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Abstract: High glucose, particularly in oscillating conditions, produces an increase in oxidative stress
and has been shown to result in an increase in diabetic complications, retinopathy in particular. The
hypothesis of this work was that chronic exposure to intermittent high glucose results in an attenuated
induction of an antioxidant response as compared to continuous high glucose exposure in isolated
retinal cells In this work, human retinal pericytes and ARPE-19 cells were exposed to 5 mM or 30 mM
continuous high glucose or to 5 mM oscillating daily with 30 mM glucose for 14 days. Levels of
antioxidant proteins and activity and levels of reactive species protein adducts were measured. We
demonstrate that the induction of total cellular superoxide dismutase (SOD) activity in isolated retinal
pericytes and ARPE-19 cells is significantly attenuated in response to oscillating glucose as compared
to continuous high glucose. We also show that a marker of nitrosative stress, 3-nitrotyrosine and a
general marker of oxidized proteins, OxyBlot™, were significantly increased in both cell types
exposed to intermittent high glucose as compared to continuous high glucose. Finally, we show that
levels of nitrated MnSOD were increased in response to intermittent high versus continuous high
glucose and that the addition of a reactive nitrogen species scavenger to oscillating glucose resulted in
significantly increased levels of SOD activity. In conclusion, our results demonstrate for the first time
a link between intermittent high glucose and a decreased induction of an antioxidant response of SOD.
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INTRODUCTION

In addition to continuous hyperglycemia,
postprandial oscillations in glucose levels, like those
experienced in the daily life of diabetic patients, have
recently been suggested as an independent risk factor
for both cardiovascular and microvascular diabetic
complications!™?, in particular retinopathy®. This
concept is consistent with the findings that intermittent
high glucose has been shown to lead to increased
damage to the endothelial cells'*”), mesangial cells™
and tubulointerstitial cells””! in culture.

Brownlee et al. "' have recently proposed a
“unifying mechanism” by which all the pathways
involved in the pathogenesis of diabetic complications
are linked through a hyperglycemia-driven intracellular

excess of reactive oxygen species (ROS), superoxide
anion in particular. Therefore, it is not surprising that an
increase in antioxidant defense is a common response to
ROS overproduction from target cells, particularly in
hyperglycemic conditions!""'¥.  We have recently
shown that oscillations in glucose levels also result in
increased levels of markers of reactive species and
vascular stress both in endothelial cells in culture’™”
and in patients!'*'¥) therefore a possible explanation for
the increased damage in response to intermittent high as
compared to continuous high glucose would be that the
cells of the vasculature and target organs are unable to
mount as extensive an antioxidant response.

Diabetic retinopathy is a common complication of
diabetes and the leading cause of blindness in the
western world!"”). In the first stages of diabetic
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retinopathy there are changes in the pericytes
surrounding the retinal vasculature leading ultimately to
their apoptotic death!'®'®.  The retinal pigment
epithelium (RPE) layer, helping to form the blood-
retinal barrier, is not known to die but does undergo
considerable morphological and biochemical changes in
response to high glucose!'*?". The RPE has also been
shown to protect the eye against ROS-induced damage
by intense light”? perhaps with an enhanced
antioxidant response.

Because, as recently reviewed, in the diabetic
retina in response to hyperglycemia there are increases
in oxidative stress due to excess mitochondrial reactive
species  production, an increase in adducted
(nitrosylated) proteins and an impairment of antioxidant
defense enzymes'™!, the hypothesis of the research
described herein was that chronic exposure to
intermittent high glucose results in an attenuated
induction of an antioxidant response as compared to
continuous high glucose exposure in isolated retinal
cells. We now report for the first time that intermittent
high glucose results an attenuated induction of SOD
activity and increased levels of nitrated SOD protein as
compared to continuous high glucose.

MATERIALS AND METHODS

Chemicals: All chemicals were from Sigma Chemical
(St. Louis, MO) and all tissue culture reagents were
from Invitrogen (Grand Island, NY) unless otherwise
noted.

