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Abstract Globular adiponectin (gAd) has anti-athero-
genic effects on the vascular wall. Intermittent hypergly-
cemia induces endothelial cells (ECs) injury but the
physiological factors that may protect against ECs damage
are largely unknown. In the present study, we investigated
the effect of gAd on ECs dysfunction induced by inter-
mittent high glucose. The gAd significantly attenuated
intermittent high glucose-induced apoptosis and oxidative
stress in human umbilical vein endothelial cells. This was
achieved by decreasing caspase-3 and 3-nitrotyrosine pro-
tein expression, increasing nitric oxide (NO) secretion and
phosphorylation of Akt, AMPK, and endothelial nitric
oxide synthase protein expression. Pretreatment with a
phosphatidylinositol 3’ kinase (PI3K) inhibitor, LY294002,
partly reversed adiponectin’s anti-apoptotic effect. Taken
together, our results indicate that gAd acts as a critical
physiological factor which protects against fluctuating high
glucose-induced endothelial damage. It may act via atten-
uating apoptosis and increasing synthesis of NO through
both the PI3K/AKT and AMPK signaling pathway to
reduce oxidative stress and cell apoptosis.
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Introduction

Endothelial cells (ECs) play a critical role in the mainte-
nance of vascular homeostasis. Hyperglycemia has been
reported to trigger and accelerate apoptosis in ECs [1].
Apoptosis in ECs is a vital event in diabetes-associated
vascular diseases, and is particularly prominent in endo-
thelial injuries caused by fluctuating hyperglycemia [2—4].
Although the protective effect of adiponectin in ECs
against constant hyperglycemia is well known, the effect of
adiponectin in ECs against the fluctuating glucose levels
remains to be fully established.

Adipose tissue secretes a variety of adipokines to
modulate endothelial function [5]. Among them, adipo-
nectin is known to be anti-atherogenic [6]. Adiponectin is
present in human plasma in two different forms: full length
and globular form. Both the full-length and the C-terminal
globular forms have been shown to be anti-atherogenic
through protecting the cellular components of blood ves-
sels [7]. Decreased plasma level of adiponectin is associ-
ated with endothelial dysfunction seen in type 2 diabetes
mellitus (T2DM), obesity, and metabolic syndrome [8].
Circulating adiponectin level is negatively correlated with
the risk level of developing coronary artery disease in type
1 diabetes mellitus (T1DM), suggesting that adiponectin
protects vessels from hyperglycemia [9]. Adiponectin has
been shown to oppose the adverse effects of angiotensin II
(Ang II), TNF-a, and high glucose levels in induction of
vascular dysfunction. [10, 11]. Although a number of
studies have examined the protective role of adiponectin
against the apoptosis induced by the serum starvation or
Ang II in ECs [12, 13], the role of adiponectin in the
fluctuating high glucose-induced damage in ECs has not
been established yet. The purpose of this study is to
examine the effect of gAd in the development of
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endothelial dysfunction caused by the intermittent high
level of glucose.

Materials and methods
Reagents

Recombinant gAD and nitrotyrosine ELISA kit were
obtained from R&D system (Minneapolis, MN).
LY294002 was purchased from Sigma Chemical (St.
Louis, MO). Antibodies against Akt, phospho-Akt
(Serd473), eNOS, phospho-eNOS (Ser113), AMPK, and
phospho-AMPK (Thr172) were from Cell Signal Tech-
nology (Beverly, MA). Antibodies against f-actin were
from Santa Cruz Biotechnology (Santa Cruz, CA). Cas-
pase-3 activity assay kit, NO assay kit, and Annexin
V-FITC/PI apoptosis kit were purchased from Biyuntian
Company (Beijing, China).

Cell culture and treatments

Human umbilical vein endothelial cells (HUVECs) were
obtained from China Center for Type Culture Collection
(CCTCC). HUVECs were cultured as previously described
[14]. Cells were cultured in endothelial cell basal medium-
2 supplemented with 10% fetal bovine serum (FBS),
100 IU/ml  penicillin, 0.1 mg/ml streptomycin, and
20 mmol/l L-glutamine at 37°C and 5% CO2. Cells in
passages 4-5 were used. As noted, cells were incubated for
48 h with different glucose concentrations: normal glucose
(5 mmol), constant high glucose (25 mmol), and intermit-
tent high glucose (switching from 5 mmol to 25 mmol and
back and forth every 8 h). Recombinant human gAd (1
pg/ml) was added as indicated. Equal amount of mannitol
(Mann) was used as an osmotic control. Some HUVECs
were pretreated with PI3 k inhibitor LY294002 (40 pmol/1)
for 1 h and then incubated with intermittent high glucose
together with gAd (1 pg/ml) for 48 h as noted.

