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A B S T R A C T

Naringenin (NG), a flavanone extracted from various plants, has potent vasoprotective effects likely related to
the induction of heme oxygenase-1 (HO-1). In the current study, we investigated mechanisms underlying the
effect of NG on HO-1 expression and high glucose (HG)- or free fatty acids (FFA)-induced apoptosis in human
umbilical vein endothelial cells (HUVECs). First, we found that HUVECs exposed to NG exhibited enhanced HO-1
expression in a concentration- and time-dependent manner. Moreover, HUVECs treated with NG exhibited ac-
tivation of phosphoinositide 3 kinase (PI3K)/Akt, extracellular-regulated kinase (ERK), and c-Jun N-terminal
kinase (JNK). LY294002 (a PI3K inhibitor) and SP600125 (a JNK inhibitor) reduced NG-induced HO-1 ex-
pression, whereas BIRB796 (a p38 inhibitor) and PD98059 (an ERK inhibitor) had no effect. The cytoprotective
effects of NG were correlated with activation of the transcription factor NF-E2-related factor 2 (Nrf2), a critical
regulator of HO-1 expression. Indeed, the results of our experiments using LY294002 and SP600125 indicated
that NG may stimulate Nrf2 through PI3K/Akt and JNK pathway activation. Moreover, treatment of HUVECs
with Nrf2 siRNA decreased NG-induced HO-1 expression. Finally, pretreatment of HUVECs with NG remarkably
reduced HG- or FFA-induced cell apoptosis, and this effect was greatly abrogated in the presence of SnPP (an HO-
1 inhibitor). Above all, our data show that NG increased HO-1 expression and reduced HG- or FFA-induced cell
apoptosis in HUVECs by upregulating PI3K, JNK, and Nrf2 pathways, which may confer an adaptive survival
response in diabetes-induced vascular injury.

1. Introduction

Usually arising from structural and functional abnormalities of en-
dothelium (including damage at the cellular level), endothelial dys-
function plays a critical part in the pathogenesis of various cardiovas-
cular diseases [1]. A number of studies have shown that endothelial
damage is an early indicator of diabetic macrovascular complications
[2]. Diabetes mellitus is associated with long-term complications such
as structural and functional abnormalities of heart, brain, and kidney,
as well as increased risk for the development of cardiovascular diseases.
Although the pathophysiological basis of these complications remains
uncertain, hyperglycemia appears to play a central role [3]. Indeed,
damage of vascular endothelial cells elicited by hyperglycemia impairs
endothelial function, resulting in the initiation and propagation of

further vascular complications [4]. Convincing evidence suggests that
hyperglycemia-induced endothelial dysfunction is often caused by
overproduction of reactive oxygen species (ROS), such as hydrogen
peroxide and superoxide radicals [5].

Heme oxygenase-1 (HO-1) is a representative cytoprotective en-
zyme that catalyzes the rate-limiting steps of heme degradation [6].
Multiple lines of evidence from both in vitro and in vivo systems have
revealed that HO-1 can provide anti-oxidation and cytoprotection [7].
Moreover, compelling evidence indicates that HO-1 can protect the
vasculature against remodeling and endothelial dysfunction [8]. Yang
et al. [9] demonstrated an anti-oxidant role of HO-1 in vitro for redu-
cing endogenous ROS production in human umbilical vein endothelial
cells (HUVECs) grown in serum from rats exposed to cigarette smoke.
Subsequently, Chang et al. [10] highlighted the anti-inflammatory role
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of HO-1 in HUVECs treated with contrast media as an inflammatory
model. They revealed that HO-1 induction reduced expression of in-
tercellular cell adhesion molecule-1 and adhesion molecule receptors.
Moreover, Abraham et al. [11] reported that HO-1 overexpression in
human dermal microvessel endothelial cells prevented both the slow-
down of cell cycle progression and apoptosis in response to high glucose
(HG). Therefore, HO-1 may be a potential target for hyperglycemia-
induced endothelial dysfunction.

