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PURPOSE. The purpose of this study was to investigate the effect of reducing diabetes-induced
lysyl oxidase (LOX) overexpression on vascular cell apoptosis and blood–retinal barrier (BRB)
characteristics in diabetic rats.

METHODS. Nondiabetic rats, diabetic rats, and diabetic rats intravitreally (IV) injected with LOX
siRNA or scrambled (scram) siRNA were used in the study. One month after the onset of
diabetes, intravitreal injections were initiated at monthly intervals for up to three times. At the
end of study, retinal capillary networks were isolated, stained with periodic acid-Schiff (PAS)
and hematoxylin, and assessed for acellular capillaries (AC) and pericyte loss (PL). To assess
vascular leakage, extravasation of FITC-dextran was evaluated in retinal capillaries after tail
vein injection of FITC-dextran. Western blot analysis was performed to determine retinal LOX
level and confirm LOX downregulation via LOX siRNA intravitreal injection.

RESULTS. LOX expression was significantly upregulated in retinas of diabetic rats compared
with that of nondiabetic rats. Diabetic rats injected with LOX siRNA showed a significant
decrease in retinal LOX expression compared with those of diabetic rats or scram siRNA-
injected rats. In diabetic retinas, AC and PL were significantly increased compared with those
of nondiabetic retinas. Importantly, diabetic rats treated with LOX siRNA exhibited a
significant decrease in AC and PL counts compared with those of untreated diabetic rats.
Furthermore, diabetic rats treated with LOX siRNA showed significant decrease in retinal
vascular permeability compared with that of untreated diabetic rats.

CONCLUSIONS. Findings suggest LOX siRNA intravitreal injection may be effective against
diabetes-induced LOX overexpression in preventing apoptosis and vascular leakage associated
with diabetic retinopathy.
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Diabetic retinopathy (DR) is the leading cause of blindness

in the working age population.1,2 Currently, there is no

cure for this ocular complication. Although anti-VEGF treat-

ments are effective,3 they have a limited duration of efficacy,

and pan-retinal photocoagulation has side effects that may not

be effective for all DR patients.4 Therefore, the need for a

robust, sustained approach to prevent vascular lesions would

be extremely beneficial.

Retinal capillary basement membrane (BM) thickening had

been observed long ago in diabetes5–7 and has been found to be

associated with the pathogenesis of DR8–10; however, the

consequences of this ultrastructural alteration in DR are only

beginning to be understood. In particular, vascular BM

thickening has been shown to contribute to the development

of acellular capillaries (AC), pericyte loss (PL),11 and excess

permeability12 during the development and progression of DR.

Although it is paradoxical that thickened BMs are associated

with increased retinal vascular leakage, current understanding

suggests that altered cross-linking of BM components can affect

the assembly and architecture of the thickened BM and thereby

compromise BRB characteristics.13,14

Lysyl oxidase (LOX) is a cross-linking enzyme that plays a
critical role in the development, maturation, and functionality
of the vascular BM. LOX-mediated catalysis of oxidative
deamination of lysyl residues from collagen and elastin to
allysine is an essential step in this process.15 The aldehyde
products then undergo spontaneous condensation reactions to
form covalent cross-links in extracellular matrices (ECM).16

However, excess LOX-mediated cross-linking could lead to the
formation of overly compact collagen fibril assemblages,
leading to increased interfibrillar space and allowing excess
permeability.17,18 Additionally, ECM overaccumulation and
stiffening of BM could contribute to compromised BM
ultrastructure and functionality.19,20

We previously demonstrated that a high glucose (HG)
condition induces LOX overexpression in rat retinal endothelial
cells (RRECs) and in retinas of diabetic rodents.13 Additionally,
LOX activity is upregulated in RRECs grown in HG condition.13

Importantly, HG reduces AKT activation in RRECs, which could
trigger apoptosis in these cells.21 Our recent observation
indicated that, in diabetic mice, increased LOX levels were
associated with decreased AKT activity and increased Bax and
caspase-3 activity.21 Therefore, in this study, we investigated the
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effects of inhibiting diabetes-induced LOX overexpression in
rats via intravitreal injections of LOX siRNA and determined
whether this approach could prevent the development of AC,
PL, and vascular permeability associated with DR.

