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Heme oxygenase (HO; EC 1:14.99.3, heme, hydrogen donor:
oxygen oxidoreductase (𝛼-methene hydroxylating, decycliz-
ing)) catalyzes the rate limiting the step in the oxidative
catabolism of heme to generate biliverdin-IX𝛼, which is sub-
sequently converted to bilirubin-IX𝛼 by cytosolic NAD(P)H-
dependent biliverdin reductase [1]. This reaction, which
requiresmolecular oxygen as well as electrons fromNADPH-
dependent cytochrome p-450 reductase, liberates the small
gas mediator carbon monoxide (CO) and ferrous iron [1].
The constitutive form of this enzyme (HO-2) is expressed
highly in neuronal and vascular tissues, whereas the inducible
form of this enzyme (HO-1) is recognized as a major stress-
inducible protein in mammalian cells [2]. HO-1 induction
represents a general inducible response in cells and tissues by
a broad range of chemical and physical stress agents [3], and
it is transcriptionally regulated in response to these agents
primarily by the Keap1–Nrf2 system, amaster regulator of the
oxidative stress response [4].

The inducible form of HO, heme oxygenase-1 (HO-
1), confers protection against oxidative stress conditions in
vitro and in vivo [5]. Although the mechanisms of HO-1-
dependent cytoprotection remain incompletely understood,
accumulating evidence has implicated contributory roles
for the products generated from HO activity. Biliverdin
and bilirubin are potent antioxidant compounds, whereas
iron liberated from HO activity stimulates the produc-
tion of ferritin, a cytoprotective molecule [6]. Previously
regarded as metabolic waste, CO may affect intracellu-
lar signaling pathways [7]. Exogenously applied CO can

mimic the cytoprotective effects of HO-1 [8], involving the
modulation of cellular redox state as well as the regula-
tion of apoptosis, inflammation, and cellular proliferation
[9].

In recent years, it has become clear that the HO-1/CO
system can potentially impact cellular metabolic pathways.
The cardinal example is the clearance of intracellular heme by
the catabolic activity of HO-1 [1], leading to the redistribution
of cellular iron [6, 10]. In this special issue, we sought to invite
papers that explore the novel aspects of the HO-1/CO system
with respect to the regulation of metabolic pathways.

It is increasingly recognized that the mitochondria, the
central energy generating organelle of the cell, can play
important roles not only in metabolism but also in the
regulation of cellular programs, including apoptosis and
inflammation, and that mitochondrial dysfunction may be
a key component of human diseases [11]. Recent studies
have implicated HO-1/CO as important regulators of mito-
chondrial biogenesis and mitochondrial function [12, 13].
The paper by N. Rayamajhi et al., published in this special
issue, demonstrates that the natural antioxidant quercetin, a
plant derived flavonoid, enhances mitochondrial biogenesis
through the activation of the HO-1/CO system in hepato-
cytes and furthermore prevents the decline of mitochondrial
biogenesis in an in vivo model of sepsis. These studies lend
support to the notion that natural dietary antioxidants, such
as quercetin, could be used as pharmacological inducers of
HO-1 and for the preservation of mitochondrial function for
the treatment of disease.
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The role of the HO-1/CO system in the regulation of
lipid metabolism is not well studied. The paper by S.-J. Lee
et al. demonstrates that mitochondrial dysfunction under
cellular stress conditions is associated with the disruption of
lipid metabolism and the formation of lipid droplets (LD).
Using HO-1 deficient mice, the authors uncover a previously
unknown role for HO-1 in LD formation during polymicro-
bial sepsis.These results strongly suggest thatHO-1 also influ-
ences lipid metabolism in response to mitochondrial dys-
function and as a part of the cytoprotective response to stress.

In addition to lipids, polyamines are ubiquitous cellu-
lar constituents that can influence cell survival and death
pathways. The relationship between the HO-1/CO system
and polyamine metabolism is largely uncharted. The paper
by H. Yang et al. demonstrates that spermidine, a cellular
polyamine, can induce HO-1 in endothelial cells, through
the Nrf2 pathway. The induction of HO-1 provides cellular
antiapoptotic protection against the toxic effects of exogenous
spermidine. These results affirm the antiapoptotic potential
of HO-1 against natural apoptosis-inducing compounds and
uncover a novel effect of polyamines on HO-1 regulation.

It is generally recognized that HO-1/CO can provide
protection in animal models of ischemia reperfusion injury
and cardiovascular disease. In humans, susceptibility to
ischemic disease is greater in males than in females. The
paper by A. Pósa et al. explores the possibility that differences
in HO-1 expression may account for gender differences in
susceptibility to ischemic disease.The authors report that the
differential HO activity may be responsible for the resistance
of female versus male mice to cardiovascular disruption and
vasoconstriction during ischemia.

The therapeutic potential of CO has gained momentum
in recent years and is summarized in the article by M.
Knauert et al. The authors describe the intracellular sig-
naling pathways that can be modulated by CO including
mitogen activated protein kinases, nuclear factor 𝜅-B, and
the phosphatidylinositol-3-kinase/Akt pathway, which are
involved in the regulation of inflammation and cell survival.
Furthermore, the authors discuss the evolution of the field
from animal modeling, in which CO has demonstrated tissue
protective effects in lung injury and sepsis models, to its
prospective use in the clinical arena as a therapy for human
diseases. Although the latter goal is not yet realized, current
efforts aim to characterize the efficacy of CO therapy for
human sepsis.

We hope that the articles presented in this special issue,
representing current advances in the HO-1/CO field, with
respect to their potential impact in metabolic pathways, will
stimulate further exploration of this exciting area.

Hun-Taeg Chung
Stefan W. Ryter
Hong Pyo Kim
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Heme oxygenase-1 (HO-1) is a regulated enzyme induced in multiple stress states. Carbon monoxide (CO) is a product of HO
catalysis of heme. In many circumstances, CO appears to functionally replace HO-1, and CO is known to have endogenous anti-
inflammatory, antiapoptotic, and antiproliferative effects. CO is well studied in anoxia-reoxygenation and ischemia-reperfusion
models and has advanced to phase II trials for treatment of several clinical entities. In alternative injury models, laboratories
have used sepsis, acute lung injury, and systemic inflammatory challenges to assess the ability of CO to rescue cells, organs, and
organisms. Hopefully, the research supporting the protective effects of CO in animal models will translate into therapeutic benefits
for patients. Preclinical studies of CO are now moving towards more complex damage models that reflect polymicrobial sepsis or
two-step injuries, such as sepsis complicated by acute respiratory distress syndrome. Furthermore, cotreatment and posttreatment
with CO are being explored in which the insult occurs before there is an opportunity to intervene therapeutically. The aim of this
review is to discuss the potential therapeutic implications of CO with a focus on lung injury and sepsis-related models.

1. Introduction

Inducible heme oxygenase, heme oxygenase-1 (HO-1), is
a regulated enzyme that is induced in response to oxida-
tive stress. HO-1 catalysis is the rate limiting step in the
breakdown of heme, a powerful intracellular catalyst of free
radical production, to equimolar amounts of carbon monox-
ide (CO), biliverdin, and iron. Biliverdin is immediately
converted to bilirubin and iron is rapidly sequestered into
ferritin. It appears, however, that CO remains behind as a
stable, diffusible molecule with potent cell signaling capa-
bilities. Experimentally we know that diverse insults such as
ischemia, hypoxia, hyperoxia, endotoxin exposure, polymi-
crobial infection, ventilator induced lung injury, hemorrhage,
and transplant causeHO-1 upregulation at the transcriptional
and, in a few cases, translational level.

In parallel with the elevation in HO-1, CO levels are
increased in multiple disease states such as asthma [1],
cystic fibrosis [2], and sepsis [3]. Multiple experimental
models have demonstrated that the pleiotropic effects of
HO-1 can be mimicked via the application of exogenous
CO. Given its safety in low doses [4–6] and relative ease
of administration [7] compared to therapeutic HO-1 gene

strategies, CO has been proposed as a therapeutic entity.
This technology has already advanced as far as phase II
trials for postoperative patients and patients with idiopathic
pulmonary fibrosis, pulmonary hypertension, and chronic
obstructive pulmonary disease (COPD). Because there is
accumulating data regarding the ability of CO to abrogate
primary and secondary acute lung injury (ALI) and control
systemic inflammatory damage attributed to sepsis, there
may one day be uses in the critical care setting.

CO, the diatomic oxide of carbon, is a colorless, ubiq-
uitous gas at temperatures above −190∘C. It has a specific
gravity of 0.967 relative to air and a density of 1.25 g/L at
standard temperature and pressure [8]. CO readily forms
metal carbonyls, which are susceptible to the attack of the
COoxygen atom by electrophiles. Chemical reduction of CO,
however, requires temperatures well above the normal phys-
iological range (>100∘C); metal carbonyls are relatively stable
until CO is displaced, for example, by molecular oxygen [9].
Most of the CO in the body (80%) is bound to hemoglobin
as COHb [10]. The remainder of the CO is distributed in
the tissues. The cellular concentrations of CO depend upon
the local partial pressures of both CO and oxygen because
the two gases compete for the same iron or copper binding
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Figure 1: Alternative pathways for the therapeutic delivery of CO to diseased tissues with their main advantages and disadvantages. From
Romao et al. (2012) [14].

sites. Among cellular heme proteins, myoglobin, cytochrome
c oxidase, cytochrome p450, catalase, guanylate cyclase, and
tryptophan dioxygenase bind sufficient CO to alter function
in vitro. After binding to heme protein enzymes, CO usually
inhibits electron transfer and/or catalytic activity [11].

A multiplicity of actions of CO, of both exogenous and
endogenous derivations, is expected to depend significantly
on the concentrations of both CO and reduced transition
metals, for example, Fe (II), in relation to the availability
of molecular O

2
. In this respect, the CO/O

2
ratio and O

2
-

dependent changes in the redox state of the cell, or in different
compartments within a cell, assume critical importance in
the effects of CO on specific protein functions. Because CO
may influence the reactions involving heme proteins, it can
be expected to have both prooxidant and antioxidant effects
on the cell [12].

The only means of ridding the body of CO is through
exhalation. CO is best known for its high affinity for
hemoglobin and the resultant displacement of oxygen at high
concentrations; this causes tissue hypoxia and the associated
pathologies of CO poisoning. Maximal tolerated levels are
generally considered to be 10–12% and are equivalent to the
CO blood levels of heavy smokers. CO dosage is generally
discussed in parts permillion (ppm) and typical experimental
doses of 250 to 500 ppm result in CO serum levels well
below 10% [4–6]. As the work to elucidate the physiologic
and therapeutic role of gaseous CO has progressed, a parallel
line of inquiry has produced a family of molecules known
as CO releasing molecules (CO-RMs) capable of carrying
and delivering CO to tissues in physiologic conditions [13].
The prototypic members of this family contain a transition

metal core which binds (and then releases) CO. Technology
has advanced these agents from lipid to water soluble and
produced a large variety of compounds with varying potency
and half-lives. See Figure 1, Romao et al. [14].

Sepsis is the leading cause of hospital mortality in adult
patients and the incidence is increasing [15]. One recent study
in theUnited States revealed 3.0 cases of severe sepsis (defined
as sepsis plus organ dysfunction) per 1,000 people and 2.3
cases per 100 hospital discharges; mortality was 28.6% in
this cohort [16, 17]. When sepsis is combined with ALI or
acute respiratory distress syndrome (ARDS) the outcomes
are worse. ARDS associated with sepsis has a higher disease
severity, poorer recovery, lower successful extubation rate,
and higher mortality as compared to nonsepsis ARDS [18].
These vulnerable patients with sepsis and ARDS patients may
potentially bemost likely to benefit fromCO therapies, if safe
doses as well as delivery systems can be established.

The goal of this review is to discuss potential therapeutic
applications of CO in the clinical settings of sepsis and
lung injury. Much of the focus will be upon the beneficial
role of gaseous CO, though we will briefly touch on related
results from CO-RM therapies. The biologic and therapeutic
potentials of biliverdin and bilirubin as well as HO-1 related
therapy are beyond the scope of this summary.

2. Mechanisms of Action

Carbon monoxide has been demonstrated to be dependent
upon a variety of cell signaling pathways but neither a
comprehensive list nor the precise molecular interactions
have been fully worked out. It appears that CO exerts its effect
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through different pathways in different cell lines and under
different conditions [19–22].Most recently, investigators have
revealed a role for HO-1 in the regulation of autophagy and
mitochondrial homeostasis (reviewed in [23]). In addition,
multiple members of the mitogen-activated protein kinase
(MAPK) family are implicated in the anti-inflammatory and
antiapoptotic effects of HO-1 and CO; however, depending
on the organ or tissue type, these effects can be dependent
or independent of the three major MAPK pathways: p38,
extracellular signal-regulated kinase (ERK) 1 and ERK2, and
JunKinase (JNK). For example, an ERK1/2MAPKdependent
pathway has been shown to be responsible for CO related
inhibition of interleukin (IL) 17 in lung injury models; IL-17
plays a key role in neutrophil dominated inflammation of the
lung [24]. In the case of a macrophage cell line and the p38
pathway, the effects of exogenous CO administration after
lipopolysaccharide (LPS) insult require both mitochondrial
produced reactive oxygen species (ROS) and the p38 MAPK
pathway [25]. It may be that this mitochondrial burst of ROS
is critical in the reported role of CO as a bactericidal agent.
Our laboratory has shown that CO utilizes p38𝛼 MAPK
to attenuate oxidant-induced apoptosis in an ischemia-
reperfusion lung injury model via modulation of Fas/Fas
ligand, B-cell cell lymphoma-2 (Bcl-2), and caspase-mediated
cell death [26, 27]. Activated phosphatidylinositol-3-kinase
(PI3 K/Akt) also further induces HO-1 thereby creating a
positive feedback loop [28–30]. The p38 dependent effects of
HO-1 induction of HO-1 and/or provision of CO are believed
in some cases to target the p38𝛼 isoform for degradation.
This degradation functionally alters the p38𝛼 to p38𝛽 ratios
and promotes the dominance of the cytoprotective 𝛽 isoform
[31]. More generalized activation of p38 MAPK by HO-1
also induces the expression of B-cell lymphoma-extra large
protein via the PI3 K/Akt signal transduction pathway which,
in turn, inhibits the intrinsic (mitochondrial) apoptotic
pathway [31]. Both HO-1 and CO are protective in models
of liver disease in which they prevent phosphorylation of the
proapoptotic JNK MAPK [32].

