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Abstract

Background: Reactive oxygen species (ROS) accumulation plays a pivotal role in the onset of cell damage induced by hyperglycemia
and represents one of the major factors in the pathogenesis of diabetic retinopathy. In this study, we tested the antioxidants cyanidin-
3-O-glucoside (C3G) and verbascoside (Verb) in the protection of retinal endothelium against glucose toxicity “in vitro”. Methods:
Increasing amounts (5-50 uM) of C3G, Verb or the combination of both compounds were tested in Human Retinal Endothelial Cells
(HREC) grown with normal glucose (5 mM, NG) or high glucose (25 mM, HG). Results: Reduced cell viability and enhanced ROS levels
(evaluated by MTT and H2DCFDA assays, respectively) in HG-stimulated HREC were restored by C3G and Verb in a dose-dependent
manner, achieving the maximum protection in the presence of both compounds. Moreover, co-treatment with C3G and Verb worked better
than each single molecule alone in the prevention of the disruption of blood-retinal-barrier-like properties by HG in a confluent HREC
monolayer, as assessed by trans endothelial electrical resistance (TEER) and Na-Fluorescein permeability assays. Accordingly, C3G and
Verb together also better counteracted the HG-induced down-regulation of the tight junction membrane proteins Zonula Occludens-1 and
VE-Cadherin evaluated by immunocytochemical and Western blot analyses. Conclusions: In conclusion, our data indicate that C3G and
Verb could efficiently protect the retinal endothelium against high glucose damage.

Keywords: cyanidin-3-O-glucoside; verbascoside; high glucose; retinal endothelial cells; VE-Cadherin; Zonula Occludens-1; Na-
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1. Introduction crovascular damage through an excessive production of ad-
vanced glycation end products (AGEs) and the aberrant ac-
tivation of polyol, hexosamine and protein kinase C (PKC)
pathways [6,7]. These activated pathways lead to increased

levels of oxidative stress in retinal cells resulting from an al-

Diabetic retinopathy (DR) is a common retinal mi-
crovascular complication occurring in diabetic patients, of-
ten leading to vision loss and blindness [1,2]. Clinical man-

ifestations of DR are classified in two main stages: the
earliest stage being non-proliferative diabetic retinopathy
(NPDR) and the more advanced stage being proliferative
diabetic retinopathy (PDR). A prolonged poor glycemic
control triggers NPDR characterized by increased vascular
permeability, capillary occlusion, microaneurysms, hemor-
rhages and hard exudates [3]. The progressive breakdown
of the inner blood-retinal barrier (iBRB) can contribute to
the formation of diabetic macular edema (DME), which
is the most common cause of vision impairment in DR,
through subretinal and intraretinal accumulation of fluid
leading to the swelling of the macula [4]. The produc-
tion of new abnormal vessels due to neovascularization pro-
cesses represents the main clinical hallmark of PDR that
worsens DR symptoms by bleeding into the vitreous and
inducing retinal detachment and severe vision impairment
[5]. Chronic exposure to hyperglycemia drives the early mi-

tered balance between reactive oxygen species (ROS) pro-
duction and the cellular antioxidant defense system. This
includes enzymes, such as superoxide dismutase (SOD),
heme oxygenase, and catalase [8,9], as well as nonenzy-
matic antioxidant agents such as uric acid, bilirubin and glu-
tathione including vitamins (E and C) and polyphenols, all
aimed at protecting cells through a direct scavenging activ-
ity of free radicals [10]. However, hyperglycemia-induced
metabolic changes trigger the generation of an overwhelm-
ing amount of ROS from several pathways including the mi-
tochondrial electron transportation chain, and the increased
activity of NADH oxidase, cytochrome P450 and xanthine
oxidase [11-13]. Moreover, the excessive consumption of
NADPH produced by the activation of the polyol pathway
decreases glutathione (GSH) synthesis, contributing to the
alteration of the homeostatic redox system and the increase
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of intracellular ROS [11,14,15]. Oxidative damage induced
by ROS accumulation underlies multiple pathological pro-
cesses in DR such as lipid peroxidation and mitochondrial
dysfunction, finally leading to apoptosis and progressive
endothelial abnormalities [16—-19]. ROS were shown to
promote inflammatory processes through the production
of cytokines such as tumor necrosis factor-alpha (TNF-q),
interleukin-1-beta (IL-1/), and interleukin-6 (IL-6), medi-
ated by nuclear factor (NF)-kappa B (NF-xB) transcrip-
tion factor activation [20—22]. BRB breakdown during the
pathogenesis of DR is tightly correlated to the dysregulation
of cell junction-associated proteins such as VE-cadherin
and Zonula Occludens-1 (ZO-1), which were shown to be
downregulated as a consequence of NF-xB activation or
VEGF up-regulation [23,24]. The critical involvement of
VE-cadherin in the disruption of the BRB has been clearly
demonstrated in diabetic rats, and shown to be—at least
partially—the consequence of enhanced proteolytic diges-
tion by activated MMPs [25]. Overall, the establishment
of early vascular inflammatory status induced by oxida-
tive damage underlies the onset of DR and promotes its
advanced stages. Based on this evidence, an increasing
number of investigations regarding the benefit of enhanced
ROS suppression by using food supplements have been
published during the last few decades [26,27].

