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Mitochondria are dynamic and complex cellular organelles
that are involved in a wide range of cellular events and are
essential for tissue adaptation, survival, death, and renewal.
In addition to their important role in energy metabolism
making them popularly known as the cellular powerhouse
in textbook definitions, mitochondria are malleable structures that are also intimately involved in controlling cellular
redox status, cellular signaling, calcium homeostasis, and cell
death and autophagy processes. Thus, mitochondria have
emerged from simply being the powerhouse of the cell to
being at the forefront of numerous research avenues. In
fact, mitochondrial perturbations evoked by physiological
and pathological stimuli have been shown to contribute
towards the pathogenesis of many diseases and mitochondrial research now constitutes a very significant and everexpanding research area. It is now understood that mitochondria and their associated pathways may represent areas
for the development of preventive and therapeutic strategies
to potentially mitigate diseases/disorders such as diabetes,
obesity, neurodegeneration, and sarcopenia.
In the present issue of Oxidative Medicine and Cellular
Longevity devoted to mitochondria in health and disease, a
variety of original research articles were published covering
distinct aspects of cellular physiology and adaptation involving mitochondria. These include the role of mitochondrial
and peroxisome group VIB phospholipase A2 (iPLA2g) in
𝛽-cell proliferation and redox control (Bao et al., 2013), the
study of mitochondrial metabolic and structural phenotypes

in liver and skeletal muscle from obese animals (Cao et al.,
2013), the modulator effects of hydrogen disulfide in neuronal
cells and mitochondria (Guo et al., 2013), the mechanisms
by which astragaloside IV protects against oxidative stressinduced increased permeability transition pore opening in
cardiac cell line (He et al., 2012), the effects of alphalipoic acid on mitochondrial superoxide and glucocorticoidinduced hypertension (Ong et al., 2013), and the development
of in vitro approaches to study population mitochondrial
genomic variations (Lin et al., 2013). In the present issue, the
potential use of two-photon microscopy probes for the study
of mitochondrial redox environment (Kim and Cho, 2013)
and the potential of translocator protein 18 as therapeutic
target and also a diagnostic tool for cardiovascular diseases
(Qi et al., 2013) are also reviewed and discussed. It is our
belief that the articles in this special mitochondrial issue
could provide an important contribution to improve the
use of mitochondrial-related models for health and disease
research, as well as identifying mitochondrial pathways and
associated mechanisms as important subcellular targets in the
prevention and treatment of many pathological conditions.
José Magalhães
Paola Venditti
Peter J. Adhihetty
Jon Jay Ramsey
António Ascensão
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Highly active antiretroviral therapy (HAART) has considerably improved the prognosis of HIV-infected patients. However,
prolonged use of HAART has been related to long-term adverse events that can compromise patient health such as HIV-associated
lipodystrophy syndrome (HALS) and nonalcoholic fatty liver disease (NAFLD). There is consistent evidence for a central role
of mitochondrial dysfunction in these pathologies. Nucleotide reverse transcriptase inhibitors (NRTIs) have been described to
be mainly responsible for mitochondrial dysfunction in adipose tissue and liver although nonnucleoside transcriptase inhibitors
(NNRTIs) or protease inhibitors (PIs) have also showed mitochondrial toxicity, which is a major concern for the selection and the
long-term adherence to a particular therapy. Several mechanisms explain these deleterious effects of HAART on mitochondria,
and evidence points to other mechanisms beyond the “Pol-𝛾 hypothesis.” HIV infection has also direct effects on mitochondria. In
addition to the negative effects described for HIV itself and/or HAART on mitochondria, HIV-infected patients are more prone
to develop a premature aging and, therefore, to present an increased oxidative state that could lead to the development of these
metabolic disturbances observed in HIV-infected patients.

1. HIV Infection and Antiretroviral Therapy
Human immunodeficiency virus (HIV) infection is a serious
public health disorder that affects up to 34 million people
in the world [1]. Since this disease was firstly identified
and described in the 80s, it has infected at least 60 million
people and caused more than 25 million deaths [2]. The
introduction of highly active antiretroviral therapy (HAART)
has considerably improved the prognosis of HIV-infected
patients leading to a significant reduction of HIV-related
morbidity and mortality [3]. For these reasons, HIV infection
is nowadays considered “just” a chronic infection. There are
more than 20 approved antiretroviral drugs classified into five
groups according to the mechanisms by which they interrupt
the HIV life cycle (Table 1). Current HAART guidelines recommend as first line of treatment two nucleoside/nucleotide
reverse transcriptase inhibitors (NRTIs) combined with

either one protease inhibitor (PI), one nonnucleoside reverse
transcriptase inhibitor (NNRTI) or an integrase inhibitor
[4, 5]. Cohort studies and clinical trials have demonstrated
that an early initiation of antiretroviral therapy is needed
to optimize individual and public health outcomes [6, 7].
However, HAART does not completely eliminate HIV, and
treatment must continue throughout patient’s life. Prolonged
use of HAART has been related to long-term adverse events
that can compromise patient health. These deleterious effects
have been reported for the majority of antiretroviral drugs
and are the most common causes for therapy discontinuation.
Some of these disturbances are cardiovascular, neurocognitive, bone, or renal diseases [8–10]. One of the most
frequent secondary adverse events caused by HAART is
known as HIV-associated lipodystrophy syndrome (HALS).
Recent studies also suggest that since the widespread use
of HAART, liver diseases represent an important cause of
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Table 1: Current employed anti-HIV drug families and reported mitochondrial toxicity (modified from Apostolova et al., 2011) [17].

Drug family (antiretroviral)

Nucleoside/nucleotide reverse
transcriptase inhibitor (Abacavir,
Didanosine, Emtricitabine, Lamivudine,
Stavudine, Tenofovir, and Zidovudine)

Mechanism of action

Mitochondrial dysfunction

Interferes with the HIV reverse
transcriptase protein, needed by the virus
to make new copies of itself

Nonnucleoside reverse transcriptase
inhibitor (Efavirenz, Etravirine, and
Nevirapine)

Stops HIV replication within cells by
inhibiting the reverse transcriptase
protein

Protease inhibitor (Atazanavir,
Darunavir, Fosamprenavir, Lopinavir,
Ritonavir, and Saquinavir)

Inhibits the HIV protease activity, a
protein required for HIV replication

Fusion inhibitor (Enfuvirtide)
CCR5 inhibitor (Maraviroc)
Integrase inhibitor (Raltegravir)

Prevents HIV from binding to or from
entering human immune cells
Prevents HIV from binding to or from
entering human immune cells
Interferes with the integrase enzyme,
which is needed to insert HIV genetic
material into human cells

morbidity and mortality in HIV-infected patients. Several
studies have demonstrated mitochondrial impairment in
HIV-infected patients and especially in those suffering from
HALS or fatty liver, suggesting a pivotal role of mitochondria
dysfunction in the pathophysiology of these alterations. Thus,
this review summarizes the main findings related to the
role of mitochondria in HIV, and these two alterations
associated HALS and fatty liver. Furthermore, evidence has
accumulated suggesting that HIV-infected patients are under
chronic oxidative stress and mitochondria dysfunction could
contribute to this increased oxidative state. Therefore, we also
describe the role of oxidative stress in HIV infection and how
different compounds with antioxidant capacities have been
studied in an attempt to decrease this oxidative state in a way
to ameliorate the deleterious effects of HIV-infection and its
metabolic associated disorders.

2. HIV and Mitochondria
Mitochondria are intracellular organelles present in all mammalian cells (except red blood cells). They contain an outer
membrane, an intramembrane space, an inner membrane,
and the matrix where the mitochondrial genome is found.

Inhibition of Pol-𝛾
Depletion of mtDNA
Reduction of mtDNA-encoded proteins
Respiratory chain dysfunction
Direct inhibition of ETC complexes (I, IV)
Reduction of ATP levels
ROS production
Decrease in 𝐴𝜓𝑚
Impairment of ADP/ATP translocase
Impairment of fatty acid oxidation
Respiratory chain dysfunction
Reduction of ATP levels
ROS production
Decrease in 𝐴𝜓𝑚
Apoptosis
Inhibition of MPP (mitochondrial protease
processing)
Fragmentation of mitochondrial network
Increase in mitochondrial Ca2+ accumulation
Apoptosis
ROS production
Unknown
Unknown
Unknown

Each mammalian cell contains several hundreds to more than
a thousand mitochondria. The size, shape, and abundance
of mitochondria vary dramatically in different cell types
and may change under different energy demands and different physiological or environmental conditions. The main
function of mitochondria is to synthesize ATP through
electron transport and oxidative phosphorylation (OXPHOS)
in conjunction with the oxidation of metabolites by tricarboxylic acid cycle and catabolism of fatty acids by betaoxidation. In this sense, the mitochondrion had been, for
years, considered to be simply the fuel provider for the most
basic energy demands of the cells. However, mitochondria are
now recognised as being critical components in the control
of multiple key cellular processes, being the main arbitrator
in the initiation and execution of apoptosis and, therefore,
playing a pivotal role in the determination of life and death
of the mammalian cells. In addition, mitochondria are the
main intracellular source and immediate target of reactive
oxygen species (ROS) [14]. During energy transduction in the
mitochondrial electron transport chain, a small number of
electrons “leak” to oxygen prematurely, forming the oxygenfree radical superoxide [15]. Under normal conditions, the
key site of superoxide formation in the mitochondrial
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membrane is complex I and the ubiquinone-complex III
interface. Given that ROS are highly reactive and short-lived
species, it is tempting to suggest that their effects should be
greatest in immediate area surrounding their locus of production. Thus, mitochondrial membrane constituents, including
the complexes of the respiratory chain and phospholipids
constituents, are not only important sources of ROS, but also
major targets of ROS attack [16].
Several factors can affect the functionality of mitochondria, such as aging, infections, or certain antiretroviral drugs.
These factors can damage the mitochondria, affecting the
normal functioning of the cell. Mitochondrial toxicity is a
general term that refers to these changes, it can cause different
symptoms in the heart, nerves, muscles, pancreas, kidneys,
and liver, and it is involved in several disorders.
It is plausible that chronic infection and inflammation
and/or drugs with adverse effects on mitochondrial function would contribute to long-term complications in HIVinfected persons. A large list of clinical manifestations of
mitochondrial toxicity has been described within HAARTassociated adverse events, which is a major concern for the
selection and the long-term adherence to a particular therapy.
For example, the increase in tumor necrosis factor (TNF𝛼)
production, which can directly affect the mitochondrial
function, has been observed in patients with HIV infection
and under antiretroviral treatment [18].
NRTIs have long been considered the main source of
HAART-related mitochondrial toxicity. These toxicities can
be difficult to reverse and can be life-threatening. The exact
pathogenesis underlying NRTI-induced mitochondrial toxicity remains unclear and likely differs for specific NRTI drugs
[19]. NRTIs ability to inhibit Pol-𝛾, the DNA polymerase
responsible for the synthesis of mitochondrial DNA, has
been described. Nevertheless, accumulating evidence points
to a more complex relationship between these organelles and
NRTIs and other mechanisms beyond the “Pol-𝛾 hypothesis”
have been raised in the last years suggesting that there are
other mechanisms of mitochondrial interference both related
and unrelated to mtDNA (reviewed by Apostolova et al.,
2011) [17]. Thus, inhibition of mitochondrial RNA expression
has been observed in several cell lines exposed to NRTIs
[20] which may occur through mtRNA polymerase inhibition or by limitation of the cofactors essential for mtDNA
transcription. Some NRTIs also exert a direct inhibitory
effect on specific mitochondrial targets unrelated to mtDNA.
Thus, AZT inhibits the mitochondrial adenylate kinase and
adenosine nucleotide translocator in isolated mitochondria
[19]. AZT also promotes oxidative stress (OS) and exerts
a direct inhibitory effect on the electron transport chain,
thereby diminishing OXPHOS [21, 22]. NRTIs also induce
a significant reduction in complex IV activity and a specific
inhibition of complex I [21, 23, 24]. In vivo studies with AZT
demonstrated a disrupted cardiac mitochondrial ultrastructure, diminished expression of mitochondrial cytochrome
b mRNA, and the presence of OS in mtDNA. Mitochondrial ROS generation has also been suggested to accompany or even constitute a separate mechanism of NRTIinduced mitochondrial toxicity. It is also important to state
that tissue and compound-specific patterns of drug import,
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compartmentalization, and activation may account, at least
in part, for variation in mitochondrial toxicity according to
specific NRTIs and/or tissue. Furthermore, not all the drugs
of this group exert their deleterious effects on mitochondria
with the same intensity. In fact, what became apparent
from several in vitro studies is that the order of ranking of
toxicity differs depending on the cell line and the method
used for measuring mitochondrial dysfunction (reviewed by
Mallon, 2007) [25]. Thus, AZT and D4T are more toxic
to adipocytes while ddC is more toxic to other cell types
such as hepatocytes and peripheral blood mononuclear cells
(PBMCs). Some observations in vivo state that ddC component of antiretrovirals (and possibly ddI) rather than d4T or
AZT mediates mtDNA depletion in PBMCs in HIV-infected
patients [25]. Other anti-HIV drugs apart from NRTIs seem
to also interfere with mitochondria such as PIs and NNRTIs
(reviewed by Apostolova et al., 2011) [26]. Interestingly, PIs
and NNRTIs do not inhibit Pol-𝛾 or reduce mtDNA content.
In vitro studies revealed an increase in mtDNA in murine
adipocytes treated with indinavir (IDV) [27] or treated with
nevirapine (NVP) [28]. Recent evidence suggests an interaction of these groups of drugs with mitochondrial targets
implicated in the regulation of bioenergetics and apoptosis
(deeply reviewed by Apostolova et al., 2011) [29]. Although
the clinical repercussion of this interaction is undetermined,
it may be relevant in the context of diseases present in longterm HAART patients. However, most findings point to drugrather than class-specific effects [29].
It is also important to take into account that the progressive aging of the HAART-treated population and the
subsequent appearance of age-related diseases are relevant.
In fact, it has been demonstrated that antiretroviral therapy
through the clonal expansion of mtDNA mutations accelerates mitochondrial aging and, therefore, induces mitochondrial dysfunction [30].
Not only antiretrovirals but also HIV itself contributes to
mitochondrial dysfunction. HIV per se seems to undermine
mtDNA and provoke other mtDNA-independent mitochondrial alterations [31]. Thus, HIV and HIV polypeptides
(in the absence of ART) have been shown to contribute
to mitochondrial dysfunction and apoptosis in CD4+ and
CD8+ T cells [32–34]. The study from Morse et al. (2012)
also corroborated that HIV infection has direct effects on
mitochondria and that immune cell activation and inflammation are involved in this process. In fact, mitochondrial
genes were downregulated in PBMCs and adipose tissue from
HIV-infected-untreated persons relative to HIV-seronegative
and treated patients using a huMITOchip microarray [35]. A
study has demonstrated increased plasma mtDNA in acute
HIV seroconverters and ART-naive subjects compared with
HIV-seronegative controls and long-term nonprogressors,
and a positive correlation between plasma HIV RNA and
plasma mtDNA was also observed [36]. However, it is worth
mentioning that both increases and decreases in mtDNA
have been reported in pathogenic conditions as there is
not a standard tool for defining what constitutes an abnormal mtDNA quantity, and therefore, data from heterogeneous HIV-infected populations were inconsistent [37–41].
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In this sense, there are also other methods to quantify the
functionality of mitochondria such as measures of OXPHOS
genes and enzymes activities, genes involved in Krebs cycle,
lipogenesis, measurement of mitochondrial DNA damage by
PCR, and so forth [42]. Thus, depending on the measurement
used, the results could be contradictory.
In summary, it seems quite clear that HAART and
HIV itself contribute to mitochondrial dysfunction although
the underlying mechanisms remain partially understood. In
this context, we cannot forget the importance of patient
genetics, the presence of mitochondrial pathologies, and/or
pathological settings with compromised mitochondrial function as they can all magnify the adverse effects related to
mitochondria.

3. Role of Mitochondria in
HIV-Associated Fatty Liver Disease
Liver diseases constitute a major health problem nowadays.
Among distinct diseases, nonalcoholic fatty liver disease
(NAFLD) is a multifactorial condition, which affects both
young and adult patients and which is associated with several
risk factors (reviewed by Pettinelli et al., 2011) [43]. NAFLD
is defined as a chronic inflammatory liver disease that occurs
in the absence of alcohol abuse (less than 20 g per day) and
also without infection with hepatitis B or C viruses. NAFLD
includes a wide spectrum of liver diseases, whose natural
history has not yet been fully clarified and ranging from the
simple accumulation of fat or fatty liver (process usually mild
and reversible) to other phases that are not reversible such
as steatohepatitis, fibrosis, cirrhosis, and even hepatocellular
carcinoma (HCC).
Nowadays, NAFLD is one of the most prevalent chronic
liver diseases in industrialized countries. This is mainly due
to its association with obesity, so it is prevalent in these
countries [44]. In fact, NAFLD is the hepatic manifestation
of the metabolic syndrome. It is estimated that the prevalence
of NAFLD in the general population ranges from 25% to
46%, increasing to 70% in diabetics and 90% among obese
[45]. At present, the prevalence of NAFLD continues to
rise worldwide, and it is estimated that by 2025 more than
25 million Americans may suffer from NAFLD. It is also
suggested that 20% of these patients suffering from NAFLD
will develop cirrhosis or HCC if not diagnosed or treated in
time [46, 47].
Prevalence of NAFLD is higher in individuals with HIV
infection (30–40%) than in the general population (14–
31%) [48, 49]. In fact, in HIV-infected patients, since the
widespread use of HAART, liver diseases represent an important cause of morbidity and mortality [50, 51]. Prospective
data from the Data collection on Adverse events of Anti-HIV
Drugs (D:A:D) showed that liver-related death was the most
frequent cause of non-AIDS-related death, and a strong association between immunodeficiency and risk of liver-related
death was demonstrated [51]. In a study analysing 13 cohorts
of HIV-infected patients, hepatic mortality accounted for
7.1% of deaths of which 56% were associated with hepatitis,
indicating a significant proportion of nonhepatitis-related
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deaths unrelated to the severity of HIV infection (reviewed
by Lemoine et al., 2012) [11, 52]. Recent studies also corroborate these results and suggest a high prevalence of hepatic
steatosis and fatty liver in HIV patients, especially those
co-infected with HCV or under antiretroviral therapy with
NRTIs. Although most of these studies have been carried
out in coinfected patients, a recent study found that sixtyseven of 216 (31%) HIV patients without HCV coinfection
had NAFLD based on ultrasound evaluation [53]. A very
recent study also observed steatosis in 30–40% of HIVinfected patients, associated with increased adiposity and
metabolic disorders. This study also demonstrated that the
development of fibrosis in these patients was related to age,
insulin resistance, and the use of stavudine/didanosine [54].
The pathogenesis of NAFLD was previously based on
the “two-hit hypothesis” considering steatosis as the result
of the first step in the development of NASH [55]. The new
“multiple parallel hit model” recently replaced this theory.
This new model suggests that insulin resistance and cellular
dysfunction play a central role in the development of liver
injuries. In fact, insulin resistance is probably the “true
first hit” leading to increased hepatic free fatty acid flux
from adipose tissue and to hepatocyte oxidative/endoplasmic
reticulum stress inducing both steatosis and inflammation
[56]. Cellular dysfunction is the consequence of numerous
hepatic and extrahepatic mechanisms and mediators. Among
them are cytokines derived from the liver but also from gut
microflora and adipose tissue (revised by Lemoine et al., 2012)
[11] (Figure 1).
In the context of aging and increased prevalence of
age-related comorbidities in HIV-infected patients, NAFLD/
NASH might represent a facet of this global aging process.
In addition, there is consistent evidence for a central role
of mitochondrial dysfunction in the pathophysiology of
NAFLD. Mitochondria can be directly involved in the first
steps of NAFLD either when their function is affected by
drugs or by harbouring a primary defect (e.g., resulting
from a DNA depletion syndrome). The loss of mitochondrial
function will affect fatty acid beta-oxidation, which will
lead to the accumulation of nonmetabolized fatty acids in
the cytosol. This is further complicated in the presence of
obesity and higher circulating levels of fatty acids, which
may determine per se an increased demand of mitochondrial
oxidation. On the other hand, an increase in fatty acid betaoxidation, as a response to increase hepatocyte influx, can
damage normally functional mitochondria through several
mechanisms, including uncoupling, induction of the mitochondrial permeability transition (MPT) and OS (Figure 1)
(reviewed by Grattagliano et al., 2012) [12]. However, impairment of mitochondrial function also participates in other
levels of NAFLD pathogenesis as increasing OS and cytokine
production, triggering cell death, inflammation, and fibrosis
(reviewed by Grattagliano et al., 2012 and Rolo et al., 2012) [12,
57]. In fact, accumulation of lipids in the hepatocyte impairs
the oxidative capacity of the mitochondria, increasing the
reduced state of the electron transport chain complexes and
stimulating peroxisomal and microsomal pathways of fat
oxidation. The consequent increased generation of ROS and
reactive aldehydic derivates causes OS and cell death via ATP,
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Life style (high fat diet
intake, sedentary life, ect.)

Obesity

Visceral adipose
tissue

Dislipidemia

HIV
NRTIs

Normal

Inﬂammation
(NASH)

Fatty liver

HCV

HIV

Mitochondrial
ROS
dysfunction

HCV

Cirrhosis

Oxidative stress
(increased ROS
production)

Increased accumulation of lipids in the cytosol

Decreased mitochondrial fatty acid
𝛽-oxidation
Loss of mitochondrial function
Drug toxicity

Increased mitochondrial fatty acid 𝛽-oxidation

Increased accumulation of lipids in the cytosol

Increased fatty acid influx in the hepatocyte

Healthy patient Primary defect in the liver

Obesity Dyslipemia

Figure 1: Role of mitochondria in NAFLD initiation and progression (modified from Lemoine et al., 2012 and Grattagliano et al., 2012) [11, 12].

NAD, and glutathione depletion, and it finally leads to DNA
lipid and protein damage [57]. Through mitochondrial toxicity, NRTIs such as stavudine and didanosine have been identified as factors of NAFLD and fibrosis [58–60]. In this sense,
the study of Guaraldi et al. (2008) suggested that NAFLD is
common in HIV patients who have traditional risk factors
but this study also highlights that treatment with NRTIs is
also an important independent risk factor, increasing up to
11% the risk of developing hepatic impairment for each year
of use [60]. Some protease inhibitors are also hepatotoxic, in
particular full-dose ritonavir and tipranavir [61]. However,
the generalized use of only boosting concentrations of ritonavir prevents the liver toxicity. Other protease inhibitors were
proposed to induce abdominal lipohypertrophy and to disturb glucose and lipid homeostasis, the underlying conditions
of NAFLD/NASH. In addition, some HIV-infected patients,
even receiving recently marketed antiretroviral drugs considered as nondeleterious on metabolism and adipose tissue,
develop striking abdominal hypertrophy. Efforts have been
recently made to assess the clinical relevance of noninvasive
tests including the evaluation of mtDNA or mitochondrial
functions in peripheral blood mononuclear cells for the
diagnosis of antiretroviral-associated toxicity (reviewed by

Duong et al., 2005) [62]. In addition, COX subunit I labeling
has been suggested to be a valuable tool for the diagnosis of
mitochondrial liver disease in HIV patients [63]. Efavirenz
(EFV) is the most widely used NNRTIs applied in HAART.
Its use has been associated with the development of several
adverse events including hepatotoxicity. Recent reports have
highlighted features of mitochondrial dysfunction in hepatic
cells exposed to clinically relevant concentrations of EFV in
human hepatic cells in vitro [64]. Clinical concentrations of
EFV also induce bioenergetic stress in hepatic cells by acutely
inhibiting mitochondrial function. This new mechanism of
mitochondrial interference leads to an accumulation of lipids
in the cytoplasm that is mediated by activation of AMPK
[65]. A recent study has also suggested that autophagy could
be involved in the EFV-associated hepatotoxicity, and it
may constitute a new mechanism implicated in the genesis
of pharmacological liver damage and in the recovery of
hepatic homeostasis upon a drug-induced cellular insult [66].
However, and despite the fact that mitochondrial dysfunction
seems to be associated with the development of NAFLD in
HIV-infected patients, there are other studies carried out in
liver biopsies where no association has been found between
the presence of NASH and liver mitochondrial function or
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mitochondrial DNA content [67, 68]. These discrepancies
could be due to the fact that it is very difficult to compare
in vitro versus in vivo studies or that these two studies relate
NASH and not NAFLD with mitochondrial dysfunction. So
far, more studies are needed in this regard to confirm the
involvement of mitochondrial dysfunction/damage in the
development of NAFLD in HIV-infected patients.
A novel mechanism by which HIV not only enhances
HCV replication but also contributes to progression of
hepatic fibrosis has been demonstrated [69]. In fact, it has
been found that inactivated HIV or its envelope glucoprotein
gp120 were capable of upregulating TGB-𝛽1 expression.
Furthermore, HIV and HCV may independently regulate
hepatic fibrosis progression through the generation of ROS,
and this regulation occurs in an NF-𝜅B-dependent manner
[70].
To date, there is no specific treatment against NAFLD
both in general and HIV-infected populations. Since insulin
resistance is the pathophysiological hallmark of NAFLD/
NASH, interventions to improve insulin sensitivity represent
one of the main strategies for the therapeutic management
of these patients. Thus, one therapeutic option is the use of
molecules that sensitize to insulin, and although histological
improvements have been observed, the fact is that they do not
offer additional long-term benefits. Metformin and glitazones
(thiazolidinediones) have been the main insulin-sensitizing
molecules tested for the treatment of NASH, but the poor
benefit of metformin has been confirmed in a recent metaanalysis [71]. However, metformin treatment was recently
found to decrease HCC occurrence and liver-related death
in HCV-related compensated cirrhosis [72]. Indeed, the poor
safety of glitazones has recently led to their removal from the
market. Hepatoprotective agents have been also evaluated,
and some of them may be proposed in the case of severe
liver disease defined by the presence of NASH and significant
fibrosis (F2). The correction of metabolic risk factors, loss of
weight, and physical activity seem to be the cornerstones for
that [73]. Another treatment option is the use of statins to
improve several biological markers of this disease (AST/ALT,
lipid profile) although their effects on liver histology are
unknown. In most cases, liver transplantation is required.
In fact, NAFLD is the third most frequent cause of liver
transplant, and some researchers suggest that in the next 10–
20 years, NAFLD will be the leading cause of transplants with
the high cost that it implies in health services.

4. Role of Mitochondria in HIV-Associated
Lipodystrophy Syndrome
HIV-associated lipodystrophy syndrome is characterised by
alterations in adipose tissue distribution in association with
systemic metabolic complications. The alterations of adipose
tissue consist of loss of subcutaneous fat in face, limbs
and buttocks [74], accumulation of visceral adipose tissue
in abdomen, breast, and dorsocervical regions [75], and
lipomatosis, especially in the dorsocervical area (“buffalo
hump”). These alterations do not necessarily occur together
in the same patient or with the same frequency. Subcutaneous
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loss of adipose tissue occurs frequently, although more than
half patients present a mixed form: loss of subcutaneous
together with marked increase in visceral adipose tissue
[76]. The metabolic abnormalities comprise hyperlipidaemia,
insulin resistance, and lactic acidaemia. HIV-linked lipodystrophy is also associated with atherosclerosis, hypertension
[77, 78], and hepatic steatosis [79]. Increased central fat
and decreased limb fat are both involved in these metabolic
complications as the increased release of cytokines and free
fatty acids together with decreased adiponectin production
by adipose tissue leads to insulin resistance and triglyceride depots in tissues such as liver, skeletal muscle, and
heart. Moreover, aging is also physiologically associated with
fat redistribution, OS, and low-grade inflammation, so, it
may be a relationship between HALS and aging. Therefore,
lipodystrophy together with metabolic alterations contributes
to the phenotypes of premature aging observed in these
patients, leading to early cardiovascular and hepatic disease
risk (deeply reviewed by Caron-Debarle et al., 2010) [80].
The prevalence of HALS is about 50%, although reported
percentages vary in different studies (20–80%) [76, 81, 82].
Lipodystrophy and especially facial lipoatrophy can erode
self-esteem, cause psychological distress, affect quality of
life, and lead to depression. It also affects adherence to
treatments. However, and up to date, there is no effective
treatment for lipodystrophy and only cosmetic surgery seems
to be clinically recommended. Because of that, the knowledge
of the mechanisms involved in this syndrome will help
to develop different strategies to prevent it or, at least, to
minimize its metabolic complications. Unfortunately, the
molecular basis of this syndrome is not fully understood,
although intensive research in recent years has suggested that
adipocyte dysfunction is a key point.
HAART might play an important role in the development
of HALS. In this sense, NRTIs favour lipoatrophy whereas
viral PIs tend to promote visceral lipohypertrophy and
systemic metabolic disturbances. However, recent studies
suggest that drugs of the three main classes (NRTIs, IPs, and
NNRTIs) act in synergy. Duration of HIV infection, age, and
gender may also contribute to the risk of development of
HALS. A role for genetics is also probable but has been only
partly evaluated. The toxicity of antiretroviral also depends on
patients metabolism, which is partly genetically determined
[83].
The importance of mitochondria in most cells is known.
In adipocytes, mitochondria play an important role in their
differentiation and function. Preadipocytes mature in two
steps: differentiation and then hypertrophy. During the early
maturation stage, an increased number of mitochondria
are required [84, 85], resulting in small adipocytes, which
are highly sensitive to insulin and that secrete high levels
of adiponectin [85]. By contrast, older adipocytes increase
in size (hypertrophy), lose their functional activities, and
become resistant to insulin. They exhibit decreased numbers
of mitochondria with impaired functions and secrete less
adiponectin [85]. Furthermore, the respiratory chain generates mitochondrial ROS, which could have dual effects on
adipocyte differentiation. At physiologically low levels, ROS
could act as secondary messengers to activate adipogenesis
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Figure 2: Proposed deleterious impact of mitochondrial dysfunction on adipose tissue (modified from Caron-Debarle et al., 2010) [13].

and lipogenesis, resulting in increased adipocyte number and
size, but at higher levels, ROS could inhibit differentiation.
High ROS concentrations, which are associated with severe
mitochondrial dysfunction, inhibit the expression of the
adipogenic factor PPAR𝛾 [86] and induce cell apoptosis [84,
87], which could result in lipoatrophy [84].
Longitudinal studies comparing subcutaneous fat in HIVinfected patients before and after HAART initiation have
provided important clues. Thus, six to eight months of
treatment with NRTIs alter the expression of several key
mitochondrial electron transport genes in subcutaneous fat,
which leads to increased OS [88]. A reduction in mitochondrial activity and mtDNA has also been observed [89]. In
addition, several in vitro studies have shown that NRTIs such
as zidovudine, stavudine, and didanosine result in mtDNA
depletion [90]. Thus, NRTIs exert severe adverse effects on
mitochondria, leading to increased ROS production that is
probably directly involved in lipoatrophy. This early druginduced mitochondrial dysfunction could lead to an initial
increase in subcutaneous fat before fat loss associated with
more advanced and severe mitochondria dysfunction. Mild
mitochondrial toxicity leads to an increased production of
ROS, which probably activates mitochondrial biogenesis,
adipogenesis, and adipocyte hypertrophy. If mitochondrial
function is more severely affected, several disturbances in
mitochondrial bioenergetics, including increased ROS production, are produced which makes the tissue not able
to supply the necessary energy requirements. A decrease
in adipocyte size and an increase in adipocyte death is
induced, and this could lead to clinical lipoatrophy [13]
(Figure 2). Switching patients from stavudine to tenofovir

improves fat mitochondrial function and decreases OS [91].
The replacement of these drugs with other NRTIs or NNRTIs
or new drugs allows for the partial recovery of lipoatrophy or
even causes fat hypertrophy.
As lipodystrophy has been observed in HIV-infected
antiretroviral-naive patients, a possible role for the virus in
the development of this syndrome has been suggested. In
fact, the HIV infection of macrophages itself could result
in low-grade fat inflammation and leads to the release
of viral proteins that affect neighboring adipocytes and
decreases their differentiation. Even when HIV infection is
controlled by HAART, the persistent infection of reservoir
fat macrophages, which is probably related to the severity
of the initial infection, could help maintain the lipodystrophic phenotype. Furthermore, initial HIV infection associates with increased bacterial translocation through the gut,
leading to increased circulating levels of lipopolysaccharide
(LPS) [92], which activates macrophages through the TLF4 receptor and increases cytokine production (reviewed by
Caron-Debarle et al., 2010) [80]. In this context, whether
mitochondrial function is altered in fat from naive patients
remains a matter of debate; either no or mild alterations have
been reported in most studies [88, 89, 93] whereas more
severe defects were observed by Giralt and colleagues [94].
In this context, a very recent study has demonstrated that
HIV infection and antiretroviral therapy could have divergent
effects on mtDNA in adipose tissue [35]. Thus, mtDNA
content in adipose tissue is decreased in HIV-infected adults
receiving HAART, with the most profound reductions seen in
patients with lipodystrophy whereas an increase in mtDNA
content in adipose tissue was also observed in HIV-infected
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patients not receiving HAART. Therefore, more work is
needed in this regard in order to better elucidate the physiological significance of such duality.

5. HIV and Oxidative Stress
As stated before, mitochondria are the main intracellular
source and immediate target of ROS. These reactive species, if
not counterbalanced by antioxidant defenses, could damage
DNA, proteins, carbohydrates, and lipid constituents and
compromise cell function leading to the development of
a number of diseases such as AIDS [95]. Oxidative stress
can result from diminished levels of antioxidants but can
also result from increased production of ROS [96]. It is
tempting to suggest that mitochondria dysfunction, and more
specifically the abnormal mitochondrial ROS generation,
could contribute to the increased oxidative state observed
in HIV-infected patients. In fact, evidence has accumulated
suggesting that HIV-infected patients are under chronic
OS. Indications of OS are observed in asymptomatic HIVinfected patients early in the course of the disease. A wide
variety of research supports the theory that OS is involved in
the progression of HIV disease (reviewed by Pace and Leaf,
1995) [97]. In fact, the role of oxidative stress in HIV disease
appears to be quite broad and may involve viral replication
but also immune response, apoptosis, disease progression,
weight loss, and so forth [97–99]. Tat protein (a protein
that plays a pivotal role in both HIV-1 replication cycle and
the pathogenesis of HIV-1 infection) induces a progressive
elevation of cytoplasmic-free calcium levels, which is followed by mitochondrial calcium uptake and generation of
mitochondrial ROS [100]. These mechanisms also contribute
to increase HIV transcription. Apart from increased ROS
production observed in HIV-infected patients, HIV infection
is also able to inhibit glutathione synthesis [101], which is
the main endogen antioxidant. HIV-infected persons at all
stages of the disease have decreased intracellular glutathione
levels. In this sense, perturbations to the antioxidant defence
system, including changes in levels of ascorbic acid, tocopherols, carotenoids, selenium, superoxide dismutase, and
glutathione, have been observed in various tissues of these
patients in comparison with a control population. In addition, plasma zinc and selenium concentrations are very low
in HIV-infected patients [102]. In fact, selenium deficiency
is common in HIV-positive patients as documented by low
plasma and red blood cell levels of selenium, diminished
activity of glutathione peroxidase, and low cardiac selenium
levels in AIDS hearts. Poor dietary intake and malabsorption
could lead to this condition which has important implications for both cardiac and immune functions in HIVpositive patients [103]. Not only HIV monoinfection but also
HIV/HCV-coinfection is associated with decreased plasma
antioxidants when compared to HIV monoinfection [104].
Furthermore, a decrease of serum total antioxidant status
has also been observed in HIV-infected patients on HAART
[95]. In this context, it is suggested that HIV infection
increases the OS process, and antiretroviral combination
therapy increases protein oxidation and preexistent OS [99].
Thus, those patients who had an optimal HAART adherence
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have significantly higher OS than those with a poor adherence
[95]. In general terms, the increase in OS observed after
HAART exposure could be due to different biochemical
mechanisms but mainly mitochondrial interference caused
by NRTIs or by NNRTIs as previously described. It could also
be caused by the activation of the P450 hepatic cytochrome
by PIs (reviewed by Apostolova et al., 2011) [29]. Therefore,
HAART seems to increase OS by increasing the production of
ROS, which, in turn, could contribute to the development of
several metabolic disturbances associated with HIV-infection
such as insulin resistance or cardiovascular events [95, 105–
108].
Aging is also associated with a chronic low level inflammation [109] and makes the organism more vulnerable
to many diseases (i.e., diabetes, obesity, or cardiovascular
disease). By 2015, it is expected that more that 50% of the HIVinfected patients in the United States will be ≥50 years [110].
The age of 50 has been considered as a cut-off to discriminate older subjects within HIV-infected patients [111]. The
appearance and maintenance of the low-grade inflammation
observed in aging is mainly due to the increased OS [109].
Thus, if immune activation and long-term chronic inflammation are major players in the aging process and these processes
are more prevalent in HIV-infected patients, even when the
infection is well controlled, HIV-infected patients will be
more prone to develop a premature aging and, therefore, to
present an increased oxidative state that could lead to the
development of several metabolic disturbances.

