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Abstract Diabetes is a major independent risk factor for
cardiovascular disease and stroke. High glucose (HG)
reduces endothelial cell (EC) proliferation with a concomi-
tant increase in apoptosis. HG also induces the translocation
of nuclear factor (NF)-xB in human umbilical vein endo-
thelial cells (HUVECs). However, data regarding the
relationship between NF-xB signaling and HG-induced
endothelial dysfunction are limited. In the present study, we
constructed an NF-xB-targeting RNA interference (RNA1)
adenovirus vector and cultured HUVECs in 5.5, 20.5, or
30.5 mM p-glucose or in daily alternating 5.5 or 30.5 mM
D-glucose. We assessed the effects of the NF-xB pathway
on proliferation under HG conditions by measuring bromo-
deoxyuridine incorporation and conducting methyl
thiazolyltetrazolium assays. We also tested apoptosis by
performing flow cytometry and terminal deoxynucleotidyl
transferase nick-end labeling assay. The RNAi adenovirus
effectively downregulated expression of the p65 protein in
HUVECs for more than 6 days. Blockage of the NF-xB
pathway with the RNAi adenovirus substantially protected
HUVEC:s from decreased proliferation and reduced cellular
apoptosis in HG conditions. These findings may explain how
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hyperglycemia promotes dysfunction of ECs and could
elucidate a potential new target for therapeutic interventions.

Introduction

Diabetes mellitus is a major risk factor for cardiovascular
complications and raises the risk of death threefold. Dys-
function of endothelial cells (ECs) is considered an early
marker of such complications [1, 2]. Although diabetes and
hyperglycemia induce multiple changes in metabolism and
signaling, studies suggest that activation of the transcrip-
tion factor nuclear factor (NF)-«kB and chronic
inflammation may be important features of secondary
complications of diabetes [3]. NF-xB regulates apoptosis,
proliferation, and inflammation in several cell types and is
critical in the initiation and progression of the vascular
complications of diabetes [4—6]. Moreover, the role of NF-
kB signaling depends on the specific cell type and on the
type of inducer [7]. Inhibition of proliferation and pro-
motion of apoptosis are considered two major endothelial
dysfunctions in high glucose (HG) conditions. We used a
recombinant adenovirus expressing RNA interference
(RNAI) specific to the gene for the p65 subunit of NF-xB
to explore a possible role for the NF-xB pathway in reg-
ulating HG-induced proliferation and apoptosis of human
umbilical vein endothelial cells (HUVECS).

Materials and methods
Materials

BLOCK-IiT Adenoviral RNAi Expression System, Lipo-
fectamine 2000, UltraPure agarose, a Western Brizee kit,

KU
3 Humana Press



64

Endocr (2009) 35:63-74

and a protein molecule ladder were obtained from Invit-
rogen Life Technologies (Carlsbad, CA). DMEM, medium
199, gelatin, Opti-MEM I reduced-serum medium, trypsin-
EDTA (0.25%), nonessential amino acids, L-glutamine,
and fetal bovine serum (FBS) were from Gibco-BRL.
Hepes was purchased from Calbiochem. Rabbit anti-human
factor VIII-related antigen polyclonal antibody was from
Maixin Bioscience (Fuzhou, China). p-glucose, mouse
anti-p65 antibody, and bromodeoxyuridine (BrdU) cell
proliferation assay kits were acquired from Merck. High-
Speed Plasmid Midi kits were obtained from Qiagen.
Restriction enzyme Pacl was from NEB. Penicillin, strep-
tomycin, heparin, and endothelial-cell growth supplement
were purchased from Sigma. Finally, 293A cells, TOP10
chemically competent Escherichia coli, and ccdB survival
TIR chemically competent E. coli were from Invitrogen
Life Technologies.

Construction of the NF-xB-targeting RNAi adenovirus
vector

Cell culture

We cultured 293A cells in DMEM supplemented with 10%
FBS, 0.1 mM nonessential amino acids, and 2 mM L-glu-
tamine at 37°C in 5% CO; under 100% humidity. The cells
were used to produce and amplify the adenovirus, as well
as to titer adenoviral stocks.

Design and subcloning of short hairpin RNAs

Based on the p65 mRNA sequence from Genbank (NM
021975.2; GI:46430498), one RNAI starting point (1566)
was selected to synthesize one pair of short hairpin RNA
(shRNA) oligonucleotides. Two complementary oligonu-
cleotides were designed on the basis of top strand
5'-CACCGGCTATAACTCGCCTAGTGACCGAAGTCA
CTAGGCGAGTTATAGCC-3' and bottom strand 5'-AAA
AGGCTATAACTCGCCTAGTGACTTCGGTCACTAGG
CGAGTTATAGCC-3'.