Anthocyanins were proposed as promising nutraceuti-
cal molecules for the prevention of DR via their antioxidant
and anti-inflammatory properties [28,29]. Among antho-
cyanins, cyanidin-3-O-glucoside (C3G) represents a pow-
erful natural antioxidant with beneficial effects in cases of
increased oxidative stress, and at pharmacological concen-
trations it has been shown to be able to decrease tissue dam-
age occurring in myocardial ischemia and reperfusion [30].
C3G also prevented the hyperglycemia-induced hepatic ox-
idative damage by activating GSH synthesis against ROS
production [31]. Moreover, C3G showed a protective scav-
enging activity against endothelial dysfunction and vascular
failure induced by peroxynitrite [32]. Besides the antioxi-
dant activity, C3G could enhance vascular eNOS activity,
thus contributing to improve vascular endothelial function
[33].

Verbascoside (Verb, a.k.a. acteoside), a molecule be-
longing to the phenylpropanoid family, was discovered in
extracts from Verbascum sinuatum L. in 1950, and found
to be largely diffused in other dietary plants and fruits, such
as pigmented oranges that are very common in the Mediter-
ranean diet [34,35]. The antioxidant capacity of Verb is re-
lated to its free radical scavenging ability, leading to anti-
hypertensive, anti-cancer and neuroprotective effects [36—
40]. Verb reduced platelet aggregation in patients with car-
diovascular risk factors and enhanced the anti-aggregating
activity of aspirin after adenosine diphosphate (ADP) stim-
ulation [41,42], thus improving blood perfusion.

Recently, it has been hypothesized that an enhanced
antioxidant activity can be achieved through a cooperative

interaction among different antioxidant constituents as they
may exert multi-target effects activating or modulating dif-
ferent pathways involved in redox homeostasis [43,44]. For
instance, the association of C3G and Verb has been shown
to protect the retina from different types of insults and ox-
idative stress. In a rat model of light-induced photooxida-
tive retinal damage, oral pretreatment with a mixture con-
taining C3@G, Verb, lutein and zinc protected photoreceptor
cells from death by preventing oxidative stress, inflamma-
tion, gliotic and apoptotic responses. The better efficacy of
the mixture on the dysfunctional electroretinogram was also
demonstrated by the improved rod and cone photoreceptor
responses [45]. More pertinent to the goal of this study is
the efficacy shown by the oral administration of the associa-
tion of C3G, verbascoside and zinc on the diabetic retinopa-
thy induced in rats by streptozotocin treatment [46]. This in
vivo preclinical study reported a dose-dependent inhibition
of oxidative stress-related and inflammation-related mecha-
nisms in the retina of diabetic rats, with a significant reduc-
tion of DR-associated vasculopathy and its related retinal
damage. Electroretinography under photopic and scotopic
conditions also demonstrated the preventive efficacy of the
compound on dysfunctional a-waves and b-waves.

Therefore, based on this preliminary evidence, we set
out to evaluate in this study the antioxidant and protective
effects of C3G and Verb, either alone or in association, on
the dysfunction of the endothelial barrier triggered by high
glucose in an in vitro model of DR obtained by treating hu-
man retinal endothelial cell (HREC) monolayers with high
concentrations of glucose (25 mM).

2. Materials and Methods
2.1 Reagents

Cyanidin-3-glucoside (Black Rice Extract 20, Bionap,
Italy) and verbascoside (Verbalief, Bionap, Italy) were
kindly donated by ‘La Sorgente del Benessere’ (Fiuggi,
Italy). Antibodies against tight junction proteins were: rab-
bit polyclonal ZO-1 antibody (Thermo Fisher Scientific,
Waltham, MA, USA); rabbit monoclonal VE-cadherin an-
tibody (Cell Signaling Technology, Danvers, MA, USA).
Reagents for cell cultures were from Invitrogen Life Tech-
nologies (Carlsbad, CA, USA).

2.2 Cell Culture and Treatments

Primary human retinal endothelial cells (HREC) were
purchased from Innoprot (Derio-Bizkaia, Spain) and cul-
tured with endothelial cell medium (ECM) supplemented
with 5% fetal bovine serum (FBS), 1% endothelial cell
growth supplement (ECGS), 100 U/mL penicillin and 100
pg/mL streptomycin, all purchased from Innoprot. HREC
were used between 3 and 12 passages. Throughout this
interval, HREC expressed high levels of immunostaining
with von Willebrand factor (Fig. 1), as expected [47]. Be-
fore cell seeding, flasks or dishes were pre-coated with
bovine plasma fibronectin (Innoprot) at a concentration of
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1 mg/mL for | h in a humidified atmosphere of 5% CO- at
37 °C and subsequently rinsed twice with sterile distilled
water. Before treatments, HREC were adapted to ECM
medium with 2.5 % FBS for 24 h. Then, cells were incu-
bated under control conditions (NG, 5 mM) or with 25 mM
glucose (HG) in 2.5 % FBS ECM medium up to 72 h with
different concentrations of C3G (5, 10 and 50 uM), Verb
(5, 10 and 50 uM) or a combination of C3G and Verb (5,
10 and 50 M each) for 48 h. Cell treatments were started
on cell monolayers at about 70% confluence. C3G and/or
Verb were added at the same time when the new medium
with NG or HG was replaced in culture wells.

