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Abstract
Diabetic retinopathy resists arrest of its progression after reestablishment of good glycemic control
that has followed a profound period of poor glycemic control. This study is to elucidate the role of
inflammation in the resistance of retinopathy to arrest after termination of hyperglycemia.
Streptozotocin-diabetic rats were maintained either in poor glycemic control (PC, glycated
hemoglobin, GHb>11%) or in good glycemic control (GC, GHb<7%) for 12 months, or allowed to
be in PC for six months followed by GC for six additional months. At 12 months, retina was analyzed
for pro-inflammatory mediators. Twelve months of PC increased retinal interleukin-1β (IL-1β)
mRNA by 2-fold and its protein expressions by 25% compared to the values obtained from normal
rat retina. Tumor necrosis factor-α (TNF-α) was elevated approximately 3 fold (both mRNA and
protein), and the receptors for IL-1β and TNF-α were increased by 40% each. The concentrations of
intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1)
were elevated by 40% and 150% respectively, and iNOS transcripts by six fold. Six months of GC
that followed six months of PC failed to reverse the elevations in IL-1β, TNFR1 and ICAM-1; and
had some beneficial effects on TNF-α, iNOS and VCAM-I, but these mediators remained
significantly elevated. However, GC group showed no significant changes in the retinal pro-
inflammatory mediators compared to the normal rats. Failure to reverse retinal inflammatory
mediators supports their important role in the resistance of retinopathy to arrest after cessation of
hyperglycemia.
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INTRODUCTION
Retinopathy is a significant problem that affects nearly 90% patients with type I diabetes and
more than 60% with type II diabetes for more than 20 years, and hyperglycemia is considered
the initiating factor in its development (Engerman & Kern, 1986). Recent studies have
suggested that diabetic retinopathy has many characteristics of chronic inflammation. The
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levels of cytokines (e.g. interleukin-1β, IL-1β, and tumor necrosis factor-α, TNF-α), adhesion
molecules (e.g. intercellular cell adhesion molecule, ICAM-1, and vascular cell adhesion
molecule, VCAM-1) and inducible form of nitric oxide synthase (iNOS) are increased in the
retina, vitreous and serum of diabetic patients and animals (Joussen et al., 2001, 2004 ; Yuuki
et al., 2001 ; Matsumoto et al., 2002 ; Kowluru, 2003 ; Kowluru & Odenbach, 2004a; Vincent
& Mohr, 2007; Kern, 2007; Adamis & Berman, 2008). The influx of leukocytes is increased,
and chronic low-grade inflammation is considered responsible for vascular lesions that are
hallmark of diabetic retinopathy (Joussen et al., 2004).

Clinical studies have shown that good glycemic control, instituted early in the course of
diabetes, can reduce the incidence and progression of retinopathy effectively, and the
advantages of intensive glycemic control persist beyond the duration of maintenance of good
glycemic control. However, reestablishment of good control after a profound period of poor
glycemic control does not immediately benefit the progression of retinopathy (DCCT, 1993;
UKPDS, 1998; DCCT, 2002). The imprinted effects of prior glycemic control result either in
the long lasting benefits of good glycemic control that follows, or in the resistance of
retinopathy to halt (DCCT, 2002; LeRoith & Vinik, 2005). This phenomenon is commonly
termed as ‘metabolic memory’. Animal models of diabetic retinopathy, including diabetic or
experimentally galactosemic dogs and rats, also show this metabolic memory phenomenon
(Kowluru & Koppolu, 2002; Kowluru, 2003; Engerman & Kern, 1987; Hammes et al., 1993;
Kowluru, Chakrabarti & Chen S, 2004; Kowluru, Kanwar & Kennedy, 2007). We have shown
that institution of good control soon after induction of diabetes in rats protects the retina from
increases in oxidative stress and nitrative stress, and if poor glycemic control is maintained for
two months before initiation of six months of good control, increases in retinal oxidative stress
and nitrative stress are partially protected. However, if the duration of poor glycemic control
is extended to six months, re-institution of good glycemic control for six additional months
fails to provide the retina any protection from increased oxidative stress and nitrative stress
(Kowluru, 2003), and its vasculature continues to accumulate elevated levels of nitrotyrosine
(Kowluru, Kanwar & Kennedy, 2007). The exact mechanism responsible for this metabolic
memory phenomenon, however, remains elusive.

