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Abstract

Dysregulated sphingolipid metabolism causes neuronal cell death and is associated with insulin
resistance and diseases. Thus, we hypothesized that diabetes-induced changes in retinal sphingolipid
metabolism may contribute to neuronal pathologies in diabetic retinopathy. ESIMS/MS was used to
measure ceramide content and ceramide metabolites in whole retinas after 2, 4, and 8 weeks of
streptozotocin-induced diabetes. After 4 and 8 weeks of diabetes, a ~30% decrease in total ceramide
content was observed, concomitant with a significant ~30% increase in glucosylceramide levels in
fed diabetic rats compared with their age-matched controls. Acute insulin therapy as well as a short-
term lowering of glucose via fasting did not affect the increase in glucosylceramide composition. To
assess the putative biological consequences of the increase in glucosylceramide composition, R28
retinal neurons were treated with glucosylceramide synthase inhibitors. Inhibiting glycosphingolipid
metabolism increased insulin sensitivity in retinal neurons. Glycosphingolipid inhibitors augmented
insulin-stimulated p70 S6kinase activity in the presence of inhibitory concentrations of high glucose
or glucosamine. Inhibition of glycosphingolipid synthesis also suppressed glucosamine- and
interleukin-1B-induced death. Consistent with these inhibitor studies, pharmacological accumulation
of glycosphingolipids increased activation of the endoplasmic reticulum stress response, a putative
modulator of insulin resistance and neuronal apoptosis. It is speculated that an increase in
glucosylceramide, and possibly higher-order glycosphingolipids, could contribute to the
pathogenesis of diabetic retinopathy by contributing to local insulin resistance, resulting in neuronal
cell death. Thus, dysfunctional glycosphingolipid metabolism may contribute to metabolic stress in
diabetes, and therapeutic strategies to restore normal sphingolipid metabolism may be a viable
approach for treatment of diabetic retinopathy.

Vision loss from diabetic retinopathy results from the cellular dysfunction of multiple cell types
of the retina. This multifaceted disease affects the vascular, glia (micro and macro), and neurons
of the retina (1). The effect of neuronal apoptosis, which occurs early and is chronic in diabetes,
is just now being fully appreciated. We and others (2-6) have reported that the neurons of the
retina undergo apoptosis in both human and experimental diabetes models. However, the direct
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and indirect causes of neuronal dysfunction remain poorly defined. We recently demonstrated
that the insulin receptors, as well as downstream prosurvival cascades including
phosphatidylinositol 3-kinase/Akt and p70 S6 kinases, are impaired in the diabetic retina (7),
which may underlie the neuronal apoptosis.

In addition to loss of neurotrophic input, metabolic stresses may also be a causative factor in
diabetic retinopathy. Sphingolipid metabolites have been demonstrated to regulate cellular
stress and fate via a balance between proapoptotic/growth-arresting lipids and prosurvival/
proliferative lipids and their resulting effect on signaling pathways (8). Ceramides are generally
considered proapoptotic sphingolipids that accumulate in response to stress and proapoptotic
stimuli, such as interleukin (IL)-1B and tumor necrosis factor (TNF)-a. Ceramides contribute
to apoptosis/growth arrest at the biochemical level by inhibiting phosphatidylinositol 3-kinase/
Akt (9,10) and extracellular signal-related kinase (11) signaling cascades and at the biophysical
level by regulating mitochondrial permeability (12) and Golgi fragmentation (13).

Glycosphingolipids are metabolites of ceramide that have been implicated in cellular
immunity, inflammation, and multidrug resistance to cancer (14). Simple glycosphingolipids,
such as glucosyl and galactosylceramide (cerebrosides or monohexosylceramides), serve as
building blocks for more complex glycosphingolipids, including sulfatides, globosides, and
gangliosides. Recent reports (15-21) suggest that these glycosphingolipids can mediate
apoptosis, insulin resistance, and cellular stress. In addition, altered sphingolipid and
glycosphingolipid metabolism causes several retinal diseases. Lysosomal storagediseases,
which often are a consequence of dysregulated sphingolipid metabolism, are associated with
retinal impairment. As examples, patients with Farber’s disease (acid ceramidase), Tay-Sachs/
Sandhoff (hexosaminidase A or B), Gaucher’s (glucosylceramidase), Krabbe’s
(galactoslyceramidase), and Niemann Pick (sphingomyelinase) disease lose vision due to
retinal neuronal cell death. Furthermore, overexpression of a neutral ceramidase gene in
Drosophila abrogates retinal degeneration (22). Thus, understanding the roles that (glyco)
sphingolipid enzymes and their metabolites have in the retina may offer new targets for retinal
diseases. Herein, we hypothesize that diabetes alters retinal sphingolipid metabolism and may
contribute to the pathogenesis of diabetic retinopathy. The data indicate that increased
glycosphingolipid composition may contribute to the metabolic stress that leads to retinal
inflammation and neurodegeneration in diabetes.