Fig. 1. Von Willebrand staining. HREC at passage 3 (A) and 9
(B) were immunostained for the endothelial molecular marker von

Willebrand factor, showing similar morphologies and staining in-
tensity, indicating a reliable stability of the endothelial phenotype.

2.3 Cell Viability

Cell viability was determined by the metabolic MTT
colorimetric assay (Cell Counting Kit 8 (CCKS8) reagent)
(Sigma-Aldrich, St. Louis, MO, USA), based on the reduc-
tion of a yellow tetrazolium salt (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide or MTT) to purple
formazan crystals by metabolically active cells. HREC
were seeded at 1.5 x 10* cells per well into 96-well plates.
After overnight growth, cells were treated under differ-
ent conditions and with the different agents, as described
above (section 2.2). At the end of treatment, 10 uL of the
CCKS solution was added to 90 L of culture medium, and
the cells incubated for 4 h at 37 °C. Optical absorbance
of the colored medium was measured at 450 nm using
a microplate reader (Varioskan, Thermo Fisher Scientific,
Waltham, MA, USA).

2.4 ROS Measurements

Reactive oxygen species (ROS) were measured by
means of the DCFDA Cellular ROS Detection As-
say Kit (ab113851, Abcam Cambridge, UK), according
to the manufacturer’s protocol. After treatments with
HG or NG, HREC were incubated with 25 puM 2/,7'-
dichlorodihydrofluorescein diacetate (DCFDA) in a buffer
solution at 37 °C for 30 min. Then, DCFDA was re-
placed with 100 L of ECM and the fluorescence intensity
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(Aex = 492 nm, Aem = 517 nm) directly correlating with
ROS amount was measured with the VarioskanTM (Thermo
Fisher Scientific, Waltham, MA, USA).

2.5 Transendothelial Electrical Resistance Measurement

HREC were plated in transwells (Costar, 3412) with
x 0.4 pm pores at the density of 7 x 10* cells/cm?.
Transendothelial electrical resistance (TEER) was mea-
sured with the Millicell-ERS system (MERS 000 01; Mil-
lipore, AG, Volketswil, Switzerland) as described [48].
Blank values on empty transwells were recorded. Exper-
imental values were expressed as w x ¢cm? and were calcu-
lated by the formula: [average resistance of experimental
wells — average resistance of blank wells] x 0.33 (the area
of the transwell membrane). In order to achieve optimal
HREC confluent monolayers, TEER values were monitored
for 3—4 days before the challenge with different treatments.
TEER measurement was carried out in transwells contain-
ing a confluent HREC monolayer and treated with NG or
with HG in 2.5% FBS ECM medium with or without C3G
(50 uM), Verb (50 pM) or a combination of C3G and Verb
(50 uM each) during 72 h of treatment.

2.6 Transendothelial Permeability of Sodium Fluorescein

The diffusion of sodium fluorescein (Na-F, Santa
Cruz Biotechnology, cat. number sc206026) across HREC
monolayers was determined as previously described [49].
HREC confluent monolayers were grown in transwells un-
til reaching barrier properties and then were treated with
NG or with HG in 2.5% FBS ECM medium with or with-
out C3G (50 uM), Verb (50 uM) or a combination of C3G
and Verb (50 uM each) for 48 h. Subsequently, the tran-
swells were transferred into 12-well plates containing 1.0
mL of the Ringer—Hepes buffer in the basolateral compart-
ments. The culture media contained within the transwells
(apical compartments) was replaced with 0.5 mL of Ringer—
Hepes buffer supplemented with 100 mg/mL of sodium flu-
orescein (Na-F, m.w. 376 Da). Na-F flux from apical to
basolateral compartments was evaluated by measuring the
fluorescence of the marker molecule in samples taken from
the upper and lower compartments after 5, 15, and 30 min.
Flux across cell-free inserts was also measured. Na-F con-
centrations were determined with a fluorescence multiwell
plate reader (excitation: 485 nm, emission: 535 nm). The
transendothelial permeability coefficient (P, expressed as
10~ cm/s) was calculated as previously described [50]:

Pe = CB/T X 1/F X VB/CU

Where Cg is the fluorescein concentration measured in the
bottom well in mg/mL; T is the time of measurement ex-
pressed in seconds; F is the filter area on which the cells are
grown (1 cm? in our case); Vg is the volume of the bottom
well (1.0 mL in our case); Cy is fluorescein concentration
in the upper well (100 mg/mL).
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The correlation coefficient between TEER values and
Pe in the different experimental conditions was calculated
with GraphPad Prism 7 for Windows using the function lin-
ear fit dose-response interpolation.

