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Diabetic retinopathy (DR) is a significant cause of vision loss and a research subject that is
constantly being explored for new mechanisms of damage and potential therapeutic
options. There are many mechanisms and pathways that provide numerous options for
therapeutic interventions to halt disease progression. The purpose of the present literature
review is to explore both basic science research and clinical research for proposed
mechanisms of damage in diabetic retinopathy to understand the role of triglyceride and
cholesterol dysmetabolism in DR progression. This review delineates mechanisms of
damage secondary to triglyceride and cholesterol dysmetabolism vs. mechanisms
secondary to diabetes to add clarity to the pathogenesis behind each proposed
mechanism. We then analyze mechanisms utilized by both triglyceride and cholesterol
dysmetabolism and diabetes to elucidate the synergistic, additive, and common
mechanisms of damage in diabetic retinopathy. Gathering this research adds clarity to
the role dyslipidemia has in DR and an evaluation of the current peer-reviewed basic
science and clinical evidence provides a basis to discern new potential
therapeutic targets.

Keywords: diabetic macular edema, diabetes mellitus, hypertriglyceridemia, lipoprotein, oxidative stress, reactive
oxygen species, retina

INTRODUCTION

Diabetic retinopathy (DR) is a significant complication of diabetes mellitus (DM) characterized by
ischemic microvascular disease of the retina and retinal neurodegeneration, ultimately leading to vision
loss (1). Damage from DR begins as non-proliferative diabetic retinopathy (NPDR) and progresses to
proliferative diabetic retinopathy (PDR). NPDR is characterized by changes in the retinal vasculature,
such as increased permeability and capillary occlusion (1). Ischemia resulting from this abnormal
vasculature predisposes patients to the development of angiogenesis—the hallmark of PDR (1, 2).
Bleeding from the dysregulated vasculature can result in progression to diabetic macular edema (DME)
(2). DME represents the main cause for vision loss in patients with DR (3). The prevalence rate of DME
asa complication of DR increases with disease duration: 12% at 5-10 years after diagnosis and up to 63%
after >30 years (4). It becomes imperative to further elucidate its pathophysiology, as the estimated
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number of people with diabetes was 422 million in 2014, with its
prevalence steadily rising (1). Recent models from 2019 suggest that
prevalence will increase to 578 million by 2030 and 700 million by
2050 (5). The fact that DR is a significant cause of preventable
blindness worldwide (1), combined with the rapidly increasing
prevalence of DM (4), demonstrates the current magnitude of this
disease and the urgent clinical need for more effective therapies (2).
Both metabolic syndrome and dyslipidemia have been associated
with retinopathy and potentiation of DR. Examining their role and
the synergistic/additive pathways between dyslipidemia and DR
may prove useful in the search for novel DR therapies (1, 6, 7).

In order to determine how lipids impact retinal health in the
context of DM, shared and distinct mechanisms underlying
dyslipidemia and diabetes need to be considered (Figure 1). In
evaluating shared mechanisms of damage between these two disease
states, topics such as ROS generation, lipid peroxidation, and
cellular apoptosis will receive special attention due to their
deleterious effects.

Systemic therapy for glycemic control reduces the risk for
developing DR and attenuates the disease progression. However,
the utility of therapeutic control of abnormal lipid metabolism in
DR therapy has yet to be determined (3). Dyslipidemias such as
hypercholesterolemia and hypertriglyceridemia are common
comorbidities of type 2 diabetes, and significantly increase the
risk for microvascular complications of type 1 diabetes (8). While
basic science literature describes pathways/mechanisms utilized by
both hypertriglyceridemia and hypercholesterolemia, there is
insufficient research on the pathogenic mechanisms of
hypercholesterolemia in the absence of hypertriglyceridemia
(Figure 1). Expanding this research could help create an
understanding of pathways that play a significant role in
progression of DR that do not currently have therapeutic targets.
The focus of our review is to investigate these metabolic pathways
and pleiotropic mechanisms to determine how both dyslipidemia
and lipid-lowering therapy interact synergistically with diabetes (9).
Specifically, examining the deleterious effects of dyslipidemia on the
retina, hyperlipidemia has been shown to have adverse effects on
health, and its role in retinal damage is also well established. This
review will evaluate deleterious signaling pathways of dyslipidemia
and DM identified through both basic science and clinical research
in order to explore findings that could ultimately lead to the
identification of novel drug targets and therapies.

EFFECTS OF DYSLIPIDEMIA AND
HYPERCHOLESTEROLEMIA ON THE
ACTIVITY OF RETINAL NEURONS IN THE
ABSENCE OF DIABETES

Preclinical Studies Providing Mechanistic
and Pharmacological Evidence for
Signaling Pathways Altered by Dyslipidemia
Controlling the Activity of the Neural Retina
The pathways/mechanisms selected for discussion in this section
are the best studied mechanisms for dyslipidemic retinal damage.

Studies were selected for their evaluation of retinal damage from
dyslipidemia/hypercholesterolemia with exclusion of
confounding variables such as hyperglycemia. Specific
pathways/mechanisms are emphasized if they are directly
involved in the pathogenesis of DR and demonstrate potential
as targets for pharmaceutical advancement (Figure 1).

Studies Identifying Amyloid-Beta Accumulation
Secondary to High Cholesterol Diet

In rabbit models of dyslipidemia and metabolic syndrome, a high
cholesterol diet increases amyloid-beta (AB) levels in retinal
photoreceptors, inner and outer neural layers, and ganglion
cell layers (9). The proposed mechanism for this damage is a
compromised blood-retina-barrier (BRB). Damage to the BRB
results in the leakage of plasma contents and AP} accumulation
(10). Hypoxia secondary to excess AP induces structural changes
in retinal ganglion cells (11). These structural changes precipitate
loss of functionality and apoptosis of ganglion cells.

Numerous studies have described the neurotoxic effects of A}
peptide accumulation (12). In vitro models using RPE cell lines
demonstrated cholesterol dysmetabolism-induced AP peptide
accumulation (13). Decreased activity of neprilysin (NEP) and
o-secretase represents an additional mechanism contributing to
A accumulation (13). Elevated levels of AP peptide in the retina
ultimately results in increased production of ROS and a decrease
in peroxidase activity (9). Elevated levels of ROS produce
deleterious effects for retinal ganglion cells (9, 10). Additional
studies have confirmed this model by pharmacologically
blocking the effects of AB peptide (14). These pharmacological
interventions demonstrated a protective role for RGCs (14).

Elevated Blood Levels of 7-Ketocholesterol in
Diabetic Patients Inducing Inflammation
Hypercholesterolemia produces a number of oxidized
byproducts that result in retinal damage. Notably, 7-
ketocholesterol (7-KCh), a product formed from the oxidation
of cholesterol. 7-KCh blood levels are elevated in diabetic
patients (15). However, unlike AB peptide accumulation,
elevated levels of 7-KCh have not been linked to a high
cholesterol diet (15). 7-KCh activates multiple inflammatory
pathways—including p38, MAP/ERK, and AKT-PKC{-NFxB
(16). Activation of the MAP/ERK pathway leads to increased
oxidative stress and inflammation in retinal cells (17). 7-KCh
accumulation is predominantly located in the retinal pigmented
epithelium, where it can induce apoptosis secondary to the MAP/
ERK signaling pathway (16). Additionally, 7-KCh induction of
the NFxB pathway facilitates the expression of a number of
cytokines that result in an inflammatory response (18). Notably,
a primary mechanism of simvastatin’s protective role retinal
ganglion cells has been attributed to the attenuation of the NFxB
pathway (18).

Hypercholesterolemia Impairing Retinal Function via
Inducible Nitric Oxide Synthase Pathway

In rabbit models, hypercholesteremia impairs retinal function by
diminishing retinal ganglion cell density and decreasing
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AB accumulation resulting in damage to BRB

Dyslipidemiaaccelerates
mitochondrial damage from DR

7-KCh-induced inflammation and apoptosis
Dyslipidemia-induced pericyte
toxicity accelerating DR damage

Accelerated microvascular damage
in dyslipidemic patients with DR

Increased iNOS activity secondary to
dyslipidemia-induced calcium influx

High HDL levels are protective
against DR damage

Common signaling pathways utilized
by both dyslipidemiaand DR to
cause damage: AMPK, PPAR protein
family signaling, FGF, inflammatory
markers (CRP, TNF-a, leukotriene
and prostaglandin pathways)

Vascular damage from accumulation of lipid
particles

Dyslipidemia-induced TRPV4 dysregulation
resulting in glial cell damage

Diabetes

Accumulation of advanced lipoxidation end
products

Oxidative stress leading to the production of
free radicals and ROS

Activation of the polyol pathway leading to
increased osmotic stress in the retina

Hyperglycemia leading to increased apoptosis of

retinal capillary endothelial cells secondary to

oxidative stress, advanced glycation, glutamate

toxicity and lipid peroxidation.

Diabetic Retinopathy

FIGURE 1 | Shared and distinct mechanisms underlying dyslipidemia and diabetes contributing to the pathogenesis of diabetic retinopathy.
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thickness of the photoreceptor layer and inner nuclear layer (19).
Destruction of these layers is correlated with an increase of
inducible nitric oxide synthase (iNOS) activity (19). Increased
iNOS activity results in increased oxidative damage to retinal
ganglion cells. The increase iNOS activity is mediated through
calcium-mediated pathways (19). Dyslipidemia plays a crucial
role in stimulating this iNOS-mediated damage by increasing the
intracellular calcium concentration (20). Calretinin levels, a
marker for intracellular calcium levels, are elevated in the
retinal neurons of animal models of dyslipidemia (20).

To further expound on the participation of lipids, we will
discuss nitric oxide (NO), and the three distinct isoforms of NO
synthase responsible for its synthesis: iNOS, neuronal nitric
oxide synthase (nNOS), and endothelial nitric oxide synthase
(eNOS). These enzymes play a critical role in endothelial
dysfunction in the context of DR development and
progression. It is well-established that elevated lipid levels
cause endothelial dysfunction due to a marked reduction in the
bioavailability of NO. Microvascular complications in DR can be
detected histologically as microvascular basement membrane
thickening, closures and rarefaction of capillaries, and
diagnosed clinically by impaired endothelial function and
eNOS uncoupling (21). Endothelial dysfunction, eNOS
uncoupling, and apoptosis occur in the metabolic syndrome
and type 2 DM result in microvascular damage (21).
Microvascular beds located in the eyes become leaky and
develop inflammation, vasoconstriction, and an overall pro-
thrombotic milieu (21). In regard to hypercholesterolemia and
endothelial dysfunction, markedly elevated lipids inactivate
dimethylarginine dimethylaminohydrolase (DDAH). This
enzyme is responsible for the metabolism of asymmetric
dimethylarginine (ADMA). Continued accumulation of
ADMA inhibits eNOS, which significantly limits the
availability of NO to vascular endothelial cells in the eye (22,
23). This subsequently initiates endothelial dysfunction (22, 23).
This cascade of events is one of many mechanisms underlying
the development of endothelial dysfunction in DR. This
endothelial-damage results in the breakdown of the BRB and,
consequently, the exudation of serum lipids and lipoproteins
(24). Interestingly, it has been estimated that 20% of retinal
vascular occlusion is connected to hyperlipidemia, primarily as a
result of the process described above (25).

Studies Examining Vascular Damage From
Dyslipidemia

To date, the results from epidemiological studies focused on lipid
profiles and DR are inconsistent. While some studies have
determined a relationship between elevated levels of total
cholesterol and LDL-cholesterol and the development and
progression of DR, other studies were unable confirm these
findings (26). Thus, the pathophysiologic model for the role of
lipids in DR is commonly assumed to mirror the pathophysiology of
atherosclerosis (26). This current model places greater emphasis on
disruption of the BRB and extravasation of lipid particles in the
retina, rather than attempting to simply correlate total plasma lipid
and lipoprotein levels to the development of DR (26). Modified lipid

particles are toxic to all retinal cell types, including endothelial cells
of capillaries in the BRB. The transient disruption of the BRB
ultimately leads to irreversible chronic damage. Therefore, the
current consensus is that weakening of the BRB and subsequent
local lipoprotein-mediated damage is more important than
derangements in the overall serum lipid profile in predicting the
development of DR (26).

A study from Montgomery et al. examined the retinal
function of mice following the chemical induction of sustained
dyslipidemia (27). Isolated dyslipidemia and its associated
increase in lipid oxidation and oxidative stress led to a decline
of retinal function and severely reduced b/a-wave ratios (27). The
potential mechanisms for this damage include microvascular
damage, disruption of neurovascular coupling, decreased apoA1l
HDL and Muller cell dysfunction (27). While this retinal
dysfunction did not alter the visual acuity, this study suggests
that the oxidative stress from hyperlipidemia may create
conditions in the retina that amplify damage from diabetes.
This finding is commonly linked to retinal vascular obstruction.

Studies Evaluating TRPV4 Signaling Pathway as a
Source of Retinal Damage

TRPV4, a nonselective cation channel that responds to cell
swelling has been implicated as a potential source for retinal
damage in dyslipidemia states. In vivo studies using mice retinal
tissue suggest TRPV4 is a sensor of both physical and chemical
stimuli and helps regulate the permeability of the inner retinal
endothelial barrier (28, 29). An in vivo study of mice models by
Lakk in 2017 demonstrates that dyslipidemia causes
dysregulation of these TRPV4 channels and subsequent glial
cell damage (29). A study using pig retinal models found that
RN-1734, a specific TPRV4 inhibitor, significantly increased the
ganglion cell survival, preserved retinal laminar architecture and
attenuated the gliotic response (30). This study also showed that
use of TRPV4 agonist resulted in extensive degenerative damage
and retinal remodeling. Furthermore, in vitro models have
demonstrated that TRPV1 and TRPV4 channel inhibition led
to suppression of retinal angiogenesis (31). These results suggest
an opportunity for therapeutic intervention in vaso-proliferative
retinal disorders such as DR.

Clinical Studies Providing Evidence for
Dyslipidemia Pathophysiology Impairing
Retina and Visual Function
Recent clinical studies of dyslipidemia resulting in impaired retinal
function assist in understanding the clinical significance of the
aforementioned pathways. While basic science evidence clarifies the
molecular pathways of damage utilized by dyslipidemia, the clinical
studies confirm these results and provide a basis for discussion of
therapeutic interventions. Recent clinical studies justify expansion
of research for new therapeutic targets for DR focused on
hypercholesterolemia/dyslipidemia. Currently, the majority of
clinical studies and therapeutic targets are focused on the
attenuation of hyperglycemia.

