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Being frequently present in insulin-sensitive tissues and the
vasculature as well as critically linked to the inflamma-
tory response, oxidative stress is a common component
of metabolic dysfunction. However, despite much effort, it
remains unclear to what extent oxidative stress contributes
to metabolic abnormalities such as insulin resistance, steato-
sis/dyslipidemia, diabetes, and allied cardiovascular disease.
While the identities of the specific oxidants or reactive
metabolites, the sources thereof, and the associated redox-
sensitive pathways that mediate the effects of oxidative stress
remain elusive, progress has been made. A portion of this
progress is represented in this special issue and reveals the
identification of a specific source of ROS in the synapto-
some and the contributory impact of thioredoxin-interacting
protein (TXNIP) on inflammasome activation. These studies
are complemented by comprehensive reviews of the role of
mitochondria in the neuroinflammatory response and the
potential participation of protein disulfide isomerase (PDI) in
metabolic syndrome-induced platelet hyperactivation. Spe-
cific contributions to this special issue are summarized as
follows.

E. A. Abdel-Rahman and colleagues describe the in-
terplay between ROS-generating systems at the synapse. In
freshly isolated synaptosomes, they differentiate mitochon-
drial-dependent consumption of molecular oxygen from that
consumed through NADPH oxidase (NOX) while concomi-
tantly defining H

2
O
2
generation. While alteration of cellular

redox homeostasis is implicated in pathology as well as aging,
this process may be dependent upon the ratio of complete
to incomplete oxygen reduction by the mitochondria in
context of NADPH oxidase (NOX) enzymatic activity. Based
on high-resolution respirometry coupled to fluorescence or
electrochemical detection, the authors demonstrated that
NOX and not the mitochondria is the dominant source of
synaptic H

2
O
2
. As such, this study begins to more clearly

elucidate the redox-related players that contribute to a variety
of physiological and pathological processes in neurons.

L. Li and C. M. Stary also focused their work on mi-
tochondria from microglia cells in the context of cerebral
ischemia. Noting that microRNAs (miRs) function to reg-
ulate mitochondrial processes in astrocytes under oxidative
stress, the active role for mitochondria in microglial acti-
vation, and regulation of the microglial neuroinflammatory
response by miRs, the authors postulate that miR-targeted
therapies represent a viable strategy for optimizingmitochon-
drial function and thus improve clinical outcome following
cerebral ischemia. This is supported by extensive evidence
of the participation of mitochondria in the glial response to
injury as well as the contributory roles for miRs in regulating
the glial mitochondrial response to cerebral ischemia.

H. Lee and T. Park endeavored to push beyond the as-
sociative relationship between elevated oxidant stress and
metabolic syndrome by quantifying oxidative balance score
(OBS) and subsequently assessing the resultant impact in the
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context of genetic variation. Their study of over 6000 par-
ticipants found that the highest OBS scores correlated with
the lowest incidence of metabolic syndrome. Furthermore,
GWAS-based pathway analysis demonstrated that the VEGF
signalling pathway, glutathione metabolism, and the Rac1
pathway were contributory and thus potentially involved in
the interplay between oxidant stress, genetic variation, and
metabolic syndrome.

The other contributions to this special issue focused on
chronic inflammation (obesity/diabetes) and the role of thiol-
dependent enzymes. For example, Y. D. Xiao and colleagues
describe the participation of thioredoxin-interacting protein
(TXNIP) on inflammasome activation in diabetes in the
context of allied ischemic acute kidney injury (AKI).TheROS
sensor and endogenous inhibitor of the antioxidant thiore-
doxin, TXNIP, is assumed to be involved in pathogenesis of
diabetes. Using a rat model of diabetes, the authors report
higher expression of TXNIP in addition to an increased
susceptibility to ischemia/reperfusion (I/R) injury, a process
attenuated by Resveratrol. Moreover, diabetic rats subjected
to renal I/R injury presented lower binding of TXNIP to
NLRP3, decreasing inflammasome activation. The proposed
mechanism of action, validated in cell culture experiments,
is TXNIP-mediated inflammasome activation through oxida-
tive stress and this process represents a seminal signalling
mechanism driving susceptibility to AKI in diabetes.

R. S. Gaspar and collaborators comprehensively reviewed
the worldwide epidemic metabolic syndrome and the con-
tributory role for protein disulfide isomerase (PDI). Elevated
rates of reactive species production are tied to enhance-
ment of platelet hyperactivation and ischemic events in
obese/metabolic patients. While PDI and peroxide tone at
the platelet cell membrane have been demonstrated requisite
for platelet aggregation, the relationship between PDI and
platelet hyperactivation in the context ofmetabolic syndrome
is unclear. Thus, the authors focus on the activity of PDI in
metabolic syndrome in order to develop a more clear under-
standing of the potential participation of PDI in metabolic
syndrome-induced platelet hyperactivation.

In the aggregate, this special issue enhances our under-
standing of the intricate interplay between metabolism and
oxidative stress in metabolic diseases with particular focus
onmitochondria- and inflammation-derived factors thatmay
represent potential therapeutic targets for addressing crucial
health issues.
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Despite evidences of association between basic redox biology and metabolic syndrome (MetS), few studies have evaluated indices
that account for multiple oxidative effectors for MetS. Oxidative balance score (OBS) has indicated the role of oxidative stress in
chronic disease pathophysiology. In this study, we evaluated OBS as an oxidative balance indicator for estimating risk of MetS with
6414 study participants. OBS is a multiple exogenous factor score for development of disease; therefore, we investigated interplay
between oxidative balance and genetic variation for development of MetS focusing on biological pathways by using gene-set-
enrichment analysis. As a result, participants in the highest quartile of OBS were less likely to be at risk for MetS than those in
the lowest quartile. In addition, persons in the highest quartile of OBS had the lowest level of inflammatory markers including C-
reactive protein andWBC. With GWAS-based pathway analysis, we found that VEGF signaling pathway, glutathione metabolism,
and Rac-1 pathway were significantly enriched biological pathways involved with OBS on MetS. These findings suggested that
mechanism of angiogenesis, oxidative stress, and inflammation can be involved in interaction between OBS and genetic variation
on risk of MetS.

1. Introduction

Oxidative stress is a complex and multifactorial process that
results from an imbalance between antioxidant protection
and reactive oxygen species produced by prooxidants [1].
Basic research has established a link between oxidative stress
and pathogenesis of human illness, including cardiovascular
disease and cancer with the process of aging [2]. Despite
the solid molecular and mechanistic theory of oxidative
stress and its role in chronic disease, most clinical trials
and observational studies failed to provide a clear answer to
the effects on chronic disease by individual prooxidant or
antioxidant.

Studies of diet and health have demonstrated that combi-
nation of antioxidant factors can be more strongly associated
with disease risk than any single nutrient [3]. In this way,
it appears possible that a combination of oxidative stress-
related factors may be more strongly associated with health
outcomes than any individual exposure [4].Therefore, several
groups previously proposed an oxidative balance score (OBS)
as a measure of combined pro- and antioxidant exposure

status, indicating the role of oxidative stress in human
chronic disease pathophysiology and found that OBS can be a
comprehensive oxidative balancemarker [5–7].OBS has been
shown to correlate inversely with several cancers including
colorectal adenoma and prostate cancer and chronic kidney
diseases [5, 8, 9]. Nevertheless, the exact mechanism of how
the combination of pro- and antioxidants influences diseases
is still not fully understood.

The number of individuals with metabolic syndrome
(MetS) is increasing worldwide. It was reported that MetS
affects 20% to 30% of the population in developed countries
[10]. MetS is of substantial clinical relevance and concern
because of its high prevalence and association with the
development of more serious pathologies. Additional to the
health issues directly associated with MetS, this condition
contributes to a 5-fold increased risk of type 2 diabetes
(T2D), 3-fold increased risk of cardiovascular disease, and
also an increased risk of developing common cancers of liver,
colorectal, bladder, and so on [10, 11]. Growing evidences
suggest that the pathogenic role of oxidative stress causes
cellular damage and dysfunction which are associated with
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MetS and clinical complications [12]. The link between
oxidative stress and MetS can be accepted because there is
the association of the end-products of free radical-mediated
oxidative stress with body mass index (BMI), insulin resis-
tance, hyperlipidemia, and hypertension. In addition, a num-
ber of studies indicate that oxidative stress along with chronic
inflammatory condition paves the way for the development
of MetS-related manifestations, including atherosclerosis,
hypertension, and T2D [13, 14]. Despite evidences of asso-
ciation between basic redox biology and MetS, few studies
have evaluated combination of oxidative score or indices that
account for multiple oxidative effectors with MetS.

It is well accepted that not only exogenous factors includ-
ing diet and smoking but also endogenous factors like genetic
variation contribute to the development of MetS. Genome-
wide association studies (GWAS) have identified important
susceptible loci [15] that are significantly associated with
the risk of MetS. Nevertheless, these findings explain only
a small portion of the heritability and clear association of
genetic factors with causative effects onMetS requires further
elucidation.

Genetic variation alsomodulates reactive oxidative stress,
which may influence several diseases through their inter-
action with OBS components [16]. Slattery et al. pointed
the importance of interaction between OBS and endogenous
factors for risk of diseases [16, 17]. For better understanding
of the comprehensive mechanism of oxidative balance for the
risk of MetS, it has to consider interaction effect between
OBS and genetic variation for development of diseases. The
identification of genes-environment interaction related to
oxidative stress has been studied for cardiovascular disease,
atherosclerosis, diabetes, and so on [18, 19]. However, these
studies focused on only a few SNPs or selective SNPs with
environment factors and considered each of the identified
SNPs independently; therefore, it was hard to explain com-
prehensive action of multiple genes or biological processes
in complex diseases. As an alternative to GWAS-driven
approaches to detect interaction effect, pathway approach
may help identify potential biological pathways that might be
missed by the standard GWAS approach [20, 21].

The purpose of this study is to investigate the relationship
between OBS and risk of MetS. First, we used OBS as an
oxidative balance indicator for estimating risk of MetS. OBS
is multiple exogenous factor score for development of dis-
ease; therefore, we investigated interplay between oxidative
balance and genetic variation for development of MetS. We
focused on biological pathways by using gene-set-enrichment
analysis (GSEA) for investigating how OBS affects develop-
ment of MetS with genetic factors.

2. Material and Methods

2.1. Study Participants. This study was based on the Korea
Association Resource (KARE) data included in the Korean
Genome Epidemiology Study (KoGES). The details of the
study design and procedures used in the KoGES have been
described previously [22].The population based cohort study
included 10,030, aged ≥40 years, at baseline from 2001 to
2002. This present analysis used cross-sectional data from

2007 to 2008, the samples were scrutinized for quality con-
trol purposes, and 6,688 participants were remained. Study
participants completed a questionnaire on sociodemographic
status, lifestyle, and disease history. Participants completed
self-administered lifestyle and food frequency questionnaires
(FFQ), which assessed nutrient intake over the past year of
166 food items. Anthropometrics and biochemical measure-
ments were also described by the previous study [22]. We
excluded 261 participants with missing data on at least one
MetS component and 115 participants with missing data on at
least one OBS component. We also excluded 79 participants
with missing data for key covariates such as geographic
area, age, and sex. Therefore, we used data for 6414 study
participants for final analyses. Written informed consent was
obtained from all participants at the KoGES and this research
project was approved by the Institutional Review Board of
Korea National Institute of Health.

2.2. Definition of Metabolic Syndrome and Related Disorders.
MetS is characterized by the clustering of several components
including abdominal obesity, hypertension, dyslipidemia,
insulin resistance, and glucose intolerance that are important
precursor of cardiovascular disease and type 2 diabetes. MetS
was defined by the presence of three or more of the following
five components according to the NCEP-ATP III criteria
[23], except for the determination of central obesity. Waist
circumference cut-off value was used based on the report
by the Korean Society for the Study of Obesity [24]: (1)
central obesity given as waist high circumference (≥90 cm
for men and ≥85 cm for women), (2) high concentration for
serum triglycerols (≥150mg/dL), (3) low concentrations of
serum HDL cholesterol (<40mg/dL for men and <50mg/dL
for women), (4) hypertension (systolic/diastolic pressure ≥
130/85mmHg) or antihypertensive medication, and (5) high
concentrations of fasting glucose (≥100mg/dL) or antidia-
betic medication.

Diabetes was diagnosed in subjects who had any one of
the following: (1) fasting plasma glucose ≥ 126mg/dL; (2)
postprandial 2 h plasma glucose ≥ 200mg/dL after a 75 g
OGTT; and (3) HbA1c ≥ 6.5% [25]. Subjects who were using
insulin or oral antidiabetic drugs at baselinewere also defined
as having diabetes.

2.3. OBS and OBS Weighting. The OBS was calculated by
combining information from a total of 7 a priori selected
pro- and antioxidant factors, including three prooxidant
(smoking, alcohol consumption, and total iron intake) and
four antioxidant exposures (𝛽-carotene, vitamins C, retinol,
and physical activity). The continuous variables reflecting
prooxidant and antioxidant exposures divided into low,
medium, and high categories based on each exposure’s tertile
values and points (0 to 2) were given according to tertile cat-
egorization. Prooxidants were scored in the opposed way to
the antioxidants. A higher score represents a predominance
of antioxidant exposures over prooxidant exposures. In our
study, OBS is the sum of tertile (Q1 = 0; Q2 = 1; Q3 = 2)
of intake of vitamin C, retinol and carotene, and physical
activity (0–72.7MET/day = 0; 72.8–92.4 MET/day = 1; 92.5



Oxidative Medicine and Cellular Longevity 3

Table 1: Baseline characteristics of this study by OBS quantilea.

Characteristics Q1 (𝑛 = 2069) Q2 (𝑛 = 1169) Q3 (𝑛 = 2195) Q4 (𝑛 = 910) 𝑝 trendc

Age (years)a 57.26 ± 9.00 56.62 ± 8.84 55.24 ± 8.60 54.30 ± 8.27 <0.001
Sex <0.001

Male 1432 (69) 569 (49) 817 (37) 199 (22)
Female 637 (31) 600 (51) 1378 (63) 711 (78)

Region <0.001
Rural (Ansung) 1194 (58) 618 (53) 989 (45) 419 (46)
Urban (Ansan) 875 (42) 551 (47) 1206 (55) 491 (54)

BMI 24.30 ± 3.12 24.58 ± 3.12 24.67 ± 2.92 24.65 ± 3.05 0.105
Education (years) <0.001

Elementary school or less 261 (14) 300 (12) 98 (9) 88 (9)
Middle school graduate 814 (44) 1122 (46) 475 (44) 420 (44)
High school or higher 770 (42) 1036 (42) 503 (47) 440 (47)

Monthly incomeb <0.001
<1000 724 (40) 876 (36) 318 (30) 259 (27)
1000–2000 422 (23) 550 (23) 238 (22) 200 (21)
≥2000 682 (37) 450 (41) 516 (48) 486 (52)

Total energy intaked (kcal/day) 1621.12 ± 471.95 1678.42 ± 519.85 1831.86 ± 589.55 2019.24 ± 848.68 <0.001
aEqual weight method; bUS dollar in 2014; c𝑝 for linear trend was determined by the general linear model for continuous variables and by 𝜒2 test for categorical
variables. dTotal energy intake was calculated using food frequency questionnaires.

≥ MET/day = 2; MET, metabolic equivalent) with antiox-
idant components. OBS included smoking status (never =
2, former = 1, and current = 0) and alcohol consumption
(nonregular drinker, 0–5 g/day = 0; regular drinker, 5 ≥ g/day
= 2). Evaluations of individual OBS component according to
quartile of OBS-equal weight (equal weighting of the selected
components and a simple summation) were presented in
Table 1.

Depending on contribution of OBS components on
oxidative balance, we scoredOBSwith 2 additional weighting
methods besides equal weighting method. For beta coef-
ficient weighting, the coefficient estimates for each of the
components obtained from the regressionmodelwere used to
calculate weights for OBS-beta coefficient. Coefficients were
multiplied by−1 so that components inversely associatedwith
metabolic disease risk had positive weight and vice versa.
Principal component analysis (PCA) was a weight method
using variation reduction [26]. The number of PCs to retain
was determined by using the diagram of eigenvalues and the
interpretability of the PCs.The PC score for each pattern was
constructed by summing up and observed OBS components
weighted by the PC loading. For weighting of OBS, each
model was adjusted for age, sex, geographic area, and BMI.

2.4. Genotyping. The KARE dataset consists of the indi-
vidual SNP chip genotypes and the epidemiological/clinical
phenotypes for studying the genetic components of Korean
public health.DNA sampleswere isolated from the peripheral
blood of all participants and were genotyped with Affymetrix
Genome Wide Human SNP array 5.0 (Affymetrix Inc,
Rockville, MD, USA).The obtained KARE dataset passed the
quality control criteria and was reported in previous GWAS
reports [27]. After sample and genotype quality controls,

344,396 SNPs for 6,414 individuals were available in the
KARE data.

2.5. Pathway-Based Analysis. It has now been recognized
that a majority of biological behaviors are manifested from
a complex interaction of biological pathway. Pathway-based
approaches using GWAS data are now used routinely to
study complex disease like MetS [28, 29]. To analyse pathway
involved in OBS and genome-wide interaction, we used the
improved i-GSEA that estimates the pathway-level interac-
tions between genetic variants and OBS.

In our study, 344,396 SNPs were mapped to genes
with 100 kb boundaries and pathways with <20 genes or
>200 genes were excluded from further analysis to reduce
the multiple-testing issue and to avoid testing overly nar-
row or broad functional categories [30]. A false-discovery
rate (FDR) was used for multiple-testing correction with
<0.05 considered to be significant. Improved GSEA uses a
comprehensive pathway/gene set database from SNP data
with pathways integrated and curated from a variety of
resources, including KEGG (Kyoto Encyclopedia of Genes
and Genomes pathway database), Biocarta, and GO (gene
ontology) database [31].

2.6. Statistical Analysis. OBS components except for physical
activity were not normally distributed, so they were log-
transformed when assigning OBS. Tests for linear trend
were performed using a sum of scores with values from
Q1 to Q4, consistent with the quartile grouping. Each OBS
weighting method was divided into quartiles, with the lowest
quartile (predominance of prooxidants) used as reference.
Even though obesity is a main factor of oxidative stress,
BMI is a strong risk factor for MetS; therefore, we remove it
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from OBS components but controlled for it in the statistical
models.

Logistic regression analyses were used to examine the
relationship between OBS and incidence of MetS adjusting
for age, geographic area, sex, and BMI. For comparing the
effect of different weighting methods, receiver operating
characteristics (ROC) curves and the respective areas under
the curves (AUCs) were calculated.

For investigating relationship between OBS and inflam-
mation, we examined the association of OBS with CRP (C-
reactive protein) and WBC (white blood cell count). CRP
was not normally distributed, and so it was log transformed.
The results of the linear regression models were expressed
as regression coefficients and their corresponding 95% con-
fidence intervals adjusted for same potential confounding
factors as the previous ones.

For elucidating biological process through interaction of
gene and oxidative stress by pathway analysis, we used to test
gene-environment interaction by performing a 1df test of𝐻0:
ßgobs = 0 (The context of the linear model: log[𝑝/(1 − 𝑝)] =
ß0 + ßageAge + ßsexSex + ßareaArea + ßobsOBS + ßbmiBMI +
ßgG + ßgobsG ∗ OBS). Due to the biological contributions to
oxidative balance, we used OBS by beta coefficient weight.
The interaction term was used to assess the significance of
the interaction between genetic variants andOBS.The critical
𝑝 values for accessing the significance of interaction were
calculated by FDR 𝑞-value, at the 5% level. All statistical
analyses were performed using R Statistical Software (version
2.14.0; R Foundation for Statistical Computing, Vienna,
Austria).

3. Results

3.1. Baseline Characteristics. A total of 6414 participants
(mean age, 56.07 years, SD, 8.29 years) were included in
this study. The distribution of characteristics according to
quartile of OBS-equal weight is shown in Table 2. Compared
to those in the lowest OBS quartile, participants in the highest
quartile were likely to be younger and more educated and
had more female. Participants in the highest OBS quartile
were also tended to have a higher income and reside in rural
area and higher total energy intakes than those in the lowest
quartile. There was no significant difference in BMI across
OBS intervals.

3.2. OBS Components and Their Assessment with Metabolic
Syndrome. As expected, intake of antioxidants including
vitamin C, carotene, and retinol was higher among partic-
ipants with higher OBS values (data not shown). Contrary
to expectation, intakes of iron were higher in the upper OBS
quartile group. Participants in the higher OBS quartiles were
also more likely to never be smokers, nonregular drinkers,
and higher physical activity (data not shown). Individual
component level of OBS between non-MetS and MetS was
provided in Table 3. In non-MetS patients, levels of dietary
components were higher in the highest quartile of OBS.
We found that higher consumption of alcohol in a day
was observed in non-MetS patients although alcohol is a
prooxidant component.

Table 2: Oxidative balance score assignment scheme.

OBS
components Score assignment schemea

Iron 0 = high (3rd tertile), 1 = medium (2nd tertile),
and 2 = low (1st tertile)

Vitamin C 0 = low (1st tertile), 1 = medium (2nd tertile),
and 2 = high (3rd tertile)

Retinol 0 = low (1st tertile), 1 = medium (2nd tertile),
and 2 = high (3rd tertile)

Carotene 0 = low (1st tertile), 1 = medium (2nd tertile),
and 2 = high (3rd tertile)

Physical activity
(Phy-MET)

0 = low (1st tertile), 1 = medium (2nd tertile),
and 2 = high (3rd tertile)

Smoking 0 = current smoker, 1 = former smoker, and 2 =
never smoker

Alcohol 0 = heavy drinker (≥50 g/day), 2 = nonheavy
drinker (<50 g/day)

aLow, medium, and high categories corresponding to baseline tertile values
among participants in the KARE cohort.

Table 3: Individual component level of OBS between non-MetS and
MetS groups.

Characteristics Non-MetS
(𝑛 = 4838)

MetS
(𝑛 = 1576)

Nutrients
Iron, mg/day 9.74 ± 5.31 9.11 ± 4.54

Vitamin C, mg/day 103.04 ± 66.79 94.40 ± 59.82

Retinol, 𝜇g/day 62.47 ± 62.16 50.98 ± 53.46

Carotene, 𝜇g/day 2429.53 ± 2026.43 2412.37 ± 2030.09

Alcohol consumption,
g/day 9.70 ± 22.68 9.26 ± 24.72

Nonregular drinker 4575 1470
Regular drinkera 248 101

Smoking status, 𝑛 (%)
Never 2944 1052
Former 977 238
Current 911 285

Physical activity,
MET/day 82.46 ± 21.11 81.44 ± 21.36

a≥50 g/day of alcohol drinking; MET, metabolic equivalent.

We firstly confirmed that there is no association between
each OBS component and MetS (data not shown). For
categorical analyses, participants in the highest quartile of
all three OBS by weighting methods were less likely to be at
risk for MetS than those in the lowest quartile, with statistical
significance (Table 4).We observed approximately 40% lower
risk of MetS at the highest quantile of OBS compared to
reference quantile (lowest quantile) among study participants
by beta coefficient adjusted by area, sex, age, and BMI. For
OBS-equal weight and OBS-PCA weight, there was around
28–32% reduction in risk of MetS. We used ROC curve
for comparing each weighting method for MetS and found
there was no difference of AUCs by different weighting
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Table 4: Association of the OBS with metabolic syndrome by weighing methoda.

OBS Number of cases
(control) OR (95% CI) 𝑝 𝑝 trend

OBS-equal weight (AUC = 0.823)
Quantile 1 547 (1522) 1

<0.01
Quantile 2 314 (855) 0.94 (0.78–1.15) 0.56
Quantile 3 510 (1685) 0.81 (0.68–0.97) 0.02
Quantile 4 186 (724) 0.65 (0.51–0.82) <0.01

OBS-equal weightb (AUC = 0.823)
Quantile 1 353 (1351) 1

<0.01
Quantile 2 205 (774) 0.91 (0.72–1.14) 0.40
Quantile 3 328 (1513) 0.79 (0.64–0.97) 0.02
Quantile 4 118 (644) 0.60 (0.45–0.81) <0.01

OBS-beta coefficient (AUC = 0.824)
Quantile 1 378 (1204) 1

<0.01
Quantile 2 397 (1161) 0.65 (0.52–0.81) <0.01
Quantile 3 431 (1209) 0.67 (0.49–0.90) <0.01
Quantile 4 355 (1212) 0.56 (0.76–0.41) <0.01

OBS-beta coefficientb (AUC = 0.829)
Quantile 1 239 (1089) 1

<0.01
Quantile 2 272 (1047) 0.66 (0.50–0.87) <0.01
Quantile 3 376 (1050) 0.66 (0.47–0.91) 0.01
Quantile 4 218 (1107) 0.56 (0.38–0.82) <0.01

OBS-PCA (AUC = 0.824)
Quantile 1 375 (1203) 1 (reference)

<0.01
Quantile 2 389 (1174) 0.64 (0.51–0.79) <0.01
Quantile 3 419 (1189) 0.68 (0.50–0.92) 0.01
Quantile 4 372 (1216) 0.55 (0.40–0.75) <0.01

OBS-PCAb (AUC = 0.828)
Quantile 1 233 (1087) 1

<0.01
Quantile 2 251 (1068) 0.71 (0.55–0.92) <0.01
Quantile 3 292 (1037) 0.66 (0.46–0.96) 0.03
Quantile 4 228 (1098) 0.62 (0.43–0.91) 0.01

aAdjusting for age, sex, area, and BMI. bExcluded patients with type 2 diabetes; 𝑛 = 5363.

methods: OBS-equal weight, beta coefficient weight, and
PCA weight (AUC 0.823, 0.824, and 0.824, respectively). We
also investigated association between OBS and the odds ratio
of MetS without T2D patients. As a result, there is positive
association betweenOBS andMetS regardless of T2D statues.

3.3. Association of the OBS and Metabolic Related Factors.
Table 5 showed the association between OBS and metabolic
related factors. Among components of MetS, ratio of hyper-
triglyceridemia and lowHDL cholesterol had inverse correla-
tionwithOBS (𝑝 trend< 0.01). Persons in the highest quantile
of OBS had the lowest level of MetS score, CRP, and WBC.

Oxidative stress and inflammation have been associated
withMetS and oxidative stress can increase inflammation and
vice versa. Confirming the role of OBS as oxidative stress
indicator, we tested association of OBS with inflammatory
markers. The CRP andWBC in blood serve as inflammatory

markers although these markers have nonspecific features
[32]. The regression beta coefficients indicate that OBS
was negatively associated with CRP and WBC (Table 6).
Compared to the reference group (using the lowest interval as
reference), the highest group was negatively correlated with
CRP, and all three groups were negatively correlated with
WBC.

3.4. Pathway Interacted with OBS and Genotype for Metabolic
Syndrome. With 352,228 SNPs having 𝑝 values for interac-
tion term in the logistic regression model, we first obtained
the significance of the interaction between genetic variants
and OBS at SNP level. Then, we tested pathway-based
interaction between OBS and genetic variation with 𝑝 values
of SNPs for enriched biological processes in MetS.

To conduct the biological pathway analysis, we used all
SNPs that were used in GWAS analysis. As shown in Table 7,
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Table 5: Associations of the OBS with metabolic related disorders by OBS quantile.

