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Abstract
Ginkgo biloba extract (GBE) helps lower cardiovascular disease risk. Diabetes mellitus (DM)-induced endothelial dysfunc-
tion is a critical and initiating factor in the beginning of diabetic vascular complications. It was reported that GBE causes 
an endothelial-dependent relaxation. This study was designed to figure out the molecular basis on which GBE protects from 
endothelial dysfunction in diabetes because the underlying mechanisms are unclear. Studies were performed in a normal 
control group and streptozotocin/nicotinamide-induced DM group. In aortas, notably diabetic aortas, GBE, and ginkgolide B 
(GB), a constituent of GBE, produced a dose-dependent relaxation. The relaxation by GB was abolished by prior incubation 
with L-NNA (an endothelial nitric oxide synthase (NOS) inhibitor), LY294002 (a phosphoinositide 3-kinase (PI3K) inhibi-
tor), and Akt inhibitor, confirming the essential role of PI3K/Akt/eNOS signaling pathway. We also demonstrated that GB 
induced the phosphorylation of Akt and eNOS in aortas. The superoxide dismutase1 (SOD1) expression level decreased in 
DM aortas, but GB stimulation increased SOD activity and SOD1 expression in DM aortas. Our novel findings suggest that 
in DM aortas, endothelial-dependent relaxation induced by GB was mediated by activation of SOD1, resulting in activation 
of the Akt/eNOS signaling pathway.
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Introduction

Cardiovascular diseases are the leading cause of death in 
patients with diabetes. Endothelial dysfunction is also a 
pathophysiological distinctive feature characterized by dia-
betes [3]. Endothelial dysfunction is the situation where the 
endothelium loses its physiological properties but shows a 
tendency toward vasoconstriction and pro-thrombotic and 
pro-inflammatory states [3, 39]. Endothelial dysfunction is 

an important element in the development and progression of 
diabetic vascular complications [11].

Nitric oxide (NO) is pivotal for maintaining vascular 
homeostasis and function and is generated by NO synthase 
(NOS) [13]. The isoforms of NOS include endothelial con-
stitutive NOS (eNOS), inducible NOS (iNOS), and neuronal 
NOS (nNOS). eNOS and nNOS are  Ca2+-dependent consti-
tutive NOS, whereas iNOS is  Ca2+ independent. The NO 
produced by eNOS regulates physiological vasodilation [13]. 
Substantial evidence has shown that endothelial dysfunc-
tion characterized by the downregulated activity of eNOS is 
enormously involved in vascular dysfunction in diabetes [6, 
22, 30, 36–38]. NO bioavailability depends on the balance 
of NO generation by eNOS and its elimination by oxidative 
stress [21]. Other scientists and we observed that the dia-
betes mellitus (DM) model presents a reduced endothelial-
dependent relaxation response due to diminished NO bio-
availability and increased oxidative stress consistent with 
high levels of reactive oxygen species [4, 19]. The increment 
of diminished-endothelial NO production and endothelial 
dysfunction by eNOS inactivation are of nice therapeutic tar-
get in diabetes. The activity of eNOS is positively controlled 
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by serine/threonine protein kinase Akt by phosphorylation 
on Ser1177 [9]. The activity of eNOS can be excited by 
agonists such as insulin and flow-induced shear forces on the 
endothelial cell wall [12]. The role of endothelial function 
regulation and NO signaling in developing aortic complica-
tions in this disorder is still unclear.

Ginkgo biloba extract (GBE) is one of the most popular 
herbal supplements reported to have wide clinical thera-
peutic applications for peripheral vascular disease and age-
dependent damages [8]. The mechanisms for the beneficial 
results of GBE are considered to be due to the scavenging 
of free radicals, redress in circulation, and antagonism of 
platelet-activating factors [7]. The pharmacological mecha-
nism of GBE that causes endothelial-dependent relaxation 
in isolated rabbit aorta is reported via eNOS activation and 
NO releasing [5, 23]. However, the mechanisms underlying 
the GBE-induced relaxation response are exceedingly com-
plex because of its different constituents. The mechanisms 
of these constituents in NO production are still unknown. 
Standardized GBE contains 24% flavonoids, 6% terpenes, 
and unknown compounds. Some GBE components have 
been identified. Flavonoids, such as isorhamnetin (Iso) and 
terpenes, including bilobalide (Bil), ginkgolide A (GA), 
and ginkgolide B (GB), are regarded as major active con-
stituents of GBE [20]. These constituents also have vasore-
laxant properties [10]. Ginkgolides, such as GA and GB 
and bilobalide, which are ginkgolide terpenoids, are two 
important bioactive constituents of GBE [43]. Previously, 
ginkgolides, including GB, were isolated from GBE. This 
research finding has led to the postulation that GBE and its 
constituents might have protective effects on diabetic vas-
cular complications.