RESEARCH DESIGN AND METHODS

Bovine insulin was purchased from Sigma (St. Louis, MO). Laminin and cell-permeable cAMP
were purchased from BD Biosciences (Franklin Lakes, NJ) and MP Biomedicals (Irvine, CA),
respectively. Anti-phospho-p70 S6K (Thr389) and total p70 S6K were obtained from Cell
Signaling Technology (Beverly, MA). Anti-GRP78 was purchased from Assay Designs (Ann
Arbor, MI). Glucosylceramide synthase rabbit antisera was a generous gift from Drs. R.E.
Pagano and D.L. Marks, Mayo Clinic and Foundation (Rochester, MN) (23). Anti-C/EBP
homologous protein (CHOP), anti-rabbit, and anti-mouse 1gG-horseradish peroxidase were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). N-butyldeoxygalactonojirimycin
(NB-DGJ) was purchased from Toronto Research Chemicals (North York, ON, Canada) and
conduritol B epoxide (CBE) and oL-threo-1-phenyl-2-palmitoylamino-3-morpholino-1-
propanol (PPMP) from Biomol (Plymouth Meeting, PA). IL-1p was purchased from Promega
(Madison, WI).

Cell culture and mouse model

R28 cells, an E1A immortalized model of retinal neurons, were a generous gift from Dr. Gail
M. Seigel, State University of New York, Buffalo, New York (24). These cells were grown in
Dulbecco’s modified Eagle’s medium containing 5 mmol/l glucose supplemented with 10%
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newborn calf serum (Hyclone, Logan, UT) and were differentiated on laminin-coated plates
or coverslips with the addition of 25 umol/I cell-permeable cAMP as previously described
(25). Cells were treated as described in the text.

Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) were fasted
overnight and given a single intraperitoneal injection of streptozotocin (STZ) (65 mg/kg;
Sigma) freshly dissolved in 10 mmol/I sodium citrate buffer (pH 4.5). Diabetes was confirmed
6 days later by blood glucose >250 mg/dl (Lifescan, Milpitas, CA). Age-matched control and
diabetic rats were monitored regularly by weight and blood glucose tests. Rats were housed in
accordance with the institutional animal care and use committee guidelines, and the study
protocol adhered to the Association for Research in Vision and Ophthalmology statement for
the use of animals in ophthalmic and vision research. Rats were maintained by the Juvenile
Diabetes Research Foundation Animal Core Facility at Penn State University and group housed
in solid plastic-bottom cages with bedding as well as ad libitum food (Teklad Global 18%
protein rodent diet) and water under a normal 12-h light-dark schedule. In some cases, groups
of animals were fasted for 16 h before they were killed. Another group of animals received
subcutaneous insulin injections with 5 units Humulin Regular/5 units Humulin Ultralente twice
daily for 3 days before they were killed as previously described (26). Retinas were dissected
at the indicated times and snap frozen in liquid N». The average weight and blood glucose of
the animals on the days they were killed are indicated in Table 1.

Ceramide and sphingolipid metabolites quantification

To measure sphingolipid metabolites, whole retinas were homogenized in 10 mmol/l Tris, pH
7.2. An aliquot was utilized for protein concentration determination. The lysates were then
subjected to lipid extraction. Sphingolipid metabolites were detected by mass spectrometry
and normalized to total protein by methods described by the authors by liquid chromatography
and electrospray ionization-tandem mass spectrometry (27,28). Internal standards were
obtained from Avanti Polar Lipids (Alabaster, AL).

