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Retinal microvascular cell loss plays a critical role in
the pathogenesis of diabetic retinopathy. To examine
this further, type 1 streptozotocin-induced diabetic
rats and type 2 Zucker diabetic fatty rats were treated
by intravitreal injection of the tumor necrosis factor-
specific inhibitor pegsunercept, and the impact was
measured by analysis of retinal trypsin digests. For
type 2 diabetic rats, the number of endothelial cells
and pericytes positive for diabetes-enhanced acti-
vated caspase-3 decreased by 81% and 86%, respec-
tively, when treated with pegsunercept (P < 0.05).
Similarly, the number of diabetes-enhanced terminal
deoxynucleotidyl transferase-mediated dUTP nick-
end labeling-positive endothelial cells and pericytes
decreased by 81% and 67% respectively when treated
with pegsunercept (P < 0.05). Diabetes-increased ac-
tivated caspase-3- and terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling-positive
microvascular cell numbers were both reduced by
81% and 80%, respectively, in pegsunercept-treated
type 1 diabetic rats (P < 0.05). Inhibition of tumor
necrosis factor reduced type 1 diabetes-enhanced
pericyte ghost formation by 87% and the number of
type 2 diabetes-enhanced pericyte ghosts by 62% (P <
0.05). Similarly, increased acellular capillary forma-
tion caused by type 1 and type 2 diabetes was reduced
by 68% and 67%, respectively, when treated with
pegsunercept (P < 0.05). These results demonstrate a
previously unrecognized role of tumor necrosis factor-�
in promoting the early pathogenesis of diabetic retinop-
athy leading to loss of retinal microvascular cells and

demonstrate the potential therapeutic benefit of modu-
lating its activity. (Am J Pathol 2008, 172:1411–1418; DOI:
10.2353/ajpath.2008.071070)

Diabetes mellitus is the most common metabolic disease
worldwide. There are currently 21 million people with dia-
betes in the United States and �655,000 new cases diag-
nosed each year, with more than 90% having type 2 dia-
betes.1 Diabetes is the leading cause of blindness
among adults in the 20 to 74 year age bracket,2 renal
failure, and lower limb amputations, and is a major risk
factor for cardiovascular disease, stroke, neuropathy,
and periodontitis.1,3 Twenty years after the onset of dia-
betes, almost all patients with type 1 diabetes and over
60% of patients with type 2 diabetes will have some
degree of retinopathy.2 Because of its prevalence, the
impact of diabetes on medical costs associated with
diagnosis and treatment of diabetes in general, and dia-
betic retinopathy in particular, is large.1

Early microvascular changes with diabetes can be
seen in both experimental animal models and humans,
including thickening of capillary basement membranes,
apoptosis of microvascular cells, loss of pericytes, and
acellular capillary formation.4,5 Several human and ani-
mal studies indicate that microvascular cell apoptosis
plays a crucial role in the development of early lesions.6,7

Diabetic animals exhibit a 3- to 10-fold increase in termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL)-positive microvascular cells and
twofold increase in acellular capillary formation in micro-
vascular cells examined in retinal trypsin digest, as com-
pared with normoglycemic animals.7–9 Acellular capillary
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development is problematic because it promotes tissue
nonperfusion, which stimulates the production of angio-
genic factors and subsequent proliferation of vessels.10

The latter is a hallmark of proliferative diabetic retinopa-
thy, the second major stage.

Tumor necrosis factor (TNF)-� is a pleiotropic cytokine
implicated for early inflammatory changes seen in the
diabetic retina. In the diabetic retina, astrocytes and Mul-
ler cells are potential source of TNF-�.11 In addition,
TNF-� is found in the extracellular matrix, endothelium,
and vessel walls of fibrovascular tissue and is elevated in
the vitreous of eyes with diabetic retinopathy.12,13 In a
study of STZ-induced diabetes in Brown Norway rats,
diabetes of even 2 weeks duration increased TNF-� level
by more than twofold.14 In humans, TNF-� immunoreac-
tivity is seen in the majority of retinal specimens obtained
from patients with diabetic retinopathy.12 Although the
first generation TNF inhibitor etanercept has been shown
to reduce intercellular adhesion molecule 1 levels, endo-
thelial nitric oxide synthase gene expression and nuclear
factor kappa B (NF-�B) activity in diabetic retina,11 there
are no reports on the effect of TNF on the loss of micro-
vascular cells and the formation of lesions associated
with early diabetic retinopathy.