Production and titering of adenovirus

Single-stranded oligonucleotides were annealed and ligated
with linearized pENTR™/U6. The product was selected on
agarose plates with kanamycin and characterized by PCR
and sequencing to isolate correct clones. Isolated plasmid
DNAs was named pEntry 1566. It was then recombined
with an adenoviral backbone vector, and the recombinants
were selected on agarose plates with ampicillin and then
characterized by PCR. From clones double-selected on
agarose plates with chloromycin and ampicillin, success-
fully recombined plasmid DNAs were isolated and named
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pAd 1566, while adenoviral backbone vector without
recombination was named pAd-DEST.

The plasmids pAd1566 and pAd-DEST were digested
by Pacl, purified, and transfected into HEK 293A cells
using Lipofectamine 2000. Between 7 and 9 days after
transfection, cytopathic effect (CPE) cells reached 80% of
the total cells. Cells were then collected and freeze-thawed
three times; the supernatant was the original virus solution.
Viruses were amplified two times by infecting HEK 293A
cells with the original virus solution. The supernatants of
third generation viruses were collected and named
Ad-DEST and Ad-1566, respectively. Virus titers were
measured by plaque assay through infection of HEK 293A
cells with the third generation viruses.

HUVEC isolation and culture conditions

HUVECs were isolated from umbilical cords resulting
from normal pregnancies following the method of Jaffe
et al. [8]. Cells were seeded on flasks coated with 0.1%
gelatin in medium 199 supplemented with 20% FBS,
penicillin 100 U/ml, 20 mmol/l Hepes, streptomycin
100 pg/ml, heparin 10 U/ml, and endothelial-cell growth
supplement. Cells were grown at 37°C in a humidified 5%
CO; incubator and subcultured at confluence by trypsin-
ization with trypsin-EDTA. They were incubated with
medium 199 supplemented with 10% FBS, penicillin
100 U/ml, streptomycin 100 pg/ml, and heparin 10 U/ml.
ECs were identified by the presence of factor VIII-related
antigen and a typical cobblestone appearance. ECs of the
third to fifth passages in the actively growing condition
were used for experiments. Medium was refreshed every
48 h, and 80% confluent cells were made quiescent in
medium 199 supplemented with 1% FBS for 8 h before
they were incubated under the various experimental con-
ditions in the study, which are described next [3, 9].

Detection of p65 in HUVECsS treated with the RNAi
adenovirus

HUVECs were plated at a density of 2.0 x 10° cells/dish in
6-cm dishes (Corning). Levels of p65 protein were analyzed
by means of Western blotting, as described previously [9]. In
brief, cell lysates were prepared, electrotransferred, and
immunoblotted with anti-p65 and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) polyclonal antibodies.
Western blotting of GAPDH was performed to confirm that
amounts of loaded proteins were equal. A range of multi-
plicities of infection (MOIs)—O0, 5, 25, 50, 75, 100, and
150—was used to determine the optimal MOI for p65
knockdown at 60 h after infection. HUVECs were infected
with adenovirus (Ad-DEST or Ad-1566) at MOI 50 and the
cellular proteins were collected at 0, 24, 48, 72, 96, 120, and
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144 h after infection. Western blots were conducted to
monitor the p65 protein levels of HUVECsS in response to
adenoviral infection in terms of different viral MOI or time.
Western blot signals were detected using a protein fluores-
cence detection kit (HyClone, Logan, UT) and X-ray film.
Images were acquired by an image scanner (Amersham) and
quantified by using its ImageQuant TLV2003 software.

Evaluation of the effects of the RNAi adenovirus
on HG-induced translocation of NF-xB

Cells in the 6-cm dishes were made quiescent in medium 199
supplemented with 1% FBS for 8 h. They were then infected
with Ad-1566/Ad-DEST for an additional 24 h before they
were incubated with medium 199 plus 10% FBS and HG
[normal glucose (NG) medium supplemented with glucose
to a final concentration of 30.5 mM]. To clarify whether the
Ad-1566/Ad-DEST influenced the effects of HG, we infec-
ted the cells with Ad-1566/Ad-DEST at MOI 50 for 24 h
before exposing them to HG. Nuclear and cytoplasmic pro-
teins were extracted using a kit (Beyotime Institute of
Biotechnology, Jiangsu, China). In brief, after the cells were
treated as indicated, cytosolic extracts were prepared by
repeating cycles of freezing and thawing in 0.2 ml of cold
buffer A. Nuclear protein was extracted by using ice-cold
buffer C. Western immunoblotting was performed as
described earlier. Values from three experiments for each
treatment were used for statistical analysis.