Epidemiological studies revealed an association between increased
consumption of dietary flavonoids and a reduced risk of many human
diseases, such as cardiovascular diseases, cancer, and chronic in-
flammation [12]. Naringenin (NG), an active flavanone extracted from
citrus fruits and tomatoes, reportedly exhibits a wide range of biological
properties including anti-inflammatory, antioxidant, antibacterial, and
anti-apoptotic activities [13]. With regard to its pharmacokinetic
properties, orally administered NG is poorly absorbed by the human
gastrointestinal tract, with only 15% oral bioavailability [14] and an
elimination half-life of 2.31 ± 0.40 h [15]. After absorption in humans
and rats, NG is mainly metabolized into 7- or 4′-glucuronides by uridine
5′-diphospho-glucuronosyltransferase and then excreted into the urine
within 5 days (in humans) [16].

Previous studies reported that NG attenuates obesity and leads to
prevention of dyslipidemia, insulin resistance, and atherosclerosis
[17,18]. Although many studies have shown that NG can induce HO-1
expression in spleen, pancreatic, and pulmonary tissues, as well as SH-
SY5Y cells [19–21], whether HO-1 is involved in the vascular en-
dothelial protective effect of NG and, if so, the related molecular me-
chanisms remain unknown. Therefore, objectives of the present study
were to investigate the underlying mechanism by which NG affects HO-
1 expression and its role in the protective effect of NG against HG- or
free fatty acids (FFA)-induced apoptosis in HUVECs.

2. Materials and methods

2.1. Reagents

NG (powder, purity: ≥98%, HPLC) extracted from citrus was pur-
chased from Meilun Biotechnology (Dalian, China). The NG was en-
dotoxin-free. Dulbecco's Modified Eagle Medium (DMEM) was obtained
from HyClone (Logan, UT). Fetal bovine serum (FBS) was purchased
from Biological Industries (Cromwell, CT), whereas antibiotic solutions
(100 U/mL penicillin, 100 μg/mL streptomycin) were obtained from
Gibco (Grand Island, NY). Three-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl-tetrazolium bromide (MTT) and antibodies against HO-1, NF-
E2-related factor 2 (Nrf2), Akt, phospho-Akt, c-Jun N-terminal kinase
(JNK), phospho-JNK, extracellular-related kinase (ERK), phospho-ERK,
p38 mitogen-activated protein kinase (p38 MAPK), and phospho-p38
MAPK were acquired from Abcam (Cambridge, UK). All secondary
antibodies were supplied by Cell Signaling Technology (Danvers, MA).
LY294002, SP600125, PD98059, and BIRB796 were obtained from
Sigma (St. Louis, MO). SnPP, Control siRNA, and Nrf2 siRNA were
obtained from Santa Cruz Biotechnology (Dallas, TX). An Annexin-V-
fluorescein isothiocyanate (FITC) apoptosis analysis kit was obtained
from Sungene Biotech (Tianjing, China).

2.2. Cell culture and treatment

HUVECs originally purchased from American Type Culture
Collection were kindly provided by Dr. Fang Xie (Department of
Oncology, The Affiliated Hospital of Southwest Medical University,
Luzhou, China). Cells were maintained in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin. Cells were allowed to reach
60%–80% confluency at 37 °C under an atmosphere of 5% CO2 before
performing experiments. Cells were treated with concentrations of NG
ranging from 0 to 100 μM in culture medium. For HG treatment, a
concentration of 33mM glucose is commonly used to induce

endothelial cell activation, thus mimicking diabetic conditions [11,22].
Therefore, cells were treated with 33mM HG for 24 h in the presence or
absence of NG. Controls were exposed to NG in DMEM containing a
normal glucose concentration (5.5 mM). FFA was prepared as a mixture
of oleate and palmitate (2:1; Sigma), as described in a previous study
[23]. Cells were exposed to 1-mM FFA for 72 h in the presence or ab-
sence of NG. At the end of the exposure time, cells were immediately
processed for further analysis as described below.