6. Compounds with Antioxidant Capacity as
Potential Tools against HIV-Infection and
Associated Disorders: Fact or Artifact?
If an increased oxidative stress is observed in HIV-infected
patients, actions that could decrease it should be therapeutically beneficial [70, 104]. In fact, attenuation or complete
suppression of OS as a way to improve several diseases has
flourished as one of the main challenges of research in the last
years. Thus, several approaches have been carried out in order
to either decrease the high levels of ROS generated or boost
the endogenous levels of antioxidants. It is proposed that
in the clinical management of HIV-infection with/without
hepatitis C (HCV) co-infection, and especially in their early
stages, considerable benefit should accrue from antioxidant
repletion. In this context, the study of Chandra and colleagues
showed that thymoquinone (TQ), an active ingredient of
black seed oil from the plant Nigella sativa with potent
antioxidant properties, is able to inhibit the effect of nelfinavir
on augmented ROS production and suppressed SOD levels
in pancreatic 𝛽-cells [112]. A recent study has demonstrated
that resveratrol, a SIRT1 activator, attenuates the transactive
effects of Tat in HeLa-CD4-long terminal repeat-𝛽-gal cells
(MAGI) via NAD(+)-dependent SIRT1 activity suggesting
that this antioxidant could be a novel therapeutic approach
in anti-HIV-1 therapy [113]. Similarly, the study of Touzet
and Philips demonstrated a protective effect of resveratrol
against protease inhibitor-induced sarco/endoplasmic reticulum stress in human myotubes [114]. Plasma glutathione
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of HIV-infected patients responded positively and differently
to dietary supplementation with cysteine and glutamine. In
fact, an increase in total glutathione may be attained by Nacetyl-cysteine (NAC) or glutamine (Gln) supplementation,
with NAC acting by increasing cysteine levels and Gln likely
acting by replenishing the glycine pool [115]. Other studies
demonstrated that gp120 glycoprotein (released during active
HIV infection of brain macrophages, thereby generating
inflammation and OS which contribute to the development
of the AIDS-dementia complex) is toxic to astroglial cells
by lipid peroxidation and by altering glutamine release.
All the effects of gp120 on astroglial cells were counteracted by NAC, suggesting a novel and potentially useful
approach in the treatment of glutamatergic disorders found
in these HIV-infected patients [116]. Because plasma zinc
and selenium concentrations are very low in HIV-infected
patients as previously reported, their replenishment by high
dosages seems to be urgent and mandatory particularly in
advanced HIV infections. Also recommended is their longterm continuance at high normal levels [102]. However, it is
important to note that only selenium-deficient individuals
may benefit from selenium supplementation because such
supplementation in selenium-replete individuals may even
cause higher risk of diseases such as cancer [117]. Furthermore, selenium has a narrow therapeutic window, and there is
considerable interindividual variability in terms of metabolic
sensitivity and optimal selenium intake. Optimal intake for
any individual is likely to depend on polymorphisms in
selenoprotein genes that may also affect the risk of disease.
Moreover, the baseline levels of each subject could determine
the beneficial effect of the selenium intake (reviewed by
Pérez-Matute et al., 2012) [118]. Several clinical trials with
antioxidant supplements like vitamin E and/or C have also
failed to show any significant improvement in markers
of OS in other diseases such as type 2 diabetic patients
[119], which corroborates that despite the initial positive
and beneficial effects observed in many studies not all that
glitters is gold. In this context, a recent study showed that
antioxidant supplementation may have a protective role in
mitochondrial function, with limited effects on the reversal
of clinical lipodystrophic abnormalities in HIV-1-infected
patients [120]. Thus, whether supplementation with antioxidants will reduce OS in HIV infection is still unknown, and
controversial results have been found [99].
Other potential strategy to ameliorate OS caused by
HAART is switching to a new drug with a better profile. Thus,
atazanavir increases bilirubin plasma levels. This increase
has been associated with improved endothelial function
in patients with type 2 diabetes mellitus [121]. However,
controversial results have also been observed in this regard.
In virologically suppressed HIV-infected adults on stable
HAART, neither total bilirubin nor atazanavir use was associated with improved endothelial function, inflammation,
or OS as measured using several biomarkers [122]. So far,
there is no available information about the possible relation
between OS and other new antiretroviral such as the integrase
inhibitors or CCR5 antagonists which limits the chance of
using these drugs in an attempt to minimize the impact on
OS described for some drugs.
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7. Concluding Remarks
In the last years, several studies highlighted the central role
for mitochondrial impairment in HIV infection and associated disturbances such as NAFLD and HALS. Mitochondrial
dysfunction seems to be associated with premature aging in
these patients which could contribute to the development of
several metabolic pathologies such as cardiovascular events,
diabetes, and so forth. The underlying mechanisms that could
explain the relationship between mitochondrial dysfunction
and HIV, NASH, or HALS are not fully understood despite
accumulating evidence points to other mechanisms beyond
the Pol-𝛾 hypothesis. NRTIs have long been considered
the main source of mitochondrial toxicity. In this context,
in many parts of the world, persons have been or are
currently treated with older NRTIs and remain at risk
for overt mitochondrial toxicities. Therefore, mitochondrial
toxicity management during HIV therapy has become an
important challenge with growing interest in developing
new compounds and identifying combinations of available
antiretroviral drugs that are clinically effective while eliciting
minimal mitochondrial interference in these patients [17].
Therefore, and given that HIV treatment is for life and that
antiretroviral drugs have been in use for only 25 years, the
fruit of such work could induce invaluable improvement
in the quality of life of present and future patients. Other
drugs different from NRTIs could also negatively affect
the mitochondria. In this regard, evidence points to drugrather than the class-specific effects on mitochondria. HIV
virus itself is also able to induce mitochondrial impairment.
Mitochondrial toxicity differs depending on the tissue and
the method used for measuring mitochondrial dysfunction.
There are also some limitations in this field, since there
are not yet adequately validated markers of mitochondrial
dysfunction. There is, therefore, an urgent need to investigate
in this direction. Finally, it is tempting to suggest that
stimulation of mitochondrial function may prevent NAFLD
and lipodystrophy development in HIV-infected patients
although more studies are also needed in this regard.
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Aims. To examine the effect of alpha-lipoic acid, an antioxidant with mitochondrial superoxide inhibitory properties, on adrenocorticotrophic hormone- (ACTH-HT) and dexamethasone-induced hypertensions (DEX-HT) in rats and if any antihypertensive effect
is mediated via mitochondrial superoxide inhibition. Methods. In a prevention study, rats received ground food or alpha-lipoic-acidlaced food (10 mg/rat/day) for 15 nights. Saline, adrenocorticotrophic hormone (ACTH, 0.2 mg/kg/day), or dexamethasone (DEX,
10 𝜇g/rat/day) was injected subcutaneously from day 5 to day 11. In a reversal study, rats received alpha-lipoic-acid-laced food 4 days
after commencement of saline or DEX. Tail-cuff systolic blood pressure (SBP) was measured second daily. Kidney mitochondrial
superoxide was examined using (MitoSOX) Red (MitoSOX) via flow cytometry. Results. SBP was increased by ACTH (𝑃 < 0.0005)
and DEX (𝑃 < 0.0005). Alpha-lipoic acid alone did not alter SBP. With alpha-lipoic acid pretreatment, SBP was increased by
ACTH (𝑃 < 0.005) but not by DEX. Alpha-lipoic partially prevented ACTH-HT (𝑃 < 0.0005) and fully prevented DEX-HT
(𝑃 < 0.0005) but failed to reverse DEX-HT. ACTH and DEX did not increase MitoSOX signal. In ACTH-hypertensive rats, highdose alpha-lipoic acid (100 mg/rat/day) did not decrease SBP further but raised MitoSOX signal (𝑃 < 0.001), suggesting prooxidant
activity. Conclusion. Glucocorticoid-induced hypertension in rats is prevented by alpha-lipoic acid via mechanisms other than
mitochondrial superoxide reduction.

1. Introduction
Hypertension is a significant risk factor leading to cardiovascular and renal complications. One of the secondary
causes of hypertension is glucocorticoid excess either due
to endogenous overproduction or exogenous glucocorticoid
administration [1]. The exact mechanism contributing to
glucocorticoid-induced hypertension (GC-HT) has not been
fully elucidated.
There is a body of evidence implicating oxidative stress in
the pathogenesis of GC-HT [2]. We have previously shown
that GC-HT in the rat was prevented and reversed by several
antioxidants including tempol [3, 4], N-acetylcysteine [5, 6],

and folate [7]. In rats, hypertension due to both adrenocorticotrophic hormone (ACTH) and dexamethasone (DEX)
was accompanied by a raised plasma biomarker of lipid
peroxidation, F2 -isoprostane concentrations [3, 4, 7, 8]. In
addition, increased lucigenin-enhanced chemiluminescence
was also demonstrated in aortas of ACTH-hypertensive rats
[4, 5].
Whilst there are several pathways contributing to the
production of reactive oxygen species (ROS), not all of these
are implicated in the pathogenesis of GC-HT. The NADPH
oxidase [8, 9] but not xanthine oxidase [8, 10], cyclooxygenase
[11], or eNOS in its uncoupled form [7, 12] plays a significant
role in GC-HT.
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The mitochondrion is another important source of ROS,
primarily the superoxide radical and consequently its dismutation product, hydrogen peroxide, which can form highly
reactive hydroxyl radicals. It consumes approximately 90%
of the cell’s oxygen and 1–4% of oxygen reacting with the
mitochondrial respiratory chain is incompletely reduced to
ROS [13, 14]. Complexes I (NADH dehydrogenase) and III
(cytochrome 𝑏𝑐1 complex) of the mitochondrial electron
transport chain are generally accepted as the main source
of ROS in the mitochondria. [15]. The role of mitochondrial
ROS, on the other hand, has not been evaluated in the GC-HT
model.
Alpha-lipoic acid, a naturally occurring short chain fatty
acid, serves as an important cofactor for many enzyme complexes including mitochondrial respiratory enzymes. Exogenously administered alpha-lipoic acid has been shown to be
an effective antioxidant. Urinary F2 -isprostane concentration
was significantly reduced after treatment with 600 mg/day
alpha-lipoic acid orally for 2 months in humans [16]. Apart
from this, alpha-lipoic acid has also been shown to improve
mitochondrial function. A single dose of alpha-lipoic acid
(100 mg/kg i.p.) resulted in improvement in mitochondrial
function, determined by mitochondrial oxygen consumption
and complex I, II, and IV activities, in endotoxemic rats [17].
Mitochondrial membrane potential is another indicator of
mitochondrial health as it reflects the metabolic activity and
integrity of mitochondrial membrane [18]. Alpha-lipoic acid
supplementation (0.5% w/w) improved the average mitochondrial membrane potential in old rats hepatocytes to that
of young rats [19].
Apart from improving mitochondrial function, treatment
with alpha-lipoic acid prevented both hypertension and mitochondrial ROS overproduction due to hyperglycemia in rats
and thus suggested a role for mitochondrial ROS in this form
of experimental hypertension [20]. Mitochondrial superoxide dismutase deficiency has been shown to be linked with
susceptibility to hypertension with aging and high salt intake
in mouse [21]. The role of mitochondrial ROS overproduction
in the development of GC-HT has not been established.
In this study, we evaluated the effect of alpha-lipoic acid
on hypertension in rats and to determine if any antihypertensive effect is mediated via mitochondrial superoxide
inhibition. The potential role of mitochondrial superoxide
inhibition was examined in rat kidney mitochondria.

2. Materials and Methods
This study was approved by Animal Experimentation Ethics
Committee of the Australian National University (Protocol
no. J. HB. 20.05). Male Sprague-Dawley rats (body weight
200–300 g) were housed in individually ventilated plastic
cages with a controlled temperature of between 21∘ to 23∘ C
and a 12-hour light/dark cycle. The rats had free access to
standard rat chow and tap water. Prior to any experimental
procedure, the rats were acclimatized to their surroundings,
food and water, handling, and tail-cuff sphygmomanometer.
2.1. Treatment Protocols. Alpha-lipoic acid powder (Sigma,
St. Louis, USA) was administered by mixing in ground
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Prevention study
Acclimatisation C4 C2 P0 P2 T0 T2 T4 T6 T8 T10 T11
Alpha-lipoic acid or vehicle
DEX or ACTH or saline
Reversal study
Acclimatisation

C4 C2 T0 T2 T4 T6 T8 T10 T11
DEX or ACTH or saline
Alpha-lipoic acid or vehicle

Figure 1: Timeline of experimental protocol.

food and given to rats overnight (16–18 hours). Normal
saline (0.9% NaCl, 0.1 mL/rat/day), DEX (10 𝜇g/rat/day)
(David Bull Laboratories, Mulgrave, Victoria, Australia), and
adrenocorticotrophic hormone (ACTH, Synacthen Depot,
0.2 mg/kg/day) (Novartis Pharmaceuticals, Sydney, NSW,
Australia) were administered for 12 days from day T0 to T11
after 4 control days (C4–C1).
The prefixes “P”, “T,” and “C” represent pretreatment,
treatment, and control days, respectively. The timeline of the
experimental protocol is summarized in Figure 1.
2.2. Animals. The rats were randomly divided into 9 treatment groups. The alpha-lipoic acid prevention study was performed in both DEX- and ACTH-HT. The reversal study was
only performed in DEX-HT as alpha-lipoic acid completely
prevented DEX-HT.
2.2.1. Control Groups. Control rats were allocated 30 g of
plain ground food per rat per night (16–18 hours) from P0.
Pelleted food was given during the control days and daytime
(from approximately 09:00 to 17:00 hours) from P0:
group 1. Saline (𝑛 = 10),
group 2. ACTH (𝑛 = 10),
group 3. DEX (𝑛 = 10).
2.2.2. Alpha-Lipoic Acid Prevention Studies. In the prevention
studies, rats were pretreated with either alpha-lipoic acid
(500 mg/kg in food) [20] in ground food overnight (16–18
hours) from P0, 4 days before commencement of saline,
DEX, or ACTH injections. This dose (500 mg/kg in food)
was effective in preventing hypertension and mitochondrial
ROS overproduction due to hyperglycaemia in rats [20]. In
another group of 4 rats, high dose alpha-lipoic acid (5 g/kg
of ground food, starting at P0) was given prior to the
commencement of ACTH injections from T0–T11:
group 4. Alpha-lipoic acid + saline (𝑛 = 10),
group 5. Alpha-lipoic acid + DEX (𝑛 = 10),
group 6. Alpha-lipoic acid + ACTH (𝑛 = 10),
group 7. Alpha-lipoic acid (high dose) + ACTH (𝑛 =
4).
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2.2.3. Alpha-Lipoic Acid Reversal Study. In the reversal studies, oral alpha-lipoic-acid-laced food was given 4 days after
the subcutaneous injections (T4–T11):
group 8. Saline + alpha-lipoic acid (𝑛 = 10),
group 9. DEX + alpha-lipoic acid (𝑛 = 10).
2.3. Systolic BP and Body Weight Measurements. Systolic
blood pressure (SBP) was measured by the same investigator second-daily using the tail-cuff blood pressure monitor
(Narco Biosystems, Houston, USA) between 9:00–11:00 AM
on conscious rats. The animals were placed in plastic restrainers on a heated plate (40∘ C) for 40 minutes. The animals
were allowed to settle in the restrainers for 10–12 minutes
before SBP readings were recorded. Several readings were
obtained but the mean of 4 median readings, among which
the difference was not greater than 10 mmHg, were taken as
SBP. Body weight measurements were recorded on alternate
days after the tail-cuff SBP measurements.
2.4. Measurement of Thymus Weight. On T11, the rats were
sacrificed by exsanguination under isoflurane anaesthesia
(4% induction and 2% maintenance) (Abbott Australasia,
Kurnell, Australia) in the morning between 09:00 and 11:00
hours. Wet thymus weight, expressed relative to body weight
(grams of thymus weight per 100 g body weight), was used as
a marker of glucocorticoid activity.
2.5. Blood Glucose Determination. Blood was drawn via cardiac puncture. A drop of blood was placed on the glucometer strip (Precision Plus Blood Glucose Electrodes, Abbott
Laboratories, MA, USA) and the blood glucose concentration
was read on a glucometer (MediSense 2, Abbott Laboratories,
Bedford, MA, USA).
2.6. Detection of Kidney Mitochondrial Superoxide. The
rat kidney was resected, trimmed, immediately chilled,
homogenised in phosphate buffered solution, and filtered
to produce a single cell suspension. Cells were stained
with Trypan blue (Fluka, Seelze, Germany) and counted. A
total cell count of 2.0 × 106 per sample was required for
flow cytometry analysis with <20% dead cells in the cell
suspension.
The cells were incubated with reconstituted MitoSOX Red
dye (MitoSOX, Molecular Probes, Invitrogen, USA, 2 𝜇M)
and 1,1 ,3,3,3 ,3 -hexamethylindodicarbocyanine iodide
(DiIC1 (5), Molecular Probes, Invitrogen, USA, 10 nM) for
10 minutes at 37∘ C prior to flow analysis. MitoSOX detects
mitochondrial superoxide in live cells whilst DiIC1 (5)
determines the mitochondrial membrane potential. All
samples were prepared in duplicate. Validation of this
technique is described in Supplementary Document 1 in
Supplementary Material available online at http://dx.doi.org/
10.1155/2013/517045.
Flow cytometric analysis was performed using a FACSort
BD (Becton Dickinson, San Jose, USA) flow cytometer
equipped with 488 nm Argon and 633 nm diode lasers. The
approximate excitation and emission (Ex/Em) spectral peaks
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for MitoSOX are 510/580 and for DiIC1 (5) are 638/658 nm.
Excitation of the MitoSOX oxidation products was performed
using the 488 nm laser, and DiIC1 (5) was excited by the
633 nm laser. Cells were gated to exclude cell debris whilst
covering a large side scatter to ensure the inclusion of
all cell lines from the kidney (Figure 2(a)). The geometric
mean fluorescence intensity (MFI) values of the samples
were obtained by subtracting fluorescence of the stained
specimen, obtained in the region marked M2 in Figure 2(c),
with autofluorescence of unstained specimen obtained in the
region marked M1 in Figure 2(b).
2.7. 𝐹2 -Isoprostane Assay. Blood was collected into chilled
tubes containing 1 mg/mL ethylenediaminetetraacetate and
1 mg/mL reduced glutathione (Sigma, St. Louis, USA).
Plasma was protected from oxidation by the addition of
0.2 mg/mL butylated hydroxytoluene (Sigma, St. Louis, USA)
and samples stored at −70∘ C. Plasma F2 -isoprostane concentrations were measured using electron-capture negativeion gas chromatography-mass spectrometry as previously
described [22].
2.8. Plasma Nitrate/Nitrite Assay. Plasma nitrate/nitrite was
used as a marker of reactive nitrogen intermediates. It was
determined by the reduction of nitrate to nitrite using the
modified Griess colour reaction assay (Total Nitric Oxide
Assay Kit, Pierce Endogen, Rockford, USA) as described
previously [5].
2.9. Data and Statistical Analysis. Results were expressed as
mean ± SEM. Results were analyzed by repeated measures
analysis of variance with Greenhouse Geisser adjustment for
multisample asphericity or unpaired 𝑡-test. The Ryan-Holm
stepdown Bonferroni procedure was applied to raw 𝑃 values
to control the family-wise Type 1 error.

3. Results
3.1. Systolic Blood Pressure. DEX increased SBP from 115 ± 3
to 139±4 mmHg (T0–T10, 𝑃 < 0.005) and ACTH from 110±3
to 133 ± 4 mmHg (T0–T10, 𝑃 < 0.0005). Sham injection with
sterile saline did not modify SBP (T0: 113 ± 2, T10: 119 ±
3 mmHg, ns). Between-group comparisons showed that SBPs
in the groups receiving DEX and ACTH were significantly
higher than those in the saline-treated group (𝑛 = 10 each,
𝑃 < 0.001).
3.1.1. Prevention Studies. There was no significant change in
SBP in the alpha-lipoic acid + saline group (T0: 111 ± 2,
T10: 118 ± 3 mmHg, ns). With alpha-lipoic acid pretreatment,
DEX did not significantly increase SBP (T0: 117 ± 4, T10:
126 ± 5 mmHg, ns). However, there was a significant increase
in SBP in ACTH-treated rats receiving alpha-lipoic acid
pretreatment (T0: 115 ± 2 to T10: 129 ± 5 mmHg, 𝑃 <
0.05). Despite this, there was a significant decrease in SBP
in the alpha-lipoic acid + ACTH group (𝑃 < 0.001) when
compared with the ACTH-only group, indicating partial
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Figure 2: (a) Cells were gated to exclude debris. (b) Autofluorescence of unstained cells (control) in the marked region (M1) was recorded.
(c) Fluorescence of cells treated with MitoSOX in the marked region (M2) was recorded. Net geometric MFI was calculated by subtracting
the geometric MFI obtained in M2 region from M1 region. FSC = forward scatter.

prevention by alpha-lipoic acid. A tenfold increase in alphalipoic acid dose (100 mg/rat/day) did not decrease the SBP
further. There was no difference in SBP between the alphalipoic acid + saline-treated group and the saline-only group.
SBP of the alpha-lipoic acid + DEX-treated group was
significantly lower than that of the DEX-only group (𝑃 <
0.001) (Figures 3(a) and 3(b)).
3.1.2. Reversal Study. The increase in SBP due to DEX was
not reversed by alpha-lipoic acid (10 mg/rat/day) treatment.
Systolic BP on day T4, day 1 of alpha-lipoic acid treatment,
was 134±4 mmHg and on T10 was 137±2 mmHg (𝑛 = 10, ns)

in the DEX-treated group. As in the prevention study, alphalipoic acid did not alter SBP in the saline-treated group (T4:
116 ± 3 mmHg; T10: 116 ± 2 mmHg, 𝑛 = 10, ns) (Figure 4).
3.2. Body Weight. Body weight of saline-treated rats
increased steadily from 270 ± 6 to 306 ± 7 g (T0–T10,
𝑃 < 0.0005). DEX-treated rats did not gain significant body
weight (T0: 272 ± 9, T10: 277 ± 7 g, T0–T10, ns) whilst
ACTH treatment resulted in significant weight loss (from T0:
283 ± 11 to T10: 258 ± 8 g, 𝑃 < 0.001). In these studies, the
DEX- and ACTH-treated groups showed significantly lower
body weights than the saline-treated group (𝑃 < 0.005).
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Figure 3: Tail-cuff systolic blood pressure in alpha-lipoic acid prevention studies. (a) DEX-HT, (b) ACTH-HT. ◼ saline, 𝑛 = 10;  DEX,
𝑛 = 10; ◻ ACTH, 𝑛 = 10;  alpha-lipoic acid + saline, 𝑛 = 10; ⧫ alpha-lipoic acid + DEX, 𝑛 = 10, ◊ alpha-lipoic acid + ACTH, 𝑛 = 10, ∙ high
dose alpha-lipoic acid + ACTH, 𝑛 = 4, data were presented as mean ± SEM.

3.3. Thymus Weight. Thymus wet weight was significantly
lower with DEX and ACTH treatments compared with saline
(𝑃 < 0.005) regardless of the presence of alpha-lipoic acid
treatment (𝑃 < 0.005) (Table 1).
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3.4. Blood Glucose Concentration. Neither DEX nor ACTH
altered the blood glucose concentrations in rats. Alpha-lipoic
acid increased blood glucose concentration in saline- and
DEX-treated rats in the reversal study. This effect was not
observed in the DEX-HT and ACTH-HT prevention studies
(Table 1).
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Figure 4: Tail-cuff systolic blood pressure in alpha-lipoic acid/DEXHT reversal study. ◼ saline, 𝑛 = 10;  DEX, 𝑛 = 10; ⃝
saline +
alpha-lipoic acid, 𝑛 = 10;  DEX + alpha-lipoic acid, 𝑛 = 10, data
were presented as mean ± SEM.

3.2.1. Prevention Studies. In the prevention studies, rats on
saline + alpha-lipoic acid gained body weight steadily from
T0: 271 ± 11 to T10: 295 ± 12 g (𝑛 = 10, 𝑃 < 0.0005). Alphalipoic acid (10 mg/rat/day) pretreatment did not alter body
weight in saline-, DEX-, or ACTH-treated rats significantly.
However, rats on higher alpha-lipoic acid (100 mg/rat/day)
dose and ACTH had significantly lower body weight compared with those on ACTH alone (𝑃 < 0.005).
3.2.2. Reversal Study. In the reversal study, rats on DEX +
alpha-lipoic acid failed to gain weight during the course of
the study (from T4: 277 ± 10 to T10: 278 ± 8 g, 𝑛 = 10,
ns) whilst those on saline + alpha-lipoic acid gained weight
progressively from 276 ± 10 g on day T4 to 296 ± 10 g on day
T10 (𝑛 = 10, 𝑃 < 0.0005). There was no significant difference
in body weight between rats treated with DEX alone and rats
treated with DEX + alpha-lipoic acid.

3.5. Plasma 𝐹2 -Isoprostane Concentration. The DEX-treated
group had significantly higher plasma F2 -isoprostane concentration compared with the saline-treated group (𝑃 <
0.01). Rats pretreated with alpha-lipoic acid before DEX
treatment had significantly lower plasma F2 -isoprostane concentration than those on DEX alone (𝑃 < 0.05). However, no
significant difference was observed in the DEX-HT reversal
study between the DEX and DEX + alpha-lipoic acid groups.
There was no significant difference in plasma F2 -isoprostane
concentration in rats on ACTH treatment compared with
those on saline treatment. Alpha-lipoic acid (both at low and
high doses) did not alter plasma F2 -isoprostane concentration in the ACTH-treated rats (Table 1).
3.6. Plasma Nitrate and Nitrite Concentration. There was
no significant difference in plasma NOx concentration in
DEX- and ACTH-treated rats compared with saline-treated
rats. Alpha-lipoic acid also did not alter the plasma NOx
concentrations in rats (Table 1).
3.7. Kidney MitoSOX Fluorescence. There was no significant
difference in kidney MitoSOX fluorescence between DEX- or
ACTH- and saline-treated rats. Rats treated with high dose
of alpha-lipoic acid and ACTH had significantly higher kidney MitoSOX fluorescence compared with ACTH treatment
alone (Table 1).
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Table 1: Biological measurements for alpha-lipoic acid studies.

Groups
Saline
DEX
ACTH
LA + saline p
LA + DEX p
LA + ACTH p
HD LA + ACTH p
Saline + LA r
DEX + LA r

Thymus (mg/100 g
body weight)

Blood glucose
(mmol/L)

Plasma NO𝑥
(𝜇M)

Plasma
F2 -isoprostane
(nmol/L)

MitoSOX
(geometric MFI)

DiIC1 (5)
(geometric MFI)

127 ± 7.2
48 ± 4.1∗
48 ± 3.2∗
140 ± 15.8
50 ± 2.0⋆
53 ± 3.7⋆
53 ± 2.1
133 ± 10.0
52 ± 3.1#

11 ± 0.3
9 ± 0.4∗
11 ± 0.6
11 ± 0.6
10 ± 0.3
10 ± 0.5
13 ± 1.1
12 ± 0.5∗
12 ± 0.8†

9.3 ± 1.2
12.3 ± 0.9
8.2 ± 0.8
13.0 ± 1.5
11.2 ± 1.0
13.1 ± 3.4
8.1 ± 1.0
12.7 ± 2.3
10.9 ± 1.5

4.7 ± 0.3
7.1 ± 0.6∗
5.4 ± 0.4
4.9 ± 0.3
5.7 ± 0.2†
5.4 ± 0.3
4.6 ± 0.6
5.4 ± 0.2
5.6 ± 0.5

198 ± 15
223 ± 21
196 ± 7
201 ± 11
220 ± 18
217 ± 13
273 ± 10Δ
166 ± 18
178 ± 20

73 ± 8
107 ± 18
110 ± 13
184 ± 12∗
131 ± 8
152 ± 20
125 ± 6
161 ± 10∗
134 ± 12

LA: alpha-lipoic acid, HD LA: high dose alpha-lipoic acid, p: prevention, and r: reversal. ∗ 𝑃 < 0.05 versus saline, ⋆ 𝑃 < 0.005 versus LA + saline prevention,
# 
𝑃 < 0.01 versus saline + LA reversal, † 𝑃 < 0.05 versus DEX, and Δ 𝑃 < 0.0005 versus ACTH. Data presented as mean ± SEM.

3.8. Kidney DiIC1 (5) Fluorescence. DiIC1 (5) mean geometric
fluorescence was significantly higher in the groups which
received alpha-lipoic acid (in the prevention and reversal
studies) and saline compared to the saline-only group. There
was no significant difference in kidney DiIC1 (5) fluorescence
between DEX- or ACTH- (both at low and higher dosages)
and saline-treated rats (Table 1).

4. Discussion
In this study, DEX and ACTH administration in rats
increased blood pressure without increasing the MitoSOX
mean fluorescent intensity, suggesting a lack of effect of DEX
and ACTH on kidney mitochondrial superoxide production
in the kidney. The role of mitochondrial superoxide in GCHT was further tested using the antioxidant alpha-lipoic acid
which has been shown to inhibit mitochondrial superoxide
production [20].
The antioxidant alpha-lipoic acid fully prevented DEXHT but only partially prevented ACTH-HT. This partial effect
on ACTH-HT was not due to inadequate dosing as a ten fold
increase in the alpha-lipoic acid dose to 5 g/kg of ground food
did not result in complete prevention of ACTH-HT. Alphalipoic acid was less effective in reversing established DEXHT. Using the same dosage used in the prevention study,
alpha-lipoic acid did not reverse DEX-HT. The blood pressure
lower effects of alpha-lipoic acid did not correlate directly
with mitochondrial superoxide availability as demonstrated
by the kidney MitoSOX assay.
Even though alpha-lipoic acid has been shown to be
effective in improving mitochondrial function and decreasing mitochondrial superoxide in rats [19, 20], its effect is
not entirely specific to mitochondria. The antioxidant effect
of alpha-lipoic acid, which is mediated by both the original
alpha-lipoic acid compound and its metabolite dihydrolipoic
acid, a more potent antioxidant, acts via a number of mechanisms such as metal chelation and direct ROS scavenging
[23]. Dihydrolipoic acid can regenerate antioxidants such as
glutathione and vitamin C [23]. Thus, the tail-cuff blood

pressure results need to be interpreted in conjunction with
other biochemical analysis of oxidative stress. In this study,
we used plasma F2 -isoprostane concentration, a product of
lipid peroxidation as a marker of systemic oxidative stress,
and kidney MitoSOX fluorescence signal as a marker of tissue
mitochondrial superoxide availability.
Plasma F2 -isoprostane concentration was significantly
increased in DEX- but not ACTH-hypertensive rats. The
latter finding was in contrast to previous findings that
ACTH-HT was associated with raised plasma F2 -isoprostane
concentration, suggesting insufficient power to detect a
difference [24]. Pooled F2 -isoprostane concentration data
from our laboratory showed that ACTH-hypertensive rats
(𝑛 = 46) had a significant higher plasma F2 -isoprostane
concentration than the normotensive saline-treated rats (𝑛 =
48) [2]. The presence of a raised F2 -isoprostane concentration
in DEX-treated rats again confirmed the role of oxidative
stress in its pathogenesis. Pretreatment with alpha-lipoic acid
successfully prevented the increase of plasma F2 -isoprostane
concentration due to DEX. However, alpha-lipoic acid had no
effect on the plasma F2 -isoprostane in established DEX-HT.
Information on mitochondrial ROS has been based
largely on studies performed on mechanically isolated
mitochondrial preparations or submitochondrial particles.
Mechanical isolation of mitochondria from their natural
cellular environment through differential centrifugation can
affect the bioenergetics of the electron transport chain.
Nohl et al. argued that previous claims that mitochondrial
ROS production is byproducts of cellular respirations may
simply reflect bioenergetic artefacts consequent on mechanical mitochondrial isolation [25]. Some workers examined
mitochondrial ROS in intact live cells to avoid this artefact
though this remains challenging experimentally [26–28].
Whilst this is possible for detection of hydrogen peroxide
which is membrane permeable and stable, the detection of
mitochondrial superoxide in live cells becomes more problematic as it is heavily affected by mitochondrial superoxide
dismutase, a tightly regulated superoxide scavenger within
the mitochondria. Furthermore, their activity varies with the
different cell lines. One of the techniques that is increasingly
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used is in situ evaluation of mitochondrial superoxide using
a novel fluorescence dye, MitoSOX.
In this experiment, MitoSOX probe was used in flow
cytometry to detect mitochondrial superoxide in live cells.
The use of flow cytometry allows a large number of cells
to be analysed rapidly. Simultaneous quantitative measurements of a number of parameters such as mitochondrial
superoxide and membrane potential or other markers are
also possible with this technique. In addition, cell debris
can also be excluded from analysis. With this method,
which only detects fluorescence associated with particles,
lower MitoSOX concentrations can be used. Whilst 5 𝜇M
is recommended for other fluorometric techniques, lower
MitoSOX concentrations can be used in flow cytometry. In
our validation experiments, we have shown that MitoSOX
concentration of more than 5 𝜇M can result in reductions in
mitochondrial membrane potentials and decrease the uptake
and fluorescence of MitoSOX in this cell preparation. It is
also important to do parallel assessment of mitochondrial
membrane potential to ensure that cell treatments, including
MitoSOX dye loading itself, do not depolarise the mitochondria in the cells as MitoSOX requires a membrane potential
across the inner mitochondrial membrane to accumulate
there. Otherwise, MitoSOX can be oxidised elsewhere in the
cell and result in falsely positive signals for mitochondrial
superoxide.
In this study, cells from the kidney were used for several
reasons. Firstly, the kidney is a highly vascularised organ, rich
in resistance blood vessels. Secondly, the kidney is relevant to
GC-HT. We have previously shown that ACTH-HT, a model
mainly mediated by cortisol, is associated with increased
renal vascular resistance [29, 30]. Furthermore, the rise in
SBP due to ACTH in rats was accompanied by reductions in
iNOS and eNOS gene expression in the kidney [31].
The MitoSOX mean fluorescence intensity on kidney
cells was not altered by DEX, ACTH, or alpha-lipoic acid
(500 mg/kg of ground food). However, alpha-lipoic acid
at 5 g/kg of ground food resulted in significantly higher
MitoSOX mean fluorescence intensity. This was not associated with a decrease in mitochondrial membrane potential, a phenomenon known to result in a false increase in
MitoSOX signals. It is possible that alpha-lipoic acid at a
higher dose results in oxidative stress, most likely due to
increased mitochondrial superoxide generation. The role of
alpha-lipoic acid and its active metabolite, dihydrolipoic acid,
as prooxidants has been reported in the literature [23, 32,
33]. In this study, the increase in mitochondrial superoxide
production is unlikely to translate to systemic oxidative
stress given the lack of change in the plasma F2 -isoprostane
concentration observed in this group, although the sample
size for this group is very small and there may not have
been significant power to detect a change. Another postulation is that superoxide generated within the mitochondria
is not readily available to extramitochondrial structures.
Superoxide, being a charged radical, does not permeate the
mitochondrial membrane into the cytoplasm easily [34]. It
leaves the mitochondria via voltage-dependent anion channels and more commonly, as membrane-permeable hydrogen
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peroxide following its dismutation by intermembrane Cu,
Zn-superoxide dismutase [34].
The lower blood pressure readings observed in the alphalipoic acid + DEX and alpha-lipoic acid + ACTH groups
in the prevention studies and DEX + alpha-lipoic acid in
the reversal study were not due to inadequate dosing of
DEX and ACTH. Similarly, the lower plasma F2 -isoprostane
in the alpha-lipoic acid + DEX-treated group compared to
DEX-only group was not a reflection of insufficient DEX
administration. The effectiveness of DEX and ACTH delivery
was confirmed by significant lowering of thymus weight
in all groups receiving DEX or ACTH due to thymocyte
apoptosis and thymic involution induced by glucocorticoid
excess [35, 36]. Alpha-lipoic acid has no effect on the GCinduced thymic involution.
In this study, blood glucose concentration was evaluated because hyperglycaemia has been shown to result in
mitochondrial dysfunction [37] and is a common feature in
humans exposed to excess glucocorticoid hormones. Fasting
blood glucose was significantly higher in patients with active
Cushing’s syndrome than those in remission [38], and ageand sex-matched controls [39]. In this study, however, ACTH
and DEX did not alter blood glucose concentration in rats,
which are consistent with previous findings in rats [12].
Interestingly, alpha-lipoic acid significantly increased glucose
concentration in the reversal study involving DEX-HT and
its saline control. The fact that alpha-lipoic acid increased
blood glucose concentration in DEX- and saline-treated rats
in the reversal study but not in the prevention study suggests
that duration of alpha-lipoic acid treatment is likely to play
a role. However, there is no evidence in the literature implicating alpha-lipoic acid as a cause of hyperglycemia. Rather,
alpha-lipoic acid at a same dose-prevented hyperglycemia in
glucose-fed rats [40].
We have previously shown that plasma NOx was
decreased in DEX-HT [10, 24]. This decrease was not
observed in the present studies on DEX- and ACTH-HT,
with and without alpha-lipoic acid treatment. This may be
influenced by decreased sensitivity of this assay in detecting
very low plasma NOx levels seen in all group including the
control and DEX-treated groups. In this study, alpha-lipoic
acid did not alter the plasma NOx concentrations in rats
treated with saline, DEX, or ACTH. The effect of alpha-lipoic
acid on the saline-treated rats was consistent with the results
seen in other studies where alpha-lipoic acid given to rats
orally (20 mg/kg body weight [41] and 1 g/L drinking water
[42]) did not alter plasma NOx in normal controls. In these
studies, alpha-lipoic acid prevented the rise in plasma NOx
induced by cyclosporine treatment [41] and biliary cirrhosis
[42] in rats by the inhibition of renal iNOS and total hepatic
NOS, respectively. In the present study, however, alpha-lipoic
acid did not alter plasma NOx in DEX- or ACTH-treated
rats. This is probably because, unlike those studies, DEX and
ACTH suppress eNOS and iNOS in rats [31, 43].
In summary, alpha-lipoic acid fully prevented DEXHT and partially prevented ACTH-HT without altering the
kidney mitochondrial superoxide availability. This suggests
that GC-HT is prevented (and DEX-HT, partially reversed)
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by alpha-lipoic acid through a mechanism other than mitochondrial superoxide reduction.
The differences observed between DEX- and ACTH-HT,
once again, depict the different pathophysiological mechanisms contributing to the two hypertensive models.
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Mitochondria provide the energy of the cells and are the primary site of oxygen consumption and the major source of reactive
oxygen species. In mitochondria, metal ions and glutathione play vital roles in maintaining their structure and the redox
environment. To understand their roles in mitochondria, it is crucial to monitor each of these chemical species in the mitochondria
at the cell, tissue, and organism levels. An ideal tool for such purpose is the use of two-photon microscopy (TPM). Until recently,
however, there has been no report on the two-photon (TP) probes suitable for such applications. In this paper, we summarize the
mitochondria-targeted TP probes for Zn2+ , H2 O2 , and thiols, as well as their bioimaging applications.

