Inhibition of GAPDH activity
by poly(ADP-ribose) polymerase
activates three major pathways
of hyperglycemic damage in endothelial cells
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In this report, we show that hyperglycemia-induced overproduction of superoxide by the mitochon-
drial electron transport chain activates the three major pathways of hyperglycemic damage found in
aortic endothelial cells by inhibiting GAPDH activity. In bovine aortic endothelial cells, GAPDH anti-
sense oligonucleotides activated each of the pathways of hyperglycemic vascular damage in cells cul-
tured in 5 mM glucose to the same extent as that induced by culturing cells in 30 mM glucose. Hyper-
glycemia-induced GAPDH inhibition was found to be a consequence of poly(ADP-ribosyl)ation of
GAPDH by poly(ADP-ribose) polymerase (PARP), which was activated by DNA strand breaks pro-
duced by mitochondrial superoxide overproduction. Both the hyperglycemia-induced decrease in
activity of GAPDH and its poly(ADP-ribosyl)ation were prevented by overexpression of either uncou-
pling protein-1 (UCP-1) or manganese superoxide dismutase (MnSOD), which decrease hyper-
glycemia-induced superoxide. Overexpression of UCP-1 or MnSOD also prevented hyperglycemia-
induced DNA strand breaks and activation of PARP. Hyperglycemia-induced activation of each of
the pathways of vascular damage was abolished by blocking PARP activity with the competitive PARP
inhibitors PJ34 or INO-1001. Elevated glucose increased poly(ADP-ribosyl)ation of GAPDH in WT
aortae, but not in the aortae from PARP-1-deficient mice. Thus, inhibition of PARP blocks hyper-
glycemia-induced activation of multiple pathways of vascular damage.

J. Clin. Invest. 112:1049-1057 (2003). doi:10.1172/JC1200318127.

Introduction Four major molecular mechanisms have been impli-

Diabetes causes a variety of pathologic changes in
capillaries, arteries, and peripheral nerves. Large
prospective clinical studies in both type 1 and type 2
diabetic patients have shown that there is a strong
relationship between the level of hyperglycemia and
both the onset and progression of diabetic microvas-
cular complications in the retina, kidney, and periph-
eral nerve (1, 2). Hyperglycemia also appears to have
an important role in the pathogenesis of diabetic
macrovascular disease (2, 3).
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cated in hyperglycemia-induced tissue damage: activa-
tion of PKC isoforms via de novo synthesis of the lipid
second messenger diacylglycerol, increased hex-
osamine pathway flux, increased advanced glycation
end product (AGE) formation, and increased polyol
pathway flux. In aortic endothelial cells, hypergly-
cemia also activates the proinflammatory transcrip-
tion factor NF-kB. Recently, it has been shown that all
of these mechanisms reflect a single hyperglycemia-
induced process: overproduction of superoxide by the
mitochonderial electron transport chain (4, 5). Howev-
er, the molecular mechanism by which this hyper-
glycemia-induced overproduction of superoxide acti-
vates these different pathways of hyperglycemic
damage has not been elucidated.

Because hyperglycemia-induced overproduction of
superoxide significantly inhibits GAPDH activity (6),
we hypothesized that this inhibition would activate
all the pathways of hyperglycemic damage by divert-
ing upstream glycolytic metabolites into these sig-
naling pathways. To test this hypothesis, we first eval-
uated the effect of inhibition of GAPDH activity by
antisense oligonucleotide (ODN) on the activity of
each of these pathways in aortic endothelial cells cul-
tured in 5 mM glucose. Because aldose reductase

The Journal of Clinical Investigation |

October 2003

| Volume 112 | Number7

1049



1050

activity is extremely low in aortic endothelial cells,
this pathway was not investigated.

We next investigated the mechanism by which hyper-
glycemia-induced overproduction of superoxide
inhibits GAPDH activity in vivo. Although GAPDH
activity can be inhibited by a number of covalent mod-
ifications in the in vitro systems, including direct
oxidative modification of protein thiols, NO-depend-
ent binding of NAD", and mono(ADP-ribosyl)ation
(7-9), the physiologic importance of each of these
remains unclear. Because hyperglycemia-induced loss
of endothelium-dependent vasodilatation can be nor-
malized by inhibition of poly(ADP-ribose) polymerase
(PARP) (10), we examined first the relationship
between hyperglycemia-induced reactive oxygen for-
mation, poly(ADP-ribosyl)ation, and GAPDH activity.
Because PARP is activated by single- or double-strand
breaks in DNA, we also examined the relationship
between hyperglycemia-induced reactive oxygen for-
mation and DNA strand breaks and the consequent
activation of PARP. Hyperglycemia-induced ADP-ribo-
sylation of GAPDH was evaluated in aortae from WT
and PARP-1 KO mice to determine whether this
nuclear isoform of PARP is the major isoform respon-
sible for modifying GAPDH.