It has been reported that the ginkgolides, such as GA and 
GB, control the activation of the phosphoinositide 3-kinase 
(PI3K)/Akt signaling pathway [25]. Because the activa-
tion of the PI3K/Akt signaling pathway is redox-sensitive, 
we made a hypothesis that the ginkgolides would cause 
an endothelial-dependent relaxation through activation of 
PI3K/Akt, potentially due to the antioxidant action. We also 
analyzed the acute effects of the ginkgolides on endothelial 
function in diabetic model mice and control mice to eluci-
date the beneficial effects of the constituents of GBE.

Materials and methods

Animal procurement and treatment

In this experimental study, male Institute of Cancer Research 
(ICR) mice (4 weeks old) were obtained from the Tokyo 
Animal Laboratories (Tokyo, Japan). All mice were housed 
under standard laboratory conditions and fed a standard 
laboratory diet and water ad libitum. All mice used in this 

study were treated in accordance with the principles and 
guidelines on animal care of Hoshi University Animal Care 
and Use Committee as reviewed by an ethics committee 
(approval No. P22-003) (accredited by the Ministry of Edu-
cation, Culture, Sports, Science and Technology of Japan).

Experimental design

After 1 week of animal acclimatization, a single dose of 
200 mg/kg of streptozotocin (STZ; dissolved in a citrate 
acid buffer; Wako, Osaka, Japan) was administered by a tail 
vein injection 15 min after an intraperitoneal administra-
tion of 1.5 g/kg of nicotinamide (NA; dissolved in normal 
saline; Sigma-Aldrich, St. Louis, MO, USA) for the induc-
tion of type 2 diabetes [22, 36, 37]. The presence of DM 
at 12–16 weeks after NA-STZ injection was confirmed by 
assaying plasma glucose levels. In subsequent experiments, 
mice with a plasma glucose level of more than 400 mg/dL 
were used.

The mice were anesthetized with isoflurane for surgical 
procedures and subsequently euthanized via thoracotomy 
and exsanguination, and plasma samples were collected and 
centrifuged at 3500 rpm for 10 min and kept at − 20℃ until 
glucose levels were measured. Plasma glucose levels were 
analyzed using a commercial assay kit (Wako). The thoracic 
aorta of all animals was removed immediately and placed 
in a petri dish filled with cold modified Krebs–Henseleit 
solution (KHS; 118.0 mM NaCl, 4.7 mM KCl, 25.0 mM 
 NaHCO3, 1.8  mM  CaCl2, 1.2  mM  NaH2PO4, 1.2  mM 
 MgSO4, 11.0 mM glucose).

Experimental protocol for vascular reactivity 
assessment

The aortas were cleaned of excess connective tissue and fat 
and cut into rings of 2 mm in length. In all experiments, 
great care was taken to avoid damaging the luminal sur-
face of the endothelium. Aortic rings were suspended in the 
organ bath system filled with KHS and continuously aerated 
with a mixture of 5%  CO2 and 95%  O2 at 37℃. The vascular 
isometric force was monitored using an isometric transducer 
(TB-611 T; Nihon Kohden, Tokyo, Japan) linked to a Power-
Lab recording system (AD Instruments, Australia).

