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Diabetes affects the life quality of a number of people
largely through the cardiovascular complications [1]. Vascu-
lar endothelial cells play a major role in maintaining vascular
homeostasis [2]. Dysfunction of the vascular endothelium is
a critical factor in the pathogenesis of diabetic micro- and
macrovascular diseases [2, 3]. The fundamental mechanism
contributing to vascular disease, nephropathy, retinopathy,
and neuropathy has yet to translate into effective therapeu-
tics [4]. Uncovering novel mechanism governing endothe-
lium dysfunction, new concepts about biological pathways
involved in diabetic tissue injury, and identification of new
therapeutics are of significance [5]. Circulating endothelial
progenitor cells (EPCs) in diabetes are reduced and dysfunc-
tional [6–8], suggesting EPC as a biomarker for diabetes and
a prospective target for regenerative medicine [9].

Although significant strides have beenmade, themolecu-
lar mechanism of diabetic complications in vascular diseases
and the effective treatment remain largely unknown. In this
special issue, investigators have identified novel mechanism
and therapeutics from their original research or review arti-
cles on the role of endothelial dysfunction in the etiology and
pathogenesis of the micro- and macrovascular complications
of diabetes, as well as therapeutic practice. Among the top
gear, diabetes badly affects the function of retina and kidney.
X. Cai and J. F. McGinnis systemically reviewed the mech-
anism of neovascularization, endoplasmic reticulum stress,
inflammation, and aberrant angiogenesis in the pathogenesis
of diabetic retinopathy and proposed some novel ideas for

the DR treatment such as nanoceria, stem cells, miRNAs,
and CRISPR/Cas9 technology. P. Li et al. demonstrated that
inhibition of Na+/H+ exchanger 1 attenuates renal dysfunc-
tion by AGEs in rats, likely by the reduction of oxidative
stress. In (pre)clinic studies, several groups have obtained
promising outcomes in animal models or patients. W. Yu
et al. suggested that Curcumin can improve cardiomyocyte
function by inhibiting oxidative stress and apoptosis via the
activation of Akt pathway; Z. Liu et al. proved that vitamin
B6 prevents endothelial dysfunction, insulin resistance, and
hepatic lipid accumulation in ApoE-null mouse model fed
with high fat diet; R.-M. Cazeau et al. revealed that vitamin
C and E administration can improve endothelium function
in type 1 diabetic adolescents, while P. Yun et al. wrote an
article showing that long-term administration of acarbose
can effectively reduce the risk of the incidence of major
adverse cardiovascular events in acute coronary syndrome
patients, and possibly by the improvement of endothelium
function. Further, S. Ghosal and B. Siniha reevaluated the
use of Gliptins in cardiovascular patients in clinics, and
M. Jamiolkowska et al. suggested that real-time continuous
glucose monitoring (RT-CGM) may help in the detection of
glycaemic variability, a newly recognized cardiovascular risk
factor in adolescent type 1 patients.

As reported in recent years, endothelial progenitor cells
(EPCs) are reduced in circulation [8, 9]; therefore, EPC
homeostasis is critical in endothelial regeneration after injury.
H.-Y. Tsai et al. demonstrated that Coenzyme Q10 can
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improve EPC function through AMP-kinase activation in
diabetic condition, suggesting several benefits of Coenzyme
Q10 for diabetic patients with cardiovascular complications
such as atherosclerosis and hypertension.

Taken together, the articles in this special issue could
further help researchers to understand the complexity of the
diabetic complications in cardiovascular system and provide
some new ideas to fight against diabetic cardiovascular com-
plications.

Yunzhou Dong
Yong Wu

Hyoung Chul Choi
Shuangxi Wang

References

[1] S. M. Grundy, I. J. Benjamin, G. L. Burke et al., “Diabetes and
cardiovascular disease: a statement for healthcare professionals
from the AmericanHeart Association,”Circulation, vol. 100, no.
10, pp. 1134–1146, 1999.

[2] J. E. Deanfield, J. P. Halcox, and T. J. Rabelink, “Endothelial
function and dysfunction: testing and clinical relevance,” Cir-
culation, vol. 115, no. 10, pp. 1285–1295, 2007.

[3] C. M. Sena, A. M. Pereira, and R. Seiça, “Endothelial dysfunc-
tion—amajormediator of diabetic vascular disease,”Biochimica
et Biophysica Acta—Molecular Basis of Disease, vol. 1832, no. 12,
pp. 2216–2231, 2013.

[4] N. A. Calcutt, M. E. Cooper, T. S. Kern, and A. M. Schmidt,
“Therapies for hyperglycaemia-induced diabetic complications:
from animal models to clinical trials,” Nature Reviews. Drug
Discovery, vol. 8, no. 5, pp. 417–429, 2009.

[5] J. E. Fradkin andG. P. Rodgers, “Diabetes research: a perspective
from the National Institute of diabetes and digestive and kidney
diseases,” Diabetes, vol. 62, no. 2, pp. 320–326, 2013.

[6] G. P. Fadini, M.Miorin,M. Facco et al., “Circulating endothelial
progenitor cells are reduced in peripheral vascular complica-
tions of type 2 diabetesmellitus,” Journal of the AmericanCollege
of Cardiology, vol. 45, no. 9, pp. 1449–1457, 2005.

[7] C. J. M. Loomans, E. J. P. de Koning, F. J. T. Staal et al.,
“Endothelial progenitor cell dysfunction: a novel concept in
the pathogenesis of vascular complications of type 1 diabetes,”
Diabetes, vol. 53, no. 1, pp. 195–199, 2004.

[8] N. António, R. Fernandes, A. Soares et al., “Reduced levels
of circulating endothelial progenitor cells in acute myocardial
infarction patients with diabetes or pre-diabetes: accompanying
the glycemic continuum,” Cardiovascular Diabetology, vol. 13,
no. 1, article 101, 2014.

[9] H. B. Liu, Y. F. Gong, C. J. Yu et al., “Endothelial progenitor
cells in cardiovascular diseases: from biomarker to therapeutic
agent,” Regenerative Medicine Research, vol. 1, no. 1, article 9,
2013.



Research Article
Curcumin Protects Neonatal Rat Cardiomyocytes against High
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The function of curcumin on NADPH oxidase-related ROS production and cardiac apoptosis, together with the modulation of
protein signalling pathways, was investigated in cardiomyocytes. Primary cultures of neonatal rat cardiomyocytes were exposed
to 30mmol/L high glucose with or without curcumin. Cell viability, apoptosis, superoxide formation, the expression of NADPH
oxidase subunits, and potential regulatorymolecules, Akt andGSK-3𝛽, were assessed in cardiomyocytes. Cardiomyocytes exposure
to high glucose led to an increase in both cell apoptosis and intracellular ROS levels, which were strongly prevented by curcumin
treatment (10𝜇M). In addition, treatment with curcumin remarkably suppressed the increased activity of Rac1, as well as the
enhanced expression of gp91phox and p47phox induced by high glucose. Lipid peroxidation and SOD were reversed in the presence
of curcumin. Furthermore, curcumin treatment markedly inhibited the reduced Bcl-2/Bax ratio elicited by high glucose exposure.
Moreover, curcumin significantly increased Akt and GSK-3𝛽 phosphorylation in cardiomyocytes treated with high glucose. In
addition, LY294002 blocked the effects of curcumin on cardiomyocytes exposure to high glucose. In conclusion, these results
demonstrated that curcumin attenuated high glucose-induced cardiomyocyte apoptosis by inhibiting NADPH-mediated oxidative
stress and this protective effect is most likely mediated by PI3K/Akt-related signalling pathway.

1. Introduction

Diabetes mellitus (DM) is becoming a global health problem
that is afflicting millions of people. According to the inves-
tigation conducted by the International Diabetes Federation
(IDF), the incidence of DM is rapidly increasing and the
total number of people with DM will reach 592 million in
2035 [1]. Studies have indicated that diabetic people have
a 2- to 5-fold increased risk of developing heart failure
[2] and that more than 50%–80% of diabetic patients die
from diabetic cardiovascular complications [3]. Diabetic
cardiomyopathy (DCM), as amajor complication of DM, was
initially proposed byRubler in 1972 [4].DCM is characterized
by structural and functional cardiac disorder occurring inde-
pendently of coronary artery disease and hypertension [5].
Although many research studies have attempted to elucidate

its underlying mechanisms, the aetiology of DCM has never
been directly determined. Numerous studies utilizing experi-
mental animal models and clinical diabetes patients reported
that diabetes enhances cardiomyocyte apoptosis not only
simply in animals but also in patients [6, 7]. Thus, cell death
by apoptosis likely plays an important role in triggering the
pathogenic changes in DCM [8]. Cardiomyocyte apoptosis
can cause a loss of cardiac contractile muscle tissue, which
eventually leads to left ventricular remodeling [9].

Both type 1 and type 2DMare associatedwith long-stand-
ing hyperglycemia. Chronic hyperglycemia has been shown
to directly participate in the pathogenesis of DM-induced
cardiac injury by promoting excessive oxidative stress in
the heart [10], which increases cardiomyocyte apoptosis in
both human and experimental DCM. Overproduction of
reactive oxygen species (ROS) and a diminished antioxidant
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defence system are linked to enhanced oxidative stress in
the heart in DM. Consequently, if the balance between
ROS generation and ROS scavenging systems is broken,
superoxide accumulates and results in cellular damage or
dysfunction. Given the injurious effects of ROS in DCM,
increasing attention has been placed on the administration of
antioxidant agents as a compensatory therapeutic approach
in DCM [11].

Curcumin, a major constituent derived from the root of
Curcuma longa, has been used as a spice and food additive
in India since ancient times. Today, interest in curcumin
has grown rapidly due to its diverse array of biological and
pharmacological activities, and it was shown to have the
potential to treat inflammatory and cardiovascular diseases
and cancer [12]. Curcumin has antioxidant properties that
are responsible for its cardioprotective effect by enhancing
antioxidant defences and eradicating ROS [13]. Additional
studies have indicated that C66, a curcumin analogue, has a
protective role against high glucose-induced cardiac damage
via inactivation of the JNK pathway [14]. Our early stage
study demonstrated that curcumin reduces cardiomyocyte
remodeling and improves cardiac dysfunction by inhibit-
ing inappropriate apoptosis in diabetic rats [15], but the
mechanism through which curcumin inhibits cardiomyocyte
apoptosis and oxidative stress remains unknown.

Therefore, this study was performed to determine the
action of curcumin against high glucose-induced cardiac
injury and elucidate the molecular mechanism of cardiomy-
ocyte protection by exposing primary neonatal rat cardiomy-
ocytes to a high concentration of glucose.

2. Materials and Methods

2.1. Animals. One- to three-day-old Sprague-Dawley rats
were obtained from the experimental animal centre at Hubei
University of Science and Technology. The Committee of
Experimental Animals of Hubei University of Science and
Technology approved this study. All animals used in this
study were cared for and experimented on in accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of
Health.

2.2. Primary Culture of Neonatal Rat Cardiomyocytes and
Treatment. Neonatal rat cardiomyocytes were isolated as
previously described with slight modifications [16]. The
cardiomyocytes were cultured in DMEM containing 10%
FBS (Gibco Life of Cells, USA), 100U/mL penicillin, and
100mg/mL streptomycin in a humidified air containing 5%
CO
2
at 37∘C. When the cardiomyocytes reached 70%–80%

confluence, the cells were randomized into the experimental
groups: 5.5mmol/L D-glucose as the normal (NG) group,
30mmol/L D-glucose (Sigma, USA) as the high glucose
(HG) group, or identical concentrations of mannitol as an
osmotic control group containing 5.5mmol/L D-glucose plus
24.5mmol/L mannitol for 24 h in the presence or absence
of curcumin (10 𝜇mol/L). A subset of cardiomyocytes were
exposed to LY294002 for 1 h before administration of high
glucose and curcumin.

2.3. Assessment of Cell Viability. Cell viability was assessed
with a Cell Counting Kit-8 assay kit (CCK-8, Dojindo
Molecular Technologies, Japan) in 96-well plates following
the instructions from the manufacturer.

2.4. Analysis of Biochemical Parameters. Lactate dehydroge-
nase (LDH) and aspartate amino transferase (AST) released
into the culture medium as well as the malondialdehyde
(MDA) level and superoxide dismutase (SOD) activity in cells
were determined using the associated enzyme activity assay
kits (Nanjing Jiancheng Bioengineering Research Institute,
China).

2.5. Intracellular ROSMeasurement. Intracellular superoxide
anions were examined using the fluorescence probe dihy-
droethidium (DHE). Cardiomyocytes were cultured in a
dark chamber at 37∘C for 30min after the application of
10 𝜇mol/L DHE (Life Technology, USA) and were washed
twice with PBS. Images of the cardiomyocytes were captured
and analysed immediately under an inverted fluorescence
microscopy (Olympus IX71, Japan).

Intracellular ROS accumulation was assessed by DCFH-
DA staining (Beyotime, China). Cultured cells were incu-
bated in DMEM with 10 𝜇mol/L DCFH-DA at 37∘C for
30min. ROS production was detected by a Bio-Tek fluo-
rometric imaging plate reader (excitation at 485 nm and
emission at 528 nm).

Furthermore, intracellular ROS was also measured by
high performance liquid chromatography (HPLC) (SHI-
MADZU, LC-20AD, Japan) using a DHE fluorescent probe
as previously described [17]. Briefly, cardiomyocytes were
treated with DHE (10 𝜇mol/L) for 30min and then incubated
with 0.1% Triton X-100 dissolved in PBS to permeabilize the
cell membrane. Protein determination was performed using
a Bicinchoninic Acid (BCA) protein assay kit (Beyotime,
China). Then, 100𝜇L of cell lysate was added to an equal
volume of 0.2mol/L HClO

4
in methanol, and the mixture

was put on ice for 2 h to precipitate the proteins. Afterwards,
the resulting mixture was centrifuged at 20,000 g at 4∘C for
30min. Then the supernatant was collected and neutralized
with 1mol/L potassium phosphate buffer (pH 2.6). The
supernatant was spun again for 15min and subjected to
the HPLC analysis (excitation at 490 nm and emission at
596 nm).

2.6. TUNEL Assay. Apoptotic cardiomyocytes were detected
using a terminal deoxynucleotidyl transferase dUTPnick end
labelling (TUNEL) assay kit obtained from Roche Applied
Science. Briefly, 4% paraformaldehyde and 0.1% Triton X-
100 were used to fix and permeabilize the cardiomyocytes
on glass slides. After rinsing the cardiomyocytes with PBS,
they were added and incubated with the TUNEL reagents
according to the instructions from the manufacturer. Images
were captured under a fluorescence microscope (Olym-
pus BX53, Japan) and the proportion of TUNEL-positive
cells was estimated using the following formula: TUNEL-
positive cardiomyocytes/total number of cardiomyocytes ×
100%.
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2.7. Flow Cytometry. Flow cytometry was performed using
an Annexin V-FITC Apoptosis Detection Kit (Best Bio,
China) following the manufacturer’s protocol. Briefly, after
being treated with the appropriate drugs, the cardiomyocytes
were harvested with trypsin and washed with cold PBS.
Afterwards, the collected cardiomyocytes were isolated by
centrifugation, resuspended in 500𝜇L of 1x binding buffer,
and treated with 5 𝜇LAnnexin V-FITC and 5 𝜇L PI for 15min
at 4∘C in the dark. Apoptotic cardiomyocytes were detected
by flow cytometer (Becton Dickinson, USA).

2.8. Determination of Rac1 Activity. Rac1 activity was deter-
mined using a Rac1 Activation Assay Kit (Millipore, USA)
following the instructions from the manufacturer. Cultured
cardiomyocytes were homogenized with 1x MLB. Rac-GTP
was immunoprecipitated using PAK1-PBD agarose beads
coated with an anti-active Rac-GTP mouse monoclonal
antibody. Finally, the extracts were analysed by western blot.

2.9. Western Blot Analysis. Cardiomyocytes were lysed with
1x RIPA lysis buffer (Cell Signalling Technology, USA). After
centrifugation, the lysateswere clarified, and the supernatants
fractions were isolated. Protein concentrations in cells were
defined by the BCA protein assay. Approximately 30–50 𝜇g
of protein was loaded and separated by SDS-PAGE gels
and then transferred to a PVDF membrane. After blocking
the membrane with 5% nonfat milk, the following primary
antibodies were used for western blot: Bcl-2, Bax, Akt, GSK-
3𝛽, phospho-Akt (Ser473), phospho-GSK-3𝛽 (Ser9) (Cell
Signalling Technology, USA), gp91phox, p47phox, and 𝛽-actin
(Santa Cruz Biotechnology, USA). Then the membrane was
probed with appropriate secondary antibodies. Finally, the
blots were visualized using a chemiluminescence system
(Pierce Biosciences, USA). Image analysis software (Gene-
Tools from SynGene) was used to quantify the immunoblots.

2.10. Statistics. The values are expressed as mean ± SD from
repeated experiments. Statistical analysis was performed
using ANOVA, and a 𝑃 value of <0.05 was considered to
indicate a significant difference for all the values.

3. Results

3.1. Curcumin InhibitedHighGlucose-InducedCardiomyocytes
Injury. To ascertain the role of curcumin in cell survival,
we examined the viability of primary cultured neonatal rat
cardiomyocytes incubated with different doses of curcumin
for 24 h using a CCK-8 assay. As presented in Figure 1(a),
compared with the NG group, cell viability was markedly
decreased at the high glucose concentration of 30mmol/L,
and mannitol (30mmol/L) employed as an osmotic control
agent did not mimic the effects of 30mmol/L D-glucose. In
the cardiomyocytes exposed to high glucose, curcumin treat-
ment increased cell viability in a dose-dependent manner.

LDH and AST are oxidoreductase enzymes that are
present in the cytosol of animals and plants. They are highly
stable enzymes that can be used to evaluate tissue and cell
damage. As shown in Figures 1(b) and 1(c), the amounts of

LDH and AST released by the cardiomyocytes were much
higher in the HG group than those in the NG group. Inter-
estingly, the cardiomyocytes exposed to high glucose and
treated with curcumin released significantly lower amounts
of LDH and AST into the medium than the cardiomyocytes
undergoing high glucose alone.

3.2. Curcumin Abrogated High Glucose-Induced Cardiomy-
ocytes Apoptosis. Apoptotic cardiomyocytes were detected
by both TUNEL staining and flow cytometry. The TUNEL
assay showed few apoptotic cardiomyocytes in the NG group
and a greater number of apoptotic cardiomyocytes in the
HG group. However, cotreatment with high glucose and
curcumin (10 𝜇M) abrogated the increase in TUNEL-positive
cells triggered by high glucose (Figures 2(a) and 2(b)).

The flow cytometric analysis also suggested that the
administration of curcumin resulted in an evident decrease in
the number of apoptotic bodies compared to cardiomyocytes
exposed to high glucose that were not treated with curcumin
(Figures 2(c) and 2(d)).

It is well known that apoptotic-related proteins regulate
the progression of apoptosis. Thus, we performed further
experiments to investigate if these regulatory proteins con-
tributed to the effect of the inhibition of high glucose-induced
apoptosis by curcumin. As indicated by immunohistochem-
ical staining (Figures 3(a) and 3(b)), in contrast to the NG
group, the HG group had reduced Bcl-2 expression and
enhanced Bax expression. As we predicted, curcumin signif-
icantly enhanced Bcl-2 expression and reduced Bax expres-
sion in cardiomyocytes exposed to high glucose.Western blot
showed that the Bcl-2/Bax ratio was remarkably reduced in
the HG group compared to the NG group (Figures 3(c) and
3(d)). After treatment with curcumin, Bcl-2 expression was
elevated, Bax expression was greatly reduced, and the Bcl-
2/Bax ratio was significantly upregulated.

3.3. Curcumin Decreased High Glucose-Induced ROS Genera-
tion, Reduced MDA Content, and Increased SOD Activity in
Cardiomyocytes. MDA formation and SOD activity, indexes
of lipid superoxide, and oxygen free radical levels were
measured in the cardiomyocytes. The MDA level in car-
diomyocytes was significantly increased in the HG group. In
contrast, SOD activity was found to be decreased when com-
paring theHG groupwith theNG group.The cardiomyocytes
exposed to high glucose with curcumin markedly decreased
theMDA level and enhanced SOD activity compared to those
not treated with curcumin (Figures 4(a) and 4(b)).

ROS (a key executor of oxidative stress) was measured by
DHE staining, DCFH-DA staining, and HPLC assay, which
indicated that the ROS level in the HG group was much
higher than that in the NG group. However, the HG-induced
increase in ROS was strongly blocked by treatment with
curcumin (Figures 4(c)–4(f)).

3.4. Curcumin Attenuated High Glucose-Induced Expression
of NADPH Oxidase Isoforms in Cardiomyocytes. Because
NADPH oxidase activation is directly related to increased
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Figure 1: Curcumin increased cell viability and inhibited injury in cardiomyocytes exposure to high glucose. (a) Cell viability was examined
with a CCK-8 assay. (b) Curcumin decreased the level of LDH in the supernatant. (c) Curcumin decreased the level of AST in the supernatant.
Values are presented as mean ± SD. ∗𝑃 < 0.05 versus NG group. #𝑃 < 0.05 versus HG group. 𝑛 = 10.

oxidant production induced by hyperglycemia [18], we eval-
uated Rac1 activity and gp91phox and p47phox (NADPH
subunits) expression. As presented in Figure 5, Rac1 activity
in cardiomyocytes was much higher in the HG group than
in the NG group. Moreover, increased expression of gp91phox

and p47phox was detected in theHG group, while Rac1 activity
and the expression of gp91phox and p47phox were markedly
inhibited by curcumin in the cardiomyocytes exposed to high
glucose. These data suggest that the protective role of cur-
cumin against HG-induced cardiac injury is largely through
inhibition of NADPH oxidase-mediated ROS production.

3.5. Curcumin Activated the PI3K/Akt/GSK-3𝛽 Signalling
Pathway in Cardiomyocytes. The activation of the PI3K/Akt
signalling pathways is well known to inhibit HG-induced
apoptosis [19]. Therefore, we targeted the PI3K/Akt sig-
nalling pathway to determine the mechanism through which
curcumin inhibits HG-induced apoptosis. Akt and GSK-3𝛽
phosphorylation were markedly decreased in the HG group
as compared with the NG group. Cardiomyocytes treated
with curcumin showed a remarkable increase in expression

of Akt and GSK-3𝛽 phosphorylation. Pretreatment with the
PI3K inhibitor LY294002 reversed the increased effect of
curcumin on Akt and GSK-3𝛽 phosphorylation. In parallel
with that, the expression of Bcl-2 and Bax regulated by
curcumin was abolished by treatment with LY294002 and
curcumin failed to reduce gp91phox and p47phox expression
levels when LY294002 was applied. These results indicate
that PI3K/Akt signalling may be involved in the inhibition
of apoptosis by curcumin in cardiomyocytes exposed to high
glucose (Figure 6).

4. Discussion

DCM is frequently seen in asymptomatic diabetic patients.
It is now recognized as left ventricular dysfunction asso-
ciated with increasing the danger of heart failure with-
out hypertension and coronary artery disease or valvular
heart diseases [6]. DM-induced left ventricular dysfunction
includes impaired systolic anddiastolic function, but diastolic
dysfunction can occur prior to systolic dysfunction and
can be characterized as the early phase of DCM [20].
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Figure 2: Curcumin inhibited high glucose-induced cardiomyocytes apoptosis. (a) Representative images of apoptotic cardiomyocytes
stained by TUNEL (magnification = 400x, bar is 20 𝜇m). (b) Quantitative analysis of TUNEL staining. (c) Representative images of apoptotic
cardiomyocytes observed using FCM. (d) Quantitative analysis of the FCM results. Values are presented as mean ± SD. ∗𝑃 < 0.05 versus NG
group. #𝑃 < 0.05 versus HG group.

Several studies have shown a close correlation between left
ventricular diastolic dysfunction and myocardial apoptosis
and have shown that cardiac function can be improved by
sufficient control of myocardial apoptosis [21]. Massive loss
of cardiomyocytes due to various apoptotic stimuli occurs,
resulting in fibrosis and, eventually, heart failure due to
the lack of cardiomyocyte proliferation greatly limiting the
generation of new cardiomyocyte. In this context, a clear

reduction in cardiomyocyte apoptosis is regarded as a latent
therapeutic strategy for the treatment of DCM. In the
current work, we found that curcumin lessened cardiomy-
ocyte apoptosis induced by high glucose and observed a
curcumin-induced reduction in Bax, which plays a crucial
role in mitochondrion-mediated apoptosis by being inserted
into the mitochondrial outer membrane and resulting in
the release of proapoptotic factors. In contrast, Bcl-2 is
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Figure 3: Curcumin regulated the expression of Bax and Bcl-2 in cardiomyocytes exposed to high glucose. (a) Representative images of Bcl-2
by immunohistochemical staining (magnification = 400x, bar is 20 𝜇m). (b) Representative images of Bax by immunohistochemical staining
(magnification = 400x, bar is 20𝜇m). (c) Representative images of Bax and Bcl-2 expression by western blot. (d) Quantitative analysis of the
Bcl-2/Bax ratio. 𝑛 = 3. Values are presented as mean ± SD. ∗𝑃 < 0.05 versus NG group. #𝑃 < 0.05 versus HG group.

an antiapoptotic protein that prevents Bax oligomerization
and was increased by curcumin treatment. Thus, curcumin’s
cardioprotective effects are possibly mediated by normaliza-
tion of the Bcl-2/Bax ratio.

Cumulative evidence suggests that both cardiomyocyte
apoptosis and oxidative stress contribute to the pathogenesis
and development of diabetic cardiovascular complications
[22]. Previous researches have provided direct evidence that
the sustained generation of ROS during oxidative stress
leads to cardiomyocyte apoptosis, which contributes to the
development ofDCM[23]. Emerging evidence has confirmed
that activation of NADPH oxidase-generated ROS signalling
is related to apoptosis in cardiomyocytes exposed to a
hyperglycemic environment [24]. NADPH oxidase contains
two membrane-bound subunits (gp91phox and p22phox) and
four cytosolic regulatory subunits, including p40phox, p47phox,

p67phox, and Rac1. Rac1 plays a crucial role in the assembly
of NADPH oxidase, which generates superoxide [25] and
is a central factor in NADPH-mediated cardiomyocytes
apoptosis in response to high glucose levels [26]. Therefore,
the deleterious consequences of overactivation of NADPH
oxidase in the form of diabetic cardiovascular complications
have been well established. NADPH oxidase can impair the
redox balance, thus inducing or exacerbating intracellular
oxidative stress and resulting in abnormal ROS produc-
tion. Therefore, inhibition of excessive ROS produced by
NADPH oxidase appears to be another possible target for
preventing the development of DCM [27]. Consistent with
previous studies, we also found that lipid peroxidation levels
were enhanced when the cardiomyocytes were exposed to
high glucose, which was accompanied by an elevation in
ROS generation as a result of the activation of NADPH
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Figure 4: Curcumin suppressed high glucose-induced cardiomyocytes oxidative stress. (a) Curcumin enhanced SOD activity in cardiom-
yocytes (𝑛 = 12). (b) Curcumin reduced MDA level in cardiomyocytes (𝑛 = 10). (c) Representative images of DHE staining (𝑛 = 3). (d)
Quantification of DCFH-DA staining (𝑛 = 11-12). (e) Representative images of HPLC assay (𝑛 = 4–6). (f) Quantification of HPLC assay.
Values are presented as mean ± SD. ∗𝑃 < 0.05 versus NG group. #𝑃 < 0.05 versus HG group.
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Figure 5: Curcumin decreased high glucose-induced Rac1 activity and the expression of gp91phox and p47phox. (a) Rac1 activity assay. (b)
Western blots analysis of gp91phox and p47phox expression. 𝑛 = 3. Values are presented as mean ± SD. ∗𝑃 < 0.05 versus NG group. #𝑃 < 0.05
versus HG group.

oxidase. High glucose triggers NADPH oxidase activation
by improving Rac1 activation and enhancing gp91phox and
gp47phox expression. In agreement with earlier studies that
showed that curcumin has a multitude of cardioprotective
effects attributed to its efficient antioxidant capacity, we found
that treatment with curcumin suppressed a hyperglycemia-
induced rise in ROS generation through inactivation of
NADPH oxidase.

Impaired Akt/GSK-3𝛽 signalling pathway has been
shown to be involved in the development of metabolic disor-
ders. Akt is responsible for the modulation of cardiovascular
functions linkedwith cardiac growth and survival, contractile
function, and coronary angiogenesis [28]. In particular, Akt1
has been demonstrated to play an antagonist role against
pathological cardiac hypertrophy, which is an inevitable
precursor of heart failure. Consistent with these observations,
Akt1−/− mice displayed multiple heart defects, including
enhanced cardiac growth and insufficient cardiomyocyte
contractility [29]. Furthermore, Akt2 exerts a particularly
important impact on the regulation of glucose metabolism
and supports cell survival by restraining apoptosis via activa-
tion or inactivation of a number of target proteins involved in
the process of apoptotic cascades [30, 31]. GSK-3𝛽, a critical
downstream element of the Akt pathway, participated in
physiological and pathological processes such as regulation
of glycogen synthesis and disposal, as well as cell death
[32]. It is well accepted that glucose utilization is decreased
and FFA oxidation is increased in the diabetic heart [33].