Finally, we sought to determine whether this
sequence of events explained the activation of pathways
of hyperglycemic damage in aortic endothelial cells by
examining the effect of PARP inhibition on hyper-
glycemia-induced activation of all these pathways in
aortic endothelial cells.

Methods

Materials. Eagle’s MEM, nonessential amino acids, and
antibiotics were from Gibco (Grand Island, New York,
USA). FBS was from Hyclone (Logan, Utah, USA).
Manganese (III) tetrakis(4-benzoic acid) porphyrin
was from Calbiochem (La Jolla, California, USA).
Fluorescent oligos used in the NF-kB assay were
obtained from Operon Technologies Inc. (Alameda,
California, USA). Monoclonal anti-poly(ADP-ribose)
IgG (10H) was from Alexis (Carlsbad, California,
USA). Protein A Sepharose was from Amersham Phar-
macia Biotech (Piscataway, New Jersey, USA). The
potent PARP inhibitors, the phenanthridinone-based
PJ34 and the indeno-isoquinolinone-based INO-
1001, were synthesized as previously described (11-14).
Aortae from WT and PARP-deficient mice were
obtained and placed into normal and high-glucose
conditions as previously described (10).

Cell culture conditions. Confluent bovine aortic
endothelial cells (BAECs) (passage 4-10) were main-
tained in Eagle’s MEM containing 0.4% FBS, essen-
tial and nonessential amino acid, and antibiotics.
Cells were incubated for 3 days before determination
of PKC activity, 48 hours before determination of
hexosamine pathway activity, for 5 days before deter-
mination of advanced glycation end product forma-
tion, and for 6 hours before determination of NF-KB

activation. Cells were infected with adenoviruses 48
hours before addition of 30 mM glucose. The final
concentration of PJ34 was 3 uM. The final concen-
tration of INO-1001 was 300 nM.

Oligonucleotide synthesis and treatment of cells. Phospho-
rothioate oligonucleotides were synthesized by Oper-
on Technologies Inc. The S-antisense GAPDH had the
following sequence: 5'-G*TAGAAGCAGGGATGATAT*T-
3’. Scrambled oligonucleotides (5'-G*AATAAGTGAT-
ACGGATGT*G-3") were used as controls.

Oligo solutions were prepared in 10 mM Tris buffer,
pH 7.4, containing 1 mM EDTA, 150 mM NaCl; 36.3 pl
oligonucleotide was mixed with 16.3 ul polyethylen-
imine solution and 945 pl media, and the solution was
added to the cells for 2 hours.

GAPDH activity. BAECs were grown to confluence,
harvested by using trypsin-EDTA after washing twice
with PBS, and resuspended in lysis buffer. The cytoso-
lic fraction was prepared by centrifuging the lysate at
100,000 gat 4°C for 30 minutes. Protein was measured
by using the Pierce Coomassie Plus reagent (Pierce
Biotechnology, Rockford, Illinois, USA). GAPDH activ-
ity was determined as described previously (6, 15).

Adenoviral vectors. Rat UCP-1 sense and antisense
cDNAs were provided by D. Ricquier (Centre Nation-
al de la Recherche Scientifique-Unité Propre 1511,
Meudon, France) and human MnSOD c¢DNA was pro-
vided by L. Oberley (University of Iowa College of Med-
icine, Iowa City, Iowa, USA). The cDNAs were cloned
into the shuttle vector pAdSCMVK-NpA and adenovi-
ral vectors were prepared by the Gene Transfer Vector
Core at the University of Iowa. Cells were infected at an
MOI of 500 for 2 hours.

Quantitation of DNA strand breaks. DNA strand
breaks were detected with a single-cell gel elec-
trophoresis assay (CometAssay, Trevigen, Gaithers-
burg, Maryland, USA) according to the manufactur-
er’s instructions. DNA strand breaks were quantitated
by examining the fixed and stained cells under a
fluorescence microscope (Olympus IX70; Olympus,
Melville, New York, USA) with x10 planoapo objec-
tives. All analyses were performed with IP Lab Spec-
trum (Scanalytics, Fairfax, Virginia, USA). The mean
length of the DNA tail was determined by measuring
40 cells for each condition.

