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Abstract: (Poly)phenol-derived metabolites are small molecules resulting from (poly)phenol metabolization after ingestion that can be found in circulation. In the last decade, studies on the impact of
(poly)phenol properties in health and cellular metabolism accumulated evidence that (poly)phenols
are beneficial against human diseases. Diabetic retinopathy (DR) is characterized by inflammation
and neovascularization and targeting these is of therapeutic interest. We aimed to study the effect of
pyrogallol-O-sulfate (Pyr-s) metabolite in the expression of proteins involved in retinal glial activation, neovascularization, and glucose transport. The expression of PEDF, VEGF, and GLUT-1 were
analyzed upon pyrogallol-O-sulfate treatment in RPE cells under high glucose and hypoxia. To test
its effect on a diabetic mouse model, Ins2Akita mice were subjected to a single intraocular injection of
the metabolite and the expression of PEDF, VEGF, GLUT-1, Iba1, or GFAP measured in the neural
retina and/or retinal pigment epithelium (RPE), two weeks after treatment. We observed a significant
decrease in the expression of pro-angiogenic VEGF in RPE cells. Moreover, pyrogallol-O-sulfate
significantly decreased the expression of microglial marker Iba1 in the diabetic retina at different
stages of disease progression. These results highlight the potential pyrogallol-O-sulfate metabolite as
a preventive approach towards DR progression, targeting molecules involved in both inflammation
and neovascularization.
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1. Introduction
In the last decades, studies on the impact of (poly)phenols in health and cellular
metabolism have accumulated evidence that (poly)phenols are beneficial against human
diseases. Particularly in the context of diabetic retinopathy (DR), the beneficial effects of
resveratrol (RES) on neovascularization and oxidative stress were observed more than
a decade ago [1,2].
(Poly)phenols are members of a large family of compounds, chemically characterized
by the presence of one or more hydroxyl groups attached to an aromatic ring. Polyphenols’
metabolites, with potential health-promoting effects, have been studied in experimental
cell cultures and animal models, as well as human clinical studies [3–7]. However, when
trying to correlate the beneficial health effects described for dietary (poly)phenols and their
bioavailability in humans, it is often observed that some of these compounds are poorly
absorbed and may undergo several metabolic modification steps, including metabolism
in the colon by the resident microbiota. Therefore, it is crucial to look for the metabolite’s
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bioactivity instead of its parent dietary compounds for relevant insights for its potential
preventive or therapeutic effect. Previous studies have shown the presence in human
plasma of sulfated metabolites of pyrogallol in volunteers after ingestion of a fruit purée [6],
which was found to reach concentrations up to 20 µM. Among the metabolites found in
this study, concentrations of pyrogallol-O-sulfate (Pyr-s) were found to be significantly
higher when compared to the baseline [6], raising some interest in their therapeutic value.
There are several studies on the anti-diabetic effects of dietary (poly)phenols. These
compounds influence glycemia through mechanisms such as the inhibition of glucose
absorption in the gut or in peripheral tissues [8]. However, studies specifically related to
the effect of (poly)phenols or their metabolites on retinal diseases are scarce. Recently, the
beneficial effect of different carotenoids and (poly)phenols in the prevention and treatment
of age-related ocular disorders was reviewed, highlighting the role of these plant derivatives in reducing oxidative stress and inflammation [9]. Ola et al. reviewed evidence on the
potential metabolic sources and pathways related to the increase of oxidative stress in DR
and the role of dietary flavonoids, particularly flavanones, flavanols, isoflavones, flavones,
and anthocyanins, in the modulation of redox homeostasis in the diabetic retina [10].
Specifically, epigalloccatechin-3-gallate, the main (poly)phenol component of green tea
(leaves of Camellia sinensis), was identified as an inhibitor of ocular angiogenesis with influence in ocular vascular permeability after orally administrated in male BALB/c mice [9].
Therefore, oral treatment with nutraceuticals at early stages of DR may represent a reasonable alternative to act upstream of the disease, preventing its progression. The effect of
pyrogallol-O-sulfate was particularly investigated towards neuroinflammation [3] and cardiomyocyte stress [5]. Moreover this metabolite have the ability to cross of the blood–brain
barrier and present neuroprotective properties [3]. As far as we know, no studies were
published highlighting the effect of pyrogallol-O-sulfate metabolite in ocular structures.
Vascular endothelial growth factor (VEGF), particularly VEGF-A, is a protein from
a large family of angiogenic proteins, that is secreted by different cells in retina, mostly
by the basolateral side of RPE. The main functions of these proteins are the regulation of
angiogenesis and vascular permeability, with several studies correlating the imbalance in
its expression and of its receptors with the severity of DR and age-related macular degeneration (AMD) [11,12]. On the other side, there is one of the most relevant molecules of the
RPE secretome, pigment epithelium-derived factor (PEDF), an apically secreted protein
from the serine protease inhibitor (serpin) super family. In 1999, PEDF was identified as
an anti-angiogenic factor which prompted it immediately being considered as a potential
therapeutic target for diabetes mellitus [13]. Shortly after its discovery, low levels of PEDF
were correlated with retinitis pigmentosa and Lebers’ congenital amaurosis [13], and also
found to be decreased in the retinas from patients with proliferative DR and retinopathy
of prematurity [14,15]. The transport of glucose in the human retina was investigated
at various ages and found to be exclusively mediated by one of the 12 isoforms of the
sodium-independent glucose transporter (GLUT), GLUT-1, expressed in the endothelia of
the retinal capillaries of the retina and RPE basal membrane, both part of the blood-retinal
barrier (BRB) [16]. Based on a gradient concentration, GLUT-1 adapts the bidirectional
transport of glucose to different situations, such as hypoxia, growth factors, and glucose
levels itself [17].
In this work, we aimed to study the effect of pyrogallol-O-sulfate in RPE cells and
in the diabetic retina, particularly in the expression of molecules involved in DR-related
neovascularization and retinal glial activation with the goal of assessing its potential in
ameliorating diabetic retinopathy.
2. Results
2.1. Metabolic Activity of RPE Cells Is Not Affected by Treatment with Pyrogallol-O-Sulfate
As a first approach, to determine the effect of Pyr-s on retinal cells, we investigated the
metabolic activity of RPE cells upon treatment with this metabolite. Although no studies
were conducted, so far, aiming to evaluate the ability of these metabolites to cross the BRB,
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Our hypothesis is that in RPE cells under high glucose, treatment with Pyr-s before
inducing hypoxia prevents the dysregulation of anti-angiogenic PEDF and pro-angiogenic
VEGF. Additionally, the expression of the glucose transporter GLUT-1, known to be increased in cells under high glucose and hypoxia [15], is also expected to be downregulated
by treatment with Pyr-s before the hypoxic insult.
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Figure 2. Effect of pre-treatment of pyrogallol-O-sulfate on RPE cells for 8 h in normal (5.5 mM
glucose) and high (25 mM glucose) glucose before chemically induced hypoxia for 16 h (DFO,
100 µM). RPE cells were exposed to a single dose of Pyr-s, as pre-treatment, up to 8 h before hypoxia.
The metabolite was removed from the cell culture after the incubation period. Western blots are a
representative image used for the densiometric analysis of (A) PEDF, (B) VEGF, and (C) GLUT-1
protein levels in RPE cells after Pyr-s pre-treatment, normalized by the intensity of β-Actin. n = 5.

protein levels in RPE cells after Pyr-s pre-treatment, normalized by the intensity of β-Actin. n = 5.
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Figure 3. Effect of treatment of RPE cells under normal (NG, 5.5 mM glucose) or high glucose (HG, 25 mM glucose) with
pyrogallol-O-sulfate for 8 h after chemically induced hypoxia for 16 h (DFO, 100 µM). RPE cells were exposed to a single
dose of Pyr-s after induction of hypoxia. Cells were exposed to the metabolite for 8 h. Western blots are a representative
image used for the densiometric analysis of (A) PEDF, (B) VEGF, and (C) GLUT-1 protein levels in RPE cells after Pyr-s
treatment, normalized by the intensity of β-Actin. n = 5. Two-way ANOVA with Sidak’s multiple comparisons test. NT,
non-treated; Pyr-s, pyrogallol-O-sulfate.