Individuals with metabolic syndrome are significantly more
likely to develop retinopathy (32). These findings were
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significant even in the absence of diabetes, indicating the
involvement of other factors, most notably, dyslipidemia (32)
and insulin resistance (33). Studies have also demonstrated
components of metabolic syndrome such as increased waist
circumference, higher blood pressure and low HDL to be
independently associated with decreased retinal arterial caliber
(34). A recent population study based in China found metabolic
syndrome to be an independent risk factor for development of
retinopathy in the absence of diabetes (35) (Table 1).

Interestingly, dyslipidemia has been identified as an
independent risk for a number of different retinal diseases.
Premature infants frequently require total parenteral nutrition
that often includes lipid emulsions. These lipid emulsions create
a state of hypertriglyceridemia in these patients (36). In multiple
studies, infants that develop hypertriglyceridemia demonstrated
an increased rate of retinopathy of prematurity (36, 37). The
proposed mechanism for this damage is that the dyslipidemic
state induces metabolic dysregulation in the developing
vasculature of the neural retina (37) (Table 1).

EFFECTS OF DIABETES ON THE ACTIVITY
OF RETINAL NEURONS IN THE ABSENCE
OF DYSLIPIDEMIA

Preclinical Studies Providing Mechanistic
and Pharmacological Evidence for
Signaling Pathways Altered by Diabetes
Controlling the Activity of the Neural
Retina

As above, it is beneficial to explore the impact that diabetes and
hyperglycemia have on retinal neurons in the absence of
concurrent dyslipidemia. It is well established that the state of
hyperglycemia contributes to increased oxidative stress in the
diabetic retina. In addition, retinal ischemia exacerbates
oxidative damage and mediates the secretion of proangiogenic
factors that cause further progression of the disease. In the
present section, we will explore these mechanisms to highlight
elements of DR pathogenesis induced by diabetes alone in order
to provide a framework to discuss the additive versus synergistic
effects of diabetes and dyslipidemia in Section Signaling Pathways
and Disease Causing Mechanisms of Both Dyslipidemia and
Diabetes Contributing to DR Pathogenesis (Figure 1).

Oxidative Stress From Diabetes Resulting in
Generation of Advanced Lipoxidation End Products
One way oxidative stress causes damage to cells is by the free
radical mediated degradation of macromolecules, some examples
of which include cellular components like membrane lipids and
apolipoproteins such as LDL, VLDL, among others (64). When
free radicals and ROS trigger these peroxidation cascades, the
end result is the generation of advanced lipoxidation end
products (ALEs). ALEs are the adducts that accumulate as a
result of the non-enzymatic chemical reactions that occur in
cellular constituents subjected to oxidative stress (64). This

TABLE 1 | Summary of clinical findings.

1.2. Clinical studies providing evidence for
dyslipidemia pathophysiology impairing retina and

visual function

RETROSPECTIVE:

Metabolic syndrome, insulin resistance without (32-35)
diabetes — increased risk of retinopathy
Hypertriglyceridemia in infants — increased (36, 37)
risk of ROP

2.2 Clinical studies providing evidence for diabetes
pathophysiology impairing retina and visual function

RETROSPECTIVE:

PROSPECTIVE:

Increased levels of oxidative stress in the retina (82, 38)
secondary to hyperglycemia in diabetic patients

Individuals with higher levels of aldose (89-41)
reductase have enhanced conversion of

glucose to sorbitol, which led to an increased

risk of DR development.

Hyperglycemia increases apoptosis of retinal (42)
capillary endothelial cells secondary to

oxidative stress, advanced glycation,

glutamate toxicity and lipid peroxidation.

3.2 Clinical studies providing evidence for diabetes
and dyslipidemia/hypertriglyceridemia/
hypercholesterolemia pathophysiologies impairing
retina and visual function synergistically or additively

RETROSPECTIVE:

PROSPECTIVE:

Diabetic patients with dyslipidemia had a (7,14)
significantly increased incidence of

retinopathy when compared to diabetic

patients without dyslipidemia.

A U.S. population-based study demonstrates

elevated HDL to be protective against early
microvascular changes and damage in

diabetic patients.

Diabetic patients with DR exhibited greater (43-45)
levels of apo-A1 in their vitreous humor when
compared to nondiabetic control subjects.

In diabetic patients without DR, dyslipidemia (46)

is a predictive factor for the eventual

development of retinopathy.

Apo-A1 was found to be associated with (26, 47-49)
signs of endothelial dysfunction.
Diabetic patients with dyslipidemia are at (50)

significantly higher risk for early retinal
microvascular damage compared to diabetic
patients without dyslipidemia.

4.2 Clinical studies providing evidence for shared
pathophysiologies in both dyslipidemia and
diabetes contributing to the pathogenesis of DR

RETROSPECTIVE:

PROSPECTIVE:

A marker of lipid peroxidation, serum (51)
malondialdehyde, was highest in poorly

controlled diabetic patients, who had

concurrent dyslipidemia.

In diabetic patients with dyslipidemia, pro- (51)
inflammatory cytokines such as TNF-o. and

interleukins are progressively elevated as

diabetes or dyslipidemia worsens.

Omega-3 fatty acids decreased oxidative stress  (52-54)
in patients with diabetes and dyslipidemia alike,

suggesting an overlapping pathophysiology

between these independent disease states.

Several studies have suggested that statins (55-63)
may play a protective role in decreasing

oxidative stress and potentially protecting

against progression of DR.
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process results in the disruption of intracellular signaling, the
lipoxidative damage of DNA, and the compromise of structural
integrity at the level of the plasma membrane and intracellular
proteins (64). This deleterious phenomenon affects cells all
throughout the body, and the retina is no different (65).

In fact, studies in rat models suggest that the state of diabetes
decreases the synthesis of aldehyde dehydrogenase, an enzyme that
detoxifies ALEs in order to protect the retina from above
mechanisms that aggravate DR, such as the disruption of cellular
responses and damage to intracellular proteins (65). This is
corroborated by a study conducted by Zou et al. that reports a
correlation between exposure to oxidized and glycated LDL and
retinal cell apoptosis (66). This phenomenon is seen both in human
and diabetes-induced rat models. More specifically, diabetes
seemed to increase levels of oxidized and glycated LDLs in the
retina of the animals even in the absence of comorbid dyslipidemia
(66). This further suggests that ALEs such as oxidized LDL may
accumulate in the retina in a state of isolated hyperglycemia without
necessitating a high blood lipid burden in order for deleterious
apolipoproteins to cause damage to retinal neurons.

Studies Identifying the Protective Role of
Nicotinamide Adenine Dinucleotide Phosphate
Oxidase

Furthermore, retinal ischemia is critically involved in the
pathophysiology of DR due to the oxidative stress that
reperfusion injury inflicts on cells. Ischemia and reperfusion
results in the creation of free radicals and ROS, including
superoxide as a noteworthy example. The superoxide anion is
particularly notable because it is a precursor to many other ROS
and is produced by the enzyme nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NOX). For this reason, one might
hypothesize that decreased levels of NOX should decrease the
burden of oxidative stress in any cell in the body. A study tested
this hypothesis on retinal neurons in mice with deletion of the
NOX2 gene, which encodes a catalytic subunit of the active enzyme
(67). The knockout mice with hypo-functioning NOX
demonstrated reduced oxidative burden from free radical species,
along with protection from neuronal death in the ganglion cell layer,
when inflicted with ischemia and reperfusion in order to mimic the
state of DR (67). As opposed to the NOX2 knockout mice, retinas
from the wild type mice in the above study experienced markedly
increased cell death apoptosis due to elevated levels of ROS and
increased apoptosis signaling through phosphorylation of ERK and
NFxB and subsequently allowing programmed cell death to
transpire (67).

Studies Evaluating the Deleterious Role of the Polyol
Pathway in DR Progression

The polyol pathway is pathway that results in excess glucose getting
converted to sorbitol in retinal capillaries (39). This pathway
mediated by aldose reductase leads to increased osmotic stress
and damage to the retina and plays a crucial role in the development
of retinopathy (36). This pathway has been studied both in vivo and
in vitro (40, 68). An in vitro study found that AR inhibition led to
decreased inflammatory markers, decreased AGE formation and

decreased VEGF production (40). An in vivo study involving AR-
transgenic mice found that AR blockade prevented retinal microglia
(RMG) migration into nuclear layers of the retina. This decreased
influx of inflammatory cells suggests a potential pharmaceutical
target for preventing ocular inflammation in DR (68).

Clinical Studies Providing Evidence for
Diabetes Pathophysiology Impairing

Retina and Visual Function

The adverse effects of diabetes on the activity of retinal neurons is
well documented not only in the basic science experiments, but
also clinical studies. While there are numerous studies examining
the progression of diabetic retinopathy in patients, this section
will examine those that found pathologic changes in retinal
function of patients affected by diabetes without concurrent
dyslipidemia. This provides a deeper understanding of the
clinical implications of diabetic retinal damage prior to
comparison to patients whose retinopathy is compounded with
dyslipidemia (Table 1).

Studies Demonstrating the Clinical Significance of
Oxidative Stress in DR Patients

The basic science literature regarding the oxidative stress that
diabetes produces in the retina is corroborated with clinical
research of patients. Diabetic patients have an increased level of
oxidative stress placed on the retina. This level of oxidative stress is
documented in patients with normal lipid levels and has also been
correlated to the severity of disease (38). These conclusions are
drawn by findings of elevated levels of markers for oxidative stress
such as malondialdehyde (MDA) and conjugated dienes (CD) upon
sampling of vitreous humor from diabetic patients (38). A study
using similar markers of oxidative stress found increased levels of
patients with PDR compared to NPDR (32). Their findings suggest
a direct association of level of oxidative stress and severity. This
higher level of oxidative stress seen in the retina of diabetic patients
even in the absence of diabetes is likely related to hyperglycemic
models of oxidative stress detailed in the basic science literature. A
cross-sectional study evaluating the risks that individual
components of metabolic syndrome play in retinopathy found
hyperglycemia to have the highest odds ratio of 2.41 (2.05, 2.84)
of any single component (32).The cross-sectional study from
Mondal et al. evaluated patients with diabetic retinopathy to
identify the biochemical pathways responsible for retinal damage
(42). Their findings shed further light on the mechanisms of
hyperglycemic-mediated damage. They found hyperglycemia
increased apoptosis of retinal capillary endothelial cells secondary
to oxidative stress, advanced glycation, glutamate toxicity and lipid
peroxidation (Mondal). The demise of retinal capillary cells resulted
in elevated levels of VEGF and VEGFR?2, laying the framework of
diabetic retinopathy (42).

Clinical Studies Supporting the Role of Polyol
Pathway in DR

As mentioned above, the polyol pathway, also known as the
sorbitol-aldose reductase pathway is considered one the major
pathways specifically linking hyperglycemia with retinopathy
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(39). The surplus of glucose leads to activation of aldose
reductase and formation of sorbitol. The accumulation of
sorbitol damage the retinal capillaries through osmotic stress
(40). A case control study examining 3000 patients looked at
patients with and without DR and evaluated them for
polymorphisms in polyol pathway genes to assess the
involvement of this pathway with the development of DR (41).
It was found that individuals with polymorphisms that lead to a
higher level of aldose reductase had enhanced conversion of
glucose to sorbitol which lead to increased risk of DR (41).

EFFECTS OF DIABETES AND
DYSLIPIDEMIA ON THE ACTIVITY OF
RETINAL NEURONS: SYNERGISTIC OR
ADDITIVE?

Preclinical Studies Providing Mechanistic
and Pharmacological Evidence for
Synergism in signaling Pathways Altered
by Both Diabetes and Dyslipidemia
Controlling the Activity of the Neural
Retina

As previously discussed, there are common mechanisms of damage
that dyslipidemia and hypercholesterolemia activate throughout
the body. There is also evidence highlighting certain pathways of
damage seen during isolation of either these disease states. In order
to evaluate the therapeutic targets for diabetic retinopathy, it is
imperative to review synergistic mechanisms of dyslipidemia and
diabetes in the development and progression of DR. An
examination of the basic science literature published on this topic
reveals extensive evidence for synergistic pathways of damage in
retinal neurons (16) (Figure 1).

Studies Identifying Mitochondrial Damage
Secondary to Dyslipidemia

Studies employing mouse models of type 1 and type 2 diabetes
suggested that dyslipidemic states potentiated the deleterious
effects of diabetes on retinal neurons. Specifically, one study
noted that an increase in mitochondrial damage in secondary to
a dyslipidemic state resulted in quicker apoptosis of retinal
capillary cells, accelerating microvascular destruction and
retinal damage from diabetes (16). This evidence suggests that
controlled lipid levels in pre-diabetic patients can decrease the
occurrence and progression of DR.

Studies Assessing Oxidative Stress and Cytokine
Expression Due to LDL

A study that developed new insight into the pathophysiology of
diabetic retinopathy by administering oxidized LDL (ox-LDL) and
ox-LDL immune complexes into human diabetic retinas post-
mortem, using immunohistochemical staining for IgG in order to
correlate its presence to proportional cytotoxic effects on retinal
pericytes (69). Retinal pericyte cytotoxicity was determined by
measuring the pericytes’ viability, receptor expression, apoptosis,

endoplasmic reticulum (ER) stress and oxidative stress, and
cytokine secretion; through analysis of all of these metrics, it was
concluded that increased ox-LDL immune complexes predict the
development of DR via induction of apoptosis, presence of
oxidative stress and ER stress, and enhanced secretion of
inflammatory cytokines (69). The study showed how retinas that
displayed IHC staining for both IgG and ox-LDL had proportional
severity of retinopathy, further elucidating a unique pathogenic
mechanism of diabetic retinopathy which could potentially offer
new targets for pharmaceutical intervention in diabetic retinas (69).