Evaluation of the effects of HG conditions and the
RNAIi adenovirus on HUVECs under phase-contrast
microscopy

We evaluated four groups: (i) continuous NG medium
5.5 mM + nontransduced HUVECs, (ii) continuous HG
medium 30.5 mM + nontransduced HUVECS, (iii) contin-
uous HG medium 30.5 mM + Ad-DEST groups HUVECs
(negative shRNA control), and (iv) continuous HG medium
30.5 mM + Ad-1566 HUVECs. The cells were seeded on 6-
well plates at 8.0 x 10° cells/cm?. After subconfluence, the
medium was changed to 800 pl medium 199 supplemented
with 1% FBS with or without the adenovirus. Cells were
incubated for 10 h, and then we added 1200 pl medium 199
supplemented with 16% FBS. On day 2, p-glucose was added
to reach a final concentration of 30.5 mM in all groups
except for the 5.5-mM group. Medium was changed every
48 h. Apoptotic cell death was monitored by means of
morphologic analysis after 5 days (Fig. 2).

Methyl thiazolyltetrazolium assay

Cells were divided into NG and HG groups. HUVECs were
plated at a density of 6000 cells/well on 96-well plates and

incubated in medium 199 supplemented with 1% FBS for
8 h. After 24 h, we applied p-glucose 30.5 mM, and the
cultures were incubated for O, 1, 3, 5, 7, 9, or 10 days at
37°C. Thereafter, medium was changed every 48 h. Then,
100 pl of medium 199 was added to each well. We then
added 10 pl of methyl thiazolyltetrazolium (MTT) to each
well. After 4 h of incubation at 37°C, 100 pl of dimethyl
sulfoxide was added to each well, and cells were incubated
at 37°C overnight. Finally, optical densities were measured
at 490 nm, and the growth inhibitory rate was calculated.
Experiments were repeated three times.

BrdU cell-proliferation assay

The amount of BrdU incorporated into the cells was mea-
sured according to the manual for the kits. We seeded
150 pl of cells at a concentration of 10° cells/ml into a 96-
well culture dish and then exposed them to the various
experimental conditions for 5, 6, or 7 days. For the groups
subjected to fluctuating conditions, glucose concentrations
were changed every 24 h. We allowed the cells to incubate
with BrdU for 12 h in the tissue-culture incubator. Then,
this solution was removed, and 200 pl of the fixative/
denaturing solution was added to each well. The cells were
incubated for 30 min at room temperature. After thoroughly
removing the solution, we added 100 pl of the anti-BrdU
antibody (1:100) and incubated the cells for 1 h at room
temperature. We washed the cells three times with 1x wash
buffer. Peroxidase-labeled goat-anti-mouse IgG complex
was added (1:1000; 100 pl/well) and incubated for 30 min
at room temperature. Cells were then washed three times
with wash buffer. Substrate was added (100 pl/well) and
incubated in darkness for 15 min at room temperature.
Afterward, termination buffer was added (100 pl/well) to
terminate the reaction. Within 30 min, the absorptions at
dual wavelengths 450-595 nm were measured.

Flow cytometry

Cells were trypsinized, counted, and seeded at 8.0 x 10° per
well in 6-well plates until 80% confluence was achieved.
Our five groups were (i) continuous NG medium
5.5 mM + nontransduced HUVECs, (ii) continuous HG
medium 30.5 mM + nontransduced HUVECs, (iii) alter-
nating HG and HG medium 30.5 mM + nontransduced
HUVECs, (iv) continuous HG medium 30.5 mM +
Ad-DEST HUVECs (negative shRNA control), and (v)
continuous HG medium 30.5 mM + Ad-1566 HUVECs.
After the groups were exposed to their respective conditions
for 72 h, cells were harvested, pelleted, and washed with
phosphate-buffered saline (PBS) and resuspended in PBS
containing propidium iodide 20 mg/l and RNase A 1 mg/l.
Fixed cells were examined for each experimental condition
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with flow cytometry, and we determined the DNA divided by
the total number of cells. The duration of exposure to HG was
based on our previous observation and on the results of other
studies [10]. All experiments were repeated three times.

Terminal deoxynucleotidyl transferase nick-end
labeling assay

Four groups were assessed with terminal deoxynucleotidyl
transferase nick-end labeling (TUNEL) assay: (i) continu-
ous NG medium 5.5 mM + nontransduced HUVECs, (ii)
continuous HG medium 30.5 mM + nontransduced HU-
VEC:s, (iii) continuous HG medium 30.5 mM + Ad-DEST
HUVECs (negative shRNA control), and (iv) continuous
HG medium 30.5 mM + Ad-1566 HUVECs. The cells
were seeded on 6-well, gelatin-coated plates at 8.0 x 10°
cells/cm?®. After preincubation with medium 199 supple-
mented with 1% FBS for 8 h, the Ad-DEST and Ad-1566
groups were infected with different RNAi adenovirus
vectors at 50 MOIs. After 24 h, p-glucose was added to the
medium for all groups except the 5.5-mM group. Medium
was changed every 48 h. Then, the cells were exposed to
the experimental conditions for 5 days. Finally, they were
fixed in 0.14 M PBS (pH 7.4) containing 4% paraformal-
dehyde at 25°C for 60 min, washed in PBS three times for
5 min, and permeabilized in PBS containing 0.1% Triton
X-100 and 0.1% sodium citrate at 4°C for 2 min.