1. Introduction
Mitochondria provide the energy of the cells. ey are primary cellular compartments of oxygen consumption and the
major source of reactive oxygen species (ROS) [1, 2]. In mitochondria, metal ions and glutathione (GSH) play vital roles
in maintaining their structure and the redox environment
[3–6]. To understand the physiology of mitochondria, it is
crucial to monitor such chemical species in mitochondria
at the cell, tissue, and organism levels. For this purpose,
a number of one-photon �uorescent probes, derived from
�uorescein or rhodamine as the �uorophore and various
receptors, have been developed [7–9]. However, most of these
probes have been evaluated with one-photon microscopy
(OPM), which uses single photon of higher energy as the
excitation source (Scheme 1(a)). is requirement limited
their application in live tissue imaging owing to the shallow
penetration depth (less than 80 𝜇𝜇m), photobleaching, and
cellular auto�uorescence.
An attractive approach to the detection of biologically
important species deep inside live tissues is the use of twophoton microscopy (TPM). TPM, a new technique which
employs two near-infrared photons as the excitation source
(Scheme 1(a)), has become an indispensable tool in biology

and medicine due to the advantages it oﬀers. ey include
deeper penetration depth (>500 𝜇𝜇m), lower tissue auto�uorescence and self-absorption, reduced photodamage and
photobleaching, in addition to the intrinsically localized excitation [13–16]. is allows molecular imaging deep inside
the intact tissue for a long period of time with minimum
interference from the tissue preparation artifacts which can
extend >70 𝜇𝜇m into the tissue interior [17]. However, the
progress in this �eld is limited by the lack of two-photon
(TP) probes. As such, many biologists are using one photon
�uorescent probes for TPM imaging, despite that most of
them have too low two-photon (TP) cross-sections (𝛿𝛿TPA <
50 GM) to be useful for TPM [18]. erefore, there is a
pressing need to develop a variety of TP probes for speci�c
applications [15, 16].
To meet such demands, we have developed a series
of mitochondrial-targeted TP probes that can selectively
detect mitochondrial Zn2+ (SZn-Mito, SZn2-Mito), H2 O2
(SHP-Mito), and thiols (SSH-Mito) in live tissues (Scheme
1(c)) [10–12, 19]. ese probes are derived from 6-(benzo
[d]thiazol-2′ -yl)-2-(N,N-dimethylamino)naphthalene (BTDA�) as the TP �uorophore, triphenylphosphonium salt
(TPP) as the mitochondrial targeting site [20, 21], and
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F 1: (a) TPM and (b) OPM images of HeLa cells colabeled with (a) SZn2-Mito (1 𝜇𝜇M) and (b) Mitotracker Red FM (1 𝜇𝜇M). (c)
Colocalized image. e wavelengths for one- and two-photon excitations were 514 and 760 nm, respectively, and the emission was collected
at 450–550 (SZn-Mito) and 600–700 nm (Mitotracker Red FM), respectively. Scale bar, 20 𝜇𝜇m. (d–f) TPM images of 1 𝜇𝜇M SZn2-Mito-labeled
HeLa cells, before (d) and aer (e) addition of 150 𝜇𝜇M DTDP to the imaging solution. (f) Aer addition of 10 𝜇𝜇M CCCP to (e). (g) e relative
TPEF intensity of SZn2-Mito-labeled HeLa cells as a function of time. e TPEF intensities were collected at 450–600 nm upon excitation at
750 nm with fs pulse. Scale bar, 10 𝜇𝜇m. Cells shown are representative images from replicate experiments (𝑛𝑛 𝑛 𝑛) [10].

receptors for the speci�c analytes (Scheme 1(b)). TPP and
the receptors have been separated as far as possible to minimize the interactions between them. In this paper, we summarize the photophysical properties and biological imaging
applications of mitochondrial-targeted TP probes for Zn2+ ,
H2 O2 , and thiols.

2. Two-Photon Probes for Mitochondrial
Zinc Ion

Zinc ion is the second most abundant d-block metal ion in the
human brain and is an active component in enzymes and proteins [22–26]. For proper brain functions, it is vital to maintain Zn2+ -ion homeostasis, which is controlled by the import
of intracellular free Zn2+ ions ([Zn2+ ]𝑖𝑖 ) from and export to

the extracellular cellular space, the endoplasmic reticulum,
and mitochondria. While mitochondria can take up evoked
[Zn2+ ]𝑖𝑖 rise, a strong elevation of intramitochondrial Zn2+
([Zn2+ ]𝑚𝑚 ) can promote mitochondrial dysfunctions [27, 28].
Recently, we have developed TP probes for [Zn2+ ]𝑚𝑚 (SZnMito and SZn2-Mito, Scheme 1(c)) derived from BTDAN
as the reporter, N,N-di-(2-picolyl)ethylenediamine (DPEN)
as the Zn2+ chelator, [29, 30] and TPP as the mitochondrial
targeting group.
SZn-Mito and SZn2-Mito are TP �uorescent turn-on
probes based on the photoinduced electron transfer (PeT)
process [31]. Upon addition of Zn2+ , the �uorescence intensity of SZn-Mito and SZn2-Mito increased gradually presumably because of the blocking of the PeT upon binding
with Zn2+ . e TP �uorescence enhancement factor (FEF =
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F 2: Images of a rat hippocampal slice stained with 20 𝜇𝜇M SZn2-Mito for 1 h. (a) Bright-�eld images of the CA1-CA3 regions as well
as dentate gyrus (DG) at 10x magni�cation. (b) 10 TPM images along the z-direction at the depths of approximately 100–200 𝜇𝜇m were
accumulated. (c–e) Magni�cation at 40x in the DG regions (red circle in (b)) at a depth of ∼100 𝜇𝜇m (c) before and (d) aer addition of
150 𝜇𝜇M DTDP to the imaging solution. (e) Aer addition of 10 𝜇𝜇M CCCP to (d). Scale bars: (a) 300 and (e) 75 𝜇𝜇m [10].
T 1: Photophysical data for TP probes [10–12, 19].

Probe
SZn-Mito[h]
SZn-Mito/Zn2+[h]
SZn2-Mito[i]
SZn2-Mito/Zn2+[i]
SSH-Mito[j]
SSH-Mito/GSH (1-SSH)[j]
SHP-Mito[k]
SHP-Mito/H2 O2 (1-SHP)[k]

[a]

�
𝜆𝜆(1)
max /𝜆𝜆max
388/500
375/493
413/536
395/536
338/462
383/545
342/470
383/545

Φ[b]
0.15
0.92
0.0048
0.33
0.82
0.12
0.13
0.12

TP
𝐾𝐾OP
𝑑𝑑 /𝐾𝐾𝑑𝑑

[c]

FEF[d]
7 (7)

𝑅𝑅max /𝑅𝑅min [e]

1.4/1.4 nM

70 (68)

—

—

—

45(40)

—

—

75(40)

3.1/3.1 nM

—

[f]

𝜆𝜆(2)
max
—
760
—
750
740
750
740
750

𝛿𝛿𝛿[g]
—
75
—
155
80
55
11
55

𝜆𝜆max of the one-photon absorption and emission spectra in nm. [b] Fluorescence quantum yield. [c] Dissociation constants measured by one- (𝐾𝐾OP
𝑑𝑑 ) and two[d]
Fluorescence enhancement factor, (𝐹𝐹 𝐹 𝐹𝐹min )/𝐹𝐹min , measured by one-photon processes. e number in
photon (𝐾𝐾TP
𝑑𝑑 ) processes, except otherwise noted.
parentheses is measured by two-photon process. [e] 𝑅𝑅max and 𝑅𝑅min represent the maximum and minimum ratios of 𝐹𝐹yellow /𝐹𝐹blue , where 𝐹𝐹yellow and 𝐹𝐹blue are
the �uorescence intensities measured at 425–475 nm (𝐹𝐹blue ) and 525–575 nm (𝐹𝐹yellow ), respectively. e number in parentheses was measured by two-photon
[a]

process. [f] 𝜆𝜆max of the two-photon excitation spectra in nm. [g] e peak two-photon action cross-section in 10−50 cm4 s/photon (GM). [h] Measured in MOPS
buﬀer (30 mM MOPS, 100 mM KCl, 10 mM EGTA, pH 7.2) in the absence and presence (120 nM) of free Zn2+ . [i] Measured in HEPES buﬀer (50 mM HEPES,
100 mM KCl, 10 mM NTA, pH 7.4) in the absence and presence (47 nM) of free Zn2+ . [j] Measured in MOPS buﬀer (30 mM MOPS, 100 mM KCl, pH 7.4) before
and 2 h aer addition of 10 mM GSH. [k] Measured in MOPS buﬀer (30 mM MOPS, 100 mM KCl, pH 7.4) before and 1 h aer addition of 1 mM H2 O2 .

(𝐹𝐹 𝐹 𝐹𝐹min )/𝐹𝐹min ) of SZn-Mito was 7 in MOPS buﬀer (30 mM,
pH 7.2), while that of SZn2-Mito was 68 in HEPES buﬀer
(50 mM, pH 7.4) (Table 1) [10]. Noteworthy was the large
(10-fold) increase in the FEF by the slight modi�cation of
the chemical structure. e dissociation constants (𝐾𝐾OP
𝑑𝑑 and
TP
𝐾𝐾𝑑𝑑 ) of SZn-Mito and SZn2-Mito for the complexation with
Zn2+ were 3.1 and 1.4 nM, respectively, regardless of the

excitation mode (Table 1); thus, these probes can detect
Zn2+ in the nanomolar range. Both probes exhibited high
selectivity for 1 𝜇𝜇M Zn2+ compared with 1 mM of Na+ , K+ ,
Ca2+ , Mg2+ , 1 𝜇𝜇M of Mn2+ , Fe2+ , Co2+ , and Pb2+ and modest
selectivity over 1 𝜇𝜇M Ni2+ and Cd2+ [10, 19]. In the presence
of 1 𝜇𝜇M of Cu2+ and Hg2+ , the �uorescence was quenched
due to the metal-to-ligand electron transfer upon excitation
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F 3: (a–d) Pseudocolored ratiometric TPM images (𝐹𝐹yellow /𝐹𝐹blue ) of Raw 264.7 cells incubated with 3 𝜇𝜇M (a) SHP-Mito and (d) 1-SHP. (b
and c) Cells were pretreated with (b) PMA (1 𝜇𝜇g/mL) for 30 min and (c) 200 𝜇𝜇M H2 O2 for 30 min. (e) Average 𝐹𝐹yellow /𝐹𝐹blue intensity ratios in
�gures (a–d). �mages were acquired using 750 nm excitation and �uorescent emission windows: blue = 400–470 nm and yellow = 530–600 nm.
Scale bar = 15 𝜇𝜇m. Cells shown are representative images from replicate experiments (𝑛𝑛 𝑛 𝑛) [11].

[32]. Moreover, they were pH insensitive in the biologically
relevant pH range. Since Ni2+ , Cd2+ , Hg2+ , and Cu2+ ions
rarely exist in the cells [33], these probes can detect Zn2+
with minimum interference from other competing metal ions
and pH. Moreover, the TP action cross-sections (Φ𝛿𝛿) of SZnMito and SZn2-Mito were 75 and 155 GM at 760 and 750 nm,
respectively, in the presence of excess Zn2+ (Table 1). e
combined results reveal that SZn2-Mito is a more sensitive
TP probe which can detect mitochondrial Zn2+ with higher
sensitivity and twice as bright TPM image than SZn-Mito.
e utility of SZn2-Mito in the cell imaging was con�rmed by the following experiments. First, the TPM and
OPM images of HeLa cells colabeled with SZn2-Mito and
Mitotracker Red FM, a well-known OP �uorescent probe
for mitochondria [8], overlapped well. e Pearson’s colocalization coeﬃcient, A, calculated by using Autoquant
X2 soware, of SZn2-Mito with Mitotracker Red FM was
0.85 (Figures 1(a)–1(c)) [34]. Second, the TPEF intensity
decreased dramatically when the probe-labeled cells were
treated with N,N,N′,N′-tetrakis(2-pyridyl)ethylenediamine
(TPEN), a membrane permeable Zn2+ chelator that can
eﬀectively remove [Zn2+ ]𝑚𝑚 [35]. ird, SZn2-Mito showed
negligible toxicity as measured by using CCK-8 kit and high
photostability as indicated by the negligible change in the

TP excited �uorescence (TPEF) intensity aer continuous
irradiation of the fs pulses for 60 min [10]. Fourth, the TPEF
intensity increased dramatically when 2,2′-dithiodipyridine
(DTDP; 150 𝜇𝜇M), a reagent that promotes the release of
Zn2+ from Zn2+ -binding proteins [36], was added to HeLa
cells labeled with SZn2-Mito (Figures 1(d), 1(e), and 1(g))
and decreased abruptly upon addition of carbonyl cyanide
m-chlorophenylhydrazone (CCCP; 10 𝜇𝜇M, Figures 1(f) and
1(g)), a compound that promotes the release of intramitochondrial cations by collapsing the mitochondrial membrane
potential [37].
To assess the utility of SZn2-Mito in tissue imaging,
fresh hippocampal slices from a 14-day-old rat were labeled
with 20 𝜇𝜇M SZn2-Mito. e TPM image of the probelabeled tissue revealed marked TPEF in the CA3 and DG
regions at depths of 100–200 𝜇𝜇m (Figure 2(b)). At a higher
magni�cation, the [Zn2+ ]𝑚𝑚 distribution in the DG region
was clearly visualized (Figure 2(c)). Moreover, the TPEF
intensity increased aer addition of DTDP and decreased
upon treatment of CCCP, thereby con�rming that the bright
regions re�ect the [Zn2+ ]𝑚𝑚 (Figures 2(d) and 2(e)). ese
results established that SZn2-Mito is capable of detecting
[Zn2+ ]𝑚𝑚 at depths of 100–200 𝜇𝜇m in living tissues by using
TPM [10].
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F 4: Ratiometric TPM images of a rat hippocampal slice stained with (a) 20 𝜇𝜇M SHP-Mito and (c) 1-SHP and (b) pretreated with 1 mM
H2 O2 for 30 min before labeling with 20 𝜇𝜇M SHP-Mito. Ten ratiometric TPM images were accumulated along the z-direction at the depths of
approximately 90–180 𝜇𝜇m with magni�cation at 10x. (d–f) Enlarged images of (a–c) at 120 𝜇𝜇m depth with 40x magni�cation. (g) Approximate
positions (dotted circles) used for measurements of emission ratios in the CA3 and CA1. (h) Average 𝐹𝐹yellow /𝐹𝐹blue in (a–c). e TPEF was
collected at two channels (blue = 400–470 nm and yellow = 530–600 nm) upon excitation at 750 nm with fs pulse. Scale bars: 300 𝜇𝜇m (a) and
75 𝜇𝜇m (d) [11].
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3. Two-Photon Probe for Mitochondrial H2 O2

Hydrogen peroxide (H2 O2 ) is a prominent member of the
ROS family and plays crucial roles in physiology, aging,
and disease in living organisms [38–40]. While controlled
bursts of H2 O2 are utilized for cell signaling [41], abnormal
production or accumulation of H2 O2 within mitochondria

has been linked to severe disorder such as cancer and
neurodegenerative Alzheimer’s and Parkinson’s diseases [42–
44]. To detect mitochondrial H2 O2 deep inside live tissues, we
have developed a ratiometric TP probe (SHP-Mito, Scheme
2) derived from BTDAN as the reporter, a boronate-based
carbamate leaving group as the H2 O2 response site, and
TPP as the mitochondrial targeting site. We anticipated that
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F 5: (a–d) Pseudocolored ratiometric TPM images (𝐹𝐹yellow /𝐹𝐹blue ) of HeLa cells incubated with 5 𝜇𝜇M SSH-Mito (a) and 1-SSH (d) and
pretreated with lipoic acid (500 𝜇𝜇M) for 1 day (b) and NEM (100 𝜇𝜇M) for 30 min (c) before labeling with SSH-Mito. (e) Average 𝐹𝐹yellow /𝐹𝐹blue
intensity ratios in �gures (a–d). �mages were ac�uired using 7�0 nm excitation and �uorescent emission windows: blue = �25–�75 nm and
yellow = 525–575 nm. Scale bar = 20 𝜇𝜇m. Cells shown are representative images from replicate experiments (𝑛𝑛 𝑛 𝑛) [12].
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F 6: Images of a rat hippocampal slice stained with 20 𝜇𝜇M SSH-Mito for 2 h. (a and d) Bright-�eld images of the CA1-CA3 regions.
(b and e) Ratiometric TPM images of a fresh rat hippocampal slice (b) nontreated and (e) pretreated with NEM (100 𝜇𝜇M) for 30 min before
labeling with SSH-Mito. Ten ratiometric TPM images were accumulated along the z-direction at the depths of approximately 90–190 𝜇𝜇m with
magni�cation at 10x. (c and f) Enlarged images of red box in (b) and (e) at 120 𝜇𝜇m depth with 40x magni�cation. e TPEF was collected at
two channels (blue = 425–475 nm and yellow = 525–575 nm) upon excitation at 740 nm with fs pulse. Scale bars: 300 𝜇𝜇m (a and d) and 75 𝜇𝜇m
(c and f) [12].

the H2 O2 -triggered boronate cleavage of the electron poor
carbamate linkage would liberate the more electron rich 1SHP, giving rise to red-shied �uorescent emission (Scheme
2) [11].
e emission spectra of a 1 𝜇𝜇M solution of SHP-Mito
increased gradually at 530–600 nm (𝐹𝐹yellow ) with a concomitant decrease at 400–470 (𝐹𝐹blue ) nm in the presence of 1 mM
H2 O2 in MOPS buﬀer [11]. is process followed pseudo 1storder kinetics with 𝑘𝑘obs = 1.0–1.2 × 10−3 s−1 and resulted in a
75-fold enhancement in the 𝐹𝐹yellow /𝐹𝐹blue ratio. e detection
limit of SPH-Mito for H2 O2 was 4.6 𝜇𝜇M. Moreover, SHPMito exhibited high selectivity for H2 O2 over competing
ROS and reactive nitrogen species (RNS), as revealed by
unperturbed 𝐹𝐹yellow /𝐹𝐹blue ratios upon addition of 200 𝜇𝜇M
concentrations of various ROS and RNS, including tertbutyl hydroperoxide (TBHP), hypochlorite (OCl− ), superoxide (O2 − ), nitric oxide (NO), tert-butoxy radical (• OBu𝑡𝑡 ),
hydroxyl radical (• OH), and peroxynitrite (ONOO− ), and
was pH insensitive at biologically relevant pH range [11]. e
TP action (Φ𝛿𝛿) spectra of SHP-Mito and 1-SHP in MOPS

buﬀer (30 mM, pH 7.4) indicated Φ𝛿𝛿max values of 11 and
55 GM at 740 and 750 nm, respectively (Table 1). is predicts
5-fold brighter TPM images of the probe-labeled cells aer
complete conversion of SHP-Mito to 1-SHP.
e utility of SHP-Mito in the live cell imaging was established by the following experiments. First, the TPM and OPM
images of Raw 264.7 murine macrophage cells co-labeled
with SHP-Mito and MitoTracker Red merged well with the
𝐴𝐴 of 0.91 [11]. Second, the ratiometric images constructed
from two collection windows ranging from 400 to 470 nm
(𝐹𝐹blue ) and 530 to 600 nm (𝐹𝐹yellow ) gave an average emission
ratio of 𝐹𝐹yellow /𝐹𝐹blue = 0.62 and 1.96 for SHP-Mito and 1SHP, respectively (Figures 3(a), 3(d), and 3(e)). e ratio
increased to 1.62 when the cells were preincubated for 30 min
with 200 𝜇𝜇M H2 O2 and to 1.56 upon treatment with phorbol
myristate acetate (PMA), which induces H2 O2 generation
through a cellular in�ammation response (Figures 3(b), 3(c),
and 3(e)) [45]. ese results con�rmed that SHP-Mito is
responsive to the change in the H2 O2 concentration. ird,
SHP-Mito shows nontoxicity to cells during the imaging
experiments, as determined by using a CCK-8 kit [11].
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e utility of SHP-Mito in the tissue imaging was established by a similar protocol as described earlier. TPM image
of fresh hippocampal slices from a 2-day-old rat labeled
with 20 𝜇𝜇M SHP-Mito revealed that H2 O2 is more or less
evenly distributed in both the CA1 (𝐹𝐹green /𝐹𝐹blue = 0.81) and
CA3 (𝐹𝐹green /𝐹𝐹blue = 0.72) regions (Figure 4(a)) at depths
of 90–180 𝜇𝜇m. Upon treatment of the tissue with increasing
amounts of H2 O2 , the ratio increased gradually to 1.57
(CA3) and 1.75 (CA1) at 1 mM H2 O2 , which lie between
those measured in SHP-Mito- and 1-SHP-labeled tissues
(Figure 4(h)). Hence, SHP-Mito is responsive to rises in
H2 O2 in tissue. Moreover, the ratiometric image at higher
magni�cation clearly showed the H2 O2 distribution in the
individual cells in the CA3 region at a depth of 120 𝜇𝜇m
(Figures 4(d)–4(f)). Hence, SHP-Mito is capable of detecting
mitochondrial H2 O2 in live tissues using TPM [11].

4. Two-Photon Probe for Mitochondrial Thiols
Intracellular thiols such as cysteine (Cys), homocystein
(Hcy), and glutathione (GSH) play vital roles in biology [3–
5]. ey maintain higher-order structures of proteins and
control redox homeostasis through the equilibrium between
thiols (RSH) and disul�des (RSSR) [46]. In mitochondria,
GSH plays a key role in maintaining the redox environment
to avoid or repair oxidative damage leading to dysfunction
and cell death [47]. Mitochondrial GSH (mGSH) exists
predominantly in the reduced form, with the GSH : GSSG
ratio being greater than 100 : 1 [48]. To detect GSH deep
inside live tissues, we have developed a TP probe (SSH-Mito,
Scheme 3) [12].
SSH-Mito is a TP ratiometric probe based on the internal
charge transfer (ICT) process [31]. e emission spectra of
SSH-Mito showed a gradual increase at 525–575 nm (𝐹𝐹yellow )
with a concomitant decrease at 425–475 (𝐹𝐹blue ) nm in the
presence of 10 mM GSH in MOPS buﬀer (30 mM, pH 7.4)
(Table 1). e reaction followed 2nd-order kinetics with 𝑘𝑘2
= 2.3 ×10−2 M−1 s−1 (Scheme 3) [12]. is indicates that
the reaction proceeds by the rate-limiting attack of GSH
at the disul�de bond followed by the cleavage of the C-N
bond to aﬀord 1-SSH (Scheme 3). SSH-Mito exhibited strong
response toward thiols, including GSH, Cys, dithiothreitol
(DTT), 2-mercaptoethanol (2-ME), and 2-aminoethanethiol
(2-AET), and a negligible response toward amino acids
without thiol groups (glu, ser, val, met, ala, and ile), metal
ions (Na+ , K+ , Ca2+ , Mg2+ , and Zn2+ ), and H2 O2 and
was pH insensitive at the biologically relevant pH range
[19]. Moreover, 𝐹𝐹yellow /𝐹𝐹blue , the ratio of the intensities at
425–475 nm (𝐹𝐹blue ) and 525–575 nm (𝐹𝐹yellow ), increased by
45-fold in the presence of 10 mM GSH (Table 1). Further, the
TP action spectra of SSH-Mito and 1-SSH indicate Φ𝛿𝛿max
values of 80 and 55 GM at 740 and 750 nm, respectively,
which are comparable to those of existing TP probes (Table
1) [15]. ese results predict a bright ratiometric TPM image
of the living specimens stained with SSH-Mito.
SSH-Mito was found to locate predominantly in mitochondria as revealed by the colocalization experiment with
MitoTracker Red (𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴 [12]. Upon 740 nm TP excitat-
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ion, the ratio image of the SSH-Mito-labeled HeLa cells,
constructed from two collection windows, gave an average
emission ratio of 1.24 (Figures 5(a) and 5(e)). More importantly, SSH-Mito was responsive to the changes in the thiol
concentration; the 𝐹𝐹yellow /𝐹𝐹blue ratio increased to 2.64 when
the cells were preincubated for 1 day with 𝛼𝛼-lipoic acid
(Figure 5(b)), which increases GSH production [49], and
the value was nearly identical to those obtained with 1-SSH
(2.73, Figure 5(d)). e 𝐹𝐹yellow /𝐹𝐹blue ratio also decreased to
0.77 upon treatment with N-ethylmaleimide (NEM) (Figure
5(c)), a well-known thiol-blocking reagent [50]. Further,
SSH-Mito is nontoxic to cells during the imaging experiments
as determined by a CCK-8 kit. ese results establish that
SSH-Mito is capable of detecting mitochondrial thiol in the
live cells.
e TPM image of fresh hippocampal slices from a 14day-old rat labeled with 20 𝜇𝜇M SSH-Mito revealed that thiols
are more or less evenly distributed in both CA1 and CA3
regions at depths of 90–190 𝜇𝜇m (Figure 6(b)). Moreover,
the image at a higher magni�cation clearly shows the thiol
distribution in the individual cells in the CA1 region with an
average emission ratio of 1.66 at a 120 𝜇𝜇m depth (Figure 6(c)).
Upon treatment of the tissue with 100 𝜇𝜇M NEM for 30 min,
the ratio decreased to 0.85 (Figure 6(f)). It is worth noting
that the changes in the emission ratios measured deep inside
the tissue slice are comparable to those in the cells. Hence,
SSH-Mito is clearly capable of detecting mitochondrial thiols
in live tissues using TPM [12].

5. Conclusions
We have developed a series of mitochondrial-targeted TP
probes that can selectively detect the Zn2+ , H2 O2 , and thiols,
respectively, in live cells and tissues. All of these probes have
been developed by linking mitochondrial targeting site and
speci�c receptors at the opposite ends of the TP �uorophore.
ey show signi�cant TP action cross-sections, a marked
turn-on or ratiometric response upon reaction with the
analytes, good mitochondrial localization, low cytotoxicity,
insensitivity to pH in the biologically relevant pH range, and
can visualize the distribution and changes in mitochondrial
Zn2+ , H2 O2 , and thiols levels, respectively, in live tissues at
more than 100 𝜇𝜇m depth by TPM without interference from
other biologically relevant species.
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Introduction. Metabolically obese but normal-weight (MONW) individuals have metabolic features of overt obesity, and
abdominal adiposity is common in them. Animal models of MONW individuals are lacking. We aimed to develop an abdominally
obese and normal-weight (AONW) rat model. Methods and Results. Young male Sprague-Dawley rats were fed chow or a modified
high-sucrose (HS) diet for 20 weeks. The HS diet induced increased visceral adipose tissue without increased body weight, reduced
glucose disposal rates, and increased hepatic glucose output during the hyperinsulinemic-euglycemic clamp, increased plasma
glucose during the intraperitoneal glucose tolerance test, and increased plasma free fatty acids. Hepatic lipidosis and hepatocyte
mitochondria swelling were found in HS rats through light microscopy and transmission electron microscopy; similar impairments
were not observed in muscle. RT-PCR showed that mRNA expression of uncoupling protein 3 and peroxisome proliferatoractivated receptor-gamma coactivator 1α increased in muscle of HS rats, while expression of mitochondrial transcription factor
A, glucose transporter type 4, and insulin receptor substrate-1 did not change significantly. Conclusion. AONW rats developed
metabolic disorders seen in MONW individuals. Steatosis, mitochondrial morphologic changes, and insulin resistance were more
serious in liver than in muscle. Genes involved in fatty acid metabolism and mitochondrial function changed in less impaired
muscle.

1. Introduction
There is a special group of individuals who are in normalweight but have metabolic features observed in overt obesity.
These individuals are not obese on the basis of height
and weight, but are hyperinsulinemic, insulin-resistant, and
predisposed to type 2 diabetes, hypertriglyceridemia, and
premature coronary heart disease. They have been identified
as metabolically obese but normal-weight (MONW) individuals [1]. MONW individuals are very prevalent in the
general population [2–6]. Although they have a normal body
mass index or are mildly obese, MONW individuals usually
have obviously increased visceral adipose as measured on
dual X-ray absorptiometry, computed tomography, and
magnetic resonance imaging [3, 7, 8]. The increased visceral

fat is strongly associated with insulin resistance and other
metabolic disorders in MONW individuals [8].
An animal model of abdominal obesity without obviously increased body weight would be valuable to study
metabolic disorders mimicking the situations in MONW
individuals. However, almost all available rat models with
metabolic disturbances [9–11] are obese models with insulin
resistance.
High-fat and high-sucrose diets are the most frequently
used diets in the establishment of rat models of insulin
resistance. Compared with high-fat diets, high-sucrose diets
do not increase the body weight of rats in the long term [12–
14]. Thus, we attempted to develop a rat model of abdominal
obesity with normal weight (AONW) using a modified
high-sucrose diet that provided a smaller proportion of

2
calories from sucrose than that in general high-sucrose
formulas. The metabolic characteristics, insulin sensitivity,
and morphological changes in liver and muscle were measured. Gene expressions involved in mitochondrial function
and metabolism of fatty acids and glucose in muscle were
detected in this rat model.

2. Materials and Methods
2.1. Animals and Diets. 4- to 5-week-old male SpragueDawley rats obtained from the Huaxi Animal Centre of
Sichuan University were randomly assigned to either the
control group (CG) or the HS diet group (HS). The total
calories contained in 100 g of each diet were 349 and 365 kcal
in the CG and HS, respectively. Carbohydrate, protein, and
fats provided 62%, 17%, and 21% of calories, respectively,
in the CG, and 70%, 20%, and 10% of calories, respectively,
in the HS. In the HS diet, sucrose and starch provided 35%
of calories. The chow was oﬀered by the university animal
centre. The amount of daily diet was not limited in either
group. Rats were housed in cages with 12 hours of light
(7:00–19:00), a temperature of 21◦ C to 26◦ C, and 60% to
70% humidity. Rats were weighed every 4 days during the
first 4 weeks, then weekly from 5 to 20 weeks.
2.2. Intraperitoneal Glucose Tolerance Test. After 19 weeks of
treatment, rats were fasted for 12 hours before the intraperitoneal glucose tolerance test (IPGTT). A 10%-glucose
solution (2 g/kg) was intraperitoneally injected in awake and
fasted rats. Blood samples were sequentially collected via the
tail vein before and 30, 60, and 120 min after injection.
2.3. Hyperinsulinemic-Euglycemic Clamp and Metabolic Measurement. After 20 weeks of treatment, rats were studied
from 8:00 after fasting overnight. After anesthesia by intraperitoneal injection of pentobarbital, cannulae were inserted
into the right jugular vein and left carotid artery for blood
sampling and infusions, respectively. After successful cannula
insertion, a blood sample was collected for measurement of
lipid profiles. When rats began to recover from anesthesia in
1 hour, insulin was infused at a rate of 4 U·kg−1 ·min−1 while
euglycemia was maintained by infusion of 20% glucose. At
60 min before infusion of insulin and glucose, an initial
sample was collected for measurement of basic insulin and
glucose. At the same time, a bolus of [3 H]glucose (6 μCi)
in 0.5 mL of saline was injected, followed by infusion at
0.1 μCi/min until the end of the experiment. After the
infusion of insulin and unlabeled glucose, a blood sample
was taken every 10 min to measure the blood glucose
concentration for adjustment of the glucose infusion rate
(GIR) until blood glucose levels reached a steady state (basic
glucose ±0.1 mmol/L), then every 5 min until the end of the
experiment. Blood samples (0.5 mL) were taken at 10, 30,
60, 90, 100, 110, and 120 min. The glucose disappearance
rate (Rd ) and hepatic glucose output rate were calculated
from the disappearance of [3 H]glucose. Plasma levels of
insulin during the clamp were obtained from averaged
values of blood samples taken in the steady state. Insulin
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was detected by radioimmunoassay (Linco, USA). Serum
triglyceride and cholesterol were examined by an enzymatic
method (Dongou, China). Plasma free fatty acids (FFA) were
examined by chromatometry (Randox, UK).
2.4. Histopathology. After recovering from the above-described operation, rats were sacrificed in the fasted state with
an overdose of intraperitoneal pentobarbital at 9:00. Liver,
gastrocnemius, and vastus lateralis were rapidly removed
and fixed for histologic section. The slices were stained
by hematoxylin/eosin and Sudan III and observed under a
microscope at 150x.
2.5. Electron Microscopy. For transmission electron microscopy (TEM), muscles were fixed in 2.5% glutaraldehyde
for 24 hours. Photos were captured using an H-600IV
transmission electron microscope (Hitachi Ltd., Japan) in
the TEM laboratory of Sichuan University.
2.6. Real-Time Fluorescent Quantitative PCR. The rats’ total
RNA from 30 mg of gastrocnemius muscle was isolated with
Trizol reagent (Gibco, USA). The total RNA was dissolved
in 100 μL of DEPC-treated water and stored at −80◦ C until
further use. RNA integrity was assessed by electrophoresis
in 1% (wt/vol) agarose minigels and ethidium bromide
staining. cDNA was synthesized according to the instructions of RevertAid First Strand cDNA Synthesis Kit (MBI,
Lithuania). TaqMan primers and probes were oﬀered by
Shanghai Biotech Company according to the array of uncoupled protein 3 (UCP3), peroxisome proliferator-activated
receptor-gamma coactivator 1α (PGC-1α), mitochondrial
transcription factor A (TFAM), glucose transporter type
4 (GLUT4), and insulin receptor substrate-1 (IRS-1) in
NCBI GenBank using Primer Express Software (PE Applied
Biosystems, CA). The RT-qPCR reaction was carried out in
an FTC 2000 Real-Time PCR System (Fenglyn Company,
Canada).
2.7. Statistical Analysis. All values are presented in figures
and tables as sample means ± SE. Statistical analysis was performed using a two-tailed paired Student’s t-test or ANOVA
for CG versus HS to establish eﬀects of the intervention. The
type I error rate was set a priori at P < 0.05. Analysis was
performed using SPSS 13.0.