Diabetic retinopathy shares many similarities with low grade chronic inflammatory diseases
(Joussen et al., 2001, 2004 ; Yuuki et al., 2001 ; Matsumoto et al., 2002 ; Kowluru, 2003 ;
Kowluru & Odenbach, 2004a and b; Vincent & Mohr, 2007; Kern, 2007; Adamis & Berman,
2008), and a redox-sensitive factor that regulates genes involved in the inflammatory responses,
nuclear transcriptional factor (NF-kβ), remains activated in the retina after reinstitution of good
control in diabetic rats (Kowluru, Chakrabarti & Chen, 2004), suggesting that increased retinal
inflammation that is induced in hyperglycemic conditions, could also be resisting reversal. The
purpose of this study is to investigate the role of pro-inflammatory mediators that are suggested
to play a role in the development of diabetic retinopathy, in the resistance of retinopathy to
arrest after reestablishment of good glycemic control in diabetic rats, and to understand the
mechanism/s involved in precipitating this resistance.

RESEARCH DESIGN AND METHODS
Animals

Lewis rats (male, 200g) were assigned to normal or diabetic groups. Diabetes was induced with
streptozotocin (55mg/kg BW) and diabetic rats were randomly divided into three groups (15–
20 rats/group). Rats in group one and two were in poor glycemic control (PC group, glycated
hemoglobin, GHb>11%) or in good glycemic control (GC group, GHb<7%) for the entire 12
months respectively. The rats in group three were in poor glycemic control for six months
followed by good glycemic control for six additional months (PC-GC group). A group of age-
matched rats remained normal for the entire duration of the experiment. Some of the rats used
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in the present study have been used by us in our previous studies (Kowluru, Kanwar & Kennedy
2007).

Glycemia
Diabetic rats received insulin (NPH) injections, and the dose and frequency of insulin were
adjusted based on the desired severity of hyperglycemia. The rats in which poor glycemic
control was intended received a single injection of insulin (1–2 units) four to five times a week
to prevent ketosis and weight loss, and the rats in good glycemic control received insulin twice
daily (6–8 units total) to maintain their blood glucose below 150 mg/dl (Kowluru, 2003;
Kowluru, Kanwar & Kennedy, 2007). The entire rat colony was housed in metabolism cages;
24-hour urine samples were tested for glycosuria 2–3 times every week using quantitative
methods (Glucose Kit, GAGO-20, Sigma-Aldrich Chemicals, St. Louis, MO, USA). Blood
glucose was measured once a week (Glucometer Elite, Bayer Corporation), and GHb every
three months using a kit from Helena Laboratories (Beaumont, TX, USA). All of the rats,
including normal group, received powdered diet (Purina 5001), and the food consumption was
measured once and body weights 2–3 times every week. These experiments conformed to the
Association for Research in Vision and Ophthalmology’s Resolution on Treatment of Animals
in Research (National Institutes of Health). Twelve months after initiation of the experiment,
the animals were sacrificed by an overdose of pentobarbital, and retina was isolated by gently
separating sensory retina from choroid using a microspatula under a dissecting microscope and
stored frozen at −80°C.

Total RNA isolation and cDNA synthesis
Total RNA was isolated from the retina by a method previously used by us (Kowluru, Menon
& Gierhart, 2008). RNA (1µg) was converted to single stranded cDNA using the High Capacity
cDNA Reverse Transcription Kit with RNase inhibitor (Applied Biosystems, ABI; Foster City,
CA, USA). cDNA was synthesized in a total volume of 20µl using the GeneAmp PCR system
9700 thermal cycler (ABI). The single stranded cDNA was quantified spectrophotometerically,
and diluted to 10ng/µl.

Quantitative real-time PCR (Q-RT-PCR) assay
Genes for IL-1β, TNF-α, ICAM-1, iNOS and COX-2 were quantified using the TaqMan Assays
on Demand for the rat (ABI). The GenBank accession number for the ABI TaqMan assays
(containing primers and probes) and the amplicon length are provided in Table I. The Q-RT-
PCR assay was conducted with 50–200ng cDNA template in 96-well plates using the ABI-7500
sequence detection system as previously described (Kowluru, Menon & Gierhart, 2008). Each
sample was analyzed in triplicate. Beta-2-macroglobulin (B2M) was validated as an
appropriate housekeeping gene, and data for target genes were normalized with B2M. The fold
change in gene expression relative to normal was calculated using the ddCt method. The values
obtained from age-matched normal rat retina were considered as one.