In addition to MAPK related signaling, other antiapop-
totic effects of HO-1 are mediated through the nuclear factor
𝜅-light chain-enhancer of activated B cells (NF-𝜅B) tran-
scription factor pathway. Via an unknownmechanism, HO-1
downmodulates NF-𝜅B activation vis á vis apoptosis without
interfering with the expression of downstream cytoprotective
genes [21, 31, 33]. In the case of hypoxia, CO on its own
can trigger activation of hypoxia inducible factor-𝛼 which
in turn activates anti-inflammatory transforming growth
factor 𝛽 [34]. CO also provided protection against endotoxic
shock via reciprocal effects on the inducible nitrous oxide
synthase pathway in the lung and liver [35]. Finally, in the
case of vascular smooth muscle and neuronal cell stress, CO
is believed to exert its effects via increase in cyclic guano-
sine monophosphate signaling [36, 37]. The antiproliferative
effects of HO-1 and CO in smooth muscle cells appear to
be mediated via caveolin-1, the major structural protein of
caveolae which are key components of endocytosis in cells
such as lung endothelial cells, type I pneumocytes, (murine)
alveolar macrophages and fibroblasts [38]; this pathway is

also being explored vis á vis ventilator induced lung injury
[39].

Though it is clear that many of the cell most central sig-
naling cascades are involved, precise molecular mechanisms
are unknown to date and HO-1 signaling interactions appear
to be highly situational. Analysis of HO-1 and CO pathways
is further complicated by the extensive redundancy of cellular
danger and damage signaling. What seems most apparent is
the unifying theme of reactive oxygen species as a critical
trigger to HO-1 induction and the ability of its product,
CO, to abrogate the deleterious effects of an overexuberant
inflammatory response via stimulation of cytoprotective and
antiapoptotic pathways. This ambiguous and complex inter-
play of injurymodels, cellular stress, signalingmolecules, and
HO-1 and its product CO are depicted in Figure 2.

3. Sepsis Models: Lipopolysaccharide
Endotoxemia and Polymicrobial Sepsis

The experimental models discussed below emulate both
gram-negative sepsis and associated ALI. Sepsis itself may
be an important target for CO therapy. And, in the case
of systemically administered LPS, the associated lung injury
mimics the ARDS we often see in septic patients as a
secondary inflammatory injury. Intranasal and intratracheal
LPS administration create direct lung tissue injury, apoptosis,
and necrosis, as would be seen in infectious pneumonia [40].

Early investigation into sepsis-related HO-1 effects re-
vealed that HO-1 is induced in vitro and in vivo in response
to a variety of oxidative stresses. Intravenous LPS administra-
tion of 0.1mg/kg in amousemodel resulted in transcriptional
upregulation of HO-1 in the kidney, liver, and spleen [41];
similarly, intravenous LPS administration of 4mg/kg in a rat
model revealed induction of HO-1 in the smooth muscle of
large and small arteries [42]. HO-1 is also upregulated in the
lung tissue of rats following LPS exposure [43]. Importantly,
HO-1 induction appears to confer tremendous protection
against oxidative stress as demonstrated by Otterbein et al.
in work exploring a rat model of sepsis. In this series, rats
were pretreated with hemoglobin in order to induce HO-1.
Following pretreatment, a lethal dose of LPS was adminis-
tered. When compared to rats not exposed to hemoglobin,
the pretreated rats had 100% survival [43]. Kanagawa et al.
demonstrated hepatic growth factor dependent HO-1 induc-
tion in a murine intraperitoneal LPS injection model; they
further demonstrated diminished lung and kidney injury
following LPS insult for HO-1 induced animals [44].

Given that CO is one of three cellular products of HO-1
and a potential downstream mediator of HO-1 effects, the
possibility that CO could functionally replace HO-1 has
been explored [36]. CO could abrogate LPS induction of
proinflammatory cytokines tumor necrosis factor 𝛼 (TNF-𝛼),
IL-1𝛽, and macrophage inflammatory protein (MIP)-1𝛽 and
augment LPS induction of anti-inflammatory IL-10 [36, 45].
Expansion of this work demonstrated the beneficial effects
of either HO-1 enzyme induction or exogenous CO in
abrogating inflammatory and apoptotic pathways following
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Figure 2: Summary of oxidative stress triggers and HO-1 related cellular response. BV: biliverdin, BR: bilirubin; otherwise abbreviations
are as defined in the text. Oxidative stresses trigger ROS which in turn trigger the MAPK pathway as well as HO-1 via MAPK dependent
and independent mechanisms. MAPK further signals through STAT3 to upregulate HO-1 transcription. HO-1 produces free iron which is
sequestered into ferritin, biliverdin which is converted into bilirubin, and CO which is stable and diffuses readily. CO production further
increases HO-1 levels. In addition, CO influences multiple other signaling pathways to decrease apoptosis and inflammation.

LPS challenge. Within 24 hours after intratracheal adminis-
tration of LPS in mice, epithelial cell injury and apoptosis
in lung macrophages, neutrophils, and alveolar wall can be
detected. CO preconditioning with 250 ppm reduced TNF-𝛼,
IL-1𝛽, IL-6, and the aforementioned injury and apoptosis [36,
46]. Sepsis survival in a murine Staphylococcus aureusmodel
was significantly enhanced using inhaled CO, 250 ppm daily
for 1 hour, and linked mechanistically to HO-1 induction and
mitochondrial HO activity through NF-E2-related factor-2
and Akt kinase [47].

LPS sepsis models are helpful as mimics of the host
inflammatory response to infection which is often a driving
force behind the pathophysiology of clinical sepsis. However,
there is possible harm in blunting an inflammatory response
designed to facilitate microbial clearance. In a series of
suggestive experiments by Chung et al., utilizing a cecal
ligation-puncture (CLP) murine model, it was noted that
HO-1 deficient mice had increased gastrointestinal tissue
destruction, highermortality and higher levels of bacteremia.
In contrast, mice with HO-1 overexpression targeted to
vascular smooth muscle cells had improved mortality, and
lower levels of bacteremia. When the authors compared
survival inHO-1 overexpressingmice after induction of single
species bacteremia, it was noted that HO-1 was protective in
the case of Enterococcus faecalis bacteremia but not in the
case of Escherichia coli bacteremia. The survival benefit of
HO-1 overexpression was then recapitulated with CO-RM

administration before and after CLP surgery [48]. Works by
Su et al. and Otterbein et al. suggest that at least part of
the role of CO in bacterial clearance is related to increased
bacterial phagocytosis [48, 49]. Furthermore, when CO is
delivered via CO-RM, we also see increased in vitro bacterial
killing (Escherichia coli and Pseudomonas aeruginosa) and
abrogation of the sepsis insult in murine and rat experiments
utilizing LPS and CLP sepsis models [50–54].

In a related analysis of endogenous CO, it was noted
that in septic human patients HO-1 expression as well as
CO production was elevated in comparison to nonseptic
critically ill patients [55]. More interestingly, it appears that
survivors of sepsis had higher endogenous CO levels versus
nonsurvivors [55]. Though we are lacking the definitive
experiments which combine true polymicrobial sepsis and
gaseous CO administration, the above mentioned work does
suggest that CO may be therapeutically successful. We still
lack data in septic or ALI/ARDS patients as to the safety
or efficacy of CO in these critically ill patients. Prior to
human studies, additional preclinical studies on large and
small animal models are warranted, as discussed below.

4. Hyperoxia and Ventilator Induced
Lung Injury Models

ALI and ARDS are often a result of the inflammatory cascade
triggered by intrinsic disease or an iatrogenic syndrome
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caused by the oxygen and mechanical ventilation physicians
deliver to support tissue oxygenation. Experimental studies
exploring the utility of CO administration duringmechanical
ventilation or during hyperoxygenationmay become realistic
if safe modes of delivery and therapeutic doses were estab-
lished.

The lung damage resulting from hyperoxia exposure
occurs predominantly in the respiratory endothelium (ves-
sel lining) and epithelium (airway lining) [56]. Rats and
mice exposed to hyperoxia (>95% oxygen) develop lung
inflammation characterized by neutrophil influx, pulmonary
edema, pleural effusion, and increased lung cell apoptotic
markers. HO-1 is known to be increased in such models
[56]. As a mimic of HO-1 overexpression, the concurrent
delivery of CO at a concentration of 250 ppm in the hyperoxic
environment prolongs survival of rats and mice subjected
to lethal dose of hyperoxia. CO administration also reduces
histologic markers of lung injury such as neutrophil infil-
tration, fibrin deposition, alveolar proteinosis, pulmonary
edema, and total apoptotic index. Mice subjected to this
injury model were noted to have decreased expression of
proinflammatory cytokines including TNF-𝛼, IL-1𝛽, and IL-6
[57]. Furthermore, hyperoxia and the resultantHO-1 increase
are associated with activated MAPK in lung tissue. The
protection by COwas dependent in this case on p38𝛽MAPK
and its upstream regulator mitogen activated protein kinase
kinase 3 (MKK3) [45, 57]. It was also demonstrated that
endothelial signal transducer and activator of transcription
(STAT3) is essential for the protective effects of CO and
HO-1 in oxidant induced lung injury and apoptosis [58].
Finally, it wasmore recently shown inmouse lung endothelial
cells exposed to hyperoxia that low dose of CO at 250 ppm
inhibited the initiation and propagation of extrinsic apoptosis
pathways. The protective effect of CO in this model was
dependent on ERK1/ERK2 MAPK [59].

Mechanical ventilation, even in the case of normoxia (21%
oxygen), can induce ventilator-induced lung injury (VILI).
Rat models of VILI utilizing coadministration of LPS and
carbon monoxide demonstrated that CO was protective in
this combinedmodel of sepsis and lung injury.The protective
effect was via a p38 MAPK pathway and independent of
activator protein-1 and NF-𝜅B pathways [60]. A murine
model of VILI which coadministered 250 ppm CO evaluated
parameters of injury such as bronchial alveolar lavage (BAL)
total protein, total cell count, and neutrophil count as well as
induction of HO-1 and heat shock protein −70 in lung tissue.
Though VILI generally results in increases in these param-
eters, the use of CO resulted in a decrease towards normal
levels of all abnormal parameters. It was also demonstrated
that CO abolished early expression of the proinflammatory
early growth response-1 protein and that the cytoprotec-
tion by CO was dependent on the peroxisome proliferator-
activated receptor protein-𝛾, an anti-inflammatory nuclear
regulator [61]. Finally, consistent with the findings in smooth
muscle relating the effects of CO to caveolin-1 and p38
MAPK [38], Hoetzel et al. demonstrated that CO protection
inVILI is also dependent on caveolin-1 [39]. In contrast to the
initiation of sepsis which occurs at varying time points prior
to clinical intervention, the fact that we control the initiation

of mechanical ventilation and hyperoxia creates a unique
window of therapeutic opportunity to concurrently initiate
CO administration and perhaps more readily translate these
experimental findings into critical care benefit.

5. Ischemia-Reperfusion Models

Cytotoxic ROS produced during ischemia-reperfusion (I-R)
insult to the lung promote the recruitment of inflammatory
leukocytes and cause lung injury and cell death secondary
to both necrosis and apoptosis. Lung I-R injury (or anoxia-
reoxygenation (A-R) injury in cells) is a model of transplant-
induced tissue injury. Endothelial cells represent the primary
target for ROS dependent injury. In a series of supporting
experiments, HO-1−/− mice were shown to be highly sus-
ceptible to lung I-R injury; as we might expect, CO can
overcome this genetic susceptibility [62, 63]. A generalized
understanding of the interaction between CO and I-R injury
models is available from a wide variety of studies in other
organ systems such as gut [64, 65], liver [66, 67], kidney [68–
70], and heart [71, 72].

Our laboratory has used both mouse lung I-R injury as
well as endothelial cell A-R injury to demonstrate that COhas
potent anti-inflammatory and antiapoptotic effects [26, 27].
In complementary studies of A-R in primary rat pulmonary
artery endothelial cells and I-R injury to mouse lung, we
noted the induction of caspase 3-dependent apoptosis by
A-R or I-R. Treatment with CO diminished apoptosis in
both models via a p38 MAPK dependent pathway [27].
Expansion of this work demonstrated that CO activates the
p38𝛼MAPK isoform, and its upstreamMAPK kinaseMKK3,
which modulates Fas-mediated cell death [26].

In a larger animal I-Rmodel, miniature swine underwent
left pulmonary artery and vein clamping for 90 minutes with
orwithout 250 ppmCO supply during the procedure.TheCO
exposed group showed increased arterial oxygen tension, and
fewer pathologic radiographic findings per chest radiograph
and biopsy samples had decreased histologic markers of
pathologic change. BAL analysis revealed decreased inflam-
matory cell infiltrates (including neutrophils) and serum
analysis demonstrated decreased inflammatory markers of
IL-1𝛽 and IL-6 and high mobility box group-1 [73].