3. Results
3.1. High-Sucrose Diet Induced Abdominally Obese Rats with
Normal Weight. As shown in Figure 1, weight gains did not
diﬀer between the groups during the first 20 weeks of the
study period (P = 0.636). After 20 weeks, weight gain in
the HS increased more rapidly than in the CG (data not
shown). However, as shown in Figure 2, the mesenteric,
retroperitoneal, epididymal, and total intraperitoneal fat
weights in the HS increased obviously compared with those
in the CG (P = 0.061, 0.021, 0.008, and 0.012, resp.). Among
these, the epididymal fat increased most significantly. Thus,
the HS rats could be called AONW rats.
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IPGTT was 31.83 ± 5.59 in AONW rats and 25.71 ± 4.67
in controls (P = 0.023). AONW rats showed glucose
intolerance.
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Figure 1: Body weights of rats in control group (CG) and highsucrose diet group (HS) during the first 20 weeks of the study.
Values are means ± SD, n = 9, P = 0.636.
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3.3. AONW Rats Showed Insulin Resistance in Liver and
Peripheral Tissue. Data from the hyperinsulinemic-euglycemic clamp studies after 20 weeks are shown in Table 1. In the
basal state, no diﬀerences in the glucose disposal rate (GDR)
or hepatic glucose output (HGO) were found between the
two groups. In the stable state during the clamp, the HS
diet induced a significant decrease in GIR compared with the
CG diet (P < 0.01). The GDR of peripheral tissues was also
significantly reduced in the HS (P < 0.05) during the clamp.
There was a trend that the HGO could not be inhibited by
insulin in the HS, as in the CG. The inhibited rate of HGO by
insulin in AONW rats was obviously reduced compared with
that in the CG, although the diﬀerence was not significant
because of the large SD. The inhibited rate of HGO was only
38% of that in CG rats.
3.4. Hepatic Lipidosis and Mitochondrial Changes in Liver
of AONW Rats. The liver of AONW rats showed lipidosis under Sudan III stain (Figure 5). Under electronic
microscope, AONW rats showed mitochondrial swelling and
mitochondrial cristae were decreased. More glycogenosomes
were observed in the AONW rats (Figure 6).

Body weight (g/100 g)

8

3.5. Muscle Morphology of AONW Rat Hind Legs. In rat hind
legs, the morphology of mitochondria did not diﬀer between
the CG and HS although the content of mitochondria
was not measured. Lipid droplets were found in the HS
muscle. Muscle fibers of the HS presented capillary necrosis
(Figure 7).
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Figure 2: Visceral fat weight per 100 g body weight of rats in the
control group (CG) and high-sucrose diet group (HS). The error
bar is ±2 SD. n = 9. ∗ P < 0.05, ∗∗ P = 0.06. BW: body weight.

3.2. AONW Rat Features Increased Plasma FFA and Glucose
Intolerance. As shown in Figure 3, the serum triglyceride,
total cholesterol, plasma glucose, and plasma insulin levels
in the fasting state showed no diﬀerences between the two
groups, while the fasting plasma FFA level increased (P <
0.05) in AONW rats. In the IPGTT, AONW rats showed
increased serum glucose levels at 30, 60, and 120 min
(Figure 4). The area under the blood glucose curve in the

3.6. Expression of Genes Involved in Fatty Acid Metabolism and
Mitochondrial Function in Muscle of AONW Rat Hind Legs.
Because the insulin-resistant muscle did not show obvious
morphologic changes, we explored whether expression of
some important genes involved in FFA metabolism, glucose
uptake, and mitochondrial function had been modulated.
The results of RT-PCR are shown in Figure 8. The UCP3 and
PGC-1α mRNA expression levels increased significantly in
AONW rats. TFAM, GLUT4, and IRS-1 mRNA expression
levels were not statistically changed.

4. Discussion
This study showed that a diet containing 35% of caloric
intake from sucrose led to insulin resistance in rats, while
body weights did not increase during feeding for 20 weeks.
As expected, the insulin-resistant rats with normal weights
developed highly increased VAT. Thus, this model could be
called an AONW rat model. The AONW rats developed high
plasma FFA, impaired glucose tolerance as demonstrated by
the IPGTT, and insulin resistance as shown by the hyperinsulinemic-euglycemic clamp, which are metabolic features
of MONW individuals [4, 8]. Thus, the characteristics of
AONW rats mimic situations in MONW individuals to some
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Figure 3: Fasting serum triglycerides (a), total cholesterol (b), plasma free fatty acids (c), plasma glucose (d), and plasma insulin (e) at 20
weeks. The error bar is ±2 SD. CG: control group. HS: high-sucrose group.
Table 1: Parameters of glucose metabolism from hyperinsulinemic-euglycemic clamp.
−1

−1

Basal GDR (mg·min ·kg )
Clamp GDR (mg·min−1 ·kg−1 )
Clamp GIR (mg·min−1 ·kg−1 )
Clamp HGO (mg·min−1 ·kg−1 )
Inhibited rate of HGO§

CG (n = 9)
7.98 ± 2.59
16.57 ± 5.41
12.80 ± 4.41
3.77 ± 4.52
0.60 ± 0.49

HS (n = 9)
8.48 ± 3.50
10.75 ± 5.16
3.47 ± 2.03
7.28 ± 6.01
0.23 ± 0.57

t values
−0.35
2.34
5.72
−1.40
1.45

P
0.74
0.03
0.00
0.18
0.17

Values are means ± SD.
GDR: glucose disposal rate by peripheral tissues, mainly skeletal muscles; GIR: glucose infusion rate; HGO: hepatic glucose output. § Inhibited rate of HGO is
defined as (Clamp HGO − Basal HGO)/Basal HGO.
CG: control group; HS: high-sucrose group.

extent and could be used to study abdominal adiposityrelated metabolic disorders. This is valuable because biopsy
cannot be performed in humans in many situations.
In the hyperinsulinemic-euglycemic clamp, the AONW
rats showed significantly reduced GIR, which demonstrated a
decreased overall capability of disposing of ectogenic glucose.
GDR in AONW rats was reduced to 64.2% of that in CG
rats, which demonstrated insulin resistance of peripheral
tissues, mainly including white adipose tissue and muscle.

The inhibited rate of HGO in AONW rats was reduced
to 38% of that in CG rats, which demonstrated hepatic
insulin resistance. These results indicate that hepatic insulin
resistance was probably more serious than insulin resistance
in peripheral tissues.
In the liver, AONW rats showed obvious lipidosis,
mitochondrial swelling, and decreased mitochondrial cristae,
while similar changes were not found by light and electronic microscopy in skeletal muscle. The more serious
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Figure 4: Plasma glucose (mmol/L) of rats fed CG food or HS food
during intraperitoneal glucose tolerance tests. Values are means ±
SD, n = 9, P = 0.01 for the diﬀerence between groups. CG: control
group. HS: high-sucrose group.

morphologic changes in liver than in muscle were consistent
with the findings from the hyperinsulinemic-euglycemic
clamp. These findings imply that the hepatic insulin resistance developed earlier and was more serious than the insulin
resistance in peripheral tissues (mainly muscle). These findings are also supported by other studies on rat obesity models
that showed a tissue-specific sequence in the development of
diet-induced insulin resistance [15, 16].
A few lipid droplets and capillary necrosis were observed
in the muscle of AONW rats, while mitochondrial abnormalities and other morphologic changes were not observed.
To detect whether there were gene modulations involved
in FFA metabolism, mitochondrial function, and glucose
uptake in the muscle without obvious morphologic changes,
we measured mRNA expressions of UCP3, PGC-1α, TFAM,
GLUT4, and IRS-1.
The UCP3 mRNA expression was significantly increased
by high plasma FFA levels in the muscle of AONW rats,
like in other situations involving elevated plasma FFA levels,
including the fasting state, exercise, streptomycin-induced
diabetes, and high-fat diets [17–19]. Because UCP3 has
demonstrated the ability to increase fatty acid transport
and oxidation [20] and protect mitochondria against lipidinduced mitochondrial dysfunction [21], increased UCP3
mRNA levels could be regarded as a marker of more FFA
available to mitochondria or increased FFA metabolism.
Other studies have shown that short-term elevated expression of UCP3 in transgenic rats protected rats from high-fat
diet-induced insulin resistance [22, 23], while a continuous
high-fat diet for 4 to 8 months eventually caused insulin
resistance, although body weight increased less in controls
[23]. Thus, as a skeletal muscle-specific UCP, the adaptively
increased UCP3 mRNA might account for the decreased
insulin resistance in muscles and relatively milder morphologic changes in muscular mitochondria and cells compared
with those in the liver.

(b) HS

Figure 5: Liver in Sudan III stain under light microscopy, ×150.
(a) CG: normal. (b) HS: developed hepatic lipidosis. CG: control
group. HS: high-sucrose group.

The present study showed increased expression of PGC1α mRNA in rat muscle induced by an HS diet and a
subsequent high plasma FFA level. However, PGC-1α and
some genes required for mitochondrial oxidative phosphorylation in skeletal muscle were downregulated with 3 days
and 3 weeks of a high-fat diet in humans and mice, respectively [24]. Another study showed that acipimox-induced
reduction in plasma FFA levels led to decreased expression
of PGC-1α in muscle of insulin-resistant individuals [25]. In
these studies, PGC-1α responded to changes in the plasma
FFA level in a paradoxical manner. It is possible that the
expression level of PGC-1α caused by oversupply of FFA
is dependent on the duration of exposure to FFA. Another
possibility is that the composition of FFA causes diﬀerent
responses of PGC-1α [26]. Recent studies have shown
that PGC-1α improves fatty acid oxidation and increases
gene expression involved in mitochondrial biogenesis and
function in cultured skeletal muscle cells [27, 28]. These
eﬀects of PGC-1α would be expected to lead to a reduction
in lipid accumulation in muscle and an increase in insulin
sensitivity [29]. Therefore, the increased PGC-1α in this
study might be a compensatory mechanism against fat
deposition and insulin resistance in skeletal muscle, although
eventual insulin resistance cannot be avoided.
TFAM mRNA expression did not change significantly in
the muscle of AONW rats. As a key activator of mitochondrial transcription, TFAM stabilizes mitochondrial DNA
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(a) CG

(b) HS

Figure 6: Liver under electronic microscopy. (a) CG: normal. (b) HS: mitochondrial swelling was obvious, and mitochondrial cristae were
decreased (A) in the HS. More glycogenosomes were shown in the HS (B). CG: control group. HS: high-sucrose group.

(a) CG

(b) HS

(c) HS

Figure 7: Muscle under electronic microscopy. (a, b) The morphology of mitochondria did not diﬀer between groups. (b) Lipid droplets
were found in HS muscle (black arrow). (c) Capillary necrosis was detected among muscle fibers of the HS (white arrow). CG: control group.
HS: high-sucrose group.

through formation of the nucleoid and titrates the amount of
mitochondrial DNA [30]. In this study, no obvious change in
mitochondrial density was observed by microscopy, although
mitochondrial counting was not performed. The morphologic findings of the mitochondria were consistent with the
TFAM mRNA expression. As in another study [24], TFAM
mRNA did not change consistently with PGC1-α in the
present study, which implies the presence of an unrecognized
regulation pathway.
No significant changes in IRS-1 or GLUT4 mRNA expression were found in AONW rats. Whether there was dysfunction in tyrosine phosphorylation of IRS-1 and GLUT4
transposition was not determined in this study [31, 32].

Whether IRS-1 and GLUT4 were involved in the insulin
resistance of this AONW rat model was also not determined.
There are limitation of this study. First, genes involved in
fatty acid metabolism and glucose uptake were not detected.
Second, mitochondrial content was not measured and genes
involved in mitochondrial biogenesis were detected.
In summary, the present study showed an AONW rat
model developed by a modified HS diet. The AONW model
mimics some metabolic features of MONW individuals, such
as increased visceral adipose, high plasma FFA, and insulin
resistance. Morphologic impairment and insulin resistance
of the liver were more serious than those in the skeletal
muscle in this model. In the less impaired muscle, increases
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Figure 8: mRNA expression for genes involved in mitochondrial oxidation and biogenesis. (a) UCP3, (b) PGC-1α, (c) TFAM, (d) GLUT4,
and (e) IRS-1. The error bar is ±2 SD. ∗ P < 0.05, ∗∗ P < 0.01, HS versus CG. CG: control group. HS: high-sucrose group.
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in UCP3 and PGC-1α mRNA expression are probably
responding to increased available FFA and might protect
muscle from insulin resistance to some extent.
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Mitochondrial DNA (mtDNA) haplogroups may contribute to the development of aging-related diseases. A reliable in vitro
cellular system for investigating the physiologic significance of mtDNA haplogroups is essential. This study aims to construct
and characterize a series of cybrid cell lines harboring variant mtDNA haplogroups collected from healthy Taiwanese volunteers.
Cybrid cells harboring diﬀerent mtDNA haplogroups like B4a, B4b, B4c, B4d, B5, R, F1a, F2, D4e, D4a, D5b, D5a, E, M8, C,
and N9a were prepared. Luminex 1000 and full-length mtDNA sequencing were used to confirm that mtDNA haplogroups of
transmitochondrial cybrids were identical to their original donors. Cybrid B4b had a significantly lower oxygen consumption
rate and higher mitochondrial membrane potential compared to F1a, B5, D5a, D4a, and N9a but had more susceptibility to H2 O2 induced oxidative stress than cybrid F1a, D4a, and N9a. Cybrid N9a had better oxygen consumption and H2 O2 -challenged viability
compared to B4b, F1a, B5, D5a, and D4a. A series of cybrid cells harboring the main haplogroups of the Taiwanese population with
ethnic Chinese background has been developed in vitro. With this mtDNA haplogroup population, the underlying mechanisms of
aging-related diseases may be better understood, and therapeutic interventions can be accelerated.

1. Introduction
A double-membrane structure and a circular mitochondrial
genome with its own transcription, translation, and protein

assembly systems support the endosymbiotic origin of the
mitochondria [1]. While most mitochondrial proteins are
encoded by nuclear DNA and imported into the organelle, 13
are encoded by mitochondrial DNA. Human mitochondrial
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DNA (mtDNA) is a 16,568 bp circular double-stranded
DNA molecule coding for 13 polypeptide components of
the mitochondrial oxidative phosphorylation (OXPHOS)
machinery, 2 ribosomal RNA molecules, and a set of 22
transfer RNA molecules [1–4]. More than 99% of mitochondrial proteins are encoded by the nuclear genome, translated
on cytoplasmic ribosomes, and selectively imported into the
appropriate mitochondrial compartment [5].
Mitochondrial DNA is inherited maternally, and each
mitochondrion contains 2–10 mtDNA molecules [6]. Mitochondrial DNA has a very high mutation rate and when a
mutation occurs, normal and mutant mitochondrial DNA
can coexist within the same cell, known as heteroplasmy [5,
7]. Mitochondrial DNA defects are linked with a wide range
of diseases known as mitochondrial encephalomyopathies.
Over the last two decades, more than 100 pathologic defects
of mtDNA have been characterized, many due to gross
structural rearrangements (i.e., single or multiple deletions
or duplications) or from point mutations in the mtDNA
[7–9]. Large-scale deletions of mtDNA in cancer cells imply
that deficits in the mitochondrial genome can change cellular
behavior similar to cross-talking with nuclear genome [10].
Phylogeographic studies on human mtDNA have
revealed a remarkable correlation between mtDNA lineages
and the geographic origins of indigenous populations.
Regional mtDNA lineages are groups of related individual
mtDNA sequences (haplotypes) known as haplogroups [11].
Unique sets of common SNPs define groups of mtDNA
(mtDNA haplogroups) that have evolved from the same
ancestors [12]. Cann et al. found the mtDNA evolution
originated from a common African ancestor, named
“mitochondrial Eve” [11]. Haplogroups L1, L2, and L3 are
specific for the African population, whereas all non-African
mtDNA haplogroups are descended from L3 and belong to
either the M or the N superclades. European populations
belong to nine haplogroups (i.e., H, I, J, K, T, U, V, W, and
X) from the N superclades [13], while the haplogroups A, B,
C, D, and E are specific to Asian populations.
Recently, mtDNA epidemiologic studies have shown
that mtDNA haplogroups are associated with various phenotypes. There are significant epidemiologic associations
between mtDNA haplogroup and longevity among the
Japanese and Chinese [14–16], neurodegenerative [17–19]
psychiatric [20, 21], cardiovascular [22, 23], and metabolic
diseases [24, 25]. An association between human mtDNA
variants and diseases has also been reported [26–28].
To further confirm the molecular pathogenesis and
screen eﬀective treatment for mtDNA-associated diseases,
optimal cell models for reproducing the progress of diseases
are valuable. A cybrid model that carries the same nuclear
background and harbors variant mtDNA can exclude variations from the nuclear genome. Within analogous nuclear
background, the physiologic function of mitochondrial
genome can be reproduced in vitro, enabling the validation
of epidemiologic observations. Thus, a complete set of
cybrid cells carrying diﬀerent mtDNA haplogroups are
warranted to exclusively investigate the impact of mtDNA
common variations on mitochondrial function. The present
study successfully developed the most commonly occurring
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cybrids harboring mtDNA haplogroups from the Taiwanese
population with ethnic Chinese background.

2. Materials and Methods
2.1. Cell Culture and Generation of ρ0 Cells. Human 143B
osteosarcoma (BCRC 60439) (Bioresource Collection and
Research Center, Taiwan, Republic of China) were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum
(growth medium) at 37◦ C in 5% CO2 . The FBS was thawed
at 37◦ C and then heated to 56◦ C for 30 min for heat
inactivation. Production and culturing of ρ0 cells required
growth medium containing 1 mM pyruvate and 50 μg/mL
uridine (ρ0 medium) to support growth [29]. The ρ0 cells
were produced by culturing 143B osteosarcoma cells in the
presence of ethidium bromide (EtBr, 50 ng/mL) for 8 weeks.
The cells were subcultured every 2-3 days and kept in 50–
70% of confluence.
2.2. Isolation and Transfusion of Platelets to ρ0 Cells. Healthy
Taiwanese volunteers donated their peripheral blood. All of
them provided written informed consent in accordance with
the protocols approved by the institutional review board
of the contributing center. The studies were conducted
according to the guidelines of the Declaration of Helsinki
and adopted the methods previously reported by Chomyn
[30]. Briefly, platelets were isolated and fused with ρ0 cells in
the presence of polyethylene glycol 1500 (50% w/v) (Roche,
Nutley, NJ, USA). After 24 h of incubation, fresh ρ0 medium
was introduced. The cells were allowed to recover for 1 week
in ρ0 medium, with medium changed every 2 days. After
1 week of recovery in ρ0 medium, the cells were placed on
a 96-well plate in a 1 : 2 limited dilution in DMEM-based
selection medium composed of 10% dialyzed FBS (Gemini),
which lacks uridine and pyruvate. After 10–14 days, the
cybrid populations forming single colonies were screened
and transferred to a 35 mm dish. With continuing growth,
the cybrids were transferred to 100 mm dish for further
20 generations of culture in order to ensure that nuclearencoded mitochondrial proteins were incorporated into the
newly introduced mitochondria.
2.3. MtDNA Copy Number Analysis for ρ0 and Cybrid Cells.
Total DNA was isolated from peripheral blood leucocytes
using the PUREGENE DNA Purification kit (Qiagen,
Chatsworth, CA, USA). The extracted DNA samples were
frozen at −20◦ C until the assay without repeated freezethawing cycles. The relative mtDNA copy numbers were
measured using real-time PCR and corrected by simultaneous measurement of nuclear DNA. The forward and reverse
primers for nuclear gene that were complementary to chromosome 1 genomic contig (accession no. NT 004487.19)
were 5 -GGCTCTGTGAGGGATATAAAGACA-3 and 5 CAAACCACCCGAGCAACTAATCT-3 . The forward and
reverse primers for mtDNA that were complementary to
the sequence of the ND2 gene (accession no. NC 012920.1)
were 5 -CACAGAAGCTGCCATCAAGTA-3 and 5 CCGGAGAGTATATTGTTGAAGAG-3 . The PCR was
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performed by a LightCycler 480 Real-Time PCR System
(Roche Diagnostics; F. Hoﬀmann-La Roche Ltd.) using the
SYBR GREEN I PCR MASTER MIX (Roche Diagnostics;
F. Hoﬀmann-La Roche Ltd.). The DNA (10 ng) was mixed
with 10 μL SYBR GREEN I PCR MASTER MIX containing
400 nmol of forward and reverse primers in a final volume
of 20 μL. The PCR conditions were 10 min at 95◦ C, followed
by 40 cycles of denaturation at 95◦ C for 15 s, annealing
at 60◦ C for 20 s and primer extension at 72◦ C for 15 s.
The amplified products were denatured and reannealed at
diﬀerent temperatures to detect their specific melting points.
Samples showing primer dimmers or unspecific fragments
were excluded.
The threshold cycle number (Ct) values of the chromosome 1 sequence and the mitochondrial ND2 gene were
determined for each individual in the same quantitative PCR
run. Each measurement was carried out at least three times
and normalized in each experiment against a serial dilution
of control DNA sample. There was good reproducibility
within and between runs. The intraassay coeﬃcients of
variation of Ct values were 2.2% and 3.8% for ND2 and
chromosome 1, respectively. The Ct values were used as a
measure of the input copy number, and Ct value diﬀerences
were used to quantify the mtDNA copy number relative to
the chromosome 1 using the following equation:
2 × 2ΔCt , where ΔCt is the Ct (chromosome 1) − Ct(ND2),
(1)
where results were expressed as the copy number of mtDNA/
cell.
2.4. Aerobic Metabolism. Cultured cells used glucose as substrates for glycolysis to generate ATP. By replacing galactose
with glucose in the culture medium, energy production
shunted glycolysis to oxidation phosphorylation depending
on the mitochondria [31, 32]. To examine the aerobic capacity of mitochondria, cells were grown in DMEM containing
10 mM galactose and 10% FBS in the absence of glucose.
2.5. Oxygen Consumption Analysis for ρ0 and Cybrid Cells.
Detection of O2 consumption in permeabilized cells was as
described previously with some modifications [33–35]. O2
consumption was monitored by a Clark electrode (Mitocell
S200 micro respirometry system; Strathkelvin Instruments,
Motherwell, UK). Cells (100 μL at 5 × 106 cells/mL) in KCl
medium (100 mM KCl, 3 mM MgCl2 , 20 mM HEPES, 1 mM
EDTA, and 5 mM KH2 PO4 ; pH 7.4) were permeabilized by
digitonin (optimal concentration 32.5 μg/mL as determined
by trypan blue staining) and loaded into a 200 μL MT200
Respirometer Chamber, suspended by a fixed-speed solidstate magnetic stirrer inside the chamber and maintained at
37◦ C by a circulating water bath. Glutamate/malate (10 mM)
and succinate (10 mM), combined with ADP (0.1 mM), were
used as substrates to test the function of complex I- and
complex II-linked respiration. Changes in O2 levels were
calculated by respirometry software. For control recordings,
100 μL of buﬀer was injected into the chamber.
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2.6. Measurement of Mitochondrial Membrane Potential.
Cells (5 × 105 ) were placed in six-well plates and allowed
to attach for 16–18 h and then incubated in 100 nM TMRE
(Sigma) for 30 min at 37◦ C. They were then washed twice
with PBS, harvested by trypsinization, and resuspended in
500 μL PBS containing 2% FBS. Cytofluorimetric analysis
was conducted using a fluorescence-activated cell scanner
machine (BD Biosciences FACScan system).
2.7. Cellular Viability Assay. Cells (8 × 103 ) were seeded
into 96-well plates 24 h prior to treatment. Cell survival
was determined using cell counting kit 8 (Wako) with
WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5(2,4-disulfophenyl)-2-H-tetrazolium, monosodium salt] as
substrate. The WST-8 was reduced by dehydrogenase to form
formazan that was proportional to living cells. The amount
of formazan was assayed by spectrophotometry at OD450.
2.8. Western Blot. Cells were lysed in RIPA lysis buﬀer
(50 mM Tris, pH 7.4; 150 mM NaCl; 1 mM PMSF (phenylmethanesulfonyl fluoride); 1 mM EDTA (ethylenediaminetetraacetic acid); 1% Triton X-100; 1% sodium deoxycholate;
0.1% SDS) with the addition of Protease Inhibitor Cocktail
(Roche) and Phosphatase Inhibitor Cocktail I (Sigma). The
antibodies used included anti-COX II antibody (Abcam),
peroxidase-labeled anti-rabbit IgG (H + L) secondary antibody (Abcam), and anti-β-actin (Cell Signaling, Danvers,
MA). The signals were developed by ECL plus (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) using X-ray films.
2.9. Genotyping of Mitochondrial Haplogroups. The selected
polymorphic sites were based on Nishigaki’s and Kong’s work
[36] (Table 1). Venous blood (7 mL) was collected from each
subject into tubes containing 50 mmol/L EDTA (disodium
salt). Genomic DNA was isolated using a commercial kit
(Qiagen, Chatsworth, CA, USA). For amplifying mtDNA
fragments, 24 pair primers for the mitochondrial DNA were
used for gene amplification by PCR using primer sequences
described previously [28]. Amplicon size ranged from 190
to 300 bp. The PCR amplification was conducted in a final
reaction volume of 20 μL, containing 10 ng human genomic
DNA, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM
MgCl2 , 0.2 mM dNTP (i.e., dATP, dTTP, dCTP, and dGTP),
0.5 μM of each primer, and 1 unit of ExTaq DNA polymerase
(Takara Bio Inc.). The PCR conditions were as follows: an
initial denaturation step at 94◦ C for 10 min, followed by 40
cycles of denaturation at 94◦ C for 35 s, annealing at 60◦ C for
45 s, and extension at 72◦ C for 45 s, with a final extension
of 10 min at 72◦ C and kept at 25◦ C using an Eppendorf
Mastercycler gradient.
After PCR amplification, 60 probes were used for mitochondrial haplogroup definition. Probes for haplotyping
were as described previously [28]. Briefly, synthesized oligonucleotide probes were modified at the 5 -end with a
terminal anion group and covalently bound to carboxylated
fluorescent microbeads using ethylene dichloride (EDC),
following the manufacturer’s instructions. Oligonucleotidelabeled microbeads (oligobeads) were mixed together to
make a 5000/5 μL oligobead mixture for hybridization. The
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Table 1: Polymorphism sites characteristic [B4a, B4b, B4c, B5, R9,
F1a, F2, D4a, D4e, D5a, D5b, E, M8, C, and N9a].
Haplogroup
B4a
B4b
B4c
B4d
B5
R
F1a
F2
D4a
D4e
D5a
D5b
E
M8
C
N9a

Polymorphism
8272 (9-bp deletion), G9123A
8272 (9-bp deletion), C15535T, G4820A
8272 (9-bp deletion), G15346A
8272 (9-bp deletion), C15535T, A13942G
8272 (9-bp deletion), T9950C, A10398G
G13928C, C3970T
C3970T, G10310A, G13928C, G12406A, C4086T
G13928C, C3970T, G10310A, T12338C
G3010A, C5178A, C4883T, T14979C
G3010A, C5178A, C4883T, A15924G
C5178A, C4883T, A10397G
T681C, C5178A, C4883T, A10397G
G4491A, T3027C
A4715G, C8684T, G6179A, A15487T
A4715G, A15487T, A13263G
G5231A, G12372A, A12358G

5 -biotin-labeled PCR amplicons were hybridized to the
oligobeads in a total volume of 50 μL per well in a 96well plate by adding 5 μL of the PCR amplicon to 40 μL
of hybridization buﬀer (3.75 M TMAC, 62.5 mM TB [pH
8.0], 0.5 mM EDTA, and 0.125% N-lauroylsarcosine). This
reaction mixture was denatured at 95◦ C for 2 min and
then hybridized at 55◦ C for 30 min using the Eppendorf
Mastercycler gradient.
After hybridization, the oligobeads were washed with 1×
PBS (pH 7.5, containing 0.01% Tween 20) and centrifuged at
2200 ×g for 2 min. The supernatant was discarded (washed
twice), and the pelleted oligobeads were reacted with 70 μL
aliquot of a 1000× diluted solution of SA-PE (Prozyme). The
hybridized amplicons were labeled with SA-PE at 52◦ C for
15 min using the Eppendorf Mastercycler gradient. Then the
reactions were measured by the Luminex100 flow cytometer.
2.10. Determination of mtDNA Full-Length Sequence
2.10.1. First PCR. The entire mitochondrial genome was
amplified as six fragments, each approximately 3.0 kb in
length, by a symmetric PCR method with primer pairs as
stated previously [28]. The PCR amplification was conducted
in a final reaction volume of 20 μL, containing 50 ng human
genomic DNA, 10 mM Tris-HCl (pH 8.3), 50 mM KCl,
1.5 mM MgCl2 , 0.2 mM concentration of each dNTP, 1.0 μM
concentration of each primer, and 1 unit of pfu DNA
polymerase (Takara Bio Inc.). The PCR conditions used
were as follows: an initial denaturation step at 94◦ C for
5 min, followed by 40 cycles of denaturation at 94◦ C for
15 s, annealing at 58◦ C for 35 s, and extension at 72◦ C for
3 min, with a final extension of 10 min at 72◦ C. The amplified
fragments were analyzed by electrophoresis on a 1% agarose
gel and visualized by ethidium bromide staining.

2.10.2. Second PCR. The first PCR DNA templates for
sequence analysis of the entire mitochondrial genome were
amplified as 32 overlapping segments, each approximately
500–1100 bp as shown previously [28]. The PCR amplifications were conducted in a final reaction volume of 20 μL,
containing 200 ng of the first PCR product, 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 1.5 mM MgCl2 , 0.2 mM concentration
of each dNTP, 1.0 μM concentration of each primer, and
0.5 units of pfu DNA polymerase (Takara Bio Inc.). The
PCR conditions used were the same as those for the first
PCR except that the annealing temperature used was 60◦ C.
The second PCR fragments were analyzed by electrophoresis
on a 1.5% agarose gel and visualized by ethidium bromide
staining.
2.11. Sequence Analysis and mtSNP Identification. The second PCR template and primers were sent to the Genome
Research Center, Sequencing Center of National Yang-Ming
University, which performed the sequence using Applied
Biosystems. The primers used for sequencing were as
described previously [28].

3. Results
3.1. Production of ρ0 Cells from 143B Osteosarcoma Cells.
EtBr was bound to the double-helix DNA and inhibited
replication. MtDNA was more susceptible to EtBr than
nuclear DNA in an indicated concentration of EtBr. Low
dosages of EtBr were used for long-term exposure to fully
deplete mtDNA while maintaining cellular growth. The
reversion of mtDNA in ρ0 cell in the absence of EtBr was
reported to be minimized by prolonged culturing [37]. Thus,
instead of shorter durations of EtBr exposure [29, 38],
143B cells were grown in EtBr for 8 weeks to reduce the
possibility of mtDNA reversion. In order to obtain stable
clones, individual clones were further isolated. The reversion
of mtDNA was examined in the absence of EtBr.
The mtDNA of 143B cells decreased to 0.93 copy/cell after
8 weeks (Table 2). However, mtDNA reversed to the level of
the parental 143B cells after EtBr removal for 14 days. The
possibility of mtDNA reversion was eliminated by isolating
single clones, and six of 16 isolated clones maintained
mtDNA; a level of less than one copy per cell after EtBr
withdrawal for 50 days. Clone no. 38 was selected for another
60 days of culture without EtBr to confirm the irreversibility
of 143B-derived ρ0 cells (Table 2). The ρ0 cells died within 4
weeks without pyruvate and uridine (data not shown).
3.2. Loss of Mitochondrial Oxygen Consumption and Defects
in Respiratory Enzyme Complexes. Since subunit 2 of
cytochrome c oxidase (COX2) was mtDNA encoded, COX2
was examined for ρ0 cells. Immunoblotting demonstrated
undetectable COX2 of ρ0 cells (Figure 1). In terms of oxygen
consumption ability of the ρ0 cells, mitochondrial complex
I- and II-linked respiration monitored in the presence of
glutamate/malate and succinate, respectively, were deficient
in ρ0 cells (Figure 3).
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Table 2: mtDNA copy number of 143B osteosarcoma following
EtBr exposure.
Cell type
143B
ρ0 8w
ρ0 8w revertant
Clone #23
Clone #24
Clone #31
Clone #35
Clone #36
Clone #38
Clone #38

Days without EtBr
—
0
14
50
50
50
50
50
50
110

mtDNA (copy/cell)
1060.11
0.93
1009.9
0.98
0.86
0.98
0.85
0.97
0.97
0.69

143B: parental osteosarcoma; ρ0 8w: 143B following 8 weeks of EtBr
exposure; ρ0 8w revertant: recovered mtDNA level in the absence of EtBr for
14 days.
Clones 23, 24, 31, 35, 36, and 38 were selected clones through limiting
dilution.

