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ABSTRACT

A LIPIDOMICS STUDY OF DIABETIC RETINOPATHY REVEALS A NOVEL ROLE FOR
FATTY ACID ELONGASE ELOVL4 IN THE MAINTENANCE OF RETINAL VASCULAR
INTEGRITY

By

Todd A. Lydic

Diabetic retinopathy (DR) is a blinding microvascular complication of diabetes mellitus
for which no cure or preventative intervention exists. Chronic retinal inflammation is thought to
play a major role in the development of diabetic retinal lesions, including endothelial injury and
subsequent dysfunction of the blood-retinal barrier. Dyslipidemia is a major complication of
diabetes which has been positively associated with the development of DR, yet no potential link
between retinal lipid profiles and diabetes induced retinal vascular degeneration has been
explored. We developed a mass spectrometry based lipidomics platform suitable for sensitive
analysis and structural elucidation of diverse classes of complex retinal lipid species, and applied
this lipidomics approach to the study of diabetic animal models to identify novel pathways
involved in the development of diabetic retinal lesions. Lipidomics analysis of retina lipids in a
streptozotocin (STZ) rat model of type 1 diabetes revealed multiple aberrations of retinal lipid
metabolism at both early (six weeks) and late (36 weeks) time points of experimental diabetes.
Dysregulated lipid metabolism in diabetic retina included a significant decrease in retinal
glycerophospholipid polyunsaturated fatty acid (PUFA) content, including decreased
docosahexaenoic acid (DHA, 22:6n3) and 32:6n3 very long chain PUFA (VLCPUFA).

Investigation of the potential mechanisms of altered retinal lipid profiles in diabetes led to the



novel finding that diabetes decreases the expression of several retinal fatty acid elongases,
including dramatic downregulation of the most abundant retinal elongase, elongation of very
long chain fatty acids 4 (ELOVL4). The alteration of rat retina elongases and
glycerophospholipid content was coupled with increased retinal gene expression of inflammatory

markers including pro-inflammatory cytokines and intracellular adhesion molecule-1 (ICAM-1).

Decreased ELOVL4 expression or function has been associated with multiple retinal
disorders, including blood-retinal barrier breakdown, in animal and human studies. This led us to
hypothesize that ELOVL4 modulates diabetes-induced retinal vascular degeneration. The exact
role of ELOVL4 in fatty acid synthesis has remained nebulous; however, ELOVL4 has been
suggested to produce VLCPUFA. Using an adenovirus and capsid-modified Adeno-Associated
Virus serotype 2 (AAV2) to overexpress ELOVL4 in human retinal pigment epithelial (RPE)
and human retinal endothelial cell (HREC) culture models of the blood-retinal barrier, we found
that ELOVL4 did not affect glycerophospholipid VLCPUFA content. Instead, ELOVL4
increased levels of saturated C26 fatty acids incorporated into ceramide while decreasing shorter
chain ceramides in these cells. Altered sphingolipid content by ELOVL4 decreased RPE cell
activation in response to stimulation by the pro-inflammatory cytokine IL-1B. Intravitreal
delivery of ELOVL4-AAV?2 to retinas of STZ diabetic rats reduced retinal vascular activation,
blunted diabetes-induced retinal vascular permeability, and increased endothelial expression of
blood-retinal barrier components despite having no mitigating effect on retinal inflammation.
Taken together these data indicate that ELOVL4 prevents early stage vascular degeneration in
diabetic retina through modulation of sphingolipid metabolism. Retinal delivery of ELOVL4 by

AAV?2 vectors may represent an effective intervention to prevent early vascular lesions of DR.
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Literature Review

1.1 Diabetes Mellitus
1.1.1 Overview

Diabetes mellitus is a disease characterized by insufficient insulin secretion or insulin
action which results in chronically elevated blood glucose levels (hyperglycemia), with
concomitant defects in the metabolism of carbohydrates, proteins, and fats (1). The American
Diabetes Association defines diabetes as a fasting plasma glucose concentration greater than or
equal to 126 mg/dL (or 7.0 mmol/L) (2). Depending on the nature of the central insulin defect,
diabetes mellitus is commonly categorized as either type 1 or type 2. Type 1 diabetes is an
autoimmune disease directed against the insulin producing beta cells located in the pancreatic
islets of Langerhans, leading to progressive loss of both beta cells and insulin secretion (3). T-
cells specific for beta cell antigens are currently thought to be the primary culprit driving beta
cell loss in type 1 diabetes (4). The onset of type 1 diabetes usually occurs before adulthood, and
insulin injections are typically required to manage hyperglycemia and prolong lifespan in type 1

diabetic patients (5). Type 1 accounts for approximately 10% of all cases of diabetes worldwide

(6).

Type 2 diabetes is characterized by inadequate insulin action, notably diminished insulin-
stimulated disposal of glucose in skeletal muscle and decreased suppression of hepatic glucose
production, termed insulin resistance (6). Insulin resistance causes chronic hyperglycemia in type
2 diabetes, and beta cell dysfunction subsequently renders the body unable to compensate for

increased glucose load (6). Although causes of Type 2 diabetes are likely multifactorial (6-8),



disease onset typically occurs in adults and is usually associated with obesity and inactive

lifestyle (8). Type 2 accounts for nearly 90% of all cases of diabetes worldwide (6).

1.1.2 Societal impact

Approximately 285 million people were diagnosed with either type 1 or type 2 diabetes in
2010, the last year for which data are available, and the number of expected total cases is
anticipated to grow to 438 million by 2030 (9). The United States Centers for Disease Control
and Prevention estimates that in 2010, approximately 26 million Americans had some form of
diabetes with nearly 80 million additional adults at risk of developing the disease (10). Thus the

number of Americans with diabetes has the potential to increase very rapidly.

Diabetes is associated with significant personal costs such as decreased quality of life and
lost income due to increased absence from work (10), as well as extensive health care costs
incurred while managing the disease over the course of decades of life. Such costs, along with
the considerable morbidity and mortality which accompany diabetes, are related to the
development of diabetic complications. These complications can be generalized as
macrovascular or microvascular in nature. Macrovascular complications include stroke, coronary
artery disease, and peripheral artery disease, while microvascular complications comprise
retinopathy, nephropathy, and neuropathy (9). In 2007, expenditures for the treatment of diabetes
and all related complications accounted for one out of every ten dollars spent on healthcare in the
United States, as costs associated with both type 1 and type 2 diabetes totaled more than $174

billion (10). Clearly, the impending increase in total cases of diabetes and its complications will



have serious ramifications on the future allocation of health care resources nationally and

globally.

1.2 Diabetic Retinopathy: Clinical Aspects

1.2.1 Overview

Diabetic retinopathy (DR) is a nefarious complication of diabetes that can lead to
impaired vision or total blindness and decreased quality of life. Evidence of DR is present in
65% of all type 1 and type 2 diabetic patients after 10 years of disease (11). The risk of
developing DR increases with increasing duration of diabetes (11), therefore the aging of
recently diagnosed diabetic patients coupled with the anticipated boom in new diabetes diagnosis
is expected to cause a significant expansion of the number of cases of DR over the next few
decades. At present diabetic retinopathy is already the leading cause of blindness and visual
impairment in the global population of working-age adults (12). Currently there is no cure or

effective preventative strategy.

1.2.2 Clinical presentation of DR

Diabetic retinopathy has been classically defined as a neovascular disease of the retina. In
early stage (background) DR, apoptosis of endothelial cells within retinal capillaries leads to
formation of degenerate non-perfused acellular capillaries, causing downstream tissue anoxia

that drives subsequent pathologic neovascularization during late stage (proliferative) DR (12).



Blindness subsequently arises from proliferative vessel growth or the leakage of blood into the
field of vision and/or vitreous (12). Additionally, nascent blood vessels may grow into the
vitreous and cause a significant degree of traction, resulting in complete retinal detachment (13).
The initial stages of DR are diagnosed clinically by the appearance of retinal blood vessel
microaneurysms and hemorrhages, as well as local points of retinal ischemia (12). Diabetes also
induces noticeable changes in retinal blood vessel calibre, resulting in smaller retinal arterioles
and venules (14). Chronic diabetes causes some structural changes in the retinal capillaries of

nearly all patients with disease duration of more than 15 years (15).

Structural alterations to the retinal blood vessels induced by diabetes may also lead to
diabetic macular edema, a thickening of the macula which results in decreased visual acuity and
loss of central vision (16). Clinically significant macular edema occurs when retinal thickening
occurs close to or within the central macula (17), which comprises the highest density of cone
photoreceptors found in the retina (12). Macular edema that arises from blood vessel
microaneurysms is termed focal diabetic macular edema, while diffuse diabetic macular edema is
due to dysfunction of the blood-retinal barrier (16). Macular edema occurs more frequently in
type 2 diabetes than in type 1 diabetes, while type 1 diabetes is associated with a higher
incidence of proliferative diabetic retinopathy (13). However, proliferative diabetic retinopathy

in type 2 diabetes almost always presents concomitantly with macular edema (13).

1.2.3 Current Treatments

Tight control of blood glucose levels (acetylated hemoglobin < 7%) has emerged as a

standard paradigm for preventing the onset and progression of diabetic retinopathy (13).



However, achieving such a level of blood glucose management often proves difficult
therapeutically, and in many cases fails to prevent retinopathy altogether. Laser photocoagulation
is currently the primary treatment for both proliferative diabetic retinopathy and diabetic macular
edema (18). However, laser photocoagulation often fails to prevent further vision loss (13), and
the treatment itself results in reduced color vision, visual field, and contrast sensitivity due to

destruction of retinal tissue (12; 13).

Recently a new class of drug has become available for treatment of proliferative DR and
diabetic macular edema. Multiple anti-vascular endothelial growth factor (VEGF) antibodies,
including Bevacizumab and ranibizumab, are now available to block VEGF-mediated induction
of blood vessel permeability and retinal neovascularization (16). Unfortunately, anti-VEGF
therapies require frequent injections into the eye, leading to high costs, significant pain for the
patient, and occasionally ocular hypertension (16; 19). Importantly, inhibition of VEGF may
slow retinopathy progression, but does not always prevent eventual retinal neovascularization
(20). Moreover, the ratio of VEGF to other growth factors including connective tissue growth
factor may be critical to promoting pro-angiogenic conditions in the retina (21). Patients
receiving intravitreal injections of anti-VEGF agents have been reported to have increased levels
of retinal fibrosis due in part to the altered balance of VEGF and connective tissue growth factor
(21). Given the limited treatment options for diabetic retinopathy, the identification of novel

preventative strategies which mitigate the appearance of clinical symptoms of DR is imperative.

1.3 Diabetic retinopathy: Insights from animal models

1.3.1 Animal models of DR



Due to the duration of time needed to evaluate the onset of human diabetic complications,
and therefore the effectiveness of potential interventions, animal models of diabetes play an
essential role in advancing knowledge of the progression of DR. Type 1 diabetic rat models,
particularly those induced chemically by streptozotocin (STZ) or alloxan, are among the most
commonly used animal models of diabetic retinopathy. Genetic models include spontaneous
autoimmune diabetic rats such as BBDP/Wor, originally derived in Worcester, MA, (22) and
non-obese diabetic (NOD) mice. All of these rodent models exhibit loss of pancreatic beta cells
and subsequent hyperglycemia, and typically develop both macrovascular and microvascular
complications (22). There are, however, important limitations of these models as they relate to
human type 1 diabetes. Chemically induced type 1 diabetic rodent models fail to mimic the
autoimmune response that ultimately drives beta cell destruction in humans, while development
of diabetes in NOD mice strictly requires the absence of immune stimulation by foreign
pathogens (22). Spontaneous autoimmune rats have now been derived from numerous colonies
originating in locations other than Worcester, MA, and some studies have suggested that

comparisons across colonies cannot be made due to genetic and phenotypic differences (23).

Among the most popular rat model of type 2 diabetes is the inbred Bio-Breeding Zucker
diabetic (BBZDR)/Wor rat. These obese animals spontaneously develop diabetes at 70-80 days
of age (24). Similarly, db/db (leptin receptor mutation) and ob/ob (leptin gene mutation) mice
exhibit obesity that predisposes them to type 2 diabetes (25). While many aspects of these
models closely resemble accelerated human type 2 diabetes, it should be noted that mouse
models in particular do not share all aspects of islet pathology observed in humans (25).

Additionally, BBZDR/Wor rats must be maintained on a diet containing n3 polyunsaturated fatty



acid (PUFA)-rich fish oil for a considerable length of time to prevent death of the animals at 6 to

8 months of age, limiting their utility in studies of lipid metabolism.

Importantly, neither type 1 nor type 2 diabetic animals live long enough to develop
advanced proliferative (late stage) retinopathy, restricting their collective use to investigations of
early stages of DR. However, it has been shown that these animals accurately model many
cellular processes characteristic of early retinopathy seen in human diabetic patients, including
the formation of nonperfused acellular retinal capillaries (26-28) after 6-9 months of diabetes.
The formation of acellular retinal capillaries is now considered to be a hallmark of retinopathy in
animal models, and quantitation of these degenerate capillaries is often used as a readout for the
effects of diabetes and potential interventions (29). Together these animal models have led to the
discovery of most of the known pathogenesis and associated features of diabetic retinopathy (30-
33) including the early stage breakdown of the blood-retinal barrier, and the potential role of

inflammation in the development of diabetic retinal lesions.

1.3.2 Blood-retinal barrier dysfunction in diabetic retinopathy

Normal functioning of the retina is absolutely dependent on a selective diffusion barrier
to separate retinal neurons, glia, and microglia from the systemic circulation. Disruption of
vascular barrier function is associated with many neovascular diseases (34), and increased blood
vessel permeability may be a key step in the initiation of new vessel growth (35). Moreover,
nascent blood vessels formed during pathological tissue neovascularization in humans and
animal models of accelerated retinal vessel growth also typically exhibit increased permeability

due to decreased vascular barrier function (35). In the retina, separate barriers exist at each of



two distinct blood supplies. The outer blood-retinal barrier (BRB) consists only of tight junctions
between retinal pigmented epithelial (RPE) cells, and regulates delivery of nutrients from the
fenestrated choroidal blood vessels to the retinal photoreceptors (36). The inner BRB consists of
both tight junctions and adherens junctions between adjacent endothelial cells of the retinal
blood vessels which emerge from the optic disc to provide nutrients to the inner retinal cell
layers (37). Interlinked junctional structures between adjacent endothelial cells greatly restrict
the paracellular flow of water, lipids, proteins, and leukocytes into the retina (38; 39). The inner
barrier receives perivascular support from retinal pericytes, Muller glial cells, and astrocytes,
which form physical contacts with the retinal vasculature and may secrete barrier-inducing
factors that upregulate junctional proteins (37). Investigations of the regulation of endothelial
barrier formation, and subsequent breakdown of the blood-brain barrier in models of ischemic

stroke, implicate sphingolipid metabolites as key barrier-inducing signals (40).

In addition to regulating paracellular flux, the BRB also tightly controls transcellular
movement of solutes and macromolecules in part by regulation of caveolae (20). Caveolae are
invaginations of the cell membrane which are enriched in the structural protein caveolin-1,
cholesterol, sphingolipids, and phospholipids containing esterified saturated fatty acids,
rendering them biochemically distinct from the remainder of the cell membrane (41). Caveolae
of the retinal vascular endothelium serve as important sites of vesicle-mediated uptake of
proteins and lipids (20). Accordingly, strict control of the quantity of these membrane
microdomains may contribute to BRB regulation of transcellular permeability (20). Interestingly,
membrane microdomains with lipid composition similar to caveolae (collectively termed ‘lipid

rafts’) have also been shown to play key roles in the organization of both transcellular transport



proteins and tight junction proteins in brain microvascular endothelial cells (41). However, the

potential contribution of lipids to retinal barrier function has not been addressed.

Cultured monolayers of retinal endothelial or pigmented epithelial cells serve as
established in vitro models the inner and outer BRB, respectively (42). Growth of cells on porous
transwell inserts creates upper and lower chambers in each cell culture well, enabling use of a
voltmeter/ohmmeter for measurement of transendothelial or transepithelial resistance as an
indicator of barrier integrity (36). Alternatively, the passage of a labelled macromolecule, such as
fluorescent fluorescein isothyocyanate (FITC)-dextran, through the monolayer may be used to
assess BRB properties (42). Measurement of BRB integrity in vivo is typically achieved by
injection of a labelled marker, such as FITC-albumin or Evans blue dye, into the blood of an
animal model of interest (43). After allowing for sufficient circulation of the labelled marker, the
animal is perfused and the retina is isolated for quantitation of marker leakage into the retinal

tissue relative to circulation time and plasma marker content (43).

Outer blood-retinal barrier breakdown is associated with choroidal neovascularization in
the “wet” form of age-related macular degeneration (44), and the outer barrier may be impaired
in diabetes as well (45). Numerous studies have indicated that retinas of diabetic animal models
primarily exhibit increased vascular permeability due to dysfunction of the inner BRB, which
precedes death of vascular endothelial cells and acellular capillary formation (34; 42; 43; 46).
Assessment of vascular barrier function in diabetic retina may therefore be utilized as an early
indicator of endothelial injury. Retinas of diabetic rats exhibit dysregulated vascular expression
and altered localization of the tight junction associated protein occludin, which may directly
increase paracellular permeability in the vascular endothelium (47). In addition to occludin,

decreased mRNA and/or protein levels of other endothelial tight junction components including
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claudin-5 and zonula occludens (ZO)-1 and -2 have been observed in diabetic rat retina (46; 48).
Vascular endothelial (ve)-cadherin, a major structural protein of endothelial adherens junctions,
undergoes increased tyrosine phosphorylation and subsequent turnover in early stages of
experimental diabetes (42). Multiple studies have indicated that increased retinal VEGF-
associated signaling in diabetic retina may account for decreased occludin and ve-cadherin levels
and function (34; 49), and increased retinal levels of pro-inflammatory cytokines may be partly
responsible for negative regulation of other junctional components as well (34). Together these
findings indicate that diabetes compromises regulation of paracellular solute movement through

the inner blood-retinal barrier.

Increased expression of transcellular transport components may also contribute to greater
transcellular permeability in diabetic retina. Streptozotocin diabetic rats exhibit up to a 3-fold
increase in the retinal expression of caveolin-1 and associated vesicular transport proteins
between 6 weeks and 12 weeks of diabetes (48). In an oxygen-induced (nondiabetic) retinopathy
mouse model of retinal neovascularization, increased caveolin-1 expression was also observed in
hyperpermeable newly formed blood vessels (20). siRNA knockdown of caveolin-1 reduced
vascular leakage by 56%, with a concomitant reduction in new vessel growth of 51% (20).
Conversely, complete ablation of caveolae in caveolin-1 knockout mice has also been associated
with increased vascular permeability and adhesion of the retina to the retinal pigmented
epithelium (50). Together these findings imply that tight control of transcellular permeability is
critical for normal retinal function, and dysregulation of caveolae constituents may contribute to

early diabetic retinal pathology.

Diabetic patients presenting with diffuse macular edema due to impaired vascular barrier

function do not always progress to proliferative DR. This implies that BRB breakdown is not
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necessarily sufficient to drive retinal neovascularization in humans, although it may predispose
patients to higher risk of tissue neovascularization (45). While most investigations of BRB
failure in diabetic animal models have focused on increased paracellular permeability, diabetes-
induced changes in hemodynamic factors could affect in vivo measurements of retinal vascular
permeability. For example, increased capillary pressure or blood flow could lead to increased
retinal accumulation of a labeled marker injected into the systemic circulation and lead to the
appearance of increased vascular permeability in the presence of an intact barrier (51). Yet
overall, studies from diabetic animal models have consistently shown altered expression of
vascular barrier components that are consistent with increased paracellular and/or transcellular
permeability. These molecular changes to blood-retinal barrier components imply that early
endothelial damage occurs well before apoptosis of endothelial cells, and the subsequent

formation of degenerate acellular capillaries.

1.3.3 Inflammation and diabetic retinopathy

Early stage diabetic retinopathy exhibits characteristics of a low-grade chronic
inflammatory disease (52-60). Diabetes increases retinal expression of numerous cytokines and
growth factors including interleukin-1 (IL-1)B, IL-6, tumor necrosis factor (TNF)-a, and vascular
endothelial growth factor (VEGF) (61). Cytokines and VEGF directly upregulate vascular cell
adhesion molecule-1 (VCAM-1) in cultured human retinal endothelial cells (HREC) via nuclear
translocation of the nuclear factor kB (NF«B) transcription factor, which is widely known to
play a role in inflammatory signaling (62; 63). Cytokines have also been shown to upregulate

intracellular adhesion molecule-1 (ICAM-1) in multiple retinal cell types (27), and both VCAM-
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1 and ICAM-1 are upregulated in diabetic retinas (56). Diabetes-induced upregulation of ICAM-
1 and VCAM-1 in retina contributes to leukocyte adhesion to the retinal vasculature (56). In turn,
leukocyte adhesion may facilitate vessel occlusion and transmigration of leukocytes through the
endothelium and into the retinal tissue, potentially promoting endothelial cell injury, apoptosis,
and nonperfusion of affected capillaries (27; 53; 55; 57; 58; 60). Thus retinal inflammation,
particularly upregulated levels of cytokines and VEGF, is thought to be a primary instigator of

blood-retinal barrier dysfunction (34).

Sources of retinal pro-inflammatory factors at the onset of DR, as well as their respective
mechanisms of action, are an area of ongoing research. NFxB and other transcription factors
including specificity protein 1, hypoxia inducible factor 1-p, and activator protein 1 may all
contribute to increased transcription of various inflammatory mediators including inducible nitric
oxide synthase, cyclooxygenase 2, receptor for advanced glycation end products (RAGE), and
numerous cytokines and growth factors (27; 64). In Miller glial cells, activation of caspase-1 in
response to hyperglycemia is known to drive production of the pro-inflammatory cytokine IL-1p
(65), and hyperglycemia in general is thought to drive production of many retinal cytokines (12).
VEGEF is also secreted by Muiller cells, as well as retinal pericytes and ganglion cells (27).
Knockdown of many of these pro-inflammatory proteins, cytokines, and growth factors by
pathway specific (i.e., cycolooxygenase-2 or VEGF) inhibitors (27; 66) or by administration of
broad spectrum anti-inflammatory agents such as aspirin (26) or minocycline (65) have yielded

decreases in degenerate capillary formation in diabetic animal models.

Several of the enzymes that have been shown to promote retinal inflammation, such as
inducible nitric oxide synthase, as well as receptors for cytokines and growth factors upregulated
in diabetic retina, are localized to endothelial cell caveolae (41; 67). Acid sphingomyelinase
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(ASM), an enzyme that hydrolyzes cell membrane sphingomyelin to produce ceramide in
response to many stress stimuli, is also localized to sphingomyelin-rich caveolae in endothelial
cells (68). Many studies indicate that turnover of sphingomyelin to generate large ceramide-rich
microdomains by activated ASM may be a critical factor for receptor clustering and signal
propagation during inflammatory cytokine signaling (69-71). Moreover, altered sphingolipid
turnover has been found to play a central role in diabetes induced loss of retinal vascular
endothelial cells and ganglion cells (29; 72). Collectively these data indicate that propagation of
diverse inflammatory signals in diabetic retina may depend on altered sphingolipid metabolism,

and implicate caveolae as potentially important sites for inflammatory signal transduction.

However, elevated levels of circulating cytokines found in conditions such as obesity
(73) are not sufficient to cause retinal degeneration and proliferative neovascularization in the
absence of overt diabetes. Despite the efficacy of aspirin and other anti-inflammatory agents for
prevention of diabetic retinal lesions in both animal models and small-scale human studies (27;
74), the largest study to date that assessed the ability of aspirin to improve retinopathy outcomes
found that a daily regimen of 650 mg had no effect on the development of retinal
microaneurysms relative to placebo in a group of 3711 diabetes patients (74). These data could
indicate that inflammation alone may not be sufficient or absolutely required for the
development of diabetic retinal vascular lesions, or that local factors in the retinal tissue are of
greater importance than systemic pro-inflammatory factors. However, it is unclear whether the
dose of aspirin used in the aforementioned trial was sufficient to produce the intended anti-

inflammatory effect in the retina.

Interestingly, a mouse model utilizing endothelium-specific knockout of platelet-derived

growth factor-B, a growth factor that supports capillary pericytes, exhibited retinal capillary
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occlusion and acellular capillary formation that mimicked diabetic retinal lesions that correlated
with the extent of pericyte loss (75). These animals also showed initial signs of proliferative new
blood vessel growth (75). This indicates that perhaps changes in growth factor levels are
sufficient to drive diabetic retinal lesions independent of retinal inflammation. Similarly,
decreased levels of nerve growth factor have been observed in STZ diabetic rat retinas, and
treatment of diabetic rats with nerve growth factor over the course of 14 weeks reduced loss of
retinal ganglion cells and Muller cells, and prevented loss of retinal pericytes and the formation
of degenerate acellular capillaries (15). While markers of inflammation were not assessed in this
study, the data indicates that altering levels of retinal trophic factors could be sufficient to
prevent early stage retinal vascular damage. Yet taken as whole, a preponderance of data
gathered from animal models of DR suggests a role for diabetes-induced retinal inflammation in

the onset and progression of retinopathy, despite the existence of some evidence to the contrary.

1.4 Dyslipidemia

1.4.1 Overview

The initiating events that promote retinal sequelae such as inflammation and BRB
dysfunction in diabetic retinopathy are likely to stem from hyperglycemia and dyslipidemia that
constitute two major metabolic abnormalities of diabetes mellitus. The role of hyperglycemia in
the development of retinal inflammation and DR has been very well illustrated over decades of
research, as reviewed in (12; 76). Nevertheless, to date no effective cure or preventative strategy
for DR exists. Because the potential effects of diabetic dyslipidemia on retinal degeneration have

not been explored in detail, lipid metabolism in diabetic retina merits further study.
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Dyslipidemia is a broadly defined term generally applied to abnormalities of circulating
lipid levels. Altered serum lipid profiles have been tied to the development of macrovascular and
microvascular complications in both type 1 and type 2 diabetes (77-79). However, the
presentation of dyslipidemia in patients with type 1 diabetes typically differs from those with
type 2 diabetes. In type 1 diabetes that is tightly controlled by insulin therapy, patients exhibit
plasma levels of cholesterol, free fatty acids, and triglycerides that are equal to, or even slightly
decreased from, levels of nondiabetic subjects (78). Yet type 1 diabetes leads to increased Apo B
lipoprotein content, as well as smaller, denser, pro-atherogenic low density lipoprotein (LDL)
particles than control subjects (78) regardless of insulin therapy. Additionally, the presence of
confounding poor insulin management of hyperglycemia in type 1 diabetes leads to overall
increases in total serum cholesterol and LDL cholesterol, and a decrease in the ratio of high
density lipoprotein (HDL) to LDL relative to control subjects (78). In a study of serum lipid
profiles in a large cohort of patients with type 1 diabetes, the severity of diabetic retinopathy was
correlated with increased triglyceride levels within the cohort, and even stronger correlations
were found between retinopathy progression and decreased diameter of very low density

lipoprotein (VLDL), LDL and HDL particles (77).

In type 2 diabetes, dyslipidemia typically develops prior to the appearance of overt
diabetes, following the onset of insulin resistance (80). An insulin resistant state promotes
dyslipidemia in the form of elevated total free fatty acids, total cholesterol and triglycerides, and
decreased HDL cholesterol (81). A decrease in the diameter and increase in density of serum
LDL cholesterol is also present in type 2 diabetes (81). The Fenofibrate Intervention and Event
Lowering in Diabetes (FIELD) trial measured the ability of the lipid-lowering drug fenofibrate to

decrease both macrovascular and microvascular events in type 2 diabetic patients with well-
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managed blood glucose levels (average 6.9% acetylated haemoglobin) (82). While fenofibrate
exhibits pleiotropic effects (83; 84), it acts in part by reducing serum triglyceride levels 20-30%
while increasing levels of HDL by up to 10% (79). Use of fenofibrate in the FIELD study
reduced the need for laser photocoagulation treatment for diabetic retinopathy by 37%, with a
reduction of 31% in the need for first time laser treatment (79). While the underlying
mechanism(s) remain uncertain, it is clear that dyslipidemia is strongly correlated with the onset

and progression of diabetic retinopathy in both type 1 and type 2 diabetes.

1.4.2 Fatty acid remodeling in dyslipidemia.

Increased content of shorter (less elongated), more saturated fatty acid chains has been
associated with decreased diameter and increased density of serum lipoprotein particles;
conversely, increased content of longer chain, polyunsaturated fatty acids increases lipoprotein
diameter and decreases density (85-87). Evidence of altered elongation or desaturation of serum
fatty acids has been observed in both type 1 and type 2 diabetic patients (88; 89). Elongation and
desaturation (remodeling) of fatty acids produced de novo or obtained from the diet is achieved
by a group of enzymes acting in close physical proximity in the endoplasmic reticulum, termed
fatty acid elongases and desaturases, respectively. It has been previously demonstrated that
diabetes results in dysregulated desaturase activity (90-92). Steroyl-CoA (SCD) and fatty acid
desaturase (FAD) enzymes catalyze the introduction of fatty acid double bonds (desaturation) to
acyl-CoA chains in a cytochrome b5 and cytochrome b5 reductase-dependent mechanism (93).

Several recent studies indicate that diabetes also dysregulates elongase expression and activity
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(94-98), although to date the role of elongases in diabetes and diabetic complications has

received relatively little attention.

The seven known fatty acid elongases are designated elongation of very long chain fatty
acids (ELOVL) 1-7 (93). Elongases perform the rate-limiting NADPH dependent condensation
step of fatty acid elongation to extend a fatty acyl-CoA chain by two carbon units, utilizing
malonyl-CoA as a carbon source (99). Elongases are physically associated with the enzymes 3-
ketoacyl-CoA reductase, 3-hydroxyacyl-CoA dehydratase, and trans-2,3,-enoyl-CoA reductase,
which complete the necessary dehydration and NADPH-dependent reductions of the elongated
fatty acyl-CoA, suggesting that these enzymes exist as an elongation complex in vivo (100). Co-
immunoprecipitation studies indicate that most elongases form additional physical interactions
with other elongases (100), although the biochemical consequences of putative elongase hetero-
oligimerization has not been elucidated. Moreover, certain elongases may directly interact with,
and be regulated by, individual ceramide synthase enzymes, indicating that newly elongated fatty
acids may be shuttled directly into sphingolipid metabolites (101; 102). Direct coordination of
elongase activity and sphingolipid metabolism to date has been suggested for ELOVL1 and
ELOVL4, via interaction with ceramide synthases 2 and 3 respectively (101; 102). While
saturated fatty acids and monounsaturated fatty acids (MUFA) may be elongated through the
action of several elongases in series, flux of PUFA into the fatty acid remodeling (Sprecher)
pathway is gated by desaturase activity, necessitating coordination of the elongation and
desaturation processes. Given the multifaceted nature of mammalian fatty acid remodeling and
its association with the production of more complex membrane lipid species, any perturbation of
the system by diabetes would be expected to impart wide-ranging consequences on systemic or

tissue-specific lipid profiles.
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1.5 Lipid Metabolism in the Retina

1.5.1 Overview

The retina is uniquely dependent on robust lipid metabolism to maintain proper function.
Relative to other tissues, the retina is highly enriched in both omega-6 (n6) and omega-3 (n3)
PUFA, especially arachidonic acid (ARA, 20:4n6) and docosahexaenoic acid (DHA, 22:6n3)
(103-105). Retina also contains the highest concentration of very long chain polyunsaturated
fatty acids (VLCPUFA), ranging in length from 28-36 carbons, found in the body (106),
although VLCPUFA represent a relatively small proportion of total retina fatty acids. To date,
VLCPUFA have been shown to be exclusively incorporated in retinal phosphatidylcholine,
although indirect evidence suggests VLCPUFA may also partition into complex carbohydrate-
bearing sphingolipids such as gangliosides (106). Additionally, retina also contains unique very
long chain saturated and monounsaturated fatty acids (VLCFA) ranging in length from 26 to 30

carbons incorporated into sphingolipids including ceramide and gangliosides (106).

Alterations in retinal lipid metabolism have now been associated with visual impairment
in several retinal disorders including diabetes (29; 72) age-related macular degeneration (107),
Stargardt-like macular dystrophy (108), glaucoma (109), and Smith-Lemli-Opitz syndrome
(110). Retina obtains fatty acids via de novo lipogenesis (111), uptake from the systemic
circulation (112), and through elongation and desaturation of dietary precursor fatty acids (113).
Elongation and desaturation is known to occur in endothelial cells of the retinal vasculature
(114), retinal pigmented epithelial cells (113), ganglion cells and photoreceptor cell bodies (108).

Uptake of dietary fatty acids as well as transport of newly synthesized or remodeled fatty acids
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and other lipids between disparate retinal tissue layers requires proper functioning of the intra-
retinal lipid transport system (115), which uses HDL-based particles as retinal lipid shuttles.
Disruption of endogenous cholesterol metabolism, as occurs in Smith-Lemli-Opitz syndrome,
leads to visual deficits associated with decreased retinal polyunsaturated fatty acid levels (110),
which may be due in part to disrupted intra-retinal lipid transport. Retinal function absolutely
requires all facets of lipid metabolism and transport to work in concert. Therefore the altered
lipoprotein density and lipid content, HDL/LDL ratio, hypercholesterolemia, and reduced fatty
acid remodeling that constitute diabetic dyslipidemia may be expected to have pronounced

effects on retinal lipid composition and, subsequently, retinal physiology.