In a transplant model of I-R, CO (500 ppm) delivered
at the end of a syngeneic orthotopic lung transplant in
rats until a follow-up time of up to 6 days demonstrated
CO based induction of cytoprotection via anti-inflammatory
action (downregulation of IL-6 and MIP-1𝛼 and macrophage
migration inhibitory factor). Antiapoptotic effects in lung
macrophages, endothelial, and epithelial cells were also
observed [27]. Rat lung syngeneic transplant protection
via 250 ppm CO delivered at timed intervals before and
continuously after lung surgery demonstrated better graft
function, as measured by partial pressure of oxygen, reduced
neutrophil infiltration, maintenance of cellular ultrastruc-
ture, and reduced IL-6, IL-1𝛽, TNF-𝛼, inducible nitric
oxide synthase, cyclooxygenase-2, and intracellular adhesion
molecule-1.The CO effect in this model was NF-𝜅B indepen-
dent and change in IL-10 or HO-1 levels was not observed
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[74]. The clinical transplant community has taken advantage
of these observations andCO administration has advanced to
phase II trials for kidney transplant recipients [75].

6. Complex and Large Animal Models

Several investigators have expanded the above described
work by creating large animal models and more complex
clinical models. Dolinay et al. created a rat model in which
combined insults of endotoxemia (via LPS) and VILI were
administered in a stepwise lung injury model designed to
mimic the common scenario of the intubated septic patient.
Analysis of rat lungs, which had sequentially been exposed
to 3mg/kg intravenous LPS and then mechanical ventilation
with tidal volumes of 12mL/kg, revealed increased total
protein, TNF-𝛼, macrophages, and neutrophils in BAL fluid.
Treatment with 100 and 250 ppm of CO concomitant to
the ventilator injury revealed reductions in many of the
above parameters as well as increase in the anti-inflammatory
cytokine IL-10 and p38 MAPK activation [60].

Similar to systemic LPS, hind limb I-R with resultant
small intestine inflammation has been used as a model of
secondary organ damage in response to distant tissue injury.
In this system, 250 ppm of CO administered at the time of
limb reperfusion decreases ICAM-1 and TNF-𝛼 expression
and diminishes ICAM-1 dependent leukocyte adhesion as
compared to the levels normally seen following I-R injury.
Because it leads to severe intestinal injury and further
inflammatory response, ICAM-1 dependent leukocyte venule
adhesion in the small bowel is thought to be a gateway
pathway to systemic inflammatory responses and multiorgan
dysfunction [76].

Cynomolgus macaques exposed to LPS inhalation and
either 250 or 500 ppm CO for 6 hours had some indica-
tions of reduction in airway inflammation. These reductions
paralleled results seen with inhaled corticosteroid treat-
ment (budesonide) as an established standard for airway
anti-inflammatory treatment. Pulmonary neutrophilia was
decreased by 500 ppmofCO. BALfluid TNF-𝛼was decreased
by the 500 ppm dosing of CO while IL-6 and IL-8 levels were
unchanged. In comparison, 250 ppm CO had no effect on
TNF-𝛼, IL-6, or IL-8 [77].

Several studies in porcine models have shown the benefit
of inhaled CO in treating endotoxemic shock induced by
intravenous administration of LPS. Mazzola et al. admin-
istered LPS 40𝜇g/kg/hour to large white pigs (swine) for
four hours with and without one hour of CO pretreatment
(250 ppm). Their combined studies demonstrated the ability
of CO to improve lung mechanics as measured by airway
resistance and parenchymal compliance; pulmonary edema
was also decreased by CO inhalation. Furthermore, extra-
pulmonary organ effects of LPS were mitigated including
preservation of heart stroke volume, kidney function, and
liver function. Parameters of disseminated intravascular
coagulation were decreased by CO pretreatment. Finally, CO
decreased levels of proinflammatory IL-1𝛽 and increased
levels of anti-inflammatory IL-10 [78, 79]. The major lim-
itation of this work is the use of CO as a pretreatment
which brings into question the clinical relevance for critical

care as our opportunity to intervene is virtually always
following the onset of shock. This limitation is addressed
in work by Koulouras et al. in which pigs received inhaled
CO starting 2.5 hours after the initiation of an intra-
venous LPS administration (20 𝜇g/kg/hour for 2.5 hours then
10 𝜇g/kg/hour for 3.5 hours). In these studies, a broad variety
of cardiovascular parameters were monitored; LPS induced
increase in pulmonary artery pressurewas the only parameter
significantly altered by CO administration though there
was a trend towards improvement in pulmonary vascular
resistance. There were no changes in inflammatory markers
with and without CO administration but there were however
significant changes in alveolar cellular infiltration, edema,
and hemorrhage [80]. Thus, studies using large and small
animals demonstrate a trend towards improvement with CO
administration.

7. Human Studies

As human studies are initiated, there are significant safety
concerns given the somewhat narrow window of carbon
monoxide dosing that would be necessary to avoid CO toxic-
ity. Interestingly, safety trials demonstrate that CO inhalation
up to 100 ppm for two hours, 500 ppm for one hour, or
even 400 to 1000 ppm for approximately one hour is with-
out adverse event and does not elevate carboxyhemoglobin
(COHb) levels above those seen in heavy smokers [4–6]. One
of the highest levels of COdelivered in a phase I trial setting is
that of a recent single-blind, randomized, placebo-controlled
phase 1 human trial evaluating drug safety and delivery. This
trial utilized an investigational device the Covox DS (Ikaria,
Clinton, NJ), which delivered 3.0mg per kg CO per hour,
for 1 hour given either once or daily for 10 days. COHb
elevated reliably to 12% and no adverse effects were reported
[7]. New CO delivery systems such as this one lend feasibility
to future therapeutic trials with CO. CO delivery to critically
ill patients onmechanical ventilation poses special challenges
as well, given the potential devastating consequences of CO
leaks to patients and staff.

Brief dosing of CO at 500 ppm for one hour after LPS
administration to healthy human volunteers did not abrogate
LPS induced inflammatory responses, as indicated by no
differences in plasma C-reactive protein, neutrophil count,
TNF-𝛼, IL-6, or IL-10. It seems likely that differences in CO
binding, diffusion, and ultimately tissue deliverymay account
for the discrepancy between compelling mouse data using
250 ppm of CO and negative human data with 500 ppm of
CO [4]. Notably parameters such as COHb vary between this
study in humans (maximal COHb of 7.0%) [4] and a similar
study in pigs (maximal COHb of 14.1%) [78]. However,
studies using COHb as indicator of CO levels are limited
by the fact that COHb does not reflect tissue CO levels
and endogenous HO/CO activity nor is it predictive of CO
toxicity [81].

Asthma is characterized by chronic airway inflammation;
there has beenwell-justified interest in exploring the possibil-
ity that CO may have a therapeutic role for asthma patients.
Murine asthma models using ova-albumin sensitization
have improved BAL inflammatory cell counts (eosinophils
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and macrophages) when treated with CO. Exogenous CO
administration reduced IL-5, proinflammatory mediators
interferon-𝛾, leukotriene B4, and prostaglandin E2 [82].
Follow-up studies with a single 10-minute exposure to CO
at 500 to 1000 ppm reduced methacholine-induced airway
resistance in ova-albumin challenged mice as did repeated
administration of low-dose CO 250–500 ppm over a 5-day
period [83]. Observational human studies have suggested
elevated levels of exhaled CO in nonsmoking asthmatics
as compared to healthy control subjects [84] and there has
been some suggestion that exhaled CO may have a role in
characterizing asthma disease severity.

Patients with COPD are postulated to have disease pro-
gression related to a relative lack in HO-1/CO production
relative to their non-COPD, smoking counterparts [85, 86].
Therefore, in a phase II clinical trial, Bathoorn et al. explored
the efficacy of CO administration in abrogating the chronic
airway inflammation that characterizes COPD. Administra-
tion of between 100 and 125 ppm for 2 hours on 4 consecutive
days was safe with amaximal COHb level of 4.5% and led to a
trend in reduction of airway responsiveness, as characterized
by methacholine challenge and a trend towards less sputum
eosinophils [85]. In a similar example of what is believed
to be a disease of chronic inflammation, a phase II trial
of 100 to 200 ppm inhaled CO for two hours twice weekly
for twelve weeks is being initiated in idiopathic pulmonary
fibrosis patients; outcomes will include serum biomarkers of
idiopathic pulmonary fibrosis, functional lung studies, and
symptom questionnaires (NCT01214187).

8. Discussion

There may be therapeutic potential to CO-based interven-
tions. The pleiotropic effects of CO in abrogating inflamma-
tion and apoptosis, and thus protecting against an array of
cellular insults, suggest a great opportunity to intervene in
multiple critical care illnesses—sepsis, ischemia, andALI.We
have extensive in vitro and in vivo evidence of the protective
effects of CO. However, the field has not yet defined the
precise pathways of CO action, raising a lurking concern
that this therapy could have unexpected effects.The historical
categorization of CO gas as a poison and the knowledge that
it can be harmful at high doses bring this concern further to
the fore. Despite success at safe doses of 250 to 500 ppm in
rodent models, success in higher mammals and humans has
been limited.

The amount of CO inhaled and/or exposure time are the
most critical factors that determine the severity of CO toxic-
ity. Administering inhaledCOposes challenges in controlling
the absorption, distribution, and tissue targeting of CO. The
characterization and implementation of CO carriers (CO-
RMs) that deliver CO in a more controlled fashion may open
opportunities for the design of CO-based pharmaceuticals
in the future [87]. In addition, children and older adults are
more susceptible to CO toxicity and may have more severe
symptoms [88]. Predisposing conditions for CO toxicity
have also been described, such as cardiovascular disease,
COPDs or anemia [89]. Conceivably, ALI/ARDS patients,
who already exhibit hypoxia and poor tissue oxygenation,

would be even more susceptible to CO toxicity, even at
low doses. Therefore, careful tailoring to different patient
populations would be necessary if CO was to be used as a
therapy. Dose ranges and kinetics have not been adequately
assessed but should be areas of active inquiry. It may be
that we have to return to phase I safety trials at higher CO
doses or advance our delivery methods to attain higher CO
concentrations in a given target organ.

Furthermore, we must consider the double edged sword
of a therapeutic entity that has such broad, potentially
toxic, effects. There are valid concerns that blunting an
inflammatory response, while beneficial in a sterile labora-
tory model of sepsis such as LPS administration, may be
harmful in true infection and/or polymicrobial sepsis. These
concerns are somewhat allayed byCLP- andCO-RMutilizing
models which demonstrate not only benefit vis á vis blunted
inflammatory response but also the promotion of bactericidal
activity directly by CO, but there is more work to be done in
defining this aspect of CO.

Another concern is the timing of CO administration,
which in the well-developed transplant literature occurs
before insult. This timing is not practical in critically ill
patients because we cannot anticipate onset of severe illness.
However, there is a growing body of research showing that
coadministration and postinsult CO administration are effec-
tive. This is notable in the VILI literature in which CO
can be administered during mechanical ventilation, which is
the most likely scenario in critical care medicine. Notably,
delayed CO administration, but not pretreatment, was ben-
eficial in a mouse model of VILI [90]. Furthermore, the
transplant literature has extended its studies and demon-
strated benefit even in the setting of significantly delayed CO
administration [91].

Nonetheless, CO administration is a novel and intriguing
modality with great potential, if applied judiciously. CO
therapy for critically ill patients suffering from lung injury,
multiorgan failure, or organ transplantation rejection may
yield results not previously attained in this exceptionally ill
population. Compelling basic science investigations justify
expanding CO to the clinical realm in the form of clinical
trials. However, the specific cellular response to CO requires
further elucidation and testing of CO in disease-specific
animal models is warranted.

Abbreviations

ALI: Acute lung injury
A-R: Anoxia-reoxygenation
ARDS: Acute respiratory distress syndrome
BAL: Bronchial alveolar lavage
Bcl-2: B-cell lymphoma-2
CLP: Cecal ligation and puncture
CO: Carbon monoxide
COHb: Carboxyhemoglobin
COPD: Chronic obstructive pulmonary disease
CO-RM: Carbon monoxide releasing molecule
ERK: Extracellular signal-regulated kinase
HO-1: Heme oxygenase-1
IL: Interleukin
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I-R: Ischemia-reperfusion
JNK: c-Jun NH

2
-terminal protein kinase

LPS: Lipopolysaccharide
MAPK: Mitogen-activated protein kinase
MIP: Macrophage inflammatory protein
MKK3: Mitogen activated protein kinase kinase 3
NF-𝜅B: Nuclear factor-kappa-light-chain enhancer of

activated B cells
PPM: Parts per million
PI3K/Akt: Phosphatidylinositol-3-kinase
ROS: Reactive oxygen species
STAT3: Signal transducer and activator of transcrip-

tion 3
TNF-𝛼: Tumor necrosis factor
VILI: Ventilator induced lung injury.
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The regeneration of mitochondria by regulated biogenesis plays an important homeostatic role in cells and tissues and furthermore
may provide an adaptive mechanism in certain diseases such as sepsis.The heme oxygenase (HO-1)/carbonmonoxide (CO) system
is an inducible cytoprotective mechanism in mammalian cells. Natural antioxidants can provide therapeutic benefit, in part, by
inducing the HO-1/CO system. This study focused on the mechanism by which the natural antioxidant quercetin can induce
mitochondrial biogenesis in HepG2 cells. We found that quercetin treatment induced expression of mitochondrial biogenesis
activators (PGC-1𝛼, NRF-1, TFAM),mitochondrial DNA (mtDNA), and proteins (COX IV) inHepG2 cells.TheHO inhibitor SnPP
and the CO scavenger hemoglobin reversed the effects of quercetin on mitochondrial biogenesis in HepG2 cells. The stimulatory
effects of quercetin on mitochondrial biogenesis could be recapitulated in vivo in liver tissue and antagonized by SnPP. Finally,
quercetin conferred an anti-inflammatory effect in the liver of mice treated with LPS and prevented impairment of mitochondrial
biogenesis by LPS in vivo. These salutary effects of quercetin in vivo were also antagonized by SnPP. Thus, our results suggest that
quercetin enhancesmitochondrial biogenesismainly via theHO-1/CO system in vitro and in vivo.The beneficial effects of quercetin
may provide a therapeutic basis in inflammatory diseases and sepsis.