3.3. Production of Cybrids Harboring Diﬀerent Haplogroups
from Human Platelet Mitochondria. Sixteen diﬀerent haplogroups were selected from healthy volunteers for mitochondrial genotyping. Platelets from the 16 known mtDNA
haplogroups were fused with ρ0 cells, followed by selection.
All of the transmitochondrial experiments contained negative control groups in which ρ0 cells underwent the same
fusion process in the absence of human platelets. All of the
negative control cells died after selection, while cells fused
with platelets survived (data not shown), suggesting that
fusion was successful, and the mtDNA of ρ0 cells were unable
to revert.
3.4. Mitochondrial Respiratory Function and Mitochondrial
DNA Content Reversed after Transmitochondrial Fusion.
The mtDNA copy number of parental 143B, ρ0 cells and
cybrids harboring human mtDNA suggested that the
depleted mtDNA content in ρ0 cells was reversed following
transmitochondrial fusion (Figure 2). Because most cellular
metabolisms relied on normal mitochondria, the respiratory
function of the cybrids was examined. Parental 143B cells,
ρ0 cells, and cybrids harboring the B5 haplogroup assayed
for oxygen consumption rate indicated that ρ0 cells with
depleted mtDNA demonstrated loss of respiratory function,
whereas transmitochondrial fusion successfully restored the
lost respiration (Figure 3).
3.5. Mitochondrial Polymorphisms Generated Cybrids
Harboring Identical Mitochondrial Genomarkers as the
Original Platelet Donors. To verify the mtDNA haplogroup
of the 16 cybrids, polymorphism sites were reexamined
by Luminex 1000. All 16 cybrids had similar mtDNA
haplogroups as their original donors (data not shown). To
further verify the mtDNA haplogroup of these constructed
cybrids, full-length sequencing for mtDNA was performed.
Nonsynonymous sites in mtDNA genome caused amino
acid substitution in the 16 cybrids (Tables 3 and 4), showing
characterizations of the genetic aspect and corresponding
features of the amino acid.
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3.6. Cybrids with Various mtDNA Haplogroups Exhibited
Diﬀerences in Oxygen Consumption Capacity and Mitochondrial Membrane Potential. Haplogroups N9a and D4a were
reported to be protective against diabetes [24, 25] and
promoted longevity [14], respectively. Haplogroup B4 was
diabetes susceptible, while haplogroup D4 was diabetesresistant [28]. To clarify if mtDNA genetic variations among
these haplogroups influenced mitochondrial respiratory
capacity, cellular oxygen consumption rates were examined in cell lines created from these haplogroups. Cybridharboring mtDNA haplogroups N9a and D4a had significantly higher oxygen consumption rates compared to cybridharboring mtDNA haplogroups B4b, F1a, B5, and D5a in
complex I- and II-linked respiration (Figure 4(a)). Moreover,
compared to cybrid-harboring mtDNA haplogroup B4b,
haplogroups F1a, B5, and D5a also exhibited higher O2
consumption rates in complex I-linked respiration.
Measuring mitochondrial membrane potential (ΔΨm)
among these cybrid lines, the ΔΨm of cybrid-harboring
mtDNA haplogroups B4b and F1a was significantly higher
compared to those of B5, D5a, D4a, and N9a (Figure 4(b)).
This was consistent with a previous report that a cybrid with
higher oxygen consumption rate had lower mitochondrial
membrane potential [39].
3.7. Cybrids Harboring Diﬀerent mtDNA Haplogroups Exhibited Discriminating Tolerance against Oxidative Stress. To
assess whether diﬀerences in OXPHOS capacity aﬀected
cellular tolerance to oxidative stress, the viability of cybrid
cells exposed to various doses of hydrogen peroxide (H2 O2 )
was examined. Under higher H2 O2 concentration, cybridsharboring mtDNA haplogroups F1a, D4a, and N9a had
significant resistance and higher cellular viability compared
to B4b (Figure 5), suggesting that cybrid B4b was much
more sensitive to oxidative stress induced by H2 O2 . Notably,
cybrid-harboring mtDNA haplogroup N9a demonstrated
superior viability under oxidative stress compared to those
with B4b, F1a, B5, D5a, and D4a.

4. Discussion
The present study illustrates the process behind the construction of cybrid lines using samples from a representative
sample of the Taiwanese population harboring diﬀerent
mtDNA haplogroups. The study further demonstrates that
the mitochondria of recomposed cells are functionally intact.
The ρ0 cells defective in mtDNA and lacking in O2 consumption ability have been successfully constructed from 143B
osteosarcoma cells. Their defective mitochondrial function is
restored after transmitochondrial fusion with mitochondria
donated from volunteer platelet donors of diﬀerent mtDNA
haplogroups. The recomposed cybrid lines generated and
tested systemically harbor the sixteen most commonly found
mtDNA haplogroups identified in the Taiwanese population.
Associations between degenerative diseases and mtDNA
haplogroups have previously been documented. Epidemiologic studies reveal that certain mtDNA haplogroups are
prone to disease generation, whereas other haplogroups are
resistant. While the relationship between mtDNA variants
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Figure 1: (a) The absence of mtDNA-encoded protein in ρ0 cells. The expression of mtDNA-encoded COX2 and nuclear-encoded β-actin
in the parental 143B osteosarcoma and ρ0 cell was analyzed by Western blotting. (b) The ρ0 cells failed to survive in the galactose medium
over 48 h, in contrast to the normal growth of the parental 143B cells.
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Figure 2: The mtDNA content of 143B osteosarcoma, ρ0 cell, and
the cybrid harboring the B5 haplogroup was analyzed by real-time
PCR and shown as mtDNA copy number. Data was expressed as
mean ± SEM for three independent experiments.

and disease generation is generally accepted, some studies on
the association of clinical diseases and haplogroup variations
remain controversial. In terms of the 16189 T to C transition
variant of mtDNA and its association with type II diabetes,
both positive and negative reports have been published
[27]. Thus, reliable and reproducible material is essential for
studies concerning the impact of mtDNA haplogroups on the
development of these diseases.
Approximately two decades ago, Attardi’s group demonstrated the construction of transmitochondrial cybrids and
provided a platform for studying mitochondrial function in
cells carrying mtDNA variations in the same nuclear background [29]. Since then, studies using cybrids have shown
the importance of mitochondrial functions and genetics for
normal physiology. An unpublished finding has previously
suggested that Taiwanese harboring the haplogroup B4
have higher prevalence of diabetes mellitus, whereas those
harboring haplogroup B5 are resistant to Parkinson’s disease.
Other studies involving Eastern Asian subjects also reveal
that certain haplogroups exhibit dominant physiologic
performance, including resistance to Parkinson’s disease
generation [18]. However, to date, there is still no complete

set of cybrid cells carrying diﬀerent mtDNA haplogroups
from the general Taiwanese population. This study, therefore,
has created cybrid lines carrying the most commonly occurring haplotypes found among ethnic Chinese population for
future functional and mechanical studies.
One of the problems with constructing cybrid cell lines is
the reversion of the ρ0 cells’ mtDNA, causing contamination
of the parental mtDNA. EtBr chelation may distort the
double-strand DNA structure and is widely used in producing mtDNA-less or mtDNA-depleted cells. Appropriate
EtBr dosage chelating mtDNA with minimal damage to the
nucleus is considered ideal for interfering with the replication
process of mtDNA without aﬀecting cell survival. Very longterm exposure to EtBr can generate stable ρ0 cells with
permanent loss of mtDNA. As such, to harvest stable ρ0 cells,
a modest period of exposure followed by isolating single-cell
clones has been used in the present study. The data suggest
that these ρ0 cells must be stable to prevent mtDNA reversion
and hence ensure the mtDNA consistency of subsequent
cybrids. Characteristics were examined by genetic testing,
translational protein assessment, and functional respiration
testing to verify the validity of transmitochondrial fusion.
In addition, the identity of mtDNA haplogroups of original
donors and cybrids has been reconfirmed by multiple probes,
while full-length sequencing has further demonstrated the
solidity of cybrids.
Physiologic diﬀerences in common European mtDNA
haplogroups using the cybrid model have been reported in
the works of Pello et al. [40] and of Gómez-Durán et al. [39].
Thus, it is feasible to test the mitochondrial respiratory function of the cybrids generated in this study. A previous work
has identified the diabetes-susceptible group (haplogroup
B4) to consist of 10398A and diabetes-resistant group
(haplogroup D4) to consist of C5178A, A10398G, and T152C
[28]. As was expected, the cybrid harboring the mtDNA
haplogroup B4b that carries the 10398A variant is more susceptible to developing diabetes and has a significantly lower
oxygen consumption capacity compared to other commonly
seen haplogroups in Asian populations of ethnic Chinese
background (Figure 4(a)). Consistent with a previous clinical genetic study, cybrids harboring the specific mtDNA

ND4

ND4L

ND3

ATPase6

ATPase8

COII

COI

ND2

Gene

Substitution
G4491A
G4596A
C5178A
A5301G
A5466G
T6253C
G6267A
T7266G
G7598A
A7934G
C8414T
G8584A
C8684T
A8701G
A8860G
G9053A
C9099T
T9128C
T10084C
A10398G
C10400T
T10609C
11138T
G11969A
A12026G

AA change
V→I
V→I
L→M
I→V
T→A
M→T
A→T
S→A
A→T
I→V
L→I
A→T
T→I
T→A
T→A
S→N
I→M
I→T
I→T
T→A
T→A
M→T
(Insertion)
A→T
I→V

B4b
—
—
—
—
—
—
—
G
—
—
—
—
—
—
G
—
—
—
C
—
—
—
—
—

B4a
—
—
—
—
—
—
—
G
—
—
—
—
—
—
G
—
—
—
—
—
—
—
—
—

—
—

B4c
—
—
—
—
—
—
—
G
—
—
—
—
—
—
G
A
—
—
—
—
—
—
—
—

B4d
—
—
—
—
—
—
—
—
—
—
—
—
—
—
G
—
—
—
—
—
—
—
—
—

B5
—
—
—
—
—
—
—
—
—
—
—
A
—
—
G
—
—
—
—
G
—
—
—
—

R
—
—
—
—
—
—
—
—
—
—
—
—
—
—
G
—
—
—
—
—
—
—
—
—

F1a
—
—
—
—
—
—
—
—
—
—
—
—
—
—
G
A
—
—
—
—
—
C
—
—

F2
—
—
—
—
—
—
—
—
—
—
—
—
—
—
G
—
T
—
—
—
—
—
—
—

D4a
—
—
A
—
G
—
—
—
—
—
T
—
—
G
G
—
—
—
—
G
T
—
—
—

D4e
—
—
A
—
—
—
—
—
—
—
T
—
—
G
G
—
—
—
—
G
T
—

Table 3: Nonsynonymous substitution of 16 cybrid cell lines.

—
G

D5a
—
—
A
G
—
—
—
—
—
—
—
—
—
G
G
—
—
—
—
G
T
—
—
—

D5b
—
—
A
G
—
C
—
—
—
—
—
—
—
G
G
—
—
C
—
G
T
—
—
—

E
A
—
—
—
—
—
—
—
A
G
—
—
—
G
G
—
—
—
—
G
T
—

M8
—
—
—
—
—
—
—
—
—
—
—
A
T
G
G
—
—
—
—
G
T
—
T
—
—

C4
—
A
—
—
—
—
—
—
—
—
—
A
—
G
G
—
—
—
—
G
T
—
T
A
—

—
—

N9a
—
—
—
—
—
—
—
—
—
—
—
—
—
—
G
—
—
—
—
—
—
—

—
—

143B
—
—
—
—
—
—
A
—
—
—
—
—
—
—
G
—
—
—
—
—
—
—
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Substitution
T12338C
A12358G
G12406A
G13135A
G13708A
G13759A
A13834G
G13928C
A13942G
13944C
A13966G
T14318C
T14577C
C14751T
C14766T
T14979C
T15204C
A15326G
A15758G

AA change
M→T
T→A
V→I
A→T
A→T
A→T
T→A
S→T
T→A
(Insertion)
T→A
N→S
I→V
T→I
I→T
I→T
I→T
T→A
I→V

B4b
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
G
G

B4a
—
—
—
—
—
—
—
—
—
—
—
—
T
—
—
—
G
—

—
—
—
—
—
—
—
G
—

B4c
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
G
—

B4d
—
—
—
—
A
—
—
—
G
—
—
—
—
—
—
—
G
—

B5
—
—
—
—
—
—
—
—
—

R
—
—
—
—
—
—
—
C
—
C
—
—
—
—
—
—
—
G
—
—
—
—
—
—
—
—
G
—

F1a
—
—
A
—
—
A
—
C
—
—
—
—
—
—
—
—
G
—

F2
C
—
—
—
A
—
—
C
—

Table 3: Continued.

—
—
—
—
—
C
—
G
—

D4a
—
—
—
—
—
—
G
—
—
—
—
—
—
—
—
—
G
—

D4e
—
—
—
A
—
—
—
—
—
—
—
—
—
—
—
—
G
—

D5a
—
—
—
—
—
—
—
—
—
—
—
—
—
T
—
—
G
—

D5b
—
—
—
—
—
—
—
—
—
—
—
C
—
—
—
—
G
—

E
—
—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
G
—

M8
—
—
—
—
—
—
—
—
—

—
C
—
—
—
—
C
G
—

C4
—
—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
G
—

N9a
—
G
—
—
—
—
—
—
—

G
—
—
—
—
—
—
G
—

143B
—
—
—
A
—
—
—
—
—

Nucleotide change, corresponding amino acid change, and the reference mitochondrial sequence were based on MITOMAP (http://www.mitomap.org/MITOMAP).
AA: amino acid; ND2: NADH dehydrogenase subunit 2; COI: cytochrome c oxidase subunit I; COII: cytochrome c oxidase subunit II; ATPase8: ATP synthase F0 subunit 8; ATPase6: ATP synthase F0 subunit 6;
ND3: NADH dehydrogenase subunit 3; ND4L: NADH dehydrogenase subunit 4L; ND4: NADH dehydrogenase subunit 4; ND5: NADH dehydrogenase subunit 5; ND6: NADH dehydrogenase subunit 6; Cytb:
cytochrome b.

Cytb

ND6

ND5

Gene
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T10084C

B4b

B4c

G13708A,
A13942G

B4d

A10398G

B5

A8860G

A8860G

A8860G,
G9053A

A8860G

G8584A,
A8860G

F1a

F2

A8860G

A8860G,
G9053A

A15326G

A8860G,
C9099T
C8414T

A8701G,
A8860G

C8414T

A8701G,
A8860G

A15326G T14979C, A15326G
A15326G

G13135A
T14577C
A15326G C14766T, A15326G
A15326G
T6253C
G7598A,
A7934G
A8701G, A8701G, A8701G,
A8860G A8860G, A8860G
T9128C

G8584A,
C8684T,
A8701G,
A8860G

A15326G

143B

A12358G G13135A,
A13966G

N9a

G8584A,
A8701G,
A8860G

A8860G

A8860G

T14318C
T15204C, A15326G A15326G
A15326G
G6267A

D4a
D4e
D5a
D5b
E
M8
C4
C5178A, C5178A C5178A, C5178A, G4491A
G4596A
A5466G
A5301G A5301G
A10398G, A10398G, A10398G, A10398G, A10398G, A10398G, A10398G,
C10400T C10400T C10400T C10400T C10400T C10400T C10400T
A12026G
ins11138T ins11138T,
G11969A

T10609C
13928, G12406A, T12338C, A13834G
insl3944C G13759A, G13708A,
G13928C G13928C,

R

T14751C, A15326G, A15326G A15326G A15326G A15326G
A15326G A15758G
T7266G T7266G T7266G

B4a

ND2: NADH dehydrogenase subunit 2; COI: cytochrome c oxidase subunit I; COII: cytochrome c oxidase subunit II; ATPase8: ATP synthase F0 subunit 8; ATPase6: ATP synthase F0 subunit 6; ND3: NADH
dehydrogenase subunit 3; ND4L: NADH dehydrogenase subunit 4L; ND4: NADH dehydrogenase subunit 4; ND5: NADH dehydrogenase subunit 5; ND6: NADH dehydrogenase subunit 6; cytb: cytochrome b;
ins: insertion.

ATPase8

ATPase6

COII

COI

Cytb

ND6

ND5

ND4L

ND4

ND3

ND2

Table 4: Summary of changes in each gene in each haplogroup.
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Glutamate
+ malate

Rotenone

220

220
200
nmole O2 /mL

nmole O2 /mL

200

180

160

Succinate

180
160

Rotenone

Antimycin A
140

140
0

50

100

0

150

50

100

150

Time (s)

Time (s)
143B
ρ0
B5

143B
ρ0
B5
(a)

(b)

nmole O2 /min/106 cells

0.6

0.4

0.2

0

Complex I

Complex II

143B
ρ0
B5
(c)

Figure 3: Oxygen consumption of 143B osteosarcoma, ρ0

cell, and the cybrid harboring the mtDNA haplogroup of B5. (a) Complex I-linked
respiration was performed by adding 10 mM glutamate and 10 mM malate in the presence of 0.1 mM ADP. The complex I inhibitor, rotenone,
terminated the respiration. (b) Complex II-linked respiration preincubated with rotenone was performed by adding succinate in the presence
of 0.1 mM ADP. The complex III inhibitor, antimycin A, terminated the respiration. (c) Quantitative data of oxygen consumption expressed
in slope were shown as mean ± SEM for three independent experiments.

haplogroup carrying A10398G (B5) or in combination with
C5178A and A10398G (D4a and D5a) display superior
oxygen consumption capacity compared to cybrids with B4b
(Figure 4(a)). Furthermore, the superior oxygen consumption capacity of cybrids with N9a and D4a is also compatible
with findings of Tanaka and colleagues, who reported that
D4a is related to a longer lifespan, and haplogroups N9a and
D5 are resistant against metabolic syndromes [14, 25].
Closely related to oxygen consumption and cellular
energy need, the value of ΔΨm is a key indicator of cellular
metabolic activity. Compatible with a previous report [39],
ΔΨm is inversely related to the decrease in oxygen consumption rate in the cybrid related to disease conditions (B4b)

(Figure 4(b)). This suggests that eﬃcient energy production
through the OXPHOS machinery is associated with less ΔΨm
and related to cellular resistance to stressful environment.
Testing cellular response of the cybrid cell lines to H2 O2 induced oxidative stress, cybrid cells carrying various
mitochondrial genomic backgrounds have significant
differences in survival rates in response to ROS exposure
(Figure 5). Consistent with oxygen consumption data, the
cybrid harboring the haplogroup N9a is the most resistant
to H2 O2 -induced damage.
In conclusion, the present study has generated cybrid
lines harboring the most commonly occurring haplogroups
in the Taiwanese population of ethnic Chinese background.

Oxidative Medicine and Cellular Longevity
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∗

1, 2, 3, 4, 5

100

∗

∗

0.4

∗

1

∗

1

∗

∗

1, 2

1, 2

1, 2

B5

D5a

D4a

∗

1, 2

80

1, 2, 3, 4

∗ 1, 2, 3, 4

1, 2, 3, 4
∗

1

60

(%)

nmole O2 /min/106 cells

0.6

∗

40

0.2

20
N9a

D4a

D5a

B5

F1a

B4b

N9a

D4a

B5

D5a

F1a

B4b

0
0
B4b

F1a

N9a

Complex I-linked respiration
Complex II-linked respiration
(b)

(a)

Figure 4: Oxygen consumption rate and mitochondrial membrane potential of cybrids harboring B4b, F1a, B5, D5a, D4a and N9a. (a)
Complex I-linked respiration was performed by adding 10 mM glutamate and 10 mM malate in the presence of 0.1 mM ADP. Complex
II-linked respiration pre-incubated with rotenone was performed by adding succinate in the presence of 0.1 mM ADP. (b) The mean TMRE
fluorescence value of B4b was set to 100%. Data were expressed as mean ± SEM for four independent experiments. The statistical significance
of diﬀerences between groups was determined by one-way analysis of variance followed by Bonferroni post hoc test. ∗ P < 0.05 compared to
(1) B4b, (2) F1a, (3) B5, (4) D5a, and (5) D4a.
∗

1,2,3,4

Cell viability (%)

100

∗

∗

∗∗

1,2,3,4
∗

50

∗

0
0

1
10
100
H2 O2 concentration (μM)

B4b
F1a
B5

200

D5a
D4a
N9a

Figure 5: Cellular viability of cybrids under various concentration of H2 O2 for 4 h. WST-8 assay for viability was determined by spectrophotometry at 450 nm. Data (mean ± SEM, n = 8) expressed as percentage relative to B4b in the untreated control was determined by one-way
analysis of variance followed by Bonferroni post hoc test. ∗ P < 0.05 compared to B4b and to (1) F1a, (2) B5, (3) D5a, and (4) D4a.

Mitochondrial respiratory function, membrane potential,
and cellular survival in response to oxidative stress are also
diﬀerent among these common cybrid lines. This set of
cybrid cell lines may be useful for future studies regarding
the impact of common human mtDNA variances on disease
generation and progression.
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Hydrogen sulfide (H2 S) has historically been considered to be a toxic gas, an environmental and occupational hazard. However,
with the discovery of its presence and enzymatic production through precursors of L-cysteine and homocysteine in mammalian
tissues, H2 S has recently received much interest as a physiological signaling molecule. H2 S is a gaseous messenger molecule that
has been implicated in various physiological and pathological processes in mammals, including vascular relaxation, angiogenesis,
and the function of ion channels, ischemia/reperfusion (I/R), and heart injury. H2 S is an endogenous neuromodulator and present
studies show that physiological concentrations of H2 S enhance NMDA receptor-mediated responses and aid in the induction
of hippocampal long-term potentiation. Moreover, in the field of neuronal protection, physiological concentrations of H2 S in
mitochondria have many favorable eﬀects on cytoprotection.

1. Introduction
Hydrogen sulfide (H2 S) is well known as a transparent, toxic
gas with the characteristic strong smell of rotten eggs [1]. In
nature, H2 S is produced primarily by the decomposition of
organic matter and is also found in natural gas, petroleum,
and volcanic and sulfur-spring emissions [2]. H2 S is a small
molecule that can travel through cell membranes without
using specific transporters. The majority are metabolized
to sulfate and thiosulfate via oxidative metabolism in mitochondria, while only low levels of H2 S can be converted into
less toxic compounds by the cytosolic detoxification pathway
[3, 4]. These metabolic products are then expelled within 24
hours via the kidneys, intestinal tract, and lungs, to maintain
balanced H2 S levels [5]. Under normal circumstances, H2 S
does not accumulate, which means that under physiological
conditions, endogenous H2 S is not toxic to cells.
Recent evidence clearly indicates that mammalian tissues
can also produce H2 S through an endogenous synthetic
system, that consists primarily of two enzymes, cystathionine

β-synthase (CBS; EC 4.2.1.22) and cystathionine γ-lyase
(CSE; EC 4.4.1.1) [6, 7]. The amino acid L-cysteine is a
major substrate for H2 S synthesis. Recent studies in humans
show that H2 S can also be synthesized from endogenous
substrates in the gastrointestinal tract [8]. Measurement of
H2 S synthesis in the rat and mouse gastrointestinal tract has
illustrated that CSE is expressed in all tissues with the highest
level of expression in the liver. CBS is also expressed in all
tissues but highest levels of CBS expression are found in the
brain [6, 9].
In mitochondria, H2 S acts as a cytoprotective factor
by inhibiting the activity of cytochrome oxidase following ischemia/reperfusion (I/R), upregulating the level of
superoxide dismutase (SOD), and downregulating levels of
reactive oxygen species (ROS). H2 S also acts as both a
neuroprotectant by increasing the production of glutathione
(GSH) and by modulating CSE translocation to mitochondria and the supply of ATP during hypoxia. Mitochondria
play a key role in cell death pathways [10], and H2 S is
involved in regulating apoptosis [11]. Although various types
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of proapoptotic signals trigger the cell-death cascade, they
may all converge in mitochondria.
The physiological regulation of H2 S as a gasotransmitter
and modulator in both central and peripheral systems will be
discussed below, along with the unique role that H2 S plays in
mitochondria.

2. Basal H2 S Generation and
Metabolism, and Its Physiological
and Pathophysiological Functions
2.1. Enzymes That Produce Endogenous H2 S. Three enzymes
have been identified that produce endogenous H2 S: cystathionine β-synthase (CBS), cystathionine γ-lyase (CSE),
and 3-mercaptopyruvate sulfur transferase (3MST). These
three enzymes all produce H2 S from cysteine. CBS and CSE
are expressed in many tissues, including the kidney and liver.
However, in the human brain CBS is the main producer of
H2 S, while in thoracic aorta, ileum, portal vein, and uterus,
CSE is predominant. 3-MST is also expressed in the brain,
but most of the H2 S produced by 3-MST are bound in the
form of sulfane sulfur, one of the forms in which endogenous
H2 S is stored [12].
Understanding the distinct expression patterns of the
three enzymes is helpful for drug design. Each enzyme may
be a possible target for modulating endogenous H2 S, while a
lack of cysteine may lead to a nonspecific decrease of H2 S.
CBS is a pyridoxal-5 -phosphate- (PLP-)dependent
enzyme. Using northern blot assays, CBS was shown to be
expressed in the hippocampus, cerebellum, cerebrum, and
brainstem [13]. Besides producing H2 S from cysteine, CBS
also catalyzes the condensation reaction of homocysteine,
which CSE cannot do. CBS is mainly localized in cerebellar
Bergmann glia and astrocytes [14]. An in vitro study showed
that the H2 S level in cultured astrocytes was more than
sevenfold higher than that of microglial cells [15]. H2 S
levels drop when CBS inhibitors such as hydroxyl amine
and aminooxyacetate are induced. Inflammatory activation
of astrocytes and microglia can also decrease the expression
of CBS, leading to a decrease in H2 S in the brain. These
findings indicate that endogenous H2 S in the brain is
mainly produced by CBS, and that modulation of the
expression of CBS can change the level of H2 S. This has
great pharmacological potential for the treatment of central
nervous system disorders.
Several endogenous and exogenous compounds such
as epidermal growth factor (EGF), transforming growth
factor-α (TGF-α) and cyclic adenosine monophosphate
(cAMP), can upregulate the expression of CBS mRNA or
the transcription of CBS [7]. CBS expression is abnormal in
several diseases. CBS expression levels in the brains of Down’s
syndrome patients were found to be three times higher than
normal levels, while low expression levels of CBS alleles
were found in children with a high IQ [7]. This observation
suggests that overexpression of CBS may have a negative
influence on cognitive function. However, the absence of CBS
causes severe diseases, such as homocysteinemia.
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CSE is also a pyridoxal-5 -phosphate- (PLP-)dependent
enzyme. CSE is mainly localized in the liver and kidney
and in both vascular and nonvascular smooth muscle. Low
levels of CSE are also detectable in the small intestine and
stomach of rodents [16]. The expression levels of CSE in
vascular smooth muscle can be ranked as artery > aorta > tail
artery > mesenteric artery [16]. Regulation of CSE is less well
understood than the regulation of CBS. CSE is upregulated
by S-nitroso-N-acetylpenicillamine (SNAP), which is a type
of NO donor. Sodium nitroprusside (SNP), another nitric
oxide (NO) donor, increases the activity of CSE. Intriguingly,
H2 S interacts with and can act synergistically with NO
in vasorelaxation, suggesting that H2 S production in the
cardiovascular system may be involved in the vasorelaxation
eﬀect of NO [17–19].
3MST and cysteine aminotransferase (CAT) are recently
identified enzymes that can produce H2 S from cysteine in
the brain [10]. In brain homogenates of CBS knockout mice,
H2 S can still be detected, which suggests the existence of
another H2 S producing enzyme [20]. The activity of this
enzyme requires components from both the mitochondria
and cytosol. 3MST and CAT are located in the mitochondria
and can act as the synaptosome, while α-ketoglutarate is
the cytosolic compound [7, 20, 21]. However, 3MST and
CAT exert their enzymatic activity at pH 7.4, which is
relatively alkaline, and the intermediate of CAT catalysis,
3-mercaptopyruvate (3MP), is an unstable molecule that
aﬀects the production of 3MST, which suggests that this
pathway cannot produce H2 S under physiological conditions
[7, 20]. Aspartate is another substrate for CAT, that can
competitively combine with CAT and suppress H2 S production. There are several important diﬀerences between 3MST
and CBS. First, CBS is mainly localized in astrocytes while
3MST is mostly detected in neurons. Second, 3MST produces
bound sulfane sulfur more eﬃciently than CBS. Third, 3MST
carries sulfur from H2 S to bound sulfane sulfur, while such
activity in CBS is weak [7]. 3MST can also be found in
the thoracic aorta. 3MST, CAT, and α-ketoglutarate can all
be found in endothelium, which suggests that H2 S can be
produced in the endothelium.
2.2. Storage and Release of H2 S. The major cellular sources
of H2 S and the mechanism of H2 S release remain unknown,
although several possibilities have been proposed. Two forms
of sulfur that can release H2 S have been detected and
methods have been developed to measure the levels of free
H2 S.
Basal levels of free H2 S must be kept low because
frequent exposure to relatively high concentrations of H2 S
leads to desensitization of the response to H2 S. Some
endogenous H2 S is likely to be released immediately after
it is produced, but the majority are stored and released
following stimulation. Two forms in which endogenous H2 S
can be stored are acid-labile sulfur and bound sulfane sulfur.
However, many unanswered questions regarding the stored
form of endogenous H2 S still remain [7].
Acid-labile sulfur is mainly localized in the iron-sulfur
center of mitochondrial enzymes. However, it can only
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release H2 S at approximately pH 5.4, which suggests that
it is not a physiological source of H2 S [22]. Besides acid
conditions, acid-labile sulfur also releases H2 S when the
enzymes are treated with detergents and protein denaturants,
because iron-sulfur complexes are unstable and readily
release H2 S when detached from enzymes.
In contrast to acid-labile sulfur, bound sulfane sulfur
releases H2 S under reducing conditions. Bound sulfane
sulfur consists of divalent sulfur bound only to other
sulfur atoms, in the forms of polysulfide, elemental sulfur,
and persulfide. Under reducing conditions, approximately
pH 8.4 is needed for cells to release H2 S under physiological
concentrations of glutathione and cysteine [22]. Cells that
express 3MST and CAT show a nearly two-fold increase in
bound sulfane sulfur levels compared to cells without 3MST
and CAT. This suggests that the H2 S produced by 3MST/CAT
is mainly stored as bound sulfane sulfur. Most exogenously
applied H2 S are also stored as bound sulfane sulfur [7].
Several methods have been developed to measure free
H2 S under various conditions with relatively high accuracy
[23]. Monobromobimane binds to thiols when mixed with
brain homogenates, making it possible to determine H2 S
levels by using mass spectroscopy to measure the amount of
monobromobimane bound to H2 S [7]. Using this method, it
is possible to determine the free H2 S concentration in specific
tissues. Furthermore, if brain homogenates are mixed with
phosphate buﬀer, H2 S stored in acid-labile sulfur form can
be released and measured in addition to free H2 S. A method
for measuring H2 S derived mainly from acid-labile sulfur
has been widely applied. For this method, homogenates
are treated with N,N-dimethyl-p-phenylenediamine sulfate
and FeCl3 in high concentrations of HCl, resulting in the
production of methylene blue, which can subsequently be
measured. In this method, only H2 S trapped in tissues,
which cannot evaporate into the air and which can be
released under acid conditions, are measured [7]. Bound
sulfane sulfur releases H2 S under reducing conditions, so
cells treated with dithiothreitol (DTT) will easily release H2 S
from this source.
2.3. Peripheral Functions of H2 S. Some studies claim that
H2 S inhibits human recombinant Ca2+ -activated K+ channels (BKCa ) and native BKCa channels expressed in the
carotid body in rats. In addition, these channels are widely
distributed in the central nervous system and vasculature.
The inhibition of BKCa channels by H2 S is of fundamental
physiological importance to carotid body function. However,
another report has indicated that H2 S increased the activity
of BKCa channels expressed in a rat pituitary cell line, leading
to hyperpolarization and relaxation of smooth muscle cells
(SMCs) [24, 25].
T-type Ca2+ channels are a unique class of voltage-gated
Ca2+ channel. Regulation of T-type Ca2+ channels is an
important feature of both acute and chronic pain sensations.
H2 S can activate or sensitize the channels in primary aﬀerent
and spinal sensory neurons. This may, in part, account
for hyperalgesia and chronic pain, because hyperalgesia
and allodynia can be prevented by CSE inhibitors as well
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as by a T-type channel inhibitor. Hyperalgesia can also
be suppressed by blocking endogenous H2 S production.
However, no detailed electrophysiological investigation of
the modulation of T-type Ca2+ channels by H2 S has been
performed [24].
H2 S produced via CSE has been shown to relax vascular smooth muscle via the opening of ATP-sensitive K+
(KATP ) channels, which may contribute significantly to the
regulation of blood pressure. H2 S is a major endotheliumderived hyperpolarizing factor (EDHF) that causes vascular
endothelial and smooth muscle cell hyperpolarization and
vasorelaxation by activating the ATP-sensitive, intermediate
conductance, and small conductance K+ channels through
cysteine S-sulfhydration [20]. Most importantly, the vasodilation induced by H2 S is attributable, at least in part,
to activation of KATP . Besides, a major component of
endothelium-derived relaxing factor (EDRF) activity derives
from hyperpolarization. Glibenclamide markedly reduces
the H2 S precursor sodium hydrogen sulfide (NaHS), elicited
vasorelaxation and hyperpolarization, which indicates that
H2 S acts primarily through KATP . Mustafa et al. have
confirmed that the H2 S-induced vasorelaxation through
KATP reflects direct eﬀects on vascular smooth muscle, as
NaHS relaxation is abolished by certain concentrations of
glibenclamide and KCl in endothelium-denuded mesenteric
artery [26].
The eﬀects on cell hyperpolarization in intact and
endothelium-denuded mesenteric arteries are not mediated
by KATP , but by the combination of intermediate- and smallconductance Ca2+ activated K+ channels (IKCa /SKCa channels), as hyperpolarization is completely blocked by selective
IKCa and SKCa channel inhibitors such as charybdotoxin
and apamin [24, 26]. The combination of glibenclamide and
charybdotoxin/apamin markedly abolishes all H2 S-mediated
vasorelaxation and hyperpolarization in rat arteries.
The cardiovascular eﬀects of H2 S include relaxing vascular smooth muscle in vitro and inhibiting vascular smooth
muscle proliferation and transient hypotension [27–29]. CSE
is expressed in peripheral vascular systems, including the
aorta, tail artery, mesenteric artery, pulmonary artery, and
portal vein in rats, while CBS is undetectable in these blood
vessels [29]. H2 S can be produced by 3MST/CAT pathway in
vascular endothelium. Both 3MST and CAT were localized to
endothelium [30]. The vascular eﬀects of H2 S are extremely
complex with great species and strain diﬀerences.
H2 S has an inhibitory eﬀect on L-type Ca2+ currents
in normotensive and spontaneously hypertensive rat strains,
and it is speculated that this important modulatory eﬀect
of H2 S may contribute not only to a reduction in blood
pressure, but also to longer term protective eﬀects [31]. The
T-type and L-type Ca2+ channels seem to be the target of
H2 S regulation, while there is evidence that H2 S raises the
intracellular calcium concentration via the activation of Ltype Ca2+ channels [25].
Kubo et al. investigated the inhibitory role of H2 S on
endothelial NO synthase, using sodium hydrogen sulfide
(NaHS) as a H2 S donor and glibenclamide as a KATP channel
inhibitor [32]. They showed that low concentrations of
H2 S that caused contractions and high concentrations cause
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relaxation in the rat aorta, suggesting that there are two
mechanisms for vasorelaxation: KATP channel dependent
and KATP channel independent. The secondary eﬀect of
H2 S-induced vasorelaxation was a decline in blood pressure, which was antagonized by glibenclamide. This study
also indicated that NaHS at 30–3000 μM directly inhibits
endothelial nitric oxide synthase (eNOS) activity in a
concentration-dependent manner, causing increased vascular tension [33]. Thus, H2 S functions appear to be closely
related to those of NO [34].
H2 S is also an important endogenous vasorelaxant factor
[35]. A study by Zhao et al. on rat aortic tissues both in
vivo and in vitro demonstrated that intravenous injection
of H2 S could provoke a transient but significant decrease
in mean arterial blood pressure [9]. This indicates that H2 S
may act as a hyperpolarizing factor, the eﬀect of which
was amplified in the endothelium. The direct eﬀect of
H2 S on KATP channel currents and membrane potential
was magnified in isolated vascular SMCs. A H2 S-induced
increase in KATP channel currents would lead to membrane
hyperpolarization, resulting in smooth muscle relaxation.
The widely accepted hypothesis is that endogenous sources
of H2 S are present in vascular tissues. Furthermore, NO has
been implicated in angiogenesis by many reports, and it can
trigger the generation of H2 S by upregulating the expression
of CSE. Therefore, NO appears to be a physiological modulator of the endogenous production of H2 S by raising CSE
expression and stimulating CSE activity in vascular tissues.
NO donors upregulate expression and activity of CSE in
vascular tissues and cultured aortic SMCs. NO inhibition and
subsequent vascular tension are magnified by endogenous
H2 S, which may contribute to circulatory regulation under
physiological conditions [9]. The vasorelaxation induced
by H2 S comprises a minor endothelium-dependent eﬀect
and a major direct eﬀect on smooth muscles. This differs from the eﬀects of NO, which only acts on smooth
muscles. Conceivably, these two gases may function as a
molecular switch for regulating vascular tone. This may be
of therapeutic interest for various types of heart disease
[9, 32].
Current evidence suggests that H2 S plays an important
role in brain functions. It plays a neuromodulatory role in
maintaining the balance of excitation and inhibition by a
series of ion channel and receptor-mediated eﬀects, which
results in upregulation the γ-amino butyric acid (GABA) B
receptor (GABABR) and increased K+ conductance. It has
also been shown to be important for fine-tuning inhibitory
neurotransmission.
Moreover, possible physiological functions of H2 S
include long-term potentiation through activation of NMDA
receptors, regulating the redox status, and inhibiting oxidative damage through scavenging free radicals and reactive
species. Together, this indicates that H2 S has a positive
impact on protecting neurons from oxidative stress in both
extracellular and intracellular microenvironments. It can
also fine-tune the inhibitory impact on hyperpolarizing
neurons by increasing K+ eﬄux via KATP channels or through
stimulation of the postsynaptic receptors that generate longlasting inhibitory postsynaptic potentials [36].
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Endogenous H2 S is a novel neuromodulator and transmitter in the brain. H2 S is also involved in pathologies of
the central nervous system such as stroke and Alzheimer’s
disease. In stroke, H2 S appears to act as a mediator of
ischemic injuries and thus inhibition of its production has
been suggested to be a potential therapeutic approach.
Nonsteroidal anti-inflammatory drugs (NSAIDs) are
among the most commonly used anti-inflammatory drugs
but they have significant side eﬀects, such as gastrointestinal
ulceration and bleeding, allergy, and coagulation disorder.
NSAIDs are, therefore, limited in their application.
There is an emerging evidence that physiological concentrations of H2 S can modulate inflammatory processes or
even exert a range of anti-inflammatory eﬀects and accelerate healing by downregulating inflammatory responses
[37]. In addition, H2 S donors have been shown to reduce
edema formation and leukocyte adherence to the vascular endothelium and to inhibit proinflammatory cytokine
synthesis. H2 S donors can also increase the resistance of
the gastric mucosa to injury and accelerate repair. The
H2 S generating enzymes are constitutively expressed in
many tissues and their expression can be upregulated in a
variety of conditions, including at the site of injury. Several
studies have demonstrated that physiological concentrations
of H2 S produce anti-inflammatory eﬀects, whereas higher
concentrations, which can be produced endogenously in certain circumstances, exert pro-inflammatory eﬀects. However,
these inhibitory eﬀects can be reversed by glibenclamide,
suggesting the actions are mediated through KATP channels.
In rats, H2 S donors can suppress leukocyte adherence to
the vascular endothelium induced by superfusion of mesenteric venules with the pro-inflammatory peptide, formylmethionyl-leucyl-phenylalanine (fMLP) [38, 39].

