
inflammatory cytokines (TNF-alpha, IL6, IL1alpha and beta, MCP1) [175]. Interestingly, the
effect on pro-inflammatory cytokines could not be shown on unstimulated Schwann cells,
only in inflammation-stimulated ones, and this effect was VPAC receptor-mediated [175].
The stimulatory effects of PACAP on anti-inflammatory cytokines (IL-4, 10, 13) and its
inhibitory effects on pro-inflammatory cytokines (TNF-alpha, IL-6, IL1alpha and beta,
MCP-1) were shown in sciatic nerve explants [175]. These results show that PACAP plays
an important role in the distal nerve stump following injury to promote myelination and
regulate inflammation [175]. PACAP has been proposed to play distinct regulatory roles in
inflammatory processes in the early and later phases of neuronal regeneration [181]. PACAP
promoted Schwann cell redifferentiation, and it could directly stimulate myelination by
inducing the expression of major protein components of myelin, such as MBP, MAG
and MPZ. Tissue plasminogen activator expression was also induced, which is necessary
for the removal of debris after injury by degrading the extracellular matrix [181–183].
Furthermore, the general cytoprotective effects of PACAP [131] can also be observed in
Schwann cells: PACAP stimulated the survival of Schwann cells in serum deprivation
and stimulated the expression of other trophic factors, such as BDNF [181,182,184,185].
Conversely, regenerative processes influence the PACAP/PACAP receptor system, as
has been shown in a Schwann cell line upon inflammatory challenge, where a subset
of dysregulated miRNAs were identified to elicit a regulatory role in the PACAP/VIP
system [186].

A recent study employing single-cell RNA sequencing in a model of peripheral nerve
crush injury revealed that the PACAP gene Adcyap1 was among the key mediator genes
in neuropathic pain and regeneration [187]. The repeated intrathecal administration of
PACAP38 attenuated pain and promoted axonal regeneration. In contrast, gene silenc-
ing (Adcyap1 siRNA) or the administration of the PACAP antagonist PACAP6-38 led to
mechanical hyperalgesia and delayed axonal regeneration [187]. PACAP could alleviate
pain in the acute phase but not in the chronic phase. This study also confirmed previous
findings showing that PACAP38 promoted axonal outgrowth, while PACAP6-38 inhib-
ited it in a dorsal root ganglion neuronal culture [187]. These findings strengthen the
potential of PACAP in axonal regeneration and in pain alleviation. The neurite outgrowth-
promoting effects of PACAP were also shown in mouse dorsal root ganglia cultures, where
PACAP and DPPIV inhibitors induced a strong elongating effect of nerve processes [188].
A very important human study further highlighted the translational potency of the nerve
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regeneration-promoting effect of PACAP. The skin transcriptional profile was analyzed
in 60 patients undergoing carpal tunnel surgery [189]. The authors identified 31 genes
that were differentially expressed after decompression. Among these, the PACAP gene
(Adcyap1) was the main upregulated gene and was linked to intradermal nerve fiber
regeneration [189]. They also confirmed the axonal growth-promoting effects of PACAP, as
the peptide dose-dependently stimulated axonal outgrowth in human-induced pluripotent
stem cell-derived sensory neurons [181,189]. A recent human study found that serum
PACAP levels are increased in patients with polyneuropathy with neuropathic pain with
or without diabetes, but whether it contributes to the pain experienced by these patients
or whether it is a response to nerve injury cannot be concluded from these results [190].
All these experimental data provide evidence for the sensitive responses of PACAP upon
nerve injuries and the nerve regeneration-promoting effect of PACAP.