PARP activity. Cells were incubated for 5 minutes at
37°Cin assay buffer containing 125 nmol NAD* spiked
with 0.25 uCi of 3H-NAD* (Amersham Pharmacia
Biotech) as described (16). Enzyme activity was deter-
mined by measuring cpm incorporated into protein.

Immunoprecipitation. BAECs were plated in 100 mm cell
culture plates and grown to confluence. Cells (2 X 107)
were scraped from the plates, and 500 ug protein was
immunoprecipitated with 4 ug of the indicated anti-
body and 20 pl Protein A Sepharose 4B (Amersham
Pharmacia Biotech) in binding buffer (final concen-
tration 1 ug protein/ul).

For cell fractionation experiments, the cytosol frac-
tion was obtained by centrifugation at 16,000 g for 10
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minutes at 4°C. The cytosol fraction was aspirated, and
the insoluble fraction containing the nuclei was resus-
pended with 200 ul nuclear extraction reagent, vor-
texed, and then centrifuged at 16,000 g for 10 minutes
at4°C. For in vivo immunoprecipitated Western blots,
thoracic aortas from WT and PARP-deficient mice were
incubated exactly as described in (10).

Western blotting. Inmunoprecipitated proteins elec-
trophoresed on 10% PAGE gels were transferred onto
nitrocellulose membranes. The immunoblots were
developed with 1:1000 dilutions of anti-poly(ADP-
ribose) IgG, and the signal was detected with the ECL
system according to the manufacturer’s instructions
(Amersham Pharmacia Biotech). The images were
scanned into a Molecular Dynamics FluorImager and
analyzed using the ImageQuant 5.5 program (Amer-
sham Pharmacia Biotech).

PKC activity. The assay was performed according to the
manufacturer’s instructions using the Protein Kinase C
Assay System (InVitroGen, Carlsbad, California, USA).

Hexosamine pathway activity. Hexosamine pathway
activity was assessed by measuring UDP-GIcNAc con-
centration. Cells were homogenized in three volumes
(600 pl) of cold 0.6 M perchloric acid and kept at 0°C
for 10 minutes. The precipitated proteins were removed
by centrifugation for 5 minutes at 13,500 g, and UDP-
GIcNAc in the supernatant was determined by HPLC
as previously described (17).

Advanced glycation end products. Equal amounts of cell
extract protein were used for quantitative immuno-
blotting performed as described (18). Methylglyoxal-
derived imidazole advanced glycation end products
were detected using monoclonal antibody 1H7GS at
a1:10,000 dilution. Immunocomplexes were visualized
using an enhanced chemifluorescence kit according to
the manufacturer’s instructions (Amersham Pharma-
cia Biotech) and quantified using a Molecular Dynam-
ics FluorImager and its ImageQuant 4.0 analytical
software. This epitope was chosen because methylgly-
oxal is the principal AGE precursor induced in
endothelial cells by hyperglycemia (18, 19), and the
hydroimidazolone adduct is the major methylglyoxal-
derived epitope (18).

NF-xB activation. A fluorescence in situ DNA-protein
binding assay was performed in cultured cells as
described (20), and fluorescence per cell was deter-
mined using IP Lab Spectrum.

Statistics. Data were analyzed using one-factor ANOVA
to compare the means of all the groups. The
Tukey-Kramer multiple comparisons procedure was
used to determine which pairs of means were different.

Results

Specificity of GAPDH antisense ODN. To test our hypoth-
esis that hyperglycemia-induced mitochondrial super-
oxide overproduction activates pathways of hyper-
glycemic damage by partially inhibiting GAPDH and
thereby diverting upstream glycolytic metabolites
into these signaling pathways, we first needed to deter-

mine the specificity and efficacy of the GAPDH anti-
sense ODNSs. As previously reported (6), incubation
of cells in 30 mM glucose reduced GADPH activity by
73%, from 157.9 £ 17.6 nmol/s/mg protein (5 mM
glucose) to 42.2 + 10.5 nmol/s/mg protein (Figure 1).
After transfection with GAPDH antisense, cells incu-
bated in 5 mM glucose showed a similar reduction in
GAPDH activity, from 157.9 +17.6 nmol/s/mg pro-
tein (5 mM glucose) to 34.3 + 8.8 nmol/s/mg protein
(5 mM glucose + antisense). In contrast, after trans-
fection with GAPDH scrambled ODNs, GAPDH
activity in cells incubated in 5 mM glucose was
unchanged from that of cells incubated in 5 mM glu-
cose alone (184.3 + 23.6 nmol/s/mg protein (5 mM
glucose + scrambled olgios) versus 157.9 + 17.6 nmol/
s/mg protein (5 mM glucose alone). That this reduc-
tion in activity by GAPDH antisense reflected a
decrease in GAPDH protein was confirmed by
immunoblotting (data not shown).