Enzyme-linked immunosorbent assay (ELISA)
The amounts of ICAM-1 and VCAM-1 were quantified by ELISA (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s instructions using 50µg retinal
protein for each assay. Briefly, for the ICAM-1 assay, standard or the sample was added in a
96-well plate that was pre-coated with a monoclonal antibody. The plate was incubated for 2
hours and after washing the plates, the samples were incubated with rat soluble ICAM-1
conjugate for another 2 hours. The unbound antibody-enzyme reagent was washed, followed
by addition of the substrate solution. The intensity of the color was measured at 450nm.
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Similarly for VCAM-1 assay, standard solution or the samples together with the soluble
VCAM-1 conjugate were added in a 96-well plate that was pre-coated with a monoclonal
antibody. After incubating for 1.5 hours, the plate was washed to remove the unbound antibody-
enzyme reagent. The substrate solution was added, and the color produced was measured at
450nm. Results are reported as percentage elevation relative to the values obtained from normal
rat retina.

Western blot analysis
Protein (20–30µg) was separated using 10–12% SDS-PAGE gels and transferred to
nitrocellulose membranes following the western blot protocol. Each band was quantified using
Un-Scan-It Gel digitizing software (Silk Scientific Inc, Orem, UT, USA), and the values in the
histograms were presented as mean band density of the protein of interest adjusted by the
intensity of β-actin in the same sample and expressed as percentage relative to the values
obtained from normal rat retina.

Immunoprecipitation of cytokine receptors
The formation of protein-protein complexes between IL-1β and its receptor, IL-1 receptor I
(IL-1RI), and also between TNF-α binding to its receptor, TNF receptor I (TNFRI), was
assessed in the retina by immunoprecipitation methods. Retinal protein (100–120µg) was
incubated overnight at 4°C with polyclonal anti-IL-1β or anti-TNF-α antibodies (Santa Cruz
Inc, Santa Cruz, CA, USA). The mixture was then incubated with 20µl protein A/G PLUS-
agarose beads (Santa Cruz Inc) at 4°C for 1 hour, followed by centrifugation at 1000xg for 5
minutes. The pellet was washed, and resuspended in the SDS sample buffer. The sample was
boiled for 2 minutes; the immunoprecipitate was collected by centrifuging, and analyzed by
western blot technique using anti-IL-1RI or anti-TNFRI antibodies.

Statistical analysis
Each measurement was made at least in duplicate, and the values are expressed as mean ± SD.
Statistical analysis was performed using the nonparametric approach of Kruskal-Wallis
followed by the Mann-Whitney test for multiple group comparisons employing the SAS
statistical software. P value of <0.05 was considered statistically significant.

RESULTS
Severity of hyperglycemia in rats

The rats in PC group had GHb values above 11% throughout the 12 months duration of the
study and those in GC group had GHb below 7%. GHb values in PC-GC group before the
initiation of good control were similar to those in PC group (GHb>11%) but were reduced to
below 7% two months after initiation of good glycemic control (the first measurement made
after reinstitution of good glycemic control), and remained unchanged for the entire six months
of good glycemic control (Table II). Body weight and daily food consumption in the PC-GC
group before reinstitution of good control were similar to those in poor glycemic control, and
these values became comparable to the GC group after initiation of good glycemic control.
Similarly, 24 hour urine volumes of the rats in GC group were not different from those in age-
matched normal rats, and were significantly lower than those in PC group (Table II).

Retinal cytokines and their receptors
Gene expression of IL-1β was increased by 2-fold in the retina of rats in PC group, and its
protein expression by 25% as compared to values obtained from the age-matched normal rats
(Figures 1a & b). Since IL-1β binds preferentially to IL-1RI for its activation, and
immunoprecipitaion allows an indirect measurement of IL-1β to IL-1RI binding, the expression
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of IL-1RI was quantified. Retinal IL-1RI was elevated by 40% in the rats maintained in poor
glycemic control for the entire duration of the experiment (Figure 1c).

The transcript for TNF-α and its protein expression were increased approximately 3 fold in the
retina of rats in PC group, and the expression of TNFRI, a receptor that TNF-α binds for its
activation, was elevated by 40% (Figures 2a–c).