Western blot analysis

Western blot analyses were performed essentially as previously described (9). Briefly, treated
R28 cells were washed in ice-cold Dulbecco’s PBS solution, and lysis buffer (50 mmol/Il
HEPES, 137 mmol/l NaCl, 5 mmol/l NaF, 1 mmol/l EDTA, 1 mmol/l EGTA, 1 mmol/l
NaVOy, 1% NP-40, protease inhibitor cocktail; Roche, Indianapolis, IN) was added. Cell
lysates were cleared by centrifugation, and the Bio-Rad DC protein assay was utilized to
determine protein concentration. Typically, 30 ug of protein lysate per sample was separated
on 4-12% NuPAGE gels (Invitrogen, Carlsbad, CA) and transferred to hybond nitrocellulose
membranes (GE Healthcare). The membranes were blocked in 5% nonfat milk in Tris-buffered
saline with 0.1% Tween-20 (TBST) for 1 h and then incubated with the primary antibodies
(1:1,000 dilution in 5% nonfat milk TBST or 5% BSA in TBST) overnight at 4°C. After
incubation, the membranes were washed three times with TBST for 10 min each. The blots
were then incubated with secondary horseradish peroxidase-conjugated goat anti-rabbit IgG
(Santa Cruz) antibody at a 1:5,000 dilution in 5% nonfat milk in TBST for 2 h at room
temperature. The membranes were then washed three times with TBST. The bands were
visualized by enhanced chemiluminescence and quantified using ImageQuant (Molecular
Dynamics, Sunnyvale, CA) or GeneTools SynGene (K&R Technology, Frederick, MD)
software.

Immunohistochemistry and confocal microscopy

Retina sections (10 pm) on glass slides were fixed in 2% paraformaldehyde for 10 min at room
temperature and subsequently rinsed in PBS (2 x 10 min). Slides were blocked in 10% donkey
serum (Jackson ImmunoResearch, West Grove, PA) for 1 h before incubation with anti-
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glucosylceramide synthase antibody (1:100) overnight at 4°C. Slides were subsequently
washed with PBS containing 0.1% Triton X-100 (3 x 20 min). The slides were then incubated
with the secondary antibody (CY3-conjugated donkey anti-rabbit, 1:1,000; Jackson
ImmunoResearch). Slides were then washed in PBS with Tween (3 x 20 min) and mounted
with aqueous medium (Aqua/Polymount; Polysciences). All images were obtained with a
confocal microscope (TCS SP2 AOBS; Leica, Deerfield, IL) at 512 x 512-pixel resolution.
Images were maximum projections of z-stacks.

Ganglioside determination

A colormetric assay was utilized to determine the relative amount of lipid-bound sialic acid on
gangliosides from R28 cells by a resorcinol-HCI-Cu2* assay after periodate treatment utilizing
methods described by others (29).

Cell viability/death assays

R28 cells were cultured on glass coverslips and treated as described in the text. After treatment,
cells were washed in PBS and fixed in 2% paraformaldehyde for 10 min before staining/
mounting with Vectashield mounting medium with DAPI (4',6-diamidino-2-phenylindole)
(Vector Laboratories, Burlingame, CA). Five randomly sampled fields from each coverslip
were observed to determine the percent of pyknotic nuclei as previously described (25). In
other cases, total cell counts were used to determine viability.

Statistical methods

One-way ANOVA with Bonferroni multiple comparison posttest and t test analysis were
performed using GraphPad Prism 4.0 software, with statistical significance considered if P <
0.05. Data are reported as the means + SE from at least three replicate experiments.

RESULTS

Diabetes decreases total ceramide content in retinas of STZ-induced diabetic rats

Proinflammatory cytokines, such as IL-1p and TNF-a, are increased in diabetic rat retinas
(30-32), and these cytokines have been demonstrated to increase ceramide content through the
activation of the de novo or salvage pathways. Furthermore, ceramide content is increased in
the skeletal muscle of insulin-resistant rats (33,34) and humans with diabetes (35,36). We
therefore hypothesized that ceramide content would also be increased in these retinas.
Ceramide content was measured after 2, 4, and 8 weeks of STZ-induced diabetes by ESI-MS/
MS (27). The total of all ceramide molecular species is shown in Fig. 1A. After 2 weeks of
diabetes, ceramide levels remained constant; however, surprisingly, after 4 and 8 weeks of
diabetes there was a ~30% decrease in total ceramide content. We have previously shown that
acute insulin therapy in diabetic rats can restore or partially restore impaired signaling in this
model (7,26); thus, it was determined whether 72 h of insulin therapy would restore ceramide
levels to control levels. We again observed that after 4 weeks of diabetes, ceramide mass was
decreased ~30%, but insulin did not restore ceramides to basal levels (Fig. 1B). These data
demonstrate that retinal ceramide content is diminished by diabetes and suggest that the altered
lipid metabolism may impart retinal resistance to insulin action.