Effect of GAPDH antisense ODN on PKC activation, hex-
osamine pathway activation, intracellular AGE formation,
and NF-B activation in cells cultured in 5§ mM glucose. Incu-
bation of bovine aortic endothelial cells with 30 mM
glucose increased the membrane fraction of intracel-
lular PKC activity from 104.45 + 10.06 pmol/min/mg
protein in cells incubated in 5 mM glucose (Figure 2a,
bar 1) to 224.54 + 23.94 pmol/min/mg protein (Figure
2a, bar 2), as previously described (5). After transfec-
tion with GAPDH antisense (Figure 2a, bar 3), cells
incubated in 5 mM glucose showed a similar increase
in PKC activity, from 104.45 + 10.06 pmol/min/mg
protein (5 mM glucose) to 196.63.35 + 11.09 pmol/
min/mg protein (5 mM glucose + antisense). In con-
trast, after transfection with GAPDH scrambled
ODNs (Figure 2a, bar 4), PKC activity in cells incubat-
ed in 5 mM glucose was unchanged from that of
cells incubated in 5 mM glucose alone 81.13 + 13.18
pmol/min/mg protein (5 mM glucose + scrambled
ODN) versus 104.45 + 10.06 pmol/min/mg protein (5
mM glucose alone).

Similarly, incubation of BAECs with 30 mM glucose
increased the UDP-N-acetylglucosamine concentra-
tion, an indicator of hexosamine pathway flux, from
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Figure 1

Effect of GAPDH antisense ODNs on GAPDH activity in BAECs.
Each bar represents the mean + SEM of four separate experiments.
*P < 0.01 compared with cells incubated in 5 mM glucose alone.
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Figure 2

Effect of GAPDH antisense ODNs on pathways of hyperglycemic dam-
age in BAECs. (a) PKC activation; (b) hexosamine pathway activation;
(c) intracellular AGE formation; (d) NF-kB activation. *P < 0.01 com-
pared with cells incubated in 5 mM glucose. AU, arbitrary units. Fora
through c, each bar represents the mean + SEM of four separate exper-
iments. For d, each bar represents the mean + SEM of fluorescence
from 40 cells measured in an in situ DNA-protein binding assay.

1.35 + 0.08 nmol/mg protein in cells incubated with 5
mM glucose (Figure 2b, bar 1) to 2.82 + 0.12 nmol/mg
protein (Figure 2b, bar 2), as previously described (6).
After transfection with GAPDH antisense (Figure 2b,
bar 3), cells incubated in 5 mM glucose showed a similar
increase in UDP-N-acetylglucosamine, from 1.35 + 0.08
nmol/mg protein (5 mM glucose) to 2.38 + 0.30 nmol/
mg protein (5 mM glucose + antisense). In contrast,
after transfection with GAPDH scrambled ODNGs (Fig-
ure 2a, bar 4), UDP-N-acetylglucosamine concentra-
tion in cells incubated in 5 mM glucose was un-
changed from that of cells incubated in 5 mM glucose
alone, 1.06 + 0.03 nmol/mg protein (5 mM glucose +
scrambled ODN) versus 1.35 + 0.08 nmol/mg protein
(5 mM glucose alone).

Incubation of BAECs with 30 mM glucose increased
intracellular AGE formation from 33,315 + 1,750 arbi-
trary units (AU) in cells incubated in 5 mM glucose
(Figure 2¢, bar 1) to 85,954 + 7,431 AU (Figure 2c, bar
2), as previously described (5). This hyperglycemia-
induced 2.6-fold increase was reproduced in cells
transfected with GAPDH antisense (Figure 2c, bar 3)
(74,837 + 3,828 AU), whereas in cells transfected with
GAPDH scrambled ODN (Figure 2c, bar 4), AGE for-

mation was not different (27,238 + 3,819 AU) from
that of cells incubated in 5 mM glucose alone.