The cells were washed and stained using the TUNEL
reaction mixture (fluorescein-labeled deoxyuridine tri-
phosphate and terminal deoxynucleotidyl transferase) at
37°C for 60 min in a humidified atmosphere in the dark. As
a negative control, fixed and permeabilized cells were
incubated with label solution instead of the TUNEL reac-
tion mixture. In the positive control, cells were incubated
with micrococcal nuclease before the labeling procedures.
Samples were covered with parafilm or coverslips during
incubation. The slides were rinsed three times with PBS.
Samples were analyzed in a drop of PBS under a fluores-
cence microscope using an excitation wavelength in the
range of 450 to 500 nm and detection in the range of 515 to
565 nm. The area around the sample was dried, and 50 pl
of converter-AP was added to the sample and left at 37°C
for 30 min. The slides were rinsed three times with PBS
and incubated with substrate solution for 10 min at 15-
25°C in the dark. They were again rinsed three times with
PBS and analyzed under a light microscope.

Statistical analysis
Data are expressed as mean £ SD. Unpaired Student
t-tests were used for comparisons between groups. For

multiple comparisons, results were analyzed by means of
analysis of variance followed by the least significance
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difference test. A P-value of <0.05 indicates a statistically
significant difference.

Results

Construction and production of the RNAi adenovirus
expression vector

PCR was used for identification of pEntry and pAd, pEntry
was also sequenced. The result shows the size and open
reading frame of pEntryl566 was correct. The correct
recombination clones (pAd) were 600 bp. The sequence of
the vector with the shRNA inserted was the same as
designed by the software. Virus was titered by virus plaque
assay. Results were 2.5 x 10'° pfu/ml for Ad-DEST and
3.0 x 10° pfu/ml for Ad-1566.

Verification of p65 gene silencing on Western blots

Results are shown in Fig. 1. Transduction with an empty
vector (Ad-DEST) served as a control. Successful trans-
duction was confirmed by immunoblotting with an anti-p65
antibody. Expression of p65 was significantly decreased in
the Ad-1566 groups compared with the Ad-DEST groups
(P < 0.01). In addition, we observed a dose-dependent
reduction of p65 expression in the Ad-1566 groups
(P < 0.01). Expression of p65 decreased in the MOI 5
group compared with the MOI O group, though the dif-
ference was not significant. Reductions in the expression of
p65 were significant in cells infected with MOI 25
(P < 0.05), as well as for MOIs of 50, 75, 100, and 150 (all
P < 0.01) compared with MOI 0. After MOI reached 75,
there were no significant further reductions with increasing
MOI. No significant differences were detected in the Ad-
DEST groups at the different MOIs (P > 0.05). Therefore,
we concluded that infection with Ad-1566 at MOI 25
began to lower expression of p65 and that it reached a peak
at MOI 75. Because MOI 50 was sufficient to decrease
expression of p65, further studies were done using that
MOIL.

We then looked for time-dependent reductions in p65
expression in the Ad-1566 groups at MOI 50. Transduction
with an empty vector (Ad-DEST) served as a control. The
results suggested marked time-dependent inhibition of p65
expression (P < 0.01). Expression was significantly
decreased in the Ad-1566 groups compared with the Ad-
DEST groups (P < 0.01). After 48 h, expression of p65
significantly decreased compared with nontransduction
(P < 0.01). As observed in our previous research, the
reduction did not significantly change after 96 h. No sig-
nificant differences were detected in Ad-DEST groups at
different times (P > 0.05). Therefore, we concluded that
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Fig. 1 Western blot analysis. Results represent three independent
experiments. For different MOIs (A) and times (B), images show
expression of total p65 protein in the Ad-DEST (a), Ad-1566 (b), and
Ad-1566-Ad-DEST (c) groups

infection with Ad-1566 for 48 h decreased expression of
p65. The Ad-1566 virus expressing an siRNA specific to
p65 suppressed levels of p65 protein by 66.1-76.7% in
HUVECs at day 6 after infection at MOI 50. In further
research, we pretreated HUVECs with AD-1566 and Ad-
DEST for 24 h before exposing them to glucose at MOI 50.

Effects of HG conditions and the RNAi adenovirus on
HUVECs under phase-contrast microscopy

As previously described [10, 11], ECs exposed to HG show
antiproliferative responses.