Cell culture and creation of transformed human
retinal pericytes: Because of inconsistent growth
conditions (varied doubling times, varied passage
numbers to senescence) of primary isolates of human
retinal pericytes, an SV40 T antigen transformed
variant of these cells was created. To accomplish this, a
mammalian T antigen expression vector was created by
ligating the SV T-antigen gene from pUCTag
(American Type Culture Collection, Manassas, VA)
into a mammalian expression vector (pCMVTNT;
Promega Corporation, Madison, WI). Isolated human
retinal ~ pericytes  (Clonetics/Biowhittaker,  East
Rutherford, NJ) were transfected at 60% confluence in
a well of a 6-well plate using 2 ug SV40 T antigen
expression vector from above and Fugene transfection
reagent (Roche, Indianapolis, IN). Clones were then
selected for accelerated growth (not shown). A single
clone, termed Huperi-3, was used for the experiments in
this work. The characteristics of this isolate were as
follows: a similar morphology as the parental isolates,
expression of SV40 large T antigen, desmin and o-
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smooth muscle actin by western blot (not shown), an
average doubling time of 39.1 hr, cells were passaged
1:4 twice wkly and cells could be passaged up to 30
times without any apparent change in growth or
morphology. These transformed pericytes or ARPE-19
retinal pigment epithelial cells (American Type Culture
Collection (Manassas, VA) were exposed to 5 mM
(controlled to 30 mM osmolarity with L-glucose) or 30
mM glucose in DMEM with 10% Cosmic calf serum
(HyClone, Logan, UT) for 14 days. For oscillating
glucose experiments, the 5 mM glucose was
interchanged with 30 mM on a daily basis'*"*. To the
last wk of oscillating glucose was added either 200 uM
a-lipoic acid®¥, or I mM N-acetylcysteine™, or 50 uM
2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide (PTIO)™!. None of these treatments were found to
have a significant effect on cell growth as compared to
oscillating glucose given alone. Primary isolates of
human RPE were also examined but did not possess
robust enough growth characteristics to yield enough
material for these studies (not shown). All treatment
groups received fresh media daily, ensuring that both
the continuous high glucose and intermittent high
glucose groups were given 30 mM glucose the day
before the experiments concluded.

SOD and MnSOD activity: A commercially available
SOD kit (Cayman Chemical; Ann Arbor, MI) was used
to assess SOD enzyme activity. Briefly, cellular lysates
were made in a 20 mM HEPES (pH7.2), | mM EGTA,
210 mM mannitol, 70 mM sucrose buffer and frozen at
-80°C. Samples were combined with a radical detector
and reactions initiated by the addition of xanthine
oxidase. After 20 min incubation at RT, the absorbance
was determined at 450 nm. 3 mM KCN was added to
the mixture to inhibit extracellular SOD and Cu,Zn
SOD to measure specifically MnSOD activity. SOD
activity was then calculated using a SOD standard
curve. Purified bovine erythrocyte SOD isoforms was
used as a positive control for SOD enzyme induction.

Glutathione peroxidase (GPX) activity: GPX activity
was measured by a commercially available kit (Cayman
Chemical; Ann Arbor, MI). Cell lysates were collected
into a 50 mM Tris (pH 7.5), 5 mM EDTA, 1 mM DTT
buffer. Samples were combined with a mixture of
glutathione, glutathione reductase and NADPH. The
reaction was initiated by the addition of cumene
hydroperoxide and GPx activity was measured as a
decrease in absorbance at 340 nm/min over 7 min.
Purified bovine erythrocyte GPx was used as a positive
control for enzyme induction. Basal (5 mM glucose)
levels for GPX were 1481.0 £1919 U/mg for pericytes
and 173.9 £ 51.5 U/mg for ARPE-19 cells.
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Catalase (CAT) activity: CAT activity was measured
by a commercially available kit (Cayman Chemical;
Ann Arbor, MI). In this assay, methanol in the presence
of an optimal concentration of H,O, is reacted with cell
lysates. The formaldehyde produced is measured
spectrophotometrically with 4-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (Purpald) as the chromogen.
For the procedure, cell lysates were collected into a 50
mM potassium phosphate (pH 7.0), 1 mM EDTA
buffer. Samples were combined with methanol and
assay buffer and reactions initiated with addition of
hydrogen peroxide. After 20 min incubation at RT,
reactions were terminated by addition of potassium
hydroxide and shaken for 10 min. Potassium periodate
was then added to each well (5 min incubation) and the
absorbance determined at 540 nm. CAT activity was
determined using a formaldehyde standard curve and
purified bovine liver CAT was used as a positive
control for this reaction. Basal (5 mM glucose) levels
for CAT were 11.5 +2.7 U/mg for pericytes and 180.6
+36.3 U/mg for ARPE-19 cells.

