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Abstract: A major hallmark of diabetes is a constant high blood glucose level (hyperglycaemia),
resulting in endothelial dysfunction. Transient or prolonged hyperglycemia can cause diabetic
vasculopathy, a secondary systemic damage. C-Peptide is a product of cleavage of proinsulin by a
serine protease that occurs within the pancreatic β-cells, being secreted in similar amounts as insulin.
The biological activity of human C-peptide is instrumental in the prevention of diabetic neuropathy,
nephropathy and other vascular complications. The main feature of type 1 diabetes mellitus is the
lack of insulin and of C-peptide, but the progressive β-cell loss is also observed in later stage of
type 2 diabetes mellitus. C-peptide has multifaceted effects in animals and diabetic patients due
to the activation of multiple cell signalling pathways, highlighting p38 mitogen-activated protein
kinase and extracellular signal–regulated kinase 1

2 , Akt, as well as endothelial nitric oxide production.
Recent works highlight the role of C-peptide in the prevention and amelioration of diabetes and also
in organ-specific complications. Benefits of C-peptide in microangiopathy and vasculopathy have
been shown through conservation of vascular function, and also in the prevention of endothelial cell
death, microvascular permeability, neointima formation, and in vascular inflammation. Improvement
of microvascular blood flow by replacing a physiological amount of C-peptide, in several tissues of
diabetic animals and humans, mainly in nerve tissue, myocardium, skeletal muscle, and kidney has
been described. A review of the multiple cell signalling pathways of human proinsulin C-peptide in
vasculopathy protection is proposed, where the approaches to move beyond the state of the art in the
development of innovative and effective therapeutic options of diabetic neuropathy and nephropathy
are discussed.
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1. Introduction

Diabetes mellitus (DM), a chronic metabolic disease affecting the homeostasis of blood glucose
levels, remains an increasing health problem both in developing and developed countries [1–3].
This disease is associated with several complications, such as retinopathy, nephropathy, neuropathy,
and cardiovascular diseases [4]. Diabetes is known by the constant high blood glucose level (i.e.
hyperglycaemia), a condition that causes endothelial dysfunction. Additionally, the main biochemical
pathways that influence diabetes include: the (i) polyol pathway; (ii) protein kinase C (PKC) activation;
(iii) advanced glycation end-products (AGEs) pathway induced by their accumulation; (iv) activation
of the hexosamine pathway; (v) oxidative stress, and (vi) expression of growth factors, such as
vascular endothelial growth factors (VEGF) [5–7]. It is known that hyperglycemia is responsible
for the development of cardiovascular diseases and premature death [8]. It is also considered as an
important clinical condition of micro- and macrovascular complications in patients with diabetes
(cardiovascular complications) [9,10]. Additional factors that play an important role in the setting up
of type 2 diabetes mellitus (T2DM) include the chronic hyperglycemia itself but also obesity which is
recognised as a risk factor for the insulin resistance development and T2DM. Many natural products
of nutraceutical interest [11–28] have been proposed worldwide for the management of diabetes,
as evidenced in a recent quantitative literature analysis [29]. Hyperglycemia contributes to glycosylation
of proteins and lipids, enhances the production of reactive oxygen species, encourages the synthesis
and secretion of pro-inflammatory cytokines and also acute phase proteins in various tissues, which
promote inflammation processes in the vascular wall [30,31]. In obese patients a disturbed lipid and
carbohydrate metabolism has been described, with increased inflammation and endothelial dysfunction.
Janowska et al. suggest that, in obese patients with T2DM, high concentrations of C-peptide intensify
inflammatory and also atherogenic processes [32]. Diabetic vasculopathy, a secondary systemic
damage, is due to transient or prolonged hyperglycemia. It is known that, through the insulin or
oral anti-hyperglycemic agents, it is possible to control hyperglycemia, but diabetic patients develop
long-term vascular complications (even after intensive glycemic control). During anti-hyperglycemic
therapy, the early or transient hyperglycemia can change cellular signalling in the vasculature.
This altered microenvironment—metabolic or hyperglycemic memory (HGM)—can induce later
complications, emerging thus as an underlying mechanism behind diabetic complications [33]. It was
observed the pleiotropic effects on endothelial cells can be due to stimulation of insulin receptors [34].
For example, insulin enhances the endothelial uptake of amino acids and also induces vasorelaxation,
and increases survival and migration of endothelial cells [35,36]. The role of insulin in physiological
and pathological angiogenesis is linked to its effect in the increase of pericytes survival, reduction
of anti-angiogenic protein expression, and enhancement of expression of proangiogenic factors
(VEGF) [37]. Vessel formation can have multiple origins; one of them is the angiogenesis characterized
by the formation of new blood vessels from pre-existing ones [38]. In vessels formation other processes
are also present, including vasculogenesis (angioblast differentiate into endothelial cells leading to
de novo vessel formation) and intussusception (split of pre-existing vessels), and vascular mimicry
(tumor cell line vessels). Besides, in the revascularization of ischemic tissues other processes can also
occur, such as differentiation of progenitor endothelial cells or bone-marrow-derived cells, as well
as vessel differentiation into arteries (arteriogenesis). Thus, angiogenesis can impact body functions
because vessels sustain almost all the body cells. Angiogenesis is thus beneficial for regeneration and
tissue growth, but it is also linked to a malignant side due to the enhanced inflammatory response,
development of malignant diseases and risk of cancer metastasis [39]. Expansion of new blood
vessels happen in adult life through vasculogenesis, angiogenesis and arteriogenesis [34]. In certain
pathologies where reduced blood vessel formation was observed, the stimuli for vessel formation
can be down-regulated, as opposite to malignant diseases where up-regulation is expected. Insulin,
hormone involved in tissue growth and also in recovery after injury, affect angiogenesis through
some mechanisms: (i) control of the interaction between endothelium and pericytes; (ii) endothelial
cell migration and proliferation (particularly in microcirculation); (iii) synthesis of pro-angiogenic
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factors such as VEGF and angiotensin (Ang) and (iv) regulation of tissue metabolism, which affects
endothelial cell survival. These effects are well explained in the literature, but the underling signalling
pathways have not yet been fully described. Particularly, in endothelial cells and pericytes functional
expression of IR-A and IR-B was described, triggering intracellular signalling (PI3K and MAPK
pathways) and then activation of phosphorylation cascades, producing pro-angiogenic factors (VEGF
and Ang) which results in modulation of cell migration and proliferation, in vitro angiogenesis,
endothelial differentiation and survival. Taking into account that angiogenesis involves these effects,
insulin is considered a proangiogenic hormone, but these effects cannot be triggered in all endothelial
and vascular cells [34]. Escudero et al. reviewed the information about insulin receptor activation
and its intracellular pathways, highlighting the cellular outcomes and also the effect involved in
insulin-mediated angiogenesis in some pathological conditions. The reduced insulin activity, in T2DM
or insulin resistance, caused microvascular alterations (in skin, eye, kidney and neurovascular tissues).
In diabetes, recovery of insulin effects (pharmacological use of insulin or insulin-sensitizers use) can
prevent the occurrence of microvascular alterations. Nevertheless, in T2DM patients under glycemic
control (in particular, when using insulin analogues), the epidemiological analyses have shown
enhanced risk of developing cancer in breast, kidney, colon, prostate and pancreas [34].

2. Functions and Features of Human Proinsulin C-Peptide

C-peptide, present in pancreatic β-cells, is a cleavage product of proinsulin by a serine protease,
being secreted in the same amount as insulin. It was regarded as a biologically inert product, being a
contaminant of commercial insulin solutions [40]. However, since 1995, the biological activity of human
C-peptide in diabetes has been featured given the effects in the prevention of diabetic nephropathy and
neuropathy, and of vascular complications [41]. Although it is known that in diabetes many effects
of vasculopathy protection are associated to the increased vascular permeability, this mechanism is
not clearly understood. The main feature of diabetes, either type 1 diabetes mellitus (T1DM) and
also in progressive β-cell loss in later stage of T2DM, is the lack of C-peptide [42]. In diabetes,
C-peptide pathways can ameliorate endothelial dysfunction through inhibition of intracellular reactive
oxygen species (ROS) mediated apoptosis of endothelial cells by activating AMP-activated protein
kinase α and C-peptide can also be protective against diabetic retinopathy by amelioration of retinal
microvascular leakage [43,44]. Thus, the various effects of C-peptide are attributed to the activation of
multiple cell signalling pathways, involving (i) p38 mitogen-activated protein kinase, (ii) extracellular
signal–regulated kinase -1/-2 (Erk-1/-2), (iii) Akt and (iv) endothelial nitric oxide (NO) production [5–7].
Lately, it has been shown the role of C-peptide in improving diabetes and also in organ-specific
complications (microangiopathy and vasculopathy) through preservation of vascular function, as well
as the prevention of endothelial cell death, vascular inflammation, microvascular permeability and
neointima formation [42]. In macrovascular complications, it was suggested that C-peptide can prevent
smooth muscle cell proliferation and neointima formation, being anti-atherogenic in T2DM [45,46],
whereas other authors suggested a pro-atherogenic effect [47]. The use of C-peptide therapy, for the
treatment of diabetic neuropathy and also nephropathy, reached clinical trials in T1DM patients [40].
It was shown that the replacement of a physiological amount of C-peptide could improve microvascular
blood flow in several tissues of diabetic animals and humans (myocardium, nerve tissue, kidney and
skeletal muscle) [48]. A review of the multiple cell signalling pathways of human proinsulin C-peptide
in vasculopathy protection is here proposed, discussing the approaches to move beyond the state
of the art in the development of innovative and effective therapeutic options of diabetic neuropathy
and nephropathy.

3. Cell Signalling Pathways of Human Proinsulin C-Peptide in Vasculopathy Protection

Human C-peptide (C129H211N35O48) has 31-amino acids cleaved off from the proinsulin molecule
in the course of insulin biosynthesis, and is stored in secretory granules in the pancreatic beta cells.
It has an important role in the synthesis of insulin, i.e., serving as a linker between the insulin A- and
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B-chains, allowing the formation of the interchain disulfide bridges in the insulin molecule [49]. It is
considered an acidic peptide, because it has five acidic residues in its human form (up to seven in
other species) without any basic residues. There is an abundant inter-species variability concerning the
amino acid sequence and the number of residues, and the variation in size occurs in the molecule’s
central region. Other species (e.g., mouse and rat) have two isoforms of C-peptide and proinsulin that
are also different. In mammals, amino acid sequence for human C-peptide has eight well conserved
residues (bold in Figure 1) [49].
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Figure 1. Amino acid sequence of human C-peptide: E (glutamic acid, Glu), A (alanine), D (aspartic
acid) L (leucine, Leu), Q (glutamine, Gln), V (valine), G (glycine), P (proline) and S (serine) (Adapted
from [49]).

Through its structure, it is possible to see that the acidic residues (especially Glu) are important
for C-peptide bioactivity. Glu 27 is important in direct measurement of cellular responses to
distinct analogues [50,51]. As mentioned above, it was thought that C-peptide was biologically
inert, until it was proven that it activates intracellular signalling pathways in various cell types [4].
C-peptide, physiologically active, ameliorates the complications induced by diabetes. It is proven
that hyperglycaemia, deficiency or absence of circulating insulin and/or C-peptide can affect
body homoeostasis interfering in the development and progression of complications induced by
hyperglycaemia. Studies using various models of diabetes indicate that in vivo hyperglycaemia
induces VEGF expression and production of ROS in endothelial cells of diabetic retinas, but the
molecular mechanisms of induction of hyperglycemia are not yet fully understood [42]. C-peptide
can inhibit mitochondrial dysfunction, transglutaminase 2 activation, and endothelial cell apoptosis,
among other intracellular events mediated by ROS [33]. In nanomolar concentrations, C-peptide
connects with G-protein coupled receptor in cell membranes. Signalling pathways dependent of
Ca2+ and MAP-kinase are activated, stimulating Na+, K+-ATPase and endothelial NO synthase
(deficient in diabetes). C-peptide also interacts with insulin signal transduction in a synergistic
way. In T1DM, it enhances blood flow in various tissues via stimulation of endothelial NO release,
demonstrating the action of C-peptide in keeping vascular homeostasis [49]. Through hypoglycemic,
antioxidant, antiapoptotic, and anti-inflammatory effects, C-peptide has also a protective effect against
atherosclerosis. Thus, it can help as a therapy in late stages of T2DM by decreasing incidence of
vasculopathy. Rheim et al. investigated the relationship between C-peptide and atherosclerosis in
adult male albino rats in late stages of experimentally induced T2DM, proving that administration
of C-peptide can decrease complications of endothelial dysfunction and also reduce insulin dose to
prevent hyperinsulinemia [4].