After 72 h of exposure to HG, the number of cells
(85 % 9.02) was significantly reduced to 65.37 + 6.57% of
NG group (130 +£ 4.32) under microscope (P < 0.01). As
Fig. 2 shows, some cells became round and eventually
detached from the plate and floated in the medium, leaving
many holes in the sheet of confluent cells after HG treat-
ment. In addition, cells treated with HG exhibited
characteristic features of cell shrinkage [12], membrane
blebbing, and rounding, which were typical of apoptotic
cell death. Preinfection with Ad-DEST did not alter the
toxic effect of HG (the number of cells was 84 4+ 9.09).
However, apoptosis was significantly reduced after prein-
fection with Ad-1566 in the HG (the number of cells was
123 £ 9.71) compared with the HG group (P < 0.01).

Effects of RNAi adenovirus on HG-induced
translocation of NF-xB

Signaling events that lead to NF-xB activation involve
phosphorylation, ubiquitination, and proteolytic degrada-
tion of IkB-o from its inactive trimeric complex of IxB/
p65/p50 in the cytosol. This is followed by translocation of
the active dimmer (p65/p50) to the nucleus, where it binds
to cognate DNA sequences to activate transcription [13].
Figure 3 shows the results of Western blotting of cyto-
solic and nuclear extracts to assess translocation of NF-xB
to the nucleus to determine if ablation of NF-xB by siRNA
affected signaling events. In the Ad-DEST study, incuba-
tion of HUVECs in HG 30.5 mM caused a time-dependent
increase in nuclear protein (P < 0.01), which was maximal
after 48 h and which remained at a similar level for at least
up to 72 h (Fig. 3b). Similar results were obtained in a
previous study [6], which suggested that the translocation
of NF-xB p65 was independent of Ad-DEST. With Ad-
1566, little translocation of NF-xB from the cytosol to the
nucleus was observed (Fig. 3a, c¢). To further confirm the
knockdown effect of Ad-1566 on the expression of p65
under HG conditions, we analyzed total cellular protein
in the two groups. Total cellular protein consists of
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Fig. 2 Morphologic analysis of
HUVECS cultured for 72 h with
different concentrations of
glucose and with or without the
adenovirus expression vector.
HUVECs were cultured in the
presence of NG 5.5 mM (a), HG
30.5 mM (b), HG

30.5 mM + Ad-DEST (¢), or
HG 30.5 mM + Ad-1566 (d),
as described in Materials and
methods, then HUVECs were
counted under microscope. Data
are means = SD of at least
three independent experiments. A
Arrows indicate apoptotic
features of nuclear pyknosis

C  High glucose (30.5mM) + Ad-DEST D

cytoplasmic protein and protein in the nuclear extract.
Treatment of HUVECs with Ad-1566 reduced total p65
protein by 74.51% after exposure to HG for 72 h (Fig. 3c).

Effects of HG conditions and/or p65 RNAi adenovirus
on HUVEC proliferation

Baseline HUVEC proliferation in medium 199 containing
5.5 mM p-glucose followed standard growth kinetics with
clearly defined lag (days 0-3), log (days 4-7), and plateau
(day 8) phases (Fig. 4a). The number of proliferating
HUVECs on days 5, 7, 9, and 10 was significantly lower
when the cells were cultured in 30.5 vs. 5.5 mM b-glucose
(P < 0.05 for day 5, for all others, P < 0.01, Fig. 4a).
However, we found no difference in the rates of cell pro-
liferation between the NG and HG groups within 3 days.
To ascertain whether the decreased cell counts with
30.5 mM b-glucose were due to reduced proliferation or
increased cell death, we performed flow cytometry with
propidium iodide staining and a BrdU cell-proliferation
assay.

As Fig. 4b shows, BrdU incorporation assays showed
that DNA synthesis decreased in HUVECs exposed to HG
30.5 mM at all times, irrespective of the presence of stable
or fluctuating glucose concentrations (P < 0.01). However,
we observed no significant reduction in proliferation
among HUVECs exposed to HG 20.5 mM on day 5 com-
pared with NG group (P > 0.05). Intermittent HG
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Normal glucose (5.5mM) B

High glucose (30.5mM)

High glucose (30.5mM) + Ad-1566

produced effects worse than those of stable HG (P < 0.05)
or NG (P < 0.01). In contrast, the concentration of glucose
seemed less important than the presence of an alternating
glucose level. Numbers of proliferating HUVECs on days 6
and 7 were similar when cells were cultured in 30.5 and
20.5 mM b-glucose (P > 0.05). On day 5, the increase in
the concentration of glucose aggravated proliferative
damage. Our results agree with previous findings that HG
concentrations reduced proliferation in HUVECs [6].
Exposure to increasing concentrations of glucose dimin-
ished EC proliferation and lowered survival rates.