Cellular lysate preparation: Whole cell extracts were
made using a mammalian cell lysis buffer (M-PER;
Pierce Chemical) containing protease and phosphatase
inhibitor cocktails (EMD Biosciences and Sigma
Chemical, respectively). Protein concentrations were
measured by a colorimetric assay (micro BCA; Pierce
Chemical, Rockland, IL).

Immunoprecipitation and Western blot: Cell lysates
(75 pg) were immunoprecipitated using an antibody
against MnSOD (2ug/75ug of sample protein) (Abcam,
Littleton, CO) and subjected to SDS-PAGE, transferred
to nitrocellulose and immunoblotted for 3-NT (anti-
rabbit, 1:200, Upstate Biotech, Lake Placid, NY) and
immmunoblot against MnSOD (anti-mouse, 1:1000,
BD Biosciences Pharmingen, San Jose, CA) used as a
control for immunoprecipitation.

For the western blots, equal amounts of lysates (20-
50pug) from cells treated as above were separated by
SDS-PAGE and transferred to 0.2 um nitrocellulose
(Schleicher and Schuell, Keene, NH). Membranes were
blocked 2 hr at RT in StartingBlock (TBS) blocking
buffer (Pierce Chemical, Rockland, IL). Membranes
were washed in TBS with 0.1% tween-20 (TBST) and
exposed to primary antibodies overnight at 4°C or 2 hr
at room temperature (RT) with rocking. Membranes
were washed in TBST, secondary peroxidase-
conjugated antibodies (Pierce Chemical, Rockland, IL)
added at 1:2500 dilution for 1 hr at RT and the
membranes washed again in TBST. ECL reagent
(SuperSignal Dura; Pierce Chemical, Rockland, IL) was
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added for 5 minutes and images captured using a CCD

digital darkroom (UV Products, Upland, CA).
Antibodies against Cu,Zn SOD (Santa Cruz
Biotechnology; 1:200 dilution), MnSOD (Abcam,
Cambridge, MA; 1:500 dilution), GPX1 (Abcam,
Cambridge, MA; 1:200 dilution), CAT (Abcam,
Cambridge, MA; 1:400 dilution), 3-NT (Upstate

Biotech, Lake Placid, NY; 1:750 dilution), B-actin
(Abcam, Cambridge, MA; 1:2000) and DNP
(OxyBlot™, Chemicon; 1:150 dilution) were used.

Statistics: Data were analyzed using one-way analysis
of variance to compare the means of all the groups. The
Neuman-Keuls multiple comparisons procedure was
used to determine which pairs of means were different.
Difference were considered significant at P<0.05.

RESULTS

Intermittent high glucose exposure and antioxidant
enzymes in retinal cells: Human retinal pericytes and
human retinal pigment epithelial (ARPE-19) cells were
exposed to 5 mM (normal), or 30 mM (high
continuous) or 5/30 mM daily oscillating glucose for 14
days, a scheme we have previously used for endothelial
cells'™®). The first enzymes measured were the SODs,
which catalyze the formation of hydrogen peroxide
from superoxide anion. As has been shown previously
for endothelial and mesangial cells!"""'?!, chronic
exposure to continuous high glucose resulted in
significantly increased levels of total SOD and MnSOD
activity in both cell types (Fig. 1E-H). Intermittent high
(oscillating) glucose, however, was not accompanied by
a similar increase in total SOD and MnSOD activity
(Fig. 1E-G). Further, levels of MnSOD and Cu,Zn SOD
protein (Fig. 1A-D) did not match corresponding
activity (Fig. 1E-H) levels. GPx and CAT work in
concert to catalyze the breakdown of hydrogen
peroxide, produced by SOD, to water. In contrast to
SOD, there was very little induction of GPx or CAT in
response to either high continuous or intermittent high
glucose alone in either retinal cell type (not shown). As
with the SOD enzymes, the levels of GPx and CAT
proteins did not correlate with their corresponding
enzyme activity (not shown).