3. Mitochondrial Function in Diseases
Mitochondrial dysfunction plays a vital role in many human
disease because of the important roles of mitochondria in
cellular metabolism. DNA mutation, hypoperfusion, and
generation of ROS may be key factors in the induction
of mitochondrial damage and dysfunction [40–42]. Mitochondrial diseases include neurological disorders, myopathy,
diabetes, and multiple endocrinopathy [43]. Diseases caused
by mtDNA mutation, including Kearns-Sayre syndrome,
MELAS syndrome, and Leber’s hereditary optic neuropathy,
are always passed down from the mother because of the
mtDNA in the ovum [35]. Diseases such as Kearns-Sayre
syndrome, Pearson’s syndrome, and progressive external
ophthalmoplegia are caused by large-scale rearrangement of
mtDNA, while diseases such as MELAS syndrome, Leber’s
hereditary optic neuropathy, and myoclonic epilepsy with
ragged red fibers are caused by point mutations in mtDNA
[43].
In many diseases such as Friedreich’s ataxia, hereditary
spastic paraplegia, and Wilson’s disease, genetic defects lead
to dysfunction of mitochondrial proteins [44]. These diseases
are always dominantly inherited. In some other diseases, such
as coenzyme Q10 deficiency and Barth syndrome, oxidative
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phosphorylation enzymes are mutated [43]. In addition,
environmental factors have also been reported to cause
mitochondrial diseases [45].
Many seemingly unrelated diseases such as Alzheimer’s
disease, Parkinson’s disease, stroke, cardiovascular disease,
and diabetes mellitus may be caused by a common factor:
ROS [46–49]. Mitochondrially mediated oxidative stress
plays an important role in cardiomyopathy induced by type
2 diabetes, including in fatty acid-induced mitochondrial
uncoupling, mitochondrial ROS production, mitochondrial
proteomic remodeling, impaired mitochondrial calcium
handling, and altered mitochondrial biogenesis [36].
Comparing with exogenous antioxidants, endogenous
antioxidants like γ-glutamylcysteinyl GSH are much more
promising, because they are our systematic scavengers with
no more additional side eﬀects. Nowadays, endogenous
messaging molecules including carbon monoxide (CO), NO,
and H2 S are attracting more and more attention worldwide.
Taking hydrogen sulfide for instance, it itself can function
as an antioxidant while it regulates the dynamic equilibrium
between GSH and glutathione disulfide by enhancing GSH
production at the same time increase GSH uptake [50].
Besides, low concentration of hydrogen sulfide will activate
the protection eﬀect of NO via other pathways. With deeper
investigation of these signaling molecules, practical and
harmless methods for scavenging ROS will appear in the
future.

4. The Role of H2 S in Mitochondrial Function
ATP, which contains high-energy phosphate bonds, is
produced in mitochondria and the cytosol via glycolysis,
substrate-level phosphorylation, and oxidative phosphorylation. With hydrolysis of the phosphate bond, energy is
released. Many photoautotrophic and chemoautotrophic
bacteria and certain animals use sulfide as an energy
substrate. H2 S can improve mitochondrial ATP production
in SMCs with impaired ATP production, especially following
hypoxia [51]. It has been demonstrated that H2 S can
drastically reduce metabolic demand, meaning that the
metabolism of H2 S in mitochondria may serve as a means
for energy supplementation. H2 S may function as an energy
substrate to sustain ATP production under stress conditions.
In other words, in conjunction with hypoxia, H2 S may help
to produce more ATP.
4.1. Mitochondrial Metabolism. Under resting conditions,
CSE is localized only in the cytosol, but not in the
mitochondria of SMCs. Cysteine levels inside mitochondria
are approximately three times higher than in the cytosol.
However, in response to hypoxia CSE can translocate from
the cytosol to mitochondria to confer resistance by increasing
ATP synthesis. The promotion of CSE translocation is
promoted by increased intracellular calcium levels via the
calcium ionophore. Tissue metabolism relying on oxygen
supply and oxidative phosphorylation or H2 S production
is greatly dependent on CSE, such as in vascular SMCs.
Therefore, the stimuli for CSE translocation to mitochondria
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to sustain ATP production under stress conditions may be
diverse. Translocation of CSE to mitochondria metabolizes
cysteine, produces H2 S inside mitochondria, and increases
ATP production.
4.2. Inhibition of Cytochrome Oxidase. Mitochondria are the
major source of oxidative stress. Acute oxidative stress causes
serious damage to tissues, and persistent oxidative stress is
one of the causes of the aging process and of many common
diseases, such as cancer [52]. Mitochondria are central to
oxidative phosphorylation and are also involved in various
aspects of apoptosis. Mitochondrial dysfunction contributes
to a wide range of human pathologies. Perturbation of
mitochondrial function causes loss of the mitochondrial
transmembrane potential and the release of apoptogenic
factors. Excessive oxidative damage is a major factor in many
cases of mitochondrial dysfunction, because the mitochondrial respiratory chain is a significant source of damage.
H2 S metabolism occurs through three pathways: oxidation,
methylation, and reaction with cytochrome C and other
metalloproteins or disulfide-containing proteins. The major
metabolic pathway for H2 S is the rapid multistep hepatic oxidation of sulfide to sulfate and the subsequent elimination of
sulfate in the urine. Tissues with high oxygen demand, such
as the brain and heart, are especially sensitive to disruption
of oxidative metabolism by H2 S. The primary mechanism for
the toxic action of H2 S is direct inhibition of cytochrome
oxidase, a critical enzyme for mitochondrial respiration.
Human exposure to H2 S results in concentration-dependent
toxicity in the respiratory, cardiovascular, and nervous
systems. Inhibition of cytochrome oxidase is the primary
biochemical eﬀect associated with lethal H2 S exposure.
Acute human exposure to relatively low concentrations
of H2 S results in ocular and respiratory mucous membrane
irritation leading to nasal congestion, pulmonary edema,
and a syndrome known as gas eye, which is characterized
by corneal inflammation. Acute human exposure to high
concentrations of H2 S leads to rapid onset of respiratory
paralysis and unconsciousness that can result in death within
minutes. Persistent sequelae of H2 S poisoning are often
related to the olfactory system and may include hyposmia,
dysosmia, and phantosmia. In animals, the olfactory system
is especially sensitive to H2 S inhalation. Acute exposure
to moderately high concentrations of H2 S in rats resulted
in regeneration of the nasal respiratory mucosa and full
thickness necrosis of the olfactory mucosa.
The release of cytochrome C into the cytosol is an
apoptogenic factor that induces cell death. Dorman et al.
evaluated the relationship between the sulfide concentrations
and cytochrome oxidase activity in target tissues following
acute exposure to sublethal concentrations of inhaled H2 S
and examined the toxicokinetics of H2 S in rats following acute exposure to sublethal concentrations of the gas
[53]. Depression of lung cytochrome oxidase activity was
observed following exposure to 30 ppm H2 S, while hindbrain cytochrome oxidase activity was unaﬀected by H2 S
inhalation. Significant cytochrome oxidase inhibition in the
olfactory epithelium occurred after repeated exposure to H2 S
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over five days. Subchronic exposure to 80 ppm H2 S resulted
in reduced cytochrome oxidase activity in the lung but
not in the hindbrain. However, lung sulfide concentrations
increased during exposure to 400 ppm H2 S. Lung sulfide
concentrations rapidly returned to preexposure levels within
minutes after the end of a three-hour period of exposure,
suggesting that rapid pulmonary elimination or metabolism
of sulfide occurs. Exposure of rats to a low concentration
(10 ppm) of H2 S caused no significant changes in the
activities of lung mitochondrial enzymes. However, exposure
to sublethal concentrations of H2 S (50–400 ppm) produced
marked and highly significant depressions in the activities
of cytochrome oxidase and succinate oxidase complexes of
the respiratory chain. Acute exposure to low concentrations
(>30 ppm) of H2 S is associated with cytochrome oxidase
inhibition in the lung. Inhibition of cytochrome oxidase
often occurs in the absence of elevated H2 S levels in tissue
[53, 54].
4.3. H2 S as a Brain Neuroprotectant. H2 S protects neurons
from oxidative stress by increasing the levels of GSH, a
major intracellular antioxidant [10]. In oxidative glutamate
toxicity, when extracellular concentrations of glutamate are
increased, the import of cystine in exchange for glutamate by
the cystine/glutamate antiporter is decreased. Since cystine
is reduced to cysteine in cells for the synthesis of GSH,
a decline in cystine import leads to a depression in the
synthesis of GSH. H2 S protects cells from oxidative stress
by three mechanisms: by enhancing the production of GSH,
by raising the levels of cystine/cysteine transporters, and by
redistributing the localization of GSH to mitochondria [10].
Since H2 S is a reducing substance and cysteine is present
in plasma and blood at certain concentrations, H2 S may
inhibit the reaction of reducing cystine into cysteine in the
extracellular space and increase the transmembrane transport of cysteine into cells for GSH production. Increased
cysteine transport contributes to a greater extent to the
synthesis of GSH. Increased GSH production by H2 S is
prominent under conditions of oxidative stress caused by
glutamate. H2 S increases the production of GSH and its
redistribution to mitochondria. Also, its production in
mitochondria may result in suppressing oxidative stress.
To determine whether the protective eﬀect of H2 S is
eﬀective, one should not only examine for glutamate toxicity
but also for other markers of oxidative stress. In cerebral
tissues, glutamate is not solely responsible for producing
neuronal damage. The eﬀect of H2 O2 -induced oxidative
stress should not be neglected. H2 S recovers the levels of
GSH suppressed by H2 O2 , indicating that H2 S protects cells
from a range of oxidative stress stimuli. H2 S can also reinstate
GSH levels in the embryonic brain that have been decreased
by ischemia/reperfusion and cystine import suppressed by
glutamate.
In summary, H2 S increases intracellular GSH concentrations by increasing the transport of cysteine to a greater
extent than that of cystine. In addition, H2 S increases
the redistribution of GSH into mitochondria. Moreover,
H2 S produced in mitochondria may also contribute to the
protection of cells from oxidative stress [10].
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4.4. Decreased Production of ROS following Ischemia/Reperfusion (I/R). Many studies have shown that the physiological
actions of H2 S make this gas ideally suited to protect
the heart, brain, liver, kidney, and lungs against injury
during ischemia/reperfusion (I/R) [55]. In the cardiovascular
system, numerous roles for H2 S have been identified, including vasorelaxant and antiapoptotic properties by opening
KATP channels, modulating leukocyte-mediated inflammation, upregulating antioxidant signaling, and involvement in
cytoprotection through the preservation of mitochondrial
function. Endogenous H2 S and administration of exogenous
H2 S have now been demonstrated to be cytoprotective in
various organ systems through diverse signaling mechanisms. There is a significant decrease in H2 S and an increase
in plasma creatine levels in rats subjected to ischemia,
indicating that H2 S levels drop along with kidney function
during ischemia.
The life of a cell is partly dependent on the degree of
mitochondrial functionality. During I/R, mitochondria are
subjected to oxygen deprivation, ROS overproduction, and
mitochondrial membrane potential depolarization. Mitochondria are central to oxidative phosphorylation and most
metabolic processes and are also involved in many aspects
of cell death. ROS is one of the major causes of acute
and chronic diseases. H2 S at high levels can induce a
state of hypothermia in mice by inhibiting cytochrome
oxidase, which decreases their metabolic rate and core
body temperature. This eﬀect of suspension can prevent
ischemic damage to cells. During myocardial ischemia, the
production of ROS is accelerated and all cellular antioxidants
become depleted. H2 S is a cytochrome oxidase inhibitor and
therefore inhibits respiration. Inhibition of respiration has
been shown to decrease the production of ROS. We are
only just beginning to understand the role of H2 S in I/R
injury. In addition, H2 S can decrease the production of ROS
and preserve mitochondrial function at low concentrations.
Therefore, H2 S acts to preserve mitochondrial function,
thereby imparting cytoprotection. Under physiological conditions, ROSs are generated in cells, and increased ROS levels
induce I/R damage in cardiomyocytes. The regulation of ROS
levels during I/R is associated with the cardioprotection of
H2 S by inhibiting oxidative stress [55, 56].
The mitochondrial respiratory chain is the main source
of ROS during energy metabolism. The production of ROS
increases during pathological conditions, such as I/R injury
to the heart. However, excessive ROSs have a pivotal role
in the pathogenesis of myocardial I/R injury [55, 57].
In addition to pathways that generate ROS, the pathways
that scavenge ROS, including superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx), have an
important role in regulating the levels of ROS in cardiomyocytes [58]. In the ROS scavenging pathways, superoxide
is converted to H2 O2 by SOD, and H2 O2 is subsequently
reduced to H2 O and O2 by CAT and GPx [59–62]. SOD can
be activated in cardiomyocytes treated with H2 S [63, 64].
However, both CAT and GPx are not activated by H2 S. When
the levels of ROS were decreased by H2 S in mitochondria
under I/R, mitochondrial cytochrome oxidase activity was
inhibited and the activities of superoxide dismutases (SODs)
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Figure 1: H2 S can improve mitochondrial ATP productions that have impaired ATP production. The enhancement of GSH production by
H2 S is prominent under conditions of oxidative stress caused by glutamate. H2 S increases the production of GSH and its redistribution to
mitochondria.

were increased [65]. By regulating pathways that generate
and scavenge ROS, H2 S decreases ROS levels to protect
cardiomyocytes during cardiac I/R [55]. These results suggest
that H2 S can also inhibit electron transport, thus reducing
harmful ROS generation. Besides its regulatory role, H2 S
also inhibits mitochondrial cytochrome oxidase and activates
SOD to decrease the levels of ROS in cardiomyocytes during
I/R [65, 66].

5. Conclusion
The activation of KATP channels, which are found in mitochondrial as well as plasmalemmal membranes, contributes
to myocardial protection against I/R injury. H2 S eﬀects
include control of respiratory chain ROS release, control
of apoptosis, and promotion of GSH availability in mitochondria (Figure 1). H2 S causes vasorelaxation and inhibits
oxidative damage and acts as an endogenous modulator
in various tissues. Although several diﬀerent roles of H2 S
under physiological conditions have been indicated, most
mechanisms of H2 S activity are yet to be fully understood.
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The translocator protein (18 kDa) (TSPO) is a five transmembrane domain protein in mitochondria, abundantly expressed in
a variety of organs and tissues. TSPO contributes to a wide range of biological processes, including cholesterol transportation,
mitochondrial membrane potential and respiratory chain regulation, apoptosis, and oxidative stress. Recent studies have
demonstrated that TSPO might also be involved in the physiological regulation of cardiac chronotropy and inotropy. Accordingly,
TSPO ligands play significant roles in protecting the cardiovascular systems under pathological conditions through cardiac
electrical activity retention, intracellular calcium maintenance, mitochondrial energy provision, mitochondrial membrane
potential equilibrium, and reactive oxygen species inhibition. This paper focuses on the physiological and pathological
characteristics of TSPO in the cardiovascular systems and also summarizes the properties of TSPO ligands. TSPO represents a
potential therapeutic target and diagnostic tool for cardiovascular diseases including arrhythmia, myocardial infarction, cardiac
hypertrophy, atherosclerosis, myocarditis, and large vessel vasculitis.

1. Introduction
The translocator protein (18 kDa) (TSPO) is a five transmembrane domain protein in mitochondria, which was
previously known as peripheral benzodiazepine receptor
(PBR) [1–3]. TSPO exists in a variety of species and is
abundantly expressed in human organs [4–6]. It is involved
in a wide range of biological processes, including controlling
the synthesis of steroids, regulating mitochondrial membrane potential and respiratory chain, modulating voltagedependent calcium channels, controlling immune response,
apoptosis, and oxidative stress [1, 3, 4]. A large number
of studies have demonstrated that TSPO was involved in
regulating cardiac chronotropy and inotropy [4, 7–15].
Cardiovascular diseases (CVDs) are a global health issue
causing tremendous economic burdens [16–18]. Considering the high abundance and significant physiological roles
in the heart, TSPO has been recognized as a promising
therapeutic target and diagnostic tool for CVD [7–15].

Emerging lines of evidence have suggested that TSPO plays
significant roles in CVD including arrhythmia, myocardial
infarction (MI), cardiac hypertrophy (CH), atherosclerosis, myocarditis, and large vessel vasculitis (LVV) [7–15].
The mechanisms responsible for its cardioprotective eﬀects
include cardiac electrical activity retention, intracellular calcium maintenance, mitochondrial energy provision, mitochondrial membrane potential equilibrium, and reactive
oxygen species inhibition [1, 3, 4]. Here, we reviewed
the physiological and pathological characteristics of TSPO
and also summarized its role in CVD, hoping to oﬀer a
foundation for further studies on the development of TSPO
as a therapeutic target and diagnostic tool for CVD.

2. TSPO
2.1. Rename. TSPO is a new name of PBR, which addressed
the shortcomings and misrepresentations of PBR in the
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scientific community mainly for historical reasons. Although
previously this protein had multiple names known as
mitochondrial diazepam-binding inhibitor (DBI) receptor
complex, PK11195-binding sites, isoquinoline-binding protein (IBP), pk18, and ω3 receptor and so forth [3, 4, 7],
none reflects its true nature and function. Among three main
structure-function relationships for the PBR: (i) cholesterol
binding and transport; (ii) protein import; and (iii) porphyrin binding and transport, transporting molecules from
the outside to the inside are its major function [1, 3, 4]. The
new nomenclature represents more accurately its subcellular
roles and putative molecular functions. Thus, a consensus
on the new name of PBR known as TSPO was reached in
2006 by the HUGO Gene Nomenclature Committee [3],
which referred only to the 18 kDa protein and the minimal
functional unit (binding site) of all known PBR ligands,
regardless of its functional associations with other proteins
[1–5].
2.2. Structure. TSPO, which consists of 169 amino acids
and five transmembrane domain, can form a complex
with voltage-dependent anion channel (VDAC, 32 kDa) at
the outer membrane and adenine nucleotide translocator
(ANT, 30 kDa) at the inner membrane of the mitochondria
(Figure 1) [2, 4]. Structurally, the complex is also a combination of creatine kinase, proteins of the Bcl-2 family, PBRassociated protein 1 and protein 7. TSPO, VDAC, and ANT
show a high degree of homology between various species
[1]. Intracellularly, TSPO locates primarily on mitochondrial
membranes, especially at the connection sites between the
outer and inner membranes. Traditionally, VDAC and ANT
are considered as the core components of the mitochondrial
permeability transition pore (mPTP) [1]. However, a recent
study exploring the eﬀects of mammalian VDAC deletion on
mitochondrial-dependent cell death proved that the wildtype and VDAC-deficient mitochondria and cells exhibited
equivalent cytochrome c release, caspase cleavage, Ca2+ ,
and oxidative stress-induced mitochondrial permeability
transition [19]. In addition, another study also showed that
mitochondria lacking ANT could still be induced to undergo
permeability transition. Moreover, hepatocytes without ANT
remained competent to respond to various initiators of
cell death [20]. Therefore, VDAC and ANT appear to be
regulators rather than indispensable constituents of mPTP.
Interestingly, several studies have demonstrated that TSPO
may modulate the function of VDAC and ANT [1, 21, 22].
2.3. Distribution. TSPO is the product of family genes that is
evolutionarily conserved from bacteria to human and exists
across various species including insects, mollusks, fishes,
amphibians, birds, and mammals [1, 4, 5, 23, 24]. TSPO
abundantly expresses in adrenal, kidney, brain, and heart [1].
In the cardiovascular lumen, it is mainly present in platelets,
erythrocytes, lymphocytes, and monocytes [1, 4]. TSPO can
also be found in the walls of the cardiovascular system, such
as endothelium, striated muscle, and smooth muscle [1–
4, 6].
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Mitochondrion is the primarily subcellular location of
TSPO. However, several studies have demonstrated that
TSPO could also be found in the nuclear fractions and
plasma membrane [1–4]. Hence, the widespread expression
of TSPO in organ, cellular, and subcellular level suggests its
essential functions in biological process [1, 3, 4].
2.4. Functions. A wide spectrum of putative functions of
TSPO have been suggested after binding to high-aﬃnity
ligands and cholesterol (Figure 1), such as cholesterol
transportation, steroidogenesis regulation, porphyrin transportation, heme synthesis, anion transportation, cell growth
and diﬀerentiation, cancer cell proliferation, apoptosis,
mitochondrial membrane potential and respiratory chain
regulation, voltage-dependent calcium channels modulation,
and microglial activation related to brain damage and
immune response [1–4, 25, 26]. However, the exact pathways
regarding how TSPO is involved in those functions are still
unclear [1–5, 27, 28].
Recently, a growing body of evidence indicates that TSPO
ligands may play vital protective roles in cardiovascular
systems through cardiac electrical activity retention, intracellular calcium maintenance, mitochondrial energy provision,
mitochondrial membrane potential (ΔΨm ) equilibrium, and
reactive oxygen species (ROS) release inhibition [1, 4, 7–
11]. Due to the significant clinical application potential of
TSPO ligands, they represent a novel potential treatment for
preventing pathological dysfunctions of CVD.
2.5. Physiological Roles in the Heart. TSPO has vital physiological roles in the heart. Accumulating lines of evidence have demonstrated that TSPO ligands, such as 1-(2chlorophenyl)-Nmethyl- N-(1-methyl-propyl)-3- isoquinoline carboxamide (PK 11195) and 4 -chlorodiazepam (4ClDzp), could regulate cardiac chronotropy (heart rate) and
inotropy (contractile force) [29, 30]. In addition, a proposed
mechanism of alteration in cardiac action potential duration
and contractility has been investigated as a result of the
interaction between TSPO and voltage-gated Ca2+ channels.
TSPO is a potential pharmacologic receptor and its ligands
may be essential in calcium transportation [31].
TSPO ligands, such as PK11195 which may cause adverse
eﬀects in the heart, have been identified as agonists, while
ligands like 4-ClDzp that has cardiac protective eﬀects
have been known as antagonist [8, 32]. Although TSPO
ligands at low concentrations seem to have no influence
in heart rate, the negative chronotropy can be found at
high concentrations [30, 33, 34]. PK11195 alone does not
alter either inotropic eﬀect or coronary flow velocity, while
the negative inotropic eﬀects induced by 4-ClDzp could
be antagonized by PK11195 in various models including
papillary muscle of guinea pigs, isolated perfused rat and
rabbit hearts, and isolated canine right atrium [30, 31, 35–
38].
In summary, TSPO plays significant roles in the physiological regulation of the heart. Interestingly, the negative
chronotropic eﬀects of TSPO ligand such as 4-ClDzp that
have been proved in the canine [29, 39] and rabbit [37]
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cannot be identified in rat [30, 33] and guinea pig [34].
Therefore, the exact physiological role of TSPO in the heart
is still unclear as great diﬀerence among species might exist.

properties, has been found to be a novel TSPO ligand
binding specifically to the cholesterol site and exhibits the
cardioprotective properties [42].

2.6. Ligands Classification. TSPO ligands have been widely
used to investigate the role of TSPO in cardiovascular
diseases [1, 4, 40]. Supposed endogenous ligands of
TSPO include protoporphyrin IX, diazepam binding
inhibitor (DBI), triakontatetraneuropeptide (TTN), and
phospholipase A2 (PLA2) (Figure 2(a)). Classical synthetic
ligands for TSPO include 7-chloro-5-(4-chlorophenyl)-1,3dihydro-1-methyl-2H-1,4-benzodiazepin-2-one (Ro54864)
or 4-ClDzp and PK 11195 (Figure 2(b)). Novel TSPO ligands in addition to the classical synthetic ligands have also
been developed, such as N,N-di-n-hexyl 2-(4-fluorophenyl)
indole-3-acetamide (FGIN-1-27) and 7-chloro-N,N, 5trimethyl-4-oxo-3-phenyl-3,5-dihydro-4H-pyridazino[4,5b]indole-1-acetamide (SSR180575) (Figure 2(c)). Although
FGIN-1-27 and SSR180575 both possess steroidogenic properties, the former is expressed as proapoptotic ligand while
the latter shows antiapoptotic property [26, 41]. Recently,
3,5-Seco-4-nor-cholestan-5-one oxime-3-ol (TRO40303)
(Figure 2(c)), which is identified initially for neuroprotective

3. TSPO as a Therapeutic Target and Diagnostic
Tool for CVD
3.1. Arrhythmia. Arrhythmia refers to the abnormal electrical impulses which may happen too fast, too slowly,
or erratically, among which ventricular fibrillation (VF)
and atrial fibrillation (AF) are most commonly reported
arrhythmias associated with TSPO [43–45]. Over the last two
decades, a growing body of evidence suggests that cardiac
mitochondria dysfunction is a significant cause for arrhythmias [7, 8, 32, 46]. TSPO, which spans the inner and outer
mitochondrial membranes, is one of the most significant
targets involved in the regulation mitochondrial functions,
including mitochondrial respiratory chain regulation, ROS
generation and release, and inner membrane anion channels
(IMACs) regulation (Figure 3) [4, 47–49].
IMAC can induce the opening of other inner membrane
channels during oxidative stress and may be an eﬀective
target to prevent the metabolic oscillations [9]. Although
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Figure 2: Three-dimensional structures of representative TSPO ligands. (a) endogenous ligands, such as protoporphyrin IX, diazepam
binding inhibitor (DBI), and phospholipase A2 (PLA2); (b) classical synthetic ligands, such as 7-chloro-5-(4-chlorophenyl)-1,3-dihydro1-methyl-2H-1,4-benzodiazepin-2-one (Ro5-4864) and PK 11195; (c) novel ligands, such as N,N-di-n-hexyl 2-(4-fluorophenyl)indole3-acetamide (FGIN-1-27), 7-chloro-N,N,5-trimethyl-4-oxo-3-phenyl-3,5-dihydro-4H-pyridazino[4,5-b]-indole-1-acetamide (SSR180575)
and 3,5-Seco-4-nor-cholestan-5-one oxime-3-ol (TRO40303).

the accurate structure of IMAC is not clear, the sensitivity
of the anion channel regulated by TSPO ligands suggests
that IMAC subunits are associated with TSPO [9, 10].
In addition, a local burst of mitochondrial ROS during
ischemia/reperfusion (I/R) can lead to the increases of ROS
production and oscillations in ΔΨm (Figure 3), which could
be blocked by TSPO ligands that have been previously known
to block the activity of IMAC, such as PK11195 and 4-ClDzp
[50–54]. Other investigations using diﬀerent species in
reperfusion-induced VF models have demonstrated that the
progressive action potential shortening followed by membrane inexcitablity in ischemia and VF upon reperfusion
could be reduced or even eliminated by 4-ClDzp treatment
before reperfusion. By contrast, FGIN-1-27 promotes ΔΨm
depolarization, exacerbates I/R-induced electrophysiological
changes and promotes VF [8, 37, 55]. Therefore, TSPO may
be an eﬀective therapeutic target for VF.
As for AF, our group has demonstrated that inhibition
of TSPO by its antagonist could significantly reduce the
incidence of AF induced by ischemia-, stretch-, and cholinergic agitation [7]. In addition, the suppression of TSPO
in atrial muscle cell lines could ameliorate the cytoplasm
Ca2+ overload and energy compromise facing to chemical
ischemia or cholinergic agitation [7]. Therefore, TSPO
antagonists may be a novel treatment for various AF in the
near future.
In summary, blocking mitochondrial IMAC through
TSPO antagonists can eﬀectively prevent mitochondrial
ROS-induced ROS release and the loss of ΔΨm triggered by
oxidative stress [7, 8]. This eﬀect is correlated with preservation of the action potential during ischemia as well as
restoration of normal electrical activity upon reperfusion [4,
7, 47–49]. Therefore, suppression of arrhythmias, including
VF and AF, by stabilization of ΔΨm and inhibition of ROS
overload with TSPO ligands oﬀers us a novel therapy for
arrhythmia.

3.2. Myocardial Infarction. Myocardial infarction (MI) is
responsible for the majority of cardiovascular mortality.
The irreversible cell injury including necrosis and apoptosis
might be induced by reperfusion therapy, a major therapy
for MI [56–58]. Thus, investigating a novel therapy for I/R
will definitely benefit MI. I/R injury causes mitochondrial
swelling and the release of cytochrome c, which is involved
in the mPTP opening [59–62]. mPTP plays a significant
role in the generation of necrotic and apoptotic cell death
[59, 60]. Administration of cyclosporine A, a high-aﬃnity
inhibitor of cyclophilins that desensitizes the mPTP to the
inducing eﬀects of Ca2+ , can attenuate several indices of
MI [60–62]. According to a study of photodynamic events
mediated by porphyrins at mPTP-regulating His and Cys
residues, the inactivation of His and Cys residues resulting
from matrix porphyrin could be reactivated at high light dose
through a diﬀerent porphyrin site, which was specifically
contributed by the outer mitochondrial membrane through
TSPO [60, 63]. Therefore, TSPO may play a dual role
in mPTP regulation including (i) as a transport protein
for PTP-active compounds that are transferred to their
regulatory site in the inner mitochondrial membrane or
matrix and (ii) as a mPTP regulatory protein when binding
to its selective ligands like porphyrins [60]. Considering the
role of TSPO in mPTP regulation, it holds great promise as a
therapeutic target for MI.
Our previous study has provided direct evidence that 4ClDzp accelerated the recovery of left ventricular developed
pressure (LVDP), left ventricular end-diastolic pressure
(LVEDP), and maximal time derivatives of pressure measured during contraction, relaxation (±dP/dt max) in I/R
[64]. The mPTP opening is also reduced by 4-ClDzp, and
thereafter a decreased ROS level could be observed [64].
Similarly, other studies have showed that 4-ClDzp reduced
infarct size in a dose-dependent manner either in global or
regional models of myocardial I/R in rat [65]. Thus, 4-ClDzp
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infarction. Targeting TSPO can reverse the above changes. Thus, TSPO is a therapeutic target for arrhythmia, myocardial infarction, and
cardiac hypertrophy through reducing ROS.

might protect MI through reducing apoptosis, restoring
mitochondrial recovery, improving oxidative phosphorylation parameters, reducing cytochrome c and apoptosisinducing factor releases, and increasing the resistance of
mitochondria to Ca2+ -induced mPTP opening [62–65].
3.3. Cardiac Hypertrophy. Cardiac hypertrophy (CH) is a
common pathological feature of several major cardiovascular diseases and a physiological adaptation to increased
hemodynamic overload [66–69]. Oxidative stress has been
identified as one of the key contributing factors in myocardial
structural damage and cardiac remodeling in CH. TSPO is
associated with the regulation of cellular oxidative stress [69],
which can activate a broad variety of signaling kinases and
transcription factors related to CH, such as MAPK and NFκB (Figure 3) [66]. A strong link between oxidative stress

and extracellular matrix remodeling has been reported [66].
Besides, TSPO has been found to be associated with the
protection of cells against oxygen radical damage and the
regulation of mPTP opening [65, 66]. 4-ClDzp has been
shown to inhibit mPTP opening and prevent isoprenalineinduced CH as a result of the reduction of heart weight
to body weight ratio, left ventricular wall thickness, and
myocyte size on male Wistar rats [65, 70]. Moreover, 4ClDzp could attenuate the increase of interstitial fibrosis,
lipid peroxidations, endogenous antioxidants, and β myosin
heavy chain induced by isoprenaline [11]. Thus, TSPO is a
potential target for CH treatment.
3.4. Atherosclerosis. Atherosclerosis is characterized with
inflammatory infiltration of macrophages, dendritic cells,
and activated T cells, which is initiated by lipids deposition
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in the subendothelial layer of the arterial wall [71, 72].
Macrophages specifically in the atherosclerotic plaque contribute to the local inflammatory responses by secreting
proinflammatory cytokines [73–75]. Activated macrophages
have been demonstrated with high TSPO expression levels
[76]. Several studies have investigated the uptake of [11 C]
PK11195, a TSPO radioligand, in atherosclerotic plaques,
and predicted its potential diagnostic value in atherosclerosis. They found that the uptake rate of [11 C] PK11195
in inflammatory regions was much higher than other areas
[76, 77]. The high level of TSPO in plaque macrophages
indicates a diagnostic tool through noninvasive PET imaging
to predict the morphology and pathogenesis of pre-rupture
atherosclerosis based on TSPO [12, 75]. Recently, the
combination of 11 C-PK11195 PET with contrast-enhanced
CT angiography oﬀers a comprehensive assessment of plaque
structure, composition, and biological activity [76, 77].
It allows the distinction between symptomatic vulnerable
plaques and asymptomatic plaques with a high positive
predictive value and risk stratification of asymptomatic
carotid stenosis, ischemic cerebrovascular events with low
CT attenuation, and high 11 C-PK11195 uptake [76, 77].
Besides as a potential diagnostic tool for atherosclerosis,
TSPO might also be a therapeutic target for atherosclerosis.
The increased ROS and decreased antioxidants have been
identified in high fat and high cholesterol atherogenic
(HFHC) diet rat [77]. Interestingly, the oxidative stress
caused by HFHC diet was accompanied by a reduction
of TSPO-binding density [77]. This finding suggested
that TSPO might also be a novel therapeutic target for
atherosclerosis.
3.5. Myocarditis. Myocarditis is an inflammatory myocardial
disease resulting from mainly viral infections and postviral
immune-mediated responses [78–80]. TSPO is abundantly
expressed in mast cells and macrophages [73–77]. In order
to explore the eﬀects of TSPO in immune response to
myocarditis, a study has been conducted in BALB/c mice
infected with coxsackievirus B3 (CVB3) [81]. TSPO is
obviously decreased in infected male mice, and the elevated
levels of PLA2, an endogenous TSPO ligand, can facilitate
the activation of immune cells during the innate immune
response to CVB3 infection [81]. Moreover, infected male
mice have a greater expression of genes which are significant
in regulating the influx of cholesterol into macrophages,
such as PLA2 and the macrophage scavenger receptor [81].
Therefore, increased cholesterol metabolism associated with
TSPO during the immune response to CVB3 infection may
drive the proinflammatory reaction of myocarditis [81, 82].
However, the exact pathways, how TSPO ligands work,
remain to be investigated.
3.6. Large Vessel Vasculitis. Large vessel vasculitis (LVV) is
characterized by local chronic granulomatous inflammation
of the vessel wall in aorta and its main branches [83–85].
TSPO is a potential diagnostic tool for LVV because of its
high expression level in macrophages which are activated
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by cytokines [85, 86]. Over the past two decades, 11 C-(R)PK11195 or [N-methyl-11 C]-(R)-1- (2-chlorophenyl)-N- (1methylpropyl)-3-isoquinoline carboxamide, as a radioligand
specifically binding to TSPO, has been extensively used to
study neuroinflammation in a wide range of brain disorders
[87, 88]. Recently, a quantitative methodology of imaging
LVV with 11 C-(R)-PK11195 deriving from both plasma and
image input functions has been developed [89, 90]. This
approach demonstrated that active vasculitides in patients
with systemic inflammatory disorders can be quantified by
macrophage targeting 11 C-(R)-PK11195. Moreover, the lack
of significant uptake in asymptomatic patients confirmed the
sensitivity and selectivity of this quantitative methodology
[90]. However, further studies of reconstruction through
partial-volume correction and respiration-gated acquisitions
are highly needed to be conducted in a large population to
minimize the vague influence of breathing on small lesions
and to explore the diagnostic value of 11 C-(R)-PK11195 in
LVV.

