
Am J Transl Res 2019;11(10):6316-6325
www.ajtr.org /ISSN:1943-8141/AJTR0090996

Original Article
DPP-4 inhibitor saxagliptin ameliorates oxygen  
deprivation/reoxygenation-induced  
brain endothelial injury

Xudong Zeng, Xiaohui Li, Zhenbo Chen, Qinghe Yao

Department of Neurosurgery, Luoyang Central Hospital Affiliated to Zhengzhou University, Luoyang 471039, 
Henan Province, China

Received January 8, 2019; Accepted January 29, 2019; Epub October 15, 2019; Published October 30, 2019

Abstract: Cardiovascular diseases are the main cause of death and disability among diabetes patients. 
Atherosclerosis-associated stroke is one of the most severe complications in diabetes patients. DPP-4 inhibitors 
are a class of potent anti-glycemic agents used to treat diabetes. Recently, some DPP-4 inhibitors have been shown 
to have cardiovascular benefits. In this study, we reveal that saxagliptin, one of the most widely used DPP-4 inhibi-
tors, exhibits vascular protective effects against oxygen and glucose depletion/reoxygenation (OGD/R) in human 
brain vascular endothelial cells. Our data show that DPP-4 is fairly expressed in brain endothelial cells and its 
expression is induced by OGD/R. The results of MTT assay show that inhibition of DPP-4 by saxagliptin amelio-
rates OGD/R-induced reduced cell viability, and LDH assay demonstrated that saxagliptin reduces cellular toxicity. 
Furthermore, we show that saxagliptin mitigates OGD/R-induced collapse of mitochondrial membrane potential 
(MMP). Saxagliptin also reduces oxidative stress-induced release of 4-HNE and the NAPDH oxidase catalytic sub-
unit NOX-4. At the molecular level, saxagliptin suppresses OGD/R-induced expression of pro-inflammatory cyto-
kines and production of vascular adhesion molecules including tumor necrosis factor-α (TNF-α), interleukin (IL)-
6, monocyte chemoattractant protein 1 (MCP-1), vascular cellular adhesion molecule 1 (VCAM-1), and E-selectin. 
Mechanistically, saxagliptin inhibits activation of the NF-κB pathway by OGD/R via its inhibitory effect on nuclear 
p65 and NF-κB promoter activity. Collectively, our study explicitly demonstrates the cellular protective effect of saxa-
gliptin against OGD/R-induced brain endothelial injury. Our findings extend our recognition of the protective roles of 
DPP-4 inhibitors in brain vascular cells. 
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Introduction

The increasing prevalence of diabetes in recent 
decades has continued to be a major threat to 
human health [1]. Chronic prediabetes and dia-
betic condition often cause a series of compli-
cations including renal, vision, neurological and 
vascular complications. Among these, cardio-
vascular diseases remain the principal cause 
of death and disability among patients with dia-
betes [2]. Diabetes causes various microvascu-
lar and macrovascular changes, which often 
culminate in major clinical complications such 
as stroke, heart failure etc. A meta-analysis of 
102 diabetes risk studies shows that the haz-
ard ratio for diabetes is 2.27 for ischemic 
stroke, the most frequent stroke type [3]. In dia-
betic patients, stroke often has poor prognosis 

due to their diabetic condition altering the me- 
tabolism, which causes multiple comorbidities 
and makes it difficult to cure the condition [4]. 
In diabetes patients, stroke often contributes to 
the disease-associated atherosclerotic burden. 
Individuals with diabetes are especially suscep-
tible to complications of cerebral small vessel 
diseases [5]. The diabetic condition causes 
massive macrovascular and microvascular co- 
mplications, which are closely associated with 
endothelial dysfunction. Endothelial dysfuncti- 
on is often present in prediabetes patients, so 
targeting endothelial dysfunction is a desirable 
strategy for preventing vascular complications 
in diabetes patients [6]. 

The endothelium forms the internal layer of ves-
sel walls and is the largest endocrine gland in 
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the human body [7]. The elaboration of a fine 
vasculature network ensures adequate supply 
of oxygen and nutrients, and maintains whole-
body homeostasis. Endothelial dysfunction has 
been recognized as being critical factor in vas-
cular complications and stroke in diabetes [6]. 
During brain vascular complication and ische- 
mic stroke, interruption of cerebral blood flow 
dramatically reduces the availability of oxygen 
and glucose to brain cells, thereby impairing 
cellular ATP production and causing necrosis of 
brain tissues. To mimic the pathophysiological 
features of brain vascular injury and stroke, 
oxygen-glucose deprivation and reoxygenation 
(OGD/R) are often used to generate in vitro 
ischemic models in primary cultured endotheli-
al cells [8].