In light of the 30% reduction in total ceramide content, we next analyzed the different molecular
species of ceramides (Fig. 1C). In the normal retina, 79% of the ceramides contained long-
chain saturated C16:0 or C18:0 fatty acids, whereas 21% contained very-long-chain fatty acyl
species (C20:0 or longer). This ratio was unaltered by 4 weeks of diabetes, even though the
total amount of C16:0 and C18:0 ceramide species diminished by 30%, paralleling the decrease
in total ceramide content in diabetes. Moreover, total retinal lipid fatty acid composition, as
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assessed by gas-liquid chromatography, did not change after 4 weeks of diabetes (data not
shown). These data further suggest a unique fatty acid composition of ceramide, as total retinal
fatty acid composition also contains unsaturated oleic, arachidonic, and docosahexaenoic acids,
which were not observed in the ceramide species from the retina.

Diabetes increases retinal glucosylceramide content in diabetic rats

Decreased ceramide mass suggests an alteration in sphingolipid metabolism, so additional
sphingolipids were also measured. Quantification of sphingomyelin, sphinganine, and
sphingosine by ESI-MS/MS (28) after 4 weeks of diabetes revealed no significant changes
compared with age-matched control retinas (Table 2). Phosphorylated sphingoid metabolites
(ceramide-1-phosphate, sphingosine-1-phosphate, and sphinganine-1-phosphate) were present
in small amounts, and no overt alterations were observed (data not shown). Increased
monohexosylceramide has been implicated in renal complications of diabetes (37), so
monohexosylceramide content was also assessed. We observed a significant increase of ~30%
in monohexosylceramide levels in fed diabetic rats compared with their age-matched controls
(Fig. 2A). These monohexosylceramides were further identified by ESI-MS/MS to be
glucosylceramide with no detectable levels of galactosylceramides. This is not surprising as
the retina is devoid of the oligodendrocytes and myelin, which are rich in galactosylceramide
and sulfated galactosylceramide (sulfatides). After fasting rats for 16 h, which diminished the
blood glucose concentration of the diabetic animals by 55.6% (227.63 + 22.55 vs. 409.29 +
17.63 mg/dl), the levels of glucosylceramide in the retinas of fasted diabetic animals were at
the same levels as their fed diabetic counterparts, still 30% above basal. Thus, a short-term
decrease in glucose concentration did not diminish the higher levels of glucosylceramide,
suggesting that the increase in glucosylceramide may reflect changes in glucosylceramide
synthase and not mass action. We also assessed the fatty acid composition of the
glucosylceramide (Fig. 2B). Similar to ceramide, the majority of glucosylceramide contains
saturated palmitic and stearic fatty acids. These C16:0 and C18:0 molecular species of
glucosylceramide are significantly increased in diabetes (P < 0.01) and comprise between 63
and 70% of the total glucosylceramide species. We conclude that the elevated metabolism of
ceramide in diabetic rat retinas generates glyco(glucosyl)sphingolipids but not other sphingoid
derivatives.

Glucosylceramide synthase is expressed in the retina

The first committed step to the formation of many glycosphingolipids is catalyzed by
glucosylceramide synthase, which forms glucosylceramide through the addition of glucose
from uridine diphosphate (UDP)-glucose to ceramide. By immunohistochemistry, we
demonstrated that the retina expressed glucosylceramide synthase, with strongest
immunoreactivity observed within the neuronal plexiform layers and the outer segments of the
photoreceptors, which was unaltered by diabetes (Fig. 3) (23). In addition we have validated
these results using another antibody to GCS obtained from Exalpha Biologicals (data not
shown). This result demonstrates that the intact rat retina expresses glucosylceramide synthase,
afinding consistent with our ESI-MS/MS data (Fig. 2B), and has the capability of metabolizing
ceramide to glucosylceramide metabolites.