2.3. Measurement of cell viability

MTT is used as a conventional indicator of cell viability by de-
termining its mitochondrial-dependent reduction to formazan [24].
Briefly, HUVECs were seeded into 96-well plates at a density of 3000
cells/well and final volume of 100 μL, and then incubated for 24 h. Cells
were subsequently treated with various concentrations of chemicals and
evaluated for viability at different time points, as indicated. After these
experimental procedures, 20 μL of MTT (5mg/mL) was added to each
well for an additional 4-h incubation at 37 °C in a CO2 incubator. In-
tercellular reduction of soluble yellow MTT into insoluble purple for-
mazan crystals was allowed to proceed. The medium was then removed
and formazan crystals were solubilized in 150 μL of dimethyl sulfoxide.
Absorbance values were then measured at 490 nm using a microplate
reader (Bio-Rad, Hercules, CA). Cell viability data are shown as a per-
centage of control.

2.4. Cytosolic and nuclear extract preparation

Cytosolic and nuclear extracts were prepared using a Nuclear and
Cytoplasmic Extraction Reagent (Beyotime Biotechnology, Shanghai,
China). Briefly, cells were washed with cold 1× phosphate-buffered
saline (PBS) and lysed on ice in buffer A [10mM HEPES (pH 7.9),
10mM KCl, 1.5 mM MgCl2, 0.5mM dithiothreitol (DTT), and 0.5 mM
phenylmethylsulfonyl fluoride (PMSF)]. After incubation in an ice bath
for 15min, cells were centrifuged at 12,000×g for 5min at 4 °C. Next,
the supernatant was harvested as the cytosolic extract, while pellets
were resuspended in ice-cold buffer C [20mM HEPES (pH 7.9), 20%
glycerol, 0.4M NaCl, 1.5 mM MgCl2, 0.2mM EDTA, 0.5 mM DTT, and
0.5 mM PMSF] followed by incubation in an ice bath for 30min. After
vortexing, resulting suspensions were centrifuged at 12,000×g for
10min at 4 °C, and supernatants were harvested as nuclear extracts.
Proteins were stored at −80 °C, and protein contents were determined
by bicinchoninic acid assay (Beyotime).

2.5. Western blot analysis

After treatment and/or co-treatment, cells were harvested, washed
twice with cold 1× PBS, and lysed on ice. Equal amounts of protein
from each sample were denatured in 5× SDS-PAGE reducing sample
buffer and subjected to SDS-PAGE on 10% polyacrylamide gels.
Separated proteins were transferred to nitrocellulose membranes
(Hybond-P PVDF; Amersham Bioscience, Little Chalfont, UK). After
blocking with 5% dried skim milk in Tris-buffered saline containing
Tween (TBST; 10mM Tris, 150mM NaCl, 0.1% Tween-20) for 1 h at
room temperature, membranes were incubated with primary antibodies
at 4 °C overnight. The following day, membranes were washed three
times for 15min each with TBST, and then incubated with a horse-
radish peroxidase-conjugated anti-rabbit IgG secondary antibody at
37 °C for 60min. Immunoreactive bands were visualized using an en-
hanced chemiluminescence western blotting detection kit (Amersham),
and images were captured using a ChemiDoc XRS+ Imaging System
with Image Lab Software (Bio-Rad). Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) or histone was used as an internal control.
Protein expression quantified by densitometry is reported as densito-
metric values of HO-1 or Nrf2 normalized to GAPDH or histone, re-
spectively.
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2.6. Reverse transcriptase polymerase chain reaction (RT-PCR)