1.5.2 Fatty acid elongase ELOVL4

Elongation of very long chain fatty acids 4 (ELOVL4) is the most highly expressed fatty
acid elongase in the retina (116). Of the elongases, ELOVL4 remains among the least studied in
terms of its biochemistry and role in mammalian physiology. ELOVL4 exhibits fairly broad
tissue distribution, with highest levels reported in retina, thymus, brain, testes, and skin, and
relatively lower expression detected in pancreas, skeletal muscle, heart, lymph node, spleen,
small intestine, colon, prostate, placenta, and ovary (101; 116-118). No expression of ELOVL4
has been detected in liver (117). In retina, ELOVLA4 protein has been detected in all tissue layers
in neonatal mice (119), while in adult mammals, ELOVL4 protein was previously reported to
primarily localize to mouse retina photoreceptor cell bodies, with moderate localization to the
ganglion cell layer (108; 116). However, recent studies in porcine retina (120) have shown
strongest ELOVL4 expression in the ganglion cell layer (adjacent to retinal capillaries) and inner

nuclear layer, with lesser expression of ELOVL4 in photoreceptors. Factors that control

19



ELOVL4 expression have not been thoroughly evaluated, although positive regulation of
ELOVLA4 by the vitamin D receptor and its coactivators Steroid Receptor Coactivator (SRC) 1

and SRC2 has been demonstrated in human epidermal keratinocytes (121).

Several dominant-negative mutations in the human ELOVL4 gene have been identified as
sufficient to cause Stargardt-like macular dystrophy (STGD3), a juvenile-onset form of macular
degeneration that leads to blindness (116; 122; 123). Homozygous Elovl4 loss-of-function mice
exhibit neonatal lethality, confounding attempts to discern the physiological and pathological
functions of ELOVL4 (124). Several heterozygous mouse knock-in models of STGD3 have been
developed carrying various dominant negative alleles of human ELOVL4 variants under the
control of photoreceptor-specific promoters, several of which exhibited truncated and
mislocalized ELOVL4 protein leading to endoplasmic reticulum stress (108). Moreover,
ELOVL4 transgenic mice exhibit accumulation of the fluorophore A2E to toxic levels, abnormal
electroretinogram responses, and progressive loss of rod and cone photoreceptors similar to that
observed in STGD3 and the dry form of age-related macular degeneration (123; 125; 126).
Retinal degeneration was independent of retinal DHA(22:6n3) content in ELOVL4 transgenic

animals, and DHA(22:6n3) supplementation did not prevent pathology (127).

Knowledge of the fatty acid products of ELOVL4 has remained elusive and obfuscated
by conflicting data obtained in a variety of systems. ELOVL4 was previously thought to play a
role in the synthesis of PUFA (128). ELOVL4 knock-in mouse models exhibited diverse fatty
acid deficiency phenotypes, including reduced retinal C16-C24 fatty acids, (125) reduced retinal
C18-C24 unsaturated and polyunsaturated fatty acids, (126) and reduced levels of retinal
phosphatidylcholine containing omega-3 C32-C36 VLCPUFA (129). However, recent

experiments utilizing sSiRNA knockdown of ELOVLA in a retinal neuronal cell line revealed no
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role for ELOVL4 in the metabolism of C20 and C22 fatty acids, including 22:6n3 (130).
Conversely, introduction of ELOVLA4 to yeast lead to accumulation of C22 saturated fatty acids,
while ELOVL4 expression in Chinese hamster ovary cells had no discernible effect on fatty acid
metabolism (131). A recent study in which mouse ELOVL4 was over expressed in
cardiomyocytes provided evidence that ELOVL4 participates in the synthesis of very long chain
C28 saturated and polyunsaturated fatty acids, and is likely to be involved in the synthesis of
>C28 VLCPUFA (108). However, in vitro biochemical elongation assays performed with
ELOVL4-enriched microsomes and controlled introduction of acyl-CoA substrates suggest that
ELOVL4 is most efficient at elongating C24 saturated fatty acids to form C26 products, with
lesser activity toward the elongation of C26 fatty acids to form C28 products (101); production
of >C28 fatty acids was not verified. In subsequent studies, it has been shown that ELOVL4
does not directly bind 20:5n3 (100), which has been demonstrated to be the optimal substrate for
VLCPUFA formation (132). Moreover, fatty acid elongase ELOVL2 expression has been
determined to control levels of 28:5n6 and 30:5n6 VLCPUFA in testes independent of ELOVL4,
despite robust levels of ELOVL4 in testes (133). Thus it is conceivable that VLCPUFA
synthesis requires ELOVL2 activity upstream of ELOVL4, and ELOVL4 function may vary
depending on the tissue or cellular context. As ELOVL4 is the most abundant retinal elongase,
any diabetes-induced alterations in ELOVL4 function could be expected to impart a diverse

array of retinal lipid phenotypes.

Since the original identification of dominant negative ELOVL4 mutations as causative
for Stargardt-like macular dystrophy, recent reports have associated ELOVL4 with other retinal
disorders as well. Interestingly, decreased retinal expression of ELOVL4 was associated with

retinal vascular degeneration due to ischemia-reperfusion injury in mice (134), indicating that
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ELOVLA4 fatty acid products may effect retinal vascular homeostasis. Additionally, decreased
VLCPUFA were associated with impaired vision due to aging and age-related macular
degeneration in post-mortem human retinas (135), possibly implicating decreased ELOVL4
function. Reduction of VLCPUFA has also been observed in one mouse model of STGD3 retinal
degeneration in the absence of the endoplasmic reticulum stress response and ELOVL4 protein
mislocalization and aggregation observed in most models of STGD3, indicating that a decrease
in ELOVL4 function may be causative for blindness (129). Based on these recent data, it is

conceivable that ELOVL4 plays an important role in maintaining retinal homeostasis.

1.5.3 Very long chain saturated and monounsaturated fatty acids

The physiological roles of many important lipids found in the retina, particularly PUFA
such as DHA and ARA, have been thoroughly studied and are reviewed in (105; 107). However,
the physiological roles of putative ELOVL4 products such as very long chain saturated and
monounsaturated fatty acids greater than 24 carbons in length, have received virtually no
attention in retina. Yet, the essential function of these unique fatty acids has been fairly well
described in the skin. Lipid vesicles secreted by differentiated epidermal keratinocytes form
“lipid sheet” structures in the stratum corneum, the outer layer of the epidermis (136; 137).
These lipid sheets play a critical role in preventing water infiltration and infection by pathogens
(121). Epidermal lipid sheets primarily contain free fatty acids, cholesterol, and ceramide species
containing fatty acids ranging in length from 26 carbons to >30 carbons (121). Production of
lipid sheets begins in the stratum granulosum with the synthesis of precursor lipids including

glucosylceramide and sphingomyelin, which contain very long chain saturated or
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monounsaturated fatty acids derived from elongases ELOVL3 and ELOVL4 (121).
Glucosylceramide and sphingomyelin are then respectively hydrolyzed in the stratum corneum
by B-glucocerebrosidease and acid sphingomyelinase or neutral sphingomyelinase to give rise to
ceramides enriched in very long chain fatty acids (121). Accordingly, dysfunction of the
epidermal permeability barrier has been observed upon inhibition or genetic ablation of
elongases ELOVL3 and ELOVL4, or the enzymes involved in sphingolipid production and
turnover (102; 121; 136; 137). Importantly, recently published data demonstrated that skin-
specific normalization of ELOVLA4 levels in homozygous Elovl4 knockout mice restored normal
skin barrier function in tandem with increased levels of ceramide containing C28-C36 fatty acids

(138), enabling several weeks of post-natal survival.

1.5.4 Very long chain polyunsaturated fatty acids

As described above, ELOVL4 has also been implicated in the synthesis of C28-C32
VLCPUFA, and this is thought to be its primary function in the retina (129; 139). Extant data
concerning possible physiological roles of any PUFA greater than 22 carbons in length is
extremely limited, and the function of these unique fatty acids in the retina is not known. One of
the few studies to address a possible in vivo action of >C22 PUFA demonstrated that purified
24:6n3, which undergoes peroxisomal retroconversion to DHA(22:6n3) in mammals (140), was
approximately equal in potency to DHA(22:6n3) in blocking leukotriene and histamine
production in mouse mast cells (141). A separate study revealed that radiolabeled C26 very long
chain PUFA injected into rat brain undergo both chain elongation and peroxisomal beta-

oxidation, with subsequent formation of C22 and C24 PUFA, in addition to >C26 PUFA (142).
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An evaluation of omega-6 VLCPUFA found in the brain addressed the ability of C20-C30 n6
PUFA to elicit calcium mobilization in human neutrophils (143). It was determined that the
ability to induce calcium mobilization first declined with increasing fatty acid length beyond 20
carbons (i.e, 20:4n6), and then eventually increased as fatty acid length reached 30 carbons (i.e.,
30:4n6) (143). Together, these results imply that VLCPUFA may be capable of participating in
cell signaling or other physiological processes similar to those described for other PUFA, and
could potentially serve as substrates for peroxisome-mediated retroconversion to shorter chain
PUFA. As described above, the depletion of retinal VLCPUFA in Stargardt-like macular
dystrophy may be sufficient to cause retinal dysfunction and photoreceptor degeneration even in
the absence of mislocalized ELOVLA4 protein (129), implying that VLCPUFA may be vital for
photoreceptor viability. In addition to retina, VLCPUFA are normally found as N-linked
constituents of sphingolipids, particularly sphingomyelin, in testes and sperm (102). Depletion of
VLCPUFA in testes by disruption of sphingolipid metabolism or ELOVL?2 leads to extremely
impaired fertility in mice (102; 133; 144), indicating that VLCPUFA are critical for male
reproductive function. Although no mechanistic understanding or direct proof of causality has
been provided by these initial reports, it is clear that very long chain polyunsaturated fatty acids

warrant further study as potential participants in diverse physiological processes.

1.5.5 Pathology of excess very long chain fatty acids

While reductions in both saturated and polyunsaturated very long chain fatty acids have
been associated with specific pathologies, increases in the levels these low abundance fatty acids

above normal physiological levels have also been implicated in disease. Peroxisomal disorders
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are marked by elevated levels of very long chain fatty acids in the blood and central nervous
system (131; 145), as peroxisomal beta-oxidation normally degrades fatty acids greater than 18
carbons in length (140). X-linked (or childhood) adrenoleukodystrophy (ALD) is a rare
demyelinating disorder which is characterized by progressive central nervous system failure,
ataxia, visual deficits, and eventual death before the third decade of life (131). Increases in serum
levels of 26:0 fatty acids are associated with disease progression, and elevated levels of 26:0
fatty acids may drive plaque formation in cerebral white matter by increasing 5-LOX mediated
inflammatory signaling (146) . In a separate study that sought to identify the fatty acid elongase
responsible for very long chain fatty acid production in ALD, elongase ELOVL1 was found to
synthesize both saturated and monounsaturated C26 fatty acids based on studies of orthologous
elongase expression in yeast and Chinese hamster ovary cells (131). Overall, it is clear that while
tissue and serum very long chain fatty acids are normally maintained at very low concentrations,
deviations from normal physiological levels in either the positive or negative direction may have

severe pathological consequences.

1.6 Enhanced methods for retinal lipidome analysis

1.6.1 Limitations of traditional methods of lipid analysis

Given the potential breadth of lipid abnormalities diabetes could be expected to impose on
the retina, the selected method for analysis of retinal lipid metabolism should be capable of
providing readouts across a diverse group of chemically dissimilar lipids, while maximizing the
amount of information contained within those readouts. Traditionally the analysis of intact

complex lipids has been accomplished by thin layer chromatography (147), which typically
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provides information pertaining only to the total abundances of particular lipid classes without
facile means of positively identifying the lipids to be quantitated. High performance liquid
chromatography (HPLC) and gas chromatography-mass spectrometry (GC-MS) have enabled the
identification and quantification of fatty acid species from total cell or tissue lipid extracts,
following the liberation of fatty acid constituents of complex lipids by saponification or trans-
methylation, respectively (94; 135). HPLC typically enables analysis of saponified fatty acids up
to 24 carbons in length, but longer chain fatty acids require separation as transmethylated
derivatives by GC-MS (135). Neither method, however, provides direct information as to the
identities of the complex lipid species from which the fatty acids were liberated. And despite the
applicability of GC-MS to the analysis of a larger range of fatty acids than HPLC, the relatively
poor sensitivity of this method typically precludes detailed fatty acid analysis from a single
rodent retina. Importantly, the isolation of fatty acids for use in HPLC or GC-MS analysis by
saponification or trans-methylation typically fails to liberate amide-linked fatty acids of
sphingolipid species (106), limiting the utility of these methods to the study of phospholipid or

neutral lipid-derived fatty acids.

1.6.2 Lipidomics

Alternatively, recently developed “lipidomics” approaches to lipid analysis have enabled
the simultaneous monitoring of hundreds of chemically diverse lipid metabolites with greatly
improved sensitivity relative to traditional methods. Utilizing a broad range of mass
spectrometry platforms, lipidomics facilitates the identification of lipid “molecular species”

comprising unique combinations of fatty acids, typically linked to a lipid backbone, as well as a
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headgroup in the case of polar lipids. Lipidomics approaches often allow the investigator to
identify each component of a given lipid molecular species (148). Therefore, in addition to
greatly enhanced analytical sensitivity (149; 150), the potential power of lipidomics lies in the
amount of information contained in identified molecular species, as an individual lipid molecular
species necessarily represents the convergence of multiple pathways involved in lipid headgroup
and backbone synthesis, fatty acid de novo biosynthesis, fatty acid desaturation and elongation,
esterification of fatty acids to lipid backbones, and potentially lipase-mediated cleavage of fatty
acids (151). Comparison of lipid molecular species across tissues, biological treatments, or
disease states may therefore elucidate underlying pathways of lipid metabolism associated with

the phenomenon of interest.

Recently, electrospray ionization (ESI) and matrix assisted laser desorption/ionization
(MALDI) techniques coupled with high-resolution mass spectrometry (MS) analysis have
emerged as valuable tools to rapidly identify differences between the abundances of individual
lipid molecular species within complex lipid mixtures extracted from limited quantities of
sample tissue in different physiological or disease states (152-154). However, the resolution and
mass accuracy obtainable from many mass spectrometry platforms precludes the unambiguous
identification or characterization of individual lipid species with the same nominal masses, on
the basis of their masses alone. Furthermore, numerous lipid species have isobaric masses that
can all be present at a given m/z value, thereby limiting the general utility of this approach.
Finally, the presence of many classes of low abundance lipid species, such as ceramides,
cholesteryl esters, mono-, di- and tri-acylglycerols, that may often be present at or below the
level of chemical noise in the mass spectra, can generally not be determined by MS

measurements alone without sufficient resolution and analytical sensitivity. Thus, tandem mass
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spectrometry (MS/MS) methods are typically required for the unambiguous identification and
quantitative analysis of the individual species that may be present within a complex

unfractionated lipid mixture (150; 155-157).

Extensive previous studies have demonstrated that collision-induced dissociation tandem
mass spectrometry (CID-MS/MS) of lipid precursor ions results in the observation of
characteristic product ions formed via cleavage of either the lipid head group or the fatty acyl
chains esterified to the lipid backbone, from which information regarding the identity and
structure of the lipid may be elucidated (158). The results of these studies have facilitated the
development of ‘shotgun’ lipidomics approaches employing selective precursor ion (PI) and
neutral loss (NL) scan mode MS/MS methods for rapid and sensitive monitoring of the
molecular compositions and abundances of individual lipid species in complex lipid extracts.
This approach significantly reduces the requirement for extensive sample preparation or
fractionation (such as liquid chromatography) prior to analysis (155; 156; 159-161).
Additionally, the introduction of automated nano-ESI ion sources has improved the sensitivity,
dynamic range, and throughput of shotgun lipid analyses, enabling the acquisition of a large

number of Pl or NL CID-MS/MS experiments from minute amounts of cells or tissue (162).

However, the formation and abundance of the characteristic product ions that are required
for these precursor ion and neutral loss scan mode MS/MS experiments are known to be highly

dependent on the structure of the lipid, the polarity of the precursor ion (+ve versus —ve) and the
nature of the ionizing charge (+H', +Na', +Li", -H, +CI’ +CH30CO5 ), as well as the

instrumentation and collisional activation conditions that are employed (158; 163). Multiple

ionic forms of individual lipids within a given lipid class are commonly observed under typical
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sample preparation and analysis conditions, potentially adding significant complexity to the
mixture as the same lipid is observed at several m/z values. Yet, the different product ions
formed upon fragmentation of these various precursor ions may allow the development of more
selective or sensitive precursor ion and neutral loss scan mode MS/MS methods for use in
comprehensive lipid class-specific identification and quantification. Improved methods for
retinal lipid analysis capable of identifying and quantifying a broad array of chemically
dissimilar lipids are an absolute prerequisite to the subsequent identification of specific

biochemical pathways relevant to the onset and progression of diabetic retinopathy.

1.7 Objectives and hypothesis of dissertation

Early diabetic retinopathy has been suggested to be a low-grade chronic inflammatory
disease (12; 26; 27; 65), characterized by increased expression of vascular cell adhesion
molecules, leukostasis, and endothelial cell injury leading to disruption of the blood-retinal
barrier (12; 27; 34; 45; 54; 164). Dyslipidemia associated with diabetes has been positively
correlated with the development of diabetic retinopathy (77). Disruption of fatty acid metabolism
is a component of dyslipidemia (90; 165) and altered fatty acid metabolism may contribute to the
propagation of retinal inflammatory signaling (29; 62; 166; 167). We therefore initially proposed
the broad central hypothesis that disruption of retinal lipid metabolism by diabetes contributes to
the development of diabetic retinal vascular lesions. We first set out to establish analytical
methods capable of facilitating comprehensive evaluation of this hypothesis with the eventual
goal of identifying specific metabolic pathways that may contribute to diabetic retinal pathology
through novel mechanisms. The broad objectives of this dissertation are summarized in Figure

1.1.
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Utilizing a refined lipidomics approach to assess the retinal lipid profile in a
streptozotocin rat model of diabetes, we found that diabetes causes significant decreases in
retinal glycerophospholipids containing polyunsaturated fatty acids (PUFA), including decreased
docosahexaenoic acid (DHA, 22:6n3) and 32:6n3 very long chain PUFA. We have demonstrated
that retina lipid remodeling in diabetes occurred concurrently with retinal inflammation and
decreased expression of multiple retinal fatty acid elongases, including the most abundant retinal
elongase ELOVL4, which may play a role in the synthesis of n3 very long chain polyunsaturated

fatty acids (VLCPUFA) of 28-36 carbons in length (108).

Recently, decreased functional capacity of ELOVL4 and a subsequent decrease in retinal
n3 VLCPUFA was shown to be sufficient to cause retinal degeneration in a mouse model of
Stargardt-like macular dystrophy, a juvenile onset disease that leads to blindness (125).
Importantly, retinal deterioration in ELOVL4 transgenic mice was independent of retinal
DHA(22:6n3) content (127). Additionally, ELOVL4 expression has been inversely correlated
with retinal vascular deterioration in an ischemia/reperfusion mouse model of accelerated
vascular injury (134), yet no studies have directly tested possible roles of ELOVL4 in
maintenance of retinal vascular function. Moreover, no detailed functional studies of ELOVL4
have been performed in retinal cell types known to be affected by diabetes, and no physiological
role has been defined for very long chain fatty acids, the putative products of ELOVL4 activity.
Given the associations of decreased ELOVL4 function with inflammation in diabetic retina, and
deterioration of retinal vasculature and photoreceptors in other disease models, we targeted the
pathway of ELOVL4 mediated fatty acid metabolism for further functional studies and

hypothesized that decreased ELOVL4 expression in diabetic retina promotes diabetes induced
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retinal vascular degeneration. A preliminary schematic of the proposed role of ELOVLA4 in the

development of diabetic retinopathy is provided in Figure 1.2.

Using cell culture models of the blood-retinal barrier, primarily human retinal pigment
epithelial cells and human retinal endothelial cells, as well as animal models of diabetic
retinopathy, we will use broad-based lipidomics analysis to simultaneously analyze numerous
and diverse lipid classes in cells overexpressing ELOVL4 to establish its biochemical function in
cells known to be affected by diabetic retinopathy. We will also challenge ELOVL4
overexpressing cells with pro-inflammatory factors such as cytokines to determine whether
ELOVL4 plays any role in modulating retinal inflammatory signaling and cellular activation.
Finally, we will use a ‘gene therapy’ approach to normalize ELOVL4 levels in retinas of
streptozotocin diabetic rats to enable in vivo assessment of potential ELOVL4 effects on retinal
lipid metabolism and retinal vascular health. For this study, we will assess the permeability of
the retinal vasculature in diabetic animals with or without ELOVL4 normalization as a measure
of early stage vascular damage, while also monitoring molecular indicators of vascular integrity

and retinal inflammation.

This dissertation will provide novel approaches for the evaluation of tissue or cellular
lipid profiles, and detail strategies for the identification of lipid metabolic pathways relevant to a
biological phenomenon of interest. Application of these strategies will lead to new information
concerning possible roles of ELOVL4 mediated fatty acid metabolism in the onset and
progression of diabetic retinopathy, and will assess potential mechanisms by which the fatty acid

elongase ELOVL4 may play a central role in retinal health and function.
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Initial hypothesis: Disruption of lipid metabolism by diabetes
contributes to retinal vascular pathology

Establish/refine methodology for retinal lipid
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Figure 1.1. Broad objectives and initial guiding hypothesis of the dissertation.
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Figure 1.2. The proposed role of fatty acid elongase ELOVL4 in diabetic
retinopathy. For interpretation of the references to color in this and all other
figures, the reader is referred to the electronic version of this dissertation.
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1.8 Overview of Chapters

Chapter 1 is a review of literature encompassing diabetic retinopathy and the potential
contribution of diabetic dyslipidemia to the onset of retinal inflammation and subsequent

vascular injury, as well as methods relevant to the study of dyslipidemia in diabetic retinopathy.

Chapter II describes ‘lipidomics’ strategies for detailed analysis of retina lipid profiles,
and provides in-depth information concerning the lipid profile of rat retina under normal

physiological conditions.

Chapter 111 describes the application of the lipidomics platform outlined in Chapter Il to
the analysis of retina lipid profiles in a streptozotocin rat model of diabetic retinopathy, and
reveals multiple diabetes-induced alterations of retinal lipid metabolism. Additionally, this
chapter provides strategies for quantitative lipidome analysis and the discovery of disease

biomarkers.

Chapter IV demonstrates that altered retinal lipid profiles in diabetes are associated with
defects in retinal-specific lipid metabolism, and identifies decreased expression of fatty acid
elongases as a major component of this phenomenon. This chapter also illustrates that the most
dramatic downregulation of elongases in diabetes affects the elongase ELOVL4, which normally
exhibits the highest expression among retinal elongases. Additionally this chapter establishes that
altered retinal lipid profiles and elongase expression in diabetes are associated with increased

markers of retinal inflammation.

Chapter V implicates ELOVLA4 in the production of ceramides containing very long chain
fatty acids in cells that constitute the inner and outer blood-retinal barriers, and postulates that
modulation of sphingolipid metabolism by ELOVLA4 is protective against pro-inflammatory
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stimuli. This chapter illustrates the ability of ELOVL4 gene delivery to prevent diabetic retinal
vascular lesions, and suggests that manipulation of retinal ELOVL4 levels may provide an
effective therapeutic modality to prevent retinal vascular degeneration at the earliest stages of

diabetic retinal disease.

Chapter VI details the methods used to acquire the data presented in this dissertation.

Chapter VII states the conclusions that can be drawn from the studies presented in this
dissertation, addresses questions raised by the data, and suggests future areas of research related

to the presented findings.
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Global Analysis of Retina Lipids by Complementary Precursor lon and Neutral Loss

Mode Tandem Mass Spectrometry

2.1 Abstract

Despite an increasing recognition of the causative and diagnostic role of lipids in the
onset and progression of retinal disease, information on the global lipid profile of the normal
retina is quite limited. Here, a “shotgun” tandem mass spectrometry approach involving the use
of multiple lipid class-specific precursor ion and neutral loss scan mode experiments has been
employed to analyze lipid extracts from normal rat retina, obtained with minimal sample
handling prior to analysis. Redundant information for the identification and characterization of

molecular species in each lipid class was obtained by complementary analysis of their protonated

or deprotonated precursor ions, or by analysis of their various ionic adducts (e.g., Na+, NH4+,

Cl, CH30CO; ). Notably, “alternative” precursor ion or neutral loss scan mode MS/MS

experiments are introduced that were used to identify rat retina lipid molecular species that were
not detected using “conventional” scan types typically employed in large-scale lipid-profiling
experiments. This chapter outlines the principles and advantages of utilizing
complementary/redundant identification of lipid species as a strategy to overcome inherent
challenges and limitations of shotgun lipid analysis, and provides examples of the application of

this strategy in the analysis of the retina lipidome.

2.2 Introduction
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Retina has a unique fatty acid profile with the highest levels of long chain
polyunsaturated fatty acids (LCPUFA), including docosahexaenoic acid (DHA22:6n3), and
arachidonic acid (ARA20:4n6), observed in the body (1-5). Of these, DHA22:6n3 is the most
abundant fatty acid in both neural and vascular elements of the retina (2), retinal pigment
epithelial cells (6;7) and retinal photoreceptor outer segment disc membranes (8;9). Extensive
studies clearly demonstrate the important role of lipids in retinal health and disease (5).
However, most studies to date have focused on the role of LCPUFA's, and DHA in particular,
measuring total fatty acid levels without obtaining structural information. The reason for this is
likely methodological — LCPUFA are very abundant in the retina and relatively easy to measure
by well developed high-performance liquid chromatography (HPLC) or gas chromatography
(GC) techniques. The limitations of the traditional techniques have precluded comprehensive
complex lipid analysis from the limited amount of retinal material that can be obtained from
animal models such as rats and mice. Thus, there is surprisingly little information available
regarding the lipid composition of the normal retina, and only limited information describing
changes in global lipid profiles between normal and diseased retinal tissue.

Recent advances in the application of electrospray ionization (ESI) and matrix assisted
laser desorption/ionization (MALDI) (10-20) techniques, coupled with the use of tandem mass
spectrometry methods employing selective precursor ion and neutral loss scan mode analysis
strategies, have enabled the development of “shotgun” lipidomics approaches for rapid and
sensitive monitoring of the molecular compositions and abundances of individual lipid species in
unfractionated lipid extracts (10-17). While shotgun approaches allow for high-throughput
analysis of multiple lipid classes without prior chromatographic separation of lipid analytes, the

large number of lipid molecular species present in crude extracts presents a significant challenge
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for the analyst. In addition to possible overlap of the molecular ions and the  C isotope peaks

of numerous lipid species, even greater extract complexity can arise due to the presence of

individual lipid species in multiple ionic forms, via adduction with a variety of cationic (e.g.,
+ + + - - . . .- . .
+H , +Na , +NHy ) or anionic (e.g., —H , +Cl ) species in positive or negative ion modes,

respectively, that may be present in small amounts following extraction of lipids from tissues or
cells. Additional complexity may also be observed for certain lipids due to the presence of
adducts formed by reaction of the solvents and buffer additives that are commonly employed for

sample analysis. For example, phosphocholine-containing lipids are readily adducted with

methylcarbonate (CH30C02_) anions (21), formed by the in vitro reaction of hydroxide or

bicarbonate salts (22;23) with methanol, effectively increasing the number of lipid species
observed in negative ion mode analysis.

In our studies, relatively limited tissue availability has prompted us to develop strategies
for attaining a thorough accounting of the global lipid composition of retina without requirement
for multiple sample fractionation or processing steps, such as chromatographic separation, or
destruction of glycerophospholipids for enhanced sphingolipid analysis. Utilizing a triple
quadrupole mass spectrometer to perform multiple precursor ion and neutral loss scan mode

MS/MS experiments, we have found that complementary/redundant detection of a given lipid

class based on the unique fragmentation behaviors of various ionic forms (e.g.,[M + H]+, M —

H] , [M+ Na]", [M + NH4]", [M + CI], [M + CH30CO,] ) of various lipid classes facilitates

(a) the ability to identify molecular lipid species that may not be detected when only one scan

mode is used, (b) a more thorough accounting of the various lipid species that may be present in
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multiple ionic forms when “absolute quantification” is desired, and (c) simplification of relative
quantification by selection of an MS/MS scan mode in which lipid species are present in only
one ionic form. Furthermore, the ability to identify lipids in more than one ionic form greatly
increases the confidence for peak identification, even for ions observed at low (<5%) relative
abundance.

Here, we outline the general approach and the results obtained by performing
complementary precursor ion and neutral loss scan mode tandem mass spectrometry analyses.
Although presented within the context of defining the normal rat retina lipidome, the analytical
principles could benefit the analysis of virtually any tissue or cell lipid extract. In this chapter,
our discussion will be limited to analysis of rat retina sphingomyelin (SM),
glycerophosphatidylcholine (GPCho), glycerophosphatidylethanolamine (GPEtn),
glycerophosphatidylinositol (GPIns), glycerophosphatidylserine (GPSer), and diacylglycerol
(DG) and triacylglycerol (TG) molecular lipid species. Complementary sets of precursor ion and
neutral loss scan mode MS/MS experiments will be described for the analysis of these lipid
classes. Analogous sets of complementary precursor ion and neutral loss experiments will also be
suggested for additional lipid classes including ceramides, cholesteryl esters,
glycerophosphatidylglycerol (GPGro), glycerophosphatidic acid (GPA), and monoacylglycerols.
The results of the analyses for these additional lipid classes in rat retina lipid extracts may be

obtained upon request from the authors.

2.3 Results

2.3.1 Mass spectrum of a rat retina lipid extract
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The use of an animal model, such as the rat, for studying changes in global retina lipid
profiles as a function of the onset and progression of disease is attractive for several reasons.
These include the ability to control or systematically evaluate the effect of a number of variables,
such as genetic background, environment, age, and diet that are known to alter the presence and
abundance of particular lipid species at any given time. In order to obtain an initial “snapshot” of
the global lipid profile of the normal rat retina, a crude lipid extract isolated from a whole retina
was subjected to analysis by using nanoelectrospray ionization coupled to a triple quadrupole
mass spectrometer in both positive and negative ionization modes. The mass spectra obtained
from these analyses are shown in Fig. 2.1A and B respectively. Analysis of lipid extracts from
three separate rat retinas resulted in essentially identical spectra to those shown in Fig. 2.1A and
B, indicating that minimal biological variability was observed between these animals (data not
shown). This was expected given that these samples were obtained from animals with identical
genetic backgrounds that were maintained under essentially identical conditions.

The resolution and mass accuracy associated with the mass spectra shown in Fig. 2.1
precluded the identification of individual lipid species on the basis of their masses alone. Indeed,
in many cases, the product ion scan mode MS/MS experiments and the precursor ion and neutral
loss scan mode MS/MS experiments discussed below indicated that multiple lipid species having
the same nominal mass values, as well as multiple lipids with isobaric masses, were present at a
given m/z value. Furthermore, the presence and the identities of low abundance lipid species,
such as mono-, di-, and tri-acylglycerols, ceramides, and cholesteryl esters that were present at or
below the level of chemical noise in these spectra could not be

determined.
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2.3.2 Complementary sets of precursor ion and neutral loss scans for global
lipid analysis

In order to obtain a more comprehensive profile of the lipid composition of the crude rat
retina lipid extract, a series of 27 precursor ions and neutral loss scan mode MS/MS experiments
were performed in both positive and negative ionization modes (11,13,14,21,26-30). A complete

description of these scans, including the specific lipid class to be identified, the precursor ion

type selected for each scan (e.g., [M + H]", [M + Na]", [M +NH4 1", [M—H] , [M + CI] and

[M + CH30CO5] , the mass of the specific product ion or the neutral loss that was detected, and

their identities, is given in Table 2.1. Specific examples of these experiments, for determining the
presence of SM, GPCho, GPEtn, GPIns, GPSer, DG, and TG lipids, are discussed below.

In each case, multiple precursor ion and neutral loss scan mode experiments were used to
Identify and characterize the individual components of a particular lipid class. The use of
multiple scans enabled the compositions of the overlapping ions present at a particular m/z value
in either the positive or negative ionization mode mass spectra to be more fully elucidated, and
allowed the list of spectral features (i.e., molecular ions and their various adducts) that were
observed in both the positive and negative ionization mode mass spectra to be significantly
expanded. Particularly noteworthy was an observation that the use of complementary precursor
ion and neutral loss scans enabled the identification and characterization of molecular species
that were not detected using the “typical' scan types that have been most commonly employed

previously in the literature for lipid-profiling experiments.

2.3.3 Complementary precursor ion and neutral loss scan mode analysis of

rat retina SM and GPCho lipids
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The identification of abundant SM and GPCho species in negative ion mode is useful
when it is necessary to (a) identify spectral features of a negative ion mass spectrum; (b) perform
fatty acid analysis of lipid species by negative ion product ion tandem mass spectrometry or
precursor ion scanning of m/z corresponding to deprotonated fatty acyls; and (c) identify m/z at
which one or more lipid species may be present in a negative ion mass spectrum or tandem mass

spectrum. Analysis of these two lipid classes is often complicated by overlap of a GPCho first

13 . . : . . . .
3C isotope peak with a putative SM molecular ion. This can be overcome by destruction of

GPCho (and all glycerophospholipids) by alkaline hydrolysis (29). This approach is not useful,

however, when analysis of both SM and GPCho species are needed from limited amounts of

tissue. While algorithms to correct for 3C isotope abundances have been used to distinguish

putative SM molecular ions from GPCho first 13C isotope peaks (25;31), the extremely low

abundance of retinal SM molecular ions detected by typical positive ion analysis has precluded
the successful reliance upon deisotoping algorithms alone for thorough analysis of rat retina SM

species.

