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Abstract

In the Fenofibric Acid (FA) Intervention and Event Lowering in Diabetes (FIELD) study, FA, a
lipid-lowering drug, has been shown to significantly reduce macular edema in diabetic patients. In
the present study, we investigated whether FA reduces vascular permeability by inhibiting
cyclooxygenase-2 (COX-2), a critical mediator of inflammation, and reducing overexpression of
fibronectin (FN) and collagen 1V (Coll V), two basement membrane (BM) components
upregulated in diabetic retinopathy. Rat retinal endothelial cells (RRECs) were grown in normal
(N:5 mM glucose) or high (HG:30 mM glucose) medium with or without FA for 7 days. Total
protein isolated from these cells was assessed for FN, Coll 1V, COX-2, and zonula occludens-1
(Z20-1), a tight junction protein, using Western blot analysis. In addition, the distribution and
localization of ZO-1 was determined by immunofluorescence microscopy, and cell monolayer
permeability was studied by in vitro permeability (IVP) assay. RRECs grown in HG medium
showed significant increase in FN, Coll 1V, and COX-2 expression (179%, 144%, 139% of N
respectively), and a decrease in ZO-1 expression (48% of N) compared to those of N cells. Cells
grown in HG medium supplemented with FA significantly reduced FN, Coll IV, and COX-2
expression by 47%, 32%, and 34% respectively, with concomitant increase in ZO-1 expression by
42%. In parallel studies, VP assays showed a significant increase (139% of N) in cell monolayer
permeability in RRECs grown in HG medium, which was significantly reduced with FA
treatment. Additionally, immunostaining results indicated FA prevents HG-induced
downregulation of ZO-1. The findings indicate that the beneficial effect of FA in reducing excess
permeability is mediated, at least in part, by downregulating abnormal overexpression of BM
components and inflammatory factors and preventing compromised tight junctions associated with
diabetic retinopathy.
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1. Background

FA is a lipid lowering drug that has been shown to be effective in reducing the risk of
developing cardiovascular disease events (Keech et al., 2005). There is now consistent
evidence from two major trials, the FA Intervention and Event Lowering in Diabetes
(FIELD) study (Keech et al., 2007) and the Action to Control Cardiovascular Risk in
Diabetes Eye (ACCORD-Eye) study (Chew et al., 2010) that FA reduces the risk of
progression of diabetic retinopathy. In the FIELD study, which involved an average follow-
up of 5 years, FA reduced the frequency of first laser treatment for macular edema by 31%
and proliferative diabetic retinopathy by 30%. In addition, in the ACCORD-Eye study FA
treatment was associated with a 40% decrease in diabetic retinopathy progression over 4
years [3]. However, the mechanism by which FA prevents retinal vascular permeability in
diabetic retinopathy remains unclear.

Diabetic retinopathy is the leading cause of blindness in the working age population
(Cheung et al., 2010; Yau et al., 2012). Basement membrane (BM) thickening and increased
vascular permeability are two major retinal vascular changes associated with the early stages
in the pathogenesis of this disease (Cherian et al., 2009; Oshitari et al., 2006; Roy and
Lorenzi, 1996). Studies indicate that HG or hyperhexosemia results in overexpression of
BM components, which in turn, contributes to excess retinal vascular permeability (Oshitari
et al., 2006; Roy and Lorenzi, 1996). It has been shown that normalization of diabetes-
induced overexpression of BM components may lead to beneficial effects in preventing
excess permeability, the development of acellular capillaries, and pericyte loss in diabetic
retinopathy (Evans et al., 2000; Oshitari et al., 2006; Robison et al., 1998; Roy and Lorenzi,
1996). In addition, we have recently reported that downregulation of basement membrane
components by FA (FA), the active metabolite of FA, may have a protective effect against
the outer blood retinal barrier (BRB) leakage associated with diabetic retinopathy (Trudeau
etal., 2011). However, it is unknown whether this beneficial effect of FA may also occur at
the level of the inner BRB in the context of diabetic retinopathy.