The rings were equilibrated for 45 min under a resting 
tension of 1.5 g before the experiment. During the equili-
bration period, the rings were washed every 15 min. At the 
end of the equilibration, all segments were stimulated with 
potassium chloride (80 mM) to determine smooth muscle 
contractility. After rinsing with KHS to base-line tension, 
rings were equilibrated for 30 min by observing various 
agonist-induced responses. Rings were then contracted with 
a submaximal concentration of prostaglandin  F2α  (PGF2α; 
 10−6 to 3 ×  10−6 M) (Fuji Pharma, Tokyo, Japan), which 
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produced approximately 1 g force. After reaching a plateau 
of contraction, cumulative concentration–response curves 
to acetylcholine (ACh;  10−9 to  10−5 M) (Daiichi-Sankyo 
Pharmaceuticals, Tokyo, Japan), GBE  (10−8 to  10−5 g/mL) 
(Tokiwa, Chiba, Japan), Iso  (10−9 to  10−5 M) (Tokiwa), Bil 
 (10−9 to  10−5 M) (Tokiwa), GA  (10−9 to  10−5 M) (Tokiwa), 
and GB  (10−9 to  10−5 M) (Tokiwa) were obtained for relaxa-
tions. Rings were incubated 30 min before the experiment 
with GB  (10−6 M) to determine the participation of GB in 
response to ACh. Rings were incubated 30 min before the 
experiment with NG-nitro-L-arginine (L-NNA;  10−4 M, an 
eNOS inhibitor) (Sigma-Aldrich, St. Louis, MO, USA) to 
determine the participation of NO in response to GB. Rings 
were incubated with 1L-6-hydroxymethyl-chiro-inositol 
2[(R)-2-O-methyl-3-O-octadecyl-sn-glycerocarbonate] (Akt 
inh;  10−6 M, an Akt inhibitor) (Calbiochem, San Diego, CA, 
USA) and LY294002 (LY;  10–6 M, a PI3K inhibitor) (Calbi-
ochem) 30 min before the experiment with GB, to determine 
the mechanisms in response to GB.

Nitrite and nitrate in the aorta

The nitrite and nitrate concentrations were measured by 
ENO20 NOx Analyzer (Eicom, Kyoto, Japan), based on the 
liquid chromatography method with post-column derivati-
zation with Griess reagent, as described previously [19, 22, 
36–38]. Briefly, the isolated aortas were cleared from sur-
rounding tissue and cut into pieces of 4 mm length, added 
to tubes containing KHS with or without LY294002 or Akt 
inh (both at  10−6 M), and incubated for 30 min at 37℃. GB 
 (10−6 M) was added to the tube for 20 min. Finally, the semi-
dried aorta was weighed and frozen in liquid nitrogen. The 
frozen aortas were used for Western blotting to determine 
the SOD activity. The quantitative results for NO produc-
tion (NOx; nitrate + nitrite level) were expressed in mol/g 
(weight of the aorta)/min.

Western blot analysis

Western blot analysis was performed as described in previ-
ous studies [19, 22, 36–38]. Briefly, frozen aortas (explained 
in the “Nitrite and nitrate in the aorta” section) were lysed 
with RIPA buffer supplemented with protease inhibitors. 
Total protein lysates were centrifuged at 13,000 rpm for 
10 min at 4℃, and protein concentrations were analyzed by 
the BCA method (Thermo Scientific, Rockford, IL, USA). 
An equal amount of protein was separated using SDS/PAGE 
and transferred to a PVDF membrane by electroblotting. The 
membranes were blocked with ImmunoBlock (Sumitomo 
Pharma, Osaka, Japan) for 90 min at room temperature and 
then incubated overnight at 4℃ with primary antibodies. 
Phosphorylated Akt (p-Akt), Akt, phosphorylated eNOS 
(p-eNOS), eNOS, SOD1, SOD2, SOD3, and β-actin protein 

levels were analyzed using specific primary antibodies as 
below: anti-p-Akt (1:1000 dilution; Cell Signaling Tech-
nology, Danvers, MA, USA), anti-Akt (1:1000 dilution; 
Cell Signaling Technology), anti-p-eNOS (1:1000 dilu-
tion; Cell Signaling Technology), anti-eNOS (1:1000 dilu-
tion; BD Biosciences, NJ, USA), anti-SOD1 (1:1000 dilu-
tion; Enzo Life Sciences, Inc., Farmingdale, NY, USA), 
anti-SOD2 (1:1000 dilution; BD Biosciences), anti-SOD3 
(1:1000 dilution; Enzo Life Sciences, Inc.), and anti- β -actin 
(1:5000 dilution; Sigma Chemical, St. Louis, MO, USA). 
After washing, membranes were probed with peroxidase-
conjugated secondary antibodies at 37℃ for 20 min. The 
protein signal was detected using the Tridento femto (Gene 
Tex, LA, IN, USA) and visualized by Light-capture (ATTO, 
NY, USA) and analyzed using CS Analyzer (version 3.0, 
ATTO). Protein activity following treatments was quantified 
as the levels of the phosphor-protein divided by total protein 
expression, and β -actin was used for normalization of the 
total protein expression.