Six months of good glycemic control in rats that had followed six months of poor glycemic
control failed to provide any protection to the increases in IL-1β (both, gene and protein
expressions) and its receptor (Figures 1a–c). This six months of good control, however, had
some beneficial effects on TNF-α, its gene and protein expressions were decreased by over
25% in PC-GC rats compared to PC rats, but the values remained significantly higher compared
to the normal rats (P<0.05, Figures 2a&b). In contrast, diabetes-induced increase in the
expression of TNFR1 was not affected by re-institution of good glycemic control in rats (Figure
2c)

Adhesion molecules
ICAM-1 concentration and its gene expression were elevated by 40% and over 500%
respectively, and VCAM-1 concentration by 150% in the retina of rats in poor glycemic control
for 12 months compared to the age-matched normal rats. Reversal of hyperglycemia after six
months of poor glycemic control had no beneficial effect on retinal ICAM-1 concentration
(Figure 3a), but had partial beneficial effect on its gene expression. In the same PC-GC animals,
reversal of hyperglycemia had significant effect on retinal VCAM-1 levels (P<0.05 compared
to PC), but VCAMI-1 remained 50% higher in PC-GC group compared to the normal rats
(Figure 3b).

COX-2 and iNOS
As reported previously for protein expression of iNOS (10), its transcript was increased by 6-
fold in the retina of rats in poor glycemic control for 12 months (Figure 4a). Reinstitution of
good glycemic control (PC-GC group) resulted in partial, but significant, decrease in iNOS
gene expression. However, iNOS mRNA remained significantly higher compared to those
obtained from the age-matched normal rats.

Twelve months of diabetes increased the protein expression of retinal COX-2 by 70% in PC
group rats (Figure 4b), and had some effect on its gene expression, but the values for COX-2
mRNA were not statistically different in PC, PC-GC and normal groups. Although reversal of
hyperglycemia decreased diabetes-induced increase in the protein expression of COX-2 by
about 50%, the values in PC-GC group remained high, and did not achieve any statistically
significant reduction compared to those in PC group (p=0.13).

Initiation of good control soon after induction of diabetes and pro-inflammatory mediators
Maintenance of good glycemic control in rats for the entire duration of the experiment (GC
group), prevented the retina from diabetes-induced increases in the cytokines (IL-1β and TNF-
α), ICAMI-1 and iNOS (Figure 1–Figure 4) suggesting that increase in retinal inflammatory
mediators in diabetes can be easily prevented if poor glycemic control is not allowed to sustain,
and is intervened with good glycemic control very early in the pathogenesis of diabetic
retinopathy. We need to acknowledge that due to some technical difficulties in preparing the
samples for analysis we were unable to determine the protein expressions and concentrations
of the proinflammatory mediators in the retina obtained from rats in GC group.
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DISCUSSION
This is the first report demonstrating the role of inflammatory mediators in the metabolic
memory phenomenon, the pro-inflammatory cytokines and adhesion molecules that are
implicated in the development of diabetic retinopathy resist suppression after institution of
good glycemic control for at least six months that has followed six months of poor glycemic
control. Reversal of hyperglycemia fails to provide any significant effect on the development
of histopathology that is characteristic of diabetic retinopathy and nitrotyrosine continues to
accumulate in retinal capillary cells (Engerman & Kern, 1987; Hammes et al., 1993; Kowluru,
Kanwar & Kennedy, 2007). Many retinal metabolic abnormalities, including oxidative stress,
nitrative stress, advanced glycation end products, are shown to resist reversal after re-institution
of good control in diabetic rats (Kowluru, 2003; Kowluru, Chakrabarti & Chen S, 2004;
Kowluru, Kanwar & Kennedy, 2007; Genuth et al., 2005; Ihnat et al., 2007), and here we
provide novel evidence that inflammatory mediators are also a major part of the metabolic
memory puzzle.

IL-1β, a pro-inflammatory cytokine, binds to the cell membrane associated IL-1RI that
eventually activates either NF-kB or proteins participating in translation of mRNA, modulating
cell responses and gene expression (Sims et al., 1993; Chang & LoCicero, 2004). The IL-1RI
and its activation are considered important in the pathogenesis of diabetic retinopathy (Vincet
& Mohr, 2007). Although IL-1β is predominantly produced by macrophages, it is also secreted
by the capillary cells; levels of IL-1β are elevated in the retina and its capillary cells in diabetes
(Kowluru & Odenbach, 2004 a&b), and in here we show that IL-1β (mRNA and protein
expression) remain elevated at duration of diabetes where histopathology can be observed.
Normalization of glycemic control fails to prevent the elevation in retinal IL-1β and its receptor
signifying that continued increase in IL-1β is important in the persistence of vascular lesions
of diabetic retinopathy.