Intermittent high glucose results in increased 3-NT
levels in retinal cells: 3-nitrotyrosine (3-NT) is a
protein adduct generated by reactive nitrogen species
(RNS) such as peroxynitrite (ONOO’), formed by
superoxide anion (O,*) and nitric oxide (NOe); and
nitrogen dioxide radical (NO,*), formed from hydrogen
peroxide (H,0,) and nitrite (NO,)?®. 3-NT protein
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Fig. 1: SOD protein expression and activity in pericytes and ARPE-

19 cells in response to chronic high continuous glucose and
intermittent high glucose. Representative western blot for
Cu,Zn SOD and B-actin (panels A, B) (50 pg protein) or
MnSOD and B-actin (panels C, D) (20 ug protein) are shown
above graphs of total SOD (panels E, F) and MnSOD (panels
G, H) enzyme activities. From left to right, results are shown
for cells exposed for 14 days to 5 mM glucose, 30 mM
glucose, 5 mM glucose oscillating daily with 30 mM glucose
with or without 200 uM a-lipoic acid (ALA) or 1 mM N-
acetylcysteine (NAC) given during the last 7 days. n=8-15
for each treatment condition with 3-4 separate experiments.
Basal (5 mM glucose) levels for total SOD were 141.3+£31.2
U/mg for pericytes and 90.6 +£8.0 U/mg for ARPE-19 cells.
Basal (5 mM glucose) levels for MnSOD were 47.9 +5.7
U/mg for pericytes and 39.8 +8.0 U/mg for ARPE-19 cells.
*P<0.05; **P<0.01, ** P<0.001 using a one-way ANOVA
with a Neuman-Keuls multiple comparisons post-test

adduction has been shown to affect the function of a
number of target proteins’>’ > including MnSOD?*.
Levels of 3-NT were found to be increased in both
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Fig. 2: 3-NT (panels A and B) and DNP-derivatized (OxyBlot™)

(panels C and D) protein expression in pericytes and
ARPE-19 cells in response to chronic high continuous
glucose and intermittent high glucose. Representative
western blot for 3-NT (75 pg protein) and DNP (20 pg
protein) shown above the densitometry of bands from
western blots. From left to right, results are shown for
cells exposed for 14 days to 5 mM glucose, 30 mM
glucose, 5 mM glucose oscillating daily with 30 mM
glucose. n=4-6 from 2-3 separate experiments. *P<0.05;
**P<0.01, ** P<0.001 using a one-way ANOVA with a
Neuman-Keuls multiple comparisons post-test

retinal pericytes and ARPE-19 cells in response to
oscillating as compared to either normal or high
continuous glucose (Fig. 2A and 2B).

Oscillating glucose results in increased oxidized
protein levels in retinal cells: We next performed an
OxyBlot™ assay, which derivatizes oxidized protein
carbonyl groups to a 2,4-dinitrophenylhydrazone (DNP)
moiety, which can be then detected using anti-DNP
antibodies and is a method to assess general oxidative
damage to a protein. As with 3-NT, levels of DNP-
derivatized proteins were significantly increased in both
retinal pericytes and ARPE-19 cells in response to
oscillating glucose as compared to either chronic high
continuous or normal glucose exposure (Fig. 2C
and 2D).
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Fig. 3: Effect of oscillating glucose on nitrated MnSOD. Pericytes