Gliptins are a class of glucose-lowering agents 
used to treat type 2 diabetes [9]. More than a 
dozen gliptins have been developed for the 
treatment of T2DM, including the most com-
monly used alogliptin, linagliptin, saxagliptin, 
sitagliptin, and vildagliptin. Recently, several 
gliptins have been reported to have a benefici- 
al effect on cardiovascular proteins [10, 11]. 
Saxagliptin, originally developed by Bristol-My- 
ers Squibb, showed cardiovascular benefit in 
an experimental myocardial infarction animal 
model [12]. In our study, we aimed to exam the 
effects of the DPP-4 inhibitor saxagliptin in cul-
tured brain endothelial cells in the context of 
oxygen-glucose deprivation/reoxygenation. 

Materials and methods

Cell culture and OGD/R treatment 

Human subject researches were designed fol-
lowing the World Medical Association Decla- 
ration of Helsinki Ethical Principles for Medical 
Research Involving Human Subjects. Human 
subject experiments were approved by the eth-
ics committee of Zhengzhou University (No. 
20160035). Primary human brain microvascu-
lar endothelial cells (HBMVEs) were obtained 
from Cell Systems (ACBRI 376). Low passage 
(3-7) HBMVEs were maintained in Endothelial 
Cell Growth Medium-2 BulletKit (CC-3156) 
EBM-2 Basal Medium (CC-3162, Lonza) and 
supplemented with 10% fetal bovine serum 
(FBS). HBMVEs were pre-incubated with 500 
nM or 1 μM saxagliptin (Bristol-Myers Squibb, 
USA) for 12 h. To deplete oxygen and glucose, 
HBMVEs were exposed to deoxygenated media 
in a sealed incubator chamber flushed with 1% 

O2, 5% CO2, and 94% nitrogen, then stored at 
37°C for 8 h, followed by three washes with 
PBS and 24 h reoxygenation with normal cul-
ture media under normoxic conditions (21% O2, 
5% CO2) at 37°C in a tissue culture incubator. 

Real-time PCR analysis

Total RNA from cells was extracted using a High 
Pure RNA Kit from Roche. RNA concentrations 
were quantified by Nanadrop. A total of 1 µg 
RNA was used to synthesize cDNA using iScri- 
pt Supermix from Invitrogen. SYBR-based real-
time PCR experiments were performed to de- 
tect mRNA transcripts of human DPP-4, TNF-α, 
IL-6, MCP-1, VCAM-1, E-selectin and GAPDH on 
an ABI 7500 platform with a commercial kit 
(Thermo Fisher Scientific, USA).

Western blot analysis

After indicated treatment, HBMVEs were lysed 
using cell lysis buffer supplemented with pro- 
tease inhibitor cocktails. Protein concentrati- 
ons were measured using a commercial bicin-
choninic acid (BCA) kit (Thermo Fisher Scientific, 
USA). The total cell lysates (20 µg) were loaded 
onto a PAGE gel to separate the proteins by 
size. The separated protein mix was transferred 
onto PVDF membranes (Bio-Rad, USA). The 
PVDF membranes were blocked with 5% non-
fat milk at RT for 1 h and incubated with pri-
mary antibodies overnight in a cold room. After 
3 washes, membranes were then incubated 
with HRP-conjugated secondary antibodies for 
2 h at RT. After washing 3 times with TBST, 
blots were visualized using an enhanced che- 
miluminescence reagent kit (Thermo Fisher 
Scientific, USA). β-actin was used as an internal 
control. 

Nuclear extracts

Nuclear extracts of HMVECs were extracted 
using a kit from Thermo Fisher Scientific in ac- 
cordance with the manufacturer’s instructions. 
The nuclear protein lamin B was used as a qual-
ity control, and the nuclear fraction of p65 pro-
tein level was examined to determine NF-κB 
activation.

ELISA

To measure the secreted levels of TNF-α, IL-6, 
MCP-1 and HMGB-1 in the different conditions, 
the HBMVEs culture media was collected for 
the analysis. Individual ELISA kits were pur-
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chased R&D Systems. The experiments were 
performed in accordance with the manufactur-
er’s instructions. The data were collected by 
96-plate reader spectrometry. Absolute values 
were obtained using a standardized 4-PL cur- 
ve. The relative level of each protein is present-
ed as normalized to total protein amounts in 
each condition.