In macrovascular complications, it is suggested that C-peptide avoids smooth muscle
cell proliferation and neointima formation, being anti-atherogenic but other studies showed a
pro-atherogenic effect [45,52–54]. In some tissues in diabetic animals and patients, the replacement of
an amount of C-peptide has shown to improve microvascular blood flow [48,55]. C-peptide prevents
endothelial dysfunction in vasculature through activation of Erk-1/-2 and endothelial NO synthase,
production of NO or inhibition of nuclear factor kappa light-chain enhancer of activated β cells
pathway [56,57]. Lim et al. studied how C-peptide ameliorates endothelial dysfunction through
the inhibition of intracellular ROS-mediated apoptosis of endothelial cells, but the way in which it
contributes with beneficial effects on diabetic vascular complications is not clearly understood [42].
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Diabetes is also characterized by an increase of VEGF expression in retina, with the risk of
promoting neovascularization and macular oedema [58–60]. The increase of VEGF is associated to the
generation of ROS in retinal endothelial cells, which contributes for vascular complications [61,62].
VEGF is known to be a mediator of vascular alteration in diabetic retinopathy, and its expression is
increased by high glucose levels, hypoxia, oxidative stress and by inflammatory reactions. VEGF is a
powerful promoter of physiological angiogenesis [58–60]. In diabetes, increased vascular permeability
is stimulated by the VEGF overexpression, which breaks adherens junction proteins (VE-cadherin)
caused by the elevation of intracellular Ca2+ and ROS levels [63–66].

Lim et al. studied the physiological functions of C-peptide in microvascular permeability induced
by hyperglycemia, using human umbilical vein endothelial cells (HUVECs) and streptozotocin diabetic
mice. The authors showed that C-peptide has a protective effect on microvascular permeability induced
by VEGF through the intracellular ROS generation, stress fibre formation and adherens junction integrity
in endothelial cells. In the peripheral vessels of the skin of diabetic mouse, C-peptide was shown to
prevent vascular permeability. C-peptide also induced the prevention of microvascular leakage in the
retinas of streptozotocin diabetic mice, anti-VEGF antibody and ROS scavenger effect, which led to the
conclusion of the potential use of C-peptide replacement therapy to prevent microvascular permeability
of the retina induced by diabetes and retinopathy. This study demonstrated elevation of intracellular
Ca2+ and ROS and formation of stress fibres induced by VEGF. The generation of intracellular ROS
induced by VEGF was shown to be prevented by C-peptide and to be unleashed by the elevation
of intracellular Ca2+ [42]. The role of C-peptide in preventing elevated ROS generation induced by
glucose without interfering with intracellular Ca2+ levels has been demonstrated in previous studies
using endothelial cells [43]. It has also been demonstrated that C-peptide does not have inhibitory
effect on the elevation of intracellular Ca2+ levels induced by VEGF, which corroborates the conclusion
that C-peptide plays a role in the prevention of vasculopathy. C-peptide inhibits ROS generation
induced by VEGF by a mechanism involving AMP-activated protein kinase a (AMPKa) [42]. It was
proven that C-peptide activated AMPKa, preventing hyperglycaemia induced by ROS generation and
thus cell damage [67]. VEGF increases ROS generation dependent on NADPH oxidase, being inhibited
through AMPKa activation by C-peptide [68]. Stress fibre formation in some permeability-increasing
mediators (thrombin and TNF-α) allows the increase of permeability [65]. VEGF (ROS generation’s
mediator)-induced stress fibre formation, being reduced by C-peptide and ROS scavengers Trolox and
NAC. C-peptide also prevented the disassembly of VE-cadherin induced by VEGF (an endothelial cell
specific adhesion molecule responsible for connecting adjacent endothelial cells). Phosphorylation of
VE-cadherin and β-catenin is determined by ROS generation and stress fibre formation in decreasing
junctional integrity and in increasing vascular permeability [64]. It has thus been shown that VEGF
can dissimulate VE-cadherin at adherens junctions, while C-peptide avoids disassembly induced by
VEGF of VE-cadherin. This inhibition of disassembly induced by VEGF of VE-cadherin by NAC
and Trolox has denoted that ROS inhibition by C-peptide is crucial to defend against disassembly
induced by VEGF of VE-cadherin. Therefore, through inhibition of disassembly of adherens junction
mechanisms involved in intracellular ROS generation and stress fibre formation, C-peptide prevents
vascular permeability induced by VEGF in endothelial cells. Besides, VEGF can also produce NO in
endothelial cells [42,69]. Elevation of ROS and NO induced by VEGF originates peroxynitrite flux,
improving vascular permeability [70]. Nevertheless, C-peptide inhibition of ROS generation induced
by VEGF can impair the formation of peroxynitrite also induced by VEGF. Thus, C-peptide inhibition
of ROS generation also impairs vascular permeability induced by VEGF through the inhibition of
peroxynitrite production. C-peptide may therefore protect against microvascular permeability induced
by VEGF as evidenced in the skin and retina of streptozotocin diabetic mice. In late stages of diabetes,
C-peptide offers protection against harmful effects of VEGF-induced microvascular permeability,
preventing the development and progression of macular oedema and the progression of proliferative
angiogenesis. This is similar to the role of angiopoietin-1 that also protects against vascular permeability
by inhibiting VE-cadherin disruption [71,72]. Nevertheless, the protective effect of C-peptide of vascular
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permeability is governed by restriction of ROS production, and thus restriction of stress fibre formation
and consequent disruption of VE-cadherin at the endothelial junctions, but ROS are not associated with
the mechanism of action of angiopoietin-1 [73]. Therefore, C-peptide was shown to exhibit positive
effects against destructive outcomes by signalling mechanisms different from those of angiopoietin-1.
As C-peptide inhibits ROS generation induced by hyperglycaemia, it also shows an anti-apoptotic
effect in endothelial cells [43,74,75]. Thus, the absence of C-peptide provides appropriate physiological
environment for the development and progression of diabetic complications through the increase of
pathological stimuli (ROS generation, apoptosis and vascular permeability). The beneficial effects of
C-peptide against pathologies induced by diabetes, may be an advantages in replacement therapies
together with insulin treatment for both types of diabetes [42].

C-reactive protein (CRP), acute phase protein, is produced in the liver through pro-inflammatory
adipocytokines tumor necrosis factor alpha (TNFα) and interleukin-6 (IL-6), known to be a recognized
inflammation marker. Besides, in atherosclerotic plaque its local source are the macrophages, being
also involved in the formation and progression of atherogenic lesions. In macrophages, it has the
potential to promote secretion of tissue factor, inflammatory cytokines and also ROS, induces monocyte
chemotaxis and adhesion, as well as the formation of oxidized low-density lipoprotein (oxLDL) [76].
In the smooth muscle cells, it has the potential to increase the production of inducible nitric oxide
synthase (iNOS) and activity of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κβ),
as well as mitogen-activated protein kinases (MAPK) pathways. This protein encourages receptor’s
expression for angiotensin, allows the raise in the synthesis of free radicals, migration and proliferation
of smooth muscle cells, activation of complement pathway and also tissue factor expression, and lipids
uptake by macrophages [77]. And in patients with T2DM, is an indication of chronic kidney disease [78].
The increased levels of C-peptide are also correlated with excessive secretion of insulin, secondary to
insulin resistance. Through specific G-protein-coupled receptor, C-peptide connects to cell membranes,
activating different signalling pathways (kinases pathway associated with MAP and Erk-1/-2 proteins,
protein kinase C and also phosphoinositide 3-kinase, as well as stimulation of Na+ and K+-ATPase)
and also stimulates angiogenesis processes by an activation of extracellular signal-related kinase -1/-2
and AKT phosphorylation and NO synthesis [44,46,79]. In a study related to the development of late
complications in T1DM, the neuronal nephroprotective activity of C-peptide has been highlighted.
The supplementation with C-peptide in T1DM exclusively has also shown to ameliorate microvascular
complications [80].

The factors that affect the development of the atherogenic process include C-peptide, which has a
special role. In T1DM, the deficiency in this peptide affects microvascular complications, but its increase
causes its deposition in the intima of vessels in early stages of T2DM and also in patients that have
insulin resistance. These deposits are the cause of infiltration of inflammatory cells and proliferation of
smooth muscle cells. Janowska et al. studied the association of fasting C-peptide concentrations and
interleukin-10 (IL-10) as well as E-selectin and triglycerides levels, showing that C-peptide influences
the diabetic atherogenesis [32]. Lee et al. demonstrated that IL-10 and the diabetic retinopathy in
T2DM patients are inversely proportional [81]. It is also known that IL-10 affects endothelial function
by stimulating different signalling pathways. IL-10 exhibits anti-inflammatory activity through the
restriction of the activation of inflammatory cytokines genes transcription (transcription factor NF-κβ),
initiation of suppressor of cytokine synthesis-3 and stimulation of Th2 cytokines, as well as in defense
of vascular dysfunction induced by angiotensin II (Ang II) [82]. Moreover, in T2DM patients it was
noted an association, suggesting that IL-10 can regulate the glucose metabolism being negatively
correlated with HOMA-IR. These conclusions are in line with results obtained with transgenic mice
in which an overexpression of IL-10 was observed, preventing muscle insulin resistance induced by
diet [83]. Therefore, Janowska et al. suggest that elevated concentrations of C-peptide intensify the
inflammatory and atherogenic processes in obese T2DM patients [32].

As an underlying mechanism of diabetic complications is the HGM [84]. Hyperglycemia
contribute to extreme generation of mitochondrial ROS, which in turn activate the PKC and
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NADPH oxidase causing cytosolic ROS generation [33]. HGM also persists because of epigenetic
modifications (hypermethylation of transcription-activating histone H3 residue Lys4, de-methylation
of transcription-repressive histone H3 residue Lys9 and acetylation of histone H3) [85,86]. These
modifications result in the up-regulation of transcription factor p53 as well as mitochondrial adaptor
protein p66shc, which are responsible for sustained ROS generation, endothelial damage or delayed
wound healing in diabetes [87–89]. The ROS production is crucial in the initiation of pathways
that are responsible for the pathogenesis of diabetic vasculopathy (polyol and hexosamine pathway
flux, advanced glycation end-product formation and activation of protein kinase C) [90–92]. Besides,
superoxide generation induced by hyperglycemia and eNOS uncoupling result in the cellular nitrosative
stress (due to peroxynitrite (ONOO−) and nitrotyrosine formation), contributing to the damage of
endothelial cell [93,94]. It is known that NO production dependent of eNOS stimulates vasodilation,
but the overproduction of O2− withdraw the accessible NO, enhancing the development of intracellular
ONOO− as well as nitrotyrosine in diabetic vasculopathy [95,96]. with the correlation between HGM
and cardiovascular complications in DM is very well known; thus in order to prevent long-term
cardiovascular complications associated with diabetes, it is recommended the premature aggressive
treatment of glycemic control as well as the supplementation with agents which defend against
the generation of intracellular reactive oxygen and nitrogen species [84,97,98]. In this context,
Lim et al. used the retinas of diabetic mice to show that C-peptide has a protective effect in
microvascular permeability induced by vascular endothelial growth factor and they also show that
the stimulation of angiogenesis and constriction of inflammation reduce impaired wound healing by
C-peptide replacement therapy [42,44]. The therapeutic management of hyperglycemia is known to be
instrumental to avoid diabetic complications, and this is achieved by regular insulin administration in
T1DM, the use of oral hypoglycemic agents in the early stages of T2DM as well as the use of insulin
and also hypoglycemic agents in the later stages of T2DM [99,100]. However, it has not possible yet
the prevention or control of diabetic complications through the use of intensive insulin therapy [86,97].
ROS generation induced by chronic or transient hyperglycemia is crucial in the pathogenesis of
diabetic vasculopathy (nitrosative stress and endothelial apoptosis) [99]. Even after the maintenance of
normoglycemia, these processes have not been totally controlled and additional antioxidant therapies
have shown limited beneficial results [101]. As C-peptide has the capacity to inhibit adverse cellular
events related to HGM by reducing ROS, ONOO− as well as nitrotyrosine formation, Bhatt et al.
confirmed that endogenous C-peptide can be used as a first-line therapeutic supplement in diabetic
patients [33]. Previous studies have provided insights about the molecular mechanisms involved in the
progression induced by HGM diabetic vascular complications despite glycemic control, demonstrating
that continuous ROS production promotes HGM-induced complications [87,89,92]. As continuous ROS
overproduction induced by hyperglycemia is a crucial step in the induction of endothelial apoptosis
in diabetic vasculopathy, this overproduction after glucose stabilization in human endothelial cells
and in aortas has been investigated in diabetic mice [33]. Bhatt et al. studied the role of C-peptide in
the apoptosis of vascular endothelial cells induced by HGM and observed that C-peptide inhibited p53
upregulation and p66shc activation and ROS generation, as well as nitrosative stress and thus endothelial
apoptosis in human endothelial cells and in the murine aortas. These studies demonstrate that C-peptide
can be a good therapeutic candidate to treat diabetic vascular damage induced by HGM [33].