MTT assay

Cellular viability was measured by methyl thiazolyl tetra-
zolium (MTT). HUVECs (20,000/well) were incubated in
96-well culture plates with or without gAd as indicated.
Four hours before the end of the treatment, 10 pl of MTT
stock solution (12 mM in phosphate buffered saline) was
added to each well. At the end of the treatment, the incu-
bation medium was removed and the formazan crystals
were dissolved in 100 pl of solution of dimethyl sulfoxide

(DMSO). MTT reduction was quantified by measuring the
light absorbance with a multi-label plate reader at 570 nm.

Measurement of cellular apoptosis

HUVECs were cultured until 80% confluence, and were
then treated with constant or intermittent high glucose in
the presence or absence of gAd. Cells on glass coverslips
were rinsed, fixed, and stained with fluorescence dyes using
an annexin V-FITC/propidium iodide (PI) kit according to
the manufacturer’s instructions. Cells were visualized and
photographed by using a Nikon fluorescence microscope.
The rate of apoptosis was determined by the percentage of
cells with hypodiploid DNA stained with PI. After centri-
fugation, HUVECs were gently resuspended in 1 ml of
hypotonic fluorochrome solution (50 pg/ml PI, 3.4 mM
sodium citrate, 1 mM Tris, 0.1 mM EDTA and 0.1% Tri-
ton X-100) and incubated in the dark at 4°C overnight
before analyzed by flow cytometry (Beckerman, coulter).
Apoptotic HUVECs nuclei were distinguished by their
hypodiploid DNA content from the diploid DNA content of
normal HUVECs nuclei. All measurements were per-
formed under the same instrument settings.

Caspase-3 activity assay

Caspase-3 activity was measured using a commercial kit
(Biyuntian Company, Beijing) according to the manufac-
ture’s instructions. HUVECs were cultured in 10 cm dishes
and treated with the indicated concentrations of glucose
and gAd for 48 h. Cells were dissolved in the lysis
buffer and supernatants were collected to incubate with
N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide (Ac-DEVD-
pNA, 200 uM) at 37°C for 2 h. The release of the
chromophore p-nitroaniline was measured at 405 nm.
Caspase-3 activity was presented as percentage of enzyme
activity compared to the normal glucose group.

Measurement of NO production

HUVECs were grown in 6-well dishes until 80% conflu-
ence. Cells were treated with the indicated concentrations
of glucose and gAd, and the supernatants were collected
after 48 h. Levels of nitrite/nitrate and the stable end
products of NO were measured using a commercial kit. In
brief, nitrate was converted to nitrite with nitrite reductase,
and the total nitrite was measured with the Griess reagents.
The absorbance was determined at 550 nm. Cells were
dissolved in 1% sodium dodecyl sulfate (SDS) and used for
protein assay (BCA protein assay kit). Nitrite levels were
normalized by protein contents and the results were pre-
sented as pmol per gram protein.
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Nitrotyrosine measurement

Nitrotyrosine is an indirect indicator of oxidative stress.
Nitrotyrosine content was evaluated by ELISA as previ-
ously reported [15]. An identical amount of protein from
cell supernatant (50 pl) was applied to ELISA plates toge-
ther with nitrated BSA standard and allowed to bind over-
night at 4°C. After blocking, wells were incubated at 37°C
for 1 h with a mouse monoclonal antibody against nitroty-
rosine (5 pg/ml) and incubated for 45 min at 37°C with a
peroxidase-conjugated goat anti-mouse IgG secondary
antibody diluted at 1:1,000. After washing, peroxidase
reaction product was generated using tetramethylbenzidine
(TMB) peroxidase substrate.