3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay 

MTT is used to assay cell viability. Briefly, cells 
were incubated for 4 h with 0.8 mg/ml MTT in 
serum-free medium, followed by the addition of 
DMSO. The stabilized cell-MTT reaction mixture 
were transferred into 96-well plates and absor-
bance was recorded at 560 nm using a micro-
plate spectrophotometer system. 

interest (ROI) and counted the average number 
of cells present in the defined ROI. The integrat-
ed density value (IDV) of fluorescent intensity in 
ROI was evaluated. Average level of intracellu-
lar MMP=IDV/the average number of cells.

Reactive oxygen species (ROS) determination 

HBMVEs were pre-incubated with 0.5 and 1 μM 
saxagliptin for 12 h, followed by exposure to 
OGD/R. Cells were then washed 3 times and 
loaded with 5 μM DCFH-DA in Hank’s balanc- 
ed salt solution (HBSS) for 30 minutes. Fluo- 
rescence signals were recorded using the IBE- 
2000 inverted fluorescence microscope (Zeiss, 
Germany) with excitation at 510 nm and emis-
sion at 580 nm. The fluorescence density of 
MMP was quantified with the software Image J. 
We defined the regions of interest (ROI) and 

Figure 1. Oxygen-glucose deprivation/reoxygenation (OGD/R) induces DPP-
4 expression in primary human brain microvascular endothelial cells (HB-
MVEs). HBMVEs were pre-incubated with 0.5 and 1 μM saxagliptin for 12 h, 
followed by exposure to OGD/R. A. Expression of DPP-4 at the mRNA level 
was determined by real-time PCR analysis; B. Expression of DPP-4 at the 
protein level was determined by western blot analysis (n=5). 

Figure 2. Saxagliptin ameliorates OGD/R-induced reduced cell viability and 
lactate dehydrogenase (LDH) release in HBMVEs. HBMVEs were pre-incubat-
ed with 0.5 and 1 μM saxagliptin for 12 h, followed by exposure to OGD/R. A. 
Cell viability was determined by MTT assay; B. LDH release was determined 
(n=5-6). 

Lactate dehydrogenase (LDH) 
cell toxicity experiment

LDH cytotoxicity was assess- 
ed based on leakage of LDH 
into the culture medium. The 
culture medium was collected 
to obtain cell-free superna-
tants from the different con- 
ditions. The activity of LDH in 
the mediums was determined 
using a commercially availa- 
ble kit from Sigma-Aldrich. The 
data were analyzed and are 
presented as percentages of 
the control values.

Mitochondrial membrane po-
tential (MMP) assay

HBMVEs were pre-incubated 
with 0.5 and 1 μM saxagliptin 
for 12 h, followed by exposure 
to OGD/R. Cells were then 
washed 3 times and loaded 
with 20 nmol/L TMRM (Mole- 
cular Probe, USA) in phenol 
red free medium for 30 min. 
Fluorescent signals were visu-
alized in the IBE2000 inverted 
fluorescence microscope (Zei- 
ss, Germany). The fluorescen- 
ce density of MMP was quanti-
fied with the software Image  
J. We defined the regions of 
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counted the average number of cells present  
in the defined ROI. The integrated density value 
(IDV) of fluorescent intensity in ROI was evalu-
ated. Average level of intracellular ROS=IDV/
the average number of cells.

Promoter assay

Cells were co-transfected with NF-κB promoter 
and a firefly luciferase promoter by Lipofe- 
ctamine 2000 reagent from Invitrogen. Cells 
were pre-incubated with 0.5 and 1 μM saxa-
gliptin for 12 h, followed by exposure to OGD/R. 
The total cell lysates were collected to measure 
the dual luciferase activity of renilla and firefly 
luciferase. The relative luciferase was calculat-
ed to compare promoter activity.

Statistical analysis

The SPSS statistical software package was 
applied for all data significance tests in this 
study. The paired samples were subjected to 
the student’s t-test. For data collected from 
more than 2 groups, statistical significance 
was tested using the ANOVA test.