Similar to IL-1β, TNF-α is present in acute and chronic inflammatory conditions and its
biological response is mediated via binding to TNF receptors. The induction of TNF-α
expression observed in our poor glycemic control animals is in agreement with others (Joussen
et al., 2002; Zheng, Gong, Hatala & Kern, 2007). Increase in TNF-α expression in the retina
of diabetic rats is accompanied by elevation in its receptor, TNFRI. The activation of TNFRI
stimulates pro-inflammatory pathway leading to the activation of NF-kB or in the apoptotic
pathway. In support, our previous studies have shown that hyperglycemia activates retinal NF-
kB and the apoptosis execution enzyme, caspase-3 and these abnormalities, likewise, resist
arrest after reversal of hyperglycemia (Kowluru, Koppolu, Chakrabarti & Chen, 2003;
Kowluru, Chakrabarti & Chen, 2004). Although we observed lower TNF-α mRNA levels in
the retina from PC-GC group compared to PC group, the values remained significantly higher
than those in normal rats or good glycemic control rats. Moreover, in the same rats six months
of good glycemic control failed to provide any benefit to its receptor suggesting that the binding
of TNF-α to TNFRI continues to remain abnormal even after reversal of hyperglycemia, and
NF-kB and apoptotic pathways remain active.

In the pathogenesis of diabetic retinopathy increases in retinal ICAM-1 and VCAM-1 are
implicated via activation of leukostasis, and these abnormalities are observed early in the
development of diabetic retinopathy (Joussen et al., 2004; Tang, Le-Ruppert, Gabel, 1994).
The failure to completely reverse increases of the ICAM-1 and VCAM-1 levels six months
after reinstitution of good glycemic control suggests that the sustained elevation of these
molecules is important in the resistance of retinopathy to reverse. The exact mechanisms of
how ICAM-1 and VCAM-1 contribute to the resistance of diabetic retinopathy are not clear,
but could include continued activation of leukostasis contributing to capillary cell loss.
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iNOS is implicated in the inflammatory process in diabetes; diabetic mice with iNOS gene
knocked out demonstrate reduction in retinal capillaries degeneration (Zheng et al., 2007). The
protein expression of iNOS and levels of nitric oxide (NO) and nitrotyrosine are elevated in
the retina of diabetic rats and humans (Abu El-Asrar et al., 2001; Du, Smith, Miller & Kern,
2002; Kowluru, 2003; Kowluru, Kanwar & Kennedy, 2007). Similar to its protein expression
(Kowluru, 2003), here we show that iNOS transcript remains significantly elevated for at least
six moths after reinstitution of good glycemic control in rats. This sustained increase in iNOS
transcript could be sufficient to result in continued elevation in retinal NO and nitrotyrosine
levels previously reported by us (Kowluru, 2003; Kowluru, Kanwar & Kennedy, 2007).

COX-2 modulates the levels of vascular endothelial growth factor and vascular permeability
in the retina in diabetes (Joussen et al., 2002; Du, Sarthy & Kern 2004; Kern, 2007). Increased
COX-2 mRNA expression is reported in rats as early as eight days after induction of diabetes
(Ayalasomayajula & Kompella, 2003), and inhibitors of COX-2 decrease leukostasis in the
retinal microvasculature (Joussen et al., 2002; Du, Sarthy & Kern 2004). Our failure to observe
significant increase in COX-2 mRNA at 12 months of diabetes in rats could be due to the
duration of diabetes or the increase in translation of the transcript that could have resulted in
elevated COX-2 protein expression. However, we observed a significant increase in COX-2
protein expression at 12 months of diabetes, and this was only partly reversed in PC-GC rats.
The mechanism by which sustained increase in retinal COX-2 protein could be contributing
to the metabolic memory phenomenon is not clear but could include its sustained effects on
increased vessel permeability and leukostasis, and continued retinal capillary cell apoptosis
(Kern, 2007).