SOD activity

The frozen aortas were homogenized in RIPA buffer sup-
plemented with protease inhibitors, and protein concentra-
tions were analyzed by the BCA method (explained in the 
“Western blot analysis” section). Then the activity of SOD 
was determined according to the manufacturer’s recommen-
dations (Dojin Science Inc., Kumamoto, Japan).

Statistical analysis

Results are expressed as means ± standard error (SE), in 
which n represents the number of mice. Statistical analysis 
was performed by 2-way repeated measurements or 1-way 
analysis of variance (ANOVA) followed by post hoc Tukey’s 
multiple comparison test, which compares each dose-mean 
with the other dose-mean. A difference was considered 
significant when P ≤ 0.05. Data analysis was performed in 
GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, 
USA).

Results

Basic characteristics of mice with type 2 diabetes

The NA/STZ-induced type 2 DM model is a metabolic dis-
order that does not cause obesity and causes hyperglycemia 
[22, 29, 36, 37]. This study confirmed our previous study 
results [22, 36, 37] and the results of a study by Masiello 
et al. [29] in the NA/STZ-induced DM model. Mice body 
weight in control (47.3 ± 4.8  g) and DM (43.8 ± 5.5  g) 
groups were not different. The DM group (936.6 ± 29.0 mg/
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dL) showed dramatically increased levels of non-fasting 
plasma glucose compared with the control (221.1 ± 31.8 mg/
dL; P < 0.001). These data are consistent with features of 
type 2 DM and our previous reports [22, 36, 37].

Effect of GBE on vasorelaxation

GBE  (10−8 to  10−5 g/mL) strongly relaxed the contraction-
induced  PGF2α in a concentration-dependent manner, as 
shown in Fig. 1. The significant relaxation was produced by 
3 ×  10−6 g/mL of GBE in DM aortas.

Effect of constituents of GBE on vasorelaxation

GBE mainly consists of flavonoids such as isorhamnetin and 
terpenoids such as bilobalide, GA, and GB. The relaxation 
by each constituent (isorhamnetin, bilobalide, or GA) was 
much weaker in the aortas of both control and DM groups 
(Fig. 2a–c). Isorhamnetin and GA at high concentrations 
caused vasorelaxation but were not markedly different 
between control and DM. GB provoked a concentration-
dependent relaxation in all groups (Fig. 2d). DM caused an 
enhancement in GB-induced relaxation response.

Figure 3 shows the effect of GB on relaxation induced 
by ACh in control and DM aortic rings. GB significantly 
intensified the maximum relaxation induced by ACh in a 
dose-related manner.

Pretreatment for 30 min with L-NNA was performed to 
observe the involvement with GB-induced relaxation via 
NO activation. In the presence of L-NNA  (10−4 M), the 
GB-induced relaxation responses completely disappeared 

Fig. 1  Relaxation effects of Ginkgo biloba extract (GBE) in aortas of 
control and DM. The ordinate shows the relaxation response normal-
ized by prostaglandin  F2α  (PGF2α)-induced precontraction, and the 
abscissa shows the concentration of GBE. Each point represents the 
mean ± SE (n = 5). ***P < 0.001, compared with control

Fig. 2  Relaxation effects of the 
constituent of GBE in aortas of 
control and DM. Isorhamnetin 
(a), bilobalide (b), ginkgolide 
(GA) (c), and ginkgolide (GB) 
(d)-induced relaxation in 
aortas. The ordinate shows the 
relaxation response normalized 
by  PGF2α -induced precontrac-
tion, and the abscissa shows 
the concentration of various 
constituents of GBE. Each 
point represents the mean ± SE 
(n = 5). ***P < 0.001, compared 
with control
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(Fig. 4a), suggesting that GB-induced vascular relaxa-
tion response depends on NO via eNOS activation. The 
difference between the control and DM groups was not 
significant.