When grown in 30.5 mM p-glucose, the proliferation of
HUVECs with Ad-1566 was significantly higher than that
of HUVECs with Ad-DEST on days 5 and 6 (P < 0.01,
Fig. 4c). On day 7, no increase was found in the knock-
down groups (P > 0.05). Proliferation was significantly
lower in HUVECs transduced with Ad-DEST than in
nontransduced ECs at 30.5 mM p-glucose on days 5 and 6
(P < 0.05) but not day 7.

When we compared Ad-1566 ECs in 30.5 mM with
nontransduced ECs in 30.5 or 5.5 mM b-glucose, protec-
tion was obvious. The Ad-1566 ECs proliferated more than
nontransduced ECs in 30.5 mM b-glucose (P < 0.01,
Fig. 4c) and as much as nontransduced ECs in 5.5 mM
D-glucose (P > 0.05, Fig. 4c). NF-kB/p65-targeting RNAi
adenovirus protected against proliferative impairment
induced by 30.5 mM p-glucose and restored proliferation
to control levels (5.5 mM bp-glucose).
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Fig. 3 Results of Western A Cytoplasmic extract
blotting. Representative blots

show levels of cytoplasmic and P65

nuclear p65 protein, with

GAPDH (not shown), for P65

adjusting differences in
numbers of cells observed
between treatments with HG
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(¢). Asterisk indicates the

expression of nuclear p65

protein in HG 30.5 mM + Ad-

1566 is significantly higher after

48 h

e, e
O = 0wk Ul O = 0
.

Relative band intensity (p65/GAPDH)

DEST)

L e e
O = N W s Ul O =

Relative band intensity (p65/GAPDH)

1566)

Results of flow cytometry

Because some have suggested that hyperglycemic spikes
may play a substantial role in the pathogenesis of vascular
diabetic complications [14], we explored the pro-apoptotic
effort of fluctuating HG compared with stable HG., results
were shown in Fig. 5.

Percentages of apoptotic cells significantly increased
with fluctuating HG and stable HG compared with NG;
respective values were, 35.6 & 0.361, 25.57 £ 2.309, and
7.95 £ 2.286%.

In cells exposed to fluctuating concentrations of glucose,
the percentage of apoptosis was as high as 35.2-35.9%.
Intermittent HG enhanced apoptosis compared with stable
HG (P < 0.01). Apoptosis was also evaluated for HUVECs
in stable HG 30.5 mM pretreated with Ad-DEST or Ad-
1566. Because empty vectors may exert a redundant effect
on apoptosis, we performed the experiments with cells
pretreated with Ad-DEST as a control. In the presence of
Ad-DEST, the number of apoptotic cells did not change
compared with incubation with HG alone (P > 0.05).
However, the percentage of apoptotic cells decreased with
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Ad-1566 exposure (P < 0.01). Furthermore, the percentage
did not significantly increase among cells treated with
30.5 mM glucose plus Ad-1566 vs. NG (11.10 % 0.346 vs.
7.95 £ 2.286%, respectively, P > 0.05, Fig. 5c).

TUNEL staining

Compared with NG, HG significantly increased the number
of TUNEL-positive cells (25.81 & 1.773 vs. 8.20 +
0.626%, P < 0.05, Fig. 6a, b). Incubation of HUVECsSs for
5 days in medium containing 30.5 mM of glucose plus the
control vector vs. 30.5 mM of glucose showed no changes
in TUNEL staining (26.10 = 0.980 vs. 25.81 £ 1.773%,
P > 0.05, Fig 6¢c, b). TUNEL staining decreased for ECs in
30.5 mM glucose plus Ad-1566 vs. ECs in 30.5 mM glu-
cose plus Ad-DEST (11.49 £ 0.917 vs. 26.10 £ 0.980%,
P <0.01, Fig. 6d, c). HG stimulated apoptosis, and
Ad-1566 protected HUVECs against apoptosis in vitro.
However, the RNAi adenovirus specific for NF-kB p65 did
not protect against apoptosis induced by 30.5 mM b-glu-
cose to control levels (5.5 mM b-glucose) (P < 0.01).
TUNEL staining significantly increased in ECs cultured in
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Fig. 4 Effects of HG and/or p65 RNAi adenovirus on HUVEC
proliferation. (a) Absorbance after exposure to NG or HG medium on
MTT assay (three experiments). The number of proliferating HUVEC
on day 5, 7, 9, and 10 were significantly lower when cultured in
30.5 mM bp-glucose than when cultured in 5.5 mM b-glucose.
Analysis of stable or intermittent HG (b), as well as p65-targeting
RNAIi adenovirus Ad-1566 and the empty vector Ad-DEST (c) on
proliferation on BrdU assay (at least three experiments). BrdU
incorporation assays showed that DNA synthesis was decreased in
HUVEC exposed to HG (30.5 mM) at any time point, irrespective of
stable HG or fluctuating glucose (P < 0.01)

30.5 mM glucose plus Ad-1566 compared with ECs cul-
tured in 5.5 mM glucose. Figure 6 shows representative
images of TUNEL staining.