After experimental treatments, total RNA was isolated from HUVECs
with TRIzol reagent (Ultrapure RNA Kit; Applied Biosystems, Foster
City, CA) and reverse-transcribed using a ReverTra Ace® qPCR RT
Master Mix kit (Toyobo, Osaka, Japan) according to the manufacturer's
protocol. After reverse transcription (RT), cDNA was amplified using a
Maxime RT PreMix kit (Beyotime) and specific primers sets for target
genes as follows: HO-1, forward, 5′-CTT TGA GGA GTT GCA GGA GC-
3′, reverse, 5′-TGT AAG GAC CCA TCG GAG AA-3′; GAPDH, forward, 5′-
CCA CTC CTC CAC CTT TG-3′, reverse, 5′-CAC CAC CCT GTT GCT GT-
3′. All primers were synthesized from Sangon Biotech (Shanghai,
China). PCR conditions for HO-1 were as follows: 94 °C for 3min, fol-
lowed by 30 cycles of 94 °C for 30 s; 54 °C for 30 s; and 72 °C for 60 s.
Amplification products were resolved by 2% agarose gel electrophor-
esis, stained with ethidium bromide, and imaged with Quantity One
Software (Bio-Rad). GAPDH was chosen as a housekeeping gene be-
cause it exhibited low variability in expression levels between different
treatments. Relative mRNA expression of HO-1 was normalized to the
amount of GAPDH.

2.7. Hoechst 33342/PI staining

Apoptotic cells were characterized by nuclear condensation of
chromatin and/or nuclear fragmentation using a Hoechst 33342/PI
staining kit from Solarbio Science & Technology (Beijing, China) ac-
cording to the manufacturer's instructions. In brief, after indicated
treatments, cells were fixed with 1mL staining buffer. Subsequently,

5 μL of Hoechst 33342 and 5 μL of PI were added. The mixture was
incubated at 4 °C or in an ice bath for 20–30min. After incubation, cells
were washed once with PBS and mounted onto slides for microscopy.

2.8. Transient transfection of small interfering RNA (siRNA)

Control siRNA (sc-37007) or Nrf2 siRNA (sc-37030) acquired from
Santa Cruz Biotechnology were transfected into HUVECs using
Lipofectamine® 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer's protocol. HUVECs were plated in six-well plates at
density of 5000 cells/well in antibiotic-free normal growth medium and
placed at 37 °C in a CO2 incubator. After washing once with 2mL of
siRNA transfection medium, cells were incubated with 100 nM of target
siRNA or control siRNA for 6 h at 37 °C in a CO2 incubator. After in-
cubation, the transfection medium was removed and replaced with
fresh normal growth medium. Transfected cells were then incubated for
an additional 48 h under normal culture conditions. Finally, transfected
cells were treated with or without NG for 6 h.

2.9. Flow cytometry with Annexin V/PI double staining

Cell apoptosis was measured by flow cytometry. Briefly, HUVECs
were trypsinized, harvested, washed twice with cold PBS, and cen-
trifuged. Following removal of the supernatant, cells were resuspended
in 1mL of 1× banding buffer. For each sample, 100 μL of staining so-
lution was added to the tube resuspend 1× 105 cells. After gently
vortexing and incubating samples for 10min at room temperature
(protected from light), 5 μL of Annexin V-FITC solution was added to

Fig. 1. NG induced HO-1 expression in HUVECs. (A) HUVECs were treated with various concentrations of NG for 24 h, and cell viability was evaluated by MTT assay.
*P < 0.05 versus 0 μMNG. (B) Western blot analysis of HO-1 and GAPDH expression in HUVECs treated with 25 μMNG for indicated times (0, 1.5, 3, 6, 12, or 24 h).
Representative image from one of three independent experiments. *P < 0.05 versus 0 h. (C, D) Cells were incubated with indicated concentrations of NG (0, 5, 12.5,
25, 50, or 100 μM) for 6 h and HO-1 expression was determined by RT-PCR or western blot analysis. GAPDH was used as a control for equal loading. *P < 0.05
versus 0 μM NG.
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each tube. Next, 5 μL of PI solution was added to each tube for in-
cubation at room temperature for 5min (protected from light). Finally,
500 μL of PBS was added to each sample, which were gently vortexed
and analyzed by flow cytometry within 1 h. FITC and PI fluorescence
were detected using 520-nm and 636-nm band-pass filters and excita-
tion at a 494-nm wavelength. Percentages of cells exhibiting a specific
apoptosis were calculated by subtracting the percentage of sponta-
neously apoptotic cells in relevant controls from the total percentage of
apoptotic cells in samples.