Clinical Studies Providing Evidence for
Diabetes and Dyslipidemia
Pathophysiologies Impairing Retina and
Visual Function Synergistically or
Additively

To effectively evaluate the role that the intertwining
pathophysiologies diabetes and dyslipidemia/hypertriglyceridemia
have in DR, it is paramount to examine the clinical studies that
evaluate patients with both pathologies. The clinical studies help
delineate dyslipidemia as an effect modifier vs potential confounder
the in patients DR and highlight an accelerated progression of
disease in these patients. These clinical studies also provide a
rationale for therapies targeting dyslipidemia can provide a
clinical significant impact (Table 1).

Examining a national health database of Taiwan, diabetic
patients with dyslipidemia had a statistically significant increase
in the incidence of retinopathy when compared to diabetic
patients without dyslipidemia (7). Adjusted hazard ratios for
the development of NPDR and DME in dyslipidemic diabetes
patients were 1.77 (CI= 1.63-1.92) and 2.34 (Cl= 1.24-4.41),
respectively. These significant differences support the notion of
dyslipidemia potentiating damage in DR (14).

In patients without DR, studies have also found concurrent
dyslipidemia to be a predictive factor for the eventual development
of retinopathy. Diabetic patients with no clinical evidence of DR,
have significantly lower VD (vascular density) size and FAZ
(foveolar avascular zone) size than healthy patients. A study
evaluating these early subclinical retinal changes in diabetics
found dyslipidemia and high LDL-c to be the most significant
risk factors for early retino-vascular damage (46). A recent study in
JAMA Ophthalmology also supports the notion of accelerated
synergistic damage in diabetes and dyslipidemia. Using OCT to
evaluate structural properties of the superficial and deep vascular
plexus, dyslipidemia was a significant risk factor for early retinal
microvascular changes and damage with an odds ratio of 9.82 (95%
CL 6.92-11.23) (50). An additional measure that supports this
correlation is the ratio of apo-A/apo-B levels. Apo-A is associated
with HDL and apo-B with LDL. AN increased apo-B/apo-A ratio is
correlated with the severity of DR and the apo-B/apo-A ratio
represents a potential biomarker to predict damage (47). Given
thatapo-A1 has anti-inflammatory and anti-oxidant properties and
that apo-B is associated with pro-inflammatory lipoproteins, there
is consequently a positive association of the apo-B to apo-Al ratio
DR disease severity (26). This correlation is further supported by the
finding that apo-Al augments endothelial reactivity in small

Frontiers in Endocrinology | www.frontiersin.org

March 2021 | Volume 12 | Article 620045


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Rao et al.

Dyslipidemia in Diabetic Retinopathy

diameter arteries of the periphery (48). Similarly, apo-Al, and to a
smaller degree apo-B levels were associated with signs of endothelial
dysfunction, such as acetylcholine-induced responses of the skin
microvasculature, retinal arteriolar vasodilatation induced by
flicker-light, and tortuosity of retinal arterioles (49). Interestingly,
these observations were made in patients without formal DR
diagnosis, suggesting that these apolipoproteins indicate
microvascular dysfunction, and that the association between
apolipoproteins and DR is a much more robust predictor than
the association between traditional serum lipid levels (ie., a
conventional serum lipid profile) and DR.

The apo-B/apo-A ratio’s utility in predicting retinal damage is
not only based on the damage secondary to elevated LDL but also
the lack of protective HDL. A population-based study of 11,265
patients from U.S communities found elevated HDL to be
protective against early microvascular changes and damage
(32). Interestingly, this protective role was no longer present in
people without diabetes. This suggests that not only do high LDL
levels potentiate retinal damage in DR, but also, high levels of
HDL can be specifically protective against progression of DR.

With regard to the role of apolipoproteins and DR discussed
above, different apolipoproteins appear to have different
contributions to the overall pathogenesis of DR. One study by
Kawai etal. demonstrated increased levels of apo-Al in the tear fluid
of DR patients when compared to patients with DM but without
DR. Importantly, it was determined that no apo-A1 was present in
the tears of healthy control subjects (43). In a study examining levels
ofapo-Al in the vitreous, diabetic patients with DR exhibited much
greater levels of apo-Al in their vitreous humor when compared to
nondiabetic control subjects (44). Additionally, the expression of
apo-Al was much greater in the retinas of diabetics without
clinically apparent DR when compared to nondiabetic controls
(45). Similar to traditional mechanisms associated with the
development of cardiac atherosclerosis, additional results to date
support the hypothesis that apo-A1 is possibly involved with reverse
cholesterol transport, which, in the case of the eye, involves HDL-
stimulated efflux of lipids from the retinal pigment epithelium
(RPE) potentially limiting light-induced toxicity (70, 71). Important
to the pathogenesis of DR, apo-Al has been determined to be a
scavenger of ROS based on the findings of genetic apo-A1 deficiency
in humans (72-74).

SIGNALING PATHWAYS AND DISEASE
CAUSING MECHANISMS OF BOTH
DYSLIPIDEMIA AND DIABETES
CONTRIBUTING TO DR PATHOGENESIS

Preclinical Studies Providing Mechanistic
and Pharmacological Evidence for Shared
and Parallel Signaling Pathways in Both
Dyslipidemia and Diabetes Contributing to
the Pathogenesis of DR

The signaling pathways/mechanisms of disease discussed in this
section are common to both dyslipidemia and diabetes. A deeper

understanding of the specific signaling pathways that result in
damage to the retina and aid in pharmaceutical development and
therapies (Figure 1).

Studies Evaluating 5’-Adenosine Monophosphate-
Activated Protein Kinase in DR Pathophysiology
Several preclinical studies have identified specific molecular
targets shared by the disease processes of both diabetes and
dyslipidemia as relevant to both pathogenesis and disease
progression; one such target is 5'-adenosine monophosphate
(AMP)-activated protein kinase (AMPK). This molecule is
activated within hepatocytes by metformin, a drug used to
treat diabetes, resulting in both increased glucose utilization
and favorable lipid profiles by lowering triglycerides and VLDL
(75). In vitro models or rat retinal cells, AMPK-activating
compounds decrease apoptosis in rat retinal Miiller cells (76).

In mouse models, AMPK has been associated with improving
insulin sensitivity (77, 78) and ameliorating dyslipidemia (77-
80) through its regulation of lipid and glucose metabolism (81).
AMPK-activating compounds reduce diabetes-induced retinal
inflammation (82), demonstrating the interconnectedness of
diabetes, dyslipidemia, and DR.

Studies Examining PPAR Protein Family Signaling

in DR

PPARP/S signaling positively affects the lipid profile by
increasing HDL cholesterol and lowering LDL cholesterol (83).
Hydroxymethylglutaryl (HMG)-CoA reductase inhibitors, or
statins, represent another pharmacotherapy whose pleiotropic
effects offer insights into shared mechanisms of pathophysiology
between dyslipidemia and diabetes. This highly efficacious lipid-
lowering drug class inhibits the rate-limiting step of cholesterol
synthesis (84). The pleiotropic anti-diabetes and antioxidant
effects of statins (85), however, allow insights into the
interconnectedness of mechanisms of both dyslipidemia and
DM. Retinal microvascular endothelial cells (RMECs) treated
with simvastatin demonstrated an upregulated peroxisome
proliferator-activated receptor y coactivator 1o. (PGC-10), an
endogenous molecule which activates PPARY (86). Upregulation
of the PGC-1a. pathway decreased generation of ROS, which
contribute to DR pathogenesis by exposing both pericytes and
endothelial cells of the retinal vasculature to oxidative stress
thereby contributing to vascular degeneration (86). Decreased
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
and poly (ADP-ribose) polymerase (PARP) activity also
contributed to this reduced generation of ROS (86).
Furthermore, in vivo administration of simvastatin reduced
ROS-mediated apoptosis of both pericytes and vascular
endothelial cells in rats and attenuated apoptosis of bovine
retinal endothelial cells in vitro by decreasing p38 mitogen-
activated protein kinase (MAPK) activity, modulating PARP
signaling, along with decreasing vascular endothelial growth
factor (VEGF) expression and vascular permeability (86).
Pharmacological control of the PPARy pathway and its
regulators by both TZDs and statins, respectively used for
treating diabetes and dyslipidemia, illustrates the molecular
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interplay among pathways involved in the pathogenesis and
therapy of these two disease states. Furthermore, it illustrates
their mutual connections to key mediators in DR pathogenesis
such as elevated ROS production and apoptosis of retinal
neurons and cellular components of the retinal vasculature.

Simvastatin administration in RMEC models generated
increased nitric oxide (NO) release resulting in vascular repair
through induction of Akt signaling and activation of eNOS (86).
In addition, in vivo, rosuvastatin increases Akt phosphorylation,
thereby activating systemic insulin sensitivity (38); this further
illustrates that diabetes and dyslipidemias share a range of
common molecular targets.

Within the peroxisome-proliferator-activated receptor
(PPAR) protein family of transcription factors that regulate
lipid metabolism, PPARo is activated by fibrates, a class of
lipid-lowering drugs (87). PPARP/S contributes to AMPK
signaling in both dyslipidemia and DM (88), as PPARPB/S
increases AMPK levels in mouse liver (89), and synergistically
activates gene expression alongside AMPK in mouse skeletal
muscle, resulting in a cooperative activity that augments glucose
utilization (88). Furthermore, PPARP/S specifically activates the
AMPK pathway itself in mouse skeletal muscle, preventing ER
stress-associated inflammation and insulin resistance (90). ER
stress results in apoptotic cell death (91), and ER stress can be
attenuated by the protective effect of AMPK activity resulting in
reduced apoptosis during DR pathogenesis (92). Potential
mechanistic connections among obesity, insulin resistance, and
dyslipidemia resulting in ER stress (93), provide a strong
rationale that such epigenetic phenomena common to
dyslipidemia and diabetes can be targeted mechanistically and
pharmacologically by activating AMPK.

In addition, PPARPB/S plays a unique role in each disease state
independent of AMPK activation. In mouse models of diabetes,
PPARP/S increases insulin sensitivity through increased glucose
catabolism, shunting glucose into lipogenesis pathways and
increasing fatty acid oxidation in skeletal muscle (94).

Protective properties of PPARs were tested in an ex vivo
model of ototoxicity using gentamicin to induce ROS
production, lipid peroxidation, and apoptosis in cultured
explants of the mouse organ of Corti (95). Administration of
fibrates and TZDs in order to activate both PPARo and PPARY,
respectively conferred protection and attenuated apoptosis of
hair cells resulting from ROS and lipid peroxide insults (95). It
has been established in literature that apoptosis, free radical
insult, and lipid peroxidation all contribute to disease
progression in DR (92); the above study is encouraging in
cementing PPAR’s cytoprotective effects throughout various
disease states.

Studies Identifying Lipid Peroxidation as a
Mechanism of Cell Damage Common to Both
Hyperglycemia and Dyslipidemia

Lipid peroxidation has been identified as a hallmark of disease
development and progression in both dyslipidemia and
hyperglycemia, resulting in oxidative stress in retinas of
diabetic rats, which contain double the amount of lipid

peroxides than retinas of control rats (96). Further evidence of
the inextricable linkage between chronically elevated glucose
levels and dyslipidemia stems from the findings that when
blood cholesterol, such as LDL, is heavily glycosylated
secondary to high blood sugars, it is more likely to be oxidized
when it extravasates from blood vessels (97). Moreover, distinct,
disease-relevant lipid species, such as highly oxidized LDL,
induce oxidative stress in the retina resulting in mitochondrial
dysfunction, apoptosis and autophagy (97). When human retinal
capillary pericytes (HRCP), which are critical for a functioning
blood-retina barrier, are exposed to highly oxidized-glycated
low-density lipoprotein (HOG-LDL), apoptosis of these
pericytes resulting from HOG-LDL exposure appears to be
independent of MAPK activity (98). This is therapeutically
significant as increased MAPK activity results in increased
apoptosis of retinal endothelial cells, a molecular pathway that
is responsive to simvastatin treatment (86), as discussed above.
This suggests that multiple mechanisms and signaling pathways
related to oxidative stress affect retinal cell types and their
function. However, both glucotoxicity and lipotoxicity
aggravate diabetic retinopathy through activation of NADPH
oxidase and ROS-mediated mitochondrial damage in the affected
retina (99).

Studies Identifying a Beneficial Role for Fibroblast
Growth Factor in Both Hyperglycemia and
Dyslipidemia Pathologies

A critical signaling molecule at the intersection of the two
pathologies is fibroblast growth factor (FGF) 21. When
administered to mice, it reduces plasma glucose and
triglycerides, while also lowering LDL, raising HDL, and
increasing insulin sensitivity (100, 101). In addition to
normalizing lipid profiles and insulin resistance, FGF21 also
proved beneficial in diabetic nephropathy by improving lipid
metabolism in the kidney as well as ameliorating oxidative stress
(102). Systemic knockout of the FGF21 gene in mice with
diabetic nephropathy resulted in more severe kidney damage,
while administration of FGF21 to mice with the same pathology
attenuated the nephropathy phenotype due to decreased renal
lipid accumulation and oxidative stress (103). Dosing with
FGF21 promoted also a small, but significant weight loss in
rodents (100). Conversely, obese mice displayed resistance to
FGF21 signaling (104), providing additional support for its role
in controlling both diabetes and obesity (100).

Studies Evaluating Various Inflammatory Markers as
a Common Marker of Damage

After induction of dyslipidemia and subsequently of diabetes in
rats to assess the degree of oxidative stress conferred by each
disease mechanism, markers of inflammation and oxidative
stress were assessed (52). While in dyslipidemic rats, increased
serum levels of oxidative stress (lipid peroxidation, nitric oxide,
and protein carbonyl), pro-inflammatory cytokines (C-reactive
protein, interleukin-13, Monocyte chemoattractant protein-1,
and tumor necrosis factor-at), and eicosanoids (prostaglandin
E,, leukotriene By, and leukotriene C,) were found independent
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of age (52), young rats that were also diabetes-induced had
significantly higher concentrations of oxidative stress and
inflammatory markers (52). This finding supports the notion
that these disease states contribute to the same disease burden
systemically, especially with regard to factors such as oxidative
stress and inflammation that worsen DR (52, 92).