Lastly, incubation of BAECs with 30 mM glucose
increased NF-xB activation by twofold, from 188,636
+ 13,333 AU in cells incubated in 5 mM glucose (Fig-
ure 2d, bar 1) t0 379,053 + 9,734 AU in cells incubated
in 30 mM glucose (Figure 2d, bar 2), as previously
described (5). This hyperglycemia-induced increase
was reproduced in cells transfected with GAPDH anti-
sense (Figure 2d, bar 3) (465,044 + 31,474 AU), where-
as in cells transfected with GAPDH scrambled ODN
(Figure 2d, bar 4), NF-kB activation was not increased
(160,009 + 13,388 AU) above that of cells incubated in
5 mM glucose alone.

Effect of PARP inhibition on GAPDH activity. We next
evaluated the extent of poly(ADP-ribosyl)ation on
GAPDH in BAECs. Immunoprecipitation of GAPDH,
followed by Western blotting with anti-poly(ADP-
ribose) IgG showed that incubation of cells in 30 mM
glucose increased covalent modification of GAPDH
by 2.2-fold, from 57,155 + 5,288 AU (Figure 3a, bar 1)
to 125,532 + 9,577 AU (Figure 3a, bar 2). This
increased modification of GAPDH by poly(ADP-ribo-
syl)ation was completely prevented in cells exposed to
30 mM glucose by overexpression of either UCP-1
(Figure 3a, bar 4), a specific protein uncoupler of
oxidative phosphorylation capable of collapsing the
proton electrochemical gradient that drives superox-
ide production (5), or McSOD (21), the mitochondri-
al isoform of this enzyme (Figure 3a, bar 5). The
poly(ADP-ribosyl)ation of GADPH induced by 30 mM
glucose was also completely prevented by addition of
the potent PARP inhibitor, PJ34 (Figure 3a, bar 6).
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Figure 3

Effect of genes that alter mitochondrial superoxide production and
of PARP inhibition on poly(ADP-ribosyl)ation of GAPDH (a), and
on GAPDH activity (b), in BAECs. Cells were incubated in 5 mM glu-
cose or 30 mM glucose alone, in 30 mM glucose plus either control,
UCP-1- or MnSOD-expressing adenoviral vectors, and in 30 mM
glucose plus 3 UM PJ34. Each bar represents the mean + SEM of
four separate experiments. *P < 0.01 compared with cells incubat-
ed in 5 mM glucose alone.
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Figure 4

Effect of hyperglycemia on poly(ADP-ribosyl)ation of GAPDH in
aortas from WT and PARP-1 KO mice. Each bar represents the
mean + SEM of four separate experiments. *P < 0.01 compared with
aortas incubated in 5 mM glucose.

We then assessed the effect of this covalent modifica-
tion on GAPDH activity (Figure 3b). As described pre-
viously (6), the inhibitory effect of incubation in 30
mM glucose was completely prevented by overexpres-
sion of either UCP-1 (Figure 3b, bar 4) or MnSOD
(Figure 3 b, bar 5), in parallel with the changes in
poly(ADP-ribosyl)ation of GAPDH. The prevention of
hyperglycemia-induced inhibition of GAPDH activi-
ty by PJ34 (Figure 3b, bar 6) directly demonstrated
that hyperglycemia-induced overproduction of
superoxide-inhibited GAPDH activity by causing
poly(ADP-ribosyl)ation of the enzyme via PARP.
Because PARP is exclusively in the nucleus, we exam-
ined the subcellular distribution of both poly(ADP-
ribosyl)ated and unmodified GAPDH. In response to
30 mM glucose, there was a 1.7-fold increase of
GAPDH modification in both the cytoplasmic and
nuclear compartments, whereas the unmodified
GAPDH decreased 64% in cytoplasm and 27% in the
nucleus (data not shown). Approximately 60% of the
poly(ADP-ribosyl)ated GAPDH was in the nucleus,
and 40% in the cytoplasm, both in cells exposed to 30
mM glucose, and in cells exposed to 5 mM glucose
(data not shown).

Treatment of the cells with a second, structurally
unrelated PARP inhibitor, INO-1001 (300 nM), yielded
results identical to those seen with PJ34 (data not
shown). These data are consistent with an unaltered
translocation of modified GAPDH from the nuclear
compartment to the cytosolic compartment. In vivo,
aortas from PARP-1 KO mice (10) showed no increase
in GAPDH poly(ADP-ribosyl)ation after incubation in
high glucose, whereas aortas from WT mice showed a
nearly fourfold increase (Figure 4).