METHODS

Animals

All animal studies were conducted in compliance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. For each of the three time points, 24 Sprague-
Dawley rats were assigned to four groups with six animals per
group: nondiabetic (WT), diabetic (DM), diabetic intravitreally
injected with LOX siRNA (DMþLOX siRNA), and diabetic
intravitreally injected with scrambled siRNA (DMþScram
siRNA). Diabetes was induced by intraperitoneal injection of
streptozotocin (55 mg/kg body weight), and blood glucose
levels were checked 2 to 3 days after injection to confirm
diabetic status of the rats (>250 mg/dL). Diabetic rats were
administered neutral protamine hagedorn (NPH) insulin
injections as needed to achieve slow weight gain without
preventing hyperglycemia. Fasting blood glucose levels were
measured two to three times weekly, and at the time of death,
blood samples were collected from the animals to assess
hemoglobin A1c (HbA1c; WT ¼ 5.9 6 0.5%, DM ¼ 10.6 6
1.8%, DMþLOX siRNA ¼ 9.9 6 0.3%, and DMþScram siRNA ¼
11.1 6 1.3%). At 1 month after the onset of diabetes, two
groups of rats, DMþLOX siRNA and DMþScram siRNA, received
monthly intravitreal injections of 3 lM LOX siRNA or scram
siRNA, respectively, for one, two, or three intravitreal
injections. Animals that received intravitreal injections and
were killed after 1 month represent time point 1. Second
intravitreal injections were administered to the rest of the
animals, and those killed after 1 month represent time point 2.
The remaining animals received a third intravitreal injection
and were killed after 1 month, and they represent time point 3.
The Table shows the average body weights and blood glucose
levels of all animals at the end of the study for all three time
points. Intravitreal injections were performed in the pars plana
region with a syringe attached to a 30-gauge needle; the
volume of freshly prepared siRNA was ~10 lL. Repeat

intravitreal injections were well tolerated by the animals based
on routine ocular examination. LOX siRNA used in this study
specifically targeted two sequences of the mature rat LOX gene
(5 0-CUGAAUCAGACUACAGUA-3 0 and 5 0-ACAAGTACTCCGAC
GACAA-30) that do not share homology with each other.

Western Blot

To extract retinal total protein, rat retinas from all experimental
groups were isolated from enucleated eyes and placed in an ice-
cold buffer containing 25 mM Tris (pH 7.4), 1 mM EDTA, and
0.1% Triton X-100 (Sigma-Aldrich Corp., St. Louis, MO, USA).
Retinal protein samples were then homogenized and centrifuged
at 13,000g for 20 minutes at 48C. Protein concentration for each
sample was measured by bicinchoninic acid protein assay
(Pierce, Rockford, IL, USA). Western blot analysis was performed
with 20 lg protein per lane against protein molecular weight
standards (Bio-Rad, Hercules, CA, USA) in a 10% SDS-polyacryl-
amide gel. After electrophoresis, the protein was transferred
onto a polyvinylidene difluoride (PVDF) membrane (Millipore,
Billerica, MA, USA) according to Towbin’s procedure22 using a
semidry apparatus. The membrane was blocked with 5% nonfat
dry milk for 2 hours and then exposed to polyclonal LOX
antibody (1:2000, catalog no. NB110-59729; Novus, Littleton,
CO, USA) overnight at 48C. The following day, the membrane
was washed with Tris-buffered saline containing 0.1% Tween-20
(TTBS) and then incubated with AP-conjugated anti-rabbit IgG
secondary antibody (1:3000, catalog no. 7054; Cell Signaling,
Danvers, MA, USA) for 1 hour at room temperature. The
membrane was washed again with TTBS and then exposed to
Immun-star chemiluminescent substrate (Bio-Rad) to detect
protein signals on X-ray film (CL-Xposure Film; Thermo
Scientific, Waltham, MA, USA). The membrane was then stripped
of LOX primary antibody (Restore Western Blot Stripping Buffer;
Thermo Scientific) and reprobed with b-actin antibody (1:1000,
catalog no. 4967; Cell Signaling) to confirm equal loading of
protein in the gel lanes and to correct Western blot signals.
ImageJ software (developed by W. Rasband; National Institutes of
Health, Bethesda, MD ,USA) was used to analyze densitometric
values of Western blot signals.