Treatment of RPE cells under high glucose (HG) with Pyr-s for 8 h after hypoxia does
not alter the expression of PEDF (Figure 3A), VEGF (Figure 3B), or GLUT-1 (Figure 3C),
compared to non-treated cells under normoglucose. When comparing RPE cells treated

dose of Pyr-s after induction of hypoxia. Cells were exposed to the metabolite for 8 h. Western blots are a representative
image used for the densiometric analysis of (A) PEDF, (B) VEGF, and (C) GLUT-1 protein levels in RPE cells after Pyr-s
treatment, normalized by the intensity of β-Actin. n = 5. Two-way ANOVA with Sidak’s multiple comparisons test. NT,
non-treated; Pyr-s, pyrogallol-O-sulfate.
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Taking together the results from the three experimental approaches, described and
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Taking together the results from the three experimental approaches, described and
the expression of our proteins of interest was not altered. The prolonged exposure of RPE
schematized in detail in Materials and Methods (Section 4.3), regarding the effect of Pyr-s
cells under high glucose and hypoxia to Pyr-s significantly decreased the expression of
on the expression of PEDF, VEGF, and GLUT-1 in RPE cells, we can observe that the time
of exposure caused different outcomes.
When cells were pre-treated with Pyr-s up to 8 h before being exposed to hypoxia, a
tendency to decrease the expression of PEDF (Figure 2A) at different timepoints of treatment
was observed. When cells were exposed to Pyr-s after hypoxia was fully established, the
expression of our proteins of interest was not altered. The prolonged exposure of RPE
cells under high glucose and hypoxia to Pyr-s significantly decreased the expression of
pro-angiogenic VEGF, compared to both physiological conditions (normoglycemia and
normoxia) and non-treated cells under high glucose and hypoxia (Figure 4B).
To extend our studies to a diabetic animal model, a proof-of-concept protocol was
designed based on the least invasive strategy and best approach for a therapeutic effect
using the pyrogallol-O-sulfate.
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The results for the expression of Iba1 and GFAP, normalized for levels of expression of
the contralateral non-injected eye, are plotted in Figures 6 and 7, respectively. No differences
were observed in the expression of any of the proteins evaluated upon intraocular injection
of vehicle solution, when the vehicle was compared to the contralateral non-injected eye,
with an exception for the expression of GFAP in non-diabetic retina of 6-month-old animals
(Supplementary Figures S1–S4).
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Our results show that the expression of Iba1 was not altered by intraocular injection
of either vehicle or Pyr-s in 4-month-old animals (Figure 6A). However, as previously observed [12], the expression of Iba1 increased in 6-month-old mice when comparing the
retinas injected with the PBS vehicle from non-diabetic and diabetic mice (Figure 6B). The
treatment of diabetic retinas with the (poly)phenol-derived metabolite Pyr-s effectively
decreased the expression of Iba1 (Figure 6B). No differences were observed in the expression of Iba1 in mice subretinally injected at 8 months (Figure 6C) or 9 months old (Figure
6D).
Regarding the GFAP, an increase in its expression was observed in 4-month-old nondiabetic mice upon intravitreal injection of Pyr-s (Figure 7A). Moreover, as previously described by our group [12], a decrease in the expression of GFAP was observed in 6 monthold mice when non-diabetic retinas were compared to diabetic retinas (Figure 7B). Treatment of diabetic retinas with Pyr-s tends to increase the expression of GFAP (p = 0.2468)
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To further evaluate the effect of pyrogallol-O-sulfate in the expression profile of proand anti-angiogenic factors with disease progression in the Ins2Akita mouse, we evaluated
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in older mice, subretinally injected, although there was a tendency of treatment with Pyr-s
decreasing the expression of GFAP (p = 0.2490), when non-diabetic retinas of 8-month-old
mice were compared to diabetic (Figure 7C).
In a previous study, we showed that the expression of Iba1 tends to increase in the
9-month-old diabetic retina but is not altered in older mice [12]. Here, we analyzed the
expression of Iba1 and GFAP in 8- and 9-month-old mice to understand if the administration
of Pyr-s before an advanced stage of DR (as previously established to be at 9 months) has a
positive effect on retinal homeostasis. Treatment of diabetic 9-month-old mice with a single
subretinal injection tends to decrease the expression of Iba1 in the neural retina (Figure 6D)
and has no effect in the 8-month-old mice (Figure 6C). Furthermore, the expression of
GFAP was not affected by Pyr-s in 8- (Figure 7C) or 9-month-old (Figure 7D) animals.
2.6. A Single Subretinal Injection of Pyrogallol-O-Sulfate Decreases the Expression of
Pro-Angiogenic VEGF in the RPE of a Diabetic Mouse Model
We have previously documented the dysregulation of the balance between pro- and
anti-angiogenic factors in the Ins2Akita mouse, with a significant increase in the expression
of VEGF with a concomitant decrease in the expression of PEDF in the neural retina of
9-month-old mice [12].
To further evaluate the effect of pyrogallol-O-sulfate in the expression profile of proand anti-angiogenic factors with disease progression in the Ins2Akita mouse, we evaluated
the protein levels of PEDF (Figure 8) and VEGF (Figure 9) in neural retina and RPE cells of 4, 6-, 8-, and 9-month-old mice two weeks after intraocular injection of Pyr-s, as described in
Materials and Methods (Section 4.7.2). We were also interested in evaluating the expression
of glucose transporter, GLUT-1, as its expression was previously reported to be imbalanced
in diabetic retinas [15] (Figure 10).
The expression of anti-angiogenic PEDF was not altered in the neural retina of either
non-diabetic or diabetic mice, either by intraocular injection of vehicle or Pyr-s, at any of
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW
23
the time-points evaluated (Figure 8A–D). Similarly, no differences were observed 10
inofthe
RPE, independently of the genotype (Figure 8E–H).