Results

OGD/R induces DPP-4 expression in human 
brain microvascular endothelial cells 

To examine the role of DPP-4 and its involve-
ment in brain vascular function, we applied 

OGD/R and compared DPP-4 expression ch- 
anges in human brain microvascular endotheli-
al cells (HBMVEs). Interestingly, DPP-4 mRNA 
expression in HBMVEs was roughly 3 times 
higher than in the vehicle control after OGD/R 
(Figure 1A). We confirmed this OGD/R-as- 
sociated elevation at the protein level. DPP-4 
protein was close to 3-fold higher after OGD/R 
than in the vehicle (Figure 1B). 

Saxagliptin ameliorates OGD/R-induced re-
duced brain endothelial cell viability 

OGD/R is known to be a negative factor in brain 
endothelial cell survival. Based on the induc-
tion of DPP-4 by OGD/R, we explored the pos-
sible influence of inactivation of DPP-4 on 
HBMVEs by its antagonist, saxagliptin. We cho- 
se to use saxagliptin because it’s a widely us- 
ed clinically available glycemic reducer. Firstly, 
we assessed the overall viability of brain endo-
thelial cells upon the combined presence of 
OGD/R and saxagliptin via MTT assay. When 
the different experiment groups were com-
pared to the non-treated cells, OGD/R caused  
a reduction in HBMVEs viability by about half, 
while blockade of DPP-4 by the addition of sax-
agliptin dramatically improved cell viability. The 
same OGD/R exposure caused only 30% and 
15% cell death when HBMVEs were pre-incu-
bated with 0.5 and 1 µM saxagliptin for 12 h, 
respectively (Figure 2A). Secondly, we assess- 
ed cellular toxicity by measuring LDH release. 
Compared to treated cells, non-treated cells 
had a basal LDH level of only 5%, while OGD/R 
caused LDH release of approximately 30%. The 
same exposure to OGD/R caused only roughly 
18% and 10% LDH release when cells were pre-
incubated with 0.5 and 1 µM of saxagliptin, 
respectively (Figure 2B). Therefore, our experi-
ments demonstrate that blockage of DPP-4 by 
saxagliptin ameliorated OGD/R-induced cell 
death in brain endothelial cells. 

Saxagliptin inhibits OGD/R-induced HMGB-1 
release

High mobility group box 1 protein (HMGB-1) is  
a conserved stress responsive nuclear protein 
that is released into the extracellular space by 
endothelial cells. We measured the levels of 
endothelial-derived HMGB-1 in another treat-
ment experiment. Compared to control cells, 
exposure of treatment group cells to OGD/R 
resulted in approximately 3-fold greater release 
of HMGB-1. However, the same condition of 

Figure 3. Saxagliptin ameliorates OGD/R-induced re-
lease of high-mobility group protein 1 (HMGB-1) in 
HBMVEs. HBMVEs were pre-incubated with 500 nM, 
1 μM saxagliptin for 12 h, followed by exposure to 
OGD/R. Release of HMGB-1 was measured by ELISA 
(*, #, $, P<0.01 vs. previous column group, n=5-6).
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OGD/R exposure caused only roughly 2- and 
1.5-fold greater release of HMGB-1 when the 
cells were pre-incubated with the two doses of 
saxagliptin, respectively (Figure 3). 

Saxagliptin ameliorates OGD/R-induced mito-
chondrial dysfunction 

OGD/R treatment is known to induce cellular 
mitochondrial dysfunction. We elected to as- 
sess whether saxagliptin-mediated DPP-4 inhi-
bition could ameliorate mitochondrial dysfunc-
tion upon OGD/R in HBMVEs. We measured 
changes in mitochondrial membrane potential 
(MMP) under the different conditions by TMRM 
staining. Compared to non-treated cells, cells 
in the OGD/R treatment group saw a 55% re- 
duction in MMP. However, the same exposure 
to OGD/R resulted in approximate 35% and 
25% reductions in MMP in the presence of 0.5 
and 1 µM saxagliptin (Figure 4).

Saxagliptin mitigates OGD/R-induced oxidative 
stress

Our experiments reveal the cellular protective 
effect of Saxagliptin against OGD/R-induced 
brain endothelial damage. Next, we assessed 
the mechanism through which saxagliptin ex- 
erts its protective effects under these circum-
stances. Since OGD/R has a profound influence 
as an inducer of oxidative stress, we measured 
the level of the oxidative stress byproduct 
4-HNE and expression of NAPDH oxidase NOX-
4. Compared to non-treated cells, exposure of 
the treatment group to OGD/R resulted in ap- 

with saxagliptin offers protection against OGD/
R-induced oxidative stress in HBMVEs. 