FA has been shown to improve endothelial cell function in resistance arteries of aged rats by
enhancing anti-oxidant capacity of the vessel wall (Alvarez de Sotomayor et al., 2007),
improve GFR in the diabetic kidney by reducing nitrosative stress (Chen et al., 2004), and
prevent HG-induced apoptosis in human endothelial cells (Zanetti et al., 2008). Each of
these studies show FA imparts its beneficial effects, at least in part, by modulating
cyclooxygenase-2 (COX-2) levels. More recently, we have observed that FA reduces
overexpression of BM components in retinal pigment epithelial cells, and thereby reduces
cell monolayer permeability (Trudeau et al., 2011). However, the effect of FA on COX-2
production in microvascular retinal cells in the context of diabetic retinopathy is currently
unknown.
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In the present study we have investigated whether FA prevents retinal vascular breakdown
under conditions that mimic the diabetic milieu. Results from this study indicate that FA
may impart beneficial effects by ameliorating abnormal overexpression of vascular
basement membrane components and COX-2 expression. Findings from this study provide
mechanistic insight into FA’s beneficial effects in preventing breakdown of inner BRB
associated with diabetic retinopathy.

2. Materials and methods

2.1. Cell Culture — Rat Retinal Endothelial Cells

Rat retinal endothelial cells (RRECS) ascertained positive for von Willebrand factor were
grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS (Hyclon, Thermo
Scientific, Waltham, MA), antibiotics, and antimycotics. Second to fourth passage cells
were used in this study. All experiments were repeated at least four times. To examine the
effect of FA on retinal vascular BM components, FN and Coll 1V expression, and ZO-1 and
COX-2 expression, RRECs were grown in normal medium (5 mmol/l glucose) or HG
medium (30 mmol/l) for 7 days followed by exposure to 100 uM FA for the last 3 days of
the experiment. In parallel, RRECs were grown in HG medium for 7 days followed by
exposure to 100 pM FA and 1 uM MK886, a PPAR-a antagonist, for the last 3 days of the
experiment to investigate whether the effect of FA on these proteins is PPAR-a dependent.
The FA concentration used in this study was based on our previous work examining the
effect of different FA doses 25 or 100 uM (Trudeau et al., 2011). Total protein was isolated
and subjected to Western blot analysis as described in the next section. In parallel,
immunostaining for BM components and COX-2, and in vitro permeability assay were
performed. The cells were subjected to serum starvation (1% FBS) during the treatments. In
order to rule out a potential bias by an osmotic effect the experiment was also performed
using mannitol (5.5 mM D-glucose + 24.5 mM mannitol vs. 30 mM D-glucose) as an
osmotic control agent.

2.2. Western Blot

Western Blot analysis was performed to determine FN, Coll 1V, COX-2, and ZO-1 protein
expression. Protein was isolated from RRECs and bicinchoninic acid assay (Pierce
Chemical, Rockford, I1L) was used to determine total protein concentration. Western blots
were performed with 25ug protein/lane and after electrophoresis, the gels were transferred
onto PVDF membranes (Millipore, Billerica, MA) using a semi-dry apparatus according to
Towbin’s procedure (Towbin et al., 1979). The membranes were blocked with 5% nonfat
dry milk for 2 hours and then exposed to rat FN (Millipore, Billerica, MA; 1:1000), Coll IV
(Fitzgerald, Acton, MA; 1:2000), COX-2 (Cayman Chemical, San Diego, CA; 1:500), or
rabbit ZO-1 (Invitrogen, Carlsbad, CA; 1:500) antibody solution overnight at 4°C. Blots
were washed with TTBS and then incubated with rabbit anti-mouse 1gG secondary antibody
(Sigma, St. Louis, MO) solution (1:15,000) or rat anti-rabbit 1gG secondary antibody (Cell
Signaling, Danvers, MA) solution (1:3000) for 1 hour. The membranes were again washed
and exposed to Immun- Star Chemiluminescent Protein Detection System (Bio-Rad,
Hercules, CA) to detect protein signals on X-ray film. Protein loading in the gels was
confirmed by beta-actin antibody binding. Densitometric analysis of the protein signals was
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performed at non-saturating exposures and analyzed using the NIH ImageJ analysis
program.