This substrate utilization shift has been known to contribute
to the pathogenesis of DCM. Thus, activating Akt phospho-
rylation and inhibiting GSK-3𝛽 activity may be considered as
cardioprotective actions, as they maintain the physiological
growth and functions of the heart and promote cell survival.
In the present study, our results indicated that cardiomy-
ocytes exposed to high glucose have strikingly decreased
expression levels of Akt and GSK-3𝛽 phosphorylation, which
is in accordance with the previous report [34]. Interestingly,
the beneficial roles exerted by curcumin in high glucose-
induced cardiac injury such as enhancement of Akt and
GSK-3𝛽 phosphorylation, reduction of gp91phox and p47phox
expression, and regulatory apoptosis-related proteins were
negated by the application of LY294002, which indicate that
the PI3K/Akt/GSK-3𝛽 signalling pathwaymay be responsible
for the inhibition of high glucose-induced cardiac injury by
curcumin.

In summary, curcumin exerts cardioprotection against
high glucose-induced cardiomyocyte apoptosis, and these
effects were shown to possibly be due to efficient prevention
of NADPH oxidase-derived oxidative stress and preservation
of Akt and GSK-3𝛽 phosphorylation in vitro. Therefore,
curcumin may be a feasible novel drug for the treatment of
DCM.
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Figure 6: Curcumin inhibited high glucose-induced apoptosis and oxidative stress via activation of Akt in cardiomyocytes. (a) Curcumin
upregulated Akt and GSK-3𝛽 phosphorylation levels. (b) Increased Akt and GSK-3𝛽 phosphorylation by curcumin were abolished by
treatment with LY294002. (c) The effects on the Bcl-2/Bax ratio and the expression of gp91phox and p47phox by curcumin were blocked by
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versus curcumin treatment group.



10 Journal of Diabetes Research

Authors’ Contribution

Wei Yu and Wenliang Zha contributed equally to this work.

Acknowledgments

This work was supported by the following grants: Hubei
Province Natural Science Fund Project of outstanding youth
project awarded to Dr. Chao Liu (no. 2012FFA005), New
Century Excellent Talents Project of Ministry of Education
awarded to Dr. Chao Liu (no. NCET-13-0781), the National
Natural Science Foundation of China awarded to Dr. Wei
Yu (no. 81500296), the Hubei Province Natural Science Fund
Project awarded to Dr. Wei Yu (no. 2014CFB382), and the
Hubei Province EducationOfficeFundProject awarded toDr.
Wei Yu (no. D20152802).

References

[1] L. Guariguata, D. R. Whiting, I. Hambleton, J. Beagley, U.
Linnenkamp, and J. E. Shaw, “Global estimates of diabetes
prevalence for 2013 and projections for 2035,”Diabetes Research
and Clinical Practice, vol. 103, no. 2, pp. 137–149, 2014.

[2] W. B. Kannel and D. L. McGee, “Diabetes and cardiovascular
disease. The Framingham study,” The Journal of the American
Medical Association, vol. 241, no. 19, pp. 2035–2038, 1979.

[3] Z. V.Wang and J. A. Hill, “Diabetic cardiomyopathy: catabolism
driving metabolism,” Circulation, vol. 131, no. 9, pp. 771–773,
2015.

[4] S. Rubler, J. Dlugash, Y. Z. Yuceoglu, T. Kumral, A. W.
Branwood, and A. Grishman, “New type of cardiomyopathy
associated with diabetic glomerulosclerosis,” The American
Journal of Cardiology, vol. 30, no. 6, pp. 595–602, 1972.

[5] I. G. Poornima, P. Parikh, and R. P. Shannon, “Diabetic car-
diomyopathy: the search for a unifying hypothesis,” Circulation
Research, vol. 98, no. 5, pp. 596–605, 2006.

[6] A. Frustaci, J. Kajstura, C. Chimenti et al., “Myocardial cell
death in human diabetes,” Circulation Research, vol. 87, no. 12,
pp. 1123–1132, 2000.

[7] C. He, H. Zhu, H. Li, M.-H. Zou, and Z. Xie, “Dissociation
of Bcl-2-Beclin1 complex by activated AMPK enhances cardiac
autophagy and protects against cardiomyocyte apoptosis in
diabetes,” Diabetes, vol. 62, no. 4, pp. 1270–1281, 2013.

[8] R. Tarquini, C. Lazzeri, L. Pala, C. M. Rotella, and G. F. Gensini,
“The diabetic cardiomyopathy,” Acta Diabetologica, vol. 48, no.
3, pp. 173–181, 2011.

[9] J. Kajstura, F. Fiordaliso, A. M. Andreoli et al., “IGF-1 overex-
pression inhibits the development of diabetic cardiomyopathy
and angiotensin II-mediated oxidative stress,” Diabetes, vol. 50,
no. 6, pp. 1414–1424, 2001.

[10] A. Modesti, I. Bertolozzi, T. Gamberi et al., “Hyperglycemia
activates JAK2 signaling pathway in human failingmyocytes via
angiotensin II-mediated oxidative stress,” Diabetes, vol. 54, no.
2, pp. 394–401, 2005.

[11] F. Fiordaliso, R. Bianchi, L. Staszewsky et al., “Antioxidant treat-
ment attenuates hyperglycemia-induced cardiomyocyte death
in rats,” Journal of Molecular and Cellular Cardiology, vol. 37, no.
5, pp. 959–968, 2004.

[12] J.-M. Zingg, S. T. Hasan, and M. Meydani, “Molecular mecha-
nisms of hypolipidemic effects of curcumin,” BioFactors, vol. 39,
no. 1, pp. 101–121, 2013.

[13] M. Izem-Meziane, B. Djerdjouri, S. Rimbaud et al., “Catechol-
amine-induced cardiac mitochondrial dysfunction and mPTP
opening: protective effect of curcumin,” The American Journal
of Physiology—Heart and Circulatory Physiology, vol. 302, no.
23, pp. 665–674, 2012.

[14] Y. Pan, Y. Wang, Y. Zhao et al., “Inhibition of JNK phospho-
rylation by a novel curcumin analog prevents high glucose-
induced inflammation and apoptosis in cardiomyocytes and the
development of diabetic cardiomyopathy,” Diabetes, vol. 63, no.
10, pp. 3497–3511, 2014.

[15] W. Yu, J. Wu, F. Cai et al., “Curcumin alleviates diabetic
cardiomyopathy in experimental diabetic rats,” PLoS ONE, vol.
7, no. 12, Article ID e52013, 2012.

[16] C. W. Younce, M. A. Burmeister, and J. E. Ayala, “Exendin-4
attenuates high glucose-induced cardiomyocyte apoptosis via
inhibition of endoplasmic reticulum stress and activation of
SERCA2a,” American Journal of Physiology—Cell Physiology,
vol. 304, no. 6, pp. C508–C518, 2013.

[17] J. Zielonka, M. Hardy, and B. Kalyanaraman, “HPLC study of
oxidation products of hydroethidine in chemical and biological
systems: ramifications in superoxide measurements,” Free Rad-
ical Biology and Medicine, vol. 46, no. 3, pp. 329–338, 2009.

[18] J. Li, H. Zhu, E. Shen, L. Wan, J. M. O. Arnold, and T.
Peng, “Deficiency of Rac1 blocks NADPH oxidase activation,
inhibits endoplasmic reticulum stress, and reduces myocardial
remodeling in a mouse model of type 1 diabetes,” Diabetes, vol.
59, no. 8, pp. 2033–2042, 2010.

[19] Y. Zhang, S. A. Babcock, N.Hu, J. R.Maris, H.Wang, and J. Ren,
“Mitochondrial aldehyde dehydrogenase (ALDH2) protects
against streptozotocin-induced diabetic cardiomyopathy: role
of GSK3𝛽 and mitochondrial function,” BMCMedicine, vol. 10,
article 40, 2012.

[20] B. DeBosch, I. Treskov, T. S. Lupu et al., “Akt1 is required for
physiological cardiac growth,” Circulation, vol. 113, no. 17, pp.
2097–2104, 2006.

[21] Y. Liu, Z. Huang, L. Wang et al., “Sitagliptin alleviated myocar-
dial remodeling of the left ventricle and improved cardiac dias-
tolic dysfunction in diabetic rats,” Journal of Pharmacological
Sciences, vol. 127, no. 3, pp. 260–274, 2015.

[22] F. Giacco and M. Brownlee, “Oxidative stress and diabetic
complications,” Circulation Research, vol. 107, no. 9, pp. 1058–
1070, 2010.

[23] W.-W. Kuo, W.-J. Wang, C.-Y. Tsai, C.-L. Way, H.-H. Hsu, and
L.-M. Chen, “Diallyl trisufide (DATS) suppresses high glucose-
induced cardiomyocyte apoptosis by inhibiting JNK/NF𝜅B
signaling via attenuating ROS generation,” International Journal
of Cardiology, vol. 168, no. 1, pp. 270–280, 2013.

[24] K.-H. Tsai, W.-J. Wang, C.-W. Lin et al., “NADPH oxidase-
derived superoxide anion-induced apoptosis is mediated via
the JNK-dependent activation of NF-𝜅B in cardiomyocytes
exposed to high glucose,” Journal of Cellular Physiology, vol. 227,
no. 4, pp. 1347–1357, 2012.

[25] P. L. Hordijk, “Regulation of NADPH oxidases: the role of Rac
proteins,”Circulation Research, vol. 98, no. 4, pp. 453–462, 2006.

[26] E. Shen, Y. Li, Y. Li et al., “Rac1 is required for cardiomyocyte
apoptosis during hyperglycemia,” Diabetes, vol. 58, no. 10, pp.
2386–2395, 2009.

[27] X. Sun, R.-C. Chen, Z.-H. Yang et al., “Taxifolin prevents
diabetic cardiomyopathy in vivo and in vitro by inhibition
of oxidative stress and cell apoptosis,” Food and Chemical
Toxicology, vol. 63, pp. 221–232, 2014.



Journal of Diabetes Research 11

[28] R. G. Katare, A. Caporali, A. Oikawa, M. Meloni, C. Emanuel,
and P. Madeddu, “Vitamin B1 analog benfotiamine pre-
vents diabetes-induced diastolic dysfunction and heart failure
through Akt/Pim-1-mediated survival pathway,” Circulation:
Heart Failure, vol. 3, no. 2, pp. 294–305, 2010.

[29] Z.-Z. Yang, O. Tschopp, N. Di-Poı̈ et al., “Dosage-dependent
effects of Akt1/protein kinase B𝛼 (PKB𝛼) and Akt3/PKB𝛾 on
thymus, skin, and cardiovascular and nervous system develop-
ment in mice,” Molecular and Cellular Biology, vol. 25, no. 23,
pp. 10407–10418, 2005.

[30] H. Cho, J. Mu, J. K. Kim et al., “Insulin resistance and a diabetes
mellitus-like syndrome in mice lacking the protein kinase Akt2
(PKB𝛽),” Science, vol. 292, no. 5522, pp. 1728–1731, 2001.

[31] B. DeBosch, N. Sambandam, C. Weinheimer, M. Courtois,
and A. J. Muslin, “Akt2 regulates cardiac metabolism and
cardiomyocyte survival,” Journal of Biological Chemistry, vol.
281, no. 43, pp. 32841–32851, 2006.

[32] Y. Wang, W. Feng, W. Xue et al., “Inactivation of GSK-3𝛽 by
metallothionein prevents diabetes-related changes in cardiac
energy metabolism, inflammation, nitrosative damage, and
remodeling,” Diabetes, vol. 58, no. 6, pp. 1391–1402, 2009.

[33] P. Razeghi, M. E. Young, T. C. Cockrill, O. H. Frazier, and H.
Taegtmeyer, “Downregulation ofmyocardial myocyte enhancer
factor 2C and myocyte enhancer factor 2C-regulated gene
expression in diabetic patients with nonischemic heart failure,”
Circulation, vol. 106, no. 4, pp. 407–411, 2002.

[34] S. Guo, Q. Yao, Z. Ke, H. Chen, J. Wu, and C. Liu, “Resvera-
trol attenuates high glucose-induced oxidative stress and car-
diomyocyte apoptosis through AMPK,”Molecular and Cellular
Endocrinology, vol. 412, pp. 85–94, 2015.



Review Article
Diabetic Retinopathy: Animal Models, Therapies,
and Perspectives

Xue Cai1 and James F. McGinnis1,2,3

1Department of Ophthalmology, Dean McGee Eye Institute, Oklahoma University Health Sciences Center, Oklahoma City,
OK 73104, USA
2Department of Cell Biology, Oklahoma University Health Sciences Center, Oklahoma City, OK 73104, USA
3Oklahoma Center for Neuroscience, Oklahoma University Health Sciences Center, Oklahoma City, OK 73104, USA

Correspondence should be addressed to Xue Cai; xue-cai@ouhsc.edu and James F. McGinnis; james-mcginnis@ouhsc.edu

Received 14 August 2015; Accepted 6 December 2015

Academic Editor: Shuang-Xi Wang

Copyright © 2016 X. Cai and J. F. McGinnis. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Diabetic retinopathy (DR) is one of the major complications of diabetes. Although great efforts have been made to uncover the
mechanisms underlying the pathology of DR, the exact causes of DR remain largely unknown. Because of multifactor involvement
in DR etiology, currently no effective therapeutic treatments for DR are available. In this paper, we review the pathology of
DR, commonly used animal models, and novel therapeutic approaches. Perspectives and future directions for DR treatment are
discussed.

1. Introduction

Diabetic retinopathy (DR) is one of the major complications
of diabetes and is the leading cause of blindness among
working people in developed countries. The symptoms are
elevated blood sugar levels, blurred vision, dark spots or
flashing lights, and sudden loss of vision. The development
of DR can be divided into nonproliferative DR (NPDR;
subdivided into mild, moderate, and severe stages) with
microaneurysms, hard exudates, hemorrhages, and venous
abnormalities [1, 2] and proliferative DR (PDR; advanced
stage) with neovascularization, preretinal or vitreous hem-
orrhages, and fibrovascular proliferation [1, 2]. Development
of glaucoma, retinal detachment, and vision loss may also
happen at this stage. DR may cause macular edema when
blood and fluid leak into the retina caused by swelling of
the central retina [3]. DR is not easily diagnosed at early
stages but is more readily noticed with the advanced stages
or with edema. Multiple techniques have been used for
detection, diagnosis, and evaluation of this disease including
fundoscopic photography, fluorescence angiography, B-scan
ultrasonography, and optical coherence tomography (OCT)
[4].

2. Pathology and Molecular Mechanism of DR

Initially, DR was considered a microvascular complication
of endothelial dysfunction, as it is characterized by capillary
basementmembrane (BM) thickening, pericyte and endothe-
lial cell loss, blood-retinal barrier (BRB) breakdown and
leakage, acellular capillaries, and neovascularization [5, 6].
However, it is currently acknowledged that before the typical
features of DR occur and can be clinically diagnosed, cellular,
molecular, and functional changes are evidenced in the retina
[7, 8], where all types of retinal cells are affected including
ganglion cells [5, 6, 9]. Also, thinning of the inner nuclear
layer (INL), reduction in synapse numbers and synaptic pro-
teins, changes in dendrite morphology, and retinal pigment
epithelium (RPE) dysfunction occur in DR and result in the
gradual loss of retinal function [9]. In addition, glia activation
and innate immunity/sterile inflammation [5, 6] occur early
in DR.Therefore, DR is not only a vascular disease but also a
neurodegenerative disease.

DR shares numerous similarities in its etiology and
pathology with other neovascular diseases which have been
documented to be associated with chronic inflammation,
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including increased vascular permeability, edema, inflamma-
tory cell infiltration, tissue destruction, neovascularization,
proinflammatory cytokines, and chemokines in the retina [3,
10]. Some of the potential risk factors leading to the pathology
of other neovascular diseases also contribute to the pathology
of DR.

Diabetes is the number one risk factor for the develop-
ment of DR. Type 1 diabetes (juvenile diabetes, in which
no insulin is made) is more likely to develop vision loss
than type 2 diabetes (adult onset diabetes with insufficient
insulin synthesis). In addition, race (Hispanic and African
Americans), smoking, hyperglycemia (high blood sugar),
hypertension (high blood pressure), and hyperlipidemia
(high cholesterol) or dyslipidemia are also high risk factors
[11, 12]. Vascular endothelial growth factor (VEGF) elevation
induces a decrease in the tight-junction proteins and break-
down of the BRB [13], an increase of leukostasis within retinal
vessels [14], inflammation [15, 16], upregulation of ICAM-1
(intercellular adhesionmolecule-1) expression, an increase in
all NOS (nitric oxide synthase) isoforms [17], and ametabolic
imbalance in inorganic phosphate [18], all of which have been
reported to contribute to DR pathology. Multiple intercon-
necting biochemical pathways, including an increased polyol
pathway, elevated hexosamine biosynthesis pathway (HBP),
activation of protein kinase C (PKC), hemodynamic changes,
and advanced glycation end product (AGE) formation [5, 6,
14, 19], have also been found to play key roles in development
of DR. RhoA is a small guanosine-5-triphosphate-binding
protein and acts as aGTPase.TheRhoA/mDia-1 (mammalian
diaphanous homolog-1)/profiling-1 [20] or RhoA/ROCK1
(Rho-associated coiled-coil-containing protein kinase 1) [21]
pathways have been shown to be involved in the pathology
of DR via triggering microvascular endothelial dysfunction.
Activation of these pathways leads to the increase of growth
factors such as VEGF and insulin-like growth factor-1 (IGF-
1), activation of the renin-angiotensin-aldosterone system
(RAAS), subclinical inflammation, and capillary occlusion
[14]. Also increased endoplasmic reticulum (ER) stress and
oxidative stress [22] resulting from deregulation of ER and
mitochondrial quality control by autophagy/mitophagy, RPE
dysfunction, genetic variants, and epigenetic changes in chro-
matin, such as DNA methylation, histone posttranslational
modifications affecting gene transcription, and regulation
by noncoding RNAs [23–26], have also been shown to be
associated with DR. Interestingly, deletion of transforming
growth factor-𝛽 (TGF-𝛽) signaling results in undifferentiated
pericytes that cause retinal changes in structure and function
which mimic those of DR [27]. Loss of other gene functions
such as BMP2 (bone morphogenetic protein 2) [28] and Toll-
like receptor 4 [29] has been implicated in the pathogenesis
of DR. Activation of the P2X7 receptor, a member of ligand-
gated membrane ion channels, resulted in the formation
of large plasma membrane pores that exacerbate the devel-
opment of DR through induction of inflammation [30].
Recently, a prooxidant and proapoptotic thioredoxin inter-
acting protein (TXNIP) was shown to be highly upregulated
in DR and by high glucose (HG) in retinal cells in culture.
TXNIP binds to thioredoxin (Trx) inhibiting its oxidant
scavenging and thiol-reducing capacity. Hence, prolonged

overexpression of TXNIP causes ROS/RNS stress, mitochon-
drial dysfunction, inflammation, and premature cell death
in DR [31]. Collectively, hyperglycemia-induced vascular
dysfunction and subsequent tissue damage have been pro-
posed to act through the following four main pathways [32,
33]: (1) increased polyol pathway flux, in which cytosolic
redox imbalance occurs with an increased NADH/NAD+
ratio via the sorbitol pathway resulting in a decrease in
cytosolic NADPH and cellular functions, (2) increased AGE
formation, in which nonenzymatic glycosylation of proteins
and production of AGEs alter gene expression and AGEs also
induce the synthesis of numerous inflammatory cytokines,
(3) activation of PKC via the formation of intracellular
diacylglycerol (DAG) and AGEs, which contributes to the
generation of ROS which induces VEGF and multiple other
growth factors and transcription factors, and (4) increased
hexosamine pathway flux, in which fructose-6-phosphate is
converted to glucosamine-6-phosphate and finally to uridine
diphosphate𝑁-acetyl glucosamine.This modification results
in changes in gene expression and protein function. However,
each of the four major pathways is linked by overproduction
of superoxide and increased generation of ROS [33], which
provides a common target for potential treatment.

3. Animal Models

At present, most animal models of DR are rodents, mice,
and rats. Based on the experimental approaches to induce
DR, these models can be classified as chemically induced,
spontaneous, and genetically created. However, knowledge
of the molecular mechanisms underlying the initiation and
development of DR is insufficient and largely unknown
because there are no reliable and appropriate good animal
models of spontaneous diabetes in which phenotypic char-
acteristics exactly mimic the pathogenesis of clinical DR.
Although various traditionally used animal models of DR
present a number of pathological changes similar to those
of human DR, several pathological characteristics of human
DR, such as retinal neovascularization, cannot yet be fully
mimicked in any existing animal model of DR [34].

3.1. Chemically Induced Model. The commonly used strepto-
zotocin (STZ) or alloxan induced DR animal models (rats
or mice) exhibit rapid onset of hyperglycemia (3 days after
treatment) and some of the symptoms of early DR (type I
diabetes), such as loss of retinal pericytes and capillaries,
thickening of the vascular basement membrane, vascular
occlusion, and increased vascular permeability [3, 34, 35].
However, variability of pathological characteristics, such as
loss of retinal capillaries, ganglion cell death, and reduction
of retinal function, has been reported among different species
and even within the same species [3, 34, 35].

3.2. Akita Mice. The Akita (Ins2Akita+/−) mouse, a sponta-
neous diabetes model for early stage of DR (type I diabetes),
is caused by a missense mutation in the diabetogenic Insulin
2 gene (Ins2) and is characterized by a rapid onset of
hyperglycemia and hypoinsulinemia and marked reduction
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of insulin secretion by 4 weeks of age [36]. Significant
increases in vascular permeability were seen when measured
at 12 weeks after hyperglycemia. The thickness of the inner
plexiform layer (IPL) and INL in the peripheral region was
decreased and the number of ganglion cells was significantly
reducedwhenmeasured at 22weeks after hyperglycemia [37].
Recently, Hombrebueno et al. reported that the Akita mice
exhibit progressive thinning of the retina and cone loss from 3
months onwards, severe impairment of synaptic connectivity
at the outer plexiform layer (OPL), and significant reduction
in the number of amacrine and ganglion cells [38, 39]. ER
stress associated proteins were upregulated in this mouse
model [40]. The transportation of proinsulin from the endo-
plasmic reticulum (ER) to the Golgi apparatus is blocked,
and instead the mutant proinsulin is accumulated in the
ER forming complexes with BiP (binding immunoglobulin
protein) which are eventually degraded [41].

3.3. Kimba Mice. The Kimba mice were generated by
microinjection of human VEGF

165
isoform driven by a

photoreceptor-specific promoter (rhodopsin). Pathological
changes in the retinal vasculature, focal fluorescein leakage,
relatively mild degree, and slow onset of neovascularization
were shown at 3-4 weeks of age and stable retinopathy per-
sisted for 3months, which resembles NPDR and early stage of
PDR [1]. A thinner outer nuclear layer (ONL) and INL, severe
and extensive outer and inner retinal neovascularization,
hemorrhage, retinal detachment [1], microaneurysm, leaky
capillaries, capillary dropout [42], leaky blood vessels, and
BRB loss [42, 43] were presented in this mouse model.
However, the mice overexpressing photoreceptor-specific
hVEGF are not on a hyperglycemic background and do not
induce choroidal neovascularization [1, 42].

3.4. Akimba Mice. The Akimba (Ins2AkitaVEGF+/−) mouse,
generated from the Kimba (VEGF+/−) (trVEGF029) and the
Akita (Ins2Akita) mice, is a model for advanced DR [42].
This model retains the parental retinal neovascularization
with hyperglycemia and displays the majority of signs of
advanced clinical DR includingmore diffuse vascular leakage
(compared to the more focal leakage in Kimba mice) and the
BRB disruption, which was linked to decreased expression
of endothelial junction proteins, pericyte dropout, and vessel
loss [42, 43]. With aging, Akimba mice exhibit enhanced
photoreceptor loss, thinning of the retina, more severe and
progressive retinal vascular pathology, capillary nonperfu-
sion, much higher prevalence and persistence of edema,
and retinal detachment [42]. Plasmalemma vesicle associated
protein (PLVAP) is an endothelial cell specific protein which
is absent in intact BRB but is significantly increased in
Akimba mice (and also in Kimba mice). Therefore PLVAP
plays an important role in the regulation of BRB permeability
[43].

3.5. db/db Mice. The db/db (𝑙𝑒𝑝𝑟𝑑𝑏) mouse, a spontaneous
diabetic model of type 2 diabetes [44, 45], is caused by a
mutation in the leptin receptor gene. It exhibits high glial
activation, progressive loss of ganglion cells, and significant
reduction of neuroretinal thickness. Significant abnormal

retinal function is pronounced at 16 weeks of age. In addition,
significantly higher levels of glial fibrillary acidic protein
(GFAP, a marker for glial cells) expression, increases in
accumulation of glutamate, and downregulation of abundant
neurotransmission genes were found at 8 weeks of age [44].
Also, breakdown of the BRB is a hallmark of the db/db mice
[46] and RPE dysfunction is concomitant with sustained
hyperglycemia [45]. Proteomic analysis of 10-week-old reti-
nas fromdb/db andwild typemice showed that 98membrane
proteins, out of a total of 844, were significantly differentially
abundant in db/db versus wild type mice, in which 80 were
downregulated and 18 were upregulated in the db/db retinas
[47]. The major proteins decreased are synaptic transmission
proteins, especially the vesicular glutamate transporter 1
(VGLUT1) [47], which is responsible for the loading of
glutamate into synaptic vesicles and is expressed at the ribbon
synapses in the photoreceptors and “ON” bipolar cells [48].

3.6. New Animal Models. In recent years, two new animal
models were reported. One is a transgenic mouse overex-
pressing insulin-like growth factor-1 (IGF-1), which develops
the most retinal alteration seen in human diabetic eyes on a
nonhyperglycemic background [49] and exhibits progressive
development of vascular alteration (from NPDR to PDR),
increased VEGF level, BRB breakdown, vascular permeabil-
ity, and glial alteration with age (3 months and older) [49,
50]. Retinal neurodegeneration was seen at 6 months of age
with the number of bipolar and ganglion cells reduced and
a 40% reduction of ONL and INL thickness was observed
in 7.5-month-old mice. Microarray analysis on 4-month-old
retinas, with evidence of NPDR and gliosis [50], revealed
upregulation of genes associated with retinal stress, gliosis,
and angiogenesis. Increased GFAP immunostaining was seen
at 1.5months of age andwasmaintained throughout the entire
life. Activation of ERK signalingwas detected at 3months and
was more pronounced at 7.5 months. In addition, expression
of oxidative stress markers was increased; in particular a
striking upregulation of all three subunits ofNADPHoxidase,
impaired glutamate recycling, and significantly higher levels
of TNF-𝛼 and MCP-1 were seen at 7.5 months [51]. The other
model is the hyperhexosemic marmosets (Callithrix jacchus)
which, with a 30% galactose- (gal-) rich diet for two years,
develops significantly high blood glucose levels, vascular
permeability, macular edema, increased number of acellular
capillaries, pericyte loss, vascular BM thickening, increased
vessel tortuosity in the retinas, and microaneurysms. High-
speed spectral domain OCT (SD-OCT) scan reveals sig-
nificant thickening of the foveal and the juxtafoveal area
resulting from intraretinal fluid accumulation. Also there are
potential break in the RPE and discontinuous photoreceptor
layers in the macular area starting at 15 months of galactose
feeding. All these characteristics have striking similarities to
the human DR [52].

4. Current Therapies

During the nonproliferative stages, treatment is usually not
recommended because normal visual function is not dis-
turbed at these stages. However, at the advanced stages, the
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PDR, treatment has to be undertaken. Traditional approaches
for treatment of DR and associated microvasculature and
neovascularization include laser treatment, optimizing blood
glucose level, and controlling blood pressure. Currently,
laser treatment (photocoagulation) to stop the leakage and
scattered laser burns to shrink abnormal blood vessels and
prevent retinal detachment are effective and are widely
employed and are the primary treatment strategy. Surgical
treatment to remove the vitreous (vitrectomy) is usually taken
for advanced PDR in type I diabetes if persistent vitreous
hemorrhage or severe tractional retinal detachment occurs.
Intravitreal injection of anti-VEGF (Avastin, Lucentis, and
Eylea) and corticosteroids to prevent abnormal blood vessel
growth are effective and are also beneficial treatments for
PDR [2, 19, 53].

Clinical trial (ClinicalTrials.gov number: NCT01627249)
phase III study (660 adults) with intravitreal injection of
Aflibercept, Bevacizumab, or Ranibizumab for diabetic mac-
ular edema (DME) showed that visual acuity was improved,
andAflibercept is more effective when the initial visual acuity
is worse [54]. A five-year clinical trial study reported that
intravitreal injection of 0.5mg Ranibizumab with prompt
(124 patients) or deferred (111 patients) focal/grid laser treat-
ment for diabeticmacular edema resulted in themaintenance
of vision gains obtained by the first year through 5 years
in most of the eyes [55]. However, another clinical trial
study (322 of 582 eyes) showed that repeated intravitreal
Ranibizumab injections for DME may increase the risk of
sustained elevation of intraocular pressure or the need for
ocular hypotensive treatment [56] and a risk of stroke [2].
Another clinical trial, phase I/II study, evaluating the safety
and bioactivity of intravitreal injection of a designed ankyrin
repeat protein (MP0112) for specific and high-affinity binding
to VEGF in patients with DME, showed reduction of edema
and improvement of visual acuity, although several patients
showed inflammation [57]. An ongoing clinical trial elim-
inates the source of inflammation from a new preparation
[57].