2.10. Statistics

All data are expressed as mean ± SEM. Statistical significance
among multiple groups was assessed by analysis of variance (ANOVA)
followed by Bonferroni post hoc test using SPSS 17 (IBM, Armonk, NY).
A value of P < 0.05 was considered statistically significant.

3. Results

3.1. NG induced HO-1 expression in HUVECs

We first assessed whether NG induced cytotoxicity in HUVECs with
an MTT assay. Incubation of HUVECs with indicated concentrations of
NG did not reduce cell viability (Fig. 1A). Next, we tested the effect of
NG on HO-1 mRNA and protein expression in HUVECs. HUVECs treated
with NG for the indicated time periods exhibited increasing HO-1 ex-
pression for 6 h in a time-dependent manner; thereafter, it decreased
(Fig. 1B). Moreover, treatment of cells with NG at various concentra-
tions for 6 h resulted in elevated expression of HO-1 mRNA and protein
in a dose-dependent manner (Fig. 1C and D). These results suggest that
NG enhanced HO-1 expression.

3.2. Effect of NG on phosphorylation of Akt and MAPK signaling pathway
elements in HUVECs

Activation of several upstream kinases can reportedly induce nu-
clear translocation of Nrf2 and, subsequently, increase HO-1 expression
[25,26]. To explore upstream signaling pathways responsible for NG-
induced Nrf2 activation and upregulation of HO-1 expression, we ex-
amined the effect of NG on phosphorylation of Akt and MAPKs.
Treatment with NG significantly increased phosphorylation of Akt,
ERK, and JNK at both 10min and 20min, whereas protein expression of
total p38 and phosphorylated p38 remained unchanged (Fig. 2A).
LY294002 (a PI3K inhibitor), SP600125 (a JNK inhibitor), and
PD98059 (an ERK inhibitor) suppressed NG-induced activation of Akt,
JNK, and ERK, respectively (Fig. 2B). Next, we incubated HUVECs with
LY294002, BIRB796, SP600125, or PD98059 for 1 h before treatment
with NG to investigate the effect of each inhibitor on HO-1 expression.
NG-induced changes in HO-1 mRNA and protein expression were re-
versed by LY294002 and SP600125 (Fig. 2C and D). These data suggest
that PI3K/Akt and JNK are involved in NG-induced HO-1 upregulation
in HUVECs.

3.3. Role of Akt and JNK in NG-induced Nrf2 activation in HUVECs

Nrf2 plays an important role in the induction of several cytopro-
tective phase II detoxifying enzymes, including HO-1 [27]. Therefore,
we investigated whether Nrf2 is involved in NG-induced HO-1 expres-
sion in HUVECs. As shown by western blotting of nuclear extract
fractions, nuclear translocation of Nrf2 increased in a dose- and time-
dependent manner in cells exposed to various concentrations of NG for
4 h and 50 μM NG for different durations (Fig. 3A and B). Furthermore,
as illustrated in Fig. 3C, pharmacological inhibition of Akt or JNK