The ability of SM and GPCho species to form adducts with chloride (CI ) and methyl
carbonate (CH30CO> ) anions enabled a convenient method for negative ion mode detection of
SM and GPCho molecular species. Chloride ions are often present in small amounts in lipid
extracts. While Cl ions may be minimized by multiple sample washing and desalting steps, we
have found the presence of CI to be beneficial for negative ion analysis of SM and GPCho.
Figure 2.2A demonstrated negative ion mode collisionally induced dissociation (CID) of the [M

+ CI] ion of a synthetic GPCho(14:0/14:0) species in the presence of 0.5 mM NaCl.
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Collisionally induced dissociation of chloride adducts of GPCho species led to an abundant
neutral loss of 50 Da, corresponding to loss of methyl chloride. Dissociation of this species also
resulted in ions corresponding to the loss of the GPCho 14:0 fatty acid moieties as neutral ketene
species, observed at m/z 452, as well as abundant ions at m/z 227 corresponding to the
deprotonated fatty acids. By contrast, CID of chloride-adducted synthetic SM(d18:1/12:0)

revealed the abundant neutral loss of 50 Da was the primary product ion observed over a wide

range of collision energies (Fig. 2.2B). Dissociation of GPCho(14:0/14:0) [M + CH30CO5]

ions resulted in the spectra shown in Fig. 2.2C. Abundant neutral losses of 76 Da (loss of

CH30CO, + H), 135 Da (loss of CH30CO»+ (CH3)3N), and 161 Da (loss of CH30CO2+

(CH3)3 NCHCH>) were observed, as well as ions representing the loss of the neutral 14:0 fatty

acid (m/z 391) and the fatty acid anion (m/z 227). Fragmentation of the methyl carbonate adduct
of synthetic SM (d18:1/12:0) by CID Fig. (2.2D) revealed phosphocholine-derived ions similar
to those observed

for GPCho, however at significantly different abundances. Abundant neutral losses of 76, 135,
and 161 Da were all observed, yet here the loss of 161 Da dominated, as opposed to the loss of
135 Da that was seen for GPCho.

The negative ion mode gas-phase fragmentation behavior of SM and GPCho species, as
demonstrated in Figure 2.2, enable the use of neutral loss scan mode MS/MS for class-specific
detection of SM and GPCho. Performing the conventionally used neutral loss scan (NLS) of 50
Da (scan number 1 in Table 2.1) in rat retina lipid extracts in the presence of 0.5 mM chloride
resulted in detection of both SM and GPCho species (Figure 2.3A). From the NLS 50 scan a total

of 8 SM peaks, highlighted with bold text in Figure 2.3A, were readily discernible from GPCho
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species. As the neutral loss of 135 Da was the most abundant loss observed for GPCho

[M+CH30CO,] ions across a wide range of collision energies, it enabled negative ion detection

of rat retina GPCho species as methyl carbonate adducts by performing NLS 135 (Figure 2.3B,
scan number 2 in Table 2.1) when ammonium hydroxide was added to the rat retina lipid extract
at a concentration of 20 mM. Five low abundance SM peaks, highlighted with bold text in Figure

2.3B, were also detected with this scan. We next employed the neutral loss of 161 Da (scan

number 3 in Table 2.1) to detect SM and GPCho [M + CH30CO;] ions in a rat retina lipid

extract, which resulted in the spectrum shown in Figure 2.3C. Here, 7 additional SM peaks could
be detected that were not observed in the NLS 135 scan, as well as 4 SM peaks not detected by

NLS 50. Additionally, the relative abundances of SM species at m/z 777 and 805 (corresponding

to SM(d18:1/16:0) and SM(d18:1/18:0) [M + CH30CO5] ions) were increased approximately

10-fold and 20-fold, respectively, compared to their relative abundances in the NLS 135 scan.
The differential fragmentation behavior of methylcarbonate-adducted anions of SM and GPCho
was thus exploited to preferentially detect either a predominance of GPCho ions via the neutral

loss of 135 Da, or a predominance of SM ions via the neutral loss of 161 Da.

Both chloride and methylcarbonate adducts of GPCho species were suitable for
performing negative ion mode product ion scans to confirm GPCho fatty acid assignments.
Likewise, GPCho species were detected as both chloride and methylcarbonate-adducted anions
when precursor ion scanning of m/z corresponding to deprotonated fatty acyls was performed in
rat retina lipid extracts (scan number 18 in Table 2.1, data not shown.) Therefore, it was

advantageous to assess rat retinal GPCho content by utilizing both NLS 135 and NLS 50 for

detection of GPCho species as [M + CH30CO5] and [M + CI] ions respectively. Performing
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the additional NLS 161 for detection of SM [M + CH30CO,] ions allowed for the most

thorough identification of rat retinal SM species. Under the conditions employed here,

negligible formate, or acetate adducts of PC and SM lipids were observed (11; 32).

Fragmentation of GPCho and SM [M+H]+ ions yields an abundant characteristic product

ion at m/z 184 corresponding to the protonated phosphocholine headgroup. Product ion spectra
of synthetic GPCho(14:0/14:0) and SM(d18:1/12:0) are shown in Figure 2.4A and 2.4B,

respectively. As observed for chloride and methylcarbonate adducts of GPCho and SM, product
ion spectra of synthetic GPCho(14:0/14:0) and SM(d18:1/12:0) [M+Na]+ ions yielded similar
product ions, though at differing relative abundances (Figure 2.4B and 2.4C). Abundant ions

corresponding to loss of 59 Da (N(CH3)3), 183 Da (neutral phosphocholine), and an ion

corresponding to sodiated cyclophosphane at m/z 147 were observed in the product ion spectra
of both GPCho and SM. In the case of GPCho, the ion at m/z 147 was the most abundant ion
observed in the product ion spectrum. In the case of SM, however, the neutral losses of 183 and
59 Da were more abundant than the ion at m/z 147. Additionally, the loss of 205 Da

(corresponding to the neutral loss of sodium choline phosphate), was abundant from dissociation

+ . D
of GPCho [M+Na] ions, yet was present at less than 1% relative abundance upon dissociation

of SM [M+Na]+ ions.

The spectra obtained from various positive ionization mode precursor ion and neutral loss
scan mode MS/MS experiments for the identification of SM and GPCho lipid ions from crude
whole rat retina lipid extract are shown in Figure 2.5. The spectrum obtained from the

conventional precursor ion scan (PIS) mode MS/MS experiment (scan number 4 in Table 2.1), to
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monitor for the formation of the characteristic phosphocholine product ion at m/z 184 from

dissociation of SM and GPCho [M+H] ions, is shown in Figure 2.5A. After isotopic correction,

only four SM peaks were identified (m/z 703, 731, 759, and 815, corresponding to d18:1/16:0,
d18:1/18:0, d18:1/20:0, and d18:1/24:0 species of SM, respectively), at low (<5%) relative
abundance. However, PIS 184 provided excellent sensitivity for GPCho detection, as it provided

the highest signal / noise observed for all methods of GPCho detection.

As sodium (Na+) ions are often present in lipid extracts due to carryover from the

aqueous phase during lipid extraction, sample washing steps, and the mass spectrometer matrix,

additional precursor ion and neutral loss scan mode MS/MS analyses of SM and GPCho
[M+Na]+ ions were also performed (see Figure 2.5 B-D; scan numbers 5-7 in Table 2.1.)
Notably, each scan type varied greatly in terms of utility for SM analysis, consistent with the
analysis of product ion spectra from GPCho and SM [M+Na]+ ions. We found that PIS 147

(Figure 2.5B, scan number 5 in Table 2.1), resulted in relative abundances of SM and GPCho
species that were overall very similar to those obtained by the PIS 184 scan; however, only two

SM species could be identified with this MS/MS scan. Figure 2.5C demonstrates the virtually

exclusive detection of GPCho species as [M+Na]+ ions with no detection of SM [M+Na]+ ions.

This was achieved by utilizing the constant neutral loss of 205 Da (scan #6 in Table 2.1).

Exclusive detection of GPCho species by NLS 205 was consistent with the expected result based

on the product ion spectra of GPCho and SM [M+Na]+ ions. Conversely, the product ion spectra

of GPCho and SM [M+Na]Jr ions suggested that the neutral loss of 183 Da may allow

preferential detection of SM ions relative to GPCho ions. The use of NLS 183 in rat retina lipid
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extracts resulted in the spectrum shown in Figure 2.5D. Here, four SM species could be detected,
and the relative abundances of SM and GPCho were similar to those observed for PIS 184. The
same results were obtained when NLS 183 was performed across a wide range of collision
energies, which implies that this MS/MS scan mode does not afford a significant improvement
over PIS 184 in terms of detection of SM species. Additionally, the ion at m/z 856
(corresponding to GPCho(18:0/22:6) was observed at greater relative abundance in NLS 183

relative to the other MS/MS scans utilized, which may implicate an acyl chain contribution to the

fragmentation behavior of these ions. All of the scans used to detect SM and GPCho as [M+Na]+

ions were equally useful in providing redundant identification of GPCho molecular species, yet

none of these scans matched the PIS 184 MS/MS scan in terms of overall sensitivity.

As observed for negative ion analysis, complementary precursor ion and neutral loss scan
mode MS/MS analysis of SM and GPCho in the positive ion mode enabled redundant detection
of SM and GPCho species, and the use of NLS 205 enabled specific detection of only GPCho
without lipid extract fractionation prior to analysis. The ability to redundantly detect multiple
molecular species, especially in the case of GPCho, by using multiple lipid class-specific

fragment ions increased confidence in peak identification for low abundance ions. It should be
noted, however, that negative ion analysis of SM species as either [M+CH30CO5] or [M+CI]
ions proved more useful than positive ion analysis in terms of readily identifying the greatest
number of distinct SM molecular species. In contrast, positive ion analysis was more effective
for identification of GPCho species in terms of overall sensitivity (signal / noise); however,

negative ion analysis of GPCho was useful for determining fatty acid substituents by product ion

scanning and/or precursor ion scanning of deprotonated fatty acyl species. If ‘absolute

62



quantitation’ of retinal SM and GPCho were to be attempted here, it would be necessary to
analyze all ionization forms of SM and GPCho relative to internal standards and sum the
contributions of each ionization form of SM or GPCho molecular species. Relative comparisons
of lipid species across numerous samples could be achieved by selecting optimal scan modes for

the desired lipid classes (i.e., NLS 161 for analysis of SM and PIS 184 for analysis of GPCho).

The MS/MS spectra collected for analysis of SM and GPCho species described here were
analyzed between m/z 700-1200 for positive ion mode, and m/z 700-1300 for negative ion mode.
To allow these spectra to be viewed in greater detail, smaller mass ranges are shown in Figure
2.3 and Figure 2.5. However, it should be noted that complementary analysis of rat retina SM
and GPCho species verified the presence of GPCho species containing 32:6 and 34:6 very long
chain polyunsaturated fatty acids; in each case a 22:6 fatty acid was identified at the remaining
glycerol position of the GPCho species. These species were observed as abundant ions in the
positive ion MS spectrum (Figure 2.1A) at m/z 1048 and 1046, respectively. These species were

identified by all positive ion MS/MS scan modes employed here for the analysis of SM and

GPCho. These high molecular weight GPCho species were also identified by NLS 50 as [M+CI]’

ions, which subsequently were used for product ion mode MS/MS analysis to verify the
identities of the fatty acid moieties. However, these GPCho species were not detected as
methylcarbonate adducts by either NLS 135 or NLS 161. By combining both positive and
negative ion mode shotgun MS/MS analyses of all phosphocholine-containing lipids,
identification of 13 SM and 29 GPCho lipids was achieved in rat retina crude lipid extracts with
a significant degree of redundancy. A summary of the SM and GPCho molecular species

detected by all MS/MS scan modes described above is provided in Table 2.2
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2.3.4 Complementary precursor ion and neutral loss scan mode analysis of rat retina

GPEtn and GPIns lipids

Pairs of complementary neutral loss and precursor ion scans were also employed for the
identification and characterization of GPEtn and GPIns lipid species. The detection of GPEtn

lipids has typically been achieved by monitoring for the neutral loss of 141 Da (i.e.,
phosphoethanolamine) from their [M+H]+ precursor ions in positive ion mode MS/MS analysis
(scan number 8 in Table 2.1). The spectrum obtained from analysis of the crude rat retina lipid

. : . - . 13 . . I
extracts using this scan is shown in Figure 2.6A. After correction for ~ C isotope contributions, a

total of 20 GPEtn lipid species were identified in this experiment. The use of a complementary

precursor ion scan to monitor for the presence of a characteristic m/z 196 product ion,

corresponding to a glycerol phosphoethanolamine derivative (Figure 2.6B) from the [M-H]

precursor ions of GPEtn (scan number 9 in Table 2.1), enabled the detection of 3 additional
GPEtn lipids. The observed discrepancy in identified GPEtn lipids between the two scan types

was due in part to the fragmentation behavior of GPEtn alkenyl species. While collisionally

induced decomposition of GPEtn alkenyl [M-H] ions gives rise to the GPEtn-specific fragment

at m/z 196, the neutral loss of 141 Da is virtually absent from CID of GPEtn alkenyl [M+H]Jr

ions (38). GPEtn alkenyl species detected by the negative ion PIS 196 included those at m/z 748,
750, and 774 in Figure 2.6B (see Table 2.3). Although scanning for the constant neutral loss of
141 Da affords the most sensitivity for detection of GPEtn species in terms of signal / noise ratio

and absolute ion abundance (data not shown), the utility of the positive ion NLS 141 is
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effectively limited to detection of diacyl GPEtn species. Furthermore, GPEtn [M+Na]+ ions, if

present, are also detected by NLS 141, further complicating spectrum interpretation and
quantification against an internal standard. m/z 814 and 858 in Figure 2.6A represent abundant

ions corresponding to sodium adducts of GPEtn(18:0/22:6) and GPEtn(22:6/22:6), respectively.

It is possible to decrease the abundance of [M+Na]+ ions in this scan mode by using low

collision energy CID (<30V under the conditions employed); however, the use of lower collision
energies in the analysis of rat retina GPEtn lipids resulted in underrepresentation of GPEtn
species containing 22:6 fatty acid constituents due to the lower fragmentation efficiency of these

species. While the negative ion precursor of m/z 196 scan affords detection of both diacyl and

alkyl/acyl GPEtn species, this scan mode may also detect GPEtn [M+CI] ions formed when

chloride is present in a lipid extract (m/z 826 and 870 in figure 2.6B). It should be noted that the
signal-to-noise associated with the spectrum obtained by negative ion mode PIS 196 was
approximately two orders of magnitude lower than that of the positive ion mode neutral loss
scan, thereby placing a limitation on the utility of this scan mode for the detection of additional
low abundance GPEtn lipid ions. Due to the potential complications arising from the presence of
various ionic adducts, as well as the differential fragmentation behavior of alkenyl GPEtn species
in positive versus negative ionization mode, the use of both of these MS/MS scan modes to
redundantly detect GPEtn lipids allowed for more thorough evaluation of GPEtn lipids and
greater confidence in peak identification. The GPEtn lipids identified in rat retina are
summarized in Table 2.3. Fatty acid constituents were analyzed in negative ion mode as

described in Chapter VI, under the subheading “Identification of lipid molecular species.” In this
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analysis, a total of 24 GPEtn species were identified in rat retina after accounting for isobaric

species, with redundant identification achieved for all diacyl species.

The detection of GPIns lipids is typically achieved using a negative ion precursor ion

scan mode MS/MS experiment, by monitoring for the formation of a characteristic product ion at
m/z 241 (corresponding to a dehydrated phosphoinositol) from their [M-H] ions (scan number
10 in Table 2.1). The spectrum resulting from this scan, shown in Figure 2.6C, enabled the

identification of 14 GPlIns lipids. The use of a complementary scan (number 11 in Table 2.1) to

monitor for the characteristic neutral loss of 277 Da (corresponding to the combined losses of
phosphoinositol+NH3) from the [M+NH4]+ adducts of GPIns (Figure 2.6D) enabled nine of the
lipids observed in the negative ion mode precursor ion scan experiment to be confirmed. This
was especially useful in confirming ions of relatively low abundance. For example, the ions at

m/z 909 and 929 in the spectrum shown in figure 2.6C represent putative GPIns [M-H] (Total

carbon : total double bond) 40:6 and 42:10 species, respectively. These ions were confirmed as

likely GPIns species by the presence of their corresponding [M+NH4]Jr ions after conducting

NLS 277 (m/z 928 and 948 in Figure 2.6D.) Further complementary negative ion mode fatty acid
analysis by scanning for precursor ions corresponding to deprotonated fatty acyl groups (scan
number 18 in Table 2.1) confirmed the fatty acid constituents of these GPIns species as diacyl
18:0/22:6 and 20:4/22:6, respectively (data not shown.) Taken together, these complementary
sets of data enabled confident identification of the ions in question despite their low relative
abundance. A compilation of all rat retina GPIns species identified by positive and negative ion

mode analysis is provided in Table 2.4.
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2.3.5 Complementary precursor ion and neutral loss scan mode analysis of rat retina

GPSer lipids
Detection of glycerophosphatidylserine (GPSer) lipid species is typically achieved in
either positive or negative ion mode by the use of neutral loss scan mode MS/MS experiments.

Figure 2.7A demonstrates the collisionally-induced decomposition of the [M+H]+ ion of

synthetic GPSer(14:0/14:0) at m/z 680. The fragmentation of this ion is dominated by the neutral

loss of 185 Da corresponding to loss of the phosphoserine headgroup. Figure 2.7B shows the
spectrum obtained from collisionally-induced decomposition of the [M+Na]+ ion of the same
GPSer(14:0/14:0) species. While a neutral loss of 185 Da was observed, the fragmentation of the
GPSer(14:0/14:0) [M+Na]+ ion was dominated by the formation of the ion at m/z 208,

corresponding to a sodium phosphoserine cation. Additionally, loss of neutral sodium

phosphoserine (207 Da) was observed at m/z 495. Figure 2.7C demonstrates CID of the

GPSer(14:0/14:0) [M-H] ion observed at m/z 678. The most abundant ion observed in this

spectrum results from the loss of 87 Da, corresponding to a serine derivative. Additional
abundant ions were observed at m/z 381 and 363, corresponding to losses of the 14:0 fatty acids
as ketene and neutral species, respectively; m/z 227, corresponding to the deprotonated fatty acid

ions; and m/z 153, corresponding to a cyclic glycerolphosphate derivative.

As the neutral loss of 185 Da was observed from decomposition of both GPSer [M+H]+

and [M+Na]+ ions, performing the typical positive ion mode analysis of rat retina GPSer by
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utilizing NLS 185 (scan number 12 in Table 2.1) resulted in detection of both GPSer [M+H]+

and [M+Na]+ ions (see Figure 2.8A). As observed in the positive ion analysis of GPEtn lipids,

the presence of GPSer species in two different ionization forms within the same spectrum
complicated interpretation of the spectrum, as ions that differ by 22 mass units could represent a
difference of an adducted sodium ion, or the mass difference represented by the addition of two
fatty acid methylene groups and three double bonds. The spectrum in Figure 2.8A contains
several sets of ions that differ by 22 mass units, such as m/z 790 and m/z 812; m/z 812 and m/z
834; m/z 836 and m/z 858; m/z 858 and 880; and m/z 880 and m/z 902. In each case, the ion
observed at an increase of 22 mass units could represent either a sodium-adducted species of the
ion at the lower nominal mass, or a unique GPSer molecular species with one or more fatty acids
that contain additional carbons and double bonds relative to the GPSer species at the lower

nominal mass.

Additionally, the spectrum obtained by NLS 185 contained several ions of very low
relative abundance (denoted by bold type), including m/z 762, m/z 790, and m/z 936. In order to
provide confirmation of low abundance rat retina GPSer species and clarify the identities and
ionization forms of ions observed in the NLS 185 spectrum, we employed two additional

complementary GPSer-specific MS/MS scans. Figure 2.8B demonstrates use of a precursor ion

scan for m/z 208 to detect formation of the sodium phosphoserine ion from GPSer [M+Na]+ ions
(scan number 13 in Table 2.1.) The spectrum obtained by performing this scan contained ions of
only a single ionization form and elucidated m/z at which sodium-adducted GPSer species

contributed to total ion current of the NLS 185 spectrum. The use of this complementary

precursor ion scan would be useful in any positive ion mode analysis of GPSer in order to
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confirm the presence or absence of GPSer [M+Na]+ ions, or to simplify relative quantitation of

GPSer species against an internal standard. Furthermore, the use of PIS 208 enabled redundant
detection of the low-abundance ions observed in the spectrum obtained by scanning for the
neutral loss of 185 Da. The ions in bold in Figure 2.8B at m/z 784, m/z 812, and m/z 958
represent sodiated adducts of the protonated GPSer ions observed at m/z 762, m/z 790, and m/z

936, respectively, detected by the neutral loss of 185 Da.

Negative ion mode analysis of rat retina GPSer was achieved by the commonly used
neutral loss of 87 Da (scan number 14 in Table 2.1). The spectrum obtained from this neutral

loss mode MS/MS experiment is shown in Figure 2.8C. Performing NLS 87 results in detection

of GPSer molecular species in only one ionization form (i.e., [M-H] ), which offers the same

advantage as the positive ion mode PIS 208 in terms of spectrum simplification and ease of

relative quantification against an internal standard. The detection of GPSer [M-H] ions by NLS

87 offers an additional advantage in that ions identified by this MS/MS scan may in turn be used
for direct analysis of esterified fatty acid constituents by product ion mode MS/MS experiments,
or by precursor ion scanning of individual fatty acid anions. The use of NLS 87 to detect rat
retina GPSer also provided another means of confirming the presence of low abundance ions
detected by positive ion GPSer analysis. The ions in bold in Figure 2.8C at m/z 760, m/z 788,
and m/z 934 represent deprotonated equivalents of the low abundance ions detected by NLS 185
and PIS 208. Subsequent analysis of the fatty acid constituents of these GPSer species from their
deprotonated ions revealed that the identities of these low-abundance ions were diacyl

GPSer(16:0/18:1), GPSer(18:0/18:1), and GPSer(24:6/24:6).
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Notably, an abundant ion at m/z 810 was observed in the spectrum obtained from the
negative ion NLS 87 MS/MS experiment. This ion represents the deprotonated form of the
protonated ion observed at m/z 812 in the NLS 185 MS/MS experiment. However, an ion at m/z
812 was also observed in the PIS 208 MS/MS experiment, indicating that a small contribution of
the ion current for m/z 812 in the NLS 185 spectrum was made by a GPSer sodium adduct of the

ion at m/z 790. The quantification of m/z 812 in the NLS 185 spectrum against an internal

standard would necessitate accommodation for the presence of underlying the GPSer [M+Na]+

ion; however, the presence of the underlying GPSer [M+Na]+ ion would not have been detected

without performing the PIS 208 MS/MS scan. Furthermore, complementary positive and
negative ion mode analysis of GPSer utilizing only NLS 185 and NLS 87, respectively, would

have falsely confirmed that the ion detected at m/z 812 in the NLS 185 MS/MS scan consisted

entirely of GPSer [M+H]+ species. This analysis underscored the advantages of employing lipid

class-specific MS/MS detection methods in which lipid species are detected as only one ion

form.

The ability to redundantly detect low-abundance rat retina GPSer species in multiple ion
forms enabled increased confidence in peak calling and subsequent inclusion of these ions in
analysis of esterified fatty acid groups. The ability to identify both protonated and sodium-
adducted GPSer molecular ions in positive ion mode MS/MS analysis expanded the number of

spectral features that could be assigned in the spectrum obtained from the initial MS analysis.

Importantly, the use of a precursor ion scan of m/z 208 to identify GPSer [M+Na]+ ions

simplified positive ion GPSer analysis by clarifying the identities of lipid species at m/z where

potential overlap existed between protonated and sodiated GPSer ions of differing fatty acid

70



composition. Use of the negative ion NLS 87 scan for detection of GPSer enabled the
identification of spectral features of the negative ion mode MS spectra, and provided additional
confirmation of GPSer species observed at very low abundance. Relative quantification of GPSer
would be most straightforward when using either the negative ion NLS 87 MS/MS experiment,
or the positive ion PIS 208 MS/MS experiment when known amounts of exogenous salts have
been added to a lipid extract; this scan is also useful for determining the presence of endogenous
salts that may be present following lipid extraction. After taking into account the redundant lipid
species identified in both the negative ion scan mode neutral loss experiment and the positive ion
scan mode neutral loss and precursor ion experiments, a total of 29 GPSer molecular species
could be identified in rat retina, with 22 redundant identifications. See Table 2.5 for a detailed
catalog of all identified rat retina GPSer species. This example clearly highlights the utility of
alternative or complementary MS/MS scans that are not commonly employed in lipidome
profiling studies to provide more detailed insights into the composition of complex lipid

mixtures.

2.3.6 Complementary neutral loss scan mode analysis of rat retina DG and TG lipids

Nonpolar lipids, such as diacylglycerols (DG) and triacylglycerols (TG), have typically
required derivatization and/or chromatographic separation prior to ESI-MS analysis (33-36).
This limits the ability to analyze both polar and nonpolar lipid classes from limited sample
amounts. We have applied the principle of complementary neutral loss scan mode MS/MS to the
analysis of DG and TG species in the same unfractionated rat retina extract that was used for

analysis of the polar lipid classes described above. The addition of ammonium hydroxide (other
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other ammonium salts) to lipid extracts prior to mass spectrometry analysis provides abundant

ammonium cations that readily adduct neutral lipids such as DG’s and TG’s. Redundant

detection of DG and TG [M+NH4]+ ions was achieved by neutral loss scanning for multiple m/z

corresponding to the loss of a neutral fatty acid + NH3 (scan #15 in Table 2.1.) By comparing

spectra obtained from neutral loss scans corresponding to multiple naturally occurring fatty

acids, the fatty acid moieties esterified to the glycerol backbone of species at each m/z were

elucidated. Additionally, we have found that mono- and diacylglycerol [M+NH4]+ ions are

readily identified by neutral loss scanning of 35 Da, corresponding to an abundant loss of

NH3+H>O (scan number 17 in Table 2.1.) This neutral loss scan was advantageous when

simultaneous comparison of all MG/DG species to an internal standard was desired. Use of the

NLS 35 MS/MS experiment was also useful for identifying DG species present in the

ammonium-adducted fatty acid neutral loss spectra, as scanning for loss of a fatty acid +NH3

may also detect cholesteryl esters present at very low abundance in rat retina. Thus, NLS 35
enabled differentiation between putative DG and cholesteryl ester ions detected by positive ion
mode fatty acid analysis of neutral lipid species. This neutral loss mode MS/MS scan also
provided another means of verifying low abundance putative DG peaks identified in one or more
fatty acid neutral loss scan. The limitation of NLS 35 was that DG species were only identified in
terms of total carbons : total double bonds, which could be deduced from the nominal mass of a

given species.

Figure 2.9A shows the spectrum obtained from simultaneous analysis of all abundant rat

retina DG species by scanning for a neutral loss of 35 Da between m/z 580-700. m/z 614 was
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detected as a putative diglyceride in this scan, consistent with the mass of a 34:.0 (TC:TDB)

diglyceride as an [M+NH4]+ ion. The fatty acid compositions of DG and TG species were then
determined by scanning for the neutral loss of a 16:0 fatty acid +NH3 (Figure 2.9B), loss of an

18:0 fatty acid +NH3 (Figure 2.9C), and the loss of a 22:6 fatty acid +NH3 (Figure 2.9D), over a

wider mass range (m/z 580-980). m/z 614 was redundantly detected in scans for the neutral loss
of 16:0 and 18:0 fatty acids, confirming the identification of this m/z as DG(16:0/18:0). Analysis
of the high mass range of the spectra shown in Figure 2.9B-D also revealed the presence of m/z
924 in all three fatty acid neutral loss scans. This led to the identification of the TG species as
TG(16:0/18:0/22:6). However, an ion at low relative abundance was observed at m/z 670 in the
spectrum obtained from scanning for a neutral loss of an 18:0 fatty acid (Figure 2.9C) that was
not observed in the NLS 35 MS/MS experiment used to identify DG species. While m/z 670 is
within the expected mass range for putative DG molecular species, the lack of an ion at m/z 670
in the NLS 35 spectrum cast doubt that this particular ion represented an 18:0 fatty acid-
containing diglyceride. Direct product ion MS/MS analysis of m/z 670 was precluded by the
exceedingly low abundance of this ion relative to polar lipid ion abundances in the
unfractionated rat retina lipid extract. As the expected mass range for cholesteryl esters is similar

to the expected mass range of diglycerides, we conducted an additional precursor ion scan of m/z

369 (scan number 16 in Table 2.1) to detect cholesteryl esters as [M+NH4]+ ions. A peak at m/z
670 was observed in the PIS 369 spectrum, corresponding to an 18:0 cholesteryl ester (data not
shown). This was in agreement with the original observation of m/z 670 in a neutral loss scan of

18:0 fatty acid neutral species. Hence, the use of complementary precursor ion and neutral loss

scan mode MS/MS experiments enabled detailed analysis and redundant confirmation of low
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abundance ions corresponding to rat retina neutral lipids without chromatographic separation of
polar and nonpolar analytes. Note that the fatty acids selected for analysis by neutral loss
scanning presented here were for demonstrative purposes only; a thorough analysis was
conducted by scanning for neutral losses of all naturally occurring fatty acids. From this set of
complementary analyses we delineated a list of 29 diacylglycerol and 111 triacylglycerol distinct

molecular species (see Table 2.6).

2.4. Discussion

From the data described above, it is clear that crude lipid extracts from whole rat retinas
contain an extremely complex mixture of molecular species, representing a wide array of lipid

classes at varying abundances. The observation of multiple ionic adducts of a given lipid class in

both positive (e.g., [M+H]", [M+Na]" and [M+NH,]") and negative (e.g., [M-H], [M+CI]” and

[M+CH30CO,] ) ionization modes adds further complexity, effectively increasing the number

of ‘spectral features’ to the resultant mass spectra obtained by analysis of these extracts.
However, the ability to identify specific lipid species in both positive and negative ionization
modes, as well as in their multiple adducted forms, enables unambiguous lipid identification,
particularly important when lipids were present at low abundance.

In many cases, multiple lipid species were found to be present at a single nominal m/z

value. For example, m/z 834 in the positive ion mode MS spectrum shown in Figure 2.1A, was

found to contain diacyl GPCho(18:0/22:6) [M+H] , GPSer(18:1/22:6) [M+H]', and

GPSer(18:0/20:4) [M+Na]+ ions. Likewise, m/z 834 in the negative ionization mode spectrum
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shown in Figure 2.1B was found to consist of the [M-H] ions of GPSer(18:0/22:6) and

GPEtn(22:6/22:6), as well as the methyl carbonate adduct ([M+CH30CO5]) of

GPCho(16:0/18:1). Detection of lipid classes in multiple ionization forms was necessary to fully
elucidate the identities of ions present in both positive and negative ion mass spectra at numerous
m/z. This point becomes especially important when comparisons must be made across numerous
samples, such as comparisons between normal and disease states, in which case any observed
change in ion abundance between two or more groups of samples must be accurately
characterized.

To assist in the implementation of complementary analysis of major lipid classes within
the lipidome, we have assembled multiple pairings of possible precursor ion and neutral loss
scan mode MS/MS experiments to enable redundant detection of each lipid class. The
advantages and disadvantages of many of these scan types have been discussed, and in several

cases, the use of redundant detection of a lipid class minimized the shortcomings of one or more

MS/MS experiments. For example, positive ion analysis of GPEtn [M+H]+ ions by neutral loss

scan mode MS/MS was found to be more sensitive than negative ion mode precursor ion analysis

of GPEtn [M-H] ions in terms of signal / noise and absolute ion abundance. The more sensitive

positive ion neutral loss scan is therefore optimal for analysis of low abundance GPEtn ions.

. + . :
However, the additional presence of [M+Na] ions, even at very low abundance, complicates

analysis of the resultant positive ion MS/MS spectra and necessitates complementary analysis of

GPEtn [M-H] ions for clarity. Negative ion MS/MS analysis of GPEtn enables the identification

of alkenyl species that are not observed in positive ion GPEtn MS/MS analysis; yet the
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significantly lower sensitivity of the negative ion mode GPEtn precursor ion scan precludes
analysis of lipid species that may be present at relatively low abundance.

Most of the individual MS/MS experiments we have paired for use in complementary
analysis of rat retina lipid classes were obtained from the available literature. In several cases we
have employed novel precursor ion and neutral loss scans derived from previously published
gas-phase fragmentation pathways to detect lipid classes in various ionic forms or modification
states. To our knowledge, this analysis of the rat retina lipidome was the first analysis to include
the negative ion neutral loss of 135 Da for detection of SM and GPCho species as
methylcarbonate adducts; likewise, it was the first analysis to explore differential detection of
SM and GPCho as methylcarbonate adducts by use of the negative ion neutral loss of 161 Da for
preferential detection of SM species; and it was the first analysis to include detection of sodiated
GPCho and GPSer species by positive ion mode precursor ion scanning of m/z 147 and m/z 208,
respectively. Additionally, we introduced the positive ion mode neutral loss of 35 Da for
simultaneous detection of diglyceride species as ammonium adducts. In this chapter we have
provided a preliminary outline of the possible benefits and shortcomings of each of these novel
MS/MS experiments, although a more rigorous examination of each proposed scan would be
beneficial for assessment of the viability of these scans for use in large scale lipid profiling
experiments.