Clinical Studies Providing Evidence for
Shared Pathophysiologies in Both
Dyslipidemia and Diabetes Contributing to
the Pathogenesis of DR

Examining clinical studies for evidence of shared
pathophysiologies between dyslipidemia and diabetes provides
clinical significance to the aforementioned pathways known to be
common in both pathologies. This evidence provides clinical
relevance to the common signaling pathways previously
discussed and demonstrating how they result in clinically
significant progression of the severity of DR.

Clinical Studies Evaluating Oxidative Stress/
Inflammatory Markers in Patients

An observational clinical study investigating lipid peroxidation
and inflammation in patients with both diabetes and
dyslipidemia yielded similar findings to Acharya’s experiment
in rats; both lipid peroxidation and inflammation are higher with
the presence of these two disease states (51). A marker of lipid
peroxidation, serum malondialdehyde (MDA), was measured in
dyslipidemic and diabetic patients—while elevated in
dyslipidemic patients with or without diabetes, the highest
levels were found in patients with poorly controlled diabetes
complicated by dyslipidemia (51). Furthermore, pro-
inflammatory cytokines (interleukin -1B, interleukin -6,
interleukin -8, tumor necrosis factor-a) were progressively
elevated as diabetes and dyslipidemia worsened (51).
Importantly, TNF-o. specifically is associated with diabetic
retinopathy (92), providing a basis by which diabetes and
dyslipidemia could synergistically worsen DR.

Another study obtaining similar findings as that of Acharya
et al (52). concluded that omega-3 fatty acids, eicosapentaenoic
acid and docosahexaenoic acid, decreased oxidative stress in
human test subjects with either dyslipidemia or diabetes (55). In
this trial, patients were not affected by concomitant diabetes and
dyslipidemia; in each leg of the study, patients had either one
disease or the other. However, the fact that oxidative stress,
measured by evaluating F(2) isoprostane levels in both serum
and urine, was reduced by omega-3 fatty acids in each disease
state is encouraging in suggesting intertwined pathophysiology
between diabetes and dyslipidemia, resulting in oxidative insult
throughout the body (53).

Further clinical evidence of the systemic burden of oxidative
stress and lipid peroxidation placed on the body by dyslipidemia
and diabetes can be elucidated through examining statins’ effects
on these parameters. Different statins have shown different levels
of therapeutic benefits in various trials, as evidenced by
atorvastatin for example. One study found that atorvastatin
decreased markers of inflammation such as CRP as well as

cellular adhesion molecules, such as intercellular adhesion
molecule 1 (55). Notably, adhesion molecules cause leukostasis
and increased inflammation which both contribute to DR
pathophysiology (92), demonstrating a potential protective
mechanism on behalf of atorvastatin. However, a more recent
study assessed atorvastatin’s impact on different inflammatory
mediators and saw no benefit (56). One such mediator tested was
total body NO production (56); the generation of NO,
specifically within mitochondria, aggravates DR (92),
indicating one area of DR pathogenesis in which atorvastatin
may not have therapeutic impact.

In another study assessing the impact of statins on lipid
peroxidation, simvastatin treatment is associated with lower
levels of malondialdehyde, C-reactive protein, and paraoxonase
activity in human leukocytes taken from dyslipidemic patients
with T2DM, indicating that simvastatin plays a protective role in
decreasing oxidative stress and reducing lipid peroxides (57).

DYSLIPIDEMIA,
HYPERTRIGLYCERIDEMIA AND
HYPERCHOLESTEROLEMIA AS TARGETS
FOR DRUG AND THERAPY
DEVELOPMENT FOR DIABETIC
RETINOPATHY

Preclinical Studies Providing Mechanistic
and Pharmacological Evidence That
Dyslipidemia, Hypertriglyceridemia and
Hypercholesterolemia Represent Viable
Targets for Drug and Therapy
Development for Diabetic Retinopathy
Previous sections discussing the pathophysiology and
intersection of dyslipidemia/hypercholesterolemia and the
progression of diabetic retinopathy lay the basis of many
pharmacologic therapies. This section will focus on therapies
that intend to slow progression of diabetic retinopathy that focus
on targeting dyslipidemia and hypercholesterolemia. First, we
will examine the basic science literature regarding the signaling
pathways and molecular biology underlying these therapies.

PGC-1a Pathway Involvement in the Production of
ROS
Statin therapy results in improvement in retinal vasculature and
reduction of progression of diabetic retinopathy in both
laboratory models as well as clinical studies (58, 85). This
beneficial effect is the cumulative effect of altering several
molecular pathways. VEGF is a driving force of proliferation in
retinopathy. Simvastatin decreases mitochondrial production of
ROS species through attenuation of PGC-1a pathway (85). This
results in a subsequent reduction in VEGF production as well as
a decrease in retinal apoptosis due to blocking -38- MAPK
activation (85).

A novel PPARo agonist, AVE8134, improves both lipid
profiles and glucose metabolism in diabetic mice without
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adverse effects of increased body weight or heart weight seen with
existing anti-diabetic thiazolidinedione (TZD) medication (105).
Furthermore, PPAR0. has therapeutic benefit in rat models of
diabetic retinopathy (106). A study with novel PPARo. agonist Y-
0452, exhibiting reduced vascular leakage, neovascularization,
and retinal cell death while improving retinal function (106).

Fibrates and other PPAR0. agonists that alleviate complications
of diabetes elicit a range of pleiotropic effects (87). Notably, PPARo
activation results in reduced inflammation as fibrates and novel
PPARo agonists lower interleukin (IL)-1 induced expression of C-
reactive protein (CRP), a molecule associated with coronary and
vascular disease, as well as with an increased systemic inflammatory
state (107). Similarly, PPARY, a transcription factor in the PPAR
protein family and a target of TZDs, diabetes drugs also known as
glitazones, has beneficial effects on glycemic control while
simultaneously promoting cholesterol efflux from macrophages,
similar to the activity of HDL cholesterol (108, 109). Furthermore,
apart from being implicated in the pathophysiology of both
dyslipidemia (110) and diabetes (111), PPARY activation through
its endogenous ligand 15d-PGJ2 regulates inflammation,
angiogenesis, and apoptosis in the retinal pigmented
endothelium (112).

Therapeutic Options Seeking to Mitigate Oxidative
Stress

Interestingly, omega-3 fatty acids, particularly eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), attenuated
oxidative stress and inflammation in these diabetic and
dyslipidemic rats (52), positioning them as a potential
preventative therapy for DR (112). Furthermore, when omega-
3 polyunsaturated fatty acids are given to male leptin-receptor-
deficient (db/db) mice, creating a diabetic and dyslipidemic state
in this mouse model, omega-3 PUFA preserved retinal function
to a degree similar to the control mice (113). This is likely a result
of the fact that the levels of large n-3 PUFAs are typically
decreased in DR, especially in the later stages of DR (114),
together with a reduction in the expression of the enzymes
involved with PUFA synthesis (115).

The therapeutic strategies mentioned above that primarily
focus on fatty acids for treating DR are based on the unique
physiological properties of the human retina. For example,
polyunsaturated fatty acids, which are extremely susceptible to
oxidation, are present in the membranes of photoreceptor outer
segments in high concentrations (25). As the retina’s oxygen
consumption is the highest of any tissue and is characterized by
high oxygen tension, this potentially results in a higher
susceptibility of the retina to cellular damage, such as caused
by hydrogen peroxide generated from lipid peroxidation (25).
The therapeutic intervention with DHA and EPA described
above is founded on the fact that the retina has relatively low
levels of glutathione peroxidase and catalase to counteract
hydrogen peroxide generation, although it should be
mentioned that the retina does possess alternative antioxidant
systems such as vitamin E and superoxide dismutase (116).

As previously discussed, both diabetes and dyslipidemia cause
retinal damage as a result of exposure to oxidative stress,

including free radical damage that ultimately leads to
deleterious accumulation of ALEs. Interestingly, administering
the antioxidant tempol, which acts by neutralizing the
superoxide anion, into mouse retinas with DR results in a
reduction in retinal cell death as well as a reduction in
intraretinal oxidized LDL and glycated LDL levels (66). This
provides a possible paradigm for DR therapy directed at
scavenging and inactivating hyperglycemia-induced free
radicals and ALEs.

Clinical Studies Employing or Supporting
the Concept That Dyslipidemia,
Hypertriglyceridemia and
Hypercholesterolemia Represent Viable
Targets for Drug and Therapy
Development for Diabetic Retinopathy
Identifying clinical studies that demonstrate viability of
dyslipidemia, hypertriglyceridemia and hypercholesterolemia as
targets for therapies provides the foundation for continued
development in this area of research. These studies suggest that
targeting these pathologies result in clinically significant change
that provides an additional level of therapeutic options to treat
DR patients with these coexisting pathologies. The burden of DR
on visual morbidity and the high prevalence of concurrent
dyslipidemia results in a necessity to explore the clinical
interventions currently possible in this domain.

As previously discussed, dyslipidemia and hypercholesterolemia
disrupt retinal vasculature through a wide variety of mechanisms;
the clinical findings that suggest a role of targeting these factors are
discussed here. First, simvastatin can significantly reduce total
cholesterol and LDL-C levels. In multiple clinical studies, patients
treated with simvastatin had a significant reduction in hard deposits
compared to non-treated patients (58). The beneficial effect of
simvastatin was underlined by improved visual acuity as well in
the treated group (58). These results suggest further discussion
about whether statins should be utilized in higher doses or even as
primary prevention in DR management.

In a study on statin therapy and retinal blood flow, it was
concluded that mean peak systolic flow of the ophthalmic artery
significantly decreased in patients with both proliferative and
non-proliferative diabetic retinopathy (59). After atorvastatin
treatment, the mean peak systolic flow velocities in proliferative
diabetic retinopathy patients’ central ophthalmic arteries
decreased an appreciable amount—implicating lower
cholesterol, LDL, and total triglyceride levels in healthier
retinal blood flow and reduced diabetic retinal complications
(60). Furthermore, a study on the effect of lipid-lowering
medication using pravastatin on DR patients showed a
decrease in hard exudates in the entire patient cohort, and a
decrease in microaneurisms in 66% of this patient population,
suggesting that statin therapy for diabetics with hyperlipidemia
could play a role in preventing background retinopathy (60).

Fenofibrate when used as monotherapy has demonstrated
beneficial effects on the progression of DR (59). The FIELD
study found that monotherapy with fenofibrate reduced the
need for laser treatment in those with DR (61). The ACCORD
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Lipid Study examined the role that lipids play in the progression
of retinopathy and underscored this effect of fenofibrate. The
study examined 1593 participants and concluded that the addition
of fenofibrate therapy to simvastatin therapy resulted in slower
progression of diabetic retinopathy (62). Interestingly, the
FIELD study noted that the beneficial effect of fenofibrate
did not appear to be related to the plasma lipid levels of
their patients.

This includes one randomized controlled trial that assessed
the effect of fenofibrate on patients’ need for laser phototherapy
for DR. The results indicated that treatment with laser therapy
was greater in the placebo group then the fenofibrate group and
that in patients with pre-existing retinopathy, 2-step progression
on the ETDRS (Early Treatment Diabetic Retinopathy Study)
scale, determined by funduscopic imaging, was slowed drastically
(3.1% of patients on fenofibrate, vs. 14.6% on placebo) (61).
What is notable, however, is that plasma HDL concentrations
between the fenofibrate and placebo cohorts did not seem to play
a significant role in modulating the need for laser treatment; the
authors suggest perhaps intra-retinal lipid transport may differ
from serum lipid concentrations in the context of eye health (61).
While the beneficial effect of fenofibrate, a lipid-lowering agent, is
abundantly clear in the results of this study (n = 9,795), the
mechanism by which it exerts this effect (whether anti-apoptotic,
anti-inflammatory, or anti-oxidative) still remains elusive (61).
In another large, randomized trial (n = 10,251), it was concluded
through multi-drug therapy that intensive combination
treatment to reduce dyslipidemia was effective in preventing
the progression of diabetic retinopathy (62). The design of this
study assessed the efficacy of combination therapy, which
included administration of pharmaceutical agents for glycemic,
lipid, and hypertension control; as for the intervention to control
patient dyslipidemia, one group was administered a statin and a
placebo, while the other received a statin alongside fenofibrate as
their lipid-lowering therapy (62). Intensive treatment of
dyslipidemia was more effective than intensive treatment of
hyperglycemia in reducing the progression of diabetic
retinopathy—furthermore, patients on both a statin and
fenofibrate had a rate of progression of diabetic retinopathy of
6.5%, as opposed to 10.2% with a statin and a placebo (62). This
augments the findings of the above studies, showing that while
statins remain effective in standard therapy, when a second lipid-
lowering agent is added—especially fenofibrate—the progression
of diabetic retinopathy is kept at its lowest.

A prospective, randomized, blinded trial published in the
NEJM that also tested statin therapy in the context of multi-drug
intervention: in this study, patients received statins as a part of
their lipid-lowering therapy, while also receiving treatment for
hypertension, hyperglycemia, and cardiac morbidity in the form
of renin-angiotensin system blockers, aspirin, and tight glucose
regulation. Such intensive therapy reduced progression of
diabetic retinopathy, and the need for laser treatment for
macular edema, and blindness (n = 160) (63). Furthermore,
intensive multiple-drug intervention in type 2 diabetics resulted
also in reduced overall vascular complications and
cardiovascular risk in these patients (63).

In addition to traditional pharmacologic lipid-lowering
therapy, diet and intake of specific fatty acids can play a
significant role in the progression of DR. As discussed above in
Section 5.1, omega 3 fatty acids have demonstrated benefit in
preserving retinal function in rats with concurrent diabetes and
dyslipidemia. Along this same vein, Roig-Revert et al. investigated
the effect of a dietary supplement containing antioxidants and
omega 3 PUFAs such as glutathione and DHA in a Mediterranean
cohort in order to ascertain its effect on oxidative stress biomarkers
in the retina (54). A study from Sasaki et al. examining 379
patients found that in patients with well-controlled diabetes
increased intake of polyunsaturated fats resulted in a reduction
in presence as well as severity of DR (63). Correspondingly, they
also found that an increase in saturated fats resulted in an
increased risk of presence and severity of DR (63).