Retinal Trypsin Digestion and Staining

To analyze the retinal vasculature for AC and PL, retinal trypsin
digestion (RTD) was performed as described23 with slight
modifications. Enucleated eyes were briefly fixed in 10%
formalin, and intact retinas were then dissected out and
subjected to 3% trypsin digestion at 378C for 2 to 3 hours with
gentle shaking. Under a dissecting microscope, the nonvascu-
lar retinal mass was removed from the vascular network and
then mounted on a silane-coated slide. The slide was immersed
in 0.5% periodic acid (Sigma-Aldrich) for 10 minutes, rinsed in
dH2O, and exposed to Schiff’s reagent for 45 minutes (Electron
Microscopy Sciences, Hatfield, PA, USA). After another dH2O
rinse, the slide was stained with hematoxylin for 20 minutes
and rinsed again with dH2O. The slide was subjected to
dehydration with an ethanol gradient, cleared with xylene, and
mounted in mounting medium (Permount; Fisher Scientific,
Pittsburgh, PA, USA). Ten representative images of the vascular
network under the 203 objective were photographed using a
digital camera (Nikon DS-FI1; Nikon Instruments, Melville, NY,
USA), and the images were analyzed for AC and PL based on
prominent histologic characteristics. ACs, by definition, are
capillaries that have lost both endothelial cells and pericytes
and represent a tubular structure constituted of basement
membrane. Typically, ACs become obliterated, appearing
thinner with diminished capillary caliber and ultimately
reaching a ‘‘thread-like’’ structure before complete oblitera-

TABLE. Average Measurements of Body Weight and Blood Glucose
Levels in Nondiabetic Rats, Diabetic Rats, Diabetic Rats þ LOX siRNA,
and Diabetic Ratsþ Scrambled siRNA at Time of Euthanization in Time
Point 1 (2 Months of Diabetes), Time Point 2 (3 Months of Diabetes),
and Time Point 3 (4 Months of Diabetes)

Experimental

Groups

Sample

Size

Body Weight,

g

Blood Glucose,

mg/dL

Time Point 1

WT (control) 6 390.4 6 35.3 89.0 6 8.4

DM 6 333.2 6 10.5* 470.4 6 36.4*

DMþLOX siRNA 6 308.3 6 24.9* 456.2 6 26.2*

DMþScram siRNA 6 319.5 6 24.5* 491.3 6 40.8*

Time Point 2

WT (control) 6 455.8 6 26.5 92.7 6 5.6

DM 6 370.6 6 16.6* 469.0 6 75.8*

DMþLOX siRNA 6 339.5 6 21.8* 468.1 6 40.2*

DMþScram siRNA 6 360.0 6 26.3* 463.4 6 49.0*

Time Point 3

WT (control) 6 508.0 6 34.0 93.5 6 5.4

DM 6 400.7 6 26.6* 461.3 6 46.9*

DMþLOX siRNA 6 380.8 6 17.9* 447.3 6 35.3*

DMþScram siRNA 6 396.8 6 31.3* 453.6 6 55.9*

* P < 0.05 versus control. N¼ 6.
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tion. Pericytes, on the other hand, leave behind an empty shell
of their nuclear body, which used to contain DNA and other
nuclear material when they were live. These empty shells
represent a telltale signature of diabetic retinopathy known as
pericyte ghosts. AC and PL counts are based on these histologic
criteria.

In Vivo Permeability Assay

To assess blood–retinal barrier (BRB) permeability, the in vivo
permeability (IVP) assay was performed following our proce-
dure as described with minor modifications.12 Tail vein
injections at 50 mg/kg body weight of FITC-dextran (FITC-
Dex) were performed in all groups. After 20 minutes, the
animals were euthanized in a chamber via CO2 inhalation.
Afterward, eyes were enucleated and immediately placed in 10%
formalin. One retina from each animal was analyzed for vascular
leakage based on FITC-dextran extravasation under fluores-
cence microscopy. Ten representative images were digitally
captured using a 203 objective, and areas of extravasation from
retinal capillaries were analyzed using ImageJ (National Insti-
tutes of Health). At the time of death, plasma samples were
taken from each animal, and the plasma fluorescence intensity
was used to normalize for retinal fluorescence intensity
representing extravasation. The average retinal fluorescence
intensity was normalized to the plasma fluorescence intensity of
each animal taken at the time of death. Data are shown as mean
fluorescence intensity of retinal capillaries with extravasated
areas divided by plasma fluorescence intensity.