Despite progress in understanding the pathogenesis
of diabetic retinopathy, the molecular mechanisms lead-
ing to enhanced loss of critical microvascular cells in the
early stages of this complication are not well understood.
This is particularly true for type 2 diabetes, which is the
most prevalent form yet has been studied far less often
than type 1 models of experimental diabetic retinopathy.
To investigate the loss of microvascular cells in diabetic
retinopathy, we examined the role of TNF, demonstrating
for the first time that diabetes enhances TNF plays a
prominent role in microvascular cell death in both type 1
and type 2 diabetic retinas. The data suggest a potential
therapeutic benefit of inhibiting TNF-� activity in prevent-
ing the progression of early diabetic retinopathy, for
which there is currently no effective preventive treatment.

Materials and Methods

Animal Studies

To study the role of TNF inhibition in type 1 diabetes, we
used a well accepted streptozotocin model of experimen-
tal retinopathy, which exhibits early changes seen in
human diabetic retinopathy.8 Intraperitoneal injection of
streptozotocin (55 mg/kg) in 0.05 M citrate buffer was
performed in �8-week-old Sprague-Dawley rats pur-
chased from Charles River Laboratories (Wilmington,
MA). Control animals were given intraperitoneal injection
of vehicle alone. Animals were considered diabetic when
the blood glucose levels were �250 mg/dl. One to five
units of isophane insulin was subcutaneously injected as
needed to maintain serum glucose levels �300 mg/dl,
zero to three times per week. All animals had free access
to food and water and were maintained under a 14-hour
on/10-hour off light cycle. To study the effect of TNF-� in
a type 2 model of diabetes, Zucker diabetic fatty rats

(fa/fa) (ZDF) and genetically matched lean controls (fa/�)
were purchased from Charles River Laboratories. For
each group, n � 6 except for diabetic rats treated with
vehicle alone (n � 12). The diabetic status was monitored
by blood glucose levels, weight measurements and at the
time of euthanasia, glycosylated hemoglobin levels were
measured by affinity chromatography (Glyco-tek affinity
column kit; Helena Laboratories, Beaumont, TX). Animal
experiments were approved by the Institutional Animal
Care and Use Committee at the Boston University Med-
ical Center. Unless otherwise noted, rats were euthanized
�6 months after the spontaneous onset of hyperglyce-
mia, when their age was typically 33 to 34 weeks.

Application of Inhibitors

To study the impact of TNF inhibition on retinal microvas-
cular cell loss in diabetic animals, pegsunercept was
used. Pegsunercept is a second generation TNF inhibitor
that consists of a recombinant soluble TNF-receptor-1
which has been modified by attachment of polyethylene
glycol to extend its biological half-life. Pegsunercept was
used since a related inhibitor, etanercept, had proven
effective in blocking ocular inflammation11,15,16 and had
been shown to have a favorable pharmokinetics profile
on intravitreal injection.17 In type 1 diabetic animals, peg-
sunercept (peg-sTNFR1, 50 �g in 10 �l sterilized phos-
phate-buffered saline [PBS]), generously provided by
Amgen (Thousand Oaks, CA) was applied by intravitreal
injection 6, 12, and 18 weeks after the onset of hypergly-
cemia as described.18 Normoglycemic and diabetic con-
trol rats received vehicle injection alone. In type 2 dia-
betic animals, pegsunercept was applied by intravitreal
injection at 12 weeks and again at 18 weeks after the
onset of hyperglycemia. Normoglycemic littermates and
diabetic control rats received vehicle injection alone (10
�l of sterilized PBS). The dose and time of TNF inhibitor
was based on a pilot study.17 Intravitreal injection was
used as the route of administration because the vitreous
chamber is a closed compartment in which an inhibitor
such as pegsunercept would have a prolonged half-
life.18 Like etanercept, pegsunercept blocks TNF-� from
binding to its receptor, thereby blocking TNF signaling
and reducing TNF stimulated inflammation.19 Preliminary
studies indicated that treatment with two injections of
pegsunercept, 4 weeks apart, reduced TNF-� levels
demonstrating efficacy. No ocular toxicity was observed
with up to three injections of pegsunercept or vehicle
alone, sterile PBS.