DISCUSSION, CONCLUSIONS AND
FUTURE DIRECTIONS

Various Pathway Ildentified in Basic
Science Studies to be Translated Into
Clinical Studies

The review highlights areas that can be explored in clinical
studies as developments for new therapeutic targets in the
treatment of DR. Dissection of the current research on this
topic demonstrates mechanisms/pathways described in basic
science research that has yet to be explored in clinical studies.
The pharmaceutical targets discussed in this section are part of
pathways that have demonstrated a potential overlap between
biological and clinical feasibility.

As previously mentioned, AMPK is inhibited in DR (75).
Preclinical studies have demonstrated a therapeutic role for
AMPK activators in both in vitro and in vivo models (79, 80).
Furthermore, AMPK activators have demonstrated to be effective
for numerous other diseases with minimal overt side effects (117,
118). Examples of such therapies include metformin, aspirin and
resveratrol. Clinical studies regarding AMPK activators in
preventing the progression of DR are indicated to assess the
feasibility of this therapy.

Oxidative stress is a central component of the damage in DR
(27, 38, 64, 67). Numerous pathways and mechanisms are
involved in the production of this oxidative stress and this
provides additional areas for the development of novel
therapies (27, 64, 67). ROS production secondary to PKC
activation damages retinal capillary vessels (39). Basic science
evidence provides a basis to pursue clinical trials targeting this
pathway. Initial clinical trials found that ruboxistaurin, a PKCB
inhibitor, to have minimal benefit in the treatment of DR,
however, there are numerous isoforms of PKCB that have yet
to be studied in clinical studies (39, 119).

Although the polyol pathway has been directly linked with the
pathogenesis of DR, clinical trials involving aldose reductase
inhibitors have had inconclusive results (120, 121). However,
from the basic science perspective there are both in vitro and
in vivo studies demonstrating that aldose reductase blockade/
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knockout lead to decreased retinal damage suggesting this
pathway as a therapeutic target (46, 50). Additional clinical
studies are necessary to assess the utility of targeting this
pathway in the prevention of DR.

Emerging/Ongoing Clinical Studies
Researching New Diagnostic Tools/
Therapies for DR

There are many clinical trials that are currently taking place to
assess new diagnostic tools and therapies for treatment of DR. As
diagnostic tools evolve and increase in sensitivity, there is
potential for earlier intervention and greater ability to observe
for progress with certain treatment modalities (122). A study
currently in progress is evaluating the utility of recently
developed OCT angiography for diagnosis and monitoring of
DR by evaluating areas of neovascularization and non-
perfusion (123).

Reducing disease progression by mitigating the effects
oxidation is also being explored in clinical trials. There is an
ongoing randomized, multicenter interventional study in China
with 1,200 participants comparing the calcium dobesilate (a
potent antioxidant) to conventional treatment to assess its
utility in preventing progression of DR (124). There are
multiple other studies that are also currently in progress
examining the utility of combined antioxidant therapy as a
means to prevent progression of DR (125-127).

Lipid lowering therapy is an area of treatment that continues
to be explored in clinical trials. There is currently a multi-arm
trial examined the potential benefits on lipid lowering in
preventing progression of DR as well as reduction of CV risk

REFERENCES

1. Wang W, Lo ACY. Diabetic Retinopathy: Pathophysiology and Treatments.
Int ] Mol Sci (2018) 19(6):1816. doi: 10.3390/ijms19061816

2. “Macular Edema.” National Eye Institute, U.S. Department of Health and
Human Services. Available at: www.nei.nih.gov/learn-about-eye-health/eye-
conditions-and-diseases/macular-edema.

3. Browning DJ, Stewart MW, Lee C. Diabetic macular edema: Evidence-based
management. Indian ] Ophthalmol (2018) 66(12):1736-50. doi: 10.4103/
ijo.]JO_1240_18

4. Voigt M, Schmidt S, Lehmann T, Kéhler B, Kloos C, Voigt U, et al.
Prevalence and Progression Rate of Diabetic Retinopathy in Type 2
Diabetes Patients in Correlation with the Duration of Diabetes. Exp Clin
Endocrinol Diabetes (2018) 126(9):570-6. doi: 10.1055/s-0043-120570

5. Saeedi P, Petersohn I, Salpea P, Malanda B, Karuranga S, Unwin N, et al.
Global and regional diabetes prevalence estimates for 2019 and projections
for 2030 and 2045: Results from the International Diabetes Federation
Diabetes Atlas, 9" edition. Diabetes Res Clin Pract (2019) 157:107843.
doi: 10.1016/j.diabres.2019.107843

6. Fu Z, Chen CT, Cagnone G, Heckel E, Sun Y, Cakir B, et al. Dyslipidemia in
retinal metabolic disorders. EMBO Mol Med (2019) 11(10):e10473.
doi: 10.15252/emmm.201910473

7. Jeng CJ, Hsieh YT, Yang CM, Yang CH, Lin CL, Wang IJ. Diabetic
Retinopathy in Patients with Dyslipidemia: Development and Progression.
Ophthalmol Retina (2018) 2(1):38-45. doi: 10.1016/j.oret.2017.05.010

8. Kowluru RA, Mishra M, Kowluru A, Kumar B. Hyperlipidemia and the
development of diabetic retinopathy: Comparison between type 1 and type 2

in diabetic patients (128). The three arms of this study are
evaluating: Simvastatin 40mg, Fenofibrate 200mg, and Omega
3 FA (128). As previously discussed, both the FIELD study and
the ACCORD Lipid Study are two major studies that indicated a
potential therapeutic role for fenofibrate for reduction of DR
progression, however, further clinical trials must be performed to
validate these results (61, 62, 129). A randomized interventional
clinical study with 1060 patients from the University of Oxford is
evaluating fenofibrate vs placebo in lowering the incidence rate
of non-proliferative DR (130).

AUTHOR CONTRIBUTIONS

Conceptualization and design, PK. Literature review, data
analyzation and writing, HR, JJ, TJ, and PK. All authors have
read and agreed to the published version of the manuscript. All
authors contributed to the article and approved the
submitted version.

FUNDING

The study presented in the present publication was supported in
part by Sarah Morrison Student Research Awards (HR and JJ),
the Felix and Carmen Sabates Missouri Endowed Chair in Vision
Research, the Vision Research Foundation of Kansas City (PK)
and a departmental challenge grant by Research to Prevent
Blindness (PK and TJ) and is gratefully acknowledged.

animal models. Metabolism (2016) 65(10):1570-81. doi: 10.1016/

j.metabol.2016.07.012
. Dasari B, Prasanthi JR, Marwarha G, Singh BB, Ghribi O. Cholesterol-
enriched diet causes age-related macular degeneration-like pathology in
rabbit retina. BMC Ophthalmol (2011) 11:22. doi: 10.1186/1471-2415-11-22
Salt TE, Nizari S, Cordeiro MF, Russ H, Danysz W. Effect of the AP aggregation
modulator MRZ-99030 on retinal damage in an animal model of glaucoma.
Neurotox Res (2014) 26(4):440-6. doi: 10.1007/s12640-014-9488-6
Guo L, Salt TE, Luong V, Wood N, Cheung W, Maass A, et al. Targeting
amyloid-beta in glaucoma treatment. Proc Natl Acad Sci U S A (2007) 104
(33):13444-9. doi: 10.1073/pnas.0703707104
Christianson MG, Lo DC. Difterential roles of A} processing in hypoxia-
induced axonal damage. Neurobiol Dis (2015) 77:94-105. doi: 10.1016/
j.nbd.2015.02.027
Wang ], Ohno-Matsui K, Morita 1. Cholesterol enhances amyloid B
deposition in mouse retina bymodulating the activities of AB-regulating
enzymes in retinal pigment epithelialcells. Biochem Biophys Res Commun
(2012) 424(4):704-9. doi: 10.1016/j.bbrc.2012.07.014
Larrayoz IM, Huang JD, Lee JW, Pascual I, Rodriguez IR. 7-ketocholesterol-
induced inflammation: involvement of multiple kinase signaling pathways
via NFkB but independently of reactive oxygen species formation. Invest
Ophthalmol Vis Sci (2010) 51(10):4942-55. doi: 10.1167/i0vs.09-4854
Endo K, Oyama T, Saiki A, Ban N, Ohira M, Koide N, et al. Determination of
serum 7-ketocholesterol concentrations and their relationships with
coronary multiple risks in diabetes mellitus. Diabetes Res Clin Pract (2008)
80(1):63-8. doi: 10.1016/j.diabres.2007.10.023
Yang C, Xie L, Gu Q, Qiu Q, Wu X, Yin L. 7-Ketocholesterol disturbs RPE
cells phagocytosis of the outer segment of photoreceptor and induces

o

10.

11.

12.

13.

14.

15.

16.

Frontiers in Endocrinology | www.frontiersin.org

March 2021 | Volume 12 | Article 620045


https://doi.org/10.3390/ijms19061816
http://www.nei.nih.gov/learn-about-eye-health/eye-conditions-and-diseases/macular-edema
http://www.nei.nih.gov/learn-about-eye-health/eye-conditions-and-diseases/macular-edema
https://doi.org/10.4103/ijo.IJO_1240_18
https://doi.org/10.4103/ijo.IJO_1240_18
https://doi.org/10.1055/s-0043-120570
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.15252/emmm.201910473
https://doi.org/10.1016/j.oret.2017.05.010
https://doi.org/10.1016/j.metabol.2016.07.012
https://doi.org/10.1016/j.metabol.2016.07.012
https://doi.org/10.1186/1471-2415-11-22
https://doi.org/10.1007/s12640-014-9488-6
https://doi.org/10.1073/pnas.0703707104
https://doi.org/10.1016/j.nbd.2015.02.027
https://doi.org/10.1016/j.nbd.2015.02.027
https://doi.org/10.1016/j.bbrc.2012.07.014
https://doi.org/10.1167/iovs.09-4854
https://doi.org/10.1016/j.diabres.2007.10.023
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Rao et al.

Dyslipidemia in Diabetic Retinopathy

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

inflammation through ERK signaling pathway. Exp Eye Res (2019)
189:107849. doi: 10.1016/j.exer.2019.107849

Moreira EF, Larrayoz IM, Lee JW, Rodriguez IR. 7-Ketocholesterol is present
in lipid deposits in the primate retina: potential implication in the induction
of VEGF and CNV formation. Invest Ophthalmol Vis Sci (2009) 50(2):523-
32. doi: 10.1167/iovs.08-2373

Zhang Y, Zhang Z, Yan H. Simvastatin inhibits ischemia/reperfusion injury-
induced apoptosis of retinal cells via downregulation of the tumor necrosis
factor-o/nuclear factor-xB pathway. Int ] Mol Med (2015) 36(2):399-405.
doi: 10.3892/ijmm.2015.2244

Shibata M, Sugiyama T, Hoshiga M, Hotchi ], Okuno T, Oku H, et al.
Changes in optic nerve head blood flow, visual function, and retinal
histology in hypercholesterolemic rabbits. Exp Eye Res (2011) 93(6):818-
24. doi: 10.1016/j.exer.2011.09.014

Torres RJ, Maia M, Précoma DB, Noronha L, Luchini A, Precoma LB, et al.
Evaluation of early abnormalities of the sensory retina in a
hypercholesterolemia experimental model: an immunohistochemical
study. Arq Bras Oftalmol (2009) 72(6):793-8. doi: 10.1590/s0004-
27492009000600010

Hayden MR, Yang Y, Habibi J, Bagree SV, Sowers JR. Pericytopathy:
oxidative stress and impaired cellular longevity in the pancreas and
skeletal muscle in metabolic syndrome and type 2 diabetes. Oxid Med Cell
Longev (2010) 3(5):290-303. doi: 10.4161/0xim.3.5.13653

Wadham C, Mangoni AA. Dimethylarginine dimethylaminohydrolase
regulation: a novel therapeutic target in cardiovascular disease. Expert
Opin Drug Metab Toxicol (2009) 5(3):303-19. doi: 10.1517/
17425250902785172

Vallance P, Leone A, Calver A, Collier J, Moncada S. Endogenous
dimethylarginine as an inhibitor of nitric oxide synthesis. ] Cardiovasc
Pharmacol (1992a) 20(Suppl12):S60-2. doi: 10.1097/00005344-199204002-
00018

Benarous R, Sasongko MB, Qureshi S, Fenwick E, Dirani M, Wong TY, et al.
Differential association of serum lipids with diabetic retinopathy and
diabetic macular edema. Invest Ophthalmol Vis Sci (2011) 52:7464-9.
doi: 10.1167/iovs.11-7598

Prakash G, Agrawal R, Natung T. Role of lipids in retinal vascular and
macular disorders. Ind J Clin Biochem (2017) 32(1):3-8. doi: 10.1007/
$12291-016-0560-2

Modjtahedi BS, Bose N, Papakostas TD, Morse L, Vavvas DG, Kishan AU.
Lipids and diabetic retinopathy. Semin Ophthalmol (2016) 31(1-2):10-8. doi:
10.3109/08820538.2015.1114869

Montgomery CL, Johnson HM, Johnston TP, Koulen P. Mechanisms
Underlying Early-Stage Changes in Visual Performance and Retina
Function After Experimental Induction of Sustained Dyslipidemia.
Neurochem Res (2018) 43(8):1500-10. doi: 10.1007/s11064-018-2563-2
Phuong TTT, Redmon SN, Yarishkin O, Winter JM, Li DY, Krizaj D.
Calcium influx through TRPV4 channels modulates the adherens contacts
between retinal microvascular endothelial cells. J Physiol (2017) 595
(22):6869-85. doi: 10.1113/JP275052

Lakk M, Yarishkin O, Baumann JM, Iuso A, Krizaj D. Cholesterol regulates
polymodal sensory transduction in Miiller glia. Glia (2017) 65(12):2038-50.
doi: 10.1002/glia.23213

Taylor L, Arnér K, Ghosh F. Specific inhibition of TRPV4 enhances retinal
ganglion cell survival in adult porcine retinal explants. Exp Eye Res (2017)
154:10-21. doi: 10.1016/j.exer.2016.11.002

O’Leary C, McGahon M, Ashraf S, McNaughten J, Friedel T, Cincola P, et al.
Involvement of TRPV1 and TRPV4 Channels in Retinal Angiogenesis. Invest
Ophthalmol Vis Sci (2019) 60(10):3297-309. doi: 10.1167/iovs.18-26344
Wong TY, Duncan BB, Golden SH, Klein R, Couper D, Klein BE, et al.
Associations between the metabolic syndrome and retinal microvascular
signs: the Atherosclerosis Risk In Communities study. Invest Ophthalmol Vis
Sci (2004) 45(9):2949-54. doi: 10.1167/iovs.04-0069

Bao YK, Yan Y, Wilson B, Gordon MO, Semenkovich CF, Rajagopal R.
Association of Retinopathy and Insulin Resistance: NHANES 2005-2008.
Curr Eye Res (2020) 45(2):173-6. doi: 10.1080/02713683.2019.1659977
Zhou J, Wang S, Xia X. Role of intravitreal inflammatory cytokines and
angiogenic factors in proliferative diabetic retinopathy. Curr Eye Res (2012)
37(5):416-20. doi: 10.3109/02713683.2012.661114

35.