Clearly, the use of redundant identification of rat retina lipid classes from multiple
precursor ion types enabled the identification of molecular species that would not have been
observed if only one MS/MS scan mode had been employed in the analysis of each lipid class.
This was especially true in the analysis of SM and GPCho species, in which only 4 rat retina SM

species could be readily detected by the conventional positive ion precursor ion scan of m/z 184;
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4 SM species were detected by neutral loss of 183 Da from sodiated SM ions; 2 SM species were
detected by PIS 147 from sodiated SM ions; and 12 SM species were detected by the negative
ion neutral loss of 161 Da from SM methylcarbonate adducts.

We have provided, as a reference, pairings of MS/MS experiments in Table 2.1 that can
be used in the complementary analysis of lipid classes that were not discussed in this chapter,
including cholesteryl esters, glycerophosphatidic acid (GPA), glycerophosphatidylglycerol
(GPGro), and ceramides. As these lipid classes are of low abundance in many tissues, and
especially in rat retina, their analysis certainly benefits from complementary analysis of multiple
ion forms where possible, or by redundant detection of the same ion form by multiple scans. The
pairings suggested for complementary analysis of lipid classes are certainly not exhaustive, and
other sets of complementary pairs could be substituted for analysis of various lipid classes.
Furthermore, as the understanding of gas phase fragmentation pathways of lipid classes and their
ionic adducts progresses, it will expand the ability to perform complementary analysis to lipid

classes that have not been addressed in this chapter.

2.5 Conclusions

Although disruption of lipid metabolism is known to play a key role in the onset and
progression of a variety of retinal diseases, the use of retinal lipid profiles to identify relevant
pathways of disease progression has not been sufficiently explored. This lack of knowledge is
largely due to the diversity of lipids and to limits in the sensitivity of previously available
analytical methods. The methodology described in this chapter for lipid profile analysis of
normal retina will be further applied to various diseased retinal states to aid in developing

effective therapeutic strategies for retinal disorders.
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Table 2.1. Description of the precursor ion and neutral loss scan mode MS/MS experiments employed for the class-
specific identification of linid molecular species.

# | Lipid class Precursor ion MS/MS scan typea) Product ion / Neutral loss Ref
1 | SM,GPCho [M+CI] NLS 50 CHaCl 21
2| SM, GPCho [M+CH30CO0,] NLS 135 CH30CO»H+(CH3)3N 2l
3 | SM, GPCho [M+CH30CO5]’ NLS 161 CH30CO,+(CHz3)3 NCHCHy) 21
4 | SM, GPCho [M+H]" PIS 184 Phosphocholine 13
5 | SM, GPCho [M+Na]+ PIS 147 Sodium cyclophosphane 37
6 | GPCho [M+Na]+ NLS 205 Sodium cholinephosphate 13
7 | SM, GPCho [M+Na]+ NLS 183 Neutral phosphocholine 37
8 | GPEtn [M+H]", M+Na]" NLS 141 Phosphoethanolamine 14
9 | GPEtn [M-H] PIS 196 Glycerol phosphoethanolamine 13
10 | GPIns [M-H] PIS 241 Dehydrated phosphoinositol 13
11| GPIns [M+NH4]" NLS 277 Phosphoinositol+NH3 38
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Table 2.1 (cont’d)

12 | GPSer [M+H]", [M+Na]® | NLS 185 Phosphoserine 11

13 | GPSer +Nal” PIS 208 Sodium phosphoserine -
[M+Na]

14 | GPSer [M-H] NLS 87 Serine 13

15 | Di-/ Triacylglycerols, [M+NH4]+ NLS (m/z varies) Fatty acid+NH3 28

Cholesteryl esters

16 | Cholesteryl esters [M+NH 4]+ PIS 369 Cholestane cation 13

17 | Mono- / Diacylglycerols | (m+NH,]" NLS 35 HoO+NHg -

18 | Glycerophospholipids [M-H] ,[M+CI], PIS (m/z varies) Fatty acyl anion 13
[M+CH30CO,]

19 | GPGro [M+NH4]" NLS 189 Phosphoglycerol+NH3 38

20 | GPA [|\/|+NH4]+ NLS 115 NH3+H3PO,4 -

21 | GPGro, GPA [M-H] PIS 153 Cyclic glycerophosphate 13

22 | 18:0-based ceramides [M+H]+ PIS 266 Sphinganine derivative 29
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Table 2.1 (cont’d)

23 | 18:1-based ceramides [M+H]+ PIS 264 Sphingosine derivative 29
24 | 18:2-based ceramides [M+H]+ PIS 262 Sphingadienine derivative 27
25 | 18:0-based ceramides [M-H] NLS 258 16:0 aldehyde 30
26 | 18:1-based ceramides [M-H] NLS 256 16:1 aldehyde 30
27 | 18:2-based ceramides [M-H] NLS 254 16:2 aldehyde 30
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Table 2.2. Rat Retina SM and GPCho molecular species.

Lipid speciesa Scan #1 Scan #2 Scan #3 Scan #4 Scan #5 Scan #6 Scan #7
NLS 50 NLS 135 | NLS161 |PIS 184 PIS 147 NLS 205 | NLS 183
(m/z) (m/z) (m/z) (m/z) (m/z) (m/z) (m/z)
SM(d18:1/16:1) - - 775 - - : :
SM(d18:1/16:0) 737 lau 77 703 725 - 725
GPCho(14:1/16:0) 738 - 778 704 - - 126
GPCho(14:0/16:0) - - 780 706 128 - -
SM(d18:1/18:1) 763 - 803 - = = 751
SM(d18:1/18:0) 765 805 805 731 753 - 753
GPCho(16:0/16:1) | 766 806 806 732 754 - 754
GPCho(16:0/16:0) | 768 808 808 734 756 756 756
SM(d18:1/19:0) - - 819 - - - -
GPCho(0-18:0/16:0) | - - 820 746 - - -
SM(d18:1/20:1) E E 831 E E E -
GPCho(16:1/18:1) - 832 832 758 780 780 780
GPCho(16:0/18:2) | - 832 832 758 780 - 780
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Table 2.2 (cont’d)

SM(d18:1/20:0) 793 833 833 759 - - 781
GPCho(16:0/18:1) | 794 834 834 760 782 782 782
GPCho(16:0/18:0) | 796 836 836 762 784 784 784
GPCho(0-18:0/18:0) | - - - 774 - - -

GPCho(16:0/20:4) | 816 856 856 782 804 804 804
SM(d18:1/22:2) - 857 857 - - - -

SM(d18:1/22:1) - - 859 - - - -

GPCho(18:1/18:1) | 820 860 860 786 808 808 808
GPCho(18:0/18:2) | 820 860 860 786 808 808 808
GPCho(18:0/18:1) | 822 862 862 788 810 810 810
GPCho(18:0/18:0) | 824 864 864 790 812 812 812
GPCho(16:0/22:6) | 840 880 880 806 828 828 828
GPCho(16:1/22:5) | 840 880 880 806 828 828 828
SM(d18:1/24:4) 841 881 881 - - - -

GPCho(38:5) - - - 808 - 830 830
GPCho(18:0/20:4) | 844 884 884 810 832 832 832
SM(d18:1/24:2) 845 - - - - - -
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Table 2.2 (cont’d)

SM(d18:1/24:1) 847 - 887 - - - -
SM(d18:1/24:0) 849 - 889 815 - - -
GPCho(18:1/20:0) | - - 890 816 - - -
GPCho(18:1/22:6) | - 906 - 832 854 854 854
GPCho(18:0/22:6) | 868 908 908 834 856 856 856
GPCho(18:1/22:5) | 868 908 908 834 856 856 856
GPCho(40:4) - - - 838 860 860 860
GPCho(42:10) - - - 854 876 876 876
GPCho(42:4) - - - 866 - - -
GPCho(22:6/22:6) | 912 952 952 878 900 900 900
GPCho(22:6/32:6) | 1052 - - 1018 1040 1040 1040
GPCho(22:6/34:6) | 1080 - - 1046 1068 1068 1068
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Table 2.3. Rat retina GPEtn species detected by complementary positive
and negative ion mode MS/MS analysis.

Lipid species” Scan#8 | Scan #9
NLS 141 | PIS 196
(m/z) (m/z)
GPEtn(16:0/18:1) 718 716
GPEtn(16:0/18:0) 720 718
GPEtn(0-16:1/20:4) - 722
GPEtn(16:0/20:4) 740 738
GPEtn(18:1/18:1) 744 -
GPEtn(18:0/18:1) 746 744
GPEtn(0-16:1/22:6) | - 746
GPEtn(0-16:0/22:6) 750 748
GPEtn(0-18:0/20:4) 752 750
GPEtn(16:0/22:6) 764 762
GPEtn(18:1/20:4) 766 764
GPEtn(18:0/20:4) 768 766
GPEtn(0-18:2/22:6) | 774 772
GPEtn(0-18:1/22:6) | 776 774
GPEtn(0-18:1/22:5) | 778 776
GPEtn(0-18:0/22:6)
GPEtn(0-20:1/20:4) - 778
GPEtn(18:2/22:6) 788 786
GPEtn(18:1/22:6) 790 788
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Table 2.3 (cont’d)

GPEtn(18:0/22:6) 792 790

GPEtn(20:0/20:4) 796 794

GPEtn(20:4/22:6) 812 810

GPEtn(22:6/22:6) 836 834

GPEtNn(22:4:/22:6) 840 838
a)

GPEtn fatty acid substituents were determined by negative

ion mode MS/MS experiments as described in the Methods
section. Alkenyl species are denoted by O- preceding the acyl
chain. A dash indicates a species that was not detected.
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Table 2.4. Rat retina GPIns species detected by complementary
positive and negative ion mode MS/MS analysis.

Lipid speciesa Scan #10 | Scan #11
PIS 241 NLS 277
(m/z) (m/z)
GPIns(16:0/18:1) 835 -
GPIns(16:1/20:4) 855 874
GPIns(16:0/20:4) 857 876
GPIns(18:2/20:4) 881 900
GPIns(16:0/22:6) 881 900
GPIns(18:1/20:4) 883 902
GPIns(18:0/20:4) 885 904
GPIns(18:2/22:6) 905 -
GPIns(18:1/22:6) 907 -
GPIns(18:0/22:6) 909 928
GPIns(20:0/20:4) 913 932
GPIns(20:4/22:6) 929 948
GPIns(20:4/22:6) 931 -
GPIns(22:6/22:6) 953 -

a
) GPIns fatty acid substituents were determined by

negative ion mode MS/MS experiments as described in the
Methods section. A dash indicates a species that was not
detected.
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Table 2.5. Rat retina GPSer molecular species detected by complementary positive
and negative ion mode MS/MS analysis.

Lipid speciesa Scan #12 | Scan #13 Scan #14
NLS 185 | PIS 208 NLS 87
(m/z) (m/z) (m/z)
GPSer(16:0/18:1) 762 784 760
GPSer(16:1/18:0) 762 784 760
GPSer(16:0/18:0) - - 762
GPSer(18:0/18:1) 790 812 788
GPSer(16:1/20:4) - - 808
GPSer(16:0/20:4) 812 834 810
GPSer(16:0/22:0) - 842 818
GPSer(18:0/20:0) - 842 818
GPSer(0-18:0/22:6) - 842 818
GPSer(18:1/22:6) 834 856 832
GPSer(18:0/22:6) 836 858 834
GPSer(18:0/22:5) 838 860 836
GPSer(18:0/22:4) 840 862 838
GPSer(20:0/20:4) 840 862 838
GPSer(20:4/22:6) 856 878 854
GPSer(20:4/22:5) 858 - 856
GPSer(20:4/22:4) - - 858
GPSer(20:0/22:6) - 886 862
GPSer(20:0/22:5) 866 - 864
GPSer(22:6/22:6) 880 902 878
GPSer(22:5/22:6) 882 904 880
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a)

Table 2.5 (cont’d)

GPSer(22:4/22:6) 884 906 882
GPSer(22:3/22:6) - 908 884
GPSer(22:6/24:6) 908 930 906
GPSer(22:5/24:6) 910 932 908
GPSer(22:4/24:6) 912 934 910
GPSer(22:3/24:6) - - 912
GPSer(24:6/24:6) 936 958 934
GPSer(24:5/24:6) 938 - 936

GPSer fatty acid substituents were determined by
negative ion mode MS/MS experiments as described in
the Methods section. Alkenyl species are denoted by O-
preceding the acyl chain. A dash indicates a species that
was not detected.
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Table 2.6. Rat retina DG and TG molecular species detected as [M+NH4] ions by scan #15.

m/z

Lipid species

584
586
612
612
614
634
638
640
640
642
642
658
660
660
662

664

DG(16:0/16:1)
DG(16:0/16:0)
DG(16:0/18:1)
DG(16:1/18:0)
DG(16:0/18:0)
DG(16:0/20:4)
DG(18:1/18:1)
DG(16:1/20:0)
DG(18:0/18:1)
DG(18:0/18:0)
DG(16:0/20:0)
DG(16:0/22:6)
DG(18:1/20:4)
DG(16:0/22:5)
DG(18:0/20:4)

DG(18:0/20:3)

m/z

Lipid species

820
820
820
822
822
824
824
844
844
844
844
846
846
846
846

848

TG(14:0/16:0/18:2)
TG(14:1/16:1/18:0)
TG(16:0/16:1/16:1)
TG(14:0/16:0/18:1)
TG(16:0/16:0/16:1)
TG(14:0/16:0/18:0)
TG(16:0/16:0/16:0)
TG(16:0/16:1/18:3)
TG(16:1/16:1/18:2)
TG(18:1/18:2/14:1)
TG(18:2/14:0/18:2)
TG(16:0/18:2/16:1)
TG(16:1/16:1/18:1)
TG(18:1/14:0/18:2)
TG(18:1/14:1/18:1)

TG(14:0/18:1/18:1)

m/z

Lipid species

876
876
878
878
880
894
894
894
894
896
896
896
898
898
898
898

TG(16:0/18:0/18:1)
TG(16:1/16:1/20:0)
TG(16:1/18:0/18:1)
TG(16:1/16:0/20:0)
TG(16:0/18:0/18:0)
TG(16:0/22:6/16:1)
TG(16:1/18:3/20:3)
TG(18:0/14:1/22:6)
TG(18:1/14:1/22:5)
TG(16:0/16:0/22:6)
TG(16:0/18:2/20:4)
TG(18:2/18:2/18:2)
TG(16:0/16:0/22:5)
TG(16:0/18:1/20:4)
TG(16:0/18:2/20:3)

TG(16:0/20:3/18:2)

m/z

Lipid species

922
924
924
924
926
926
926
928
944
946
948
948
950
950
952

956

TG(18:1/20:4/18:2)
TG(16:0/16:0/24:6)
TG(16:0/18:0/22:6)
TG(16:1/18:0/22:5)
TG(16:0/18:0/22:5)
TG(16:0/20:1/20:4)
TG(18:0/18:1/20:4)
TG(18:0/18:0/20:4)
TG(18:1/22:6/18:3)
TG(18:1/20:4/20:4)
TG(18:0/18:2/22:6)
TG(18:1/18:1/22:6)
TG(18:0/18:1/22:6)
TG(18:0/18:2/22:5)
TG(18:0/18:0/22:6)

TG(18:0/20:0/20:4)
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Table 2.6 (cont’d)

666
668
670
682
684
686
688
690
698
706
714
720

730

768
794
794

794

DG(18:2/20:0)
DG(18:1/20:0)
DG(18:0/20:0)
DG(20:4/20:4)
DG(18:1/22:6)
DG(18:0/22:6)
DG(18:0/22:5)
DG(20:0/20:4)
DG(20:0/20:0)
DG(20:4/22:6)
DG(20:0/22:6)
DG(20:0/22:3)

DG(22:6/22:6)

TG(14:0/14:0/16:0)
TG(14:0/14:0/18:1)
TG(14:0/14:1/18:0)

TG(14:0/16:1/16:0)

848
848
848
850
850
850
852
870
870
870
870
870
872
872
872
872
872

872

TG(16:0/16:0/18:2)
TG(16:0/16:1/18:1)
TG(18:1/14:0/18:1)
TG(16:0/16:0/18:1)
TG(16:0/18:0/16:1)
TG(18:0/14:0/18:1)
TG(16:0/16:0/18:0)
TG(16:0/20:4/16:1)
TG(16:1/16:1/20:3)
TG(16:1/18:2/18:2)
TG(16:1/18:3/18:1)
TG(18:2/18:3/16:0)
TG(16:0/16:0/20:4)
TG(16:0/18:1/18:3)
TG(16:0/18:2/18:2)
TG(16:0/20:3/16:1)
TG(16:1/18:0/18:3)

TG(16:1/18:1/18:2)

898
898
898
900
900
900
900
900
902
902
902
904
904
904
906
906
906

922

TG(16:1/20:1/18:3)
TG(16:1/20:3/18:1)
TG(18:2/18:2/18:1)
TG(16:0/18:0/20:4)
TG(16:0/18:1/20:3)
TG(18:0/18:1/18:3)
TG(18:0/18:2/18:2)
TG(18:1/18:1/18:2)
TG(18:1/18:1/18:1)
TG(18:1/18:2/18:0)
TG(18:2/20:1/16:0)
TG(16:0/20:1/18:1)
TG(18:0/18:0/18:2)
TG(18:0/18:1/18:1)
TG(16:0/18:1/20:0)
TG(16:0/18:0/20:1)
TG(18:0/18:0/18:1)

TG(16:0/18:1/22:6)

966
968
968
968
970
972
974

978

TG(20:4/20:4/20:5)
TG(18:2/22:6/20:4)
TG(18:3/20:3/22:6)
TG(22:6/22:6/16:0)
TG(16:1/22:5/22:5)
TG(18:0/20:4/22:6)
TG(18:0/20:4/22:5)

TG(18:2/22:5/20:0)
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Table 2.6 (cont’d)

818
818
818
820

820

TG(14:0/16:1/18:2)
TG(16:1/14:1/18:1)
TG(16:1/16:1/16:1)
TG(14:0/16:0/18:2)

TG(14:0/16:1/18:1)

874
874
874
876
876

TG(16:0/18:1/18:2)
TG(16:1/18:0/18:2)
TG(16:1/18:1/18:1)
TG(16:0/18:0/18:2)

TG(16:0/18:1/18:1)

922
922
922
922

922

TG(16:0/20:3/20:4)
TG(16:0/16:1/24:6)
TG(16:1/18:0/22:6)
TG(16:1/20:2/20:4)

TG(16:1/18:1/22:5)
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Figure 2.1. Full mass spectra of rat retina lipids. Mass spectra obtained from
unfractionated rat retina lipid extract by scanning from m/z 400 to m/z 1200 in (A)
positive ion or (B) negative ion mode.
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Figure 2.2. Negative ion mode analysis of GPCho and SM. Negative ion mode product
ion MS/MS spectra of [M+CI] ions of synthetic GPCho(14:0/14:0) (A), SM(d18:1/12:0)
(B), and [M+CH30CO,] ions of synthetic GPCho(14:0/14:0) (C) and SM(d18:1/12:0)

(D).
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Relative abundance (%)
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Figure 2.3 Complementary negative ion mode MS/MS analysis of rat retina
SM and GPCho species. Bold text indicates m/z of identified SM species. (A)

Detection of SM and GPCho as [M+CI] ions by neutral loss scanning of 50 Da in
the presence of 0.5 mM NaCl. (B) Detection of SM and GPCho as

[M+CH30COO] ions by neutral loss scanning of 135 Da. (C) Detection of SM and
GPCho as [M+ CH30COO] ions by neutral loss scanning of 161 Da.
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Figure 2.4 Positive ion mode analysis of GPCho and SM. Positive ion mode
product ion MS/MS spectra of [M+H]Jr ions of synthetic GPCho(14:0/14:0) (A),
SM(d18:1/12:0) (B), and [M+Na]+ ions of synthetic GPCho(14:0/14:0) (C) and

SM(d18:1/12:0) (D).
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Figure 2.5. Complimentary positive ion mode MS/MS analysis of rat retina SM
and GPCho species. Bold text indicates m/z of identified SM species. (A) Detection of

SM and GPCho as [M+H]Jr ions by precursor ion scanning of m/z 184. (B) Detection of
SM and GPCho as [M+Na]+ ions by precursor ion scanning of m/z 147. (C) Detection
of GPCho as [M+Na]Jr ions by neutral loss scanning of 205 Da. (D) Detection of SM
and GPCho as [M+Na]Jr ions by neutral loss scanning of 183 Da.
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Figure 2.6. Complementary positive and negative ion mode MS/MS analysis of rat

retina GPEtn and GPIns species. (A) Detection of GPEtn as [M+H]+ and [M+Na]+
ions by positive ion mode neutral loss scanning of 141 Da. (B) Detection of GPEtn as

[M-H] ions by precursor ion scanning of m/z 196. (C) Detection of GPIns as [M-H]
ions by negative ion mode precursor ion scanning of m/z 241. (D) Detection of GPIns

as [M+NH4]+ ions by positive ion mode neutral loss scanning of 277 Da.

97



Relative abundance (%)

(A) +MS/MS PR 680

100 495
50
185 BR0
S L S Y O N PO N N L Y L O LI S L A N L U A O N I L
100 300 500 700
m/z
(B) +MS/MS PR 702
100 208
50 .
495J _ -185 1702
I|III|‘III]lll]lll]lll|lIl]lll|lll]ll"l|ll||IIl|lll|l||||
90 290 7 490 690
(C) -MS/MS PR 678
100 -
363
50 227 - 678
87
153
B O O LS R G L R O L . O O T L O L A I L T L O T O O L O O
100 300 500 700

m/z

Figure 2.7. Product ion mode MS/MS spectrum of synthetic GPSer(14:0/14:0)
[M+H]" ions. (A), [M+Na]" ions (B), and [M-H] ions (C).
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Figure 2.8. Complementary positive and negative ion mode MS/MS analysis of rat
retina GPSer species. Bold text indicates m/z of species at very low relative
abundance that were redundantly detected in multiple ion forms. (A) Detection of

GPSer as [M+H]+ and [M+Na]+ ions by positive ion mode neutral loss scanning of
185 Da. (B) Detection of GPSer as [M+Na]+ ions by positive ion mode precursor ion

scanning of m/z 208. (C) Detection of GPSer as [M-H] ions by negative ion mode
neutral loss scannina of 87 Da.
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Figure 2.9. Complementary positive ion mode MS/MS analysis of rat
retina DG and TG species. (A) Simultaneous detection of all abundant

DG species as [M+NH4]+ ions by neutral loss scanning of 35 Da. (B)

Detection of all 16:0-containing DG and TG as [M+NH4]+ ions by
neutral loss scanning of 273 Da. (C) Detection of all 18:0- containing DG

and TG as [M+NH4]+ ions by neutral loss scanning of 301 Da. (D)

Detection of all 22:6-containing DG and TG as [M+NH4]+ ions by
neutral loss scanning of 345 Da.
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Analysis of Retina and Erythrocyte Glycerophospholipid Alterations in a Rat Model of Type 1

Diabetes

3.1 Abstract

An automated tandem mass spectrometry based analysis employing precursor ion and neutral
loss scans in a triple quadrupole mass spectrometer has been employed to identify and quantify
changes in the abundances of glycerophospholipids extracted from retina and erythrocytes in a
rat streptozotocin model of type 1 diabetes, 6 weeks and 36 weeks following induction of
diabetes, compared to age matched nondiabetic controls. The utility of a ‘label free’ method
compared to an ‘internal standard’ method for quantification of differences in the abundances of
specific lipid ions was evaluated in both retina and erythrocyte lipid extracts. In retina,
equivalent results were obtained by using the ‘label free’ and internal standard methods for
quantification. In erythrocytes, the two methods of analysis yielded significantly different results,
suggesting that factors intrinsic to particular sample types may influence the outcome of label-

free lipidome quantification approaches.

Overall increases (~25% to ~35%) in the abundances of major retina glycerophospholipid
classes were demonstrated in rats at 6 weeks of diabetes, relative to control animals. However, at
36 weeks of diabetes, subsequent overall decreases in retina glycerophosphocholine and
glycerophosphoethanolamine abundances of 16% and 33%, respectively, were observed.
Additionally, retina and erythrocyte glycerophosphocholine lipids at both 6 week and 36 weeks
of diabetes exhibited increased incorporation of linoleic acid(18:2n6) and a decrease in

docosahexaenoic acid (DHA(22:6n3)) content. Finally, an approximately 5-fold increase in the
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abundances of specific glycated glycerophosphoethanolamine (Amadori-GPEtn) lipids were
observed in the retina of 36 week diabetic rats, with a corresponding 1.6 fold increase of

Amadori-GPEtn lipids in diabetic erythrocytes.

3.2. Introduction

The identification of biomarkers that enable the early detection and prognosis of disease,
or that facilitate measurement of the efficacy of response to a specific therapeutic intervention,
hold great promise in advancing the capabilities of individualized medicine.(1-3) At this time
however, there are only a few biomarkers for complex diseases, such as diabetes or cancer,
which provide sufficient information for a variety of potential diagnostic decisions. Recent
technological advances in mass spectrometry have enabled large scale biomarker discovery
efforts to be initiated, particularly in the field of proteomics,(4) without prior requirement for
detailed insights into the mechanisms responsible for the disease. However, there are a number
of technical issues that currently limit the potential of mass spectrometry based protein
biomarker identification approaches. Foremost among these is the analytical challenge presented
by the enormous dynamic range associated with protein expression, particularly in plasma, which
IS in a constant state of spatial and temporal flux, as well as the great mixture complexity
resulting from the diversity of transcriptional, translational and post translational modifications
associated with protein expression throughout the cell cycle.(5) In recent years therefore, efforts
have also been directed toward identification of other classes of biological molecules, including
lipids, as potential biomarkers markers of specific disease states.(3; 6) Lipids are a diverse group

of compounds, including fatty acyls, sterols, glycerolipids, glycerophospholipids and
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sphingolipids, that play key biological roles as the main structural component of cell membranes,
in energy storage and metabolism, and in cell signaling. A large number of studies have
demonstrated that the disruption of lipid metabolism or signaling pathways can play a key role in
the onset and progression of human disease.(7-12) Thus, a comprehensive analysis of the
changes in lipid profiles that occur between normal and diseased cells, tissues or organs, and
correlation of the changes observed in the end organs of the disease with those occurring in a
more readily accessible blood fraction, such as erythrocytes, may enable the identification and

characterization of specific lipids that can serve as effective biomarker signatures of disease.

Diabetic retinopathy is a debilitating complication of diabetes leading to blindness.
Evidence of retinopathy is present in 65% of diabetic patients after 10 years of the disease.(13) It
is widely accepted that diabetes-induced changes in the end organs of diabetic complications
occur well before clinical manifestations of the complications can be observed. Moreover, using
currently available treatment options, diabetes induced changes in the end organs are irreversible
after a certain point, even after achievement of metabolic control. However, recent studies in
animal models clearly demonstrate that there is both a circulating blood component and an end
organ component of diabetic complications, and that correcting either of these components, at an

early state in disease development, can ameliorate diabetic retinopathy.(14)

There is emerging evidence for a role of lipids in retinal pathology. Retina has the
highest levels of long chain n3 and n6 polyunsaturated fatty acids (LCPUFA) including
arachidonic acid (ARA(20:4n6)) and docosahexaenoic acid (DHA,22:6n3) observed in the
body.(15-19) Numerous previous studies have recognized the important role of n3 and n6
LCPUFA’s as key modulators of retinal development,(11; 12; 20; 21) and in the onset and
progression of retinal diseases. For example, a case control study from the Age-Related Eye
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Disease Study (AREDS) research group has demonstrated that total dietary n3 LCPUFA intake,
including DHA(22:6n3), was inversely associated with neovascular age related macular
degeneration (AMD), while the intake of n6 LCPUFA’s, including ARA(20:4n6), was directly
associated with the prevalence of the disease.(11) Another ocular disease, open angle glaucoma,
has also been shown to be inversely associated with n3 PUFA levels. Compared with their
healthy siblings, glaucoma patients had reduced eicosapentaenoic acid (EPA(20:5n3)) and
DHA(22:6n3) in red blood cell phospholipids and triglycerides.(22) Low levels of DHA(22:6n3)
in the erythrocytes of X-linked inherited Retinitis Pigmentosa (RP) patients have been shown to
be negatively associated with the severity of the disease.(23-25) A recent study has demonstrated
that the DHA(22:6n3) content of certain  glycerophosphocholine  (GPCho),
glycerophosphoethanolamine (GPEtn) and glycerophosphoserine (GPSer) lipid molecular
species were significantly lower in the retina of a rat model of Smith-Lemli-Opitz syndrome, relative
to controls, and that these changes occurred in the absence of n3 fatty acid deficiency in plasma
or liver.(9) DHA(22:6n3) deficiency has also been shown to result in a decrease in visual acuity
during infant development,(20; 21) while a recent in vivo study has revealed that an increase in
dietary DHA(22:6n3) intake can be protective against neovascularization in animal models of
oxygen induced retinopathy of prematurity.(12)

Early stage diabetic retinopathy has been recognized as a low-grade chronic
inflammatory disease.(26-31) Using a well established human retinal endothelial cell culture
system, the primary cell type associated with diabetic retinopathy, it has recently been
demonstrated that the n6 PUFA’s linoleic acid(18:2n6) and ARA(20:4n6) induced inflammatory

adhesion molecule expression and leukocyte adhesion,(32) whereas the n3 PUFA DHA22:6n3
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exhibited an anti-inflammatory effect by inhibiting cytokine induced Nuclear Factor «B (NF«B)

activation and nuclear translocation, as well as adhesion molecule expression.(33; 34)

These studies clearly demonstrate the important role of lipids in retinal health and
disease. However, there is surprisingly little information available that quantitatively describes

the changes in global lipid profiles, or the specific molecular lipid species that undergo changes

in abundance, upon development of diabetic complications in the retina.(35; 36)'(37) More

importantly, there have been no studies carried out to date to correlate the lipid profile changes in
the end organs of diabetic complications with those occurring in the blood cell or plasma of these

subjects.

The limitations of techniques traditionally used for lipid analysis (e.g., thin-layer
chromatography (TLC), gas-chromatography (GC)), have generally precluded comprehensive
lipid analysis from the limited amount of material that can typically be obtained from either post-
mortem human retina samples or the retinas obtained from animal models of the disease (e.g.,
rats and mice). However, the development of electrospray ionization (ESI) and matrix assisted
laser desorption/ionization (MALDI) techniques,(38-46) coupled with the use of high-resolution
mass spectrometry (MS) analysis,(47-49) or tandem mass spectrometry methods employing
product ion scan or selective precursor ion and neutral loss scan mode analysis strategies, (39-43;
50-52) have enabled the application of ‘shotgun’ lipidomics approaches for rapid and sensitive
monitoring of the molecular compositions and abundances of individual lipid species in complex
lipid extracts obtained from limited quantities of sample tissue, and with minimal sample
preparation. The application of selective precursor ion scan and neutral loss scan MS/MS

methods, based on detection of the characteristic product ions formed via cleavage of either a
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particular lipid head group or fatty acyl chain esterified to the glycerol backbone, from which
information regarding the identity and structure of the lipid may be elucidated, have been
particularly attractive for the rapid identification and characterization of multiple isobaric lipid
species that may be present at a given m/z value. As the level of background noise is
significantly reduced in precursor ion and neutral loss scan MS/MS spectra compared to a mass
spectrum, these methods are also attractive for use in the rapid identification of low abundance
lipid species, such as ceramides, cholesteryl esters, mono-, di- and tri-acylglycerols, or modified
lipid species such as Amadori glycerophosphoethanolamine (Amadori-GPEtn) or
glycerophosphoinositol (GPIns) mono-, bis- or tris-phosphate, that may often be present at or

below the level of chemical noise in the mass spectra.

Quantitation of lipidomic data has typically been achieved by ratiometric comparison of
the abundance of lipid ions of interest against that of a known exogenous lipid species added to
the sample, following isotopic correction. The majority of approaches have entailed the use of
synthetic exogenous lipid standards representative of a particular lipid class of interest. The
synthetic lipids may be added during(41; 53; 54) or following(40; 43; 55) lipid extraction, and
typically all lipid molecular species of a given class are quantified against a single synthetic
internal standard of the same lipid class. While relatively straightforward, this approach does not
take into account differences in ionization efficiency of lipids of differing acyl chain lengths and
degree of unsaturation, which are pronounced in samples with a high total lipid
concentration,(56; 57) or correct for different CID-MS/MS fragmentation efficiencies as a
function of precursor ion mass under constant collision energy conditions. Correction for
differences in ionization or dissociation efficiencies across the molecular species of a given lipid

class may be performed by inclusion of several internal standards per lipid class, thereby
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covering a wide range of fatty acyl total carbons and total double bonds, or through
normalization to multiple external calibration curves.(56; 58; 59) The use of multiple internal
standards consisting of stable isotope labeled lipid species has also been demonstrated to provide
accurate quantitation of lipids with a high degree of variability in the number of total carbons and
total double bonds.(60) However, the use of this strategy may not be feasible for analyzing large
numbers of different molecular species across diverse lipid classes, as an untenable number of

internal standards would be required.