Clinical studies and animal models of diabetic retinopathy have demonstrated that the
development of retinal vascular lesions are considered as the irreversible lesions, the ‘point of
no return’, and the preexisting damage at the time of intervention is one of the primary factors
in determining the outcome of a therapy (DCCT, 1995 and 1998; Robison et al., 1998; Kowluru,
2003). Here we show that if good glycemic control is initiated soon after induction of diabetes
(GC group), retinal inflammatory mediators remain largely unchanged, but if poor glycemic
control is maintained for six months before instituting good glycemic control, these
abnormalities resist reversal suggesting that the damaging process of inflammation that starts
early in the course of development of retinopathy in diabetes is not easily reversed by good
glycemic control. These results are very significant because they suggest that during good
glycemic control the rats did not experience major fluctuation in their glucose levels, and the
effects of good glycemic control are not influenced by the high dose of insulin administered
to maintain the desired glycemic control.

Clinical studies with diabetic patients have shown that a period of good control imprints a long
term benefit on tissues even when followed by poor control. Our experimental plan, however,
did not include a group of rats that were maintained in good control for six months followed
by poor glycemic control for six additional months. Thus, the possibility that the retina of these
rats could have lower pro-inflammatory mediators than PC-GC rats cannot be ruled out.

Diabetic retinopathy is a multi-factorial disease, and the process of inflammation can also
interact with other metabolic abnormalities to affect the pathogenesis of diabetic retinopathy.
NF-kB regulates the inflammatory response and mediators including all the markers assessed
in the present study. Stimulation of IL-1β and TNF-α can lead to further NF-kB activation
creating a continuous feedback loop (Chang, LoCicero, 2004). Oxidative stress can trigger and
regulate vascular inflammation, while inflamed cells can stimulate the release of reactive
oxygen species (ROS) (Kowluru & Odenbach, 2004b; Libby, 2007). ROS increase
microvascular permeability, aid in the recruitment of neutrophils to the site of inflammation
(Libby, 2007; Quan, He & Lai, 2003). Thus, the resistance of inflammatory markers to suppress
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in the present study supports a possible link between inflammation, oxidative stress and NF-
kB. However, it is difficult to predict which mediator is upstream in order to block the
interrelated detrimental downstream events to diabetic retinopathy.

We have used the whole retina to analyze inflammatory mediators, and this approach did not
allow us to identify the specific retinal cell types that continue to have increased mediators.
However, in the same animals we have shown that reversal of hyperglycemia fails to inhibit
the development of retinal histopathology (Kowluru, Kanwar & Kennedy, 2007), thus strongly
suggesting that the inflammatory mediators continue to accumulate in the retinal vasculature
even after hyperglycemia is terminated.