Fig. 2. Effect of NG on phosphorylation of Akt and MAPK signaling pathway elements in HUVECs. (A) Cells were treated with NG for indicated times and then P-Akt,
Akt, P-ERK, ERK, P-JNK, JNK, P-p38, and p38 were detected using specific antibodies. Protein expression was analyzed by western blot analysis. (B) Effects of
signaling inhibitors on signaling protein phosphorylation by NG. Cells were treated with 50 μM NG in the presence or absence of 30 μM LY294002 (LY), 10 μM
SP600125 (SP), 40 μM PD98059 (PD), or 20 μM BIRB796 (BI). (C, D) Cells were preincubated with LY, SP, PD, or BI for 1 h and then treated with NG for an additional
6 h. HO-1 mRNA or protein expression was then examined by RT-PCR or western blot analysis, respectively. The results are expressed as mean ± SEM of three
independent experiments. *P < 0.05 versus NG alone.
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attenuated NG-induced nuclear localization of Nrf2, suggesting that
PI3K/Akt and JNK are also upstream activators of Nrf2. HUVECs
transiently transfected with Nrf2 siRNA exhibited significantly in-
hibited Nrf2 protein expression compared with controls (Fig. 3D). To
confirm the requirement of Nrf2 for NG-induced HO-1 expression, NG-
induced upregulation of HO-1 was significantly reduced by transfection
with Nrf2-specific siRNA, whereas there was no change in HUVECs
transfected with control siRNA (Fig. 3E). These results further suggest
that NG induced HO-1 via activation of Akt/Nrf2 or JNK/Nrf2 path-
ways.

3.4. Effect of NG on HG- or FFA-induced cell apoptosis

To ascertain the protective role that NG exerts against HG-induced
apoptosis in HUVECs, we employed a Hoechst 33342 assay to observe
nuclear condensation after treatment with NG or HG in the presence or
absence of NG or SnPP (an HO-1 inhibitor). NG reversed HG-induced
apoptosis (Fig. 4A). Analysis of apoptosis by flow cytometry showed
that percentages of apoptotic cells were significantly increased in HU-
VECs cultured in HG conditions compared with the negative control
group (Fig. 4B). However, percentages of apoptotic HUVECs cultured in
HG were significantly reduced after NG treatment (Fig. 4B). To further
emphasize the anti-apoptotic effect of HO-1 induction, HUVECs were
treated with SnPP. SnPP reversed the protective effects of NG, as

Fig. 3. Role of Akt and JNK in NG-induced Nrf2 activation in HUVECs. (A, B) HUVECs were pretreated with the indicated concentration of NG for 4 h, or NG (50 μM)
for the indicated times. Protein levels of Nrf2 were determined by western blot analysis. Histone was used as internal controls. The experiment was repeated three
times, and similar results were obtained. *P < 0.05 versus 0 μM (A) or 0 h (B). (C) Effects of Akt and JNK inhibitors on NG-induced Nrf2 activation. Nuclear extracts
were prepared from HUVECs treated with NG in the presence or absence of LY or SP. *P < 0.05 versus NG. (D) HUVECs were transfected with Control siRNA or Nrf2
siRNA for 48 h, nuclear extracts were isolated, and levels of Nrf2 was detected by western blot analysis. *P < 0.05 versus Control siRNA. (E) After 48-h transfection,
cells were treated with NG (50 μM) for 6 h and HO-1 protein expression was examined by western blot analysis. Data are expressed as mean ± SEM of three
independent experiments. *P < 0.05 versus Control siRNA; #P < 0.05 versus Control siRNA+NG.
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indicated by a significant increase in the percentage of apoptotic cells.
As inappropriate elevation of FFA is also involved in diabetes [23], we
also examined the effect of NG on FFA-induced apoptosis of HUVECs.
As shown in Fig. 4C and D, NG attenuated FFA-induced cell apoptosis in
HUVECs, similar to the results for HG. Moreover, SnPP reversed the
protective effects of NG, as indicated by a significant increase in the
percentage of apoptotic cells. These results further indicated that NG
exerts cytoprotection via upregulation of HO-1 expression.

4. Discussion

Consumption of NG, a citrus-derived flavanone, reportedly

improves vascular diseases [18,28,29]. However, the mechanism by
which NG exerts this protective effect is not fully understood. HO-1 is
an important intracellular defense against oxidative stress and in-
flammation associated with vascular diseases [30]. In this study, we
found that the protective functions of NG against HG- or FFA-induced
apoptosis of HUVECs were mediated by HO-1 upregulation via PI3K/
Akt and JNK pathways (Fig. 5). To our knowledge, we demonstrated for
the first time that in HUVECs, NG alleviated HG- or FFA-induced
apoptosis by increasing HO-1 expression via PI3K/Nrf2 and JNK/Nrf2
signaling pathways.