In contrast to internal standard-dependent methods of lipidome quantification, the
feasibility of obtaining statistical analysis based on comparative analysis of MS peak intensities
and relative abundances from lipid extracts of experimental treatments relative to baselines
obtained from control samples has been demonstrated.(61) Such “label free” approaches are
critical when an internal standard for a lipid class of interest, such as modified lipids, is not
readily (i.e., commercially) available. In proteomics based quantification, numerous studies in
recent years have shown that label free methods, involving quantification of relative protein
abundances based on precursor ion area intensity measurements using high resolution mass
spectrometry, or by ‘spectral counting’ using the number of spectra identified for a given protein
from multidimensional LC-MS/MS analyses of different biological samples, can provide

comparable results to stable isotope labeling methods for abundant proteins.(62; 63)

3.3 Results

Analyses of crude lipid extracts isolated from the whole retina and erythrocytes of age
matched control and type 1 diabetic male Wistar rats, 6 weeks or 36 weeks after induction of

diabetes with streptozotocin (STZ), were performed by introduction of the extracts to a triple
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quadrupole (QgQ) mass spectrometer via infusion using a chip-based nano-electrospray
ionization (nESI) source, followed by automated MS and MS/MS analysis in both positive and
negative ion modes to identify and quantify GPCho, GPEtn, GPSer and GPlIns lipids. The use of
an animal model, such as the rat, for studying changes in global retina lipid profiles as a function
of the onset and progression of disease is attractive for several reasons, including the ability to
control or systematically evaluate the effect of a number of variables, such as genetic
background, environment, age and diet, that are known to alter the presence and abundance of

particular lipid species at any given time.

3.3.1 Analysis of GPCho lipids in retina and erythrocytes at 6 weeks of diabetes

Representative mass spectra, obtained by using a precursor ion (PI) scan mode CID-

+
MS/MS experiment in positive ion mode to identify the [M+H] precursor ions of

glycerophosphatidylcholine (GPCho) lipids in whole retina and erythrocytes of age matched
control and type 1 diabetic male Wistar rats, 6 weeks after treatment with STZ, via detection of
the characteristic phosphocholine product ion at m/z 184, are shown in Figure 3.1. The
complementary information provided from the GPCho lipid class specific Pl scan, as well as

fatty acyl group specific precursor ion MS/MS scans or product ion MS/MS scan experiments of

the [M+CI]_ or [M+CH30002]- precursor ions in negative ion mode,(64) were employed to

fully elucidate the identity of the head group, as well as the identities of the fatty acyl chains
(number of total carbons and double bonds), within the lipid of interest (data not shown.) The

most abundant GPCho lipid molecular species within the control rat retina (Figure 3.1A) was
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found to contain the n3 polyunsaturated DHA(22:6n3) fatty acid (i.e., GPCho(18:0/22:6), m/z
834.4). Other abundant DHA(22:6n3) containing GPCho lipids were also observed, including
GPCho(16:0/22:6) at m/z 806.4, a 44:12 GPCho species containing DHA(22:6n3) fatty acids at
both the snl and sn2 positions of the lipid glycerol backbone (GPCho(22:6/22:6), m/z 878.4),
and very long chain fatty acid-containing GPCho lipids (GPCho(32:6/22:6), m/z 1018.6 and
GPCho(34:6/22:6), m/z 1046.6). A variety of n6 polyunsaturated linoleic acid(18:2n6) and
ARA(20:4n6) containing GPCho lipids were also identified, including GPCho(16:0/18:2) at m/z
758.4, GPCho(18:0/18:2) at m/z 786.4, GPCho(16:0/20:4) at m/z 782.4 and GPCho(18:0/20:4) at

m/z 810.4. Finally, several abundant GPCho lipids containing saturated palmitic acid(16:0) and
stearic acid(18:0), and the n9 monounsaturated oleic acid(1g.1) were observed, including

GPCho(16:0/16:0) at m/z 734.4, GPCho(16:0/18:1) at m/z 760.4 and GPCho(18:0/18:1) at m/z

788.4.

Analysis of lipid extracts from three separate control rat retinas resulted in essentially
identical spectra to those shown in Figure 3.1A, with percent standard deviations (% S.D.)
ranging from 5-20% (with an average % S.D. of 11%), indicative of the minimal biological
variability between these animals. This was expected given that these samples were obtained
from animals with identical genetic backgrounds that were maintained under essentially identical
conditions. However, in order to evaluate the variability introduced by the sample handling steps
following initial lipid extraction, as well as the run-to-run variability associated with the mass
spectrometry analysis, a series of experiments were also performed by triplicate dilution and
analysis of a single control retina lipid extract, and by triplicate analysis of a single diluted
control retina lipid extract. The % S.D.’s determined from these experiments, ranging from 6-

14% with an average of 9% for the former, and from 4-12% with an average of 8% for the later,
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were both smaller than the biological variability, indicating that the analysis methodology would
be sufficiently reproducible and stable to enable quantitative determination of differences in the

retina between control and diabetic sample groups (see below).

Although the molecular species identified from the diabetic rat retina (Figure 3.1B) were
all consistent with those in the control retina, the relative abundances of individual lipids were
observed to vary between control and diabetic states (compare Figures 3.1A and 3.1B,
respectively, and Figure 3.2A). Changes in the relative abundances of individual lipids between
control and diabetic erythrocyte lipid extracts were also observed (compare Figures 3.1C and
3.1D, respectively, and Figure 3.2B). Note, however, that the composition and abundances of the

GPCho lipids from the erythrocyte extracts were quite different from those in the retina.

Interestingly, the average GPCho lipid ion abundances in the diabetic retina lipid extracts
were found to be approximately 25% higher than the age matched control extracts (average ratio
of diabetic/control of 1.2419 with a standard deviation of + 0.2259) (Figure 3.2C). This increase
is likely due to diabetes-induced upregulation of lipogenic gene expression, consistent with that
previously reported by Brucklacher et. al..(65) Notably, the average abundances of two n6
polyunsaturated linoleic acid containing GPCho lipids were significantly higher in the diabetic
retina compared to the control retina (i.e., GPCho(16:0/18:2) with a 1.81 fold change, and

GPCho(18:1/18:2) with a 1.67 fold change), where significance was defined as being outside the

90% confidence interval defined by +1.645 S.D., while one n3 polyunsaturated DHA22:6n3

containing lipid (GPCho(22:6/22:6)) was found to undergo a significant decrease between

diabetic and control retina samples, with a diabetic/control ratio of 0.86.
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Comparison of the erythrocyte extract GPCho lipid ion abundances between age matched
control and diabetic rats, 6 weeks after STZ treatment, determined that the average GPCho ion
abundances remained essentially constant (Figure 3.2D). However, the level of one n6 PUFA
containing GPCho lipid (GPCho(18:0/18:2)) was observed to give rise to a significant 1.41 fold
increase, while a very low abundance GPCho(20:4/22:6) lipid was found to be lower in the
diabetic erythrocyte (ratio of diabetic/control of 0.31). However, given the low abundance of this
lipid in both control and diabetic extracts, we have not assigned any significance to this change
in abundance. Overall, these results are consistent with previous studies that have found that the
values of n6 PUFA’s, linoleic acid(18:2n6) and ARA(20:4n6) in the plasma and erythrocyte
membrane lipids in diabetic children and diabetic young adults versus age-matched healthy

controls were significantly higher in diabetic subjects than in controls, while the n3 PUFA
DHA7-6n3 Was significantly lower.(66; 67) Furthermore, the trends observed here are generally

consistent between the GPCho lipids observed in the retina and erythrocyte samples, with an

increase in the relative abundance of lipids containing oleic acid(1g:1n9) and linoleic acid(18:2n6)

fatty acids, and a decrease in lipids containing DHA22:6n3 fatty acids.

3.3.2 Analysis of GPEtn lipids in retina and erythrocytes at 6 weeks of diabetes

The identification and quantitative analysis of GPEtn lipids by CID-MS/MS represent a

+ +
particular challenge. Both protonated ([M+H] ) and sodiated ([M+Na] ) GPEtn precursor ions

are typically observed in a mass spectrum of a crude lipid extract, and sodiated GPEtn precursor

ions may overlap at the same m/z value with protonated GPEtn precursors (e.g.,
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+ +
[GPEtn(18:0/20:4)+Na] at m/z 788.5195 and [GPEtn(18:2/22:6)+H] at m/z 788.5219). As

both protonated and sodiated GPEtn precursor ions give rise to the neutral loss of
phosphoethanolamine (141 Da) upon CID-MS/MS,(42)(68) a NL m/z 141 scan cannot be used to

differentiate between the presence of these two species. However, we have recently reported that

+
the dissociation of sodiated ([M+Na] ) GPEtn precursor ions also give rise to a

+
phosphoethanolamine+Na product ion at m/z 164, allowing the presence of the sodiated

precursor ion to be readily determined by using a Pl m/z 164 scan.(69) Thus, in the analysis
method employed here, both NL m/z 141 and Pl m/z 164 scans were employed, as well as fatty
acyl group specific Pl scans in negative ion mode, to confirm the presence and identity of GPEtn
lipids at specific m/z values. Only the identity of the most abundant GPEtn lipid that was found

at a specific m/z value is reported.

The most abundant GPEtn lipid molecular species identified from the age matched
control and diabetic rat retinas, 6 weeks following STZ treatment, were found to contain
DHA(22:6n3) and ARA(20:4n6) (i.e., GPEtn(18:0/22:6) at m/z 792.3, GPEtn(16:0/22:6) at m/z
764.5, GPEtn(22:6/22:6) at m/z 836.3 and GPEtn(18:0/20:4) at m/z 768.5) (Figure 3.3A), while
those in the control and diabetic rat erythrocytes were found to contain linoleic acid(18:2n6) and
ARA(20:4n6) (i.e., GPEtn(16:0/18:2) at m/z 716.5, GPEtn(16:0/20:4) at m/z 740.5,
GPEtNn(18:1/18:2) at m/z 742.5, GPEtn(18:0/18:2) at m/z 744.5, GPEtn(18:1/20:4) at m/z 766.5
and GPEtn(18:0/20:4) at m/z 768.5) (Figure 3.3B). All of these are consistent with the acyl chain
compositions found in the GPCho lipids described above. Also similar to that observed from the

GPCho lipid analysis, an approximately 33% increase in the average GPEtn lipid ion abundance
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was observed for the diabetic rat retina extracts compared to the control extracts (Figure 3.3C). A
decrease in the abundance of the GPEtn(22:6/22:6) lipid was observed in the diabetic rat retina
extracts (with a diabetic/control ratio of 0.77), consistent with the change in the abundance of the
GPCho(22:6/22:6) lipid described above. However, the magnitude of this change was not found
to be significant at this time. An increase in the abundance of a lipid identified as
GPEtn(18:0/22:5), containing docosapentaenoic acid(22:5n3), was observed between diabetic
and control retina extracts. However, as this lipid was very low in abundance, and could
potentially overlap with the M+2 isotope peak from the highly abundant GPEtn(18:0/22:6) lipid,

we have not assigned any significance to this change.

Comparison of the GPEtn lipid ion abundances determined from the erythrocyte extracts
of age matched control and diabetic rats, 6 weeks after STZ treatment (Figure 3.3D), found that
the average abundances were approximately 25% higher in the diabetic samples. This is in
contrast to the results observed for the GPCho lipids extracted from erythrocytes. However,
similar to that determined from the GPCho lipid analysis, the GPEtn(20:4/22:6) lipid was found
to be lower in abundance in the diabetic erythrocyte (ratio of diabetic/control of 0.88). Once
again however, due to the low abundance of this lipid, we have not assigned any significance to
this change. Overall however, the trends observed were generally consistent between the GPEtn
and GPCho lipids observed in the retina and erythrocyte samples, i.e., an increase in the relative
abundance of lipids containing n6 PUFA and a decrease in the relative abundance of those

containing n3 PUFA.

3.3.3 Analysis of GPSer and GPIns lipids in retina and erythrocytes at 6 weeks of diabetes
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Similar to that found in the GPCho and GPEtn retina lipids, an increase in the average
GPSer and GPIns lipid ion abundances were observed between control and diabetic rat retina
extracts (1.32 and 1.39 fold change, respectively) (Figures 3.4A,C and 3.5A,C, respectively).
The average GPSer lipid ion abundances were observed to remain essentially unchanged
between the control and diabetic rat erythrocyte extracts, while the average GPIns erythrocyte
lipid ion abundance increased (1.34 fold change) (Figures 3.4B,D and 3.5B,D, respectively).
With the exception of the low abundance GPSer(18:0/18:2) lipid, that underwent a 1.31 fold
increase between the control and diabetic erythrocyte extracts (see Figure 3.4B and 3.4D),
consistent with that observed for the equivalent but more abundant GPCho(18:0/18:2) lipid
species (see Figure 3.2D and 3.2B), none of the GPSer or GPIns lipids in either the retina or
erythrocyte extracts were found to undergo a significant change between control and diabetic

states.

3.3.4 Analysis of GPCho and GPEtn lipids in retina and erythrocytes at 36 weeks of

diabetes

Given that the GPSer and GPlIns lipids were observed at very low abundance in both the
retina and erythrocyte extracts at the 6 week time point following STZ treatment, and were not
observed to yield significant changes between control and diabetic samples, all further analysis
of retina and erythrocyte lipid extracts from control and diabetic rats, 36 weeks post STZ
treatment, was performed only on the GPCho and GPEtn lipids. Prior to further dilution and
subsequent mass spectrometry analysis of the lipid extracts, internal standards consisting of

GPCho(14:0/14:0) and GPEtn(14:0/14:0) were added. This enabled a direct comparison of the
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quantitative results obtained by analysis using the ‘label free’ method, with those obtained using

an ‘internal standard’ method.

For the retina GPCho lipid extracts, essentially identical results were obtained from each
method. The standard deviations obtained using the ‘internal standard’ method ranged from 12.0
- 27.7% with an average of 17.4% for the control extracts and from 10.2 - 23.6% with an average
of 18.6% for the diabetic extracts (Figure 3.6A), while those from the ‘label free’ method ranged
from 18.4 — 26.9 % with an average of 21.3 % for the control extracts and from 13.5 — 24.6 %
with an average of 18.5 % for the diabetic extracts (Figure 3.6B). However, in contrast to the
results obtained from the 6 week post STZ treatment GPCho retina lipid extracts (Figures 3.2A),
where an approximately 24% increase in the average ion abundance was observed between
diabetic and control samples, a decrease of approximately 16% in the average ion abundance
between diabetic and control samples was observed at 36 weeks post STZ treatment, using both
the internal standard and ‘label free’ approaches (Figures 3.6C and 3.6D, respectively). These
data suggest that the increase in retina glycerophospholipid ion abundances observed at the 6
week time point following the onset of diabetes (postulated above to be due to diabetes-induced
upregulation of lipogenic gene expression) are offset at the later time point, potentially due to an
increase in retinal permeability associated with diabetic macular edema, which would decrease
the ratio of lipid/water in the retina.(70) However, despite the overall decrease in average GPCho
lipid abundances in the diabetic retina, the same molecular GPCho lipid species that were
observed to be either significantly higher or lower in abundance in the diabetic retina compared
to the control retina at the 6 week time point (i.e., GPCho(16:0/18:2), GPCho(18:1/18:2) and

GPCho(22:6/22:6)) were also found to be significant at the 36 week time point.
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In contrast to that determined from the retina samples, the results obtained from the
extracted erythrocyte GPCho lipids, 36 weeks post STZ treatment, using the internal standard
(Figure 3.7A) and the ‘label free’ (Figure 3.7B) methods yielded significantly different results.
While the results obtained using the internal standard method indicated that the average GPCho
lipid ion abundances were essentially unchanged between diabetic and control groups (Figure
3.7C), the ‘label free’ approach indicated an approximate increase in average ion abundances of
26% (Figure 3.7D). Diabetic ketoacidosis is known to result in a decrease in diabetic blood pH,
and in the absence of buffering of tissue/cell homogenates, may affect extraction efficiencies or
ionization efficiencies for lipids extracted from diabetic erythrocytes compared to control
erythrocytes, or introduce other unanticipated matrix effects during mass spectrometry analysis.
Note that the quantitative results obtained using the ‘label free’ and internal standard methods
were both taken from the same experimental data sets, i.e., for the ‘label free’ method, each lipid
extract contained the internal standard but this was not used for normalization of ion abundances.
Thus, the observed differences between the ‘label free’ and internal standard quantification

results may not be due to altered extraction efficiencies. Even though buffering of the lipid

extracts prior to mass spectrometry analysis was performed via the inclusion of 20 mM NH40H,

it was not determined whether the pH of the extracts were identical between diabetic and control
erythrocyte lipid extracts. Thus, the differences in quantitative results that were determined using
the two methods are likely due to higher electrospray ionization efficiencies or other matrix-
related effects associated with the diabetic erythrocytes. Interestingly, as described above, no
discrepancy in lipid ion abundances were observed between the internal standard and ‘label free’
methods for the 36 week retina samples. This is consistent with results from a previous study,

suggesting that the retina is protected from perturbations due to diabetic ketoacidosis.(71)

121



Differences in the abundances of several individual GPCho molecular lipid species were
determined between the diabetic and control erythrocyte extracts, 36 weeks post STZ treatment.
For example, GPCho(18:1/22:6) was found to undergo a significant decrease using both ‘internal
standard’ and ‘label free’ quantitative methods, while GPCho(16:0/18:1) was determined to
undergo a significant increase, albeit only in the ‘label free’ quantitative method. However, the
validity of the GPCho changes in the erythrocyte lipid profiles at the 36 week time point,

determined using the ‘label free’ method, must be questioned.

Analysis of the GPEtn lipids extracted from retina and erythrocytes of control and
diabetic rats, 36 weeks post STZ treatment, were also determined using both the internal standard
and ‘label free’ methods. The results obtained from the retina and erythrocyte lipid extracts using
the internal standard method are shown in Figures 3.8A and 3.8B, respectively. Similar to that
described above for the GPCho lipids, analysis of the retina GPEtn lipids were found to yield
essentially identical results from both methods, with an approximately 25% decrease in the
average GPEtn lipid ion abundances observed between diabetic and control retina (Figure 3.8C),
again indicating the utility of the label free method for quantitative analysis of lipids from retina
tissue. However, none of the observed GPEtn molecular lipid species were found to be
significantly different in abundance between the diabetic and control retina samples, consistent
with that observed at the 6 week time point. Use of the label free method for analysis of the
erythrocyte GPEtn lipids gave erroneously high results compared to those determined using the
internal standard method (an 11% increase versus a 1% decrease in average GPEtn lipid ion
abundances, respectively) (Figure 3.8D), similar to that determined by analysis of the GPCho

lipids.

122



3.3.5 Analysis of Amadori-GPEtn lipids in retina and erythrocytes at 36 weeks of diabetes

As described above, quantitative mass spectrometry analysis determined that none of the
individual GPEtn molecular lipid species were significantly different in abundance between the
diabetic and control retina samples, at either the 6 week of 36 week time points following STZ
treatment. However, a significant increase in abundance was observed between the diabetic and
control retina for a modified (glycated) form of the GPEtn lipids (i.e., Amadori-PE or
GPEtn(Glc)), determined by using a neutral loss scan to identify the characteristic loss of 303
m/z(72) (Figure 3.9). Representative mass spectra of the GPEtn lipids observed from control and
diabetic retina extracts are shown in Figures 3.9A and 3.9B, respectively, while the spectra
obtained for the Amadori-GPEtn lipids from the same samples are shown in Figures 3.9C and
3.9D, respectively. For the most abundant Amadori GPEtn lipid (i.e., Amadori-
GPEtn(18:0/22:6)), a 4.8 fold increase (p < 0.05) in the ratio of the Amadori-GPEtn to GPEtn
lipid abundance was observed in the diabetic versus control retina lipid extracts (Figure 3.10A).
Importantly, an increase in Amadori-GPEtn lipid abundance was also observed between the
diabetic and control erythrocyte lipid extracts, where the most abundant Amadori-GPEtn lipid

(GPEtn(18:10/20:4)) was observed to undergo a 1.6 fold increase (p < 0.05).

3.4 Discussion

An increase in advanced glycation endproducts (AGE) in diabetes is well documented
and has been extensively studied over the last decade.(73; 74) Moreover, serum levels of AGE’s
are known to be increased in patients with diabetic complications, compared to a complications-

free cohort.(75; 76) However, AGE inhibitors have been shown to be effective in preventing the
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development of diabetic complications in animal models.(77; 78) Although most prior studies
have focused on AGE modified proteins, the free amino groups of aminophospholipids, such as
GPEtn and GPSer, can also be targeted for non-enzymatic glycation, leading to the formation of
glycated phospholipids.(79) Indeed, glycated GPEtn, referred to as Amadori-PE in the literature,
has been shown to be increased approximately 2 fold in the blood plasma of type 2 diabetic
patients compared to controls,(80) consistent with the results described above. Addition of
synthetic Amadori-PE to human umbilical vein endothelial cell culture significantly increased
angiogenic factors, including matrix metalloproteinase 2,(81) a pivotal enzyme in the initial step
of angiogenesis.(82) Although the magnitude of the changes observed here in Amadori-GPEtn
lipid abundances in both the retina and erythrocytes require further confirmation using an
Amadori-GPEtn internal standard,(72) this data clearly demonstrates for the first time that
increased Amadori-GPEtn levels are observed in the retinas of type 1 diabetic animals, indicating
a potential role for this lipid in diabetic retinopathy. Furthermore, these changes are correlated
with those observed in the erythrocytes of these animals, indicating that erythrocyte Amadori-

GPEtn levels could potentially act as biomarkers for diabetic retinopathy.

3.5 Conclusions

We have demonstrated for the first time that retina phospholipid metabolism is altered in
a rat model of type 1 diabetes. While fluctuations in total retinal phospholipid levels at 6 and 36
weeks of STZ diabetes were not reflected in the abundances of erythrocyte phospholipids, a
trend toward increased incorporation of linoleic acid(18:2n6) and decreased esterification of
docosahexaenoic acid(22:6n3) was observed in GPCho of both retina and erythrocytes at each

time point. Furthermore, we have reported the first demonstration that glycated (Amadori)
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phosphoethanolamine lipid species are increased in retinas of diabetic rats. The significant
elevation of Amadori-GPEtn in both diabetic retina and erythrocytes may enable the future use

of blood or plasma Amadori-GPEtn levels as a predictor of the onset of diabetic retinopathy.

To facilitate future lipidomic analyses, we have also compared two different methods of
lipidome quantification. We found no difference in the results obtained for retina lipid analysis
when quantification was performed against exogenously added internal standards, or through the
use of a ‘label free’ comparison of MS/MS product ion abundances. However, the two
quantitative methods did not provide identical results in the analysis of erythrocyte lipids, as the
‘label-free’ method may have been influenced by differences in ionization efficiencies across
samples. This suggests that ‘label-free’ quantification of lipidomic data may be feasible as a
simple and efficient alternative to ‘absolute quantification’ strategies; however, rigorous
optimization of sample extraction, preparation, and analytical conditions must be considered
imperative prior to ‘label-free’ analysis of diverse sample types. Overall, the automated tandem
mass spectrometry based approach to lipidome analysis described in this study could facilitate
future research in biomarker discovery across a wide spectrum of diseases, and assist in general

comparative lipidomic analyses regardless of the desired application.
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Figure 3.1. Positive ion mode nESI-MS/MS analysis of GPCho in retina and
erythrocytes at 6 weeks of diabetes. (A) control retina, (B) diabetic retina, (C) control
erythrocytes and (D) diabetic erythrocytes. Spectra were obtained by precursor ion

+
scanning for the characteristic phosphocholine ion at m/z 184 to identify [M+H]

precursor ions. Selected regions from m/z 600-1100 of representative spectra, obtained
from control and diabetic lipid extracts, containing the major GPCho lipids, are shown.
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Figure 3.1 (cont’d).

127



_
=
=

Relative Abundance (%0)

758.4 GPCho(16:0/18:2) C
760.4 GPCho(16:0/18:1)

782.4 GPCho(16:0/20:4)

|| 786.4 GPCho(18:0/18:2)

|/ 810.4 GPCho(18:0/20:4)

| |788.4 GPCho(18:0/18:1)
/| -806.4 GPCho(16:0/22:6)
/| 734.4 GPCho(16:0/16:0)

1

—
1100

) }L i 3
600 700

| | |
800 900 1000

Figure 3.1 (cont’d).
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Figure 3.2. Ratiometric GPCho analysis in retina and erythrocytes at 6 weeks of
diabetes. Data values are displayed as mean * standard deviation. (S.D.) from n=3
control and n=4 diabetic rats. (A) Comparison of age matched control and diabetic rat
retina from Figures 3.1A and 3.1B. (B) Comparison of age matched control and
diabetic rat erythrocytes from Figures 3.1C and 3.1D. (C) Visualization of the fold
change (expressed as the ratio of diabetic/control lipid area intensity) observed for
individual GPCho lipid ions between age matched control and diabetic rat retina from
panel A. (D) Visualization of the fold change (expressed as the ratio of diabetic/control
lipid area intensity) observed for individual GPCho lipid ions between age matched
control and diabetic rat erythrocytes from panel B. The solid line indicates the mean
of the measurements, while the dashed lines indicate £1.645 S.D. (i.e., 90% confidence
intervals).
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Figure 3.2 (cont’d).
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Figure 3.3. Ratiometric GPEtn analysis in retina and erythrocytes at 6 weeks of
diabetes. Data were obtained by positive ion mode ESI-MS/MS analysis, via scanning for
the characteristic neutral loss of phosphoethanolamine (m/z 141). Values are displayed as
mean + standard deviation. (S.D.) from n=3 control and n=4 diabetic rats. (A) Comparison
of age matched control and diabetic rat retina. (B) Comparison of age matched control and
diabetic rat erythrocytes. (C) Visualization of the fold change (expressed as the ratio of
diabetic/control lipid area intensity) observed for individual GPEtn lipid ions between age
matched control and diabetic rat retina from panel A. (D) Visualization of the fold change
(expressed as the ratio of diabetic/control lipid area intensity) observed for individual
GPEtn lipid ions between age matched control and diabetic rat erythrocytes from panel B.
The solid line indicates the mean of the measurements, while the dashed lines indicate
+1.645 S.D. (i.e., 90% confidence intervals).
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Figure 3.4. Ratiometric GPSer analysis in retina and erythrocytes at 6 weeks of
diabetes. Data were obtained by negative ion mode nESI-MS/MS analysis, via
scanning for the characteristic neutral loss of dehydroalanine (m/z 87) to identify [M-

H] precursor ions. Data values are displayed as mean + standard deviation. (S.D.)
from n=3 control and n=4 diabetic rats. (A) Comparison of age matched control and
diabetic rat retina. (B) Comparison of age matched control and diabetic rat
erythrocytes.
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Figure 3.4 (cont’d). (C) Visualization of the fold change (expressed as the ratio of
diabetic/control lipid area intensity) observed for individual GPSer lipid ions
between age matched control and diabetic rat retina from panel A. (D) Visualization
of the fold change (expressed as the ratio of diabetic/control lipid area intensity)
observed for individual GPSer lipid ions between age matched control and diabetic
rat erythrocytes from panel B. The solid line indicates the mean of the
measurements, while the dashed lines indicate £1.645 S.D. (i.e., 90% confidence
intervals).
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Figure 3.5. Ratiometric GPIns analysis in retina and erythrocytes at 6 weeks
of diabetes. Values are displayed as mean + standard deviation. (S.D.) from n=3
control and n=4 diabetic rats. (A) Comparison of age matched control and diabetic
rat retina. (B) Comparison of age matched control and diabetic rat erythrocytes. (C)
Visualization of the fold change (expressed as the ratio of diabetic/control lipid
area intensity) observed for individual GPIns lipid ions between age matched
control and diabetic rat retina from panel A. (D) Visualization of the fold change
(expressed as the ratio of diabetic/control lipid area intensity) observed for
individual GPIns lipid ions between age matched control and diabetic rat
erythrocytes from panel B. The solid line indicates the mean of the measurements,
while the dashed lines indicate £1.645 S.D. (i.e., 90% confidence intervals).
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Figure 3.5 (cont’d).
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Figure 3.6. Ratiometric GPCho analysis in retina at 36 weeks of diabetes, with
or without an internal standard. Data were obtained by positive ion mode nESI-
MS/MS analysis, via precursor ion scanning for the characteristic phosphocholine

ion at m/z 184 to identify [M+H]+ precursor ions. Data values are displayed as
mean * standard deviation. (S.D.) from n=6 control and n=5 diabetic rats. (A)
Comparison of age matched control and diabetic rat retina (with internal standard).
(B) Comparison of age matched control and diabetic rat retina (without internal
standard).
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Figure 3.6 (cont’d). (C) Visualization of the fold change (expressed as the ratio of
diabetic/control lipid area intensity) in the abundances of individual GPCho lipid
ions observed between age matched control and diabetic rat retina from panel A.
(D) Visualization of the fold change (expressed as the ratio of diabetic/control lipid
area intensity) in the abundances of individual GPCho lipid ions observed between
age matched control and diabetic rat retina from panel B. The solid line indicates
the mean of the measurements, while the dashed lines indicate +1.645 S.D. (i.e.,
90% confidence intervals).
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Figure 3.7. Ratiometric GPCho analysis in erythrocytes at 36 weeks of diabetes,
with or without an internal standard. Data were obtained by positive ion mode nESI-
MS/MS analysis, via precursor ion scanning for the characteristic phosphocholine ion at

m/z 184 to identify [M+H]+ precursor ions. Data values are displayed as mean +
standard deviation. (S.D.) from n=5 control and n=4 diabetic rats. (A) Comparison of age
matched control and diabetic rat erythrocytes (with internal standard). (B) Comparison of
age matched control and diabetic rat erythrocytes (without internal standard).
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Figure 3.7 (cont’d). (C) Visualization of the fold change (expressed as the ratio of
diabetic/control lipid area intensity) in the abundances of individual GPCho lipid ions
observed between age matched control and diabetic rat erythrocytes from panel A. (D)
Visualization of the fold change (expressed as the ratio of diabetic/control lipid area
intensity) in the abundances of individual GPCho lipid ions observed between age
matched control and diabetic rat erythrocytes from panel B. The solid line indicates the
mean of the measurements, while the dashed lines indicate £1.645 S.D. (i.e., 90%
confidence intervals).
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Figure 3.8. Ratiometric GPEtn analysis in retina and erythrocytes at 36 weeks
of diabetes with or without an internal standard. Data were obtained by positive
ion mode nESI-MS/MS analysis, via scanning for the characteristic neutral loss of

+ +
phosphoethanolamine (m/z 141) to identify [M+H] or [M+Na] precursor ions.

Data values are displayed as mean * standard deviation. (S.D.) from n=6 control
and n=6 diabetic rats. (A) Comparison of age matched control and diabetic rat retina.
(B) Comparison of age matched control and diabetic rat erythrocytes.
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Figure 3.9. Positive ion mode nESI-MS/MS analysis of GPEtn and Amadori-
GPEtn lipids in retina at 36 weeks of diabetes. (A) GPEtn lipids from control
retina, (B) GPEtn lipids from diabetic retina, (C) Amadori-GPEtn lipids from
control retina and (D) Amadori-GPEtn lipids from diabetic retina. GPEtn and
Amadori-GPEtn spectra were obtained by scanning for the characteristic neutral
losses of phosphoethanolamine (m/z 141) and glycated phosphoethanolamine (m/z

+ +
303), respectively, to identify [M+H] and [M+Na] precursor ions. Selected
regions of representative spectra from m/z 700-1050, containing the major GPEtn
and Amadori-GPEtn lipids, are shown.
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Figure 3.9 (cont’d).
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Figure 3.10. Ratiometric Amadori-GPEtn analysis in retina and
erythrocytes at 36 weeks of diabetes. (A) Ratios of the Amadori-
GPEtn to GPEtn lipid abundances for the most abundant
GPEtn(18:0/22:6) lipid observed in the control and diabetic retina lipid
extracts. Data values are displayed as mean * standard deviation.
(S.D.) from n=4 control and n=>5 diabetic rats. * p < 0.05 by Student’s
t-test. (B) Ratio of the Amadori-GPEtn to GPEtn lipid abundances for
the most abundant GPEtn(18:10/20:4) lipid observed in the control and
diabetic erythrocyte lipid extracts. Data values are displayed as mean *
standard deviation. (S.D.) from n=5 control and n=6 diabetic rats * p
< 0.05 by Student’s t-test.
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v

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 ELOVLA.

4.1 Abstract

The results of the DCCT/EDIC revealed a strong association between dyslipidemia and
the development of diabetic retinopathy. However, there are no experimental data on retinal fatty
acid (FA) metabolism in diabetes. This study determined retinal specific FA metabolism in

control and diabetic animals.

Tissue gene and protein expression profiles were determined by gRT-PCR and western
blot in control and STZ diabetic rats at 3-6 weeks of diabetes. Fatty acid profiles were assessed

by RP-HPLC, and phospholipid analysis was performed by nESI-MS/MS.

We found a dramatic difference between retinal and liver elongase and desaturase
profiles with high elongase and low desaturases gene expression in the retina compared to liver.
ELOVL4, an elongase expressed in the retina, but not in the liver, showed the greatest expression
level among retinal elongases, followed by ELOVL2, ELOVL1 and ELOVLS6. Importantly, early
stage diabetes induced a marked decrease in retinal expression levels of ELOVL4, ELOVL2 and
ELOVLSG. Diabetes-induced downregulation of retinal elongases translated into a significant
decrease in total retinal docosahexaenoic acid, as well as decreased incorporation of very long
chain polyunsaturated fatty acids, particularly 32:6n3, into retinal phosphatidylcholine. This
decrease in n3 PUFA was coupled with inflammatory status in diabetic retina, reflected by an
increase in gene expression of pro-inflammatory markers IL-6, VEGF, and ICAM-1.
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This is the first comprehensive study demonstrating diabetes-induced changes in retinal
FA metabolism. Normalization of retinal FA levels by dietary means or/and modulating
expression of elongases could represent a potential therapeutic target for diabetes-induced retinal

inflammation.