2.7 Immunocytochemical Analysis

Immunostaining of HREC with rabbit polyclonal anti-
bodies against Von Willebrand Factor (Abcam, Cambridge,
UK catalog num. ab6994) was done on cells at passage 3
or 9. Cells were seeded on poly-L-lysine precoated glass
coverslips in a 24-well plate, at 2 x 10* cells/well and in-
cubated for 2 days at 37 °C in a humidified atmosphere
of 5% COs. Next, cells were incubated overnight at 4 °C
with the primary antibody (1:120) in a PBS/triton 0.1% so-
lution. The following day, cells were washed with PBS and
incubated for 1 h at room temperature with the secondary
antibody, goat anti-rabbit FITC-conjugated. Immunocy-
tochemical analysis of junction-related proteins ZO-1 and
VE-Cadherin was done as following. Sterile glass cham-
ber slides were placed in wells of a 24-multiwell plate, and
coated with bovine plasma fibronectin at a concentration of
1 mg/mL (Innoprot) for 1 h at 37 °C. After washing with
sterile water, they were seeded with HREC in ECM with
2.5% FCS at a cell density of 5 x 10* cells/well, and in-
cubated for 24 h in a humidified atmosphere of 5% CO; at
37 °C. Then, cells were incubated for a further 48 h under
control conditions (NG, 5 mM) or shifted to 25 mM glu-
cose (HG), with or without 50 M each of C3G and Verb
together. After the incubation period, the cells were fixed
at room temperature with ice-cold acetone for 15 min fol-
lowed by ice-cold methanol for 20 min and then washed
several times in PBS. Fixed cells were then incubated
with rabbit polyclonal primary antibodies for ZO-1 or VE-
Cadherin diluted (1:150) in PBS/Triton 0.1%, overnight at 4
°C. After washing three times in PBS, cells were incubated
for 1 h with the anti-rabbit Alexa 488-conjugated secondary
antibody (1:300 dilution, Life Technologies, A32731) at
room temperature in the dark. After three further washings
with PBS, slides were finally mounted using the mounting
medium (Life Technologies) containing DAPI for nuclei
staining and observed with a fluorescence microscope Zeiss
Observer Z1 equipped with the Apotome.2 acquisition sys-
tem connected to a digital camera (Carl Zeiss, Oberkochen,
Germany).

2.8 Western Blot Analysis

After treatments under different conditions with NG or
HG, cellular monolayers were washed twice with PBS and
harvested mechanically, using a cell scraper. Cells were
centrifuged at 1000 rpm for 5 min at 25 °C, and pellets were
lysed in RIPA buffer (Calbiochem-Merck, 20188, Darm-
stadt, Germany) supplemented with protease and phos-
phatase inhibitor cocktails (Protease Inhibitor Cocktail Set
IIT EDTA-Free, Calbiochem-Merck, 539134; Phosphatase
Inhibitor Cocktail 2, Sigma Aldrich, P5726, USA; Phos-

phatase Inhibitor Cocktail 3, Sigma Aldrich, P0044, USA)
by incubation for 30 min on ice. Extracts were clari-
fied by centrifugation at 13,000 rpm for 20 min at 4 °C,
and proteins in the supernatant quantitated by the BCA
protein assay (BCA kit assay, Santa Cruz biotechnol-
ogy, 10410, Dallas, TX, USA). For Western blot analy-
sis, 40 ug of proteins were loaded onto a 4-20% poly-
acrylamide gel (Mini-PROTEAN® TGXTM Precast Pro-
tein Gels, 4561096, Bio-Rad Laboratories, Segrate, Mi-
lano, Italy) followed by electrotransfer to nitrocellulose
membranes (Trans-Blot Turbo Mini 0.2 pm nitrocellulose,
1704158, Bio-Rad Laboratories, Italy). Membranes were
blocked for 30 min with Odyssey Blocking Buffer (LI-
COR Biosciences, Lincoln, NE, USA), and then incubated
overnight at 4 °C with primary antibodies against ZO1 or
VE-Cadherin diluted 1:1000. After a thorough washing
of the membranes, incubation with IgG-HRP-conjugated
anti-rabbit secondary antibodies (Amersham, GE Health-
care, Illinois, USA, NA934V) diluted 1:2000 was done for
1 h at room temperature. As loading control, we used the
rabbit monoclonal GAPDH antibody (1:1000, Cell Signal-
ing Technology, 2118, Danvers, MA, USA). Immunoblots
were detected by using Odyssey Imaging System (LI-COR
Biosciences, Lincoln, NE, USA). The intensity of protein
bands was quantitated by ImageJ Software (NIH, Bethesda,
MD, USA).

2.9 Statistical Analysis

Each experiment was carried out three times, each
time in triplicate (n = 3). Data are reported as mean + SD.
The different groups/conditions were compared by one-way
or two-way analysis of variance (ANOVA) and Tukey—
Kramer post hoc test; a p value < 0.05 was considered to
denote a statistically significant difference between exper-
imental and control groups. Statistical analysis and graph
design were carried out by means of GraphPad Prism 7.00
software (GraphPad Inc., San Diego, CA, USA).

3. Results

3.1 Verb and C3G Recover the Viability of HREC Grown
under HG Conditions

The effects of increasing amounts of C3G and Verb,
or their association were evaluated on HREC cell viability
cultured for 48 h under NG (5 mM) or HG (25 mM) con-
ditions. Initially, cell viability was tested under NG condi-
tions in order to evaluate the tolerability of the antioxidant
compounds at the concentration of 5, 10 and 50 M tested
individually or in association. As shown by the white bars
in Fig. 2, none of these doses produced significant changes
in HREC viability in comparison with control conditions
(vehicle alone). As expected, [18] cell exposure to HG for
48 h decreased by about 25% HREC viability (grey bars).
Such an effect is not the mere consequence of the increased
osmolarity, because we had already shown that a similar
concentration of mannitol had no toxic effects and did not
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Fig. 2. Effects of C3G and Verbascoside on HG-induced damage on HREC. Cell viability was evaluated by the MTT assay in cells
after 48 h of growth in cell culture medium with normal glucose (NG, 5 mM: white bars) or with high glucose (HG, 25 mM: grey bars).