Figure 8. Cont.
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The expression of pro-angiogenic VEGF was also evaluated. When analyzing the effect of a single intravitreal injection of Pyr-s in animals of 4 months of age, the expression
of VEGF was not altered (Figure 9A); however, upon treatment with Pyr-s, the expression
of VEGF tended to decrease (p = 0.1761) in the diabetic retina of 6-month-old mice (Figure
9B), compared to vehicle. Unexpectedly, the expression of VEGF tended to increase (p =
0.086) in non-diabetic retinas with 8-month-olds, upon treatment with Pyr-s (Figure 9C),
but effectively decreased later in animals of 9 months (Figure 9D), with no alterations in
the expression of this protein in older diabetic retinas. Regarding the RPE, treatment with
Pyr-s did not impact the expression of VEGF in younger mice (Figure 9E,F), nor in older
mice (Figure 9G,H), despite a tendency to decrease VEGF in diabetic mice (Figure 9G)
which needs further confirmation.
A tendency to increase the expression of VEGF was previously reported by our group
in the RPE of diabetic Ins2Akita mice at 9 months of age [12]. Although Pyr-s treatment did
not have an effect in the expression of VEGF in the RPE of diabetic animals of 9 months of
age, it also did not increase its expression, revealing that it is not a promoter of the imbalance in the expression of proteins involved in neovascularization.
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Similarly to what was observed for PEDF and VEGF, the expression of GLUT-1 was
not significantly altered by intraocular treatment with Pyr-s. In general, the expression of
GLUT-1 in the neural retina of both non-diabetic and diabetic mice remained unchanged
at all time-points, when compared to the injection vehicle (Figure 10D). Regarding the
expression levels at RPE, a tendency to decrease (p = 0.1255) the expression of glucose
transport in diabetic RPE of 4-month-old mice compared to non-diabetic mice (Figure 10E)
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The expression of pro-angiogenic VEGF was also evaluated. When analyzing the effect
of a single intravitreal injection of Pyr-s in animals of 4 months of age, the expression of
VEGF was not altered (Figure 9A); however, upon treatment with Pyr-s, the expression of
VEGF tended to decrease (p = 0.1761) in the diabetic retina of 6-month-old mice (Figure 9B),
compared to vehicle. Unexpectedly, the expression of VEGF tended to increase (p = 0.086)
in non-diabetic retinas with 8-month-olds, upon treatment with Pyr-s (Figure 9C), but
effectively decreased later in animals of 9 months (Figure 9D), with no alterations in the
expression of this protein in older diabetic retinas. Regarding the RPE, treatment with Pyr-s
did not impact the expression of VEGF in younger mice (Figure 9E,F), nor in older mice
(Figure 9G,H), despite a tendency to decrease VEGF in diabetic mice (Figure 9G) which
needs further confirmation.
A tendency to increase the expression of VEGF was previously reported by our group
in the RPE of diabetic Ins2Akita mice at 9 months of age [12]. Although Pyr-s treatment did
not have an effect in the expression of VEGF in the RPE of diabetic animals of 9 months
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3. Discussion
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at all time-points, when compared to the injection vehicle (Figure 10D). Regarding the
expression levels at RPE, a tendency to decrease (p = 0.1255) the expression of glucose
transport in diabetic RPE of 4-month-old mice compared to non-diabetic mice (Figure 10E)
was observed. We were unable to detect the expression of GLUT-1 in samples from
6-month-old mice, which can most probably be attributed to the low levels in RPE protein
isolates. No differences were detected in the RPE of older mice subretinally injected with
Pyr-s (Figure 10F,G).
3. Discussion
Classically regarded as a progressive microvascular complication of diabetes with
an inflammatory background, DR remains one of the major causes of acquired visual
impairment and/or blindness among the diabetic population [13,23,24]. Although the exact
mechanism underlying DR pathophysiology is not yet fully understood, it is believed that
the chronic exposure to hyperglycemia triggers a cascade of biochemical and physiological
changes, causing inner BRB breakdown [25,26]. These events are potentiated by oxidative
stress and inflammation, which promote increase in the production of reactive oxidative
species (ROS), cytokines, and growth factors, altogether contributing to visual impairment
or irreversible blindness [13].
As mentioned before, one of the major characteristics of DR is vascular changes
along the progression of the disease, trigged by chronic and sustained hyperglycemia
and hypoxia. Due to retinal ischemia during diabetes, the balance between pro- and antiangiogenic molecules is disrupted, leading to up-regulation of pro-angiogenic VEGF and
down-regulation of anti-angiogenic PEDF [27,28]. Our group has shown that sustained
expression of PEDF up to 3 months by an episomal vector, both in cultures of human RPE
cells and in the retina of a DR mice model after a single subretinal injection, decreased
VEGF, GLUT1, and inflammation markers. As a consequence of the imbalance mostly
between these two growth factors, neovascularization is promoted but the new blood
vessels are usually weak, fragile, and leaky, which allows proteins, fluids, and debris to
enter the retina [13,14]. Moreover, we have shown that in a DR cell model, hyperglycemia
and hypoxia directly affect GLUT-1 expression and the secretory function of RPE cell [15].
It was found that not only the expression of GLUT-1 is increased when RPE cells are in
hypoxia under high glucose conditions, but also its membrane fraction increases under the
same conditions. The consumption of glucose is also affected, pointing to an increase in
the GLUT-1 expression to achieve an effective glucose transport [15].
At present, there are few effective treatments for DR. Tight glycemic control is the
most efficient therapy to slow the progression of DR [29,30]. Blood pressure should also
be closely monitored, since hypertension aggravates the disease by increasing blood flow
and causing mechanical damage to the vascular endothelial cells, thus stimulating the
production of VEGF [13,14]. However, current treatments for DR are designed to act on
later stages of this pathology, targeting ocular lesions resulting from the disease progression.
In pathologies associated with neovascularization, such as DR or wet AMD, intravitreal
administration of monoclonal antibodies or fusion proteins that block VEGF activity is
considered as first line therapeutic approach [31]. Considering the growing numbers of
diabetes incidence and prevalence [32,33] and that these forms of treatment only avoid the
progression of DR temporarily, there is a need to seek therapeutic alternatives that either
have longer lasting effects or can target DR in earlier stages of progression.
Knowing that targeting DR remains a challenge, it is important to understand how
we can prevent its progression; thus, our main goal is to investigate different and novel
therapeutic approaches towards DR, based on the biological proprieties of (poly)phenolderived metabolites.
There are several studies on the anti-diabetic effects of (poly)phenols showing these
compounds to influence the glycemia status through different mechanisms such as the
inhibition of glucose absorption in the gut or in peripheral tissues [8]. Some studies show
the inhibition of glucose transporters by (poly)phenols. For example, onion (poly)phenols
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have the capacity to protect diabetic patients from oxidative stress and (poly)phenols from
vegetables act as potent anti-diabetic agents by decreasing the levels of blood glucose and
increasing plasma insulin [34,35].
Studies specifically related to the effect of (poly)phenols or their metabolites on
retinal diseases are scarce. However, the interest in this topic increased in the last decade,
particularly in studies on the effect of resveratrol, as reviewed by Popescu et al. [36]. More
recently, the beneficial effect of different carotenoids and (poly)phenols in the prevention
and treatment of age-related ocular disorders was reviewed, highlighting the role of these
compounds in oxidative stress and inflammation [9]. In particular, in vitro and in vivo
studies have revealed that a variety of nutraceuticals have significant antioxidant and antiinflammatory properties that may inhibit the early diabetes-driven molecular mechanisms
that induce DR, reducing both the neural and vascular damage typical of DR [37,38].
The presence of sulfated metabolites of pyrogallol was confirmed for the first time by
Santos and colleagues in human plasma from volunteers after ingestion of a fruit purée [6].
The metabolite Pyr-s was found in in some volunteers, in concentrations up to 20 µM.
Pyr-s metabolites have been recently studied in different models of neurodegenerative and
cardiovascular disorders, showing the ability of these small molecules to cross the bloodbrain barrier, modulate the brain cell towards neuroprotection, and affect cardiomyocyte
beating following prolonged stimulation [3,5]. Furthermore, it was shown for the first time
that Pyr-s was also effective in preventing oxidative damage in brain endothelial cells and
attenuating inflammation in microglial cells [3].
Here we aim to address the effect of Pyr-s in the expression of proteins involved in
inflammation and neovascularization, using RPE cells and a diabetic mouse model. To the
best of our knowledge, this is the first time this (poly)phenol-derived metabolites have
been tested in RPE cells, so as a first approach, it was important to evaluate how RPE cells
are affected by the presence of Pyr-s. RPE cells, under high glucose and hypoxia, were not
metabolically affected by treatment with Pyr-s (6.5 µM, 24 h).
The levels of PEDF and VEGF, whose expression is imbalanced in DR patients, as well
as the glucose transporter GLUT-1 were analyzed in RPE cells treated with a single dose of
Pyr-s in three different protocols. When Pyr-s was added before the induction of hypoxia,
the expression of anti-angiogenic PEDF tended to decrease at certain timepoints. On the
other hand, no alterations in the expression of the proteins evaluated were observed when
Pyr-s was added after the establishment of hypoxia. However, the expression of VEGF was
effectively decreased when RPE cells were exposed to Pyr-s for 24 h, starting before the
induction of hypoxia.
This compound was described as being further metabolized by brain endothelial