Studies suggest that some processes (like β-cell calcium dyshomeostasis, changed protein folding
and also oxidative stress) start early in the progression of T1DM, and can increase β-cell death mediated
by autoimmune through the triggering of β-cell endoplasmic reticulum (ER) dysfunction or ER
stress [102]. The β-cell–secretory endocrine cell–has a robust and functional ER in order to provide
the required production and folding of proteins (insulin). Under conditions that impair ER health,
insulin demand can compromise the competence of the ER to process recently translated proteins (ER
stress). Unchecked ER stress can lead to β-cell death, but the non-invasive identification of this process
provides the monitoring of the evolution of disease and allows recognition of individuals who have the
risk to develop T1DM before the β-cell destruction. The β-cell ER dysfunction is known to accumulate
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and secrete inadequately processed proinsulin (PI) molecules [103]. Thus, it is possible to detect in a
non-invasive way the β-cell ER stresses, measuring the serum PI-to-serum C-peptide (PI:C) ratio that
is released in a 1:1 molar ratio with mature and entirely processed insulin [104,105]. It was previously
recognised that the β-cell ER dysfunction is characteristic of the autoimmune process. Sims et al. have
already demonstrated an increase in the relation of PI:C as function of time of clinical onset of T1DM in
murine and in human models. They hypothesized that an increase in the PI:C ratio also exist in subjects
with high risk (even before the start of meaning hyperglycemia), serving to prognosticate T1DM
development. Therefore, their findings confirm the relevance of β-cell ER dysfunction as a contributor
to the development of T1DM in humans. The use of monitoring of the PI:C ratio as signal of β-cell
stress can be useful as a surrogate or intermediate outcome measure in treatment testings, allowing to
escalate or change therapy [106]. A recent study reported an association of small pro-insulin C-peptide
with the small lumbar mineral density in postmenopausal woman without diabetes, but a specific role
of C-peptide on bone biology has never been described [107]. Russo et al. clarified how C-peptide can
activate and proliferate the intracellular pathways of human osteoblast-like cells (Saos-2), providing
additional information about the expression of the bone extracellular matrix proteins. These authors
have shown, for the first time, that C-peptide activates a specific intracellular pathway in osteoblasts
and also that, together with insulin, it can influence collagen biosynthesis and RANKL expression [108].

4. Development of Innovative and Effective Therapeutic Options in Diabetic Neuropathy

In patients with diabetes it is possible to find several types of disturbances that influence the
peripheral and autonomic nervous system. Distal symmetric sensory polyneuropathy is the commonest
type of neuropathy, involving small fibre sensory modalities early in the course of the disorder. There is
still no therapy for diabetic neuropathy, although many compounds have already been tested. Most of
them are aldose reductase inhibitors as well as agents that inhibit the formation of advanced glycation
end-products, with the aim to relief of the metabolic outcomes of hyperglycemia. However, they have
limited efficacy and present adverse reactions. Studies made in animal models and in patients with
T1DM have shown that C-peptide in replacement doses can enhance peripheral nerve function and
prevent/reverse the development of nerve structural changes [49]. The replacement of C-peptide in
diabetes in BB/Wor rats, an established model of T1DM, has shown to counter the deterioration of the
nerve conduction velocity (NCV, sciatic–tibial nerve) in comparison to non-replaced diabetic control
animals. The administration of this peptide decreases the NCV defect, exhibiting a beneficial effect on
the structural changes. It also allows the prevention of diabetes-induced paranodal swelling, axoglial
disjunction as well as paranodal demyelination of sural nerve fibres. The use of C-peptide treatment
after diabetes, when neuropathy has been established, prove to improve the NCV and to marked repair
of diabetes-induced axonal degeneration and increased nerve fibre regeneration (sural nerve) [109].
The above-mentioned effects on nerve function and structure in the diabetic rat can be elicited also
by human C-peptide at higher concentrations [110]. Increasing doses of human C-peptide results in
lower marked early structural abnormalities and a growing frequency of regenerating sural nerve
fibres, which demonstrated cross-species activity of human C-peptide and dose dependency of the
C-peptide effect [111]. Diabetes causes reduction in motor (sciatic) and sensory (saphenous) nerve
conduction velocities. C-peptide administration at physiological concentrations prevented the motor
and sensory NCV deficit. Neurovascular mechanisms are relevant for the C-peptide effect on nerve
function, which was proven when the co-administration of C-peptide and an eNOS blocker completely
abolished the C-peptide effects on NCV [112]. It has also been demonstrated the positive effects of
C-peptide on nerve function in patients. In a study, T1DM patients without symptoms of neuropathy
and with diabetes were given C-peptide or placebo together with their regular insulin regimen. At the
beginning of the study, sensory (sural) and motor (peroneal) nerve conduction velocities were reduced
in comparison to the healthy controls. A significant increase in sensory NCV was recorded after the
administration of C-peptide, which represented a correction of the initial defect. Vibration perception
thresholds improved, but the motor NCV remained unchanged [113]. Similar findings have been found



Int. J. Mol. Sci. 2020, 21, 645 9 of 19

in other group of patients, where lowered thermal perception thresholds were observed after C-peptide
replacement, which suggests enhanced sensory nerve function [114]. Therefore, these data prove that a
therapeutic improvement of diabetes-induced peripheral nerve dysfunction can be seen after C-peptide
administration in patients with T1DM [49]. The effects of this peptide have also been evaluated in T1DM
patients with early signs of autonomic dysfunction. The patients were studied under normoglycemic
conditions and during an intravenous infusion of either human C-peptide or saline, where plasma
concentrations of C-peptide during the infusion reached levels within the physiological range. Heart
rate variability during deep breathing (an index of autonomic nerve activity—primarily vagal) was
decreased before the study and increased during C-peptide but not during saline infusion [115].
Besides, an improvement in the brake index during tilting was found in the patients who had a reduced
index before the study. During saline infusion, there is no response. In another study, autonomic nerve
function has also been evaluated in T1DM receiving C-peptide replacement [114]. An improvement in
heart rate variability was found in C-peptide administration, while no change or deterioration was
observed in the same patients in the control period. The stimulatory influence of C-peptide on the
parasympathetic system can be an effect on the vagal nerves, but a direct action on the central nervous
system has also been proposed [116]. The pathogenic mechanisms involved in the development
of distal symmetric sensory polyneuropathy have several causes: metabolic effects mediated by
hyperglycemia, hypoxia due to by microvascular disease as well as the impaired neurotrophic support,
or just a combination of these causes. It is known that strict metabolic control will retard (but not
prevent) the development of diabetic neuropathy, indicating that other factors besides hyperglycemia
are also important [49]. The impaired nerve blood flow secondary to perturbed NO metabolism and
reduced levels of nerve Na+, K+-ATPase activity are implicated in the pathogenesis of distal symmetric
sensory polyneuropathy [110,117,118]. Therefore, C-peptide can partially correct the reduction of Na+,
K+-ATPase activity that is associated with experimental diabetes [109,110]. Moreover, in vitro studies
suggest that C-peptide with insulin stimulates neuroblastoma cell proliferation and neurite outgrowth
and decreases glucose induced apoptosis. It also enhances the expression and translocation of nuclear
factor jβ (NF-jβ) and promotes Bcl2 expression in neuroblastoma cells, which can contribute to the
anti-apoptotic effects of C-peptide [49,119]. NF-jβ contributes to nerve cell plasticity, development
and differentiation, being in agreement with the effect of C-peptide on nerve function and structure in
diabetes [49].

5. Development of Innovative and Effective Therapeutic Options in Diabetic Nephropathy

Diabetic nephropathy, one of the microvascular diabetic complications, is clinically characterized
as the progressive development of renal insufficiency with hyperglycemia. This disease is the major
single cause of end-stage renal failure in several countries [120]. Early signs of diabetic nephropathy
include renal hypertrophy, glomerular enlargement due to mesangial matrix expansion and glomerular
hyperfiltration and loss of renal functional reserve [49]. There are some theories for the pathogenic
mechanisms which result in the development of diabetes-induced renal dysfunction. Early in the course
of T1DM, specific organs’ function deteriorates and tissue abnormalities arise and hyperglycemia results
in abnormal homeostasis in blood flow and vascular permeability in the glomerulus. The increased
blood flow and intra-capillary pressure reveal hyperglycemia-induced decreased NO production on
the efferent side of renal capillaries and an increased sensitivity to Ang II. Consequently, glomerular
capillaries have a higher albumin excretion rate. In this early stage, the increased permeability
is still reversible, but below the continuing triggering effect of hyperglycemia the lesions become
irreversible [121]. Besides the two major factors, insulin deficiency and subsequent hyperglycemia,
which contribute to the development of diabetic complications, C-peptide deficiency is suggested to be
the third major factor because of beneficial effects of C-peptide against diabetic complications [40]. Luppi
and Drain reported that C-peptide has an anti-oxidant effect on the -cells producing it, which limit cell
dysfunction and loss contributing to diabetes and suggesting a positive feedback that might potentiate
the endogenous and exogenous C-peptide benefits on the kidney [122]. Renal sympathetic nervous