NG or HG media also contained increasing amounts (5, 10 and 50 uM) of C3G or Verbascoside (Verb) or an equimolar association of

both compounds. Control samples were grown under NG or HG conditions and with no additions (labeled as Vehicle). Data are shown

as mean + SD of three independent experiments, each one run in triplicate. *p < 0.05 vs Vehicle; #p < 0.05 vs HG; §p < 0.05 vs HG

plus single compounds at the same concentration.

change the observed parameters [18]. At each increasing
concentration of C3G or Verb (5, 10 and 50 pM) under HG
conditions we observed a progressive increase of cell via-
bility. At the highest dose of 50 uM C3G or Verb prevented
the reduction of cell viability induced by HG by about 60
and 45%, respectively (p < 0.05). Interestingly, while at
the lower concentration of 5 uM there was no cooperative
effect of the two molecules combined together, at the higher
doses of 10 and 50 uM a clear significant advantage of the
association over the single molecules was evident, increas-
ing the protective effect by 40% at 10 M, and around 30%
at 50 uM.

3.2 Verb and C3G Blunt ROS Production in HREC Grown
with HG

Endothelial damage induced by the presence of HG
follows the intracellular accumulation of ROS within
HREC. Consistently with the decrease in cell viability,
HG more than doubled the amount of intracellular ROS in
HREC (Fig. 3 and Table 1). The concomitant presence of
C3G or Verb had a dose-dependent effect in decreasing the
amount of ROS, respectively by 44% and 25%. The asso-
ciation of the two molecules at 10 and 50 4M gave a further
protection, however, plateauing at around 50%.

3.3 C3G and Verb Prevent TEER Reduction in HREC
Confluent Monolayers Grown with HG

HG conditions may disrupt the endothelial barrier,
causing leakage and edema. In order to evaluate the protec-
tive effect of C3G and Verb on the barrier integrity of HREC
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Relative ROS levels

Fig. 3. Effects of C3G and Verbascoside on HG-induced ROS
accumulation within HREC. Relative ROS levels were quanti-
tated by the H2DCFDA assay after 48 h of growth with normal
glucose (NG, 5 mM) or with high glucose (HG, 25 mM). NG or
HG media also contained increasing amounts (5, 10 and 50 M) of
C3G or Verbascoside (Verb) or an equimolar association of both
compounds. Control samples were grown under NG conditions
and with no additions (Vehicle). Data are shown as mean £+ SD
of three independent experiments, each one run in triplicate. *p <
0.05 vs NG Vehicle; #p < 0.05 vs HG; §p < 0.05 vs HG plus the
single compound at the same concentration.

monolayers upon HG-treatment, we measured the Trans
Endothelial Electrical Resistance (TEER). This parameter
usually provides a good in vitro estimation of blood-retinal
barrier (BRB) integrity [48]. As shown in Fig. 4, shifting
the HREC confluent monolayer (at time 0) to HG conditions
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Table 1. Intracellular ROS measured in HREC cells under

NG or HG conditions.
Treatment NG (0.D.) HG (0.D.)
Vehicle 2.87 +£0.39 7.31 £0.22
C3G5uM 2.50 +£0.17 6.20 +0.23
C3G 10 uM 247 +0.42 5.34 +£0.37
C3G 50 uM 2.46 +£0.31 4.13 +£0.30
Verb 5 uM 2.70 £ 0.14 7.23 £0.13
Verb 10 uM 2.99 +0.34 6.36 +£0.10
Verb 50 uM 291 £0.19 5.48 +£0.12
C3G + Verb 5 uM 2.69 £+ 0.54 475 +0.41
C3G+ Verb 10 uM  3.12 4 0.35 4.52 +0.47
C3G+ Verb 50 uM  2.40 4- 0.44 3.43 £+ 0.69

Reactive oxygen species (ROS) levels measured through
the H2DCFDA assay in HREC treated with normal glu-
cose (NG, 5 mM) or with high glucose (HG, 25 mM) for
48 h. NG or HG media were supplemented with increas-
ing amounts (5, 10 and 50 M) of C3G or Verbascoside
(Verb) or with both compounds and compared to media
without compounds (Vehicle). Data are shown as mean
=+ SD of three independent experiments, each one run in
triplicate. O.D., optical density.

causes a progressive decrease of TEER by 40% and 50% of
the original value at 48 and 72 h of treatment, as compared
to NG conditions, which guarantee a stability of the bar-
rier effect. Treatment with 50 pg/mL of each antioxidant
molecule, either alone or in association, was able to signif-
icantly prevent such a TEER decrease in HG-treated cells.
The lowest protective effect was observed with Verb alone,
while C3G alone at 48 and 72 h had a stronger protective
effect. The association of the two molecules gave the best
protective effect.