Saxagliptin inhibits OGD/R-induced cytokine 
induction 

OGD/R activates inflammatory pathways and 
results in production of pro-inflammatory cyto-
kines. We examined the effect of saxagliptin on 
cytokine production in HBMVECs. We collected 
the cell culture media and measured the levels 
of three major cytokines: TNF-α, IL-6 and MCP-
1. Changes in their mRNA expression are shown 
in Figure 6A. Compared to the control, OGD/R 
caused a significant increase in the expression 
of all three genes. However, pre-incubation wi- 
th 0.5 and 1 µM saxagliptin significantly sup-
pressed OGD/R-induced expression of TNF-α, 
IL-6 and MCP-1. We were also able to confirm 
inhibition of these factors at the protein level, 
as shown in Figure 6B. Compared to the con- 
trol group, OGD/R caused approximately 3-fold 
greater release of these three cytokines. How- 
ever, pre-incubation with the two doses of sa- 
xagliptin significantly inhibited OGD/R-induced 
release of TNF-α, IL-6 and MCP-1.

Saxagliptin inhibits OGD/R-induced expression 
of the vascular adhesion molecules VCAM-1 
and E-selectin

OGD/R-induced endothelial damage can lead 
to the activation and release of vascular adhe-
sion molecules. Next, we assessed the effect 
of saxagliptin on expression of two key vascular 

Figure 4. Saxagliptin ame-
liorates OGD/R-induced mi- 
tochondrial dysfunction in 
HBMVEs. Cells were pre-
incubated with 0.5 and 1  
μM saxagliptin for 12 h, 
followed by exposure to 
OGD/R. Mitochondrial me- 
mbrane potential was mea-
sured by TMRM staining (*, 
#, $, P<0.01 vs. previous 
column group, n=5-6).

proximately 3-fold higher cel-
lular 4-HNE, but only roughly 
2- and 1.5-fold higher 4-HNE 
when HBMVEs were pre-incu-
bated with the two doses of 
saxagliptin, respectively (Figu- 
re 5A). For NADPH oxidase, we 
assessed expression of NOX-
4, the dominant catalytic sub-
unit in the endothelium. Co- 
mpared to non-treated cells, 
OGD/R resulted in approxi-
mately 3-fold NOX-4 elevation, 
while the same exposure to 
OGD/R resulted in only rough-
ly 2.2- and 1.5-fold NOX-4 
expression when HBMVEs we- 
re pre-incubated with the two 
doses of saxagliptin, respec-
tively (Figure 5B). These find-
ings confirm that treatment 
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adhesion molecules: VCAM-1 and E-selectin. At 
the mRNA level and compared to the control, 
OGD/R resulted in roughly 6-fold higher VCAM-
1 mRNA transcripts, however VCAM-1 mRNA 
was only increased by roughly 3.5- and 2.2-fold 
when HBMVEs were pre-incubated with the two 
doses of saxagliptin, respectively (Figure 7A). 
Similarly, OGD/R caused approximately 7.5-fold 

Finally, we explored the molecular pathways 
involved in the protective effects of saxagliptin. 
We tested endothelial NF-κB as it is one of the 
major regulators of the production of the cyto-
kines and vascular molecules measured in this 
study. We assessed accumulation of nuclear 
NF-κB p65 protein and transfected NF-κB pro-
moter activity under the different conditions. To 

Figure 5. Saxagliptin ameliorates OGD/R-induced oxidative stress in HBMVEs. Cells were pre-incubated with 0.5 
and 1 μM saxagliptin for 12 h, followed by exposure to OGD/R. A. Intracellular levels of 4-HNE were measured by im-
munostaining; B. Expression of NOX-4 was measured by western blot analysis (*, #, $, P<0.01 vs. previous column 
group, n=5-6).