Int. J. Mol. Sci. 2020, 21, 645 10 of 19

system, an important regulator of insulin resistance, shows that renal nerve ablation substantially
improves insulin sensitivity and glucose metabolism, in addition to significantly reducing blood
pressure. Percutaneous renal denervation can represent the first non-pharmaceutical approach for
treating insulin resistance and drug-resistant hypertension. Activation of the sympathetic nervous
systems contributes to insulin resistance and the metabolic syndrome and it is associated with central
obesity and risk of developing DM [123–126]. Although insulin itself exhibits sympatho-excitatory
effects, renal denervation allows examination of the direct role of the sympathetic nervous system,
without causing further systemic pharmacological interactions, in mediating insulin resistance and its
consequences [127–129]. The influence of C-peptide administration on the renal function and structure
in diabetic nephropathy has been examined both in animal models of diabetes and in T1DM patients,
especially in the early stages of the disorder [49]. Elbassuoni et al. studied the C-peptide replacement
therapy on diabetic nephropathy and its mechanisms of action, by understanding the function of NO
as a mediator of C-peptide effects by in vivo modulating its production by NG-nitro-L-arginine methyl
ester (L-NAME). The measured renal injury markers were serum urea, creatinine, tumor necrosis factor
alpha, and Ang II, and malondialdehyde, total antioxidant, Bcl-2 and NO in renal tissue. Diabetic
induction caused islet degenerations and decreased insulin secretion with its metabolic consequences
and subsequent renal complications. C-Peptide deficiencies in diabetes might have contributed to the
metabolic and renal error, since C-peptide treatment to the diabetic rats completely corrected these
errors. The beneficial effects of C-peptide are partially antagonized by L-NAME coadministration,
which indicated that NO partially mediates C-peptide effects [130]. Renal sympathetic afferent and
efferent nerves play an important role in blood pressure regulation. Enhanced renal sympathetic drive
is a common feature in patients with various forms of hypertension and it is associated with components
of the metabolic syndrome [123,131,132]. There is a bidirectional relationship between sympathetic
over activity which induced insulin resistance and hyperinsulinemia producing sympathetic activation
and thus initiating a vicious cycle [133]. Given the involvement of the sympathetic nervous system
in metabolic control, it is speculated that reduction of sympathetic activity by renal denervation can
have a substantial effect on glucose metabolism in hypertensive patients. Mahfoud et al. evaluated the
relationship between sympathetic activity and glucose metabolism and the role of therapeutic renal
denervation in patients with resistant hypertension. They investigated the effect of renal sympathetic
denervation based on catheter on glucose metabolism and blood pressure control in patients with
resistant hypertension. Renal denervation enhances glucose metabolism and insulin sensitivity in
addition to a significantly reduction in the blood pressure. However, this improvement appeared to
be unrelated to changes in drug treatment [129]. Elbassuoni et al. described the role of C-peptide
replacement therapy in diabetic nephropathy as one of the most serious diabetic complications, and its
potential mechanisms of action. They planned to: (i) induce experimental T1DM by streptozotocin
(STZ) in adult male albino rats, (ii) study the effects of C-peptide treatment in the developed renal injury
and (iii) study the role of NO as a mediator of C-peptide effects by modulating its production in vivo
by blocking its synthesis using the nitric oxide synthase (NOS) inhibitor: L-NAME. They observed that
STZ injection to rats induced diabetic pictured similar to T1DM in humans, which resulted in islet
degenerations and decreased insulin secretion with its metabolic consequences and subsequent renal
complications. C-Peptide deficiencies in diabetes can contributed to the metabolic and renal error,
as C-peptide treatment to the diabetic rats corrected completely these errors. The beneficial effects
of C-peptide were partially antagonized by L-NAME coadministration, indicating that NO partially
mediates the effects of C-peptide [130]. The physiological mechanisms underlying the beneficial
effects of C-peptide on renal function and structure in diabetes are not completely understood.
Stimulation of eNOS in renal capillary endothelial cells can modify the intraglomerular blood flow
and pressure distribution, which resulted in a reduced transglomerular driving force and decreased
albumin excretion. Improved renal function can also be a consequence of stimulation by C-peptide of
glomerular or tubular Na+, K+-ATPase activity. C-peptide, via its activation of the MAPK-complex,
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can promote growth and survival of tubular cells and interrupt or interfere with the intricate pattern of
growth factor signalling in glomerular tissues, thereby limiting glomerular expansion [49].

6. Conclusions

Since the discovery of C-peptide about 40 years ago, it received little attention as a potentially
bioactive peptide. Nonetheless, during the past decade, many studies have shown new and compelling
evidences that C-peptide is a biologically active peptide with multifaceted effects. It has even been
proven that C-peptide deficiency is a crucial factor in the pathogenesis of long-term complications
of T1DM. Since C-peptide replacement as well as insulin administration in these patients offers
hope for a better therapeutic, it is being currently evaluated in clinical trials. C-peptide can protect
microvascular leakage in diabetic mice, preventing VEGF-induced microvascular permeability as
was shown through the inhibition ROS-mediated intracellular events, stress fiber formation, and also
VE-cadherin disruption, as well as endothelial permeability in diabetic mice. Selective denervation of
the renal sympathetic nerves, in the absence of significant changes in body weight as well as alterations
in lifestyle or antihypertensive medication, can improve glucose metabolism and also blood pressure
control in patients with resistant hypertension. Therefore, sympathetic activation is underlying the
origin of linked disorders of hypertension as well as metabolic syndrome cluster of pathologic health
conditions, proving that both crucial features of cardiovascular risk can be approached simultaneously.
Alternative therapeutic approaches to hyperglycemic control are necessary to target hyperglycemia
and diabetic complications. In this field, several clinical and experimental studies demonstrated that
C-peptide treatment, alone and/or also in combination with insulin, has aphysiological functions, being
beneficial in the prevention diabetic complications; studies on follow up, use, and compliance, as
reported by recent publications in the area [134–137] and communication strategies and assessment [138]
are nevertheless still needed. A summary of the cytoprotective, antiapoptotic and anti-inflammatory
effects of C-peptide, on the renal function and on diabetic neuropathy is provided in Table 1.

Table 1. Effects of C-peptide on cytoprotecting (against cell apoptosis and inflammation), on the renal
function and on diabetic neuropathy (adapted from [40]).

Cytoprotective,
Antiapoptotic and
Anti-Inflammatory
Effects of C-Peptide

↑ 5rc-kinase
↑ Pl-3 kinase
↑Erk-1/-2

↑ VSMC proliferation
↑ vascular damage

↑Pl-3 ↑ Chemotaxis of leukocytes

↓ ROS
↓ NF-kβ

↓ proliferation and migration of VSMC

↓ Vascular damage

↓ IL-8
↓MCP-1

↓ leukocyte adhesion
and migration into the

vascular wall

↓ P-selectin
↓ ICAM-1
↓ VCAM-1

↓ Leukocyte
endothelium
interaction

↑ Bcl-2
↓ Caspase-3 ↓ Apoptosis

Effects of C-Peptide
on the Renal Function

NF-kβ
PPARΥ Transcriptional effects

↑ IGF-1
↓ TNFα
↓ TGFβ

Improved renal structure
↓ Apoptosis

↓Mesangial expansion

↓ Na+ ATPase
↓ K+ ATPase

↓ Na+ excretion
↑ Energy status

Improved renal structure
Improved glomerular function

↓ Apoptosis
↓Mesangial expansion

↓ Glomerular hyperfiltration
↓ Albumin excretion
↑ RBC deformability

↓ eNOS ↑ Endothelial function

Improved glomerular function
↓ Glomerular hyperfiltration
↓ Albumin excretion
↑ RBC deformability
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Table 1. Cont.

Effects of C-Peptide
on Diabetic
Neuropathy

c-fos
c-jun ↑ Neurotropic factors

↑ NGF
↑ IGF-1
↑ NT3

Improved nerve structures

↑ eNOS

↑ Na+ ATPase
↑ K+ ATPase
↑ Endothelial function
↑ Nerve blood flow Improved nerve function

↑ Na+ ATPase
↑ K+ ATPase

↓ Na+ retention
↑ Energy status
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Abbreviations

AGEs Advanced glycation end-products
AMPKa AMP-activated protein kinase a
Ang Angiotensin
Ang II Angiotensin II
CRP C-reactive protein
DM Diabetes mellitus
ER Endoplasmic reticulum
Erk-1/-2 Extracellular signal–regulated kinase -1/-2
HGM Hyperglycemic memory
HUVECs Human umbilical vein endothelial cells
IL-10 Interleukin-10
IL-6 Interleukin-6
iNOS Inducible nitric oxide synthase
L-NAME NG-nitro-L-arginine methyl ester
MAPK Mitogen-activated protein kinases
NCV Nerve conduction velocity
NF-jβ Translocation of nuclear factor jβ
NF-κβ Nuclear factor kappa-light-chain-enhancer of activated B cells
NO Nitric oxide
NOS Nitric oxide synthase
ONOO− Peroxynitrite
oxLDL Oxidized low-density lipoprotein
PI Proinsulin
PI:C PI-to-serum C-peptide
PKC Protein kinase C
ROS Reactive oxygen species
Saos-2 Human Osteoblast-like cells
STZ Streptozotocin
T1DM Type 1 diabetes mellitus
T2DM Type 2 diabetes mellitus
TNFα Tumor necrosis factor alpha
VEGF Vascular endothelial growth factor



Int. J. Mol. Sci. 2020, 21, 645 13 of 19

References

1. Vieira, R.; Souto, S.B.; Sanchez-Lopez, E.; Machado, A.L.; Severino, P.; Jose, S.; Santini, A.; Silva, A.M.;
Fortuna, A.; Garcia, M.L.; et al. Sugar-Lowering Drugs for Type 2 Diabetes Mellitus and Metabolic
Syndrome-Strategies for In Vivo Administration: Part-II. J. Clin. Med. 2019, 8. [CrossRef] [PubMed]

2. Vieira, R.; Souto, S.B.; Sanchez-Lopez, E.; Machado, A.L.; Severino, P.; Jose, S.; Santini, A.; Fortuna, A.;
Garcia, M.L.; Silva, A.M.; et al. Sugar-Lowering Drugs for Type 2 Diabetes Mellitus and Metabolic
Syndrome-Review of Classical and New Compounds: Part-I. Pharmaceuticals (Basel) 2019, 12. [CrossRef]
[PubMed]

3. Souto, E.B.; Souto, S.B.; Campos, J.R.; Severino, P.; Pashirova, T.N.; Zakharova, L.Y.; Silva, A.M.; Durazzo, A.;
Lucarini, M.; Izzo, A.A.; et al. Nanoparticle Delivery Systems in the Treatment of Diabetes Complications.
Molecules 2019, 24. [CrossRef]

4. Alaa El Din, R.; Ibrahim, H.M.; Ali, A.H. C-peptide Attenuates Progression of Atherosclerosis in Late Stages
of Type 2 Diabetes in Male Albino Rats. Cardiol. Angiol. Int. J. 2016, 1–9. [CrossRef]

5. Kitamura, T.; Kimura, K.; Jung, B.D.; Makondo, K.; Sakane, N.; Yoshida, T.; Saito, M. Proinsulin C-peptide
activates cAMP response element-binding proteins through the p38 mitogen-activated protein kinase
pathway in mouse lung capillary endothelial cells. Biochem. J. 2002, 366, 737–744. [CrossRef] [PubMed]

6. Wallerath, T.; Kunt, T.; Forst, T.; Closs, E.I.; Lehmann, R.; Flohr, T.; Gabriel, M.; Schäfer, D.; Göpfert, A.;
Pfützner, A. Stimulation of endothelial nitric oxide synthase by proinsulin C-peptide. Nitric Oxide 2003, 9,
95–102. [CrossRef]

7. Zhong, Z.; Davidescu, A.; Ehren, I.; Ekberg, K.; Jörnvall, H.; Wahren, J.; Chibalin, A. C-peptide stimulates
ERK1/2 and JNK MAP kinases via activation of protein kinase C in human renal tubular cells. Diabetologia
2005, 48, 187–197. [CrossRef]

8. Van Sloten, T.T.; Henry, R.M.; Dekker, J.M.; Nijpels, G.; Unger, T.; Schram, M.T.; Stehouwer, C.D. Endothelial
dysfunction plays a key role in increasing cardiovascular risk in type 2 diabetes: The Hoorn study.
Hypertension 2014. [CrossRef]

9. Smith-Palmer, J.; Brändle, M.; Trevisan, R.; Federici, M.O.; Liabat, S.; Valentine, W. Assessment of the
association between glycemic variability and diabetes-related complications in type 1 and type 2 diabetes.
Diabetes Res. Clin. Pract. 2014, 105, 273–284. [CrossRef]

10. Huang, E.S.; Laiteerapong, N.; Liu, J.Y.; John, P.M.; Moffet, H.H.; Karter, A.J. Rates of complications and
mortality in older patients with diabetes mellitus: The diabetes and aging study. JAMA Intern. Med. 2014,
174, 251–258. [CrossRef]

11. Durazzo, A.; Lucarini, M.; Novellino, E.; Souto, E.B.; Daliu, P.; Santini, A. Abelmoschus esculentus
(L.): Bioactive Components’ Beneficial Properties-Focused on Antidiabetic Role-For Sustainable Health
Applications. Molecules 2018, 24, 38. [CrossRef] [PubMed]

12. Daliu, P.; Santini, A.; Novellino, E. A decade of nutraceutical patents: Where are we now in 2018? Expert
Opin. Ther. Pat. 2018, 28, 875–882. [CrossRef] [PubMed]

13. Daliu, P.; Santini, A.; Novellino, E. From pharmaceuticals to nutraceuticals: Bridging disease prevention and
management. Expert Rev. Clin. Pharmacol. 2019, 12, 1–7. [CrossRef] [PubMed]