36.

37.

38.

39.

40.

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

LiuL, Yue S, Wu J, Zhang J, Lian J, Teng W, et al. Prevalence and risk factors
of retinopathy in patients with or without metabolic syndrome: a
population-based study in Shenyang. BMJ] Open (2015) 5(12):008855.
doi: 10.1136/bmjopen-2015-008855

Baird LL. Protecting TPN and lipid infusions from light: reducing
hydroperoxides in NICU patients. Neonatal Netw (2001) 20(2):17-22.
doi: 10.1891/0730-0832.20.2.17

El-Sayyad HI, Elmansi AA, Bakr EH. Hypercholesterolemia-induced ocular
disorder: Ameliorating role of phytotherapy. Nutrition (2015) 31(11-
12):1307-16. doi: 10.1016/j.nut.2015.05.013

Mancino R, Di Pierro D, Varesi C, Cerulli A, Feraco A, Cedrone C, et al.
Lipid peroxidation and total antioxidant capacity in vitreous, aqueous
humor, and blood samples from patients with diabetic retinopathy. Mol
Vis (2011) 17:1298-304.

Rodriguez ML, Pérez S, Mena-Molla S, Desco MC, Ortega AL. Oxidative
Stress and Microvascular Alterations in Diabetic Retinopathy: Future
Therapies. Oxid Med Cell Longev (2019) 2019:4940825. doi: 10.1155/2019/
4940825

Chang KC, Shieh B, Petrash JM. Role of aldose reductase in diabetes-induced
retinal microglia activation. Chem Biol Interact (2019) 302:46-52.
doi: 10.1016/j.cbi.2019.01.020

. Li W, Chen S, Mei Z, Zhao F, Xiang Y. Polymorphisms in Sorbitol-Aldose

Reductase (Polyol) Pathway Genes and Their Influence on Risk of Diabetic
Retinopathy Among Han Chinese. Med Sci Monit (2019) 25:7073-8.
doi: 10.12659/MSM.917011

Mondal LK, Bhaduri G, Bhattacharya B. Biochemical scenario behind
initiation of diabetic retinopathy in type 2 diabetes mellitus. Indian ]
Ophthalmol (2018) 66(4):535-40. doi: 10.4103/ijo.IJO_1121_17

Kawai S, Nakajima T, Hokari S, Komoda T, Kawai K. Apolipoprotein A-I
concentration in tears in diabetic retinopathy. Ann Clin Biochem (2002) 39
(Pt 1):56-61. doi: 10.1258/0004563021901748

Simé R, Higuera M, Garcia-Ramirez M, Canals F, Garcia-Arumi J,
Hernandez C. Elevation of apolipoprotein A-I and apolipoprotein H levels
in the vitreous fluid and overexpression in the retina of diabetic patients.
Arch Ophthalmol (2008) 126(8):1076-81. doi: 10.1001/archopht.126.8.1076
Garcia-Ramirez M, Canals F, Hernandez C, Colomeé N, Ferrer C, Carrasco E,
et al. Proteomic analysis of human vitreous fluid by fluorescence-based
difference gel electrophoresis (DIGE): a new strategy for identifying potential
candidates in the pathogenesis of proliferative diabetic retinopathy.
Diabetologia (2007) 50(6):1294-303. doi: 10.1007/s00125-007-0627-y

Lee DH, Yi HC, Bae SH, Cho JH, Choi SW, Kim H. Risk factors for retinal
microvascular impairment in type 2 diabetic patients without diabetic
retinopathy. PLoS One (2018) 13(8):€0202103. doi: 10.1371/
journal.pone.0202103

Crosby-Nwaobi R, Chatziralli I, Sergentanis T, Dew T, Forbes A, Sivaprasad
S. Cross Talk between Lipid Metabolism and Inflammatory Markers in
Patients with Diabetic Retinopathy. | Diabetes Res (2015) 2015:191382.
doi: 10.1155/2015/191382

Ferre R, Aragones G, Plana N, Merino J, Heras M, Buixadera C, et al. High-
density lipoprotein cholesterol and apolipoprotein Al levels strongly
influence the reactivity of small peripheral arteries. Atherosclerosis (2011)
216(1):115-9. doi: 10.1016/j.atherosclerosis.2011.01.039

Sasongko MB, Wong TY, Nguyen TT, Kawasaki R, Jenkins AJ, Shaw J, et al.
Serum apolipoproteins are associated with systemic and retinal
microvascular function in persons with diabetes. Diabetes (2012) 61
(7):1785-92. doi: 10.2337/db11-1272

Ting DSW, Tan GSW, Agrawal R, Yanagi Y, Sie NM, Wong CW, et al.
Optical Coherence Tomographic Angiography in Type 2 Diabetes and
Diabetic Retinopathy. JAMA Ophthalmol (2017) 135(4):306-12.
doi: 10.1001/jamaophthalmol.2016.5877

de Souza Bastos A, Graves DT, de Melo Loureiro AP, Junior CR, Corbi SCT,
Frizzera F, et al. Diabetes and increased lipid peroxidation are associated
with systemic inflammation even in well-controlled patients. J Diabetes
Complications (2016) 30:1593-9. doi: 10.1016/j.jdiacomp.2016.07.011
Acharya P, Talahalli RR. Aging and Hyperglycemia Intensify Dyslipidemia-
Induced OxidativeStress and Inflammation in Rats: Assessment of
Restorative Potentials of ALA and EPA +DHA. Inflammation (2019) 42
(3):946-52. doi: 10.1007/s10753-018-0949-6

Frontiers in Endocrinology | www.frontiersin.org

March 2021 | Volume 12 | Article 620045


https://doi.org/10.1016/j.exer.2019.107849
https://doi.org/10.1167/iovs.08-2373
https://doi.org/10.3892/ijmm.2015.2244
https://doi.org/10.1016/j.exer.2011.09.014
https://doi.org/10.1590/s0004-27492009000600010
https://doi.org/10.1590/s0004-27492009000600010
https://doi.org/10.4161/oxim.3.5.13653
https://doi.org/10.1517/17425250902785172
https://doi.org/10.1517/17425250902785172
https://doi.org/10.1097/00005344-199204002-00018
https://doi.org/10.1097/00005344-199204002-00018
https://doi.org/10.1167/iovs.11-7598
https://doi.org/10.1007/s12291-016-0560-2
https://doi.org/10.1007/s12291-016-0560-2
https://doi.org/10.3109/08820538.2015.1114869
https://doi.org/10.1007/s11064-018-2563-2
https://doi.org/10.1113/JP275052
https://doi.org/10.1002/glia.23213
https://doi.org/10.1016/j.exer.2016.11.002
https://doi.org/10.1167/iovs.18-26344
https://doi.org/10.1167/iovs.04-0069
https://doi.org/10.1080/02713683.2019.1659977
https://doi.org/10.3109/02713683.2012.661114
https://doi.org/10.1136/bmjopen-2015-008855
https://doi.org/10.1891/0730-0832.20.2.17
https://doi.org/10.1016/j.nut.2015.05.013
https://doi.org/10.1155/2019/4940825
https://doi.org/10.1155/2019/4940825
https://doi.org/10.1016/j.cbi.2019.01.020
https://doi.org/10.12659/MSM.917011
https://doi.org/10.4103/ijo.IJO_1121_17
https://doi.org/10.1258/0004563021901748
https://doi.org/10.1001/archopht.126.8.1076
https://doi.org/10.1007/s00125-007-0627-y
https://doi.org/10.1371/journal.pone.0202103
https://doi.org/10.1371/journal.pone.0202103
https://doi.org/10.1155/2015/191382
https://doi.org/10.1016/j.atherosclerosis.2011.01.039
https://doi.org/10.2337/db11-1272
https://doi.org/10.1001/jamaophthalmol.2016.5877
https://doi.org/10.1016/j.jdiacomp.2016.07.011
https://doi.org/10.1007/s10753-018-0949-6
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Rao et al.

Dyslipidemia in Diabetic Retinopathy

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Mas E, Woodman RJ, Burke V, Puddey IB, Beilin L], Durand T, et al. The
omega-3 fatty acids EPA and DHA decrease plasma F(2)-isoprostanes:
Results from two placebo-controlled interventions. Free Radic Res (2010)
44:983-90. doi: 10.3109/10715762.2010.492830

Roig-Revert MJ, Lleo-Pérez A, Zanén-Moreno V, Vivar-Llopis B, Marin-
Montiel A, Dolz-Marco R, et al. Enhanced Oxidative Stress and Other
Potential Biomarkers for Retinopathy in Type 2 Diabetics: Beneficial Effects
of the Nutraceutic Supplements. BioMed Res Int (2015) 2015:408180.
doi: 10.1155/2015/408180

Hogue J-C, Lamarche B, Tremblay AJ, Bergeron J, Gagné C, Couture P.
Differential effect of atorvastatin and fenofibrate on plasma oxidized low-
density lipoprotein, inflammation markers, and cell adhesion molecules in
patients with type 2 diabetes mellitus. Metabolism (2008) 57:380-6. doi:
10.1016/j.metabol.2007.10.014

Tsikas D, Pham VV, Suchy M-T, van de Ree MA, Huisman MV, Froélich JC,
et al. No effects of atorvastatin (10 mg/d or 80 mg/d) on nitric oxide,
prostacyclin, thromboxane and oxidative stress in type 2 diabetes mellitus
patients of the DALI study. Pharmacol Res (2015) 94:1-8. doi: 10.1016/
j.phrs.2015.01.004

Manfredini V, Biancini GB, Vanzin CS, Dal Vesco AMR, Cipriani F, Biasi L,
et al. Simvastatin treatment prevents oxidative damage to DNA in whole
blood leukocytes of dyslipidemic type 2 diabetic patients. Cell Biochem Funct
(2010) 28:360-6. doi: 10.1002/cbf.1654

Ozkiris A, Erkili¢ K, Kog A, Mistik S. Effect of atorvastatin on ocular blood
flow velocities in patients with diabetic retinopathy. Br ] Ophthalmol (2007)
91:69. doi: 10.1136/bjo.2006.098285

Gordon B, Chang S, Kavanagh M, Berrocal M, Yannuzzi L, Robertson C,
et al. The Effects of Lipid Lowering on Diabetic Retinopathy. Am |
Ophthalmol (1991) 112:385-91. doi: 10.1016/S0002-9394(14)76244-0

Sen K, Misra A, Kumar A, Pandey RM. Simvastatin retards progression of
retinopathy in diabetic patients with hypercholesterolemia. Diabetes Res Clin
Pract (2002) 56(1):1-11. doi: 10.1016/s0168-8227(01)00341-2

Keech AC, Mitchell P, Summanen PA, O’Day J, Davis TME, Moffitt MS,
et al. Effect of fenofibrate on the need for laser treatment for diabetic
retinopathy (FIELD study): a randomised controlled trial. Lancet (2007)
370(9600):1687-97. doi: 10.1016/S0140-6736(07)61607-9

ACCORD Study Group and ACCORD Eye Study Group, Chew EY,
Ambrosius WT, Davis MD, Danis RP, et al. Effects of medical therapies
on retinopathy progression in type 2 diabetes [published correction appears
in N Engl ] Med. 2011 Jan 13;364(2):190] [published correction appears in N
Engl ] Med. 2012 Dec 20;367(25):2458]. N Engl ] Med (2010) 363(3):233-44.
doi: 10.1056/NEJMo0al001288

Sasaki M, Kawasaki R, Rogers S, Man REK, Itakura K, Xie ], et al. The
Associations of Dietary Intake of Polyunsaturated Fatty Acids With Diabetic
Retinopathy in Well-Controlled Diabetes. Invest Ophthalmol Vis Sci (2015)
56(12):7473-9. doi: 10.1167/iovs.15-17485

Pamplona R. Advanced lipoxidation end-products. Chem Biol Interact
(2011) 192(1-2):14-20. doi: 10.1016/j.cbi.2011.01.007

McDowell RE, McGahon MK, Augustine J, Chen M, McGeown JG, Curtis TM.
Diabetes Impairs the Aldehyde Detoxifying Capacity of the Retina. Invest
Ophthalmol Vis Sci (2016) 57(11):4762-71. doi: 10.1167/iovs.16-19424

Zou MH, Li H, He C, Lin M, Lyons TJ, Xie Z. Tyrosine nitration of prostacyclin
synthase is associated with enhanced retinal cell apoptosis in diabetes. Am J
Pathol (2011) 179(6):2835-44. doi: 10.1016/j.ajpath.2011.08.041

Yokota H, Narayanan SP, Zhang W, Liu H, Rojas M, Xu Z, et al.
Neuroprotection from retinal ischemia/reperfusion injury by NOX2
NADPH oxidase deletion. Invest Ophthalmol Vis Sci (2011) 52(11):8123-
31. doi: 10.1167/iovs.11-8318

Chang KC, Shieh B, Petrash JM. Aldose reductase mediates retinal microglia
activation. Biochem Biophys Res Commun (2016) 473(2):565-71.
doi: 10.1016/j.bbrc.2016.03.122

Fu D, Yu JY, Mingyuan W, Mei D, Chen Y, Abdelsamie SA, et al. Immune
complex formation in human diabetic retina enhances toxicity of oxidized
LDL towards retinal capillary pericytes. J Lipid Res (2014) 55:860-9. doi:
10.1194/j1r.M045401