were exposed to chronic high continuous glucose and
intermittent high glucose for 14 days with or without 200 pM
a-lipoic acid (ALA) or 1 mM N-acetylcysteine (NAC) given
during the last 7 days. Whole cell lysates were co-
immunoprecipitated against MnSOD and western blot against
3-NT (top panel), MnSOD (middle panel) completed as in
methods. The densitometric analysis of 3-NT and MnSOD
expression shown in the top panel was then graphed as a
percentage of normoxic 3-NT/MnSOD expression (bottom
panel). Data represent the mean +/- SEM from 2 independent
experiments with an n=4-7. * = P<0.05, ** = P<0.01 and ***
= P<0.001 using a one-way ANOVA with a Neuman-Keuls
multiple comparisons post-test
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high continuous oxidative-responsive
glucose o gene expression "* SoD
oscillating Nitrated L
glucose > SOD Lt + SOD
T
PTIO
Fig. 4: Hypothesis diagram. In retinal cells in response to high

continuous glucose, we hypothesize that a ROS-mediated
induction of SOD gene expression predominates while in
response to intermittent high glucose a RNS-mediated
nitration (inactivation) of SOD predominates

Intermittent high glucose results in increased levels
of nitrated MnSOD: To begin to explore the
mechanistic basis of the decreased induction of SOD
activity in response to oscillating as compared to
continuous high glucose (Fig. 1E-G) and because
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nitration of the MnSOD protein has been shown to
attenuate its activity™™), we examined whether chronic
exposure to oscillating glucose would affect MnSOD
nitration. Using immunoprecipitation (IP) against
MnSOD and a western blot against 3-NT (Fig. 3; top
blot), it was found that exposure to high continuous
glucose resulted in slightly more nitrated MnSOD than
normal glucose and that exposure to oscillating glucose
resulted in significantly increased levels of nitrated
MnSOD as compared to either high continuous or
normal glucose exposure. To confirm whether reactive
species were contributing to the nitration, the general
antioxidants o-lipoic acid (ALA)** or N- acetylcysteine
(NAC)* were added only to the last wk (out of two wk
total) of oscillating glucose so as to not affect the
baseline redox status of the cells. It was found that both
of these antioxidants resulted in decreased levels of
nitrated MnSOD (Fig. 3; top blot, rightmost lanes).
These 3-NT blots were then reprobed with a MnSOD
antibody raised in another species (Fig. 3; middle blots)
and the densitometry of bands graphed as a ratio of 3-
NT:MnSOD (Fig. 3; bottom graph). It was found that
oscillating glucose resulted in significant increases in 3-
NT/MnSOD ratios as compared to high continuous
glucose. In addition, it was found that these 3-
NT/MnSOD ratios were the highest in cells given
antioxidants in the last wk of oscillating glucose (Fig. 3;
bottom graph, rightmost lanes), but that the absolute
levels of MnSOD protein (Fig. 3; middle blot) and
MnSOD activity (Fig. 1G) in response to these general
antioxidants was much lower as compared with high or
oscillating glucose exposure alone. Finally, to examine
the effect of RNS on SOD activity in response to
oscillating glucose, the nitric oxide/peroxynitrite
scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide (PTIO) was added to the last wk of
oscillating glucose™ and resulted in a significant
induction of SOD activity (Fig. 1E and 1G).

DISCUSSION

In the present work, we demonstrate that the
induction of total cellular superoxide dismutase (SOD)
activity in isolated retinal pericytes is significantly
attenuated in response to intermittent high glucose as
compared to continuous high glucose. A similar effect
is observed in an RPE cell line (ARPE-19). We further
show that two markers of reactive species and levels of
nitrated MnSOD are also increased in cells exposed to
intermittent high (oscillating) glucose as compared to
high continuous glucose.

As mentioned in the introduction, an excess of
reactive oxygen and nitrogen species in a cell is a
function of production on one hand and removal on the
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other. We have shown previously that intermittent high
glucose in endothelial cells results in increased markers
of reactive species even when compared with
continuous high glucose™. In this work we confirm in
retinal pericytes and ARPE-19 cells that intermittent
high glucose results in increased 3-NT and for the first
time, that the levels of 3-NT adducted (nitrated)
MnSOD increases in response to intermittent high as
compared with high continuous glucose. However, we
found that intermittent high glucose results in an
attenuated SOD induction in isolated cells of a target
organ for diabetes, the retina. These results, therefore,
suggest that this unbalanced response of an antioxidant
defense may account for the increased oxidative stress
in oscillating glucose conditions.