4.2. Introduction

Early diabetic retinopathy has been suggested to be a low-grade chronic inflammatory
disease (1-3) with a number of inflammatory markers such as VEGF (4; 5), ICAM-1 (6; 7),
TNFa (8) and IL-6 (9) shown to be upregulated in diabetic retina. The individual molecular steps
leading to inflammation in the retina are not well resolved, but likely involve hyperglycemia and

dyslipidemia associated with diabetes mellitus.

Dyslipidemia is a major metabolic disorder of diabetes mellitus and the DCCT/EDIC
cohort study revealed that dyslipidemia was significantly associated with the development of
diabetic retinopathy (10). Diabetic dyslipidemia is the result of an imbalance in the complex
regulation of lipid uptake, metabolism, release by adipocytes, and clearance from circulation (11;
12). Perturbation of fatty acid metabolism in diabetes is an important part of diabetic

dyslipidemia (13).

To understand the effects of diabetes on plasma and tissue fatty acid composition, two
metabolic routes have to be considered: de novo lipogenesis, and the polyunsaturated fatty acid
(PUFA) remodeling Sprecher pathway (14). Saturated (SRA), mono- (MUFA) and
polyunsaturated fatty acids are synthesized from dietary precursors (glucose, palmitic[16:0],

oleic[18:1n9], linoleic[18:2n6], a-linolenic[18:3n3], eicosapentaenoic acid [EPA20:5n3], and

docosahexaenoic acid [DHA22:6n3]) through a series of desaturation (A5-desaturase [A5D], A6-
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desaturase [A6D] or A9-desaturase [A9D]) and elongation (ELOVL1-7) reactions. In the recent
work by Agbaga et al. (15), the Sprecher pathway was expanded to include very long chain
polyunsaturated fatty acids (VLCPUFA), up to 38 carbon fatty acids in which elongation of
shorter chain fatty acid precursors is performed by ELOVL4 (see Figure 4.1). ELOVLA4 has very
limited tissue specificity. It is highly expressed in the retina (16-18), thymus and skin (17) as
well as at lesser levels in the brain (17; 18) and testis (18). ELOVL4 is not expressed in the
liver (17; 18). In human retina ELOVL4 was shown to be primarily expressed in the inner
segment of photoreceptors extending to photoreceptor cell bodies in the outer nuclear layer (19).
Moderate labeling was also observed in the ganglion cells (19). ELOVL4 has received much
attention recently as an autosomal dominant Stargardt-like macular dystrophy was linked to
several dominant negative mutations in ELOVL4 (19-21). The role of VLCPUFA produced by
ELOVLA4 is not known, but because of their localization in retinal outer segment membranes and
ability to span both leaflets of the lipid bilayer, they are suggested to play a role in stabilizing
cellular membranes with high curvature, such as the rims of photoreceptor disks (15). Fatty acid
desaturase enzymes are known to be inhibited in diabetes (22-24) and there is emerging
information suggesting that certain elongases might also be affected (25). Thus, diabetes may
result in reduced FA remodeling and, consequently, lead to an accumulation of the substrates and
depletion of the products. The elongases ELOVL?2 and ELOVLG6 are ubiquitously expressed in
most tissues; however, retina expresses ELOVL2 at a very high level. ELOVL2 is involved in
several steps of DHA22:6n3 biosynthesis (26). Retina has a unique fatty acid profile with one of
the highest levels of long chain PUFA, especially DHA22:6n3, in the body (27). We have
previously demonstrated that DHAZ22:6n3 has a pronounced anti-inflammatory effect on

cytokine induced activation of the NFkB pathway and adhesion molecule expression in human
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retinal endothelial cells (HREC) (28). Thus perturbation of lipid metabolism in diabetes with a
subsequent decrease in DHA22:6n3 could create pro-inflammatory conditions in the retina
potentially contributing to the development of diabetic retinopathy. The effect of diabetes on
retinal fatty acid elongases and desaturases and diabetes-induced changes in retinal fatty acid

remodeling has not been analyzed, and represents one of the goals of this study.
4.3. Results
4.3.1 Body weight gain and blood glucose concentration of experimental animals
As presented in Table 4.1, body weight gain was significantly slower in diabetic animals

compared to control animals. Blood glucose levels were almost 5 times higher in diabetic

animals compared to control. As this was a short term diabetes study, Hba1c levels were not

measured.

4.3.2 Elongase and desaturase expression level in control and diabetic animals

The gene expression levels of elongases and desaturases in control retinas were
determined by gRT-PCR and compared to the levels found in the livers of the same animals.
Retinal-specific elongase, ELOVL4, had the highest expression level among all the elongases in
the retina and was not expressed in the liver. Retinas also had high levels of ELOVL2
expression (Figure 4.2A). Livers exhibited higher levels of ELOVLS5, and A5, A6 and A9
desaturases than retina (Figure 4.2A), and the liver profile of all elongases and desaturases

agreed with our previous study (25).

In the liver, diabetes induced a 25% decrease in ELOVL2 and a 33% decrease in

ELOVLG6 expression, as well as an 85% decrease in A9-desaturase (Figure 4.2B), compared to
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controls. In the retina, diabetes induced a 40% reduction in ELOVL4 and 50% reduction in
ELOVL2 expression levels (Figure 4.2C). There was no significant effect of diabetes on the
retinal desaturases (Figure 4.2C). A decrease in ELOVL4 protein level was confirmed by

western blot as shown in Figure 4.2D.

4.3.3 Plasma fatty acid profiles of control and diabetic animals

The control and diabetic plasma fatty acid profiles 3 weeks after STZ injection are
presented in Table 4.2. There was a tendency towards higher total fatty acids level in diabetic vs.
control plasma. We observed changes in the plasma fatty acid profile consistent with inhibition
of fatty acid remodeling in diabetes that leads to a lower end product-to-precursor fatty acid
ratio. There was a decrease in two major end products of the PUFA synthesis pathway,
arachidonic20:4n6 acid and DHA22:6n3, relative to their precursors, linoleic18:2n6 and o-
linolenic18:3n3 acid, respectively (Table 4.2). As a result of these changes we observed a
decrease in the unsaturation index (the number of double bonds per fatty acyl residue) and a

decrease in the long chain/short chain PUFA ratio in diabetic vs. control animals (Table 4.2).

4.3.4 Liver fatty acid profiles of control and diabetic animals

The control and diabetic liver fatty acid profiles 3 weeks after STZ injection are
presented in Table 4.3. There was an increase in the linoleic acid18:2n6 level in the livers of
diabetic vs. control animals that led to a decrease in long chain/short chain PUFA ratio (Table
4.3). There were no other significant changes in liver fatty acid profiles in diabetic vs. control
animals. The liver unsaturation index and PUFA synthesis pathway end product to precursor

ratios did not change in diabetic vs. control animals (Table 4.3).
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4.3.5 Retinal fatty acid profiles of control and diabetic animals

Retina has a unique fatty acid profile with the highest content of long chain PUFA in the
body. In agreement with other studies, retinal profiles were very rich in DHA22:6n3 and
arachidonic20:4n6 acid (Table 4.4). The levels of linoleic18:2n6 and a-linolenic18:3n3 acid in
the retina were very low, thus we did not calculate the PUFA synthesis pathway end product to
precursor ratios. Importantly, the retinas of diabetic animals had 28% less DHA22:6n3 compared
to control. As a result, we observed a decrease in unsaturation index, a decrease in long
chain/short chain PUFA ratio and a decrease in the n3/n6 PUFA ratio in the retinas of diabetic
vs. control animals (Table 4.4). Representative RP-HPLC chromatograms of saponified fatty

acids from control and diabetic retina are presented in Figure 4.3A.

4.3.6 Retinal and erythrocyte phospholipid profiles of control and diabetic animals

In agreement with saponified fatty acid profile data, nano-electrospray ionization (nESI)
coupled with tandem mass spectrometry (MS/MS) analysis of the retina lipid extracts of diabetic
animals (n=3) showed a significant (up to 34%) decrease in the abundance of
glycerophospholipids containing DHA22:6n3 compared to the control animals (n=3). For

example, compare the abundance of the GPCho(18:0/22:6) and GPCho(22:6/22:6) lipids in the

ratiometric analysis shown in Figure 4.3B. Similar decreases in the abundances of DHA22-6n3

containing lipids were also observed for glycerophosphoethanolamine and glycerophosphoserine
lipids (data not shown). In contrast, an increase (37%) in the abundance of the linoleic18:2n6
acid-containing GPCho(16:0/18:2) lipid was observed for the same samples as shown in Figure

4.3B. In addition to known fatty acids identified by HPLC analysis, nESI-MS/MS analysis
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revealed several VLCPUFA, primarily 32:6n3 and 34:6n3, esterified to GPCho in the retina.
Interestingly, GPCho(32:6/22:6) was significantly decreased (24%) in diabetic retinas compared

to control, and there was a non-significant decrease (9%) of GPCho(34:6/22:6).

In erythrocyte lipid extracts, an increase in the abundance of linoleic18:2n6 acid-
containing lipids, namely GPCho(16:0/18:2) and GPCho(18:0/18:2), was observed between the
diabetic and control samples, consistent with the changes in retina lipids, as shown in Figure
4.3C. Erythrocytes had very low levels of DHA-containing phospholipid species and there was
no effect of diabetes on these species. There was no detectable GPCho(32:6/22:6) or

GPCho(34:6/22:6) in the erythrocytes, or in liver and plasma (data not shown).

4.3.7 Inflammatory marker expression in control and diabetic retinas

As n3 PUFA are known to have anti-inflammatory properties, we hypothesized that a
decrease in n3 PUFA would be associated with a pro-inflammatory state in diabetic retinas. As
shown in Figure 4.4, diabetic retinas had increased expression levels of several inflammatory

markers including adhesion molecules (ICAM-1), cytokines (IL-6), and growth factors (VEGF).

4.4 Discussion

The association of dyslipidemia with the development of diabetic retinopathy has been
underscored by the DCCT/ EDIC cohort study (8). In spite of this evidence the experimental

data on diabetes induced changes in lipid profile and lipid metabolism in the retina are not
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available. This is the first comprehensive study to analyze retinal- specific FA profiles and

metabolism and to compare them to liver and blood plasma in control and diabetic animals.

In this study utilizing STZ diabetic rats we found a decreased level of DHA22:6n3, the
major retinal long chain PUFA, in diabetic retina. This finding confirmed earlier studies
showing a decrease in relative percentage of DHA22:6n3 in the diabetic retina (29). In addition
to DHA22:6n3, VLCPUFA including 32:6n3 and 34:6n3 were detected as substituents of retina
GPCho. VLCPUFA were not detected in lipid classes other than GPCho, and were only detected
in retina. Three weeks of diabetes reduced retinal levels of 32:6n3-GPCho compared to controls.
As a result of these changes, the diabetic retina had a lower unsaturation index and lower long
chain/short chain PUFA ratio. Moreover, there was a shift toward n3 PUFA deficient, n6 PUFA

rich profile in the diabetic retina.

In general, n6 PUFA induce, while n3 PUFA inhibit the inflammation and the relative
amount of these PUFA plays important role in the regulation of immunity (30). Our previous
studies indicated that treatment of a cell type affected by diabetic retinopathy, human retinal

endothelial cells (HREC), with n6 PUFA leads to a lipoxygenase-dependent increase in ICAM-

1/VCAM-1 expression (31). Conversely, we have demonstrated that DHA95.643 inhibited

cytokine induced activation of NFxB signaling pathway and adhesion molecule expression in
HRECs (28). Thus a decrease in the n3/n6 PUFA ratio in the diabetic retina observed in this
study would create pro-inflammatory conditions potentially contributing to the development of
diabetic retinopathy. Indeed, previous studies demonstrated an upregulation in a number of
inflammatory markers in the retina early in diabetes: VEGF(4; 5), ICAM-1 (7; 32) TNFa (8) and

IL-6 (33). ICAM-mediated leukostasis was detected within one week of diabetes in rats (6; 32).
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VEGF was shown to increase ICAM expression in retinas of non-diabetic mice (32) and vitreal
VEGEF levels were found to be correlated with that of IL-6 and severity of diabetic retinopathy in

diabetic patients (9) .

In this study we chose a cytokine (IL-6), a growth factor (VEGF), and an adhesion
molecule (ICAM-1) as readout of an inflammatory status in the retinas of diabetic animals with
decreased n3/n6 PUFA. mRNA levels of all three markers were elevated in diabetic retinas as

compared to controls.

Importantly, diabetes induced the most pronounced changes in the retinal fatty acid
profile, whereas liver fatty acid profile was only slightly affected, indicating that the disruption
of retinal fatty acid metabolism in diabetes might not simply be a result of altered liver
metabolism. Moreover, VLCPUFA-containing phospholipids detected in the retina were not
present in the liver or erythrocyte total lipids. The fatty acid profile in a particular peripheral
tissue depends on two factors: a) the profile in circulation due to the diet and liver metabolism
and b) the ability of a local tissue to remodel fatty acids. Retina has a unique fatty acid profile
characterized by one of the highest levels of DHA22:6n3 in the body and by the presence of
VLCPUFA (27; 34). While the expression level of retinal desaturases was relatively low
compared to retinal elongases, it has been reported that retina can synthesize DHA22:6n3 from
a-linolenic18:3n3 acid and EPA20:5n3 (35). Although retina may obtain additional DHA22:6n3
by uptake from the circulation, changes in the retinal fatty acid profiles of diabetic animals did
not mirror changes observed in liver and plasma fatty acid profiles. Thus a retina-specific
decrease in DHA22:6n3 in diabetes is likely to be due to changes in retinal fatty acid

metabolism.
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To determine the effect of diabetes on retinal fatty acid metabolism, we analyzed the
level of fatty acid elongase and desaturase gene expression in control and diabetic animals.
Retinas had a very high expression level of the retinal specific elongase, ELOVL4, as well as
high expression levels of long chain PUFA elongase ELOVL2. Delta 5, 6 and 9 desaturase
levels were low compared to the liver expression levels. The high levels of ELOVL4 and
ELOVL2 and low levels of desaturases suggest that the retina is preferentially involved in
production of very long chain fatty acids and exhibits a low level of de-novo lipogenesis. The
retinal elongase expression profile that we observed likely explains the high level of long chain
PUFA in the retina compared to liver and plasma levels. ELOVL2 elongates C20-22 fatty acids
(36-38). ELOVL4 was recently shown to be involved in VLCPUFA synthesis with substrate
specificity for C26-36 fatty acids (15). The role of VLCPUFA is not known. Because of their
specific presence in tissues with high membrane curvature and their ability to span both leaflets
of the lipid bilayer, VLCPUFA are suggested to play the role of an anchor stabilizing high
curvature cellular membranes (15). In the retina VLCPUFA are mainly present in the rod outer
segment membrane (15) where they are suggested to play a role in stabilizing the rims of
photoreceptor disks. This specific localization might explain the low abundance of VLCPUFA in
the total retinal lipids extracted in this study. At the same time, their specific localization in rod
outer segments suggests that VLCPUFA might play an important role in photoreceptor function.
This study provides the first direct evidence that a significant decrease in ELOVL4 in diabetic
retina is indeed associated with a decrease in VLCPUFA (i.e., 32:6n3) synthesis. Despite their
lower abundance, the diabetes induced decrease in 32:6n3 containing GPCho (24%) was similar
to the decrease in DHA22:6n3 containing GPChos (15-34%). ELOVL4 protein expression in

diabetic retina was inhibited to a greater extent (73%) than the mRNA expression (40%)
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suggesting control of ELOVL4 expression at both transcriptional and translational levels.
Although the decrease of VLCPUFA is most likely to arise from ELOVL4 loss, another
plausible explanation could be that this reduction was due to reduction in VLCPUFA precursor
lipids, EPA20:5n3 and/or DHA22:6n3. This possibility can be tested in the future by determining
whether downregulation of VLCPUFA in diabetes persists in animals supplemented with high

EPA20:5n3/ DHA22:6n3 diet.

Another possibility could be that high level of reactive oxygen species in diabetic retina
leads to degradation of the highly oxidation-prone DHA molecule. Previous studies using the
same STZ diabetes model of similar duration, however, did not find oxidized DHA products in

diabetic retina (39).

Several ELOVL4 gene mutations have been recently identified in the pathogenesis of
another retinal disease, Stargardt-like macular dystrophy (19; 20; 21). Stargardt-like macular
dystrophy is an autosomal dominant disorder due to a dominant negative effect of the mutated
ELOVL4 on wild-type protein (19). As ELOVLA4 is highly expressed in the photoreceptors (19;
21), it is not surprising that mutant ELOVL4 transgenic mice are characterized by lipofuscin
accumulation, abnormal electrophysiology and photoreceptor degeneration (20). Although
photoreceptors are not the primary site of diabetic retinopathy, several abnormalities in the
neural retina have been associated with the development of diabetic retinopathy (40; 41). The
decrease in ELOVLA4 observed in this study would not be expected to have as dramatic an effect
on photoreceptor viability as the dominant negative mutation in ELOVL4. However, the
reduction in ELOVL4 in diabetic retina could be responsible for more subtle changes in
photoreceptor/RPE cell function that could lead to metabolic changes in the whole retina, and

eventually contribute to the pathology characteristic of diabetic retinopathy.
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4.5 Conclusions

In conclusion, a decrease in the expression level of retinal fatty acid elongases ELOVL2
and ELOVL4 and concomitant decrease in the major n3 PUFA, DHA22:6n3, as well as the
VLCPUFA 32:6n3, results in an increased n6-to-n3 PUFA ratio in the diabetic retina that likely
creates a pro-inflammatory state contributing to the development of diabetic retinopathy.
Increasing the gene expression of fatty acid elongases in the retina represents a potential
therapeutic strategy for modulating fatty acid metabolism and altering the pathogenesis of

diabetic retinopathy.
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Table 4.1. Body weight gain and blood glucose concentrations of experimental animals.

Weight gain, g/day  Blood Glucose (mM)

Control animals 4.05+0.65 4.33+0.29

Diabetic animals 2.32+0.89 20.80+1.16
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Table 4.2. Plasma fatty acid profiles of control and diabetic animals.

Fatty acids

Total (nmol/mg protein)
Mole% of total fatty acids

16:0 (palmitic)

18:0 (stearic)
18:1n9 (oleic)

18:2n6 (linoleic)
18:3n3 (a-linolenic)[]
18:3n6 (y-linolenic)

20:3n6
linolenic)

20:3n9 (mead)

(dihomo-y-

20:4n6 (arachidonic)

20:5n3

(eicosapentaenoic)

22:5n3

(docosapentaenoic)

22:6n3

(docosahexaenoic)

Fatty acid ratios

unsaturation index
LCPUFA/SCPUFAT

20:4n6/18:2n6

22:6n3/18:3n3
*P < 0.05; tLong Chain Polyunsaturated Fatty Acids/Short Chain Polyunsaturated Fatty Acids

Control animals

Mean+SD

2262.55 + 639.64

219+1.17
2.25+0.34
12.65 +1.03
54.12+2.31
1.93+0.32
0.31+0.13

0.84+0.12
0.52 +0.32
21.29+2.70

0.53 +0.08

0.84 +0.22

2.78 +0.23

61.58 + 18.05
0.48 +£0.06
0.40 +0.07
1.46 +0.17

Diabetic animals

Mean+SD

3286.54 + 766.69

3.70 +£0.46
2.08 +0.40
1343 +1.74
57.44 + 2.62
2.71+0.36
0.51+0.37

0.87+1.15
0.35+0.30
1590 £1.95

0.51+0.03

0.54 +0.04

1.72 +0.25

38.91 + 5.56
0.33+0.05
0.28 +0.04
0.64 +£0.13
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c ¢ ¢

N2

Difference
p value
0.0972

0.0362
0.5639
0.5126
0.1207
0.0214
0.4028

0.9631
0.4636
0.0161

0.7449
0.0235

0.0010

0.0342
0.0107
0.0232
0.0002

*

*

*



Table 4.3. Liver fatty acid profiles of control and diabetic animals.

Control animals  Diabetic animals Difference
Fatty acids Mean+SD Mean+SD p value
Total (nmol/mg protein) 1762.82 £ 480.50 1357.85 +241.19 0.1542
Mole% of total fatty acids
16:0 (palmitic) 26.73+£8.18 1755+ 3.25 0.0518
18:0 (stearic) 11.25+ 3.74 12.64 + 3.55 0.9706
18:1n9 (oleic) 3.11+1.03 3.39+1.04 0.4785
18:2n6 (linoleic) 33.14+5.34 39.90+2.71 ™ 0.0161 *
18:3n3 (o-linolenic(] 0.49£0.11 0.59+0.11 0.2101
18:3n6 (y-linolenic) 0.13+0.14 0.09 £ 0.04 0.2173
20:3n6 (dihomo-y-
linolenic) 0.34 £ 0.04 0.43+0.15 0.3942
20:3n9 (mead) 0.62+0.24 051+0.14 0.9340
20:4n6 (arachidonic) 19.87 +4.43 21.37 = 2.50 0.4581
20:5n3 (eicosapentaenoic)  0.15+0.03 0.15+£0.05 0.7777
22:5n3 (docosapentaenoic) 0.57 £0.15 0.44 +0.07 0.2388
22:6n3 (docosahexaenoic)  3.60 + 0.92 2.94+0.35 0.2294
Fatty acid ratios
unsaturation index 5.05+1.82 6.56 + 1.31 0.0911
LCPUFA/SCPUFAT 0.74 £ 0.07 0.64 £0.02 ¥ 0.0123 *
20:4n6/18:2n6 0.60 £ 0.07 0.53+0.03 0.1211
22:6n3/18:3n3 7.74 £2.96 511+£1.05 0.0979

*P < 0.05; TLong Chain Polyunsaturated Fatty Acids/Short Chain Polyunsaturated Fatty Acids
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Table 4.4. Retinal fatty acid profiles of control and diabetic animals.

Fatty acids
Total (nmol/mg protein)

n3 fatty acids

n6 fatty acids

Mole% of total fatty acids
16:0 (palmitic)

18:0 (stearic)

18:1n9 (oleic)

18:2n6 (linoleic)

18:3n3 (a-linolenicl]
20:3n6 (dihomo-y-linolenic)
20:3n9 (mead)

20:4n6 (arachidonic)
20:5n3 (eicosapentaenoic)
22:5n3 (docosapentaenoic)
22:6n3 (docosahexaenoic)
Fatty acid ratios
unsaturation index
LCPUFA/SCPUFA

%n3 fatty acids of total

Control animals
Mean+SD

488.96+17.64

225.1+4.23

38.67+4.71

15.51+0.8

18.61+0.97

10.58+0.2

0.44+0.06

0.24+0.06

0.11+0.02

0.97+0.06

7.33+0.75

0.04+0.02

0.47+0.08

45.37+1.32

20.77+1.63

80.39+4.86

46.12+1.41
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Diabetic animals
Mean+SD

460.32+27.82

166.34+20.66

40.59+3.9

18.32+1.67

21.98+2.

12.9+0.77

0.88+0.05

0.17+0.02

0.04+0.01

1.09+0.2

7.9+0.64

0.01+0.01

0.28+0.05

35.47+2.71

14.9+2.57

42.53+3.94

35.93+2.77

Difference

p value
0.43

¥ 0.0495

0.7693

0.2046
0.2046
™ 0.0441
1 0.0051
0.3556
0.0819
0.6103
0.6004
0.2910
0.1129

¥ 0.0305

0.1259
¥ 0.0038

¥ 0.0306
*P <0.05
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Figure 4.1. De novo lipogenesis and polyunsaturated fatty acid
remodeling pathways. Fatty acids are synthesized from glucose through
de novo lipogeneses or converted from dietary palmitic(16:0),
oleic(18:1n9), linoleic(18:2n6), a-linolenic(18:3n3) acids to long chain
unsaturated fatty acids in vivo by a series of desaturation (delta-5-
desaturase [D5D], delta-6-desaturase [D6D] or delta-9-desaturase [D9D])
and elongation (Elovl-1-7) reactions. Fatty acids that accumulate in
animal and human tissues are in solid boxes. Dietary linoleic(18:2n6) and
a-linolenic(18:3n3) are obtained from plants, EPA(20:5n3) and
DHA(22:6n3) are rich in fish oil. A recent study demonstrated ELOVL4
is necessary for synthesis of C26 and C28 VLCPUFA from 24:5n3 and
24:6n3 fatty acid precursors, and suggests ELOVLA4 is also required for
synthesis of >C28 VLCPUFA. There is no inter-conversion between n3,
n6 and n9 fatty acids in animals.
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Figure 4.2. Expression levels of elongases and desaturases in retinas
and livers of control and diabetic animals. Total RNA was extracted
from retinas and livers of normal control (n=4) and STZ diabetic animals
(n=5) after 3-6 weeks of diabetes and analyzed by real-time PCR for
elongases 1-7 (E1-7) and delta 5, 6 and 9 desaturase (D5D, D6D and
D9D) expression level. A comparison of the expression levels in retina
(white bars) and liver (hatched bars) of normal control animals is
presented in A. Diabetes induced changes in liver elongase and
desaturase expression levels are presented in B (control — white bars,
diabetes — black bars).
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Figure 4.2 (cont’d). Diabetes induced changes in retinal expression levels are presented
in C (control — white bars, diabetes — black bars). A Western blot of diabetes induced
changes in retina ELOVL4 protein level (lanes 1-4 control, lanes 5-8 diabetic), and
quantification by ratiometric comparison to tubulin, are presented in D (control - white
bars, diabetes — black bars). Data are presented as mean + SD of 5 independent
experiments. Asterisk indicates statistical significance at P<0.05.
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Figure 4.3. Retina fatty acid analysis by RP-HPLC and tandem mass
spectrometry analysis of GPCho lipids in retina and erythrocytes at 3-6
weeks of diabetes. (A) Identification and quantification of diabetes-induced
changes in total retina saponified fatty acids. Top, RP-HPLC chromatogram
of a mixture of authentic fatty acid standards. Middle, control retina
saponified fatty acids. Bottom, diabetic retina saponified fatty acids. Y -axis
represents ELSD signal (%).
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Figure 4.3 (cont’d). (B) Ratiometric analysis of changes in GPCho lipid abundance
between control and diabetic retina. GPCho species were detected by nESI-MS/MS
using Pl m/z 184 and further characterized as described in Chapters Il and VI. (C)
Ratiometric analysis of changes in GPCho lipid abundance between control and
diabetic erythrocytes. Data are presented as mean + SD. Asterisk indicates statistical
significance at P<0.05. n=3 animals per group.
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Figure 4.4. Expression levels of inflammatory markers in retinas of control
and diabetic animals. Total RNA was extracted from retinas of control and
diabetic animals after 3-6 weeks of diabetes and analyzed by real-time PCR.
Diabetes induced changes in retinal ICAM-1, IL-6 and VEGF expression are
shown (control — white bars, diabetes — black bars). Data are presented as mean
+ SD of at least 4 independent experiments. Asterisk indicates statistical
significance at P<0.05. n=7 animals per group.
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Intravitreal Delivery of Fatty Acid Elongase ELOVL4 Prevents Retinal VVascular Degeneration

in Diabetes Through Modification of Sphingolipid Metabolism

5.1. Abstract

Fatty acid elongase ELOVL4 is the most abundant elongase in the retina, and it has been
reported to synthesize > C26 saturated and monounsaturated very long chain fatty acids, and >
C28 very long chain polyunsaturated fatty acids (VLCPUFA). We have previously shown that
dramatic diabetes-induced downregulation of ELOVL4 was associated with retinal-specific
changes in lipid metabolism and retinal inflammation, and decreased ELOVL4 expression has
also been correlated with retinal vascular degeneration in an ischemia/reperfusion model of
accelerated retinal injury. However, to date no causal relationship has been established among
ELOVL4, inflammation, and diabetes induced retinal lesions. The goal of this study was to
determine whether restoration of retinal ELOVLA4 levels is sufficient to prevent early diabetes

induced retinal vascular degeneration.

To this end, human ELOVL4 was overexpressed in human retinal pigment epithelial
(RPE) and human retinal endothelial (HREC) cells using an adenoviral vector, and an adeno-
associated virus serotype 2 (AAV2) containing four capsid Y-F mutations (hELOVL4-AAV2

mut quad). Cells were challenged with the pro-inflammatory cytokine IL-1B or vehicle, and
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ELOVLA4 and intracellular adhesion molecule-1 (ICAM-1) mRNA were assessed by quantitative
real-time PCR (qPCR). Streptozotocin (STZ) diabetic rats received intravitreal injection of
hELOVL4-AAV2 mut quad or a similar AAV2 containing GFP, and retinal localization of
AAV2 mediated transgene expression was determined by immunohistochemistry. Retinal
vascular permeability was assessed in control and diabetic rats by measuring extravasation of
FITC-albumin after 6-8 weeks of diabetes. qPCR was used to assess retinal levels of
inflammatory markers, as well as the expression of genes related to paracellular and transcellular
pathways of vascular permeability. Lipids were extracted from cultured cells and rat retinas and

analyzed by tandem mass spectrometry.

Surprisingly, overexpression of ELOVL4 in cell culture models of the blood-retinal
barrier did not affect phospholipid VLCPUFA content, but instead increased C26:0 ceramide
levels relative to controls with concomitant relative decreases in shorter chain ceramides.
Furthermore, ELOVL4 mediated alteration of sphingolipid metabolism reduced RPE ICAM-1
expression in response to the pro-inflammatory cytokine IL-1p. Intravitreal delivery of AAV2
mut quad vectors in STZ diabetic rats resulted in primarily vascular and perivascular localization
of transgene expression. Interestingly, a 39% reduction in diabetes-induced retinal vascular
permeability was observed in hELOVL4 transduced retinas 4-6 weeks after viral injection, while
GFP had no effect on vascular permeability. Intravitreal delivery of hELOVL4 had no effect on
ICAM-1 levels in the whole retina, and increased retinal IL-1 relative to diabetic retinas that
received GFP. Yet hELOVL4 reduced vascular-specific markers of endothelial activation,
particularly vascular cell adhesion molecule-1 and acid sphingomyelinase, relative to GFP.
Moreover, assessment of endothelial blood-retinal barrier and transcellular transport components

revealed that hELOVL4 activity resulted in augmented expression of several tight junction and
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adherens junction proteins relative to controls and GFP, while decreasing retinal expression of

caveolin-1.

In conclusion, intravitreal delivery of ELOVL4 mitigates early retinal vascular
degeneration in diabetic animals by modulating retinal sphingolipid metabolism. Retinal gene
delivery of ELOVL4 by capsid-modified AAV2 may represent a novel strategy for the

prevention of diabetic visual impairment.

5.2. Introduction

Diabetic retinopathy (DR) is a significant microvascular complication of diabetes that
leads to impaired vision, blindness, and decreased quality of life. Chronic diabetes induced
retinal inflammation is thought to contribute to early stage injury of the retinal vascular
endothelium (1; 2). Elevated retinal levels of pro-inflammatory cytokines, such as IL-1B, and
growth factors including vascular endothelial growth factor (VEGF) have been shown to increase
endothelial expression of adhesion molecules (1; 3), promoting leukostasis and endothelial injury
(4; 5). Eventually, degenerated vasculature promotes hypoxia driven proliferative
neovascularisation of the retina, and blindness results from vessel growth or hemorrhage in the
visual field (3). The primary treatment for DR is pan-retinal laser photocoagulation to inhibit
retinal neovascularization, yet laser treatment destroys retinal tissue and leads to impaired visual
acuity and central vision (3; 6), and often fails to prevent further neovascularization. As the
worldwide diabetes epidemic continues to expand, the identification of novel therapies or

effective preventative strategies for DR is imperative.
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Early in the progression of DR, retinal vascular injury leads to dysregulation of
endothelial tight junction and adherens junction components which comprise the inner blood-
retinal barrier (7; 8), while tight junctions between retinal pigment epithelial cells that form the
outer blood retinal barrier may also be compromised (9). This alteration of junctional
organization results in increased paracellular permeability of both retinal barriers (9; 10).
Additionally diabetes has been shown to upregulate the expression of retinal transcellular
transporters and caveolin-1, the structural scaffolding protein of caveolae, which mediate
endothelial uptake of nutrients from the circulation (11). Thus diabetes may also increase
transcellular flux across the blood-retinal barrier (11; 12). This early stage disruption of the
blood-retinal barrier leads to extravasation of fluid and proteins which results in edema, loss of
visual acuity, and injury to the surrounding retinal tissue (8). Loss of retinal endothelial barrier
function precedes endothelial cell apoptosis and capillary nonperfusion, and is considered a key

indicator of early vascular damage in diabetic retina (8; 10; 13-15) .