cells [3]. Considering this, the same characterization in RPE cells upon exposure to Pyr-s
could help understand whether these metabolites are further metabolized by the cell, to
further study their physiological relevance, and possibly explain the differences in the
expression of the proteins analyzed according to the time of exposure to Pyr-s. Moreover,
neither PEDF nor VEGF secreted levels were analyzed in this study. Secreted proteins’
levels should be measured in the cell culture medium to better understand if treatment
with Pyr-s has an impact in the secretory function of RPE cells.
Several studies correlate the bioactivity of (poly)phenol-derived metabolites with an
improvement in vascular function in healthy humans, linked to the presence of newly
identified plasma metabolites [39,40]. In addition, a study showed that epigalloccatechin-3gallate, the main plant-derived (poly)phenol of green tea, effectively protected RPE cells
from cell death and attenuated mRNA expressions of key angiogenic factors (MMP-9, VEGF,
VEGFR2) by inhibiting the generation of ROS, with further evidence on the inhibition of
ocular neovascularization and vascular permeability [9]. In the same line, resveratrol, also
a plant-derived (poly)phenol, present in red wine, as well as other dietary (poly)phenols,
were shown to have anti-angiogenic properties, as reviewed in [41]. Our results point
to a potential anti-angiogenic effect of Pyr-s on RPE cells that is dependent on the time
of exposure of the cells to the bioactive metabolite. In addition, further studies focused
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on the vascular features performed in a more robust hyperglycemia retinal model would
help to understand the extension of the potential of treatment with Pyr-s in DR prevention
and progression.
Regarding the levels of GLUT-1, which were not affected by Pyr-s in any of the
experimental setups, an evaluation of the glucose consumption by the cells may be useful
to determine if Pyr-s affects glucose uptake without significantly changing the expression
of GLUT-1 in the cell membrane.
Further studies may be conducted to assess the effect of Pyr-s in RPE cells, either with a
role in angiogenesis or ocular inflammation. Assessing the secreted levels of other cytokines
such as TNF-α or IL-1β would allow a full characterization of the secretory profile of RPE
cell upon treatment with Pyr-s and, therefore, the biological outcome towards inflammation.
Moreover, the distinct outcomes in RPE cells upon treatment with Pyr-s highlights the
importance of different experimental approaches in studying multifactorial diseases such
as DR.
To further study the therapeutic potential of Pyr-s, we evaluated, after intraocular
injection of the metabolite in Ins2Akita mice, the expression of several proteins known to
be involved either in the DR characteristic inflammatory process or in neovascularization.
Diabetic and age-matched non-diabetic animals were grouped by ages covering different
stages of DR progression, and the eye injected with vehicle or Pyr-s at the same concentration as used in vitro. A single injection was performed, intravitreally or subretinally, and
the expression of several proteins of interest was measured in the neural retina and RPE.
We have previously characterized the expression of several markers of DR progression in a
spontaneous Type 1 Diabetes Mellitus model, the Ins2Akita, and found an increase in the
expression of microglia marker Iba1 in the neural retina of 6-month-old diabetic mice [19].
At the same time point, the expression of GFAP decreases in diabetic retina, compared to
the non-diabetic retina [19].
The expression of the microglia marker, Iba1, significantly decreased in diabetic
retina after a single intravitreous injection of Pyr-s in 6-month-old animals. In accordance
with our results, digested raspberry metabolites used at physiological levels previously
exhibited anti-inflammatory activity, not only by the reduction of Iba1 expression, but also
by inhibiting the release of nitric oxide and TNF-α [42]. Consistent with the activation of
microglia described in both early DR patients and other animal models, our results in the
Ins2Akita mouse showed an increased expression of Iba1 [21,23]. This seems to be thwarted
by treatment with pyrogallol-O-sulfate in animals with early (6-month-old) DR features,
highlighting the potential of Pyr-s to prevent microglial activation in the diabetic retina.
In the normal retina, astrocytes label more heavily with anti-GFAP than the Müller
cell endfeet (which predominately express the type-III intermediate filament vimentin),
but after injury, there is a rapid up-regulation of GFAP by Müller cells [43,44]. In our
studies, elevated GFAP expression was observed early upon intravitreal injection of Pyr-s
in 4-month-old non-diabetic mice and reached values close to the control in later stages
of the disease. A tendency to increase the expression of GFAP in 6-month-old diabetic
retinas upon intravitreal injection of Pyr-s was observed. As it is described that macroglia
undergoes prominent changes in early DR, which includes a decrease in the astrocytic population and reduced coverage of retinal blood vessels by glial cell processes [43,45], and to
date no study has been able to connect increased levels of GFAP to any functional outcome,
these results need further confirmation regarding the astrocytic population to evaluate
whether Pyr-s has a role in maintaining the number of astrocytes, protecting the retinal
blood vessels, or if this tendency to increase the expression of GFAP enhances macroglia
activation promoting the progression of DR. Furthermore, an increased permeability of
BRB in the early stages of DR in Ins2Akita mice [21,22] has been described, in line with the
decreased levels of the astrocyte marker GFAP previously observed in all tested ages [12].
Because the injection of the vehicle does not increase the expression of GFAP, when the
diabetic retina is compared to non-diabetic (Supplementary data), our hypothesis relies on
a non-pathological role of Pyr-s driven by GFAP expression.
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Concerning the levels of proteins contributing to neovascularization, there is no
statistical significance in the results regarding the expression of anti-angiogenic PEDF, but
there was a tendency to decrease the expression of pro-angiogenic VEGF in the diabetic
retina of the 6-month-old animals upon injection with Pyr-s. In agreement with what
is described for patients with proliferative DR, we previously observed an increase of
VEGF in late stages of the disease in Ins2Akita mice both in the neural retina and the
RPE [12,22]. However, at earlier stages, we observed significantly decreased levels of
VEGF in RPE cells and a slight decrease in the neural retina [12]. Here, a single intraocular
injection of Pyr-s at the physiological concentration found in human plasma tended to
decrease the expression of VEGF at earlier stages. These studies, despite requiring further
addressing, together with those reviewed by Cao et al. [41], raise significant interest in
(poly)phenols as an important group of therapeutic natural compounds in the treatment of
neovascular-dependent disorders.
The expression of glucose transporter, GLUT-1, also tended to decrease in the RPE of
4-month-old mice treated with Pyr-s by intravitreal injection, showing that it is possible
to have an effect promoted by Pyr-s in the outer layer of the retina after intravitreal
administration. Additionally, the expression of GLUT-1 decreases in non-diabetic RPE
from 8-month-old mice upon a single subretinal injection of Pyr-s.
Overall, our results point to a role of pyrogallol-O-sulfate in different stages of diabetic
retinopathy progression by affecting the expression of pro-angiogenic VEGF in in vitro
RPE cells and preventing microglia activation earlier after a single intraocular injection in
diabetic mice models.
4. Materials and Methods
4.1. Cell Culture
D407 cells, a human spontaneously transformed RPE cell line [46], were kindly provided by Dr. Jean Bennett (University of Pennsylvania, Philadelphia, PA, USA). Cells
were maintained in 5% CO2 –95% air at 37 ◦ C and grown in Dulbecco’s Modified Eagle Medium (DMEM) with 5.5 mM D-glucose (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA),
1% glutamine (Sigma-Aldrich, St. Louis, MO, USA), and 5% fetal bovine serum (FBS,
Sigma-Aldrich, St. Louis, MO, USA). For sub-culturing, cells were dissociated with a
trypsin-Ethylenediaminetetraacetic Acid (EDTA) solution (Sigma-Aldrich, St. Louis, MO,
USA), split 1:5 and cultured in 21 cm2 culture flasks (Orange Scientific, Braine-lÁlleud,
Belgium). Culture medium was changed every 2 days.
4.2. Glucose and Hypoxia
For the experiments regarding the effect of glucose, RPE were seeded at a density of
3 × 105 cells/well in a 6-well plate (Orange Scientific, Braine-lÁlleud, Belgium). For each independent experiment, cells were exposed to either DMEM with 5.5 mM glucose, to mimic
a physiological concentration, DMEM with 25 mM glucose, to mimic a hyperglycemic
condition, or DMEM with 5.5 mM of D-glucose containing D-Mannitol (AppliChem GmbH,
Darmstadt, Germany) with a final concentration of 25 mM, as an osmolarity control, as it is
known to be metabolically inert in mammalian cells as energy source [47].
Desferrioxamine (DFO, Sigma-Aldrich, St. Louis, MO, USA), an iron chelating agent,
was used as a hypoxia-mimetic agent at a final concentration of 100 µM [48,49]. Under normoxic conditions and in the presence of iron, hypoxia-inducible factor-1α is hydroxylated
and subsequently degraded by the proteasome. In the presence of DFO, the iron required
for the enzymatic activity of prolyl hydroxylases is removed by its chelating capacity,
allowing hypoxia-inducible factor-1α to be stabilized and dimerize with its β-subunit,
originating a functional complex that is translocated to the nucleus [48].
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4.3. Treatment with (Poly)Phenol-Derived Metabolites
Pyrogallol-O-sulfate was chemically synthesized as described by Pimpão et al [6].
To evaluate the effect of the polyphenol metabolite, RPE cells were plated with DMEM
with 5.5 mM glucose to mimic a physiological concentration. The next day, the medium
was changed to DMEM with 5.5 mM glucose or DMEM with 25 mM glucose to mimic a
hyperglycemic condition. Depending on the therapeutic approach to test, pyrogallol-OInt. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW
17 of 23
sulfate (Pyr-s, 6.5 µM) was incubated in media without FBS in three different protocols
represented below (Figure 11).

