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Definition
Diabetic retinopathy (DR) is one of the most common complications of diabetes mellitus and is
characterized by degeneration of retinal neurons and neoangiogenesis, causing a severe threat to
vision. Nowadays, the principal treatment options for DR are laser photocoagulation, vitreoretinal
surgery, or intravitreal injection of drugs targeting vascular endothelial growth factor. Treatment with
nutraceuticals (foods providing medical or health beneﬁts) at early stages of DR may represent a
reasonable alternative to act upstream of the disease, preventing its progression.

1. Introduction
Diabetic retinopathy (DR) is a retinal disease representing one of the main causes of vision loss in
developed countries. It has been classically considered a microvascular disease of the retina and is
characterized, in its later stages, by abnormal growth of retinal vessels, which causes hemorrhages and
tractional retinal detachment, leading to vision loss[1]. The understanding of DR has evolved over time
and has clariﬁed the role of the neuronal component of the retina in the progression of the disease.
Indeed, growing experimental evidence suggests that suﬀering and death of retinal neurons occur before
overt vascular changes[2][3][4]. For this reason, nowadays DR can be described not only as a
microvascular but also as a neurodegenerative disease of the retina[5].
DR is a multifactorial disease but, to date, the exact pathophysiological mechanisms underlying neurovascular damage are not thoroughly understood. Nevertheless, diﬀerent pathways and molecular
mechanisms that may cause DR onset have been studied. For instance, the increase in advanced
glycation end-products (AGEs) acting at their receptors (RAGE), the formation and activation of protein
kinase C (PKC), or the increased ﬂux in the polyol or hexosamine pathway have been examined[6][7]. All of
these pathways, along with lower levels of glutathione (GSH), are associated with an increase in oxidative
stress. The latter in turn causes diﬀerent alterations in the diabetic retina as a consequence of severe
lipid peroxidation, protein oxidation, oxidative DNA damage, induction of inﬂammation, and upregulation
of growth factors, such as vascular endothelial growth factor (VEGF)[8].
VEGF is a proangiogenic factor that plays a key role in the late vasculopathy. For this reason, current DR
treatments consist of the intraocular delivery of anti-VEGF molecules whose action induces restriction or
inhibition of abnormal vessel growth. Nevertheless, the administration of anti-VEGF drugs has limitations
and may generate diﬀerent side eﬀects. In addition, the eﬀects are not long-lasting and frequent
intravitreal injections are necessary[9][10][11].
Recent studies have highlighted the neuroprotective role of VEGF that can be noticed in the early phases
of DR[12][13]. According to these studies, retinal neurons stressed by diabetes are likely to trigger the
release of VEGF as a survival strategy. However, the persistence of the upstream stress conditions
determines the accumulation of VEGF, leading to disruption of the blood-retina barrier (BRB) and, in the
long term, to neoangiogenesis[14]. It would therefore be appropriate to plan new therapeutic strategies
acting upstream of the disease and to prevent its progression by reducing neuronal stress and favoring
neuroprotection. Moreover, considering the side eﬀects caused by therapeutic agents administered via
intraocular injections, there is a need to develop compounds with antioxidant and/or anti-inﬂammatory
activity that can be administered through alternative delivery modalities. For this reason, in the last few

years, several studies have focused on the potential beneﬁts of nutraceuticals.
The term “nutraceutical” was coined by Dr. Stephen De Felice in 1989 and indicates “a food (or part of a
food) that provides medical or health beneﬁts, including the prevention and/or treatment of a
disease”[15]. Nutraceuticals are eﬀective antioxidants. They may induce the expression of antioxidant
enzymes, act as scavengers of reactive oxygen species (ROS), or display singlet oxygen-quenching
activity, as in the case of carotenoids [16]. Nutraceuticals may also exert anti-inﬂammatory eﬀects by
reducing the expression or nuclear translocation of nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB)[17]. Nutraceuticals can be used as natural dietary supplements and therefore can be easily
administered, are readily available, and are aﬀordable. A further advantage of nutraceuticals is that they
are not likely to induce collateral side eﬀects (if, of course, delivered at the appropriate dosage) such as
hypoglycemia, liver injury, or gastric complains, which are characteristic of well-known and popular
drugs[18][19] (Figure 1).