Characteristics Q1 (𝑛 = 2069) Q2 (𝑛 = 1169) Q3 (𝑛 = 2195) Q4 (𝑛 = 910) 𝑝 trend
Metabolic syndrome, 𝑛 (%) 547 (26) 314 (27) 510 (23) 186 (20) <0.001
Metabolic components, 𝑛 (%)

Abdominal obesity 686 (30) 416 (36) 753 (34) 305 (34) 0.071
Hypertriglyceridemia 748 (36) 382 (33) 631 (29) 235 (26) <0.001
Low HDL cholesterol 1087 (53) 667 (57) 1294 (59) 539 (59) 0.005
High blood pressure 486 (24) 287 (25) 432 (20) 161 (18) 0.267
High fasting glucose 465 (23) 244 (21) 392 (18) 131 (14) 0.163

MetS score 1.68 ± 1.30 1.71 ± 1.28 1.60 ± 1.25 1.51 ± 1.25 <0.001
CRP (mg/dL) 1.66 ± 3.19 1.49 ± 2.69 1.55 ± 3.93 1.35 ± 3.18 0.013
WBC (103/𝜇L) 6.70 ± 2.04 6.35 ± 1.79 6.20 ± 1.82 5.97 ± 1.71 <0.001
CRP, C-reactive protein; WBC; white blood cell count; 𝑝 trend was assessed by 𝜒2 test or general linear regression for linear trend.

Table 6: Association of the OBS with inflammatory markersa.

OBS Beta coefficient 95% CI 𝑝 𝑝 trend Beta coefficient 95% CI 𝑝 𝑝 trend
CRP (mg/dL) WBC (103/𝜇L)

Quantile 1 0 (Reference)

<0.01

0 (Reference)

<0.01
Quantile 2 −0.22 −0.30 to −0.14 <0.01 −0.77 −0.92 to −0.63 <0.01
Quantile 3 −0.12 −0.23 to −0.01 0.04 −0.82 −1.02 to −0.61 <0.01
Quantile 4 −0.28 −0.40 to −0.17 <0.01 −0.98 −1.19 to −0.77 <0.01
aAdjusting for age, sex, geographic area, and BMI.

we found that three canonical pathways (2 were from 190
KEGG pathways and 1 was from 260 Biocarta pathways)
were significantly enriched with FDR < 0.05 for MetS,
and other 2 pathways were possibly associated with MetS,
with FDR < 0.10. The most significant pathway was VEGF
signaling pathway (nominal 𝑝 < 0.001, FDR = 0.020). Other
significant pathways were glutathione metabolism (nominal
𝑝 < 0.001, FDR = 0.022) and Rac-1 pathway (nominal 𝑝 <
0.001, FDR = 0.045). These findings suggested that pathways
of angiogenesis, oxidative stress, and inflammation can be
involved in interaction with OBS on MetS risk.

4. Discussion

In this study, we examined the possibility of OBS as a
predictor ofMetS risk and found that higherOBS,which indi-
cates predominance of antioxidant exposures, was associated
with significant reduction of the risk of MetS. Considering
different contribution of each component on risk of MetS,
we used different weighting scheme for combination of pro-
and antioxidant exposure into a single score. Dash et al.
mentioned that combination of antioxidants and prooxidants
into a single score may be more powerful measurement of
oxidative stress than approaches that use a single antioxidant
or prooxidant [33]. Several studies using OBS also concerned
about using an equal weighting method for scoring of
oxidative stress.We found that associations betweenOBS and
the risk of MetS were not different depending on OBS weight
methods.

CRP and WBC are inflammation markers which have
been shown in multiple prospective epidemiological studies
to predict the risk of cardiovascular disease andMetS [34].We
found that OBS was inversely associated with inflammatory
markers of CRP and WBC, suggesting a role of OBS in the
pathogenesis of MetS. High-sensitivity CRP, a marker of low-
grade systemic inflammation, is reported as an independent
risk factor of diabetes and cardiovascular disease [35]. WBC
is also a routinelymeasuredmarker of systemic inflammation
and is reported to be a risk factor of cardiovascular disease
and MetS [36, 37]. Oxidative stress and inflammation are
closely related pathophysiological processes, one ofwhich can
be easily induced by another. Kong et al. recently reported
thatOBSwas inversely correlatedwith plasma concentrations
of F2-IsoPs, an oxidative stressmarker, and CRP levels in per-
sons with colorectal adenoma [9]. We did not compare OBS
with any oxidative stress markers that influenced directly
oxidative cellular damages, but, we confirmed that OBS is
closely associated with inflammation.

Pathway analysis on MetS focuses on the combined
effects of multiple SNPs within a gene and multiple genes
within a pathway that are grouped according to their shared
biological function. Current GWAS-derived pathway analysis
can provide insights into mechanism of disease and bio-
logical pathways considering interaction between genes and
environment factors [38, 39]. We identified that oxidative
balance was significantly associated with the risk of MetS
in this study. Oxidative balance may interact with polygenic
factors in complicated ways to influence MetS susceptibility.
For precise biological mechanism of oxidative balance for the
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Table 7: Pathway-based analysis for interaction between OBS and genetic variation for metabolic syndrome.

Resources Biological process Description 𝑝 value FDR
Significant

genes/selected genes/all
genes

KEGG
Hsa04370

VEGF signaling
pathway

Genes involved in VEGF signaling
pathway. <0.001 0.020 25/54/70

KEGG
Hsa00480

Glutathione
metabolism

Genes involved in glutathione
metabolism <0.001 0.022 12/26/39

Biocarta Rac-1 pathway
Rac-1 is a Rho family G protein that

stimulates formation of actin-dependent
structures

<0.001 0.045 14/20/22

Biocarta Rho pathway

Rac-1 is a Rho family G protein that
stimulates formation of actin-dependent

structures such as filopodia and
lamellipodia

0.001 0.062 14/25/31

Biocarta TNFR1 pathway
Tumor necrosis factor alpha binds to its

receptor TNFR1 and induces
caspase-dependent apoptosis

0.005 0.085 13/23/29

risk of MetS, we considered the interaction between endoge-
nous factor and OBS which suggested the comprehensive
biological pathways which might modify the risk of MetS. Of
the 15,576 genes mapped, 3 pathways had enrichment scores
better than FDR < 0.05 (Table 7): VEGF pathway, glutathione
metabolism, and Rac-1 pathway which are involved in oxida-
tive stress, angiogenesis, or inflammation [2, 40, 41].

VEGF (vascular endothelial growth factor) and its recep-
tor, VEGFR, have been shown to play major roles not only
in physiological but also in most pathological angiogenesis.
Angiogenesis requires initiation by proangiogenic factors,
such as VEGF, and mediated the Rho GTPases Rac-1. In
addition angiogenesis via VEGF involves the main mech-
anism of oxidative stress [42]. VEGF also plays a pivotal
role in diabetes that mediates the hyperglycemia-induced
pathological effect by oxidative stress [43], which activates
VEGF and IGF-1 signaling pathways via protein kinase C
(PKC) and interrelated each other. VEGF is secreted by
human fat cells and other tissues are stimulated by hypoxia,
as well as several hormones and growth factors like insulin,
IGF-1, estrogen leptin, and so on [44].

Glutathione (GSH)/glutathione disulfide is the major
redox couple in animal cells and effectively scavenges free
radicals and other reactive oxidative species directly and
indirectly through enzymatic reactions. GHS has critical
role in regulating lipid, glucose, and amino acid utiliza-
tion [45]. The reduction in tissue levels of glutathione, a
cellular antioxidant, increased oxidative stress markers and
impaired glucose homeostasis. Increased numbers of lipid
peroxidation markers have been observed in the liver of
animal models of diabetes and obesity, but GSH reductase
activates antioxidant defense mechanism and decreases lipid
peroxidation markers [46].

Rac-1, small GTP binding protein, plays many impor-
tant biological functions in cells adhesion, migration, and
inflammation. Rac-1 is a mediator of VEGF signaling path-
way that involves permeability and cell migration. Rac-1 is

associated with adiponectin and has a direct connection with
hyperglycemia and ß-cell apoptosis [47]. In addition, Rac-1
and NADPH have been reported to be a key regulator of
oxidative stress through its coregulatory effects on nitric
oxide synthase and NADPH oxidase [48]. In addition, Rac-
1/NADPH oxidase-derived oxidative stress is involved in the
pathogenesis of MetS [48] and participates in the production
of cardiac hypertrophy [49]. Besides, three pathways related
to OBS in our study were also involved in inflammation [2,
41], supported by our result that OBSwas inversely associated
with CRP andWBC. OBSmay interact with gene andmodify
the risk of MetS via several biological pathways.

Several studies using OBSmentioned their limitations for
lacking of endogenous factors that modify oxidative stress
[7, 9, 33, 50]. One of the limitations of our study is that we did
not consider oxidative stress induced by endogenous factors
such as mitochondrial function and antioxidant enzymes or
insulin signaling on MetS. However, some papers found that
OBS was associated with oxidative stress biomarkers (F2-
isoprostane, fluorescent oxidation products, and so on) and
was predictor for incident, sporadic colorectal adenoma [9,
33]. None of the adjusted associations between hypertension
and oxidative stress markers (including mitochondrial DNA
copy number) were statistically significant except OBS [6].
Labadie et al. reported that SOD2, CAT, and GSTP1 did
not modify OBS even though OBS was associated risk of
disease [51]. Impaired insulin signaling could be central to
the development of theMetS and can promote cardiovascular
diseases through abnormal lipid metabolism. Even though
we did not check insulin signaling with OBS for MetS, we
checked HOMA level without T2D patients and we found
that HOMA level was significantly decreased by OBS levels
(beta = −0.87, 𝑝 < 0.01, data not shown). We also considered
the biological process with genetic factor and oxidative stress
level of OBS on MetS. Another limitation of this study
is that OBS components are based on self-report data to
assess dietary pro- and antioxidant exposure. FFQ is the
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most practical and common assessment in cohort studies.
Although a 24 h diet recall survey has been conducted in this
study [22], recall bias and error still remained.

5. Conclusion

In summary, we identified that individuals with high OBS
may have lower risk of MetS. In addition, we showed inter-
actions between genetic polymorphism and OBS through
several signaling pathways. Such information would provide
scientific knowledge of comprehensive biological contribu-
tion by complex exposures to pro- and antioxidants. Further
research is needed to understand that modification of oxida-
tive balance could be preventive strategy for the development
of MetS.
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Metabolic Syndrome (MetS) has become a worldwide epidemic, alongside with a high socioeconomic cost, and its diagnostic
criteria must include at least three out of the five features: visceral obesity, hypertension, dyslipidemia, insulin resistance, and high
fasting glucose levels. MetS shows an increased oxidative stress associated with platelet hyperactivation, an essential component for
thrombus formation and ischemic events in MetS patients. Platelet aggregation is governed by the peroxide tone and the activity
of Protein Disulfide Isomerase (PDI) at the cell membrane. PDI redox active sites present active cysteine residues that can be
susceptible to changes in plasma oxidative state, as observed in MetS. However, there is a lack of knowledge about the relationship
between PDI and platelet hyperactivation under MetS and its metabolic features, in spite of PDI being a mediator of important
pathways implicated in MetS-induced platelet hyperactivation, such as insulin resistance and nitric oxide dysfunction. Thus, the
aim of this review is to analyze data available in the literature as an attempt to support a possible role for PDI in MetS-induced
platelet hyperactivation.

1. Introduction

Definition of Metabolic Syndrome (MetS) has been a matter
of intense scientific output over the last decades, reaching a
consensus by The National Cholesterol Education Program–
Adult Treatment Panel (NCEP ATP III) to include five major
features: visceral obesity, hypertension, dyslipidemia, insulin
resistance, and high fasting glucose levels. Diagnostic criteria
for MetS must include at least three out of these five features
[1]. MetS has become a worldwide epidemic, alongside with
a high socioeconomic cost whose prevalence widely ranges
from 8% to 43% in men and 7% to 56% in women [2–
4]. Importantly, the presence of MetS is associated with
a substantial 5-fold increased risk of developing diabetes
mellitus (DM) and a 2-fold increase in the development of
cardiovascular disease, concurring for higher likelihood to
suffer ischemic events [2–5]. In fact, MetS is an independent
risk factor for cardiovascular disease (CVD), leading patients

to exhibit a prothrombotic and proinflammatory status [6, 7].
As a long-term outcome, MetS individuals tend to develop
atherosclerotic plaque as a chronic inflammatory process
characterized by increased levels of inflammatory mark-
ers, such as tumor necrosis factor 𝛼, interleukin-6, leptin,
angiotensin II, and plasminogen activator factor 1, all of them
capital prothrombotic factors [6, 7].

Besides increased inflammatory markers, the prothrom-
botic state in MetS is mainly caused by endothelial dysfunc-
tion and platelet hyperactivity. Both lipotoxicity and insulin
resistance contribute to increased oxidative stress (OxS) in
the endothelium, leading to enhanced production of reactive
oxygen species (ROS) by various isoforms of NADPH oxi-
dase (Nox) and reduced nitric oxide (NO) production and
bioavailability, consequent to lower expression and/or uncou-
pling of endothelial nitric oxide synthase (eNOS) as well
as increased reactivity with superoxide (O2

∙−) [8]. Platelets
are key players involved in pathologic thrombosis through
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increased adhesion to the compromised endothelium, being
also affected by the increased OxS present in MetS [9, 10].
It has been shown that MetS subjects have increased mean
platelet volume, an independent predictor of vascular events
[11]. Moreover, there is an increase of proaggregatory and
prothrombotic mediators such as thromboxane A2(TxA2)
and adhesion molecules such as P-selectin, while inhibitory
components, like NO, are decreased [12]. Overall, there is
an increase in prothrombotic factors with a concomitant
decrease in inhibitory components in both endothelium and
platelets that concur for increased CVD in MetS.

The Protein Disulfide Isomerase (PDI) is a family of thiol
isomerases originally found in the endoplasmic reticulum
(ER) that were later discovered in the cytosol and surface of
endothelial cells and platelets, among others [13, 14].Themost
abundant and physiologically relevant member is PDIA1,
the product of the P4HB gene, with a molecular weight of
57,000Da and five subunits: four thioredoxin-like domains
(a-b-b-a), one C-terminal extension domain, besides one x-
linker sequence between b and a [15, 16]. PDIA1 is also an
important regulator of thrombus formation, rapidly binding
to 𝛽3 integrins on the endothelium upon injury [17]. In
platelets,membrane PDImembers, such as PDIA1, ERP5, and
ERP57, are known for their paramount importance in platelet
aggregation through the isomerization of a disulfide bond
in the 𝛼2b𝛽3 integrin, which is the final convergent pathway
in virtually all mechanisms of platelet aggregation [18]. In
addition, platelet surface PDI participates in platelet adhesion
through a close interaction with collagen receptor 𝛼2𝛽1 [19],
GP1b𝛼 [20], vitronectin [21], and thrombospondin 1 [22].
Despite the already established importance of PDI proteins,
precise mechanisms through which surface thiol isomerases
interact with integrins and other plateletmembrane receptors
are still unclear. Since MetS involves many risk factors
associated to changes in the coagulation pathway, the aim of
this review is to analyze the potential role of platelet surface
PDIA1, henceforth referred as PDI, as a central player in
platelet hyperactivation under MetS.

2. Metabolic Syndrome and Vascular
Oxidative Stress

ROS, specially O2
∙− and hydrogen peroxide (H2O2), are

ubiquitous oxidants of moderate reactivity and brief half-
life found in virtually all biological systems as byproducts
of oxygen metabolism [23]. At low levels, ROS are key
players in many biochemical processes, such as signaling
cascades, gene transcription, cellular growth and migration,
and apoptosis [24]. In particular at the vascular system, ROS
participate in controlling vasodilation and platelet adher-
ence/aggregation [23]. However, when ROS generation is
excessive and not compartmentalized, exceeding endogenous
antioxidant capacity, cells and tissues progress to OxS, which
is considered an early event in the pathophysiology of most
chronic noncommunicable diseases associated to MetS [25,
26].

The vascular OxS observed in MetS leads to a change
in plasma redox state, inciting a prooxidant environment

due to the imbalance of two central thiol/disulfide cou-
ples, glutathione/glutathione disulfide (GSH/GSSG), and cys-
teine/cystine (Cys/CySS) [25, 27].The reduced partners (GSH
or Cys) help in maintaining the thiol/disulfide redox state in
proteins, as well as the redox state of ascorbate and vitamin
E in their reduced healthy forms by their participation in
peroxides removal. Under prooxidant conditions, GSH levels
decline in both intracellular and extracellular environment
of vascular cells in parallel with an increase in GSSG. Thus,
measurement of reduced and oxidized products, as well as
their ratios, can provide a useful indicator of OxS in human
plasma [25]. Several thiol-containing proteins at the surface
of vascular cells, such as thioredoxin and its relatives from
PDI family, in response to variable concentrations of ROS,
alter the redox state of critical thiols that leads to ROS-
driven cellular activation [28]. Noteworthy, recent reports
have corroborated the impact of MetS on plasma redox state,
with particular emphasis on the assessment of redox status
as a tool to predict different outcomes in prediabetic patients
[29, 30].

The phagocytic and nonphagocytic isoforms of Noxes
are the primary source of ROS and have been consistently
implicated in different vascular pathologies [31, 32]. Nox
complexes are composed of multiple subunits comprising
catalytic (Nox 1–5) and regulatory (p22phox, p40phox, p47phox,
p67phox, Noxo 1, Noxa 1, and the small GTPases Rac 1 and
Rac 2) components, whose expression may vary according
to the cell type [33]. Nox4 is associated to cell differentiation
of vascular smooth muscle cells [34], whereas Nox1 supports
cellular proliferation and migration [35]. Endothelial cells
express four Nox isoforms (Nox1, Nox2, Nox4, and Nox5),
from which Nox4 is the most highly expressed, and promote
H2O2-derived endothelium preservative actions [36, 37]. On
the other hand, expression levels of the other isoforms have
been directly implicated in endothelial dysfunction [38].

In platelets, Nox2 was identified by the localization of
membrane p22phox, cytosolic p47phox subunits, and more
recently the catalytic gp91phox subunit [39, 40]. Similarly,
Nox1 is also expressed in human platelets, although in a
lesser extent when compared to Nox2 [41]. The same study
failed to localize Nox4 and Nox5 in platelets, even though
further studies are needed to address this matter. Since
platelets express Nox1 andNox2, Delaney and colleagues [42]
compared the differential roles of these enzymes in platelet
activation and thrombosis. They showed that Nox2, but not
Nox1, is required for thrombus formation, whereas none of
the enzymes altered tail bleeding time in mice, suggesting
further studies should focus onwhetherNox-dependent ROS
generation may become a potential antithrombotic target
without significant bleeding complications [42].

In addition to Nox enzymes, there are different nonen-
zymatic and enzymatic pathways involved in the forma-
tion of ROS in vascular milieu, among them, spontaneous
dysmutation of oxygen, leakage of the mitochondrial elec-
tron transport chain, myeloperoxidase, xanthine oxidase,
cyclooxygenases, and uncoupledNOS [43]. Virtually all these
mechanisms may concur for MetS-associated cellular dam-
age, which leads to increased formation of advanced glycation
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end products (AGE) and its receptors, hexosamine pathway
overactivity, increased polyol pathway flux, activation of
protein kinase C isoforms [44, 45], lipotoxicity [46], and
increased inflammatory profile [47]. Therefore, endothelial
cells and platelets fromMetS patients suffer from this marked
increase in ROS generation, playing a pivotal role in the
macro- and microvascular complications of this syndrome.

3. Metabolic Syndrome and
Platelet Hyperactivity

The damage caused by OxS has been shown to increase
platelet aggregation in MetS subjects and decrease aspirin
response in DM [6, 10, 48]. These can be explained by
several mechanisms: increased platelet secretion of TxA2 and
prostaglandins (PG), decreased expression of NOS in both
endothelium and platelets in addition to a decreased pro-
duction of prostacyclin (PGI2) at the endothelium; decreased
platelet response to NO and platelet insulin resistance.
Among these, the development of insulin resistance and
the impairment of NO homeostasis are arguably the most
substantial pathways involved in platelet hyperactivation in
MetS.

3.1. Thromboxane and F2-Isoprostanes Overproduction in
Platelets. TxA2 is one of the byproducts of arachidonic acid
(AA) oxidation by prostaglandin endoperoxide H2synthase-
1 (PGHS-1), also known as cyclooxygenase-1 (COX-1), in
platelets [49]. TxA2 is synthesized by platelets and acts as an
agonist in platelet aggregation and activation, through the
ligation of its own G protein-coupled receptor, leading to
increased 𝛼2b𝛽3 expression, the latter being blocked by the
COX-inhibitor aspirin [50]. Besides TxA2, F2-isoprostanes
are also derived from AA oxidation, stimulating platelet
aggregation and complementingTxA2 actions. Specifically, 8-
iso-PGF2𝛼 is secreted by platelets upon stimulus, enhancing
platelet activation and adhesive reactions to other agonists at
low concentrations, through interaction with thromboxane
receptor [51, 52]. Noteworthy, urinary secretion of 8-iso-
PGF2𝛼 is also considered a clinical marker of platelet activity
[52], which has been found to be increased in obese women
[53].

Increased platelet ROS formation in MetS overactivates
plateletNox2 partly through oxidized low-density lipoprotein
(oxLDL) ligation of platelet CD36 [54], causing an increase in
cytosolic peroxide tone, that is, increased peroxynitrite gen-
eration, that subsequently stimulates COX-1 activity [49, 55].
This setting enhances TxA2 and 8-iso-PGF2𝛼 levels through
lipid peroxidation and redox-catalyzed conversion of AA into
F2-isoprostanes [52]. Interestingly, it seems platelet Nox2
is an important regulator of 8-iso-PGF2𝛼, since chemical
or hereditary inhibition of Nox2 strongly decreases 8-iso-
PGF2𝛼 generation in platelets [39]. Since COX-1 activity
is based in the continuous generation of a lipid-derived
radical, besides the reductant environment of the platelet,
TxA2 pathway is continuously interrupted and requires a
permanent reactivation by peroxides [49]. Therefore, OxS
can exacerbate platelet aggregation in MetS by changing the

intracellular peroxide andperoxynitrite levels, culminating in
TxA2 and F2-isoprostanes overproduction, a mechanism at
least partially regulated by Nox2.

3.2. Dysfunctional NO Effects in Platelets. NO is a potent
vasodilator and antiplatelet mediator whose bioavailability is
inversely correlated with cardiovascular risk [56–59]. Under
normal conditions, NO derived from endothelial and platelet
NOS diffuses toward circulating platelets in order to activate
guanylate cyclase (GC), thus augmenting cyclic guanosine
monophosphate (cGMP) levels. Increased levels of cGMP as
well as cyclic adenosine monophosphate (cAMP) induce the
phosphorylation of vasodilator-stimulated phosphoprotein
(VASP) that will inactivate integrin 𝛼2b𝛽3 [60–62]. NO also
decreases intracellular Ca2+ levels [63], inhibits thromboxane
receptors in platelets [64], and diminishes platelet recruit-
ment in thrombus formation [65]. Furthermore, in vascular
smooth muscle cells, NO is a potent vasodilator that reduces
intracellular Ca2+ levels by the abovementioned mechanisms
[66].

However, in the context of increased OxS induced by
MetS or aging, intraplatelet ROS overproduction decreases
NO bioavailability by forming reactive nitrogen species
(RNS), such as peroxynitrite, leading to platelet hyperac-
tivation [61, 67]. Of note, peroxynitrite induces platelet
aggregation with increased intracellular Ca2+ concentration
[68], while it also oxidizes several proteins that blunt NOS
and reduce platelet antioxidant capacity [58, 69]. Platelet
NOS was found to be downregulated in MetS patients, which
could partially explain the decreased NO production in
these subjects when compared to healthy ones [70]. Besides
compromised NO bioavailability, platelets from patients with
unstable coronary syndrome showed impaired antiplatelet
response to the NO donor sodium nitroprusside, suggesting
a platelet NO resistance that could be associated to increased
OxS [71].Thus, OxS causes not only a decrease in platelet NO
bioavailability, but also a dysfunctional response to its action.

3.3. Dysfunctional Insulin Effects in Platelets. Since the dis-
covery of insulin receptors in human platelets, insulin sig-
naling has been considered an important regulator of its
function. Hajek and colleagues were the first to demonstrate
that platelets possess insulin receptors, with a density of
roughly 500 receptors/cell, comparable to other insulin-
sensitive cell types [72]. Physiologically, insulin binds to its
membrane receptor, provoking the autophosphorylation of
its 𝛽-chain and activating the classical insulin’s signaling
pathway [73]. In fact, it has been shown that insulin inhibits
platelet aggregation in healthy nonobese subjects [74, 75],
by a mechanism involving inhibition of tissue factor (TF)
and modulation of plasminogen activator inhibitor-1 (PAI-
1) concentrations [69]. Moreover, other groups reported that
insulin decreases intraplatelet Ca2+ content [76] and reduces
platelets’ response to agonists possibly due to the activation
of eNOS [77] and sensitization of platelets to the inhibitory
effects of NO [12, 78].

Similar to NO dysfunctional effects in MetS, it has been
shown that obese DM subjects blunted insulin’s antiplatelet
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Figure 1: Reactions catalyzed by PDI and possible unbalance in oxidative stress. In (a), PDI catalyzes reduction of a disulfide bond to a dithiol
through an attack from its thiolate anion located in Cys53 or Cys397, whereas in (b) shows PDI oxidizing a dithiol into a disulfide bond. In (c),
PDI isomerizes a disulfide bond in the same molecule. These reactions are expected to be increased in OxS, since the reduction of disulfide
bonds has been shown to promote platelet aggregation and isomerization is an essential step towards 𝛼2b𝛽3 activation [18]. In (d), PDI reacts
with NO to promote transnitrosation, shifting NO from one molecule to another or within the same molecule. It should be noted that PDI
might also catalyze denitrosation, releasing NO from S-nitrosothiols. This reaction is expected to be decreased in oxidative stress mainly due
to the decreased NO bioavailability.

effects, confirming that human platelets can undergo insulin
resistance. Insulin resistance is defined by the lack of insulin’s
actions in platelets, which downregulates IRS-1/Akt pathway,
culminating in elevated intracellular Ca2+ content and proag-
gregatory mediators. In fact, platelets from diabetic patients
exhibit faster and higher aggregation when compared to
healthy ones [69, 79]. Moreover, insulin resistance augments
intraplatelet synthesis of PAI-1 and secretion of thromboxane
metabolites, thus creating a proaggregatory environment
[69]. Finally, there is increased thrombin and fibrin genera-
tion, with a prothrombotic fibrin clot phenotype in diabetic
patients [80]. Thus, platelet insulin resistance is one of the
main contributors to OxS-derived platelet hyperactivation in
MetS, even though there is no pathophysiological model to
explain how platelets become insulin resistant.

4. Protein Disulfide Isomerase and Platelet
Hyperactivation in MetS

PDI is an ubiquitous chaperone, structurally divided in five
subunits: four thioredoxin-like domains (a-b-b-a) and one
C-terminal extension domain, besides one x-linker sequence
between b and a [15, 16]. Among these, its catalytic redox
motif CGHC is present in both a and a domains in a
constant balance between disulfide and dithiol forms. These
CGHC motives confer PDI its ability to catalyze oxidation,
reduction, and isomerization reactions (Figure 1), through
redox exchanges apparently guided by a trial and error
process [16]. Even though containing a C-terminal KDEL
ER-retention sequence, PDI is also found in cytosol and
surface membrane of numerous cell types, including platelets
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[14]. Interestingly, besides surface membrane, platelet PDI
was localized in the sarco-/endoplasmic reticulum, being
mobilized to the surface during platelet activation through a
mechanism requiring actin polymerization [81]. Important to
this review, we refer specifically to platelet surface PDI.

