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Tight junctions (TJs) involve close apposition of trans-
membrane proteins between cells. Although TJ proteins
have been studied in detail, the role of lipids is largely un-
known. We addressed the role of very long-chain (VLC
>26) ceramides in TJs using diabetes-induced loss of the
blood-retinal barrier as a model. VLC fatty acids that in-
corporate into VLC ceramides are produced by elongase
elongation of very long-chain fatty acids protein 4 (ELOVL4).
ELOVLA4 is significantly reduced in the diabetic retina.
Overexpression of ELOVL4 significantly decreased basal
permeability, inhibited vascular endothelial growth fac-
tor (VEGF)- and interleukin-1p-induced permeability, and
prevented VEGF-induced decrease in occludin expression
and border staining of TJ proteins ZO-1 and claudin-5.
Intravitreal delivery of AAV2-hELOVL4 reduced diabetes-
induced increase in vascular permeability. Ultrastructure
and lipidomic analysis revealed that w-linked acyl-
VLC ceramides colocalize with TJ complexes. Overall,
normalization of retinal ELOVL4 expression could prevent
blood-retinal barrier dysregulation in diabetic retinop-
athy through an increase in VLC ceramides and sta-
bilization of TJs.

Loss of the blood-retinal barrier (BRB) and tight junction
(TJ) integrity leads to increased permeability that marks
early stages of diabetic retinopathy (DR). Several factors
have been shown to contribute to increased vascular
permeability, including diabetes-induced increase in the

level of vascular endothelial growth factor (VEGF) (1-3),
interleukin-18 (IL-1B) (4,5), tumor necrosis factor-a (TNF-«)
(5), extracellular proteases, matrix metalloproteases 2
and 9 (6,7), and pericyte loss (8,9). Hyperglycemia is well
known to induce proinflammatory and proangiogenic
changes (10-12). However, the etiology of DR progression
remains incompletely understood, and a recent assessment
of the Diabetes Complications and Control Trial suggests
that only 11% of blindness may be accounted for by hyper-
glycemia (13).

Recent clinical trials, including the Action to Control
Cardiovascular Risk in Diabetes (ACCORD) Eye Trial, have
demonstrated that in addition to hyperglycemia, dyslipide-
mia may contribute a critical role in the development of DR
(14). Diabetic animal models have demonstrated that al-
tered retinal lipid metabolism and dyslipidemia lead to
retinal inflammation and vascular degeneration (15-17).
Our laboratory identified a marked diabetes-induced decrease
in the expression of several retinal fatty acid elongases. Elon-
gation is a complex reaction that results in addition of two
carbons to the carboxyl end of fatty acids. Seven elongation of
very long-chain fatty acids (ELOVL1-7) have been identified
in mammals, with each elongase exhibiting a characteristic
substrate specificity and tissue distribution (18,19). Elon-
gases are highly expressed in normal retina, where they
actively participate in de novo lipogenesis as well as satu-
rated, monounsaturated, and polyunsaturated fatty acid
(PUFA) synthesis. Downregulation of elongases in the diabetic

Department of Physiology, Michigan State University, East Lansing, Ml
2Department of Ophthalmology and Visual Sciences, University of Michigan, Ann
Arbor, MI

3Department of Microbiology & Molecular Genetics, Michigan State University,
East Lansing, MI

40phthalmology and Molecular Genetics and Retina Gene Therapy Group, Uni-
versity of Florida, Gainesville, FL

Corresponding author: Julia V. Busik, busik@msu.edu.

Received 29 August 2017 and accepted 8 January 2018.

This article contains Supplementary Data online at http://diabetes
.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-1034/-/DC1.

© 2018 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit, and the
work is not altered. More information is available at http://www.diabetesjournals
.org/content/license.

SNOILVOITdINOD



https://doi.org/10.2337/db17-1034
http://crossmark.crossref.org/dialog/?doi=10.2337/db17-1034&domain=pdf&date_stamp=2018-03-06
mailto:busik@msu.edu
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-1034/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-1034/-/DC1
http://www.diabetesjournals.org/content/license
http://www.diabetesjournals.org/content/license

770 ELOVL4-Mediated Ceramides Stabilize TJs

retina results in an altered retinal fatty acid profile with de-
creased long-chain-to-short-chain fatty acids ratio (15).

ELOVL4, the highest expressed elongase in the retina
(20), elongates extremely long fatty acids =C24 to produce
=(26 very long-chain PUFA (VLCPUFA) and saturated
VLC fatty acids (VLCFAs) (21-23). Saturated VLCFAs are
primarily incorporated into ceramides and glucosylcera-
mides (18,19). These ceramides with extremely long fatty
acids are major lipid components of the stratum corneum
and have been shown to be essential in maintenance of the
water permeability barrier in skin (18,24,25). ELOVL4 is
important for the maintenance of skin barrier function as
ELOVL4 /" mice are neonatally lethal due to skin barrier
defect (26-28). Besides the role of ELOVL4 in the skin,
ELOVL4 dysfunction has been associated with Stargardt-
like macular dystrophy (STGD3) (29,30). Interestingly,
ELOLV4 is one of the enzymes that was found to be down-
regulated in the retina by both diabetes and retinal ischemia-
reperfusion (31).