Figure 1. Summary of all the nutraceuticals cited in the present review. The compounds are listed
according to their chemical classes, including polyphenols (both ﬂavonoids and non-ﬂavonoids),
carotenoids, and saponins. Other compounds that do not belong to any of these classes or that are
mixtures of diﬀerent chemicals are classiﬁed as “other”. AKBA: Acetyl-11-keto-β-boswellic acid.

2. Nutraceuticals and Oxidative Stress
Oxidative stress is caused by an imbalance in the production of ROS and the activity of the biological
detoxifying systems. ROS are produced in normal metabolic conditions to support normal cellular
functions and modulate a variety of biological processes including cell proliferation, diﬀerentiation, and
migration, signal transduction, and programmed cell death[8]. However, because of ROS’ high reactivity,
their accumulation compromises the cell structure and functionality through alterations and degradation
of molecules such as DNA, lipids, and proteins[20]. Oxidative stress and ROS production are contrasted by
endogenous antioxidant defense enzymes including superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GSH-P), and glutathione reductase (GSH-R). In addition to these endogenous
enzymatic systems, endogenous non-enzymatic factors also exist and they include GSH (which is
regulated by GSH-P and GSH-R), vitamin C, and vitamin E[21]. Besides endogenous antioxidant defenses,

exogenous antioxidants of natural origin may be used to preserve redox homeostasis. They may act
directly as scavengers of free radicals, indirectly by interrupting free radical chain reactions, or both. They
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. For these reasons, it has been recently proposed that therapies based on natural, non-

enzymatic antioxidants such as nutraceuticals could relieve the decrease in endogenous antioxidant
defenses[23][24].
The retina is highly susceptible to oxidative stress, which is due principally to the high content of
polyunsaturated fatty acids, high oxygen uptake, glucose oxidation, and prolonged exposure to light. In
particular, high glucose levels trigger a set of processes, such as AGE accumulation, PKC activation, and
increased ﬂux in the polyol and hexosamine pathways, which provoke oxidative stress (see[25] for detail).
In turn, an increase in ROS is likely to cause DNA fragmentation resulting in poly-ADP ribose polymerase
activation and glyceraldehyde 3-phosphate dehydrogenase inhibition[26]. This causes accumulation of
glycolytic metabolites that may induce AGE formation and activation of PKC and of the polyol as well as of
the hexosamine pathways, which are known to contribute to DR pathogenesis[6][7]. In summary, oxidative
stress creates a propagating cycle, causing a continuous increase in ROS and consequent activation of
pathways closely related to the progression of DR[8] (Figure 2).

Figure 2. Schematic reconstruction of the events triggered in the retina by hyperglycemia and reinforced
by oxidative stress in a vicious cycle. Formation of advanced glycation end-products (AGE) as well as the
activation of protein kinase C (PKC), of the polyol pathway, and of the hexosamine pathway, are the main
diabetes-induced abnormalities related to diabetic retinopathy.
Diﬀerent natural dietary compounds have been investigated as possible treatments or adjuvants to
counteract retinal oxidative stress typical of DR. They include polyphenols, carotenoids, and saponins, as
well as other compounds (Figure 1). They are common in diﬀerent fruits, vegetables, herbs, and
beverages, and are very eﬃcient in strengthening the endogenous antioxidant defenses through a direct
scavenger activity and/or through the stimulation of antioxidant enzyme expression. Several classes of
these compounds have been tested in vitro and in in vivo animal models. A summary of the eﬀects of
nutraceuticals against oxidative stress in models of DR is given in Figure 3.

Figure 3. Summary of the eﬀects induced by nutraceuticals as described in the studies reviewed herein.
Nutraceuticals exert positive eﬀects in diabetic retinopathy, counteracting the diabetes-induced changes
by decreasing (yellow arrows) or increasing (green arrows) the expression/activation of speciﬁc factors or
the occurrence of some events. 8-OHdG: 8-hydroxy-2′-deoxyguanosine; AGE: Advanced glycation endproducts; AKT: Protein kinase B; Bax: Bcl-2-associated X protein; Bcl-2: B cell lymphoma 2; BDNF: Brainderived neurotrophic factor; BRB: Blood-retina barrier; CAT: Catalase; Erk 1/2: Extracellular signalregulated kinase 1/2; GFAP: Glial ﬁbrillary acidic protein; GSH: Glutathione; HIF-1α: Hypoxia inducible
factor 1α; HO-1: Heme oxygenase-1; ICAM-1: Intercellular cell adhesion molecule 1; IL-1β: Interleukin 1
beta; MMP-9: Matrix metalloproteinase-9; NADPH: Nicotinamide adenine dinucleotide phosphate; Nf-kB:
Nuclear factor kappa-light-chain-enhancer of activated B cells; O-GlcNAc: O-linked β-N-acetylglucosamine;
NGF: Nerve growth factor; NO: Nitric oxide; Nrf2: Transcription nuclear factor erythroid-2-related factor-2;
ROS: Reactive oxygen species; SOD: Superoxide dismutase; TNFα: tumor necrosis factor alpha; Trk-B:
Tyrosine receptor kinase B; TUNEL: Terminal deoxynucleotidyl transferase-mediated dUTP nick end
labelling; VEGF: Vascular endothelial growth factor; VEGFR2: Vascular endothelial growth factor receptor
2; ZO-1: Zonula occludens 1.