In platelets, PDI is known for its paramount impor-
tance in platelet aggregation through the isomerization of
a disulfide bond in the 𝛼2b𝛽3 integrin [18]. Such integrin
is considered the most important component and final
convergent pathway in virtually all mechanisms of platelet
aggregation [18]. In fact, anti-PDI antibody inhibits platelet
aggregation [82], whereas the addition of reduced PDI prior
to agonists enhances maximum aggregation [83]. Of note, it
has been recently showed that the C-terminal CGHC motif
of PDI is essential for its function in thrombus formation and
platelet aggregation [83]. Moreover, PDI is also implicated
in the function of other integrins, such as the collagen
receptor 𝛼2𝛽1[19] and the von Willebrand factor receptor
glycoprotein 1b𝛼 [20], even though the precise mechanism of
such interactions is unclear. Overall, PDI is considered a pro-
thrombotic enzyme, directly implicated in platelet activation,
aggregation, and adhesion.

Strikingly, PDI seems to be related to platelet insulin
resistance and consequent hyperactivity in OxS induced by
MetS. Contrasting with insulin’s TF inhibition, PDI has been
described as an essential component of TF activation. A
proposed working model states that reduced PDI, secreted
by activated platelets, reacts with low procoagulant activity
TF to yield a TF with high procoagulant activity through
the formation of a disulfide bond between Cys186 and Cys209
residues on TF molecule. Additionally, PDI may promote
fibrin generation [84].Overall, this suggests thatwhile insulin
inhibits TF activation, PDI works on the opposite side by
augmenting TF procoagulant activity and increasing fibrin
generation upon injury. Nonetheless, insulin resistance and
PDI seem to exert similar effects on platelet activation. Even
though no study has ever demonstrated whether PDI can
desensitize platelet’s insulin receptors, the likewise effects of
insulin resistance and PDI on platelet function could lead to
a possible connection between these two factors.

A plausible hypothesis is that PDI’s procoagulant reac-
tions could be increased in insulin resistance and OxS in
detriment of decreased insulin activity or even that insulin
resistance could be, at least in part, accounted for increased
PDI activity. This is supported by the well-characterized
in vitro reaction between PDI and insulin, where the first
reduces a disulfide bond in the latter, causing the precipitation
of insulin’s 𝛽-chain [85]. In vivo, it has been reported that DM
patients release more platelet-derived microparticles (pMPs)
[86]. Importantly, pMPs contain catalytically active PDI,
and DM subjects have increased levels of PDI-containing
pMPs [87]. In fact, plasma samples from DM patients
present roughly 50% more pMPs than healthy subjects, also
exhibiting 60% more PDI and 70% more PDI activity [87].
Noteworthy, thesemicroparticles were able to catalyze insulin
disulfide reduction, abrogating insulin’s activity, as shown by
loss of Akt phosphorylation in 3T3-L1 cells [87]. Therefore, it
is reasonable to suggest that the increased PDI secretion from
DM platelets reduces insulin’s bioavailability, contributing to

the lack of insulin’s action found in MetS platelets (Figure 2).
Nonetheless, it should be stressed that further studies are
needed to address whether PDI is an important cue in MetS-
induced platelet hyperactivity, specifically if secreted platelet
PDI is able to desensitize insulin receptor in various cell types.

PDI is also involved in platelet NO homeostasis [88],
providing evidence for a paradoxical effect of PDI in platelet
activation. Previous studies have shown that PDI acts as an
NO carrier through vascular cells by transnitrosation reac-
tions, exchanging the nitrosonium ions between cysteines
(Figure 1(d)) [89, 90]. Likewise, it was also shown that platelet
PDI denitrosates S-nitrosothiols (RSNOs), thus releasing NO
and increasing its bioavailability [91].Moreover, RSNOs seem
to be denitrosated by the same CGHC active site that gives
PDI its proaggregatory properties [83, 91]. These findings
were further supported by Bell et al. [92] that showed PDI
is implicated in a wide range of NO-related signals and
not only with RSNOs, as previously thought. However, NO
can also attack PDI in an S-nitrosylation reaction, which
transfers NO to critical cysteines in CGHC active sites. Such
reaction inhibits PDI isomerization and chaperone activities
by roughly 50%, which could in turn compromise the
aforementioned mechanisms of platelet aggregation through
𝛼2b𝛽3 [93]. Despite acting as a NO donor, PDI paradoxically
inhibits NO effects in vascular smooth cells by a thiol-
disulfide exchange between PDI’s CGHC active site and the 𝛼
or 𝛽 domains of soluble GC [94, 95]. Therefore, platelet PDI
improves NO bioavailability, acts as an NO carrier, while it
can also be inhibited byNO itself, whereas in vascular smooth
cells PDI abrogates NO effects.

Nevertheless, it is important to notice that the above-
mentioned studies took place under physiological condi-
tions and the interaction between PDI and NO was not
tested under increased OxS, nor was it tested in MetS
subjects. One could hypothesize that increased ROS produc-
tion, causing cellular damage and increased OxS, coupled
with alterations in plasma GSH/GSSG and Cys/CySS could
interfere with PDI’s denitrosation activity or even revert
its effect. Additionally, decreased NO bioavailability due
to peroxynitrite formation leads to lower extents of PDI
reacting with available NO and/or less NO inhibiting PDI
isomerase activity, which would shift the enzyme’s activity
to proaggregatory pathways (Figure 2). These hypotheses
are based on the well-established decrease of NO bioavail-
ability in MetS (detailed in Section 3.2) and should be
addressed in future studies, since dysfunctional NO effect
on platelets is an important cue to better understand platelet
hyperactivity. Nonetheless, studies are needed to investi-
gate whether there is a link between PDI and decreased
NO bioavailability or diminished platelet NO response,
given that this protein is of capital importance to platelet
function.

Last but not least, it has been suggested that PDI act
as a modulator of distinct members of Nox enzymes in the
vascular system [96].There is a close association between PDI
and Nox1 [96–98], phagocytic Nox2 [99, 100], and Nox4 [97,
101], which has been demonstrated through biochemical and
molecular approaches of gene silencing and overexpression.
Specifically to Nox2, PDI regulates its function possibly
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through mechanisms involving thiol groups on its various
subunits and therefore contribute to ROS generation [96].
Early studies have found increased protein expression and
activity of Nox2 subunits p22phox and gp91phox in pMPs from
septic patients [102], which were later demonstrated also to
present higher levels of PDI, as well [103]. Even though there
is no study addressing such interaction in platelets fromMetS
patients, it is plausible to infer that PDI might also regulate
Nox2 activity in these cells, further contributing for OxS-
driven NOS uncoupling, thromboxane generation as well as
insulin resistance.

5. Conclusions

MetS increases cardiovascular risk and mortality, being con-
sidered a worldwide epidemic. Among the cardiovascular
outcomes implicated in MetS, platelet hyperactivation plays

a pivotal role in morbidity and mortality. At the same time,
PDI is an important regulator of platelet function. However,
to the best of our knowledge, no study has investigated
the likely contribution of PDI in MetS-induced platelet
hyperactivity, nor has it ever been proposed. Therefore, we
propose that PDI could be a potential culprit of MetS-
induced platelet hyperactivity, possibly through a deficient
PDI denitrosation activity, decreased PDI S-nitrosylation
and/or less PDI needed for transnitrosation reactions, an
increase in TF activation, and insulin resistance caused by
increased quantity and/or activity of secreted platelet PDI.
Novel original studies are needed to corroborate or reject this
hypothesis.
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Disruption of cellular redox homeostasis is implicated in a wide variety of pathologic conditions and aging. A fundamental
factor that dictates such balance is the ratio between mitochondria-mediated complete oxygen reduction into water and
incomplete reduction into superoxide radical bymitochondria andNADPHoxidase (NOX) enzymatic activity. Herewe determined
mitochondrial as well as NOX-dependent rates of oxygen consumption in parallel with H

2
O
2
generation in freshly isolated

synaptosomes using high resolution respirometry combined with fluorescence or electrochemical sensory. Our results indicate
that although synaptic mitochondria exhibit substantially higher respiratory activities (8–82-fold greater than NOX oxygen
consumption depending on mitochondrial respiratory state), NADPH-dependent oxygen consumption is associated with greater
H
2
O
2
production (6-7-fold higher NOX-H

2
O
2
). We also show that, in terms of the consumed oxygen, while synaptic mitochondria

“leaked” 0.71% ± 0.12 H
2
O
2
during NAD+-linked resting, 0.21% ± 0.04 during NAD+-linked active respiration, and 0.07% ± 0.02

during FAD+-linked active respiration, NOX converted 38% ± 13 of O
2
into H

2
O
2
. Our results indicate that NOX rather than

mitochondria is the major source of synaptic H
2
O
2
. The present approach may assist in the identification of redox-modulating

synaptic factors that underlie a variety of physiological and pathological processes in neurons.

1. Introduction

Substantial evidence indicates that the synapse is a center
stage for brain physiology and pathology [1]. Synaptic activity
is now known to produce ROS that are essential regulators
of multitudes of normal physiological processes in neurons
including cognition andmemory.The high levels of ROS gen-
eration in synapses, alongside their high-energy demands,
make them more vulnerable to stressful insults encountered
in aging, neurodegenerative, neuropsychological, and neu-
rodevelopmental disorders [2]. The relative importance of
specific enzymatic sources of ROS in synapses is not fully
understood. Mitochondria are one source of cellular ROS.
A portion of oxygen consumed by mitochondria escapes the
aerobic ATP production pathway and forms oxygen radicals
primarily in the form of superoxide anions (O

2

∙−) that are
instantaneously dismutated to hydrogen peroxide (H

2
O
2
)

by mitochondrial superoxide dismutase (SOD) [3–5]. Since

the brain is highly metabolically active organ that exhibits
robust oxygen consumption [6], mitochondria respiratory
activity was often considered the prime source of brain ROS.
However, recent data indicate that NADPH oxidases (NOX),
the enzyme family known to generate ROS as their only and
primary function, are widely expressed in the CNS where
they considerably contribute to ROS generation [7, 8]. While
NOX2 is found principally in phagocytes, recent reports
showed that NOX2 and homologs (NOX1, NOX3–5, Duox1,
and 2) are expressed in a miscellaneous array of tissues
and cell types. NOX2 and NOX4 have been characterized
in the neurons of adult mouse nervous system, potentially
contributing to wide range of physiologic functions and
to several neurological disorders [9]. Although it is likely
that the initial product of all NOX enzymes is O

2

∙−, which
spontaneously dismutates to H

2
O
2
via superoxide dismutase

(SOD), it is now clear that H
2
O
2
is predominantly produced

by several NOX isoforms, particularly NOX4, Duox1, and
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Doux2. This apparent H
2
O
2
generation may be attributed

to the rapid dismutation of O
2

∙−. However, recent reports
showed that for, NOX4, H

2
O
2
generation is mediated by the

third extracellular loop of the enzyme (reviewed in [10]).
Synaptic localization of mitochondria [11, 12] and some

NOX isoforms have been documented [8, 13]. Synaptosomes
(isolated nerve terminals), which have been extensively used
for studying brain synaptic physiology, were found to contain
mitochondria with distinct biophysical properties from those
of neuronal bodymitochondria [11, 12]. NOX2 andNOX4 are
also expressed in synaptosomal plasmamembrane [8, 13] and
we previously reported that synaptosomes exhibit NADPH-
dependent oxygen consumption [13]. Given the critical role
of NOX and mitochondria in cellular ROS production and
the presence of some NOX isoforms and distinctive mito-
chondria in synaptosomes, it is of paramount importance to
characterize the interplay between their respiratory functions
and ROS generation in synapses. Our previous study using
spin-trapping electron paramagnetic resonance spectroscopy
showed that NOX rather than mitochondria was the main
contributor of synaptic superoxide generation [8]. How-
ever, the relationship between mitochondria and/or NOX-
dependent O

2
consumption and resulting ROS generation is

still ambiguous, despite the long-held idea that augmented
energy expenditure will result in higher ROS generation
[14]. Much vagueness exists over the relationship between
the rate of oxygen consumption and the production of
reactive oxygen species (ROS) such as hydrogen peroxide by
mitochondria and NOX in synapses. Here, we use combined
high resolution respirometry and fluorometry to simultane-
ously monitor oxygen consumption and H

2
O
2
production

by synaptosomal mitochondria and NOX. We will describe
for the first time how the well-established Amplex Red
assay or an electrochemical sensor can be used to quantify
H
2
O
2
production by NOX combined with the simultaneous

measurement of NOX-dependent oxygen consumption by
high resolution respirometry.

2. Materials and Methods

2.1. Animals. C57BL6/C males (6 weeks old) were purchased
from Misr University for Science and Technology (Cairo,
Egypt) and were housed for at least one month in Zewail
City animal facility until sacrificed. All animals were
maintained in pathogen-free, individually ventilated cages
in 12 h light/12 h dark cycles at 24∘C and 50% relative
humidity, with free access to water and standard laboratory
rodent chow. Animals were decapitated following quick
cervical dislocation which is an approved and considered
humanemethod of small animal euthanasia by the American
VeterinaryMedical Association (AVMA) (https://www.avma
.org/KB/Policies/Documents/euthanasia.pdf). All experi-
ments were conducted in adherence to the NIH Institu-
tional Animal Care and Use Committee guidelines https://
grants.nih.gov/grants/olaw/GuideBook.pdf.

2.2. Isolation of Synaptosomes. Isolation of synaptosomeswas
performed as previously described [13]. Briefly, brains were

quickly removed; forebrainswere dissected andhomogenized
using a Dounce homogenizer in ice-cold isolation buffer
(0.32M sucrose, 1mM EDTA, 10mM Tris-HCl buffer, pH
7.4, 10mM glucose). The homogenate was then centrifuged
at 3,100×g for 3min at 4∘C. The supernatant was removed
and the pellet was resuspended in half the volume of iso-
lation buffer, then homogenized again, and recentrifuged.
The supernatant was collected and mixed with percoll to
a final concentration of 15% by volume. The mixture was
then layered onto a step gradient of 23% and 40% percoll.
Centrifugationwas then performed at 16,000 rpm for 5min at
4∘C. The band at the interface of the two layers was collected
and rinsed in isolation buffer, followed by centrifugation and
resuspension in synaptosomal buffer (120mMNaCl, 4.7mM
Kcl, 2.2mM CaCl

2
, 1.2mM MgCl

2
, 25mM HEPES, 1.2mM

MgSO
4
, 1.2mm KH

2
PO
4
, and 10mM glucose).

2.3. Determination of NOX Activity in Synaptosomes by
Oroboros� High Resolution O2k Oxygraph. NOX activity in
synaptosomal preparations was determined by measuring,
in the same sample, NADPH-induced oxygen consumption
and the associated rate of hydrogen peroxide formation
simultaneously using Amplex Red fluorescence/or H

2
O
2

electrochemical HPO-ISO-2mm sensor (WPI, Sarasota,
USA) which is compatible with the O2k-NO Amp-Module
(Oroboros�).

2.4. Measurements of NADPH Oxidase Respiratory Rates.
NADPH oxidase respiratory assessments (and hydrogen per-
oxide determinations) were carried out at 37∘Cusing the high
resolution respirometry system Oxygraph-2K (Oroboros
Instruments, Innsbruck, Austria) in 2mL chambers. Before
starting the experiment, calibration at air saturation was
performed by allowing the respiration medium, MIR05, to
equilibrate with air in the oxygraph chambers and be stirred
at 540 to 560 rpm for 30 to 40min, until a stable signal
was detected. Synaptosomal protein (0.2mg) was added to
the respiration medium in the chamber. Activation of NOX
was evoked by the addition of 200 𝜇M NADPH (3 doses).
The rates of oxygen consumption were calculated as the
negative time derivative of oxygen concentration. The rate of
NOX-dependent hydrogen peroxide formation was detected
in parallel to oxygen consumption in the same sample by
using two different approaches. In the fluorometric method,
horseradish peroxidase (1 U per mL) and Amplex Ultra-
Red fluorescent dye (10 𝜇M) were utilized. The excitation
wavelength was 525 nm and fluorescence detection was at
587 nm. For determination of NOX-dependent hydrogen
peroxide production by amperometric detection in parallel
with oxygen consumption, the fluorescent dye was substi-
tuted by inserting an HPO-ISO-2 WPI electrode in the
O2k chamber. Signals were calibrated using known amounts
of hydrogen peroxide that were exogenously added by the
end of each run. At the peak of oxygen-consuming, HPO-
producing NADPH activity, specific NOX inhibitor VAS-
2870 (10 𝜇M) or ebselen (10 𝜇M) was added to confirm that
the activity recorded was mediated by NOX. Data acquisition
and analysis were performed with the DatLab� software,
version 4.3 (Oroboros Instruments).This enables continuous

https://www.avma.org/KB/Policies/Documents/euthanasia.pdf
https://www.avma.org/KB/Policies/Documents/euthanasia.pdf
https://grants.nih.gov/grants/olaw/GuideBook.pdf
https://grants.nih.gov/grants/olaw/GuideBook.pdf
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monitoring and recording of the oxygen concentration in the
chambers as well as of the derived oxygen flux over time,
normalized for the amount of homogenized tissue acquired
at rates of 0.5–1Hz.

2.5. Measurements of Synaptic Mitochondrial Oxygen Con-
sumption and Hydrogen Peroxide Production. After blocking
NOX activity, synaptosomes were permeabilized by the addi-
tion of saponin (25 𝜇g/mL). State 4 respiration was triggered
by adding the following substrates: 10mM pyruvate + 10mM
malate + 10mM glutamate. State 3 respiration was then
induced by adding ADP (1mM) for measuring OXPHOS I
followed by 10mM succinate to assess OXPHOS I+II. Parallel
assessment of oxygen consumption and hydrogen peroxide
formation by synaptosomal mitochondria was performed as
described above. In a control experiment, we confirmed that
outer mitochondrial membrane integrity was not affected by
the saponification process as exogenously added cytochrome
c (10 𝜇M) did not impact mitochondrial OCR (data not
shown).

3. Results

3.1. NADPH Oxidases Are Minor Oxygen Consumers but
Major Hydrogen Peroxide Producers in Synaptosomes. We
have previously reported the detection of oxygen consump-
tion by synaptosomal NOX using Oxygraphy [8, 13]. Here,
we utilized high resolution respirometry (Oroboros O2k-
Station) to follow NADPH-induced oxygen consumption
in isolated C57BL6/C male synaptosomes. Additionally, we
simultaneously used the O2k-Fluorometer or the HPO sen-
sor, for the first time, to monitor the rate of hydrogen
peroxide production in the same sample. In the fluorometric
assay the highly sensitive AR/HRP system has been used
for assessment of H

2
O
2
production by recording changes in

resorufin fluorescence [15]. Since HRP has been shown to
catalyze the oxidation of NADPH with subsequent gener-
ation of H

2
O
2
[16], we compared NOX-dependent oxygen

consumption and hydrogen peroxide production obtained by
using the AR/HRP system and the HPO sensor. In Figures
1(a)–1(f), we show representative traces of NADPH-induced,
VAS-2870-inhibitable (a, c, e), or ebselen-inhibitable (b, d,
f) synaptosomal oxygen consumption (a, b) and parallel
hydrogen peroxide production obtained using AR/HRP flu-
orometric assay (c and d), or Oroboros-compatible amper-
ometric HPO sensor (e, f). Using the AR/HRP assay, we
could continuously monitor H

2
O
2
generated during NOX

activation. We calibrated our H
2
O
2
fluorescence signal using

high resolution measurements of oxygen production due to
selective decomposition of H

2
O
2
by exogenous catalase (not

shown). This allowed us to quantify the O
2
proportions that

are converted to H
2
O
2
in real time. Previous studies showed

that NADPH can generate H
2
O
2
nonenzymatically through

its interaction with HRP [17]. In this regard, we found
that, in the absence of added synaptosomes, the addition of
NADPH alone in our AR/HRP assay resulted in enhanced
fluorescence. However, under our experimental conditions,
this increase in background fluorescence was far less than the

resorufin fluorescence detected in the presence of synapto-
somes. Our results are in tune with another study utilizing
the AR/HRP system for microsomal enzymes activity, which
showed that increased resorufin fluorescence resulting from
the interaction between HRP and NADPH was less than 2–
5%of the fluorescencemonitored in the presencemicrosomal
enzymes [17].

After subtraction of background fluorescence, there were
no significant differences in oxygen consumption by synap-
tosomal NOX between fluorometric (𝑛 = 5) and electro-
chemical (𝑛 = 5) experiments. As shown in Figure 1(g), the
hydrogen peroxide production by synaptosomalNOXdid not
significantly differ between the two experimental approaches.
UsingO2k combinedwith theAR/HRP fluorescencemodule,
the addition of 200𝜇M NADPH (3 doses) to synaptosomal
proteins (0.2mg) in our study resulted in absolute rates
of oxygen consumption and H

2
O
2
production of 0.0055 ±

0.0011 𝜇M/s and 0.0018±0.0005 𝜇M/s H
2
O
2
. Similar rates of

H
2
O
2
production were obtained when the AR/HRP system

was replaced by HPO electrode 0.0023 ± 0.0005 𝜇M/s H
2
O
2
,

confirming that there was minor or no interference from
components of the reaction mix.

Both VAS-2870 and ebselen significantly inhibited
NADPH-induced oxygen consumption by about 50–75%
(𝑁 = 5–8, 𝑝 < 0.05). However, while VAS-2870 reduced
H
2
O
2
production proportionately by ∼60% (𝑁 = 8,

𝑝 < 0.05), we observed a strong elimination of hydrogen
peroxide by ebselen, which is in tune with reports showing
that the later possesses glutathione peroxidase activity
(reviewed in [18]).

3.2. Relative to NOX, Mitochondria Are Major Oxygen Con-
sumers but Minor Hydrogen Peroxide Producers in Synapto-
somes. To investigate the relative importance of NOX and
mitochondria in energy expenditure and H

2
O
2
produc-

tion at the synapse, we employed isolated nerve terminals
(synaptosomes) that contain both pre- and postsynaptic
vesicles. Synaptosomal preparations are populated with NOX
isoforms and mitochondria of characteristic biophysical
properties. Experiments typically involved parallel mea-
surements of oxygen consumption and hydrogen peroxide
production using high resolution respirometry combined
with the HRP/Amplex Red fluorescence assay.This approach
allows one to follow both NOX and mitochondrial activities
in synaptosomes and estimate resultant hydrogen peroxide
production in the same sample. When NADPHwas added to
synaptosomes, oxygen consumption and hydrogen peroxide
production due to NOX activity were triggered as described
above. This activity was abolishable by the specific NOX
inhibitor VAS-2870 (10 𝜇M) or ebselen (10 𝜇M). Subsequent
addition of pyruvate, malate, and glutamate to synaptosomes
elicited oxygen consumption due to NAD+-linked resting
mitochondrial metabolic activity (Figure 2(a)) while also
“leaking” hydrogen peroxide in parallel (Figure 2(b)). In
a separate experiment, we confirmed the involvement of
synaptosomal mitochondria in the substrate-triggered oxy-
gen consumption (Figure 2(c)). As can be seen in Figure 2(c),
both NAD+- and FAD+-linked respiratory activities were
completely inhibitable by oligomycin (complex V), rotenone
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Figure 1: NADPH oxidases are actively consuming O
2
and producing H

2
O
2
in freshly isolated synaptosomes. Successive injections of

200 𝜇MdeoxygenatedNADPHbatches on synaptosomes triggered reproducible oxygen consumption (a, b) andH
2
O
2
production as detected

simultaneously by HRP/Amplex Red fluorescence (c, d) or using electrochemical sensor (e, f). The effects of inclusion of the NOX inhibitors
Vas-2870 (10 𝜇M) (a, c, e) or ebselen (10𝜇M) (b, d, f) are shown. (g) Quantifications of the overall O

2
and H

2
O
2
fluxes induced by the three

added doses of NADPH. The two methods of H
2
O
2
detection yielded similar results. Both of the added NOX inhibitors, VAS-2870 (10𝜇M)

and Ebselen (10𝜇M), caused significant inhibition of NADPH-triggered oxygen flux (h) and H
2
O
2
flux (i). Values are given as mean ± SEM,

paired Student 𝑡-test was used for paired groups to determine statistical significance in comparison with NADPH-induced activity, ∗𝑝 < 0.05,
and 𝑛 = 5–8.

(complex I), and Antimycin A (complex III) which demon-
strate the presence of viable mitochondria within the pre-
pared synaptosomes. Quantifications of the results in Figures
2(a) and 2(b) over 𝑛 = 7 independent synaptosomal
preparations are given in Figures 2(d) and 2(e). It can be read-
ily seen that NOX-mediated hydrogen peroxide production
was 38.85% ± 13 of NOX-dependent oxygen consumption
detected in the same samples (Figure 2(f)). In contrast,
synaptosomal mitochondrial oxygen consumptions during
state 4, state 3 (OXPHOS I), and state 3 (OXPHOS I+II)
were only associated with 0.71% ± 0.12, 0.20% ± 0.04, and
0.075% ± 0.020, H

2
O
2
production, respectively (Figure 2(f)).

Additionally, Figure 2(d) shows that the rates of oxygen

consumption during state 4 (Leak I), state 3 (OXPHOS I),
and state 3 (OXPHOS I+II) in synaptosomal mitochon-
dria are significantly higher than NOX-dependent oxygen
consumption rate in synaptosomes (0.041 ± 0.007 𝜇M/s,
0.117 ± 0.050 𝜇M/s, 0.408 ± 0.120 𝜇M/s, 0.005 ± 0.002 𝜇M/s,
resp., for mitochondria, and NOX, 𝑛 = 7). However,
Figure 2(e) shows that NOX-dependent H

2
O
2
production

rate in synaptosomes is higher than H
2
O
2
generated during

state 4 (Leak I), state 3 (OXPHOS I), and state 3 (OXPHOS
I+II) by synaptosomal mitochondria (0.0020 ± 0.0007 𝜇M/s;
0.00030 ± 0.00005 𝜇M/s; 0.00025 ± 0.00005 𝜇M/s; 0.00030 ±
0.00008 𝜇M/s, resp., for NOX and mitochondria 𝑛 = 7, 𝑝 <
0.05).
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Figure 2: Comparing NADPH oxidase and mitochondrial activities in isolated synaptosomes using high resolution respirometry and
fluorescence spectroscopy. (a, b) Representative traces of NADPH oxidase and synaptosomal mitochondria activity assessed by simultaneous
measurement of rates of oxygen consumption (a) and H

2
O
2
production (b) using high resolution respirometry combined with HRP/Amplex

Red, in the same sample under identical conditions except that NOX substrate is substituted bymitochondria ones. Activities weremonitored
as described in Figure 1’s legend.Mitochondrial resting (state 4) respirationwas triggered by the addition of 10mMpyruvate + 10mMmalate +
10mM glutamate. Active phosphorylating (state 3) respiration was induced by adding 1mMADP (OXPHOS I) followed by 10mM succinate
for (OXPHOS I+II). (c) Representative traces depicting ETC substrate-specific O

2
utilization by mitochondria in saponin-permeabilized

synaptosomes during substrate-uncoupler inhibitor-titration. (d, e) Quantifications of the sum of the absolute values of O
2
(d) and H

2
O
2
(e)

fluxes following NOX and mitochondria activations. (f) Percept ratios of the H
2
O
2
-produced to the O

2
-consumed. Values are given as mean

± SEM, paired Student 𝑡-test was used to determine statistical significance in comparison with NADPH-induced collective activity, and 𝑛 = 7.
∗𝑝 < 0.05.