We hypothesized that VLC ceramides support BRB
function in an ELOVL4-dependent manner. This study
was designed to test the role of ELOVL4 and VLC ceramides
in diabetes-induced increase in retinal vascular permeability
and to identify whether lipids, in particular VLC ceramides,
localize in the TJ and play a role in controlling the paracellular
permeability of retinal endothelial cells.

RESEARCH DESIGN AND METHODS

Cell Culture

Bovine retinal endothelial cells (BREC, passage 4-6) were
isolated and cultured as previously described (2). For bio-
chemical purification of TJ, ARPE-19 cells were grown in
DMEM/F12 (1:1 ratio, 5 mmol/L glucose) supplemented
with 10% FCS and 1% penicillin/streptomycin at 37°C in
humidified 95% air and 5% CO..

Virus-Mediated Human ELOVL4 Overexpression

Human ELOVL4 (hELOV4) was expressed using an E-1-
and E-3-deleted adenoviral vector system containing the
hELOVL4 ¢DNA (AdhELOVL4) under the control of the
cytomegalovirus promoter. Subconfluent BRECs were trans-
duced with AdhELOVL4 or AdEmpty as a negative control
at a multiplicity of infection 20,000 overnight in Molecular,
Cellular, and Developmental Biology (MCDB) media supple-
mented with 2% serum. Overexpression was confirmed by
quantitative real-time PCR (qPCR) and immunoblotting for
hELOVL4 at the time of permeability studies (60 h after
viral transduction).

For in vivo experiments, hELOVL4 was engineered
into adeno-associated virus serotype 2 vectors contain-
ing four capsid tyrosine to phenylalanine (Y-F) mutations
(AAV2 mut quad) (32) under the control of the ubiqui-
tous truncated chimeric cytomegalovirus-chicken [-actin
(smCBA) promoter. Empty AAV2 mut quad construct
was used as a negative control. The virus was produced at
the Department of Ophthalmology, University of Florida,
Gainesville, FL.
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Small Interfering RNA Transfection

BREC were resuspended in Nucleofector solution (Amaxa
Biosystems, Gaithersburg, MD) to a final concentration
5 X 10° cells/100 pL, mixed with 100 nmol/L control or
ELOVL4 Stealth small interfering (siRNA) from Invitrogen
Life Technologies (Carlsbad, CA), electroporated (Nucleofector
program S-005; Amaxa Biosystems), and maintained in cul-
ture as above.

Permeability Assay In Vitro

Ad-Empty and Ad-hELOVL4 BRECs were grown on 0.4-pwm
pore Transwell filters (Corning Costar, Acton, MA) for 24 h
and treated with hydrocortisone for 36 h and with recombi-
nant human VEGFgs (50 ng/mL for 30 min) or IL-13
(10 ng/mL for 15 min), where indicated, before the addition
of rhodamine isothiocyanate (RITC)-dextran. BREC paracel-
lular permeability to 70 kDa RITC-dextran (Sigma-Aldrich,
St. Louis, MO) was measured for 4 h as previously de-
scribed (2,3). The average permeability for control condi-
tions (AdEmpty) used in all experiments ranged from 2.5 to
2.8 X 107° cm/s.

Western Blot
Protein extraction and Western blot was performed using
NuPAGE system (Invitrogen) as previously described (3,17).

Real-time qPCR

Total RNA was extracted from BRECs or mouse retinas
using Qiagen RNeasy (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. Human and mouse gene-
specific primers for ELOVL4 were used. Expression levels
were normalized to bovine GAPDH or mouse cyclophilin.

Immunocytochemistry
Cellular localization of the TJ complexes in BRECs and
mouse retina was evaluated by immunocytochemistry as
described previously (5). TJ protein staining at the cell
border was quantified by semiquantitative ranking score
system as previously described (5). For colocalization, con-
focal images were analyzed using Nikon NIS Elements soft-
ware to determine the Pearson coefficient of colocalization.
To evaluate TJ protein organization in retinal vascula-
ture, whole-retina flat mounts were immunolabeled for
occludin using mouse monodlonal anti-occludin Alexa Fluor
488 conjugate (1:75) (Cat. No. OC-3F10; Thermo Fisher
Scientific). Images were acquired using a Nikon C2 microscope
(Nikon Instruments, Melville, NY).

Immunogold Electron Microscopy

For conventional sample preparation (33), bovine retinas
were fixed in 2.5% glutaraldehyde and 2.5% paraformalde-
hyde in 0.1 mol/L cacodylate buffer, postfixed in 2% os-
mium tetroxide in 0.1 mol/L cacodylate buffer, dehydrated
in a graded series of acetone, and infiltrated and embedded
with Spurr resin. Thin sections (60-70 nm) were obtained
with a PowerTome ultramicrotome (RMC; Boeckeler Instru-
ments, Tucson, AZ) and double-stained with uranyl acetate
and lead citrate. Electron micrographs were obtained with
a JEOL 100 CX (Japan Electron Optical Laboratory, Tokyo,
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Japan) transmission electron microscope operated at 100 kV
and equipped with a Gatan ORIUS CCD camera.