14. Campos, J.R.; Severino, P.; Ferreira, C.S.; Zielinska, A.; Santini, A.; Souto, S.B.; Souto, E.B. Linseed Essential
Oil-Source of Lipids as Active Ingredients for Pharmaceuticals and Nutraceuticals. Curr. Med. Chem. 2019,
26, 4537–4558. [CrossRef]

15. Abenavoli, L.; Izzo, A.A.; Milic, N.; Cicala, C.; Santini, A.; Capasso, R. Milk thistle (Silybum marianum):
A concise overview on its chemistry, pharmacological, and nutraceutical uses in liver diseases. Phytother.
Res. 2018, 32, 2202–2213. [CrossRef] [PubMed]

16. Santini, A.; Novellino, E. Nutraceuticals-shedding light on the grey area between pharmaceuticals and food.
Expert Rev. Clin. Pharmacol. 2018, 11, 545–547. [CrossRef]

17. Santini, A.; Novellino, E. Nutraceuticals in hypercholesterolaemia: An overview. Br. J. Pharmacol. 2017, 174,
1450–1463. [CrossRef]

18. Santini, A.; Tenore, G.C.; Novellino, E. Nutraceuticals: A paradigm of proactive medicine. Eur. J. Pharm. Sci.
2017, 96, 53–61. [CrossRef]

19. Santini, A.; Cammarata, S.M.; Capone, G.; Ianaro, A.; Tenore, G.C.; Pani, L.; Novellino, E. Nutraceuticals:
Opening the debate for a regulatory framework. Br. J. Clin. Pharmacol. 2018, 84, 659–672. [CrossRef]

http://dx.doi.org/10.3390/jcm8091332
http://www.ncbi.nlm.nih.gov/pubmed/31466386
http://dx.doi.org/10.3390/ph12040152
http://www.ncbi.nlm.nih.gov/pubmed/31658729
http://dx.doi.org/10.3390/molecules24234209
http://dx.doi.org/10.9734/CA/2016/30230
http://dx.doi.org/10.1042/bj20020344
http://www.ncbi.nlm.nih.gov/pubmed/12059784
http://dx.doi.org/10.1016/j.niox.2003.08.004
http://dx.doi.org/10.1007/s00125-004-1602-5
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.04221
http://dx.doi.org/10.1016/j.diabres.2014.06.007
http://dx.doi.org/10.1001/jamainternmed.2013.12956
http://dx.doi.org/10.3390/molecules24010038
http://www.ncbi.nlm.nih.gov/pubmed/30583476
http://dx.doi.org/10.1080/13543776.2018.1552260
http://www.ncbi.nlm.nih.gov/pubmed/30484340
http://dx.doi.org/10.1080/17512433.2019.1552135
http://www.ncbi.nlm.nih.gov/pubmed/30484336
http://dx.doi.org/10.2174/0929867325666181031105603
http://dx.doi.org/10.1002/ptr.6171
http://www.ncbi.nlm.nih.gov/pubmed/30080294
http://dx.doi.org/10.1080/17512433.2018.1464911
http://dx.doi.org/10.1111/bph.13636
http://dx.doi.org/10.1016/j.ejps.2016.09.003
http://dx.doi.org/10.1111/bcp.13496


Int. J. Mol. Sci. 2020, 21, 645 14 of 19

20. Durazzo, A.; Lucarini, M.; Souto, E.B.; Cicala, C.; Caiazzo, E.; Izzo, A.A.; Novellino, E.; Santini, A. Polyphenols:
A concise overview on the chemistry, occurrence, and human health. Phytother. Res. 2019, 33, 2221–2243.
[CrossRef]

21. Santini, A.; Novellino, E. To Nutraceuticals and Back: Rethinking a Concept. Foods 2017, 6. [CrossRef]
22. Santini, A.; Novellino, E. Nutraceuticals: Beyond the diet before the drugs. Curr. Bioact. Comp. 2014, 10,

1–12. [CrossRef]
23. Durazzo, A.; D’Addezio, L.; Camilli, E.; Piccinelli, R.; Turrini, A.; Marletta, L.; Marconi, S.; Lucarini, M.;

Lisciani, S.; Gabrielli, P.; et al. From Plant Compounds to Botanicals and Back: A Current Snapshot. Molecules
2018, 23. [CrossRef] [PubMed]

24. Durazzo, A. Extractable and Non-extractable polyphenols: An overview. In Non-Extractable Polyphenols and
Carotenoids: Importance in Human Nutrition and Health; Saura-Calixto, F., Pérez-Jiménez, J., Eds.; Royal Society
of Chemistry: London, UK, 2018; pp. 1–37.

25. Daliu, P.; Annunziata, G.; Tenore, G.C.; Santini, A. Abscisic acid identification in Okra, Abelmoschus
esculentus L. (Moench): Perspective nutraceutical use for the treatment of diabetes. Nat. Prod. Res. 2020, 34,
3–9. [CrossRef]

26. Durazzo, A.; Lucarini, M. Extractable and Non-Extractable Antioxidants. Molecules 2019, 24. [CrossRef]
[PubMed]

27. Salehi, B.; Ata, A.; Anil Kumar, V.N.; Sharopov, F.; Ramírez-Alarcón, K.; Ruiz-Ortega, A.; Abdulmajid
Ayatollahi, S.; Tsouh Fokou, P.V.; Kobarfard, F.; Amiruddin Zakaria, Z.; et al. Antidiabetic potential of
medicinal plants and their active components. Biomolecules 2019, 9. [CrossRef]

28. Lucarini, M.; Durazzo, A.; Kiefer, J.; Santini, A.; Lombardi-Boccia, G.; Souto, E.B.; Romani, A.; Lampe, A.;
Ferrari Nicoli, S.; Gabrielli, P.; et al. Grape Seeds: Chromatographic Profile of Fatty Acids and Phenolic
Compounds and Qualitative Analysis by FTIR-ATR Spectroscopy. Foods 2020, 9, 10. [CrossRef]

29. Yeung, A.W.K.; Tzvetkov, N.T.; Durazzo, A.; Lucarini, M.; Souto, E.B.; Santini, A.; Gan, R.Y.; Jozwik, A.;
Grzybek, W.; Echeverría, J.; et al. Natural products in diabetes research: Quantitative literature analysis.
Curr. Med. Chem. 2020. under review.

30. Ding, H.; Triggle, C.R. Endothelial cell dysfunction and the vascular complications associated with type 2
diabetes: Assessing the health of the endothelium. Vasc. Health Risk Manag. 2005, 1, 55. [CrossRef]

31. Bakker, W.; Eringa, E.C.; Sipkema, P.; van Hinsbergh, V.W. Endothelial dysfunction and diabetes: Roles of
hyperglycemia, impaired insulin signaling and obesity. Cell Tissue Res. 2009, 335, 165. [CrossRef]

32. Janowska, J.; Chudek, J.; Olszanecka-Glinianowicz, M.; Semik-Grabarczyk, E.; Zahorska-Markiewicz, B.
Interdependencies among selected pro-inflammatory markers of endothelial dysfunction, C-peptide,
anti-inflammatory interleukin-10 and glucose metabolism disturbance in obese women. Int. J. Med.
Sci. 2016, 13, 490. [CrossRef] [PubMed]

33. Bhatt, M.P.; Lee, Y.-J.; Jung, S.-H.; Kim, Y.H.; Hwang, J.Y.; Han, E.-T.; Park, W.S.; Hong, S.-H.; Kim, Y.-M.;
Ha, K.-S. C-peptide protects against hyperglycemic memory and vascular endothelial cell apoptosis.
J. Endocrinol. 2016, 231, 97–108. [CrossRef] [PubMed]

34. Escudero, C.A.; Herlitz, K.; Troncoso, F.; Guevara, K.; Acurio, J.; Aguayo, C.; Godoy, A.S.; González, M.
Pro-angiogenic role of insulin: From physiology to pathology. Front. Physiol. 2017, 8, 204. [CrossRef]
[PubMed]

35. Dubó, S.; Gallegos, D.; Cabrera, L.; Sobrevia, L.; Zúñiga, L.; González, M. Cardiovascular action of insulin in
health and disease: Endothelial l-arginine transport and cardiac voltage-dependent potassium channels.
Front. Physiol. 2016, 7, 74. [CrossRef] [PubMed]

36. Sobrevia, L.; Salsoso, R.; Fuenzalida, B.; Barros, E.; Toledo, L.; Silva, L.; Pizarro, C.; Subiabre, M.; Villalobos, R.;
Araos, J. Insulin is a key modulator of fetoplacental endothelium metabolic disturbances in gestational
diabetes mellitus. Front. Physiol. 2016, 7, 119. [CrossRef] [PubMed]

37. He, Z.; Opland, D.M.; Way, K.J.; Ueki, K.; Bodyak, N.; Kang, P.M.; Izumo, S.; Kulkarni, R.N.; Wang, B.; Liao, R.
Regulation of vascular endothelial growth factor expression and vascularization in the myocardium by
insulin receptor and PI3K/Akt pathways in insulin resistance and ischemia. Arterioscler. Thromb. Vasc. Biol.
2006, 26, 787–793. [CrossRef]

38. Shibuya, M. Vascular endothelial growth factor and its receptor system: Physiological functions in
angiogenesis and pathological roles in various diseases. J. Biochem. 2013, 153, 13–19. [CrossRef]

http://dx.doi.org/10.1002/ptr.6419
http://dx.doi.org/10.3390/foods6090074
http://dx.doi.org/10.2174/157340721001140724145924
http://dx.doi.org/10.3390/molecules23081844
http://www.ncbi.nlm.nih.gov/pubmed/30042375
http://dx.doi.org/10.1080/14786419.2019.1637874
http://dx.doi.org/10.3390/molecules24101933
http://www.ncbi.nlm.nih.gov/pubmed/31137464
http://dx.doi.org/10.3390/biom9100551
http://dx.doi.org/10.3390/foods9010010
http://dx.doi.org/10.2147/vhrm.1.1.55.58939
http://dx.doi.org/10.1007/s00441-008-0685-6
http://dx.doi.org/10.7150/ijms.14110
http://www.ncbi.nlm.nih.gov/pubmed/27429585
http://dx.doi.org/10.1530/JOE-16-0349
http://www.ncbi.nlm.nih.gov/pubmed/27554111
http://dx.doi.org/10.3389/fphys.2017.00204
http://www.ncbi.nlm.nih.gov/pubmed/28424632
http://dx.doi.org/10.3389/fphys.2016.00074
http://www.ncbi.nlm.nih.gov/pubmed/27014078
http://dx.doi.org/10.3389/fphys.2016.00119
http://www.ncbi.nlm.nih.gov/pubmed/27065887
http://dx.doi.org/10.1161/01.ATV.0000209500.15801.4e
http://dx.doi.org/10.1093/jb/mvs136


Int. J. Mol. Sci. 2020, 21, 645 15 of 19

39. Cumsille, P.; Coronel, A.; Conca, C.; Quiñinao, C.; Escudero, C. Proposal of a hybrid approach for tumor
progression and tumor-induced angiogenesis. Theor. Biol. Med Model. 2015, 12, 13. [CrossRef]

40. Wahren, J.; Kallas, Å.; Sima, A.A.F. The Clinical Potential of C-Peptide Replacement in Type 1 Diabetes.
J. Diabetes 2012, 61, 761–772. [CrossRef]

41. Wahren, J.; Johansson, B.L.; Wallberg-Henriksson, H.; Linde, B.; Fernqvist-Forbes, E.; Zierath, J.R. C-peptide
revisited—New physiological effects and therapeutic implications. J. Int. Med. 1996, 240, 115–124. [CrossRef]

42. Lim, Y.C.; Bhatt, M.P.; Kwon, M.H.; Park, D.; Lee, S.; Choe, J.; Hwang, J.; Kim, Y.M.; Ha, K.S. Prevention
of VEGF-mediated microvascular permeability by C-peptide in diabetic mice. Cardiovasc. Res. 2014, 101,
155–164. [CrossRef]

43. Bhatt, M.P.; Lim, Y.C.; Hwang, J.; Na, S.; Kim, Y.M.; Ha, K.S. C-peptide prevents hyperglycemia-induced
endothelial apoptosis through inhibition of reactive oxygen species-mediated transglutaminase 2 activation.
Diabetes 2013, 62, 243–253. [CrossRef]