2.3. In Vitro Permeability

The permeability of RREC monolayer was determined at 7 days in culture by measuring the
movement of fluorescein isothiocyanate (FITC) dextran (40 kDa) (Sigma; Saint Louis, MO)
from the upper chamber to the lower chamber. RRECs were plated on transwell inserts, and
the FITC-dextran was added to the upper chamber of the transwell apparatus at 100 pg/ml.
200 pl samples were collected from the lower chamber 1 hour after adding the FITC-
dextran. The medium in the lower chamber was replaced by fresh medium after the
collection of every sample. A minimum of four wells was used for each time point
measurement. Absorbance was measured at 485 nm of excitation and 528 nm of emission
using a microplate reader (SpectraMax Gemini; Molecular Devices, Sunnyvale, CA, USA).

2.4, Statistical analysis

3. Results

Data are presented as mean + standard deviation. Comparisons between groups were
performed using ANOVA followed by the Student’s t test, and p < 0.05 was considered
statistically significant.

3.1. Fenofibric Acid Abrogates Fibronectin and Collagen IV Overexpression Induced by HG

Condition

Western blot analysis showed significantly increased FN protein expression in RRECs
grown in HG medium when compared to those grown in normal medium (179 £ 23% of
normal, p < 0.001, n = 6). When RRECs grown in HG medium were treated with FA, a
significant reduction in FN protein level was observed compared to untreated RRECs grown
in HG medium (132 + 14% of normal vs. 179 + 23% of normal, p = 0.001, n = 6) (Figure
1A, 1B).

In parallel experiments, Western blot analysis showed significantly increased Coll 1V
protein expression in RRECs grown in HG medium compared to those grown in normal
medium (144 + 13% of normal, p < 0.001, n = 5). RRECs grown in HG medium treated with
FA showed significantly decreased Coll IV protein expression when compared to untreated
RRECSs grown in HG medium (112 + 11% of normal vs. 144 + 13% of normal, p = 0.003, n
=5) (Figure 2A, 2B).

3.2. Fenofibric Acid Downregulates COX-2 Synthesis in RRECs Under HG Condition

COX-2 protein expression was significantly upregulated in RRECs grown in HG medium
compared to those grown in normal medium (139 £ 9% of normal, p = 0.001, n = 3). When
RRECs grown in HG medium were treated with FA, a significant reduction in COX-2
protein level was observed compared to untreated RRECs grown in HG medium (107 + 18%
of normal vs. 139 * 9% of normal, p < 0.05, n = 3) (Figure 3A, 3B).
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3.3. Effect of Fenofibric Acid on ZO-1 Expression, Localization and Distribution in RRECs
Under HG Condition

Western blot analysis showed significantly decreased ZO-1 protein expression in RRECs
grown in HG medium when compared to those grown in normal medium (48 + 7% of
normal, p < 0.05, n = 4). When RRECs grown in HG medium were treated with FA, a
significant increase in ZO-1 protein level was observed compared to untreated RRECs
grown in HG medium (89 *+ 8% of normal vs. 48 + 7% of normal, p < 0.05, n = 4) (Figure
4A, 4B).

Z0O-1 immunostaining showed reduced intensity in areas of discontinuity reflective of
disruption of the cell monolayer induced by HG. RRECs grown in HG and treated with FA
prevented the disorganization of the tight junction and restored the integrity of the cell
monolayer (Figure 5).

3.4. Fenofibric Acid Reduces Retinal Endothelial Cell Monolayer Permeability Induced by
HG Condition

The effect of different conditions tested on the permeability of RREC monolayers is
displayed in Figure 6. HG alone significantly increases excess permeability (175 + 13% of
normal, p < 0.001, n = 8). Data related to osmotic control experiments using mannitol
indicate that the excess permeability, and the effect of HG is independent of hyperosmotic
effects (data not shown). When cells grown in HG medium were treated with FA, a
significant reduction in permeability was observed (139 + 13% of normal vs. 175 + 13% of
normal, p <0.001, n = 8).

3.5. The Effect of Fenofibric Acid on FN, Coll IV, ZO-1, and COX-2 Proteins Are PPAR-a
Independent

The role of PPAR-a inhibition on FA’s effect on FN, Coll 1V, ZO-1, and COX-2 protein
expression is displayed in Figure 7. When cells grown in HG medium were treated with FA
and with MK886, a PPAR-qa inhibitor, no significant changes in FN, Coll 1V, ZO-1, and
COX-2 protein levels were observed (p > 0.1, n = 4) compared to cells grown in HG
medium and treated with FA alone.