Polyphenolic compounds induce endothelial-dependent 
relaxation through PI3K/Akt/eNOS signaling pathway [33, 
37]. Therefore, we tested the effect of LY294002 and Akt 
inhibitor on GB-induced relaxation response. LY294002 

 (10−6 M) and Akt inhibitor  (10−6 M) completely cleared up 
the GB-induced relaxation response but were not strongly 
different between the control and DM groups (Fig. 4b and 
c). NO production evoked by the GB  (10−6 M) is summa-
rized in Fig. 4d. GB produced NO in the aortas of both con-
trol and DM groups. Incubation with LY294002 and Akt 
inhibitor also abolished NO production by GB. Therefore, 
it was apparent that pretreatment to a PI3K inhibitor and 

Fig. 3  Effect of GB on relaxa-
tion induced by acetylcholine 
(ACh) in aortic rings precon-
tracted with  PGF2α isolated 
from control (a) and DM (b). 
The ordinate indicates the 
relaxation response normalized 
by  PGF2α-induced precontrac-
tion, and the abscissa shows 
the concentration of ACh. Each 
point represents the mean ± SE 
(n = 5). *P < 0.05, compared 
with control. ## P < 0.01, ### 
P < 0.001, compared with DM

Fig. 4  Effect of L-NNA, LY294002, or Akt inhibitor on GB-induced 
relaxation response and GB-stimulated nitric oxide (NO) produc-
tion. a–c The aortic rings from control and DM were incubated with 
cumulative doses of GB in the presence of L-NNA  (10−4  M) (a), 
LY294002 (LY;  10−6 M) (b), or Akt inhibitor (Akt inh;  10−6 M) (c) 
for 30 min. Each point represents the mean ± SE (n = 6). d Effects of 
GB on NO production in control and DM. The aortic rings of con-

trol or DM were determined the levels of GB  (10−6 M, 20 min)-stim-
ulated NO production in the absence or the presence of LY and Akt 
inh (relatively,  10−6 M, 30 min). Each point represents the mean ± SE 
(n = 8). **P < 0.01, compared with non-stimulated control aorta. ### 
P < 0.001, compared with non-stimulated DM aorta. $ P < 0.05, com-
pared with GB-stimulated control aorta. & P < 0.05, && P < 0.01, 
compared with GB-stimulated DM aorta
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Akt inhibitor attenuated the NO production and endothe-
lial-dependent relaxation evoked by GB, suggesting that 
the GB-induced endothelial NO production and relaxation 
response are mediated by activation of the PI3K/Akt signal-
ing pathway.

Activation of eNOS via the Akt pathway

We investigated the GB-induced phosphorylation of Akt (at 
Ser473) and eNOS (at Ser1177) in aortas to correctly under-
stand the mechanism of GB-induced endothelial-dependent 
relaxation. GB-induced phosphorylation of Akt and eNOS 
was demonstrated by Western blotting. The phosphorylation 
of Akt was found to be increased after GB stimulation in 
DM and controls, though there was no significant difference 
between DM and controls under non-stimulation and GB 
stimulation (Fig. 5a and b). GB induced eNOS phosphoryla-
tion in the DM aortas and tended to increase eNOS phospho-
rylation in the controls, though there was no significant dif-
ference between DM and controls under non-stimulation and 
GB stimulation (Fig. 5a and c). These data also suggested 
that the GB-induced phosphorylation of eNOS at Ser1177 
is probably Akt-dependent.

Effect of GB on the activity of the antioxidant 
enzyme in the aorta

The activity and expression of antioxidant enzymes are 
the major response to relieving oxidative stress damage in 
aortas. As shown in Fig. 6a, the activity of total SOD was 
reduced in the DM group compared to the control in the 

basal condition, whereas GB significantly elevated the activ-
ity of total SOD in DM aortas but not in control aortas. The 
aortic expression level of the SOD isoform was measured 
by Western blot analysis (Fig. 6b–e). Western blot analysis 
revealed remarkably reduced SOD1 protein in DM aortas 
compared with controls, whereas SOD2 and SOD3 pro-
teins were not observed between DM and control aortas. 
However, the GB stimulation significantly increased SOD1 
in DM aortas compared with non-stimulated DM aortas, 
although SOD1 levels did not differ significantly between 
DM and control under GB stimulation. SOD2 and SOD3 
protein changes induced by GB were not observed in DM or 
control aortas. These results suggested that GB was capable 
of ameliorating oxidative stress via SOD1 activity in the 
DM aorta.