1. Introduction

Mitochondrial biogenesis plays an important role in cell
survival and repair [1–3]. Increased oxidative damage and
inflammation can causemitochondrial damage that may lead
to serious acute and chronic pathologies such as multiorgan
failure, neurodegeneration, and cardiovascular disease [3–
6]. Mitochondrial biogenesis can enhance cellular function
and survival in vivo and in vitro and promote cellular
recovery from damage caused by adverse environmental,
pathophysiological, and/or infectious agents [7, 8].

Mitochondrial biogenesis is regulated by a complex
network of factors. The peroxisome proliferator-activated

receptor gamma coactivator (PGC) family of transcription
co-activators (e.g., PGC-1𝛼) coactivate nuclear respiratory
factor 2 (NRF-2/GA-Binding protein-A) and nuclear respira-
tory factor-1 (NRF-1) [1, 9]. PGC-1𝛼 andNRF-1 activatemito-
chondrial transcription factor A (TFAM) that is responsible
for transcribing nuclear encoded mitochondrial proteins,
including structural proteins as well as proteins involved in
mitochondrial DNA (mtDNA) transcription, translation, and
repair [1, 2, 8–11].

Quercetin is a naturally occurring flavonoid which has a
broad spectrum of bioactive effects. Among these, quercetin
can impactmitochondrial biogenesis bymodulating enzymes
and transcription factors in the inflammatory signaling
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cascade [10, 12]. Previous studies have shown that quercetin
can increase messenger RNA (mRNA) for PGC-1𝛼, the
cytosolic deacetylase SirtI, and cytochrome 𝑐 concentration
in soleus muscles [13]. Quercetin, a potent phenolic antioxi-
dant, can also modulate mitochondrial biogenesis by reduc-
ing ROS production in various cell types [14, 15]. Mitochon-
drial ROS can perturb cellular oxidant/antioxidant balance
and participate in redox signaling. Oxidative stress-related
ROS production can stimulate adaptive responses, such as
Nrf2 translocation and binding to antioxidant response ele-
ment (AREs) motifs in protective phase II antioxidant genes
including heme oxygenase-1 (Hmox1). However, increased
ROS production can cause mitochondrial dysfunction and
cell death [9, 16]. Polyphenol antioxidants can prevent ROS-
induced cellular damage by scavenging free radicals. The
process of excess ROS elimination and mitochondrial bio-
genesis is connected with innate cellular antioxidant defense
mechanisms.

Heme oxygenase-1 (HO-1) is an important antioxi-
dant enzyme that catalyses the rate-limiting step in heme-
degradation. HO-1 induction protects against prooxidant
heme release induced bymany agents like LPS, cytokines, and
ROS.Degradation of heme results in production of biliverdin,
iron, and CO which have important physiological effects.
Biliverdin is converted to the potent endogenous antioxidant
bilirubin by NADPH: biliverdin reductase. Humans with
HO-1 deficiency exhibit severe medical conditions such
as anemia, leukocytosis, and hyperlipidemia, while animal
models with HO-1 deficiency are susceptible to endotoxemia
and chronic hypoxia [17, 18]. HO-1 deficient endothelial
cells display increased injury in the presence of oxidative
challenge, suggesting that the HO-1 pathway is a key cytopro-
tective mechanism against oxidative stress which contributes
to cellular homeostasis [11, 17–19].

Endogenous CO contributes to the protective effects of
HO-1 bymodulation of the inflammatory response. CO binds
to cytochrome 𝑐 oxidase resulting in increasedmitochondrial
ROS production, which enhances mitochondrial biogenesis.
Limited bioavailability of CO by hemoglobin treatment trig-
gers cell deathwith a concomitant decline inATPproduction,
and mitochondrial generation of ATP significantly declined
when CO availability was limited. These results suggest that
CO, an enzymatic byproduct of HO-1 activity, is responsible
for the function of HO-1 and that the HO-1/CO system may
preserve mitochondrial biogenesis [17–20].

In the current study we demonstrate the role of the
HO-1/CO system in mediating mitochondrial biogenesis
induced by the antioxidant quercetin in HepG2 cells. An
understanding of the mechanisms underlying mitochondrial
biogenesis may facilitate the development of therapeutics in
diseases involving mitochondrial dysfunction (e.g., sepsis,
and metabolic syndrome).

2. Materials and Methods

2.1. Reagents. Quercetin, Hemoglobin (Hb), and bacte-
rial lipopolysaccharide (LPS, from Escherichia coli 055:B5)
were purchased from Sigma-Aldrich (St Louis, MO). Tin

protoporphyrin-IX (SnPP)was fromPorphyrin Products Inc.
(Logan, UT). Antibodies against 𝛽-actin were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA), and anti-
bodies to cytochrome oxidase subunit IV (COX) IV and 𝛼-
tubulin were purchased from Cell Signaling (Danvers, MA).
Antibody against HO-1 was purchased from Assay Designs
(Ann Arbor, MI). All other chemicals were purchased from
Sigma-Aldrich.

2.2. Cell Culture and Quercetin Treatment. HepG2 cells were
purchased from ATCC (Manassas, VA). Cells were cultured
in DMEMmedia supplemented with 10% fetal bovine serum,
100U/mL penicillin, and 100mg/mL streptomycin (Gibco,
NY). Cells weremaintained in a humidified incubator at 37∘C
under an atmosphere of 5% CO

2
. For quercetin treatment,

HepG2 cells (4 × 104 cells/well) were grown on 6-well plates
overnight and quercetin was administered at various doses
(5–25 𝜇M) and times (3–24 hrs).

2.3. Animals. All experiments with mice were approved by
theAnimal Care Committee of theUniversity of Ulsan. Seven
week-old male C57BL/6 mice were purchased fromORIENT
(Pusan, Korea). The mice were maintained under specific
pathogen-free conditions at 18–24∘C and 40–70% humidity,
with a 12 h light-dark cycle, and food and drinkingwater were
available ad libitum.

C57BL/6 mice were treated with an intraperitoneal
(i.p.) injection of quercetin (50mg/kg) dissolved in 0.5%
DMSO/PBS solution for seven alternate days. The control
group of mice received the same amount of 0.5%DMSO/PBS
solution. In some experiments, SnPP (50𝜇mol/kg) was
administered intraperitoneally (i.p.) to mice before quercetin
injection. SnPPwas dissolved in 0.1 NNaOHand dilutedwith
PBS (pH 7.4). To study sepsis in mice, twenty-four hours after
the final injection of quercetin, mice received an injection of
LPS (10mg/kg, i.p.). At 24 h after LPS injection, mice were
sacrificed under anesthesia and liver tissue was harvested for
RNA, mtDNA, and protein measurements.

2.4. Reverse Transcription Polymerase Chain Reaction (RT-
PCR). Total RNA of HepG2 was extracted using Trizol
reagent (Invitrogen, CA). Twomicrograms of total RNAwere
used for reverse transcription polymerase chain reaction (RT-
PCR) analysis using oligo-dT primers (Qiagen, CA) and M-
MLV reverse transcriptase (Promega, WI) according to the
manufacturer’s instructions.The forward and reverse primers
used in the present study are shown in Table 1. PCR products
were electrophoresed on 1.5% agarose gel and visualized by
ethidium bromide staining. GAPDH cDNA level was used as
an internal control.

2.5. Western Blotting Analysis. Cells were harvested in lysis
buffer [25mMTris-HCl (pH 7.5), 137mM NaCl, 2.7mM
KCl, 1% Triton X-100] containing protease and phosphatase
inhibitors cocktail (Sigma-Aldrich, St. Louis, MO). Protein
concentration was measured with BCA protein assay reagent
(Pierce, Rockford, IL). Equal amounts of proteins were
separated using SDS-PAGE and transferred to polyvinylidene



Oxidative Medicine and Cellular Longevity 3

Table 1: Gene primers used in this study.

Gene Forward primer (5-3) Reverse primer (5-3)
hPGC1𝛼 GGAACTGCAGGCCTAACTCC CACTGTCCCTCAGTTCACCG
hNRF-1 CCAGTGGCCACACAGAACTC CTTCCTTTCCCTTCCACTGC
hTfam ATGCTTATAGGGCGGAGTGG TGGTTTCCTGTGCCTATCCA
hHO-1 GGAACTTTCAGAAGGGCCAG GTCCTTGGTGTCATGGGTCA
hGAPDH GGGGCTCTCCAGAACATCAT TCAAGGGGTCTACATGGCAA
mPGC-1𝛼 GGAACTGCAGGCCTAACTCC TTGGAGCTGTTTTCTGGTGC
mNRF-1 CTCCAAACCCAACCCTGTCT TGGTGGCCTGAGTTTGTGTT
mTfam CAGCCAGGTCCAGCTCACTA ATTAGGAGGGTCTCGCTCCA
mTNF-𝛼 AGACCCTCACACTCAGATCATCTTC TTGCTACGACGTGGGCTACA
mIL-1𝛽 TCGCTCAGGGTCACAAGAAA ATCAGAGGCAAGGAGGAAACAC
mIL-6 CCAGAGATACAAAGAAATGATGG ACTCCAGAAGACCAGAGGAAAT
m18S CAGTGAAACTGCGAATGGCT TGCCTTCCTTGGATGTGGTA

difluoride membranes (Thermo Scientific, Rockford, IL).
Membranes were blocked with 5% skimmilk in PBS contain-
ing 0.1% Tween 20 (PBS-T) for 1 h and then incubated with
the specified antibodies. Signals were detected using the ECL
detection system (Thermo Scientific, Rockford, IL, USA).

2.6. Quantitative Real-Time PCR Analysis of mt DNAContent.
Genomic DNA (containing both mitochondrial and nuclear
DNA) was isolated from cells using a Blood and Cell Culture
DNA Mini Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. mtDNA was determined by
SYBR green quantitative PCR (qPCR).The following primers
for mtDNA were used: Human Complex II (succinate-
ubiquinone oxidoreductase): forward primer 5-CAAACC-
TACGCCAAAATCCA-3 reverse primer 5-GAAATG-
AATGAGCCTACAGA-3. Mouse cytochrome b (Mus mus-
culus domesticus mitochondrion): forward primer 5-CCA-
CTTCATCTTACCATTTA-3 reverse primer 5-ATCTGC-
ATCTGAGTTTAATC-3. The following primers for nuclear
DNA were used: human 𝛽-actin: forward primer 5-TCA-
CCCACACTGTGCCCATCTACGA-3 reverse primer 5-
CAGCGGAACCGCTCATTGCCAATGG-3 andmouse 18 S
rRNA: forward primer 5-GGGAGCCTGAGAAACGGC-
3 reverse primer 5-GGGTCGGGAGTGGGTAATTT-3.
Reactions were performed with SYBR Green qPCR Master
Mix (2X; USB production, Affymetrix) on an ABI 7500 Fast
Real-Time PCR System (Applied Biosystems, Carlsbad, CA).

2.7. Statistical Analysis. Multiplemean values were compared
using analysis of variance (ANOVA) with GraphPad Prism.
Values presented are mean ± SD. ANOVA using 𝑡-tests was
applied to compare the mean of each group with that of the
control group. A 𝑃 < 0.05 was considered to be statistically
significant.

3. Results

3.1. Quercetin Induces the Expression of Activators and Mito-
chondrial Proteins Associated with Mitochondrial Biogenesis.

We determined the potential of quercetin to induce mito-
chondrial biogenesis by analyzing the mRNA expression
levels of major regulators of mitochondrial biogenesis (i.e.,
PCG-1𝛼, NRF-1, and TFAM). Treatment of HepG2 cells with
quercetin (15 𝜇M) significantly increased the levels of PGC-
1𝛼, NRF-1, and TFAM mRNA in a time-dependent and
dose-dependent manner (Figures 1(a) and 1(b)). Quercetin
treatment also stimulated the expression of the major mito-
chondrial protein COX IV in a time- and dose-dependent
manner (Figures 1(c) and 1(d)). Since increases of mtDNA
copy number also represent an index of mitochondrial
biogenesis, we measured the amount of mtDNA in HepG2
cells treated with quercetin (Figures 1(e) and 1(f)). Quercetin
increased mtDNA copy number with an apparent maximum
at a quercetin dose of 15 𝜇M for 3 hrs.

3.2. Quercetin Induces Mitochondrial Biogenesis via Expres-
sion of the HO-1/CO System in HepG2 Cells. Quercetin has
previously been shown to induce HO-1 expression in various
cell types, which may account in part for the cytoprotective,
antiapoptotic, antioxidant, and anti-inflammatory effects of
this compound [19, 21–23]. In the current study, we exam-
ined whether quercetin can induce the expression of HO-
1 at the RNA or protein level in HepG2 cells. As shown
in Figure 2(a), an increase in HO-1 mRNA and protein
was detected at various times and doses of quercetin. The
maximal effect of quercetin on HO-1 mRNA and protein
expression was observed after treatment with 15𝜇M for 3 h
(Figure 2(a), left andmiddle).WhenHepG2 cells were treated
with different concentrations of quercetin (5–25𝜇M) for
3 hrs, the maximum induction of HO-1 protein was detected
at 15 𝜇M (Figure 2(a), right). Thus, the increases of HO-1
expression achievedwith quercetin treatmentwere consistent
with previous reports [24–26].