Tserentsoodol N, Gordiyenko NV, Pascual I, Lee JW, Fliesler SJ, Rodriguez
IR. Intraretinal lipid transport is dependent on high density lipoprotein-like
particles and class B scavenger receptors. Mol Vis (2006) 12:1319-33.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ishida BY, Duncan KG, Bailey KR, Kane JP, Schwartz DM. High density
lipoprotein mediated lipid efflux from retinal pigment epithelial cells in
culture. Br ] Ophthalmol (2006) 90(5):616-20. doi: 10.1136/bj0.2005.085076
Ng DS, Leiter LA, Vezina C, Connelly PW, Hegele RA. Apolipoprotein A-I Q
[-2]X causing isolated apolipoprotein A-I deficiency in a family with
analphalipoproteinemia. J Clin Invest (1994) 93(1):223-9. doi: 10.1172/
JCI116949

Ng DS, O’Connor PW, Mortimer CB, Leiter LA, Connelly PW, Hegele RA.
Case report: retinopathy and neuropathy associated with complete
apolipoprotein A-I deficiency. Am ] Med Sci (1996) 312(1):30-3. doi:
10.1097/00000441-199607000-00006

Robbesyn F, Auge N, Vindis C, Cantero A-V, Barbaras R, Negre-Salvayre A,
et al. High-density lipoproteins prevent the oxidized low-density
lipoprotein-induced endothelial growth factor receptor activation
and subsequent matrix metalloproteinase-2 upregulation. Arterioscler
Thromb Vasc Biol (2005) 25(6):1206-12. doi: 10.1161/01.ATV.00001648
05.73558.80

Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, et al. Role of AMP-
activated protein kinase in mechanism of metformin action. J Clin Invest
(2001) 108:1167-74. doi: 10.1172/JCI13505

Chen H, Ji Y, Yan X, Su G, Chen L, Xiao J, et al. Berberine attenuates
apoptosis in rat retinal Muller cells stimulated with high glucose via
enhancing autophagy and the AMPK/mTOR signaling. BioMed
Pharmacother (2018) 108:1201-7. doi: 10.1016/j.biopha.2018.09.140
Huang M-Q, Zhou C-J, Zhang Y-P, Zhang X-Q, Xu W, Lin J, et al.
Salvianolic Acid B Ameliorates Hyperglycemia and Dyslipidemia in db/db
Mice through the AMPK Pathway. Cell Physiol Biochem (2016) 40:933-43.
doi: 10.1159/000453151

Shih C-C, Shlau M-T, Lin C-H, Wu J-B. Momordica charantia ameliorates
insulin resistance and dyslipidemia with altered hepatic glucose production
and fatty acid synthesis and AMPK phosphorylation in high-fat-fed mice.
Phytother Res (2014) 28:363-71. doi: 10.1002/ptr.5003

Yuan E, Duan X, Xiang L, Ren J, Lai X, Li Q, et al. Aged Oolong Tea Reduces
High-Fat Diet-Induced Fat Accumulation and Dyslipidemia by Regulating
the AMPK/ACC Signaling Pathway. Nutrients (2018) 10(2):187. doi:
10.3390/nu10020187

Peng C-H, Yang M-Y, Yang Y-S, Yu C-C, Wang C-J. Antrodia cinnamomea
Prevents Obesity, Dyslipidemia, and the Derived Fatty Liver via Regulating
AMPK and SREBP Signaling. Am J Chin Med (2017) 45:67-83. doi: 10.1142/
$0192415X17500069

Jeon S-M. Regulation and function of AMPK in physiology and diseases. Exp
Mol Med (2016) 48:€245-5. doi: 10.1038/emm.2016.81

Kubota S, Ozawa Y, Kurihara T, Sasaki M, Yuki K, Miyake S, et al. Roles of
AMP-activated protein kinase in diabetes-induced retinal inflammation.
Invest Ophthalmol Vis Sci (2011) 52:9142-8. doi: 10.1167/iovs.11-8041
Oliver WR Jr, Shenk JL, Snaith MR, Russell CS, Plunket KD, Bodkin NL,
et al. A selective peroxisome proliferator-activated receptor delta agonist
promotes reverse cholesterol transport. Proc Natl Acad Sci U S A (2001)
98:5306-11. doi: 10.1073/pnas.091021198

Bedi O, Dhawan V, Sharma PL, Kumar P. Pleiotropic effects of statins: new
therapeutic targets in drug design. Naunyn Schmiedebergs Arch Pharmacol
(2016) 389:695-712. doi: 10.1007/s00210-016-1252-4

Zheng Z, Chen H, Wang H, Ke B, Zheng B, Li Q, et al. Improvement of
Retinal Vascular Injury in Diabetic Rats by Statins Is Associated With the
Inhibition of Mitochondrial Reactive Oxygen Species Pathway Mediated by
Peroxisome Proliferator-Activated Receptor y Coactivator 1ot Diabetes
(2010) 59:2315-25. doi: 10.2337/db10-0638

Medina RJ, O’Neill CL, Devine AB, Gardiner TA, Stitt AW. The pleiotropic
effects of simvastatin on retinal microvascular endothelium has important
implications for ischaemic retinopathies. PLoS One (2008) 3:e2584. doi:
10.1371/journal.pone.0002584

Malur P, Menezes A, DiNicolantonio JJ, O’Keefe JH, Lavie CJ. The
Microvascular and Macrovascular Benefits of Fibrates in Diabetes and the
Metabolic Syndrome: A review. Missouri Med (2017) 114:464-71.

Gan Z, Burkart-Hartman EM, Han D-H, Finck B, Leone TC, Smith EY, et al.
The nuclear receptor PPARB/S programs muscle glucose metabolism in
cooperation with AMPK and MEF2. Genes Dev (2011) 25:2619-30. doi:
10.1101/gad.178434.111

Frontiers in Endocrinology | www.frontiersin.org

March 2021 | Volume 12 | Article 620045


https://doi.org/10.3109/10715762.2010.492830
https://doi.org/10.1155/2015/408180
https://doi.org/10.1016/j.metabol.2007.10.014
https://doi.org/10.1016/j.phrs.2015.01.004
https://doi.org/10.1016/j.phrs.2015.01.004
https://doi.org/10.1002/cbf.1654
https://doi.org/10.1136/bjo.2006.098285
https://doi.org/10.1016/S0002-9394(14)76244-0
https://doi.org/10.1016/s0168-8227(01)00341-2
https://doi.org/10.1016/S0140-6736(07)61607-9
https://doi.org/10.1056/NEJMoa1001288
https://doi.org/10.1167/iovs.15-17485
https://doi.org/10.1016/j.cbi.2011.01.007
https://doi.org/10.1167/iovs.16-19424
https://doi.org/10.1016/j.ajpath.2011.08.041
https://doi.org/10.1167/iovs.11-8318
https://doi.org/10.1016/j.bbrc.2016.03.122
https://doi.org/10.1194/jlr.M045401
https://doi.org/10.1136/bjo.2005.085076
https://doi.org/10.1172/JCI116949
https://doi.org/10.1172/JCI116949
https://doi.org/10.1097/00000441-199607000-00006
https://doi.org/10.1161/01.ATV.0000164805.73558.80
https://doi.org/10.1161/01.ATV.0000164805.73558.80
https://doi.org/10.1172/JCI13505
https://doi.org/10.1016/j.biopha.2018.09.140
https://doi.org/10.1159/000453151
https://doi.org/10.1002/ptr.5003
https://doi.org/10.3390/nu10020187
https://doi.org/10.1142/S0192415X17500069
https://doi.org/10.1142/S0192415X17500069
https://doi.org/10.1038/emm.2016.81
https://doi.org/10.1167/iovs.11-8041
https://doi.org/10.1073/pnas.091021198
https://doi.org/10.1007/s00210-016-1252-4
https://doi.org/10.2337/db10-0638
https://doi.org/10.1371/journal.pone.0002584
https://doi.org/10.1101/gad.178434.111
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Rao et al.

Dyslipidemia in Diabetic Retinopathy

89.

90.

91.

—_

92.

93.

94.

95.

v

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Barroso E, Astudillo AM, Balsinde J, Vazquez-Carrera M. PPARbeta/delta
Activation prevents hypertriglyceridemia caused by ahigh fat diet.
Involvement of AMPK and PGC-lalpha-Lipinl-PPARalpha pathway.Clin
Investig Arterioscler (2013)25:63-73. doi: 10.1016/j.arteri.2013.01.001
Salvado L, Barroso E, Gomez-Foix AM, Palomer X, Michalik L, Wahli W,
et al. PPARbeta/delta prevents endoplasmic reticulum stress-associated
inflammation and insulin resistance in skeletal muscle cells through an
AMPK-dependent mechanism. Diabetologia (2014) 57:2126-35. doi:
10.1007/s00125-014-3331-8

Hetz C. The unfolded protein response: controlling cell fate decisions under ER
stress and beyond. Nat Rev Mol Cell Biol (2012) 13:89-102. doi: 10.1038/nrm3270
Antonetti DA, Klein R, Gardner TW. Diabetic retinopathy. N Engl ] Med
(2012) 366:1227-39. doi: 10.1056/NEJMral005073

Ramos-Lopez O, Riezu-Boj JI, Milagro FI, Moreno-Aliaga MJ, Martinez JA.
Endoplasmic reticulum stress epigenetics is related to adiposity,
dyslipidemia, and insulin resistance. Adipocyte (2018) 7:137-42. doi:
10.1080/21623945.2018.1447731

Lee C-H, Olson P, Hevener A, Mehl I, Chong L-W, Olefsky JM, et al.
PPARdelta regulates glucose metabolism and insulinsensitivity. Proc Natl
Acad Sci U S A (2006)103:3444-9. doi: 10.1073/pnas.0511253103
Sekulic-Jablanovic M, Petkovic V, Wright M, Strekin AG. Effects of
peroxisome proliferator activated receptors (PPAR)-gamma and -alpha
agonists on cochlear protection from oxidative stress. PLoS One (2017) 12:
€0188596. doi: 10.1371/journal.pone.0188596

El-Remessy AB, Franklin T, Ghaley N, Yang J, Brands MW, Caldwell RB,
et al. Diabetes-induced superoxide anion and breakdown of the blood-retinal
barrier: role of the VEGF/uPAR pathway. PLoS One (2013) 8:71868. doi:
10.1371/journal.pone.0071868

Fu D, Wu M, Zhang ], Du M, Yang S, Hammad SM, et al. Mechanisms of
modified LDL-induced pericyte loss and retinal injury in diabetic retinopathy.
Diabetologia (2012) 55:3128-40. doi: 10.1007/s00125-012-2692-0

Diftley JM, Wu M, Sohn M, Song W, Hammad SM, Lyons TJ. Apoptosis induction
by oxidized glycated LDL in human retinal capillary pericytes is independent of
activation of MAPK signaling pathways. Mol Vision (2009) 15:135-45.

Kumar B, Kowluru A, Kowluru RA. Lipotoxicity augments glucotoxicity-
induced mitochondrial damage in the development of diabetic
retinopathy. Invest Ophthalmol Visual Sci (2015) 56:2985-92. doi:
10.1167/iovs.15-16466

Kharitonenkov A, Wroblewski V], Koester A, Chen Y-F, Clutinger CK, Tigno XT,
et al. The Metabolic State of Diabetic Monkeys Is Regulated by Fibroblast Growth
Factor-21. Endocrinology (2007) 148:774-81. doi: 10.1210/en.2006-1168

Xu J, Lloyd DJ, Hale C, Stanislaus S, Chen M, Sivits G, et al. Fibroblast
growth factor 21 reverses hepatic steatosis, increases energy expenditure, and
improves insulin sensitivity in diet-induced obese mice. Diabetes (2009)
58:250-9. doi: 10.2337/db08-0392

Kim HW, Lee JE, Cha JJ, Huan YY, Kim JE, Lee MH, et al. Fibroblast Growth
Factor 21 Improves Insulin Resistance and Ameliorates Renal Injury in db/
db Mice. Endocrinology (2013) 154:3366-76. doi: 10.1210/en.2012-2276
Zhang C, Shao M, Yang H, Chen L, Yu L, Cong W, et al. Attenuation of
Hyperlipidemia- and Diabetes-Induced Early-Stage Apoptosis and Late-Stage
Renal Dysfunction via Administration of Fibroblast Growth Factor-21 Is
Associated with Suppression of Renal Inflammation. PLoS One (2013) 8:
€82275. doi: 10.1371/journal.pone.0082275

Fisher FM, Chui PC, Antonellis PJ, Bina HA, Kharitonenkov A, Flier JS, et al.
Obesity Is a Fibroblast Growth Factor 21 (FGF21)-Resistant State. Diabetes
(2010) 59:2781. doi: 10.2337/db10-0193

Schifer HL, Linz W, Falk E, Glien M, Glombik H, Korn M, et al. AVE8134, a
novel potent PPARalpha agonist, improves lipid profile and glucose
metabolism in dyslipidemic mice and type 2 diabetic rats. Acta Pharmacol
Sin (2012) 33:82-90. doi: 10.1038/aps.2011.165

Deng G, Moran EP, Cheng R, Matlock G, Zhou K, Moran D, et al.
Therapeutic Effects of a Novel Agonist of Peroxisome Proliferator-
Activated Receptor Alpha for the Treatment of Diabetic
Retinopathy. Invest Ophthalmol Vis Sci (2017) 58:5030-42. doi: 10.1167/
i0vs.16-21402

Kleemann R, Gervois PP, Verschuren L, Staels B, Princen HMG, Kooistra T.
Fibrates down-regulate IL-1-stimulated C-reactive protein gene expression