Diabetes Control and Complications Trial has shown that serum levels of ICAM-1 are reduced
with intensive insulin therapy while C-reactive protein and soluble TNFRI do not benefit from
intensive insulin therapy (Schaumberg et al., 2005). Further, recent reports have suggested that
dysregulation of epigenetic modification could be responsible for sustained proinflammatory
phenotype of the vascular smooth muscle cells from diabetic mice after being stimulated with
TNF-α (Villeneuve et al., 2008). Our novel data demonstrate that the levels of these
inflammatory mediators fail to reverse in the retina even after six months of good glycemic
control that has followed six months of poor glycemic control. The inability to suppress retinal
cytokines and adhesion molecules effectively at the transcriptional and translational levels
implies that inflammation is one of the important pieces of the metabolic memory puzzle.
Understanding the mechanism responsible for the tendency of diabetic retinopathy to progress
after reestablishment of good glycemic control should help reveal targets for therapy to prevent
its progression.
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Figure 1.
Effect of reversal of hyperglycemia on IL-1β gene expression (a), protein expression (b) and
its receptor, IL-1RI (c). Retinal gene expression was measured with Q-RT-PCR and the fold
change for the retina of age-matched normal rats is considered one. Protein expression was
assessed by western blot; the band intensities were adjusted to β-actin expression and the values
obtained for normal rat retina are 100%. IL-1RI data was quantified by immunoprecipitation
with IL-1β followed by western blotting with antibody for IL-1RI. Data for Q-RT-PCR
represent the mean ± SD from 8–10 rats in each of the 4 groups. The Western blots are
representative of at least 5 different rats in each group, and the bars represent the mean ± SD
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of the adjusted band intensities obtained from those rats in each of the 4 groups (b & c). *P<0.05
compared to normal, and **P<0.05 and #P>0.05 compared to PC.
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Figure 2.
Effect of reversal of hyperglycemia on retinal TNF-α gene expression (a), protein expression
(b) and TNFRI (c). Gene expression was quantified with Q-RT-PCR and protein expression
by western blot; the band intensities were normalized to β-actin expression and the values
obtained for normal rats are considered 100%. TNFRI level was measured by
immunoprecipitation. Data for Q-RT-PCR are mean ± SD from 8 or more rats in each group
(a), and the western blots are representative of 5 different rats in each group *P<0.05 compared
to normal, and **P<0.05 and #P>0.05 compared to PC.
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Figure 3.
Effect of re-institution of good glycemic control on retinal adhesion molecules. The mRNA
levels of ICAM-1 (a) were determined by Q-RT-PCR. The concentration of ICAM-1 (b) and
that of VCAM-1 (c) were determined by ELISA. For ELISA, the values obtained for normal
rat retina are considered 100%. Data represent the mean ± SD from 8–10 each group for Q-
RT-PCR and 5 rats each for ELISA. *P<0.05 compared to normal, and **P<0.05 and #P>0.05
compared to PC.
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Figure 4.
Relative gene expression of iNOS (a) and COX-2 (b), and protein expression of COX-2 (c) in
the retina of rats in glycemic control. Retinal gene expression data was obtained with Q-RT-
PCR and compared with the age-matched normal rats. COX-2 protein expression for rat retina
was measured with western blot; the band intensities were adjusted to β-actin expression and
the values obtained for normal rats are 100%. *P<0.05 compared to normal, and **P<0.05
and #P>0.05 compared to PC.

Chan et al. Page 15

J Diabetes Complications. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chan et al. Page 16

Table 1

GenBank accession number and the amplicon length for the target genes and housekeeping gene used for Q-RT-
PCR

Gene GenBank Accession No. Amplicon length (bp)

IL-1β NM_031512.1 74

TNFα NM_012675.2 108

ICAM-1 NM_012967.1 61

iNOS NM_012611.2 77

COX-2 NM_017232.2 96

B2M NM_012512.1 58

J Diabetes Complications. Author manuscript; available in PMC 2011 January 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Chan et al. Page 17

Ta
bl

e 
2

Se
ve

rit
y 

of
 h

yp
er

gl
yc

em
ia

 in
 ra

ts
 a

ss
ig

ne
d 

to
 p

oo
r o

r g
oo

d 
gl

yc
em

ic
 c

on
tro

l

D
ur

at
io

n
(m

on
th

s)
B

od
y

w
ei

gh
t (

g)
Fo

od
(g

/d
ay

)
G

H
b

(%
)

U
ri

ne
 V

ol
(m

l)

N
or

m
al

12
40

5±
17

23
±3

6.
5 

± 
0.

7
15

±5

PC
12

29
1±

33
*

36
±9

*
12

.9
 ±

 1
.9

*
97

±3
5

G
C

12
42

5±
40

38
±7

6.
7±

0.
5

25
±7

PC
6

28
3±

11
*

40
±1

0*
13

.5
 ±

 2
.0

*
11

0±
29

↓
↓

↓
↓

↓
↓

G
C

6
38

8±
17

25
±9

6.
9 

± 
1.

1
27

±1
0

Th
e v

al
ue

s a
re

 m
ea

n 
± 

SD
 o

f 1
0 

or
 m

or
e r

at
s i

n 
ea

ch
 g

ro
up

. B
od

y 
w

ei
gh

ts
 w

er
e m

ea
su

re
d 

tw
o 

tim
es

 an
d 

fo
od

 in
ta

ke
 o

nc
e e

ve
ry

 w
ee

k.
 G

ly
ca

te
d 

he
m

og
lo

bi
n 

w
as

 q
ua

nt
ifi

ed
 ev

er
y 

th
re

e m
on

th
s, 

an
d 

ur
in

e v
ol

um
e

w
as

 m
ea

su
re

d 
on

 a
 d

ai
ly

 b
as

is
.

* P<
0.

05
 c

om
pa

re
d 

to
 n

or
m

al
.

J Diabetes Complications. Author manuscript; available in PMC 2011 January 1.