3.4 C3G and Verb Prevent the HG-Induced Increase of
Paracellular Permeability in a Confluent HREC
Monolayer

Increased paracellular permeability of the retinal en-
dothelium represents one of the main hallmarks of the HG-
induced cell damage in vitro, which mimics the patholog-
ical increase in retinal vascular leakage in hyperglycemic
conditions [51]. Given the reduction of TEER reported in
Fig. 4, likely due to a decrease in tight junctions between en-
dothelial cells, we would expect to also see an increase of
paracellular permeability in HREC monolayers after shift-
ing to HG conditions, and a preventive effect of C3G and
Verb. We used sodium fluorescein added to the upper well
of a transwell plate as a marker to follow leakage from the
upper to the lower well. Fig. 5A shows the fluorescein per-
meation kinetics through an intact endothelial monolayer
maintained under NG or shifted to HG conditions, showing
a dramatic progressive increase induced by HG through-
out the recorded times. The presence of Verb or C3G at
50 uM attenuated this phenomenon, with C3G again more
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Fig. 4. Effects of C3G and Verbascoside on Trans Endothelial
Electrical Resistance (TEER) of HREC monolayers grown un-
der NG or HG conditions with or without C3G and verbasco-
side. Stable cell monolayers were obtained by culturing the cells
in appropriate insert-wells for 5 days. Then, cell monolayers were
treated up to 72 h with HG with or without 50 uM C3G, or 50 uM
Verbascoside, or 50 uM of both compounds in comparison to NG.
TEER values were monitored for the duration of the experiments.
Data are shown as a mean + SD of three independent experiments,
each one run in triplicate. *p < 0.05 vs NG Vehicle; #p < 0.05 vs
HG; §p < 0.05 vs HG plus the single compound at the same conc.

efficient than Verb, and the association of the two returned
leakage to a quasi-normal state. Fig. 5B shows the para-
cellular permeability index (Pe) extrapolated from data at 5
min, and Fig. 5C shows a good correlation (R = 0.83) ob-
tained between the Pe index (Fig. 4B) and TEER values at
48 h (Fig. 4).

3.5 C3G and Verb Prevent the Down Regulation of Tight
Junction Proteins Zonula Occludens-1 (ZO-1) and
VE-Cadherin in a Confluent HREC Monolayer Exposed to
HG

The effects of HG on the integrity loss of the endothe-
lial barrier had been previously related to changes in the ex-
pression and/or the degradation of junction proteins, which
may explain the increased leakage under hyperglycemic
conditions [52,53]. We show here (Fig. 6A) the immuno-
cytochemical analysis illustrating the abundance and the in-
tegrity of the tight junction proteins ZO-1 and VE-cadherin
in a confluent HREC monolayer under NG conditions, and
their disarrangement and decrease after 48 h with HG. The
simultaneous presence under HG conditions of the asso-
ciation of C3G and Verb (50 uM each) completely pre-
vented such effects due to HG. Semiquantitative data of
VE-Cadherin and ZO-1 fluorescence intensity are respec-
tively presented in Fig. 6B,C, coherently with what appears
in the illustrative pictures and showing almost full restora-
tion by C3G and Verb of the junctional proteins. The dif-
fuse staining with ZO-1 of HREC at a late passage in vitro
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Fig. 5. Effects of C3G and Verbascoside on the HG-induced
increase of the paracellular permeability in a confluent mono-
layer of HREC evaluated by the sodium fluorescein (Na-F)
assay. Stable cell monolayers were obtained by culturing the
cells in appropriate insert-wells for 5 days. (A) Na-F assays were
performed in HREC monolayers treated for 48 h with HG with
or without 50 uM of C3G, 50 uM of Verbascoside, or 50 uM
of both compounds in comparison to NG. (B) Pe was estimated
from the paracellular permeability of the sodium fluorescein (Na-
F) assay (Fig. 5A). (C) Correlation between the mean values of
TEER and Pe observed under the different experimental condi-
tions examined. The correlation coefficient (R) was calculated
with GraphPad Prism 7 for Windows using the function linear fit
dose-response interpolation of unknown parameters. The graph
was obtained by multiple determinations. Data are shown as a
mean £ SD of three independent experiments, each one run in
triplicate. *p < 0.05 vs NG Vehicle; #p < 0.05 vs HG; §p < 0.05
vs HG plus the single compound at the same conc.

is not unexpected, and has already been described for brain
microvascular endothelial cells [54]. However, even at an
advanced passage, HREC could form a tight barrier, show-
ing elevated TEER values and a reduced passage of Na-F
(Figs. 4,5). HG still induced a decrease of around 40% of
TEER as could be expected from early passage cells [55],
and an increased permeability to Na-F, both susceptible to
rescue by C3G and verbascoside, thus demonstrating the re-
liability of this model system. Consistently with the above
immune-fluorescent data, a further demonstration of C3G
and Verb capability to preserve BRB-like properties of the
HREC confluent monolayer is given in Fig. 7, in which we
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evaluated by western blot analyses (Fig. 7A) the amount of
Z0-1 and VE-Cadherin under different growth conditions
(NG or HG) with or without the addition of 50 M of C3G,
Verb or their association. These data confirm that ZO-1 and
VE-Cadherin protein levels were reduced by about 70 and
50%, respectively (p < 0.05) in HG-treated HREC mono-
layers compared to NG control cells (Fig. 7B,C). The pres-
ence of C3G, or Verb, or both compounds together did not
alter ZO-1 and VE-Cadherin protein levels under NG con-
ditions. However, C3G or Verb at a concentration of 50
uM prevented the decrease of junction protein expression
by HG, and when given together maintained their expres-
sion at control levels.
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Fig. 6. Effect of C3G and Verbascoside on the HG-induced
down-regulation of endothelial tight junction proteins evalu-
ated by immunocytochemical analysis. Confluent monolayers
of HREC were treated for 48 h with HG with or without 50 M
C3G plus Verbascoside in comparison to NG. (A) representative
images of immunocytochemical staining performed using specific
antibody against VE-cadherin and ZO-1 proteins. Intensity of im-
munoreactivity for VE-cadherin (B) and ZO-1 (C) was measured
using Image J program analyzing randomly selected fields for each
replicate. Data are shown as a mean & SD of three independent
experiments, each one run in triplicate. *p < 0.05 vs NG Vehicle;
#p < 0.05 vs HG; §p < 0.05 vs HG plus the single compound at