For double immunogold labeling (34), samples were fixed
in 4% paraformaldehyde and 0.5 glutaraldehyde in PBS,
dehydrated in a gradient series of ethanol, and infiltrated
and embedded in LR White. Ultrathin sections were col-
lected on a Formvar coated gold grid. Immunolabeling was
performed by first placing the grid, section side down, in
drops of 0.10 mol/L PBS (pH 7.4) containing 1% (weight
for volume [w/v]) BSA. The grids were then transferred to
a drop of the primary antibodies rabbit polyclonal anti-
occludin (Cat. No. 71-1500; Invitrogen) and mouse mono-
clonal anti-ceramide (Cat. No. C8104; Sigma-Aldrich), diluted
1:1 in PBS-BSA for 2 h. The grids were rinsed in several
changes of PBS and 0.5% (v/v) BSA and were floated on
a 1:20 (v/v) dilution of goat anti-rabbit IgG conjugated with
15 nm gold and goat anti-mouse IgG conjugated with 6 nm
gold in PBS-BSA. Finally, the grids were rinsed in PBS and
distilled water. Negative control included the omission of the
primary antibody. Grids were subsequently stained with 2%
uranyl acetate and Reynold’s lead citrate. Specimens were
observed with a JEOL 100CX transmission electron micro-
scope at an accelerating voltage of 100 kV.

TJ Isolation and Mass Spectrometry

TJs were isolated as previously described (35). Briefly,
ARPE-19 cells (15- X 150-mm culture plates) were lysed
with hypo-osmotic buffer, collected, homogenized, and
centrifuged at 100,000g for 60 min at 4°C against a satu-
rated sucrose cushion. The collected membrane was subse-
quently cryolysed using liquid nitrogen and then incubated
with rabbit polyclonal anti-protein kinase C (PKC)-{ (Cat.
No. P 0713; Sigma-Aldrich) or rat monoclonal anti-ZO-1
(Cat. No. MABT11; Millipore) using protein A or G Dyna-
beads, respectively, according to the manufacturer’s instruc-
tions (Invitrogen). TJ complexes bound to the beads were
subjected to lipid extraction as previously described (36). Lip-
ids obtained from TJs were analyzed by high-resolution/
accurate mass spectrometry (MS) and tandem MS (MS/MS)
in positive and negative ionization modes, using an LTQ-
Orbitrap Velos MS (Thermo Fisher Scientific). Sphingolipids
were identified as previously described in positive ion mode
as [M+H]" and [M—H,0+H]" molecular ions (37) and in
negative ion mode as [M+HCOO—H] "~ ions (38). Ceramides
of interest were further examined by higher-energy col-
lisional dissociation MS/MS at 100,000 resolving power to
confirm sphingolipid backbone and head group moieties.
Mouse epidermal lipid extracts were used for optimization
of analytical conditions for detecting putative VLCFA-
containing sphingolipids.

Animal Model

All procedures involving animals were performed according
to the Association for Research in Vision and Ophthalmol-
ogy (ARVO) Statement for the Use of Animals in Ophthal-
mic and Vision Research and were approved and monitored
by the Michigan State University Institutional Animal Care
and Use Committee. Diabetes was induced in C57BL/6J
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male mice by streptozotocin (STZ), as previously described
(39), and confirmed by blood glucose higher than 13.8
mmol/L (300 mg/dL). After 2 weeks of confirmed diabetes,
animals received an intravitreal injection of AAV2-hELOVL4
quad mutant (right eye) or AAV2-Empty vector (left eye) as
a control (2 X 10 viral genomes/eye in 1 pL). Average body
weights and nonfasting blood glucose levels of control and
diabetic mice are reported in Table 1. Animals were sacri-
ficed 6-8 weeks after the viral injection (8-10 week of STZ
induction) for retinal vascular permeability and retinal
analysis.

Retinal Vascular Permeability

Mice were injected with fluorescein isothiocyanate-albumin
(0.5 mg in 50 pL PBS) (Sigma-Aldrich). Blood was collected
after 2 h, and the animal was perfused with 1% formal-
dehyde and enucleated. Retinas were removed and flat
mounted. Images were acquired using a Nikon C2 scanning
laser confocal microscope and measured using MetaMorph
imaging software (Molecular Devices, Downingtown, PA) by
subtracting residual fluorescence inside the vessels from
total fluorescence to determine leakage fluorescence inten-
sity. The fluorescence intensity of the leakage was averaged
between at least five fields for each retina and normalized
to the blood plasma fluorescence level (39).

Immunohistochemistry

Retinas were processed and immunolabeled as previously
described (40). Colocalization of ELOVL4 with retinal vas-
culature was quantified using MetaMorph imaging software.