DR associated pathological factors, molecular signaling
pathways, and other mechanisms underlying the pathology
of DR, as well as the direct pathological defects (retinal
degeneration, synaptic connection impairment and cell loss,
accumulation of glutamate, etc.), provide a broad spec-
trum of potential new therapeutic targets for the treat-
ment of DR. Therapeutic treatment strategies targeting
these molecules, components, or defects, including various
factors, hyperglycemia- and glutamate-triggered pathways,
and microvascular impairment and angiogenesis, have been
shown to produce an effective outcome [11, 58, 59]. Chi-
nese traditional medicine HF (He-Ying-Qing-Re formula),
in which chlorogenic acid, ferulic acid, and arctin were
identified as major components, was shown to have anti-
DR effects, although hyperglycemia was not significantly
inhibited. Its action on suppression of activation of AGEs
and endothelial dysfunction occurs by inactivation of AGEs
receptor and their downstream Akt signaling pathway [60].
Deletion of placental growth factor prevents DR by inactiva-
tion of Akt and inhibition of the HIF1𝛼-VEGF pathway [11,
61]. Recently, angiopoietin-like 4 (ANGPTL 4) was identified

as a potential angiogenic factor which was upregulated in the
PDR patients and was shown to be independent of VEGF
levels and localized in the area of retinal neovascularization.
Neutralizing ANGPTL4 antibody can inhibit the angiogenic
effect in PDR patients with low VEGF levels or produce an
additive effect with anti-VEGF treatment for inhibition of
VEGF expression [62].

Preclinical therapies targeting other factors have been
reported. A single intravitreal injection of a vector express-
ing insulin-like growth factor binding protein-3 (IGFBP-3)
into diabetic rat retina after 2 months of diabetes restores
normal insulin signal transduction via regulation of the
insulin receptor/TNF-𝛼 (tumor necrosis factor-alpha) path-
way and leads to the reduction of proapoptotic markers
or increases of antiapoptotic markers and the restoration
of retinal function [63]. Blockage of TNF-𝛼 by intravitreal
and intraperitoneal delivery of anti-TNF-𝛼 antibody in STZ-
induced mice and Akita mice resulted in a dose-dependent
prevention of increased retinal leukostasis, acellular capil-
lary, BRB breakdown, and cell death [64]. Intraperitoneal
injection of anti-VEGFR1 antibody (MF1) prevents vascular
leakage and inhibits inflammation associated gene expression
and abnormal distribution of tight-junction proteins in STZ-
induced mice and Akita mice [65].

Fenofibrate is a peroxisome proliferator-activated
receptor-𝛼 (PPAR-𝛼) agonist and is known for clinical treat-
ment for dyslipidemia. Recently, it was shown to signif-
icantly ameliorate retinal vascular leakage and leukostasis
in DR of STZ-induced diabetic rats and Akita mice through
downregulation of ICAM-1, MCP-1 (monocyte chemoat-
tractant protein-1), and NF-𝜅B (nuclear factor-kappa B)
signaling [66]. Clinical studies demonstrated that Fenofibrate
has protective effects on progression of proliferative DR in
type 2 diabetic patients [67, 68]. Now, the use of this
medication for DR is approved [69].

Omega-3 polyunsaturated fatty acid (𝜔-3PUFA) has been
shown to be decreased in STZ-induced diabetic rat retina
[70]. 𝜔-3PUFA rich diets enhanced glucose homeostasis and
preserved retinal function in db/db/mice, but the effect is
independent of preservation of retinal vasculature integrity,
inflammatory modulation, and retinal neuroprotection [71].

5. Novel Potential Therapeutic Targets

Because of the complicated etiology of DR, drugs such as
inhibitors for signaling pathways and growth factors have
been shown to be effective for the treatment of DR but
have limitations. Currently, intravitreal injection of anti-
VEGF and corticosteroids are popular therapeutics, but a
high proportion of patients (∼40%) do not respond to these
therapies [58, 72].This implies that other factors or pathways,
independent of VEGF, are involved in the development of
microvasculature and neovascularization. Therefore, there is
an urgent need for finding potential target candidates and
for the development of new treatment strategies for DR
therapy.

Epigenetic chromatin modifications (DNA methylation,
histone posttranslational modifications, and regulation by
noncoding RNAs), acting on both cis- and trans-chromatin
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structural elements, can be regulated by TXNIP [25]. Aber-
rant epigenetic modifications have been identified in DR and
implicated in the progression of DR [25, 26]. MicroRNAs
(miRNAs) are a group of noncoding RNA sequences which
are short and highly conservative and can posttranscription-
ally control gene expression by degradation or repression of
target mRNAs. They are implicated in a variety of biological
activities including modulation of glucose, angiogenesis,
and inflammatory responses, as well as pathogenesis of
diabetes and related complications such as DR [10]. However,
conflicting data were seen with different miRNAs. It has
been shown that retinal miRNA expression was altered in
early DR rats induced by STZ, in which miRNAs were
differentially regulated compared to the controls without
DR [73]. Downregulation of miR-200b has been shown to
increase VEGF expression, and polycomb repressive com-
plex 2 (PRC2) (histone methyltransferase complex) represses
miR-200b through its histone H3 lysine-27 trimethylation.
Thus inhibition of PRC2 through histone methylation of
miR-200b increases miR-200b and reduces VEGF in STZ-
induced diabetic rats [74]. The 3-untranslated region (3-
UTR) ofmRNA sequence contains regulatory regions includ-
ing binding sites for miRNAs to repress translation and
degrade mRNA transcripts. In DR rats, miRNA-195 was
significantly upregulated after one month of diabetes, and
the antioxidant enzyme MnSOD level was reduced. In situ
hybridization indicated that miR-195 was overexpressed in
the cells of INL and ONL and ganglion cell layers, but sirtuin
1 (SIRT1) was downregulated. SIRT1 is involved in many
biological processes including cell survival and metabolism
and miR-195 binds to the 3-UTR of SIRT1 to regulate its
expression. Intravitreal injection of miR-195 antagomir leads
to downregulation of SIRT1, thus preventing DR damage
caused by SIRT1-mediated downregulation of MnSOD [75].
Collectively, increasing amounts of data demonstrate the
active involvement and critical role of miRNAs in devel-
opment of DR, although the exact mechanisms by which
miRNA or miRNAs act are not known. Increased knowledge
of how miRNAs function as therapeutic agents will lead to
their effective use in the treatment of DR.

Reactive oxygen species (ROS), the primary causative
factor for a variety of diseases, have been shown to play an
important role in promoting DR [12, 58, 76]. As a treatment
target, evidence from preclinical and clinical studies indi-
cates that antioxidant therapies which directly target ROS-
producing enzymes are beneficial, although the outcome
of large clinical trials has been less promising [76]. How-
ever, nuclear factor erythroid 2-related factor 2 (Nrf2), the
regulator of phase II enzymes system and the network of
cytoprotective genes [77, 78], is still attractive. Its activators
have been proven effective in prevention of the development
and progression of DR [79]. Here, we specifically point out
that nanomedicine attracts more attention in the past several
years because it has been beneficial in a variety of medical
applications including its promising effects ondisease therapy
[80, 81]. We have been using cerium oxide nanoparticles
(nanoceria) to treat several animal models for ocular diseases
and demonstrated their nontoxic and long-lasting effective-
ness in delaying retinal degeneration in tubby mice [82] and

inhibiting retinal and choroidal neovascularization [83]. Due
to their unique physicochemical features, nanoceria them-
selves exhibit superoxide dismutase and catalase activities
under redox conditions and can upregulate phase II enzymes
[84] and regulate the common antioxidant gene network
downstreamof Trx [85].Nanoceria have an atom-comparable
size which enables them to freely cross the cellular and
nuclear membrane barriers. In addition, they do not need
repeat dosing as is required by other antioxidants. Thus one
single dose produces sustained protective effects [82–84]
which suggests their great potential to be excellent agents for
the treatment of DR.

Stem cells emerged as a regenerative therapeutic strategy
for treatment of a variety of diseases because they are
undifferentiated and retain their stem cell characteristics
and possess the potential to differentiate into many different
cell types under certain biological conditions [86, 87]. Stem
cells have been obtained from multiple sources and have
been shown to have a great potential for tissue repair and
ocular disease treatment [87, 88]. Human embryonic stem
cells (hESCs) can differentiate into more than 99% pure
RPE cells and integrate into the host RPE layer and become
matured. Phase I/II clinical trials for assessing the tolerability
and safety of subretinal transplantation of hESC-derived
RPE cells in patients with Stargardt’s macular dystrophy
(ClinicalTrials.gov number: NCT01345006) and advanced
dry AMD (ClinicalTrials.gov number: NCT01344993) have
shown that hESCs improve visual acuity [89]. Assessment of
their medium- and long-term safety, graft, and survival in
patients is ongoing [90]. Mesenchymal stromal cells (MSCs)
have been shown to have multiple effects including tissue
repair, secretion of neuroprotective growth factors, suppres-
sion of host immune response, and lowering glucose levels
[91, 92]. Bone marrow derived MSCs have been reported to
be differentiated into retinal cells and rescue retinal degen-
eration in several animal models [91]. Clinical trial phase I
assessing their effects on visual acuity in patientswith retinitis
pigmentosa (RP) (ClinicalTrials.gov number: NCT01068561)
has been completed and phase I/II in patients with AMD and
Stargardt (ClinicalTrials.gov number: NCT01518127) will be
completed in December 2015 (also see review [92]). However,
no clinical study of therapeutic effects of MSCs in DR has
been reported. Progress has also been made in using several
classes of stem cells (EPCs, endothelial progenitor cells;
ASCs, adipose stromal cells; PSCs, pluripotent stem cells) to
stimulate both neuroregeneration and vascular regeneration
in the diabetic retina [92]. EPCs are circulating cells and can
be recruited to the sites of vessel damage and tissue ischemia
and promote vascular healing and reperfusion [93]. Clinical
studies have shown that altered numbers of EPCs were found
in patients of type I and type II diabetes withNPDR and PDR,
suggesting that EPCs are potential biomarkers for DME and
PDR and may be used as therapeutic modalities to treat DR
[72]. Preclinical study of STZ-induced diabetic rats receiving
a single intravitreal injection of human derived ASCs at
two months after diabetes onset showed significant decreases
in vascular leakage and apoptotic cells and downregulation
of inflammatory gene expression and improved rod b-wave
amplitude within one week after injection [94]. Furthermore,
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mouse ASCs (mASCs) were intravitreally injected into 5-
week-old Akimba mice, and the mASCs integrated and
associated with retinal microvasculature. Injection of TGF-
𝛽1-preconditionedmASCs into P9 Akimba pups resulted in a
great decrease in capillary dropout areas and avascular areas
[95]. These results suggest that regenerative medicine could
be a permanent solution for fighting diabetes and associated
complications.

Nevertheless, as we previously mentioned, DR has a com-
plicated etiology and involves many factors. Among these
causative factors, genetic background seems to contribute
most heavily and current approaches for the treatment of DR
can only delay the disease progression and do not provide
a complete treatment or cure for DR. Correction of the
defective gene(s) appears to be potentially the most effective
way for DR treatment (see below). In the clinic, the challenge
faced is the lack of detection methods for as yet unknown
early clinical symptoms which would enable immediate and
proper treatment for inhibition of the progression of NPDR
to PDR.

6. Perspective and Future Direction for
DR Treatment

With wide exploration of the etiology of the diseases using
modern molecular techniques, one finds that almost all
the diseases are linked with mutation(s) of a specific gene
or multiple genes. Current effective gene therapy methods
involve gene replacement therapy in which the defective copy
of the gene is replaced by the wild type allele to compliment
the defect; or knockdown of the defective gene by RNA
interference (RNAi) silences the effects of the mutated gene;
or introduces a gene to produce a product causing cell
apoptosis (http://www.ghr.nlm.nih.gov/handbook). None of
the above mentioned strategies can completely eliminate
the products or effects of the defective genes indicating
that the diseases cannot be completely cured. CRISPR/Cas9-
mediated genome editing, which emerged as a new ther-
apeutic strategy for defective gene repairing, has attracted
significant attention in recent years. Indeed, at the 2015
annual ARVO (the association for research in vision and
ophthalmology) meeting, several laboratories reported their
progress in using this approach to correct (or repair) mutant
gene sequences from patient-derived induced pluripotent
stem cells (iPSCs) for treatment of inherited ocular dis-
eases such as retinitis pigmentosa, AMD, and other retinal
diseases [96–99]. Considering the similarity in the patho-
genesis of AMD and DR, CRISPR/Cas9-mediated selective
engineering of genes associated with DR or angiogenesis
is expected to produce positive and effective treatment of
DR.
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Backgrounds. VitB6 deficiency has been associated with a number of adverse health effects. However, the effects of VitB6 in
metabolic syndrome are poorly understood.Methods.VitB6 (50mg/kg/day) was given to𝐴𝑝𝑜𝑒−/− mice with hkdigh-fat diet (HFD)
for 8 weeks. Endothelial dysfunction, insulin resistance, and hepatic lipid contents were determined. Results.VitB6 administration
remarkably increased acetylcholine-induced endothelium-dependent relaxation and decreased random blood glucose level in
𝐴𝑝𝑜𝑒
−/− mice fed with HFD. In addition, VitB6 improved the tolerance of glucose and insulin, normalized the histopathology

of liver, and reduced hepatic lipid accumulation but did not affect the liver functions. Clinical and biochemical analysis indicated
that the levels of VitB6 were decreased in patients with fatty liver.Conclusions.Vitamin B6 prevents endothelial dysfunction, insulin
resistance, andhepatic lipid accumulation in𝐴𝑝𝑜𝑒−/−mice fedwithHFD. Supplementation ofVitB6 should be considered to prevent
metabolic syndrome.

1. Introduction

Vitamin B6 (VitB6) includes pyridoxal, pyridoxine, and pyri-
doxamine, which function as essential cofactors for enzymes
involved in variousmetabolic activities, which include amino
acid, fat, and glucose metabolism [1]. The phosphate ester
derivative pyridoxal 5-phosphate (PLP) is the biologically
active form of this vitamin and reflects long-term body
storage [2]. Studies have shown that low plasma PLP concen-
trations are associated with increased risk of cardiovascular
disease (CVD) [3, 4].

Nutrient overload is associated with high incidence of
chronic metabolic diseases, including obesity, insulin resis-
tance, and type 2 diabetes [5]. Prolonged exposure to high

concentrations of saturated fatty acids leads to oxidative
stress and endoplasmic reticulum stress, which may impair
insulin signaling [6]. Moreover, supplementation of a high-
fat diet (HFD) with branched-chain amino acids caused
insulin resistance, as a part of metabolic syndrome [7].
Metabolic syndrome is associated with a risk of CVD and
is a common early abnormality in the development of type
2 diabetes. In patients with nonalcoholic fatty liver disease
(NAFLD), metabolic abnormalities have been reported in
33% to 100% of cases [8]. Patients presenting with NAFLD
need to be examined for the presence of the components of
the metabolic syndrome and their complications [9]. We also
previously reported that apoptosis of liver cells contributes to
liver dysfunction [10].
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The identification of the link between VitB6 and meta-
bolic syndrome including insulin and NAFLD might help
to define novel nutritional and pharmacological approaches
for the treatment of diabetes, obesity, and insulin resistance.
Here, we reported that administration of VitB6 prevents
endothelial dysfunction, insulin resistance, and hepatic lipid
accumulation in 𝐴𝑝𝑜𝑒−/− mice fed with high-fat diet. Clini-
cally, deficiency of VitB6 should be considered as a high risk
factor of NAFLD.

2. Materials and Methods

2.1. Materials. Human recombinant insulin was purchased
from Sigma-Aldrich (St. Louis, MO). Antibodies against
Akt (pAkt), GLUT4, glycogen synthase kinase-3𝛽 (GSK3),
forkhead box protein O (FOXO), and GAPDH were pur-
chased from Santa Cruz Biotechnology (Dallas, TX).The sec-
ondary antibodies were obtained from Jackson ImmunoRe-
search Laboratories (West Grove, PA). VitB6, acetylcholine
(ACh), sodiumnitroprusside (SNP), and phenylephrine were
from Sigma-Aldrich Company. All drug concentrations are
expressed as final working concentrations in the buffer.

2.2. Animals and Experimental Protocols. Male 𝐴𝑝𝑜𝑒−/−
mice were purchased from Hua-Fu-Kang Animal Company
(Beijing, China). All animals were housed in temperature-
controlled cageswith a 12-hour light-dark cycle and given free
access to water and normal chow. This study was carried out
in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health.

Model of hyperlipidemia was induced by feeding mice
withHFD containing 0.21% cholesterol and 21% fat (Research
Diets Inc., D12079B).This diet was administered at 6 weeks of
age and continued for 8 consecutive weeks. At 6 weeks of age,
VitB6 (50mg/kg/day) was also added to the drinking water
for 8 weeks. The animal protocol was reviewed and approved
by the Animal Care and Use Committee of Hunan Normal
University.

2.3. Determinations of Serum Lipid Profiles and Liver Func-
tions. Blood was sampled from mice for determination
of total bilirubin (TB), aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP),
and albumin (ALB). Serum levels of TB, AST, ALT, AP, and
ALBwere determined by commercial kits (Nanjing Jiancheng
Biology Company, Nanjing, China).

2.4. Organ Chamber. In vivo or ex vivo organ chamber study
was performed as described previously [11]. Mice were sacri-
ficed under anesthesia by intravenous injection with pento-
barbital sodium (30mg/kg).The descending aorta isolated by
removing the adhering perivascular tissue carefully was cut
into rings (2-3mm in length). Aortic rings were suspended
andmounted to organ chamber by using two stainless hooks.
The rings were placed in organ baths filled with Krebs buffer
of the following compositions (in mM): NaCl, 118.3; KCl,
4.7; MgSO

4

, 0.6; KH
2

PO
4

, 1.2; CaCl
2

, 2.5; NaHCO
3

, 25.0;

EDTA, 0.026; pH 7.4 at 37∘C; and they were gassed with
95% O

2

plus 5% CO
2

, under tension of 1.0 g, for 90-minute
equilibration period. During this period, the Krebs solution
was changed every 15min. After the equilibration, aortic
rings were challenged with 60mM KCl. After washing and
another 30-minute equilibration period, contractile response
was elicited by phenylephrine (1 𝜇M). At the plateau of
contraction, accumulative ACh (0.01, 0.03, 0.1, 0.3, 1, and
3 𝜇M) or SNP (0.01, 0.03, 0.1, 0.3, 1, 3, and 10𝜇M) was added
to induce the relaxation.

2.5. Glucose Tolerance Test (GTT) and Insulin Tolerance Test
(ITT). As described previously [12], glucose (2.0 g/kg) was
given tomice (i.p.) after an overnight fast. Blood glucose (BG)
levels were then measured at indicated times with a portable
glucosemeter (LifeScan,Milpitas, CA) after tail snipping. For
ITT, mice were injected with insulin (0.55 IU/kg, i.p.) after 6-
hour fast. BG levels were measured at indicated times with
a portable glucose meter (LifeScan, Milpitas, CA) after tail
snipping.

2.6. HE or Oil Red O Staining. Histological specimens were
taken at the end of the study period for all mouse groups
as described previously [13]. For each mouse, liver segments
were fixed in 4% buffered formaldehyde and embedded
in paraffin for histological analysis. Sections (5𝜇m) were
stained with either hematoxylin or eosin. Degree of severity
of liver fibrosis was derived from blind analysis of each
of the animals in each group. To determine hepatic lipid
accumulation, frozen liver sections were stained with 0.5%
Oil Red O for 10min, washed, and counterstained with
Mayer’s hematoxylin for 45 sec. Data for Oil Red O staining
were presented as the mean percentage of stained area to a
total hepatic region in 10 fields from each liver section. Quan-
titative analysis was performedusing analySIS-FIVEprogram
(Olympus Soft Imaging System, Münster, Germany).

2.7. Western Blotting. The protocol for western blot was
described as previously with some modifications [14]. Liver
tissues were homogenized and the protein content in super-
natant was assayed by BCA protein assay reagent (Pierce,
USA). 20 𝜇g proteins were loaded to SDS-PAGE and then
transferred to membrane. Membrane was incubated with
1 : 1000 dilution of primary antibody, followed by 1 : 2000
dilution of horseradish peroxides-conjugated secondary anti-
body. Protein bands were visualized by ECL (GE Healthcare,
USA). The intensity (area × density) of the individual bands
on western blots was measured by densitometry (model GS-
700, Imaging Densitometer; Bio-Rad). The background was
subtracted from the calculated area. The average of density
for the bands in control group is considered as 100%.

2.8. Measurement of Cholesterol and Triglyceride Contents
in Liver. Lipids in mouse liver were extracted as described
by Folch et al. [15, 16]. Cholesterol and triglyceride levels
in extracted lipids were measured enzymatically using the
reagents from Cayman Chemical (Ann Arbor, MI) according
to the manufacturer’s instruction.
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Figure 1: Administration of VitB6 prevents endothelial dysfunction in 𝐴𝑝𝑜𝑒−/− mice fed with high-fat diet. Male 𝐴𝑝𝑜𝑒−/− mice at the age of
6 weeks received high-fat diet and VitB6 (50mg/kg/day) administration in drinking water for 8 weeks. At the end of experiments, mice were
sacrificed under anaesthesia.The descending aortas were isolated and cut into rings. (a) ACh-induced endothelium-dependent relaxation and
(b) SNP-induced endothelium-independent relaxation were determined by organ chamber as described in Section 2. All data were expressed
as mean ± SEM.𝑁 is 10–15 in each group. ∗𝑃 < 0.05 versus control.

2.9. Statistical Analysis. The results were expressed asmean ±
SEM. One-way ANOVA followed by 𝑡-test was used for two
groups’ comparison. 𝑃 < 0.05 was considered significant.

3. Results

3.1. VitB6 Prevents Endothelial Dysfunction in Apoe−/− Mice
Fed with HFD. Endothelial dysfunction has been identified
as an early hallmark of CVD, such as atherosclerosis and
hypertension [17–20]. We firstly determined whether VitB6
prevents endothelial dysfunction in mice with metabolic
syndromes. The hyperlipidemia model was induced by feed-
ing 𝐴𝑝𝑜𝑒−/− mice with HFD [21]. As indicated in Table 1,
HFD in 𝐴𝑝𝑜𝑒−/− mice dramatically increased serum levels of
triglyceride, cholesterol, and LDL, indicating that the model
is successfully established. Importantly, the random level of
blood sugar was also increased in 𝐴𝑝𝑜𝑒−/− mice fed with
HFD. However, treatment of these mice with VitB6 did not
alter the levels of triglyceride, cholesterol, and LDL, except
for random level of blood glucose.

The endothelial function was determined by using ACh.
As shown in Figure 1(a), ACh-induced vasorelaxation was
significantly improved byVitB6.The SNP-induced vasorelax-
ation was not affected by VitB6 (Figure 1(b)), demonstrating
that the protective effects of VitB6 on vascular function are
limited to endothelium.

3.2. VitB6 Enhances Insulin Sensitivity in Apoe−/− Mice Fed
with HFD. Insulin resistance is a high risk factor of endothe-
lial dysfunction in CVD [22]. We next examined whether

Table 1: Serum sugar and lipid levels in Apoe−/− mice.

WT Apoe−/−

ND ND HFD HFD + VitB6
Glucose (mM) 6.5 ± 1.3 8.2 ± 1.3 13.5 ± 0.8 10.2 ± 0.9∗

Cholesterol (mM) 3.7 ± 0.5 10.5 ± 2.1 28.4 ± 5.3 26.4 ± 4.9
Triglyceride (mM) 0.7 ± 0.2 0.8 ± 0.2 1.6 ± 0.3 1.5 ± 0.5
HDL-C (mg/L) 128 ± 15 252 ± 30 267 ± 38 257 ± 39
LDL-C (mg/L) 109 ± 14 249 ± 23 417 ± 53 435 ± 67
After 8-week administration of VitB6 inApoe−/− mice fed with high-fat diet,
serum sugar levels and lipid levels were determined. WT: wild-type; ND:
normal diet; HFD: high-fat diet; HDL: high density lipoprotein; LDL: low
density lipoprotein. All data were expressed as mean ± SEM. 𝑁 is 10–15 in
each group. ∗𝑃 < 0.05 versus Apoe−/− mice fed with HFD.

VitB6 improves insulin sensitivity in HFD-fed𝐴𝑝𝑜𝑒−/− mice.
As shown in Figure 2(a), injection of D-glucose dramatically
increased the levels of blood glucose (BG) in HFD-fed
𝐴𝑝𝑜𝑒
−/− mice. The peak level of BG was about 600mg/dL

after 30 minutes. The level of BG was back to the basal level
after 90 minutes. However, administration of VitB6 delayed
and lowered the peak levels of BG (470mg/dL). After 90
minutes of glucose injection, the level of BG was also back
to the basal level. These data indicate that VitB6 increases the
tolerance of glucose.

The protective effect of VitB6 on glucose metabolism was
further confirmed by measuring the sensitivity of insulin
(Figure 2(b)). By injecting exogenous insulin into HFD-fed
𝐴𝑝𝑜𝑒
−/− mice, the levels of BG were reduced to 40% of basal

level at the 60th minute and then went back to 80% of basal
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Figure 2: VitB6 improves insulin resistance in 𝐴𝑝𝑜𝑒−/− mice fed with high-fat diet. Male 𝐴𝑝𝑜𝑒−/− mice at the age of 6 weeks received
high-fat diet and VitB6 (50mg/kg/day) administration in drinking water. At the 8th weekend after VitB6 treatment, (a) GTT and (b) ITT
were evaluated as described in Section 2. All data were expressed as mean ± SEM. 𝑁 is 10–15 in each group. ∗𝑃 < 0.05 versus control. (c)
Homogenates of liver tissues were subjected to perform western blotting analysis to assay the levels of pAKt, GLUT4, GSK3, and FOXO.The
picture is a representative blot from 10–15 mice.

level at the 120thminute. However, VitB6 further reduced the
level of BG at the 90thminute to 25%. After the 120thminute,
the level of BG was 55% of the basal level. Collectively, this
suggests that VitB6 enhances insulin sensitivity in mice.

3.3. Increased Hepatic Levels of pAkt, GSK3, and GLUT4
Proteins and Decreased FOXO Protein Expression in VitB6-
Treated Apoe−/− Mice. The beneficial effects of VitB6 on
insulin resistance were further examined by assaying the
hepatic levels of pAkt, GSK3, GLUT4, and FOXO, which are
proteins related to glucose metabolism [23]. As depicted in
Figure 2(c), compared to HFD-fed 𝐴𝑝𝑜𝑒−/− mice, the levels

of pAkt, GSK3, GLUT4, and BG were increased and the level
of FOXO was reduced in HFD-fed 𝐴𝑝𝑜𝑒−/− mice with VitB6,
further supporting the notion that VitB6 improves insulin
resistance in mice.

3.4. VitB6 Treatment Prevents Hepatic Lipid Accumulation
in Mice. NAFLD is characterized by insulin resistance [24].
Thus, we detected the liver function in these mice. In Table 2,
the markers of liver function, such as ALB, ALP, ALT, AST,
and TB, were comparable in HFD-fed 𝐴𝑝𝑜𝑒−/− mice with or
without VitB6 treatment. Histological analysis of HE staining
in liver sections from mice at the end of the experiment
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Table 2: The indexes for liver function in mice.

Control VitB6
AST (IU/L) 132.2 ± 27.9 157.4 ± 31.8
ALT (IU/L) 186.7 ± 21.3 195.7 ± 28.6
TB (mg/dL) 0.13 ± 0.07 0.15 ± 0.09
ALP (IU/L) 255.5 ± 32.8 279.8 ± 35.8
ALB (g/L) 17.2 ± 1.4 20.6 ± 16.8
After 8-week administration of VitB6 inApoe−/− mice fed with high-fat diet,
serum levels of AST, ALT, TB, ALP, and ALB were determined. All data were
expressed as mean ± SEM.𝑁 is 10–15 in each group.

Table 3:The levels of serumVitB6, homocysteine, folate, andVitB12
in patients with fatty liver.

Control (57) Patients (49)
VitB6 (PLP, nM) 55.8 ± 10.7 23.9 ± 8.1∗

VitB12 (pg/mL) 686.7 ± 21.3 518.7 ± 28.6∗

folic acid (ng/mL) 8.3 ± 0.7 7.7 ± 0.9
Homocysteine (nM) 15.8 ± 2.8 22.8 ± 5.4∗

Serum levels of VitB6, VitB12, folic acid, and homocysteine were determined
in patients with fatty liver and control subjects. All data were expressed as
mean ± SEM. ∗𝑃 < 0.05 versus control.

(Figure 3(a)) revealed that HFD caused marked neurosis and
fibrosis, which was reversed by VitB6 treatment, suggesting
that VitB6 is effective to protect the liver.

The typical feature of NAFLD is the elevated hepatic lipid
accumulation [25, 26]. We next investigated whether VitB6
prevents hepatic lipid accumulation in hyperlipidemia mice
by Oil Red O staining (Figure 3(a)). Compared to control
HFD-fed 𝐴𝑝𝑜𝑒−/− mice, the contents of liver triglycerides
(Figure 3(b)) and cholesterol (Figure 3(c)) were decreased,
demonstrating that VitB6 prevents hepatic lipid accumu-
lation in mice and is potentially considered to serve as
prevention of NAFLD.

3.5. Plasmatic Lower Levels of VitB6 in Patients with Fatty
Liver. Finally, in order to establish the clinical association
between VitB6 deficiency andNAFLD, we performed clinical
and biochemical analysis. As described in Table 3, fifty-seven
healthy humans and forty-nine patients had a clinical and
biochemical analysis completed in the study. Compared to
the healthy human subjects, the levels of folic acid were
similar in patients with fatty liver. The levels of VitB12 were
lightly increased. However, the levels of homocysteine in
NAFLD patients were significantly increased, consistent with
other reports [27, 28]. Most importantly, we found that the
levels of VitB6 were lower in NAFLD than control healthy
humans.These results indicate that deficiency of VitB6might
be a risk factor of NAFLD clinically.

4. Discussion

In the present study, we provide the first evidence that
administration of VitB6 prevents endothelial dysfunction,
insulin resistance, and hepatic lipid accumulation in𝐴𝑝𝑜𝑒−/−
mice fedwithHFD in vivo. Clinically, the serum level ofVitB6

is low in patients with NAFLD. Our data not only indicate
that VitB6 protects endothelial function and improves insulin
resistance, but also imply that lowVitB6 statusmight be a risk
factor of NAFLD, as a component of metabolic syndrome.