Discussion

The present findings indicate that GB included in GBE 
is potent inducer of the endothelial formation of NO as 
assessed in isolated aortas. This response depends on Akt/
eNOS signal activation and is partly a redox-sensitive mech-
anism (Fig. 7) in DM aortas. These findings support a key 
role of the SOD/Akt/eNOS/NO pathway in the protective 
effects of GB in DM.

Despite the increasing number of studies indicating the 
instrumental role of GBE in the treatment of cardiovascular 
diseases [31, 32], its clinical merit is still underrepresented 
with the lack of knowledge about its cellular and molecu-
lar mechanisms of action [43]. Another previous study 

Fig. 5  Mechanisms of GB-
induced NO production in the 
aorta: Western blotting showing 
the protein expression of p-Akt 
(at Ser473), Akt, p-eNOS (at 
Ser1177), and eNOS in the aor-
tas of control and DM. Aortas 
were treated with  10−6 M of 
GB for 20 min. a Representa-
tive data of Western blot was 
utilized to measure expression. 
b, c The quantitative analysis 
of the expression of p-Akt 
(b) and p-eNOS (c), respec-
tively. Phosphorylation of Akt 
and eNOS protein levels was 
expressed relative to the amount 
of total protein. The results 
are expressed as a mean ± SE 
(n = 5). **P < 0.01, compared 
with non-stimulated control 
aorta. # P < 0.05, compared 
with non-stimulated DM aorta
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demonstrated that GBE induced dose-dependent vascular 
relaxation through the NO pathway in the isolated rat aorta, 
suggesting that GBE may modulate NO production [23]. The 
present experiments declared that GBE-induced relaxation 
response was increased in the aortas of mice with DM. How-
ever, there is little information regarding the mechanisms 

of vasorelaxation induced by GBE. GBE is a distinct plant 
extract. Its major constituents are terpenoids (such as bilo-
balide, GA, and GB) and 30 types of flavonoids [27]. In 
the present study, we examined the relative contribution of 
each constituent in GBE-induced relaxation responses and 
compared the relaxation responses induced by major con-
stituents such as terpenoids (bilobalide, GA, and GB) and 
flavonoids (isorhamnetin). Isorhamnetin, bilobalide, and GA 
showed very weaker vasorelaxation than GB. The maximum 
relaxation induced by GB in DM was significantly stronger 
than in control. Therefore, it can be suggested that GB may 
contribute to GBE’s effects sufficiently on vasorelaxation 
response in DM.

Recent studies have clarified that GB protects endothelial 
cells [24, 27]. Similarly, in the present study, we showed 
GB causes vasorelaxation responses. Our study clarified that 
GB enhanced vasorelaxation to ACh in both control and 
DM mice, which may be related to increased eNOS activity 
and NO production. NO is a critical factor for regulating 
aortic responses, and endothelial dysfunction may be associ-
ated with decreased NO production in mice with DM [19, 
22, 36–38]. These results suggested that the mechanisms 
underlying GB’s effect in preventing endothelial dysfunc-
tion could involve an enhanced NO production, leading to 
improved endothelial-dependent responses.

We researched whether the activation of GB-induced 
relaxation response was mediated by the PI3K/Akt/eNOS/

Fig. 6  Effects of GB on activity 
and expression of superoxide 
dismutase (SOD) in aortas of 
control and DM. a The total 
SOD activity in the aorta of 
control and DM was determined 
in the absence or presence 
of GB  (10−6 M, 20 min). b 
Representative data of Western 
blot was utilized to measure 
expression. c–e The quantitative 
analysis of the expression of 
SOD1 (c), SOD2 (d), and SOD3 
(e), respectively. The results 
are expressed as a mean ± SE 
(n = 5–6). *P < 0.05, compared 
with non-stimulated control 
aorta. # P < 0.05, ## P < 0.01, 
compared with non-stimulated 
DM aorta