Statistical Analyses

Data are expressed as mean * SEM. Results were analyzed
for statistical significance by the Student t test or one-way
ANOVA, followed by the post hoc Tukey test. GraphPad
Prism 7 (GraphPad Software, San Diego, CA) was used
for all statistical analysis. Significance was established at
P < 0.05.

RESULTS

Expression Level of ELOVL4 Controls Retinal Endothelial
Permeability

The effect of ELOVL4 on vascular permeability was evaluated
in the monolayer of BRECs after overexpression or inhi-
bition of ELOVL4. hELOVL4 was significantly expressed in
adhELOVL4 transduced BRECs compared with AdEmpty
transduced cells (Fig. 1A and B), with human-specific gPCR
primers revealing expression only after transduction of the
human exogenous gene (Fig. 14), whereas Western blot
revealed a 50% increase in steady state ELOVL4 over
endogenous protein (Fig. 1B). Overexpression of hELOVL4

Table 1—Average body weights and nonfasting blood glucose
level of control and diabetic mice

Weight Blood glucose

Group N (9) P value (mg/dL) P value
Control 17 29.6 = 0.95 <0.0001 181.6 = 4.62 <0.0001
Diabetic 25 24.6 = 0.33 479.4 + 21.26
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resulted in a significant decrease in permeability to 70 kDa
RITC-dextran (53.7 = 5.7% of control (Fig. 1C).

ELOVL4 mRNA and protein levels were significantly
reduced in BRECs transfected with ELOVL4 siRNA com-
pared with control siRNA (Fig. 1D and E). Knockdown of
ELOVL4 was associated with increased paracellular perme-

ability (528.2 = 242.2% of control) (Fig. 1F).

ELOVL4 Overexpression Prevents VEGF- and
IL-1B-Induced Increase in Permeability

Monolayers of AdhELOVL4 and AdEmpty transduced BRECs
were treated with VEGF (50 ng/mL, 30 min) or IL-1 (10 ng/mL,
15 min). Paracellular permeability to 70 kDa RITC-dextran
was measured. VEGF (Fig. 1G) and IL-1B (Fig. 1H) signifi-
cantly increased cell permeability. hELOVL4 overexpression
prevented VEGF- and IL-1B-induced increase in permeability
(Fig. 1G and H, respectively).

ELOVL4 Overexpression Increases the Barrier

Properties of the TJ Complex

As shown in Fig. 2A, overexpression of hELOVL4 signifi-
cantly increased occludin content in AdhELOVL4-tranduced
BRECs compared with AdEmpty transduced cells and pre-
vented the VEGF-induced decrease in occludin. No signifi-
cant effects of hELOVL4 on total protein expression were
observed for ZO-1 and claudin-5 (Fig. 2B and C); however,
immunostaining revealed that overexpression of hELOVL4
increased protein staining at the cell border and also pre-
vented VEGF-induced disruption of continuous immunostain-
ing of ZO-1 and daudin-5 at the cell border (Fig. 2D and E).

Ceramide Colocalizes With TJ Complex

Ceramide (green) was found to colocalize with the TJ
complexes and follow the same distribution as ZO-1 and
claudin-5 at the cell border (Fig. 2D and E). Quantification
of ceramide colocalization of with ZO-1 or claudin-5 in
confocal images revealed an average Pearson coefficient of
colocalization of 0.77 and 0.65, respectively. In addition to
cell border distribution, typical punctate green cytoplasmic
staining of ceramides was observed.

To further verify ceramide localization in TJs, we per-
formed immunogold labeling and transmission electron
microscopy using the retinal vasculature in bovine retinas.
TJs were observed as electron-dense structures with char-
acteristic “kissing junction” configuration in specimens post-
fixed by osmium tetroxide (Fig. 34). Neighboring sections
were used for immunogold labeling of occludin and cer-
amide. As shown in Fig. 3B, ceramide (smaller, 6-nm gold
particles) is localized along the TJ in proximity with occludin
protein (larger, 15-nm gold particles) as well as in the in-
tercellular space between two neighboring endothelial cells
(Fig. 3B, right, upper panel). To establish the immunolabel-
ing specificity of the anti-ceramide antibody, negative con-
trols were included with the omission of the primary
antibody (Fig. 30).

To further determine the specificity of the anti-ceramide
antibody, ARPE 19 cells were treated with 15 pwmol/L de-
sipramine (acid sphingomyelinase inhibitor), 50 wmol/L
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fumonisin (ceramide synthase inhibitor), or both, and ceramide
immunofluorescent staining was analyzed (Supplementary
Fig. 1). Inhibition of acid sphingomyelinase or ceramide syn-
thase significantly reduced ceramide immunostaining com-
pared with control.