In a rat model of diabetic neuropathy, rats were treated with streptozotocin, and
body weight and blood glucose levels were monitored for 8 weeks. Animals received
intraperitoneal injections of PACAP38 (20 µg/100 µL) every second day for 8 weeks. An
electron microscopical analysis of the sciatic nerve preparations revealed significant nerve
damage in diabetic animals, which was markedly attenuated in PACAP-treated rats [33].
The percentage of axon–myelin separation was significantly increased in diabetic rats,
while it was attenuated to half in PACAP-treated samples, only slightly higher than that
in normal controls. A marked elevation was found in the number of mitochondria due to
mitochondrial fission, which was also attenuated by PACAP. Unmyelinated fiber atrophy
was shown by the decrease in the unmyelinated fiber area in the diabetic rats. A smaller
damaged area was observed after PACAP treatment. Furthermore, electron microscopy
revealed basement membrane thickening in endoneurial capillaries, a damage sign that
was not seen at all in PACAP-treated rats. In the same study, functional analysis was also
conducted. Pressure and touch sensitivity increased to a lower extent in the PACAP-treated
rats. Pain processing is known to be altered in diabetes, and chronic conditions lead to
increased FosB expression in pain processing centers, such as the periaqueductal gray
matter and dorsal horn of the spinal cord. In PACAP-treated animals, the marked increase
in FosB expression could not be observed in either the PAG or I-II-III laminae of L4-5 dorsal
horn segments, indicating that in PACAP-treated animals, the chronic activation of central
pain processing pathways is less prominent [33]. In this experiment, similarly to others
with the same model, body weight was severely decreased along with the elevated blood
glucose levels, but neither body weight nor blood glucose levels were changed after PACAP
treatment. This shows that the protective effects of PACAP in this model were not due to
attenuating hyperglycemia but to the protective effects of PACAP on peripheral nerves.

7. PACAP in Diabetic Nephropathy
The protective effects of PACAP in the kidney have been extensively studied in several

rodent models and also in humans. PACAP has been proven to be protective in kidney
ischemia, myeloma kidney injury, cisplatin-induced renal failure and gentamicin-induced
nephropathy [191,192]. The protective mechanisms are also present endogenously, as mice
lacking the endogenous peptide were more susceptible to ischemic kidney injury [193].
In addition, very severe amyloidosis was present in the renal corpuscles in these mice
already starting at early ages and leading to functional deterioration, as shown by increased
creatinine levels [93]. Both complete lack and partial lack lead to similar age-related changes
in the kidneys of heterozygous knockout mice [194].

Diabetic nephropathy (DN) is a major complication of type 1 and type 2 diabetes;
hence it is the leading cause of chronic kidney disease [195]. PACAP treatment was shown
to act against inflammatory processes in an in vitro model of diabetic nephropathy [196].
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Due to the crucial role of inflammation in the pathogenesis of DN, mouse podocytes were
treated with lipopolysaccharide (LPS). PACAP, acting on VPAC1 receptors, was able to
downregulate the pro-inflammatory cytokines monocyte chemoattractant protein-1 (MCP-
1) and interleukin-6 (IL-6) induced by LPS exposure. In the molecular background, more
signaling components and pathways were proven to contribute. Effects after LPS exposure
were directed through the cAMP/PKA signaling pathway, changing ERK phosphorylation
and NFκB transnuclear localization [196].

Under in vivo circumstances, intraperitoneal PACAP administration was shown to alle-
viate the morphological damage in a rat model of diabetic nephropathy [45]. Streptozotocin-
induced diabetes led to tubular damage, glycogen deposition and glomerular damage,
which were suppressed by intraperitoneal injections of PACAP. Besides diminishing his-
tological damage, PACAP was able to ameliorate the streptozotocin-induced activation
of certain cytokines, such as CINC-1, TIMP-1, LIX, MIG and s-ICAM [45]. The molecular
regulation of PACAP’s effect against streptozotocin-induced diabetes included the down-
regulation of pro-apoptotic phospho-p38 MAPK and cleaved caspase-3. In addition, it also
decreased the p60 subunit of NFκB. Anti-apoptotic factors, ERK1/2 and pAkt, displayed a
slight increase, which was significantly strengthened by PACAP. PACAP was also shown to
mitigate the expression of fibrotic markers, collagen IV and TGF-beta1 [46]. Antioxidant glu-
tathione expression was increased by PACAP. Electron microscopical examination revealed
the segmental thickening of the basement membrane in diabetic glomeruli, while PACAP-
treated animals did not display this focal thickening. In addition, no podocyte foot process
flattening or broadening was observed in PACAP-treated animals [46]. PACAP’s renopro-
tective action against streptozotocin-induced damage could also be detected when it was
administered intravenously [43,44]. Both histological changes (glomerular enlargement,
tubular vacuolization) and the activation of TNF-alpha and TGF-beta1 were significantly
decreased by PACAP administration [43,44]. Interestingly, in this study, hyperglycemia
and body weight loss were also attenuated after PACAP treatment along with decreased
proteinuria and polyuria [44].