Fig. 7  Proposed model for the protective role of GB in DM. GB 
activates SOD1 protein, which controls Akt/eNOS pathway, thereby 
increasing NO production and preserving endothelial function
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NO pathway. PI3K/Akt signaling is an important pathway in 
controlling endothelial function [2, 40]. PI3K can stimulate 
Akt and phosphorylate eNOS, leading to NO production and 
vascular relaxation [2]. Aortic rings were preincubated with 
LY294002 to research whether the PI3K is related to the 
changes in vascular relaxation response induced by GB. The 
results in the control and DM groups showed that the prein-
cubation completely suppressed the vasorelaxation effects of 
GB in LY294002. The results suggest that PI3K is involved 
in the vasorelaxation induced by GB in the aorta from both 
control and DM.

The PI3K/Akt signaling pathway is linked to vascular 
health [35]. Akt is a serine/threonine protein kinase recruited 
to the endothelial cell membrane by way of its binding to 
PI3K-produced phosphoinositides. PI3K can phosphorylate 
the Ser473 site of downstream Akt, which leads to kinase 
activation, and is involved in endothelial-dependent relaxa-
tion [34, 40]. In the present study, we observed that prein-
cubation with Akt inhibitor significantly attenuated the GB-
induced relaxation responses in the aortas of control and DM 
groups. We revealed that GB induced concurrent phospho-
rylation of Akt. Additionally, eNOS is a downstream regula-
tor of PI3K and Akt [1]. As a rate-limiting enzyme for NO 
synthesis, eNOS plays a critical role in maintaining vascular 
functions [14, 16, 22, 36–38]. Moreover, eNOS leads to NO 
production by activating PI3K/Akt-mediated phosphoryla-
tion [14, 42]. Depression to eNOS activity can reduce NO 
synthesis or activity, induce oxidative stress, and increase 
vascular resistance and endothelial dysfunction [9, 15]. To 
research whether the eNOS is related to the changes in GB-
induced relaxation response, the aortic rings of mice from 
control and DM groups were preincubated with L-NNA. 
The results showed that preincubating the DM and control 
with L-NNA, an NOS inhibitor, completely suppressed the 
GB-induced relaxation responses. GB also induced eNOS 
phosphorylation in the DM and control aortas. These results 
suggest that eNOS is involved in the vasorelaxation caused 
by GB in the aorta of mice from the control and DM groups.

Furthermore, the GB high concentration elicited a 
stronger reaction in the DM than the control. The data in 
Fig. 4a–c show that there is no significant difference in GB-
induced relaxation between DM and controls and that GB-
induced relaxation disappears in the presence of an NOS 
inhibitor, a PI3K inhibitor, and an Akt inhibitor, implying 
that GB-induced relaxation at high concentrations activates 
the PI3K/Akt/eNOS signaling pathway in the DM aortas.

In this study, the ACh-induced relaxation tended to be 
smaller in rings from DM but not significantly. These results 
are consistent with previous studies [22, 36]. When aortic 
rings from DM and controls were stimulated with GB, the 
ACh-induced relaxation responses were significantly higher 
in the stimulated groups than in the non-stimulated groups. 
Previous studies have shown that eNOS is activated via two 

distinct pathways: an increase in intracellular  Ca2+ levels 
and eNOS phosphorylation via the Akt signaling pathway 
[22, 36, 37]. ACh-induced eNOS activation/NO production 
through increased intracellular  Ca2+ levels is a well-known 
endothelial function. However, Akt plays no role in the 
ACh-induced relaxation response. Furthermore, our previ-
ous study reported that ACh induced a relaxation response, 
which did not change under the stimulation of an Akt inhibi-
tor, suggesting that ACh-induced NO production is inde-
pendent of the Akt pathway [22]. In the present study, we 
found that GB signaling activates eNOS via Akt activity. 
The results of the present study suggest that GB benefits 
the vascular endothelium by activating the Akt/eNOS sign-
aling pathway, independent of ACh pathway regulation in 
the aorta. However, Fig. 3 indicates that the ACh-dependent 
and GB-induced NO production act synergistically but not 
additively. The results of the present study indicate that the 
total NO production in the endothelium is limited.