Identification of Putative VLC w-Linked Acyl-Ceramide
Species in the TJ Complex
Negative ion MS of plasma membrane and TJs isolated
from ARPE-19 cells using cryolysis, followed by immuno-
precipitation with anti-PKC-{ antibody, is shown in Fig. 4A
and B, respectively. In addition to typical abundant plasma
membrane phospholipids and sphingolipids, the high mass
regions of the spectra in Fig. 4 contain charge/mass ratio
(m/z) values matching the theoretical masses and isotope
distributions of acyl-ceramide (AcylCer) molecular species.
The assignment of these ions was further supported by
Orbitrap high-resolution/accurate mass higher-energy colli-
sional dissociation MS/MS to evaluate the presence of the
sphingosine backbone. These data combined with accurate
mass-based formula prediction and available published data
suggest an assignment of AcylCer d18:1/h24:0 with an
w-0-linked linoleic acid (26-28). Identical analysis was per-
formed on mouse epidermal lipid extracts where VLC AcylCer
are known to be present. Ceramide molecular spedies in TJs
isolated by immunoprecipitation with anti-ZO-1 antibody
were comparable to those obtained from anti-PKC-{ im-
munoprecipitation, including the presence of the puta-
tive AcylCer(d18:1/h24:0) at m/z 986.8393, identified as
AcylCer(h42:1) in negative-ion MS analysis. In addition, sim-
ilarly putative w-linked d18:1/28:6 at m/z 1014.8131 and
d18:1/30:6 at m/z 1042.8444 were detected at lower abun-
dance, identified as AcylCer(46:7) and AcylCer(48:7).

Positive ion mode Orbitrap higher energy collisional disso-
dation MS/MS data and further details of ion identification are
presented in Supplementary Fig. 2.

Relative quantitation of all detected ceramide species
in ARPE-19 plasma membranes and TJs is shown in Fig. 4C.

ELOVL4 Overexpression Increases VLCFA and

Ceramide Production

Lipids were extracted from monolayers of AdhELOVL4 and
AdEmpty transduced BRECs and analyzed by high-resolution/
accurate MS and MS/MS. As expected, ELOVL4 overexpres-
sion resulted in an increase in saturated and unsaturated free
VLCFAs (Fig. 5A). In addition, free fatty acid levels of palmitic
(16:0) and stearic (18:0) acids were increased in AdhELOVL4
transduced BRECs (Fig. 5A). Interestingly, there was an
increase in overall sphingolipid abundance in AdhELOVL4
versus AdEmpty transduced BRECs, with increases in
sphingomyelin and ceramide levels (Fig. 5B). Among the ceram-
ide species, there were significant increases in Cer(d18:1/16:0),
as well as ceramides with 24 carbon saturated, monosaturated,
and PUFAs and VLC (26C) ceramides (Fig. 5C).

Verification of AAV2-Mediated Expression of hELOVL4 in
Mouse Retinas

In agreement with our previous study (15), ELOVL4 mRNA
expression was reduced in diabetic retinas compared with
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Figure 1—Expression level of ELOVL4 controls retinal endothelial permeability. BRECs were transduced with AdEmpty or AdhELOVL4 and
collected 60 h after adenovirus transduction for RNA analysis by real-time gPCR (A) or protein by Western blot (B) to confirm adenovirus-
mediated overexpression of hELOVL4. hELOVL4 mRNA expression was normalized to GAPDH (A), and protein expression was normalized to
a-tubulin loading control (B). Data from three independent experiments, different cell isolates, triplicate wells each, are presented. C: Paracellular
permeability to 70 kDa RITC-dextran was determined in BRECs transduced with AdEmpty or ADhELOVL4 in untreated cells. Data from triplicate
wells, three measurements each, are presented. A-C: Circles, control; squares, ELOVL4. D-F: BRECs were transfected with control siRNA or
ELOVL4-siRNA and collected for analysis. Three independent siRNA experiments, each in triplicate, were performed. Expression profile of
ELOVL4 was determined by real-time gPCR, 48 h after transfection (D), or Western blot, 72 h after transfection (E), to confirm silencing of
ELOVLA4. Bovine ELOVL4 mRNA expression was normalized to GAPDH (D), and protein expression was normalized to (3-actin loading control
(E). F: Paracellular permeability to 70 kDa RITC-dextran was determined in BRECs transfected with control siRNA or ELOVL4 siRNA. D-F:
Circles, control; squares, ELOVL4 siRNA. Paracellular permeability to 70 kDa RITC-dextran was determined in BRECs transduced with AdEmpty
(circles), AdEmpty treated with VEGF (G) or IL-1B (H) (squares), or AdhELOVLA4 treated with VEGF (50 ng/mL) for 30 min (G) or treated with IL-1B
(10 ng/mL) for 15 min (H) (triangles). The VEGF experiment was repeated three times in two different laboratories by two investigators, six
samples per condition, with seven time points per sample. The IL-13 with ELOVL4 overexpression experiment was performed with six samples
per condition, seven time points per sample. Results are shown as mean = SEM. ND, not determined; *P < 0.05, **P < 0.01, **P < 0.001,
P < 0.0001.
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Figure 2—ELOVL4 overexpression increases the barrier properties of TJ complex. A-C: Confluent AdEmpty and AdhELOVL4 transduced
BRECs were treated with VEGF (50 ng/mL) for 30 min. Total cell lysates were immunoblotted for occludin (A), ZO-1 (B), and claudin-5 (C).
B-Actin served as the loading control. The experiment was repeated twice in triplicate. Representative Western blots from three independent
experiments are shown on top, with densitometry quantification below. Results are shown as mean + SEM. Circles, control; squares, control
with VEGF; triangles, ELOVL4; upside-down triangles, VEGF with ELOVLA4. D and E: Confluent monolayers of BRECs treated as in A-C were
immunolabeled for ZO-1 (far red) and ceramide (green) (D) or claudin-5 (red) and ceramide (green) (E), and confocal images were taken. The
results are from two independent experiments; for each condition, four images were examined. Four fields were analyzed for each image. Scale
bars, 10 um. Quantification of each protein staining at the cell border is shown on the far right. The results represent the frequency of each score
as described in RESEARCH DESIGN AND METHODS. *P < 0.05, *P < 0.01, **P < 0.001.
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A Osmium tetroxide staining