The major discovery in the present study is that VitB6
produces several beneficial effects to prevent metabolic syn-
drome, such as insulin resistance and NAFLD. Traditionally,
VitB6, in the form of PLP, is the coenzyme of 5 enzymes in
these metabolic pathways: cystathionine-𝛽-synthase (CBS),
cystathionine-𝛾-lyase (CGL), cytoplasmic andmitochondrial
serine hydroxymethyltransferase (cSHMT and mSHMT),
and glycine decarboxylase (GDC) in the mitochondria [29].
In this way, VitB6 regulates the transsulfuration pathway
which contributes to homocysteine regulation and provides
cysteine synthesis and consists of sequential reactions cat-
alyzed by CBS and CGL. CBS catalyzes the condensation
of homocysteine and serine to form cystathionine in a
reaction that is subject to positive allosteric regulation by
S-adenosylmethionine (SAM), whereas CGL catalyzes the
cleavage of cystathionine to yield 𝛼-ketobutyrate, ammonia,
and cysteine. Because both CBS and CGL require PLP as a
coenzyme, inadequate VitB6 status might lead to impaired
regulation of cellular homocysteine concentration. High
levels of homocysteine impair endothelial function and cause
metabolic syndrome including insulin resistance and lipid
accumulation in liver. HHCY might play a role in the
pathogenesis of vascular disorders and is considered as an
independent risk factor for atherosclerosis [30]. From our
observations, supplementation of VitB6 should be a helpful
therapy to improve endothelial dysfunction and metabolic
syndrome. Of course, the mechanism of VitB6 in prevention
of metabolic syndrome needs further investigations.

We also identified VitB6 deficiency as a new risk factor
of NAFLD. Obesity, metabolic syndrome, and type 2 diabetes
mellitus are strictly related and are key pathogenetic factors of
NAFLD, the most frequent liver disease worldwide. NAFLD
is a clinicopathological syndrome including a wide spectrum
of liver damage instances, ranging from hepatic steatosis to
nonalcoholic steatohepatitis (NASH) to cirrhosis [31]. Epi-
demiologic studies showed that low VitB6 nutritional status
is associated with increased risk of CVD, venous thrombosis,
stroke, and possibly colon cancer [32]. Although a connection
between VitB6 status and lipid metabolism has appeared
periodically for more than 80 years, there is no evidence to
support the role of PLP in NAFLD. To our knowledge, this
is the first study to investigate whether marginal VitB6 defi-
ciency affects hepatic lipid accumulation in human adults.We
observed a significant decrease of plasma PLP concentration
in patients with NAFLD. A potential mechanism responsible
for the observations of lower plasma VitB6 level linking to
NAFLD is impairment of PUFA interconversion because it
has been reported that marginal VitB6 deficiency decreases
plasma (n-3) and (n-6) PUFA concentrations in healthy men
and women [33]. Further investigation should focus on the
direct target of VitB6 on regulation of lipid metabolism in
liver.

A limitation of this study is that 𝐴𝑝𝑜𝑒−/− mouse is suit-
able for studying atherosclerosis resulting from hypercholes-
terolemia. Additionally, this mouse has several intriguing
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Figure 3: VitB6 reduces hepatic lipid accumulation in𝐴𝑝𝑜𝑒−/− mice fed with high-fat diet. Male𝐴𝑝𝑜𝑒−/− mice at the age of 6 weeks received
high-fat diet and VitB6 (50mg/kg/day) administration in drinking water. At the end of experiments, mice were sacrificed under anaesthesia.
(a)Histological analysis of liver tissue byHEorOil RedO staining. (b and c) Liver lipidswere extracted andhepatic triglyceride and cholesterol
levels were assayed using a commercial kit. The quantitative data were expressed as mean ± SEM.𝑁 is 10–15 in each group. ∗𝑃 < 0.05 versus
Control.

characteristics. First, 𝐴𝑝𝑜𝑒−/− mice show obesity-resistant
phenotype, resulting in remarkable insulin sensitivity. Sec-
ond, this mouse has hepatic steatosis due to impairment
of VLDL secretion from liver. Third, this mouse basically
possesses endothelial dysfunction damaged from excess beta

lipoprotein. It would be better to investigate the metabolic
effects of vitamin B6 on wild-type mice with diet-induced
metabolic disorders, such as C57B16 strain.

In summary, the results of this study have shown that low
VitB6 status has substantial effects on metabolism including
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glucose and fatty acid. The results of this study also demon-
strate that the deficiency of VitB6 might be a risk factor of
NAFLD.
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Background/Objectives. Endothelial dysfunction due to hyperglycemia-induced oxidative damage is an important predictor of
future cardiovascular risk in patients with type 1 diabetes mellitus (T1DM) and is present in adolescent T1DM. We hypothesized
that combined treatment with the antioxidant vitamins C and E might improve endothelial function (EF) and other biochemical
risk factors in adolescents with T1DM. Subjects/Methods. Open-label antioxidant supplementation was given for six weeks with
endpoint measurements collected at baseline and study completion. Endpoints measured included EF and plasma measurements
of biochemical endothelial risk. Results. Two males and 7 females were studied. Mean age was 12.9 ± 0.9 yrs; mean T1DM duration
was 5.5 ± 2.5 yrs; mean BMI was 22.1 ± 3.8 kg/m2; and mean hemoglobin A1c was 9.3 ± 1.1%. No differences were found for
EF, high sensitivity CRP, total antioxidant capacity, adiponectin, or endothelial progenitor cells (EPCs) between before and after
combined vitamin C and E therapy.Conclusions. Our negative study results do not support previous findings of decreased oxidative
damage, improved endothelial function, and increased vascular repair capacity with antioxidant therapy. Longer term studies may
be needed to determine the effects, if any, of combined antioxidant therapy on EPCs, EF, and markers of micro- and macrovascular
complications in T1DM.

1. Introduction

Type 1 diabetes mellitus (T1DM) is a chronic medical condi-
tion requiring intensive treatment and optimal glycemic con-
trol in order to prevent and/or delay onset and/or progression
of long term complications. Cardiovascular disease (CVD) is
themajor cause of death for patients with T1DM in theUnited
States. The mortality and morbidity of CVD are strikingly
increased in individuals with T1DM compared to their
nondiabetic counterparts [1, 2] with a 6–13-fold higher risk
of cardiovascular death [3]. Atherosclerosis, themajor patho-
physiologic precursor of cardiovascular disease and ultimate
cause cardiovascular morbidity and mortality, begins in
childhood and adolescence [4]. Endothelial dysfunction is an

earlymarker of atherosclerosis that begins early in T1DM and
is directly involved in diabetes-induced microvascular and
macrovascular complications [1, 3, 5–9]. Although clinically
manifested diabetes-related microvascular (e.g., retinopathy,
nephropathy, and neuropathy) and macrovascular complica-
tions (e.g., cardiac disease and peripheral vascular disease)
are rare during childhood or adolescence, it is evident that
early potentially modifiable vascular functional and struc-
tural changes begin soon after diagnosis.

Endothelial dysfunction, vascular inflammation, build-
up of lipids, cholesterol, calcium, and cellular debris within
the intima of the vessel wall are characteristic features of
atherosclerosis [10]. The development of atherosclerosis in
T1DM begins in childhood and adolescence as a largely
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silent process as shown by increased intima-media thickness
(IMT) of the carotids and aorta [11, 12], impaired endothelial
function, and altered endothelial repair capacity. Impaired
endothelial function and altered endothelial repair have
been observed in T1DM. Previous studies have not only
found reduced flow mediated vasodilation [11, 13, 14], a
measure of endothelial function, but also decreased CD34+
CD133+ CD31+ circulating progenitor cells (CPCs) cells
with increased CD34+ CD45− endothelial colony form-
ing cells (ECFCs) [15], an indicator of altered endothelial
repair, in children and adolescents with T1DM. Additionally,
hyperglycemia-induced oxidative stress plays a pivotal patho-
physiological role in impairing endothelial function in T1DM
[6, 7]. Numerous studies have demonstrated that hyper-
glycemia not only increases free radicals but also impairs
endogenous antioxidant defense in T1DM. Children with
T1DM have evidence of increased oxidative stress in blood
and reductions in various aspects of antioxidant defense,
including reduced endogenous levels of vitamins C and E,
glutathione, decreased levels of superoxide dismutase, total
antioxidant capacity (TAC), increased levels of malondialde-
hyde, and oxidized LDL [16, 17].

While optimal glycemic control has been associated
with improved cardiac and peripheral vascular function and
the prevention of later vascular complications, discovering
a means of reducing or eliminating these early vascular
changes of CVD seen in childhood that is either independent
of or augmenting optimal glycemic control would be a
major medical breakthrough. Enhanced antioxidant intake
(either via diet or supplementation) may be one such means
of reducing the risk of diabetes-related microvascular and
macrovascular complications later in life, increasing the
lifespan and wellness, and reducing anxiety and frustration
in patients with T1DM.

The objective of this study was to determine effects
of antioxidant therapy, specifically vitamins C and E, on
antioxidant capacity, inflammatory markers (CRP and IL6),
and endothelial function, and define their interrelationships
in adolescents with T1DM. We also set out to determine the
effects of one month of combined antioxidant therapy on
numbers of endothelial colony forming cells (ECFCs: CD34+
CD133+CD45−) in adolescentswithT1DM.Wehypothesized
that antioxidant vitamin therapy would decrease oxidative
damage thereby improving endothelial function and increase
vascular repair capacity in adolescent T1DM.

2. Materials and Methods

2.1. Subjects. Nine children and adolescents aged 8–15 years
(mean age ± SD) with T1DM were included in this study.
These subjects were recruited from Pediatric Diabetes Clin-
ics Nationwide Children’s Hospital in Columbus, Ohio.
Informed consent was obtained from a parent or legal
guardian and informed assent was obtained from the subject.
The study was approved by the Institutional Review Board
of Nationwide Children’s Hospital. The initial diagnosis of
T1DM will have been made clinically. They must have been
started on insulin therapy immediately after diagnosis and
never have received an oral hypoglycemic agent.

For inclusion, subjects were between 8 and 15 years of
age with BMI ≤ 95% tile for age, pubertal stage of Tanner
stages 2–4, BP ≤ 95% tile for age, on insulin therapy since
diagnosis, fasting c-peptide <0.4 ng/mL, normal thyroid
function tests, random urine albumin to creatinine ratio
<0.02mg albumin/mg creatinine, and creatinine ≤1.0mg/dL.
Subjects with BMI ≥ 95% tile, BP > 95% tile, Tanner 1
or 5 pubertal status, pregnancy, smoking, history of oral
hypoglycemic use, acanthosis nigricans, fasting c-peptide
≥0.4 ng/mL, abnormal thyroid function tests, random urine
albumin to creatinine ratio ≥0.02mg albumin/mg creatinine,
creatinine >1.0mg/dL, or use of any medications other than
insulin, levothyroxine with stable dosage, or oral contracep-
tives were excluded from the study.

2.2. Protocol. Thiswas an open-label antioxidant supplemen-
tation for six weeks with endpoint measurements collected
at baseline and study completion. The subjects were seen
twice at the Clinical Research Center of the Clinical and
Translational Study Center of The Ohio State University. The
first visit occurred the morning after a minimum of 10-
hour fasting. Subjects were instructed to take their usual
insulin the day before their study visit and to take any
morning basal insulin. Subjects using continuous insulin
pump therapy were continued on their usual basal insulin
rates. Morning rapid acting insulin injection or insulin pump
boluses were held. Baseline blood samples were drawn for
total plasma antioxidant capacity (TAOC), high-sensitivity
C-reactive protein (hsCRP), and measurement of endothelial
progenitor cells (EPCs). Female participants were evaluated
during the first two weeks of their menstrual cycle in an
attempt tominimize the possible effects of hormonal changes
on endothelial function [18, 19]. Endothelial function was
then measured as described below. After completion of
the measurements subjects took their morning rapid acting
insulin injection or insulin pump bolus and were given
breakfast.The second study visit was identical to the first with
measurement of all endpoints. Subjects were instructed to
return all medications at visit two.

2.3. Endothelial FunctionMeasurement. Endotheliumdepen-
dent vasodilatory response was quantified as the mean pos-
tupper arm occlusion forearm vascular resistance (FVR) and
the percent change in forearm vascular resistance from pre-
to postocclusion. Forearm blood flow (FBF) was measured
using strain gauge venous occlusion plethysmography using a
HokansonAI6 plethysmograph. Twominutes of baseline FBF
was recorded after which the upper arm cuff was inflated to
200mmHg pressure for 5minutes to occlude flow. It was then
released and FBF was measured for one minute. FVR was
calculated by dividing mean arterial blood pressure by FBF.
Arterial blood pressure was measured using an automated
sphygmomanometer. This method of testing endothelial
function assesses resistance vessel function. Results closely
correlate with results from endothelial function assessed
by intra-arterial acetylcholine infusion [20] and correlate
well with the nitrite/nitrate ratio, an index of NO synthesis
[21].
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2.4. Vitamin Supplementation. Prior to discharge, subjects
were started on combined vitamins C and E. We scaled our
supplement dosing to account for subject size, as shown in
Table 1; these doses are equivalent to a dose of 1 g of vitamin C
and 400 IU of vitamin E per day in a 75 kg adult [16]. Subjects
were instructed to take the medication once daily and were
instructed to continue their routine diabetes care between
visits.

2.5. Laboratory Assays. High-sensitivity C-reactive protein
(hsCRP) and total plasma antioxidant capacity (TAOC), a
measure of oxidative stress, were measured for each subject
at their baseline fasting glucose level. TAOC is a nonspecific
assay of antioxidant defense which measures the ability
of constituents in plasma to absorb oxidation (BioVision
Research Products, Mountain View, CA). Adiponectin was
measured using a kit from R&D Systems Inc. Minneapo-
lis, MN, Cat. Number 1065. ECFCs were measured using
polychromatic flow cytometry methods. A 50𝜇L volume
anticoagulated peripheral bloodwas incubatedwith 50𝜇L 3%
BSA in PBS (without Ca++ and Mg++) at room temperature
for 30min. In dark, fluorescence labeled antibodies (2.5 𝜇L of
each), PE-AC133, FITC-CD34, andPECy5-CD45,were added
and incubated for 30min at room temperature. FACS lysis
buffer (450𝜇L) was then added and incubated for 30min
at room temperature in dark. Samples were then analyzed
on FACS Caliber flow cytometer, where total counts are
>400,000 cells. Intra-assay variability from ∼100 𝜇L whole
blood was <5%.

2.6. Statistical Analysis. Data were analyzed using a paired 𝑡-
test. Results are presented as mean ± SD.

3. Results

Two males and 7 females were studied. Mean age was
12.9 ± 0.9 years (range, 11.2 to 13.9 years): mean duration
of diabetes was 5.5 ± 2.5 years (range, 0.2 to 9.5 years);
mean BMI was 22.1 ± 3.8 kg/m2 (range 18.2 to 29.4 kg/m2);
and mean hemoglobin A1 was 9.3 ± 1.1% (range, 8.2% to
11.3%). No differences were seen in the FVR response to
occlusion between before and after combined vitamin C and
E therapy (Figure 1). No differences were seen in hsCRP,
TAOC, adiponectin, or EPC percent before or after vitamin
C and E therapy (Table 2).

4. Discussion

Oxidative stress plays a significant role in the chronic
complications of insulin-dependent diabetes mellitus. Our
study set out to determine the effects of antioxidant therapy
on antioxidant capacity, inflammatory markers, endothelial
function, and numbers of ECFCs, in adolescents with T1DM.
The oxidative stress that impairs endothelial function in
T1DM is induced by hyperglycemia [6, 7].This hyperglycemia
also impairs the endogenous antioxidant defense in T1DM.
Children with T1DM have evidence of reduced levels of
endogenous antioxidants vitamins C and E [16, 17]. Under

Table 1: Antioxidant dosage.

Dosing body weight Daily vitamin C
dose (mg)

Daily vitamin E
dose (IU)

<30 kg 250mg 100 IU
30–60 kg 500mg 200 IU
>60 kg 750mg 300 IU

Before After Before After
Occlusion

Baseline 6 weeks

FV
R 

(m
m

H
gd

L
m

in
/m

L)

0

10

20

30

40

Figure 1: FVR response before and after occlusion before and after
combined vitamin C and E therapy.

normal conditions, vitamin E suppresses the propagation of
lipid peroxidation and scavenges free radicals; and vitamin
C with vitamin E inhibits hydroperoxide formation; metal
complexing agents, such as penicillamine, bind transition
metals involved in some reactions in lipid peroxidation
and inhibit Fenton- and Haber-Weiss-type reactions (i.e.,
generating hydroxyl radicals (OH) from hydrogen peroxide
(H
2
O
2
) and superoxide (O2

−)) [22–25]. We hypothesized
that antioxidant vitamin therapy would decrease oxidative
damage thereby improving endothelial function and vascular
repair capacity in adolescent T1DM. This hypothesis proved
to be incorrect as we found no changes in postocclusive FVR,
hsCRP, TAC, adiponectin, or ECFCs.

Low vitaminC levels in type 1 diabetes are associated with
increased transcapillary albumin escape [26] and increased
atherosclerotic damage as evidenced by a negative relation-
ship to IMT in children [27]. Previous studies with ascorbic
acid (vitamin C) had suggested potential benefit. Antioxidant
treatment with acute intravenous ascorbic acid or 10 days of
oral ascorbic acid blocks the dilatory effect of hyperglycemia
on endothelial function during hyperglycemic clamp [28] or
oral glucose tolerance testing [29] in healthy adults. A 12-hour
ascorbic acid infusion restores endothelial function to normal
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Table 2: Biochemical markers and ECFCs at baseline and after 6 weeks of vitamin C and E therapy in adolescents with type 1 diabetes.

hsCRP (ng/mL) TAOC (Trolox equivalent/L) Adiponectin (ng/mL) ECFC (%)
Baseline 0.63 ± 0.85 95 ± 6 3970 ± 1150 0.027 ± 0.015
Vitamins C and E 0.74 ± 0.88 102 ± 12 4330 ± 1280 0.032 ± 0.037

levels in adults with recent onset or intermediate duration,
well-controlled type 1 diabetes [30, 31]. In patientswith poorly
controlled type 1 diabetes ascorbic acid infusion, alone,
only partially restores endothelial function. Acute ascorbic
acid infusion blocks the acute effects of hyperglycemia in
adolescents with type 1 diabetes [32].Therapeutically, vitamin
C decreases transcapillary albumin escape [26] and urinary
albumin excretion [33] in adults with T1DM. A previous
study by Varvaroksa et al. found in children with T1DM
the combination of vitamins C and E decreased hemoglobin
A1c and glycated protein levels and increased superoxide
dismutase and reduced glutathione [16]. However, based on
our results, combined vitamin C and E antioxidant intake
via supplementation did not improve endothelial function,
ECFCs, or other nontraditional risk factors.

Limitations of our study may include the short duration
of vitamin C and E supplementation for 6 weeks which
may have been inadequate to significantly decrease oxidative
damage, improve endothelial function, and increase vascular
repair capacity. The strategy (e.g., dosage and duration) was
chosen based on studies in adults, in many varying trials,
which showed that vitamin C (at doses 1 g/day or less) and
vitamin E (at doses of 400 IU/day or less) were consistently
shown to be safe and in many specific settings relevant to
this study to have efficacy in reducing oxidative stress in vivo
and/or affecting markers of disease. Our study utilized these
two supplements in combination, primarily since we do not
know if water soluble or fat soluble strategies are best in
this setting and since it is clear that these and other small
molecule antioxidants are compartmentalized in vivo and
interact to affect cellular redox status [34]. Also other studies
have suggested that lower doses of multiple antioxidants may
indeed be superior (and safer than) to mega doses of one
constituent [35–37]. Also our small sample size may not have
been large enough to demonstrate significant differences.The
lack of a normal control group is also another limitation to
this study. The differences seen were small and even with a
sample size large enough to find statistical significance are
unlikely to be of any clinical significance.

5. Conclusions

Our negative study results do not support previous findings
of decreased oxidative damage, improved endothelial func-
tion, and increased vascular repair capacity with antioxidant
therapy. Further research into other means of reducing or
eliminating vascular changes of CVD seen in childhood that
is either independent of or augmenting optimal glycemic
control is indeedwarranted. Ideally these studies would begin
at time of diagnosis of T1DM before the development of
diabetic complications. Longer term studies are necessary
to determine the effects, if any, of combined antioxidant

therapy on ECFCs, endothelial function, and markers of
microvascular and macrovascular complications in T1DM.
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Objective. To investigate the effect of acarbose therapy on the long-term prognosis of patients with acute coronary syndromes
(ACS) complicating newly diagnosed impaired glucose tolerance (IGT). Methodology. 135 patients hospitalized for ACS who had
been newly diagnosed with IGT were randomly assigned to acarbose group (150mg/day, 𝑛 = 67) or control group (no acarbose,
𝑛 = 68). All cases in each group were given the same elementary treatment. Mean follow-up was 2.3 years. The incidence of major
adverse cardiovascular event (MACE) and carotid intima-middle thickness (CIMT) were statistically analyzed. Results. During
the mean follow-up of 2.3 years, the risk of recurrent MACE in acarbose group was decreased significantly compared with that in
control group (26.67% versus 46.88%, 𝑃 < 0.05); at the same time, thickening of the CIMTwas significantly slower than the control
group ((1.28 ± 0.42)mm versus (1.51 ± 0.64)mm, 𝑃 < 0.05). Conclusions. Acarbose can effectively reduce the risk of MACE in ACS
patients with newly diagnosed IGT, simultaneously retarding the progression of carotid intima-media thickness.

1. Introduction

As gradual steps into aging society and changes of lifestyle,
the prevalence of impaired glycometabolism and coronary
artery disease (CAD) increases rapidly in China. Impaired
glucose tolerance (IGT) has been regarded as a prediabetic
state in which postprandial blood glucose is between normal
glucose tolerance and overt diabetes mellitus (DM). It is well
known that IGT is an independent risk factor of cardiovascu-
lar events (CV) and cardiovascular-associated mortality [1].
Acarbose can effectively reduce postprandial blood glucose
and the progression from IGT to Type 2 DM (T2DM). STOP-
NIDDM study had proved that acarbose therapy reduced the
risk of any CV by 49%, of an acute myocardial infarction
(AMI) by 91%, and of developing hypertension by 34% in IGT
patients [2]. Emerging evidence suggested a high prevalence
of unrecognized IGT and/or DM in patients admitted to hos-
pital with acute coronary syndrome (ACS) [3]. Furthermore,
such dysglycaemia has been shown to be associated with

an increase in cardiovascular mortality. Therefore, we have
reason to postulate that acarbose treatmentmay reducemajor
adverse cardiovascular event (MACE) in patients with ACS
complicating impaired glycometabolism. No related research
has been reported so far. Thus, the goal of present study is to
determine whether acarbose can reduce the risk of recurrent
MACE in ACS patients with newly diagnosed IGT.

2. Research Design and Methods

2.1. Study Patients. FromMarch 2010 to August 2013, we ran-
domly selected 426 cases of patients who were hospitalized
in our two hospitals due to ACS. ACS was diagnosed by the
presence of acute ischemic symptoms lasting ⩾20min within
48 h before admission to hospital and electrocardiographic
changes consistent with ACS [4]. Acute myocardial infarc-
tion (AMI) was diagnosed when creatine kinase-MB levels
increased to at least twice the upper limit of normal or when
troponin T levels were >0.1 ng/mL. Patients without AMI
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Table 1: Baseline characteristics of study patients and frequencies of medication usage before admission.

Control group
(𝑛 = 68)

Acarbose group
(𝑛 = 67) 𝑃 value

Basic characteristic
Age, year 61.62 ± 4.58 62.24 ± 5.16 0.461
Male, 𝑛 (%) 42 (61.76) 39 (58.21) 0.673
Smoking, 𝑛 (%) 31 (45.59) 28 (41.79) 0.657
AMI, 𝑛 (%) 43 (63.24) 46 (68.66) 0.506
Hypertension, 𝑛 (%) 46 (67.65) 45 (67.16) 0.637
LVEF, % 52.13 ± 4.81 51.74 ± 5.25 0.653
Revascularization (PCI/CABG), 𝑛 (%) 38 (55.88) 41 (61.19) 0.531
BMI, kg/m2 25.82 ± 2.45 26.05 ± 3.24 0.427
Medications
𝛽-blocker, 𝑛 (%) 16 (23.53) 13 (19.40) 0.559
ACE-I/ARB, 𝑛 (%) 47 (69.12) 45 (67.16) 0.808
CCB, 𝑛 (%) 18 (26.47) 20 (29.85) 0.662
Statin, 𝑛 (%) 63 (92.65) 61 (91.04) 0.734
Aspirin, 𝑛 (%) 64 (94.12) 62 (92.54) 0.713
AMI: acute myocardial infarction; PCI: percutaneous coronary intervention; CABG: coronary artery bypass grafting; BMI: body mass index; ACE-I:
angiotensin-converting enzyme inhibitor; ARB: angiotensin II receptor blocker; CCB: calcium channel blocker.

were considered to have unstable angina pectoris (all cases
confirmed by percutaneous or computed tomography coro-
nary angiography). Exclusion criteria were as follows: (1)
cardiogenic shock or pulmonary edema (Killip classification
⩾ II) at admission, (2) history of diabetes, (3) history of hep-
atic diseases or/and renal dysfunction (serum creatinine level
>2mg/dL), (4) severe gastrointestinal disease or malignant
tumors, and (5) female patients given sex hormone replace-
ment therapy. All cases underwent the standard 75 g oral
glucose tolerance test (OGTT) two weeks after admission,
and we used the WHO criteria to classify the OGTT results.
IGT was defined as having a fasting plasma glucose (FPG)
<6.1mmol/L and a postprandial glucose level at 120min after
the glucose load (2 hPG) ⩾7.8mmol/L but <11.1mmol/L. 135
cases were newly diagnosed with IGT. The present study fol-
lowed Helsinki principle which was reviewed and approved
by the Ethics Committee; all patients and their families
provided informed consent.

2.2. Methods. 135 IGT patients were randomly allocated,
using randomnumbers generated by a computer, into the fol-
lowing two groups: the control group (68 cases) and acarbose
group (67 cases). Each group was given standard medical
therapy of CAD (including nitrate medications, ACE-I/ARB,
𝛽-blockers, statins, and antiplatelet drugs). Acarbose group
was given additional acarbose (Bayer Pharmaceutical Co.,
Germany, three times/day, 25mg/time start, and gradually
increasing the amount to 50mg/time in 2 weeks) on the base
of fundamental treatment. Carotid intima-media thickness
(CIMT) was measured using Siemens SEQUOIA512 ultra-
sonography, taking the point under 1 cm of carotid sinus as
detection point and accounting the average of the left and
right CIMT as the results. The carotid IMT was measured at
baseline, and follow-up of all subjects, ΔCIMT, indicated the

changes in CIMT. All patients were guided to take diet and
exercise therapy, and having outpatient clinic or telephone
follow-up for 1.0–4.5 years, the mean follow-up was 2.3 years.
Incidence of MACE (including fatal cardiovascular events,
nonfatal reinfarction, new-onset angina, cerebral stroke, and
severe heart failure) was recorded.

2.3. Statistical Analysis. Statistical analysis was performed
using SPSS 13.0. Continuous variables were expressed as
mean and standard deviation, and categorical variables were
expressed as using numbers and percentages. Comparisons
among the two groups were performed using Student’s 𝑡-
test and paired 𝑡-test for continuous variables and 𝜒2 test for
categorical variables. Values for𝑃 less than 0.05were accepted
as statistically significant.

3. Results

3.1. Clinical Background. The clinical profile of the subjects
was shown in Table 1. There was no significant difference
in age, gender, profiles for traditional risk factors, and past
medication history between the two groups (𝑃 > 0.05). Of
the total of 135 cases in the average follow-up of 2.3 years,
11 patients dropped out during the study which was 8.15% of
all subjects (7 patients in the acarbose group: 5 male and 2
female; 4 patients in the control group: 2 male and 2 female).
The cause was severe abdominal distension and diarrhea for
6 cases in the acarbose group, or lost for 1 case in acarbose
group and 4 cases in control group, respectively; the incidence
of serious gastrointestinal adverse reactions between the two
groups was statistically significant (𝜒2 = 6.373, 𝑃 = 0.012).

3.2. The Risk of Recurrent MACE. Recurrent MACE was
observed in the 124 cases that completed the study. Table 2
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Table 2: MACE among the study patients in the mean 2.3-year
follow-up (𝑛, %).

Control
group
(𝑛 = 64)

Acarbose
group
(𝑛 = 60)

Cardiovascular death, 𝑛 (%) 5 (7.81) 3 (5.00)
Nonfatal reinfarction, 𝑛 (%) 7 (10.94) 2 (3.33)
New-onset angina, 𝑛 (%) 9 (14.06) 5 (8.33)
Cerebral stroke, 𝑛 (%) 4 (6.25) 2 (3.33)
Severe heart failure, 𝑛 (%) 5 (7.81) 4 (6.67)
Total MACE, 𝑛 (%) 30 (46.88) 16 (26.67)
MACE: major adverse cardiovascular events.

demonstrated the numbers of MACE among subjects in the
mean 2.3-year follow-up.The incidence of total MACE in the
acarbose group and control group was 26.67% and 46.88%,
respectively; there was significant difference between the two
groups (𝜒2 = 5.420,𝑃 = 0.020). In totalMACE, the death of 3
patients in acarbose group and 5 patients in control groupwas
due to cardiovascular events, and the cardiovascular caused
mortality between the two groups was of no significant
difference (𝜒2 = 0.406, 𝑃 = 0.524). However, the incidence of
the secondary end-point events (nonfatal reinfarction, new-
onset angina, cerebral stroke, and severe heart failure) of the
acarbose group was prominently lower than that of control
group (21.67% versus 39.06%, 𝜒2 = 4.410, 𝑃 = 0.036).