44. Lim, Y.-C.; Bhatt, M.P.; Kwon, M.-H.; Park, D.; Na, S.; Kim, Y.-M.; Ha, K.-S. Proinsulin C-Peptide Prevents
Impaired Wound Healing by Activating Angiogenesis in Diabetes. J. Investig. Dermatol. 2015, 135, 269–278.
[CrossRef]

45. Mughal, R.S.; Scragg, J.L.; Lister, P.; Warburton, P.; Riches, K.; O’Regan, D.J.; Ball, S.G.; Turner, N.A.; Porter, K.E.
Cellular mechanisms by which proinsulin C-peptide prevents insulin-induced neointima formation in human
saphenous vein. Diabetologia 2010, 53, 1761–1771. [CrossRef]

46. Walcher, D.; Babiak, C.; Poletek, P.; Rosenkranz, S.; Bach, H.; Betz, S.; Durst, R.; Grüb, M.; Hombach, V.;
Strong, J.; et al. C-Peptide Induces Vascular Smooth Muscle Cell Proliferation. Circ. Res. 2006, 99, 1181–1187.
[CrossRef]

47. Marx, N. C-peptide as a mediator of lesion development in early diabetes—A novel hypothesis. Trends
Cardiovasc. Med. 2008, 18, 67–71. [CrossRef]

48. Forst, T.; Hach, T.; Kunt, T.; Weber, M.M.; Pfützner, A. Molecular Effects of C-Peptide in Microvascular Blood
Flow Regulation. Rev. Diabet. Stud. Rds. 2009, 6, 159–167. [CrossRef]

49. Wahren, J. C-peptide: New findings and therapeutic implications in diabetes. Clinic. Psihol. Funct. Imaging
2004, 24, 180–189. [CrossRef]

50. Pramanik, A.; Ekberg, K.; Zhong, Z.; Shafqat, J.; Henriksson, M.; Jansson, O.; Tibell, A.; Tally, M.; Wahren, J.;
Jörnvall, H.; et al. C-Peptide Binding to Human Cell Membranes: Importance of Glu27. BBiochem. Biophys.
Res. Commun. 2001, 284, 94–98. [CrossRef]

51. Shafqat, J.; Juntti-Berggren, L.; Zhong, Z.; Ekberg, K.; Köhler, M.; Berggren, P.-O.; Johansson, J.; Wahren, J.;
Jörnvall, H. Proinsulin C-Peptide and Its Analogues Induce Intracellular Ca2+ INCREASES in Human Renal Tubular
Cells; Springer: Berlin, Germany, 2002; Volume 59, pp. 1185–1189.

52. Hills, C.E.; Brunskill, N.J. Cellular and physiological effects of C-peptide. Clin. Sci. 2009, 116, 565–574.
[CrossRef]

53. Kobayashi, Y.; Naruse, K.; Hamada, Y.; Nakashima, E.; Kato, K.; Akiyama, N.; Kamiya, H.; Watarai, A.;
Nakae, M.; Oiso, Y. Human proinsulin C-peptide prevents proliferation of rat aortic smooth muscle cells
cultured in high-glucose conditions. Diabetologia 2005, 48, 2396–2401. [CrossRef]

54. Marx, N.; Walcher, D. C-Peptide and atherogenesis: C-Peptide as a mediator of lesion development in
patients with type 2 diabetes mellitus? Exp. Diabetes Res. 2008, 2008. [CrossRef]

55. Johansson, B.-L.; Sundell, J.; Ekberg, K.; Jonsson, C.; Seppanen, M.; Raitakari, O.; Luotolahti, M.; Nuutila, P.;
Wahren, J.; Knuuti, J. C-peptide improves adenosine-induced myocardial vasodilation in type 1 diabetes
patients. Am. J. Physiol. Endocrinol. Metabol. 2004, 286, E14–E19. [CrossRef]

56. Kitamura, T.; Kimura, K.; Makondo, K.; Furuya, D.; Suzuki, M.; Yoshida, T.; Saito, M. Proinsulin C-peptide
increases nitric oxide production by enhancing mitogen-activated protein-kinase-dependent transcription of
endothelial nitric oxide synthase in aortic endothelial cells of Wistar rats. Diabetologia 2003, 46, 1698–1705.
[CrossRef]

57. Luppi, P.; Cifarelli, V.; Tse, H.; Piganelli, J.; Trucco, M. Human C-peptide antagonises high glucose-induced
endothelial dysfunction through the nuclear factor-κB pathway. Diabetologia 2008, 51, 1534. [CrossRef]

58. Hoeben, A.; Landuyt, B.; Highley, M.S.; Wildiers, H.; Van Oosterom, A.T.; De Bruijn, E.A. Vascular endothelial
growth factor and angiogenesis. Pharmacol. Rev. 2004, 56, 549–580. [CrossRef]

http://dx.doi.org/10.1186/s12976-015-0009-y
http://dx.doi.org/10.2337/db11-1423
http://dx.doi.org/10.1046/j.1365-2796.1996.19841000.x
http://dx.doi.org/10.1093/cvr/cvt238
http://dx.doi.org/10.2337/db12-0293
http://dx.doi.org/10.1038/jid.2014.285
http://dx.doi.org/10.1007/s00125-010-1736-6
http://dx.doi.org/10.1161/01.RES.0000251231.16993.88
http://dx.doi.org/10.1016/j.tcm.2007.12.005
http://dx.doi.org/10.1900/RDS.2009.6.159
http://dx.doi.org/10.1111/j.1475-097X.2004.00558.x
http://dx.doi.org/10.1006/bbrc.2001.4917
http://dx.doi.org/10.1042/CS20080441
http://dx.doi.org/10.1007/s00125-005-1942-9
http://dx.doi.org/10.1155/2008/385108
http://dx.doi.org/10.1152/ajpendo.00236.2003
http://dx.doi.org/10.1007/s00125-003-1232-3
http://dx.doi.org/10.1007/s00125-008-1032-x
http://dx.doi.org/10.1124/pr.56.4.3


Int. J. Mol. Sci. 2020, 21, 645 16 of 19

59. Scheppke, L.; Aguilar, E.; Gariano, R.F.; Jacobson, R.; Hood, J.; Doukas, J.; Cao, J.; Noronha, G.; Yee, S.; Weis, S.
Retinal vascular permeability suppression by topical application of a novel VEGFR2/Src kinase inhibitor in
mice and rabbits. Pharmacol. Rev. 2008, 118, 2337–2346. [CrossRef]

60. Caldwell, R.B.; Bartoli, M.; Behzadian, M.A.; El-Remessy, A.E.; Al-Shabrawey, M.; Platt, D.H.; Caldwell, R.W.
Vascular endothelial growth factor and diabetic retinopathy: Pathophysiological mechanisms and treatment
perspectives. Diabetes Metab. Res. Rev. 2003, 19, 442–455. [CrossRef]

61. Al-Shabrawey, M.; Rojas, M.; Sanders, T.; Behzadian, A.; El-Remessy, A.; Bartoli, M.; Parpia, A.K.; Liou, G.;
Caldwell, R.B. Role of NADPH oxidase in retinal vascular inflammation. Investig. Ophthalmol. Vis. Sci. 2008,
49, 3239–3244. [CrossRef]

62. Li, J.; Wang, J.J.; Yu, Q.; Chen, K.; Mahadev, K.; Zhang, S.X. Inhibition of reactive oxygen species by
Lovastatin downregulates vascular endothelial growth factor expression and ameliorates blood-retinal
barrier breakdown in db/db mice: Role of NADPH oxidase 4. Diabetes 2010, 59, 1528–1538. [CrossRef]

63. Abid, M.; Kachra, Z.; Spokes, K.C.; Aird, W.C. NADPH oxidase activity is required for endothelial cell
proliferation and migration. FEBS Lett. 2000, 486, 252–256. [CrossRef]

64. Monaghan-Benson, E.; Burridge, K. The regulation of vascular endothelial growth factor-induced
microvascular permeability requires Rac and reactive oxygen species. J. Biol. Chem. 2009, 284, 25602–25611.
[CrossRef]

65. Spindler, V.; Schlegel, N.; Waschke, J. Role of GTPases in control of microvascular permeability. Cardiovasc.
Res. 2010, 87, 243–253. [CrossRef]

66. Tiruppathi, C.; Ahmmed, G.U.; Vogel, S.M.; Malik, A.B. Ca2+ signaling, TRP channels, and endothelial
permeability. Microcirculation 2006, 13, 693–708. [CrossRef]

67. Bhatt, M.P.; Lim, Y.-C.; Kim, Y.-M.; Ha, K.-S. C-peptide activates AMPKα and prevents ROS-mediated
mitochondrial fission and endothelial apoptosis in diabetes. Diabetes 2013, 62, 3851–3862. [CrossRef]

68. Ushio-Fukai, M.; Nakamura, Y. Reactive oxygen species and angiogenesis: NADPH oxidase as target for
cancer therapy. Cancer Lett. 2008, 266, 37–52. [CrossRef]

69. Yang, B.; Cao, D.J.; Sainz, I.; Colman, R.W.; Guo, Y.L. Different roles of ERK and p38 MAP kinases during
tube formation from endothelial cells cultured in 3-dimensional collagen matrices. J. Cell. Physiol. 2004, 200,
360–369. [CrossRef]

70. El-Remessy, A.; Al-Shabrawey, M.; Platt, D.; Bartoli, M.; Behzadian, M.; Ghaly, N.; Tsai, N.; Motamed, K.;
Caldwell, R. Peroxynitrite Mediates VEGF’s Angiogenic Signal and Function via a Nitration-Independent
Mechanism in Endothelial Cells. FASEB J. 2007, 21, 2528–2539. [CrossRef]

71. Fukuhara, S.; Sako, K.; Noda, K.; Zhang, J.; Minami, M.; Mochizuki, N. Angiopoietin-1/Tie2 receptor signaling
in vascular quiescence and angiogenesis. Histol. Histopathol. 2010, 25, 387–396.

72. Thurston, G.; Rudge, J.S.; Ioffe, E.; Zhou, H.; Ross, L.; Croll, S.D.; Glazer, N.; Holash, J.; McDonald, D.M.;
Yancopoulos, G.D. Angiopoietin-1 protects the adult vasculature against plasma leakage. Nat. Med. 2000, 6,
460. [CrossRef]

73. Harfouche, R.; Malak, N.A.; Brandes, R.P.; Karsan, A.; Irani, K.; Hussain, S.N. Roles of reactive oxygen
species in angiopoietin-1/tie-2 receptor signaling. FASEB J. 2005, 19, 1728–1730. [CrossRef]

74. Cifarelli, V.; Geng, X.; Styche, A.; Lakomy, R.; Trucco, M.; Luppi, P. C-peptide reduces high-glucose-induced
apoptosis of endothelial cells and decreases NAD (P) H-oxidase reactive oxygen species generation in human
aortic endothelial cells. Diabetologia 2011, 54, 2702. [CrossRef]

75. Kowluru, R.A.; Chan, P.-S. Oxidative stress and diabetic retinopathy. J. Diabetes Res. 2007, 2007. [CrossRef]
76. Kaplan, M.; Hamoud, S.; Tendler, Y.; Meilin, E.; Lazarovitch, A.; Nitecki, S.; Hayek, T. A significant correlation

between C-reactive protein levels in blood monocytes derived macrophages versus content in carotid
atherosclerotic lesions. J. Inflamm. 2014, 11, 7. [CrossRef]

77. Hattori, Y.; Matsumura, M.; Kasai, K. Vascular smooth muscle cell activation by C-reactive protein. Cardiovasc.
Res. 2003, 58, 186–195. [CrossRef]

78. Yeo, E.-S.; Hwang, J.-Y.; Park, J.E.; Choi, Y.J.; Huh, K.B.; Kim, W.Y. Tumor necrosis factor (TNF-α) and
C-reactive protein (CRP) are positively associated with the risk of chronic kidney disease in patients with
type 2 diabetes. Yonsei Med. J. 2010, 51, 519–525. [CrossRef]