4. Discussion

Probing the relation between oxygen consumption and ROS
productionmakes it possible to understand how specific ROS
sources might shape cellular physiology and pathology [19,
20]. The use of the highly stable Clark-type oxygen electrode
in the Oroboros O2k Station with its superb picomole
sensitivity in addition to the fluorescencemodule designed to
followH

2
O
2
in the same sample has enabled the interrogation

of each mitochondrial respiratory state while quantifying
ROS leakage simultaneously [15]. We now demonstrate that
this approach can also be used successfully for parallel
monitoring of NOX-dependent oxygen consumption as well
as H
2
O
2
production in synaptosomes. Our findings reveal

for the first time a negative correlation between synaptic
energy utilization and ROS production and provide evidence
that synaptosomal NOX consumes significantly less oxygen
while producing remarkably more synaptic H

2
O
2
. However,

synaptosomal mitochondria were more effectively utilizing
oxygen while producing smaller ROS amounts.

We have previously reported a synaptic localization of
NOX2 and NOX4 isoforms as well as NOX-dependent
oxygen consumption in synaptosomes [13]. In the present

study, we describe the use of a highly sensitive assay using
AR/HRP and an electrochemical approach to quantify H

2
O
2

production by NOX in synaptosomes combined with the
simultaneous measurement of NOX-dependent oxygen con-
sumption by high resolution respirometry. In mammalian
cells, H

2
O
2
was found to play a fundamental role in the

redox regulation of several physiological and pathological
processes. Although it is likely that H

2
O
2
arises as amajor by-

product of mitochondrial respiratory activity with complex
I being the main source of mitochondrial ROS [21], it has
been increasingly recognized that NADPH oxidase is a key
source of cellular ROS. Among the ROS generated, H

2
O
2

is produced by NOX activity [22]. Despite the fact that
the rate of ROS generation is not governed by the oxygen
availability in its physiological range, ROS are produced
as a consequence of oxygen consumption. It is therefore
of fundamental importance to resolve how much of the
total oxygen consumed by NOX and mitochondria are
directed toward ROS formation. In this context, we used
the high resolution O2k sensor combined with AR/HRP
system to follow the relative contributions of mitochondria
and NOX to the process of hydrogen peroxide generation in
synaptosomes.
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Our study revealed that NOX considerably contributes to
the levels of hydrogen peroxide in synaptosomes. However,
the higher level of NOX-dependent H

2
O
2
was associated

with a lower oxygen consumption rate. We also found that
38.85% of oxygen consumed by synaptic NOX is converted
to H
2
O
2
. The initial product of all NOX enzymes is O

2

∙−,
which spontaneously dismutates toH

2
O
2
, (reviewed in: [10]).

H
2
O
2
is predominantly detected for several NOX isoforms,

particularly NOX4, Duox1, and Doux2. This apparent direct
H
2
O
2
generation may be attributed to the rapid dismuta-

tion of O
2

∙−. The ∼0.4 stoichiometry of H
2
O
2
formation

relative to NOX-dependent oxygen consumption obtained
in our study is in accordance with the previously suggested
superoxide dismutase-like mechanism involving two oxygen
binding/reduction steps for every H

2
O
2
generated in NOX4

active site [23]. This is inconsistent with a proposed mech-
anism involving single oxygen molecule binding, followed
with reduction by heme center in two sequential electron
transfer steps, to produce superoxide intermediate [24].
Therefore, while either mechanism could participate in the
generation of small amounts of superoxide [24], our results
are in agreement with a mechanism involving two oxygen
binding/reduction steps. However, since it is not possible to
dismiss that the detected H

2
O
2
is resulting from the dismu-

tation of O
2

∙− by synaptosomal SOD, both NOX2 and NOX4
might be contributing to the generation of NADPH-induced
H
2
O
2
signals. We attempted to disentangle NOX isoforms

contributions using the established NOX inhibitors VAS-
2870 (preassembled NOX2 and NOX4 inhibitor) and ebselen
(proposed as a potent NOX2 inhibitor), recently reviewed
in [25]. Interestingly, 10 𝜇M VAS-2870 inhibited ∼50% of
NADPH-induced activity whether it is recorded as oxygen
consumption or as H

2
O
2
production (Figures 1(h) and 1(i)).

Meanwhile, 10 𝜇M ebselen quenched ∼75% of NADPH-
induced oxygen consumption while completely reversing
H
2
O
2
signal (Figures 1(h) and 1(i)). This is consistent with

previous reports that selenium-containing ebselen is able
to consume hydrogen peroxide in a catalytic cycle that
utilizes thiol-containing compounds, such as glutathione, as
a substrate (reviewed in [18]). Although not sufficient to
quantify individual contributions, these results indicate that
both NOX2 and NOX4 are important contributors to the
observed NADPH-induced activities in synaptosomes.

Finally, we evaluated in the same synaptosomal sample
the proportion of the mitochondrially utilized oxygen that
converts into hydrogen peroxide during complex I-mediated
resting respiration and complex I and complex I+II-mediated
active respiration. Mitochondria residing at synapses play
crucial role in synaptic function and failure. Synaptic mito-
chondria have biophysical properties that are distinct from
that of their siblings in the soma [11, 12]. Our results revealed
that only 0.71% of oxygen consumed by synaptic mitochon-
dria during complex I resting respiration was converted to
H
2
O
2
, which is not markedly different from that previously

reported for isolated rat brain mitochondria. That is, previ-
ous report showed that 0.79% percent of the total oxygen
consumption by isolated rat brain mitochondria produced
hydrogen peroxide during complex I resting respiration [26].
The underlying mechanism of the observed low rates of

hydrogen peroxide production by mitochondria compared
to NOX may involve a respiratory protection conferred by
slips (intrinsic decoupling) in mitochondrial redox proton
pumps. In fact, consensus from several studies demonstrating
that intrinsic decoupling between the flow of electrons and
proton translocation prevents excessive electronegativity of
redox carriers in complexes I and III, which lowers free [O

2
]

and retards the generation of O
2

∙−. In addition, respiratory
protection conveyed by “mild” uncoupling that is caused
by H+ leakage across the mitochondrial membrane could
contribute to the observed lower rates of mitochondrial
hydrogen peroxide production in synaptosomes. In line with
this reasoning, it has been shown that a minor reduction
in ΔΨ, due to mild uncoupling, would, in fact, prevent
O
2

∙− formation. Therefore intrinsic decoupling and mild
uncoupling were suggested to have a natural antioxidant
effect, contributing to lower rates of mitochondrial hydrogen
peroxide production [reviewed in [27]]. No previous study
has investigated the relationship between the rate of oxygen
consumption and the production of reactive oxygen species
(ROS) such as hydrogen peroxide by synaptosomal mito-
chondria and NOX.Therefore, we believe that this is the first
report that addressed in detail the interplay between synaptic
ROS generation by NADPH oxidases and mitochondria and
their respiratory functions.

5. Conclusion

We employed high resolution respirometry equipped with
a fluorescence detection module to simultaneously monitor
oxygen consumption and H

2
O
2
production by NADPH oxi-

dase andmitochondria in synaptosomes. Using this assay, we
showed that NOX consumes less oxygen and produces more
ROS, contributing considerably to synaptic H

2
O
2
generation.

However, mitochondria at synapses were utilizing oxygen
more efficiently while producing smaller ROS amounts. Our
results may eventually assist in understanding the synaptic
mechanisms by which specific ROS sources are implicated in
neuronal physiological as well as pathological processes.
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Kidney in diabetic state is more sensitive to ischemic acute kidney injury (AKI). However, the underlying mechanisms remain
unclear. Herein, we examined the impact of diabetes mellitus on thioredoxin-interacting protein (TXNIP) expression and
whether mediated NLRP3 activation was associated with renal ischemia/reperfusion- (I/R-) induced AKI. In an in vivo model,
streptozotocin-induced diabetic rats showed higher susceptibility to I/R injury with increased TXNIP expression, which was
significantly attenuated by resveratrol (RES) treatment (10mg/kg intraperitoneal daily injection for 7 consecutive days prior to
I/R induction). RES treatment significantly inhibited TXNIP binding to NLRP3 in diabetic rats subjected to renal I/R injury.
Furthermore, RES treatment significantly reduced cleaved caspase-1 expression and production of IL-1𝛽 and IL-18. In an in vitro
study using cultured human kidney proximal tubular cell (HK-2 cells) in high glucose condition (HG, 30mM) subjected to
hypoxia/reoxygenation (H/R), HG combined H/R (HH/R) stimulated TXNIP expression which was accompanied by increased
NLRP3 expression, ROS generation, caspase-1 activity and IL-1𝛽 levels, and aggravated HK-2 cells apoptosis. All these changes
were significantly attenuated by TXNIP RNAi and RES treatment. In conclusion, our results demonstrate that TXNIP-mediated
NLRP3 activation through oxidative stress is a key signaling mechanism in the susceptibility to AKI in diabetic models.

1. Introduction

It is estimated that 1-2% of new hospital admissions and 2–7%
of cases acquired during hospital stays are due to acute kidney
injury (AKI) [1]. The major risk factors for AKI include
diabetes mellitus (DM), hypertension, and congestive heart
failure [2]. In developed countries, DM is the primary cause
of chronic kidney disease (CKD) and diabetic nephropathy
(DN) is an important complication of diabetic patients [3].
Furthermore, studies have shown that hyperglycemia induces
oxidative stress in kidney cells [4, 5].Themajor causes of AKI
include ischemia, hypoxia, or nephrotoxicity [6]. Diabetic
patients are also at a risk of requiring hospitalization and
undergoing AKI [7], but the underlying mechanisms remain
unknown. Studies in rat models of type-1 diabetes indicated
that diabetic rats had increased susceptibility to AKI com-
pared to nondiabetic rats [8, 9]. Another research study

suggested that inflammation was involved in the mechanism
[10], while Gao et al. further demonstrated that TNF-𝛼medi-
ated the increased susceptibility to ischemic AKI in diabetes
[11].

TheNod-like receptor protein 3 (NLRP3) inflammasome,
a key mediator of the innate immune system in response to
a host of initiating factors, is activated in response to various
diseases [12–14]. The NLRP3 inflammasome is composed of
apoptosis-associated speck-like adaptor protein containing a
CARD (caspase recruitment domain) (ASC), oligomers of
the receptor (NLRP3), and pro-caspase-1. Upon activation,
NLRP3 is ligated with ASC, which in turn combines pro-
caspase-1, causing its transformation to cleaved caspase-1
that regulates the maturation of proinflammatory cytokines
IL-1𝛽 and IL-18 [15, 16]. Recent studies have demonstrated
that NLRP3 contributes to renal ischemia/reperfusion (I/R)
injury via a direct effect on renal tubular epithelium [17, 18].
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However the signaling pathways that lead to the activation
of NLRP3 inflammasome due to kidney I/R injury have
not been fully elucidated. Many activators of the NLRP3
inflammasome have been identified, including K+ channels,
lysosomal membrane, and ROS [19]. A previous study deter-
mined that ROS activity played an important role in AKI
with models of I/R [6]. Meanwhile, the production of ROS
and the generation of oxidative stress are important elements
for the pathophysiology of DM [20]. Hyperglycemia induced
generation of ROS in renal tubular epithelial cells in in
vitro studies [21, 22]. However, the mechanisms by which
ROS activates the inflammasome are unclear. Recently, the
significant work by Zhou et al. revealed that thioredoxin-
interacting protein (TXNIP) is an upstream partner to
NLRP3 and that the association between these two proteins
was necessary for downstream inflammasome activation
[23].

TXNIP, the endogenous inhibitor and regulator of TRX,
is a major cellular antioxidant and antiapoptotic protein [24].
Overexpression of TXNIP inhibits the activity of TRX and
thus can modulate the cellular redox state and stimulate
oxidative stress [25, 26]. In addition, experimental evidence
has indicated that hyperglycemia can induce TXNIP expres-
sion in renal tubular epithelial cells [21, 22], and diabetes
can potentially enhance TXNIP expression and reduce TRX
activity [27]. However, there is no direct evidence to support
a causative role of TXNIP in hyperglycemia or high blood
glucose which exasperates renal I/R injury.

Resveratrol (trans-3,4,5-trihydroxystilbene, RES), a nat-
ural polyphenolic mixture concentrated in grape skin and
red wine [28], is reported to have beneficial effects on renal
diseases. Resveratrol is reported to be a strong scavenger of
ROS [29]. RES treatment can ameliorate hyperglycemia-
mediated renal dysfunction or DN [30]. Several studies have
demonstrated that RES exerts protective effects against I/R
injury in the kidneys [31], as well as the liver and brain
ischemia injury by reducing oxidative stress and downregu-
lating TXNIP expression [32, 33].

The present study was designed to investigate the role of
TXNIP during ischemia AKI in diabetic models and examine
a key role of TXNIP in bridging redox signals with activation
of NLRP3 inflammasome in AKI injury.

2. Materials and Methods

2.1. Antibodies and Reagents. The following antibodies were
used in this study: TXNIP (ab86983, Abcam, UK), NLRP3
(NBP-12446, Novus Biologicals, USA), and caspase-1 and
cleaved caspase-1 (Santa-514, Santa Cruz, CA). VDUP-1
(TXNIP) siRNA Plasmid (sc-44943) and control siRNA
Plasmid were from Santa Cruz Biotechnology.

2.2. Cell Culture andTransfection. HK-2 cells (ATCC,Ameri-
can Type Culture Collection, Manassas, VA) were cultured in
MEM medium (#31985, Gibco, Grand Island, USA) supple-
mented with 10% fetal bovine serum (FBS, #10099-141, Gibco,
Grand Island, USA) and 1% Penicillin-Streptomycin solution
in 95% air and 5% CO2 atmosphere. For siRNA transfections
of HK-2 cells (VDUP-1 siRNA or scrambled siRNA as a

nonspecific control), cells were seeded (2 × 105 per well)
in 6-well plates and transfected using with Lipofectamine
2000 reagent (#11668-019, Invitrogen, USA) according to the
manufacturer’s instructions. The cells were used for further
experiments 48 hours after transfection. After this time
period, the cells were randomly divided into eight groups:NG
group (stimulated with NG (5.6mM)); HG group (30mM);
NG + mannitol (24.4mM) group (M) as an osmotic control;
NH/R (hypoxia 4 hours and reoxygenation 2 hours) group;
HH/R group; HH/R treated with scrambled siRNA group;
HH/R treated with TXNIP siRNA group; and HH/R treated
with RES (50𝜇M) during the 72 hours of high glucose (HG)
incubation [34].

2.3. Cell In Vitro Simulated Ischemia/Reperfusion Model
(Hypoxia and Reoxygenation, H/R). For hypoxic treatment,
after 72 h HG stimulation in the absence or presence of RES
(50 𝜇M) [22, 34], HK-2 cells were incubated in glucose-free
Krebs-Ringer bicarbonate buffer for 4 hours in a hypoxic
chamber equilibratedwith 5%CO2, 1%O2, and 94%N2. After
hypoxic incubation, the cells were returned to full culture
medium for 2-hour reoxygenation. Control cells were incu-
bated in normal cell culture incubator with 21% oxygen [35].

2.4. Rat Models of Diabetes. Male Sprague-Dawley rats
weighing 250–300 g were used (purchased from Beijing
HFK Bioscience Co. Ltd., Beijing, China). All procedures
involved in animals were approved by the Ethics Committee
of RenminHospital ofWuhanUniversity. For streptozotocin-
(STZ-) induced diabetes, rats were injected with 65mg/kg
body-weight STZ (Sigma-Aldrich, St. Louis, MO, USA). Two
weeks after the STZ injection, the animals were considered
to have type-1 diabetes if the plasma glucose level was
>300mg/dL and other diabetic features such as polyuria, pol-
ydipsia, and hyperphagia were observed [36]. STZ-induced
rats were maintained for another 2 weeks before renal I/R.
To examine the effect of RES, 10mg/kg RES (Sigma-Aldrich,
St. Louis, MO, USA) was intraperitoneally injected daily for
7 consecutive days before renal I/R [37]. The diabetic and
normal rats were randomly divided into six groups of 4–
6 rats each: ND sham group (NS); ND I/R group (NI/R);
DM sham group (DS); DM + RES sham group (DS-RES);
DM I/R group (DI/R); and DM + RES I/R group (DI/R-
RES). All animals were maintained in the animal center of
Wuhan University within an environment-controlled room
(ambient temperature of 25 ± 1∘C and a light/dark period
of 12 h) with free access to normal chow and water. All the
animal experiments were double-blind. The data statistics
were unblinded.

2.5. Renal Ischemia-Reperfusion. Renal I/R was induced in
rats as previously described [38]. Briefly, rats were anes-
thetized with 60mg/kg (intraperitoneally) pentobarbital
sodium and kept on homeothermic pad to maintain body
temperature at 37∘C. Kidneys were exposed by abdominal
midline incisions, and the renal pedicles were clamped for
25min to induce ischemia. After ischemia, the clamps were
released for 48 h reperfusion. Sham control animals were sub-
jected to identical operation without renal pedicle clamping.
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Surgical wounds were sutured and rats were given 1mL of
warm saline intraperitoneally and kept in a warm incubator
until they regained consciousness. At 48 h after reperfusion,
animals were sacrificed and plasma and tissue samples were
collected and stored at −80∘C until analysis.

2.6. Renal Function, Histology, and Apoptosis. BUN and
serum creatinine were determined using commercial kits
(Jiancheng Biotech, Nanjing, China) to indicate renal func-
tion. Renal histology was examined by H&E staining.
Histopathological changes were evaluated by the percentage
of tubular injury as indicated by tubular epithelial swelling,
loss of brush border, vacuolar degeneration, necrotic tubules,
cast formation, and desquamation. The degree of kidney
damage was estimated using five randomly selected fields
for each rat assessed using quantitative analysis with the
following criteria: 0, no abnormalities; 1, slight abnormalities
(<25%); 2, moderate abnormalities (25 to 50%); 3, severe
abnormalities (50 to 75%); and 4, more severe abnormalities
(>75%). Histological sections were evaluated by two exam-
iners blinded to the source of the samples. Renal apoptosis
was examined by TUNEL assay using the in situ Apoptosis
Detection kit from Roche Applied Science. TUNEL-positive
cells were identified through the nucleus, which was stained
either tan or brown. Five fields were randomly selected and
the apoptosis index was calculated as the ratio of apoptotic-
to-total cells.

2.7. Measurement of Inflammatory Cytokines and Caspase-
1 Activity. IL-1𝛽 and IL-18 levels in kidney were assessed
using a rat ELISA kit (Elabscience Biotechnology Co., Ltd.,
Wuhan, China) according to the manufacturer’s instructions.
Caspase-1 activity in HK-2 cells was determined using an
enzyme activity assay kit (BeyotimeBiotechnology, Shanghai,
China), according to the manufacturer’s instructions.

2.8. Measurement of Oxidative Stress. The intracellular for-
mation of ROS was detected using the fluorescence probe
2,7-dichlorodihydrofluorescein diacetate (DCHF-DA, Jian-
cheng Biotech, Nanjing, China). Cells were incubated with
1mmol/L DCHF-DA for 30min at 37∘C and washed in
PBS 3 times, and the fluorescence intensity was measured
using a fluorometer with excitation at 485 nm and emission
at 525 nm. The malondialdehyde (MDA) levels, superoxide
dismutase (SOD), and superoxide anion radical scavenging
capacity were detected using commercially available kits
(Jiancheng Biotech, Nanjing, China), according to the man-
ufacturer’s instructions. The detection of superoxide anion
radical scavenging capacity was via a spectrophotometer
test. Briefly, kidney samples were harvested into PBS buffer
and homogenized under high-speed cryogenic centrifuga-
tion and the supernatant was extracted. The extract and
corresponding reagent were mixed in a constant temperature
water bath at 37∘C for 40 minutes, before the color reagent
was added and allowed to incubate for 10min. Distilled
water was used to calibrate the spectrophotometer and the
absorbance value of each sample at wavelength 550 nm with
an optical diameter of 1 cm was obtained.

2.9. Immunofluorescence Staining. HK-2 cells were seeded
on cover slips and were later subjected to fixation with
4% paraformaldehyde for 15min and permeabilization in
0.5% Triton X-100 (Beyotime, Shanghai, China: ST795) for
20min at room temperature. Then the cells were blocked
with normal goat serum (Boster, Wuhan, China: AR1009)
for 30min at room temperature and incubated with primary
antibody against TXNIP (1 : 50) and NLRP3 (1 : 50) overnight
at 4∘C. After incubation with secondary antibody (Boster,
Wuhan, China: BA1032) for 1 hour at 20–37∘C, the cover slips
were washed with PBS and stained with DAPI (Beyotime,
Shanghai, China: C1002). Under 400 (200)x magnification,
images were taken by fluorescence microscope (Olympus,
Japan).

2.10. Immunohistochemical Staining. The IHC staining for
TXNIP expression in renal tissues was performed on
formalin-fixed, paraffin-embedded samples; 4 𝜇M sections
were deparaffinized in graded xylene-alcohol solutions. Sub-
sequently, the samples were subjected to antigen retrieval
and then incubated in 3% H2O2 15min and washed by PBS.
The sections were incubated overnight (15 hours) at 4∘C with
a primary antibody anti-TXNIP (1 : 50) and then incubated
with horseradish peroxidase-conjugated anti-IgG secondary
antibody for 20–30min. The reaction was visualized with
a solution of diaminobenzidine (DAB) and counterstained
with hematoxylin.

2.11. Western Blot Analysis. The expressions of TXNIP,
NLRP3, caspase-1, and cleaved caspase-1 were examined
using Western blot. Protein content was determined with
BCA protein assay and protein samples were separated by
electrophoresis on SDS-PAGE and transferred to a polyvi-
nylidene difluoridemembrane.Themembranes were blocked
with 5% milk and incubated overnight with the appropri-
ate primary antibodies (anti-TXNIP, anti-NLRP3, and anti-
caspase-1 antibody), respectively, followed by incubationwith
the corresponding secondary antibodies. The blots were
visualized with ECL-plus reagent. GAPDH was used as the
internal loading control.

2.12. Cell Viability and Lactate Dehydrogenase (LDH) Activity.
Cell viability was determined by using a cell counting kit-8
(CCK-8) assay, according to the manufacturer’s instructions.
HK-2 cells (1 × 105 cells/well) were plated into 96-well plates
and pretreated with various conditions (NG, HG, NH/R,
HH/R, HH/R-siRNA, HH/R-scrambled siRNA, and HH/R-
RES) as described, following which, 10 𝜇L CCK-8 (Beyotime:
C0037, China) was added and cells were incubated for 4
hours, and the absorbance was measured at 450 nm with
an ELISA assay plate reader. LDH content was measured
by LDH Cytotoxicity Assay Kit (Jiancheng Biotech, Nanjing,
China).

2.13. Apoptosis Assay. After reoxygenation, cells were trypsi-
nized, washed twice with PBS, and resuspended in binding
buffer. The percentage of apoptosis was evaluated by using
an Annexin V-APC/7-AAD detection kit (Nanjing KeyGen
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Table 1: General characteristics of the experimental animals before ischemia/reperfusion modeling.

NS (𝑛 = 6) NI/R (𝑛 = 7) DS (𝑛 = 7) DI/R (𝑛 = 7) DI/R-RES (𝑛 = 8)
Blood glucose (mM) 8.15 ± 0.58 7.44 ± 0.6 27.17 ± 1.1‰ 25.24 ± 1.5‰ 18.9 ± 0.86‰#

Body weight (g) 359.67 ± 9.55 366.43 ± 9.81 217.43 ± 9.92‰ 204.86 ± 12.33‰ 224 ± 9.89‰

The data in the table are means ± SE (𝑛 = 6–8), ‰𝑃 < 0.05 versus NS group, and #
𝑃 < 0.05 versus DS group.

NS and DS: nondiabetic and STZ-induced diabetic rats were subjected to sham operation. NI/R and DI/R: nondiabetic and STZ-induced diabetic rats were
subjected to 25min ischemia followed by 48 h reperfusion. DI/R-RES: STZ-induced diabetic rats that underwent I/R were treated with RES (10mg/kg, ip daily)
for 7 consecutive days before renal ischemia-reperfusion.

Biotech, Nanjing, China) according to the manufacturer’s
instructions. Cells were stained with Annexin V-APC and
7-AAD for 15min in the dark. Samples were assayed by
flow cytometry with the FACScan system (BD Biosciences).
Apoptotic cells were defined as the cells situated in the
right two quadrants of each plot and the percentages were
determined by flow cytometry.

2.14. Statistical Analysis. Thedata are reported asmeans± SE.
Statistical significance was assessed by one-way or two-way
ANOVA followed by Tukey’s test for multiple comparisons
(GraphPad Prism 5.0). Two-wayANOVAwas used for testing
differences among themultiple experimental groups between
the types of injury (sham versus I/R) across the groups of
rats (diabetes versus nondiabetes, for the animal experi-
ments). 𝑃 < 0.05 was considered to be statistically signifi-
cant.

3. Results

3.1. General Characteristics of the Experimental Animals before
I/RModeling. As shown in Table 1, STZ-induced diabetic rats
had obvious diabetic symptoms of hyperglycemia, polydipsia,
polyphagia, and weight loss. The plasma glucose of the
diabetic rats increased but their body weight decreased com-
pared to nondiabetic rats. RES treatment had no significant
effect on body weight compared to DS group, but plasma
glucose was significantly elevated in the RES group compared
to NS group but lower than DS group (Table 1).

3.2. STZ-Induced Diabetic Rats Exhibit Aggravated Ischemia
AKI-Induced Kidney Dysfunction. As shown in Figure 1, we
initially compared sensitivity of I/R injury to STZ-induced
diabetic rat (DM) and nondiabetic rat without STZ (ND).
For functional analysis, renal histology revealed signifi-
cantly more tissue damage in DI/R group. I/R48 induced
severe tubular dilation and interstitial edema, tubular epithe-
lial swelling, loss of brush border, vacuolar degeneration,
necrotic tubules, cast formation, and desquamation in DM
rats, while, in ND rats, there were fewer injured tubules
and the injury in each tubule was less severe as compared
to DI/R rats (Figure 1(a)). Quantitatively, tubular damage
was significantly higher at I/R48 in DI/R group than NI/R
group (by 1.5-fold) (Figure 1(c)). Moreover, apoptotic cells
assays by TUNEL were rare in kidney tissues of both NS
and DS groups, and after I/R48, the percentage of apoptotic
cells was significantly higher in DI/R group than NI/R

group (by 1.5-fold) (Figures 1(b) and 1(d)). Compared to
NS and DS groups, I/R48 resulted in marked increase
with BUN (Figure 1(e)) and serum creatinine (Figure 1(f))
in both NI/R and DI/R groups, but the BUN and serum
creatinine were significantly higher in DI/R group than NI/R
group.