3.3. Laboratory and Ultrasonography Examination. Table 3
shows the level of biochemical indicators, CIMT, blood pres-
sure, and BMI of the two groups before and after treatment.
All the indexes were not significantly different between the
two groups before treatment (𝑃 > 0.05). After treatment,
2 hPG, HbA1c, CIMT, and ΔCIMT of the acarbose group
were significantly lower than control group (𝑡 value was 8.731,
6.198, 2.440, and 18.622, resp., 𝑃 < 0.05 or 0.01), while FPG,
TC, TG, LDL-C, systolic pressure, diastolic pressure, andBMI
had no statistical significance between the two groups after
treatment (𝑡 value was 1.528, 0.242, 1.102, 0.214, 1.201, 0.883,
and 1.866, resp., 𝑃 > 0.05).

4. Discussion

Postprandial hyperglycemia is a hallmark characteristic in
individuals with IGT and early T2DM and has been estab-
lished as a key pathophysiological component of the mecha-
nism underlying the development of diabetic complications
[5]. Fluctuations in glucose levels following a meal are
strongly associatedwithmicro- andmacrovascular complica-
tions not only in patients with T2DM, but also in individuals
with IGT [6]. The risk for developing CAD or other MACE
was increased almost threefold in subjects with IGT com-
pared to people with normal glucose tolerance [7]. Kataoka
et al. [8] found thatmultibranch coronary artery lesionwhich
was common in T2DM patients had already emerged in the
IGT stage. Recent study indicated that IGT was an inde-
pendent risk factor for AMI and simultaneously increased

the risk of recurrent CV after AMI [9]. Furthermore, Kitada
et al. [10] showed that postprandial blood glucose above
8.9mmol/L would increase the risk of recurrent MACE
nearly one-fold in patients with AMI. There is a high preva-
lence of unrecognized dysglycaemia in patients with ACS; the
present study found that 31.69%of the patients withACSwere
newly diagnosed IGT; it was similar to previous researches
[3, 11]. Thus, early intervention to IGT in ACS patients
with the aim of reducing recurrent MACE should be antic-
ipated.

IGT is a prediabetic state; several management strate-
gies have been proposed for this early stage of dysgly-
caemia, including lifestyle modification and pharmacother-
apies (e.g., acarbose, metformin, and thiazolidinediones)
[12–14]. Although lifestyle modification is a vital part of
dysglycaemiamanagement, it is often insufficient tomaintain
long-term glycaemic control. Given that acarbose has a rela-
tively modest efficacy of blood glucose lowering and can be
administered to patients with heart failure and mild to mod-
erate renal insufficiency, acarbose is safer than other drugs
mentioned above for glucose management in ACS patients,
because management of glucose levels within a given range
and with minimal risk of hypoglycemia is recommended for
the treatment of hyperglycemia in patients with ACS [15]. In
the present study, 2 hPG and HbA1c of the acarbose group
significantly reduced compared with those of control group
(𝑃 < 0.01); this result was not unexpected. The starting
dose of acarbose was semiquantity and gradually increased to
normal dose (50mg/time, three times/day), so only 6 patients
(8.96%)withdrew from the trial due to severe gastrointestinal
side effects.The other patients werewell tolerated andwith no
hypoglycemia.

Previous studies [2, 16] had suggested that acarbose was
useful in reducing the risk of MACE in patients with IGT; its
cardiovascular protective effect might be due to the reduc-
tion of postprandial hyperglycemia and glucose variability,
increased insulin sensitivity, induction of moderate weight
loss, restoration of endothelial function, and so forth [17].
In the above mechanisms, the improvement of vascular
endothelial function is reasonably important. Endothelial
dysfunction plays an important role in the development of
atherosclerosis and predicts CV outcomes independent of
conventional CV risk factors [18]. Although the mecha-
nism by which postprandial hyperglycemia induces endothe-
lial dysfunction is not fully understood, oxidative stress-
mediated disruptions in nitric oxide homeostasis are impli-
cated as key role [19]. Endothelium-derived nitric oxide (NO)
is one of the most potent known endogenous vasodilators
and it plays an important role in the control of coronary
blood flow by regulating vascular tone. Kato et al. [20] found
acarbose improved postprandial endothelial function by
improvement of postprandial hyperglycemia in patients with
newly diagnosed T2DM.This notion had been recently rein-
forced by the finding that 24 weeks of acarbose monotherapy
in newly diagnosed patients with T2DM was associated with
increased levels of both fasting and postprandial glucagon-
like peptide 1 (GLP-1), NO levels, and nitric oxide synthase
(NOS) activity [21].Thus, acarbose seemed to favorably affect
endothelial function in the coronary arteries and contributed
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Table 3: Biochemical indicator level, CIMT, BMI, and blood pressure of two groups between pre- and posttreatment (mean ± SD).

Control group Acarbose group
Pretreatment
𝑛 = 68

Posttreatment
𝑛 = 64

Pretreatment
𝑛 = 67

Posttreatment
𝑛 = 60

FPG, mmol/L 5.84 ± 0.33 5.95 ± 0.54 5.92 ± 0.42 5.78 ± 0.69
2 hPG, mmol/L 8.76 ± 0.49 9.46 ± 1.22 8.98 ± 0.54 7.64 ± 1.08#,

HbA1c, % 6.28 ± 0.23 6.36 ± 0.51 6.30 ± 0.28 5.92 ± 0.24#,

Systolic, mmHg 148.54 ± 8.63 140.27 ± 6.25∗ 150.16 ± 10.38 138.82 ± 7.14

Diastolic, mmHg 93.26 ± 5.34 88.51 ± 4.62∗ 94.13 ± 7.18 87.73 ± 5.18

TC, mmol/L 6.24 ± 1.03 5.06 ± 0.96∗ 6.38 ± 1.35 5.03 ± 0.87

TG, mmol/L 2.36 ± 0.58 1.74 ± 0.52∗ 2.45 ± 0.62 1.65 ± 0.38

LDL-C, mmol/L 3.07 ± 0.66 2.56 ± 0.52∗ 3.18 ± 0.75 2.58 ± 0.58

BMI, kg/m2 25.86 ± 2.45 25.64 ± 2.75 26.02 ± 3.47 24.65 ± 3.13

CIMT, mm 1.23 ± 0.46 1.49 ± 0.54∗ 1.24 ± 0.52 1.28 ± 0.41#

ΔCIMT, mm 0.22 ± 0.07 0.05 ± 0.02#
∗
𝑃 < 0.05, versus the control group before treatment; #𝑃 < 0.05, versus the control group after treatment; 𝑃 < 0.05, versus the acarbose group before

treatment.

to an improved long-term prognosis. The present study
showed that acarbose could effectively reduce total risk of
MACE inACSpatients with newly diagnosed IGT (𝑃 < 0.05).
This cardiovascular benefit mostly owed to the reduction of
secondary endpoint events (𝑃 < 0.05), while the decline of
cardiovascular disease mortality was not statistically signifi-
cant (𝑃 > 0.05), which might be related to not long enough
follow-up time and not enough number of patients enrolled.

The absolute value and change of CIMT are both indi-
rect indicators of coronary atherosclerosis and independent
predictors of long-term CV [22, 23]. Previous study had
confirmed that acarbose could slow the progression of CIMT
in patients with IGT or T2DM [24, 25], and Koyasu et al. [26]
found that acarbose also could retard CIMT thickness and
plaque formation inCADpatients with newly diagnosed IGT.
The present study showed that acarbose slowed the progres-
sion of CIMT in ACS patients with IGT, which also indirectly
suggested that acarbose delayed the development of coronary
atherosclerosis in patients with IGT. In the present study, BMI
in acarbose group had a distinctly downtrend compared with
the control group (𝑃 = 0.064); it suggested that moderate
loss of weight may be one of the possible reasons for the
cardiovascular benefit.

In summary, the present study indicates that acarbose
can effectively and safely retard the CIMT thickness and
reduce the risk of recurrent MACE in ACS patients with
newly diagnosed IGT. Therefore, acarbose can improve the
prognosis of these patients.
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It has been recognized that sodium hydrogen exchanger 1 (NHE1) is involved in the development of diabetic nephropathy. The
role of NHE1 in kidney dysfunction induced by advanced glycation end products (AGEs) remains unknown. Renal damage was
induced by AGEs via tail vein injections in rats. Function and morphology of kidney were determined. Compared to vehicle- or
BSA-treated rats, AGEs caused abnormalities of kidney structures and functions in rats, accompanied with higher MDA level and
lower GSH content. Gene expressions of NHE1 gene and TGF-𝛽1 in the renal cortex and urine were also increased in AGEs-injected
rats. Importantly, all these detrimental effects induced by AGEs were reversed by inhibition of NHE1 or suppression of oxidative
stress. These pieces of data demonstrated that AGEs may activate NHE1 to induce renal damage, which is related to TGF-𝛽1.

1. Introduction

Diabetic nephropathy is one of the most important com-
plications in diabetes and is also the leading cause of renal
failure in adults. AGEs are a heterogeneous group of products
in which protein and lipids are covalently bound to sugar
residues under hyperglycemic and oxidative stress situations,
which is proposed to play a major role in the pathogenesis of
diabetic nephropathy [1]. However, the mechanisms involv-
ing the pathogenesis of renal damage induced by AGEs were
poorly understood.

The Na+/H+ exchanger (NHE) is a protein that is
expressed in many mammalian cell types [2], exchanging
one intracellular H+ for an extracellular Na+. In this way,
it regulates intracellular pH value and cell volume [3]. To
date, nine isoforms (NHE1-9) have been identified. NHE1 is
ubiquitously distributed in most tissues, which is localized
in the membrane and sensitive to amiloride. It is involved

in signaling transduction and regulation of cell functions
[4]. Our previous studies have indicated that hyperactivity of
NHE1 exchanger is related to the vascular injury associated
with high glucose or hyperglycemia [5–7]. Cariporide, similar
to amiloride, as a selective NHE1 inhibitor, prevents the
process of vasculopathy in diabetic rats [8, 9]. Although its
role in diabetic vascular complication has been extensively
investigated, whether NHE1 mediates diabetic nephropathy
and the pathogenic mechanism remain unclear.

It has been reported that AGEs-induced hyperglycemic
memory phenomenon [10–12] is very similar to the persistent
NHE1 activation in diabetic nephropathy [13].These findings
suggest that the mass accumulation of AGEs may involve
activation of NHE1 in the pathogenesis of nephropathy. Our
previous studies have also demonstrated that AGEs activate
NHE1 to induce proliferation of vascular smooth muscle cell
[14].Therefore, we hypothesized that activation of NHE1may
be a critical step in the signal transduction of AGEs-induced
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renal damage. Our results demonstrate that cariporide, via
inhibition of NHE1, normalized the redox status to protect
renal function in rats injected with AGEs.

2. Materials and Methods

2.1. Materials. Cariporide, N-acetylcysteine (NAC), Bovine
serum albumin (BSA, cat. A1933, reagent ≥ 98%), and D-
glucose were purchased from Sigma Company. Antibody to
AGEs receptor (Ab-RAGE) was purchase from Santa Cruz
Company. BCA protein assay kit was brought from PIECE
Company.

2.2. Animals. Male Sprague-Dawley rats (8 ± 2 weeks old,
180 ± 20 g) were purchased from the Center of Experiment
Animals, Central South University (Changsha, China). All
rats were housed individually in cages at a room temperature
of 21 ± 1∘C with a 12 h light/dark cycle and were given free
access to food and water. At the end of the experiments,
rats were placed in individual metabolic cages and 24-hour
urine samples for three consecutive days before sacrifice
were collected. After fasting for 12 h, the rats in each group
were anesthetized with sodium pentobarbitone (30mg/kg,
I.P.) and exsanguinated. The right kidneys were collected
after perfusion with 40mL of ice-cold PBS and stored at
−80∘C. This study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
protocol was approved by the Committee on the Ethics of
Animal Experiments of the University of Central South.

2.3. Preparation of AGEs. AGEs were prepared in vitro
as described previously [14]. Briefly, BSA (50mg/mL) was
incubated with D-glucose (0.5M) in PBS supplemented
with penicillin (100U/L) and streptomycin (100mg/L) for
12 weeks at 37∘C under sterile environments and darkness.
After incubation, the solutions were dialyzed against PBS
(pH 7.4) at 4∘C for 48 h to remove free glucose, following
separation of AGEs into aliquots, and stored at −20∘C.
The protein concentration was measured with the method
of BCA. AGE-specific fluorescence was determined using
370 nm excitation and 440 nm emissionwavelengths by using
a spectrofluorometer (Shimadzu, Beijing Beyond Technology
Development Co). BSAwas incubated in the same conditions
without D-glucose and served as control of AGEs.

2.4. Preparation of Renal Slices. As described in details
previously [15], the isolated kidneys were immediately placed
in 5mL ice-cold Krebs buffer and kept on ice. The slices
were rinsed two times in 5mL oxygenated Krebs buffer each
for 3min at 25∘C in an oxygen environment with constant
shaking and then transferred to 3mL oxygenated Krebs in
designated Erlenmeyer flasks and equilibrated for 10min at
37∘C prior to different treatments.

2.5. Examinations of Renal Function. The creatinine levels in
both serum and urine were detected using alkaline picric acid

method under the guidance of commercial kits (Nan Jing Jian
Cheng Bioengineering Institute, China).The creatinine clear-
ance was calculated on the basis of urinary creatinine, serum
creatinine, urine volume, and body weight as described
previously [16]. Blood urea nitrogen level was measured
using urea enzymatic colorimetric kit (Nan Jing Jian-Cheng
Bioengineering Institute, China). 24-hour urinary protein
was determined by the BCA method (Beyotime Institute of
Biotechnology, China).

2.6. Determination of Kidney Histopathology. As described in
details previously [17], HE staining was performed to deter-
mine kidney histopathology.The severity of renal damagewas
estimated by the following parameters: (1) total glomerular
surface area and (2) mesangial matrix injury score expressed
by mesangial surface area/glomerular total surface area.

2.7. Determinations of MDA, GSH, LDH, and TGF-𝛽1 in
the Urine. Kidney was homogenized using an ElectroMo-
tion glass homogenizer (Ningbo Scientz Biotechnology Co.,
China) as describe previously [18]. After centrifugation, the
supernatant was kept under −80∘C before determinations
of MDA, LDH, and GSH. The protocols of GSH and MDA
measurements were remanded by commercial kits (Nan
Jing Jian Cheng Bioengineering Institute, China). Urinary
TGF-𝛽1 was quantified by ELISA using commercial kits
(BioSource, Camarillo, CA, USA) according to the manufac-
turer’s instructions.

2.8. RT Polymerase Chain Reaction (PCR). The protocol of
RT-PCR was described previously by us [19]. In short, total
RNA was extracted from each renal cortex tissue using
1mL Trizol reagent (GIBCO, USA) according to the man-
ufacturer’s protocol. RNA concentrations were determined
by the A260/280 ratio using a spectrophotometer and the
quality was assessed on a 1.5% ethidium bromide-agarose
gel. Absorbance ratios between 1.90 and 2.15 indicated pure
RNA samples. Three micrograms of total RNA were reverse
transcribed with oligo-dT primer and M-MLV reverse tran-
scriptase (TIANGEN,China). Onemicrogramof the reaction
mixture was used in each PCR containing a pair of specific
primers for rat NHE1, TGF-𝛽1, and GAPDH. The sequences
of the NHE1 primers specific for rats were sense 5-CAC-
GCTGTGGAATGCT-3 and antisense 5-GAAGATGTC-
CGAGATGC-3. PCR product was 289 bp. Sequences of the
TGF-𝛽1 specific for rats were sense 5-GCCAAGACCCTA-
ACA-3 and antisense 5-CACTGAAGTCCACCAA-3. PCR
product was 381 bp. GAPDH mRNA was codetected with
sense 5-CAATGTATCCGTTGTGG-3 and antisense 5-
GTCCAGGGTTTCTTACTC-3. PCR product was 307 bp.
Target sequences were amplified at 1∘C below Tm using the
same amount of cDNA for all primer sets, and the cycle
number was adjusted between 30 and 35 to yield visible
products within the linear amplification range. PCR products
then were run on 1.5% agarose gels and photographed
under ultraviolet light. Densities of bands were measured by
scanning densitometry with Image J analysis system software
and normalized to GAPDH in the same sample.
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Figure 1: AGEs time-/dose-dependently increase LDH leakage in isolated renal cortex from rats. Cortex from isolated rat kidney was sliced
into small pieces with the thickness of 0.3–0.5mm. The slice was incubated with AGEs as indicated times and concentrations. LDH leakage
was assayed in slice of renal cortex. (a) Time course of AGEs on LDH leakage. (b) Dose course of AGEs on LDH leakage. All data were
expressed as mean ± SD.𝑁 is 5 in each group. ∗𝑃 < 0.05 versus control (0).

2.9. Western Blotting. As described previously [19], tissues
were homogenized on ice in cell-lysis buffer (20mM Tris-
HCl, pH 7.5, 150mM NaCl, 1mM Na

2
EDTA, 1mM EGTA,

1% Triton, 2.5mM sodium pyrophosphate, 1mM beta-
glycerophosphate, 1mM Na

3
VO
4
, and 1 𝜇g/mL leupeptin)

and 1mM PMSF. Cell was lysated with cell-lysis buffer. The
protein content was assayed by BCA protein assay reagent
(Pierce, USA). 20𝜇g proteins were loaded to SDS-PAGE and
then transferred to membrane. Membrane was incubated
with a 1 : 1000 dilution of primary antibody, followed by a
1 : 2000 dilution of horseradish peroxidase-conjugated sec-
ondary antibody. Protein bands were visualized by ECL (GE
Healthcare). The intensity (area X density) of the individual
bands on Western blots was measured by densitometry
(model GS-700, Imaging Densitometer; Bio-Rad). The back-
ground was subtracted from the calculated area. We used
control as 100%.

2.10. Ex Vivo Experimental Designs. Renal slices were divided
into 7 groups. Group 1 included the following: slices incu-
bated with culture medium of DMEM/F12; group 2 included
the following: slices incubated with culture medium contain-
ing BSA (200𝜇g/mL); group 3 included the following: slices
incubated with culture medium containing cariporide (1𝜇M,
H-car); group 4 included the following: slices incubated
with culture medium containing AGEs (200 𝜇g/mL); group 5
included the following: slices incubated with culture medium
containing AGEs plus cariporide (0.1 𝜇M, L-car); group 6
included the following: slices incubated with culture medium
containingAGEs plus cariporide (1𝜇M); group 7 included the
following: slices incubated with culture medium containing
AGEs plus antibody of AGEs receptor (5 𝜇g/mL, Ab-RAGE).
Slices were incubated with these treatments for 2 hours.

2.11. In Vivo Experimental Design. SD rats were divided into 5
groups: group 1: control group; group 2: BSA-injected group;
group 3: AGEs-injected group; group 4: AGEs-injected plus
NAC treatment group; group 5: AGEs-injected plus cari-
poride treatment group. Rats in group 1 were fed with
regular diet and tap water. Rats in group 2 received tail vein
injection of BSA (100mg/kg/day). Rats in group 3 received
tail vein injection of AGEs (100mg/kg/day). Rats in group 4
received tail vein injection of AGEs plus gavage with NAC
(200mg/kg/day). Rats in group 5 received tail vein injection
of AGEs plus gavage with cariporide (1mg/kg/day). The
injectionwas performed on rats under anesthesiawith diethyl
ether. All treatmentswere performed for 12 consecutiveweeks
in rats fed with regular diet and tap water. No rat died during
the whole experiment.

2.12. Statistical Analyses. All values are expressed as mean ±
S.E.M. The results were carried out by one-way analysis of
variance (ANOVA), followed by the Student-Newman-Keuls
test formultiple comparisons with SPSS 11.5. A𝑝 value of 0.05
or less was considered significant.

3. Results

3.1. AGEs Time-/Dose-Dependently Induce LDH Leakage
in Isolated Renal Cortex from Rats. In order to test the
hypothesis, we firstly investigatedwhetherAGEs caused renal
dysfunction in rats by measuring LDH leakage in isolated
renal cortex from rats, which is an indicator of loss of
membrane integrity [20]. As shown in Figure 1(a), incubation
of rat renal cortex slice with AGEs (100 𝜇g/mL) from 20 to
160 minutes increased LDH leakage in a time-dependent
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Figure 2:Ex vivo inhibition ofNHE1 by cariporide reversesAGEs-increased LDH leakage in rat renal cortex. Sliced renal cortexwas incubated
with BSA, H-car (1𝜇M cariporide), L-car (0.1 𝜇M cariporide), and Ab-RAGE (antibody of AGEs receptor). After treatment, (a) LDH leakage
and NHE1 protein expression, (b) GSH content, (c) MAD level, and (d) NHE1 activity were measured, respectively. All data were expressed
as mean ± SD.𝑁 is 5 in each group. ∗𝑃 < 0.05 versus BSA. #𝑃 < 0.05 versus AGEs alone.

manner. BSA control had no effects on LDH leakage. Fol-
lowing treatment of 50–200 𝜇g/mL for 2 hours, LDH leakage
significantly began to increase when the concentration of
AGEs is 100 𝜇g/mL or above (Figure 1(b)). These pieces of
data indicate that AGEs induce LDH leakage in isolated renal
cortex, which is time/dose dependent.

3.2. AGEs Activates Cariporide-Sensitive NHE1 in Cultured
Renal Cortex Cells. We next determined whether activation
of NHE1mediates AGEs-increased LDH leakage. Cariporide,
a selective NHE1 inhibitor, which has been identified by
us and others [7, 21], was used to inhibit NHE1 activity in
this section of the present study. As indicated in Figure 2(a),
AGEs, but not BSA, dramatically increased NHE1 activity
in cultured renal cortex cells. Though cariporide did not
inhibit NHE1 activity in cells without AGEs treatment, it
significantly reduced NHE1 activity in AGEs-treated cells
at low or high dose, indicating that AGEs activate NHE1,

which is cariporide sensitive, consistent with our previous
report [14].The effects of cariporide on AGEs-induced NHE1
activation were mirrored by blocking receptor of AGEs by
using specific antibody (Ab-RAGE), further supporting that
AGEs via its receptor activate NHE1.

3.3. Inhibition of NHE1 by Cariporide Abolishes AGEs-
Increased LDH Leakage in Renal Cortex. We then detected
LDH leakage in renal cortex slice treated by AGEs. As
depicted in Figure 2(b), the increased LDH leakage by
AGEs was abolished by cariporide at low or high dose and
Ab-RAGE, demonstrating that AGEs-induced LDH leakage
enhancement is possibly related to its receptor and subse-
quent NHE1 activation.

3.4. Cariporide Normalizes the Redox State in AGEs-Treated
Rat Renal Cortex. Inhibition of NHE1 has been reported
to suppress oxidative stress in vascular system [22, 23].
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Table 1: General parameters in rats.

Groups BG (mM) BW (g) KI (g/kg)
Vehicle 5.71 ± 0.59 385.81 ± 11.67 3.18 ± 0.272
BSA 5.94 ± 0.67 383.35 ± 9.59 3.41 ± 0.194
AGEs 6.07 ± 0.71 356.40 ± 5.94 5.07 ± 0.537∗

AGEs + NAC 5.29 ± 0.32 368.35 ± 4.38 3.75 ± 0.237#

AGEs + car 5.80 ± 0.54 373.80 ± 3.10 3.62 ± 0.142#

The rats received a tail vein injection of AGEs (100mg/kg) followed by treatment with N-acetylcysteine (200mg/kg/day) or cariporide (1mg/kg/day). 12 weeks
later, all rats were sacrificed under anesthesia and blood glucose (BG), body weight (BW), and kidney index (KI) were determined. All data were expressed as
mean ± SD.𝑁 is 10–15 in each group. ∗𝑃 < 0.05 versus BSA. #𝑃 < 0.05 versus AGEs alone.

Thus, we hypothesized that cariporide may inhibit AGEs-
induced oxidative stress to maintain membrane integrity in
isolated renal cortex. We evaluated the levels of oxidative
stress by determinations of MDA and GSH, two markers of
oxidative stress in cells [24]. In Figures 2(c) and 2(d), either
cariporide or Ab-RAGE reduced the AGEs-increased MDA
and AGEs-decreased GSH levels in renal cortex, suggesting
that inhibition of NHE1 by cariporide normalizes the redox
state in AGEs-treated rat renal cortex.

3.5. In Vivo Administration of Cariporide Inhibits AGEs-
Induced Kidney Hypertrophy and Glomerular Sclerosis in
AGEs-Injected Rats. AGEs are the major factors in diabetic
nephropathy [25]. Ex vivo experiments indicated the ben-
eficial effects of cariporide on AHGEs-induced membrane
disruption of renal cortex. We next investigated the in vivo
effects of cariporide on AGEs-induced renal dysfunction. As
shown in Table 1, 12-week injection of AGEs via tail vein did
not affect the body weight and blood sugar levels in rats.
However, AGEs dramatically increased the weight of kidney,
as indicated by kidney index. Treatment of cariporide failed
to alter bodyweight and blood glucose levels but inhibited the
hypertrophy of kidney.

The hypertrophy of kidney induced by AGEs was fur-
ther supported by morphological analysis by HE staining.
As indicated in Figure 3(a), compared to BSA-treated rats,
widespread glomerular sclerosis was observed in AGEs
alone challenged rats, as well as increased mesangial matrix
injury score (Figure 3(b)), cell numbers (Figure 3(c)), and
glomerular volume (Figure 3(d)) by quantitative analysis. In
contrast, all these effects induced by AGEs were corrected
by cariporide intervention. Inhibition of oxidative stress by
NAC also mimicked these effects induced by cariporide in
AGEs-injected rats. Taking these data together, it suggests
that inhibition of NHE1 protects kidney structure in AGEs-
injected rats, which is related to suppression of oxidative
stress.

3.6. Cariporide Inhibits Ages-Induced Renal Dysfunction in
Rats. The protective effects of cariporide in kidney of AGEs-
injected rat were further confirmed by analysis of renal
function. Compared to BSA-injected rats, AGEs remarkably
caused renal dysfunction as increased serum creatinine
(Figure 4(a)), blood urea nitrogen (Figure 4(b)), and urinary
albumin excretion (Figure 4(c)) and decreased clearance of
creatinine (Figure 4(d)). As expected, cariporide reversed

AGEs-induced enhancements of serum creatinine, blood
urea nitrogen, and urinary albumin excretion and reduction
of clearance of creatinine. The effects of cariporide on renal
function were also copied by NAC. These data suggest
that activation of NHE1 and oxidative stress are key steps
contributing to AGEs-induced renal dysfunction.

3.7. AGEs via NHE1 Activation Induces Oxidative Stress in Rat
Kidney. In order to establish the relationship between NHE1
activation and oxidative stress in AGEs-induced renal dam-
age, we examined the levels of oxidative stress in cariporide-
treated AGEs-injected rats. As indicated in Figures 5(a)
and 5(b), both increased MDA and decreased GSH were
induced byAGEs in rats, whichwere reduced by cariporide or
NAC, indicating cariporide via inhibition of NHE1 suppress
oxidative stress in AGEs-injected rats.

3.8. Cariporide Inhibits Gene Expressions of NHE1 and TGF-𝛽1
in Kidneys from AGEs-Injected Rats. We finally determined
the effects of cariporide on TGF-𝛽1, which is a key mediator
for diabetic nephropathy [26]. Compared with BSA-treated
rats, AGEs increased NHE1 and TGF-𝛽1 gene expressions, as
determined by RT-PCR (Figure 6(a)). Cariporide obviously
downregulated NHE1 and TGF-𝛽1 gene expressions to the
level of BSA-treated group. The reductions of NHE1 and
TGF-𝛽1 gene expressions induced by NAC were weaker than
cariporide. The effects of cariporide and NAC on TGF-𝛽1
gene expression were further confirmed by assaying urinary
TGF-𝛽1 excretion (Figure 6(b)). Collectively, it indicates that
NHE1 is a potential target of cariporide to prevent renal
function in AGEs-injected rats.

4. Discussion

The present study demonstrates that AGEs ex vivo or in vivo
cause glomerular sclerosis and renal dysfunction, which is
abrogated by NHE1 inhibition, blockage of AGEs receptor,
and suppression of oxidative stress. Mechanistically, the
detrimental effects of AGEs on kidney function might be
related to activation of its receptor and sequent activation of
NHE1, resulting in upregulation of oxidative stress. In this
way, cariporide, a selective NHE1 inhibitor, normalizes the
redox state in renal cortex and functions.

AGEs can accumulate in diverse biological settings, such
as diabetes, inflammation, renal failure, and aging [27].
Many studies support that interactions between AGEs and its
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Figure 3: Inhibition of NHE1 improves AGEs-induced abnormality of glomerular structure in rats. The rats received a tail vein injection
of AGEs (100mg/kg) followed by treatment with or without N-acetylcysteine (200mg/kg/day) or cariporide (1mg/kg/day) for 12 weeks. At
the end of experiments, rats were sacrificed under anesthesia. (a) Morphology of glomerular in kidney by HE staining. (b) Mesangial matrix
injury score, (c) cell numbers in glomerular, and (d) glomerular volume were determined. Data are expressed as mean ± S.E.M.𝑁 is 10–15 in
each group. ∗𝑃 < 0.05 versus BSA. #𝑃 < 0.05 versus AGEs alone.

receptor are involved in the pathogenesis of diabetic compli-
cations, in particular, nephropathy [1, 25, 28]. The formation
and accumulation of AGEs adducts in various tissues are
associated with altered protein structure and function. In
addition, AGEs are able to activate intracellular signaling
by binding to specific receptors [29]. A number of AGEs
inhibitors and crosslink breakers, such as aminoguanidine
and ALT-711, have been shown to prevent the formation and
break the crosslink of AGEs [30, 31]. However, they could
not affect the cellular interactions of the existing AGEs with
its receptor. In this present study, we injected exogenous
AGEs into rats to mimic diabetic nephropathy and examined
the effects of NHE1 selective inhibitor cariporide on kidney
function. We observed that AGEs alone resulted in the
increase of glomerular sclerosis and renal dysfunction, which
are reversed by cariporide. This is the major discovery of this
study.