Western blotting

Cells were harvested and lysed in RIPA buffer containing
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris—HCI (pH 7.4), 50 mM glycero-
phosphate, 20 mM NaF, 20 mM EGTA, 1 mM DTT,
1 mM Na3;VO,, 1 mM phenylmethylsulfonyl fluoride, and
protease inhibitors. Equal amounts of proteins (40 pg)
were separated by SDS-PAGE (10%) and transferred to a
nitrocellulose membrane. After blocking with 0.5% skim-
med milk, the membrane was incubated with primary
rabbit polyclonal IgG anti-total- or anti-phospho-Akt or
eNOS, anti-total-AMPK or anti-phospho-AMPK, or
monoclonal IgG anti-phospho-eNOS (1:1,000 dilution) at
4°C overnight. After washing, the membrane was incu-
bated with a horseradish peroxidase-conjugated secondary
antibody (1:2,000 dilution). Bands were detected by
enhanced chemiluminescence (ECL) reagents (Amersham,
Piscataway, NJ) and exposure to X-ray film.

Statistical analysis

Data are presented as the mean £ SD. Statistical analysis
was based on one-way ANOVA analysis of variance for
multiple comparisons. A value of P < 0.05 was considered
as significant.

Results

Adiponectin protects ECs from high glucose-induced
cytotoxicity

HUVECs were incubated with different levels of glucose in
the presence or absence of gAd for 48 h, followed by the
evaluation of cellular viability. As shown in Fig. 1a, both the
constant and intermittent high levels of glucose caused a
significant decrease in HUVEC viability in comparison to the
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Fig. 1 Adiponectin protects HUVECS from the high glucose-induced
apoptosis. HUVECs were treated with normal (5 mmol/l), high
(25 mmol/l), or alternating normal/high glucose concentrations, and
1 pg/ml gAd for 48 h. a Cell viability assay by MTT. b Caspase-3
activity analysis. ¢ Adiponectin inhibits oxidative stress. 3-nitrotyro-
sine in the media was measured by ELISA. Data represent
mean £+ SD from three independent experiments: #P < 0.01 com-
pared with normal glucose group; P < 0.05 compared with group
SHG; *P < 0.05 compared with group IHG.; “P < 0.05 compared
with group IHG + Adipo. HM hyperosmotic mannitol (25 mmol/l)
NG normal glucose (5 mmol/l) SHG stable high glucose (25 mmol/l)
IHG intermittent high glucose (alternating 5 or 25 mmol/l per 8 h)
Adipo adiponectin LY LY294002

normal glucose level (P < 0.01). The presence of gAd ame-
liorated the effect of the intermittent high glucose level in cell
viability (P < 0.05), and the effect of gAd was not signifi-
cantly altered by LY294002 (Fig. 1a). Adiponectin tended to
reverse the reduction of cell viability caused by the constant
high level of glucose without reaching statistical significance.

Adiponectin protects HUVECs from high glucose-
induced apoptosis

HUVECs were incubated with different levels of glucose in
the presence or absence of gAd for 48 h, followed by
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Fig. 2 Adiponectin inhibits
HUVECs apoptosis.

a Apoptosis was detected by
fluorescence microscopy
analysis. Apoptotic cells were
observed by fluorescence
microscopy

(magnification x 100) analysis
using propidium iodide (PI) or
annexin V staining. The number
of apoptotic HUVECs was
increased by the intermittent
high level of glucose. b The
percentage of apoptotic cells
was measured by flow
cytometry. Apoptosis was
assessed according to the
percent of cells with
hypodiploid DNA by flow
cytometry as described in
Materials and methods. Values
of percentage of apoptotic cells
represent the average of three
experiments. The apoptosis rate
of HUVEC: treated with the
intermittent high level of
glucose was 48.35%, and the
presence of gAd reversed the
apoptosis rate to 20.57%. HM
hyperosmotic mannitol

(25 mmol/l) NG normal glucose

IHG+Adipo

IHG+Adipo+LY
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glucose (25 mmol/l) IHG R
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quantifying the numbers of apoptotic cells. Apoptotic cells
numbers were determined by Annexin-V-FITC, propidium
iodide staining, and flow
cytometry. As shown in Fig. 2a, the number of apoptotic
HUVECs was increased by the intermittent high level of
glucose. Furthermore, the apoptosis rate of HUVECs
treated with the intermittent high level of glucose was
48.35% (Fig. 2b), and the presence of gAd reversed the
apoptosis rate to 20.57%.
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To determine whether or not the protective effect of gAd
against intermittent high glucose level is caspase-depen-
dent, we examined the effect of gAd on caspase-3 activity,
an early signal of apoptosis. As shown in Fig. 1b, caspase-
3 activity was markedly increased in cells incubated with
intermittent high glucose (P < 0.001). However, the pres-
ence of gAd reversed the caspase-3 activity significantly
(P < 0.01). LY294002 partially neutralized the effect of
gAd (P < 0.05).
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Adiponectin inhibits oxidative stress