It is also known that CO generated by HO-1 can
activate mitochondrial biogenesis [27, 28]. Therefore, we
hypothesized that the activation of mitochondrial biogenesis
by quercetin also involves the activation of the HO-1/CO
system in HepG2 cells. To investigate whether HO-1/CO is
involved in quercetin-induced mitochondrial biogenesis, the
competitive HO inhibitor tin-protoporphyrin-IX (SnPP) and
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Figure 1: Time- and dose-dependent increases of mitochondrial biogenesis in HepG2 cells by quercetin treatment. (a–f) HepG2 cells (4 ×
105 cells/well) were exposed for indicated times (0, 0.5, 1, 3, 5 h) to various concentrations (0, 5, 10, 15, 25 𝜇M) of quercetin. (a, b) mRNA
expressions of markers of mitochondrial biogenesis (PGC-1, NRF-1, and TFAM) were determined by reverse transcription PCR. GAPDH
served as the standard. (c, d) Expression of COX IV protein was determined by Western blot analysis. 𝛽-actin served as the standard. (e, f)
Expression ofmitochondrial DNA (mtDNA) content was quantified by real-time PCR. Relative amount ofmtDNA and nuclear DNA (nDNA)
contents were compared. Results are expressed as mean ± SE of three independent experiments, and representative data are shown. ∗𝑃 < 0.05
compared with untreated control group. HepG2 cells (4 × 105 cells/well) were exposed to quercetin 15𝜇M, quercetin and SnPP (a), and Hb
(b) for 3 h as described in panels (a) and (b). mRNA expressions of markers of mitochondrial biogenesis (PGC-1, NRF-1, and TFAM) were
determined by reverse transcription (RT) PCR. Results are expressed as mean ± SE of three independent experiments, and representative
data are shown. ∗𝑃 < 0.05 compared with untreated control group.

hemoglobin (Hb), a CO scavenger, were employed with or
without addition of quercetin, and expression levels of PGC-
1𝛼, NRF-1, and TFAM mRNA were evaluated. As shown
in Figure 2(b), treatment of HepG2 cells with SnPP and
quercetin resulted in reduced levels of PGC-1𝛼, NRF-1, and
TFAM mRNA expression levels compared with cells treated
with quercetin alone. Quercetin-induced COX IV expression
was also inhibited by SnPP treatment (Figure 2(c)). Likewise,
the increase in mtDNA by quercetin was suppressed by SnPP
treatment (Figure 2(d)). To evaluate the involvement of CO
in quercetin-induced mitochondrial biogenesis, HepG2 cells

incubated with quercetin were cotreated with Hb (Figure 3).
The Hb treatment inhibited the increases of PGC-1𝛼, NRF-1,
andTFAMmRNAexpression induced by quercetin inHepG2
cells (Figure 3(a)). Hb treatment decreased the expression
of COX IV protein induced by quercetin (Figure 3(b)).
Furthermore, the induction of mtDNA levels by quercetin
was inhibited by treatment with Hb (Figure 3(c)).

To examine the role of HO-1 in quercetin-induced mito-
chondrial biogenesis in vivo, quercetinwas injected intraperi-
toneally in C57BL/6 mice for 7 alternate days. Mice were
treated with SnPP prior to quercetin injection. In accordance
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Figure 2: Induction of mitochondrial biogenesis by quercetin is regulated by activation of HO-1. (a) Expression levels of HO-1 mRNA and
protein were determined after HepG2 cells were exposed for indicated times (0, 0.5, 1, 3, 5 h) and with the indicated concentrations (0, 5, 10, 15,
25 𝜇M) of quercetin. Expressions of HO-1mRNA and protein were determined by RT-PCR andWestern blotting. GAPDH and𝛽-actin served
as the standards, respectively. (b–d) HepG2 cells were exposed to 15𝜇M of quercetin for 3 h with or without 20 𝜇M of SnPP. (b) Expressions
of PGC-1, NRF-1, and TFAM mRNA were determined by RT-PCR. (c) Expression of COXIV protein was determined by Western blotting.
(d) Expression ofmtDNA content was quantified by real-time PCR. Relative amounts of mtDNA and nDNA contents were compared. Results
are expressed as mean ± SE of three independent experiments, and representative data are shown. ∗𝑃 < 0.05 compared with untreated control
group; †𝑃 < 0.05 compared with cells treated with quercetin alone.

with the results observed in HepG2 cells, quercetin increased
the expression of PGC-1𝛼, NRF-1, and TFAM mRNA, COX
IV expression, and mtDNA in vivo (Figure 4). The cotreat-
ment with SnPP inhibited quercetin-induced PGC-1𝛼, NRF-
1, and TFAM mRNA, COX IV expression, and mtDNA
(Figure 4). Thus, these results suggest that HO-1/CO system
is required for quercetin-induced mitochondrial biogenesis
in vitro and in vivo.

3.3. Quercetin Restores LPS-Damaged Mitochondrial Integrity
via HO-1/CO Induction. Finally, we examined whether

quercetin could contribute to cellular protection against LPS-
induced mitochondrial damage in a HO-1/CO-dependent
manner. LPS treatment increased the expression PGC-
1𝛼, NRF-1, and TFAM mRNA in mouse liver. Moreover,
quercetin treatment further increased the expression of
PGC-1𝛼, NRF-1, and TFAM mRNA after LPS treatment
(Figure 5(a)). However, LPS treatment clearly diminished
hepatic COX IV and mtDNA content (Figures 5(b) and
5(c)). In contrast, quercetin protected against the loss of
COX IV and mtDNA content in LPS-treated animals. SnPP
antagonized the protective effects of quercetin with respect to
hepatic PGC-1𝛼, NRF-1, and TFAMmRNA expression, COX
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Figure 3: Quercetin induction of mitochondrial biogenesis requires CO. (a–c) HepG2 cells were exposed to 15 𝜇Mof quercetin for 3 h with or
without 20 𝜇g/mL of Hb. (a) Expression of PGC-1, NRF-1, and TFAMmRNAwas determined by RT-PCR. (b) Expression of COX IV protein
was determined byWestern blotting. 𝛽-actin served as the standard. (c) Expression of mitochondrial DNA (mtDNA) content was quantified
by real-time PCR. Relative amounts of mtDNA and nDNA contents were compared. Results are expressed as mean ± SE of three independent
experiments, and representative data are shown. ∗𝑃 < 0.05 compared with untreated control group; †𝑃 < 0.05 compared with cells treated
with quercetin alone.

IV expression, and mtDNA content in this model (Figures
5(a), 5(b), and 5(c)). LPS caused increases in the hepatic
expression of TNF𝛼, IL-1𝛽, and IL-6 mRNA. Quercetin
administration inhibited the LPS-dependent induction of
TNF𝛼, IL-1𝛽, and IL-6. This effect of quercetin was in
turn inhibited by SnPP injection (Figure 5(d)). These results
suggest that quercetin restores mitochondrial integrity from
LPS damage via activating the HO-1/CO system.

4. Discussion

Mitochondrial biogenesis has been the focus of extensive
studies due to its beneficial effects in many health conditions
related to performance, diabetes, neurodegeneration, the
cardiovascular system, cancer, and infection. Death resulting
from multiple organ failure (MOF) during severe sepsis
and septic shock has been related to mitochondrial damage.
Rescue of mice from lethal Staphylococcus aureus sepsis and
protection against cardiomyocyte apoptosis have been linked
to mitochondrial biogenesis induction [27, 28].

Quercetin is a polyphenolic compound that exerts sev-
eral potent bioactivities including antiproliferative, anti-
inflammatory, antioxidant, and immune system effects.
Recent in vitro and in vivo experiments have shown that
the salutary effects of quercetin may involve activation of
mitochondrial biogenesis [11, 14, 15]. Previous research has
shown positive effects of quercetin on endurance and health
maintenance [4, 13, 29, 30]. These benefits may involve the
antioxidant, anti-inflammatory, and psychostimulant effects
of quercetin, as well as effects on mitochondrial biogenesis.
Because abnormalities that contribute to impaired health
or development of metabolic disorders are linked to mito-
chondrial dysfunction, the stimulation of mitochondrial
biogenesis by quercetin may represent the most important
bioactivity of this compound [1, 2, 10, 12, 31].

Our results demonstrate that quercetin can enhance
the expression of PGC-1𝛼, a master regulator of the tran-
scriptional network that regulates mitochondrial biogenesis,
in HepG2 cells. PGC-1𝛼 is responsible for activating the
transcription of genes involved in oxidative phosphorylation
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Figure 4: Quercetin induces mitochondrial biogenesis through the induction of HO-1/CO system in vivo. (a–c) C57BL/6 Mice were injected
intraperitoneally (i.p.) with quercetin (50mg/kg) for 7 alternate days, with or without SnPP (50𝜇mol/kg) prior to injection with the addition
of quercetin. Liver tissues were excised and analyzed for mitochondrial biogenesis in mice. Experimental analyses were performed with liver
tissue. (a) Expressions of PGC-1, NRF-1, and TFAM inmRNAwere determined by RT-PCR. 18 S rRNA served as the standard. (b) Expressions
of COX IV protein were determined byWestern blotting. 𝛼-tubulin served as the standard. (c) Expression of mtDNA content was quantified
by real time PCR. Relative amounts of mtDNA and nDNA contents were compared. Results are expressed as mean ± SE of three independent
experiments (𝑛 = 5/group), and representative data are shown. ∗𝑃 < 0.05 compared with the uninjected control group; †𝑃 < 0.05 compared
with LPS injected mice group.

and mtDNA replication. NRF-1 and NRF-2, which are
transcription factors acting on nuclear genes coding for
proteins necessary for the mitochondrial respiratory chain or
for mtDNA transcription and replication, are also activated
by PGC-1𝛼. PGC-1𝛼 and NRFs coactivate the expression
of TFAM, which is important for regulation and main-
tenance of mtDNA copy number [1, 2, 10]. Our results
also showed increased expression of PGC-1-related tran-
scription factors associated with mitochondrial biogenesis
in HepG2 cells treated with quercetin (Figure 1). Simi-
larly, the mitochondrial respiratory chain consisting of four
membrane-bound complexes (Complex I–IV) involved in
ATP synthesis and transfer of electrons formed by NADH
or FADH

2
is an indicator of mitochondrial biogenesis [32].

Increases in cytochrome 𝑐concentration typically occur in
conjunction with similar increases in other mitochondrial
enzymes of the electron transport chain and enzymes in

the tricarboxylic acid cycle and 𝛽-oxidation pathway, that
lead to an overall increase in mitochondrial capacity [13, 32].
Previous reports of quercetin-induced increases in mito-
chondrial biogenesis are consistent with the increases in
COX IV protein expression observed in our study (Figures
1–3). The critical effects of quercetin on mitochondrial
biogenesis in vitro have been demonstrated at a dose of
15 𝜇M quercetin. To study the effects of quercetin in vivo,
animals were treated with a 50mg/kg dose of quercetin.
According to Ruiz et al. [33], treatment of mice with up
to 3000mg/kg quercetin did not cause any toxicity. Among
the doses of quercetin (25, 50 and 100mg/kg) tested in
mice, we have found that 50 and 100mg/kg doses of
quercetin have a significant effect on mitochondrial bio-
genesis. However, one of the limitations of the current
study is that the effect of oral administration of quercetin
has not been tested. Further studies would be needed to
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Figure 5: Quercetin restores mitochondrial biogenesis in LPS-treated mice in a HO-dependent fashion. (a to d) C57BL/6 mice were injected
with quercetin (50mg/kg) for 7 alternate days, with or without SnPP (50 𝜇mol/kg) prior to injection with quercetin, and then challenged
for 24 hours with i.p. injection of LPS (10mg/kg). (a) Expressions of PGC-1, NRF-1, and TFAM in mRNA were determined by RT-PCR. 18 S
rRNA served as the standard. (b) Expression of COX IV protein was determined by Western blot analysis. 𝛼-tubulin served as the standard.
(c) Expression of mtDNA content was quantified by real-time PCR. Relative amounts of mtDNA and nDNA contents were compared.
(d) Expression of TNF𝛼, IL-1𝛽, and IL-6 mRNA was quantified by real-time PCR. 18 S rRNA served as the standard. Results are expressed
as mean ± SE of three independent experiments (𝑛 = 5/group), and representative data are shown. ∗𝑃 < 0.05 compared with the uninjected
control group; †𝑃 < 0.05 compared with LPS injected mice group; #𝑃 < 0.05 compared with mice in the LPS + quercetin group.

determine the therapeutic benefit of oral quercetin in these
systems.

Recent reports have also shown that the HO-1/CO system
can stimulate mitochondrial biogenesis which may account
in part for the cytoprotective effects of this system [27, 28].
Recent research has elucidated the role of HO-1 and CO
in cellular defense mechanisms against oxidative damage.
Quercetin has gained much attention because of its ability
to confer cytoprotective effects through induction of HO-1
in various cell lines and primary hepatocytes [9, 11, 13, 17–
20, 34]. CO, an enzymatic byproduct of HO-1, can mediate
the cytoprotective effects of HO-1 activity. Our recent work
has shown that endoplasmic reticulum (ER) stress caused
significant decline of CO bioavailability that reduced mito-
chondrial ATP generation [9, 13, 17, 18, 35]. Similarly, in our
current study, we have shown that the deleterious effect on
mitochondria due to LPS administration was restored by

quercetin.The beneficial effects of quercetin in the LPSmodel
were in turn abrogated by SnPP.Thus, it is likely that quercetin
inducesmitochondrial biogenesis via theHO-1/CO system in
HepG2 cell lines [18, 28, 35].