Statistical Analysis

All data are expressed as mean 6 SD. Values from the wild-type
groups were normalized to 100%, and values from all other
groups are expressed as percentages of the wild type.
Comparisons between groups were performed using 1-way
ANOVA followed by Bonferroni’s post hoc test. A level of P <
0.05 was considered statistically significant.

RESULTS

Effects of LOX siRNA on Diabetes-induced LOX
Protein Overexpression in Rat Retinas

At 2, 3, and 4 months after the onset of diabetes, retinal LOX
protein expression levels were significantly increased (151 6
31% of WT, 159 6 23% of WT, and 163 6 18% of WT,
respectively; P < 0.05; n ¼ 6; Figs. 1A–1C) compared with
those of nondiabetic rats. Importantly, LOX protein levels were
significantly decreased in diabetic rat retinas that received LOX
siRNA compared with those of diabetic rats across all three
time points (94 6 42% of WT, 124 6 15% of WT, and 120 6
27% of WT, respectively; P < 0.05; n ¼ 6; Figs. 1A–1C). As
expected, diabetic rat retinas that received scrambled siRNA
did not demonstrate a significant change in LOX protein
expression compared with those of untreated diabetic rats.

Effects of LOX siRNA on Acellular Capillaries and
Pericyte Loss in Diabetic Rats

RTD analysis demonstrated a significant increase in the number
of ACs (188 6 20% of WT, 191 6 12% of WT, and 272 6 6% of
WT, respectively; P < 0.05; n¼6; Figs. 2B, 3B, 4B) and PL (191
6 12% of WT, 305 6 12% of WT, and 314 6 44% of WT,
respectively; P < 0.05; n¼ 6; Figs. 2C, 3C, 4C) in diabetic rat
retinas compared with those of nondiabetic rats across all three
time points. Interestingly, retinas of diabetic rats that received

LOX siRNA exhibited reduced number of ACs (118 6 4% of
WT, 136 6 9% of WT, and 140 6 17% of WT, respectively, P <
0.05; n¼ 6; Figs. 2B, 3B, 4B) and PL (187 6 25% of WT, 185 6

20% of WT, and 143 6 36% of WT, respectively, P < 0.05; n¼
6; Figs. 2C, 3C, 4C) compared with those of untreated diabetic
rats across all three time points. Rats intravitreally injected
with scrambled siRNA did not exhibit a significant difference in
the number of ACs and PL compared with those of untreated
diabetic rats.

Effects of LOX siRNA on Retinal Capillary Leakage

in Diabetic Rats

Retinal capillary networks of diabetic rats exhibited signifi-
cantly increased vascular leakage compared with those of

FIGURE 1. Effects of diabetes and LOX siRNA on LOX expression in rat
retinas after one, two, or three IV injections. Representative Western
blot images show (A) 2, (B) 3, and (C) 4 months after the onset of
diabetes significantly upregulates LOX expression. Graphical illustra-
tion of cumulative data shows that administration of LOX siRNA
normalizes LOX expression in diabetic rat retinas. All data have been
normalized using b-actin correction. Data are expressed as mean 6 SD.
*WT versus DM; DM versus DMþLOX siRNA; DMþLOX siRNA versus
DMþScram siRNA; P < 0.05; n¼ 6.
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FIGURE 2. Effects of diabetes and LOX siRNA on AC and PL development after one IV injection. (A) Representative RTD images show the number of
AC (long arrows) and PL (arrowheads) is increased in the retinas of rats with 2 months of diabetes compared with those of wild-type rats. Scale bar

denotes 20 lm. Graphical illustration of cumulative data shows one IV injection of LOX siRNA significantly reduced the number of (B) AC and (C)
PL. Data are expressed as mean 6 SD. *P < 0.05, n¼ 6. **P < 0.01, n¼ 6.