Another important discovery is that NHE1 inhibition
reduces oxidative stress induced by AGEs in diabetic
nephropathy. AGEs may be linked to the increased reactive

oxygen species (ROS) by decreasing antioxidative enzyme
including superoxide dismutase and catalase, diminishing
glutathione stores [32]. Our study indicated that AGEs
significantly increased production of MDA and lower GSH
content, while treatment with cariporide and NAC dramati-
cally decreased MDA concentration and restored GSH level.
Our previous study has showed that cariporide could prevent
oxidative stress reaction mediated by high glucose [6, 33].
These findings confirmed that there was a close relationship
between the oxidative stress and the changed activity of
NHE1. During the pathologic process of AGEs in renal
damage, NHE1 may be also activated by ROS due to AGE-
RAGE reaction because ROS is also a well-known activator
of NHE1 [34]. It should be noted that this study has been
examined only in animal experiment; the precise mechanism
remains to be determined in cell studies.

TGF-𝛽1 is a multifunctional cytokine produced by tubu-
lar, interstitial, and glomerular cells. It stimulates the synthe-
sis of ECM such as collagen and laminin and blocks ECM
degradation through inhibition of matrix metalloproteinase
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Figure 4: In vivo administration of cariporide prevents renal dysfunction in AGEs-injected rats. The rats received a tail vein injection of
AGEs (100mg/kg) followed by treatment with or without N-acetylcysteine (200mg/kg/day) or cariporide (1mg/kg/day) for 12 weeks. At the
end of experiments, (a) serum creatinine level, (b) blood urea nitrogen, (c) urinary protein excretion, and (d) clearance of creatinine were
measured, respectively. All data were expressed as mean ± SD.𝑁 is 5 in each group. ∗𝑃 < 0.05 versus BSA. #𝑃 < 0.05 versus AGEs alone.
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Figure 5: Cariporide recues AGEs-induced oxidative stress in kidney of rats. The rats received a tail vein injection of AGEs (100mg/kg)
followed by treatment with or without N-acetylcysteine (200mg/kg/day) or cariporide (1mg/kg/day) for 12 weeks. At the end of experiments,
rats were sacrificed under anesthesia. (a) GSH content and (b) MAD level were determined. All data were expressed as mean ± SD.𝑁 is 10–15
in each group. ∗𝑃 < 0.05 versus BSA. #𝑃 < 0.05 versus AGEs alone.
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Figure 6: Cariporide reduces the gene expressions of NHE1 and TGF-𝛽1 in renal cortex from AGEs-injected rats.The rats received a tail vein
injection of AGEs (100mg/kg) followed by treatment with or without N-acetylcysteine (200mg/kg/day) or cariporide (1mg/kg/day) for 12
weeks. At the end of experiments, rats were sacrificed under anesthesia. (a) mRNA levels of NHE1 and TGF-𝛽1 and protein level of NHE-1
were assayed by RT-PCR or Western blot. (b) TGF-𝛽1 excretion of rat urine. All data were expressed as mean ± SD.𝑁 is 10–15 in each group.
∗

𝑃 < 0.05 versus BSA. #𝑃 < 0.05 versus AGEs alone.

[35]. It is considered to be the strongest cytokine to glomeru-
losclerosis in diabetic nephropathy and a last major mediator
induced by a variety of damaging factors in the pathological
process [36].Therefore, we tentatively put forward that NHE1
function as a platform to link AGEs with TGF-𝛽1 pathway.
In this study, AGEs treated alone rats showed widespread
fibrosis in renal glomerulus, parallel increase of TGF-𝛽1
expression in the renal cortex, and urinary TGF-𝛽1 excretion.
Cariporide treatment congruously decreased the above index
and prevented renal glomerulus fibrosis, suggesting that
NHE1 plays a decisive role in activation of TGF-𝛽1 pathway
of renal injury induced by AGEs. It is worth more detailed
studies in the future to further confirm the precise pathway.

In conclusion, we have identified that inhibiting NHE1
with cariporide exhibited marked protection from AGEs-
mediated renal damage. NHE1 may function as a structural
scaffold to link AGEs with TGF-𝛽1 signaling in renal damage.
These findings suggest that NHE1 is a promising target
for the treatment of diabetic nephropathy and makes cari-
poride a promising drug for the future treatment of diabetic
nephropathy.
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Coenzyme Q10 (CoQ10), an antiapoptosis enzyme, is stored in the mitochondria of cells. We investigated whether CoQ10 can
attenuate high glucose-induced endothelial progenitor cell (EPC) apoptosis and clarified its mechanism. EPCs were incubated with
normal glucose (5mM) or high glucose (25mM) enviroment for 3 days, followed by treatment with CoQ10 (10𝜇M) for 24 hr.
Cell proliferation, nitric oxide (NO) production, and JC-1 assay were examined. The specific signal pathways of AMP-activated
protein kinase (AMPK), eNOS/Akt, and heme oxygenase-1 (HO-1) were also assessed. High glucose reduced EPC functional
activities, including proliferation and migration. Additionally, Akt/eNOS activity and NO production were downregulated in high
glucose-stimulated EPCs. Administration of CoQ10 ameliorated high glucose-induced EPC apoptosis, including downregulation
of caspase 3, upregulation of Bcl-2, and increase in mitochondrial membrane potential. Furthermore, treatment with CoQ10
reduced reactive oxygen species, enhanced eNOS/Akt activity, and increased HO-1 expression in high glucose-treated EPCs.These
effects were negated by administration of AMPK inhibitor. Transplantation of CoQ10-treated EPCs under high glucose conditions
into ischemic hindlimbs improved blood flow recovery. CoQ10 reduced high glucose-induced EPC apoptosis and dysfunction
through upregulation of eNOS, HO-1 through the AMPK pathway. Our findings provide a potential treatment strategy targeting
dysfunctional EPC in diabetic patients.

1. Introduction

Diabetes is ametabolic disease clinically expressed by chronic
hyperglycemia that has been extensively reported to be linked
to several micro- and macrovascular diseases that signifi-
cantly impair the quality of life. Among diabetic vascular
complications, foot ulcers represent the first cause of hospi-
talization in diabetic patients and a significant cause of health

care costs [1]. Despite promising therapeutic strategies, mor-
bidity and mortality in diabetic patients with peripheral
artery disease have not been markedly improved over the last
decade. Clinical studies have indicated that diabetic patients
have impaired endothelial function and are prone to suffer
from severe organ damage due to poor collateral vessel
formation in response to tissue ischemia [2]. Accumulating
evidence suggests that circulating endothelial progenitor cells
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(EPCs) are mainly derived from the monocyte/macrophage
lineage, and are capable of forming new blood vessels in
ischemic tissues through a process of vasculogenesis [3, 4]. It
has been reported that in patients with diabetes the numbers
and function of circulating EPCs are decreased, although the
mechanisms underlying this decrease are poorly understood
[5, 6]. Clinical and experimental studies have indicated that
micro- or macrovascular complications associated with dia-
betes may be due to the reduced count and impaired func-
tionality of circulating EPCs [5, 6].

Coenzyme Q (CoQ10), also known as ubiquinone, acts
as an electron transport carrier from complex I or complex
II to complex III within the inner mitochondrial membrane
and exerts an important role inmaintaining bioenergy home-
ostasis in mitochondria [7, 8]. Additionally, CoQ10 is also an
antioxidant which neutralizes free radicals and inhibits cellu-
lar apoptosis [7]. There is a considerable amount of data sug-
gesting that supplementation of CoQ10 has beneficial effects
on cardiovascular disease, metabolic syndrome, and diabetes
by improvement of mitochondrial membrane potential and
counteracts oxidative stress in myocytes [9, 10]. Recent
reports have also shown that CoQ10 augments endothelial
function of type 2 diabetic patients and ischemic heart disease
[11, 12]. However, whether treatment with CoQ10 improves
dysfunctional EPC and prevents apoptosis in high glucose
conditions remains unclear. In this study, we aim to inves-
tigate whether administration of CoQ10 could attenuate high
glucose-induced apoptosis of EPCs and whether nitric oxide
(NO) could be involved in the corresponding signaling path-
way in this process. Our findings provide novel evidence that
CoQ10 could be a potential therapeutic strategy to diminish
ischemia-induced tissue damage by enhancement of EPC
function in diabetic patients.

2. Materials and Methods

2.1. Cell Culture and Reagents. Total mononuclear cells
(MNCs)were isolated by density gradient centrifugationwith
Histopaque-1077 (1.077 g/mL, Sigma) from peripheral blood
of healthy young volunteers. Briefly, 5 × 106 MNCs were
seeded in EGM-2MV medium (Cambrex, East Rutherford,
NJ, USA), with supplements (hydrocortisone, human epider-
mal growth factor, R3-insulin-like growth factor 1, human
fibroblast growth factor, vascular endothelial growth factor
(VEGF), gentamicin, amphotericin B, vitamin C, and 20%
fetal bovine serum) on 0.1% fibronectin-coated plate. The
medium was changed after every four days of culture, and
EPCs appeared within 7–15 days after the start of the MNC
culture. EPCs were used passage numbers 3 through 7.
Additionally, we identified the EPCs by the antibodies CD34,
CD133, KDR, CD31 (Santa Cruz), and vWF (Neomarkers)
using immunofluorescence. The fluorescent images were
obtained by a laser scanning confocalmicroscope. Coenzyme
Q10 was purchased from Sigma, dissolved in 0.04% Lutrol
F127, and then diluted in culture medium.

2.2. EPC Viability. After cells were cultured with different
glucose conditions for 4 days or CoQ10 for 1 day, EPCs were

treated with MTT (0.5mg/mL, Sigma). The cells were lysed
with dimethyl sulfoxide and measured at 550/650 nm.

2.3. EPCMigration. Themigratory function of the EPCs was
evaluated by amodifiedBoyden chamber (Transwell, Costar).
Briefly, 4 × 104 EPCs were placed in the upper chambers of
transwell plates with serum-free endothelial growthmedium.
In the lower chambers, stromal cell-derived factor 1 (SDF-1)
(50 ng/mL) was supplemented to the medium placed at 37∘C
incubation. After incubation for 24 hours, the membrane of
chamber was washed by PBS twice and stained using lectin-
FITC (UEA-1 lectin, Sigma). Then the upper membrane side
was scraped with a cotton ball and fixed with 2% parafor-
maldehyde. The migrated cells in lower membrane side were
counted by 6 random high-power (×100) microscopic fields
by fluorescence microscopy.

2.4. EPC Senescence. EPCs aging was evaluated with a Senes-
cence Cell Staining kit (Sigma, USA). The EPCs were fixed
with 2% formaldehyde and 0.2% glutaraldehyde for 6min.
Then the cells were incubated at 37∘C without CO

2
in fresh

X-gal staining solution (1mg/mL X-gal, 5mM potassium
ferricyanide, and 2mM MgCl

2
; pH6). After 6–8 hours, 𝛽-

galactosidase-positive cells appeared (green). The level of
senescence of EPCs was evaluated by calculating relative
percentages of green-stained and total cells.

2.5. Mitochondrial Apoptosis. Mitochondrial apoptosis was
determined by JC-1 assay (BD Pharmingen). The EPCs were
harvested by trypsinization and incubated with JC-1. After
15min, the cells were washed with PBS twice. Apoptosis was
detected by a change in JC-1-labeled fluorescence from red to
greenwith flow cytometer and analyzedwith Cell Quest Alias
software, as described in the literature [13].

2.6. Mitochondrial Function. Mitochondrial function was
determined by measurement of mitochondrial membrane
potential via rhodamine 123 (Rh123), as described in [14].
After treatment with high glucose or CoQ10, the cells were
stained with Rh123 (5mM, Sigma) and incubated at 37∘C for
30min. The intensity of fluorescence (relative fluorescence
units) was measured at excitation wavelength 485-nm and
emission wavelength 530-nm by a fluorescence microplate
reader.

2.7. Nitric Oxide (NO) and Reactive Oxygen Species (ROS) Pro-
duction. NO production was determined by staining with 3-
amino,4-aminomethyl-2,7-difluorofluorescein (DAF-FM)
diacetate (10 𝜇M,Molecular Probes) for 30min.The intensity
of fluorescence (relative fluorescence units) was evaluated
at excitation wavelength 495-nm and emission wavelength
515-nm by a fluorescence microplate reader.

ROS was determined by H
2
O
2
detection using 2,7-

dichlorodihydrofluorescein diacetate (DCFH-DA 20 𝜇M,
Molecular Probes) as a probe. The intensity of fluorescence
was evaluated at excitation wavelength 485-nm and emission
wavelength 530-nm by a fluorescence microplate reader.
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Figure 1: Morphology and characterization of EPCs from peripheral blood. (a) Peripheral blood mononuclear cells (MNCs) were plated on
a fibronectin-coated culture dish on the fourteenth day. EPCs were also characterized by immunofluorescence staining for the expression
of (b) DiI-AcLDL, (c) lectin, (d) CD133, (e) kinase insert domain receptor (KDR), (f) platelet/endothelial cell adhesion molecule-1 (CD31),
(g) CD34, (h) VE-cadherin, and (i) VonWillebrand factor (vWF). Cells were counterstained with 4,6-diamidino-2-phenylindole (DAPI) for
the nuclei (blue).

2.8. Western Blotting. EPCs were lysed in protein lysis buffer
(62.5mM Tris-HCl, 2% SDS, 10% glycerol, 1mM PMSF, and
1 𝜇g/mL aprotinin, pepstatin, and leupeptin). The proteins
were separated by SDS-PAGE and transferred to PVDFmem-
brane. Membranes were probed with antibodies against 𝛽-
actin, eNOS, phosphorylated eNOS (Millipore, Billerica,MA,
USA), Akt, phosphorylated Akt (Cell Signaling, Denvers,
MA), AMPK, phosphorylated AMPK (Sigma, St. Louis, MO,
USA), activated-caspase 3, Bcl-2, and HO-1 (Cell Signaling,
Danvers, MA). The protein blots were detected by chemilu-
minescence detection using ImageQuant LAS 400.

2.9. Animals. Nude mice were purchased from the National
Laboratory Animal Center, Taiwan. This animal study con-
forms to the Guide for the Care and Use of Laboratory Ani-
mals published by the US National Institutes of Health (NIH
Publication 1996) and all experimental procedures involving
the animals received the approval of the Institutional Animal
Care Committee of National Yang-Ming University (Taipei,
Taiwan). Experimental mice received unilateral hindlimb
surgery to induce ischemia, which involved excision of the
right femoral artery as previously described [15].The femoral
artery was ligated at the proximal and distal portions. The
blood perfusion of hindlimbwasmeasured by a laserDoppler
perfusion imaging system (Moor Instruments Limited,
Devon, UK). At 24 hours after surgery, EPCs, high glucose-
cultured EPCs, and high glucose combined with CoQ10-
cultured EPCs were labeled with PKH26 (2 nM, Sigma) for
5min. The PKH26-labeled cells (1 × 105) were injected into

the ischemia limbs of operated nude mice. The control ani-
mals received the same volume of normal medium without
EPCs.

2.10. Statistical Analysis. Statistical analyses were executed
using SPSS software (version 14; SPSS, Chicago, IL, USA).
Unpaired Student’s 𝑡-test or analysis of variance was used
to evaluate comparisons between groups. Significance was
attained when a 𝑃 value was less than 0.05.

3. Results

3.1. Characterization of Human EPC. As shown in Figure 1,
MNCs were cultured on a fibronectin-coated dish on the
fourteenth day (a). Most cells expressed DiI-acLDL uptake
simultaneously (b) and fluorescein isothiocyanate UEA-1
(lectin, green (c)) binding. Then EPCs were characterized by
immunofluorescence detection of CD133 (d), KDR (e), CD31
(f), CD34 (g), VE-cadherin (h), and vWF (i).

3.2. Effects of CoQ10 on EPC Viability, Migration, and Senes-
cence in High Glucose Conditions In Vitro. To clarify the
effects of CoQ10 on high glucose-induced viability and
migratory function, MTT and modified Boyden chamber
assayswere used to evaluate cell viability andmigration. EPCs
were cultured for 4 days in high glucose medium (25mM)
with and without the indicated concentrations of CoQ10 (5–
20𝜇M). High glucose environment decreased cell viability
and attenuated EPC migration by 25% and 30%, respectively.



4 Journal of Diabetes Research

However, treatment with CoQ10 significantly improved EPC
viability and migration in high glucose conditions (Figures
2(a) and 2(b)).

We further examined whether CoQ10 improves EPC
senescence under high glucose condition. Comparedwith the
control group, EPCs incubated with high glucose showed a
significant increase in senescence (𝛽-galactosidase-positive
cells) by 28%. As shown in Figure 2(c), administration of
CoQ10 for 24 hours attenuated high glucose-induced senes-
cence by 30%.

3.3. CoQ10 Recovered High Glucose-Suppressed Mitochondrial
Function of EPCs. Mitochondrial function was analyzed by
measurement of mitochondrial membrane potential. Rho-
damine 123 (Rh123) emits green fluorescence and localizes
in mitochondria and was used to determine mitochondrial
membrane potential by accumulation of green fluorescence.
As shown in Figure 2(d), high glucose reducedmitochondrial
membrane potential of EPCs by 20%; however, treatment
with CoQ10 significantly reversed this mitochondrial effect.

3.4. CoQ10 Improved High Glucose-Induced EPCs Apoptosis.
During cellular apoptosis, disruption of the mitochondrial
membrane potential (ΔΨm) is one of the earliest intracellular
events. To elucidate mitochondrial apoptosis of EPCs, JC-1
assay was used to analyze cellular apoptosis by the change
in JC-1-derived fluorescence from red to green. Therefore,
decline of mitochondrial membrane potential during apop-
tosis was represented by a decrease in red fluorescence
intensity. The data shows that mitochondrial membrane
potential (ΔΨm) of high glucose-cultured EPCs fell by 22%
and administration of CoQ10 reversed the mitochondrial
membrane potential by 25%. Therefore, CoQ10 recovered
mitochondrial apoptosis in high glucose-stimulated EPCs
(Figure 3(a)).

To further assess the effect of CoQ10 on antiapoptosis
capacity in EPCs, we determined the expression of associated
apoptosis proteins. The results showed that high glucose
increased activated-caspase 3 and decreased Bcl-2 expres-
sions; however, treatment with CoQ10 (10 𝜇M and 20𝜇M)
significantly inhibited activated-caspase 3 and increased Bcl-
2 expressions in high glucose-cultured EPCs (Figure 3(b)).

3.5. CoQ10 Activates AMPK Pathway of EPCs in High Glucose
Conditions In Vitro. To identify the possible mechanistic
pathway of CoQ10 to recover EPC functions suppressed by
high glucose, phosphorylated-AMPK expression was investi-
gated in cultured EPCs exposed to high glucose. As shown
in Figure 4(a), phosphorylated-AMPK expression was not
enhanced in response to high glucose stimulation, but treat-
ment with CoQ10 (10 𝜇M) significantly upregulated phos-
phorylated-AMPK expression.

We further examined whether CoQ10 reduces high glu-
cose-stimulated NO and ROS production. The data shows
that high glucose reduced NO production of EPCs by 28%
and treatment with CoQ10 reversed NO production by
30% (Figure 4(b)). On the other hand, ROS production was
promoted by high glucosemedium (increased 28%), and high

glucose promoted-ROS production was significantly attenu-
ated by treatment with CoQ10 (Figure 4(c)).

Moreover, administration of CoQ10 upregulated phos-
phorylation of Akt, eNOS and increased HO-1 expressions of
EPCs in high glucose conditions (Figures 4(d)–4(f)). Of note,
these effects were significantly nullified by administration
of AMPK inhibitor. Furthermore, the administration of a
NO inhibitor (L-NAME) reduced the activation of CoQ10-
promoted HO-1 in the high glucose environment. These
results suggested CoQ10 could activate eNOS, AKT, andHO-
1 expressions through the AMPK pathway in high glucose-
induced EPCs.

3.6. CoQ10 Improves High Glucose-Suppressed EPC Function
through AMPK, NO, and HO-1 Pathways. To confirm that
HO-1, NO, and AMPK pathways are involved in the effects
of CoQ10 on cell functions suppressed by high glucose,
EPCs were pretreated with compound C (AMPK inhibitor,
10 𝜇M), L-NAME (NO inhibitor, 100 𝜇M), and SnPP IX (HO-
1 inhibitor, 5𝜇M) for 1 hour before CoQ10 treatment. As
shown in Figure 5(a), treatment of EPCs with compound C,
L-NAME, and SnPP IX reduced CoQ10-improved migratory
capacity by 25%, 33%, and 23%, respectively. In addition,
administration of compound C, L-NAME, and SnPP IX sig-
nificantly reversed CoQ10-improved mitochondrial apopto-
sis, mitochondrial membrane potential, and ROS production
(Figures 5(b)–5(d)).

Western blot analysis revealed that high glucose
increased activated-caspase 3 expression, and treatment with
CoQ10 suppressed this effect. Additionally, CoQ10-induced
activated-caspase 3 protein was significantly downregulated
by AMPK and NO inhibitors (34% and 32%, resp.) after
CoQ10 treatment in high glucose conditions (Figure 5(e)).
Moreover, the antiapoptotic protein Bcl-2 was downregulated
by high glucose stimulation but recovered by CoQ10 treat-
ment. However, this upregulation was reduced by AMPK
and NO inhibitors by 40% and 45%, respectively. In addition,
administration of HO-1 siRNA (10 nM) enhanced CoQ10
suppressed activated-caspase 3 protein in high glucose
medium (Figure 5(f)). These data indicate that CoQ10
improved EPC function and attenuated cellular apoptosis
through AMPK, NO, and HO-1 pathways.

3.7. CoQ10-Treated EPCs Transplantation Improves Hindlimb
Perfusion. To further elucidate whether CoQ10 improves
EPCs’ angiogenic function, EPCs, high glucose-treated EPCs,
and high glucose-treated EPCs incubated with CoQ10 were
separately transplanted into ischemic hindlimbs in nude
mice. EPCs were labeled with PKH26 fluorescence after
being cultured with high glucose or high glucose treated
with CoQ1K0 (10 𝜇M). Blood flow of normal saline mice
kept constant throughout the study, by about 50% of that
measured in the nonischemic limb (3 weeks after operation).
By contrast, mice transplanted with EPC were cultured with
high glucose and CoQ10 medium and had a better blood
flow recovery than only high glucose culturedEPC (Figure 6).
These data suggest that blood flow in ischemic hindlimbs
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Figure 2: Effects of CoQ10 on EPC viability, migration, senescence, and mitochondrial function under high glucose conditions. Cells were
cultured with glucose (25mM) for 3 days, followed by treatment with CoQ10 (5𝜇M, 10 𝜇M, and 20 𝜇M) for 24 hr. (a) EPC viability was
analyzed by MTT assay. (b) A Boyden chamber assay was used with SDF-1 as chemoattractive factor for EPC migration. The migrated cells
were stained with fluorescein isothiocyanate UEA-1 (lectin) (green) and counted under the fluorescence microscope. (c) EPC senescence
was analyzed by senescence-associated acidic-𝛽-galactosidase activity assay. (d) Cell mitochondrial function was measured by staining with
rhodamine 123- (Rh123-) derived green fluorescence 5mM for 20min. Data are mean ± SE; 𝑛 = 6; #𝑃 < 0.05 versus control (5mM glucose);
∗
𝑃 < 0.05 versus high glucose (HG).
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Figure 3: Effect of CoQ10 on EPC apoptosis under high glucose conditions. EPCs were incubated with CoQ10 (10𝜇M) for 24 hrs in high
glucosemedium. (a)Mitochondrial apoptosis was detected by JC-1 assay by flow cytometry. Loss ofmitochondrialmembrane potential (ΔΨm)
was performed by the change in JC-1-derived fluorescence from red to green. The ratio of red/green fluorescence represented ΔΨm in EPCs.
(b) Expression of activated-caspase 3 and Bcl-2 protein levels were assessed by western blot analysis. Data are mean ± SE; 𝑛 = 4; #𝑃 < 0.05
versus control (5mM glucose); ∗𝑃 < 0.05 versus high glucose (HG).

could be improved by transplantation with healthy EPCs and
CoQ10-treated EPCs cultured under high glucose conditions.

4. Discussion

The defects in EPC functions and behavior may underlie
some of the vascular complications associated with diabetes,
such as endothelial dysfunction, that predispose a diabetic
patient to diffuse atherosclerosis and impaired neovascular-
ization after ischemic events [6, 16, 17]. Consequently, the idea

of using EPCs as a therapeutic agent has grown in popularity.
To the best of our knowledge, this is the first study to show
the benefit of CoQ10 on high glucose-suppressed EPC func-
tions. Administration of CoQ10 improved EPC functions,
decreased ROS, increased NO production, and attenuated
cellular apoptosis, with the mechanism of these effects being
shown to involve AMPK, eNOS, and HO-1 pathways. Trans-
plantation of CoQ10-treated EPCs under high glucose condi-
tions into ischemic hindlimbs improved blood flow recovery
more than in those that received only high glucose-incubated
EPCs. Our findings provide novel evidence that CoQ10 could
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Figure 4: Continued.
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Figure 4: CoQ10 attenuates ROS and activates NO and AMPK pathway of EPCs under high glucose conditions. EPCs were incubated
with CoQ10 (10𝜇M) under high glucose conditions. (a) AMPK protein phosphorylation levels of EPCs were analyzed by western blot. Data
are mean ± SE; 𝑛 = 6. (b) NO production of EPCs was assessed by staining with NO fluorescent indicator 3-amino,4-aminomethyl-2,7-
difluorofluorescein (DAF-FM) diacetate (10 𝜇M) for 30min. (c) ROS production of EPCs was assessed by staining with DCFH-DA (10 𝜇M)
for 20min. The fluorescence intensity was measured using a fluorescent microplate reader. ((d), (e), and (f)) Expressions of Akt protein
phosphorylation, eNOS protein phosphorylation, and HO-1 protein were assessed by western blot analysis. Comp C: component C, AMPK
inhibitor; L-NAME, NO inhibitor. Data are mean ± SE; 𝑛 = 4; #𝑃 < 0.05 versus control (5mM glucose); ∗𝑃 < 0.05 versus high glucose (HG);
∗∗
𝑃 < 0.05 versus HG-CoQ10.

be a potential therapeutic agent to diminish high glucose-
attenuated EPC angiogenic functions in diabetic patients.

Diabetes mellitus has reached epidemic proportions
worldwide and is associated with a large economic burden
and markedly increased risk of cardiovascular diseases. A
large body of evidence suggests a causal link between diabetic
hyperglycemia and the development of vascular complica-
tions [18]. However, the mechanisms that underlie diabetic
hyperglycemia-induced vascular complications remain to be
determined. Circulating EPCs are derived mainly from the
monocyte/macrophage lineage, and are capable of forming
new blood vessels through a process of vasculogenesis [3,
4]. Clinical studies have reported that EPCs are markedly
decreased in diabetic patients, and EPCs from diabetic
patients show reduced capacity to induce angiogenesis in
vitro [19]. Importantly, impaired postischemic EPC mobi-
lization in diabetic animals has been demonstrated previ-
ously [20]. The impairment of EPC functions and behavior
may promote some of the vascular complications associ-
ated with diabetes that predispose diabetic patients to dif-
fuse atherosclerosis and attenuated neovascularization after
ischemic events.

It is well known that a causal link between dia-
betic hyperglycemia and the development of macrovascular
and microvascular complications. Macrovascular complica-
tions include coronary artery disease, atherosclerosis and
peripheral vascular disease, and microvascular complica-
tions include retinopathy, nephropathy and neuropathy [21].

Recent evidence suggests that NO has a crucial role in main-
taining EPC and endothelial cells function [22]. Long-term
exposure to high glucose conditions might enhance EPCs
senescence and decrease cell numbers and functional com-
petencies of EPCs via NO-relatedmechanisms [6].Moreover,
high glucose induces cytochrome-C release and promotes
apoptosis of endothelial cells due to downregulation of NO
bioavailability [23]. In line with previous reports, our results
indicated that high glucose impaired Akt/eNOS activity of
EPCs, as well as NO production, and administration of
CoQ10 recovered eNOS activation through the AMPK path-
way.