3.3. STZ-Induced Diabetic Rats Exhibit Increased Oxidative
Stress in Kidney after Ischemia AKI. As shown in Figure 2,
we determined superoxide anion radical scavenging capacity
which indicated the general scavenging ability of kidney
tissue on superoxide anion free radicals in each group and
found that I/R48 resulted in reducing superoxide anion
radical scavenging capacity (Figure 2(a)) in both NI/R and
DI/R groups, but the superoxide anion radical scavenging
capacity was significantly lower by 68.4% in DI/R group
than NI/R group. In addition, antioxidant enzymes SOD
content, which is a natural superoxide free radical scavenging
factor, was significantly decreased in both DI/R and NI/R
groups as compared to each sham group. Furthermore, SOD
was markedly lower by 50% in DI/R group than NI/R
group (Figure 2(b)). In contrast, MDA activity was used as a
biomarker tomeasure the level of oxidative stress and showed
a significant increase of MDA production in both DI/R and
NI/R groups as compared to each sham group, but MDA was
markedly higher in DI/R group than NI/R group (by 1.76-
fold) (Figure 2(c)).

3.4. Effects of RES on Renal Function and Oxidative Stress in
the STZ-InducedDiabetic Kidneys. As shown in Figure 3, his-
tology score (Figures 3(a) and 3(c)), apoptosis (Figures 3(b)
and 3(d)), and BUN (Figure 3(e)) levels were significantly
increased in the sham group of diabetic rats (DS).Meanwhile,
the indicators of oxidative stress including the activities of
SOD (Figure 3(g)) and MDA (Figure 3(h)) were slightly but
not significantly increased in the kidney tissues of DS rats
as compared with NS rats (𝑃 > 0.05). RES administration
markedly ameliorated apoptosis (Figures 3(b) and 3(d)) and
BUN (Figure 3(e)) levels. There was no remarkable attenua-
tion on the histology score (Figure 3(c)) and serum creatinine
(Figure 3(f)) levels after RES treatment in the STZ-induced
DM rats. Furthermore, treatment with the RES significantly
increased the SOD levels (Figure 3(g)) and decreased the
MDA levels (Figure 3(h)) in the diabetic rats. Additionally,
the plasma glucose of the diabetic rats increased but their
body weight decreased as compared to nondiabetic rats.
RES treatment had no significant effects on body weight
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Figure 1: Induction of diabetes in male SD rats with STZ. The rats were subjected to sham operation or renal ischemia/reperfusion injury
(I/R48). Renal tissues for hematoxylin and eosin staining and semiquantification of tubular damage (a, c). TUNEL assay apoptosis% (b, d).
Blood samples were collected to measure BUN (e) and serum creatinine (f). The data in (c, d, e, f) are means ± SE (𝑛 = 6). ‰𝑃 < 0.05
versus NS group; #𝑃 < 0.05 versus DS group; 𝑃 < 0.05 versus NI/R group. NS and DS: nondiabetic and STZ-induced diabetic rats were
subjected to sham operation. NI/R and DI/R: nondiabetic and STZ-induced diabetic rats were subjected to 25min ischemia followed by 48 h
reperfusion. DI/R-RES: STZ-induced diabetic rats that underwent I/R were treated with RES (10mg/kg, ip daily) for 7 consecutive days before
renal ischemia-reperfusion.

but significantly attenuated plasma glucose as compared to
DS group, though the blood glucose in RES group was still
significantly higher than DS group (Figures 3(i) and 3(j)).

Of note, RES had no significant effects on blood glucose,
body weight, BUN, serum creatinine, SOD, and MDA in the
normal rats (data not shown).
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Figure 2: STZ-induced diabetes enhances oxidative stress in rats subjected to ischemia AKI. Kidney tissues were collected to measure
superoxide anion radical scavenging capacity (a), kidney superoxide dismutase (SOD) contents (b), and malondialdehyde (MDA) activity
(c).The data in (a, b, c) are means ± SE (𝑛 = 6). ‰𝑃 < 0.05 versus NS group; #𝑃 < 0.05 versus DS group; 𝑃 < 0.05 versus NI/R group. NS and
DS: nondiabetic and STZ-induced diabetic rats were subjected to sham operation. NI/R and DI/R: nondiabetic and STZ-induced diabetic
rats were subjected to 25min ischemia followed by 48 h reperfusion. DI/R-RES: STZ-induced diabetic rats that underwent I/R were treated
with RES (10mg/kg, ip daily) for 7 consecutive days before renal ischemia-reperfusion.

3.5. RES Treatment of STZ-Induced Diabetic Rats Attenuates
the Ischemia AKI Sensitivity and Oxidative Stress Level. As
shown in Figure 4, RES significantly attenuated the AKI
sensitivity of STZ-induced diabetic rats as indicated by
histology and apoptosis, BUN (𝑃 > 0.05 versus DS group),
and serum creatinine (Figures 4(a)–4(f)).

We also examined the effect of RES on oxidative stress
level after I/R 48 hours and found that there was a significant
increase of superoxide anion radical scavenging capacity
(Figure 4(g)) and SOD content (Figure 4(i)) in RES-treated
group as compared to DI/R group. The MDA production in
RES-treated group was significantly decreased as compared
to DI/R group (Figure 4(h)).

3.6. STZ-Induced Diabetes Stimulates TXNIP Expression and
NLRP3 Inflammasome Activation following Renal I/R 48
Hours and Subsequent Effect of RES on TXNIP Expression
and Inflammasome Activation. As TXNIP is known to be
involved in oxidative stress and diabetic complications, we
determined kidney TXNIP expression by IHC (Figure 5(a))
and Western blot (Figures 5(b) and 5(c)) in ND rats and

DM rats treated after I/R injury. In the sham groups, the
TXNIPprotein expressionwas significantly higher inDS than
NS group. After I/R 48, both NI/R group and DI/R group
stimulated kidney TXNIP expression as compared to each
sham group. Furthermore, DI/R group showed a significant
increase in TXNIP content compared with NI/R group (by
1.21-fold). The data suggested that ischemia AKI-induced
TXNIP was enhanced by STZ-induced diabetes. More-
over, RES administration (DI/R-RES group) significantly
decreased the expression of TXNIP by 24.6% compared to
DI/R group. We also examined the effect of TXNIP on
NLRP3 activation; after ischemia AKI injury, kidney NLRP3
inflammasome expressionwas dramatically increased in both
DI/R rats and NI/R rats as compared to rats of each sham
group. Furthermore, compared to NI/R group, the DI/R
group showed significantly elevated levels of NLRP3 (by 1.25-
fold) (Figure 5(d)). Meanwhile, increase in NLRP3 protein
activation was accompanied bymarked induction of cleavage
of caspase-1 expression (Figure 5(e)) and IL-1𝛽 and IL-18
(Figures 5(f) and 5(g)) release. Moreover, RES treatment
attenuated NLRP3 inflammasome protein activation at 48
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Figure 3: Continued.
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Figure 3: RES treatment of STZ-induced diabetes ameliorates renal dysfunction and oxidative stress level. After RES administration for 7
consecutive days (daily ip 10mg/kg RES), kidney tissues were collected for H&E staining and the histological damage score (a, c) and TUNEL
assay of apoptosis (b, d). Blood samples for measuring BUN (e), serum creatinine (f), kidney tissues for analysis of SOD content (g) and
MDA production (h), body weight (i), and plasma glucose (j) were examined. The data in (c–j) are means ± SE (𝑛 = 4). #𝑃 < 0.05 versus NS
group; △𝑃 < 0.05 versus DS group. NS and DS: nondiabetic and STZ-induced diabetic rats were subjected to sham operation. NI/R and DI/R:
nondiabetic and STZ-induced diabetic rats were subjected to 25min ischemia followed by 48 h reperfusion. DS-RES: STZ-induced diabetic
rats that underwent sham operation were treated with RES (10mg/kg, ip daily) for 7 consecutive days.

hours after ischemia in DM rats while concomitantly reduc-
ing the expression of caspase-1 and release of IL-1𝛽 and IL-18
(Figures 4(b), 4(d), and 4(f)–4(h)). However, pro-caspase-1
(Figure 5(e)) had no significant change among all groups.

3.7. Inhibition of TXNIP Improves the Viability and Injury
of HK-2 Cells Impaired by High Glucose (HG) and Hypoxia/
Reoxygenation (HH/R). Following 4 hours of hypoxia and
2 hours of reoxygenation, cell viability was significantlyre-
duced (Figure 6(a)) and cellular LDH activity was increased
(Figure 6(b)) in HK-2 cells exposed to high glucose. Both
transfection of HK-2 cells with TXNIP siRNA and RES
treatment markedly alleviated HH/R-induced reduction of
cell viability and elevation of cellular LDH activity.

3.8. Changes of TXNIP/NLRP3 Signaling in HK-2 Cells
Exposed to High Glucose (HG) and Hypoxia/Reoxygenation
(HR). At first, we chose NG plus mannitol (24.4mM) as an
osmotic control, and there was no significant difference
between theNGgroup andNGplusmannitol group (data not
shown). However the expressions of TXNIP protein (Figures
7(a) and 7(c)) and NLRP3 protein (Figures 7(a) and 7(d))
as well as the activity of caspase-1 (Figure 7(e)) and IL-
1𝛽 level (Figure 7(f)) were upregulated in response to high
glucose (30mM) stimulation for 72 hours. Following 4 hours
of hypoxia and 2 hours of reoxygenation, TXNIP protein
expression was significantly higher in HK-2 cells exposed to
high glucose than normal glucose (by 2-fold) (Figures 7(a)
and 7(c)), while NLRP3 (Figures 7(a) and 7(d)) expression
and the activity of caspase-1 (Figure 7(e)) and IL-1𝛽 level
(Figure 7(f)) had similar changes as TXNIP. Transfection of
HK-2 cells with specific siRNA decreased TXNIP protein
expression by more than 70% (Figure 7(b)). In line with the
in vitro experiments, following transfection of TXNIP siRNA,

TXNIP (Figures 7(a) and 7(c)) and NLRP3 (Figures 7(a) and
7(d)) protein expressions were decreased by 53.1%, and the
activity of caspase-1 (Figure 7(e)) and the level of IL-1𝛽 were
also reduced (Figure 7(f)) inHK-2 cells after exposure to high
glucose following H/R. Meanwhile, RES treatment signifi-
cantly decreasedTXNIPprotein expression by 35.2% (Figures
7(a) and 7(c)) and correspondingly decreased NLRP3 protein
expression by 32.8% (Figures 7(a) and 7(d)) and the activity
of caspase-1 (Figure 7(e)) and level of IL-1𝛽 (Figure 7(f)) as
compared to HH/R group. Subsequently, the expressions of
TXNIP (Figure 8(a)) and NLRP3 (Figure 8(b)) were deter-
mined by immunofluorescence staining. Obvious increases
of TXNIP and NLRP3 expression were induced by both HG
and H/R. Moreover, HH/R enhanced the above effects as
compared to NH/R group, whereas transfection of TXNIP
siRNA and treatment with RES inhibited the expression of
TXNIP and NLRP3 under HH/R.

3.9. The Oxidative Stress Status and Apoptosis in HK-2 Cells
Exposed to High Glucose (HG) and H/R. To study the mecha-
nism of the AKI sensitivity of HG and H/R, the HK-2 cells
were cultured for 72 hours in 30mM glucose (HG). These
cells were then subjected to 4 hours of hypoxia and 2 hours
of reoxygenation. Our studies demonstrated that both HG
and H/R could induce higher apoptosis levels (Figures 9(a)
and 9(b)) and oxidative stress (Figures 9(c)–9(e)); moreover,
HH/R induced significantly increased apoptosis levels (Fig-
ures 9(a) and 9(b)) and oxidative stress (Figures 9(c)–9(e))
as compared to NH/R. Both knockdown of TXNIP and pre-
treatment with RES significantly inhibited ROS generation
(by 32.1% and 15.7%, resp.) (Figure 9(c)) in HK-2 cells that
were exposed to HG combined H/R, while the SOD content
(Figure 9(d)) significantly increased (by 1.4-fold and 1.34-
fold, resp.) and MDA (Figure 9(e)) significantly decreased
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Figure 4: Continued.
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Figure 4: RES treatment of STZ-induced diabetes reduces AKI sensitivity and oxidative stress level. After I/R 48 hours, kidney tissues were
collected for H&E staining and the histological damage score (a, c) and TUNEL assay of apoptosis (b, d) were examined; blood samples were
used tomeasure BUN (e), serum creatinine (f) levels, and kidney tissues for analysis of superoxide anion radical scavenging capacity (g),MDA
production (h), and SOD content (i). The data in (c–i) are means ± SE (𝑛 = 6). #𝑃 < 0.05 versus DS group; △𝑃 < 0.05 versus DI/R group.
NS and DS: nondiabetic and STZ-induced diabetic rats were subjected to sham operation. NI/R and DI/R: nondiabetic and STZ-induced
diabetic rats were subjected to 25min ischemia followed by 48 h reperfusion. DI/R-RES: STZ-induced diabetic rats that underwent I/R were
treated with RES (10mg/kg, ip daily) for 7 consecutive days before renal ischemia-reperfusion.

(by 45.2% and 32.5%, resp.) as compared to HH/R group.
Similarly, after HH/R, both TXNIP siRNA transfection and
pretreatment with RES significantly decreased the percentage
of apoptotic cells (by 40.5% and 30.9%, resp.) (Figures 9(a)
and 9(b)) compared to HH/R group.

4. Discussion

Using STZ-induced diabetic rat models as well as high
glucose cultured HK-2 cells, our study provides evidence
for increased ischemia AKI sensitivity in DM. Mechanis-
tically, the injury sensitivity involves upregulation expres-
sion of TXNIP protein which resulted in activation of
NLRP3 inflammasome. Both in vitro and in vivo decrease
of TXNIP expression by RES treatment or RNA interfer-
ence blocked TXNIP expression and subsequently inhibited
NLRP3 inflammasome activation in response to ischemia-
induced AKI in DM. These findings demonstrate the critical
role of TXNIP which subsequently triggered activation of
NLRP3 inflammasome in AKI sensitivity in DM.

Diabetic patients with AKI have an increased risk of
advanced CKD, and AKI is an independent risk factor of
kidney disease progression [7]. Renal I/R is one of the major
causes of AKI, while cardiovascular surgery and renal trans-
plantation may also cause ischemia AKI in clinical settings
[39]. In animal models, the exaggerated vulnerability of the
diabetic kidney to the ischemic insult could be attributed to
activation of proinflammatory cytokine pathways [40]. Pre-
vious research revealed that this susceptibility was attributed
to the oxidative and nitrosative stress [41]. Furthermore,
a recent study demonstrated the role of apoptosis in the
susceptibility of diabetic models to AKI [42]. Consistent
with a previous study [43], herein, after 4 weeks of STZ-
induced diabetic rats, the diabetic rats showed higher levels
of BUN, tubule injury score, and apoptosis than nondiabetic

rats, indicating that diabetic kidney was already significantly
injured before I/R. However, the diabetic rats were also more
sensitive to renal I/R injury as compared with nondiabetic
rats. Following I/R injury, renal dysfunction and apoptosis
level were more severe in diabetic rats than in nondiabetic
rats. Our current results suggested that at the cellular level
the injury sensitivity may be due to cell viability and the
release of LDH. TXNIP gene knockdown by siRNA or
RES treatment could inhibit TXNIP and NLRP3 expression
and reduce the apoptosis level and decrease the cellular
LDH activity. We have demonstrated that diabetic or high
glucose further promoted I/R- (H/R-) induced MDA content
expression. In addition, both kidney and cell SOD contents
were significantly impaired.Meanwhile, the superoxide anion
radical scavenging capacity in diabetic kidney was declined.
Specifically, in response to hypoxia and reoxygenation, high
glucose-conditioned HK-2 cells showed significantly higher
expression of TXNIP and NLRP3 inflammasome. Moreover,
renal I/R stimulatedTXNIP expressionwhich induced higher
NLRP3 activation and IL-1𝛽 (IL-18) release from diabetic
kidneys than nondiabetic tissues. Importantly, we further
showed that RES could decrease TXNIP expression and
NLRP3 activation both in vivo and in vitro. To the best
of our knowledge, this is the first report of the renal I/R
injury sensitization through TXNIP/NLRP3 pathway by high
glucose in vitro and diabetic in vivo.

The activation of NLRP3 inflammasomes has been impli-
cated in various pathological conditions, ranging from met-
abolic syndrome and kidney diseases [44, 45]. Formation of
NLRP3 inflammasome can increase the expression of cleaved
caspase-1 and IL-1𝛽 (IL-18) and mature IL-1𝛽 that participate
in the pathological process of renal I/R [15, 16], in addition
to revealing its role in apoptosis [46]. Despite studies that
have demonstrated that NLRP3 contributes to renal ischemia
reperfusion (I/R) injury by a direct effect on renal tubular
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Figure 5: STZ-induced diabetes induces TXNIP expression and NLRP3 inflammasome activation following I/R 48. TXNIP expression was
examined by IHC (a), representative blots (b), and quantitative analysis of Western blots for TXNIP (c), NLRP3 (d) and pro-caspase-1 and
cleaved caspase-1 (e-f), and release of IL-1𝛽 and IL-18 by ELISA (g-h). The data in (c–h) are means ± SE (𝑛 = 5). ‰𝑃 < 0.05 versus NS group;
#
𝑃 < 0.05 versus DS group; 𝑃 < 0.05 versus NI/R group; &𝑃 < 0.05 versus DI/R group. NS and DS: nondiabetic and STZ-induced diabetic
rats were subjected to shamoperation. NI/R andDI/R: nondiabetic and STZ-induced diabetic rats were subjected to 25min ischemia followed
by 48 h reperfusion. DI/R-RES: STZ-induced diabetic rats that underwent I/R were treated with RES (10mg/kg, ip daily) for 7 consecutive
days before renal ischemia-reperfusion.
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Figure 6: HK-2 cells injury after 4 hours of hypoxia followed by 2 hours of reoxygenation under high glucose stimulation. Effects of TXNIP
blockage on cell viability assessed by CCK-8 (a); lactate dehydrogenase (LDH) release (b). The data in (a-b) are means ± SE (𝑛 = 6). #𝑃 <
0.05 versus NG group; f𝑃 < 0.05 versus NH/R group; &𝑃 < 0.05 versus HH/R-scrambled siRNA group; NG: normal glucose (5.6mM);
HG: high glucose (30mM). NH/R: hypoxia (4 h)/reoxygenation (2 h) under NG condition; HH/R: hypoxia (4 h)/reoxygenation (2 h) under
HG condition. HH/R-RES: HH/R pretreated by RES (50 𝜇M) for 72 h with the high glucose incubation. HH/R-siRNA: TXNIP protein was
inhibited by transfection with TXNIP siRNA before HH/R; HH/R-scrambled siRNA: scrambled siRNA used as control before HH/R.

epithelium [17, 18], it remains unclear how NLRP3 is able to
sense redox changes, particularly in renal tubular epithelium
during ischemia AKI in diabetes. In our study, we recon-
firmed that the NLRP3/cleaved caspase-1/IL-1𝛽, IL-18 signal
pathwaywas upregulated in the nondiabetic kidney following
I/R and normal-glucose-cultured HK-2 cells following H/R.
Moreover, there was significantly increased expression of
NLRP3 inflammasome in diabetic kidney and high-glucose-
cultured HK-2 cells after I/R and H/R, respectively, accom-
panied by increased tubular cells apoptosis. These results
provide evidence that NLRP3 inflammasome plays a key role
in the pathogenesis of ischemia AKI of diabetic models.

To date, some mechanisms concerning the NLRP3
inflammasome activation have been identified, for example,
intracellular ROS,which are commonly produced in response
to many NLRP3 activators [19], and TXNIP (also known as
vitaminD3upregulated protein-1 [VDUP-1] and thioredoxin-
binding protein-2 [TBP-2]), the endogenous inhibitor and
regulator of TRX [24]. The TRX-TXNIP system, as a major
ROS-scavenging system, maintains intracellular redox bal-
ance [27]. Overexpression of TXNIP inhibits the activity of
TRX and thereby can modulate the cellular redox state and
promote oxidative stress [25, 26]. Liu et al. demonstrated
that TXNIP-mediated NLRP3 inflammasome activation was
involved in myocardial I/R injury [47]. Hyperglycaemia has
been identified as an inducer of TXNIP expression in various
cells including HK-2 [21, 22]; meanwhile, enhanced myocar-
dial TXNIP expression that contributes to hyperglycaemia-
aggravated oxidative stress and exacerbates cardiac injury
following I/R has been reported [48]. TXNIP expression
is markedly upregulated in human diabetes and diabetic

complications [49, 50], indicating that TXNIP is a potential
therapeutic target of diabetes. Recently Zhou et al. confirmed
an important role for TXNIP in the pathogenesis of type-
2 diabetes and showed that TXNIP binding to NLRP3 was
essential for ROS-mediated inflammasome activation [23].
Recent work demonstrated that TXNIP induced NLRP3
expression, activation of caspase-1, and release of IL-1𝛽 in
a model of hyperhomocysteinemia or hyperglycemia with
podocyte injury [51, 52]. In our current study, to our knowl-
edge, this is the first report that shows TXNIP expression
was induced in kidney tissue or HK-2 cells under ischemia
(hypoxia) and in diabetic (high glucose) combined with
ischemia (hypoxia) conditions. Additionally, we sought to
determine the effect of TXNIP and elucidated its relationship
to NLRP3 inflammasome activation in the susceptibility to
ischemic AKI in diabetes.

Several studies have demonstrated that RES exerts pro-
tective effects against I/R injury in the kidneys [31], as well
as the liver and brain injury by reducing oxidative stress
and due to inhibition of TXNIP expression [32, 33]. In the
present study, we found that TXNIP protein expression was
significantly reduced after siRNA transfection in cultured
HK-2 cells. We also found that RES could decrease TXNIP
expression both in vitro and in vivo. Both RES at a dose of
50 𝜇M and TXNIP siRNA markedly attenuated reduction of
cell viability and increase of cellular LDH activity in high
glucose andH/R treatedHK-2 cells.Meanwhile, TRX-TXNIP
interaction is an important antioxidant system and TXNIP is
the endogenous inhibitor of cellular TRX [24, 27]. Previous
researches showed that knockdown of TXNIP prevented
high glucose (30mM)-induced intracellular ROS generation
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Figure 7: Western blot analysis of TXNIP and NLRP3 protein expression in cultured HK-2 cells treated by normal glucose (5.5mM), high
glucose (30mM), and NG + mannitol, respectively, for 72 hours, then following 4 hours of hypoxia and 2 hours of reoxygenation in HK-2
cells under high glucose stimulation with or without TXNIP siRNA and RES treatment, respectively. Representative blots (a) and quantitative
analysis ofWestern blots for TXNIP (c) andNLRP3 (d), activity of caspase-1 (e), level of IL-1𝛽 (f), andWestern blot of TXNIP gene knockdown
in HK-2 cells (b). The data in (c–f) are means ± SE (𝑛 = 5). #𝑃 < 0.05 versus NG group; f𝑃 < 0.05 versus NH/R group; &𝑃 < 0.05 versus
HH/R-scrambled siRNA group.
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Figure 8: Immunofluorescence staining of TXNIP (a) and NLRP3 (b). NG: normal glucose (5.6mM); HG: high glucose (30mM). NH/R:
hypoxia (4 h)/reoxygenation (2 h) under NG conditions; HH/R: hypoxia (4 h)/reoxygenation (2 h) under HG conditions. HH/R-RES: HH/R
pretreated by RES (50 𝜇M) for 72 hwith the high glucose incubation. HH/R-siRNA: TXNIP protein was inhibited by transfection with TXNIP
siRNA before HH/R; HH/R-scrambled siRNA: scrambled siRNA used as control before HH/R.

and reversed the high glucose-induced suppression of TRX
activity in HK-2 cells [22]. Further, knockdown of TXNIP in
mouse mesangial cells also suppressed high glucose-induced
apoptosis by the reduction of ROS [53]. Furthermore, gene
silencing of TXNIP reduced hyperglycaemia-elevated ROS
production and apoptosis in cardiomyocytes within H/R
[48]. In our in vitro study, both TXNIP siRNA and RES
treatment significantly prevented HH/R-induced excessive
oxidative stress (indicated by ROS, MDA, and SOD) and
apoptosis level in HK-2 cells, subsequently prevented HH/R-
induced NLRP3 inflammasome formation, and hindered
caspase-1 activation in HK-2 cells. Additionally, RES treat-
ment ameliorated hyperglycemia-mediated renal dysfunc-
tion or diabetic nephropathy [30, 36, 54]. In our in vivo
experiments, we found that RES treatment downregulated
the blood glucose level in diabetic rats, which was consistent
with previous studies [36, 54]; this insulin-like property
protective effect required further exploration. Meanwhile, a
recent study showed that TXNIP expression was increased in
the glomerular lysate of DN mice [52]. Our study found that
the expression of TXNIPwas increased in the diabetic kidney

about 4 weeks after induction with STZ. Moreover, RES
treatment partly normalized renal dysfunction in diabetic
rats in addition to attenuating oxidative stress which was
indicated by histology score (𝑃 > 0.05), BUN, apoptosis%,
MDA, and SOD activities. Next, STZ-induced diabetic rats
were used to establish I/R injury models, and RES further
ameliorated renal function and the ability of antioxidative
stress, decreased TXNIP-mediated NLRP3 inflammasome
activation and expression of cleaved caspase-1 protein, and
impeded IL-1𝛽 maturation in I/R-induced AKI in diabetic
models. Our results indicated that TXNIP-mediated NLRP3
inflammasome activation is a ROS-dependent way.

5. Conclusion

Our results demonstrate that TXNIP inhibition protects the
diabetic kidney from I/R injury and diminishes the AKI
sensitivity of diabetic kidney tissues by inhibiting oxidative
stress and NLRP3 inflammasome activation. Our findings
further suggest that TXNIP, an endogenous redox regulator,
may represent an important future target to develop newer
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Figure 9: Effect of TXNIP inhibition on the HH/R-induced apoptosis and oxidative stress in HK-2 cells. Apoptotic cells were defined as the
cells in the right two quadrants of each plot and the percentages were determined by flow cytometry (a, b); intracellular ROS was detected by
flow cytometry (c); SOD (d) and MDA (e) were detected by microplate reader. The data in (b–e) are means ± SE (𝑛 = 5). #𝑃 < 0.05 versus
NG group; f𝑃 < 0.05 versus NH/R group; &𝑃 < 0.05 versus HH/R-scrambled siRNA group. NG: normal glucose (5.6mM); HG: high glucose
(30mM). NH/R: hypoxia (4 h)/reoxygenation (2 h) under NG condition; HH/R: hypoxia (4 h)/reoxygenation (2 h) under HG condition.
HH/R-RES: HH/R pretreated by RES (50 𝜇M) for 72 h with the high glucose incubation. HH/R-siRNA: TXNIP protein was inhibited by
transfection with TXNIP siRNA before HH/R; HH/R-scrambled siRNA: scrambled siRNA used as control before HH/R.
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therapeutics in diabetic patients that can reduce AKI sensi-
tivity of kidney tissues.

Disclosure

All authors have no financial, personal, or other relationships
with other people or organizations that could inappropriately
influence the work.

Competing Interests

The authors declare that they have no competing interests.

References

[1] S. M. Sancho-Mart́ınez, J. M. López-Novoa, and F. J. López-
Hernández, “Pathophysiological role of different tubular epithe-
lial cell death modes in acute kidney injury,” Clinical Kidney
Journal, vol. 8, no. 5, pp. 548–559, 2015.

[2] E. M. Bucuvic, D. Ponce, and A. L. Balbi, “Risk factors for
mortality in acute kidney injury,” Revista da Associação Médica
Brasileira, vol. 57, no. 2, pp. 158–163, 2011.