x10K X67K x200K

B Immunogold labeling
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Figure 3—Ceramide colocalizes with TJ complex. A: TJs stained by osmium tetroxide (OsO,) staining (black arrows). Lower original
magnification x10,000, red blood cells (RBCs) in the intravascular compartment and the TJ between two neighboring retinal endothelial cells
(black arrow) (left). Scale bar, 1 um. TJ is enlarged for better visualization original magnification X67,000 (black arrow) (middle). Scale bar,
0.1 wm. Kissing point, hallmark of tight junction (black arrowhead) (right). Scale bar, 0.5 wm. B: Immunogold localization of ceramide
and TJ protein occludin in ultrathin sections of bovine retina. B (left panel): Lower original magnification X27,000 (upper) and x40,000 (lower) of
the tight junction (black arrow), with RBC in the intravascular compartment. Scale bars, 0.5 um and 0.2 um, respectively. B (right panel): Higher
original magnification X100,000 (upper) and X 140,000 (lower). Ceramide (smaller, 6-nm gold particles) (white arrowhead) localized along the
TJ in juxtaposition to the TJ protein, occludin (larger, 15-nm gold particles) (black arrow). Scale bars, 50 nm. Although most of the ceramide
labeling is localized along the cytoplasmic side of the plasma membrane, it can also be visualized in the intercellular space between two
neighboring endothelial cells (black arrowhead). The TJs from 3 retinas were imaged; representative images from 26 independent images are
shown. C: Negative controls are representative images of the TJs where primary antibodies were omitted. Lower original magnification X10,000
of the tight junction (black arrow), with RBC in the intravascular compartment (left panel). Scale bar, 1 uwm. Higher magnification of the tight
junction x50,000 (black arrow) (right panel). Scale bar, 200 nm.
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Figure 4—High resolution/accurate MS lipidomic analysis of ARPE-

19 plasma membrane and TJ fractions. Negative ion Orbitrap high

resolution/accurate MS of ARPE-19 plasma membrane (A) and ARPE-19 TJ lipid extracts (B) at 100,000 resolution. Sphingolipids and

phosphatidylcholine lipids were detected as [M+HCO,—H]™

ions under the analytical conditions used. The indicated region was original

maghnified X5 to enhance spectral detail. C: Quantitation of ceramide molecular species observed in ARPE-19 plasma membrane and TJ
fractions. The inset indicates putative VLCFA-containing AcylCer species. HexCer, hexosylceramide; LacCer, lactosylceramide; PC, phos-

phatidylcholine; Pl, phosphatidylinositol; SM, sphingomyelin.

control (Fig. 6A). Transduction with AAV2- hELOVLA4 led to
hELOVL4 overexpression in diabetic and nondiabetic retinas
as determined using human transgene-specific primers. As
expected, the hELOVL4 transcript was undetectable in
AAV2-Empty injected in the contralateral retinas (Fig. 6B).

To determine the effect of diabetes with and with-
out AAV2-hELOVL4 overexpression on vascular levels

of ELOVL4, retinal cross sections were immunola-
beled for ELOVL4 (green). Isolectin-B4 (red) was used
to counterstain the retinal vasculature. AAV2-Empty
injected retinas were used as the control. Diabetes induced
downregulation of endothelial expression of ELOVL4,
which was reversed by AAV2-hELOVL4 treatment
(Fig. 6C).
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Figure 5—ELOVL4 overexpression increases free fatty acids (FA), sphingomyelin (SM), and ceramide levels in hELOVL4-transfected
bovine retinal endothelial cells. A: Individual free fatty acids were measured by nESI-Orbitrap high resolution/accurate MS. Inset: Normalized
ion abundance of fatty acids greater than C24. B: Total and individual sphingomyelin molecular species were measured by nESI-Orbitrap
high resolution/accurate MS. Left inset: Total normalized ion abundance of all sphingomyelin species detected in control and hELOVL4-
transfected cells. Right inset: Normalized abundance of SM species containing fatty acids greater than C24. C: Total and individual
ceramide molecular species were measured by nESI-Orbitrap high resolution/accurate MS. Left inset: Total normalized ion abun-
dance of all ceramide species detected in control and hELOVL4-transfected cells. Right inset: Normalized abundance of ceramide
species containing fatty acids greater than C24. Results were obtained from three independent transfections. Results are shown as

mean * SD.