FIGURE 3. Effects of diabetes and LOX siRNA on AC and PL development after two IV injections. (A) Representative RTD images show the number
of AC (long arrows) and PL (arrowheads) is increased in the retinas of rats with 3 months of diabetes compared with those of wild-type rats. Scale

bar denotes 20 lm. Graphical illustration of cumulative data shows two IV injections of LOX siRNA significantly reduced the number of (B) AC and
(C) PL. Data are expressed as mean 6 SD. *P < 0.05, n¼ 6. **P < 0.01, n¼ 6.
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nondiabetic rats across all three time points (200 6 44% of WT,
314 6 89% of WT, and 383 6 75% of WT, respectively; P <
0.01; n ¼ 6; Figs. 5B, 5D, 5F). Importantly, vascular
permeability was significantly reduced in rats intravitreally
injected with LOX siRNA (128 6 47% of WT, 200 6 70% of
WT, 166 6 52% of WT, respectively; P < 0.05; n¼ 6, Figs. 5B,
5D, 5F), whereas scrambled siRNA injection yielded no
significant effect.

DISCUSSION

The results from the present study indicate that diabetes-
induced LOX overexpression is linked to the development of
retinal vascular cell apoptosis and increased vascular perme-
ability. To our knowledge, this is the first study showing
downregulation of LOX level using LOX siRNA approach is
sufficient to inhibit vascular cell loss and capillary leakage in
the diabetic retinas. Additionally, we observed that the
beneficial effect of siRNA treatment could be seen not only
on a short-term basis but also with a regimen involving long-
term treatment. Overall, the intravitreal LOX siRNA approach
appears to be an effective strategy for modulating LOX gene
overexpression and preventing vascular lesions in the diabetic
rat retinas.

Although the exact mechanism underlying LOX overexpres-
sion-mediated vascular cell loss is not well understood, our
previous observation suggests LOX overexpression decreases
AKT phosphorylation, which can trigger apoptosis.21 In line
with our observation that HG induces LOX overexpression and
reduces cell proliferation,13,21 other studies have also indicated
that LOX overexpression inhibits cell proliferation, promotes
apoptosis,24 and reduces cell growth.25 These findings support
our recent observation that decreased LOX level in the retinas

of LOXþ/� mice may have protective effects against diabetes-
induced retinal vascular lesions.21 Taken together, these
findings are only beginning to shed light into mechanistic
insights involving abnormal LOX expression and its role in
promoting vascular cell death in the diabetic retina.

Limited information is available regarding LOX expression
in the retina in diabetic patients. Our recent work examining
vitreous samples from diabetic patients with advanced diabetic
retinopathy showed significant increase in LOX levels com-
pared with those of nondiabetic individuals.26 Although it is
currently unknown whether LOX expression is altered in
diabetic conditions in retinal cell types other than the vascular
cells, LOX was found to be abundantly expressed in the inner
surface of the pigmented epithelia in the photoreceptor
layer.27 A study reported that LOX was overexpressed at the
mRNA level in RPECs grown under high glucose condition.28

Further studies are necessary to elucidate the effects of high
glucose– or diabetes-induced LOX changes in other retinal cell
types.

Previously we observed that retinal endothelial cells grown
in high glucose condition overexpress LOX, which contributes,
at least in part, to increased cell monolayer permeability.13

Here we show that by reducing diabetes-induced retinal LOX
overexpression, excess vascular permeability can be amelio-
rated in the retinas of diabetic rats. When retinal vascular BM
structure is compromised, it is known to contribute to vascular
leakage in DR.13,20,29,30 By reducing LOX overexpression, it
could improve BM structural integrity and thereby decrease
vascular permeability. In line with our observation, advanced
glycation endproducts, which are prominent inducers of DR
pathogenesis,31–33 have been shown to upregulate LOX
expression34 and induce excess cross-linking of collagen,

FIGURE 4. Effects of diabetes and LOX siRNA on AC and PL development after three IV injections. (A) Representative RTD images show the number
of AC (long arrows) and PL (arrowheads) is increased in the retinas of rats with 4 months of diabetes compared with those of wild-type rats. Scale

bar denotes 20 lm. Graphical illustration of cumulative data shows three IV injections of LOX siRNA significantly reduced the number of (B) AC and
(C) PL. Data are expressed as mean 6 SD. *P < 0.05, n¼ 6. **P < 0.01, n¼ 6.
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compromise BM architecture,14 and promote increased vascu-
lar permeability.35