Figure 6. Saxagliptin suppresses OGD/R-induced secretions of TNF-α, IL-6, 
and MCP-1 in HBMVEs. Cells were pre-incubated with 0.5 and 1 μM saxa-
gliptin for 12 h, followed by exposure to OGD/R. A. Expression of TNF-α, IL-6, 
and MCP-1 at the gene level was determined by real-time PCR analysis; B. 
Expression of TNF-α, IL-6, and MCP-1 at the protein level was determined by 
ELISA (*, #, $, P<0.01 vs. previous column group, n=5-6).

higher E-selectin mRNA induc-
tion, compared to roughly 4.2- 
and 3-fold higher E-selectin 
mRNA when cells were pre-
incubated with the two doses 
of saxagliptin, respectively (Fi- 
gure 7A). We confirmed these 
inhibitions at the protein level. 
Under basal conditions, ex- 
pression of both VCAM-1 and 
E-selection protein is extreme-
ly low, while OGD/R induced 
expression of large quantities 
of these molecules. However, 
this effect was considerably 
weakened upon pre-incubati- 
on with the two doses of saxa-
gliptin (Figure 7B).

Saxagliptin suppresses NF-κB 
activation 
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measure the level of nuclear p65, we extracted 
nuclear protein and compared the level of p65 
to that of non-treated cells. Cells exposed to 
OGD/R had roughly 3-fold higher accumulation 
of nuclear p65, but only roughly 2.3- and 1.5-
fold higher nuclear p65 when cells were pre-
incubated with the two doses of saxagliptin, 
respectively (Figure 8A). When NF-κB promo- 
ter was transfected into the cells, OGD/R 
resulted in approximately 35-fold NF-κB pro-
moter activation. However, OGD/R caused only 
roughly 20- and 5-fold promoter activation 
when the cells were pre-incubated with the two 
doses of saxagliptin, respectively (Figure 8B). 
The results of these experiments confirm the 
inhibitory effect of saxagliptin on OGD/R-in- 
duced activation of the endothelial NF-κB pa- 
thway. 

Discussion

Brain function is dependent on its fine vascu- 
lature and circulation. The brain endothelium 
maintains oxygen transport and nutrient supply 
by forming the blood brain barrier. In the human 
brain, glucose is the obligatory source of ener-
gy for the brain [13]. Stroke occurs when the 
blood supply to brain is interrupted or reduced, 
and the supply of oxygen and glucose cannot 
meet the needs of brain cells. Oxygen and glu-
cose deprivation resulting from ischemic stroke 
activates proteases, resulting in degradation of 

pre-incubation with the DPP-4 inhibitor saxa-
gliptin ameliorates much of the damage to 
brain endothelial cells resulting from OGD/R. 
Our study began by determining DPP-4 expr- 
ession with or without OGD/R exposure. Our 
examination of DPP-4 expression in brain endo-
thelial cells confirmed both mRNA and protein 
expression of DPP-4 in HBMVEs. Furthermore, 
our data show DPP-4 expression is inducible 
upon exposure to OGD/R at both the mRNA and 
protein levels. These facts lay the ground work 
for our hypothesis that brain endothelial DPP-4 
is a responsive factor of OGD/R. Next, we ex- 
plored every aspect of cellular function upon 
DPP-4 inhibition in the context of OGD/R. Our 
studies elucidate four facets of cellular protec-
tion by saxagliptin. Firstly, saxagliptin relieves 
OGD/R-induced cell death as revealed by MTT 
assay and assay of cytotoxicity assay via cellu-
lar release of LDH. Secondly, saxagliptin ame-
liorates OGD/R-induced cellular oxidative st- 
ress. Our data show that saxagliptin suppress-
es the release of 4-HNE and expression of the 
NAPDH oxidase catalytic unit NOX-4 triggered 
by OGD/R. 4-HNE is the secondary product of 
fatty acid oxidation and has been shown to be 
cytotoxic and genotoxic in brain endothelial 
cells [15]. Endothelial NOX-4 in the dominant 
catalytic unit of NAPDH oxidase in endothelial 
cells, which attributes to a great extent to ROS 
generation in endothelial cells [16]. The sup-
pression of 4-HNE release and NAPDH oxidase 

Figure 7. Saxagliptin suppresses OGD/R-induced VCAM-1 and E-selectin ex-
pression. Cells were pre-incubated with 0.5 and 1 μM saxagliptin for 12 h, 
followed by exposure to OGD/R. A. Expression of VCAM-1 and E-selectin at 
the gene level was determined by real-time PCR analysis; B. Expression of 
VCAM-1 and E-selectin at the protein level was determined by ELISA (*, #, $, 
P<0.01 vs. previous column group, n=5-6).

endothelial tight junction pro-
teins and permeability chang-
es in the blood brain barrier. 
Glucose deprivation in brain 
endothelial cells can lead to 
disruption of the function of 
the blood brain barrier, which 
leads to activation of immune 
cells which penetrate the en- 
dothelium and infiltrate into 
the brain tissue, initiating an 
inflammatory cascade that le- 
ads to neuronal damage and 
cell death [14]. 