AAV2-hELOVL4 Overexpression Prevents Diabetes-

Induced Increase in Retinal Vascular P
Diabetes induced a significant increase

ability (5.6-fold of control) (Fig. 6D) in retinas receiving

ermeability

in vascular perme-

AAV2-Empty vector (left eye) relative to nondiabetic con-
trols (left eye). Notably, treatment with AAV2-hELOVL4
(right eye) prevented the diabetes-induced increase in vascu-
lar permeability. Fluorescein isothiocyanate-albumin leakage
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Figure 6—ELOVL4 overexpression prevents diabetes-induced vascular leakage in mice. STZ-induced diabetic mice were intravitreally injected
with AAV2-hELOVL4 mut quad (right eye) or control AAV2-Empty vector (left eye) 2 weeks after diabetes induction. Retinal tissue was analyzed
6-8 weeks after the viral injection. A: Real-time gPCR quantification of endogenous mouse ELOVL4 mRNA levels in control (squares) and
diabetic (triangles) retinas. The experiment was repeated four times by different investigators, with three to six animals per condition in each
experiment. B: Real-time gPCR quantification of exogenous human ELOVL4 mRNA levels in control and diabetic retinas. Four control and six
diabetic animals were used, and the experiment was performed in triplicate. C: Immunohistochemical detection of ELOVL4 (green, upper panel)
colocalization with retinal vasculature (red, middle panel), with yellow color (lower panel) indicating vascular expression in retinal cross-sections.
Quantification of colocalization (yellow) is shown on the far right. Circles, control; squares, control with ELOVL4; triangles, diabetic; upside-down
triangles, diabetic with ELOVL4. Three retinas per condition were used, and images from three fields were taken. Scale bar, 20 wm. The vitreous
side is indicated with a white asterisk. D: Representative fluorescent images of retinal vascular permeability. Retina permeability was evaluated
by measuring leakage fluorescence intensity as shown on the far right (8 control and 12 diabetic animals used in the study). Scale bar, 50 um.
E: Immunostaining of flat-mounted whole retinas for occludin. Arrowheads show disruption of continuous staining in diabetic retinas. Represen-
tative images from three different retinas, and three to six images per retina are shown. Scale bar, 20 nm. ND, not determined. **P < 0.01, ***P <
0.0001.
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was significantly lower in diabetic mouse retinas receiving
AAV2-hELOVL4 (right eye) than AAV2-Empty diabetic
mouse retinas (left eye; 1.6-fold of control) (Fig. 6D).

To confirm the beneficial effect of ELOVL4 overexpres-
sion on TJ distribution at the cell border, whole-retina flat
mounts were immunolabeled for occludin in AAV2-Empty
and AAV2-hELOVL4 transduced retinas. In AAV2-Empty
diabetic retinas (left eye), occludin immunoreactivity was
evidently disrupted and intermittently lost in retinal blood
vessels. These changes were prevented in AAV2-hELOVL4
diabetic retinas (right eye), where occludin distribution was
similar to that of control mice (Fig. 6E).

DISCUSSION

Elongases and desaturases are key enzymes in fatty acid
metabolism; they regulate the length and degree of satura-
tion of fatty acids and thereby their function and metabolic
fate. The expression level of elongases and desaturases in the
liver and retina is affected by diabetes, with dramatic down-
regulation of elongases, including the most abundant retinal
elongase, ELOVL4, in the retina (15,41-43). ELOVL4 has
a substrate specificity profile for fatty acids of C24 or longer
and can elongate polyunsaturated, monounsaturated, and
saturated VLCFAs (22). The role of ELOVL4 in the retina
was mainly described for VLCPUFA (44-46). VLCPUFAs are
present in the rod outer-segment membrane, where they
are suggested to contribute a role in photoreceptor function
by stabilizing the rims of photoreceptor disks (44).
Although the highest retinal expression of ELOVL4 is
found in the photoreceptor inner segment (30), it is also
expressed in other retinal layers (47,48). Here, we demon-
strated expression of ELOVL4 in the retinal vasculature.
The product of ELOVL4-mediated elongation will depend
on the precursor fatty acids. Because the photoreceptors are
rich in n-3 PUFA, the main products of ELOVL4 in photo-
receptor cells are C32-36 PUFAs. Endothelial and epithelial
cells have lower n-3 PUFA and higher saturated fatty acids
content leading to a higher level of saturated VLCFA pro-
duction that can be incorporated into ceramides. This is
further supported by the studies demonstrating that
ELOVL4 works in concert with ceramide synthases lead-
ing to VLC ceramide production (49). Specifically, ceramide
synthase 3 synthesizes ceramides with very long acyl chains
(49). We demonstrated that ELOVL4 overexpression in
BREC significantly increased VLC saturated, monosat-
urated, and PUFA production. The overall abundance of
sphingolipids, both sphingomyelin and ceramide, was
increased by ELOVL4 overexpression. Interestingly, in
addition to VLC free fatty acids and ceramides, ELOVL4-
overexpressing cells had higher palmitic and stearic free
fatty acid levels and ceramides with 16- and 24-chain fatty
acids. These data reflect the complex nature of the cross
talk between lipid metabolic pathways. Overexpression of
ELOVL4 in BREC could affect the rate of ceramide produc-
tion through the ceramide synthase pathway. Because sat-
urated fatty acids are an integral part of ceramide production,
increased levels of palmitic and stearic acids could be a
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reflection of the overall activation of ceramide production
in these cells.