Since glucosylceramides are the first committed step to the formation of most gangliosides, it
was next determined whether hyperglycemic conditions would increase gangliosides formation
in vitro. R28 cells, a model of retinal neurons, were treated with an elevated glucose
concentration for 72 h. Gangliosides were purified, and a colorimetric assay was utilized to
determine the relative amount of sialic acid-containing sphingolipids. We noted a significant
69% increase in gangliosides treated with elevated levels of glucose (control 1.00 + 0.07 vs.
high glucose [50 mmol/l] 1.69 + 0.23, n = 3; P < 0.05). Thus, hyperglycemic conditions may
be sufficient to increase glycosphingolipid metabolism.
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Inhibition of glycosphingolipids metabolism increases insulin sensitivity in retinal neurons

To investigate the potential consequence of this increase in glucosylceramide, an in vitro model
of retinal neurons was utilized to determine the putative effects of altering glycosphingolipid
metabolism on insulin signaling. R28 cells were pretreated for 24 h with NB-DGJ, a selective
imino sugar inhibitor of glucosylceramide synthase (38,39), or PPMP, a morpholino ceramide
analog inhibitor of glucosylceramide synthase. Then, R28 cells were treated with high-glucose
conditions or glucosamine for an additional 24 h still in the presence of these inhibitors, with
the last 2 h under serum-free conditions. R28 cells were subsequently treated with insulin (10
nmol/l for 15 min) and the phosphorylation of p70 S6K, an insulin-responsive prosurvival
enzyme whose activity is decreased in the diabetic retina (7), was analyzed by Western blotting
(Fig. 4). In the absence of insulin, these glucosylceramide synthase inhibitors caused a modest
increase in basal phosphorylation of p70 S6K. When R28 cells were stimulated with insulin,
there was a marked increase in Thr389 phosphorylation of this enzyme. Pretreatment with NB-
DGJ or PPMP induced a significant increase in insulin-stimulated phosphorylation of p70 S6K.
Also of importance, high glucose and glucosamine suppressed insulin-stimulated p70 S6K. In
the presence of NB-DGJ or PPMP, insulin further stimulated p70 S6K phosphorylation in the
presence of inhibiting concentrations of high glucose or glucosamine. Thus, inhibition of
glycosphingolipid metabolism increases insulin sensitivity in retinal neurons.

Glycosphingolipids augment the endoplasmic reticulum stress response in retinal neurons

Diabetes-induced stress and insulin resistance have been associated with induction of the
endoplasmic reticulum (ER) stress response (40-43). Stress-induced abnormal protein
processing and folding is associated with neurodegeneration (44,45). We investigated the
ability of accumulating glycosphingolipids to regulate ER stress in cultured R28 cells. R28
cells were pretreated with CBE, an inhibitor of glucosylceramidase, to limit the catabolism of
glucosylceramides and subsequently treated with or without glucosamine. Glucosamine alone
induced the expression of glucose-related protein 78 (GRP78) and CHOP, chaperone proteins
that are markers of ER stress (Fig. 5). In the presence of CBE, this induction of GRP78 and
CHOP was significantly increased. These data suggest that glycoconjugated ceramide
metabolites may contribute to ER stress responses in retinal neurons.

Glycosphingolipids regulate glucosamine- and inflammatory cytokine-induced cell death in
retinal neurons

Treatment of retinal pericytes with glucosamine increases glycosphingolipid formation, which
suppresses pericyte proliferation (46). We therefore investigated if glucosamine-induced R28
retinal neuronal cell death (47) can be inhibited by suppressing glycosphingolipid metabolism
(Fig. 6A). Treatment of R28 cells with glucosamine for 24 h under serum-free conditions
induced 25% pyknosis of the remaining adhered cells, which was significantly higher than
basal cell death (P < 0.01). This apoptosis was suppressed to ~14% for cells treated with either
NB-DGJ (P < 0.01) or PPMP (P < 0.01).