[3] S. Giunti, D. Barit, and M. E. Cooper, “Diabetic nephropathy:
from mechanisms to rational therapies,” Minerva Medica, vol.
97, no. 3, pp. 241–262, 2006.

[4] Y. S. Kanwar, L. Sun, P. Xie, F.-Y. Liu, and S. Chen, “A glimpse
of various pathogenetic mechanisms of diabetic nephropathy,”
Annual Review of Pathology, vol. 6, pp. 395–423, 2011.

[5] J. M. Forbes, M. T. Coughlan, and M. E. Cooper, “Oxidative
stress as a major culprit in kidney disease in diabetes,”Diabetes,
vol. 57, no. 6, pp. 1446–1454, 2008.

[6] D. P. Basile,M.D.Anderson, andT.A. Sutton, “Pathophysiology
of acute kidney injury,” Comprehensive Physiology, vol. 2, no. 2,
pp. 1303–1353, 2012.

[7] C. V. Thakar, A. Christianson, J. Himmelfarb, and A. C. Leon-
ard, “Acute kidney injury episodes and chronic kidney disease
risk in diabetes mellitus,” Clinical Journal of the American
Society of Nephrology, vol. 6, no. 11, pp. 2567–2572, 2011.

[8] J. Melin, O. Hellberg, L. M. Akyürek, Ö. Källskog, E. Larsson,
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Astrocytes and microglia play crucial roles in the response to cerebral ischemia and are effective targets for stroke therapy in
animal models. MicroRNAs (miRs) are important posttranscriptional regulators of gene expression that function by inhibiting the
translation of select target genes. In astrocytes, miR expression patterns regulate mitochondrial function in response to oxidative
stress via targeting of Bcl2 and heat shock protein 70 familymembers.Mitochondria play an active role inmicroglial activation, and
miRs regulate the microglial neuroinflammatory response. As endogenous miR expression patterns can be altered with exogenous
mimics and inhibitors, miR-targeted therapies represent a viable intervention to optimize glial mitochondrial function and improve
clinical outcome following cerebral ischemia. In the present article, we review the role that astrocytes andmicroglia play in neuronal
function and fate following ischemic stress, discuss the relevance ofmitochondria in the glial response to injury, and present current
evidence implicating miRs as critical regulators in the glial mitochondrial response to cerebral ischemia.

1. Introduction

Ischemic stroke remains a leading cause of death and long-
term disability worldwide [1]. Despite hundreds of promising
preclinical trials demonstrating efficacy of neuron-targeted
therapies in animal models of stroke, the only clinical treat-
ment remains early restoration of blood flowwith thromboly-
sis [2].The failure to translate neuron-targeted approaches to
useful clinical therapy suggests that alternative cellular targets
in the brain may more effectively coordinate the complex
intra- and intercellular signaling cascades that contribute to
neuronal injury. Astrocytes comprise the most numerous
type of cell in the brain and play a crucial role in neuronal
homeostasis both for normal physiologic functioning and
in response to cell stress [3]. Microglia coordinate growth
and remodeling of the neural network and regulate the
neuroinflammatory response to stroke [4, 5]. In both astro-
cytes and microglia, mitochondria play a central role in

determining local neuronal cell fate. Therapeutic strategies
aimed at maintaining mitochondrial function in glia follow-
ing stroke may therefore provide a novel approach to reduce
the degree of injury and improve neurobehavioral outcome.

MicroRNAs (miRs) are a class of small noncoding RNAs
that regulate gene expression by binding to the 3 untranslated
region (UTR) of target genes and destabilizing or inhibiting
their translation [6]. In glia, miRs have been shown to play
an important role in the cellular response to ischemic injury
(for reviews, see [7–9]). In particular, miRs can alter the
expression of proteins that both directly and indirectly mod-
ulate glial mitochondrial function.The purpose of this review
is to (1) provide an overview of astrocyte and microglia-
mediated regulation of neuronal cell function and fate fol-
lowing ischemic injury; (2) discuss the relevance of glial
mitochondrial function in response to ischemic injury; (3)
review coordination of mitochondrial homeostasis by B-cell
lymphoma 2 (Bcl2) and heat shock protein 70 (Hsp70) family
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members; and (4) present current evidence demonstrating
the critical role miRs play in regulating glial mitochondrial
function in response to cerebral ischemic injury.

2. Glia in Health and in Response to Ischemia

2.1. Astrocytes. Neuronal maintenance, neurite outgrowth,
and repair of the neuronal network are coordinated by
resident astrocytes [10–12]. As an essential component of
the neurovascular unit (a dynamic structure also composed
of endothelial cells, pericytes, basement membrane, and
surrounding neurons), astrocytes control blood circulation,
extracellular ionhomeostasis, and release of energy substrates
and growth factors in the central nervous system. In addi-
tion to their role in neuronal housekeeping and protection,
astrocytes play a significant role in neurotransmission [11, 13].
Astrocytes are central to synapse formation and stabilization
in development and disease [3, 14, 15] and modulate synaptic
transmission via glutamate uptake [16]. Astrocytes extend
manyfine branching processes, putting them in direct contact
with cell bodies, dendrites, and synaptic terminals, such
that an individual astrocyte may contact up to 100,000
neurons [17]. Moreover, astrocytes communicate with adja-
cent astrocytes via intercellular gap junctions to function
as a coordinated syncytium [18, 19]. As a consequence,
astrocytes actively regulate and organize local and distant
synaptic activity, excitability, transmission, and plasticity of
the neuronal network [20–23].

Ischemic stroke remains the most common and debilitat-
ing source of cerebral ischemia [1]. However, acute cerebral
ischemia can occur via a number of mechanisms, includ-
ing hemorrhagic stroke, subdural and epidural hematoma,
subarachnoid hemorrhage, traumatic brain injury, cerebral
edema, vascular compression from brain masses, cardiac
arrest, or any physiologic condition resulting in low cardiac
output. Following cerebral ischemia, astrocytes performmul-
tiple functions beneficial for neuronal survival. One common
pathway for neuronal cell death following cerebral ischemia is
the accumulation of extrasynaptic glutamate, which triggers
mitochondrial dysfunction characterized by imbalances in
intracellular Ca2+ handling and excessive production of
oxidants, eventually leading to neuronal cell death (Figure 1).
Astrocytes have been shown to protect neurons from gluta-
mate excitotoxicity during pathophysiologic stresses such as
stroke [24], traumatic brain injury [25], and spinal cord injury
[26]. However, the astrocyte response to oxidative stress also
induces morphologic and phenotypic changes that can para-
doxically exacerbate injury, a process termed reactive gliosis
or astrogliosis [24, 27]. Reactive astrocytes are identified
by increases in cytoplasmic mass and branching processes
and increased production of cytoplasmic filaments, most
notably glial fibrillary acidic protein. Reactive astrogliosis and
subsequent development of an astrocytic scar surrounding
the area of injury are essential for isolating the injury site and
protecting neurons against harmful substances released from
the infarct core. However, this process can also contribute to
limiting neuronal regeneration by inhibiting axonal sprout-
ing via secretion of chondroitin sulfate proteoglycans [28, 29].

Cerebral ischemia
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Figure 1: Cerebral ischemia induces mitochondrial dysfunction
and neuronal cell death. Ischemia-reperfusion induces elevations
in cytosolic Ca2+ via glutamate binding extrasynaptic NMDA
receptors (NMDA-R) and/or mitochondrial-associated membrane
(MAM) mediated release from the endoplasmic reticulum (ER). As
mitochondrial Ca2+ buffering capacity is exceeded and mitochon-
drial dysfunction ensues, mitochondria produce excessive reactive
oxygen species (ROS), decrease capacity for ATP production, and
activate the mitochondrial permeability transition pore (MPTP),
which can trigger cytochrome c mediated apoptosis. Sustained
elevations in cytosolic Ca2+ can activate proteases, lipases, and
nucleases triggering autophagy or necrotic cell death. NMDA: N-
methyl-D-aspartate.

The astrocytic syncytium may also influence neuronal
survival by coordinating the spatial delivery of metabolic
fuels, thereby maintaining both mitochondrial and cellular
integrity. Gap junctions are permeable to both glucose and
lactate [30], regulate the development of postinjury edema
[31], and have the potential to facilitate delivery of substrates
to metabolically active neurons in local areas of decreased
perfusion. However, the role of astrocytic gap junctions in
stroke remains controversial [32]. For example, astrocytic gap
junctions remaining open following ischemia [33] can allow
proapoptotic factors and other molecules to spread through
the syncytium, expanding the size of the infarct [34]. More-
over, persistently open gap junctions can allow Ca2+ waves
to propagate throughout the syncytium and induce remote
neuronal cell death [35].

Astrocyte-targeted therapies have been shown to pro-
tect against neurotoxicity in animal models of neurodegen-
eration. For example, in astrocytes with an amyotrophic
lateral sclerosis- (ALS-) linked mutation in mitochondrial
superoxide dismutase (SOD1G93A) that disrupts mitochon-
drial function and results in motor neuron cell death, pre-
treatment of astrocytes with mitochondrial-targeted antiox-
idants (ubiquinone and carboxy-proxyl nitroxide coupled
to triphenylphosphonium) or with dichloroacetate (DCA,
an activator of the pyruvate dehydrogenase complex that
improves oxidative phosphorylation coupling) mitigated
neuronal cell death in cocultures [36, 37]. Studies specifi-
cally targeting astrocytes for improving outcome following
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cerebral ischemia are limited but have shown promise in
rodent models. Augmenting astrocyte extrasynaptic gluta-
mate sequestration by increasing the activity of astrocytic
glutamate transporter GLT-1 has been effective at decreas-
ing glutamate excitotoxicity, thereby indirectly maintain-
ing mitochondrial function [38, 39]. However, targeting of
the astrocyte response to oxidative stress has also been
effective: overexpression of superoxide dismutase 2 (SOD2)
in astrocytes reduced evidence of oxidative stress in the
hippocampus from transient global ischemia [40] and was
also accompanied by preservation of GLT-1. Additionally,
increasing astrocytic pyruvate preservedmitochondrial func-
tion and improved neuronal survival via a glutathione-
dependent mechanism [41]. Utilizing direct mitochondrial-
targeted approaches in astrocytes may serve to outweigh
the negative consequences of reactive gliosis, a necessary
astrocyte response for minimizing the degree of injury from
cerebral ischemia [42].

2.2. Microglia. Microglia constitute 10–15% of all cells in the
brain and play an important role in neuronal migration,
axonal growth, and synaptic remodeling and in response to
ischemic injury (for reviews, see [4, 5, 43]). Microglia share a
common myeloid lineage with monocytes and macrophages
and similarly act as the primary form of tissue immune
defense. The primary functions of microglia are (1) pathogen
recognition; (2) phagocytosis of damaged cells, inactive
synapses, debris, and infectious agents; and (3) regulation
of T-cell responses and induction of inflammation. Under
normal physiological conditions,microglia exist in a “resting”
state, although they remain highly dynamic with continuous
extension and retraction of processes that survey the local
microenvironment. Cerebral ischemia induces microglial
activation [43], characterized by a change from a ramified to
amoeboid shape, loss of branching processes, and production
of lysosomes and phagosomes. Mitochondrial function (and
dysfunction) appears to play a direct role in microglial
activation [44]. Similar to astrocytes, activatedmicroglia have
been observed to exert both injurious and protective effects
subsequent to cerebral ischemia [45]. This ambiguity has
been partially resolved by the observation that microglial
activation in response to stroke is a polarized process,
described as M1 andM2 activation states (for review, see [5]).

Morphologically, microglia of bothM1 andM2 activation
states become spherical and retract their processes. Differen-
tiation between the two states is therefore based on antigen
expression and cytokine secretion patterns. In M1 or “classi-
cal” activation, microglia are characterized by upregulation
of proinflammatory surface antigens that can be induced
by bacterial lipopolysaccharides or the proinflammatory
cytokine interferon-𝛾. M1 activation triggers the production
of proinflammatory factors such as tumor necrosis factor-
𝛼 (TNF-𝛼), interleukin-1𝛽 (IL-1𝛽), nitric oxide, and reactive
oxygen species (ROS), which, in excess, can exacerbate brain
injury. TNF-𝛼 is a critical proinflammatory cytokine released
from M1 microglial cells following ischemia, which serves
as an activator of receptor-mediated proapoptotic pathways
within the neuron, and can further stimulate microglia via

inducible nitric oxide synthase (iNOS) and cyclooxygenase 2
[46].

Activation of the M2 phenotype by IL-4, IL-10, and/or
IL-13 induces surface-receptor expression of several distinct
antigens, such as arginase, heparin-binding lectin Ym-1,
CD206, and CD36. M2 polarization may also result in a
greater capacity for phagocytosis [47–49], important for
sequestration of cytotoxic material and in activation of the
adaptive immune response. Observations suggest that the
time course of polarization and the relative abundance of the
two phenotypes depend on the severity, location, and dura-
tion of ischemia and reperfusion [43]. Although the precise
poststroke temporal kinetics of microglial polarization and
mechanisms that determine polarization remain to be deter-
mined, current evidence suggests that oxidative stress and
mitochondrial function play a central regulatory role [50].
However, more recently, theM1 andM2 classification scheme
has been brought into question [51], with the suggestion that,
with the advent of novel technologies that better define the
complexities of the immunological landscape, the present
dichotomy will likely be replaced by a spectrum of activation
states that will more accurately reflect themicroglial response
to ischemic injury.

3. Mitochondrial Function in Response to
Ischemic Injury

3.1. Calcium and Oxidative Stress. Therapeutic strategies
that optimize mitochondrial homeostasis may offer a unify-
ing approach to simultaneously target multiple deleterious
pathways: mitochondria are central regulators of apoptosis,
ROS, and intracellular Ca2+ handling. Depletion of energy
reserves as occurs during ischemia leads to a massive rise
in free cytosolic Ca2+ (Figure 1), both from the endoplasmic
reticulum (ER) and from the extracellular space, which can
then be transmitted to the matrix of mitochondria via the
mitochondrial-associatedmembrane (MAM) (for review, see
[52]). When mitochondrial matrix Ca2+ exceeds buffering
capacity, mitochondrial function becomes compromised and
results in increased generation of free radicals and formation
of the mitochondrial permeability transition pore (MPTP,
[53]). Activation and opening on theMPTP can cause release
of cytochrome c [54, 55] and other proapoptotic factors
into the cytoplasm. The combination of Ca2+ accumulation
in cytosolic and mitochondrial compartments and excessive
ROS levels from reperfusion can induce alterations in protein
folding homoeostasis, leading to MAM-mediated amplifi-
cation in cytosolic Ca2+, which can then activate protease,
nuclease, and lipase pathways, ultimately contributing to
necrotic cell death [52, 56]. Oxidative stress mediated by
nitric oxide (e.g., peroxynitrate, ONOO−) can also induce
reactive gliosis and induce neuronal cell death, an effect
mitigated by coadministration of nitric acid synthase (NOS)
inhibitors or peroxynitrite scavengers [57].

3.2. Glia Mitochondrial Function Regulates Neuronal Sur-
vival. Astrocytic mitochondrial function plays several direct
and indirect roles in maintaining neuronal survival from
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Figure 2: Glia mitochondrial function is essential to neuronal
survival following cerebral ischemia. Astrocytes provide protection
to neurons by a number of mitochondrial-associated mechanisms,
including buffering excessive reactive oxygen species (ROS), main-
taining Ca2+ homeostasis, and providing metabolic substrate and
ATP to neurons. Astrocytes may also regulate neuronal homeostasis
and the neuronal bioenergetic response to injury by direct transfer
of mitochondria from astrocytes to neurons. Microglial activation
polarity determines neuronal fate, with M2 activation state associ-
atedwith anti-inflammatory cytokine production.Microglial activa-
tion is coordinated by microglial and astrocyte mitochondrial func-
tion. IL-4: interleukin-4; IL-10: interleukin-10; IL-13: interleukin-13.

ischemic injury (Figure 2). Davis et al. [58] previously
observed sequestration of degraded neuronal mitochondria
by local astrocytes, suggesting a role for astrocytes in neu-
ronal mitochondrial recycling and biogenesis. More recently,
Hayakawa et al. [59] demonstrated that astrocytes are capable
of direct transfer of functional mitochondria to neurons
and that suppression of this process worsens injury and
neurologic outcome from cerebral ischemia. Together, these
observations demonstrate a role for mitochondria as a novel
medium for neuronal-astrocyte communication and position
astrocytes as central to maintenance of neuronal metabolism
and bioenergetics in response to cell stress. For example,
in addition to coordinating apoptosis, mitochondria are
fundamental to maintaining ATP levels via oxidative phos-
phorylation. Neurons, with a relatively higher rate of ATP
consumption compared with glia, require a constant source
of reducing equivalents to rephosphorylate ATP from ADP
and AMP. ATP is required to establish and maintain resting
electrochemical gradients and repolarize membranes after
depolarization and synaptic transmission and is essential for
a host of intracellular signaling and biosynthetic functions.
During ischemia, substrate for oxidative phosphorylation
(i.e., oxygen and glucose) is reduced, and energy deprivation
results in impaired cellular function and eventually cell
death (for review, see [60]). Neurons do not normally store
glucose as glycogen and must rely on exogenous delivery
of substrate [61, 62]. Astrocytes can store glycogen and are
therefore critical in maintaining a steady source of metabolic
fuel to neurons during ischemic conditions [61, 62]. Lactate
generated by astrocytes is transported into neurons via

the monocarboxylate transporter-2 (MCT-2, [63]), which
can serve as a metabolic fuel to maintain basal neuronal
activity, particularly when the blood supply of glucose is
interrupted [64, 65]. Triggering astrocytic glycolysis is at
least in part due to neuronal-astrocyte energy coupling via
activation of adenosine monophosphate-activated protein
kinase (AMPK), an evolutionarily conserved enzyme that
functions as an energy sensor by coupling changes in ATP
supply to ATP production [66]. Neuronal release of tissue
plasminogen activator (tPA), a strong activator of AMPK
in astrocytes, induces a switch to glycolysis and subsequent
release of lactate, which is then transported into neurons via
MCT-2 [67].However, in the nonstressed state, particularly in
the poststroke recovery phase when energy requirements are
high, a return to oxidative phosphorylation is preferred [60].

Astrocytes are therefore predictably more tolerant to
injury than neurons: similar exposure times to oxygen-
glucose deprivation (OGD) result in greater injury to primary
neuronal cultures versus primary astrocyte cultures [68].
Neurons also have limited antioxidant capacity and rely
heavily on the antioxidant capacity of astrocyte cytosolic and
mitochondrial superoxide dismutase, catalase, glutathione
reductase, and glutathione peroxidase to combat oxidative
stress [69, 70]. By these and other mechanisms, astrocyte
mitochondrial dysfunction can lead to increased neuronal
death [70]. For example, disruptions in astrocyte mitochon-
drial function have been shown to play a direct role in
neurotoxicity in animal models of neurodegeneration. Nagai
et al. [71] observed that the ALS-linked mutation SOD1G93A
was associated with increased neurotoxicity and cell death of
motor neurons. Cassina et al. [36] observed that astrocytes
with the SOD1G93A mutation demonstrate severe disrup-
tions in oxidative phosphorylation coupling and enhanced
mitochondrial superoxide production and recapitulated their
neurotoxic effect by pretreatment of astrocytes in neuronal-
astrocyte cocultureswithmitochondrial inhibitors (rotenone,
antimycin A, sodium azide, or fluorocitrate). A further
example is that the mitochondrial Ca2+ buffering capacity of
astrocytes determines astrocyte GLT-1 expression [72], and
therefore astrocyte mitochondrial function is intimately tied
to the capacity of astrocytes to buffer excessive (extrasynap-
tic) glutamate and prevent excitotoxicity [73, 74].

In microglia, the role of mitochondrial function in
neuronal survival can be considered direct, as neuronal
survival is a function of microglial ROS production [75], and
indirect, via polarization of activation state and subsequent
downstream production of cytokines (Figure 2). Cytotoxic
M1 activation of microglia is associated with neuronal loss
and decline of cognitive and neurobehavioral function [76].
Conversely, M2 activated microglia secrete neurotrophic
factors and neuroprotective cytokines. NF-𝜅B, a transcription
factor that activates genes regulating cellular survival, growth,
differentiation, inflammation, and cell death, plays a central
role in regulating the effect of microglia by participating
both in protective and in deleterious responses. High con-
centrations of ROS inactivate NF-𝜅B, inhibiting its binding
to DNA, while moderate levels of ROS lead to the sequential
phosphorylation, polyubiquitination, and degradation of I𝜅B



Oxidative Medicine and Cellular Longevity 5

(inhibitor of 𝜅B), allowing activation of NF-𝜅B. Once acti-
vated, NF-𝜅B plays a prosurvival role by inhibiting caspase
cell death pathways and upregulating transcriptional activa-
tion of antiapoptotic proteins and genes involved in decreas-
ing mitochondrial ROS, such as manganese superoxide dis-
mutase [77]. NF-𝜅B also activates antiapoptotic responses
regulated by mitochondria, thereby protecting neurons from
ischemic brain injury [78].Therefore,mitochondrial function
and microglial activation serve reciprocal roles: targeting
cytokines that promote the microglial M2 activation state
may result in protecting mitochondrial homeostasis, while
direct approaches to augmentmicroglialmitochondrial func-
tion may promote M2 activation.

4. Hsp70 and Bcl2 in
Mitochondrial Homeostasis

Two families of well-known cytoprotective proteins, the
Hsp70 family of chaperones and the Bcl2 apoptosis-
regulating family, have been shown to be integral to
maintaining mitochondrial homeostasis. The Hsp70 family
of chaperones is a functionally related group of proteins that
assist in the folding or unfolding of proteins, sequestration
of denatured proteins, and assembly of protein complexes.
Two relevant Hsp70 family members known to regulate
glial mitochondrial function are cytosolic Hsp70/Hsp72
and glucose-related binding protein 78 (Grp78)/binding
immunoglobulin protein (BiP). The Bcl2 protein family is
a central regulator of cell survival by helping to maintain
mitochondrial membrane integrity and function and
coordinating apoptotic signaling [79, 80].

4.1. Bcl2. The Bcl2 family is known to play an important role
in the evolution of injury following cerebral ischemia [81].
Overexpressing prosurvival Bcl2 family members protects
against cerebral ischemia in vivo [82, 83] and in vitro [84].
Cytosolic Bcl2 was shown to contribute to MAM formation
by localizing to both the ER and the mitochondrial outer
membranes [85] and to coordinate ER and mitochondrial
Ca2+ homeostasis following cerebral ischemia [8, 86]. In
addition to regulating induction of apoptosis by controlling
mitochondrial outer membrane permeabilization, Bcl2 pro-
tein family members have been shown to regulate calcium
handling [87] and modulate intercompartmental cross talk
between mitochondria and the endoplasmic reticulum [88,
89].

4.2. Hsp70/Hsp72. Hsp72, a cytosolic member of the Hsp70
family, participates in protein import and sorting at MAM
[90] and regulates downstream Bcl2 expression [91]. Hsp72
is induced in response to a variety of stresses, particularly
oxidative stress, and is protective from both necrotic and
apoptotic cell death [92, 93].

Hsp72 has been shown to preserve mitochondrial func-
tion, reduce oxidative stress, regulate inflammation, and
protect from cerebral ischemia [40, 92, 94]. Overexpres-
sion protected hippocampus neurons from global cerebral
ischemia, mediated in part by increased Bcl2 expression [91].

Overexpression of Hsp72 has been shown to protect both
animal and cell models of cerebral ischemia [92]. Astrocyte-
specific overexpression of Hsp72 was shown to preserve GLT-
1 activity and reduce oxidative stress in the hippocampus
following transient global cerebral ischemia [40]. Specifically
increasing Hsp72 level in astrocytes demonstrated a reduc-
tion in oxidative stress and reduced neuronal vulnerabil-
ity to global cerebral ischemia [40], as well as improving
long-term recovery following focal cerebral ischemia [95].
Evidence suggests that Hsp72 also modulates inflammation
from cerebral ischemia [96]. Regulation of NF-𝜅B by Hsp72
can occur via inhibition of I𝜅B phosphorylation by IKK
and NF-𝜅B dissociation [97] and via binding IKK to impair
NF-𝜅B signaling [98]. Increased levels of Hsp72 have been
shown to decrease the negative effects of NF-𝜅B activation in
astrocytes via reductions in iNOS expression [98]. Activation
ofNF-𝜅Bwas inhibited significantly inHsp72-overexpressing
microglia and transgenic mice [97].

4.3. Grp78. Grp78, a regulator of the ER unfolded protein
response [52, 99], is largely localized to the endoplasmic
reticulum [100] but has been shown to translocate to mito-
chondria [101], suggesting a role in MAM-dependent Ca2+
transport between ER and mitochondria. Studies utilizing a
green fluorescent/Grp78 fusion protein reported targeting to
mitochondria within a short period of ischemia-like stress
[86]. Overexpression of Grp78 in BV2 mouse microglial cell
lines [102] and astrocytes protected against ischemic injury
and preserved respiratory activity and mitochondrial mem-
brane potential after ischemic stress [103]. Pharmacological
induction of Grp78 reduced neuronal loss in both forebrain
and focal cerebral ischemia [104, 105]. Grp78 appears to play
an important role in ischemia associatedwith oxidative stress:
increased levels of Grp78 were observed in astrocytes and
microglia associated with overproduction of ROS [106, 107].

In addition to effects on oxidative stress and mito-
chondrial function, Grp78 also mediates the inflammatory
response.Grp78was shown to stimulate the production of the
anti-inflammatory cytokines IL-4 and IL-10 through specific
T lymphocytes [108, 109]. Interestingly, IL-10 deprivation in
mice brains also induced Grp78 expression [110], suggesting
a negative-feedback mechanism. Conversely, lower levels
of Grp78 inhibited upregulation of IL-6 under glucose-
deprived conditions [111]. Though the precise regulatory
role of Grp78 in the inflammatory cascade remains to be
elucidated, the critical role of astrocytes and microglia in the
neuroinflammatory response to cerebral ischemia suggests
that pharmacologic manipulation of Hsp72 family members
in glia may be a powerful therapeutic approach.

5. MicroRNAs Regulate the Mitochondrial
Response to Ischemia

Studies investigating the role of miRs in cerebral ischemia
have largely focused on changes in miR expression patterns
with ischemia [112]. To define the role of a givenmiR of inter-
est, predicted molecular targets that have complementarity
to the binding sequence of the miR are identified using a
bioinformatic approach. Efficacy of translational inhibition
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can be tested when the 3UTR of the putative target mRNA is
placed downstream of a luciferase reporter construct. Using
this approach, two brain-enriched miRs, miR-181a and miR-
29a, were identified as important mediators in the evolution
of injury and in determining outcome following stroke (see
[113]). A recent microarray analysis of miR expression in the
four principal cell types of the CNS (neurons, astrocytes,
oligodendrocytes, and microglia) delineated a preferential
cellular expression pattern of individual miRs [114]. Notably,
miR-181a and miR-29a were more highly expressed in astro-
cytes, corroborating previous observations [115, 116].