Oxidative stress contributes to DM-induced endothelial 
dysfunction [17, 28]. The most important cellular mecha-
nism to provide a shield against endothelial dysfunction 
involves the activity of SODs, which consists of the cyto-
plasmic Cu (copper)/Zn SOD (SOD1), the mitochondrial 
Mn-SOD (SOD2), and the extracellular SOD (SOD3) [18]. 
In DM-induced endothelial dysfunction, oxidative stress-
generating systems can generate intracellular and extracel-
lular superoxide [17, 28]. The antioxidants such as SOD 
are the primary defense against superoxide. In the current 
study, the SOD activity tended to decrease in DM, whereas 
GB stimulation increased the SOD activity, suggesting 
that the GB-treated DM aortas were being protected from 
superoxide.

Moreover, the levels of SOD1 in DM aortas significantly 
decreased, whereas GB treatment increased SOD1 levels 
against the reduction in DM aortas. We assumed that there is 
no change in expression of SOD2 or SOD3 proteins in both 
control and DM aortas, and there is no increase in SOD2 or 
SOD3 proteins after GB stimulation. These results suggest 
the inability of SOD1 to restore by GB stimulation in DM 
aortas completely. On the other hand, these results indicate 
that the GB stimulation has no effect on the levels and activ-
ity of SODs in control aortas.

Endothelial cells can produce reactive oxygen species 
(ROS). The vascular production of ROS can significantly 
increase in diabetes. Increased ROS production can reduce 
NO bioavailability and endothelial function. ROS acts as 
a chemical messenger for cell signaling to mediate Phos-
phatase and Tensin Homolog Deleted from Chromosome 
10 (PTEN)/PI3K/Akt pathway. PTEN is located upstream of 
the PI3K/Akt pathway and clearly plays a role in inhibiting 
PI3K/Akt expression. When PTEN expression is upregu-
lated, its negative regulation significantly reduces PI3K/
Akt expression. We performed testing at the protein level 
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by using Western blot analysis. We found that any chang-
ing trend of SOD1 and Akt expression levels was consistent 
with the changing trend of SOD activity in the GB-treated 
aortas from DM. This finding suggests that the PI3K/Akt 
signal pathway is closely related to SOD1 activity change 
in DM aortas. However, it is still unclear how the increased 
SOD1 activity activated the PI3K/Akt signal pathway. This 
notion is consistent with studies showing ischemic reperfu-
sion injury in a rabbit model [41]. On the other hand, the 
present study found that GB induced SOD1 activation in 
DM aortas. At the same time, we showed that GB induced 
Akt phosphorylation regardless of the levels and activity 
of SODs in control aortas. Thus, in both DM and control 
aortas GB induced Akt phosphorylation. However, this rela-
tionship between the SOD activity and Akt phosphorylation 
under GB stimulation was observed only in DM aortas. We 
intended to examine the GB-induced endothelial relaxa-
tion under SOD1 inhibition. However, there was a limita-
tion in the GB powder and DM mice, and we were not able 
to conduct these experiments. Liu et al. reported that GB 
upregulated the SOD1 levels in cerebral ischemia [26]. We 
believe that GB improves SOD1 expression, which controls 
the PTEN/PI3K/Akt/eNOS signaling pathway and induces 
NO-mediated endothelial function. However, further inves-
tigations are needed to discover the mechanisms.

In summary, this study has shown that GBE causes an 
endothelial-dependent relaxation mediated by NO produced 
by GB stimulation. It is suggested that this effect of GB 
is mediated by activation of the PI3K/Akt signaling path-
way, causing the phosphorylation of eNOS. The major new 
finding of the present study is that GB prevents endothelial 
dysfunction in the DM aorta. The mechanism underlying 
the protective effect of GB might involve increased aortic 
SOD1 activity and increased NO bioavailability in endothe-
lial cells. GB-induced Akt and eNOS phosphorylation may 
also contribute to the protective effect of GB against dia-
betic endothelial dysfunction. However, our experimental 
system also has certain limitations. Results indicate that 
GB-induced relaxation was related to the PI3K/Akt/eNOS/
NO signaling pathway. However, we could not clarify how 
SOD1 makes PI3K signaling work in DM. The relationship 
between the SOD1 activity and PI3K/Akt signaling pathway 
in DM is unclear and needs further research. Regardless, our 
work would add GB in GBE to the growing list of remedies 
for diabetic vascular complications because we could at least 
partially reveal the mechanism on a molecular level.
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