Similarly, as inflammatory cytokines have been demonstrated to mediate their apoptotic effects
through altered glycosphingolipid metabolism (19,48), we determined whether inhibition of
glycosphingolipid metabolism could suppress IL-13-induced death in R28 cells (Fig. 6B). We
observed that IL-1p significantly reduced cellular viability to 30% of untreated cells (P < 0.01).
Importantly, both NB-DGJ and PPMP increased R28 cell viability in the presence of IL-1p
(P <0.01 and P < 0.05, respectively). Therefore, we conclude that inhibition of
glycosphingolipid synthesis inhibits the apoptotic effects of hexosamine pathway metabolites
and/or inflammatory cytokines, which may be involved in the pathogenesis of diabetes
complications.
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DISCUSSION

In this study, we demonstrate for the first time that increased glycosphingolipid synthesis
through glucosylceramides may contribute to cell death in diabetic retinopathy. In the diabetic
rat retina, cellular ceramide levels are decreased (Fig. 1), with a corresponding increase in
glucosylceramides (Fig. 2). Pharmacological strategies were utilized to determine the
biological consequences of altered glycosphingolipid metabolism in cultured retinal neurons.
In vitro, inhibition of glucosylceramide catabolism augments glucosamine-induced stress
response (Fig. 5) and inhibition of glycosylceramide synthesis increased insulin sensitivity in
retinal neurons (Fig. 4). Decreased glycosphingolipid synthesis also reduced glucosamine- and
IL-1B-induced retinal neuronal cell death (Fig. 6). Thus, elevated glucosylceramides
composition can putatively mediate stress responses and/or insulin resistance, contributing to
the pathogenesis of diabetic retinopathy.

Our data demonstrate that increased glycosphingolipids may be a major mediator of diabetic
retinopathy and are consistent with several studies that implicate glycoconjugated ceramide
metabolites in the complications of diabetes. Increases in glycosphingolipids also have been
implicated in renal hypertrophy/diabetic nephropathy, possibly mediated by advanced
glycation end products (37,49) and in the diabetic liver (50,51). In fact, autoantibodies to
sulfatides, GT3, GD3, and GM2-1 have been identified in patients with type 1 diabetes (52).
Consistent with our data (Figs. 4-6), glycosphingolipids may facilitate proapoptotic,
inflammatory cytokine signaling cascades and exacerbate diabetes complications. Our fatty
acid data also indicate a primarily saturated composition for the accumulating
glucosylceramide, which is consistent with localization within highly structured membrane
domains associated with insulin signaling cascades. It may be that augmented
glycosphingolipid metabolism contributes to neuronal dysfunction through altered lipid
microdomains. In fact, we have recently found that cholesterol depletion, which disrupts lipid
microdomains, reduces insulin receptor autophosphorylation by insulin in R28 retinal neurons
(T.E.F., M.K., unpublished data). In addition, GM3 within microdomains (18) has been
implicated in insulin resistance in response to TNF-a (15), and, conversely, mice deficient in
GM3 synthase exhibit greater insulin sensitivity (21). Recent reports suggest that
glycosphingolipids can also mediate apoptosis and cellular stress. GD3 has been implicated in
TNF-a and CD95 (Fas)-induced apoptosis (16,17,19,48), and GT1b has been demonstrated to
inhibit prosurvival Akt activation (53). Lastly, in neuronal tissues, glycosphingolipids have
been implicated in increasing sensitivity to neurotoxic agents such as the excitatory amino acid
neurotransmitter, glutamate (20), a potential contributor to diabetic retinopathy (54,55). Taken
together, glycosphingolipids may be responsible, in part, for insulin resistance in diabetes.
Alternatively, diabetic retinopathy could, in part, result from the inability to process augmented
glycosphingolipid metabolism, instead of being the result of a specific glycosphingolipid.

We demonstrated that inhibition of glucosylceramide catabolism further sensitized cultured
retinal neurons to glucosamine-induced stress. Supporting our studies demonstrating
glycosphingolipid-enhanced stress responses and cell death in retinal neurons are studies from
the Futerman laboratory, in which glutamate-induced calcium release and neuronal cell death
can be reversed by imiglucerase, a recombinant glucosylceramidase (20). In addition, a
glucosylceramide synthase inhibitor NB-DGJ reduced hippocampal neuronal death caused by
thapsigargin treatment, an inducer of intracellular calcium release and ER stress (56).
Furthermore, GM1 accumulation induces the ER stress response in vitro and in vivo in neurons
(57), consistent with data not shown, demonstrating that exogenous GM1 induces the ER stress
protein GRP78 in retinal neurons. The ability of glycosphingolipids to mediate stress responses,
possibly through the regulation of calcium homeostasis, provides a mechanism by which
increased glycosphingolipid composition may contribute to neuronal cell death in diabetic
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retinopathy. Taken together, glycosphingolipids may be a causative factor for diminished
insulin signaling and neuronal cell death in diabetic retinas.