The role of VLC ceramides is best known in the skin
permeability barrier, where they represent a major compo-
nent of the stratum corneum (26-28). Whether a decrease
in ELOVL4 and thus VLC ceramides production in the retina
plays a role in BRB breakdown in diabetes was not known
and represented a major focus of this study.

Overexpression of ELOVL4 by recombinant adenoviral
system normalized VEGF- and IL-1B—-induced retinal vascular
permeability in BRECs and increased steady state content
of the TJ protein occludin. Further, cell border organiza-
tion was normalized for ZO-1 and claudin-5. Importantly,
intravitreal delivery of hELOVL4 in the diabetic retina
using an AAV2 viral vector increased hELOVL4 expres-
sion in retinal endothelium and prevented the diabetes-
induced increase in vascular permeability. These data
strongly support the role of ELOVL4 in a protective pro-
barrier function.

Although this is the first study to demonstrate the role
of ELOVL4 in the retinal BRB, the essential role of ELOVL4
in skin barrier function is well known. Homozygous
ELOVL4 mutant mice die within few hours after birth
due to defective skin barrier and severe dehydration (26—
28), a phenotype that can be rescued by skin-specific ex-
pression of ELOVL4 to normalize skin permeability (50).
This defective water insulation function of the skin was
attributed to ELOVL4 loss of function and the subsequent
decrease in the production of VLCFA (C =26) and thereby
VLC ceramides and AcylCers, critical lipid components of
the skin barrier function. The VLC ceramides, and especially
w-linked AcylCer species, have never been shown outside of
the stratum corneum. Moreover, this is the first demon-
stration of these unusual lipids in the TJ structure. The
plasma membrane preparation contains TJs; thus, the pres-
ence of AcylCers in the total plasma membrane is not sur-
prising. Moreover, TJs were enriched in overall ceramides
compared with total plasma membrane; thus, the decrease
in the percentage of total of ®w-O-AcylCer in tight junctions
is the function of an overall increase in total ceramides
rather than lower w-O-AcylCer levels.

Ceramides were found to colocalize with TJ complexes
and follow the same distribution as ZO-1 and caudin-5.
Moreover, MS analysis revealed VLC ceramides in TJ iso-
lates. The presence of these VLC ceramides in BRB TJs sug-
gests that like in skin, they might serve a probarrier function
in the retinal microvasculature.

Lipidic nature of TJ was first proposed >30 years ago
by Kachar and Reese (51) and further supported by freeze
fracture preparations that demonstrate the presence of
phospholipids and cholesterol particles in TJ strands
(52,53). A model of lipid bridges at TJs has been postulated
as a route for the lateral transfer of phospholipids and lipid-
protein complexes between neighboring cells (54,55). Our
study is the first to demonstrate that ceramides colocalize
within TJ proteins, as shown by immunofluorescent
staining, electron microscopy, and TJ purification, followed



780 ELOVL4-Mediated Ceramides Stabilize TJs

by MS analysis. Specifically, we demonstrated the presence
of VLC ceramides and w-linked AcylCer species by MS anal-
ysis of TJ structures. Until now VLC ceramides were only
found in the water permeability barrier of the skin.

The exact conformation of w-linked acyl-VLC ceramides
in the TJ structure is not known; however, these very long,
highly saturated lipids may have a role in stabilizing TJ
proteins and protecting against degradation. Indeed, over-
expression of hELOVL4 in BRECs significantly increased
occludin content and prevented the VEGF-induced decrease
in occludin. This effect was due to translational or post-
translational regulation because the occludin mRNA level
was not increased after ELOVL4 overexpression.

Based on the structure, w-linked acyl-VLC ceramides
could be incorporated in the plasma membranes and aid
in organizing junctional domain. The long fatty acid tail
of w-linked AcylCers could potentially allow for traversing
the thickness of double layer, bridging the space between TJ
proteins of apposing cells, and thereby, regulating barrier
function. More detailed structural studies would be required
to assign the exact function to these lipids in the TJs. In
summary, we have shown that ELOVL4-mediated produc-
tion of VLC ceramides is necessary for retinal endothelial
barrier function. Overexpression of ELOVL4 prevented
diabetes-induced retinal permeability and BRB breakdown.
VLC ceramides may be necessary for TJ stability and thereby
enhancing barrier property. Normalization of retinal ELOVL4
expression may provide a potential therapeutic strategy for
the prevention of diabetes-induced early breakdown of the
BRB by modulating retinal sphingolipid metabolism.
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