Figure 11. Schematic representation of the different protocols designed to evaluate the effect of pyrogallol-O-sulfate in the
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4.5. MTT Assay
D407 cells were seeded at a density of 2 × 104 cell/well in a 48-well plate, with a volume of DMEM of 500 µL/well with 5.5 mM glucose (supplemented with 1% penicillin/streptomycin and 5% FBS), hence considered the physiological condition. After 24 h,
the medium was changed, and cells were exposed to different conditions as previously
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4.5. MTT Assay
D407 cells were seeded at a density of 2 × 104 cell/well in a 48-well plate, with a
volume of DMEM of 500 µL/well with 5.5 mM glucose (supplemented with 1% penicillin/streptomycin and 5% FBS), hence considered the physiological condition. After 24 h,
the medium was changed, and cells were exposed to different conditions as previously
described in Section 4.2. Treatment with the polyphenolic metabolite pyrogallol-O-sulfate
was performed according to the protocol described in Figure 11C.
In each well, 25 µL of MTT (Sigma-Aldrich, St. Louis, MO, USA) at a final concentration of 0.25 mg/mL was incubated at 37 ◦ C for 3 h. At the end of the incubation period, the
formazan was dissolved with 250 µL of 0.04 N HCl in isopropanol 100% and the absorbance
was measured in a Biotrak II Plate reader (Amersham Biosciences, Amersham, UK) at
540/620 nm.
4.6. Immunoblotting
The samples were diluted in RIPA buffer with 4 × Laemmli Sample Buffer (BioRad,
Hercules, CA, USA) and heated at 95 ◦ C for 5 min for deoxyribonucleic acid (DNA)
denaturation. A total of 30 µg of protein was loaded in a 10 to 15% SDS acrylamide gel,
as suitable, along with 3 µL of a PageRuler Plus Pre-stained Protein Ladder 2× (Thermo
Fisher Scientific, Waltham, MA, USA). Electrophoresis was performed at 100–120 V in
electrophoresis buffer (25 mM Tris-HCl, 192 mM Glycine (Enzymatic, Loures, Portugal)
and 0.1% SDS (AppliChem GmbH, Darmstadt, Germany) until the dye reached the bottom
of the gel.
Proteins were electrotransferred to polyvinylidene difluoride (GE Healthcare Life
Sciences, Chicago, IL, USA) previously activated for 20 s with methanol, followed by
deionized H2 O for 20 s and cold transfer buffer (0.192 M glycine, 0.025 M Tris pH 8.3,
10% methanol) for 5 min, or nitrocellulose (NC, (GE Healthcare Life Sciences, Chicago,
IL, USA)) membrane through a semi-dry transfer method for 20 min and 20 V (Trans-Blot
Turbo® , BioRad, Hercules, CA, USA). The membranes were then blocked with 5% bovine
serum albumin in Tris buffered saline (TBS) with 0.1% Tween-20 (Sigma-Aldrich, St. Louis,
MO, USA) (TBS-T) for 1 h at room temperature, with gently agitation. Primary antibodies,
listed in Table 1, diluted in 5% bovine albumin serum in TBS-T were incubated overnight
at 4 ◦ C with gentle agitation. The membranes were subsequently washed with TBS-T
and incubated with the correspondent secondary antibodies IgG conjugated with HRP
(Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h at room temperature. After washing
three times for 5 min each with TBS-T, the enhanced chemiluminescence Select Western
Blotting Detection Reagent (1:1, GE Healthcare Life Sciences, Chicago, IL, USA) was used
for visualization in a ChemiDocTM imaging System (BioRad, Hercules, CA, USA). To ensure
that samples were evenly loaded, the membranes were stripped and re-probed for β-actin.
For stripping, the membrane was washed three times with TBS-T for 5 min, incubated
for 5 min with 0.2 N sodium hydroxide (NaOH, Sigma-Aldrich, St. Louis, MO, USA) or
mild stripping solution (glycine, SDS, Tween-20 pH = 2.2), followed by a triple TBS-T wash
for 5 min and incubated with the new primary antibody.
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Table 1. List of primary and secondary antibodies, with the respective technical information, used
for detection of proteins of interest by Western blot.
Primary Antibody