Discussion

Multicenter trials have demonstrated that intensive control
of hyperglycemia can reduce the incidence or progression
of microvascular complications of diabetes [15, 16]. In
contrast, there is only limited data with respect to macro-
vascular complications such as ischemic heart disease,
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peripheral vascular disease, and thromboembolic stroke,
which are major contributors to morbidity and mortality in
diabetes. EC injury and proliferative dysfunction are con-
sidered the initial events in atherosclerosis, postangioplasty
restenosis, plaque erosion, and thromboembolism [17],
which contribute to macrovascular complications. Our
results are consistent with these clinical observations. Most
important of all,our data confirmed apoptosis and reduced
proliferation in stable HG, furthermore showing that it was
amplified in the fluctuating-glucose condition.

HG leads to reduced EC proliferation and concomitantly
increased apoptosis [11, 14]. Risso et al. [14] reported that
intermittent HG enhanced apoptosis in HUVECs, and
Quagliaro et al. [18] further showed apoptosis of HUVECs
exposed to intermittent HG may be related to a ROS
overproduction, through PKC dependent activation of
NAD(P)H oxidase, though how fluctuating HG affects
proliferation of HUVECs has not been reported. The
molecular mechanisms triggered by periodically changing
glucose concentrations in cultured HUVECs are unknown.
Metabolic variations induced by chronic exposure to HG
might change or provide feed back to regulatory cellular
controls, partially those counteracting the cytotoxic effects
of glucose. Intermittent exposure to HG might reduce such
an adaptation, causing pronounced toxicity. In addition,
frequent fluctuations from high to low glucose levels
jeopardize the antioxidant response of the cell and increase
levels of oxidative stress markers, leading to higher cell
damage than exposition to high constant glucose [19].

It is now recognized that glucose fluctuation per se is a
strong predictor of cardiovascular disease [20]. Hypergly-
cemic spikes may play a notable role in the pathogenesis of
vascular diabetic complications [21], and our data support
the hypothesis that improved clinical outcomes may be
related to efforts to decrease glucose fluctuations in
patients with diabetes. In diabetic patients, the serum glu-
cose concentration often changes markedly within a single
day. By decreasing the duration and the degree of hyper-
glycemia, the aim of clinical diabetes care has been to slow
the development of complications due to diabetes, and it
has been shown that tightly controlling blood glucose
levels by intensive treatment decreases the incidence of
vascular complications in both types 1 and 2 diabetic
patients [21].

To our surprise, when the concentration of glucose was
higher than 20.5 mM, increasing it further did not alter
proliferation. An increase from 20.5 to 30.5 mM did not
further aggravate cellular dysfunction, at least in terms of
the proliferative damage observed using the BrdU assay.
Therefore, we speculate that too high a dose of glucose may
not lead to progression of chronic vascular complications;
rather, it may result in short-term complications, such as
diabetic ketoacidosis, a hyperosmolar hyperglycemic state,
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and lactic acidosis. To some extent, the concentration of
glucose seemed less important than the presence of fluctu-
ations in glucose. Further laboratory and clinical research
must be carried out to confirm these findings.

Although the precise mechanisms underlying the
aforementioned effects remain unclear, two lines of evi-
dence suggest that NF-xB may mediate HG-induced
dysfunction of ECs. First, NF-xB regulates expression of
several genes important in the pathogenesis of diabetic
complications [6, 22]. Second, NF-xB plays a critical role
in regulating immune and inflammatory responses, cell
growth, survival, and apoptosis [23-26]. Vascular tissues
from patients with diabetes, as well as cultured cells

exposed to HG, show increased binding of NF-«B to pro-
moter regions of many inflammatory genes [27-31].
Some studies showed that NF-xB activation can prevent
apoptosis in many cells types [32-35]. Investigators have
reported that hyperglycemia enhances proliferation of
HUVECs and that NF-xB activation may increase prolif-
eration [36]. But in most studies, NF-xB activation
produced, not prevented, apoptosis of ECs. However, to
our knowledge, the role of NF-xB signaling in the context
of hyperglycemia and EC proliferation has not been
explored. In this study, we confirmed previous observations
[5] and demonstrated, for the first time, that transduction
with an NF-xB/p65-targeting RNAi adenovirus protected
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HUVEC:s from the apoptosis and inhibition of proliferation
that is induced by HG.