3. Nutraceuticals and Inﬂammation
Inﬂammation is a nonspeciﬁc response to injury that includes a variety of functional mediators, such as
cytokines, chemokines, acute phase proteins, and other pro-inﬂammatory molecules. Many of these
mediators have been detected in the retina of diabetic animals or patients, suggesting that inﬂammation
has a role in the development of DR[27][28][29]. Reactive gliosis, characterized by increased glial ﬁbrillary
acidic protein (GFAP) expression in both Müller cells and astrocytes[4][30], is typically observed in
DR[31][32], resulting in the release from these cells of inﬂammatory cytokines, such as tumor necrosis
factor alpha (TNFα), interleukin 1 beta (IL-1β), and others[33][34].
The transcription of inﬂammatory proteins is regulated by the activation of pro-inﬂammatory transcription
factors, among which NF-κB plays a prominent role. This factor, once activated, translocates into the
nucleus, binds to nuclear DNA, and acts as a master switch that promotes the expression of proinﬂammatory cytokines such as IL-1β, interleukin 6, interleukin 8 (IL-8), and, at least in part, TNFα[35].

There is ample evidence suggesting that NF-κB is involved in the pathogenesis of the early phases of DR.
In fact, the inhibition of proteins whose expression is regulated by NF-κB decreases capillary
degeneration, while direct NF-κB blockade inhibits DR development and progression[27][28][29][36]. The
potential eﬃcacy of some nutraceuticals for the treatment of DR is that they may inhibit NF-κB activation.
A summary of the eﬀects of nutraceuticals against inﬂammation in models of DR is given in Figure 3.

4. Nutraceuticals and Neurodegeneration
DR is characterized by an extended loss of neurons due to an increase in apoptosis likely paralleled by a
decrease in autophagic capabilities[37]. Neuronal cell vulnerability is evident very early in DR, and it is
detectable before any sign of vascular damage[2][3][4]. This early neuronal impairment leads to retinal
functional deﬁcits that can be recorded with electroretinography (ERG) and that are associated with
diﬀerent morphological changes, these mostly including a decrease in thickness of retinal layers, with INL
and IPL aﬀected in particular. In retinas of diabetic rodents, an increase in terminal deoxynucleotidyl
transferase-mediated dUTP nick end labelling (TUNEL) positive cells can be recorded together with a
decrease in anti-apoptotic markers (e.g., B cell lymphoma 2 (Bcl-2)) and an increase in pro-apoptotic
markers (e.g., active caspase-3 and Bcl-2-associated X protein (Bax))[38][39][40]. Neurodegeneration in DR
is likely caused by high glucose-induced oxidative stress and inﬂammation, but there is evidence that
dysregulation of neurotrophic factor expression may also play a role. Neurotrophin nerve growth factor
(NGF) and brain-derived neurotrophic factor (BDNF) are expressed by retinal neurons and glia, and are
principally involved in cell survival and synaptic modulation[41][42]. A reduction in neurotrophin expression
or an imbalance between the mature neurotrophin and its precursor (as in the case of proNGF/NGF) may
lead to neuronal damage and neurodegeneration[42][43]. A further cause of neuronal death in DR is
represented by increased glutamate levels causing excitotoxicity. This condition is likely to be due to
oxidative stress in Müller cells resulting in decreased activity of glutamate-aspartate transporters and
down-regulation of glutamine synthetase (GS), which converts glutamate into non-toxic glutamine[44].
Several natural compounds are known for their neuroprotective properties and for their positive eﬀects
within the central nervous system. In particular, nutraceuticals rich in ﬂavonoids have been proposed for
the treatment and prevention of a variety of neurodegenerative diseases[45][46]. A summary of the eﬀects
of nutraceuticals against neurodegeneration in models of DR is given in Figure 3.