While we have emphasized the possible mechanisms by which glycosphingolipids may affect
the neurons, we are cognizant of the fact that the effects of this increase may be manifested
through other cell types in the retina. One characteristic of diabetic retinopathy is pericyte
dropout. El Bawab and colleagues (46) laboratory has recently demonstrated that glucosamine-
induced pericyte growth inhibition is mediated through increased ganglioside production.
Furthermore, glycosphingolipids have been demonstrated to activate microglial cell lines to
produce the inflammatory mediators inducible nitric oxide synthase, TNF-a, and IL-1p through
protein kinase C and NADPH oxidase (58) and protein kinase A (59). Lastly,
glycosphingolipids can stimulate vascular endothelial growth factor production (60), which in
turn could possibly modulate vascular permeability and/or angiogenesis. Interestingly,
vascular endothelial growth factor can be produced in the retina under ER stress conditions
(61). Thus, activated glial, vascular, and neuronal tissue may synergistically be the
consequence of, or exacerbated by, altered glycosphingolipid metabolism.

The increase in retinal glucosylceramide content in diabetes may reflect augmented UDP-
glucose production through the pentose pathway, suggesting that hyperglycemia in diabetes
drives glucosylceramide production. The fact that glucosamine induced ER stress and cellular
death may also suggest a role for increased glucose metabolism through the hexosamine
pathway to exacerbate glycosphingolipid-induced diabetes complications. The increase in
glucosylceramide mass does not appear to reflect a change in glucosylceramide synthase mass
or localization, as demonstrated by immunohistochemistry. Even though we have not ruled out
achange in enzymatic activity of glucosylceramide synthase, our data support studies from the
Shayman Laboratory (37), where an increase in renal glucosylceramide mass at the expense
of ceramide was associated with an increase in UDP-glucose and not glucosylceramide
synthase activity (37,62). Alternatively, the inability of short-term fasting or insulin treatment
to diminish glucosylceramide mass may reflect an inability of glucosylceramidase to reduce
these levels within this time period.

Our studies are, to the best of our knowledge, the first to demonstrate that augmented
glycosphingolipid metabolism may contribute to the neuronal pathology of diabetic
retinopathy. This increased glycosphingolipid content may be a consequence of multiple
factors. Several putative causes of diabetes complications include hyperglycemia-induced
increases in the pentose pathway, hexosamine pathway, and/or advanced-glycated end
products, all capable of amplifying glycosphingolipid synthesis and/or contributing to stress-
induced pathology. Taken together, these studies identify glycosphingolipids as potential
therapeutic targets with clinical significance in diabetes complications including retinopathy.
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CBE, conduritol B epoxide; CHOP, C/EBP homologous protein; ER, enoplasmic reticulum;
IL, interleukin; NB-DGJ, N-butyldeoxygalactonojirimycin; PPMP, oL-threo-1-phenyl-2-
palmitoylamino-3-morpholino-1-propanol; STZ, streptozotocin; TBST, Tris-buffered saline
with 0.1% Tween-20; TNF, tumor necrosis factor; UDP, uridine diphosphate.
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FIG. 1.

Ceramide mass is decreased in the diabetic retina. A: Ceramides were measured by ESI-MS/
MS after lipid extraction from control (Cnt) and diabetic (Diab) animals at the indicated time
points; 2 weeks P > 0.05, 4 weeks P < 0.01, and 8 weeks P < 0.01. B: Additional retinas after
4 weeks of diabetes were also assessed for ceramide content after short-term systemic insulin
treatment. C: Ceramide fatty acid species after 4 weeks of diabetes was assessed by ESI-MS/
MS. Means * SE, n = 6-8 animals per group. *P < 0.01. See Table 1 for individual n values.
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FIG. 2.