the same conc.
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Fig. 7. Effects of C3G and Verbascoside on the HG-
induced down-regulation of endothelial tight junction proteins
evaluated by western blot analysis. (A) Representative im-
munoblot performed using specific antibodies against ZO-1 and
VE-cadherin on lysates from confluent monolayers of human reti-
nal endothelial cells (HREC) treated for 48 h with HG with or
without 50 uM of C3G, 50 uM of Verbascoside, or 50 uM of
both compounds compared to NG. (B) and (C) bar graphs repre-
senting densitometric measure of ZO-1 and VE-cadherin protein
bands normalized against the relative housekeeping GAPDH pro-
tein level. Loading was 40 ug per lane. Data are shown as a mean
=+ SD of three independent experiments, each one run in triplicate.
*p < 0.05 vs NG Vehicle; #p < 0.05 vs HG; §p < 0.05 vs HG plus
the single compound at the same conc.

4. Discussion
4.1 The Role of Hyperglycemic Stress

The pathological manifestations of DR are triggered
by the overwhelming oxidative stress occurring further to
the failure of glycemic control, and mainly involve the mi-
crovascular endothelial system. Therefore, the therapeutic
approach to prevent or treat DR is based primarily on the
control of the glycemic index, because maintaining the gly-
cosylated hemoglobin (HbAlc) level below 7% may de-
crease the risk of DR development and progression [56].
However, despite the known benefits of improved glycemic
control, a large number of diabetic patients do not man-
age to keep safe blood glucose levels, which together with
an adequate surveillance program for the monitoring of
hyperglycemia-induced damage, could potentially spare di-
abetic complications to an elevated number of patients [57].

4.2 The Medical Need

In their advanced stages, PDR and DME are treated by
invasive procedures, such as vitrectomy, intravitreal injec-

tions of corticosteroids or anti-VEGF and laser photocoag-
ulation. Such treatments are not curative, and at their best
they are aimed at preserving the residual visual ability of
the patient [57]. Moreover, several patients are not respon-
ders to intravitreal therapies [58]. Hence, there is an urgent
medical need to develop new and less invasive therapeutic
approaches for the prevention or treatment of DR in order
to try and reduce the incidence and progression of this dis-
ease, starting from its early stages. Such new therapeutic
strategies are not necessarily alternative, but may be asso-
ciated with surgical treatments in order to complement and
improve their efficacy. Therefore, since ROS overproduc-
tion in mitochondria is caused by diabetic hyperglycemic
stress [59], the attenuation of these events may play a piv-
otal role in the treatment of DR, preventing or delaying its
progression towards the more advanced stage of the disease.

4.3 Antioxidants in Food Supplements May Contribute to
Prevention and Treatment

Currently, the International Classification of Diabetic
Retinopathy and Diabetic Macular Edema considers the use
of antioxidants as potentially effective in the treatment of
mild forms of NPDR and DME, while no indications are
given for their use in the treatment of PDR [60]. Studies
from in vitro and in vivo models suggest that nutraceuti-
cals may relieve the pathophysiological complications of
DR such as inflammation and neurodegeneration, by an
enhancement of the antioxidant defense systems and the
consequent reduction of ROS accumulation [61,62]. The
main dietary antioxidants are found in colored foods, and
are represented by polyphenols and carotenoids (Fig. 8).
Flavonoids belong to a larger group of natural substances
with different phenolic structures, which can be found in
different kinds of fruits and vegetables, and their deriva-
tives. They are endowed with anti-inflammatory and an-
tioxidant effects, so that they are nowadays considered in-
dispensable components in several nutraceutical, pharma-
ceutical, medicinal and cosmetic applications [63]. In sev-
eral different preclinical and clinical studies, the different
classes of flavonoids have shown good efficacy in coun-
teracting the deleterious effects of oxidative stress and in-
flammation on the retina of diabetic subjects [64,65]. For
instance, in HREC stimulated by human retinoblastoma
cell line conditioned medium or VEGF, the protective role
played by quercetin in counteracting the pro-angiogenic
stimulus has been demonstrated [66]. Consistently, data
reported in this paper show the protective effects on the
BRB of two polyphenolic antioxidants, belonging to differ-
ent families: cyanidin-3-glucoside is an anthocyanin, and
verbascoside is a phenylpropanoid glucoside, a family of
molecules mainly found in medicinal plants. We used a
primary human retinal endothelial cell line (HREC) to test
the protective effects of C3G and Verb when the cells were
shifted to HG growth conditions. It was previously shown
that HG affects both macro and microvascular endothelial
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cells, altering their metabolism, finally resulting in the typ-
ical vascular dysfunctions of diabetes and DR [67]. In this
respect, BRB efficiency depends on the expression by en-
dothelial cells of junction proteins such as VE-Cadherin and
Z0-1, which are downregulated in the presence of high glu-
cose conditions [68]. Therefore, strategies have been de-
scribed to counteract such a decrease and maintain BRB
properties. For instance, erythropoietin and tumor necrosis
factor ligand-related molecule 1A (TL1A) have been de-
scribed as factors able to preserve and restore VE-cadherin
expression and BRB integrity in the presence of high glu-
cose levels [69,70]. Along this line, Behl [65] and Matos
[64] reported that two different polyphenols, scutellarin and
curcumin, could contrast the effects on growth and apopto-
sis of HG conditions, increase the expression of junction
proteins and decrease the formation of branched tubular
structures. More recently, HREC grown under HG condi-
tions were used to show the effects of fluorometholone (a
glucocorticoid drug used in inflammatory and allergic dis-
orders of the eye) in blunting the release of inflammatory
cytokines and VEGF, and inhibiting the HG-induced cellu-
lar senescence mediated by the Akt pathway [71].