Both in vivo and in vitro studies have demonstrated that
HG activates NF-kB signaling by promoting translocation
of nuclear p65, and that it may be a critical determinant of
diabetic complications [37]. One study showed that inhibi-
tion of NF-xkB can prevent the effects of HG on vascular
smooth muscle cells in association with a decrease in the
translocation of NF-«xB from cytosol to nucleus [3]. Yozai
et al. [38] reported that NF-«xB activation of the renal cortex
increased in diabetic rats compared with control rats and that
methotrexate (MTX), an anti-inflammatory agent, could
reverse the effect. In HUVECs, p65 protein in cytosolic
extracts was significantly decreased in their HG cultures
compared with NG, whereas p65 protein from nuclear
extracts was significantly increased. MTX treatment of cells
significantly inhibited the effect of HG on the translocation
of NF-kB. However, researchers did not further investigate
the relationship between NF-xB translocation and EC dys-
function. In our study, p65 protein from nuclear extracts
significantly increased in control HG cultures but only
slightly increased in the NF-xB-specific knockdown group,
in which it was maintained at a low level.

HG initially increases the production of intracellular
reactive oxygen species and activated NF-xB, and it
mediates hyperglycemia-induced cellular damage in
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bovine ECs. Ho et al. [5, 39] tested the effects of pyrroli-
dine dithiocarbamate, an NF-kB inhibitor, and p65 NF-xB
antisense oligonucleotide to clarify the role of NF-kB in
HG-induced apoptosis in HUVECs. Pyrrolidine dithiocar-
bamate prevented apoptosis under HG conditions, and NF-
kB antisense oligonucleotides suppressed HG-activated c-
Jun N-terminal kinase (JNK) activity. In this way, some
inhibitors can inactivate NF-xkB and attenuate the devel-
opment of atherosclerosis and its rapid progression. The
significant inhibition of NF-xB translocation with MTX
[38] is beneficial in treating diabetic nephropathy. How-
ever, degradation of IxB and adverse effects of MTX,
including hepatotoxicity and nephrotoxicity, soon termi-
nate its protective effects.

We report here that NF-kB mediates dysfunction of ECs
due to HG. HG reduced EC proliferation, with a concom-
itant increase in apoptosis. Knockdown of NF-xkB p65
reversed proliferative damage in HG 30.5 mM, even to the
control level of 5.5 mM for at least 7 days after transduc-
tion. Meanwhile, it also reduced apoptosis of HUVECs
under HG conditions. In conclusion, we demonstrated
that the adverse effect of hyperglycemia on endothelial
dysfunction is at least partly attributable to activation of
NF-xB.

Shanmugam et al. [40, 41] and Figarola et al. [42] found
that NF-xB regulates most genes induced by HG and that it
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plays a central role in causing diabetic vascular and other
complications. HG may mediate activation of NF-xB,
which regulates expression of apoptosis- and proliferation-
related genes in HUVECs.

Sequential activation of JNK mediates HG-induced
apoptosis in HUVECs. In addition, NF-kB-specific anti-
sense oligonucleotide suppresses HG-induced JNK activity
[5, 39]. These results confirm that NF-xB-dependent acti-
vation of JNK is involved in HG-prompted HUVEC
apoptosis. However, data on the relationship between NF-
kB and HUVEC proliferation are limited. HG triggers
reactive oxygen species-regulated NF-xB activation and
proliferation in mesangial cells by means of a PI3k and
Akt pathway [43]. Downregulation of phosphoinositide the
3-kinase/Akt pathway (PI3k and Akt) signaling pathways is
responsible for proliferation inhibition under HG condi-
tions [44]. HG results in sustained NF-xB activation with
concomitant reduction of Akt survival signaling [5]. An
emerging hypothesis is that protection from loss of pro-
liferation involving Ad-1566 may be based on preventing
reductions in PI3 K/Akt signaling. NF-xB may cross talk
with JNK, as well as PI3 k and Akt signaling pathways in
HG-induced EC dysfunction. In contrast, some have
reported that activation of the PI3K/Akt signaling pathway
is required for HG-induced activation of NF-xB mediated
apoptosis in HUVECs [45]. The need for research, espe-
cially in vivo studies, into mechanisms dependent on NF-
kB signaling must be emphasized.

Adenovirus is an important type of viral vector used in
human gene therapy [46]. Adenoviral reagents that drive
overexpression of selected genes have proven useful in
both in vitro and in vivo metabolic research into diabetes
and obesity [47]. Adenovirus is replication incompetent
and does not stably integrate into cells. Hence, usage of
adenoviruses may be a relatively safe approach to treat
diseases. Nevertheless, they become diluted, and expres-
sion of p65 protein rebounds to normal levels when
HUVECs divide. Our results indicated that NF-xB/p65-
targeting RNAi adenovirus did not protect HUVECs from
proliferation inhibition under HG conditions on day 8 after
transduction. Our data also confirmed apoptosis and
reduced proliferation in stable HG, furthermore showing
that it was amplified in the fluctuating-glucose condition.
The Ad-1566 protected HUVECs from dysfunction in the
continuous HG. However, we failed to understand how the
Ad-1566 prevented HUVECs from apoptosis and/or
reduced proliferation in the intermittent HG. Further
studies are needed to elucidate this point.
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