Molecular Analysis

In type 1 diabetic studies, eyes were enucleated from the
animals that had been diabetic for 12 weeks, and retinas
were isolated and snap-frozen in liquid nitrogen. Total
mRNA was isolated and quantified as described previ-
ously.20 TNF-� was quantified by quantitative real time-
PCR (qrt-PCR) as described previously using TaqMan
primers and probes (Applied Biosystems, Foster City,
CA).20 In type 2 diabetic studies, eyes were enucleated
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from the animals that had been hyperglycemic for 8 to 10
weeks or matched normoglycemic animals, and retinas
were isolated and snap-frozen in liquid nitrogen. Protein
was isolated using a protein isolation kit along with pro-
tease inhibitor and phosphatase inhibitor cocktails from
Pierce Biotechnology (Rockford, IL) according to manu-
facturer’s instructions and quantified using a bicincho-
ninic acid kit (Pierce). TNF-� levels were measured from
extracted proteins with a rat TNF-� enzyme-linked immu-
nosorbent assay kit (Quantikine, R&D Systems, Minneap-
olis, MN) as per the manufacturer’s instructions.

Apoptosis, Acellular Capillaries, and Pericyte
Ghosts Counts

Apoptosis was investigated in retinal microvascular cells
in retinal trypsin digests (RTDs) by the TUNEL assay
using the DeadEnd fluorometric kit (Promega, San Luis
Obispo, CA) and by immunohistochemistry using an an-
tibody specific for activated caspase-3 (Cell Signaling
Technology, Danvers, MA). Before assay RTDs were re-
hydrated in PBS and permeabilized with 0.5% Triton
X-100 in PBS for 1 hour at room temperature. In some
cases, a negative control was performed in which the
TUNEL assay was performed without the terminal trans-
ferase, and a positive control was performed consisting
of RTDs exposed to DNase I (Promega; 500 U/ml in 40
mmol/L Tris-HCl, 6 mmol/L MgCl2 buffer, pH 7.5) for 10
minutes at room temperature.

For immunohistochemistry RTDs were incubated in
blocking agent (Chemicon, Temecula, CA) followed by
overnight incubation with primary or matched control an-

tibody, which was localized by incubation with a biotin-
ylated secondary antibody and fluorescein avidin (Vector
Laboratories, Inc). Mounting media contained nuclear
stain 4�, 6-diamidino-2-phenylindole (DAPI) (Vector Lab-
oratories, Burlingame, CA). The entire specimen was sur-
veyed for TUNEL-positive or caspase-3-positive cells by
fluorescence microscopy. Fluorescent, DAPI, and phase
contrast images (original magnification �400) of the
same field were digitally captured. Data are presented as
number of positive (TUNEL, caspase-3, or DAPI) cells per
RTD.

For histomorphometric analysis such as acellular cap-
illary counts and pericyte ghost counts, retinal trypsin
digests were stained with periodic acid-Schiff (PAS)-he-
matoxylin, and examined by light microscopy as de-
scribed previously.5 Captured PAS-stained images of 13
to 15 fields in the mid-retina were examined by a blinded
observer to count the number of acellular capillaries as
described previously and shown by boxes in Figure 1a.8

Data are presented as number of acellular capillaries per
mm2 of the RTD. Pericyte ghosts were counted as intra-
mural pockets lacking normal cell contents and marked
by faint basement membrane out pouching in capillar-
ies.21,22 Data are presented as number of pericyte
ghosts/1000 microvascular cells. Counts were confirmed
by a second blinded independent examiner.

Statistical Analysis

Statistical significance was determined by one-way anal-
ysis of variance with Tukey’s posthoc test for compari-
sons between multiple groups at the P � 0.05 level.