High glucose produces a high concentration of ROS that
induces cellular dysfunction. Previous research in the human
hematoma cell line, HepG2, has shown that hyperglycemia
elicits detrimental changes in liver cells [5, 36]. Increased
oxidative damage caused either by an overproduction of free
radicals and ROS or by an impairment of the endogenous
antioxidant defense system is well studied in epithelial cells
and HepG2 cells [16, 19, 36]. Prevention of lung oxidative
damage in acute lung injury/acute respiratory distress syn-
drome by quercetin has been shown to involve increases
in HO-1 production [19]. In conclusion, we demonstrated
that quercetin enhances cell survival against oxidative stress
through an HO-1/CO-dependent increase in mitochondrial
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biogenesis. The antioxidant and mitochondrial biogenesis
properties of quercetin may be helpful in developing ther-
apeutic strategies to enhance cell survival during oxidative
stress imposed by environmental and dietary factors.
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Lipid droplet (LD) formation is a hallmark of cellular stress. Cells attempt to combat noxious stimuli by switching their metabolism
from oxidative phosphorylation to glycolysis, sparing resources in LDs for generating cellular reducing power and for anabolic
biosynthesis. Membrane phospholipids are also a source of LDs. To elucidate the formation of LDs, we exposed mice to hyperoxia,
hypoxia, myocardial ischemia, and sepsis induced by cecal ligation and puncture (CLP). All the above-mentioned stressors
enhanced the formation of LDs, as assessed by transmission electron microscopy, with severe mitochondrial swelling. Disruption
of mitochondria by depleting mitochondrial DNA (𝜌0 cells) significantly augmented the formation of LDs, causing transcriptional
activation of fatty acid biosynthesis and metabolic reprogramming to glycolysis. Heme oxygenase (HO)-1 counteracts CLP-
mediated septic shock in mouse models. In HO-1-deficient mice, LD formation was not observed upon CLP, but a concomitant
decrease in “LD-decorating proteins” was observed, implying a link between LDs and cytoprotective activity. Collectively, LD
biogenesis during stress can trigger adaptive LD formation, which is dependent on mitochondrial integrity and HO-1 activity;
this may be a cellular survival strategy, apportioning energy-generating substrates to cellular defense.

1. Introduction

Intracellular lipid droplets (LDs) store neutral lipids, includ-
ing triacylglycerol and cholesterol esters, in cells [1]. LDs
are surrounded by a unique phospholipid monolayer that
is decorated with many proteins, among which adipocyte
differentiation-related protein (ADRP) and the perilipin
family are well characterized [2–4]. Although LDs were
initially considered to be static organelles for fat storage,
it is becoming increasingly evident that alterations in the
regulation of formation and breakdown of LD can affect
the risk of metabolic disorders such as diabetes and related
diseases [5–8].

Recently, the biology of LDs has gained public interest
because of the causal link between excess lipid storage in cer-
tain tissues and pathophysiologies related to obesity [9, 10].

In these cases, LDs are likely to interfere with membrane
trafficking of the insulin-sensitive glucose transporter, which
might account for the insulin resistance common in patients
with type 2 diabetes [11].

LDs are formed under two very different environmental
conditions that are not mutually exclusive. First, cells accu-
mulate LDs in response to exogenous lipid availability. It is
thought that the fatty acids in LDs are stored for energy
generation [12], use as membrane building blocks [13], and
biosynthesis of steroid hormones [14]. Second, many kinds of
cellular stress, including inflammation and oxidative stress,
can also induce LD biogenesis [15, 16]. In these cases, it
is hypothesized that fatty acids may serve a protective role
against the stressors.

The underlying molecular mechanisms of fatty acid up-
take and biosynthesis under stress conditions remain largely
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elusive. Fernàndez et al. demonstrated that the liver of
caveolin-1-deficient mice fails to store triacylglycerol in LDs
after partial hepatectomy [17]. Caveolin-1 is a structural
protein of plasmalemmal caveolae and has a role in lipid
homeostasis and caveolae-mediated endocytosis [18, 19].
Caveolin-deficient hepatocytes have few LDs and do not
divide for liver regeneration [17]. Administration of glucose
to cav1−/− mice increased survival and caused hepatocytes
to reenter the cell cycle [20]. The above results imply that
caveolin-1 may modulate both lipid metabolism and LD
formation [19], providing survival benefit by assisting liver
regeneration.

Heme oxygenase (HO)-1, an inducible stress protein,
confers cytoprotection against different oxidative stresses in
vitro and in vivo. In addition to its physiological role in
heme degradation, growing evidence demonstrates that HO-
1 can influence a number of cellular processes, including
growth, inflammation, and apoptosis [21–24]. It is generally
accepted that HO-1, a major cytoprotective enzyme, attenu-
ates oxidative stress [25, 26]. Recent observations suggest that
HO-1 may modulate obesity and related metabolic disorders,
implying a metabolic role for the enzyme.

In the current study, we showed that different kinds
of stressors induce LD formation in mouse tissues, with
concomitant upregulation of LD-trafficking proteins. Mito-
chondrial dysfunction may trigger LD biogenesis, which was
not observed in the absence of HO-1 activity. Therefore, LD
appears to mediate the cytoprotective activity of HO-1 under
stress.

2. Materials and Methods

2.1. Animal Oxygen Exposure. Wild-type C57BL/6 mice
(Jackson Laboratories, Bar Harbor, ME, USA), 8–12 weeks
old, were maintained in laminar flow cages in a pathogen-
free facility. All procedures were performed in accordance
with the Council on Animal Care at Harvard University
and the National Research Council’s Guide for the Humane
Care and Use of Laboratory animals. The C57BL/6 mice
were exposed to room air or hyperoxia (95% O

2
, 5% N

2
)

for up to 72 h. Lung tissue was harvested from the mice at
the indicated intervals and used for the biochemical analysis
of autophagy [27]. Wild-type C57BL/6 mice were exposed
to hypoxia (10% O

2
) or normoxia for 3 weeks, and then

their lungs were harvested and analyzed for LD formation by
electron microscopic analysis [28, 29].

Acute myocardial infarction (AMI) was induced in rats
as described previously. In brief, animalswere anesthetized by
intraperitoneal injection of sodiumpentobarbital (50mg/kg),
and AMI was established as described previously [30]. After
implanting the electrocardiogram monitor, the rat was con-
nected to a respirator through tracheotomy, and the heart was
rapidly exteriorized through left thoracotomy and pericardial
incision. The left anterior descending coronary artery was
ligated. Successful establishment of AMI was confirmed by
the pale appearance of the anterior wall of the left ventricular
apex, weakened pulse, and ST-segment elevation. The hearts
were harvested 40 minutes, 24 hours after ligation of the

coronary artery in the AMI group. The rats in the sham-
operated group underwent the same procedure except for the
ligation of the coronary artery.

2.2. Cecal Ligation and Puncture (CLP) Model of Polymi-
crobial Sepsis. The CLP model of polymicrobial sepsis was
performed as previously described [21]. Briefly, anesthesia
was induced in mice by intraperitoneal administration of
100mg/kg ketamine HCl and 43mg/kg xylazine HCl. The
mouse cecum was exposed through a 1.5 cm incision, the
cecum was ligated below the ileocecal valve with a 6–0 silk
suture without causing bowel obstruction, and then, the
cecum was punctured with a 19-gauge needle. A 19-gauge, 1-
hole injury was performed in studies using HO-1-null mice
on a BALB/c background. The cecum was repositioned, and
the abdominal incision was closed in layers with 6–0 surgical
sutures. Sham-operatedmice underwent the same procedure,
including opening of the peritoneum and exposing the bowel,
but without ligation and needle perforation of the cecum.
After surgery, the mice were subcutaneously injected with
1mL of physiological saline for fluid resuscitation. Pre- and
postoperatively, all mice had unlimited access to food and
water.

2.3. Generation of Mitochondrial DNA-(mtDNA-)Deficient
(𝜌0) Cells. A549 cells were from the American Type Culture
Collection (Manassas, VA, USA) and cultured in F12/DMEM
medium (Invitrogen, Carlsbad, CA, USA). The medium
was supplemented with 10% fetal bovine serum (FBS) and
gentamicin. Cells were maintained at 37∘C in humidified
incubators containing an atmosphere of 95% room air and
5% CO

2
. Subconfluent cultures were used in all experiments,

with the cells adhered 24 h before the experiments. A549
lung epithelial cells were grown in F12/DMEM supplemented
with 10% fetal calf serum (FCS), pyruvate (100𝜇g/mL), and
uridine (50𝜇g/mL) as described previously [32]. Ethidium
bromide (EtBr, 100 ng/mL) was also added to the medium for
3 weeks. Depletion of mitochondrial DNA was evaluated by
quantitative real-time PCR as described above [33].

2.4. Electron Microscopy. Cells were fixed in 2.5% glutaralde-
hyde in phosphate-buffered saline (PBS) after experimental
manipulations. The cells were photographed using a JEM
1210 transmission electron microscope (JEOL, Peabody, MA,
USA).

2.5. Western Blot. Western blot analysis for LD-decorating
proteins and transcriptional factors was performed as previ-
ously described [29].

2.6. Statistics. Data are expressed as means ± SEM, and a P
value of <0.05 was considered significant. The significance
of differences between the groups was analyzed with a
Student’s 𝑡-test. Where appropriate, ANOVA with multiple
comparisons followed by a Student’s 𝑡-test was used.
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Figure 1: Enhanced lipid droplet (LD) formation upon hyperoxia in mouse. C57BL/6 mice were exposed to room air (a) or hyperoxia
(95% O

2

, 5% N
2

) (b) for 72 h. Transmission electron microscopy (TEM) images of the lung tissue were captured. The formation of LDs
(white arrowhead) in alveolar type II (ATII) cells increased upon hyperoxic exposure in the mouse lung. A select image in (b) (inset)
was photographed at high power (c). ∗One of the LDs was invaginated by growing lysosomes as reported previously [31]. Bar = 500 nm.
Approximately 50 images were captured from at least 3 individual mice of each group.
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Figure 2: Enhanced LD formation upon hypoxia in mouse. C57BL/6 mice were exposed to room air (a) or hypoxia (10% O
2

, 5% N
2

) (b) for
3 weeks, and the lungs were harvested for further examination by TEM. The formation of LDs (white arrowhead) increased upon hypoxic
exposure in themouse lung epithelial cells. Perinuclear and cytosolic localization of LDs is shown (b). Approximately 50 images were captured
from at least 3 individual mice of each group.

3. Results

To gain insight into the phenotypic alteration of cells by oxy-
genic insults, for which we adopted several model systems.

3.1. Enhanced LD Formation upon Hyperoxia/Hypoxia in
Mouse. First, we examined the response of mouse lungs
under hyperoxic exposure. As shown in Figure 1, the hyper-
oxic stimuli led to an increase in the number of LDs.

Compared with endothelial cells, alveolar type II cells were
more sensitive to high oxygen inhalation in terms of LD
biogenesis (Figures 1(b) and 1(c)). Interestingly, endothelial
mitochondria showed an enlargedmorphology with swelling
compared with those from air-exposed mice (Figure 1(a)).

Chronic hypoxic exposure of mice to 10% oxygen for 3
weeks also increased the number of LDs in alveolar type II
cells (Figures 2(a) and 2(b)). LDs were present close to the
nucleus (Figure 2(b)) and dispersed through the cytosol as
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Figure 3:Myocardial ischemia induces LD formation.TheAMI rat model was established by ligation of the left anterior descending coronary
artery. The hearts were, then, harvested at 40 minutes, 24 hours after ligation in the AMI group. The rats in the sham-operated group
underwent the same procedure except for the ligation of the coronary artery (a). The hearts were examined by TEM. The formation of LDs
was not observed in the heart from 40-minute ligation (subinfarct, (b)) while remarked at 24-hour ligation (white arrowhead, (c) and (d)).

well. Under basal conditions, some LDs also localized near
the nucleus (Figure 2(a)). In addition, autophagosomes were
frequently observed in epithelial cells after hypoxic insult
(Figure 2(b)).

3.2. Myocardial Ischemia Induces LD Formation. Under nor-
mal conditions, only a few small LDs were reported in
mouse hearts [28]. In agreement with this, we found no
detectible LDs under basal conditions in rat heart muscle
(Figure 3(a)). Upon mild ischemic insult, mitochondrial
architecture became irregularly arranged compared with air-
exposed control rats (Figures 3(a) and 3(b)). The heart is
unique in that it cannot fatigue while maintaining life and
it must constantly generate energy in the form of ATP and
phosphocreatine to perform its function. Cardiac muscle
mitochondria are the major energy-producing organelles
that provide working power for muscle contraction. Fatty
acids are the main resources for energy production in

cardiomyocytes [5].Therefore, it is plausible that fatty acids be
segregated in a safe place if the mitochondria were damaged
by ischemic hypoxia. Hypoxia limits the supply of oxygen
available to accept electrons in fatty acid oxidation, which
resulted inmitochondrial injury, as shown in Figures 3(c) and
3(d). Newly formed LDs were mainly present near damaged
mitochondria (Figure 3(d)).

3.3. LD Formation in a Mouse Sepsis Model. Based on recent
observations, treatment ofmacrophageswith lipopolysaccha-
ride (LPS) has been shown to switch cellular metabolism
to glycolysis rather than oxidative phosphorylation. Succi-
nate, an intermediate of the tricarboxylic acid (TCA) cycle,
accumulates relaying signals to trigger an immune reaction
in those cells. In addition, increased hepatic fat storage in
the form of triglycerides is a characteristic feature of sepsis
[15, 16]. In agreement with this notion, our morphological
data also provided evidence that CLP dramatically increased
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Figure 4: LD formation in a sepsismodel inmice. Cecal ligation and puncture (CLP, 19-gauge, 1-hole) was carried out to induce polymicrobial
sepsis in mice. CLP greatly enhances the formation of LDs (arrowhead) in the liver (b) compared with those in sham-operated control mice
(a). To a lesser extent, the kidneys exhibited an increased number of LDs in the epithelial cells (d) comparedwith the control (c). Bar represents
500 nm. Approximately 50 images were captured from at least 3 individual mice of each group.

the number of LDs in the hepatocytes (Figures 4(a) and 4(b)).
Modest increases in the number of LDs in the kidney tissue
were observed, compared with those in the sham-operated
control (Figures 4(c) and 4(d)).