PI3K/Akt is involved in maintaining the endothelial homeostasis of
blood vessels and serves as a crucial signaling pathway for HO-1

Fig. 4. Effect of NG on HG- or FFA-induced apoptotic death. (A) HUVECs were treated with 50 μM NG in the presence or absence of SnPP (15 μM) for 6 h, followed by
the addition of HG to cells for a further 24 h. Cell apoptosis was detected by Hoechst 33342 assay. Cells with condensed nuclei or fragmented nuclei were defined as
apoptotic cells. Control indicates normal HUVECs without any treatment. (B) HUVECs were treated with 50 μM NG in the presence or absence of SnPP (15 μM) for
6 h, followed by addition of HG to cells for a further 24 h. Assessment of apoptosis by flow cytometry using Annexin V and propidium iodide (PI) staining. (C)
HUVECs were treated with 50 μM NG in the presence or absence of SnPP (15 μM) for 6 h, followed by the addition of FFA (1mM) to cells for a further 72 h.
Assessment of apoptosis by flow cytometry using Annexin V and PI staining. (D) HUVECs were treated with 50 μM NG in the presence or absence of SnPP (15 μM) for
6 h, followed by the addition of FFA (1mM) to cells for a further 72 h. Cell viability was evaluated by MTT assay. *P < 0.05 versus Control; #P < 0.05 versus FFA;
**P < 0.05 versus FFA+NG.
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induction [27,31,32]. It was previously reported that LY294002, a PI3K
inhibitor, significantly downregulated PM2.5-induced HO-1 mRNA
expression, indicating the involvement of PI3K/Akt in the signaling
pathway leading to nuclear translocation of Nrf2 and subsequent Nrf2-
mediated HO-1 transcription in human lung alveolar epithelial (A549)
cells [33]. Immenschuh et al. [34] also found that HO-1 gene expression
is upregulated by anti-nonstructural glycoprotein-1 antibodies via ac-
tivation of a redox-dependent PI3K/Akt-mediated pathway in HUVECs.
In the present study, we observed that culture with NG caused rapid
activation of Akt protein in HUVECs. Further, as expected, the Akt in-
hibitor LY294002 abrogated NG-mediated HO-1 expression in HUVECs.
These data indicate that NG induced HO-1 expression through PI3K/Akt
pathways.

In addition to PI3K/Akt, MAPKs are involved in the most important
signaling pathways for HO-1 induction. However, the effect of NG on
activation of MAPKs such as JNK, ERK, and p38 remains controversial.
In the human vaginal epithelial cell line VK2/E6E7, phosphorylation of
p38 and JNK, but not ERK, was involved in NG-induced apoptosis [35].
However, a recent study showed that NG-induced ROS production was
dependent on activation of ERK and p38, but not JNK, in a chor-
iocarcinoma (JAR) cell line [36]. These inconsistent observations may
arise from different experimental conditions and cell types. In the
present study, we found that exposure of HUVECs to NG increased the
activation of MAPKs, including ERK and JNK, but not p38. However,
JNK and ERK pathways did not contribute equally to NG-induced the
expression of HO-1 in HUVECs. Pretreatment of HUVECs with in-
hibitors specific for JNK (SP600125) significantly suppressed the effect
of NG on HO-1 expression, whereas an ERK inhibitor (PD98059) did not
inhibit NG-induced HO-1 expression. These results suggest that the JNK
pathway is involved in NG-induced HO-1 expression, but not ERK or
p38. Meanwhile, Yang et al. [37] showed that ERK and p38 pathways,
but not JNK, mediate the epigallocatechin-3-gallate-induced HO-1 ex-
pression in HUVECs. Therefore, members of the MAPK family may
differ in their mediation of HO-1 induction in HUVECs according to the
nature of the stimulus.