Figure 1. Diabetes increases retinal microvascular cell apoptosis. a: A low power image of a typical retinal trypsin digest of the retinal microvasculature is shown.
Vertical lines represent the boundaries of contiguous fields in which the entire retina was examined for the presence of TUNEL- or cleaved caspase-3-positive cells.
Rectangles in the mid-retinal area represent the areas examined for acellular capillaries and pericyte ghosts. Original magnification �20. b: Representative image
of a TUNEL-positive retinal microvascular cell in a diabetic specimen. Upper left panel, DAPI staining; lower left panel, TUNEL staining; upper right panel,
phase contrast image of the corresponding field; lower right panel, merged TUNEL/DAPI images. Arrow points to a TUNEL-positive microvascular cells. The
bar represents 20 �m at original magnification �400.
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Results

Type 1 diabetic rats weighed less and had significantly
higher glycosylated hemoglobin levels compared to nor-
moglycemic rats, typical of type 1 diabetes (Table 1).
Type 2 diabetic rats weighed more and had significantly
higher glycosylated hemoglobin levels as compared with
normoglycemic littermates, typical of type 2 diabetes
(Table 1). Treatment of the diabetic rats with TNF inhibitor
pegsunercept had no effect on weight or glycosylated
hemoglobin levels in both models (Table 1).

To establish that TNF is elevated, TNF-� mRNA levels
in retinas of the type 1 diabetic model and TNF-� levels in
retinal protein extracts of type 2 diabetic model were
determined. TNF-� mRNA levels determined by real-time
PCR were significantly elevated 61-fold (P � 0.05) in type
1 diabetic rats with diabetes of 12 weeks duration when
compared to age-matched normoglycemic animals (1 in
normoglycemic rats to 61.2 � 9.1 in diabetic rats; n � 6;
P � 0.05). In type 2 diabetic animals, TNF-� protein levels
were increased by threefold when compared to normo-
glycemic littermates (21.3 � 1.4 pg/mg in normoglycemic
rats to 68.7 � 6.5 pg/mg in diabetic rats; n � 6; P � 0.05).

TUNEL- and cleaved caspase-3-positive cells were
measured in contiguous non-overlapping fields in the
entire rat retina in RTDs following the vertical columns as
shown in Figure 1a. A representative TUNEL-positive mi-
crovascular cell, DAPI-stained nuclei, merged image,
and corresponding phase contrast image are shown in
Figure 1b. As a control, immunohistochemistry experi-
ments were performed with antibody to CD18 demon-
strating that there were very few immune cells trapped
within the microvasculature in the retinal trypsin digests,
and none of these were apoptotic when immunohisto-
chemistry with CD18 was combined with the TUNEL as-
say (data not shown).

To investigate the impact of elevated TNF-� levels on
the loss of microvascular cells, rats were treated by in-
travitreal injections of pegsunercept in both type 1 and
type 2 diabetic models and compared to diabetic rats
injected with vehicle alone. Treatment with pegsunercept
for the last 8 weeks of the 12 weeks of type 1 diabetes
reduced the increase caused by diabetes in retinal
TNF-� mRNA by more than 80% (P � 0.05). Since
caspase-3 cleavage represents an important pathway

through which apoptosis takes place, we measured the
number of cleaved caspase-3-positive microvascular
cells in retinal trypsin digests. In the type 1 diabetic
animals this number increased 5.5 fold (P � 0.05) in
diabetic retinas compared to matched normoglycemic
controls (Figure 2a). TNF inhibition reduced this increase
by 82% (P � 0.05) (Figure 2a). Similar experiments were
performed with ZDF and matched control rats. Type 2
diabetes increased the number of caspase-3-positive mi-
crovascular cells by 10-fold. Application of the TNF in-
hibitor reduced this increase by 83% (P � 0.05) (Figure
2b). Thus, pegsunercept reduced diabetes-enhanced
caspase-3-positive microvascular cells by more than
80% in type 1 and type 2 diabetic retinas.