8. Other Diabetic Complications
PACAP has been shown to alleviate further diabetic complications. Hyperglycemia-

induced vascular dysfunction is a common complication of diabetes, and it lies in the
background of several organ dysfunctions [197,198]. A 1 h hyperglycemic episode can al-
ready lead to endothelial dysfunction, which was alleviated by PACAP administration [197].
PACAP restored the reduced endothelium-dependent relaxation induced by acetylcholine
and improved the endothelium-independent sodium-nitroprusside-induced relaxation of
the carotid arteries. As a positive control, a combination of superoxide dismutase and
catalase was used, and the effects of PACAP were comparable to those of these scavengers
in spite of PACAP lacking direct scavenging activity [197]. An angiogenesis array revealed
that hyperglycemia induced the expression of fibroblast growth factorbasic (FGF basic),
matrix metalloproteinase 9 and the nephroblastoma overexpressed gene. This alteration
was reversed by PACAP administration [197]. These results show that PACAP not only
protects hyperglycemia-exposed vessels due to its vasodilator capacity but also protects
endothelial cells and other components of the vessel against toxicity [6,199–201]. Similar
protective effects were found in vessels exposed to high lipid concentrations [202], where
PACAP counteracted endothelial and smooth muscle cell injury, increased the production
of anti-atherosclerotic substances, reduced the production of lipid peroxide and inhibited
the proliferation of the smooth muscle cells [202]. Similarly, the PAC1 agonist maxadilan
reduced the occurrence of atherosclerotic plaques and lumen stenosis in apolipoprotein
E-deficient mice fed with a cholesterol-enriched diet [203]. Maxadilan treatment also
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reduced the TNF-alpha-immunoreactive areas in plaques and could reduce the caspase-
3 immunoreactivity in the tunica media, providing atheroprotective effects [203]. This
effect was confirmed in PACAP-deficient mice, where aggravated atherosclerosis was
observed [204]. As hyperlipidemia is a common feature of diabetes, these findings are
also important from the diabetes point-of-view. High glucose concentrations can induce
abnormal endothelial cell proliferation, which was shown to correlate with changes in
PAC1 receptor expression and, to a lesser extent, with VPAC2 expression. This increase in
cell viability was attenuated by PACAP treatment in murine microvascular endothelial cells
in vitro [205], further supporting the protective effects of PACAP in hyperglycemia-induced
abnormal vessel responses.

A recent study has shown that PACAP could also be involved in diabetes-associated
cognitive impairment [206]. The downregulation of the angiotensin-(1-7)/Mas recep-
tor system has been implicated in the pathomechanism of diabetes-associated cognitive
dysfunctions, shown by decreased synaptic protein expression in mice and in glucose-
stimulated hippocampal neurons [206]. PACAP serves as a downstream synaptic function-
related target gene of the Mas receptor, and the AKT/FOXO1 pathway was identified
as a downstream mediator of the Mas receptor in modulating PACAP expression, with
FOXO1 binding directly to the PACAP promoter region [206]. This study proves that
the already described positive effects of PACAP on cognitive functions could also be
present in diabetes-associated cognitive dysfunction [12,207,208]. Bladder dysfunction is
also known in diabetes. PACAP plays a role in bladder functions and in the micturition
pathway [209,210]. PACAP38 mRNA and PACAP38 peptide expression levels were found
to be reduced in type 2 diabetic rats [211]. Sensitivity to PACAP effects was reduced in the
testis and uterus of diabetic rats [212,213]. Diabetic gastroenteropathy is another common
complication [214,215], and a study in diabetic pigs showed that PACAP-containing enteric
neurons reacted sensitively to altered conditions, as immunoreactivity strongly increased
in the small intestine, descending colon and stomach [216].