Despite decades of research, the underlying causes of retinal inflammation and vascular
dysfunction in diabetes are still incompletely understood. Along with hyperglycemia,
dyslipidemia is a major metabolic perturbation of diabetes, and dyslipidemia is positively
associated with the progression of DR (16). We previously explored the novel hypothesis that
diabetic dyslipidemia contributes to retinal vascular degeneration through impaired retinal fatty
acid metabolism and altered lipid remodelling (17-20). We found that diabetes decreased the
expression of several retinal fatty acid elongases, including a dramatic downregulation of the
most abundant elongase in the retina, elongation of very long chain fatty acids 4 (ELOVL4) (17).
Diabetes induced downregulation of retinal elongases translated into significant remodeling of

retinal lipid profiles, including reductions of retinal polyunsaturated fatty acids, as well as 32:6n3
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very long chain polyunsaturated fatty acids (VLCPUFA) esterified to phosphatidylcholine
(GPCho) (17). Additionally we found that diabetes upregulated retinal expression of acid
sphingomyelinase (ASM), the central enzyme in sphingolipid catabolism, and showed that ASM-
dependent imbalance of endothelial sphingolipid metabolism plays a central role in retinal
vascular pathology (20). These alterations of rat retina lipid metabolism were coupled with
increased retinal gene expression of pro-inflammatory cytokines and adhesion molecules, and
retinal vascular pathology (17; 20). Yet to date, no data exist that directly connect retinal fatty
acid elongase activity with retinal sphingolipid metabolism, diabetes induced inflammation, and

retinal vascular dysfunction.

Fatty acid elongases perform the rate limiting condensation step in the NADPH-
dependent addition of two-carbon units to fatty-acyl CoAs (21). In vitro biochemical studies
suggest that ELOVL4 most efficiently elongates 24 carbon saturated fatty acids to produce C26
fatty acids (22), and further elongates C26 fatty acids to produce C28 and possibly longer chain
species. It has also been demonstrated that ELOVL4 mediates production of >C28 VLCPUFA,
which are thought to localize almost exclusively to photoreceptor outer segments (23; 24), and
production of VLCPUFA is thought to be the primary function of ELOVL4 in the retina (25).
ELOVL4 expression has also been detected in numerous other mammalian tissues, organs, and
cell types (22). However, VLCPUFA have only been detected at significant levels in retina,

brain, and testes (26; 27).

Of the retinal elongases negatively regulated by diabetes, ELOVL4 stands out as having
been recently associated with several retinal pathologies. Repressed ELOVLA4 function through
downregulation or somatic mutation accompanies increased retinal vascular permeability,

juvenile onset blindness, and decreased visual acuity in animal and human models of retinal
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ischemia-reperfusion injury, Stargardt-like macular dystrophy, age related macular degeneration,
and ocular aging (23; 28-30). Thus a clear understanding of ELOVL4 function in the retina may

be relevant to the study of a broad range of visual disorders, including diabetic retinopathy.

Despite the inverse associations of ELOVL4 expression with the onset of vascular
permeability and diabetes induced inflammation in the retina, it is unclear whether ELOVL4
plays a direct role in either phenomenon. The goals of the present study were to determine the
biochemical function of ELOVL4 in cell culture models relevant to the study of diabetic retinal
degeneration in vitro, and to test the hypothesis that retinal delivery of ELOVL4 can modulate

diabetes induced retinal vascular dysfunction in vivo.

5.3. Results

5.3.1 Overexpression of ELOVL4 mitigates IL-1p induced activation of retinal pigment

epithelial cells

To establish whether there is an inverse relationship between ELOVL4 expression and
inflammation in retinal cells, we initially examined ELOVL4 expression in human retinal
pigment epithelial (RPE) cells, an established model of the outer blood-retinal barrier (14). The
pro-inflammatory cytokine IL-1p was added to RPE cell culture media at 1 ng/ml for 48 hours,
and ELOVL4 mRNA was assessed by quantitative real-time PCR (qRT-PCR). IL-1B
significantly decreased ELOVL4 mRNA by 44% (Figure 5.1A), indicating that pro-
inflammatory signaling negatively regulates ELOVL4 expression. Next we overexpressed
ELOVL4 in RPE cells by using an adenoviral vector containing the human ELOVL4 cDNA (Ad-
ELOVL4) under control of the CMV promoter, or an empty vector adenovirus (Ad-Null) as a
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negative control. Infection of RPE cells with Ad-ELOVLA4 resulted in moderate (1.7 fold)
overexpression of ELOVL4 protein as determined by Western blot (Figure 5.1B) relative to cells
infected with the control virus. Adenovirus-transduced cells were then challenged with 1 ng/ml
IL-1p for 48 hours, and ICAM-1 levels were assessed by gPCR as a measure of cellular
activation. As seen in Figure 5.1C, overexpression of ELOVL4 decreased ICAM-1 mRNA by
45% upon addition of IL-1P. These data are the first to indicate that increased pro-inflammatory
cytokines present in diabetic retina may negatively regulate ELOVL4 expression, and that

overexpression of ELOVL4 attenuates cytokine-induced activation of RPE cells.

5.3.2 ELOVLA4 does not mediate phospholipid VLCPUFA incorporation in RPE cells

To gain insight into how ELOVL4 mediated lipid metabolism may influence
inflammatory signaling in RPE cells, we next performed tandem mass spectrometry based
lipidomics analysis on total lipid extracts from cells infected with the ELOVL4 adenovirus or
Null adenovirus. Surprisingly, overexpression of ELOVL4 did not affect incorporation of >C28
VLCPUFA or other fatty acids in phosphatidylcholine (GPCho) or other lipid classes. The lack
of ELOVL4-derived VLCPUFA incorporation persisted when potential VLCPUFA precursor
fatty acids 20:5n3 or 22:5n3 (23; 31) bound to BSA were added to culture media following
infection with the ELOVL4 adenoviral vector. Figure 5.2A shows a mass spectrum of rat retina
lipid species, with VLCPUFA-GPCho molecular ions labeled in the high m/z region. The lower
spectra show GPCho species from a total lipid extract of RPE cells infected with the control

adenovirus (Figure 5.2B) or Ad-ELOVL4 (Figure 5.2C) and supplemented with BSA-bound
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20:5n3 for 72 hours. Adenoviral transduction experiments were performed using multiplicities of

infection (MOIs) ranging from 50 to 20,000. An MOI of 100 was used in Figures 5.2B and 5.2C.

5.3.3 ELOVL4 mediates C26:0 ceramide production in cells of the blood-retinal barrier

While lipidomics analysis did not identify any effect of ELOVL4 overexpression on
RPE PUFA metabolism, short term adenoviral-mediated overexpression of ELOVL4 in RPE
cells resulted in a 113% increase in the relative amount of cellular C26:0 ceramide compared to
controls (See Figure 5.3A). Conversely, C16:0 ceramide was reduced by 43% in the ELOVLA4-
overexpressing cells, with similar decreases observed in other ceramide species relative to the
controls. The observed increase in 26:0 fatty acid was not observed in sphingomyelin or other

lipid classes (data not shown).

Primary cultures of human retinal endothelial cells (HREC) provide an ideal in vitro
model of the inner blood-retinal barrier, the principle site of tissue injury in diabetic retinopathy.
However, endothelial cells are resistant to infection by many commonly used viral vectors (32),
limiting their utility for gene delivery studies. We therefore obtained human ELOVL4 cDNA
packaged in an adeno-associated virus serotype 2 vector containing four capsid Y to F mutations
(hELOVL4-AAV2 mut quad), with ELOVL4 under control of the strong constitutive truncated
chimeric CMV-chicken B-actin (SmCBA) promoter enabling efficient and stable transgene
expression in most retinal cell types (33; 34). As shown in Figure 5.3B, transduction of HREC
with hELOVL4-AAV2 mut quad led to a striking increase in HREC 26:0 ceramide content two
weeks after transfection, which was not detected in control HREC. Four weeks after

transfection, hELOVL4-AAV?2 infected HREC exhibited decreased 16:0 ceramide relative to
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controls, but no significant difference from control cells was observed in the level of 26:0
ceramide due to greatly increased levels of endogenous C26:0 ceramide in the control cells
(Figure 5.3C), indicating that endogenous C26:0 ceramide normally accumulates in HREC with
increasing duration of culture. Figure 5.3D demonstrates successful upregulation of ELOVL4
protein in HREC four weeks post infection with hELOVL4-AAV2. When transduced HREC
were supplemented continuously with BSA-bound 20:5n3, no VLCPUFA incorporation was
observed in any HREC phospholipid class up to four weeks post infection (Figure 5.3E). Taken
together, these data strongly suggest that ELOVL4 drives very long chain ceramide production,

but not phospholipid VLCPUFA incorporation, in both the inner and outer blood-retinal barrier.

5.3.4 AAV2-mediated expression of ELOVL4 in diabetic rat retina

As our in vitro data suggested that ELOVL4 overexpression may counteract cytokine
induced inflammatory signaling by modulating sphingolipid metabolism in cells of the blood-
retinal barrier, we hypothesized that gene delivery of ELOVL4 in diabetic retina may mitigate

diabetes induced retinal vascular degeneration. Streptozotocin (STZ)-induced diabetic rats

received intravitreal injections of 1X1O9 viral genomes of either hELOVL4-AAV2 mut quad or

GFP-AAV2 mut quad in confirmed diabetic animals two weeks after STZ injections as described
in Chapter 6. Animals were sacrificed 4-6 weeks following viral injections (6-8 total weeks of
diabetes). Body weight gain and blood glucose concentrations of the animals used in this study
are described in Table 5.1. As expected, diabetes reduced the expression of endogenous rat
ELOVL4 mRNA in both GFP and hELOVL4 transduced retinas (Figure 5.4A). To assess the

localization of AAV2-delivered hELOVL4 and GFP within the retina, immunohistochemistry
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analysis for GFP was performed on transverse retinal sections. Surprisingly, GFP expression was
primarily limited to the ganglion cell layer in close proximity to retinal capillaries, with
significant labeling in the RPE and choroidal blood vessels (see Figure 5.4B). Initial breakdown
of the blood-retinal barrier has been reported to occur as little as two weeks following induction
of diabetes in experimental animals (35), which probably enabled the AAV2 vector to enter
retinal capillaries in the anterior retina and readily infect vascular endothelial cells in the retina
and choroid. gPCR analysis of hRELOVL4 mRNA revealed that retinal AAV2-derived hELOVL4
MRNA expression was equal to approximately 1% of total retinal ELOVL4 mRNA (data not
shown.) This is consistent with primarily vascular transgene expression, as retinal capillaries
constitute approximately 1-3% of total retinal tissue (3). The hELOVL4 transgene mRNA was

not detected in liver, indicating the virus primarily infected endothelial cells within in the eye.

5.3.5 Retinal vascular expression of ELOVL4 does not affect total retinal lipid profile

We next performed lipidomic analysis on total lipid extracts isolated from control, and
diabetic retinas transduced with either GFP or hELOVL4. Given the mostly vascular and
perivascular transgene localization in retina, major hELOVL4 effects on total retinal lipid
composition were unlikely to be detected. Accordingly, no significant differences were observed
in the abundances of any very long chain ceramide or VLCPUFA-GPCho molecular species, or

lipid species of other lipid classes, across the three treatment groups (data not shown).

5.3.6 Retinal delivery of ELOVL4 prevents blood-retinal barrier dysfunction in diabetic
animals
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To determine whether ELOVL4 modulation in retinal vasculature could prevent early
degeneration of the retinal vasculature, we assessed retinal vascular permeability in control and
diabetic rats by measuring extravasation of FITC-albumin in rat retina after 6-8 weeks of STZ
diabetes. As demonstrated in Figure 5.5, diabetes significantly increased retinal vascular
permeability 3.7 fold in retinas that received intravitreal injection of saline in the left eye (n=4),
relative to control nondiabetic animals (n=4). Notably, intravitreal hELOVL4-AAV?2 injected in
the right eye of each animal (n=4) achieved an average 39% reduction in diabetes induced
vascular permeability relative to the matched saline treated retinas from the contra-lateral eye,
which was not statistically different from control retinas. In a separate group of animals, 6-8
weeks of diabetes increased retinal vascular permeability by 1.6 fold in retinas that received
intravitreal saline (n=5), while intravitreal GFP-AAV2 administered in the contra-lateral eye did
not reduce retinal vascular permeability. Overall this data demonstrates that hHELOVL4-AAV2,

but not GFP-AAV?2, prevented early vascular degeneration in diabetic retina.

5.3.7 Retinal delivery of ELOVL4 reduces markers of vascular activation, but not retinal

inflammation

To determine whether reduced vascular permeability in hELOVL4-AAV2 transduced
diabetic retinas was the result of reduced retinal inflammation, we examined the expression of
markers of retinal inflammation and vascular endothelial cell activation by qPCR. Figure 5.6A
clearly indicates that AAV2 mediated expression of hELOVL4 ablated the diabetes induced

increase of acid sphingomyelinase (ASM), a key responder in retinal endothelial cell
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inflammatory signaling (19; 20). Moreover, hELOVL4 expression completely blocked the
upregulation of vascular cell adhesion molecule-1 (VCAM-1) observed in diabetic GFP-AAV2
transduced retinas, indicating that ELOVL4 levels prevented retinal vascular endothelial cell
activation. As shown in Figure 5.6B, diabetes upregulated retinal levels of IL-1p in both GFP-
AAV2 and hELOVL4-AAV?2 retinas relative to control, in agreement with previous reports (1;
36). Surprisingly, however, there was an additional induction of IL-13 mRNA in hELOVL4
transduced retinas relative to GFP that was statistically significant. While VEGF-A mRNA was
slightly decreased in hELOVL4 transduced retinas relative to control retinas, there was no
statistically significant difference in VEGF-A mRNA between GFP and hELOVL4 transduced
retinas. Additionally, diabetes upregulated retinal ICAM-1 levels to an equal extent in both GFP
and hELOVL4 transduced retinas relative to control retinas. Overall this data suggests that
intravitreal delivery of hELOVL4, but not GFP, prevented activation of retinal vascular

endothelium despite increasing levels of IL-1p in the neural retina.

5.3.8 Retinal delivery of ELOVLA4 alters expression of vascular tight junction components

We next investigated whether ELOVL4-mediated changes in retinal sphingolipid
metabolism prevented blood-retinal barrier dysfunction in diabetes by a mechanism that was
dependent on, or exclusive of, modulation of endothelial tight junctions. mMRNA levels of several
components of retinal tight junctions and adherens junctions known to be compromised in
diabetic retina (8; 10; 11; 14; 37; 38) were assessed by gPCR. Figure 5.7A demonstrates
upregulation of vascular-associated claudin-5 mRNA in diabetic retinas that received hELOVL4-

AAV2 (n=6) relative to diabetic retinas that received GFP-AAV2 (n=6) and control retinas
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(n=6). Diabetes resulted in a modest decrease of ve-cadherin expression in GFP transduced
retinas, which was prevented in hELOVL4 transduced retinas. Additionally, diabetes caused a
slight decrease in endothelial cell-specific adhesion molecule (ESAM) mRNA in GFP-AAV?2
retinas, whereas ESAM was increased 24% in hELOVL4-AAV2 retinas compared to GFP
retinas. While diabetes upregulated retinal occludin mRNA (Figure 5.7B) in agreement with
previous reports (11), expression of the human ELOVL4 transgene decreased retinal occludin
MRNA by 21% relative to retinas expressing GFP. ZO-1 mRNA was not significantly decreased
in diabetic retinas expressing GFP, yet hELOVL4-AAV?2 retinas exhibited a 24% decrease in
ZO-1 relative to control retinas (Figure 5.7B). No statistically significant change in mRNA
abundance was observed across all groups for claudin-1 (Figure 5.7B). Overall this data suggests
that ELOVL4 may counteract diabetes induced dysregulation of vascular tight junction
components in general, while specifically increasing the expression of claudin-5, ve-cadherin,
and ESAM. ELOVL4 may therefore be an important regulator of vascular paracellular

permeability in the retina.

5.3.9 Retinal delivery of ELOVL4 decreases caveolin-1 expression

To further delineate the mechanism of the ELOVL4-mediated reduction of retinal
vascular permeability in diabetes, we next performed gene expression analysis by qPCR on
known facilitators of retinal transcellular transport. While diabetes did not induce a significant
increase in Caveolin-la mRNA in GFP-AAV2 retinas, hELOVL4-AAV?2 retinas exhibited a
striking 54% decrease in caveolin-1a expression relative to control and diabetic GFP-AAV?2

retinas (see Figure 5.8A.) As shown in Figure 5.8B, no statistically significant changes were
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observed across all treatment groups for expression levels of vesicle-associated membrane
protein-1 (VAMP-1) or VAMP-2. This data suggests that in addition to modulating paracellular
permeability, ELOVL4 may also restrict the transcellular route of vascular permeability through

reduction of caveolae.

5.4. Discussion

This study represents the first demonstration that fatty acid elongase ELOVL4 modulates
permeability of the blood-retinal barrier in diabetic retina. AAV2 mediated normalization of
ELOVL4 in the retinal vasculature of diabetic rats decreased endothelial activation and
prevented early stages of vascular degeneration, as determined by an ELOVL4 driven reduction
in retinal vascular permeability, despite a lack of ELOVLA4 effect on ICAM-1 expression in the
neural retina, and significantly increased levels of the pro-inflammatory cytokine IL-1p by
ELOVL4. Experiments in a cell culture model of the blood-retinal barrier demonstrated that
ELOVLA4 activity may blunt cellular activation in response to pro-inflammatory stimuli, which
could effectively shield the blood-retinal barrier from inflammatory conditions in diabetic retina.
Retinal transduction with ELOVL4 also resulted in amplified expression of vascular-specific
negative regulators of paracellular permeability including claudin-5, ve-cadherin, and endothelial
cell-specific adhesion molecule relative to diabetic retinas transduced with GFP, supporting the
notion that ELOVL4 effects were localized to the retinal vasculature as opposed to the
surrounding neural retina. Transduction of diabetic retinas with ELOVL4 also reduced

expression of caveolin-1, the major scaffolding protein constituent of caveolae, which may
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reduce vascular transcellular permeability (11; 12). Therefore, ELOVL4 may decrease retinal

vascular permeability by modulating both paracellular and transcellular routes.

Lipidomic analysis of cultured human retinal endothelial and pigment epithelial cells
overexpressing hELOVL4 revealed that ELOVL4 primarily drives very long chain ceramide
production in cells of the blood-retinal barrier, and does not affect VLCPUFA levels in
membrane lipids of these cells. This is somewhat surprising, as to date retinal ELOVL4 function
has been primarily tied to VLCPUFA synthesis (25; 39). Moreover, VLCPUFA production has
been previously described in RPE cells by overexpression of a mouse ELOVLA4 transgene (23).
Yet, incorporation of VLCPUFA in RPE phospholipids or other lipid classes has not been
previously assessed, and subtle differences in biochemical activity may exist between mouse and
human ELOVL4. However, VLCPUFA are enriched in photoreceptor outer segments (24; 39),
while ELOVLA4 is expressed in multiple retinal layers and cell types (40). Therefore, production
of VLCPUFA by ELOVL4 may be restricted to photoreceptors or other retinal neurons, while
ELOVL4 mediated sphingolipid biosynthesis could predominate in other retinal cell types.
Lipidomics analysis did not detect any effects of ELOVL4 on total retinal sphingolipid or
phospholipid profiles. This is not surprising given that retinal capillaries account for only a small
fraction of total retinal tissue, and therefore do not contribute significantly to the total retinal
lipid profile. While AAV2 also localized to the RPE and choroidal blood vessels, these bodies

are physically separated from the retina and therefore are not collected upon retinal isolation.

The lack of ELOVL4 mediated VLCPUFA incorporation into GPCho of retinal
endothelial and epithelial cells represents the first demonstration that not all retinal ELOVL4
activity is directed toward VLCPUFA synthesis, and the novel finding that ELOVL4 impacts

ceramide production in the blood-retinal barrier could be explained by studies which suggest that
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ELOVLA4 works in concert with ceramide synthase 3, particularly in skin and testes (41). Recent
findings have demonstrated that elongase ELOVL?2 is also required for VLCPUFA production
(42). Retinal endothelial cells and RPE cells express ELOVL2 and elongate PUFA substrates to
produce 22:6n3 via intermediate production of 24:6n3, a common precursor to both 22:6n3 and
VLCPUFA (43; 44). This suggests that substrate utilization by ELOVL4 may be cell type or
context specific. Both ELOVL2 and ELOVLA4 are decreased in diabetic rat retina (17), therefore
diabetic retina provides an excellent model for testing the VLCPUFA-independent functions of

ELOVLA4.

The data described in this study suggest numerous mechanisms through which
normalization of ELOVL4 levels in diabetic retinal vasculature could decrease vascular
permeability. Ceramides containing very long chain fatty acids have been shown to be critical
lipid components of the epidermal permeability barrier, presumably due to extremely tight
packing within intercellular sheets of lipid vesicles that serve to exclude water (41). While the
ELOVL4-derived C26-C30 fatty acids present in ceramides of cultured blood-retinal barrier cells
are considerably less elongated than those found in skin, they may serve an analogous purpose in
the retinal microvasculature, although to date similar lipid vesicle sheets have not been described

in retinal blood vessels.

Acids sphingomyelinase (ASM) is a central enzyme of catabolic sphingolipid
metabolism, and elevated ASM expression and activity has been shown to be critical to
propagation of endothelial inflammatory signals and the development of retinal vascular lesions
in diabetes and other models of microvascular injury (20). In the present study, retinal ELOVL4
transfection decreased ASM expression in diabetic animals through an unknown mechanism. It

is conceivable that upregulation of de novo very long chain ceramide synthesis by ELOVL4 has
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a counter-regulatory effect on the generation of ceramide by catabolic sphingolipid metabolism.
The observed downregulation of ASM in diabetic retinas transduced with ELOVLA4, relative to
diabetic retinas transduced with GFP, could therefore indicate uncoupling of pro-inflammatory
stimuli and the vascular response to the stimuli. ASM activity has been shown to be required for
endothelial expression of adhesion molecules such as VCAM-1 (19). ELOVLA4 transduction
completely blocked upregulation of VCAM-1 in diabetic retina despite elevating IL-1p, and
decreased adhesion molecule expression on the vascular endothelium may prevent or reduce
leukocyte adhesion (4; 45; 46). Therefore, retinal transduction with hELOVL4 may have
prevented inner blood-retinal barrier breakdown by reducing leukocyte-mediated endothelial

injury.

Additionally, sphingolipid metabolites such as sphingosine-1-phosphate have been shown
to provide important pro-barrier signals in retinal endothelial cell culture models (47). Similarly,
the activation of sphingosine kinase 2 in brain has been found to be a critical factor in the
maintenance of blood-brain barrier integrity in studies of ischemic stroke (48). Vascular
ELOVL4 mediated ceramide production may therefore shift the balance of sphingolipid
metabolism to a barrier-promoting state. The formation of potential ceramide metabolites

downstream of ELOVL4 activity were not addressed here.

5.5. Conclusions

This study demonstrated that retinal delivery of fatty acid elongase ELOVL4 prevents
retinal vascular degeneration in diabetic animals by modulation of sphingolipid metabolism in

cells of the blood-retinal barrier. Retinal gene delivery of ELOVL4 by capsid-modified AAV2
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may represent a novel strategy for the prevention of diabetes induced retinal vascular lesions,

and subsequent visual impairment.
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Table 5.1. Animal weight gain and blood glucose concentrations.

Weight gain P value Blood glucose P value
(g/day) (mg/dL)
Control (n=21) 5.00+0.76 <0.00001 133.40 + 21.96 <0.00001
Diabetic (n=40) 0.94 +0.98 537.45 £+ 51.63
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Figure 5.1. Inverse relationship of ELOVL4 expression
and cellular activation in RPE cells. (A) Human retinal
pigment epithelial (RPE) cells were incubated with IL-1p (1
ng/ml) or vehicle for 48 hours. Total RNA was extracted
and analyzed by qPCR. ELOVL4 expression in vehicle
treated control cells is represented by white bar; ELOVL4
expression in IL-1p treated cells is represented by black bar.
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Figure 5.1 (cont’d). (B) Western blot of
ELOVLA4 protein in RPE cells 48 hours post
infection by Ad-ELOVL4 adenovirus compared
to cells infected with Ad-Null control
adenovirus.

202



0.007

0.006 -

0.005

0.004 -

0.003

ICAM-1/Cyclophilin

0.002 4

0.001

N

©Ad-Null  ®Ad-Null *Ad-ELOVL4 ®"Ad-ELOVL4
+vehicle +IL-1p +vehicle +IL-1p

Figure 5.1 (cont’d).

(C) mRNA level of ICAM-1 in RPE cells infected with control Ad-Null
or Ad-ELOVL4 adenovirus. Twenty four hours post infection, Ad-Null
and Ad-ELOVL4 infected cells were incubated with vehicle or IL-1B
(Ing/ml) for 48 hours. Total RNA was extracted and analyzed by
quantitative real-time PCR. White bar, Ad-Null incubated with vehicle;
black bar, Ad-Null incubated with IL-1B; hatched bar, Ad-ELOVL4
incubated with vehicle; gray bar, Ad-ELOVL4 incubated with IL-1p.
n=3 per treatment group. Data are presented as mean + SD. * indicates
statistically different from vehicle, # indicates statistically different from
Ad-Null treated with IL-1p (P<0.05), as determined by one-way ANOVA
with post-hoc Tukey test.
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Figure 5.2 Comparison of GPCho species containing VLCPUFA in retina

and RPE cells. (A) Mass spectrum of a rat retina lipid extract showing the
most abundant VLCPUFA-GPCho typically found in retina (labeled). (B)
Tandem mass spectrum of RPE GPCho lipids by precursor ion scanning of m/z
184 using a triple quadrupole mass spectrometer. RPE were infected with a
Null adenovirus over a broad range of multiplicity of infection for 12 hours,
and supplemented with BSA-bound 20:5n3 for 36-72 hours. (C) Tandem mass
spectrum of RPE GPCho lipids by precursor ion scanning of m/z 184 using a
triple quadrupole mass spectrometer. RPE were infected with Ad-ELOVL4
over a broad range of multiplicity of infection for 12 hours, and supplemented
with BSA-bound 20:5n3 for 36-72 hours.
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Figure 5.3 (cont’d). (C) Four weeks post infection, control and hELOVL4-AAV2
infected HREC were subjected to lipid extraction and ceramide analysis by positive ion
mode precursor ion scanningc of m/z 264 using a triple quadrupole mass spectrometer.

n=3 per treatment group. Data are presented as mean + SD. * indicates statistically
significant (P<0.05) as determined by unpaired t-test.
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Figure 5.3 (cont’d). (D) Western blot of control and hELOVL4-AAV?2 infected
HREC four weeks post infection. (E) Control and hELOVL4-AAV2 infected
HREC were supplemented with 20:5n3 for four weeks. Total lipids were
extracted, and GPCho species were analyzed by positive ion mode precursor ion
scanning of m/z 184 in a triple quadrupole mass spectrometer. n=3 per treatment
group. Data are presented as mean + SD. * indicates statistically significant
(P<0.05) as determined by unpaired t-test.

208



Figure 5.4. Localization of AAV2 mut quad in diabetic retinas. Transverse
retinal sections from diabetic animals receiving intravitreal injection of GFP-AAV?2
were subjected to immunohistochemical analysis to detect GFP localization.
Hematoxylin stain was used to show cell nuclei. The inset illustrates anti-GFP
staining (red) in close proximity to retinal capillaries in the ganglion cell layer.
Arrows indicate areas of abundant GFP staining throughout the choroidal blood
vessels and RPE. Punctate GFP staining is also observed in the inner and outer
nuclear layers. GCL, ganglion cell layer. IPL, inner plexiform layer. INL, inner
nuclear layer. OPL, outer plexiform layer. ONL, outer nuclear layer. POS,
photoreceptor outer segments. RPE, retinal pigment epithelium. CBV, choroidal
blood vessels. For interpretation of the references to color in this and all other
figures, the reader is referred to the electronic version of this dissertation.
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Figure 5.5 Retinal vascular permeability in control and
diabetic animals. Extravasation of FITC-aloumin was assessed in
retinas from control (n=4) and STZ animals (n=4) after six to
eight weeks of diabetes. STZ animals received intravitreal
injection of saline vehicle in the left eye, and hELOVL4-AAV?2 in
the right eye after two weeks of confirmed STZ induced diabetes.
Fluorescence from accumulated FITC-albumin in retina was
normalized to plasma fluorescence, and the vascular permeability
of each virus treated retina was compared to its matched vehicle
treated retina from the same animal. Data are presented as mean +
SD. * P<0.05 compared to control by one-way ANOVA with
post-hoc Tukey test.
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Figure 5.6. Expression levels of inflammatory markers in retinas of control and
diabetic animals. Total RNA was extracted from retinas of control and diabetic
animals after 6-8 weeks of diabetes and analyzed by gPCR. (A) Diabetes induced
changes in markers of vascular activation, ASM and VCAM-1.
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Figure 5.6 (Continued). (B) Markers of retinal inflammation, IL-1B, VEGF, and ICAM-1.
n=6 retinas per treatment group. Control, white bars. STZ+GFP-AAV2, black bars.
STZ+hELOVL4, gray bars. Data are presented as mean = SD. * indicates statistically
different from control, # indicates statistically different from STZ+GFP-AAV2 (P<0.05) as
determined by one way ANOVA with post-hoc Tukey test.
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Figure 5.7. Expression levels of blood-retinal barrier
components in retinas of control and diabetic animals. Total
RNA was extracted from retinas of control and diabetic animals
after 6 weeks of diabetes and analyzed by qPCR for expression
of (A) Claudin-5, Ve-Cadherin, and Esam.
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Figure 5.7 (Continued). (B) Occludin, Claudin-1 and ZO-1. n=6 per treatment group.
Control, white bars. STZ+GFP-AAV?2, black bars. STZ+hELOVLA4, gray bars. Data are
presented as mean + SD. * indicates statistically different from control, # indicates
statistically different from STZ+GFP-AAV2 (P<0.05) as determined by one way ANOVA
with post-hoc Tukey test.
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Figure 5.8. Expression levels of transcellular transport components in retinas of
control and diabetic animals. Total RNA was extracted from retinas of control and
diabetic animals after 6 weeks of diabetes and analyzed by quantitative real-time PCR for
expression of caveolin-1a, vamp-1, and vamp-2. n=6 per treatment group. Control, white
bars. STZ+GFP-AAV?2, black bars. STZ+hELOVL4, gray bars. Data are presented as mean
+ SD. * indicates statistically different from control, # indicates statistically different from
STZ+GFP-AAV2 (P<0.05) as determined by one way ANOVA with post-hoc Tukey test.
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Methods

6.1 Materials and reagents

All solvents used during extraction of lipids and saponified fatty acids were of HPLC
grade and were purchased from Fisher and Sigma. Cell culture supplies (DMEM and F12 culture
media, antibiotics, fetal bovine serum, and trypsin) were purchased from Invitrogen. Primary
antibody against Tubulin was from BD Bioscience. The primary antibody against ELOVL4 used
in Chapter IV was from Abcam; the antibody against ELOVL4 for Western blot used in Chapter
V was from Protein Tech, and anti-ELOVL4 imunnohistochemistry used an antibody from
Sigma. IL-1p was purchased from Cayman Chemicals. Other reagents and supplies used and

their origins are described in the following sections.

6.2 Methods
6.2.1 Culture of HREC and RPE cells

Primary cultures of HREC were isolated from human retinal tissue obtained from the
National Disease Research Interchange in Philadelphia, PA, and grown as previously described
(1). Passages 3-5 were typically used for the experiments described below. Human RPE (ARPE-
19) cells were cultured as previously described (1). Experiments described below used passages

16-18.

6.2.2 Animals and Induction of STZ diabetes.
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All procedures for the use and care of animals for laboratory research were approved by
the All University Committee for Animal Use and Care at Michigan State University. Male
Wistar rats weighing 237-283g were made diabetic with a single intraperitoneal injection of 65
mg STZ per kg body weight. Age matched nondiabetic control rats received a single
intraperitoneal injection of citrate buffer vehicle (pH 4.5). Diabetes was confirmed by blood
glucose higher than 15mM (270 mg/dL) and decrease in the body weight gain. Body weight
gains and blood glucose for the control and STZ diabetic groups were monitored biweekly.
Three to thirty six weeks after STZ injection the animals were sacrificed under anesthesia
(Isofluorane/Vapomatic). The chest cavity was opened to expose the heart, and 5-10 ml of blood
was collected by heart puncture into EDTA-containing tubes. The right atrium was carefully

snapped to provide drainage and the animals expired from exsanguination.

Age or duration of diabetes of the animals used in each experiment are stated in each
dissertation chapter. For each experiment, plasma, red blood cells, buffy coat, liver and eyes
were recovered. Rats used in the studies described in Chapters I, IV and V were maintained on
Harlan-Teklad laboratory chow (#8640) and water ad libitum. In Chapter Ill, rats were
maintained on an identically formulated diet (Purified Rodent Diet #110900 from Dyets,
Bethlehem, PA).

Animals used in Chapter 111 (3-36 weeks of diabetes) were given daily injections of 0-3
units NPH insulin, beginning two weeks after STZ injection, with the dose adjusted as needed to

achieve slow weight gain while still allowing hyperglycemia in the 20-25 mM range.

6.2.3 Fatty acid composition of the animal diet
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The fatty acid composition of the rat chow was analyzed by reverse phase HPLC (RP-
HPLC, see below) and found to be: 16:0, 20.0%; 18:0, 1.8%; 18:1n9, 21.9%; 18:2n6, 50.8%;

18:3n3, 5.6%; 18:3n6, 0.1%; 20:4n6, 0.1%; 20:5n3, 0.4%; 22:5n3, 0.1% and 22:6n3, 0.3%.

6.2.4 Isolation of rat retina

After sacrificing animals as described above, eyes were enucleated and rinsed three times
in ice cold phosphate buffered saline (PBS), opened by a circumferential incision just below the
ora serrata, and the anterior segment and vitreous were discarded. With the aid of a dissecting
microscope, the retina was gently lifted off the eyecup using an eye spatula, weighed, and snap

frozen in liquid nitrogen. Retinas were stored frozen at -80 degrees Celsius until used.