4. Conclusions
TSPO regulates a wide range of biological functions in
cardiovascular systems. Available TSPO ligands may be
utilized as therapeutic drugs or diagnostic tools for CVD,
including arrhythmias, MI, CH, atherosclerosis, myocarditis,
and LVV [1–3].
The visible improvements of cardiac dysfunction have
been achieved by TSPO ligands [1–3, 40, 42, 45]. The
cardioprotective eﬀects are related to ROS-release inhibition,
mitochondrial energy provision, cardiac electrical activity
retention, and intracellular calcium maintenance [1–5, 25–
28]. Although TSPO ligands could improve cardiac functions
through preservation of mitochondrial physiologic eﬀects
which has been certified by a growing body of evidence,
inconsistencies still exist, which might be due to diﬀerent
dosages and species used in studies from diﬀerent groups
[4, 33–39]. Therefore, future studies investigated in primate
are highly needed prior to its clinical application.
In spite of the promising results from previous in vitro
and in vivo studies, several limitations must be better
addressed in the future. Firstly, what is the eﬃcacy of middle/long-term use of TSPO ligands in CVD? Secondly, are there
any potential adverse eﬀects of TSPO ligands due to the
definite high expression in other tissues, such as adrenal,
kidney, and brain? Finally, do TSPO ligands really oﬀer
an improved benefit-risk profile compared with current
treatments or diagnosis of CVD?
Nevertheless, given the vast range of potential applications, TSPO represents a novel therapeutic target and
diagnostic tool of CVD in the near future.
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Group VIB Phospholipase A2 (iPLA2 γ) is distributed in membranous organelles in which β-oxidation occurs, that is, mitochondria
and peroxisomes, and is expressed by insulin-secreting pancreatic islet β-cells and INS-1 insulinoma cells, which can be injured
by inflammatory cytokines, for example, IL-1β and IFN-γ, and by oxidants, for example, streptozotocin (STZ) or t-butyl-hydroperoxide (TBHP), via processes pertinent to mechanisms of β-cell loss in types 1 and 2 diabetes mellitus. We find that incubating
INS-1 cells with IL-1β and IFN-γ, with STZ, or with TBHP causes increased expression of iPLA2 γ mRNA and protein. We prepared
INS-1 knockdown (KD) cell lines with reduced iPLA2 γ expression, and they proliferate more slowly than control INS-1 cells and
undergo increased membrane peroxidation in response to cytokines or oxidants. Accumulation of oxidized phospholipid molecular species in STZ-treated INS-1 cells was demonstrated by LC/MS/MS scanning, and the levels in iPLA2 γ-KD cells exceeded those
in control cells. iPLA2 γ-KD INS-1 cells also exhibited higher levels of apoptosis than control cells when incubated with STZ or
with IL-1β and IFN-γ. These findings suggest that iPLA2 γ promotes β-cell proliferation and that its expression is increased during
inflammation or oxidative stress as a mechanism to mitigate membrane injury that may enhance β-cell survival.

1. Introduction
Diabetes mellitus (DM) is the most common human endocrine disease and is reaching pandemic proportions in the
US and elsewhere [1]. DM represents a constellation of
disorders that are grouped into the major categories types 1
and 2 (T1DM and T2DM). T1DM is caused by autoimmune
destruction of insulin-secreting pancreatic islet β-cells [2, 3],
and inflammatory cytokines released by invading leukocytes
during insulitis are believed to participate in these processes
[4, 5]. Among them are IL-1β, which impairs insulin secretion and inflicts islet injury [6], and IFN-γ, which greatly
potentiates the destructive eﬀects of IL-1β [7]. These eﬀects

are mediated in part by induction of nitric oxide (NO) synthase expression and overproduction of NO [8–13], which
can induce apoptosis of cells by mechanisms that involve
generation of reactive oxygen species that cause oxidative
stress [13–15].
T2DM is thought to evolve after a period of initial
insulin resistance in which nearly normal glucose tolerance is
maintained by compensatory hypersecretion of insulin by βcells [16, 17]. At some point there is failure to sustain insulin
secretion at suﬃciently high levels and glucose intolerance
and then overt DM ensue [18]. One contributor to the
eventual failure of β-cell compensation is a reduction in
β-cell mass by 50% or more, and this occurs at least in part
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by apoptotic β-cell death [16, 19]. Although many mechanisms probably participate in these processes, production of
reactive oxygen species induced by metabolic stress has been
proposed to represent a final common pathway of injury
that ultimately results in β-cell failure [17, 20–29]. Among
supporting observations are that β-cells express low levels of
antioxidant defense enzymes compared to other tissues [30–
33] and that antioxidant compounds confer protection from
glucose toxicity to islets in vitro and against development of
T2DM in animal models in vivo [34, 35].
Beta cells must sustain a high level of metabolic activity,
which provides critical signals in the coupling of nutrient
sensing to insulin secretion [36–50], in order to meet the
unceasing demand for insulin biosynthesis and processing.
Prolonged overstimulation of β-cells may eventually contribute to their failure as a consequence of stresses imposed
on the endoplasmic reticulum (ER) and mitochondria [51–
53]. Protein synthesis, including that of proinsulin, occurs
in ER, and nascent proteins must be properly folded, which
involves formation of disulfide bonds. This is an oxidative
reaction that requires a prooxidant environment to be maintained in ER. Sustained hyperstimulation can result in ER
stress and overproduction of reactive oxygen species (ROS)
that exceed ER reductive capacity, resulting in ROS leakage
from ER and cellular oxidative stress [54–57].
Mitochondrial metabolism is a major source of ROS production via incomplete reduction of molecular oxygen in the
respiratory chain to yield superoxide anion (O2 •− ) [58, 59],
and O2 •− production increases with metabolic activity [21,
60]. O2 •− is removed by superoxide dismutase (MnSOD)catalyzed dismutation to H2 O2 that can be reduced to H2 O
by catalase or by glutathione peroxidase and GSH. If generation exceeds removal, excess H2 O2 can undergo Fe2+ catalyzed conversion to • HO (Fenton reaction) or to O2 •−
and • HO (Haber-Weiss reaction). These ROS can injure
mitochondria by mechanisms that include membrane phospholipid peroxidation [14, 61] and activation of stress pathways [27–29]. Mitochondrial phospholipid peroxidation can
precipitate cytochrome c release from the inner membrane
into the cytosol [14, 62–65], and this can initiate apoptosis
[66, 67]. Released cytochrome c interacts with caspase-9 in
formation of the apoptosome [68], which leads to activation
of the executioner caspases-3, -6, and -7 that dismantle the
cell [66, 69].
It has been proposed that phospholipases A2 (PLA2 ) can
prevent or abort apoptosis by repairing peroxidized membrane phospholipids [63–65, 70–76]. PLA2 enzymes catalyze
hydrolysis of the sn-2 ester bond of glycerophospholipids to
yield a free fatty acid and a 2-lysophospholipid, and at least
16 major groups within the PLA2 superfamily are recognized
[77, 78]. Among their proposed functions are the membrane
remodeling and the protection or repair of membranes from
oxidative damage [63–65, 70–72] in a sequence that involves
PLA2 -catalyzed removal of oxidized fatty acid residues [73]
to yield a lysophospholipid that can be reacylated with an
unoxidized fatty acid to preserve membrane integrity [74].
A PLA2 is suited for such a role because oxidized fatty
acid substituents usually occur at the sn-2 position of phospholipids where most polyunsaturated fatty acid (PUFA)
substituents, such as linoleate (C18:2) and arachidonate
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(C20:4), are esterified [73, 74]. PUFA are especially susceptible to oxidation because they contain bis-allylic methylene
moieties with a labile H atom that can be abstracted to yield
a carbon-centered radical that readily reacts with molecular
oxygen to form a fatty acid hydroperoxide [73]. Oxidization
reduces hydrophobicity of the sn-2 fatty acid substituent and
allows it to approach the hydrophilic phospholipid headgroup more closely [73]. This increases separation between
head groups, which causes the sn-2 ester bond to be more
accessible to PLA2 . Liberated peroxy fatty acids can then be
reduced to alcohols by glutathione peroxidases after release
from phospholipids by PLA2 enzymes [75, 76].
Two members of Group VI PLA2 family have been suggested to play such a role in repairing oxidized mitochondrial
membrane phospholipids [63–65, 70–72]. Group VIA PLA2
(iPLA2 β) localizes to mitochondria in insulinoma cells and
protects against oxidant-induced apoptosis, and pancreatic
islets from iPLA2 β-null mice exhibit increased susceptibility
to oxidant-induced apoptosis [63–65]. Oxidant-induced
lipid peroxidation and death of renal proximal tubule cells
(RPTC) is potentiated by the Group VI PLA2 inhibitor
bromoenol lactone (BEL) [71], and R-BEL, which selectively
inhibits Group VIB PLA2 (iPLA2 γ), accelerates oxidantinduced lipid peroxidation and renal cortical mitochondrial
injury [72]. Moreover, when small hairpin ribonucleic acid
(shRNA) adenovirus is used to reduce RPTC iPLA2 γ expression, lipid peroxidation and sensitivity to apoptosis induced
by the oxidant tert-butyl hydroperoxide (TBHP) increase
[70].
The latter observations [70–72] suggest that iPLA2 γ acts
to reduce lipid peroxidation and to protect against oxidantinduced apoptosis in renal proximal tubule cells, and this
may reflect iPLA2 γ-catalyzed removal of oxidized PUFA
residues from glycerophospholipids that are formed in mitochondria under conditions of oxidative stress. This could
permit the resultant lysophospholipid to be reacylated with
an unoxidized PUFA residue, which would restore functions
that are impaired as a result of membrane oxidation. In the
absence of iPLA2 γ or when its activity is impaired, this repair
mechanism cannot operate fully, and this could result in
progressive mitochondrial injury that eventually triggers the
mitochondrial pathway of apoptosis [70–72].
Here we have conducted experiments to determine
whether iPLA2 γ might play a similar role in insulin-secreting
β-cells because mitochondrial injury induced by oxidative
stress appears to be an important mechanism underlying βcell loss during the development of diabetes mellitus [16–
35]. Our studies involved preparation of iPLA2 γ-knockdown
INS-1 insulinoma cell lines in which iPLA2 γ expression is
reduced by stable expression of shRNA and comparing these
lines to control INS-1 cell lines for sensitivity to lipid peroxidation and apoptosis induced by the inflammatory cytokines
IL-1β and IFN-γ and the oxidant agents TBHP [70] and
streptozotocin (STZ) [79].

2. Materials and Methods
2.1. Materials. Rainbow molecular mass standards, PVDF
membranes, and Triton X-100 were obtained from Bio-Rad
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(Richmond, CA, USA); SuperSignal West Femto Substrate
was from Thermo Fisher; Coomassie reagent and SDS-PAGE
supplies were from Invitrogen (Carlsbad, CA, USA); bovine
serum albumin (BSA, fatty acid free, fraction V) were from
MP Biomedicals (Solon, OH, USA); Streptozotocin (STZ)
and tert-butyl hydroperoxide (TBHP) were from Sigma (St.
Louis, MO, USA).
2.2. Cell Culture. INS-1 rat insulinoma cells that had been
stably transfected and mock-transfected INS-1 cells were
generated and cultured in RPMI 1640 medium containing
11 mM glucose, 10% fetal calf serum, 10 mM Hepes buﬀer,
2 mM glutamine, 1 mM sodium pyruvate, 50 mM β mercaptoethanol, 100 units/mL penicillin, and 100 μg/mL streptomycin, essentially as previously described [80]. The medium
was exchanged every 2 days, and the cell cultures were split
once a week. Cells were grown to 80% confluence and harvested after treatment as indicated in the figure legends or the
text of the Results section. All incubations were performed at
37◦ C under an atmosphere of 95% air/5% CO2 .
2.3. Establishing iPLA2 γ Knockdown INS-1 Insulinoma Cell
Lines Using siRNA and a Lentiviral Vector. Two hairpinforming oligonucleotides directed against iPLA2 γ mRNA
were cloned into FIV H1 Lentivector according to instructions from the manufacturer (SBI System Biosciences,
Mountain View, CA, USA) by described procedures [80].
Targeting sequences within the synthetic oligonucleotides are
italicized and underlined below. The sequence of the first
was 5 -GATCCGCAAGAGTGAGTATTGATAACTTAAGAGAGTTATCAATACTCACTCTTGCTTTTTT-G-3 . The
second oligonucleotide was 5 -GATCCGGGCCATATTAGCATTCATGCTTCAAGAGAGCATGAATGCTAATATGGCCCTTTTTTG-3 . Constructs that express the shRNAs
are designated FIVH1-iPLA2 -1 and FIVH1-iPLA2 -2. Cells
were selected with neomycin.
2.4. Immunoblotting Analyses. Cells were harvested and sonicated, and an aliquot (30 μg) of lysate protein was analyzed by
SDS-PAGE (8–12% Tris-Glycine gel, Invitrogen), transferred
onto Immobilon-P polyvinylidene difluoride membranes
(Bio-Rad, Richmond, CA, USA), and processed for immunoblotting analyses, essentially as previously described [81].
The primary antibody concentration for iPLA2 γ (Sigma,
St. Louis, MO, USA) was 1 : 500. The secondary antibody
concentration was 1 : 10,000. The concentrations of other
antibodies are described in the figure legends. Immunoreactive bands were visualized by enhanced chemiluminescence
(ECL).
2.5. Determination of INS-1 Cell Proliferation Rate. INS-1
cell proliferation rates were measured by two approaches, as
previously described [80]. One assay is based on fluorescence
enhancement when CyQuant GR binds to nucleic acids,
which reflects the amount of cell DNA [82]. Cells were
seeded onto 96-well plates (3 × 103 cells/well). Medium was
removed after 1 or 3 days, and cells were frozen (−20◦ C).
DNA was measured with a CyQuant assay kit (Molecular
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Probes, Inc., Eugene, OR, USA) with reference to a standard
curve. CyQuant GR solution (200 μL) was added to each well
and incubated (5 min, room temperature). Fluorescence was
measured on a microplate fluorimeter (excitation, 480 nm;
emission, 538 nm). A second assay is based on incorporation
of thymidine analog 5-bromo-2 -deoxyurindine (BrdU) into
DNA in proliferating cells [83]. Cells were seeded (104 cells/
well) and cultured (3 days) before assay with an enzymelinked immunoassay detection kit III (Roche Applied Science) after BrdU labeling.
2.6. Lipid Peroxidation. Lipid peroxidation was quantitated
using a Cayman TBARS assay kit (Cayman Chemical, Ann
Arbor, MI, USA) according to the manufacturer’s instructions, as previously described [64, 84]. Lipid peroxides
derived from polyunsaturated fatty acids decompose to form
a complex series of compounds that include reactive carbonyl
species, such as MDA. Measurement of thiobarbituric acid
reactive substances (TBARS) by determining absorbance at
530 nm is used to assess the extent of lipid peroxidation [84].
Results are expressed as μmol/μg protein.
2.7. HPLC-ESI-MS/MS Analysis of Oxidized Lipids. Lipids
extracted from INS-1 cells were stored in sealed vials (under
N2 at −20◦ C) to suppress artifactual oxidation, and extracts
were then analyzed by LC/MS/MS in a manner similar to that
previously described [85] on a Surveyor HPLC (ThermoElectron, San Jose, CA, USA) using a modified gradient [86]
on a C8 column (15 cm × 2.1 mm, Sigma Chemical Co., St.
Louis, MO, USA) interfaced with the ion source of a ThermoElectron Vantage triple quadruple mass spectrometer with
extended mass range operated in negative ion mode.
Tandem MS scans for precursors of m/z 295, m/z 319,
and m/z 343 were performed to identify glycerolipid
molecular species that contained singly oxygenated forms of
the polyunsaturated fatty acids (PUFA) linoleate (C18:2),
arachidonate (C20:4), or docosahexaenoate (C22:6), respectively. The major oxylipid species identified was (1-stearoyl,
2-hydroxyeicosatetraenoyl)-sn-glycerophospho-ethanolamine [(C18:0/HETE)-GPE], and it was quantified by MRM
of 782.76 → 319.3, which is a transition that corresponds to
production of the HETE carboxylate anion from the [M-H]−
ion of the parent oxy-phospholipid species.
2.8. Assessment of Apoptosis by Flow Cytometry. INS-1 cell
apoptosis was determined using an Annexin-VFLUOS Staining Kit (Roche Applied Science, Indianapolis, IN, USA)
according to the manufacturer’s instructions, essentially as
previously described [64, 87]. Briefly, harvested cells were
washed with PBS and resuspended in Annexin-VFLUOS
labeling solution (100 μL). After incubation (10–15 min, 15–
25◦ C), cells were transferred to fluorescence-activated cell
sorting (FACS) tubes and diluted 1 : 5 with buﬀer provided
in the kit. Fluorescence in cells was analyzed with a FACscan
flow cytometer (BD Biosciences, Sparks, MD, USA) at an
excitation wavelength of 488 nm, and data were processed
with WinMDI 2.9 software.
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2.9. Statistical Analyses. Results are expressed as mean ±
SEM. Data were evaluated by unpaired, two-tailed Student’s
t-test for diﬀerences between two conditions or by analysis
of variance with appropriate posthoc tests for larger sets,
as previously described [80, 81, 87]. Significance levels are
described in the figure legends, and a P value <0.05 was
considered to reflect a significant diﬀerence.

3. Results
3.1. INS-1 Cell iPLA2 γ Expression and the Influence of Inflammatory Cytokines and Oxidative Agents. INS-1 insulinoma
cells were found to express iPLA2 γ mRNA and iPLA2 γimmunoreactive protein by quantitative PCR and by Western
blotting, respectively (Figure 1), and also to exhibit iPLA2
activity (not shown). Incubation with the inflammatory
cytokines IL-1β and IFN-γ resulted in increased INS-1 cell
expression of iPLA2 γ mRNA in a concentration-dependent
manner (Figure 1(a)), and expression of iPLA2 γ immunoreactive protein exhibited a similar pattern (Figure 1(b)).
The major iPLA2 γ-immunoreactive band (Figure 1(b))
migrated with an apparent MW of about 74 kDa on SDSPAGE and Western Blotting analyses of INS-1 cell lysates,
but other bands of variable intensity were observed with
apparent MW between 40 and 88 kDa (not shown), as previously reported [88, 89]. Although full-length iPLA2 γ cDNA
encodes an 88 kDa protein, transcriptional and translational
regulatory mechanisms result in production of multiple gene
products of various sizes, and the major species often migrate
with apparent MW of 74–77 kDa [88, 89].
The increased expression of iPLA2 γ mRNA induced by
IL-1β and IFN-γ was dependent on the incubation time
(Figure 1(c)). Incubation of INS-1 cells with the oxidative
agents streptozotocin (STZ) [79] (Figure 2(a)) or t-butylhydroperoxide (TBHP) [70] (Figure 2(b)) also resulted in a
concentration-dependent increase in expression of iPLA2 γ
mRNA (Figure 2) and protein (not shown).
These findings suggested the possibility that upregulation of iPLA2 γ expression might represent a compensatory
response to injurious agents in order to enhance β-cell survival in the settings of inflammation or oxidative stress. To
examine this possibility, eﬀects of suppressing INS-1 cell
iPLA2 γ expression were examined.
3.2. Establishing iPLA2 γ-Knockdown INS-1 Cell Lines. INS1 cells were infected with FIV constructs containing inserts
that produced either scrambled RNA (control) or shRNA
directed against sequences in iPLA2 γ mRNA. Selection of
neomycin-resistant cells resulted in isolation of two clones
that had stably incorporated knockdown constructs and
expressed less than 20% of the control cell iPLA2 γ mRNA
content when analyzed by real-time PCR (Figure 3(a)) or
Northern blots (not shown) and reduced amounts of iPLA2 γ
immunoreactive protein on Western blots (Figure 3(b)). The
iPLA2 γ-knockdown (iPLA2 γ-KD) cell lines also exhibited a
reduction in iPLA2 activity (not shown) that was comparable
in magnitude to the reduction in mRNA levels (Figure 3(a)).
The level of iPLA2 γ expression was a stable property of
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control and iPLA2 γ-KD INS-1 cell lines that persisted on
serial passage in culture.
3.3. INS-1 Cell Line Proliferation Rates. Cell proliferation was
measured using an indicator that exhibits strong fluorescence
enhancement upon association with nucleic acids [82]. Identical numbers of cells of each INS-1 cell line were seeded at
time 0, and their growth rates were monitored for 72 hr. INS1 iPLA2 γ-KD lines proliferated at rates that were significantly
lower than those for control INS-1 cells (Figure 4). Similar
results were obtained when proliferation was measured by
BrdU incorporation into DNA [83] and when seeding was
performed at diﬀerent initial cell densities (not shown).
3.4. Lipid Peroxidation in INS-1 Cell Lines. Lipid peroxidation was monitored by measuring TBARS [64, 84] in INS-1
cell lines incubated with IL-1β and IFN-γ or with the oxidant
agents STZ or TBHP under conditions similar to those in
Figures 1 and 2. Relative to cells incubated only with vehicle,
incubation with the cytokine mixture induced a significant
increase in lipid peroxidation in both control INS-1 cells
(1.60 ± 0.03-fold) and in iPLA2 γ-KD cells (2.71 ± 0.47-fold),
and the level achieved in the latter (0.92 ± 0.16 pmol/μg
protein) significantly exceeded that in the former (0.54 ±
0.01 pmol/μg) (Figure 5). A similar pattern was observed
upon incubation with STZ, which induced a significant rise
in lipid peroxidation in control INS-1 cells (1.44 ± 0.04fold) and in iPLA2 γ-KD cells (2.12 ± 0.09-fold), and the
level achieved in the latter (0.73 ± 0.07 pmol/μg) significantly
exceeded that in the former (0.47 ± 0.04 pmol/μg) (Figure 5).
Incubation with TBHP also induced a rise in the lipid
peroxide content of both control INS-1 cells (2.20 ± 0.09fold) and in iPLA2 γ-KD cells (2.56 ± 0.15-fold), and there
was a nonsignificant trend for the level achieved in the latter
(0.86 ± 0.05 pmol/μg) to exceed that in the former (0.74 ±
0.03 pmol/μg).
3.5. HPLC-ESI-MS/MS Analysis of Oxidized Lipid Molecular
Species That Accumulate in INS-1 Cells Incubated with
Streptozotocin. To examine oxidized lipid molecular species
in INS-1 cells, LC/ESI/tandem mass spectrometric scanning
was used to detect parent ions that liberate an oxidized
polyunsaturated fatty acid carboxylate anion (Figure 6(a))
upon collisionally activated dissociation (CAD) [85].
Hydroxyeicosatetraenoate (HETE) (m/z 319.3) arising from
the oxidized analog of the glycerophosphoethanolamine
(GPE) species 18 : 0/20 : 4-GPE (oxy-analog m/z 782.76) was
found to represent the most abundant of the oxidized lipid
species in INS-1 cells (Figure 6(b)), which is consistent with
the facts that this is also the most abundant oxidized GPE
lipid in activated platelets [85] and that 18 : 0/20 : 4-GPE is
the most abundant GPE lipid in INS-1 cells [90] and rat islets
[91]. Figure 6(b) displays an MS/MS scan for parent [M-H]−
ion precursors over the range m/z 400 to m/z 2000 that yield
the HETE [M-H]− (m/z 319.3) upon collisionally activated
dissociation, and m/z 782.76 is the predominant parent ion
observed. Figure 6(c) is an expansion of that mass spectrum
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Figure 1: Influence of the inflammatory cytokines interleukin-1β (IL-1β) and interferon-γ (IFN-γ) on iPLA2 γ expression by INS-1 cells. Control
INS-1 cells were incubated with vehicle alone or with various concentrations of IL-1β and IFN-γ for 16 hr, and iPLA2 γ mRNA levels were
then determined by quantitative PCR (panel (a)) and iPLA2 γ protein levels by Western blotting (panel (b)), as described in Experimental
Procedures. In panel (c), control INS-1 cells were incubated with IL-1β (5 ng/mL) and IFN-γ (80 ng/mL) for various intervals (0, 8, 16, 24,
and 48 hr), at the end of which iPLA2 γ mRNA levels were determined by quantitative PCR. In panels (a) and (c), mean values ± SEM (n = 4)
are displayed, and an asterisk (∗ ) indicates a significant diﬀerence (P < 0.05) from the condition in which the concentration (panel (a)) or
time (panel (b)) parameter value was zero. The immunoblot in panel (b) is representative of four experiments.

over the range m/z 782.5 to 785.0 that illustrates the [13 C]
isotopomer distribution of the [M-H]− ion.
The content of the oxylipid species (C18:0/HETE)-GPE
in INS-1 cells was quantified by LC/ESI/MS/MS MRM scanning of the transition 782.76 → 319.5 (Figures 6(d)–6(g)),
and incubation with STZ was found to induce an increase in
the (C18:0/HETE)-GPE content of both control INS-1 cells
transfected with vector only (Figures 6(d) and 6(e)) and in
iPLA2 γ-knockdown INS-1 cells (Figures 7(f) and 7(g)). Both
basal levels of (C18:0/HETE)-GPE and those achieved after

incubation with STZ for the iPLA2 γ-knockdown INS-1 cells
exceeded those for control INS-1 cells (Figure 7(h)), and this
is consistent with the proposal that iPLA2 β acts to excise oxidized PUFA residues from phospholipids so that the resultant
lysophospholipid can be reacylated with an unoxidized fatty
acid substituent to restore the structure and function of the
parent phospholipid [63, 64].
Oxidized cardiolipin species were not observed directly
due to the relatively low abundance of the parent lipid among
all cellular lipids and the tendency of linoleate residues,
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Figure 2: Influence of the oxidant agents streptozotocin (STZ) and tert-butylhydroperoxide (TBHP) on iPLA2 γ expression by INS-1 cells. Control
INS-1 cells were incubated with various concentrations of STZ (panel (a)) or TBHP (panel (b)) for 16 hr, and iPLA2 γ mRNA levels were
then determined by quantitative PCR, as in Figure 1(a). Mean values ± SEM (n = 4) are displayed, and an asterisk (∗ ) indicates a significant
diﬀerence (P < 0.05) from the condition in which the concentration of the oxidant agent was zero.

which are the principal fatty acid substituents of cardiolipin,
upon oxidization to undergo chain scission reactions that
yield a variety of truncated sn-2 substituents rather than a
single-predominant species [92]. Similar behavior has been
observed for other polyunsaturated fatty acids [93]. Mitochondria contain substantial amounts of GPE lipids, however, and they undergo the largest fractional modification
of measured mitochondrial lipid classes upon induction of
apoptosis [94], which suggests that GPE lipid oxidation represents a surrogate marker for mitochondrial phospholipid
oxidation.
3.6. Apoptosis of INS-1 Cell Lines. Apoptosis was monitored
by determination of Annexin V binding by FACS [64, 87]
with INS-1 cell lines incubated with IL-1β and IFN-γ under
conditions similar to those in Figure 1. The inflammatory
cytokine mixture induced a robust increase in apoptosis
of both control INS-1 cells and iPLA2 γ-KD cells, and the
percentage of apoptotic cells for the cytokine-treated condition was significantly higher for the latter (30.2 ± 0.5%) than
for the former (25.7 ± 0.9%) (Figure 7(a)). Incubation of
the INS-1 cell lines with the oxidant agent STZ also induced
a concentration-dependent increase in the percentage of
apoptotic cells that was significantly higher for iPLA2 γ-KD
cells (12.1 ± 0.9) than for control INS-1 cells (4.5 ± 0.9) at the
highest STZ concentration (7.5 mM) tested (Figure 7(b)).

4. Discussion
Loss of insulin-secreting β-cells occurs in both type I and
type II diabetes mellitus (T1DM and T2DM), and apoptosis
is thought to be the major mechanism by which β-cell death
occurs [16, 19]. Lipid oxidation plays an important role in
initiating apoptosis [17, 20–29], and it has been suggested

that generation of reactive oxygen species results in cardiolipin peroxidation in mitochondrial membranes, which
destabilizes the lipid bilayer and potentiates membrane permeabilization, cytochrome c release, and apoptosis [61–67].
Understanding the mechanisms that the β-cell uses to protect its mitochondrial membranes from oxidative injury
could yield insight into the pathogenesis of β-cell loss and
development of means to treat or prevent T1DM and T2DM.
Phospholipases A2 (PLA2 ) hydrolyze glycerophospholipids to yield a free fatty acid and a 2-lysophospholipid
[77, 78], and PLA2 are thought to participate in signaling and
membrane-remodeling processes that include repairing of
oxidative damage to membranes in order to preserve
their functional integrity [70–74]. When lipid peroxidation
occurs, the oxidized sn-2 fatty acid substituent of phospholipids becomes less hydrophobic and more accessible to phospholipases [73]. The lysophospholipid that results from
PLA2 -catalyzed removal of oxidized fatty acid substituents
can be reacylated with an unoxidized fatty acid to restore the
native structure and function of the parent phospholipid.
Two members of a lipase family [95] that has been designated Group VI PLA2 [96] or patatin-like phospholipase
domain-containing (PNPLA) proteins [97] may play such
a role in remodeling mitochondrial cardiolipin, and neither
enzyme requires Ca2+ for catalytic activity. Group VIA PLA2
(iPLA2 β) was the first member of this family to be recognized [98, 99] and is also designated PNPLA9. Group VIB
PLA2 (iPLA2 γ) was recognized thereafter [88, 100] and is
also designated PNPLA8 [96, 97]. iPLA2 γ, is expressed in
mitochondria and peroxisomes [89, 101, 102], which are
both membranous organelles that produce reactive oxygen
species, and iPLA2 γ cooperates with iPLA2 β in stimulated
phospholipid hydrolysis in some circumstances [103].
Mitochondria also contain iPLA2 β, and observations in a
Drosophila model of the human Barth syndrome have raised

Oxidative Medicine and Cellular Longevity

7
23000
∗

1
18000
0.8
Cell number

iPLA2 γ mRNA (ratio to control)

1.2

0.6
∗

0.4

∗

0
Control

13000

8000

∗

0.2

∗
∗

KD1
Cell line

∗

3000

KD2

0

iPLA2 γ

Actin

KD1

24

48

72

Time (hr)

(a) Expression of iPLA2 γ mRNA by INS-1 cells lines

Control

∗

KD2

(b) Immunoblots of expression of iPLA2 γ protien by INS-1 cells line

Figure 3: Establishing iPLA2 γ-knockdown INS-1 cell lines. INS1 cells were transfected with FIV constructs containing inserts
that produced either scrambled RNA (control) or siRNA directed
against sequences in iPLA2 γ mRNA (KD1, KD2). The relative
iPLA2 γ expression levels in control INS-1 cells and in the iPLA2 γknockdown (KD) cell lines KD1 and KD2 were assessed by quantitative PCR for mRNA (panel (a)) and by Western blotting analysis
for iPLA2 γ-immunoreactive protein (panel (b)). In panel (a), mean
values ± SEM are displayed (n = 4). An asterisk (∗ ) denotes a
significant diﬀerence (P < 0.05) from the value for control INS1 cells. The immunoblot in panel (b) is representative of four
experiments.

interest in the possibility that iPLA2 β participates in cardiolipin remodeling [104]. Barth syndrome results from
mutations in the tafazzin gene, which encodes a mitochondrial phospholipid-lysophospholipid transacylase, and the
disorder is characterized by severe cardioskeletal myopathy,
low-cardiolipin content, and abnormal cardiolipin fatty acyl
composition [105]. Tafazzin-deficient Drosophila have similar abnormalities in cardiolipin content and mitochondrial
function associated with monolysocardiolipin accumulation,
and this phenotype is suppressed by inactivation of the
iPLA2 β gene, suggesting that iPLA2 β contributes to monolysocardiolipin formation [104].
Several observations indicate that iPLA2 γ is also involved
in cardiolipin remodeling. Selective overexpression of

Control
KD1
KD2

Figure 4: Proliferation rates of INS-1 cell lines. Control INS-1 cells
(open circles) or the iPLA2 γ-Knockdown cell lines KD1 (closed
circles) or KD2 (closed triangles) were seeded onto the wells of
microtiter plates (density 3 × 103 cells/well) and incubated for various intervals (24, 48, or 72 hr), at the end of which cell number was
estimated based on DNA content by using a fluorescent indicator
as described in Experimental Procedures. Mean values ± SEM are
displayed (n = 4). An asterisk (∗ ) denotes a significant diﬀerence
(P < 0.05) from the value for the control INS-1 cell line at the
indicated time point.