5. Nutraceuticals and Vascular Changes
On the basis of vascular changes, DR is classiﬁed as a non-proliferative diabetic retinopathy (NPDR) or
proliferative diabetic retinopathy (PDR). NPDR is characterized by microvascular damage including BRB
breakdown, pericyte loss, acellular capillaries, capillary occlusion, and thickening of the basement
membrane. In PDR, neoangiogenesis phenomena are observed and new blood vessels are generated.
These vessels create a deleterious action in the retina because of their mechanic traction, which, in the
end, causes retinal detachment and consequent blindness[47]. As outlined below, VEGF, acting at its main
receptor vascular endothelial growth factor receptor-2 (VEGFR2), plays prominent roles in both phases of
DR.
The BRB represents a ﬁlter allowing selective passage of substances from the bloodstream to the retina,
thereby regulating osmotic equilibrium, ionic concentrations, and transport of nutrients. These functions
are based on the presence of tight and adherens junctions between adjacent cells. Tight junctions are
composed of proteins like occludin, claudin, and zonula occludens 1 (ZO-1). These proteins are the
principal compounds implicated in BRB functionality, creating a strong bond between endothelial cells and
regulating the transport of solutes and molecules through prevention of the unchecked diﬀusion of
substances between the bloodstream and neuroretina[48]. In DR, oxidative stress and inﬂammation result
in complex changes causing upregulation of cytokines and growth factors, among which VEGF is the most
implicated in BRB dysfunctions[49][50]. Indeed, VEGF upregulation is correlated with alterations of the tight
junction structure caused by VEGF-induced phosphorylation and downregulation of tight junction proteins
(i.e., ZO-1 and occludin)[51][52]. In addition, overexpressed VEGF also induces phosphorylation of the
adherens junction protein VE-cadherin, further favoring increased BRB permeability[53]. VEGF upregulation

in DR also correlates with increased expression of intercellular cell adhesion molecule 1 (ICAM-1), which
in turn promotes leucocyte adhesion and capillary occlusion[13]. Other cytokines and chemokines are
implicated in BRB impairment. For instance, TNFα overexpression is associated with decreases in
occludin, claudin, and ZO-1 expression, while IL-1β induces barrier dysfunction through leukocyte
recruitment and release of the vasoactive amine histamine[54][55]. Matrix metalloproteinases (MMPs) play
important roles both in the early stages of DR, when MMP-2 and MMP-9 promote the apoptosis of retinal
capillary cells, and in the later phase, when they facilitate neovascularization by degrading the
extracellular matrix[56].
Other early vascular pathological changes in NPDR include loss of pericytes and thickening of the
basement membrane. Pericytes are contractile cells located at the surface of capillaries, implicated in
blood vessel stability, blood ﬂow regulation, and formation of the BRB. In NPDR, pericyte loss occurs even
before endothelial injury and is directly correlated with accumulation of AGEs, impairment of the BRB, and
vascular leakage [57][58]. Apoptosis of pericytes in NPDR also leads to formation of microaneurysms and
acellular capillaries[59]. Thickening of the basement membrane, due to the increase in vascular basal
membrane compounds such as laminin and collagen IV [50], may contribute to the disruption of the tight
link between pericytes and endothelial cells, causing pericyte apoptosis, whereas the endothelium,
deprived of proliferation control, can give rise to new vessels[60].
PDR is characterized by neovascularization coupled with ﬁbrotic responses at the vitreoretinal interface,
and subsequent blindness due to vitreous hemorrhage, retinal ﬁbrosis, tractional retinal detachment, and
neovascular glaucoma[61][62][63]. Out of all the angiogenesis regulators, VEGF has been most extensively
studied and provides the basis for current anti-angiogenic therapy[64]. VEGF plays a crucial role in PDR
pathogenesis by promoting neovascularization through binding to VEGFR2 expressed on endothelial cells,
inducing endothelial cell proliferation and sprouting angiogenesis[65].
The protective actions of nutraceuticals against microvascular changes typical of NPDR have been
investigated in a variety of DR models. However, these models do not reproduce the neoangiogenesis
characterizing PDR, and evidence of possible antiangiogenic properties of nutraceuticals has been found
in other experimental models favoring the growth of new retinal vessels, mainly rodents with oxygen
induced retinopathy (OIR) or experimental choroidal neovascularization (CNV). Other indications of the
possible antiangiogenic eﬀects of nutraceuticals have been derived from observations of their eﬃcacy in
inhibiting endothelial cell proliferation, migration, and tube formation. A summary of the eﬀects of
nutraceuticals against vascular changes in models of DR or of neoangiogenesis is given in Figure 3.