In our in vitro cell culture mo- 
del, the brain microvascular 
endothelial cells are exposed 
to OGD/R which mimic the is- 
chemic condition of stroke. 
OGD/R exposure is detrimen-
tal to healthy HBMVEs, but 
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expression by saxagliptin demonstrates that 
saxagliptin possesses an anti-ROS property 
and could relieve ROS-induced cellular dam-
age. Thirdly, our data show that saxagliptin pro-
tects against OGD/R-induced mitochondrial dy- 
sfunction as revealed by the capacity of saxa-
gliptin to ameliorate the collapse of mitochon-
drial membrane potential and HMGB-1 release. 
Brain endothelial cells have more mitochondri-
al content than other endothelial cells in order 
to meets the high energy demand of blood 
brain barrier function [17]. The capacity of sax-
agliptin to ameliorate OGD/R-induced mito-
chondrial dysfunction suggests that mitochon-
drial rescue is one of mechanisms behind the 
cellular protection saxagliptin. HMBG-1 is a st- 
ress responsive factor released from the nucle-
us, which can lead to endothelial mitochondrial 
dysfunction [18]. Fourthly, our data show that 
saxagliptin inhibits the release of major cyto-
kines and vascular adhesion molecules. The 
inhibitory effect of saxagliptin on these inflam-
matory factors demonstrates that treatment 
with saxagliptin may be able to suppress OGD/
R-induced endothelial inflammation. Both E- 
selectin and VCAM-1 have been detected on 
human atherosclerosis-prone endothelial cells 
and the surface of fibrous lipid-containing hu- 
man plaques [19]. The expression of VCAM-1 
has been shown to be closely associated with 
the development of atherosclerosis [20]. The 
inhibitory effect of saxagliptin on these vascu-
lar adhesion molecules implies that it saxagli- 
ptin may exert a vascular protective effect dur-
ing the formation of atherosclerotic plaque. 

A pharmacokinetic study showed that saxa-
gliptin has 5-fold higher DPP-4 inhibitive activi-

ty than vildagliptin, which may be due to its 
unique cyanopyrrolidine group on its chemical 
structure [21]. Preclinical studies show that ad- 
ministration of saxagliptin improves endothelial 
nitric oxide release and reduces vascular oxida-
tive stress in a rat model [22, 23]. Diabetic rats 
treated with saxagliptin showed improved exer-
cise adaption and vascular mitochondrial func-
tion including increased eNOS expression [24]. 
A clinical study showed that saxagliptin impro- 
ves the function of circulating angiogenic cells 
and induces angiogenesis in type 2 diabetes 
patients [25]. Another clinical study showed th- 
at saxagliptin has a beneficial effect equivalent 
to that of metformin on circulating endothelial 
progenitor cells and endothelial function in 
newly diagnosed type 2 diabetic patients [26]. 
The most recent clinical trial suggests that a 
combined regime with saxagliptin and metfor-
min increases circulating CD31-positive endo-
thelial progenitor cells and improves the car- 
diovascular index, thereby suggesting that the 
combination of these two anti-diabetic agents 
provides a better therapeutic effect in early 
diagnosed diabetes before the development of 
macrovascular complications [27]. All these st- 
udies demonstrate that saxagliptin has a defi-
nite influence on vascular cell function. 

In conclusion, our study extends the beneficial 
implication of saxagliptin to brain vascular en- 
dothelial cells. We explicitly show that saxa-
gliptin has a direct positive influence on the 
survival and function of brain endothelial cells 
upon exposure to hypoxia and nutrient deple-
tion, indicating that saxagliptin may have a ben-
eficial function in damaged blood barrier func-
tion such as in stroke and brain injury. An excit-

Figure 8. Saxagliptin reduces OGD/R-induced activation of NF-κB. Cells were pre-incubated with 0.5 and 1 μM saxa-
gliptin for 12 h, followed by exposure to OGD/R. A. Nuclear translocation of p65; B. NF-κB promoter activity (*, #, $, 
P<0.01 vs. previous column group, n=5-6).
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ing prospect would be for our next experiment 
to establish an animal stroke model to evaluate 
this protective effect of saxagliptin in vivo. 
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