Nrf2 plays a pivotal role in HO-1 expression. Recent studies suggest
that Nrf2 activation occurs by a coordinated process involving signaling
of various upstream kinases such as protein kinase C (PKC), MAPKs, and
PI3K [38]. Shen et al. [39] showed that transcriptional activity of the
Nrf2 transactivation domain was stimulated by ERK and JNK signaling
pathways, while p38 plays a negative role. Hepatocellular carcinoma
(HepG2) cells pretreated with MAPK inhibitors reduced pyrrolidine

dithiocarbamate-induced nuclear translocation of Nrf2 and subsequent
expression of glutamate cysteine ligase modulatory gene, indicating
that MAPK-directed phosphorylation is required for Nrf2 activation
[40]. In this study, we showed that NG enhanced translocation of Nrf2
into the nucleus, and pretreatment of HUVECs with MAPK inhibitors,
such as PI3K and JNK, significantly reduced Nrf2 nuclear translocation,
indicating the involvement of PI3K/Akt and JNK pathways in NG-in-
duced Nrf2 activation. Moreover, NG increased HO-1 protein expres-
sion in HUVECs, which could be blocked by knockdown using Nrf2
siRNA. These results further suggest that NG induced HO-1 upregula-
tion via PI3K and JNK/Nrf2 pathways.

HG or FFA can induce apoptosis of endothelial cells and damage the
integrity of vascular endothelia, which results in endothelial dysfunc-
tion [23,41]. In this experiment, we focused on the effect of NG on
apoptosis of HUVECs, the first barrier of vessels, as endothelial dys-
function leads to the initiation and propagation of further vascular
complications. HUVECs treated with NG exhibited enhanced resistance
to HG- or FFA-induced injury. This result is consistent with a recent
study demonstrating that NG confers protection against oxidative stress
in H9c2 cardiomyoblasts by upregulating Nrf2 target genes [42].
Among various endogenous antioxidants, HO-1 is considered to be a
“therapeutic funnel” against diseases associated with oxidative stress
based on its potent physiology-regulating properties [43]. In this study,
we found that NG meaningfully increased HO-1 mRNA and protein
expression in HUVECs. Interestingly, SnPP, an HO-1 inhibitor, sig-
nificantly attenuated the anti-apoptotic activity of NG in HUVECs, in-
dicating that the cytoprotection imparted by NG was partially mediated
by HO-1.

Although we provide evidence indicating mechanisms underlying
the effect of NG on HO-1 expression and its protective role against HG-
or FFA-induced apoptosis in HUVECs, the major limitation of this study
is a lack of in vivo experiments. Thus, caution should be taken in ex-
trapolating our results for cultured endothelial cells to the endothelium
of intact animals, as cultured methods cannot fully mimic the complex
natural environment of these cells in blood vessels, nor the complexity
of in vivo biochemical and biophysical regulatory mechanisms.
However, in support of our in vitro findings, it has been reported that
NG can ameliorate vascular dysfunction in type 2 diabetic rats [29]. In
the future, we will confirm our observations with in vivo animal stu-
dies.

In summary, NG induced upregulation of HO-1 expression through
activation of Nrf2, which conferred protection against HG- or FFA-in-
duced apoptosis of HUVECs. One of the most salient features of our
present study is that PI3K/Akt or JNK was involved in HO-1 induction
via Nrf2 activation in NG-treated HUVECs. Moreover, pharmacological
inhibition of PI3K/Akt or JNK suppressed Nrf2 nuclear localization and
subsequent HO-1 expression. Additionally, enhanced expression of HO-
1 by NG may protect HUVECs from cellular injury in response to HG or
FFA-induced injury. Thus, the results of this study provide compelling
support for the identification of more potent pharmacological agents to
add to the arsenal of treatments for diabetes-induced vascular injury,
especially atherosclerosis and coronary heart disease, at a time when
the aging population is increasing worldwide.
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