iPLA2 γ in mouse myocardium results in altered mitochondrial function associated with cardiac dysfunction [106,
107], and genetic ablation of iPLA2 γ produces a deficient
mitochondrial bioenergetic phenotype [108] associated with
cognitive dysfunction and hippocampal abnormalities that
include mitochondrial degeneration and alterations in cardiolipin content and molecular species distribution [109].
iPLA2 γ-null mice also exhibit exaggerated high-fat dietinduced changes in tissue cardiolipin content and composition and altered patterns of mitochondrial fatty acid oxidation [110, 111]. Cardiolipin remodeling in myocardial
mitochondria that occurs during heart failure in rats also
appears to involve iPLA2 γ [112].
iPLA2 β and iPLA2 γ cooperate in eﬀecting certain cell
fate decisions [113], and both enzymes may participate in
determining whether a cell survives or succumbs to oxidative
injury via their roles in cardiolipin metabolism. In β-cells,
stimuli that induce apoptosis cause iPLA2 β to redistribute
from cytosol to mitochondria [63–65, 92, 114–119]. Staurosporine, for example, stimulates INS-1 cell mitochondrial
superoxide production, and this results in mitochondrial
membrane peroxidation, cytochrome c release, and apoptosis [63–65]. Staurosporine-induced membrane peroxidation
and apoptosis in β-cells are attenuated by overexpressing
iPLA2 β and amplified by its pharmacologic inhibition or
genetic ablation [63–65]. This may reflect a role for iPLA2 β
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and lipid peroxidation was then determined by the TBARS assay, as
described in Experimental Procedures. Mean values ± SEM (n = 4)
are displayed, and an asterisk (∗ ) indicates a significant diﬀerence
(P < 0.05) from control INS-1 cells. An (X) indicates a significant
diﬀerence (P < 0.05) from the vehicle-treated condition.

to excise oxidized cardiolipin fatty acid residues to generate
monolysocardiolipin species that can be reacylated to restore
the native structure [63–65].
Pharmacologic [120] observations suggest that iPLA2 γ
may play a similar role in cardiolipin remodeling [112], and
this is consistent with the abnormalities in cardiolipin content and composition that result from genetic manipulation
of iPLA2 γ expression [108–110]. In renal proximal tubular
cells, pharmacologic inhibition or molecular biologic suppression of expression of iPLA2 γ increases susceptibility to
oxidant-induced lipid peroxidation, mitochondrial dysfunction, and cell death [70–72]. These observations prompted us
to determine whether iPLA2 γ might play a similar role in βcells, given the importance of β-cell loss via oxidative injury
in the development of diabetes mellitus [20–35].
Our findings indicate that iPLA2 γ could participate in
maintaining the aggregate mass of β-cells by promoting
their proliferation and by protecting them from oxidative
membrane injury induced by inflammatory cytokines or
by oxidant agents that leads to apoptosis. Our iPLA2 γknockdown (KD) INS-1 cell lines exhibited significantly
lower growth rates than control INS-1 cells did. The inflammatory cytokines IL-1β and IFN-γ increased INS-1 cell
iPLA2 γ expression, and a similar response occurred when
INS-1 cells were incubated with the oxidant agents STZ and
TBHP. Those findings suggest that iPLA2 γ may be upregulated as a compensatory repair mechanism in response to
agents that injure β-cells, and this is consistent with the
observations that iPLA2 γ-KD INS-1 cells were also more

sensitive than control cells to injury from inflammatory cytokines and oxidative agents. These findings in β-cell lines are
consistent with the increased sensitivity to oxidant-induced
lipid peroxidation and apoptosis of renal proximal tubular
cells with reduced iPLA2 γ expression [70] and suggest that
iPLA2 γ plays a role in repairing oxidized membranes and
mitigating oxidant-induced cellular injury.
The mechanisms by which cytokines and oxidant agents
increase the expression of iPLA2 γ have not yet been determined experimentally, but the accumulation of iPLA2 γ
mRNA suggests that increased transcription is involved.
Current experiments to examine potential mechanisms are
focused on three possibilities. One is that the redox sensitive
transcription factor NFκ B is activated via ROS-mediated
inactivation of its inhibitory subunit Iκ B [121–124] and that
NFκ B stimulates transcription of the iPLA2 γ gene directly or
indirectly. NFκ B activation is known to contribute to β-cell
injury induced by cytokines [125] under conditions similar
to those employed in the studies described here. Two is that
transcriptional activation of the iPLA2 γ gene might occur via
p38 MAPK-dependent pathways, since stimuli that induce βcell ER stress and apoptosis result in p38 MAPK activation
[87], and ROS-induced p38 MAPK activation contributes to
apoptosis in other cells [126, 127].
Three is that ROS-induced oxidation of cellular phospholipids yields agonistic ligands for the transcription factor
PPARγ, as previously reported [128], which then activates
transcription of the iPLA2 γ gene. It is of interest in this
regard that conditions that result in diﬀerentiation of 3T3L1
fibroblasts to adipocytes lead to increased expression of
PPARγ and in transcriptional upregulation of iPLA2 γ and
iPLA2 β and that siRNA directed against either enzyme blocks
diﬀerentiation [113].
The presence of oxidized phospholipids in INS-1 cells
treated with oxidant agents in the studies described here was
determined by performing LC/MS/MS scans of lipid extracts
for precursors of m/z 295, m/z 319, and m/z 343 in order
to identify glycerolipid molecular species that contained
singly oxygenated forms of the polyunsaturated fatty acids
(PUFA) linoleate (C18:2), arachidonate (C20:4), or docosahexaenoate (C22:6), respectively. The major oxylipid species
identified was (stearoyl, hydroxyeicosatetraenoyl)-glycerophosphoethanol-amine [(C18:0/HETE)-GPE], and it was
quantified by MRM of the transition 782.6 → 319.3, which
corresponds to production of the HETE carboxylate anion
from the [M-H]− ion of the parent oxy-phospholipid species.
Minor species were observed at other m/z values but were
not further characterized because of the low signal obtained
from the limited amount of lipid contained in the quantities
of INS-1 cells with which it was practical to work.
Although C18:0/HETE-PE is the most abundant oxidized
phospholipid observed here, it is probably not the only oxidized species formed under these conditions. Oxidized lipids
represent only a tiny fraction (substantially below 1%) of
their unoxidized precursors, and all but the most abundant
species will likely fall below the limit of quantitation, even if
present in the mixtures, when the amount of membrane lipid
available for analysis is limiting. In addition, other phospholipid oxidation products, for example, those that contain

Oxidative Medicine and Cellular Longevity

9

CH2 -O-CO(CH 2 )16 CH3
CH-O-CO(CH2)3(CH)2 CH2 (CH)2 CH2 (CH)4 CH2 OH(CH2 )4 CH3
O
Relative abundance

100

CH2 -O-P-O(CH 2 )2 NH2
O
(C18:0/HETE)-GPE

[M-H]−

m/z = 782.76
Collisionally
activated
dissociation

80
60

20
0
400 600 800 1000 1200 1400 1600 1800 2000

CH3 (CH2 )4 CH2 OH(CH)4 CH2 (CH)2 CH2 (CH)2 (CH2 )3 -CO2
HETE

[M-H]−

m/z
782.76

40

m/z = 319.3

m/z

(a) MRM of the transition 782.76 → 319.3 for oxy-pe

(b) Parents of m/z 319.3 MS/MS scan

100
80

Relative abundance

100
783.81

60

m/z

m/z

782.76

40

784.65

20
0
782.5

783

783.5

784

784.5

80
60
Retention time
13.82 min

40
20
0

785

0

4

8

12 16 20
Time (min)

m/z
(c) {[M-H]− [13 C]} isotopomers parents of m/z
319.3 scan

28

(d) LC/MS/MS MRM m/z 782.76 → m/z 319.3
control INS-1 cells

100

100
time
80 Retention
13.82 min

Relative abundance

Relative abundance

24

60
40
20

80
60
Retention time
13.82 min

40
20
0

0
0

4

8

12 16 20
Time (min)

24

28

Relative abundance

4

8

12

60
40
20
0

0

20

24

28

(f) LC/MS/MS MRM m/z 782.76 → m/z 319.3
iPLA2 γ-knockdown INS-1 cells

Retention time
13.82 min

80

16

Time (min)

(e) LC/MS/MS m/z 782.76 → m/z 319.3 control INS1 cells incubated with STZ

100

0

4

8

12 16 20
Time (min)

24

28

(g) LC/MS/MS m/z 782.76 → m/z 319.3 INS-1-KD
cells treated with STZ

Figure 6: Continued.
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esterified hydroperoxy- or ketofatty acid derivatives [129],
would not have been detected by the approach used here,
which would also have failed to detect esterified short chain
substituents arising from PUFA oxidation [130]. Moreover,
neither the regio- nor the stereospecificity of oxygenation
was determined in our studies because of the limited amount
of oxidized lipid available for characterization, and it is
possible that C18:0/HETE-PE consisted of several distinct
isomers, as reported for other cells [85].
Nonetheless, we think that C18:0/HETE-PE represents a
reasonable marker for phospholipid oxidation in our experiments for several reasons. First, oxidized species of PE are
much more abundant in stimulated monocytes and platelets
than are oxidized species of other phospholipid head group
classes, including PC, PI, PS, or PG [131], and C18:0/HETEPE is the most abundant oxidized diacyl-phospholipid under
those conditions [85, 131, 132]. Second, the precursor C18:0/
C20:4-PE is the most abundant PE species in INS-1 cells [90,
91]. Moreover, mitochondria contain substantial amounts of
PE lipids, and they undergo the largest fractional modification of measured mitochondrial lipid classes upon induction
of apoptosis [94], which suggests that PE lipid oxidation
serves as a surrogate marker for mitochondrial phospholipid
oxidation.
The LC/MS/MS measurements reported here indicate
that INS-1 cell C18:0/HETE-PE content rises upon incubation with an oxidant agent and is higher in cells in which
iPLA2 γ expression level has been knocked down compared
to control cells. This is compatible with a role for iPLA2 γ in
remodeling of oxidized phospholipids that involves excision
of oxidized PUFA residues to yield lysophospholipid species
that can be reacylated with unoxidized fatty acyl-CoA molecules. This would regenerate the native phospholipid structure
and restore its normal function, thereby mitigating the eﬀects
of oxidative insults that might otherwise induce apoptosis.

5. Conclusions
Group VIB Phospholipase A2 (iPLA2 γ) is distributed in
mitochondria and expressed by insulin-secreting pancreatic
islet β-cells and INS-1 insulinoma cells that are susceptible
to oxidative injury by inflammatory cytokines, for example,
IL-1β and IFN-γ, and by oxidizing toxins, for example,
streptozotocin (STZ) or t-butyl-hydroperoxide (TBHP), via
processes relevant to β-cell loss in types 1 and 2 diabetes
mellitus. We demonstrate here that INS-1 cells incubated
with IL-1β and IFN-γ, with STZ, or with TBHP increase their
expression of iPLA2 γ mRNA and protein and that INS-1
knockdown (KD) cell lines with reduced iPLA2 γ expression
proliferate more slowly than control INS-1 cells and undergo
increased membrane peroxidation when incubated with
cytokines or oxidants. Accumulation of the oxidized phospholipid species (1-stearoyl, 2-hydroxyeicosatetraenoyl)-snglycerophosphocholine was demonstrated in STZ-treated
INS-1 cells by LC/MS/MS scanning, and the levels in iPLA2 γKD cells exceeded those in control cells. iPLA2 γ-KD INS-1
cells also exhibited higher levels of apoptosis than control
cells when incubated with STZ or with IL-1β and IFN-γ.
Together, these observations suggest that iPLA2 γ promotes
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β-cell proliferation and that its increased expression during
inflammation or oxidative stress may serve to mitigate membrane injury and thereby to enhance β-cell survival under
these conditions.
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Objective. This study aimed to investigate whether astragaloside IV modulates the mitochondrial permeability transition pore
(mPTP) opening through glycogen synthase kinase 3β (GSK-3β) in H9c2 cells. Methods. H9c2 cells were exposed to astragaloside
IV for 20 min. GSK-3β (Ser9 ), Akt (Ser473 ), and VASP (Ser239 ) activities were determined with western blot. The mPTP opening
was evaluated by measuring mitochondrial membrane potential (ΔΨm ). Nitric oxide (NO) generation was measured by 4-amino5-methylamino-2 , 7 -difluorofluorescein (DAF-FM) diacetate. Fluorescence images were obtained with confocal microscopy.
Results. Astragaloside IV significantly enhanced GSK-3β phosphorylation and prevented H2 O2 -induced loss of ΔΨm . These eﬀects
of astragaloside IV were reversed by the phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002, the NO sensitive guanylyl cyclase
selective inhibitor ODQ, and the PKG inhibitor KT5823. Astragaloside IV activated Akt and PKG. Astragaloside IV was also shown
to increase NO production, an eﬀect that was reversed by L-NAME and LY294002. Astragaloside IV applied at reperfusion reduced
cell death caused by simulated ischemia/reperfusion, indicating that astragaloside IV can prevent reperfusion injury. Conclusions.
These data suggest that astragaloside IV prevents the mPTP opening and reperfusion injury by inactivating GSK-3β through the
NO/cGMP/PKG signaling pathway. NOS is responsible for NO generation and is activated by the PI3K/Akt pathway.

1. Introduction
As a major active ingredient of the traditional Chinese herb Radix Astragali, astragaloside IV (see Figure 1(S) in Supplementary Material available online at
doi:10.1155/2012/935738) exerts numerous biological eﬀects
[1–6]. It has been widely used for treatments of cardiovascular diseases in China from the ancient time, and its
cardioprotective in canine hearts [7]. Although Ca-ATPase
[8], Na(+)-K(+)-ATPase [9], antioxidant [10], nitric oxide
(NO) [7] have been proposed to be involved in the action of
astragaloside IV, the exact cellular and molecular mechanism
by which astragaloside IV induces cardioprotection remains
unclear.
The mitochondrial permeability transition pore (mPTP)
plays a critical role in the pathogenesis of myocardial

ischemia/reperfusion injury [11, 12]. Inhibition of the mPTP
opening at early reperfusion can protect the heart from
reperfusion injury [13–18]. Since astragaloside IV protects
the heart through a NO-dependent mechanism [7] and NO
has been demonstrated to prevent the mPTP opening [19],
it is possible that astragaloside IV can modulate the mPTP
opening at reperfusion.
Identified originally as a regulator of glycogen metabolism, glycogen synthase kinase 3β (GSK-3β) is now a
well-established component contributing to cell signaling,
protein synthesis, cell proliferation, cell diﬀerentiation, cell
adhesion, and apoptosis [20, 21]. Studies have demonstrated
that GSK-3β plays a role in ischemic preconditioning [22]
and in morphine-induced cardioprotection at reperfusion
[23]. GSK-3β was further proposed to play a central role
in pharmacological preconditioning-induced modulation of
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the mPTP opening [24]. In addition, postconditioning [25],
ethanol [26], resveratrol [27], and morphine [28] have also
been reported to protect the heart by targeting the mPTP
through inhibition of GSK-3β. Since NO was demonstrated
to be involved in the cardioprotective eﬀect of astragaloside
IV [7] and the cGMP/PKG signaling pathway can negatively
regulate GSK-3β [28, 29]; since NO could protect the heart
by targeting mPTP through GSK-3β [30], it is likely that
GSK-3β plays a role in the action of astragaloside IV through
NO signaling pathway.
This study first examined if astragaloside IV inactivates
GSK-3β by detecting phosphorylation of GSK-3β at Ser9 .
Then experiments were conducted to determine if astragaloside IV could prevent oxidative stress-induced mPTP
opening through inactivation of GSK-3β. Lastly, the study
was aimed to define the signaling mechanism by which
astragaloside IV inactivates GSK-3β, focusing on the roles of
PI3 K/Akt, NO, and cGMP/PKG.
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fluorescence was excited with a 543 nm line of He-Ne laser
line and imaged through a 560 nm long-path filter.
2.4. Confocal Imaging of NO. To measure intracellular NO
concentration, the cardiac cells were loaded with 2 μM DAFFM [29]. The green fluorescence was excited at 488 nm and
imaged through a 525 nm long-path filter.
2.5. Cell Viability Assay. The cell viability was assessed
by propidium iodide fluorometry using a flow cytometry
(FACscalibur, Becton Dickinson, NJ). Fluorescence intensity
was measured at the excitation and emission wavelengths of
488 and 590 nm, respectively. Cells were incubated in the
standard Tyrode solution containing (in mM) 140 NaCl, 6
KCl, 1 MgCl2 , 1 CaCl2 , 5 HEPES, and 5.8 glucose (pH 7.4)
for 2 h before the experiments. Cells were then subjected
to 90 min of simulated ischemia followed by 30 min of
reperfusion.

2. Materials and Methods
2.1. Cell Culture. The rat heart tissue-derived H9c2 cardiac
myoblast cell line was purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen) and 100 U penicillin/streptomycin at
37◦ C in a humidified 5% CO2 -95% air atmosphere.
2.2. Chemicals and Antibodies. Astragaloside IV was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (NICPB, Beijing, China),
with a high purity 99% by HPLC analysis. Tetramethylrhodamine ethyl ester (TMRE) and 4-amino-5-methylamino-2 ,
7 -difluorofluorescein (DAF-FM) diacetate were purchased
from Molecular Probes (Eugene, OR, USA). LY294002,
ODQ, KT5823, SB216763, cyclosporin A, and FCCP were
obtained from Sigma (St. Louis, MO, USA). All antibodies
were purchased from Cell Signaling Technology (Beverly,
MA, USA).
2.3. Confocal Imaging of Mitochondrial Membrane Potential.
Mitochondrial membrane potential (ΔΨm ) was measured
by loading H9c2 cardiac cells with TMRE using confocal
microscopy as reported previously [29]. TMRE is a cell permeable, cationic, nontoxic, fluorescent dye that specifically
stains live mitochondria. TMRE is accumulated specifically
by the mitochondria in proportion to membrane potential
[31]. A number of studies have measured ΔΨm by imaging
cardiac cells loaded with TMRE [32–34]. Briefly, cells
cultured in a specific temperature-controlled culture dish
(MatTek, MA, USA) were incubated with TMRE (100 nM)
in standard Tyrode solution containing (mM) NaCl 140,
KCl 6, MgCl2 1, CaCl2 1, HEPES 5, and glucose 5.8 (pH
7.4) for 10 min. Cells were washed several times with fresh
Tyrode solution. The dish was then mounted on the stage
of an Olympus FLUOVIEW FV 1000 laser scanning confocal
microscope (Olympus Corporation, Tokyo, Japan). The red

2.6. Western Blotting Analysis. Equal amount of protein lysates were loaded and electrophoresed on SDSpolyacrylamide gel and transferred to a polyvinylidene
difluoride (PVDF) membrane. The membranes were probed
with primary antibodies that recognize the phosphorylation
of GSK-3β, VASP, and Akt. Each primary antibody binding
was detected with a secondary antibody and visualized
by the enhanced chemiluminescence (ECL) method. The
ECL-image was captured with Biospectrum Imaging System
(UVP, Upland, USA). Equal loading of samples was confirmed by reprobing membranes with antitubulin or total
protein antibodies.
2.7. Experimental Protocols. Cultured cells were washed twice
with PBS and then incubated in Tyrode solution for 2 h prior
to experiments. To examine the eﬀect of astragaloside IV
on GSK-3β phosphorylation at Ser9 (or Akt at Ser473 and
VASP at Ser239 ), cells were exposed to a range of astragaloside
IV concentrations (20–100 μM) for 20 min. The inhibitors
(LY, KT, ODQ) were applied 10 min before exposure to
astragaloside IV (50 μM). In the study evaluating the eﬀect
of astragaloside IV on ΔΨm , cells were exposed to 500 μM
H2 O2 for 20 min to cause mitochondrial oxidant damage.
Astragaloside IV (20–100 μM) was given 20 min before
exposure to H2 O2 . Inhibitors (LY, KT, ODQ, L-NAME) were
given 10 min before the exposure to astragaloside IV. In the
experiments monitoring changes in intracellular NO levels,
astragaloside IV was given immediately after baseline (0 )
measurements, whereas the inhibitors (LY, L-NAME) were
applied 10 min before the application of astragaloside IV. To
test the eﬀect of astragaloside IV on ischemia/reperfusion
injury, cells were exposed to a simulated ischemia solution
(glucose-free Tyrode solution containing 10 mM 2-deoxy-Dglucose and 10 mM sodium ithionite) for 90 min followed
by 30 min of reperfusion with the normal Tyrode solution.
Astragaloside IV was applied at the onset of reperfusion for
30 min or during ischemia (90 min) only. All chemicals were
dissolved in DMSO except L-NAME (dissolved in H2 O).
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Figure 1: Western blotting analysis of GSK-3β phosphorylation at
Ser9 and total GSK-3β protein in cardiac H9c2 cells. Astragaloside
IV (20∼100 μM) increased GSK-3β phosphorylation in a dosedependent manner. Data are mean ± SD for 6 independent
experiments performed in duplicate. ∗ P < 0.05 compared to
control group (t-test).

2.8. Statistical Analysis. Data are expressed as mean ±
SD and obtained from at least 6 experiments. Statistical
significance was determined using one-way ANOVA followed
by Tukey’s test. A value of P < 0.05 was considered as
statistically significant.

3. Results
3.1. Eﬀects of Astragaloside IV on GSK-3β and Akt Phosphorylation. To determine the potential role of GSK-3β in the cardioprotective eﬀect of astragaloside IV, this study first tested
if astragaloside IV could enhance GSK-3β phosphorylation at
Ser9 in H9c2 cardiac cells. As shown in Figure 1, astragaloside
IV significantly increased GSK-3β phosphorylation at Ser9
in a dose-dependent manner (20–100 μM) with the peak
at 50 μM. Thus, 50 μM astragaloside IV was used in the
following experiments. To define the mechanism by which
astragaloside IV inactivates GSK-3β, the experiments were
carried out to test if LY294002, an inhibitor of PI3 K, can alter
the action of astragaloside IV. As shown in Figure 2, the eﬀect
of astragaloside IV on GSK-3β phosphorylation was partially
but significantly reversed by LY294002 (10 μM). Moreover,
astragaloside IV increased Akt phosphorylation at Ser473 , an
eﬀect that was nullified by LY294002.
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Figure 2: Western blotting analysis of GSK-3β at Ser9 and
Akt at Ser473 phosphorylation and Tubulin protein in cardiac
H9c2 cells. Astragaloside IV (50 μM) increased GSK-3β and Akt
phosphorylation compared to control, the eﬀect that was reversed
by PI3 K inhibitor LY294002 (10 μM). Data are mean ± SD for
6 independent experiments performed in duplicate. ∗ P < 0.05
compared to control group; # P < 0.05 compared to astragaloside
IV (ANOVA followed by Tukey’s test).

3.2. Eﬀect of Astragaloside IV on the mPTP Opening. To
determine if astragaloside IV can prevent the mPTP opening,
then experiments were conducted to determine the eﬀect
of astragaloside IV on oxidative stress-induced loss of
ΔΨm by monitoring changes in TMRE fluorescence with
confocal microscopy. As shown in Figure 3, treatment of
cells with 500 μM H2 O2 induced a marked decrease in TMRE
fluorescence (49.69 ± 6.34% of baseline in the control group).
In contrast, cells treated with 50, 60, and 80 μM astragaloside
IV showed much less decrease in TMRE fluorescence.
To confirm that the eﬀect of astragaloside IV on TMRE
fluorescence results from the inhibition of mPTP opening
but not from mitochondrial uncoupling, the mitochondrial
uncoupler FCCP was applied to test its eﬀect on TMRE
fluorescence. FCCP (0.5 μM) induced a marked decrease
in TMRE fluorescence (45.09 ± 5.51% of baseline in the
control group). Astragaloside IV did not change the TMRE
fluorescence decrease caused by FCCP (Figure 2(S)). The
GSK-3β inhibitor SB216763 (3 μM) and the specific mPTP
inhibitor cyclosporin A (0.2 μM) could mimic the eﬀect of
astragaloside IV to prevent the loss of TMRE fluorescence
(Figure 3(S)).
3.3. The Potential Mechanisms Underlying the Inhibitory
Eﬀect of Astragaloside IV on the mPTP Opening. Figure 4
shows that astragaloside IV was not able to prevent TMRE
fluorescence loss in the presence of LY294002, ODQ (5 μM),
a potent selective inhibitor of NO-sensitive guanylyl cyclase,
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Figure 3: Confocal fluorescence images of TMRE at baseline
and 20 min after exposure to 500 μM H2 O2 in H9c2 cells. (a)
Astragaloside IV (20∼100 μM) prevented oxidant-induced TMRE
fluorescence reduction in a dose-dependent manner. (b) Summarized data for TMRE fluorescence intensity measured with
confocal microscopy 20 min after exposure to H2 O2 expressed as
a percentage of baseline. Data are mean ± SD for 8 independent
experiments performed in duplicate. ∗ P < 0.05 compared to
control group (t-test).

and KT5823 (1 μM), a selective inhibitor of PKG. LY294002,
ODQ and KT5823 alone did not change the TMRE fluorescence intensity (data not shown). In addition, the
eﬀect of astragaloside IV on GSK-3β phosphorylation was
reversed by ODQ and KT5823. Moreover, astragaloside
IV significantly increased phosphorylation of vasodilatorstimulated phosphoprotein (VASP), a substrate of PKG,
and this eﬀect was also reversed by ODQ and KT5823
(Figure 5).
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Figure 4: Confocal fluorescence images of TMRE at baseline and
20 min after exposure to H2 O2 in cardiac H9c2 cells. (a) The
eﬀect of astragaloside IV (50 μM) on the oxidant-induced mPTP
opening was reversed by LY294002 (10 μM), the potent and selective
inhibitor of NO-sensitive guanylyl cyclase ODQ, (5 μM), and the
specific PKG inhibitor KT5823 (1 μM). (b) Summarized data for
TMRE fluorescence intensity measured with confocal microscopy
20 min after exposure to H2 O2 expressed as a percentage of baseline
in cardiac H9c2 cells. Data are mean ± SD for 6 independent
experiments performed in duplicate. ∗ P < 0.05 compared to
control group; # P < 0.05 compared to astragaloside IV (ANOVA
followed by Tukey’s test).
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3.5. Eﬀect of Astragaloside IV on Cell Viability. To test the
eﬀect of astragaloside IV on ischemia/reperfusion injury,
H9c2 cells were subjected to 90 min simulated ischemia
followed by 30 min of reperfusion. Figure 7 shows that
simulated ischemia/reperfusion significantly reduced cell
viability to 55.36 ± 2.9%. Astragaloside IV given during
ischemia but not during reperfusion failed to improve
cell viability (55.18 ± 3.7%). In contrast, astragaloside IV
given at the onset of reperfusion for 30 min increased cell
viability to 79.81 ± 3.6%, indicating that astragaloside IV
is cardioprotective during reperfusion rather than during
ischemia and thus may have a potential to save myocardium
from reperfusion injury.
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Figure 5: Western blotting analyses of GSK-3β at Ser9 and
VASP at Ser239 phosphorylation in H9c2 cells. Astragaloside IV
(50 μM) increased GSK-3β and VASP phosphorylation, the eﬀect
that was reversed by the potent and selective inhibitor of NOsensitive guanylyl cyclase ODQ (5 μM) and the specific inhibitor
of PKG KT5823 (1 μM). Data are mean ± SD for 6 independent
experiments performed in duplicate. ∗ P < 0.05 compared to
control group; # P < 0.05 compared to astragaloside IV (ANOVA
followed by Tukey’s test).

3.4. Eﬀect of Astragaloside IV on NO Generation. To test if
astragaloside IV can produce NO in H9c2 cells, intracellular
NO levels were measured by loading cells with DAFFM fluorescence. As shown in Figure 6, astragaloside IV
markedly enhanced DAF-FM fluorescence intensity 20 min
after the treatment compared to the control. The eﬀect of
astragaloside IV on NO generation was reversed by the
NOS inhibitor L-NAME (200 μM) and the PI3 K inhibitor
LY294002. L-NAME, LY294002, and H2 O2 alone did not
change the DAF-FM fluorescence intensity.

This is the first study to demonstrate that astragaloside IV
modulates the mPTP opening by inactivating GSK-3β via
the PI3 K/Akt/NO/cGMP/PKG pathway. Since inhibition of
the mPTP opening has been demonstrated to be a critical
event in acute cardioprotection against reperfusion injury,
the current finding suggests that astragaloside IV may be
a promising agent to treat patients with acute myocardial
infarction.
Astragaloside IV has been shown to induce cardioprotection in various experimental models [4, 5, 35]. While
Ca-ATPase [8], Na(+)-K(+)-ATPase [9], ROS [10], and NO
[7] have been reported to be involved in astragaloside IVinduced cardioprotection, the exact cellular and molecular
events that mediate the protective eﬀect of astragaloside
IV remain to be elucidated. The mPTP opening has been
demonstrated to be a critical determinant of myocardial
ischemia/reperfusion injury [11], and the mPTP is an
important target of cardioprotection [15]. The critical role
of the mPTP in cardioprotection has also been demonstrated by recent reports addressing that both preconditioning and postconditioning confer cardioprotection against
ischemia/reperfusion injury by inhibiting the mPTP opening
[14, 16, 24, 36]. In the present study, oxidative stress-induced
loss of ΔΨm was prevented by astragaloside IV, suggesting
that astragaloside can modulate the mPTP opening, since
the loss of ΔΨm is caused by the mPTP opening [11].
To confirm that the eﬀect of astragaloside IV on TMRE
fluorescence results from the inhibition of mPTP opening
but not from mitochondrial uncoupling, the mitochondrial
uncoupler FCCP was applied to test its eﬀect on TMRE
fluorescence. FCCP induced a marked decrease in TMRE
fluorescence. Astragaloside IV did not change the TMRE
fluorescence decrease caused by FCCP. The observation
that the selective mPTP closer cyclosporin A mimicked
the eﬀect of astragaloside IV by preventing loss of ΔΨm
further confirms the inhibitory action of astragaloside IV
on the mPTP. Since a burst of reactive oxygen species upon
myocardial reperfusion is associated with cardiac injury [37],
our finding suggests that astragaloside IV may protect the
heart from reperfusion injury by modulating the mPTP
opening. In support, our data have shown that astragaloside
IV applied at reperfusion protected cells from simulated
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Figure 7: Cell viability assay in H9c2 cells subjected to 90 min
simulated ischemia followed by 30 min of reperfusion. Astragaloside IV applied during ischemia only did not improve cell viability
(AstIV (I)), compared with the ischemia/reperfusion control (I/R).
Astragaloside IV given at reperfusion for 30 min significantly
increased cell viability (AstIV (R)). Data are mean ± SD for
6 independent experiments performed in duplicate. ∗ P < 0.05
compared to the control; # P < 0.05 compared to astragaloside IV
(ANOVA followed by Tukey’s test).
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Figure 6: Confocal fluorescence images of DAF-FM 0 and 20 min
after exposure to astragaloside IV in H9c2 cells. (a) Astragaloside
IV (50 μM) significantly increased DAF fluorescence, an eﬀect that
was reversed by the NOS inhibitor L-NAME (200 μM) and the
PI3 K inhibitor LY294002 (10 μM). (b) Summarized data for DAFFM fluorescence intensity 20 min after exposure to astragaloside
IV expressed as a percentage of baseline. Data are mean ± SD for
6 independent experiments performed in duplicate. ∗ P < 0.05
compared to control group; # P < 0.05 compared to astragaloside
IV (ANOVA followed by Tukey’s test).

ischemia/reperfusion injury, confirming the potential protective eﬀect of astragaloside IV on reperfusion injury. Our
finding also supports the prevalent notion that the mPTP
is a critical and common target for various cardioprotective
interventions [38, 39].

GSK-3β activity is regulated by phosphorylation at its
Ser9 and Tyr216 . Phosphorylation of Ser9 decreases GSK-3β
activity, whereas phosphorylation of Tyr216 increases GSK3β activity [23]. GSK-3β is constitutively activated due to
basal phosphorylation of Tyr216 . GSK-3β inactivation plays
a critical role in the cardioprotective eﬀects of ischemic
preconditioning [22], morphine [23], and bradykinin [40].
GSK-3β was further shown to mediate the convergence of
cardioprotective signaling pathways to inhibit the mPTP
opening [24]. In support, inactivation of GSK-3β is crucial
for prevention of the mPTP opening by preconditioning [41]
and postconditioning [25]. In the present study, astragaloside
IV significantly increased GSK-3β phosphorylation at Ser9
in a dose-dependent manner, suggesting that astragaloside
IV can inactivate GSK-3β in cardiac cells. The selective
GSK-3β inhibitor SB216763 could mimic the protective
eﬀect of astragaloside IV by preventing oxidative stressinduced mPTP opening. Thus, it is reasonable to propose
that GSK-3β inactivation is critical for the preventive eﬀect
of astragaloside IV on the mPTP opening.
Activation of the cGMP/PKG signaling pathway has been
proposed to lead to prevention of the mPTP opening [28,
42]. It was also reported that NO modulates the mPTP
opening in mouse hearts [19]. NO has been proposed to
contribute to the mechanism underlying astragaloside IVinduced cardioprotection [7]. In the present study, the action
of astragaloside IV on TMRE fluorescence was reversed by
a potent NO-sensitive guanylyl cyclase selective inhibitor
ODQ (5 μM) and a selective PKG inhibitor KT5823 (1 μM),
implying that the cGMP/PKG pathway may play a role
in the action of astragaloside IV. In addition, the eﬀect
of astragaloside IV on GSK-3β phosphorylation was also
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reversed by ODQ and KT5823. Moreover, astragaloside
IV significantly increased phosphorylation of vasodilatorstimulated phosphoprotein (VASP), a substrate of PKG,
and this eﬀect was again reversed by ODQ and KT5823,
further confirming that the cGMP/PKG signaling pathway
is required for the inhibitory action of astragaloside IV
on GSK-3β. Furthermore, astragaloside IV was also able
to rapidly produce NO in H9c2 cells. These observations
strongly suggest that the NO/cGMP/PKG pathway serves as
the upstream signal of GSK-3β inactivation in the action of
astragaloside IV on the mPTP opening. In agreement with
our finding, a recent study by Das et al. demonstrated that
PDE5 inhibition by sildenafil induces cardioprotection by
inactivating GSK-3β via PKG [43].
The PI3 K/Akt signaling pathway plays an important
role in cardioprotection [44, 45] and can activate NO
generation [46, 47]. Recent studies reported that astragaloside IV promotes angiogenesis by activating the PI3 K/Akt
pathway [48]. Therefore, it is possible that astragaloside IV
generates NO through a pathway involving PI3 K/Akt. In
the present study, astragaloside IV-induced NO generation
was suppressed by the PI3 K inhibitor LY294002, suggesting
that the PI3 K/Akt pathway may serve as the upstream signal
of NO production by astragaloside IV. In addition, astragaloside IV was able to activate Akt and its inhibitory eﬀect
of GSK-3β was reversed by the PI3 K inhibitor LY294002.
Furthermore, the eﬀects of astragaloside IV on GSK-3β
phosphorylation and the mPTP opening were also abrogated
by LY294002. These data clearly indicate that the PI3 K/Akt
signaling pathway contributes to the action of astragaloside
IV by activating NO generation leading to activation of the
cGMP/PKG signaling.
Since astragaloside IV protected cells from simulated
ischemia/reperfusion injury when given at reperfusion, it
is reasonable to propose that astragaloside IV mimicked
the cardioprotective eﬀect of postconditioning. Interestingly, the signaling elements responsible for the protective
eﬀect of astragaloside IV have also been implicated in
the mechanism of preconditioning [24, 42, 49]. However,
since preconditioning and postconditioning recruit similar
signaling pathways at reperfusion to protect the heart from
ischemia/reperfusion injury [50], it is reasonable to understand that astragaloside IV may also induce cardioprotection
at reperfusion through the signaling pathways responsible for
the mechanism of preconditioning.
In summary (Figure 4(S)), our data demonstrate that
astragaloside IV prevents the mPTP opening by inactivating
GSK-3β through the NO/cGMP/PKG signaling pathway. The
PI3 K/Akt pathway activates NOS that is responsible for
NO production. It should be mentioned that although the
signaling pathway found here provides new insights into the
mechanism by which astragaloside IV protects the heart from
ischemia/reperfusion injury, some other parallel signaling
pathways or elements may also be involved in the protective
action of astragaloside IV. Thus, more studies are needed
to fully understand the signaling mechanism underlying
astragaloside IV’s cardioprotection.
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