79. Zhong, Z.; Kotova, O.; Davidescu, A.; Ehren, I.; Ekberg, K.; Jörnvall, H.; Wahren, J.; Chibalin, A. C-peptide
stimulates Na+, K+-ATPase via activation of ERK1/2 MAP kinases in human renal tubular cells. Cell. Mol.
Life Sci. 2004, 61, 2782–2790. [CrossRef]

http://dx.doi.org/10.1172/JCI33361
http://dx.doi.org/10.1002/dmrr.415
http://dx.doi.org/10.1167/iovs.08-1755
http://dx.doi.org/10.2337/db09-1057
http://dx.doi.org/10.1016/S0014-5793(00)02305-X
http://dx.doi.org/10.1074/jbc.M109.009894
http://dx.doi.org/10.1093/cvr/cvq086
http://dx.doi.org/10.1080/10739680600930347
http://dx.doi.org/10.2337/db13-0039
http://dx.doi.org/10.1016/j.canlet.2008.02.044
http://dx.doi.org/10.1002/jcp.20025
http://dx.doi.org/10.1096/fj.06-7854com
http://dx.doi.org/10.1038/74725
http://dx.doi.org/10.1096/fj.04-3621fje
http://dx.doi.org/10.1007/s00125-011-2251-0
http://dx.doi.org/10.1155/2007/43603
http://dx.doi.org/10.1186/1476-9255-11-7
http://dx.doi.org/10.1016/S0008-6363(02)00855-6
http://dx.doi.org/10.3349/ymj.2010.51.4.519
http://dx.doi.org/10.1007/s00018-004-4258-x


Int. J. Mol. Sci. 2020, 21, 645 17 of 19

80. Joshua, I.G.; Zhang, Q.; Falcone, J.C.; Bratcher, A.P.; Rodriguez, W.E.; Tyagi, S.C. Mechanisms of endothelial
dysfunction with development of type 1 diabetes mellitus: Role of insulin and C-peptide. J. Cell. Biochem.
2005, 96, 1149–1156. [CrossRef]

81. Lee, J.-H.; Lee, W.; Kwon, O.H.; Kim, J.-H.; Kwon, O.W.; Kim, K.H.; Lim, J.-B. Cytokine profile of peripheral
blood in type 2 diabetes mellitus patients with diabetic retinopathy. Ann. Clin. Lab. Sci. 2008, 38, 361–367.

82. Didion, S.P.; Kinzenbaw, D.A.; Schrader, L.I.; Chu, Y.; Faraci, F.M. Endogenous Interleukin-10 Inhibits
Angiotensin II–Induced Vascular Dysfunction. Hypertension 2009, 54, 619–624. [CrossRef]

83. Hong, E.-G.; Ko, H.J.; Cho, Y.-R.; Kim, H.-J.; Ma, Z.; Yu, T.Y.; Friedline, R.H.; Kurt-Jones, E.; Finberg, R.;
Fischer, M.A.; et al. Interleukin-10 Prevents Diet-Induced Insulin Resistance by Attenuating Macrophage
and Cytokine Response in Skeletal Muscle. Diabetes 2009, 58, 2525–2535. [CrossRef] [PubMed]

84. Ceriello, A.; Ihnat, M.A.; Thorpe, J.E. The “metabolic memory”: Is more than just tight glucose control
necessary to prevent diabetic complications? J. Clin. Endocrinol. Metab. 2009, 94, 410–415. [CrossRef]

85. Cooper, M.E.; El-Osta, A. Epigenetics: Mechanisms and implications for diabetic complications. Circ. Res.
2010, 107, 1403–1413. [CrossRef] [PubMed]

86. Pirola, L.; Balcerczyk, A.; Okabe, J.; El-Osta, A. Epigenetic phenomena linked to diabetic complications. Nat.
Rev. Endocrinol. 2010, 6, 665. [CrossRef]

87. Fadini, G.P.; Albiero, M.; Menegazzo, L.; Boscaro, E.; Pagnin, E.; Iori, E.; Cosma, C.; Lapolla, A.; Pengo, V.;
Stendardo, M. The redox enzyme p66Shc contributes to diabetes and ischemia-induced delay in cutaneous
wound healing. Diabetes 2010, 59, 2306–2314. [CrossRef]

88. Kim, C.-S.; Jung, S.-B.; Naqvi, A.; Hoffman, T.A.; DeRicco, J.; Yamamori, T.; Cole, M.P.; Jeon, B.-H.; Irani, K.
p53 impairs endothelium-dependent vasomotor function through transcriptional upregulation of p66shc.
Circ. Res. 2008, 103, 1441–1450. [CrossRef]

89. Paneni, F.; Mocharla, P.; Akhmedov, A.; Costantino, S.; Osto, E.; Volpe, M.; Lüscher, T.F.; Cosentino, F.
Gene Silencing of the Mitochondrial Adaptor p66Shc Suppresses Vascular Hyperglycemic Memory in
DiabetesNovelty and Significance. Circ. Res. 2012, 111, 278–289. [CrossRef]

90. Brownlee, M. Biochemistry and molecular cell biology of diabetic complications. Nature 2001, 414, 813.
[CrossRef]

91. Giacco, F.; Brownlee, M. Oxidative stress and diabetic complications. Circ. Res. 2010, 107, 1058–1070.
[CrossRef]

92. Paneni, F.; Volpe, M.; Lüscher, T.F.; Cosentino, F. SIRT1, p66Shc, and Set7/9 in vascular hyperglycemic
memory: Bringing all the strands together. Diabetes 2013, 62, 1800–1807. [CrossRef]

93. Bagi, Z.; Feher, A.; Cassuto, J. Peroxynitrite disrupts endothelial caveolae leading to eNOS uncoupling and
diminished flow-mediated dilation in coronary arterioles of diabetic patients (1082.3). FASEB J. 2014, 28,
1381–1393.

94. El-Remessy, A.B.; Abou-Mohamed, G.; Caldwell, R.W.; Caldwell, R.B. High glucose-induced tyrosine
nitration in endothelial cells: Role of eNOS uncoupling and aldose reductase activation. Investig. Ophthalmol.
Vis. Sci. 2003, 44, 3135–3143. [CrossRef]

95. Navarro-Antolín, J.; López-Muñoz, M.J.; Klatt, P.; Soria, J.; Michel, T.; Lamas, S. Formation of peroxynitrite in
vascular endothelial cells exposed to cyclosporine A. FASEB J. 2001, 15, 1291–1293. [CrossRef]

96. Pacher, P.; Beckman, J.S.; Liaudet, L. Nitric oxide and peroxynitrite in health and disease. Physiol. Rev. 2007,
87, 315–424. [CrossRef]

97. Ceriello, A.; Esposito, K.; Ihnat, M.; Thorpe, J.; Giugliano, D. Long-term glycemic control influences the
long-lasting effect of hyperglycemia on endothelial function in type 1 diabetes. J. Clin. Endocrinol. Metab.
2009, 94, 2751–2756. [CrossRef]

98. Ihnat, M.; Thorpe, J.; Kamat, C.; Szabo, C.; Green, D.; Warnke, L.; Lacza, Z.; Cselenyak, A.; Ross, K.; Shakir, S.
Reactive oxygen species mediate a cellular ‘memory’of high glucose stress signalling. Diabetologia 2007, 50,
1523–1531. [CrossRef]

99. Bhatt, M.P.; Lim, Y.-C.; Ha, K.-S. C-peptide replacement therapy as an emerging strategy for preventing
diabetic vasculopathy. Cardiovasc. Res. 2014, 104, 234–244. [CrossRef]

100. Massi-Benedetti, M.; Orsini-Federici, M. Treatment of type 2 diabetes with combined therapy: What are the
pros and cons? Diabetes Care 2008, 31, S131–S135. [CrossRef]

http://dx.doi.org/10.1002/jcb.20620
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.137158
http://dx.doi.org/10.2337/db08-1261
http://www.ncbi.nlm.nih.gov/pubmed/19690064
http://dx.doi.org/10.1210/jc.2008-1824
http://dx.doi.org/10.1161/CIRCRESAHA.110.223552
http://www.ncbi.nlm.nih.gov/pubmed/21148447
http://dx.doi.org/10.1038/nrendo.2010.188
http://dx.doi.org/10.2337/db09-1727
http://dx.doi.org/10.1161/CIRCRESAHA.108.181644
http://dx.doi.org/10.1161/CIRCRESAHA.112.266593
http://dx.doi.org/10.1038/414813a
http://dx.doi.org/10.1161/CIRCRESAHA.110.223545
http://dx.doi.org/10.2337/db12-1648
http://dx.doi.org/10.1167/iovs.02-1022
http://dx.doi.org/10.1096/fj.00-0636fje
http://dx.doi.org/10.1152/physrev.00029.2006
http://dx.doi.org/10.1210/jc.2009-0762
http://dx.doi.org/10.1007/s00125-007-0684-2
http://dx.doi.org/10.1093/cvr/cvu211
http://dx.doi.org/10.2337/dc08-s233


Int. J. Mol. Sci. 2020, 21, 645 18 of 19

101. Beckman, J.A.; Goldfine, A.B.; Gordon, M.B.; Garrett, L.A.; Keaney, J.F., Jr.; Creager, M.A. Oral antioxidant
therapy improves endothelial function in Type 1 but not Type 2 diabetes mellitus. Am. J. Physiol. Heart Circ.
Physiol. 2003, 285, H2392–H2398. [CrossRef]

102. Atkinson, M.A.; Bluestone, J.A.; Eisenbarth, G.S.; Hebrok, M.; Herold, K.C.; Accili, D.; Pietropaolo, M.;
Arvan, P.R.; Von Herrath, M.; Markel, D.S.; et al. How Does Type 1 Diabetes Develop? Notion Homicide Or
B-Cell Suicide Revisit. 2011, 60, 1370–1379. [CrossRef]

103. Eizirik, D.L.; Miani, M.; Cardozo, A.K. Signalling danger: Endoplasmic reticulum stress and the unfolded
protein response in pancreatic islet inflammation. Diabetologia 2013, 56, 234–241. [CrossRef] [PubMed]

104. Steiner, D.F. On the Discovery of Precursor Processing. In Proprotein Convertases; Mbikay, M., Seidah, N.G.,
Eds.; Humana Press: Totowa, NJ, USA, 2011; pp. 3–11. [CrossRef]

105. Tersey, S.A.; Nishiki, Y.; Templin, A.T.; Cabrera, S.M.; Stull, N.D.; Colvin, S.C.; Evans-Molina, C.; Rickus, J.L.;
Maier, B.; Mirmira, R.G. Islet β-Cell Endoplasmic Reticulum Stress Precedes the Onset of Type 1 Diabetes in
the Nonobese Diabetic Mouse Model. Diabetes 2012, 61, 818–827. [CrossRef] [PubMed]

106. Sims, E.K.; Chaudhry, Z.; Watkins, R.; Syed, F.; Blum, J.; Ouyang, F.; Perkins, S.M.; Mirmira, R.G.; Sosenko, J.;
DiMeglio, L.A.; et al. Elevations in the Fasting Serum Proinsulin–to–C-Peptide Ratio Precede the Onset of
Type 1 Diabetes. Diabetes Care 2016, 39, 1519–1526. [CrossRef] [PubMed]

107. Montalcini, T.; Gallotti, P.; Coppola, A.; Zambianchi, V.; Fodaro, M.; Galliera, E.; Marazzi, M.G.; Romeo, S.;
Giannini, S.; Corsi Romanelli, M.M.; et al. Association between low C-peptide and low lumbar bone mineral
density in postmenopausal women without diabetes. Osteoporos. Int. 2015, 26, 1639–1646. [CrossRef]

108. Russo, C.; Lazzaro, V.; Gazzaruso, C.; Maurotti, S.; Ferro, Y.; Pingitore, P.; Fumo, F.; Coppola, A.; Gallotti, P.;
Zambianchi, V.; et al. Proinsulin C-peptide modulates the expression of ERK1/2, type I collagen and RANKL
in human osteoblast-like cells (Saos-2). Mol. Cell. Endocrinol. 2017, 442, 134–141. [CrossRef]

109. Sima, A.A.F.; Zhang, W.; Sugimoto, K.; Henry, D.; Li, Z.; Wahren, J.; Grunberger, G. C-peptide prevents
and improves chronic Type I diabetic polyneuropathy in the BB/Wor rat. Diabetologia 2001, 44, 889–897.
[CrossRef]