3.4. Loss of mtDNA Increased LD Formation. It is thought
that the conversion of metabolism to glycolysis is a cellular
strategy against various stressors [1]. At the same time,
expression of electron transport chain (ETC) proteins con-
comitantly diminishes. The key proteins involved in the
ETC are mitochondrially translated. Hence, we mimicked
this scenario by depleting mtDNA in A549 cells by treating
them with low doses of EtBr for 3 weeks. The morphological
changes in the mitochondria are shown in Figures 5(b) and
5(c). Most cells stopped growing. At the same time, shrunken
and elongated mitochondria were ubiquitously distributed
throughout the cytosol (black arrow in Figure 5(c)) of A549
𝜌0 cells. Intriguingly, numerous LDs developed in the A549
𝜌0 cells. The expression of PGC-1, a master transcriptional

factor for mitochondria biogenesis, was augmented in the
A549 𝜌0 cells, which probably accounts for a compensatory
mechanism for mtDNA loss in cells. While the expression
of an insulin-sensitive glucose transporter (Glut4) decreased,
that of an insulin-insensitive glucose transporter (Glut1)
slightly increased (Figure 5(d)). To measure metabolic pro-
tein expression, we examined pyruvate kinase M2 (PKM2).
PKM2 favors glycolysis over oxidative phosphorylation for
glucose oxidation. PKM2 expressionwas upregulated inA549
𝜌0 cells. Moreover, the expression of fatty acid synthase (FAS)
was significantly increased inA549𝜌0 cells (Figure 5(e)), sug-
gesting the development of LDs in response to the shortage of
mtDNA.

3.5. Limited LD Formation in the Absence of HO-1 Activity.
Because oxygenic stress and inflammation induce HO-1
and mitochondrial dysfunction triggers LD formation, we
hypothesized that HO-1 activity mediates LD formation
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Figure 5: Paucity of mitochondrial DNA increased LD formation. Cells of a well-characterized human lung carcinoma cell line, A549, were
treated with ethidium bromide (EtBr) for 3 weeks. Petite mitochondria were found in the cytosol of A549 𝜌0 cells ((b), (c), arrow). A549 cells
exhibit normal mitochondrial morphology with organized cristae ((a), arrow). In the vicinity of petite mitochondria, LDs developed ((c),
arrowhead). Bar represents 500 nm. The expression of glucose transporters and PGC-1 was examined with cell lysates of both A549 and 𝜌0
cells (d). The expression of metabolic proteins, PKM1/2 and FAS, was also examined (e). 𝛽-Actin blot serves as a loading control.

in response to mitochondrial defects. As opposed to LD
formation in CLP livers (Figure 4(b)), fewer LDs were
found in the liver of HO-1-deficient mice (Figure 6(b)).
Without CLP, there is no difference in the number of LDs
irrespective of the presence of HO-1 (Figures 4(a) and 6(a)).
In accordance with LD formation in sepsis, the expres-
sion of the LD-decorating proteins, ADRP and perilipin,
was increased compared with HO-1-null livers (Figure 6(c)).
Caveolin-1 expression was also upregulated. Caveolin-1 is a
recently described protein that participates in LD formation
and lipid metabolism. PPAR-𝛾2 modulates LD biogenesis
through SREBP-1 and FAS (Figure 5(e)). The expression of
SREBP-1 was robust in wild-type liver but not in HO-1-null

liver (Figure 6(d)). We validated HO-1 expression in HO-
1-deficient liver (Figure 6(e)). Basal expression of caveolin-
1 was downregulated in the brain of HO-1-null mice, but
it was slightly increased in the liver (Figure 6(e)). Lipid
accumulation and the levels of the nuclear form of SREBP, in
particular subtype 1c, were positively correlated in hydrogen
peroxide-injured hepatocytes. Thus, it has been postulated
that ROSmay stimulate LD formation via SREBP-1 activation
[34].

4. Discussion

In this study, we examined LD formation as a general
response to various stresses in vivo and in vitro. Ample
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Figure 6:Adefect in hepatic LD formation byCLP in hemeoxygenase (HO)-1-deficientmouse. Polymicrobial sepsis was induced as described
in Figure 4 in HO-1-null and control mice. Very few LDs were observed in both wild-type (a) and HO-1-null mice (b). The expression of LD
coat proteins and caveolin-1 was examined (c). FAS levels are generally unaltered in the absence of HO-1 (d). Measurement of basal levels of
caveolin-1 and validation of HO-1-knockout mice were carried out with both cell lysates (e). 𝛽-Actin blot serves as a loading control.

evidence suggests that in response to oxidative stress [35],
organisms can drive theirmetabolic flux fromoxidative phos-
phorylation to glycolysis, including the pentose phosphate
pathway [36], which provides the reducing power for the
maintenance of cellular redox potential. LDbiogenesis during
stress can trigger adaptive LD formation, which depends
on mitochondrial integrity and HO-1 activity; this may be
a cellular survival strategy, apportioning energy-generating
substrates toward cellular defense.

Storage of fatty acids is common to all three domains of
life, including bacteria, archaea, and eukaryotes [37, 38]. The
specialized organelles for fat storage are called lipid bodies,
lipid inclusions, or LDs. These organelles share essentially

the same phenotype, comprising a hydrophobic core of lipids
surrounded by a monolayer of phospholipids.Therefore, LDs
in both worms and mammals, for example, are regarded
as evolutionarily conserved structures that store fatty acids.
Although LD accumulation in fat tissues was once considered
notorious for the obesity-related disorders, LD formation is
actually cytoprotective, since failure to sequester fat into LDs
can cause cellular stress and insulin resistance [5, 34, 37].

Upon exogenous oxygenic insults, organisms protect
themselves by homeostatic modulation of reactive oxygen
species (ROS). One significant source of ROS is generated by
lipid 𝛽-oxidation. FADH

2
generated during the 𝛽-oxidation

of fatty acids enhances the production of ROS via reversing
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the electron flow from electron transport chain complex II to
complex I, amajor source of ROS in themitochondria.There-
fore, the sequestration of fatty acids within LDs, preventing
𝛽-oxidation, is a plausible survival strategy and mechanism
to protect cellular integrity against stress [34].

Insulin reflects an energy surplus, pushing cells to store
the energy as fat and glycogen in insulin-sensitive organs
[39, 40]. At the organism level, however, “transient” insulin
resistance is assumed to be critical in various states such
as starvation, infection, trauma, and even cancer [41–44]
to spare glucose for different biosynthetic purposes, such
as the production of NADPH nucleotides via the pentose
phosphate pathway [36, 40]. Under these conditions, total
glucose oxidation by the TCA cycle is actually low, and energy
demands are primarily met by fatty acid and ketone body
oxidation [40]. In our current study, we aimed to understand
LD formation in response to oxygenic stress and sepsis and to
further reveal the underlying mechanism in mitochondria.

The importance of LDs is nicely exemplified in a liver
regeneration model following partial hepatectomy in mice.
Liver regeneration is an orchestrated cellular response that
coordinates lipid metabolism and cell division. Fernàndez
et al. and the Lisanti group demonstrated that caveolin-1-
deficient mice exhibit impaired liver regeneration [17, 19],
thereby resulting in a low survival rate after partial hepa-
tectomy. Reduced LD accumulation in the hepatocytes of
caveolin-1-null mice was responsible for blockade of the
cell cycle, since the infusion of glucose counteracts and
reverses growth arrest. Glucose administration would fulfill
the energetic and biosynthetic intermediate requirements.
This is evidenced by a transient increase in the liver triacyl-
glycerol levels in glucose-fed animals.Therefore, distribution
and allotment of available resources, such as LD biogenesis,
may be a critical factor for wound healing and resistance
against stress. This also implies that LD formation has a
protective role against lipotoxicity derived from free fatty acid
accumulation inside cells. These fatty acids can then be used
for structural functions and additional cellular requirements.

Surprisingly, injured mitochondria are involved in the
formation of LDs under stressed conditions. As expected,
depletion ofmtDNAcausesmorphological changes and alter-
ation of metabolic protein expression. The glucose transport
proteins facilitate glucose transport into insulin-sensitive
cells [39]. Glut1 is insulin independent and is ubiquitously
distributed in different tissues. Glut4 is insulin dependent
and is responsible for the majority of glucose transport into
muscle and adipose cells under anabolic conditions. Park
et al. reported that loss of mitochondrial DNA by chronic
treatment with EtBr downregulates glucose transporters and
reduces intracellular ATP levels in hepatoma cells [45].
They measured protein expression of glucose transporters
and found reduced expression of Glut4. In agreement with
this, A549 𝜌0 cells showed diminished expression of Glut4
(Figure 5(d)), while the expression of Glut1 was slightly
increased (Figure 5(d)). In addition, glycolysis and fatty acid
synthesis may be augmented as assessed by PKM2 and FAS
upregulation (Figure 5(e)). Our results suggest that mtDNA
loss results in metabolic changes resembling the “transient”
insulin-resistant phenotype.

High-yield extraction of ATP from glucose can be
obtained by oxidative phosphorylation [46], but nothing
remains for use as cellular building blocks. Therefore, oxida-
tive phosphorylation is suitable for normal processes in fully
differentiated cells such as neuronal cells. If cells must cope
with adverse situations such as oxidative stress or bacterial
infection [36, 38], the strategy needs to be altered to spare
nutrients for establishing cellular redox status and recovering
damaged cell structures. Glycolysis can be branched out to
the oxidative pentose phosphate pathway, which is a major
source of both reducing power and metabolic intermediates
for biosynthetic processes in cells.

All life on Earth is able to sense oxygen levels in the
environment. Hypoxia, for example, can be managed by
stabilization of hypoxia-inducible factor- (HIF-)1𝛼. HIF-
1𝛼 modulates angiogenesis at the organism level [30] but
switches glucose catabolism to glycolysis at the cellular level.
Both functions are considered homeostatic adjustments to
oxygen. A recent report suggested that hypoxia-inducible
protein 2 (HIG2), which is a downstream target of HIF-1𝛼
transcriptional activity, is implicated in LD biogenesis [35].
HIG2 localizes to LD membranes and coexists with ADRP
and perilipin.Overexpression ofHIG2 is sufficient to increase
in LD accumulation under normal conditions. Our data also
support the idea of accumulation of fatty acids in LDs upon
hypoxia and hyperoxia (Figures 1–3).

If oxidative stress inducesmitochondrial dysfunction, the
organelle sends signals to the nucleus for the recovery of
mitochondria and cellular integrity [47, 48]. We previously
demonstrated that HO-1 activity might be mediated by the
retrograde signal transduction originating from endoplasmic
stresses [23, 26]. In this study, we also have shown that
without HO-1 activity, LD formation in septic liver tissue is
greatly attenuated (Figure 6). In the absence of HO-1 activity,
mice were vulnerable to bacterial infection by CLP, with
increasedmortality rate [21].The role of LDs in the protective
activity of HO-1 in the CLP model and in response to other
stressors warrants further investigation.

Glycolysis is upregulated in some cancer cells. Such shifts
toward a glycolytic phenotype have been explored in other
physiological situations.Themolecularmechanisms underly-
ing these shifts have been focused on the glycolytic enzymes
such as muscle-type phosphofructokinase or pyruvate kinase
M. On the other hand, mitochondrial inhibition of ATP
synthesis could also act as a trigger for the initiation of
glycolysis via ATPase inhibitory factor- (IF-)1. Thus, mul-
tiple pathways are operating to switch cellular metabolism
under stressed conditions. ATP production appears to be
significantly reduced by the inhibition of heme biosynthesis
with succinylacetone (SA), since ATPase IF-1 expression was
remarkably augmented by SA (data not shown). Diminished
ATP production resulted in mitochondrial dysfunction and
switching to glycolysis for glucose catabolism [46]. Heme
proteins that mainly operate in the ETC would be degraded
by the heme catabolic enzyme HO-1. In this context, it has
been reported that carbon monoxide, a byproduct of HO-1
activity, relays retrograde signals in neuronal systems [48].
Therefore, the role of HO-1 activity in linking mitochondrial
dysfunction to LD biogenesis warrants further study.
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Collectively, mitochondrial dysfunction may trigger LD
formation by switching metabolic pathways to glycolysis and
fatty acid biosynthesis. During this process, HO-1 activity
appears necessary to form LDs through upregulation of
proteins for LD trafficking and lipid metabolism.
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Received 3 March 2013; Accepted 25 June 2013

Academic Editor: Hong Pyo Kim
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We investigated the gender differences in heme-oxygenase (HO) enzyme, which produces endogenous vascular protective carbon
monoxide (CO). We studied (1) the activity and expression of HO enzymes in the left ventricle (LV) and aorta, (2) basal increase in
basal blood pressure provoked by arginine vasopressine (AVP) in vivo, (3) the heart perfusion induced by AVP, (4) the ST segment
depression provoked by adrenaline and 30 seconds later phentolamine, and (5) the aorta ring contraction induced by AVP in female
and male Wistar rats. We found that HO activity and the expression of HO-1 and HO-2 were increased in female rat aorta and LV.
We demonstrated that the basal blood pressure and administration of AVP provoked blood pressure response are increased in the
males; the female myocardium was less sensitive towards angina. Both differences could be aggravated by the inhibition of HO.
The aorta rings were more susceptible towards vasoconstriction by AVP in males; isolated heart perfusion decrease was higher in
males. The HO inhibition aggravated the heart perfusion in both sexes. In conclusion, the increased HO activity and expression in
females might play a role in the sexual dimorphism of cardiovascular ischemia susceptibility during the reproductive age.

1. Introduction

Gender-based differences in the incidence of hyperten-
sive and coronary artery disease, the development of ath-
erosclerosis, and myocardial remodelling after infarction
are attributable to the direct effect of oestrogen on the
myocardium, vascular smooth muscle (VSM), and endothe-
lium. Cardiovascular morbidity and mortality are far less in
premenopausal women compared to age-matched men, but
the basis of this discrepancy remains controversial. Ovarian
hormones are believed to be mainly responsible for this
“female advantages” in cardiovascular function although the
underlying mechanism has not been fully elucidated.

In the heart and vasculature oestrogen mediates rapid
vasodilation via production of nitric oxide (NO), protects
against neointimal injury in the balloon-injured rat and
facilitates the re-endothelialization of the damaged vessel
[1], reduces both myocardial infarct size and occurrence of

ischemia- and reperfusion-induced ventricular arrhythmias
in canine heart [2].