To determine whether or not the observed antiapoptotic
effect of gAd is due to the reduction of oxidative stress, we
investigated the effect of gAd on 3-nitrotyrosine generation
in HUVECs. As shown in Fig. 1c, 3-nitrotyrosine level was
increased in HUVECs incubated with intermittent high
glucose compared to groups with either normal or constant
high glucose (P < 0.001 and P < 0.05, respectively). Co-
incubation of gAd prevented the effect of intermittent high
glucose in 3-nitrotyrosine production (P < 0.01). Pre-
incubation with LY294002 partially neutralized the effect
of gAd in the intermittent high glucose-induced 3-nitroty-
rosine generation (P < 0.05).

Adiponectin enhances NO production in ECs

HUVECs were incubated with different levels of glucose in
the presence or absence of gAd for 48 h, followed by the
evaluation of NO production. Intermittent high glucose
significantly decreased NO production in HUVECs com-
pared with normal glucose (P < 0.01). The presence of
gAd abolished the effect of intermittent high glucose in NO
production (P < 0.05) (Fig. 3a).

Adiponectin stimulates phosphorylation of Akt, AMPK,
and eNOS

To investigate the underlying mechanisms of gAd against
the intermittent high glucose-induced reduction in NO
production, levels of phosphorylated-Akt, phosphorylated-
AMPK, and phosphorylated-eNOS were detected by
Western blotting. As shown in Fig. 3b and c, the constant
and intermittent high glucose reduced levels of both
phospho-Akt, phospho-AMPK, and phospho-eNOS in
HUVECs. Co-incubation with gAd markedly prevented the
reduction of phospho-Akt, phospho-AMPK, and phospho-
eNOS caused by the intermittent level of glucose. Pre-
incubation with LY294002 partially neutralized the effect
of gAd in high glucose-induced reduction in phosphory-
lations of Akt and eNOS.

Discussion

In the present study using an in vitro model, we have
observed that gAd protects HUVECSs from damages caused
by the intermittent high glucose. Specifically, our results
indicate that intermittent high glucose level led to HU-
VECs morphological and biochemical features of apopto-
sis, overproduction of reactive oxygen species, and
activation of caspase-3, and presence of gAd prevents the
effects of intermittent high glucose.
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Fig. 3 Adiponectin enhances NO production in ECs and stimulates
phosphorylation of Akt, AMPK, and eNOS. HUVECs were treated
with normal (5 mmol/l), high (25 mmol/l), or alternating normal/high
glucose concentrations, and 1 pg/ml gAd for 48 h. a The supernatants
were collected for NO measurement. Data represent mean £ SD from
three independent experiments. P < 0.01 compared with normal
glucose group; P < 0.05 compared with group SHG; *P < 0.05
compared with group IHG. b Expression of phosphorylated Akt and
eNOS determined by Western blot. ¢ Expression of phosphorylated
AMPK determined by Western blot. HM hyperosmotic mannitol
(25 mmol/l) NG normal glucose (5 mmol/l) SHG stable high glucose
(25 mmol/l) IHG intermittent high glucose (alternating 5 or 25
mmol/l per 8 h) Adipo: adiponectin; LY: LY294002.

There are several evidences that suggest glucose vari-
ability may also be an independent risk factor for cardio-
vascular complications in diabetes [16—18]. New diabetes
therapies focused on reducing postprandial hyperglycemia
have become available and may benefit glycemic control
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and cardiovascular disease risk factor levels [19]. Recent
studies have shown that prolonged exposure to oscillating
glucose generates a more detrimental condition in terms of
ROS production, oxidative stress, and DNA damage [3-5,
20, 21], even leading to a memory effect of higher intensity
than exposure to constant high glucose [22]. Moreover, p53
is overactivated by glucose oscillation, probably because of
suboptimal feedback inhibition during the low glucose
phases, and that its activation persists after glucose nor-
malization [22].