Dilution

Reference

Brand

VEGF-A

1:500–1:1000

ab46154

Abcam, Cambridge, UK

PEDF

1:500–1:1000

07-280

Merck Millipore, Burlington,
MA, USA

Iba1

1:500

SAB2500041

Sigma-Aldrich, St. Louis,
MO, USA

GFAP

1:10,000

ab7260

Abcam, Cambridge, UK

GLUT-1

1:2000

ab32551

Abcam, Cambridge, UK

β-actin

1:5000

A5441

Sigma-Aldrich, St. Louis,
MO, USA

Goat anti-mouse igG-HRP

1:5000

sc-516162

Santa Cruz Biotechnology,
Dallas, TX, USA

Goat anti-rabbit igG-HRP

1:5000

sc-2004

Santa Cruz Biotechnology,
Dallas, TX, USA

Donkey anti-goat igG-HRP

1:5000

sc-2020

Santa Cruz Biotechnology,
Dallas, TX, USA

4.7. Animals
Male C57BL/-Ins2Akita -6J heterozygote and C57BL/6J age-matched (wild-type) mice
from The Jackson Laboratory (Bar Harbor, ME, USA) were used. These mice present a dominant point mutation in the insulin 2 gene that spontaneously induces diabetes, developing
hyperglycemia as early as 4 weeks of age [21]. With the progression of hyperglycemia,
diabetic mice can develop retinal complications similar to what is observed in DR [21],
making them a good model to study early alterations of DR.
4.7.1. Housing
Animals were maintained and handled in accordance with the Portuguese and European Laboratory Animal Science Association (FELASA) Guide for the Care and Use of
Laboratory Animals, the European Union Council Directive 2010/63/EU for the use of
animals in research and the Association for Research in Vision and Ophthalmology (ARVO)
for the use of animals in ophthalmic and vision research. Animal experiments have been
performed under the approval of the Portuguese national body (DGAV—Direção Geral de
Alimentação e Veterinária) and the institutional body.
Mice were housed in individually ventilated cages, under controlled temperature,
with continuous access to food and water, and on a 12 h dark/light cycle. To confirm the
diabetic phenotype, blood glucose levels were measured 2 months after birth, with a drop
of blood obtained by a tail cut on a reactive glucose strip (Contour Next, Ascensia Diabetes
Care, Basel, Switzerland). The mice presenting blood glucose levels equal or higher than
250 mg/dL were considered diabetic [21].
Male diabetic C57BL/-Ins2Akita -6J and non-diabetic C57BL/-Ins2Akita -6J age-match
mice (The Jackson Laboratory, Bar Harbor, ME, USA) were used as DR model. The main
goal of the following experimental design was to assess the effect of Pyr-s on the expression
of proteins involved in inflammation and neovascularization in the neural retina and RPE
of animals at different ages (4, 6, 8, and 9 months of age). These time-points were set taking
into consideration previous work where molecular and cellular alterations were observed
consistent with clinical observations of DR progression [21]. Moreover, we have previously
found alterations in protein levels important for DR pathophysiology in both neural retina
and RPE of the Ins2Akita mice up to 12 month old [12]. As such, the following experiments
were designed for a role of Pyr-s in both the early stages of DR but also in later stages of
the disease. The estimated number of subjects in each group, for a statistically significant
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Figure 12. Schematic representation of the intraocular injections of pyrogallol-O-sulfate in diabetic and non-diabetic mice,
targeting different retinal cells at different stages of DR progression. The expression of proteins having a role in inflammation
and neovascularization were assessed by Western blot, two weeks after a single injection, either intravitreous or subretinal.

Intraocular injections were performed in anesthetized animals with Avertin® ((2,2,2tribromoethyl alcohol (Sigma-Aldrich, St. Louis, MO, USA) with 2-methyl-2-butanol
(Sigma-Aldrich, St. Louis, MO, USA); intraperitoneal injection of 0.5 mL/25 g) and
pupils were dilated using 1% tropicamide (Edol, Linda-a-Velha, Portugal). Cornea was
superficially anesthetized with Anestocil (Edol, Linda-a-Velha, Portugal) as an eye drop.
A 30-gauge needle was used to puncture a hole approximately 1 mm below the limbus in
the immobilized animals. The left eye was injected intravitreally or subretinally with 2 µL
of Pyr-s at a final concentration of 6.5 µM or saline solution in one eye using a Hamilton
syringe 10 µL 701 RN injector at 50 nL/s. The non-injected contralateral eye was used as
control. After the injection, gentamicin and dexamethasone were applied in the injected
eye to reduce the risk of infection.
No changes in grooming, behavior, food, or water consumption were observed after
injection. Additionally, visual inspection of the eyes of animals within the experimental
groups revealed no signs of ocular inflammation nor changes in overall health status.
4.7.3. Retina and RPE Protein Extraction
Two weeks after Pyr-s injection, the animals were humanely sacrificed by cervical
dislocation and the eyes removed. The neural retina and RPE were isolated, as previously
described [51]. Samples were mechanically homogenized in ice-cold RIPA buffer containing
a protease inhibitor cocktail and kept on ice for 20 min. The extracts were then centrifuged
(20 min, 4 ◦ C, 16.100× g). The supernatant was collected, and protein quantified by Braford
method, as previously described, with a dilution of 1:10, for Western blot. The samples
were stored at −80 ◦ C until use.
4.8. Statistical Analysis
Arithmetic means are given with standard error of the mean (SEM) or standard deviation (SD), when more suitable. Statistical analysis was performed using an unpaired t-test
with or without Welch’s correction, one-way analysis of variance (ANOVA) with Dunnet’s
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multiple comparison test, or two-way ANOVA followed by the Sidak’s or Bonferroni’s
multiple comparison test for multiple comparisons. A value of p < 0.05 was considered to
be statistically significant, and a trend change in expression was considered when p-value
was below 0.25, as previously published [12].
5. Conclusions
In short, our data demonstrate that exposure of RPE cells to the (poly)phenol-derived
metabolite pyrogallol-O-sulfate effectively decrease the expression of VEGF in cells under high glucose and hypoxia in certain experimental conditions. Additionally, a single
intraocular injection of pyrogallol-O-sulfate was able to decrease the expression of the
microglial marker Iba1 in the diabetic retina earlier in the disease course. Hence, our
findings open an opportunity to further explore this metabolite as a therapeutic approach
towards inflammation in DR.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222111402/s1.
Author Contributions: Conceptualization, D.F.S. and G.A.S.; methodology, D.F.S. and M.P.; investigation, D.F.S. and M.P.; resources, G.A.S. and C.N.S.; writing—original draft preparation, D.F.S.;
writing—review and editing, D.F.S., M.P., C.N.S. and G.A.S.; supervision, G.A.S.; funding acquisition,
G.A.S. All authors have read and agreed to the published version of the manuscript.
Funding: The authors acknowledge Fundação para a Ciência e Tecnologia for funding (PD/BD/114251/
2016 scholarship to D.F. Santos; EXPL-BIM-MEC-1433-2013; PTDC/BTM/ORG/28121/2017 grants
to G.A.Silva) and iNOVA4Health – UIDB/Multi/04462/2020, a program financially supported by
Fundação para a Ciência e Tecnologia/Ministério da Educação e Ciência through national funds
and co-funded by FEDER under the PT2020 Partnership Agreement, is also acknowledged. C.N.S.
also acknowledges the European Research Council (ERC) under the European Union’s Horizon 2020
Research and Innovation Programme under Grant Agreement No. 804229.
Institutional Review Board Statement: Animal experiments have been performed under the approval of the Portuguese national body (DGAV—Direção Geral de Alimentação e Veterinária) and the
institutional body (9 July 2018).
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Acknowledgments: The authors acknowledge the Cell Culture Facility and the Rodent Vivarium at
NOVA Medical School.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.
4.

5.
6.
7.