There are two studies that suggest that SOD is not
induced in the retinas of galactose-mediated
hyperglycemic rats or in STZ-induced diabetic
rats®*!! which seem to go against our data in response
to high continuous glucose. Possible explanations for
this apparent discrepancy are: 1) the retina contains
many cell types and in this work we examined only
pericytes and RPE cells; and 2) the time of
hyperglycemia exposure in the galactosemia model (2
months) or diabetic rats (11 months) was different than
that in our studies (2 wk). Additionally, in the same
study by Kowluru et al.****"! short-term high glucose
(48-96 h) induced nitrosative stress in retinal cells in
culture and MnSOD overexpression protected these
cells from oxidative stress, while the effect of high
glucose on SOD in these cells was not evaluated®"). In
contrast to the findings with SOD, neither high
continuous glucose nor intermittent high glucose
resulted in substantial induction of GPx or CAT activity
in the retinal cells. Although we and others have shown
that high glucose has been shown to induce GPx and
CAT in many different cells and tissues!'""'> ****! there
is most certainly a divergent and perhaps cell-specific
regulation of these antioxidant enzymes. Our lack of
induction with GPx and CAT also fit well with similar
findings in the retina of hyperglycemic animals®®”),
Taken together, these data build a picture of
compromised reactive species removal in response to
intermittent high glucose in retinal cells, which can
explain why 3-NT and the OxyBlot™ products were
found to be increased in response to intermittent high as
compared to continuous high glucose.

A discrepancy between protein levels and enzyme
activity was found in our experiments. This may be due
to changes in protein activity subsequent to
modification of the antioxidant enzymes by reactive
species. For example, the MnSOD protein has been
shown to be a target for inactivation by nitration'*®’. The
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IP of MnSOD with a subsequent 3-NT western blot
demonstrates that pericytes exposed to oscillating
versus high continuous glucose showed significantly
increased nitration of MnSOD, which was reduced by
the general antioxidants ALA and NAC. Further, a
decrease in the induction of MnSOD protein, total SOD
activity and MnSOD activity was observed when
general (relatively weak) antioxidants, ALA in
particular, was added to the last wk of oscillating
glucose while the addition of the more specific RNS
scavenger PTIO resulted in a significant increase in
SOD activity (Fig. 1E/1G). This has led us to
hypothesize that in response to continuous high
glucose, excess ROS stimulate SOD expression via
oxidative-responsive changes in gene expression
whereas in response to intermittent high (oscillating)
glucose, RNS produced result in significant increases in
nitrated MnSOD leading to attenuated SOD
induction® (Hypothesis Diagram - Fig. 4).

From a clinical point of view, these data may help
to explain the emerging evidence that disease states
associated with fluctuations in glucose, namely
postprandial hyperglycemia!l and impaired glucose
tolerance (IGT)", are related to an increased risk of
developing retinopathy. Of note, the American Diabetes
Association (ADA) has just established the new
category of impaired fasting glucose (IFG) patients
based on the evidence that 2 hr values during an oral
glucose tolerance were correlated with the risk of
developing retinopathy”®”. Moreover, these data fit well
with clinical findings showing attenuated induction of
antioxidant activity in diabetic patients prone to
complications®**? and support the argument of a
defective intracellular antioxidant response leading to
increased susceptibility to diabetic complications.

CONCLUSION

The results demonstrate for the first time a link
between intermittent high glucose and a decreased
induction of an antioxidant response of SOD. The
precise mechanism is still unclear, however this finding
may help to explain, even in part, why intermittent high
glucose results in more of an excess of oxidative stress
as compared to continuous high glucose. A better
understanding as to why this happens is clearly an
important future question in the context of being able to
prevent blindness from diabetic retinopathy.
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