4. Discussion

While substantial clinical benefits with FA on diabetic retinopathy were observed in the
FIELD (Keech et al., 2007) and ACCORD-Eye studies (Chew et al., 2010), the underlying
therapeutic mechanisms are not yet clear. In this study, we investigated the effect of FA on
the inner BRB and how it may contribute to the maintenance of vascular integrity under HG
condition. Our findings indicate that FA treatment prevents increased retinal endothelial cell
monolayer permeability induced by the HG condition, and that this beneficial effect of FA is
associated with downregulation of HG-induced FN and Coll IV overexpression, and
possibly also through downregulation of COX-2 level. Our previous studies from in vitro
cell culture experiments and animal models of diabetes have shown that HG-induced excess
permeability in the diabetic retina is linked to extracellular matrix (ECM) overproduction
and basement membrane thickening of the retinal capillaries (Oshitari et al., 2006). Other
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studies have shown detrimental effects of ECM produced by endothelial cells on viability of
pericytes and impaired pericyte adhesion on these matrices under HG condition (Beltramo et
al., 2003; Beltramo et al., 2002). Our findings suggest that FA can prevent breakdown of
BRB permeability, at least in part, by reducing excess ECM protein synthesis. In addition,
we confirmed that preventing ECM upregulation facilitates the maintenance of tight junction
protein expression and their function, and that the discontinuity of the tight junction proteins
as observed in the ZO-1 immunostaining of RRECs in HG may be indicative of
compromised endothelial cell barrier permeability. Our current findings indicate that the
protective effect of FA on RREC’s barrier functionality is at least in part mediated by its
ability to prevent the accumulation of ECM components and the aberrant distribution of
tight junction proteins.

The mechanisms by which FA exerts its beneficial effects in diabetic retinopathy have been
intensively investigated in recent years and it is generally accepted that the non-lipidic
mechanisms are more important than those attributed to its effect on circulating lipids (Simo
etal., 2013). In fact, in the FIELD and ACCORD-Eye studies (Chew et al., 2010; Keech et
al., 2007) no relationship was observed between FA -induced changes in plasma lipids and
the incidence or progression of diabetic retinopathy. However, a possible involvement of the
lipid-modifying effects of FA on the development of diabetic retinopathy cannot be
completely discounted. It remains uncertain whether the effects of FA in modulating the
qualitative properties of lipoproteins (i.e., reducing remnants and sLDL) contribute to
observed benefits in diabetic retinopathy. In addition, the fact that in the present study we
provide evidence that the improvement of sealing function of the inner BRB induced by FA
is not PPAR-a mediated does not preclude that FA could have potential additive beneficial
effects due to its capacity in modulating the qualitative properties of lipoproteins. In this
regard, it has been recently reported that increased levels of circulating oxidized LDL
immune complexes (ox-LDL-IC) predict risk for severe non-proliferative diabetic
retinopathy and proliferative diabetic retinopathy (Simo et al., 2013).

In addition, it is well-known that FA upregulates apoAl production in the liver, and in a
recent report circulating apoAl was shown to be an independent protective factor for the
development of diabetic retinopathy (Simo et al., 2009). To ascertain whether the beneficial
effects of FA in the FIELD and ACCORD-Eye studies were related to elevation in apoAl or
to a reduction in oxidised LDL/ox-LDL-IC levels requires further investigation. Finally, it
should be noted that the mechanisms involved in regulating intraretinal lipid transport may
play a robust role than plasma lipid levels in the pathogenesis of diabetic retinopathy (Simo
and Hernandez, 2007). ApoAl is expressed in the human retina and is a key factor involved
in the intraretinal reverse transport of lipids, thus preventing lipid deposition and lipotoxicity
(Simo et al., 2009). Therefore, it could be envisaged that FA -induced apoA1l production in
the retina could be an additional beneficial effect of FA in diabetic retinopathy. However,
specific studies to test this hypothesis are needed. Nevertheless, there is robust evidence that
the effects of FA on diabetic retinopathy are mainly mediated by non-lipidic mechanisms
which include: 1) endothelial function improvement and anti-apoptotic activity (Kim et al.,
2007; Zanetti et al., 2008); 2) preventive effects on BRB breakdown (Chen et al., 2013;
Villarroel et al., 2011); 3) antiangiogenic activity (Chen et al., 2013) and 4) antioxidant and
anti-inflammatory effects (Simo et al., 2013). In the present study we provide evidence that
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the reduction of permeability of the inner BRB is associated with the downregulation of
ECM components induced by FA in the retinal microvascular cells. A similar mechanism by
which FA prevented outer BRB breakdown was previously observed in RPE cells (Trudeau
etal., 2011). These findings support and extend a previous report by Mysiorek et al
(Mysiorek et al., 2009) demonstrating that FA protects brain capillary endothelial cells from
oxygen-glucose deprivation-induced hyperpermeability in the blood-brain barrier of mice,
and the recent study by Chen et al (Chen et al., 2013) who showed that both oral and
intravitreal administration of FA ameliorated retinal vascular leakage in murine models.