9. PACAP and DPPIV
Another very important aspect of PACAP in diabetes and its complications can be the

fact that PACAP is cleaved by the dipeptidyl peptidase IV (DPPIV) enzyme, resulting in
shorter fragments with decreased antagonist or no biological activity and a half-life of a
few minutes [1,66,217,218]. DPPIV inhibitors have now become very important drugs in
treatment strategies in diabetes. Two incretin peptides, glucagon-like peptide-1 (GLP-1)
and glucose-dependent insulinotropic peptide (GIP), are especially the focus of therapeutic
approaches. As these insulinotropic peptides are cleaved by DPPIV, enzyme inhibition
is an effective way to elevate the endogenous levels of these peptides. Today, there are
numerous compounds available with structural and pharmacokinetic differences. It has
now become evident that DPPIV inhibitors not only affect glucose homeostasis, but they
also have direct and indirect protective effects in several degenerative and inflammatory
conditions [219–221]. DPPIV inhibition has been shown to augment insulin response not
only to GLP-1 but also to PACAP [222]. Blocking DPPIV can result in higher PACAP con-
centrations, enabling the peptide to exert long-term cytoprotective effects. This has not been
experimentally proven yet, but some data suggest that elevated PACAP levels might add to
the beneficial effects of DPPIV inhibitors [188,219,223,224]. Metformin, a glucose-lowering
substance mainly acting through decreased hepatic gluconeogenesis and decreased in-
testinal glucose absorption, is an important medication in type 2 diabetes. The beneficial
effects of metformin in degenerative processes have recently been highlighted [225–227].
The possible relationship between the PACAP system and metformin was investigated
in one study, where it was found that a high-fat diet in mice induced a reduction in the
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PACAP/VIP system along with neuroinflammation. These alterations could be rescued by
metformin administration [228]. Finally, it should be mentioned that not only the cleavage
mechanism but also several protective properties of PACAP in diabetic complications are
also present in the related peptide, VIP [32,69]. The cytoprotective effects of PACAP, via
the specific PAC1 receptor, are stronger in most cases than those of VIP, but the potential
therapeutic effects of VIP should also be further explored.

10. Conclusions and Future Perspectives
In summary, in the present study, we reviewed data on PACAP being protective in

diabetic complications, exerting a multitude of effects in diabetic retinopathy, nephropathy,
neuropathy, keratopathy and other accompanying diseases in diabetes. Limitations exist, as
in all experimental models, in terms of the translational value of the results. In vitro data use
cells deprived from the natural surroundings, and naturally, their behavior can be different
from that under in vivo conditions. Animal models represent limitations regarding the
species, number of animals, the time-course of diabetes and other factors different from
human patients. However, in spite of these limitations, the accumulated data on the
protective effects of PACAP in diabetic complications are very promising. The reason why
PACAP has not yet been introduced into clinical therapies is multifactorial. Considering
that PACAP has very potent protective effects in ischemic and degenerative lesions, it makes
one wonder what prevents its clinical use. In an attempt to explore the reasons behind
this, we launched a survey among experts in the field and discussed the results in a recent
publication [229]. Briefly, the main reasons seem to be its short half-life (5–10 min) and its
poor passage through the blood–brain barrier, as well as its wide range of actions. However,
we have to keep in mind that the bioavailability and passage properties of PACAP are
comparable to those of other neuropeptides. The promising therapeutic effects of PACAP
in several pathological conditions have encouraged researchers to design PACAP-related
drugs and to develop ways to enhance tissue delivery [2,6,64,229–235]. The passage and
tissue availability through various administration forms have been summarized in detail
elsewhere, explaining that PACAP can be effective not only in local or intravenous injections
but also in intranasal treatment or eye drops and can represent an easier yet still effective
route of administration [234]. Drug development and further experimental efforts will
hopefully result in overcoming the hurdles preventing PACAP from being introduced into
therapeutic treatments, including diabetes-related conditions [229].
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