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

in hepatocytes by reducing nuclear p50-NFkappa B-C/EBP-beta complex
formation. Blood (2003) 101:545-51. doi: 10.1182/blood-2002-06-1762
Dhaunsi GS, Yousif MHM, Akhtar S, Chappell MC, Diz DI, Benter IF.
Angiotensin-(1-7) prevents diabetes-induced attenuation in PPAR-gamma
and catalase activities. Eur | Pharmacol (2010) 638:108-14. doi: 10.1016/
j.ejphar.2010.04.030
Yue J, Li B, Jing Q, Guan Q. Salvianolic acid B accelerated ABCA1-dependent
cholesterol efflux by targeting. Biochem Biophys Res Commun (2015)
462:233-8. doi: 10.1016/j.bbrc.2015.04.122
Komatsu A, Node K. [Effects of PPARgamma agonist on
dyslipidemia andatherosclerosis]. Nihon Rinsho (2010)68:294-8. doi:10.1155/
2017/6404638
Bermudez V, Finol F, Parra N, Parra M, Perez A, Penaranda L, et al. PPAR-
gamma agonists and their role in type 2 diabetes mellitus management. Am J
Ther (2010) 17:274-83. doi: 10.1097/MJT.0b013e3181c08081
Behl T, Kaur I, Goel H, Kotwani A. Implications of the endogenous PPAR-gamma
ligand, 15-deoxy-delta-12. Life Sci (2016) 153:93-9. doi: 10.1016/j.1fs.2016.03.054
Sapieha P, Chen J, Stahl A, Seaward MR, Favazza TL, Juan AM, et al. Omega-
3 polyunsaturated fatty acids preserve retinal function in type 2 diabetic
mice. Nutr Diabetes (2012) 2:e36. doi: 10.1038/nutd.2012.10
Gong Y, Fu Z, Liegl R, Chen J, Hellstrom A, Smith LE. ®-3 and ®-6 long-
chain PUFAs and their enzymatic metabolites in neovascular eye diseases.
Am ] Clin Nutr (2017) 106(1):16-26. doi: 10.3945/ajcn.117.153825
Tikhonenko M, Lydic TA, Wang Y, Chen W, Opreanu M, Sochacki A, et al.
Remodeling of retinal fatty acids in an animal model of diabetes: a decrease
in long-chain polyunsaturated fatty acids is associated with a decrease in fatty
acid elongases Elovl2 and Elovl4. Diabetes (2010) 59(1):219-27. doi: 10.2337/
db09-0728
Fliesler SJ, Anderson RE. Chemistry and metabolism of lipids in the
vertebrate retina. Prog Lipid Res (1983) 22(2):79-131. doi: 10.1016/0163-
7827(83)90004-8
Sharma H, Kumar S. Natural AMPK Activators: An Alternative Approach
for the Treatment and Management of Metabolic Syndrome. Curr Med
Chem (2017) 24(10):1007-47. doi: 10.2174/0929867323666160406120814
Vazirian M, Nabavi SM, Jafari S, Manayi A. Natural activators of adenosine
5’-monophosphate (AMP)-activated protein kinase (AMPK) and their
pharmacological activities. Food Chem Toxicol (2018) 122:69-79.
doi: 10.1016/j.£ct.2018.09.079
Deissler HL, Lang GE. The protein kinase C inhibitor: ruboxistaurin. Dev
Ophthalmol (2015) 55:295-301. doi: 10.1159/000431204
Hotta N, Kawamori R, Fukuda M, Shigeta Y. Aldose Reductase Inhibitor-
Diabetes Complications Trial Study Group Long-term clinical effects of
epalrestat, an aldose reductase inhibitor, on progression of diabetic
neuropathy and other microvascular complications: multivariate
epidemiological analysis based on patient background factors and severity
of diabetic neuropathy. Diabetic Med (2012) 29(12):1529-33. doi: 10.1111/
j.1464-5491.2012.03684.x
Sorbinil Retinopathy Trial Research Group. A randomized trial of sorbinil,
an aldose reductase inhibitor, in diabetic retinopathy. Arch Ophthalmol
(1990) 108(9):1234-44. doi: 10.1001/archopht.1990.01070110050024
Salz DA, Witkin AJ. Imaging in diabetic retinopathy. Middle East Afr ]
Ophthalmol (2015) 22(2):145-50. doi: 10.4103/0974-9233.151887
Huang D. WF and PR OCTA in Diabetic Retinopathy - Full Text View. In:
ClinicalTrials.gov. (2019).
Sun Z. “Using Calcium Dobesilate to Treat Chinese Patients With Mild to
Moderate Non-Proliferative Diabetic Retinopathy. In: Using Calcium Dobesilate
to Treat Chinese Patients With Mild to Moderate Non-Proliferative Diabetic
Retinopathy - Full Text View - ClinicalTrials.gov. (2020).
Rodriguez-Carrizalez AD. Combined Antioxidant Therapy on Oxidative
Stress, Mitochondrial Dysfunction Markers in Diabetic Retinopathy - Full
Text View. In: ClinicalTrials.gov. (2018).
The New York Eye & Ear Infirmary. Safety and Efficacy of Anti-Oxidants and
Anti-Inflammatory Agents in Glaucoma and Diabetic Retinopathy - Full
Text View. In: Full Text View - ClinicalTrials.gov. (2016).
Diaz AGM. Efficacy of Ubiquinone and Combined Antioxidant Therapy in
Non-Proliferative Diabetic Retinopathy - Full Text View. In: Full Text View -
ClinicalTrials.gov. (2014).

Frontiers in Endocrinology | www.frontiersin.org

March 2021 | Volume 12 | Article 620045


https://doi.org/10.1016/j.arteri.2013.01.001
https://doi.org/10.1007/s00125-014-3331-8
https://doi.org/10.1038/nrm3270
https://doi.org/10.1056/NEJMra1005073
https://doi.org/10.1080/21623945.2018.1447731
https://doi.org/10.1073/pnas.0511253103
https://doi.org/10.1371/journal.pone.0188596
https://doi.org/10.1371/journal.pone.0071868
https://doi.org/10.1007/s00125-012-2692-0
https://doi.org/10.1167/iovs.15-16466
https://doi.org/10.1210/en.2006-1168
https://doi.org/10.2337/db08-0392
https://doi.org/10.1210/en.2012-2276
https://doi.org/10.1371/journal.pone.0082275
https://doi.org/10.2337/db10-0193
https://doi.org/10.1038/aps.2011.165
https://doi.org/10.1167/iovs.16-21402
https://doi.org/10.1167/iovs.16-21402
https://doi.org/10.1182/blood-2002-06-1762
https://doi.org/10.1016/j.ejphar.2010.04.030
https://doi.org/10.1016/j.ejphar.2010.04.030
https://doi.org/10.1016/j.bbrc.2015.04.122
https://doi.org/10.1155/2017/6404638
https://doi.org/10.1155/2017/6404638
https://doi.org/10.1097/MJT.0b013e3181c08081
https://doi.org/10.1016/j.lfs.2016.03.054
https://doi.org/10.1038/nutd.2012.10
https://doi.org/10.3945/ajcn.117.153825
https://doi.org/10.2337/db09-0728
https://doi.org/10.2337/db09-0728
https://doi.org/10.1016/0163-7827(83)90004-8
https://doi.org/10.1016/0163-7827(83)90004-8
https://doi.org/10.2174/0929867323666160406120814
https://doi.org/10.1016/j.fct.2018.09.079
https://doi.org/10.1159/000431204
https://doi.org/10.1111/j.1464-5491.2012.03684.x
https://doi.org/10.1111/j.1464-5491.2012.03684.x
https://doi.org/10.1001/archopht.1990.01070110050024
https://doi.org/10.4103/0974-9233.151887
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Rao et al.

Dyslipidemia in Diabetic Retinopathy

128. ElBaz AH. Effect of Lipid Lowering Agents on Diabetic Retinopathy and
Cardiovascular Risk of Diabetic Patients - Full Text View. In: Full Text View -
ClinicalTrials.gov. (2019).

129. Landim MBP, Casella Filho A, Chagas ACP. Asymmetric dimethylarginine
(ADMA) and endothelial dysfunction: implications for
atherogenesis. Clinics (2009) 64(5):471-8. doi: 10.1590/S1807-59322009000
500015

130. University of Oxford. Lowering Events in Non-Proliferative Retinopathy
in Scotland - Full Text View. In: Lowering Events in Non-Proliferative
Retinopathy in Scotland - Full Text View - ClinicalTrials.gov. (2018).

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Rao, Jalali, Johnston and Koulen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

March 2021 | Volume 12 | Article 620045


https://doi.org/10.1590/S1807-59322009000500015
https://doi.org/10.1590/S1807-59322009000500015
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Rao et al. Dyslipidemia in Diabetic Retinopathy

G LOSSARY LDL Low-density lipoprotein

MAPK Mitogen-activated protein kinase
7KCh 7-ketocholesterol MDA Mlalorjdiakljehyde ) ) )
AGE Advanced glycation end-products NADPH N|oof|na.m|de adenine dinucleotide phosphate
ALE Advanced lipoxidation end products NEP Neprilysin , , ,
AR Autosomal recessive NFkB Nuclear factor kappa-light-chain-enhancer of activated
AB Amyloid-Beta Boells o , .
BRB Blood-retina-barrier NOX N|cot|narT1|de ladenlme dllnuclfeotlde phosphate oxidase
cD Conjugated dienes NPDR Non—prohferlanve diabetic retinopathy
Ioh) Capilary density index PARP PoIY (ADIlD—nbcl)se) ;l:)olym.erase (PARP)
DM Diabetes Meliitus PDR Proliferative Diabetic Retinopathy
DME Diabetic Macular Edema PGC-1o Prolifelrator—activlated recep.tor Y coactivator 1o
DR Diabetic Retinopathy PPAR Pergmsome prol|ferator—act|vat§d receptors
ER Endoplasmic reticulum RMEC Ret!nal m!crova}scular endothelial cells
ERK Extracellular-signal-regulated kinase RMG Retmgl microglia .
FAZ Foveolar avascular zone ROS Reactive Oxygen Species
FD Fractal dimension RPE Retingl pigment epitheliuml . ‘
HDL High-density lipoprotein TRPV4 Tr§n3|elntl Re(l;eptor Potential Cation Channel Subfamily V Member 4
IHC Immunocytochemistry 12D Th|azo||d|ned|9ne
iINOS Inducible nitric oxide synthase VD Vascular density
VEGF Vascular endothelial growth factor

Frontiers in Endocrinology | www.frontiersin.org 18 March 2021 | Volume 12 | Article 620045


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Emerging Roles of Dyslipidemia and Hyperglycemia in Diabetic Retinopathy: Molecular Mechanisms and Clinical Perspectives
	Introduction
	Effects of Dyslipidemia and Hypercholesterolemia on the Activity of Retinal Neurons in the Absence of Diabetes
	Preclinical Studies Providing Mechanistic and Pharmacological Evidence for Signaling Pathways Altered by Dyslipidemia Controlling the Activity of the Neural Retina
	Studies Identifying Amyloid-Beta Accumulation Secondary to High Cholesterol Diet
	Elevated Blood Levels of 7-Ketocholesterol in Diabetic Patients Inducing Inflammation
	Hypercholesterolemia Impairing Retinal Function via Inducible Nitric Oxide Synthase Pathway
	Studies Examining Vascular Damage From Dyslipidemia
	Studies Evaluating TRPV4 Signaling Pathway as a Source of Retinal Damage

	Clinical Studies Providing Evidence for Dyslipidemia Pathophysiology Impairing Retina and Visual Function

	Effects of Diabetes on the Activity of Retinal Neurons in the Absence of Dyslipidemia
	Preclinical Studies Providing Mechanistic and Pharmacological Evidence for Signaling Pathways Altered by Diabetes Controlling the Activity of the Neural Retina
	Oxidative Stress From Diabetes Resulting in Generation of Advanced Lipoxidation End Products
	Studies Identifying the Protective Role of Nicotinamide Adenine Dinucleotide Phosphate Oxidase
	Studies Evaluating the Deleterious Role of the Polyol Pathway in DR Progression

	Clinical Studies Providing Evidence for Diabetes Pathophysiology Impairing Retina and Visual Function
	Studies Demonstrating the Clinical Significance of Oxidative Stress in DR Patients
	Clinical Studies Supporting the Role of Polyol Pathway in DR


	Effects of Diabetes and Dyslipidemia on the Activity of Retinal Neurons: Synergistic or Additive?
	Preclinical Studies Providing Mechanistic and Pharmacological Evidence for Synergism in signaling Pathways Altered by Both Diabetes and Dyslipidemia Controlling the Activity of the Neural Retina
	Studies Identifying Mitochondrial Damage Secondary to Dyslipidemia
	Studies Assessing Oxidative Stress and Cytokine Expression Due to LDL

	Clinical Studies Providing Evidence for Diabetes and Dyslipidemia Pathophysiologies Impairing Retina and Visual Function Synergistically or Additively

	Signaling Pathways and Disease Causing Mechanisms of Both Dyslipidemia and Diabetes Contributing to DR Pathogenesis
	Preclinical Studies Providing Mechanistic and Pharmacological Evidence for Shared and Parallel Signaling Pathways in Both Dyslipidemia and Diabetes Contributing to the Pathogenesis of DR
	Studies Evaluating 5’-Adenosine Monophosphate-Activated Protein Kinase in DR Pathophysiology
	Studies Examining PPAR Protein Family Signaling in DR
	Studies Identifying Lipid Peroxidation as a Mechanism of Cell Damage Common to Both Hyperglycemia and Dyslipidemia
	Studies Identifying a Beneficial Role for Fibroblast Growth Factor in Both Hyperglycemia and Dyslipidemia Pathologies
	Studies Evaluating Various Inflammatory Markers as a Common Marker of Damage

	Clinical Studies Providing Evidence for Shared Pathophysiologies in Both Dyslipidemia and Diabetes Contributing to the Pathogenesis of DR
	Clinical Studies Evaluating Oxidative Stress/Inflammatory Markers in Patients


	Dyslipidemia, Hypertriglyceridemia and Hypercholesterolemia as Targets for Drug and Therapy Development for Diabetic Retinopathy
	Preclinical Studies Providing Mechanistic and Pharmacological Evidence That Dyslipidemia, Hypertriglyceridemia and Hypercholesterolemia Represent Viable Targets for Drug and Therapy Development for Diabetic Retinopathy
	PGC-1a Pathway Involvement in the Production of ROS
	Therapeutic Options Seeking to Mitigate Oxidative Stress

	Clinical Studies Employing or Supporting the Concept That Dyslipidemia, Hypertriglyceridemia and Hypercholesterolemia Represent Viable Targets for Drug and Therapy Development for Diabetic Retinopathy

	Discussion, Conclusions and Future Directions
	Various Pathway Identified in Basic Science Studies to be Translated Into Clinical Studies
	Emerging/Ongoing Clinical Studies Researching New Diagnostic Tools/Therapies for DR

	Author Contributions
	Funding
	References
	Glossary



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