Effect of byperglycemia-induced mitochondrial superoxide
overproduction on PARP activity. To confirm directly
that hyperglycemia-induced mitochondrial superox-
ide overproduction activated PARP, activity of this
enzyme was determined (Figure 5). Incubation of
BAECs in 30 mM glucose increased PARP activity 1.7-
fold, from 147.5 + 4.7 pmol/min/mg protein in cells
incubated with 5 mM glucose (Figure S, bar 1) to

254.9 + 15.6 pmol/min/mg protein (Figure S, bar 2).
The activation of PARP by 30 mM glucose was com-
pletely inhibited by overexpression of either UCP-1 (Fig-
ure 5, bar 4) or MnSOD (Figure S, bar 5) to 152.1 £ 15.1
pmol/min/mg protein and 165.5 + 9.5 pmol/min/mg
protein, respectively, whereas vector alone had no effect.

Effect of hyperglycemia-induced mitochondrial superoxide
overproduction on DNA strand breaks. Because PARP is
activated by single- or double-strand breaks in DNA
(22), the effect of hyperglycemia-induced mitochondr-
ial superoxide overproduction on DNA strand breaks
was determined using the COMET single-cell elec-
trophoresis assay (Figure 6). Incubation in 30 mM glu-
cose increased the length of the DNA tail twofold, com-
pared to 5 mM glucose, from 13.65 + 0.76 pm (Figure
6,aand f, bar 1) to 30.99 £ 0.7 um (Figure 6, b and f, bar
2). The increase in DNA strand breaks induced by 30
mM glucose was completely inhibited by overexpres-
sion of either UCP-1 (Figure 6, d and f, bar 4) or
MnSOD (Figure 6, e and f, bar 5) to 15.67 + 0.77 um
and 18.27 + 0.57 um, respectively, whereas vector alone
had no effect (Figure 6, c and f, bar 3).

Effect of PARP inhibition on PKC activation, hexosamine
pathway activation, intracellular AGE formation, and NF-«kB
activation in cells cultured in 30 mM glucose. Having
demonstrated that hyperglycemia-induced mito-
chondrial superoxide overproduction inhibits
GAPDH activity by PARP-mediated poly(ADP-ribo-
syl)ation of the enzyme as a result of reactive oxygen
species-induced (ROS-induced) DNA strand breaks,
and having shown that inhibiting GAPDH with anti-
sense ODN activates multiple pathways of hyper-
glycemic damage in cells cultured in 5 mM glucose to
the same extent as does culturing these cells in 30
mM glucose, we sought to determine whether this
sequence of events explained the activation of these
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pathways by hyperglycemia in vivo (Figure 7). We
therefore evaluated the effect of PARP inhibition by
PJ34 on each of the pathways of hyperglycemic dam-
age in cells incubated with 30 mM glucose.
Incubation of BAECs in 30 mM glucose increased
the membrane fraction of intracellular PKC activity
from 123.79 + 17.3 pmol/min/mg protein in cells
incubated in 5§ mM glucose (Figure 7a, bar 1) to
280.14 £ 6.52 pmol/min/mg protein (Figure 7a, bar
2). Overexpression of either UCP-1 or MnSOD com-
pletely inhibited the effect of 30 mM glucose to
75.6 £ 28.1 pmol/min/mg protein and 107.15 + 19.9
pmol/min/mg, respectively (Figure 7a, bars 4 and 5),
as shown previously (5). Inhibition of PARP by PJ34
also completely prevented the activation of PKC by 30
mM glucose (Figure 7a, bar 6). Similarly, incubation

Figure 6

Effect of hyperglycemia and genes that alter mitochonderial superox-
ide production on DNA strand breaks in BAECs. Cells were incubat-
ed in 5 mM glucose (a) or 30 mM glucose alone (b), orin 30 mM glu-
cose plus either control (c), UCP-1-expressing (d) or MnSOD-expressing
(e) adenoviral vectors. Fluorescent micrographs from single-cell elec-
trophoresis assay. (f) Quantitation of DNA strand breaks from single-
cell electrophoresis assay. Each bar represents the mean + SEM of 40
cells for each incubation condition. *P < 0.01 compared with cells
incubated in 5 mM glucose alone.