To assess apoptosis the TUNEL assay was performed
in retinal trypsin digests. In the type 1 diabetic model,
there was a 6.8-fold increase in TUNEL-positive micro-
vascular cells as compared with matched normoglyce-
mic controls. This increase was reduced by 80% when
diabetic rats were treated with pegsunercept (P � 0.05)
(Figure 2c). In the type 2 diabetic model a fivefold in-
crease in TUNEL-positive microvascular cells was ob-
served, which was reduced by 76% when TNF was in-
hibited with pegsunercept (P � 0.05) (Figure 2d). Thus,

Table 1. Body Weight and Glycosylated Hemoglobin Levels
in the Type 1 and Type 2 Models of Diabetes

Phenotype
Body

weight (g)
Gly.HbA1c
(% total)

Type 1 model
Control 616 � 11 4.3 � 0.2
Diabetic 389 � 13* 10.3 � 0.8*
Diabetic � pegsunercept 377 � 16* 11.1 � 0.7*

Type 2 model
Control 407.0 � 21.0 6.3 � 0.7
Diabetic 590.0 � 67.0* 14.1 � 1.4*
Diabetic � pegsunercept 530.0 � 43.0* 13.0 � 1.0*

Data represent measurements taken at the time of euthanasia and
are presented as mean � SD.

*Significance when compared to control rats.

Figure 2. TNF inhibition confers protection in both type 1 and type 2
diabetic animals against diabetes-induced microvascular cell apoptosis. a:
The mean number of cleaved caspase-3-positive cells was determined in
normoglycemic control rats (C), streptozotocin-induced diabetic rats (DM),
and streptozotocin-induced diabetic rats treated with pegsunercept (DM �
Peg). Data represent the mean � SEM (n � 5). b: The mean number of
cleaved caspase-3-positive cells was determined in normoglycemic control
rats (C), ZDF diabetic rats (DM) and ZDF diabetic rats treated with pegsuner-
cept (DM � Peg). Data represent the mean � SEM (n � 5). c: The mean
number of TUNEL-positive cells in type 1 diabetic model was determined in
normoglycemic control rats (C), streptozotocin-induced diabetic rats (DM)
and streptozotocin-induced diabetic rats treated with pegsunercept (DM �
Peg). Data represent the mean � SEM (n � 6). d: The mean number of
TUNEL-positive microvascular cells was determined in normoglycemic con-
trol rats (C), ZDF diabetic rats (DM) and ZDF diabetic rats treated with
pegsunercept (DM � Peg). Data represent the mean � SEM (n � 6).
*Statistically significant compared to control (P � 0.05). **Statistically signif-
icant as compared with diabetic (P � 0.05).
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for both type 1 and type 2 diabetic models TNF inhibition
reduced diabetes-enhanced apoptosis by 76 to 80%.

In the type 2 diabetic model, we further subdivided the
apoptotic microvascular cells into endothelial cells and
pericytes (Figure 3). Representative images of cleaved
caspase-3-positive pericytes and endothelial cells and
phase contrast and corresponding PAS-stained images
are shown in Figure 3a. Cleaved caspase-3-positive en-
dothelial cells increased 10-fold and pericytes eightfold
compared to normoglycemic littermates (Figure 3b). The
number of TUNEL-positive microvascular pericytes and
endothelial cells both increased fivefold in the ZDF dia-
betic compared to normoglycemic rats (Figure 3c). Peg-
sunercept significantly reduced the increased numbers
of caspase-3-positive endothelial cells and pericytes by
81% and 86% (P � 0.05), respectively (Figure 3b). Sim-
ilarly TNF inhibition with pegsunercept significantly re-
duced diabetes-enhanced TUNEL-positive endothelial
cells by 81% and pericytes by 67% (P � 0.05) (Figure
3c).

The ultimate effect of apoptosis is the formation of
pericyte ghosts and acellular capillaries, which represent
an important histological finding that is characteristic of
the early lesions of diabetic retinopathy.7 A representa-
tive figure showing a pericyte ghost denoted by an out-
pouching of the microvascular cell with pericyte rem-
nants is shown in Figure 4a. Type 1 diabetes increased
the numbers of pericyte ghosts 5.8-fold (Figure 4b). TNF
inhibition reduced this increase by 87% (P � 0.05) (Fig-
ure 4b). When similar counts were performed in a type 2
diabetic model, diabetes increased the number of peri-
cyte ghosts fourfold (Figure 4c). TNF inhibition reduced
this increase by 62% (P � 0.05) (Figure 4c).