Our finding that COX-2 is downregulated by FA deserves further comments. COX-2, which
is regulated at least in part by NF-kp, has been intensely studied for many years as
inflammatory mediator of DR (Kern, 2007). In this regard, it has been recently reported that
fenofibrate prevents the disruption of the outer BRB through downregulation of NF-kj3
activity (Garcia-Ramirez et al., 2015). Given that inflammation plays an essential role in the
pathogenesis of the blood-retinal barrier disruption (Joussen et al., 2001; Kern, 2007; Tang
and Kern, 2011), the downregulation of COX-2 can be included in the mechanisms by
which FA exerts beneficial effects in reducing the excess permeability associated with DR.
In addition, COX-2 and COX-2-induced prostaglandin E2 (PGE2) regulate the expression of
VEGF in experimental models of DR (Ayalasomayajula et al., 2004; Li et al., 2014). Since
VEGEF is a potent factor involved in the induction of retinal permeability (Simo et al., 2014)
it is reasonable to postulate that FA reduces VEGF expression through the inhibition of
COX-2/PGE2. Therefore, this could be one of the mechanisms accounting for the beneficial
effects of FA in preventing vascular leakage. Additionally, we have shown that HG-induced
FN and Coll IV upregulation decreases expression of connexin 43 (Cx43), a gap junction
protein (Moon et al., 2011). We have recently shown that decreased Cx43 reduces ZO-1 and
occludin expression in retinal endothelial cells, which contributes to increased cell
monolayer permeability (Tien et al., 2013). Taken together, these findings suggest increased
levels of ECM components and COX-2 may disrupt tight junctional integrity, leading to
breakdown of the inner BRB.

However, further studies are necessary to elucidate the mechanism by which FA protects the
integrity of the inner BRB. The precise mechanism by which FA regulates the ECM
components also remains to be elucidated. Previous studies demonstrated that FA reduced
ECM accumulation in the renal cortex of streptozotocin-induced diabetic rats (Chen et al.,
2006) and in the kidney of spontaneously hypertensive rats by inhibiting oxidative stress and
MAPK activity (Hou et al., 2010). In a model of diabetic nephropathy, there is evidence
suggesting that FA attenuates HG-induced upregulation of Coll 1V by reducing
phosphorylation and activation of ERK %2 and PI3K/Akt signaling pathways (Zeng et al.,
2013). Additionally, a study using a model of hypertension has found that FA significantly
reduced collagen production in the myocardium, which may be due to FA-induced reduction
in the formation of activator protein-1 involved in increased production of collagen (Li et
al., 2009). Furthermore, we previously reported that FA was able to prevent the
overexpression of FN and Coll 1V in human retinal pigment epithelial cells induced by I1L-1p
in the presence of HG (Trudeau et al., 2011). In the present study, we provide evidence that
these beneficial effects of FA also occurs in endothelial cells but without the presence of
IL-1f. In addition, these effects were maintained when PPAR-a receptor was inhibited.
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Therefore, other PPAR-a independent mechanisms unrelated to anti-inflammatory action
remain to be investigated.