CoQ10, also known as ubiquinone-10 or ubiquinol-10, is
well understood as an important component in the oxidative
phosphorylation of mitochondria and the production of
adenosine triphosphate [24]. CoQ10 is stored in the mito-
chondria of cells as a mobile lipophilic electron carrier and
regulates respiratory chain activity. In addition, CoQ10
involvesNAD(P)H-oxidoreductase-dependent reactions such
as in NO synthesis in Golgi and plasmamembranes [25]. Pre-
vious studies have indicated that CoQ10 attenuates cellular
apoptosis in corneal fibroblasts by inhibition of mitochon-
drial depolarization [13, 26] and prevents HUVEC apoptosis
through suppression of mitochondria dependent caspase 3
protein. However, there has been no report investigating
the direct effect of CoQ10 on EPC in vitro. In our study,
we described that administration of CoQ10 improved high
glucose-suppressed EPC function and reversed apoptosis of
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Figure 5: Continued.
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Figure 5: CoQ10 improves high glucose-induced EPCs dysfunction by upregulation of eNOS and HO-1. Cells were cultured with comp C
(20 𝜇M), L-NAMEA (100𝜇M), and SnPP IX (10𝜇M) for 60min before CoQ10 incubation under high glucose conditions. (a) EPC migration
was measured by Boyden chamber assay.Themigrated cells were stained with fluorescein isothiocyanate UEA-1 (lectin) (green) and counted
under the fluorescence microscope. (b) Mitochondrial apoptosis was detected by JC-1. Loss of mitochondrial membrane potential (ΔΨm) was
assessed by the change in JC-1-derived fluorescence from red to green.The ratio of red/green fluorescence represented ΔΨm in EPCs. (c) ROS
production of EPCs was assessed by staining with DCFH-DA. (d) The mitochondrial function was measured using Rh123 dye (5mM), and
the fluorescence intensity was measured at 485-nm excitation and 530-nm emission using a fluorescent microplate reader. (e) Expressions
of activated-caspase 3 and Bcl2 protein were assessed by western blot. (f) Cells were transfected with scramble and HO-1 siRNA (10 nM),
respectively, inCoQ10-treated EPCs under high glucose conditions, and the expressions of activated-caspase 3 andHO-1 proteinwere detected
by western blot. Comp C: component C, AMPK inhibitor; L-NAME, NO inhibitor; Snpp IX, HO-1 inhibitor. Data are mean ± SE; 𝑛 = 4;
#
𝑃 < 0.05 versus control (5mM glucose); ∗𝑃 < 0.05 versus high glucose (HG); ∗∗𝑃 < 0.05 versus HG-CoQ10.
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Figure 6: Effect of CoQ10-treated EPCs in high glucose medium transplantation on hindlimb perfusion. (a) Serial laser Doppler analyses
of hindlimb perfusion revealed before and 3 weeks after hindlimb ischemia surgery in nude mice, which received a transplant with normal
saline, EPCs, high glucose-treated EPCs, and high glucose-treated EPC incubated with CoQ10. Low or no perfusion is displayed as blue,
whereas the highest perfusion is displayed as red. Arrows indicate ischemic (right) limb after hindlimb ischemia surgery. (b) Quantification
analysis of perfusion recovery by laser Doppler perfusion imaging rations (ischemic/normal hindlimb) over time in the different groups.
Results are mean ± SE; 𝑛 = 4; #𝑃 < 0.05 versus control (5mM glucose); ∗𝑃 < 0.05 versus high glucose (HG).

EPCs by enhancement of mitochondrial function, enhanced
Bcl-2 expression, and downregulation of caspase 3, which
suggest that CoQ10 might improve EPC functional impair-
ment and survival in diabetic patients. Additionally, CoQ10
was shown to reduce ROS production under high glucose
conditions and improve EPC function by upregulation of
eNOS and HO-1 through the AMPK pathway. These find-
ings are consistent with previous reports and suggest that

activation of CoQ10 might reduce hyperglycemia-induced
mitochondrial dysfunction and promote mitochondrial bio-
genesis in EPCs exposed to high glucose [27, 28].

CoQ10, an antioxidant, scavenges free radicals and
inhibits apoptosis in themitochondria of cells. A recent study
indicated that CoQ10 inhibited caspase 3 dependent apopto-
sis which was regulated by mitochondrial signaling in high
glucose-treated HUVECs [29]. Moreover, CoQ10 displayed
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Figure 7:The schematic diagram summarizes possible mechanisms by which CoQ10 reduces hyperglycemia-induced endothelial progenitor
cell damage. In high glucose condition, CoQ10 improved EPCs migration and apoptosis by ROS and caspase 3 downregulation and
mitochondrial membrane potential (ΔΨm) and Bcl-2 upregulation through HO-1 pathway.

an antiapoptotic effect by suppressing mitochondrial mem-
brane depolarization, cytochrome-C release, and caspase
activation [14, 30]. CoQ10 has the ability to mediate oxidative
stress and prevent diabetic endotheliopathy by eNOS activa-
tion [30]. In the current report, we showed that high glucose
impaired Akt/eNOS phosphorylation and NO production,
reduced EPC functional activity, and increased cell apoptosis.
Treatment with CoQ10 improved Akt/eNOS phosphoryla-
tion and NO production and reversed high glucose-induced
EPC damage.

Besides, Li et al. indicated that AMPK transgenic mice
were resistant to hyperglycemia-induced impairment in
endothelium dependent relaxation and reendothelialization
of injured carotid arteries throughHO-1 [31]. In our study, we
found that HO-1 expression was upregulated by CoQ10, and
administration of SnPP IX (HO-1 inhibitor) blocked CoQ10-
improved EPCs’ migration and apoptosis. These results
extended previous studies suggesting that HO-1 overexpres-
sion in EPCs promoted reendothelialization and inhibited
neointimal hyperplasia in injured vessels [32]. The beneficial
effects may provide a new viewpoint for the use of CoQ10
therapy for its vascular protective properties in diabetic
patients with critical limb ischemia or provide a clinical
incentive to improve dysfunctional EPCs before cell therapy.

5. Conclusion

This study provides a notion that CoQ10 has beneficial effects
in high glucose-induced EPC apoptosis and dysfunction in

vitro. These data may clarify the underlying mechanisms
responsible for the benefit of CoQ10 on the treatment of
diabetic vasculopathy and cardiovascular diseases (Figure 7).
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Children with type 1 diabetes (T1DM) are the high-risk group of accelerated atherosclerosis. Real-time continuous glucose
monitoring (RT-CGM) provides possibilities for the detection of glycaemic variability, newly recognized cardiovascular risk factor.
The aim of the study was to assess the usefulness of RT-CGMas an educational tool to find and reduce glycaemic variability in order
to improve endothelial function in T1DM adolescents. Forty patients aged 14.6 years were recruited. The study was based on one-
month CGM sensors use. Parameters of glycaemic variability were analyzed during first and last sensor use, together with brachial
artery flow-mediated dilatation (FMD) to assess endothelial function. In the whole group, FMD improvement was found (10.9%
to 16.6%, 𝑝 < 0.005), together with decrease in all studied glycaemic variability parameters. In patients with HbA

1
c improvement

compared to the group without HbA
1
c improvement, we found greater increase of FMD (12% to 19%, 𝑝 < 0.005 versus 8.2% to

11.3%,𝑝 = 0.080) and greater improvement of glucose variability. RT-CGMcan be considered as an additional tool that offers T1DM
adolescents the quick reaction to decrease glycaemic variability in short time observation. Whether such approach might influence
improvement in endothelial function and reduction of the risk of future cardiovascular disease remains to be elucidated.

1. Introduction

Type 1 diabetes mellitus (T1DM) is a well-established risk
factor of accelerated cardiovascular disease, and, on the
other hand, cardiovascular disease is the major cause of
mortality in this group of patients. The relative risk for
coronary heart mortality in T1DM patients is seven times
higher than in matched counterparts without the disease
and two times higher compared to risk of T2DM patients
[1, 2]. Lately, it has been postulated that the main reason
is not only chronic hyperglycaemia or other traditional risk
factors, but frequent hypo- and hyperglycaemia episodes that
accompany the disease daily course, and a new cardiovascular
risk factor—excessive glycaemic variability—has been postu-
lated. Blood glucose instability may contribute, perhaps even

more than elevated HbA
1
c, to the development of diabetes

complications [3, 4]. These extreme glucose fluctuations lead
to endothelial dysfunction and accelerated atherosclerosis,
independently of average glucose concentrations, probably in
mechanism of oxidative stress occurrence [5, 6]. Alterations
in endothelial function precede the development of mor-
phological changes and contribute to atherosclerotic lesion
development and progression [7]. It is now clear that vascular
disease begins in childhood and progresses silently until
complications, such as stroke or myocardial infarction, later
appear. T1DM in childhood is recognized as a high-risk factor
for premature atherosclerosis [8–10].

Appreciation of the role of the vascular endothelium
throughout the atherosclerotic disease process has led to
the development of a range of invasive and noninvasive
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Table 1: Basic characteristic of the study group.

Study group HbA
1
c before the study Improved HbA

1
c after 3-month follow-up

<7.5% ≥7.5% Yes No
Number of patients 40 8 32 27 13
Age (years) 14.6 ± 2.1 15 ± 1 14.5 ± 2 14.4 ± 2 15.1 ± 1
Gender (boys/girls) 19/21 4/6 15/15 15/12 4/9
Diabetes duration (yrs) 7.4 ± 3.6 6.5 ± 2.7 7.6 ± 3.8 7 ± 4 8 ± 2.2
Height (m) 1.6 ± 0.1 1.7 ± 0.1 1.6 ± 0.1 1.6 ± 0.1 1.7 ± 0.0
Body mass (kg) 59 ± 9.9 64 ± 3.8 58 ± 10 58 ± 10 62 ± 8
Body mass index (kg/m2) 21.6 ± 3.1 21 ± 1.8 21.8 ± 3 22 ± 3 21 ± 2.4
SDS-BMI 0.6 ± 1.0 0.3 ± 0.8 0.7 ± 1 0.8 ± 1 0.2 ± 0.8
Cholesterol (mg/dL) 167.2 ± 29.1 138.3 ± 9.8 174.4 ± 27.9 169.9 ± 34.4 161.5 ± 11.6
LDL (mg/dL) 88.0 ± 25.7 73.5 ± 10.1 91.7 ± 27.2 88.4 ± 28.6 87.3 ± 19.1
HDL (mg/dL) 64.7 ± 16.7 48.0 ± 3.6 68.8 ± 16.0 67.2 ± 16.7 59.4 ± 15.9
TG (mg/dL) 70.7 ± 21.1 80.8 ± 26.9 68.1 ± 19.1 69.8 ± 16.7 72.4 ± 16.7
SBP (mmHg) 116.1 ± 7.1 125.0 ± 6.5 113.8 ± 5.2 116.6 ± 8.0 114.9 ± 4.7
DBP (mmHg) 71.1 ± 4.9 74.0 ± 5.5 70.3 ± 4.6 71.8 ± 4.8 69.5 ± 5.1
HbA
1
c (%) before study 9.3 ± 1.5 7.2 ± 0.2 9.8 ± 1.2 9.0 ± 1.3 10 ± 1.7

Data are presented as mean ± SD.

techniques which permit evaluation of different aspects of
its function [11]. At present, several noninvasive imaging
techniques used in children offer an opportunity to study
the relationship of surrogate markers to the atherosclerosis
development.Theuse of these techniquesmayhelp to identify
high-risk individuals in preclinical phase who may benefit
from active therapy to prevent clinical disease. Endothe-
lial function, that is, the vasodilator response to increased
blood flow (flow-mediated vasodilatation, FMD), can now be
accomplished using high-resolution ultrasound. FMD is an
early endothelial dysfunctionmarker, used to detect minimal
endothelial changes in children and adolescents [12].

T1DM poses a challenge to the goal of maintaining
adequate glucose variability for years. From the 1990s, a
new device has been introduced to the market to support
patients in achieving this goal. Real-time continuous glucose
monitoring system (RT-CGM) continuously measures the
glucose level in interstitial fluid of subcutaneous tissue [13]. It
provides the ability to track blood glucose trends and, thanks
to warning alarms, prevents dramatic glucose variability
before these changes become problematic. The potential
clinical benefit of this technology as a tool to assist with
optimization of glucose control has been demonstrated in
several recent clinical studies, reviewed in [14].

The studies demonstrate that strict T1DM control helps
not only in HbA

1
c and glycaemic variability reduction, but

also in diminishing oxidative stress level and dyslipidemia.
Both of these are predominant in children and adolescents
with T1DM, playing a key role in endothelial dysfunction and
leading to early atherosclerosis development [15–17]. Some
recent data indicate that even up to thirty percent of pediatric
T1DM patients have impaired endothelial function, indepen-
dently associated with A

1
c and related to endothelial nitric

oxide synthase T(-786)C polymorphism to some extent [18].
Noteworthily, there are no studies so far assessing possible

influence of the RT-CGM device use on the cardiovascular

system neither in T1DM adults nor in children. We hypoth-
esized that use of RT-CGM via reduction of glycaemic vari-
ability might influence improvement of endothelial function.
Therefore, we aimed firstly to assess brachial artery flow-
mediated dilatation before and after short-term use of real-
time continuous glucose monitoring in adolescents with
T1DM. Secondly, we aimed to define a possible group of
young patients who would benefit most from the use of this
method.

2. Subjects and Methods

2.1. Patients. The entire study involved a total of forty adoles-
cents (21 girls) at the age of 11–18 years—mean 14.6 ± 2.1, with
the diagnosis of T1DM—who had been treated by continuous
subcutaneous insulin infusion (CSII). Mean disease duration
was 7.4 ± 3.7 years and mean HbA

1
c level at the baseline was

9.35 ± 1.53%. Primary eligibility requirements were diabetes
duration above 1 year, exogenous insulin requirement at least
0.5 j/kg/day, and insulin pump therapy for at least 0.5 years.
Patients were excluded from the study if they presented
other diseases that could affect the outcome (additional
autoimmune disease, hypertension, hyperlipidemia, obesity,
and early microangiopathy) as well as having education
difficulties and presenting a lack of cooperation. We enrolled
patients who have never used real-time continuous glucose
monitoring system before but expressed their willingness to
participate in the study. All of the patients used either a
sensor augmented insulin pump (Paradigm 722, Medtronic
MiniMed, Northridge, CA) or Guardian RT (Medtronic,
Northridge, CA) device when the original pump (Paradigm
715, Medtronic or AccuCheck Spirit, Roche) did not have a
sensor option. We used “enlite” sensors (Medtronic) in all
patients. Table 1 presents the basic characteristic of the study
group.
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2.2. Study Design. The study was based on one-month con-
tinuous glucose sensors use combinedwith technical training
and proper education of the patients and their caregivers
concerning insulin therapy, diet, and physical activity. There
was also the written instruction of operating system given
to all of the patients. Children and their parents were able
to contact the diabetology team if any problem occurred.
Every patient was supplied with 4-5 sensors, changed every
6-7 days, to provide the 4-week trial. First sensor was inserted
by medical staff. After the first and last sensor usage, the
obtained data were uploaded to the computer using the
CareLink Pro (Medtronic). Clinical issues were analyzed
and discussed together with diabetologist. During the study,
patients were told to live normal life adjusting the insulin
therapy based on sensor records, confirmedwith SMBGmea-
surements, by themselves or prior telephone consultations.
They also calibrated sensors 4 times a day using the personal
glucometer. Next, we performed the analysis of computer
uploaded glucose variability parameters that included mean
blood glucose, standard deviation (SD) for the mean glucose,
and area under the curve (AUC) for glucose level >140mg/dL
and <70mg/dL, minimum and maximum glucose levels.

2.3. Laboratory Analyses. The level of glycated hemoglobin
(HbA

1
c) was determined by high-pressure liquid chromatog-

raphy (HPLC) at the baseline and 3 months after the study.
Depending on the initial value of HbA

1
c, the group was

divided into well-controlled group (with HbA
1
c <7.5%, mean

7.25 ± 0.19%) and poorly controlled group (with HbA
1
c

>7.5%,mean 9.88± 1.22%).Decrease ofHbA
1
c by at least 0.5%

after 3-month follow-up was the criterion to divide the study
group into improved group versus not improved group.

2.4. Ultrasound Measurements. The ultrasound measure-
ment procedure was conducted between 8.00 and 10.00 AM
after a fasting period of 8–12 hours. Examinations of the
brachial and carotid arteries were performed with Hewlett
Packard Sonos 4500 apparatus, using a 7.5MHz linear trans-
ducer. Ultrasound examination of the right brachial arteries
was performed in longitudinal sections 2–10 cm above the
elbow, according to guidelines [19].

The principle is to induce vasodilatation in the proximal
(brachial) artery by postischemic (forearm) enhanced flow.
All lumen diameter measurements were scanned at end
diastole by use of the R-wave of the electrocardiogram.
First scans were taken at rest and second scans during
reactive hyperemia. Increased flow was induced by deflating
a pneumatic tourniquet placed on the right forearm, inflated
to the pressure about 50mmHg above the patient’s resting
systolic blood pressure for 4.5min. The postischemic scan
was performed 45–120 seconds after cuff deflation. Flow-
mediated dilatation (FMD) was derived from the percentage
change of the brachial artery diameter after ischemia of the
forearm from baseline. Nitric oxide-dependent FMD of the
brachial artery was assessed at baseline (before RT-CGM
sensor placement) and after one month of sensors usage.

The study was approved by the Bioethics Committee,
Medical University of Białystok, Poland. Caregivers and
children were informed about the purpose and nature of

the study. The caregivers gave a written consent, whereas the
children expressed a spoken consent before examination.

2.5. Statistical Analysis. The statistical analysis was per-
formed using the Statistica 9.0 software (Krakow, StatSoft).
To determine the differences between the study groups for
variables with normal distributions, the Student 𝑡-test was
applied. The Student 𝑡-test for paired variables was used
to compare the variables within the respective groups at
baseline, after one month (glycaemic variability parameters),
and after 3 months (HbA

1
c values). Since in this study the

variables satisfied the conditions of normal distribution, no
other tests were applied. The correlations between studied
variables were assessed using Pearson correlation. All the
results are presented as the mean ± standard deviation
(SD). Differences at 𝑝 < 0.05 were considered statistically
significant.

3. Results

3.1. Metabolic Control and Glucose Variability. Our analysis
of metabolic control in the study group was based on HbA

1
c

level, which has significantly decreased in entire study group
after threemonths from9.35± 1.5% to 8.81± 1.8% (𝑝 < 0.001).
Significant HbA

1
c improvement, which we considered as at

least 0.5%, 3 months after the study was observed in 68% of
the patients (27 children). In the group with improvement,
HbA
1
c decreased from 9.03 ± 1.4% to 8.04 ± 1.2% (𝑝 <

0.001). The group with no improvement in HbA
1
c showed

significantlyworsemetabolic control already at the beginning
of the study: 10.03 ± 1.7% versus 9.03 ± 1.4% (𝑝 = 0.054
compared to group with improvement), and that difference
has grown much more after three-month follow-up: 10.42 ±
1.6 versus 8.04 ± 1.2% (𝑝 < 0.001) (Table 2). In the group
of children with optimal metabolic control (HbA

1
c <7.5%),

mean HbA
1
c level decreased from 7.25 ± 0.2% to 6.73 ± 0.2%

(𝑝 = 0.006), and in the group with poor metabolic control
(HbA

1
c ≥ 7.5%), mean HbA

1
c level after 3-month follow-

up decreased from 9.88 ± 1.2% to 9.33 ± 1.16% (𝑝 = 0.003)
(Table 3).

Glucose variability parameters during the last week
sensor have improved compared to results of first week
sensor use in the entire study group. We noticed decrease
of mean glycaemia, SD of mean glycaemia, and maximum
glucose values andAUC for hyperglycaemia, whileminimum
glucose values increased and AUC for hypoglycaemia did not
change (Table 2). The significance of that improvement was
related to the HbA

1
c level changes. Mean glucose decreased

significantly in all the patients after a monthly usage of RT-
CGM, but some other parameters have changed significantly
only in group with metabolic improvement. SD for mean
glucose in these patients decreased from 60.74mg/dL during
the first sensor usage to 51.67mg/dL during the last sensor
usage (𝑝 = 0.010). Area under the curve (AUC) >140mg/dL
decreased from 41.23 using the first sensor to 21.22 using the
last sensor (𝑝 < 0.001). Maximal glucose level changed from
344.37mg/dL to 317.41mg/dL (𝑝 = 0.004). The positive effect
of RT-CGM use lost some statistical significances in group
without HbA

1
c improvement (Table 2).
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Table 2: Glucose variability during the study in the whole group and depending on HbA
1
c improvement.

Study group HbA
1
c improvement No HbA

1
c improvement

HbA
1
c (%)

Before the study
After the study
𝑝

9.35 ± 1.5
8.81 ± 1.8
<0.001

9.03 ± 1.35
8.04 ± 1.33∗
<0.001

10.03 ± 1.71
10.42 ± 1.60∗

0.102

Mean glucose (mg/dL)
1st week
Last week
𝑝

168.18 ± 33.9
144.8 ± 22.9
<0.001

164.44 ± 37
138.22 ± 31∗
<0.001

175.92 ± 22.77
158.46 ± 21.19∗
<0.001

Mean glucose SD (mg/dL)
1st week
Last week
𝑝

61.25 ± 14.5
53.55 ± 14.1

0.002

60.74 ± 15
51.67 ± 14
0.010

62.31 ± 12.43
57.46 ± 21.19

0.050

AUC > 140mg/dL
1st week
Last week
𝑝

43.29 ± 26.1
25.23 ± 16.9
<0.001

41.23 ± 29
21.22 ± 15∗
<0.001

47.56 ± 18.47
33.58 ± 17.41∗
<0.001

AUC < 70mg/dL
1st week
Last week
𝑝

0.58 ± 0.61
0.53 ± 0.53

0.591

0.73 ± 0.6∗
0.62 ± 0.5
0.439

0.29 ± 0.36∗
0.35 ± 0.36

0.576

Max glucose (mg/dL)
1st week
Last week
𝑝

365.15 ± 74.5
328.6 ± 67.2

0.002

344.37 ± 57
317.41 ± 55
0.004

380.6 ± 100.08
354.92 ± 82.98
<0.001

Min glucose (mg/dL)
1st week
Last week
𝑝

51.15 ± 12.5
47.5 ± 6.4
0.045

49.85 ± 13
46.07 ± 5∗

0.136

53.85 ± 10.05
50.46 ± 7.31∗

0.107

FMD (%)
Before the study
After the study
𝑝

10.9 ± 6.6
16.67 ± 8.5
<0.001

12.22 ± 5.41
19.27 ± 7.40∗
<0.001

8.18 ± 8.15
11.29 ± 8.35∗

0.089
Results of RT-CGM are presented as mean ± SD.
∗

𝑝 < 0.05: significant difference between two subgroups, considering the same time sensor usage (first or last week).

Table 3: Glucose variability depending on the initial HbA1c level.

HbA
1
c before the study

<7.5% ≥7.5%

HbA
1
c

(%)

Before the study
After the study
𝑝

7.25 ± 0.19∗
6.73 ± 0.47∗

0.006

9.88 ± 1.22∗
9.33 ± 1.62∗

0.003

Mean glucose
(mg/dL)

1st week
Last week
𝑝

127.75 ± 9.84∗
126.75 ± 23.26∗

0.8

178.28 ± 29.90∗
149.31 ± 8.12∗
<0.001

Mean glucose
SD (mg/dL)

1st week
Last week
𝑝

46.75 ± 6.94∗
44.75 ± 3.49∗

0.286

64.88 ± 13.57∗
55.75 ± 14.95∗

0.003

AUC >
140mg/dL

1st week
Last week
𝑝

14.75 ± 6.94∗
13.00 ± 3.52∗

0.157

50.46 ± 24.33∗
28.29 ± 17.65∗
<0.001

AUC <
70mg/dL

1st week
Last week
𝑝

0.98 ± 0.46∗
0.68 ± 0.28

0.203

0.49 ± 0.61∗
0.58 ± 0.62

0.957

Max glucose
(mg/dL)

1st week
Last week
𝑝

279.75 ± 25.93∗
291.50 ± 14.92

0.14

375.26 ± 70.36∗
339.13 ± 71.90
<0.001

Min glucose
(mg/dL)

1st week
Last week
𝑝

42.75 ± 1.75∗
48 ± 5.45
0.045

52.25 ± 13.17∗
47.37 ± 6.65

0.005

FMD (%)
Before the study
After the study
𝑝

16.25 ± 4.32∗
27.81 ± 6.49∗

0.002

9.57 ± 6.44∗
13.89 ± 6.43∗
<0.001

Results of RT-CGM are presented as mean ± SD.
∗

𝑝 < 0.05: significant difference between two subgroups, considering the
same time sensor usage (first or last week).

When we compared children with initial optimal and
poor glycaemic control, we noticed that the largest favourable
changes were found in group with HbA

1
c >7.5%. All gly-

caemic variability parameters, apart from AUC <70mg/dL
that remained stable, achieved improvement at level 𝑝 <
0.001. In group with initial optimal HbA

1
c, only minimum

glucose level achieved significant improvement: 42.75mg/dL
versus 48mg/dL, 𝑝 = 0.045. Noteworthily, however, the
glucose variability parameters were better at the beginning
of the study and at the end as well in the group with initial
optimal glycaemic control when compared appropriately
with first and last sensor use in poor control group (Table 3).

3.2. Endothelial Function. In the whole study group, an
increase of FMD of the brachial artery was observed (from
10.90 ± 6.6% to 16.67 ± 8.5%, 𝑝 < 0.005) (Figure 1). This
result depended on metabolic control improvement. A much
greater increase of FMD was found in the patients with
HbA
1
c improvement (from 12.22 ± 5.4% to 19.27 ± 7.4%, 𝑝 <

0.005) compared to the group without HbA
1
c improvement

(from 8.18 ± 8.2% to 11.29 ± 8.4%, 𝑝 = 0.080) (Figure 2). As
we have subdivided our patients into two groups depending
on the initial HbA

1
c level (>7.5% and <7.5%), we have found

a greater increase of mean brachial artery FMD in a group
with initial HbA

1
c below 7.5% (from 16.25 ± 4.3% to 27.81 ±

6.5%, 𝑝 < 0.005) than in a group with initial HbA
1
c above

7.5% (from 9.57 ± 6.4% to 13.89 ± 6.4%, 𝑝 < 0.005).

3.3. Correlation Analysis. We found that FMD before the
study significantly correlated inversely with HbA

1
c before
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Figure 1: FMD in the whole study group before and after the study
(data presented as mean ± SD).
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Figure 2: FMD changes depending on HbA
1
c improvement in

follow-up (data presented as mean ± SD).

the study (𝑟 = −0.6, 𝑝 < 0.001), mean glucose before
the study (𝑟 = −0.40, 𝑝 = 0.009), and AUC >140mg/dL
before the study (𝑟 = −0.35, 𝑝 = 0.026). FMD after the
study significantly correlated inversely with HbA

1
c after the

study (𝑟 = −0.78, 𝑝 < 0.001), mean glucose after the study
(𝑟 = −0.37, 𝑝 = 0.016), mean glucose from the whole
study (𝑟 = −0.44, 𝑝 = 0.004), and AUC >140mg/dL for
the whole study (𝑟 = −0.34, 𝑝 = 0.27). No associations
were observed between subclinical marker of atherosclerosis
and total cholesterol, LDL-cholesterol, and triglycerides or
between disease duration and onset either.

4. Discussion

The present study is the first to our knowledge to show
that use of real-time CGM can be helpful in reduction
of glycaemic variability in order to improve endothelial
function in young T1DM patients without any symptoms of
clinically present cardiovascular disease. Among the whole
study group, we have observed significant endothelial func-
tion improvement, mainly in those patients who have also
improved theirHbA

1
c level. In those patients, the initiation of

RT-CGM caused both a rapid reduction of glucose variability
and improvement in vascular function.

Glucose variability affects quality of life and can
contribute to pathogenesis of diabetic complications [4, 20].
Continuous subcutaneous insulin infusion (CSII) and

multiple daily insulin injections (MDI), established therapies
for type 1 diabetes, are thought to prevent hyperglycaemia
and deleterious glucose fluctuations. Patients using insulin
pumps present with lower glycaemic variability, better
glycaemic control, and treatment satisfaction compared
with those using MDI [21, 22]. RT-CGM can be considered
as one step further in achieving a safe way to target near
normoglycaemia. Although there is still a debate as to
whether RT-CGM can improve glycaemic control and
improve quality of life, increasing amount of data of
observational and RCT studies in the pediatric age groups
found improvement in metabolic control with use of this
device. Most of the RCT studies, including pediatric T1DM,
have demonstrated that the frequency of the CGM use was
significantly associated with the effect of lowering HbA

1
c

levels. Real-time CGM has been shown to lead to sustained
reduction in MAGE and hypoglycaemia; nevertheless,
benefits from sensor augmented pumps relate to sensor use
frequency [13, 14]. Our results are in agreement with these
studies, as we observed significant improvement in HbA

1
c

in almost 70% of patients and significant improvement in
glucose variability parameters.

Recently, the close relationship between increased glu-
cose variability and endothelial dysfunction has been demon-
strated in several studies in both type 1 and type 2 diabetic
patients [5, 23, 24]. Noteworthily, in the study of obese adults
with or without metabolic syndrome and type 2 diabetes,
results of CGM revealed the close connection between
glycaemic variability and endothelial function. Interestingly,
it appeared that glycaemic variability may be elevated even
in nondiabetic, despite being obese, subjects and is also
independently correlated with endothelial function [24].
Furthermore, one of Australian studies demonstrated that
children with T1DM following continuous subcutaneous
insulin infusion (CSII) initiation have early improvements
in vascular function, blood pressure, and metabolic control
associated with reduced glucose variability [23]. In our study,
all of our patients have already used CSII. Moreover, we have
gone a step further and used real-time glucose monitoring
to give the patients the possibility of positive feedback
and immediate reaction. In the discussed studies, patients
were using CGM blindly, and the results were analyzed
retrospectively, whereas in our study patients were given
a possibility for dynamic modulation of the displayed gly-
caemic variability.They could react immediately by changing
the insulin dosage, diet, physical activity, and lifestyle. In
the abovementioned study, the effects were unfortunately
not sustained after twelve months, and FMD and glucose
variability returned to baseline levels, with deterioration of
metabolic control. Poor adherence to CSII-related tasks, such
as insulin bolusing formeals, is frequently seen in adolescents
[25]. In our study, we have discovered that using real-time
CGM may help to improve not only glucose variability
parameters, but endothelial function as well, in patients
already treated with CSII.