6.2.5 RNA extraction
Rat tissues were homogenized on ice in Trizol reagent (Invitrogen) using an electric
tissue homogenizer, and RNA was isolated according to manufacturer instructions. Cells grown

in culture were collected from cell culture plates by scraping in Trizol.

6.2.6 Quantitative real time PCR and primers used in these studies

Transcript-specific primers were designed using Primer3 software at http://frodo.wi
.mit.edu/cgi-bin/primer3/primer3_www.cgi. First strand cDNA was synthesized from isolated
tissue or cellular RNA using the SuperScript 11l RNase H- Reverse Transcriptase (Invitrogen).
PCR reactions were performed in triplicate on an ABI 7500 Fast Real-Time PCR system
(Applied Biosystems) by combining equal amounts of 2X SYBR GreenER gPCR master mix

(Invitrogen) with a mixture of gene-specific primers and diluted cDNA. Prior to use,
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optimization experiments were performed to determine the sensitivity and specificity of each
primer pair for a gene of interest, and gene expression analysis was subsequently performed
using the optimal conditions and cDNA dilutions for each primer pair. Transcripts of interest
were normalized to the abundance of cyclophilin. Relative mMRNA amounts were calculated
using the AACT method (User Bulletin 2; Applied Biosystems). Previously unpublished gene-
specific primers used in this dissertation are as follows:

Rat Elovl4: GAAGTGGATGAAAGACCGAGA (sense) and GCGTTGTATGATCCCATGAA
(antisense);

Rat Elovl7: TGGCGTTCAGCGATCTTAC and GATGATGGTTTGTGGCAGAG;

Rat IL-6: CCAGGAAATTTGCCTATTGA and GCTCTGAATGACTCTGGCTTT;

Rat VEGF A: GCTCTCTTGGGTGCACTGG and CACCACTTCATGGGCTTTCT;

Rat ICAM-1: CCACCATCACTGTGTATTCGTT and ACGGAGCAGCACTACTGAGA;

Human ELOVL4: GCACTCAACGACACGGTAGA and GGACCCAGCCACACAAAC,;
Human ICAM-1: AGGCCACCCCAGAGGACAAC and CCCATTATGACTGCGGCTGCTA,;

Human Cyclophilin: AAGGTCCCAAAGACAGCAGA and CTTGCCACCAGTGCCATTAT.

All other primers for rat elongases, desaturases, and cyclophilin have been described
previously in (2). Primers for rat cytokines and acid sphingomyelinase were described in (3; 4).
All primers for retinal tight junction and adherens junction genes, caveolin-1, and transcellular

transport genes were previously described in (5).
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6.2.7 Western blot analysis

Animal tissues and cultured human cells were lysed on ice in protein lysis buffer (50 mM

HEPES, pH 7.5, 150 mM NaCl, 1.5 mM MgCly, 1 mM EGTA, 1% Triton X-100, and 10%

glycerol) containing freshly added protease inhibitor cocktail (Sigma) and phosphatase inhibitors

(1 mM NagVQyq, 100 uM glycerophosphate, 10 mM NaF, 1 mM NaygPPi). Protein concentration

in diluted aliquots of protein lysate were measured with the Bio-Rad protein assay (Bio-Rad),
according to the manufacturer's protocol, or the Qubit fluorometer (Invitrogen). Proteins were
resolved on NUPAGE Novex 10% Bis-Tris polyacrylamide gels (Bio-Rad), transferred to
nitrocellulose membranes, and immunoblotted using appropriate primary antibodies followed by
infrared secondary antibodies (IRDye; Invitrogen, Molecular Probes). Protein bands of interest
were visualized and quantified with the Odyssey infrared imaging system (LI-COR Biosciences,

Lincoln, NE).

6.2.8 Lipid extraction from retina

Whole or bisected retinas were placed in an ice-chilled Teflon/glass tissue grinder and
homogenized on ice in 50 pL / mg tissue of 40% MeOH (prepared in water). Retina
homogenates were then extracted by vortexing for 1 minute in 200 uL / mg tissue of chloroform :
methanol (2:1 v/ v). After centrifugation at 3000xg for 10 minutes, the lower organic phase was
recovered and transferred to a new glass tube. The aqueous upper phase was then re-extracted by
vortexing for 1 minute in 200 pL / mg tissue of chloroform and centrifuged as before. The lower
organic phase was collected and combined with the lower phase from the first extraction. The
pooled organic phases were evaporated under nitrogen. In Chapter IV and Chapter V, dried lipids

were re-extracted as described above to remove contaminating aqueous-phase material, and
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evaporated again under nitrogen. Dried lipid extracts were resuspended in 50 pL / mg tissue of
isopropanol:methanol:chloroform (4:2:1v/v/v) and stored under nitrogen in glass vials with
Teflon-lined caps in the dark at -80° C until further use. Acidification of lipid extracts was
omitted as low pH was found to significantly alter retina lipid profiles due to destruction of

plasmalogen lipid species.

6.2.9 Lipid extraction from liver and plasma
50 ul plasma or 10 mg of liver were extracted with chloroform-methanol (2:1, v:v) as
described above, normalized to sample weight or volume, dried, and resuspended as described

above.

6.2.10 Lipid extraction from erythrocytes

Erythrocyte lipids were extracted using a modified method of Rose & Oklander (6) as
follows: 100 mg of packed erythrocytes were lysed on ice for 15 minutes in 500 pL of HPLC-
grade water, then combined with 6.8 mL of 80% isopropanol, vortexed, and incubated for one
hour on ice with occasional mixing. 3.2 mL of 100% chloroform was then added, and the
mixture was incubated for one additional hour on ice with occasional mixing. Phases were
separated by centrifuging samples for 30 minutes at 2000 x g in a swinging bucket rotor. The
lower phase was collected, and the remaining aqueous phase was re-extracted as before with 3.2
mL of 100% chloroform. The lower phases were pooled, dried under nitrogen, and further dried
overnight in a speedvac. Lipid extracts were resuspended in 5 pL / mg cells of isopropanol:
methanol:chloroform (4:2:1v/v/v) and stored under nitrogen in glass vials with Teflon caps in the

dark at -80° C until further use.
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6.2.11 Lipid extraction from cultured cells

Cultured HREC and RPE cells were rinsed three times with PBS, and scraped in ice-cold

40% methanol using 250 uL per 1X105 cells. Cells were lysed by vortexing, and aliquots of cell

lysate were used for determination of protein content by Bio-Rad or Qubit protein assays to
confirm that equal amounts of cells were being extracted. Cell homogenates were then extracted
with 2:1 chloroform:methanol as described for retina, and re-extracted to remove aqueous

contaminants carried over during the extraction. Lipid extracts were resuspended in isopropanol:

methanol:chloroform (4:2:1v/v/v) using 100 uL / 1X105 cells.

In some experiments (see Chapter V), specific extraction of sphingolipids from 50% of
the total cellular homogenate was used to provide detailed analysis of low-abundance
sphingolipids, particularly sphingomyelin. Homogenates were combined with 400 pL of
methanol and 250 pL of chloroform and heated at 48 degrees Celsius overnight. 75 uL of 1M
potassium hydroxide (prepared in methanol) was added, and samples were heated for two hours
at 37 degrees Celsius to destroy glycerolipids. Samples were neutralized with 6 pL of glacial
acetic acid, and extracted with 1.0 ml chloroform and 2.0 ml water. After vortexing and
centrifugation, the lower phase was collected, and the remaining aqueous phase was re-extracted
with 2.0 ml of chloroform. Samples were dried under nitrogen, and re-extracted as described for
retina to remove salts added during the alkaline treatment steps. Samples were dried again under

nitrogen and resuspended resuspended in isopropanol: methanol:chloroform (4:2:1v/v/v) using

100 uL / 1X1O5 cells in the original homogenate. The remaining 50% of the cellular homogenate
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was extracted with 2:1 chloroform:methanol as described above under non-alkaline conditions.
While the alkaline hydrolysis of glycerolipids enabled detailed examination of sphingomyelin
molecular species, little or no differences were observed between the two extraction methods for

the analysis of ceramide molecular species.

6.2.12 Mass spectrometry conditions for lipid analysis

Immediately prior to analysis, aliquots of lipid extracts were further diluted in
isopropanol:methanol:chloroform (4:2:1 v/v/v) containing 20 mM ammonium hydroxide or 20
mM ammonium acetate. All samples were centrifuged, then loaded into Whatman Multichem
96-well plates (Fisher Scientific) and sealed with Teflon Ultra-Thin Sealing Tape (Analytical
Sales and Service). The samples were introduced to a triple quadrupole mass spectrometer
(Thermo Scientific model TSQ Quantum Ultra or TSQ Vantage EMR) via a chip-based nano-
electrospray ionization (nESI) source (Advion NanoMate, Ithaca, NY) operating in infusion
mode using an ESI HD_A chip, a spray voltage of 1.4 kV, a gas pressure of 0.3 psi and an air
gap of 2 uL. The ion transfer tube of the mass spectrometer was maintained at 150 °C. All MS
and MS/MS spectra were acquired automatically for 2.5-10 minutes at a rate of 500 m/z per
second by methods created using Xcalibur software (Thermo). In MS mode, the Q1 peak width
was maintained at 0.5 Da. For neutral loss and precursor ion MS/MS scans, the peak widths of
both Q1 and Q3 were maintained at 0.5 Da. For product ion scan mode MS/MS experiments, Q1
and Q3 were operated with peak widths of 1.0 Da. The Q2 collision gas pressure was set at 0.5
mtorr. Collision energies were individually optimized for each neutral loss, precursor ion or

product ion scan mode MS/MS experiment of interest using commercially available lipid
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standards whenever possible. A five point Gaussian smooth was applied to all spectra prior to

data analysis.

6.2.13 Identification of lipid molecular species by mass spectrometry
Lipid species were initially identified using lipid class-specific neutral loss and precursor
ion mode tandem mass spectrometry as described in Chapter Il. Mass spectrum peak finding and

correction for 13C isotope effects was performed using the Lipid Mass Spectrum Analysis

(LIMSA) v.1.0 software (7) peak model fit algorithm in conjunction with an expanded user-
defined database of hypothetical lipid compounds. Assignment of phospholipid acyl chain
constituents was achieved by precursor ion scans to monitor for the formation of specific m/z

product ions corresponding to deprotonated fatty acid anions in negative ion mode; these scans
identified glycerophospholipids as [M-H] , [M+CI], [M+CH3CO5] and [M+CH30CO,] ions.
Acyl chain constituents of ceramides and other sphingolipids were confirmed where possible by
product ion MS/MS analysis of [M+H]Jr ions of interest. Assignment of diacylglycerol and

triacylglycerol acyl chain constituents was achieved by neutral loss scans to monitor for the loss

of m/z values corresponding to the loss of a fatty acid +NH3 from DG and TG [M+NH4]+ ions in

positive ion mode.

6.2.14 Quantitation of lipid molecular species by tandem mass spectrometry
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Quantitative comparison of differences in lipid ion abundances between control and
diabetic retina or erythrocyte samples was performed by two different methods. In Chapter il
and Chapter IV, a ‘label free’ method was employed to quantitate GPCho, GPEtn, GPSer and
GPIns lipids identified from retina and erythrocyte extracts from age matched control and
diabetic rats, 3-6 weeks post STZ injection, and GPCho and GPEtn lipids identified from retina
and erythrocyte extracts from age matched control and diabetic rats, 36 weeks post STZ
injection. For the label free method, lipid species were quantified by determining peak areas

using the LIMSA v.1.0 software peak model fit algorithm as described above. Where applicable,

peak areas of GPEtn [M+H]+ and [M+Na]+ ions of the same lipid molecular species were

summed to account for possible variability in the amount of sodium present across samples.

In the ‘internal standard method’, lipids identified from retina and erythrocyte extracts
from age matched control and diabetic rats, 3-36 weeks post STZ injection, or cellular lipid
extracts from HREC and RPE, were quantitated ratiometrically by comparison with the peak area
of a synthetic lipid internal standard of the lipid class of interest. The LIMSA software peak
model fit algorithm was used as described above for peak finding and isotope correction,
followed by automated comparison of each isotopically corrected peak area with that of the
appropriate internal standard to arrive at an ‘absolute’ value for each identified lipid species.

Quantitated values assigned to GPEtn molecular species were additionally corrected for the

+ . . .
presence of GPEtn [M+Na] ions, when present, as described above, and ceramide molecular

: + . :
species were corrected for the presence of [M+H-H>O] ions when present. Concentrations of

synthetic internal standards employed for the analysis of specific lipid classes were typically:

GPCho(14:0/14:0) (Chapter 111) or GPCho(23:0/23:0) (Chapter V), 1.0 uM; GPEtn 0.65 uM,;
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GPSer(14:0/14:0), 0.65 uM; Ceramide(d18:1/12:0) 8nM for retina lipids, 25-100 nM for HREC
and RPE lipids. All synthetic internal standards were acquired from Avanti Polar Lipids. The

ceramide internal standard was present in Sphingolipid Internal Standard Mix Il (Avanti).

For both methods of lipid quantitation, mass spectra of each lipid extract were initially
acquired at a range of different dilutions to determine the dilution range at which linearity in the
response of specific lipids was observed, and to ensure that the ratio of specific lipid ion
abundances compared to other lipids within the mixture, or compared to an internal standard,
remained constant. However, as no attempts were made to quantitatively correct for different ESI
responses of individual lipids due to concentration, acyl chain length or degree of
unsaturation,(8) or to quantitatively correct for different CID-MS/MS fragmentation efficiencies
as a function of precursor ion mass, we report only the relative change in the abundance of the
experimentally observed lipids between the control and treatment groups, and not the absolute

concentrations.

Measurement of variability introduced by the sample handling steps following lipid
extraction was obtained by performing Pl m/z 184 and NL m/z 87 CID-MS/MS scans on
triplicate dilutions of a given lipid extract, with subsequent comparison of quantitated peak areas
across the triplicate dilutions (See Chapter 111). Measurement of variability introduced by the
instrumentation (i.e., the ion source and mass spectrometer) was obtained by analyzing

individual sample dilutions in triplicate as described above.

6.2.15 Analysis of saponified fatty acids by RP-HPLC
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An aliquot of total lipids from tissues or blood fractions was saponified (0.4 N KOH in
80% methanol, 50 degrees C for 1 hr). Saponified fatty acids were acidified and extracted with
4.0 ml diethyl ether, and stored in methanol containing 1 mM butylated hydroxytoluene.
Saponified free fatty acids were fractionated and quantitated by reverse phase HPLC (RP-HPLC)
using a Shimadzu Prominence System. A linear gradient of 75-100% acetonitrile +0.1% acetic
acid was employed over 65 minutes with a YMC J’sphere H80 reverse phase column with a flow
rate of 1.0 ml/min. Fatty acids were introduced to the HPLC by injection in methanol and were
detected using UV absorbance at 192 nm and evaporative light scatter as previously described
(2). Authentic fatty acid standards (Nu-Chek Prep) were used to generate calibration curves for

verification and quantification of fatty acids.

6.2.16 Viral Vectors

Human ELOVL4 cDNA was prepared from RNA isolated from retinal tissue as described
above, and used for the construction of an E1 and E3-deleted adenoviral vector with hELOVL4
under control of the CMV promoter (Ad-ELOVL4). An empty vector (Ad-Null) adenovirus was
similarly constructed without the hELOVL4 transgene. Adenoviral vectors were diluted in PBS
and stored frozen at -80 degrees Celsius until used for cell culture experiments.

Human ELOVL4 or green fluorescent protein (GFP) were also engineered into self-
complementary adeno-associated virus serotype 2 vectors containing four capsid Y to F
mutations (AAV2 mut quad) (9). hELOVL4 and GFP were placed under control of the strong
constitutive truncated chimeric CMV-chicken B-actin (SmMCBA) promoter. AAV2 mut quad
vectors were diluted in Balanced Salt Solution (BSS, Alcon) and stored at -80 degrees Celsius

until used for cell culture experiments.
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6.2.17 Adenoviral infections in RPE cells

RPE cells were seeded at densities ranging from 250,000 to 500,000 cells per well in 24
well culture plates and allowed to attach overnight in RPE cell culture medium containing 10%
fetal bovine serum. The next day, growth medium was switched to RPE cell culture medium
containing 2% fetal bovine serum (“infection medium”), and adenoviral particles were added to
cell culture wells at multiplicities of infection (MOI) ranging from 50-20,000. Data obtained in
Chapter V utilized an MOI of 100, where MOI is defined as number of viral particles per cell.
Following overnight infection, cell culture media was removed and cells were washed three
times with RPE cell culture medium containing 10% fetal bovine serum. Cells were then grown

for 24-60 additional hours, or used for fatty acid or IL-1p treatments as described below.

6.2.18 hELOVL4-AAV2 mut quad infections in HREC

Primary cultures of human retinal endothelial cells (HREC) were seeded at a density of

1x1050ellslwell in 24 well gelatin-coated cell culture plates and allowed to attach overnight.

After a two hour incubation in serum-free HREC growth medium, cells were treated with
hELOVL4-AAV2 mut quad at an MOI of 1x104, or BSS control, where MOI is defined as
number of viral genomes/cell. Cells were infected overnight, washed three times with HREC
growth medium containing 10% fetal bovine serum, and then cultured a further two to four

weeks in HREC growth medium containing 10% fetal bovine serum with or without

exogenously added fatty acids as described below.

6.2.19 Fatty acid treatments in cultured cells
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For some experiments, RPE and HREC treated with controls, Ad-ELOVL4 adenovirus,
or hELOVL4-AAV2 mut quad were supplied with exogenous 20:5n3 (100 pM) bound to BSA at
a 5:1 molar ratio (as described in (3)). For RPE infected with Ad-Null or Ad-ELOVL4, 20:5n3
was added immediately following removal of virus-containing infection medium and was
replenished daily until cells were harvested for lipid analysis. For HREC infected with
hELOVL4-AAV2 mut quad, BSA-bound 20:5n3 was added to cell culture wells immediately
after removal of virus-containing infection medium. Fresh HREC growth medium containing
100 pM 20:5n3 was fed to cells twice per week for two to four weeks, until cells were harvested
for lipid analysis. No fatty acid treatments were used in cells undergoing stimulation by pro-

inflammatory cytokines (see below).

6.2.20 IL-1p treatment in RPE cells

Confluent RPE cells grown in 24 well culture plates with or without infection by Ad-Null
or Ad-ELOVL4 were switched to RPE growth medium containing 2% fetal bovine serum and
incubated overnight. The next day, IL-1p (Ing/ml) or PBS vehicle was added to cells and
incubated overnight. Media was aspirated, fresh growth media containing IL-1B was added, and
cells were incubated again overnight for a total of 48 hours of IL-1p stimulation (10). Cells were
then washed three times in PBS and harvested for RNA isolation and gPCR analysis of ELOVL4

or ICAM mRNA abundance as described above.

6.2.21 Intravitreal injection of AAV2 mut quad vectors in diabetic rats
Animals were made diabetic by STZ injection as described above. After two weeks of

confirmed diabetes, animals were assigned to receive intravitreal injection of GFP-AAV2 mut
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quad or hELOVL4-AAV2 mut quad. Diabetic animals were anesthetized under isofluorane, and

animals received 2 pL of virus suspended in BSS at 1X1O9 viral genomes/uL for a total of 2

X109 viral genomes delivered. Viral solutions were drawn into sterilized Hamilton 10 pL

syringes, and a sterile 30g 1/2 inch needle was used to puncture the sclera and deliver viral
vectors under the lens and into the center of the vitreous cavity. For permeability assays, diabetic
animals received either GFP-AAV2 mut quad or hELOVL4-AAV2 mut quad in the right eye,
and a sham saline injection of BSS in the left (contralateral) eye. This was done to minimize
effects of large animal-to-animal variability that were to be expected when measuring retinal
vascular permeability in diabetic animals, in addition to the large degree of technical variability
typically associated with the assay. Animals were maintained for an additional 4-6 weeks
following intravitreal injections before being sacrificed for tissue analysis as described above, or

used for assessment of retinal vascular permeability (below.)

6.2.22 Assessment of retinal vascular permeability

Control or diabetic rats receiving intravitreal injections of saline and AAV2 mut quad
vectors were anesthetized under isofluorane, and injected in the tail vein with 1.0 ml of a 25
mg/ml solution of fluorescein isothyocyanate (FITC) conjugated BSA (Sigma) in sterile PBS.
Animals were maintained in the dark in warm cages for two hours. Animals were quickly
weighed and anesthetized again under isofluorane. The chest cavity was opened and blood was
collected directly from the left ventricle into a heparinized syringe. A drop of blood was used to
assess blood glucose concentration with a glucometer (AccuCheck Compact Plus), and the
remainder of the blood was centrifuged to separate and collect plasma. Animals were then

perfused through the left ventricle with 150 ml of a solution of 1% formaldehyde in PBS warmed
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to 37 degrees Celsius. Fixed eyes were enucleated and retinas were dissected out, weighed,
homogenized in lysis buffer (PBS containing 0.1% Triton X-100 and 0.1% sodium azide),
centrifuged, and 200 pL of retinal lysate was assayed on a fluorescence plate reader using
excitation at 485 nm and emission at 520 nm. Retinal fluorescence per mg tissue weight was
normalized to fluorescence of plasma from the same animal per hour of FITC-BSA circulation
time.
6.2.23 Retinal histology and immunohistochemistry

Enucleated eyes from control or diabetic rats receiving intravitreal injections of AAV2
mut quad vectors were fixed for at least 48 hours in formalin (Fisher), followed by automated
vacuum infiltrating tissue processing to paraffin block. Blocks were sectioned on a rotary
microtome at 4-5 microns and placed on 3-aminoalkylethoxysilane coated slides, and dried
overnight at 56 degrees Celsius. Slides were de-paraffinized, hydrated with distilled water, and
adjusted to pH 7.4 with TBST (Scytek Labs). All slides were stained on a Dako Autostainer
(Dako Norther America) as previously described (4). Primary antibody against GFP or ELOVL4
(Sigma) was applied at an optimized dilution in normal antibody diluent (Scytek) for 1 hour, and
visualized as previously described (4) with Vector Nova Red peroxidase chormagen (Vector).
Slides were removed from the autostainer and counterstained with Gill 2 Hematoxylin,
differentiated, dehydrated, cleared, and coverslipped with synthetic mounting medium. Color

images were obtained with a Micropublisher 3.3 Megapixel Color Digital Camera.

6.2.24 Statistical analysis
All data are expressed as mean + standard deviation. Unless otherwise stated, comparison

of data from two independent groups of animals (i.e. control and diabetic) or cell culture
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treatments was performed with a two-tailed T-test with significance established at P<0.05.
Comparison of three independent groups in Chapter V was performed by one-way ANOVA with

post-hoc Tukey test using GraphPad Prism 4.0 software (GraphPad).
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Chapter VII

Conclusions and Future Perspectives

7.1 Conclusions

The studies presented in this dissertation illustrate the feasibility and advantages of
utilizing lipidomics analysis for the identification of novel pathways of lipid metabolism that
contribute to disease progression. By refining and advancing “shotgun” lipidomics strategies to
overcome significant limitations in the methods used for the analysis of complex lipids, we have
conducted the first detailed studies of retinal lipid profiles under normal physiological
conditions, and identified downregulation of fatty acid elongase ELOVL4 as an important
component of aberrant retinal lipid metabolism that contributes to the earliest stages of the

development of diabetic retinopathy.

We demonstrated the utility of a shotgun tandem mass spectrometry platform involving
the use of multiple lipid class-specific precursor ion and neutral loss scan mode experiments to
analyze diverse classes of complex lipids from normal rat retina, without the need for
chromatographic separation of lipid extracts prior to analysis. We used complementary analysis
of protonated or deprotonated lipid precursor ions, or their various ionic adducts, in conjunction
with novel precursor ion or neutral loss scan mode MS/MS experiments to identify rat retina
lipid molecular species that were not detected using MS/MS experiments often employed in
lipidomics analyses. We found that this method of retinal lipid analysis enabled detailed and
sensitive studies of retinal lipid molecular species and facilitated the identification of their lipid

headgroups, backbones, and fatty acyl constituents. This technique enabled the compilation of
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the first extensive catalog of rat retina lipid components observed under normal physiological

conditions.

Furthermore, we evaluated the potential utility of a ‘label free’ method for quantification
of lipid molecular species and compared the results to those obtained using an ‘internal standard’
method, and performed this comparison using lipid extracts from retina and erythrocytes.
Equivalent results were obtained with each quantitative method in the analysis of retina lipid
species. However, the two methods resulted in appreciable differences in the quantitation of
erythrocyte lipids. The data indicated that label-free methods of lipidome quantification may be

feasible when rigorous optimization of analytical parameters has first been performed.

The application of our general lipidomics approach to a rat model of type 1 diabetes
enabled novel insights into the progression of diabetic retinopathy. Overall dysregulation of
retina glycerophospholipid abundances was observed in diabetic animals at both 6 weeks and 36
weeks after induction of diabetes. Additionally, retina glycerophosphocholine lipids exhibited
increased incorporation of the short chain polyunsaturated fatty acid linoleic acid (18:2n6) and
decreased relative levels of long chain fatty acids arachidonic acid (20:4n6) and docosahexaenoic
acid (22:6n3) at both 6 weeks and 36 weeks of diabetes. Subsequent studies of retina lipids from
type 1 diabetic rats at 3-6 weeks of diabetes revealed additional reductions of

glycerophosphocholine species containing unique 32:6n3 fatty acids.

We established that the diabetes induced aberrations of retinal lipid profiles were
associated with dysregulation of retina-specific fatty acid remodeling. The expression levels of
fatty acid elongases and desaturases observed in retina did not correlate with those observed in

liver, and the retinal lipid profile did not correlate with plasma or liver fatty acid content.
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Moreover, diabetes resulted in decreased retinal expression of fatty acid elongases ELOVL2 and
ELOVLSG, and induced dramatic repression of the most abundant retinal elongase, ELOVL4. No
effect of diabetes was observed on retinal desaturase expression. The decrease in elongase
expression in diabetic retina relative to controls was associated with increased markers of retinal
inflammation, including increased levels of the cytokines IL-6 and VEGF, and the adhesion

molecule ICAM-1.

AAV2 mediated gene delivery of ELOVL4 to diabetic retina revealed a previously
unknown role of this elongase in maintenance of the blood-retinal barrier. ELOVL4 completely
prevented diabetes induced activation of the retinal vascular endothelium, increased the
expression of endothelial tight junction and adherens junction components, and decreased the
expression of caveolin-1 relative to diabetic retinas transduced with green fluorescent protein.
These molecular effects of ELOVL4 activity blunted a diabetes-induced increase in retinal
vascular permeability, indicating that gene delivery of ELOVL4 prevented early diabetic
vascular lesions. Overexpression of ELOVL4 in cell culture models of the blood-retinal barrier
indicated that ELOVL4 is primarily involved in the production of ceramide species containing
very long chain fatty acids, but does not affect the production of phospholipids containing very
long chain polyunsaturated fatty acids in these cells. This modulation of sphingolipid metabolism
by ELOVL4 was sufficient to block cellular activation in response to stimulation by the pro-
inflammatory cytokine IL-1p, suggesting that ceramides containing ELOVLA4-derived fatty acids
may protect the blood retinal barrier from the damaging effects of diabetes induced retinal

inflammation.

Overall, these data indicate that dysregulation of retinal lipid metabolism contributes to

the pathogenesis of diabetic retinopathy by disrupting ELOVL4-mediated sphingolipid
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metabolism (See Figure 7.1). Modulation of retinal very long chain sphingolipid metabolism in
diabetes may represent a novel target pathway that contributes significantly to the development

of diabetic visual impairment.
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Figure 7.1. Revised schematic of the proposed role of ELOVL4 in the
development of diabetic retinal lesions. The proposed scheme applies
to cells that comprise the blood-retinal barrier, as effects of ELOVL4
activity in non-BRB cells were not addressed by the studies in this
Dissertation.

247



7.2 Future Perspectives

While our initial studies of retinal lipid metabolism in diabetes encompassed both short
(3-6 weeks) and long (36 weeks) durations of experimental diabetes, the experiments
demonstrating a role for ELOVL4 in maintenance of vascular integrity were all performed
exclusively in animals with a short duration of diabetes. While induction of vascular
permeability by diabetes is an excellent marker for early retinal vascular degeneration, an
important next step would be to perform similar intravitreal delivery of ELOVL4 in diabetic
animals and maintain the animals for up to 8 or 9 months of diabetes. This would allow
assessment of the formation of acellular degenerate capillaries in ELOVL4 transduced retinas as
compared to retinas transduced with a control virus. Currently, the formation of acellular retinal
capillaries represents the most advanced stage of diabetic retinopathy that can be observed in
animals. Furthermore, it should be noted that retinal delivery of ELOVL4 in diabetic animals
resulted upregulation of at least one pro-inflammatory cytokine, IL-1, relative to diabetic retinas
transduced with GFP. As the long term consequences of increased IL-1p in the retina could be
pathological, an important next step in future ELOVL4 studies should be to delineate which
retinal cell types may respond to ELOVL4 upregulation by increasing cytokine production.
Perhaps a more viable long term strategy for testing the therapeutic potential of AAV2 mediated
ELOVL4 normalization would include placing ELOVL4 under an endothelial (such as ve-
cadherin) or blood-retinal barrier specific promoter (such as zo-1 or occludin) in order to

circumvent potential adverse effects of overexpressing ELOVLA4 in certain retinal cell types.

Elucidation that ELOVL4 promotes blood retinal barrier integrity is a novel and
interesting outcome of the studies presented in this dissertation. At present, however, the precise

mechanism(s) of this phenomenon are not clear. Experiments in cell culture models of the blood-
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retinal barrier strongly suggest that ELOVL4 plays a key role in retinal sphingolipid metabolism.
Vascular and perivascular upregulation of ELOVLA4 in diabetic retinas prevented upregulation of
acid sphingomyelinase, an important enzyme of catabolic sphingolipid metabolism and a key
responder in retinal vascular inflammatory signaling that is known to play a central role in the
induction of retinal vascular damage in several models of retinal injury. It is conceivable that
upregulation of de novo very long chain ceramide metabolism by ELOVL4 counter-regulates
catabolic formation of shorter chain ceramide by acid sphingomyelinase. This idea could be
tested by overexpressing or inhibiting expression of ELOVL4 or acid sphingomyelinase and
assessing expression levels and/or activity of the opposing enzyme. However, it would be
important to establish that C26:0 ceramide plays a cellular role distinct from that of
sphingomyelinase-generated ceramide species. Perhaps this could be achieved by performing
subcellular fractionation of various cellular membranes and membrane microdomains, and
determining localization of the various ceramide species. At present, determining precise
physiological and biochemical roles of individual ceramide molecular species remains one of the

greatest challenges in the fields of sphingolipid metabolism and analysis.

Ceramides serve many cellular purposes and may be degraded to simpler sphingolipid
metabolites that serve as important signaling molecules; alternatively, ceramides may function as
building blocks for more complex sphingolipid molecules such as highly glycosylated sialic-acid
bearing sphingolipids collectively termed gangliosides. Very long chain fatty acids have been
described in retinal gangliosides through indirect methods that did not enable verification of the
structures of the purported molecules. Nonetheless, gangliosides have been shown to interact
with and negatively regulate the function of numerous receptors involved in cellular signaling

processes, including VEGF receptor 2. Thus it is conceivable that ELOVL4 derived ceramide
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species are funneled into complex gangliosides that impact signaling through the VEGF receptor,
or receptors for pro-inflammatory cytokines. To test this idea, ganglioside-enriched lipid extracts
from control or ELOVL4 overexpressing cells could be analyzed for ganglioside content of very
long chain fatty acids. Cells could be challenged with VEGF and phosphorylation of the VEGF
receptor could be monitored as a readout of receptor activity. Changes in ganglioside fatty acid
content induced by ELOVL4 could then be correlated with any observed impact on VEGF

receptor activity.

The apparent similarity of ELOVL4 activity in the inner and outer blood-retinal barriers
suggests that ELOVL4 could be explored as a therapeutic intervention in retinal disorders
beyond diabetic retinopathy. The “wet” or neovascular form of age-related macular degeneration
involves impairment of the outer blood-retinal barrier with neovascular growth of choroidal
blood vessels into the retina. Delivery of ELOVL4 by either subretinal or intravitreal routes
could theoretically be tested for pro-barrier and anti-neovascular effects; however, the

availability of appropriate animal models of this disease is currently limited.

ELOVLA4 is expressed in many tissues outside of the eye. Yet the function of ELOVL4 in
most tissues has not been explored. Considerable expression of ELOVL4 has been noted in
brain, and brain microvascular endothelial cells form a blood-brain barrier that is absolutely
required for proper brain function. Exploration of possible roles ELOVL4 in maintenance of the
blood brain barrier could shed new light on factors that promote the viability of the critical

partition between the brain and the systemic circulation.

A role for ELOVL4 in the endogenous production of very long chain saturated or

monounsaturated fatty acids has been described in skin and, in the present study, in retinal
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microvasculature and retinal pigment epithelium. However, ELOVL4 function to date has been
primarily associated with production of VLCPUFA in retinal neurons and testes, and VLCPUFA
have only been described in retina, testes, and brain. It is therefore very possible that ELOVL4
predominantly functions in the mediation of sphingolipid metabolism and/or production of very
long chain saturated and monounsaturated fatty acids in most of the tissues in which it is
expressed. This possibility opens up multiple avenues of potential future investigation of the

tissue and cell-specific biochemical functions of ELOVL4, and its role in mammalian

physiology.
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