6. Bioavailability of Nutraceuticals
Bioavailability is a pharmacokinetic term referring to the fraction of bioactive compound that reaches the
blood circulation without undergoing alterations. The index of bioavailability of nutraceuticals is important
because it allows for the calculation of the right dose of nutraceutical to ingest. For this reason,
understanding the oral bioavailability of a nutraceutical compound is as important as understanding its
therapeutic potential. After ingestion, botanical compounds must overcome a series of threats that may
alter their structure before they can reach systemic circulation, for instance, the environment of the
gastrointestinal tract and the intestinal as well as the hepatic metabolism. Unfortunately, many
nutraceuticals have low oral bioavailability, and therefore investigations to improve this aspect are of
fundamental importance. Recently, signiﬁcant steps forward have been made to develop new
technologies using analogous compounds, nanoformulations, or nanoparticles, which may protect the
nutraceutical from enteric adverse conditions [66][67][68][69].
Curcumin is characterized by poor bioavailability mainly due to low solubility, rapid metabolism and poor
absorption, which, despite its medical eﬃcacy, limits its clinical applications [70]. Conjugation of curcumin
to metal oxide nanoparticles or encapsulation in lipid nanoparticles, dendrimers, nanogels, or polymeric
nanoparticles, improves the water solubility and bioavailability of curcumin, thus increasing its
pharmacological eﬀectiveness[71]. The encapsulation of curcumin in the calix[4] arene nanoassembly

limits curcumin degradation and increases its solubility, enhancing the eﬀect of the compound on
antioxidant and anti-inﬂammatory markers in both in vivo and in vitro models [72]. Similar results have
been obtained using a diﬀerent nanocarrier formulation comprising Pluronic-F127 stabilized d-αTocopherol polyethene glycol 1000 succinate nanoparticles[73]. A recent study has reported that, among
diﬀerent tested curcumin formulations, only that containing a hydrophilic carrier may provide therapeutic
levels of curcumin in rabbit retinas[74].
Resveratrol, similarly to curcumin, is known for its poor oral bioavailability and scarce pharmacokinetic
properties due to low aqueous solubility and low photostability, which compromise its great potential. In
fact, as shown by pharmacokinetic studies, the levels of unmetabolized resveratrol after oral
administration are reduced to about 1% due to its high intestinal and hepatic metabolism[75]. To solve this
problem, diﬀerent resveratrol nanoformulations have been tested, including liposomes, solid lipid
nanoparticles, polymeric nanoparticles, and cyclodextrins. The use of these alternative administration
methods generates diﬀerent advantages because they improve solubility, bioavailability, and physical
chemical stability, and favor a controlled drug release[76][77][78]. The use of resveratrol analogs could be
another alternative choice for administration of this nutraceutical. The pharmacokinetic proﬁles of
resveratrol and its analog perolstilbene have been analyzed in rats, showing that the bioavailability of
perolstilbene was 80% and that of resveratrol 20% [79]. A summary of oral delivery systems for resveratrol
has recently been published[80].
Nanoparticles can also be used to increase the bioavailability of epigallocatechin gallate, another
nutraceutical characterized by low solubility and stability. Diﬀerent nanosystems have been used for
epigallocatechin gallate delivery, including liposomes, gold nanoparticles, inorganic nanocarriers, and
lipid as well as polymeric nanoparticles[81][82].
A recent study has reported that the distribution of an orally administered nutraceutical may vary
substantially depending on tissue type. Indeed, in a pilot study,

13C-lutein

was detected in a variety of

tissues in a rhesus macaque after a single oral administration, but not in the retina[83]. Some
improvement in lutein delivery to ocular tissues may derive from lutein encapsulation into hyaluronic
acid-coated PLGA nanoparticles, which have been demonstrated to eﬃciently bind ARPE-19 cells and
improve the physicochemical properties of lutein[84].
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