Glucosylceramide is increased in diabetic retinas. A: Glucosylceramides were also assessed
after 4 weeks from control and diabetic animals under fed and fasted conditions. B: The fatty
acid composition of the glucosylceramides from A. Means + SE, n = 7-8 animals per group.
*P < 0.05.
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FIG. 3.

Glucosylceramide synthase is unaltered in the diabetic retina. Glucosylceramide synthase
localization was assessed between control and diabetic rat retinas by immunohistochemistry.
GCL, retinal ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL,
outer nuclear layer; OPL, outer plexiform layer; OS, photoreceptor outer segments.
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NB-DGJ
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p70 S6K

Inhibition of glycosphingolipid metabolism increases insulin sensitivity in retinal neurons. R28
cells were pretreated with glucosylceramide synthase inhibitors NB-DGJ (100 umol/l) or
PPMP (1 umol/l) for 24 h before treatments with high glucose (HG, 30 mmol/I) or glucosamine
(GIn, 5 mmol/l) for an additional 24 h. Cells were then serum starved for 2 h under the same
conditions and treated with insulin (10 nmol/l) for 15 min. Western blots were then performed,
and the phosphorylation state of p70 S6K, a kinase whose activity is diminished in the diabetic
retina, was assessed. A representative blot of three separate experiments. The differences in
basal activity of these drugs may reflect different pharmacokinetic and pharmacodynamic
characteristics of these drugs.
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GRP78
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Inhibition of glycosphingolipid catabolism augments glucosamine-induced ER stress
responses. A: R28 cells were treated with CBE, an inhibitor of glucosylceramidase, for 2 weeks
before plating for experimentation. Untreated and CBE-treated cells were then treated with
glucosamine at the indicated dose for 24 h. Cellular lysate was subjected to Western blotting
and analyzed for the expression of GRP78, CHOP, or B-actin. A representative blot of three

separate experiments.
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FIG. 6.

Inhibition of glycosphingolipid metabolism increases R28 retinal neuronal cell viability. A:
R28 cells were pretreated with the glucosylceramide synthase inhibitors NB-DGJ (100 pmol/
1) or PPMP (1 umol/l) for 48 h before stimulation with 5 mmol/I glucosamine (GlIn) for an
additional 24 h. Cells were fixed and stained with DAPI, and pyknotic nuclei were counted
and are expressed relative to the total number of cells in each field of view. B: Similarly, R28
cells were treated with NB-DGJ or PPMP and subsequently treated with IL-1 (10 ng/ml) for
24 h. Total cell counts were assessed. Mean + SE. Three coverslips per treatment. *P < 0.05.
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TABLE 1
Average weight and blood glucose
Study Group n Weight (g) Blood glucose (mg/dl)
Fig. 1Aand C Control (2 weeks) 6 288.7 + 4.6 109.1+3.2
Diabetic (2 weeks) 6 236.7+5.6 440.8 +£16.4
Control (4 weeks) 6 398.0+7.8 107.7 £ 14.9
Diabetic (4 weeks) 6 293.1+13.6 371.2+6.5
Control (8 weeks) 7 517.0+ 185 89.0+1.6
Diabetic (8 weeks) 6 342.8+16.1 426.0+19.3
Fig. 1B Control (4 weeks) 8 412.7+11.3 101.9+27
Diabetic (4 weeks) 7 3175+ 147 362.6 +31.1
Diabetic + insulin (4 weeks) 6 307.4+138 73.8+84
Fig. 2 Control fasted (4 weeks) 8 346.0+5.1 79.0+20
Control fed (4 weeks) 7 391.1+147 108.6 +4.3
Diabetic fasted (4 weeks) 8 260.4+6.0 2276 +22.6
Diabetic fed (4 weeks) 7 303.6 +9.6 409.3+17.6

Data are means + SE.
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TABLE 2
Sphingolipid content in the rat retina
Sphingolipid Control (pmol/mg) Diabetes (pmol/mg) P value
Sphinganine 132.2 £16.59 113.6 +11.26 0.37
Sphingosine 235.9 + 14.89 227.4 +13.54 0.68
Sphingomyelin 4854.1 + 184 4835.9 + 207 0.94

Data are means + SE.
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