Liu, X.-Q.; Wu, B.-J.; Pan, W.H.; Zhang, X.-M.; Liu, J.-H.; Chen, M.-M.; Chao, F.-P.; Chao, H.-M. Resveratrol Mitigates Rat Retinal
Ischemic Injury: The Roles of Matrix Metalloproteinase-9, Inducible Nitric Oxide, and Heme Oxygenase-1. J. Ocul. Pharmacol. Ther.
2013, 29, 33–40. [CrossRef]
Soufi, F.G.; Mohammad-Nejad, D.; Ahmadieh, H. Resveratrol Improves Diabetic Retinopathy Possibly through Oxidative
Stress—Nuclear Factor KB—Apoptosis Pathway. Pharmacol. Rep. 2012, 64, 1505–1514. [CrossRef]
Figueira, I.; Garcia, G.; Pimpão, R.C.; Terrasso, A.P.; Costa, I.; Almeida, A.F.; Tavares, L.; Pais, T.F.; Pinto, P.; Ventura, M.R.; et al.
Polyphenols Journey through Blood-Brain Barrier towards Neuronal Protection. Sci. Rep. 2017, 7, 11456. [CrossRef] [PubMed]
Figueira, I.; Tavares, L.; Jardim, C.E.C.G.; Costa, I.; Terrasso, A.; Almeida, A.F.; Govers, C.; Mes, J.J.; Gardner, R.; Becker, J.; et al.
Blood-Brain Barrier Transport and Neuroprotective Potential of Blackberry-Digested Polyphenols: An in Vitro Study. Eur. J. Nutr.
2019, 58, 113–130. [CrossRef]
Dias-Pedroso, D.; Guerra, J.; Gomes, A.; Oudot, C.; Brenner, C.; Santos, C.N.; Vieira, H.L.A. Phenolic Metabolites Modulate
Cardiomyocyte Beating in Response to Isoproterenol. Cardiovasc. Toxicol. 2019, 19, 156–167. [CrossRef] [PubMed]
Pimpão, R.C.; Ventura, M.R.; Ferreira, R.B.; Williamson, G.; Santos, C.N. Phenolic Sulfates as New and Highly Abundant
Metabolites in Human Plasma after Ingestion of a Mixed Berry Fruit Purée. Br. J. Nutr. 2015, 113, 454–463. [CrossRef] [PubMed]
Pimpão, R.C.; Dew, T.; Figueira, M.E.; McDougall, G.J.; Stewart, D.; Ferreira, R.B.; Santos, C.N.; Williamson, G. Urinary Metabolite
Profiling Identifies Novel Colonic Metabolites and Conjugates of Phenolics in Healthy Volunteers. Mol. Nutr. Food Res. 2014, 58,
1414–1425. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2021, 22, 11402

8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.

22.
23.
24.
25.
26.

27.
28.

29.

30.
31.
32.
33.
34.

21 of 22

Villa-Rodriguez, J.A.; Kerimi, A.; Tumova, S.; Williamson, G. Inhibition of Intestinal Glucose Transport by Polyphenols:
A Mechanism for Indirect Attenuation of Cholesterol Absorption? Food Funct. 2019, 10, 3127–3134. [CrossRef]
Lee, H.; Jun, J.-H.; Jung, E.-H.; Koo, B.; Kim, Y. Epigalloccatechin-3-Gallate Inhibits Ocular Neovascularization and Vascular
Permeability in Human Retinal Pigment Epithelial and Human Retinal Microvascular Endothelial Cells via Suppression of
MMP-9 and VEGF Activation. Molecules 2014, 19, 12150–12172. [CrossRef]
Ola, M.S.; Al-Dosari, D.; Alhomida, A.S. Role of Oxidative Stress in Diabetic Retinopathy and the Beneficial Effects of Flavonoids.
Curr. Pharm. Des. 2018, 24, 2180–2187. [CrossRef]
O’Donovan, M. A Critique of Methods to Measure Cytotoxicity in Mammalian Cell Genotoxicity Assays. Mutagenesis 2012, 27,
615–621. [CrossRef]
Araújo, R.S.; Silva, M.S.; Santos, D.F.; Silva, G.A. Dysregulation of Trophic Factors Contributes to Diabetic Retinopathy in the
Ins2Akita Mouse. Exp. Eye Res. 2020, 194, 108027. [CrossRef] [PubMed]
Cheung, N.; Mitchell, P.; Wong, T.Y. Diabetic Retinopathy. Lancet 2010, 376, 124–136. [CrossRef]
Fong, D.S.; Aiello, L.; Gardner, T.W.; King, G.L.; Blankenship, G.; Cavallerano, J.D.; Ferris, F.L.; Klein, R. Retinopathy in Diabetes.
Diabetes Care 2004, 27 (Suppl. 1), S84–S87. [CrossRef] [PubMed]
Calado, S.M.; Alves, L.S.; Simão, S.; Silva, G.A. GLUT1 Activity Contributes to the Impairment of PEDF Secretion by the RPE.
Mol. Vis. 2016, 22, 761–770.
Kern, T.S. Contributions of Inflammatory Processes to the Development of the Early Stages of Diabetic Retinopathy.
Exp. Diabetes Res. 2007, 2007, 95103. [CrossRef] [PubMed]
Madeira, M.H.; Boia, R.; Santos, P.F.; Ambrósio, A.F.; Santiago, A.R. Contribution of Microglia-Mediated Neuroinflammation to
Retinal Degenerative Diseases. Mediat. Inflamm. 2015, 2015, 673090. [CrossRef]
Chao, C.C.; Hu, S.; Molitor, T.W.; Shaskan, E.G.; Peterson, P.K. Activated Microglia Mediate Neuronal Cell Injury via a Nitric
Oxide Mechanism. J. Immunol. 1992, 149, 2736–2741.
Burguillos, M.A.; Deierborg, T.; Kavanagh, E.; Persson, A.; Hajji, N.; Garcia-Quintanilla, A.; Cano, J.; Brundin, P.; Englund, E.;
Venero, J.L.; et al. Caspase Signalling Controls Microglia Activation and Neurotoxicity. Nature 2011, 472, 319–324. [CrossRef]
Rivera, J.C.; Sitaras, N.; Noueihed, B.; Hamel, D.; Madaan, A.; Zhou, T.; Honoré, J.-C.; Quiniou, C.; Joyal, J.-S.; Hardy, P.; et al.
Microglia and Interleukin-1β in Ischemic Retinopathy Elicit Microvascular Degeneration through Neuronal Semaphorin-3A.
Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1881–1891. [CrossRef]
Barber, A.J.; Antonetti, D.A.; Kern, T.S.; Reiter, C.E.N.; Soans, R.S.; Krady, J.K.; Levison, S.W.; Gardner, T.W.; Bronson, S.K.
The Ins2Akita Mouse as a Model of Early Retinal Complications in Diabetes. Investig. Ophthalmol. Vis. Sci. 2005, 46,
2210–2218. [CrossRef]
Han, Z.; Guo, J.; Conley, S.M.; Naash, M.I. Retinal Angiogenesis in the Ins2Akita Mouse Model of Diabetic Retinopathy.
Investig. Ophthalmol. Vis. Sci. 2013, 54, 574–584. [CrossRef]
Nwanyanwu, K.H.; Talwar, N.; Gardner, T.W.; Wrobel, J.S.; Herman, W.H.; Stein, J.D. Predicting Development of Proliferative
Diabetic Retinopathy. Diabetes Care 2013, 36, 1562–1568. [CrossRef]
Lee, R.; Wong, T.Y.; Sabanayagam, C. Epidemiology of Diabetic Retinopathy, Diabetic Macular Edema and Related Vision Loss.
Eye Vis. Lond. Engl. 2015, 2, 17. [CrossRef] [PubMed]
Klaassen, I.; Van Noorden, C.J.F.; Schlingemann, R.O. Molecular Basis of the Inner Blood-Retinal Barrier and Its Breakdown in
Diabetic Macular Edema and Other Pathological Conditions. Prog. Retin. Eye Res. 2013, 34, 19–48. [CrossRef]
Giurdanella, G.; Lupo, G.; Gennuso, F.; Conti, F.; Furno, D.L.; Mannino, G.; Anfuso, C.D.; Drago, F.; Salomone, S.; Bucolo, C.
Activation of the VEGF-A/ERK/PLA2 Axis Mediates Early Retinal Endothelial Cell Damage Induced by High Glucose: New
Insight from an In Vitro Model of Diabetic Retinopathy. Int. J. Mol. Sci. 2020, 21, 7528. [CrossRef] [PubMed]
Simó, R.; Carrasco, E.; García-Ramírez, M.; Hernández, C. Angiogenic and Antiangiogenic Factors in Proliferative Diabetic
Retinopathy. Curr. Diabetes Rev. 2006, 2, 71–98. [CrossRef]
Spranger, J.; Osterhoff, M.; Reimann, M.; Mohlig, M.; Ristow, M.; Francis, M.K.; Cristofalo, V.; Hammes, H.-P.; Smith, G.;
Boulton, M.; et al. Loss of the Antiangiogenic Pigment Epithelium-Derived Factor in Patients with Angiogenic Eye Disease.
Diabetes 2001, 50, 2641–2645. [CrossRef]
Beulens, J.W.J.; Patel, A.; Vingerling, J.R.; Cruickshank, J.K.; Hughes, A.D.; Stanton, A.; Lu, J.; McG Thom, S.A.; Grobbee, D.E.;
on behalf of the AdRem* project team and ADVANCE management committee; et al. Effects of Blood Pressure Lowering
and Intensive Glucose Control on the Incidence and Progression of Retinopathy in Patients with Type 2 Diabetes Mellitus:
A Randomised Controlled Trial. Diabetologia 2009, 52, 2027–2036. [CrossRef] [PubMed]
Nathan, D.M.; for the DCCT/EDIC Research Group. The Diabetes Control and Complications Trial/Epidemiology of Diabetes
Interventions and Complications Study at 30 Years: Overview. Diabetes Care 2014, 37, 9–16. [CrossRef]
Gardlik, R.; Fusekova, I. Pharmacologic Therapy for Diabetic Retinopathy. Semin. Ophthalmol. 2015, 30, 252–263. [CrossRef]
EURODIAB ACE Study Group. Variation and Trends in Incidence of Childhood Diabetes in Europe. Lancet 2000, 355, 873–876.
Gillespie, K.M.; Bain, S.C.; Barnett, A.H.; Bingley, P.J.; Christie, M.R.; Gill, G.V.; Gale, E.A.M. The Rising Incidence of Childhood
Type 1 Diabetes and Reduced Contribution of High-Risk HLA Haplotypes. Lancet 2004, 364, 1699–1700. [CrossRef]
Jung, E.H.; Kim, S.R.; Hwang, I.K.; Ha, T.Y. Hypoglycemic Effects of a Phenolic Acid Fraction of Rice Bran and Ferulic Acid in
C57BL/KsJ-Db/Db Mice. J. Agric. Food Chem. 2007, 55, 9800–9804. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2021, 22, 11402