of BAECs with 30 mM glucose increased the UDP-N-
acetylglucosamine concentration, an indicator of hex-
osamine pathway flux from 1.18 + 0.13 nmol/mg pro-
tein in cells incubated with 5§ mM glucose (Figure 7b,
bar 1) to 2.4 £ 0.3 nmol/mg protein (Figure 7b, bar 2).
Overexpression of either UCP-1 or MnSOD com-
pletely inhibited the effect of 30 mM glucose to 1.2 + 0.1
nmol/mg protein and 1.2 + 0.2 nmol/mg protein,
respectively (Figure 7b, bars 4 and 5), as shown previ-
ously (6). Inhibition of PARP by PJ34 also completely
prevented the effect of 30 mM glucose (Figure 7b, bar 6).
Incubation of BAECs with 30 mM glucose also increased
intracellular AGE formation from 58,107 + 3,765 AU
in cells incubated in 5 mM glucose (Figure 7c, bar 1)
to 92,707 + 12,906 AU (Figure 7c, bar 2). Overexpres-
sion of either UCP-1 or MnSOD completely inhibited
the effect of 30 mM glucose to 56,527 + 6,319 AU and
48,094 + 8,739 AU, respectively (Figure 7c, bars 4 and
5), as shown previously (5). Inhibition of PARP by
PJ34 also completely prevented the effect of 30 mM
glucose (Figure 7c, bar 6).

Lastly, incubation of BAECs with 30 mM glucose
increased NF-kB activation by 2.6-fold, from 1014 + 12
AU in cells incubated in 5 mM glucose (Figure 7d, bar
1) to 2653 + 40 AU in cells incubated in 30 mM glu-
cose (Figure 6d, bar 2). Overexpression of either UCP-1
or MnSOD completely inhibited the effect of 30 mM
glucose to 997 + 4.9 AU and 798 + 3.8 AU, respective-
ly (Figure 7d, bars 4 and 5), as shown previously (5).
Inhibition of PARP by PJ34 also completely prevent-
ed this effect of 30 mM glucose (Figure 7d, bar 6).
PJ34, unlike earlier generation PARP inhibitors, has
no antioxidant properties and acts by competitive
blockade of the NAD" binding site in the enzyme.
Nevertheless, to further verify that the observed
effects were due to PARP inhibition, a structurally
unrelated PARP inhibitor, INO-1001, was used. The
effects of INO-1001 on hyperglycemia-induced PKC
activation and NF-xB activation were identical to
those with PJ34 (data not shown).

Discussion

Four major hypotheses about how hyperglycemia
causes diabetic complications have generated a large
amount of data, as well as several clinical trials that
were based on specific inhibitors of these mecha-
nisms. The four hypotheses are activation of PKC iso-
forms, increased hexosamine pathway flux, increased
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AGE formation, and increased polyol pathway flux.
Although specific inhibitors of individual pathways
each ameliorate or prevent various diabetes-induced
functional and structural abnormalities in cell cul-
ture and animal models, there has been no apparent
common element linking the four mechanisms of
hyperglycemia-induced damage (23-27). This issue
has now been resolved by the recent discovery that
each of the four different pathogenic mechanisms
reflects a single hyperglycemia-induced process: over-
production of superoxide by the mitochondrial elec-
tron transport chain (4, 5).

In this report, we show that hyperglycemia-induced
overproduction of superoxide by the mitochondrial
electron transport chain activates the three major
pathways of hyperglycemic damage found in aortic
endothelial cells (activation of PKC isoforms, hex-
osamine pathway flux, and AGE formation) by
inhibiting GAPDH activity. Inhibition of GAPDH
activity also activates the proinflammatory tran-
scription factor NF-xB, which in aortic endothelial
cells is PKC dependent (4, 28). This GAPDH inhibi-
tion is a consequence of poly(ADP-ribosyl)ation of
GAPDH by PARP, which is activated by DNA strand
breaks produced by mitochondrial superoxide over-
production. Hyperglycemia-induced activation of
each of these pathways is completely inhibited by
blocking PARP activity with two structurally unre-
lated PARP inhibitors.

Recent evidence has shown that GAPDH is not sim-
ply a classical glycolytic enzyme. Instead, it is a multi-
functional protein with diverse cytoplasmic, mem-
brane, and nuclear activities (29, 30). It is important to
note that antisense ODNs can occasionally affect tran-
scription of additional genes, so it is theoretically pos-
sible that the GAPDH antisense experiments reflect a
different effect than reduction of GAPDH activity, per-
haps resulting in reduced translocation of GAPDH
from the nucleus. However, because restoration of
GAPDH activity by inhibition of PARP blocks the
effects observed in the GAPDH antisense experiments,
this possibility is unlikely, and GAPDH antisense
ODN:s reduced GAPDH protein content proportional-
ly (data not shown). In response to hyperglycemia,
there was a 1.7-fold increase in GAPDH poly(ADP-ribo-
syl)ation in both compartments. In vivo, aortas from
PARP-1 KO mice showed no increase in GAPDH
poly(ADP-ribosyl)ation after incubation in high glu-
cose, whereas aortas from WT mice showed a nearly
fourfold increase, thus demonstrating that the nuclear
PARP isoform, PARP-1, was exclusively responsible for
GAPDH poly(ADP-ribosyl)ation.