Many evidences indicated that adiponectin plays an
important role as a salutary, anti-diabetic, and insulin sig-
naling-sensitizing factor with properties of anti-athero-
genesis and inflammation in vasculatures [23, 24].
Adiponectin suppresses inflammatory signal generation
triggered by high glucose at the level of IKKf enzyme
activation in ECs [25]. In addition, both AMP kinase and
cAMP signaling play a role in the effects of adiponectin to
block the rise in IKKf activity induced by high glucose.
Nevertheless, the cAMP pathway and AMP kinase sig-
naling were both implicated in the effect of gAd on IKKf
activity induced by high glucose concentrations [25]. These
results are of interest, since they support an important role
for adiponectin in anti-inflammatory signaling in the vas-
culature and also imply that multiple pathways are
involved in the cellular effects of adiponectin. Adiponectin
is present as either a full-length protein or a fragment
comprised of the C-terminal globular domain. In circula-
tion, adiponectin can be present as a variety of different
forms including multimers, trimers (low molecular weight,
LMW), hexamers (medium molecular weight, MMW),
12-mers, and 18-mers (high molecular weight, HMW) [26].
There are evidences indicating that treatment of some cells
with 1 pg/ml gAd increased proliferation, survival, motil-
ity, differentiation, and relevant signal pathway protein
[27-30]. Different forms of adiponectin may play different
physiological roles. Although it is still debatable [31, 32],
many previous reports have shown that low plasma level of
adiponectin is an independent risk predictor of cardiovas-
cular diseases [33-36]. The discrepancy among different
reports may be caused by the different functions of various
forms of adiponectin [37, 38]. The high molecular weight
oligomeric forms of adiponectin, but not the trimeric or
hexameric forms of adiponectin, inhibit apoptosis and
caspase-3 activity in HUVECs through activating the
AMPK signalling pathway [12]. On the other hand, the
globular domain of adiponectin dose-dependently inhibits
Ang II-induced apoptosis in HUVECs [13]. Adiponectin is
a unique cytokine that improves endothelial function by
enhancing eNOS activity and attenuates oxidative/nitrative
stress by blocking iNOS and NADPH oxidase expression,
and ONOO- production [39]. In agreement, plasma level of
adiponectin is reduced in type 2 diabetes. Intermittent high

glucose markedly suppressed adiponectin mRNA expres-
sion and its protein secretion in adipocytes [40]. The
reduced adiponectin level may contribute to the endothelial
damages and dysfunction caused by the fluctuating
hyperglycemia in diabetes. All these clinical and experi-
mental studies strongly suggest that adiponectin is a critical
vascular protective molecule whose reduction may con-
tribute to vascular injury in diabetes.

The mechanisms of gAd increases synthesis of NO in
ECs are largely unknown. High molecular weight (HMW)
adiponectin was observed to activate AMPK, thereby
increasing the phosphorylation of eNOS and NO produc-
tion in ECs [41].However, new evidence indicate that
administration of gAd at physiological concentrations
promoted endothelial progenitor cells (EPCs), migration
and tube formation, and dose-dependently upregulated
phosphorylation of eNOS, Akt, and augmented NO pro-
duction. The gAd reversed the high glucose-impaired EPC
functions through NO- and p38 MAPK-related mecha-
nisms [42]. Our results show that gAd increases levels of
phosphor-Akt, phospho-AMPK, and phosphor-eNOS,
suggesting that Akt and AMPK are targets of gAd. Fur-
thermore, we show that the specific PI3 K inhibitor
LY294002 significantly inhibits gAd-induced phosphory-
lation of both Akt and eNOS. Consistent with activation of
eNOS phosphorylation, exposing HUVECs to gAd signif-
icantly increased levels of nitrite, the stable end product of
NO. In addition, our results show that intermittent high
glucose may be stronger than constant high glucose level in
causing endothelial dysfunction and oxidative stress, but
gAd protects ECs from dysfunction caused either by the
intermittent or constant high glucose level equally.

In conclusion, the present study provided the evidence
that treatment with gAd significantly attenuates endothelial
dysfunction associated with oscillating glucose and
increases synthesis of NO through the PI3 K/AKT and
AMPK signaling pathway. This result not only provides
additional evidence that reduced adiponectin in metabolic
disorders contributes to the development of endothelial
dysfunction, but it also suggests that supplementation of
gAd in patients with metabolic disorder may normalize
endothelial function and prevent or reduce atherosclerosis.
This result also raises the possibility that therapeutic
application of gAd may be a useful treatment of metabolic
disorders with vascular complication.
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