35.
36.
37.
38.

39.

40.

41.
42.

43.
44.
45.
46.
47.
48.
49.
50.
51.

22 of 22

Mishra, N.; Rizvi, S.I. Quercetin Modulates Na(+)/K(+) ATPase and Sodium Hydrogen Exchanger in Type 2 Diabetic Erythrocytes.
Cell. Mol. Biol. 2012, 58, 148–152. [PubMed]
Popescu, M.; Bogdan, C.; Pintea, A.; Rugină, D.; Ionescu, C. Antiangiogenic Cytokines as Potential New Therapeutic Targets for
Resveratrol in Diabetic Retinopathy. Drug Des. Dev. Ther. 2018, 12, 1985–1996. [CrossRef]
Rossino, M.G.; Casini, G. Nutraceuticals for the Treatment of Diabetic Retinopathy. Nutrients 2019, 11, 771. [CrossRef] [PubMed]
Liu, F.; Ma, Y.; Xu, Y. Taxifolin Shows Anticataractogenesis and Attenuates Diabetic Retinopathy in STZ-Diabetic Rats via
Suppression of Aldose Reductase, Oxidative Stress, and MAPK Signaling Pathway. Endocr. Metab. Immune Disord. Drug Targets
2020, 20, 599–608. [CrossRef]
Rodriguez-Mateos, A.; Feliciano, R.P.; Boeres, A.; Weber, T.; dos Santos, C.N.; Ventura, M.R.; Heiss, C. Cranberry (Poly)Phenol
Metabolites Correlate with Improvements in Vascular Function: A Double-Blind, Randomized, Controlled, Dose-Response,
Crossover Study. Mol. Nutr. Food Res. 2016, 60, 2130–2140. [CrossRef]
Rodriguez-Mateos, A.; Rendeiro, C.; Bergillos-Meca, T.; Tabatabaee, S.; George, T.W.; Heiss, C.; Spencer, J.P. Intake and Time
Dependence of Blueberry Flavonoid–Induced Improvements in Vascular Function: A Randomized, Controlled, Double-Blind,
Crossover Intervention Study with Mechanistic Insights into Biological Activity. Am. J. Clin. Nutr. 2013, 98, 1179–1191. [CrossRef]
Cao, Y.; Cao, R.; Bråkenhielm, E. Antiangiogenic Mechanisms of Diet-Derived Polyphenols. J. Nutr. Biochem. 2002, 13,
380–390. [CrossRef]
Garcia, G.; Nanni, S.; Figueira, I.; Ivanov, I.; McDougall, G.J.; Stewart, D.; Ferreira, R.B.; Pinto, P.; Silva, R.F.M.; Brites, D.; et al.
Bioaccessible (Poly)Phenol Metabolites from Raspberry Protect Neural Cells from Oxidative Stress and Attenuate Microglia
Activation. Food Chem. 2017, 215, 274–283. [CrossRef]
Rungger-Brändle, E.; Dosso, A.A.; Leuenberger, P.M. Glial Reactivity, an Early Feature of Diabetic Retinopathy. Investig. Ophthalmol.
Vis. Sci. 2000, 41, 1971–1980.
Zeng, H.; Green, W.R.; Tso, M.O.M. Microglial Activation in Human Diabetic Retinopathy. Arch. Ophthalmol. 2008, 126,
227–232. [CrossRef]
Gardner, T.W.; Antonetti, D.A.; Barber, A.J.; LaNoue, K.F.; Levison, S.W. Diabetic Retinopathy: More than Meets the Eye.
Surv. Ophthalmol. 2002, 47 (Suppl. 2), S253–S262. [CrossRef]
Davis, A.A.; Bernstein, P.S.; Bok, X.D.; Turner, J.; Nachtigal, M.; Hunt, R.C. Human Retinal Pigment Epithelial Cell Line That
Etains Epithelial Characteristics After Prolonged Culture. Investig. Ophthalmol. 1995, 36, 955–964.
Drugbank Online. Mannitol. Available online: https://go.drugbank.com/drugs/DB00742 (accessed on 28 November 2020).
Aprelikova, O.; Chandramouli, G.V.R.; Wood, M.; Vasselli, J.R.; Riss, J.; Maranchie, J.K.; Linehan, W.M.; Barrett, J.C. Regulation of
HIF prolyl hydroxylases by hypoxia-inducible factors. J. Cell. Biochem. 2004, 92, 491–501. [CrossRef]
Wu, D.; Yotnda, P. Induction and Testing of Hypoxia in Cell Culture. J. Vis. Exp. JoVE 2011, 54, e2899. [CrossRef]
Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]
Wei, H.; Xun, Z.; Granado, H.; Wu, A.; Handa, J.T. An Easy, Rapid Method to Isolate RPE Cell Protein from the Mouse Eye.
Exp. Eye Res. 2016, 145, 450–455. [CrossRef]