During cell death, GAPDH translocates into the
nucleus (31, 32), and recent work demonstrated that
GAPDH can form complexes with nuclear proteins
(33). Various modifications of the enzyme have been
described, including its mono(ADP-ribosyl)ation by
NO (34). Here, using a combination of immunohisto-
chemical and pharmacologic tools, we demonstrate the

poly(ADP-ribosyl)ation of the enzyme, which is likely
to occur in association with its nuclear translocation.

PARP is a nuclear DNA-repair enzyme that is acti-
vated by DNA strand breaks. Once activated, PARP
catalyzes attachment of ADP-ribose units from NAD*
to nuclear proteins, cleaving NAD* into its compo-
nent parts, ADP-ribose and nicotinamide mononu-
cleotide. Replacement of this PARP-induced deple-
tion of NAD"* consumes ATP. When PARP activation
is excessive, this ATP consumption can cause cell
death due to energy deficit (35). PARP-1 poly(ADP-
ribosyl)ates transcription factors such as p53 and fos
(36). However, PARP may also act as a coactivator or
repressor of other transcription factors independent
of its catalytic activity (36). Neither the enzymatic
nor the DNA binding activity of PARP-1 is required
for NF-xB coactivator function (36, 37), for example,
and PARP activity inhibitors fail to suppress inflam-
mation-induced pro-IL-1f and ICAM-1 expression,
whereas deletion of the PARP-1 gene does.

Thus, although mice lacking the PARP gene are
resistant to injury from cerebral ischemia (35) and
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Effect of PARP inhibition on hyperglycemia-induced pathways of vas-
cular damage in BAECs. (a) PKC activation; (b) hexosamine pathway

activation; (c) intracellular AGE formation; (d) NF-xB activa

tion.

*P < 0.01 compared with cells incubated in 5 mM glucose. For a
through ¢, each bar represents the mean + SEM of four separate
experiments. For d, each bar represents the mean + SEM of fluores-
cence from 40 cells measured in an in situ DNA-protein binding assay.
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myocardial ischemia-reperfusion (38), it is not known
whether these effects are due to altered PARP enzy-
matic activity or to altered protein-protein interac-
tions with PARP. Hyperglycemia-induced NF-kB acti-
vation does not occur in pulmonary microvascular
endothelial cells of PARP-deficient mice, for example,
whereas inhibition of PARP activity in WT pulmonary
microvascular endothelial cells has no effect on hyper-
glycemia-induced NF-kB activation (10). In diabetic
animal models, PARP inhibitors have been shown to
improve myocardial dysfunction (39) and to prevent
and reverse hyperglycemia-induced loss of endotheli-
um-dependent vasodilatation (39, 40). Although PKC
activation has been implicated in diabetic myocardial
dysfunction (41), and both PKC and the hexosamine
pathway have been implicated in hyperglycemia-
induced loss of endothelium-dependent vasodilata-
tion (42, 43), a possible link between PARP inhibition
and activity of these pathways has not been investi-
gated previously. Because there are two distinct mech-
anisms by which PARP affects cell function,
poly(ADP-ribosyl)ation and protein-protein interac-
tion, it has not been possible to predict whether PARP
inhibition would have any effect on the development
of long-term diabetic complications.

In animal models of long-term diabetic complica-
tions, it has been shown that treatment with a  iso-
form-specific PKC inhibitor ameliorates glomerular
mesangial expansion (44), the pathognomonic struc-
tural feature of diabetic renal complications. It has
also been shown that treatment of diabetic animal
models with AGE inhibitors partially prevents vari-
ous functional and structural manifestations of dia-
betic microvascular disease in retina, kidney, and
nerve (23, 26, 27) and that blockade of the AGE
receptor in diabetic apoE-null mice significantly
reduces atherosclerotic lesion size and structure (45,
46). Inhibition of both these pathways by the lipid-
soluble thiamine derivative benfotiamine also pre-
vents the development of experimental diabetic
retinopathy (19). The demonstration in this report
that inhibition of PARP completely blocks hyper-
glycemia-induced activation of both of these path-
ways suggests that PARP inhibitors might have
unique clinical efficacy in preventing the develop-
ment and progression of diabetic complications.
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