In some contrast to our results remains the study of Peña
et al., where only hypoglycaemia, but not glucose variability,
during continuous glucose monitoring related to impaired
vascular endothelial function in children with T1DM [26].
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However, this was not interventional study, like our study
was. In our group, we found that AUC for hypoglycaemia
and minimal glycaemia value in the whole study group
did not change significantly after one-month glucose sensor
use. Interestingly, however, in the group with initial optimal
glycemic control, where the highest improvement in endothe-
lial function was observed, we noticed higher minimal
glucose value during last week of sensor use compared to
the first sensor use and insignificantly decreased AUC for
hypoglycaemia.

It has been speculated that oxidative stress is the link
between glucose variability and vascular dysfunction. Both in
vitro studies and animal models have demonstrated evidence
of vascular inflammation and endothelial cell apoptosis fol-
lowing fluctuations in blood glucose levels, via the production
of reactive oxygen species [27, 28]. Oscillating blood glucose
may have much worse effect on endothelial function and
oxidative stress than stable hyperglycaemia in diabetic as well
as nondiabetic subjects.

CGM allows constant glucose variability control. Still,
the gold-standard method to measure glucose variability in
research and clinical practice was not established. Using
just glycated hemoglobin (HbA

1
c) as a glycaemic variability

parameter has a number of limitations: it presents average
glucose levels from the last three months, while the research
shows that avoiding hypo- and hyperglycaemia episodes may
be even more important. In some patients, it is even possible
to reduce glycaemic instability without HbA

1
c improvement.

The superiority of glycaemic variability was presented in
recent studies, which recommend that clinicians should focus
first on limiting glucose variability, before attempting to
reduce median blood glucose, that is, HbA

1
c [29]. Standard

deviation (SD), an index of the dispersion of data around
mean blood glucose, was by design viewed as the simplest
approach for the evaluation of glucose variability, beyond
the simple determination of mean blood glucose. A clear
consensus on the gold-standard method to measure glucose
variability in clinical practice and research is still lacking,
although a number of indicators have been proposed [30].
In our study, we have chosen generally accepted methods
of the quality of blood glucose control and variability. These
include the area under the curve (AUC) and the percentage
of time inside, above, and below the blood glucose target.
We have intentionally avoided the use of newly introduced
parameters, such as continuous overlapping net glycaemic
action (CONGA) or mean amplitude of glycaemic excur-
sions (MAGE) due to reports showing the limitations of
those methods and to the fact that those have not gained
widespread use in clinical practice [24, 31].

The impact on endothelial function seems to be more
effective in the patients who present better adherence.
Our study has confirmed the correlation of FMD increase
with metabolic control improvement. In our study, we
named responders to CGM these patients who were able to
improve the HbA

1
c level at least by 0.5% after three months

of follow-up. Almost 70% of our adolescents achieved
this result, and what is more, responders achieved greater
improvement in endothelial function as FMD increased in
this group significantlymore than in nonresponders. Patients

who improved their metabolic control presented greater
decrease of parameters of glucose variability—the average
glucose, SD for the mean glucose, AUC >140mg/dL, and
maximal glucose level. FMD showed similar trend; greater
increase was observed in patients with more significant
HbA
1
c improvement. Therefore, our study demonstrated

that responders to RT-CGM benefit most in endothelial
function improvement. Surprisingly, we observed the
greatest increase in FMD in those with optimal glycaemic
control from the onset. While HbA

1
c in this subgroup

decreased even more from 7.25% to 6.7%, changes in
glycaemic variability parameters did not achieve statistical
significance, except for the already abovementioned decrease
in AUC for hypoglycaemia. We can speculate that it is due
to their already initial high adaptation to diabetes-related
tasks and educational potential and abilities to view and
use real-time data to make insulin, nutrition, and lifestyle
modifications. However, the mechanism is still unknown
and requires further research. Our data provide important
information on the role glycaemic variability may play in
influencing cardiovascular risk even in children with T1DM
and the possibility to undertake deliberate action to improve
endothelial function in this group of high-risk patients.

4.1. Limitations of the Study. We are aware that there are
certain limitations of our study implicating a careful interpre-
tation of the conclusions. Metabolic control and endothelial
function improvement might be caused by extra training
and more intensive education schedule that was given to the
patients and their caregivers rather than the effect of CGM
itself. No control group went through the same training and
monitoring without RT-CGM. An additional limitation is
that the improvement of A

1
c after 3 months was directly

attributed to the 4 weeks of CGM use; there is no proof from
the data that these two are directly related. The study was
not controlled for physical activity. Our group numbers were
quite small, with only 8 patients in the <7.5% group. Notwith-
standing, the aim of the study was rather to demonstrate the
additional benefits of RT-CGM device use in children and
adolescents than to prove the superiority of CGMover SMBG
in improving metabolic control and endothelial function.

5. Conclusions
RT-CGMcan be considered as an additional, educational tool
which offers type 1 diabetic adolescent the quick reaction
to decrease glycaemic variability parameters in short-time
observation. Whether such approach may allow for the
improvement in endothelial function and further influence
to reduce the risk of future cardiovascular disease remains
to be elucidated. The best outcome was demonstrated in
initially well-controlled patients (HbA

1
c <7.5%), but also in

RT-CGM responders, that significantly improvedHbA
1
c and

glycaemic fluctuations in one-month system use. Significant
FMD improvement was not evident in poorly controlled
individuals.
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The issue related to macrovascular outcomes and intensive glycemic control was hotly debated after the publication of landmark
trials like ACCORD, ADVANCE, and VADT. The only benefits seem to come from intervening early on in the disease process
as indicated by the 10-year UKPDS follow-up. To complicate matters USFDA made it mandatory for modern drugs to conduct
cardiovascular safety trials in high-risk populations after the 2008 rosiglitazone scare. This led to all the modern group of drugs
designing cardiovascular safety trials (gliptins, GLP-1 agonists, and SGLT-2 inhibitors) to meet USFDA regulatory requirements.
We saw publication of the first 2 randomized trials with gliptins published a year and a half back. On the face value SAVOR TIMI
and EXAMINE satisfied the primary composite CV end-points. However, issues related to significant increase in heart failure and
all-cause 7-day on-treatment mortality created a lot of confusion. FDA reanalysis of these data (especially SAVOR) raises a lot of
doubts as far as CV safety of these groups of drugs was concerned. Hence, all eyes were on TECOS, which was published this year.
We take a microscopic look at these trials trying to understand where we stand as from now on this issue.

1. Introduction

The adverse impact of oral antihyperglycemic agent on the
cardiovascular system came into focus as early as 1971 with
UGDP program [1]. The drug in question was a sulfonylurea.
However, with the advent of second-generation sulfonylureas
and nonusage of first-generation ones this controversy was
put to rest (without proper investigation).

In early 2000 it was glitazones which came into the head-
lines with issues related to fluid accumulation (pedal edema
and macular edema) [2]. Glitazone group of drugs were con-
traindicated in patients with NYHA Classes III and IV heart
failure [3].

There was another development in 2005 which brought
the issue of secondary end-points into focus. It was the
PROactive study [4]. The results of this study were eagerly
awaited, as this was the first time type 2 diabetic individuals
with high CV risk were exposed to a CV outcomes trial. All
the surrogate CV markers positively influenced by piogli-
tazone were put to test [5]. The primary end-points put to

test over an average of 34.5-month follow-up were time to
first death, nonfatal MI, stroke, acute coronary syndrome,
major leg amputation, coronary revascularization, and leg
revascularization.

The key findings are summarized in Table 1.
The primary end-points in this study failed to achieve

statistical significance in spite of a significant glycemic differ-
ence between the two arms (−0.8% pioglitazone versus−0.3%
placebo; 𝑃 < 0.0001) [4]. It was a huge disappointment.
However, it was at this point that we saw the secondary end-
points gaining a lot of significance. Instead of being a negative
trial PROactive was suddenly a positive trial. However, one
of the secondary end-points, that is, heart failure, was grossly
underhighlighted.There were significantly higher event rates
related to heart failure in the pioglitazone arm (Table 2).

The main blow to modern drugs seeking regulatory
approval came from a meta-analysis involving rosiglitazone.
Nissen and Wolski presented data analyzing 42 randomized
trials with control group and of 24-week duration [6]. The
baseline characteristics are summarized in Table 3.
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Table 1: PROactive primary end-point results [4].

HR (95% CI)
Death 0.96 (0.78–1.18)
Nonfatal MI 0.83 (0.65–1.06)
Stroke 0.81 (0.61–1.07)
Major leg amputation 1.01 (0.58–1.73)
Acute coronary syndrome 0.78 (0.55–1.11)
Coronary revascularization 0.88 (0.72–1.08)
Leg revascularization 1.25 (0.90–1.73)

Table 2: PROactive heart failure data [4].

Pio/placebo (%) 𝑃 value
Any heart failure report 11/8 <0.0001
Heart failure not requiring
hospitalization 5/3 0.003

Heart failure requiring
hospitalization 6/4 0.007

Fatal heart failure 1/1 0.634

Table 3: Baseline characteristics [6].

Age 57 years or less
Sex Predominantly males
Average HBA1C 8.2%

Active comparators
(i) Placebo
(ii) Metformin
(iii) Sulfonylureas
(iv) Insulin

There was a statistically significant 43% increase in
myocardial infarction with a trend towards increased death
from cardiovascular causes in the rosiglitazone arm com-
pared to active comparators and placebo [6] (Table 4).

The very next year (2008) USFDA came up with “Guid-
ance for Industry” [7]. The new guidance stressed on the
sponsors recruiting an independent committee looking into
the cardiovascular end-points in the phases II and III study
programs. The primary and secondary end-points along
with the methods employed for statistical analysis should
be clearly mentioned. A two-sided 95% confidence interval
for each assessment of risk ratio was formulated. The cut-
off values set as mandatory requirements are presented in
Table 5.

It was pointed out, however, that individuals recruited in
phases II and III programs would mostly be younger with a
short duration of diabetes (not the ideal population to assess
CV outcomes). Hence, it was mandatory to conduct a CV
safety outcomes trial evenwhen there were no adverse signals
in the phases II and III programs especially if the CV event
rates were low [7].

The modern antidiabetic medications as a result of the
abovementioned developments were exposed to a new set of
laws.

Keeping in mind the USFDA CV safety requirements
and the importance of secondary end-points especially heart

Table 4: Adverse outcomes [6].

Odds ratio (95% CI) 𝑃 value
Myocardial infarction
(combined comparator drugs) 1.43 (1.03–1.98) 0.03

Death from CV causes
(combined comparator drugs) 1.64 (0.98–2.74) 0.06

Table 5: Upper bound 2-sided 95% confidence interval cut-off for
approval [7].

≥1.8 Not approvable
1.3–<1.8 Approvable (large CV safety trial required)

<1.3 Approvable (postmarketing CV trial may not be
required)

failure, let us take an in-depth look at the recently published
CV outcomes data with gliptins in focus.

2. The Gliptin Era

In mid-2000 we got a new group of antihyperglycemic agents
(DPP 4 inhibitors or gliptins) for the management of type
2 diabetes. The advantages associated with this group were
lack of hypoglycemia and weight neutrality [8]. Added to
metformin, gliptins have an equivalent HBA1C reducing
ability compared to sulfonylurea [9]. Subsequent data pointed
at additional benefits associated with gliptins as far as CV
surrogates were concerned [10]. Sitagliptin was associated
with reduction in postmeal triglyceride rich apo-B levels [11].
Similarly, saxagliptin was associated with reduction in blood
pressure in animal models [12].

All these positive effects pointed at the possibility of CV
outcomes benefit with gliptins compared to placebo or other
active oral comparators.

3. The Polled Phase 2/3 Saxagliptin Data

USFDA analyzed the pooled phases 2b and 3 saxagliptin data,
which included a total of 8 studies and came out with their
report in 2009 [13]. The primary MACE was the focus of
attention. The major obstacle in the way of analyzing the
data was deriving an accurate definition and terminology
for the individual MACE events. Apart from the sponsor’s
definition of MACE, two more definitions were included in
this analysis. The first was “Broad SMQ MACE” and the
second “Custom MACE” [13]. SMQ stands for standardized
MedDRA (Medical Dictionary for Regulatory Activities)
queries.The terminologies used to define a disease entitywere
in accordance with a standardized definition. CustomMACE
was a subset of “Broad SMQ MACE” which is more specific
as far as defining the end-points was concerned supervised by
3 FDA reviewers [13]. Saxagliptin arm fared very well as far as
the primary end-points were concerned (Table 6).

The MACE data indicates that both the custom and
sponsor MACE achieved the FDA recommended cut-off
value of less than 1.3 [13]. The ST custom MACE as a matter
of fact reached statistical significance. The SMQ MACE was
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Table 6: Saxagliptin polled phase 2b/3 MACE [13].

Events (%):
saxagliptin/placebo OR (95% CI)

Sponsor MACE 0.5/1 0.5 (0.2–1.2)
CustomMACE (ST) 0.1/0.6 0.21 (0.04–0.8)
CustomMACE (ST + LT) 0.7/1.3 0.52 (0.3–1.0)
SMQMACE (ST) 1.8/2.0 0.90 (0.6–1.5)
SMQMACE (ST + LT) 3.1/3.2 0.96 (0.7–1.4)

diluted with the use of CPK as one of the preferred terms
thereby increasing the number of events and the upper limit
of the two-sided confidence interval crossing 1.3 [13].

In a similar analysis of data with linagliptin the sponsor
MACE (0.36 [95% CI 0.17–0.78]) as well as FDA Custom
MACE (0.34 [95%CI 0.15–0.75]) met the FDA cut-off criteria
[14].

However, the number of CV events in the saxagliptin
pooled data customMACE was 40 and that in the linagliptin
pooled data was 11 [13, 14]. This was an extremely small
number to come to a definitive conclusion as far as CV
safety was concerned. Hence, it was mandatory to undergo
a dedicated CV safety trial. All the gliptins took to dedicated
CV safety trials except vildagliptin.

4. Gliptins: CV Safety Data (SAVOR TIMI-53,
EXAMINE, and TECOS)

SAVOR TIMI-53 (saxagliptin) and EXAMINE (alogliptin)
were published in 2008 whereas TECOS (sitagliptin) was
published in 2015. Let us take a look at the salient CV safety
issues highlighted in these three landmark trials.

4.1. SAVOR TIMI-53 (Saxagliptin). The aim of this study
was to analyze primary efficacy (superiority), primary safety
(noninferiority), and secondary safety issues in an intention
to treat (ITT) population. It was estimated from the annual
primary CV event rate with placebo (2.8%) that the study
should recruit 12,000 patients and run the trial for 2 years
with 3-year follow-up (total of 5 years duration) to get hold
of 1,040 CV events [15]. This would enable the investiga-
tors to generate adequate power to test the noninferiority
hypothesis. However, after 10 months after recruitment the
investigators realized that the numbers recruited would not
yield the anticipated event rates and additional subjects
(with established CVD) were recruited to increase the study
population number to 16,500 [16].

This study differed significantly from the other CV trials
on the following points:

(i) Baseline HBA1C was over a broader range (>6.5% to
≤12.0%) with a mean value of 8.0% (±1.4%) versus
TECOS (HBA1C range: 6.5–8.0%) [15, 17].

(ii) There were patients without established CVD recruit-
ed in this trial (primary CV prevention cohort).
Recruitment of this population was restricted to 25%
of the whole study population [15].

The results were published in October 2014. The prominent
primary end-point results were as follows:

(i) Primary efficacy end-point (superiority): HR 1.0
(0.89–1.12); 𝑃 = 0.99. It failed the superiority test [16].

(ii) Primary safety end-point (noninferiority): 𝑃 < 0.001
(passed the noninferiority test) [16].

The areas of concern from CV perspective are as follows:
(i) Although designed as a glycemic equipoise study, the

end results revealed a statistically significant differ-
ence between the two arms as far as fasting plasma
glucose and HBA1C were concerned. There were
significantlymore episodes of bothminor (𝑃 = 0.002)
and major (𝑃 = 0.047) hypoglycemic episodes in the
saxagliptin arm compared to placebo [16].

(ii) There was a statistically significant 27% increased rate
for hospitalization due to heart failure (HR 1.27 [1.07–
1.51]; 𝑃 = 0.007) [16].
Although a distinctive mechanism leading to heart
failure was not obvious with gliptins, several groups
speculated whether it was the impact of DPP-4
inhibitors on substrates like Neuropeptide-Y (NP-Y)
and Substance P (SP) that could lead to this effect [18].
Others speculated whether the additional patients
with established CVD recruited later in the trial could
lead to this effect. Till date, we do not have any answer
to this phenomenon.The next logical step would be to
wait for another CV safety trial.

4.2. EXAMINE (Alogliptin). EXAMINE study group inves-
tigators recruited patients exclusively with established ACS.
Since patients with established ASC were included in this
trial, the placebo annual primary MACE was estimated at
3.5% [19]. As a result, recruiting a smaller population (5,400)
followed up for approximately 40 months would generate
adequate enough power to fulfill the HR cut-off [19].

At the end of the trial there was a statistically significant
0.36% greater HBA1C reduction (𝑃 < 0.001) with alogliptin
compared to placebo (usual care) [20]. Once again the
glycemic equipoise hypothesis was not satisfied.

The alogliptin armachieved the primary end-point (death
from cardiovascular causes, nonfatal myocardial infarction,
or nonfatal stroke) noninferiority (HR 0.96; upper boundary
of CI 1.16) [20].

With the adverse impact of saxagliptin in SAVOR TIMI-
53 on hospitalization for heart failure as well as increased
hypoglycemic episodes, all eyes were on EXAMINE as far as
these parameters were concerned:

(i) At baseline 24.2% of the recruited patient population
had congestive heart failure [19]. However, NYHA
Class IV was an exclusion criterion. EXAMINE data
revealed that there was no significant trend as far as
hospitalization due to heart failure as a first event was
concerned (HR: 1.07; 95% CI: 0.79–1.46) [20].

(ii) There were no significant differences between the two
groups as far as the rates of hypoglycemic events were
concerned.
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On the one hand, the results of EXAMINE were a bit
reassuring while on the other hand the absence of a clear
cut answer as far as hospitalization from heart failure was
concerned was discomforting. In an editorial on the post hoc
analysis of heart failure, it was pointed out that there was a
statistically nonsignificant increased risk for hospitalization
due to heart failure (HR 1.19 CI: 0.89–1.57) [21]. As amatter of
fact those without a background history of heart failure had a
significant risk of developing it while being on alogliptin (HR
1.76; 95% CI: 1.07–2.90) [21].

Hence, all eyes were on the upcoming CV safety trial with
gliptins and the one closest to publication after SAVORTIMI-
53 and EXAMINE was TECOS.

However, at this point FDA took note of the adverse
signals emerging from these trials and conducted an analysis
of their own.

5. FDA Analysis of SAVOR TIMI-53
and EXAMINE

5.1. Reanalysis of SAVOR TIMI-53. Four prominent issues
were up for discussion [22]:

(i) The issue related to heart failure.
(ii) Comments that were sought on all-cause mortality.
(iii) Issues related to renal safety.
(iv) Any additional safety issues.

We will focus on the CV safety related issues only in this
review.

While reanalyzing the sponsors existing data, FDA intro-
duced the term mITT, which differed from ITT (intention
to treat) in terms of the fact that the subject must have
received the drug in question even if it is for a day. This “on-
treatment” analysis was further subdivided into +7 days and
+30 days’ analysis (i.e., events occurring 7 days and 30 days
after receiving the last dose of saxagliptin or placebo): the
time-to-event analysis [22].

Another important point to remember at this point is that
all-cause mortality was a stand-alone secondary end-point
whereas hospitalization for heart failure was one of multiple
secondary end-points (MACE+).

5.2. The Reanalysis Results

5.2.1. PrimaryMACE. Both the ITT (HR: 1.00; 95% CI: 0.89–
1.12) and the mITT (HR: 1.00; 95% CI: 0.89–1.12) for primary
MACE satisfied the FDA requirements (upper limit of CI
<1.3) [22].

The individual components of primary MACE did not
differ either.

5.2.2. Secondary End-Points (MACE+). The prespecified ITT
secondary end-point composite (MACE+) had a hazard
ration of 1.02 with the upper boundary of CI at 1.11 [22].

Amongst the individual secondary end-points, it was
hospitalization due to heart failure, which was pointing
the wrong way. The problem FDA identified was that this

was not a prespecified stand-alone secondary end-point.
Since this end-point analysis ended up with a statistically
significant difference, FDA went ahead and reanalyzed the
data. Although those in the secondary end-point arm could
continue on in the trail, those experiencing a primary event
were not followed up any more. This results in crunching
of the high-risk population base as we go on. Hence, FDA
designed a new analytical processwhereby subjectswith heart
failure or other high-risk composites were included in the
analysis (e.g., hHFor primaryMACE; hHForCVdeath) [22].
On-study ITT population was analyzed.

Of the 3 end-points analyzed (hHF or primary MACE,
hHF or CV death, and hHF or all-cause death) hHF or CV
death (HR: 1.14; 95%CI: 1.00–1.30) andhHFor all-cause death
(HR: 1.16; CI: 1.03–1.30) had the lower boundary of CI at or
above 1 [22]. Hence, the issue of hHF remained significant
even in the reanalysis performed.

It was thought that the detrimental by-products of DPP-
4 inhibition Neuropeptide-Y (NP-Y) and Substance P (SP)
clubbed with ACE inhibition could lead to increased sympa-
thetic activity and heart failure. However, the data indicated
a higher and significant hazards ratio (HR 1.42; 95% CI: 1.09–
1.88) for time to first hospitalization due to heart failure in
those not on ACE inhibitors compared to those who were
on it (HR 1.18; 95% CI: 0.94–1.48) [22]. Hence, the DPP-4
inhibition induced production of adverse by-products (NP-
Y and SP) could not explain this end-point.

Although a lot of effort was spent analyzingwhy there was
an increase in hospitalization due to heart failure, none of the
hypothesis generated could explain this phenomenon.

All-Cause Mortality. This was a stand-alone secondary end-
point.

This was another area of concern. Although the prespec-
ified IIT analysis did not show any trend towards an increase
in all-cause mortality (HR: 1.11; 95% CI: 0.96–1.27), the mITT
analysis pointed at a statistically significant increase in 7-
day death (HR: 1.23; 95% CI: 1.02–1.48) (Table 7) [22]. Once
again we come across a number of speculations attempting
to explain the increased rates of all-cause mortality. A sizable
25% of patients in SAVOR TIMI had a baseline HBA1C
below 7%. This clubbed with statistically increased rates of
hypoglycemia in the saxagliptin arm was touted as one of the
reasons. However, the FDA analysis on the same and other
points (heart failure, increased rates of arrhythmias, etc.)
could not arrive at a definitive conclusion [22]. Nevertheless,
the FDA document did not consider this increased risk as a
pattern happening by chance.

5.3. Reanalysis of EXAMINE Trial. All eyes were on the
reanalyzed heart failure and all-cause mortality data as the
primary end-point was met.

5.4. Heart Failure Reanalysis Data. The same analytical
method was employed as in the case of SAVOR TIMI. A
composite of MACE or heart failure was looked into and the
data was encouraging (HR: 0.982; 95% CI: 0.848–1.138) [23].
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Table 7

SAVOR TIMI 53 EXAMINE TECOS
Primary composite
CV end-points HR 1.00 [CI: 0.89–1.12] [16] HR 0.96 [CI: Upper Limit 1.16] [20] HR 0.98 [CI: 0.88–1.09] [17]

Heart failure
HR 1.27 [CI: 1.07–1.51] [16]
FDA reanalysis:
HR 1.16 [CI: 1.03–1.30] [22]

HR 1.07 [CI: 0.79–1.46] [20]
FDA reanalysis:
HR 0.98 [CI: 0.84–1.13] [23]

HR 1.00 [CI: 0.83–1.20] [17]
Composite analysis:
HR 1.02 [CI: 0.90–1.15] [17]

All-cause mortality
(7-day death)
MACE: risk

HR 1.23 [CI: 1.02–1.48] [22]

Higher risk of MACE in the
following:
(i) Smokers, DM duration >10 yrs.,
metformin nonusers, insulin users,
moderate-to-severe renal
insufficiency [23].
(ii) Patients from US and Canada
[23].

HR 1.01 [CI: 0.90–1.14] [17]

Hypoglycemia HR 1.16 [CI: 1.08–1.25] [16] 6.7% (A) versus 6.5% (P) [19] HR 1.12 [CI: 0.89–1.40] SH [17]

There were no signals of increased first hospitalization from
heart failure. However, it should be mentioned at this point
once again that EXAMINE trial excluded patients with
NYHA Class IV and had the majority of individuals in the
NYHA Class II category [23].

5.5. Mortality Signals. Patients recruited from US and
Canada had a higher hazard ratio of MACE (HR: 1.28; 95%
CI: 0.89–1.84) (Table 7) [23]. Although there were differences
as far as baseline characteristics were concerned (longer
duration of diabetes, more smokers, etc.), these factors could
not explain why there was an increased mortality trend.

Increased hazard ratio for MACE was also observed in
those with longer duration of diabetes (>10 years duration),
moderate-to-severe renal disease, biguanide nonusers, and
insulin users (Table 7) [23].

It was reassuring to note that all-cause mortality was not
increased in this trial (HR: 0.876; 95% CI: 0.705–1.089) [23].

5.6. Post-FDA Reanalysis of Data in 2015. There were mixed
reactions. Some schools of thought felt that the issue of
heart failure was not replicated and hence there was some
reassurance on this issue. On the other hand, the critics
pointed out that there were inherent differences between the
trials and hence it was not possible to come to a definite
conclusion.

Hence, all eyes were on TECOS.

5.7. The TECOS Data

Baseline Characteristics in Brief. TECOS recruited patients
with a compact HBA1C range (6.5–8.0%) and established
cardiovascular disease. Patients with eGFR <30mL/min were
excluded from the trial [24].

The placebo annual rate of CV events was estimated
at 2.5–3.0% for primary composite events. Hence, it was
estimated that recruiting 14,1000 patients would result in
approximately 611 CV events over 6 years [24].

5.8. The Results. Once again we are looking at a glycemic
equipoise study. However, the end-of-study HBA1C differ-
ence of 0.29% reached statistical significance (95% CI: −0.32
to −0.27; 𝑃 < 0.0001) [17].

Primary CV End-Points. Both PP (HR: 0.98; 95% CI: 0.88–
1.09) and ITT (HR: 0.98; 95% CI: 0.88–1.09) analysis echoed
the findings from SAVOR TIMI and EXAMINE [16, 17, 20].
Sitagliptin satisfied the FDA upper bound CI of <1.30 as far as
primary CV outcomes were concerned. However, sitagliptin
could not meet the superiority criteria (HR: 0.99; 95% CI:
0.89–1.10) [17].

5.9.TheAreas under Focus. All eyeswere focused on the heart
failure and mortality issues.

The ITT analysis of hospitalization due to heart failure
did not reveal any concerns (HR: 1.00; 95% CI: 0.83–1.20;
𝑃 = 0.98). What was interesting to note was that unlike
the previous studies TECOS utilized the FDA pattern and
analyzed hHF or cardiovascular death composite for the ITT
population. Once again the results were reassuring (HR: 1.02;
95% CI: 0.90–1.15; 𝑃 = 0.74) [17].

All-cause mortality was also not adversely affected (HR:
1.01; 95% CI: 0.90–1.14) [17]. What was reassuring to note was
that there were no adverse MACE signals as far as differing
patient population, duration of diabetes, baseline HBA1C,
baseline nonuse of biguanides, insulin usage, or use of ACE
inhibitors were concerned [17]. This was in direct contrast to
the findings from EXAMINE trial.

6. Conclusion

The issue of adverse impact of oral hypoglycemic agents and
adverse CV signals can be traced back to UGDP in 1971 [1].
Similar trends were also observed in UKPDS 34 when adding
metformin to sulfonylurea resulted in an increase in diabetes-
related deaths and all-cause mortality [25].

However, these data were not given a lot of attention
as there were issues related to trial design, analysis, and
interpretation.
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The modern trials on the contrary are well designed
and analyzed. There is no running away from the fact that
dedicated CV safety trials will be required for all the modern
drugs to find a definitive place in treatment algorithm. With
this background all the three randomized trials (SAVOR
TIMI, EXAMINE, and TECOS) reassure us on the CV safety
of DPP-4 inhibitors from the primary end-point perspec-
tive. What keeps the debate going are the issues related to
increased hypoglycemia risk, hHF, and increased all-cause
mortality in SAVOR TIMI and increased MACE risk in
certain population in EXAMINE. TECOS was the picture-
perfect trial pulling along the other drugs in this group
towards the positive side and ruling out the fear of class effect
as far as the adverse events were concerned.

However, it would be premature to say that the issue has
been settled once and for all.

There are a couple of interesting studies lined up either
to simplify the contentious issues or to complicate matters
even further. CARMELINA with linagliptin would add on
to the increasing experience with usage of DPP-4 inhibitors
in high CVD risk diabetic population [26]. Another data
would probably help put a lot of unanswered questions in
perspective.

However, things might get a bit complicated with CAR-
OLINA [27]. This study recruited patients with newly diag-
nosed treatment naı̈ve diabetes or early on in the disease
process with high CV risks profile. Patients were randomized
to either glimepiride or linagliptin and would be followed
up for 5 years. This would be the first in kind head-to-head
comparison between a sulfonylurea and a gliptin on high CV
risk patients. The duration of this trial is too short to answer
this question, as we saw CV benefits appearing after 20 years
in those with newly diagnosed type 2 diabetes [28]. However,
the patient population in this trial is unique as they are newly
diagnosed but already have established CVD (similar to the
ORIGIN trial population [29]).

Overall, sitagliptin in TECOS trial came up with themost
impressive results (pending FDA reanalysis).We need to keep
at the back of our minds the issues related to saxagliptin and
alogliptin in some special situations.
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