110. Ido, Y.; Vindigni, A.; Chang, K.; Stramm, L.; Chance, R.; Heath, W.F.; DiMarchi, R.D.; Di Cera, E.;
Williamson, J.R. Prevention of Vascular and Neural Dysfunction in Diabetic Rats by C-Peptide. Science 1997,
277, 563–566. [CrossRef]

111. Zhang, W.; Yorek, M.; Pierson, C.R.; Murakawa, Y.; Breidenbach, A.; Sima, A.A.F. Human C-peptide Dose
Dependently Prevents Early Neuropathy in the BB/Wor-rat. Mol. Cell. Endocrinol. 2001, 2, 187–193. [CrossRef]

112. Cotter, M.A.; Ekberg, K.; Wahren, J.; Cameron, N.E. Effects of Proinsulin C-Peptide in Experimental Diabetic
Neuropathy. Vasc. Actions Modul. Nitric Oxide Synthase Inhib. 2003, 52, 1812–1817. [CrossRef]

113. Ekberg, K.; Brismar, T.; Johansson, B.-L.; Jonsson, B.; Lindström, P.; Wahren, J. Amelioration of Sensory Nerve
Dysfunction by C-Peptide in Patients With Type 1 Diabetes. Diabetes 2003, 52, 536–541. [CrossRef]

114. Johansson, B.L.; Borg, K.; Fernqvist-Forbes, E.; Kernell, A.; Odergren, T.; Wahren, J. Beneficial effects of
C-peptide on incipient nephropathy and neuropathy in patients with Type 1 diabetes mellitus. Diabet. Med.
2000, 17, 181–189. [CrossRef] [PubMed]

115. Johansson, B.L.; Borg, K.; Fernqvist-Forbes, E.; Odergren, T.; Remahl, S.; Wahren, J. C-peptide improves
autonomic nerve function in IDDM patients. Diabetologia 1996, 39, 687–695. [CrossRef] [PubMed]

116. Okamoto, S.; Kimura, K.; Kitamura, T.; Cañas, X.; Yoshida, T.; Saito, M. Proinsulin C peptide obviates
sympathetically mediated suppression of splenic lymphocyte activity in rats. Diabetologia 2000, 43, 1512–1517.
[CrossRef]

117. Stevens, M.J.; Dananberg, J.; Feldman, E.L.; Lattimer, S.A.; Kamijo, M.; Thomas, T.P.; Shindo, H.; Sima, A.A.;
Greene, D.A. The linked roles of nitric oxide, aldose reductase and, (Na+,K+)-ATPase in the slowing of nerve
conduction in the streptozotocin diabetic rat. J. Clin. Investig. 1994, 94, 853–859. [CrossRef]

118. Thomas, P. Diabetic neuropathy: Mechanisms and future treatment options. J. Neurol. Neurosurg. Psychiatry
1999, 67, 277–279. [CrossRef] [PubMed]

119. Li, Z.; Zhang, W.; Sima, A.A.F. C-peptide enhances insulin-mediated cell growth and protection against high
glucose–induced apoptosis in SH-SY5Y cells. Diabetes/Metab. Res. Rev. 2003, 19, 375–385. [CrossRef]

120. Afkarian, M.; Sachs, M.C.; Kestenbaum, B.; Hirsch, I.B.; Tuttle, K.R.; Himmelfarb, J.; De Boer, I.H. Kidney
disease and increased mortality risk in type 2 diabetes. J. Am. Soc. Nephrol. 2013. ASN.2012070718.
[CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpheart.00403.2003
http://dx.doi.org/10.2337/db10-1797
http://dx.doi.org/10.1007/s00125-012-2762-3
http://www.ncbi.nlm.nih.gov/pubmed/23132339
http://dx.doi.org/10.1007/978-1-61779-204-5_1
http://dx.doi.org/10.2337/db11-1293
http://www.ncbi.nlm.nih.gov/pubmed/22442300
http://dx.doi.org/10.2337/dc15-2849
http://www.ncbi.nlm.nih.gov/pubmed/27385327
http://dx.doi.org/10.1007/s00198-015-3040-2
http://dx.doi.org/10.1016/j.mce.2016.12.012
http://dx.doi.org/10.1007/s001250100570
http://dx.doi.org/10.1126/science.277.5325.563
http://dx.doi.org/10.1155/EDR.2001.187
http://dx.doi.org/10.2337/diabetes.52.7.1812
http://dx.doi.org/10.2337/diabetes.52.2.536
http://dx.doi.org/10.1046/j.1464-5491.2000.00274.x
http://www.ncbi.nlm.nih.gov/pubmed/10784221
http://dx.doi.org/10.1007/BF00418540
http://www.ncbi.nlm.nih.gov/pubmed/8781764
http://dx.doi.org/10.1007/s001250051562
http://dx.doi.org/10.1172/JCI117406
http://dx.doi.org/10.1136/jnnp.67.3.277
http://www.ncbi.nlm.nih.gov/pubmed/10449543
http://dx.doi.org/10.1002/dmrr.389
http://dx.doi.org/10.1681/ASN.2012070718
http://www.ncbi.nlm.nih.gov/pubmed/23362314


Int. J. Mol. Sci. 2020, 21, 645 19 of 19

121. Papadopoulou-Marketou, N.; Chrousos, G.P.; Kanaka-Gantenbein, C. Diabetic nephropathy in type 1 diabetes:
A review of early natural history, pathogenesis, and diagnosis. J. Am. Soc. Nephrol. 2017, 33. [CrossRef]

122. Luppi, P.; Drain, P. C-peptide antioxidant adaptive pathways in β cells and diabetes. J. Intern. Med. 2017,
281, 7–24. [CrossRef]

123. Huggett, R.J.; Scott, E.M.; Gilbey, S.G.; Stoker, J.B.; Mackintosh, A.F.; Mary, D.A. Impact of type 2 diabetes
mellitus on sympathetic neural mechanisms in hypertension. Circulation 2003, 108, 3097–3101. [CrossRef]

124. Masuo, K.; Mikami, H.; Ogihara, T.; Tuck, M.L. Sympathetic nerve hyperactivity precedes hyperinsulinemia
and blood pressure elevation in a young, nonobese Japanese population. Am. J. Hypertens. 1997, 10, 77–83.
[CrossRef]

125. Grassi, G.; Dell’Oro, R.; Quarti-Trevano, F.; Scopelliti, F.; Seravalle, G.; Paleari, F.; Gamba, P.; Mancia, G.
Neuroadrenergic and reflex abnormalities in patients with metabolic syndrome. Diabetologia 2005, 48,
1359–1365. [CrossRef] [PubMed]

126. Grassi, G.; Dell’Oro, R.; Facchini, A.; Trevano, F.Q.; Bolla, G.B.; Mancia, G. Effect of central and peripheral
body fat distribution on sympathetic and baroreflex function in obese normotensives. J. Hypertens. 2004, 22,
2363–2369. [CrossRef]

127. Scherrer, U.; Sartori, C. Insulin as a vascular and sympathoexcitatory hormone: Implications for blood
pressure regulation, insulin sensitivity, and cardiovascular morbidity. Circulation 1997, 96, 4104–4113.
[CrossRef]

128. Bardgett, M.E.; McCarthy, J.J.; Stocker, S.D. Glutamatergic receptor activation in the rostral ventrolateral
medulla mediates the sympathoexcitatory response to hyperinsulinemia. Hypertension 2010, 55, 284–290.
[CrossRef]

129. Mahfoud, F.; Schlaich, M.; Kindermann, I.; Ukena, C.; Cremers, B.; Brandt, M.C.; Hoppe, U.C.; Vonend, O.;
Rump, L.C.; Sobotka, P.A. Effect of renal sympathetic denervation on glucose metabolism in patients with
resistant hypertensionClinical perspective: A Pilot study. Circulation 2011, 123, 1940–1946. [CrossRef]

130. Elbassuoni, E.A.; Aziz, N.M.; El-Tahawy, N.F. Protective effect of C-peptide on experimentally induced
diabetic nephropathy and the possible link between C-peptide and Nitric Oxide. Appl. Physiol. Nutr. Metabol.
2018, 43, 617–624. [CrossRef]

131. DiBona, G.F. Physiology in perspective: The Wisdom of the Body. Neural control of the kidney. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 2005, 289, R633–R641. [CrossRef]

132. Vollenweider, P.; Tappy, L.; Randin, D.; Schneiter, P.; Jéquier, E.; Nicod, P.; Scherrer, U. Differential effects of
hyperinsulinemia and carbohydrate metabolism on sympathetic nerve activity and muscle blood flow in
humans. J. Clin. Investig. 1993, 92, 147–154. [CrossRef]

133. Mancia, G.; Bousquet, P.; Elghozi, J.L.; Esler, M.; Grassi, G.; Julius, S.; Reid, J.; Van Zwieten, P.A.
The sympathetic nervous system and the metabolic syndrome. J. Hypertens. 2007, 25, 909–920. [CrossRef]

134. Menditto, E.; Guerriero, F.; Orlando, V.; Crola, C.; Di Somma, C.; Illario, M.; Morisky, D.E.; Colao, A.
Self-Assessment of Adherence to Medication: A Case Study in Campania Region Community-Dwelling
Population. J. Aging Res. 2015, 2015, 682503. [CrossRef] [PubMed]

135. Iolascon, G.; Gimigliano, F.; Moretti, A.; Riccio, I.; Di Gennaro, M.; Illario, M.; Monetti, V.M.; Orlando, V.;
Menditto, E. Rates and reasons for lack of persistence with anti-osteoporotic drugs: Analysis of the Campania
region database. Clin. Cases Miner. Bone Metab. 2016, 13, 127–130. [CrossRef] [PubMed]

136. Putignano, D.; Bruzzese, D.; Orlando, V.; Fiorentino, D.; Tettamanti, A.; Menditto, E. Differences in drug use
between men and women: An Italian cross sectional study. BMC Womens Health 2017, 17, 73. [CrossRef]

137. Menditto, E.; Cahir, C.; Aza-Pascual-Salcedo, M.; Bruzzese, D.; Poblador-Plou, B.; Malo, S.; Costa, E.;
Gonzalez-Rubio, F.; Gimeno-Miguel, A.; Orlando, V.; et al. Adherence to chronic medication in older
populations: Application of a common protocol among three European cohorts. Patient Prefer Adherence
2018, 12, 1975–1987. [CrossRef]

138. Scala, D.; Menditto, E.; Armellino, M.F.; Manguso, F.; Monetti, V.M.; Orlando, V.; Antonino, A.; Makoul, G.; De
Palma, M. Italian translation and cultural adaptation of the communication assessment tool in an outpatient
surgical clinic. BMC Health Serv. Res. 2016, 16, 163. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/dmrr.2841
http://dx.doi.org/10.1111/joim.12522
http://dx.doi.org/10.1161/01.CIR.0000103123.66264.FE
http://dx.doi.org/10.1016/S0895-7061(96)00303-2
http://dx.doi.org/10.1007/s00125-005-1798-z
http://www.ncbi.nlm.nih.gov/pubmed/15933859
http://dx.doi.org/10.1097/00004872-200412000-00019
http://dx.doi.org/10.1161/01.CIR.96.11.4104
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.146605
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.991869
http://dx.doi.org/10.1139/apnm-2017-0617
http://dx.doi.org/10.1152/ajpregu.00258.2005
http://dx.doi.org/10.1172/JCI116542
http://dx.doi.org/10.1097/HJH.0b013e328048d004
http://dx.doi.org/10.1155/2015/682503
http://www.ncbi.nlm.nih.gov/pubmed/26346487
http://dx.doi.org/10.11138/ccmbm/2016.13.2.127
http://www.ncbi.nlm.nih.gov/pubmed/27920809
http://dx.doi.org/10.1186/s12905-017-0424-9
http://dx.doi.org/10.2147/PPA.S164819
http://dx.doi.org/10.1186/s12913-016-1411-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Functions and Features of Human Proinsulin C-Peptide 
	Cell Signalling Pathways of Human Proinsulin C-Peptide in Vasculopathy Protection 
	Development of Innovative and Effective Therapeutic Options in Diabetic Neuropathy 
	Development of Innovative and Effective Therapeutic Options in Diabetic Nephropathy 
	Conclusions 
	References