A representative figure showing an acellular capillary
characterized by lack of both endothelial cells and peri-
cytes is shown in Figure 5a. In the type 1 diabetic model,
the formation of acellular capillaries was increased in
diabetic rats by 2.0-fold compared to normoglycemic rats
(P � 0.05) (Figure 5b). Treatment with pegsunercept
reduced this increase by 68% (P � 0.05) (Figure 5b).
When similar experiments were conducted in a type 2
diabetic model, diabetes increased acellular capillary
formation by 2.6-fold, and TNF inhibition prevented dia-
betes-induced acellular capillary formation by 67% (P �
0.05) (Figure 5c).

Discussion

Elevated levels of TNF-� have been associated with the
early events of diabetic retinopathy including the expres-
sion of adhesion molecules,12 and TNF inhibition has
been shown to inhibit leukostasis.16 However, there have
been no previous reports that have linked the elevated
expression of TNF in diabetic retinas to pathological
changes. To investigate the role of diabetes-enhanced
TNF-� expression in microvascular apoptosis, both type
1 and type 2 diabetic rats were treated with the peg-
sunercept. Inhibition of TNF-� caused approximately 76
to 80% reduction in the number of microvascular cells
that expressed activated caspase-3 and were TUNEL-
positive. Thus, TNF plays a significant role in diabetes-
enhanced microvascular cell apoptosis. Longer term
studies were also performed to investigate the conse-
quence of TNF-stimulated apoptosis. Pegsunercept sig-
nificantly reduced the increase in pericyte ghost forma-

Figure 3. TNF inhibition reduces pericyte and
endothelial cell apoptosis in type 2 diabetic ret-
ina. a: Representative image of a cleaved
caspase-3-positive pericyte (upper left panel)
and endothelial cell (lower left panel), phase
contrast (central panel), and PAS staining
(right panel). Arrow points to a cleaved
caspase-3-positive microvascular cells in a dia-
betic specimen. b: The mean number of cleaved
caspase-3-positive endothelial cells and peri-
cytes was determined in normoglycemic rats
(C), Zucker diabetic fatty rats (DM) and Zucker
diabetic fatty rats treated with pegsunercept
(DM � Peg). Data represent the mean � SEM
(n � 5). c: The mean number of TUNEL-positive
retinal endothelial cells and pericytes was deter-
mined in normoglycemic control rats (C), ZDF
diabetic rats (DM), and ZDF diabetic rats treated
with pegsunercept (DM � Peg). Data represent
the mean � SEM (n � 6). *Statistically significant
compared to control (P � 0.05). **Statistically
significant as compared with diabetic (P �
0.05).
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tion and acellular capillary formation caused by diabetes.
These results demonstrate for the first time that TNF-�
plays a major role in the loss of microvascular cells. The
higher rates of endothelial cell apoptosis observed do not
necessarily lead to faster loss of these cells compared to
pericytes cells since circulating endothelial progenitor
cells may replace some of the apoptotic endothelial cells,
though this does not occur for pericytes.23

There have been relatively few studies comparing the
development of retinopathy in type 1 and type 2 diabetic
patients. However, it is possible that there are subtle
differences between them.24 We observed that both type
1 and type 2 diabetic models exhibited relatively similar
increases in the number of microvascular cells that were
apoptotic as assessed by the TUNEL assay. Both type 1
and type 2 diabetic models exhibited increases in peri-

cyte ghost formation and acellular capillary development
that were relatively consistent. The results with the TUNEL
assay and acellular capillary formation are similar with
another type 2 diabetic rat, the Goto-Kakizaki rat.6 When
TNF was inhibited by treatment with pegsunercept, it was
striking that the reduction in apoptosis and loss of micro-
vascular cells was similar in both type 1 and type 2
diabetic models.