5.1. miR-181. The brain-enriched miR-181 family contains
four highly conserved members, miR-181a, miR-181b, miR-
181c, and miR-181d, which play a role in mitochondrial
function, redox state, and inflammatory pathways [7]. Bioin-
formatics and dual luciferase assays were used to identify and
validate miR-181a as a regulator of several Hsp70 [117, 118]
and Bcl2 family members [118]. Increased miR-181a exacer-
bated injury both in vitro and in vivo, while reduced levels
were associated with reduced injury and increased Grp78
protein levels [118]. Overexpression of miR-181a in astrocytes
enhanced disruption of mitochondrial membrane potential
and increased ROS formation and cell death from glucose
deprivation [118]. Intracerebroventricular infusion and intra-
venous injection of 181a antagomir, a chemically modified
181a inhibitor optimized for in vivo use, were used to treat
mice after ischemic injury. miR-181a antagomir was effective
at abolishing endogenous expression ofmiR-181a and showed
substantial neuroprotective effects against ischemic neuronal
damage and neurological impairment inmice.This protective
effect, including recovery of motor function and coordina-
tion, persisted over 28 days [119], concordant with decreased
expression of Bcl2 andX-linked inhibitor of apoptosis protein
(XIAP). Interestingly in primary neurons miR-181a failed to
significantly alter levels of Bcl2 and did not improve survival
after ischemia-like injury [120]. The difference in effects of
miR-181a suppression between different brain cell types may
be the result of differences in baseline levels of expression or
changes in expression in response to ischemia.

Another member of this family, miR-181c, was identified
as directly targeting tumor necrosis factor-alpha (TNF-𝛼)
following ischemia, thereby regulating microglial activa-
tion and microglial-mediated neuronal injury [121]. Ectopic
expression ofmiR-181c was also shown to suppress expression
of iNOS, leading to decreased production of NO following
OGD [121]. Additionally, the microglial activator Toll-like
receptor 4 (TLR4) was shown to be a target of miR-181c in
microglial cells.miR-181c inhibitedNF-𝜅B activation induced
byOGDand the downstreamproduction of proinflammatory
mediators by suppressing TLR4 expression [122].

5.2. miR-29. ThemiR-29 family, composed of miR-29a, miR-
29b, and miR-29c, is distributed across the central nervous
system and enriched in astrocytes [123, 124]. All members
have been shown to regulate various facets of inflammation
[125]. Inhibition of miR-29b significantly reduced expression
of activated microglial proinflammatory mediators such as

TNF-𝛼, IL-1b, IL-6, and monocyte chemoattractant protein-
1 [126]. Recently, miR-29b has been recognized as a survival
factor in neuronal cells by silencing the proapoptotic BH3-
only family [127]. Interestingly, Shi et al. reported that
increasing miR-29b had the effect of promoting neuronal cell
death in focal ischemia by inhibiting Bcl2l2 (protein BCL-
w), an antiapoptotic member of the Bcl2 protein family [128].
Whether the same effect occurs in astrocytes ormicroglia has
not been investigated; however, computational algorithms
(i.e., TargetScan5.1, http://www.targetscan.org/) predict that
miR-29b targets several members of the Bcl2 family known
to be both protective and harmful. The multiple functions
of miR-29b are therefore likely due to which Bcl2 family
member exerts the more dominant effect in a given cell type
and in response to a given injury paradigm.

Ischemic stroke induced bymiddle-cerebral artery occlu-
sion (MCAO) in mice caused loss of miR-29b and higher
12-lipoxygenase activity in infarcted tissue [129]; delivery
of miR-29b mimic markedly attenuated the infarct size.
Ouyang et al. observed that miR-29a expression signifi-
cantly increased in the more ischemia-resistant hippocam-
pal subregion dentate gyrus but decreased in the more
ischemia-sensitive cornu ammonis 1 subregion following
transient global ischemia [115]. In the setting of in vitro
ischemia, Ouyang et al. observed that miR-29a mimic pro-
tected and miR-29a inhibitor aggravated astrocyte injury
and mitochondrial function by targeting the Bcl2 family
member p53 upregulated modulator of apoptosis (PUMA,
[115]). PUMA binds and antagonizes all known antiapoptotic
Bcl2 family members and activates two key multidomain
proapoptotic Bcl2 family proteins, BAX and BAK, leading
to mitochondrial dysfunction and caspase activation [130].
Most recently [131], we observed in astrocytes cultured from
CA1 and DG hippocampal subregions that CA1 astrocytes
exhibited more cell death and a greater decrease in miR-29a
subsequent to glucose deprivation injury. We identified the
mitochondrial voltage-dependent cation channel 1 (VDAC1)
as a target of miR-29a in these astrocytes. Located in the
outer mitochondrial membrane, VDACs mediate intercom-
partmental transport of anions, cations, and ATP between
the cytosol and mitochondria (for review, see [132]). VDAC1
is the most abundantly expressed and is thought to regulate
mitochondrial function and cell survival in response to
injury [133]. We observed that increasing miR-29a in CA1
astrocytes decreased VDAC1 and improved cell survival,
while knockdown of VDAC1 improved survival. Moreover,
the protective effect of miR-29a was eliminated by inhibition
of miR-29a/VDAC1 binding via cotreatment with a target-
site blocker. Together, these findings suggest that the selective
vulnerability of the CA1 to injury may be due in part to a
limitedmiR-29a response in CA1 astrocytes, thereby allowing
a greater increase inVDAC1-mediated cellular dysfunction in
CA1 astrocytes.

6. Conclusions and Future Directions

As targets for stroke therapy, miR-based strategies provide
the advantage of rapid onset of action, a critical element
in developing effective clinical treatments for stroke, and
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Figure 3: MicroRNAs (miRs) regulate mitochondrial function in glia. (a) miR biogenesis begins in the nucleus with genomic transcription
of pri-miR (1). Drosha-mediated cleavage results in pre-miR (2), which is then exported to the cytosol by Exportin-5 and processed to the
final mature miR forms by Dicer (3). In the cytosol, either the leading or the reverse complementary mature miR strand is then free to
interact with the 3 untranslated region of target messenger RNAs (mRNAs, (4)). miR/mRNA complexes are then targeted by the RNA-
induced silencing complex (5) for either mRNA degradation or translational silencing, depending on the degree of miR/mRNA binding
complementarity. (b) miR-mediated control of microglial mitochondrial function and activation state occurs secondary to miR targeting
of cytokines and inflammatory mediators. miRs directly affect mitochondrial function in astrocytes by targeting Bcl2 family members and
chaperones. Whether the same miR targets are relevant in microglia has not yet been determined (dashed arrows), yet astrocyte/microglial
cross talk suggests at least an indirect role. Bcl2: B-cell lymphoma 2; DNA: deoxyribonucleic acid; Grp78: glucose-related protein 78; Hsp75:
heat shock protein 75; iNOS: inducible nitric oxide synthase; Mcl1: myeloid cell leukemia 1; NF-𝜅B: nuclear factor kappa B; PUMA: p53
upregulated modulator of apoptosis; TLR4: Toll-like receptor 4; TNF-𝛼: tumor necrosis factor-alpha; VDAC1: voltage-dependent anion
channel 1; XIAP: X-linked inhibitor of apoptosis protein.

endogenous miR expression levels can be pharmacologically
manipulated. A successful phase 2 trial of the first miR-
targeted drug, a locked nucleic acid targetingmiR-122 to treat
hepatitis C, has recently been completed [134], demonstrating
that rapid translation of miR-based therapies from bench to
clinic may be possible once candidate targets are identified.

Astrocytes and microglia play critical roles in neuronal
survival following stroke and are ideal cellular targets for
novel therapeutic approaches. miRs target proteins directly
involved in maintaining astrocyte mitochondrial homeosta-
sis in response to stress and neuroinflammatory mediators
that regulate microglial activation with downstream effects
on mitochondrial function (Figure 3). Recent findings [58,
59] demonstrating a novel role formitochondria as a potential
transduction pathway for neuronal-astrocyte cross talk and
the emerging relevance of astrocytes as regulators of the
neuronal bioenergetic response to cell stress [59] suggest that
future studies investigating the role ofmiRs in these processes
may provide a novel angle to overcome prior translational
hurdles in the search for new clinical therapies for cerebral
ischemia. Moreover, microglial activation can depend on
astrocytic release of ATP in response to local injury, sug-
gesting that astrocyte mitochondrial function plays a direct
role in microglial activation state [24]. Therefore, miR-based
therapeutic interventions targetingmechanisms that mediate
cross talk between astrocytes and microglia may provide
an alternative approach to simultaneously coordinate both
glial mitochondrial function and microglial activation polar-
ization.

The short (only 5–7-nucleotide-long) sequence in the
mature miR determines binding specificity to target mRNAs;
as a consequence, a singlemiR can bindmultiplemRNAs, and
a single mRNA can be bound by multiple miRs, creating a

new and complex layer of posttranscriptional control. Identi-
fying glial-enriched miRs that target multiple mitochondria-
regulating genes and gene families may produce a substantial
effect versus single gene silencing techniques, for example,
with small interfering RNA or short hairpin RNA. However,
the combinatorial effect of the short binding sequence can
also offset any protective effects if the same miR simultane-
ously binds gene family members with opposite functions, as
has been demonstrated with miR-29 and Bcl2 family mem-
bers. Therefore, it remains critical to identify glial mitochon-
drial targets, test and verify the predicted miR/mRNA inter-
action, and investigate the effect of varying miR levels both
in vitro and in vivo on mitochondrial function and injury in
response to cerebral ischemia.
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Obstructive sleep apnea (OSA) associated chronic kidney disease is mainly caused by chronic intermittent hypoxia (CIH) triggered
tissue damage. Receptor for advanced glycation end product (RAGE) and its ligand high mobility group box 1 (HMGB1) are
expressed on renal cells and mediate inflammatory responses in OSA-related diseases. To determine their roles in CIH-induced
renal injury, soluble RAGE (sRAGE), the RAGE neutralizing antibody, was intravenously administered in a CIH model. We also
evaluated the effect of sRAGE on inflammation and apoptosis. Rats were divided into four groups: (1) normal air (NA), (2) CIH,
(3) CIH+sRAGE, and (4) NA+sRAGE. Our results showed that CIH accelerated renal histological injury and upregulated RAGE-
HMGB1 levels involving inflammatory (NF-𝜅B, TNF-𝛼, and IL-6), apoptotic (Bcl-2/Bax), and mitogen-activated protein kinases
(phosphorylation of P38, ERK, and JNK) signal transduction pathways, which were abolished by sRAGE but p-ERK. Furthermore,
sRAGE ameliorated renal dysfunction by attenuating tubular endothelial apoptosis determined by immunofluorescence staining
of CD31 and TUNEL. These findings suggested that RAGE-HMGB1 activated chronic inflammatory transduction cascades that
contributed to the pathogenesis of the CIH-induced renal injury. Inhibition of RAGE ligand interaction by sRAGE provided a
therapeutic potential for CIH-induced renal injury, inflammation, and apoptosis through P38 and JNK pathways.

1. Introduction

Obstructive sleep apnea (OSA) is characterized by repetitive
upper airway collapse and recurrent hypoxia during sleep.
Emerging evidence indicates that chronic kidney disease
(CKD) is highly prevalent complication of untreated OSA
with symptoms of polyuria and proteinuria [1, 2]. Meanwhile,
the prevalence of OSA in CKD patients ranges severalfold
higher than the general population [3]. Two mechanisms

are responsible for the loss of kidney function in OSA
patients: chronic nocturnal intrarenal hypoxia and activation
of sympathetic nervous system in response to oxidative stress,
resulting in tubulointerstitial injury and ultimately leading
common pathway to end-stage renal disease (ESKD) [4, 5].
As the foremost pathophysiological change in the process
of OSA, chronic intermittent hypoxia (CIH) often causes
oxidative stress and inflammations, contributing to damage
of various tissue and organs [6].
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The receptor for advanced glycation end products
(RAGE), first identified as a member of the immunoglobulin
superfamily, is a pattern-recognition receptor that interacts
with multiligands, such as advanced glycation end prod-
ucts (AGEs), high mobility group box 1 (HMGB1), S-100
calcium-binding protein (S100B), and Mac-1 [7]. Multiple
descriptive studies have demonstrated RAGE and its ligands
are potentially related to OSA. Regarding RAGE ligands, a
previous study had evaluated levels of HMGB1 and their
relation to endothelial function in OSA patients [8]. S100B
levels, identified as a useful biochemical marker, have also
been found increased in OSA [9]. Broadly speaking, RAGE
and its ligands are almost expressed in all tissues and on
a wide range of cell types, also including renal (proximal)
tubules, mesangial cells, and podocytes [10]. More recently,
accumulations of RAGE and its ligands are recognized to
be upregulated in various types of renal disorders. A review
investigated that RAGE was associated not only with diabetic
nephropathy, but also with obesity-related glomerulopathy,
hypertensive nephropathy, and ischemic renal injury, all of
which were closely related to OSA-associated-renal injury
[11]. Considering chronic kidney disease is an immune
inflammatory condition [12], it is natural to link chronic
kidney disease to RAGE-HMGB1 and to identify them as
key mediators in inflammatory responses as well as potential
signaling molecules in progression to ESKD [13, 14]. As
expected, HMGB1 is elevated significantly in CKD patients
and correlates with GFR as well as markers of inflammation
[15]. In particular, serum levels of HMGB1 in CKD patients
were also significantly higher than those in control subjects
[16]. These findings raise the possibility of RAGE-HMGB1 in
the pathogenesis of OSA-associated chronic kidney disease,
but their contribution in CIH-induced renal injury has not
yet been elucidated.

Furthermore, it is well documented that RAGE is an
inverse marker in CKD patients [17], thus inhibition of
RAGE constituting a possible strategy for the treatment of
CKD [18, 19]. Soluble RAGE (sRAGE), which possesses the
RAGE ligand binding positions but lacks the cytoplasmic
and transmembrane domains, secretes out of the cells and
acts as decoys to prevent RAGE signal transduction directly
[20]. In clinical settings, serum sRAGE showed increased
levels in patients with ESKD [21], but whether it could
protect against toxic effects of RAGE remains to be known.
Recent study found that RAGE and nuclear factor kappa B
(NF-𝜅B) downstream signaling were centrally involved in
sleep apnea obtained from the intermittent hypoxia (IH)
experimental model [22]. In this study we establish a CIH
model to investigate the participation of RAGE-HMGB1 and
the therapeutic effect of recombinant soluble RAGE. The
possible mechanism involved was also elucidated.

2. Material and Methods

2.1. Animal Model of CIH. Male Sprague-Dawley rats at age
of 4 weeks and body weight 140–150 g, obtained from the
Experimental Animal Centre of Fudan University (China)
and allowed free access to laboratory chow and tap water in

day-night quarters at 25∘C, were used in this study. The ani-
mal protocol was approved by the Animal Care Committee of
Fudan University, in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals.
All effects were made to minimize animal suffering. Rats
were randomly divided into the following four experimental
groups of 6 animals each: the normal air (NA) control
group; the CIH group; the CIH plus sRAGE group; normal
air plus sRAGE group (NA+sRAGE). The CIH protocol
was modeled according to the study of Fu et al. [23]. Rats
were placed in four identical designed chambers. Nitrogen
(100%) was delivered to the chambers for 30 s to reduce the
ambient fraction of inspired oxygen to 6-7% for 10 s. Then,
oxygen was infused for 20 s so that the oxygen concentration
returned to 20∼21%. This cycle took one minute, 8 h/day
for 7 d/week for 5 weeks. The oxygen concentration was
measured automatically using an oxygen analyzer (Chang
Ai Electronic Science & Technology Company, Shanghai,
China). The CIH plus sRAGE treatment group received the
same CIH protocol as for comparison with the CIH model
group. Rats in the sRAGE treatment groupwere subsequently
injected with recombinant sRAGE protein 150 𝜇g/per rat
(diluted in 1mL phosphate-buffered saline) intraperitoneally
every 48 h for 5 weeks before each hypoxia cycle.This dose of
rats was converted based on previous work where daily dose
of sRAGE in amousemodel of chronic hypoxiawas 20𝜇g/day
[24]. Control rats included NA and NA+sRAGE group rats,
all of which were subjected to normal air and administered
with phosphate-buffered saline (PBS) as a vehicle control and
150 𝜇g/per rat of recombinant sRAGE, respectively. During
this exposure, all rats were kept under pathogen-free condi-
tions and allowed to access to food and water. At the end of 5
weeks of CIHmodel, all the rats were euthanized 15 h after last
hypoxia circle.Their blood and kidneys were collected. Blood
samples were obtained from the inferior vena cava. Renal
function was calculated as serum creatinine and blood urea
nitrogen (BUN), which were measured in the core laboratory
of Zhongshan Hospital (Shanghai, China).

2.2. Kidney Histology. After being euthanized, kidneys were
fixed with 4% paraformaldehyde and embedded in paraffin.
Paraffin-embedded specimens were cut into 4𝜇m thick
sections and stained with hematoxylin-eosin. Kidney injury
was examined using themodified 0–5 Jablonski grading scale
under a light microscope: 0 represents normal; 1 represents
occasional degeneration and necrosis of individual cells;
2 represents degenerative cells and necrosis of individual
tubules; 3 represents degeneration and necrosis of all cells
in adjacent proximal convoluted tubules with survival of
surrounding tubules; 4 represents necrosis confined to the
distal third of the proximal convoluted tubules, with a band of
necrosis extending across the inner cortex; and 5 represents
necrosis affecting all the three segments of the proximal
convoluted tubules, as described previously [25].

2.3. HMGB1 Immunohistochemistry. For HMGB1 detection,
the samples were dewaxed in xylene and dehydrated in
a graded ethanol series. Endogenous peroxidase activity was
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inhibited by incubating the slides with 0.3% H
2
O
2
for 5min,

followed by washing thrice with PBS; the sections were
incubated with the primary antibodies to HMGB1 (1 : 1000
dilution, ab18256; Abcam, Cambridge, UK) and incubated
at 4∘C overnight, washed in PBS, and incubated at 37∘C
for 1 h with biotinylated anti-rabbit/rat IgG (1 : 200; Maixin-
Bio, Shanghai, China) according to manufacturer’s instruc-
tions. The tissue was incubated with Streptavidin Peroxidase
(Maixin-Bio) reagents at 37∘C for 30min, stained with freshly
preparedDAB (Maixin-Bio).Morphometric quantification of
the stained sections was performed with a customized digital
image analysis system (IMAGE-Pro plus 4.5). Analysis of the
kidney and capturing images was performed.

2.4. Immunofluorescent Triple Staining for CD31, TUNEL,
DAPI, and Apoptotic Determination. To visualize apoptotic
changes during CIH-induced renal injury, 4 𝜇m paraffin-
embedded tissue slides were deparaffinized, rehydrated, and
prepared as described in immunohistochemistry. Antigen
was retrieved by microwave-citrate buffer antigen retrieval
method. The slides were blocked with 5% goat serum (Invit-
rogen) for 1 hour at room temperature, permeabilized with
0.2% Triton X-100, incubated overnight at 4∘C with mouse
anti-rat CD31 antibody (1 : 50 dilution, No. ab64543; Abcam,
Cambridge, UK). After the samples were rinsed 4 times
(3min each) with PBS, the slides were then incubated for
30 minutes at room temperature with Alexa Fluor 488-
conjugated goat anti-mouse IgG (1 : 400; B40941, Invitrogen).
For detection of apoptotic cells, TUNEL staining was carried
out using a Promega apoptosis detection kit. Immunoflu-
orescence for TUNEL staining was performed with Alexa
Fluor 594-conjugated goat anti-mouse IgG (1 : 400; A11020,
Invitrogen). The glass was mounted with cover slips contain-
ing Vectashield mounting medium with 4,6-diamidino-2-
phenylindole (DAPI; Vector Laboratories) and imaged under
an fluorescent microscope (Leica). Endothelial cells (CD31+)
stained green fluorescence and DAPI stained blue fluo-
rescence. TUNEL-positive apoptotic cells were detected by
localized red fluorescence within cell nuclei. TUNEL-positive
(TUNEL+) and DAPI positive (DAPI+) cells were counted at
×100 magnification with a fluorescence microscopy, respec-
tively. The number of apoptotic cells was calculated as
TUNEL+/DAPI+ cells in random 10 fields per section for
quantification.

2.5. Western Blot Analysis for Target Protein. Proteins were
extracted from animal kidney tissues using NucleoSpin (REF
740933.50;Macherey-Nagel), after which they were separated
with SDS-PAGE on 8% gels and transferred to PVDF mem-
branes which were then incubated overnight at 4∘C with the
primary antibody diluted in blocking solution. The primary
antibodies and the dilutions were as follows: p-ERK [1/2]
No. 9101 (1 : 1000), p-JNK No. 9255 (1 : 2000), t-JNK No.
9252 (1 : 1000), p-p38 No. 9211 (1 : 1000), and t-p38 No. 9212
(1 : 1000) (Cell Signaling Technology, Danvers, MA); Bax No.
ab5714 (1 : 500), Bcl-2 No. ab136285 (1 : 500), NF-𝜅B p65 No.
ab16502 (1 : 1000), HMGB1 No. ab18256 (1 : 1000), (Abcam,
Cambridge, UK), and RAGE (1 : 500, No. R3611, Sigma,

USA). Horseradish peroxidase-coupled rabbit and mouse
IgG (1 : 2000) were used as secondary antibodies. The blots
were incubatedwith horseradish peroxidase-conjugated anti-
IgG for 1 h at 37∘C. Nonspecific binding sites were blocked
for 1 h with 0.05 g/mL nonfat milk powder in Tris-buffered
saline (pH 7.4) and 0.05% (v/v) Tween 20 (Bio-Rad) followed
by overnight incubations with primary antibody. Blots were
probed with anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) antibody (sc-25778, Santa Cruz, USA) to ensure
equal loading and detected using ECL chemiluminescent
system (Amersham Biosciences, Piscataway, NJ, USA). Band
intensity was quantified by scanning densitometry. Each
measurement was made 3 times.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). Serum
was isolated from the blood after centrifugation at 14 000 rpm
for 20min at 4∘C. After centrifugation, serum was frozen at
−80∘C until enzyme-linked immunosorbent assay (ELISA)
analyses were performed. HMGB1 (IBL International) and
the levels of inflammatory mediators (TNF-a, IL-6, and IL-
17 from R&D Systems) in the serum samples were measured
in triplicate following the procedures supplied by the manu-
facturer.

2.7. Statistical Analysis. Data were presented as mean ± SEM
and analyzed using SPSS 18.0. Comparisons betweenmultiple
groups were performed using ANOVA with the Bonferroni
test. 𝑃 < 0.05 was considered statistically significant between
groups.

3. Results

3.1. Protective Effect of sRAGE on Kidney Function and
Histopathological Assessment. In histological examination
of kidney stained with hematoxylin-eosin, NA group rats
showed normal glomerular and tubular structures, while CIH
resulted in prominent tubular atrophy and inflammatory cell
infiltration (Figure 1(a)). Injury score was further evaluated
by the modified 0–5 Jablonski grading scale (Figure 1(b)).
Consistent with desquamation of renal tubules epithelium
in CIH group rats, the serum creatinine as well as BUN
levels significantly elevated (58.59 ± 5.84 𝜇mol/L and 17.54 ±
1.97mmol/L, 𝑃 < 0.001) as compared to the NA control
group (37.29 ± 5.07 𝜇mol/L and 6.12 ± 2.47mmol/L; Figures
1(c) and 1(d)). However, animals treated with sRAGE before
each hypoxia circle seldom displayed extensive features of
tubule epithelial swelling and narrowed tubular lumens,
without significant changes in distal convoluted tubule (Fig-
ure 1(a)). Contrast to CIH-incurred renal damage, sRAGE
attenuated dysfunction and inflammation, as reflected by
improvements in serum parameters (creatinine decreased by
24.41%, 𝑃 = 0.0043; BUN decreased by 14.59%, 𝑃 = 0.041)
and histological grade (𝑃 = 0.002).

3.2. Soluble RAGE Attenuated CIH-Induced Renal Tubu-
lar Endothelial Cell Apoptosis. Indeed, the renal tubular
endothelial cell injury has been a key to the pathogenesis
of CKD. Since CD31 was recognized to be a specific marker
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Figure 1: Effect of sRAGE on CIH-induced histological damage and renal dysfunction. (a) Representative kidney sections from normal
air (NA) group, CIH group, CIH+sRAGE group, and negative control (NA+sRAGE) group are stained by H&E (scale bar: 50 𝜇m). In light
microscopic examination, tubular degeneration, interstitial neutrophil infiltration, and massive desquamation of renal epithelium are more
remarkable in the kidney tissues of CIH rats compared to NA group, while pretreatment of sRAGE apparently shows almost normal tubules
and mild dilatation of tubular lumen absence of severe inflammatory infiltrations. (b) Sections are graded based on the 0–5 Jablonski grading
scale averaging the values from 10 fields per kidney under microscopy. Renal function is determined by serum creatinine (c) and BUN (d).
Data are presented as the mean ± SEM. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01; 𝑛 = 6/group.

of endothelial cells [26], we performed immunofluorescence
staining of CD31 and TUNEL to evaluate the degree of renal
tubular endothelial cell apoptosis. DAPI was used to visualize
cell nuclei; thus merged immunofluorescent TUNEL/DAPI
staining depicted the proportion of apoptosis. In normal
kidneys, CD31+ cells clearly stained in the wall of renal
proximal and distal tubules did not express TUNEL+ cells. In
contrast, CIH significantly reduced CD31 expression in corti-
comedullary junction and peritubular capillary endothelium,
indicating that chronic hypoxia caused severe endothelial
injury (Figure 2(a)). In addition, TUNEL+ cells were widely
noted at the corticomedullary section in the CIH group.
Colocalization of CD31/TUNEL immunofluorescent staining

yielded that endothelial cells were undergoing apoptosis and
the percentage of apoptotic endothelial cells was greatest
following CIH exposure (Figure 2(a)). Upon pretreatment
with sRAGE during CIH, only some faint, nonspecific,
red background TUNEL staining was observed, whereas
endothelial CD31 staining remained relatively apparent. The
specific costaining for CD31 and lessened TUNEL+ cells
in the merged picture suggested sRAGE ameliorated CIH-
induced endothelial injury. In line with this, the percentage of
apoptosis was significantly reduced 37% by sRAGE compared
with the CIH group (𝑃 = 0.002, Figure 2(b)).

Oxidative stress affects the endothelial cell apoptosis by
regulation of the balance betweenBax andBcl-2 proteins [27].
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Figure 2: Effect of sRAGE on renal tubular endothelial cell apoptosis. (a) Representative immunofluorescence staining for CD31 (green),
TUNEL (red), DAPI (blue), and the merged pictures from kidney tissues of each group. The scale bars represent 50𝜇m. (b) Quantitative
assessment of the percentage of apoptosis by counting the TUNEL+/DAPI+ cells in 10 random fields (100x) for each section. (c)Western blots
analysis of Bcl-2 and Bax protein in comparison with GAPDH used as a loading control. (d) Representative bar diagram showing quantitative
relative levels of Bcl-2 and Bax in NA, CIH, CIH+sRAGE, and NA plus sRAGE treated groups. Data are presented as the mean ± SEM. NS:
no significance. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01; 𝑛 = 6/group.
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Figure 3: Representative immunohistochemistry of renal cortex (the top panel including glomeruli and proximal tubule) and medulla (the
bottom panel including peritubular capillaries and distal tubule) for localization of HMGB1 (scale bar: 50 𝜇m). HMGB1 is abundant in
cytoplasmic renal tubules of CIH group, compared with nuclear patterns of HMGB1 in NA group. sRAGE gradually attenuates HMGB1
cytoplasmic deposition, intraluminal infiltration, and nuclear staining in expanded renal tubules.