FLAVONOIDS

‘ . Cyanidin
. Delphinidin

Malvidin
Petunidin

Verbascum thapsus Olives

Verbascoside

Fig. 8. Molecular structure of the compounds used in this
study. The generic structure of flavonoids is illustrated (A), to-
gether with the structure of anthocyanins (B), which include the
cyanidins such as C3G, and verbascoside (C).

4.4 The Effects of C3G

Under our experimental conditions, HREC monolay-
ers shifted to HG conditions (25 mM) for 48 h showing a
dramatic increase of intracellular ROS, concomitant with
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growth inhibition, a two-fold decrease of TEER correlating
with an increased paracellular permeability and a decreased
expression of tight junction proteins. All these effects could
be efficiently dampened in a dose-dependent way by C3G
and Verb or - better - by the combination of the two. Ac-
cordingly, C3G has been shown to be able to prevent the
disruption of the barrier function of retinal pigmented ep-
ithelial cells (RPE) caused by blue light irradiation, besides
activating the Nrf2 pathway, thus enhancing endogenous
antioxidant protection and promoting RPE survival [72].
In a more comprehensive study addressing DR, C3G sup-
pressed migration, invasion and angiogenesis of HREC and
blunted the activation of microglial BV2 cells stimulated in
vitro by HG [66]; moreover, in diabetic mice induced by
streptozotocin the oral treatment with C3G decreased in-
flammation, microglial activation and angiogenesis in the
retina [73]. Moreover, C3G could protect pancreatic beta-
cell dysfunction induced by palmitic acid treatment, con-
serving their secretory function and alleviating apoptosis
[74]. Finally, C3G could prevent diabetic cataract forma-
tion as suggested by its protective activity on lens epithelial
cells in vitro exposed to HG conditions [75].

4.5 The Effects of Verbascoside

The phenylethanoid glycoside verbascoside/acteoside
is a widespread polyphenolic plant compound, showing
several biological properties including strong antioxidant,
anti-inflammatory and neuroprotective activities. In fact, it
is an efficient ROS scavenger and inhibitor of lipid peroxi-
dation. It also inhibits the inducible NO synthase (iNOS)
in the CNS, prevents the activation of COX2 in glioma
cells, and protects from inflammatory events by downreg-
ulating the activation of the pro-inflammatory transcrip-
tion factor NFkB, while activating the Nrf2 pathway lead-
ing to the endogenous expression of antioxidants, such as
HOL1 [76]. Similar to what has previously been described
for C3G, also Verb can protect pancreatic beta cells from
endoplasmic reticulum (ER)-stress mediated dysfunctions,
acting on the protein kinase RNA-like endoplasmic reticu-
lum kinase (PERK) branch of the unfolded protein response
and enhancing mitochondrial dynamics. As a consequence,
beta cells showed increased viability, mitochondrial func-
tion and insulin content [77].

4.6 The Association of C3G and Verb

For the first time ever, we have shown in an in vitro
model system with human microvascular retinal endothe-
lial cells stressed by HG treatment, that the association of
C3G and Verb is more efficient than each single molecule in
preserving the cells from death and the loss of barrier func-
tion, in line with the idea that a pleiotropic action obtained
by the combination of different molecules can be more ef-
fective than the protection given by the single components
[78].
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5. Conclusions

In conclusion, we have shown here in an in vitro model
system with human microvascular retinal endothelial cells
that the association of two polyphenols (C3G and verbasco-
side), belonging to different families, may efficiently pre-
vent the endothelial barrier dysfunction that usually follows
diabetic hyperglycemic stress, and is the cause of diabetic
retinopathy progression towards the most dangerous prolif-
erative neovascular stage. These data confirm and further
support from a biological point of view what had already
been shown in an in vivo model system of early-stage dia-
betic retinopathy [45,46].
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