The protective effect of TNF inhibition may be ex-
plained by direct effect of TNF-� on microvascular cells
as it is a pro-apoptotic cytokine.25 Since TNF-� inhibition

Figure 4. TNF inhibition reduces pericyte ghost formation in both type 1 and
type 2 diabetic animals. a: RTDs was prepared from a diabetic specimen and
stained with PAS-hematoxylin. Arrow points to a pericyte ghost. The bar
represents 20 �m at original magnification, �400. b: The mean number of
pericyte ghosts was determined in normoglycemic control rats (C), strepto-
zotocin-induced diabetic rats (DM), and streptozotocin-induced diabetic rats
treated with pegsunercept (DM � Peg). Data represent the mean � SEM
(n � 5). c: The mean number of pericyte ghosts was determined in normo-
glycemic control rats (C), ZDF diabetic rats (DM) and ZDF diabetic rats
treated with pegsunercept (DM � Peg). Data represent the mean � SEM
(n � 5). *Statistically significant as compared with control (P � 0.05).
**Statistically significant as compared with diabetic (P � 0.05).

Figure 5. TNF inhibition reduces acellular capillary in both type 1 and type
2 diabetic animals. a: PAS-hematoxylin-stained RTDs from a diabetic retina.
Arrows point to an acellular capillary. The bar represents 20 �m at original
magnification, �400. b: The mean number of acellular capillaries was deter-
mined in normoglycemic control rats (C), streptozotocin-induced diabetic
rats (DM) and streptozotocin-induced diabetic rats treated with pegsunercept
(DM � Peg). Data represent the mean � SEM (n � 6). c: The mean number
of acellular capillaries was determined in normoglycemic control rats (C),
ZDF diabetic rats (DM), and ZDF diabetic rats treated with pegsunercept (DM
� Peg). Data represent the mean � SEM (n � 6). *Statistically significant
compared to control (P � 0.05). **Statistically significant compared to dia-
betic (P � 0.05).
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has been shown to inhibit intercellular adhesion molecule
1 levels and NF-�B activity in diabetic retina, an alternate
approach of identification in which direct stimulation of rat
microvascular endothelial cells with TNF-� could induce
several genes responsible for endothelial cell activation
and apoptosis has also been used (Supplemental Table
1,26–28 available at http://ajp.amjpathol.org). Alternatively,
TNF could enhance apoptosis through indirect mecha-
nisms. For example, TNF-� inhibition could reduce the
expression of other pro-apoptotic factors29 or reduce
leukostasis that can promote endothelial injury through
various pathways.16 However, these mechanisms are
mutually compatible and may occur simultaneously.
Overall, the effect of TNF inhibition on reducing endothe-
lial and pericyte apoptosis is consistent with findings that
TNF-� directly stimulates microvascular endothelial cell30

and pericyte apoptosis (unpublished data).
Hyperglycemia leads to retinal biochemical alteration

in a manner dependent on genetics and/or environmental
factors. Retinal biochemical alterations include activation
of polyol pathway, advanced glycation endproducts ac-
cumulation and diacylglycerol/protein kinase C activa-
tion, leading to reactive oxygen species formation.31,32

This biochemical alteration may lead to inadvertently in-
creased expression of various growth factor and cyto-
kines (TNF-�). Hyperglycemia per se or through TNF
up-regulation activates target transcription factors such
as NF-�B.33 Increased activation of transcription factor
NF-�B can lead to increased expression of pro-inflamma-
tory mediators such as TNF-�, interleukins 1� and 6,
which has been also implicated in the pathogenesis of
diabetic retinopathy. Increased TNF-� expression may
further drive NF-�B-dependent gene transcription.34

Thus inhibition of TNF-� by pegsunercept disrupts this
feedback loop leading to inhibition of several inflamma-
tory mediators.

Increased apoptosis is implicated in several other di-
abetic complications such as neuronal apoptosis in neu-
ropathy, cardiomyocyte apoptosis in cardiomyopathy,
and mesangial cell apoptosis in nephropathy. Thus, it is
possible that TNF-� up-regulation may contribute to-en-
hanced apoptosis observed in other diabetes-associated
complications, and TNF-� inhibition may prove benefi-
cial. Overall the data presented in this paper suggest that
diabetic retinopathy, a chronic inflammatory condition, is
characterized by early TNF-� up-regulation in both type 1
and type 2 diabetes. This up-regulation leads to the loss
of microvascular cells a critical early event in the etiology
of diabetic retinopathy. TNF inhibition by soluble TNF-�
receptor molecules results in protection of retinal
microvasculature.
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