In contrast to NA group, expression of the proapoptotic
protein Bax was upregulated during CIH process, whereas
themagnitude of antiapoptotic protein Bcl-2was significantly
decreased as shown in Figure 2(c). Our histological results
were further supported by Bcl-2/Bax protein ratio. Bcl-2/Bax
ratio decreased from 1.49 ± 1.18 to 0.26 ± 0.43, suggestive
of CIH-promoted propensity to apoptosis. But pretreatment
of sRAGE exhibited a significant improvement of 125.11%
in Bcl-2/Bax protein ratio compared with CIH alone. These
data indicated that tubular endothelial cell apoptosis played a
critical role in CIH-induced renal injury. Therefore, admin-
istration of sRAGE alleviated the renal endothelial cell death
through a Bcl-2/Bax-dependent mechanism, thus improving
functional recovery.

3.3. Effect of sRAGE on CIH-Induced HMGB1 Expression.
During oxidative stress provoked necrotic process, cells
invariably lose membrane integrity and eventually lyse,
resulting in intracellular contents release such as HMGB1.
To ascertain it, immunohistochemistry was performed to
determine the location of HMGB1 in each group. Results
showed that HMGB1 expression was predominantly detected
in cortical areas in contrast to medulla, meaning that prox-
imal tubular cells were likely to be a prominent source of
HMGB1. In CIH group, HMGB1 was expressed diffusely
in the distended tubular cytoplasms as well as the nuclei
of renal tubular epithelial cells, whereas HMGB1 was not
or modestly expressed in the nuclei of proximal and distal
convoluted tubules in NA group (Figure 3). In addition,

the increased extracellular and cytoplasmic HMGB1 in CIH
rats was gradually attenuated upon pretreatment of sRAGE,
as depicted by lessened but mild expression in proximal and
distal convoluted tubule (Figure 3). Negative control group
(NA+sRAGE) excluded the possibility of nonspecific staining
of sRAGE.

3.4. Effect of sRAGE on RAGE-HMGB1 Downstream Inflam-
matory Cytokines and Molecules. To distinguish the dele-
terious contribution of RAGE-HMGB1 in the pathogenesis
of CIH-induced kidney injury, western blot technique was
used to detect RAGE-HMGB1 and associated inflammatory
molecules. Results demonstrated significant differences in
RAGE-HMGB1 expression between NA and CIH control
(RAGE: 0.466 ± 0.090 versus 2.368 ± 0.931, HMGB1: 0.038 ±
0.026 versus 1.118 ± 0.335, 𝑃 < 0.001, Figure 4). Also, we
found that NF-𝜅Bwas significantly increased in CIH group as
compared to normal condition (0.071 ± 0.056 versus 1.056 ±
0.376,𝑃 < 0.001, Figure 4). In contrast to CIH alone, sRAGE-
pretreatment group exhibited a significant suppression on
RAGE (1.643 ± 0.581, 𝑃 < 0.01, Figure 4) and also on
HMGB1 (0.566 ± 0.341, 𝑃 < 0.01, Figure 4). Besides, sRAGE
played a pivotal role in the inhibition of NF-𝜅B activation
(0.713 ± 0.628, 𝑃 < 0.05, Figure 4). Conversely, treatment
with sRAGE alone did not elicit apparent changes in RAGE-
HMGB1 or NF-𝜅B activation. In this regard, engagement of
RAGE-HMGB1 may accompany transcription factor NF-𝜅B
activation that regulated the induction ofmultiple proinflam-
matory cytokines.
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Figure 4: Effect of sRAGE on expressions of RAGE, HMGB1, and NF-𝜅B. (a) Representative western blot images (upper panel) and GAPDH
(lower panel) used as the endogenous control are shown in each group. (b) Quantification densitometric analysis summarizes the fold changes
of protein levels normalized to GAPDH. Data are expressed as means ± SEM. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01; 𝑛 = 6/group.

Following 5 weeks of CIH exposure, serum inflammatory
cytokines of IL-6 and TNF-a increased significantly (118.28±
18.98 pg/mL and 125.16 ± 13.04 pg/mL resp., 𝑃 < 0.0001;
Figures 5(a) and 5(b)) but were lowly detectable in control
(24.03±6.77 pg/mLand 38.72±9.36 pg/mL) andCIH+sRAGE
group (84.75 ± 11.99 pg/mL and 69.29 ± 10.49 pg/mL). As
expected, elevated serum levels of HMGB1 and IL-17 indeed
occurred in the CIH rats (32.88 ± 2.69 ng/mL and 119.49 ±
18.77 pg/mL, 𝑃 < 0.01; Figures 5(c) and 5(d)). Impor-
tantly, the results obtained from serum corresponded to the
expression of RAGE signaling and inflammation response
in tissues. Furthermore, as showed in Figures 5(a) and 5(b),
the inhibitory effect of sRAGE on amplified inflammatory
cytokine productions of IL-6 and TNF-𝛼 under CIH con-
dition was obvious. However, it should be noteworthy that
sRAGE had an adverse effect on the circulatory HMGB1 in
CIH+sRAGE group rats compared with CIH alone (34.58 ±
4.32 ng/mL, 𝑃 = 0.43; Figure 5(c)). Another negative
result was observed in subsequent decreased levels of IL-
17 in CIH+sRAGE group rats (105.49 ± 30.21 pg/mL, 𝑃 =
0.061; Figure 5(d)). In this in vivo study, we confirmed the
potential therapeutic effect of sRAGE on RAGE mediated
inflammatory molecular signaling accompanied by reduced
cytokineswithout the presence of circulatoryHMGB1 and IL-
17.

3.5. Soluble RAGE Modulates P-P38 and P-JNK but Not P-
ERK Signaling. Mitogen-activated protein kinases (MAPKs)
are well accepted upstream modulators of apoptosis and
inflammatory cytokines. They also have crucial roles in
signal transduction from the cell surface to the nucleus,
which are required for subsequent NF-𝜅B transcriptional
activation. As shown in Figure 6(a), the phosphorylated JNK

and p38,measured as phospho/total-JNK and phospho/total-
p38 level, both reachedmaximal kinase activities after 5weeks
of CIH exposure (JNK: 1.75 ± 0.81 and p38: 1.11 ± 0.49,
𝑃 < 0.01). Also, CIH tended to enhance the phosphorylation
of ERK1/2 approximately twofold over basal levels (0.24 ±
0.16 versus 0.12 ± 0.11, 𝑃 = 0.013, Figure 6(b)). Regarding
these, MAPKs family including p38, JNK, and ERK1/2 were
investigated to be activated in response to oxidative stress. To
address whether sRAGE could modulate MAPK activity, we
further used specific antibodies to establish the active forms
of the kinases activities. In contrast to CIH alone, the levels
of phosphorylated JNK and p38 along with sRAGE treatment
were decreased (JNK: 0.87 ± 0.31 and p38: 0.69 ± 0.61, 𝑃 <
0.01; Figures 6(c) and 6(d)), whereas the phosphorylation
levels of p-ERK1/2 were not significantly affected (0.25±0.09,
𝑃 > 0.05, Figure 6(b)). sRAGE treatment abrogated t-p38
activation, but no changes in the total levels of ERK1/2 or JNK
were detectable.

Accordingly, we identify RAGE ligand as key mediators
of MAPK downstream molecules leading to CIH-activated
inflammation and apoptosis, while signaling proteins such as
p38 and JNKMAP kinases are potentially regulators involved
in the renal protection of sRAGE.

4. Discussion

Accumulating evidences indicated that RAGE contributed,
at least in part, to the development of OSA complications,
such as diabetes andnephropathy, cardiovascular disease, and
chronic inflammation [28]. Recent studies provided insight
into sRAGE in competing with cell surface RAGE for ligand
binding, thus potentially representing a novel molecular
target forOSA-associated chronic kidney disease.Thepresent
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Figure 5: Effect of sRAGE on proinflammatory cytokines IL-6 (a), TNF-a (b), HMGB1 (c), and IL-17 (d) in serum of rats. Data are expressed
as means ± SEM. NS: no significance. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01; 𝑛 = 6/group.

study shows that RAGE-HMGB1 plays a pivotal role in a
CIH model. Furthermore, it is the first evidence that sRAGE
demonstrates its anti-inflammatory and antiapoptotic effects
by altering p38 and JNK signaling pathways.

Histological examination confirmed that our CIH pro-
tocol was sufficient to trigger renal damage. It has been
shown that HIF1-𝛼 is the main molecular effector of hypoxia
signaling and able to combine the HIF-1𝛼 binding site
present in the RAGE promoter region [29]. Thereby hypoxia

may activate RAGE mRNA gene transcription and stimulate
RAGE production. Renal interstitial and tubular endothe-
lial cells express specific RAGEs, ongoing generation of
whichmay amplify chronic cellular perturbation and oxidant
stress damage by engagement of these receptors on the
endothelial surfaces [30]. Our observations in colocalization
of CD31/TUNEL immunofluorescent staining revealed that
activation of RAGE accelerated tubular endothelial apoptosis.
Apart from a possible adaptive response to chronic hypoxia,



Oxidative Medicine and Cellular Longevity 9

NA NA+sRAGECIH CIH+sRAGE

GAPDH

P-JNK

T-JNK

P-ERK

T-ERK

P-p38

T-p38

(a)

P-ERK 
0.0

0.1

0.2

0.3

0.4

P-
ER

K 
an

d 
T-

ER
K/

G
A

PD
H

T-ERK 

N.S

NA
CIH

CIH+sRAGE
NA+sRAGE

∗∗

(b)

P-
p3

8 
an

d 
T-

p3
8/

G
A

PD
H

0.2

0.4

0.6

0
P-p38 T-p38

NA
CIH

CIH+sRAGE
NA+sRAGE

∗∗ ∗

∗∗∗∗

(c)

P-
JN

K 
an

d 
T-

JN
K/

G
A

PD
H

0

0.5

1.0

1.5

P-JNK T-JNK

NA
CIH

CIH+sRAGE
NA+sRAGE

∗∗ ∗∗

(d)

Figure 6: Representative western blot images show the effect of sRAGE on phosphorylated (P) and total (T) ERK, p38, and JNK expression
(a). Histograms represent the quantitative densitometric ratio of MAPK signaling molecules ERK (b), p38 (c), and JNK (d) normalized to
GAPDH in each group. Data are expressed as means ± SEM. NS: no significance. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01; 𝑛 = 6/group.

activation of RAGE observed in our CIH model probably
contributed to the CIH-induced injury according to western
blot analysis. Of special interest is the finding of extracellular
and abundant cytoplasmic accumulations of HMGB1 follow-
ing CIH. Our results demonstrated that HMGB1 was limited
in the nucleus of renal parenchyma cells under normal
condition, but dramatically translocated into the cytoplasm

and extracellular matrix upon hypoxia insult. For one reason,
HMGB1 is passively released in response to inflammatory
stress or necrosis [31]. For another, translocation of HMGB1
from the nucleus to cytoplasm requires inflammasome and
caspase activity, thus facilitating the chronic inflammation
and apoptosis [32, 33]. Furthermore, HMGB1 can behave as
a secreted cytokine promoting neutrophil accumulating [34]
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and activate macrophages/monocytes to release more proin-
flammatory cytokines [35, 36]. Consistently, both ELISA
and immunohistochemistry results showed that HMGB1
secreted from serum and tissue was collectively elevated and
correlated with upregulated TNF-𝛼 and IL-6 after CIH. In
addition, as a widely acknowledged cytokine for regulating
inflammatory reaction and leukocyte migration, IL-17 was
reported to be upregulated in RAGE-HMGB1 associated
injury [37]. Report from Akirav et al. also indicated the
association of RAGE expression and increased IL-17 [38].
Moreover, HMGB1 contributed to lymphocyte infiltration
and the release of theTh17 cell specific cytokine IL-17 [39]. In
our research, we confirmed previous results, exactly support-
ing the positive feedback loops of RAGE-HMGB1 activation
and proinflammatory mediators.

RAGE-mediated cascades of signal transduction could
promote the proinflammatory NF-𝜅B and the MAPK path-
way in endothelial cells and monocytes. Importantly, the
pathogenic role of RAGE appears to depend on the level
of NF-𝜅B transcriptional activity [40]. Inhibition of NF-
𝜅B decreased cardiomyocyte apoptosis and recruitment of
neutrophils accompanied with HMGB1 suppression [41],
indicative of the reciprocal modulation of NF-𝜅B and
HMGB1. A range of animal models in vitro and in vivo have
demonstrated the involvement of RAGE in pathophysiologic
processes, using a receptor decoy such as sRAGE [42].
Phosphorylated levels of p38, JNK, and ERK in present study
were higher after CIH exposure and subsequently affected
by sRAGE to different extent, implicating RAGE ligand as
key mediators in MAPKs signaling. In line with our results,
there was evidence in rat renal tubular epithelial cells that
indicated the critical importance of HMGB1 in inducing
circulating cyto/chemokines secretion through MAP kinase
pathways [43]. Similar results were also observed in early
reports that RAGE induced NF-𝜅B activation and IL-1 and
TNF-𝛼 production were dependent on p38 phosphorylation
in diabetic glomerular injury [44, 45]. In addition, RAGE
ligand interaction may directly induce generation of ERK
and reactive oxygen species [46]. Specially, in our studies,
these responses of MAPKs to sRAGE lack the participation
of p-ERK1/2. Consistent with our results, Taguchi et al. found
blockage of RAGE-amphoterin interaction also suppressed
p38 and SAP/JNK MAPKs [47]. On the contrary, inhibition
of RAGE by siRNA could reduce phosphorylated-ERK in cyst
formation [48]. This ambiguity regarding MAPK molecular
mechanisms perhaps depends on the cell and RAGE ligand
types in vivo and in vitro.

sRAGE can be used as a biomarker in RAGE-dependent
inflammations as well as a therapeutic agent to neutral-
ize hypoxia induced inflammation [49]. Moreover, sRAGE
can cancel the effects of AGEs on cells in culture [50].
In another hypoxia/reoxygenation model, sRAGE signifi-
cantly decreased cellular lactic dehydrogenase leakage and
increased cell viability in neonatal rat cardiomyocytes [51].
The published data suggest that application of sRAGE is
identified to intercept RAGE ligand interaction and subse-
quent downstream signaling [52]. Since sustained MAPK
activation has been associated with oxidative stress and cell
apoptosis [53], through histologic and western blot analysis,

we reasoned that sRAGE protected against renal inflamma-
tion and apoptosis by suppression of p38 and JNK MAPK
signaling molecules.

Previous studies revealed the decreased sRAGE levels
increased the propensity toward chronic inflammation such
as hypertension [54] and coronary artery disease [55]. Serum
sRAGE levels were elevated significantly in patients with
decreased renal function and inversely related to inflamma-
tion [21]. These observations lead us to propose that subse-
quent production of sRAGE potentially protects against the
decreased renal function, butKalousová et al. found it was not
related to mortality of haemodialysis patients [56]. Whether
sRAGE represents only an epiphenomenon or a compen-
satory protective mechanism is still unknown. Although the
protective effect of sRAGE is not as effective as the RAGE-
deletion [57], the property of long half-life after intraperi-
toneal injection into normal rats renders the sustained effect
in each hypoxia cycle until the end of the observation [58].
Considering RAGE is a multiligand receptor, the accurate
blocking target of sRAGE remains to be elucidated. For exam-
ple, sRAGE is found to interact with Mac-1 in an HMGB1-
induced arthritis model [59]. In terms of proinflammatory
and proapoptotic effects, HMGB1 is likely to be a main target
of sRAGE [60]. Since S100 proteins and HMGB1 certainly
do not exclusively bind to RAGE [61], sRAGE did not only
result from intercepting the interaction of ligands with cell
surface RAGE, but with other possible receptors. That was
why that we only observed upregulated circulatory HMGB1
in serum without suddenly degraded levels by sRAGE. It is
reasonably speculated that HMGB1 passively released from
nucleus to circulation might not be efficiently scavenged.
However, in accordance with immunohistochemistry results,
western blot analysis of total renal cellular lysates detected
the difference of HMGB1 between CIH and exogenous
administration of sRAGE groups, suggesting that sRAGE
exerted its effect by downregulation of HMGB1. Remarkably,
Lee et al. determined that sRAGE exhibited no toxic effects
on the liver by testing the activity of ALT [10], providing
additional support for this potential therapeutic strategy.

A limitation of this study was the lack of verification
that whether the decreased RAGE expression induced by
sRAGE treatment was abrogated with exogenous HMBG1
administration.We did not observe such endogenous sRAGE
level in renal insufficiency following the chronic hypoxia. To
confirm its exact blockage target of RAGE ligand interaction,
the capacity of sRAGE in inflammatory responses from
diverse models remains to be elucidated.

5. Conclusions

Taken together, RAGE and its ligandHMGB1 activate chronic
inflammatory transduction cascades that contribute to the
pathogenesis of CIH-induced renal injury.The consequences
of amplifying inflammatory response include the recruitment
of inflammatory cytokines and effector molecules (sustained
expression of NF-𝜅B, TNF-𝛼, IL-6, and MAPK signaling),
leading to apoptosis and accelerated renal dysfunction.
Interruption of RAGE interaction by administration of
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sRAGEhas been shown to attenuate these detrimental effects.
According to a decoy mechanism, blockade of RAGE ligand
interaction could provide a new therapeutic approach in
the development and progression of OSA-associated chronic
kidney disease.
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receptor for advanced glycation end products in patients with
decreased renal function,”American Journal of Kidney Diseases,
vol. 47, no. 3, pp. 406–411, 2006.

[22] M. F. Angelo, A. Aguirre, R. X. A. Reyes et al., “The proinflam-
matory RAGE/NF-𝜅B pathway is involved in neuronal damage
and reactive gliosis in a model of sleep apnea by intermittent
hypoxia,” PLoS ONE, vol. 9, no. 9, Article ID e107901, 2014.

[23] C. Fu, L. Jiang, F. Zhu et al., “Chronic intermittent hypoxia
leads to insulin resistance and impaired glucose tolerance
through dysregulation of adipokines in non-obese rats,” Sleep
and Breathing, vol. 19, no. 4, pp. 1467–1473, 2015.

[24] D. G. S. Farmer, M.-A. Ewart, K. M. Mair, and S. Kennedy,
“Soluble receptor for advanced glycation end products (sRAGE)



12 Oxidative Medicine and Cellular Longevity

attenuates haemodynamic changes to chronic hypoxia in the
mouse,” Pulmonary Pharmacology andTherapeutics, vol. 29, no.
1, pp. 7–14, 2014.

[25] C. F. Islam, R. T. Mathie, M. D. Dinneen, E. A. Kiely, A. M.
Peters, and P. A. Grace, “Ischaemia-reperfusion injury in the rat
kidney: the effect of preconditioning,”British Journal of Urology,
vol. 79, no. 6, pp. 842–847, 1997.

[26] A. Nakao, J. S. Neto, S. Kanno et al., “Protection against
ischemia/reperfusion injury in cardiac and renal transplanta-
tion with carbon monoxide, biliverdin and both,” American
Journal of Transplantation, vol. 5, no. 2, pp. 282–291, 2005.

[27] E. Z. Bagci, Y. Vodovotz, T. R. Billiar, G. B. Ermentrout,
and I. Bahar, “Bistability in apoptosis: roles of Bax, Bcl-2,
and mitochondrial permeability transition pores,” Biophysical
Journal, vol. 90, no. 5, pp. 1546–1559, 2006.

[28] A. Bierhaus, P. M. Humpert, M. Morcos et al., “Understanding
RAGE, the receptor for advanced glycation end products,”
Journal of Molecular Medicine, vol. 83, no. 11, pp. 876–886, 2005.

[29] P. Pichiule, J. C. Chavez, A. M. Schmidt, and S. J. Vannucci,
“Hypoxia-inducible factor-1 mediates neuronal expression of
the receptor for advanced glycation end products following
hypoxia/ischemia,”The Journal of Biological Chemistry, vol. 282,
no. 50, pp. 36330–36340, 2007.

[30] G. Basta, G. Lazzerini, M. Massaro et al., “Advanced gly-
cation end products activate endothelium through signal-
transduction receptor RAGE: a mechanism for amplification of
inflammatory responses,” Circulation, vol. 105, no. 7, pp. 816–
822, 2002.

[31] G. Faraco, S. Fossati, M. E. Bianchi et al., “High mobility group
box 1 protein is released by neural cells upon different stresses
and worsens ischemic neurodegeneration in vitro and in vivo,”
Journal of Neurochemistry, vol. 103, no. 2, pp. 590–603, 2007.

[32] G.-Y. Gwak, T. G.Moon, D. H. Lee, and B. C. Yoo, “Glycyrrhizin
attenuates HMGB1-induced hepatocyte apoptosis by inhibiting
the p38-dependent mitochondrial pathway,” World Journal of
Gastroenterology, vol. 18, no. 7, pp. 679–684, 2012.

[33] J.-B. Kim, S. C. Joon, Y.-M. Yu et al., “HMGB1, a novel cytokine-
like mediator linking acute neuronal death and delayed neu-
roinflammation in the postischemic brain,” The Journal of
Neuroscience, vol. 26, no. 24, pp. 6413–6421, 2006.

[34] Y. Oyama, T. Hashiguchi, N. Taniguchi et al., “High-mobility
group box-1 protein promotes granulomatous nephritis in
adenine-induced nephropathy,” Laboratory Investigation, vol.
90, no. 6, pp. 853–866, 2010.

[35] U. Andersson, H. Wang, K. Palmblad et al., “High mobility
group 1 protein (HMG-1) stimulates proinflammatory cytokine
synthesis in human monocytes,” The Journal of Experimental
Medicine, vol. 192, no. 4, pp. 565–570, 2000.

[36] A. Lau, S. Wang, W. Liu, A. Haig, Z.-X. Zhang, and A.
M. Jevnikar, “Glycyrrhizic acid ameliorates HMGB1-mediated
cell death and inflammation after renal ischemia reperfusion
injury,”American Journal of Nephrology, vol. 40, no. 1, pp. 84–95,
2014.

[37] J. Y. Jhun, S.H. Lee,H. Y.Kim et al., “HMGB1/RAGE induces IL-
17 expression to exaggerate inflammation in peripheral blood
cells of hepatitis B patients,” Journal of Translational Medicine,
2015.

[38] E. M. Akirav, P. Preston-Hurlburt, J. Garyu et al., “RAGE
expression in human T cells: a link between environmental
factors and adaptive immune responses,” PLoS ONE, vol. 7, no.
4, Article ID e34698, 2012.

[39] C.-C. Lee, Y.-T. Lai, H.-T. Chang et al., “Inhibition of high-
mobility group box 1 in lung reduced airway inflammation and
remodeling in a mouse model of chronic asthma,” Biochemical
Pharmacology, vol. 86, no. 7, pp. 940–949, 2013.

[40] A. Villarreal, R. X. Aviles Reyes, M. F. Angelo, A. G. Reinesf,
and A. J. Ramos, “S100B alters neuronal survival and dendrite
extension via RAGE-mediated NF-𝜅B signaling,” Journal of
Neurochemistry, vol. 117, no. 2, pp. 321–332, 2011.

[41] Z. Shi, A. Lian, and F. Zhang, “Nuclear factor-𝜅B activation
inhibitor attenuates ischemia reperfusion injury and inhibits
Hmgb1 expression,” Inflammation Research, vol. 63, no. 11, pp.
919–925, 2014.

[42] T. M. Wendt, N. Tanji, J. Guo et al., “RAGE drives the develop-
ment of glomerulosclerosis and implicates podocyte activation
in the pathogenesis of diabetic nephropathy,” American Journal
of Pathology, vol. 162, no. 4, pp. 1123–1137, 2003.

[43] A. Simm, G. Münch, F. Seif et al., “Advanced glycation end-
products stimulate theMAP-kinase pathway in tubulus cell line
LLC-PK1,” FEBS Letters, vol. 410, no. 2-3, pp. 481–484, 1997.

[44] L. Adhikary, F. Chow, D. J. Nikolic-Paterson et al., “Abnormal
p38 mitogen-activated protein kinase signalling in human and
experimental diabetic nephropathy,”Diabetologia, vol. 47, no. 7,
pp. 1210–1222, 2004.

[45] C.-H. Wu, C.-M. Huang, C.-H. Lin, Y.-S. Ho, C.-M. Chen, and
H.-M. Lee, “Advanced glycosylation end products induce NF-
𝜅B dependent iNOS expression in RAW 264.7 cells,”Molecular
and Cellular Endocrinology, vol. 194, no. 1-2, pp. 9–17, 2002.

[46] H. M. Lander, J. M. Tauras, J. S. Ogiste, O. Hori, R. A. Moss,
and A. M. Schmidt, “Activation of the receptor for advanced
glycation end products triggers a p21(ras)-dependent mitogen-
activated protein kinase pathway regulated by oxidant stress,”
The Journal of Biological Chemistry, vol. 272, no. 28, pp. 17810–
17814, 1997.

[47] A. Taguchi, D. C. Blood, G. del Toro et al., “Blockade of
RAGE-amphoterin signalling suppresses tumour growth and
metastases,” Nature, vol. 405, no. 6784, pp. 354–360, 2000.

[48] E. Y. Park, M. J. Seo, and J. H. Park, “Effects of specific
genes activating RAGE on polycystic kidney disease,”American
Journal of Nephrology, vol. 32, no. 2, pp. 169–178, 2010.

[49] R. G. Iannitti, A. Casagrande, A. De Luca et al., “Hypoxia
promotes danger-mediated inflammation via receptor for
advanced glycation end products in cystic fibrosis,” American
Journal of Respiratory and Critical Care Medicine, vol. 188, no.
11, pp. 1338–1350, 2013.

[50] M. A. H. Bowman and A. M. Schmidt, “The next generation of
RAGE modulators: implications for soluble RAGE therapies in
vascular inflammation,” Journal of Molecular Medicine, vol. 91,
no. 12, pp. 1329–1331, 2013.

[51] C. Guo, X. Zeng, J. Song et al., “A soluble receptor for advanced
glycation end-products inhibits hypoxia/reoxygenation-
induced apoptosis in rat cardiomyocytes via the mitochondrial
pathway,” International Journal of Molecular Sciences, vol. 13,
no. 9, pp. 11923–11940, 2012.

[52] A. Raucci, S. Cugusi, A. Antonelli et al., “A soluble form
of the receptor for advanced glycation endproducts (RAGE)
is produced by proteolytic cleavage of the membrane-bound
form by the sheddase a disintegrin and metalloprotease 10
(ADAM10),” The FASEB Journal, vol. 22, no. 10, pp. 3716–3727,
2008.

[53] G. Gong, L. Xiang, L. Yuan et al., “Protective effect of
glycyrrhizin, a direct HMGB1 inhibitor, on focal cerebral



Oxidative Medicine and Cellular Longevity 13

ischemia/reperfusion-induced inflammation, oxidative stress,
and apoptosis in rats,”PLoSONE, vol. 9, no. 3, Article ID e89450,
2014.

[54] D. Geroldi, C. Falcone, E. Emanuele et al., “Decreased plasma
levels of soluble receptor for advanced glycation end-products
in patients with essential hypertension,” Journal of Hyperten-
sion, vol. 23, no. 9, pp. 1725–1729, 2005.

[55] K.-H. Chiang, P.-H. Huang, S.-S. Huang, T.-C. Wu, J.-W. Chen,
and S.-J. Lin, “Plasma levels of soluble receptor for advanced
glycation end products are associated with endothelial function
and predict cardiovascular events in nondiabetic patients,”
Coronary Artery Disease, vol. 20, no. 4, pp. 267–273, 2009.
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