The present study complements our previous study showing beneficial effect of FA on the
outer BRB (Trudeau et al.). Taken together, findings from the current study on FA’s
beneficial effect on the inner BRB and those from the previous study clearly show that at
least one of the mechanisms by which FA imparts its beneficial effect is by preventing the
abnormally high ECM production induced by diabetes. In this context, FA’s anti-
inflammatory effect may even be facilitated by the reduced ECM production as RAGE-
mediated inflammatory cascades may be compromised (Goldin et al., 2006; Zong et al.,
2011). Overall, these findings contribute to a better understanding of the mode of action of
FA and shed light on its significant clinical translational value as it could be useful for direct
application and treatment of diabetic retinopathy, in particular DME.
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Highlights
e Mechanistic insight into fenofibric acid’s beneficial effect in DR

»  Fenofibric acid prevents high glucose-induced ECM overexpression in
endothelial cells.

«  Fenofibric acid reduces retinal inflammation associated with DR.
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Figure 1. Effect of FA on FN Protein Level

(1A) Representative WB image shows FA significantly reduces HG-induced FN
overexpression. (1B) Graphical representations of cumulative WB data. FN protein level
was significantly increased in RRECs grown in HG medium compared to those grown in N
medium. When treated with FA, cells grown in HG medium showed a significant reduction
in FN expression (* = N vs. HG, p < 0.05; ** = HG vs. HG + FA, p < 0.05).
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Figure 2. Effect of FA on Coll IV Protein Level
(2A) Representative WB image shows FA significantly reduces HG-induced Coll IV

overexpression in RRECs compared to those grown in N medium. (2B) Graphical
representations of cumulative WB data. Coll IV protein level was significantly increased in
RRECs grown in HG medium compared to those grown in N medium. When treated with
FA, cells grown in HG medium showed a significant reduction in Coll 1V expression (* = N
vs. HG, p < 0.05; ** = HG vs. HG + FA, p < 0.05).
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Figure 3. Effect of FA on COX-2 Protein Level

20
(3A) Representative WB image shows FA significantly reduces HG-induced COX-2
overexpression. (3B) Graphical representations of WB data. Coll IV protein level was
significantly increased in RRECs grown in HG medium compared to those grown in N
medium. When treated with FA, cells grown in HG medium showed a significant reduction
in COX-2 (* =N vs. HG, p < 0.05; ** = HG vs. HG + FA, p < 0.05).
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Figure 4. Effect of FA on ZO-1 Protein Level
(4A) Representative WB image shows FA significantly increases ZO-1 expression. (4B)

Graphical representation of ZO-1 WB data. ZO-1 protein levels were significantly decreased
in RRECs grown in HG medium compared to those grown in N medium. When treated with
FA, cells grown in HG medium showed a significant increase in ZO-1 expression compared
to untreated HG cells (** = N vs. HG, HG vs. HG + FA, p < 0.01).
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N

Figure 5. Effect of FA on ZO-1 Immunostaining
Representative images of ZO-1 localization shows reduced fluorescence intensity and areas

of discontinuity (arrow) of ZO-1 immunostaining in RRECs grown in HG condition as
compared to those grown in N medium. When treated with FA, cells grown in HG medium
showed near normalization of ZO-1 immunostaining. Scale bar: 10 um.
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Figure 6. Effect of FA on In Vitro Permeability
Graphical representation of cumulative data from in vitro permeability assay. RRECs grown

in HG medium showed significantly increased cell monolayer permeability compared to
those grown in N medium. When treated with FA, cells grown in HG medium showed a
significant reduction in cell monolayer permeability compared to untreated HG cell
monolayer (* = N vs. HG, p < 0.05; ** = HG vs. HG + FA, p < 0.01).
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Figure 7. Effect of FA on FN, Coll 1V, ZO-1, and COX-2 Protein Levels with Inhibition of
PPAR-a activity

(7A) Representative WB image shows there is no significant difference in protein levels of
FN, Coll 1V, ZO-1, and COX-2 between cells grown in HG treated with FA alone (HG+FA)
and cells grown in HG and treated with FA with MK886 (HG+FA+MK®886). (7B) Graphical
representation of cumulative WB data. Protein levels of FN, Coll 1V, ZO-1, and COX-2 are
not significantly altered when FA is treated with a PPAR-a inhibitor, demonstrating that the

Exp Eye Res. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Roy et al.

Page 19

effects of FA on these proteins are PPAR-a independent in RRECs (HG+FA vs. HG+FA
+MK886, p > 0.10).

Exp Eye Res. Author manuscript; available in PMC 2016 November 01.