In addition to increasing vascular cell loss and vascular
permeability, LOX overexpression has been observed to
promote the synthesis of LOX pro-peptide, which in turn,
influences activation of focal adhesion kinase (FAK)36 and
RAS-mediated signaling pathways,37,38 leading to NF-jB
inactivation to consequently promote apoptotic cell
death.39,40 A recent study found that LOX overexpression
induced BM stiffening, which contributed to endothelial cell
activation and leukocyte accumulation in diabetic mouse
retinas.19 Additionally, LOX inhibition has also been observed
to prevent macrophage infiltration in inflammatory-stage lung
tissue to prevent further inflammation.41

In the current study, we sought to deliver LOX siRNA
through the intravitreal injection route because this is known
to be the most efficient route in achieving the highest
concentration and efficacy. However, siRNA delivered into
the posterior chamber is known to deplete via diffusion
through the BRB into the systemic circulation. Currently, this
rate of depletion for siRNA is not known. Whereas intra-
vitreally delivered LOX siRNA could ultimately find its way into
the systemic circulation, the amount would likely be quite low
given that only ~400 ng is being delivered through intravitreal
administration. In a clinical trial using intravitreally delivered
siRNA, no systemic toxicity or inflammation was observed.42

VEGF-A siRNA delivered intravitreally localizes to the retina and
distributes throughout the eye.43 Because all siRNAs are of
similar sizes (21 to 23 nucleotides),44 the ocular distribution
pattern after intravitreal injection is likely to be similar for LOX
siRNA. Currently, there are no available data on the effects of

LOX siRNA on other cell types in the eye and of systemic
effects of LOX siRNA delivered via intravitreal injection.

Clinical trials have been conducted examining the effects of
siRNA as a treatment modality for ocular diseases42,45–48 such
as diabetic macular edema42 and AMD.48 The results of these
trials have shown promise, in particular, the combined
approach using ranibizumab and PF-655 siRNA, a synthetic
siRNA inhibiting the expression of RTP801, a stress-inducible
adaptor protein that inactivates the cell regulatory mammalian
target of Rapamycin (mTOR) pathway, was found to be more
effective than ranibizumab alone against neovascular AMD.48

Therefore, the beneficial effects of LOX siRNA in reducing
vascular lesions in the diabetic retina could also be applicable
as a supplemental approach for treatment of DR. Although
long-term siRNA treatment has not yet fully been explored, in
line with previous studies,49,50 findings from the current study
suggest sustained LOX siRNA administration as a gene
modulatory approach in retinas of diabetic tissues could be
possible. Taken together, the findings suggest abnormal LOX
expression is a potential therapeutic target for preventing
retinal vascular lesions in DR.
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FIGURE 5. Effects of diabetes and LOX siRNA on vascular permeability after one, two, or three IV injections. (A) Representative IVP image shows
vascular permeability significantly increases 2 months after the onset of diabetes. (B) Graphical illustration of cumulative data shows LOX siRNA
significantly reduced vascular leakage after one IV injection. Data are expressed as mean 6 SD. **WT versus DM; P < 0.01, n ¼ 6. *DM versus
DMþLOX siRNA; DMþLOX siRNA versus DMþScram; P < 0.05, n ¼ 6. (C) Representative IVP image shows vascular permeability significantly
increases 3 months after the onset of diabetes. (D) Graphical illustration of cumulative data shows LOX siRNA significantly reduced vascular leakage
after two IV injections. Data are expressed as mean 6 SD. **WT versus DM; P < 0.01, n¼ 6. *DM versus DMþLOX siRNA; DMþLOX siRNA versus
DMþScram; P < 0.05, n¼ 6. (E) Representative IVP image shows vascular permeability significantly increases 4 months after the onset of diabetes.
(F) Graphical illustration of cumulative data shows LOX siRNA significantly reduced vascular leakage after three IV injections. Data are expressed as
mean 6 SD. ***WT versus DM; DM versus DMþLOX siRNA; DMþLOX siRNA versus DMþScram; P < 0.001, n¼ 6.
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