Carbon monoxide (CO) is a product of heme oxygenase
(HO) aswell and is not an antioxidant but can cause induction
of antioxidant genes [3–5]; it also decreases superoxide (O

2

−)
levels [6, 7], increases gluthione (GSH) levels [8], and has an
antiapoptotic effect [9, 10]. Further, CO is a vasodilator, which
has been shown to play an important role in the regulation of
basal and constrictor-induced vascular tone, in blood vessels
[11, 12].

Almost all CO produced in vivo comes from the degra-
dation of heme by HO. CO and NO have similar properties;
both behave as messenger signalling molecules, are able to
induce the relaxation of blood vessels through vasodilation
and inhibit the proliferation of vascular smooth muscle cells
(VSMC) [13]. Like NO, HO-derived CO influences the solu-
ble guanylyl cyclase (sGC) and cGMP pathways, which serve
to regulate both blood pressure and vascular contractility
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Figure 1: Experimental design: in vitro, ex vivo, in vivo measurements from heart aorta in intact female (in the proestrus phase) and male
Wistar rats HO-1: heme oxygenase 1; HO-2: heme oxygenase 2; AVP: Arginine vasopressin.

[14]. It has been demonstrated that by upregulating the HO
system in young (8-week-old) spontaneously hypertensive
rats, coincidently, sGC and cGMP levels rise, which leads to a
significant reduction of blood pressure. On the other hand,
by using an inhibitor of HO-1 activity, the blood pressure
of rats undergoing HO-1 inhibition significantly increases
[14, 15]. HO is the rate-limiting enzyme in heme catabolism;
it catalyzes the breakdown of heme into equimolar amounts
of carbon monoxide, biliverdin, and free iron [16]. Three
mammalian HO isoforms have been identified, one of which,
HO-1, is a stress-responsive protein induced by a remarkably
vast panoply of stimuli [16–19]. Mounting evidence indicates
that HO-1 plays an important cytoprotective role [20–23].
This enzyme has been found to have beneficial effects in a
wide variety of pathological conditions, such as inflamma-
tion, atherosclerosis, and ischemia/reperfusion injury [20–
22, 24, 25]. In noncardiac tissues, there is evidence that HO-
1 is regulated by NO [26, 27]. Of the metabolites generated
by HO-1 catalysis, biliverdin (and bilirubin) has been shown
to possess antioxidant activity, whereas carbonmonoxide has
been found to exert many salutary effects in various settings,
including myocardial ischemia [16, 28, 29].

The aimof the presentworkwas to investigate any gender-
based differences in HO expression and activity and to clarify
the role of HO enzyme system in cardiovascular protection
via usingHOenzyme system inhibitor tin protoporphyrin IX.

2. Materials and Methods

2.1. Examined Groups. We used male and female Wistar
rats (230–250 g) bred in our animal house; the breeding
stock was derived from the Laboratory Animals Producing
Institute (Gödöllő, Hungary). Each group consisted of at
least ten animals. Rats were housed in a light-controlled
roomunder constant environmental conditions and fed pellet

rat chow and tap water ad libitum after they were received
in our laboratory. The 12 : 12 h light-dark cycle started at
6:00AM, and the room temperature was maintained at 20–
23∘C. All OVX rats were in the proestrus stage, which is
characterized by the unique presence of nucleated epithelial
cells stained with a 0.1%Giemsa solution and observed under
light microscopy (×100) [30].

Heme-oxygenase enzymes were inhibited by tin proto-
porphyrine IX (SnPP; 30.0mg/kg, s.c., pH 7.4, 24 hours and
one hour before treatment). Experimental design is shown
in Figure 1. All manipulations were performed in accordance
with the standards of the European Community guideline
on the care, and use of laboratory animals and had been
approved by the Institutional Ethics Committee.

2.2. Cardiac and Aortic HO-2 and HO-1 Protein Expressions.
The expression of HO-2 and HO-1 enzymes was determined
by Western blot analysis. Cardiac and aorta tissues were
homogenized (Ultra Turrax T25; 13.500min-1; 2×30 s) in ice-
cold Tris-mannitol buffer (2.0mM Tris 7–9, 50.0mM man-
nitol, 100.0𝜇M phenyl-methyl-sulphonyl-fluoride, 2.0𝜇M
leupeptin, 0.50mU/mL aprotinin, 0.50% Triton X-100) and
were centrifuged for 20min at 12000 g at 4∘C. Protein content
was measured by spectrophotometric assay (Bio-Rad Protein
Assay).

Aliquots of 25.0 𝜇g of total cellular protein were dena-
tured by mixing and boiling with 20.0mM Tris 7–9, 3.0mM
EDTA, 2.0% sodium dodecyl sulphate (SDS), 10.0% 𝛽-
mercaptoethanol, and 20.0% glycerol. The samples were
electrophoresed (100V, 50mA) on 10.0% polyacrylamide gel
and transferred (100V, 100mA, 2 h) to nitrocellulose mem-
brane (Amersham, Pharmacia Biotech., Buckinghamshire,
UK). Equal protein loading was determined by staining
the blot with 0.10% Ponceau red in 5.0% acetic acid. Two
hours after blocking with PBS (pH 7.4), 0.25% tween 20,
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and 5.0% fat-free dried milk, the membrane was probed
with mouse anti-HO-1 monoclonal antibody (1/10.000; 2 h)
(StressGen Biotechnologies Corp., Victoria, Canada) or anti-
HO-2monoclonal antibody (1/1000; 2 h) (StressGen Biotech-
nologies Corp., Victoria, Canada) at room temperature,
washed 3 times with PBS-tween 20 and then incubated
with horseradish peroxidase-conjugated bovine antimouse
antibody (1/2000; 1 h; Santa Cruz Biotechnology Inc., Santa
Cruz, Ca, USA) for 1 h at room temperature. Membranes
(Hybond ECL Nitrocellulose membrane, Amersham, Phar-
macia Biotech., Buckinghamshire, UK) were developed by
using an enhanced chemiluminescence system (ECL+Plus,
Amersham Pharmacia Biotech., Buckinghamshire, UK) and
exposed to Hyperfilm (Biomax light-1, Eastman Kodak
Comp. Rochester, New York). Films were analysed by using
the ImageQuant Software (Amersham Pharmacia Biotech.,
Buckinghamshire, UK) after scanning with GelAnalyst 3.01
Software (Iconix, Toronto, Canada). Results are expressed as
%, and the 100% is the maximal expression.

2.3. Cardiac andAortaHOEnzymeActivities. Thecardiac left
ventricle and aortic tissues were homogenised (Ultra Turrax
T25; 13.500min-1; 2 × 30 s) in ice-cold 10.0mM N-2-hy-
droxyethylpiperazine-N-2-ethanesulfonic acid (HEPES),
32.0mM sucrose, 1.0mM dithiothreitol (DTT), 0.10mM
EDTA, 10.0 𝜇g/mL trypsin inhibitor, 10.0 𝜇g/mL leupeptin,
and 2.0𝜇g/mL aprotinin (pH: 7.4). The supernatant was
collected by centrifugation for 20min at 15000 g at 4∘C.
The reaction mixture contained the following compounds
in a final volume of 1.50mL: 2.0mM glucose-6-phosphate,
0.14U/mL glucose-6-phosphate dehydrogenase, 15.0 𝜇M
hemin, 120.0𝜇g/mL rat liver cytosol as a source of biliverdin
reductase, 2.0mM MgCl

2
× 6H
2
O, 100.0mM KH

2
PO
4
, and

150.0 𝜇L of supernatant. To start the reaction 100.0𝜇L of
𝛽-nicotinamide adenine dinucleotide phosphate, reduced
form (𝛽-NADPH; 150.0 𝜇M) was added to the samples; then
they were incubated in darkness at 37∘C for 60min. The
reaction was stopped by placing the samples on ice. Bilirubin
solution was used as standard (58.47 𝜇g/mL; 10.0 𝜇M). The
bilirubin formed was calculated from the difference between
optical densities obtained at 464 and 530 nm. Protein content
was determined by spectrophotometric assay (Bio-Rad
Protein Assay).

One unit of HO activity was defined as the amount of
bilirubin (nmol) produced per hour per mg protein.

2.4. Measuring of Basal Blood Pressure and the Response of
Blood Pressure to AVP. Animals were anaesthetized with
30.0% urethane (0.50mL/100 g, i.p.) and then pretreated with
phentolamine (10.0mg/kg, i.p). A single bolus injection of
arginine vasopressin (AVP; 0.02; 0.06; 0.12 𝜇g/kg, i.v.) was
administered into the tail vein following the stabilisation
of blood pressure. The procedure has been described in
detail previously [31]. Briefly, the elevation of blood pressure
(expressed as the percentage of maximal increase as com-
pared to the basal value) was measured in the right carotid
artery through a blood pressure transducer connected to the
HAEMOSYS computerised complex haemodynamic analysis

system (Experimetria UK, London).The core temperature of
rats was maintained at 37∘C with a homeothermic control
unit (Harvard Instrument, UK).

2.5. Measuring of Heart Perfusion According to Langendorff.
Animals received an intraperitoneal injection of heparin
(500 units) 10–20min before being euthanized. After cervi-
cal dislocation, hearts were rapidly excised (mean time to
perfusion 2min) and mounted on a Langendorff perfusion
system. Hearts were perfused via the aorta according to the
Langendorff method at a constant pressure of 70.0Hgmm at
37∘C. The perfusion medium was a Krebs-Henseleit buffer
consisting of 118.0mM NaCl, 4.70mM KCl, 2.50mM CaCl

2
,

1.18mM MgSO
4
, 25.0mM NaHCO

3
, 1.18mM KH

2
PO
4
, and

5.50mM glucose. The perfusate was bubbled with a 95%
O
2
/5% CO

2
through a glass oxygenator and adjusted to pH

7.4. After a stabilization period of 15min, the heart perfusion
was measured (expressed as the percentage of maximal
response as compared to the basal value) as a response toAVP
(AVP final concentration in Krebs solution: 1.0; 3.0; 10.0𝜇g).

2.6. Experimental Angina Provoked by Epinephrine Plus Phen-
tolamine. The standard limb lead II of the surface electro-
cardiogram (ECG) was recorded by the HAEMOSYS system.
The change in ST segment was measured and used as the
index of angina severity. The mean ECG voltage 13ms after
the peak of the S wave was defined as the value of the
ST segment, as described previously [32]. The difference
in the amplitude of the ST segment after and before the
administration of angina-provoking agents was calculated
and expressed as the depression of the ST segment in mV. In
the epinephrine plus phentolamine model, a single dose of
epinephrine (10.0𝜇g/kg) and 30 s later𝛼-adrenoceptor antag-
onist phentolamine (15.0mg/kg) were administered into the
tail vein of the rat. Each agent was dissolved in 0.20 mL of
physiological saline and injected over 2 s.TheECG, heart rate,
and blood pressure changes were recorded simultaneously.

2.7. Measurement of Surviving Aorta Contraction. The rats
were killed by cervical dislocation, and the abdominal aortas
were removed and placed in chilled Krebs-Henseleit bicar-
bonate solution (4∘C), which was gassed with 95% O

2
and

5% CO
2
. The composition of the incubation solution was

described in detail by [33]. The aortas were cleaned of all
adipose and connective tissue, the abdominal region was cut
into rings (3mm long), and their weights were measured.
Two adjacent aortic rings were studied from each animal in
paired fashion. The rings were mounted on two 25-gauge
stainless steel wires; the lower onewas attached to a stationary
stainless steel rod and the upper one to a force-displacement
transducer for the measurement of isometric tension. The
transducer was connected to an ISOSYS computerized pro-
gramme system (Experimetria, UK, London) for continuous
recording of the blood vessel tension.

Immediately after being mounted, the abdominal rings
were suspended in water-jacketed organ baths filled with
15.0mL of incubation solution maintained at 37∘C and
continuously gassed with 95% O

2
and 5% CO

2
. Before the
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Figure 2: Heme-oxygenase expression (HO-2 andHO-1 expressed as%) in the cardiac left ventricle ofmale (the black square) and female (the
grey square). Data are expressed as means± S.E.M. of the results of a minimum of 10 rats per group. Statistical significance: ∗𝑃 < 0.001. Panel
(a): heme-oxygenase 2 (HO-2) (expressed as %) in the cardiac left ventricle tissue of male (the black square) and female (the grey square)
rats with densitometric assessment (means± S.E.M. expressed as %, 100% is the maximal expression). Panel (b) shows heme-oxygenase 1
(HO-1) (expressed as %) in the left ventricle tissue of male (the black square) and female (the grey square) rats with densitometric assessment
(means± S.E.M. expressed as %, 100% is the maximal expression). Data are expressed as means± S.E.M. of the results of a minimum of 10
rats per group. Statistical significance: ∗𝑃 < 0.001 as compared to the female group.

start of the experiments, the blood vessels were gradually
stretched (over a 30min period) to an optimum passive
tension of 2.50 g and equilibrated for a period of 20–30min.
Following the equilibration period, we freshly added the same
dose of arginine vasopressin (2𝜇gmL−1) to the incubation
solution. The optimum contractile response to vasopressin
was calculated before the experiments by using gradually
increasing vasopressin doses. The contractile response to
vasopressin was expressed in terms of the tension of the aorta
ring (g/mg ring weight).

2.8. Chemicals. The following chemicals were ordered from
different companies: Arginine-vasopressine (AVP; Organon,
The Netherlands), Urethane (Reanal, Hungary), Phento-
lamine (Regitin, P; Ciba-Geigy, Switzerland) and tin pro-
toporphyrine IX (SnPP; Frontier Scientific Europe, United
Kingdom). All compounds not specified above were derived
from Sigma Aldrich.

3. Results

3.1. HO-2 and HO-1 Expression of Cardiac Left Ventricle and
Aorta . HO-2 andHO-1 protein was determined byWestern-
blot techniques. Significantly (𝑃 < 0.001) decreased cardiac
HO enzymes expression was found in males left ventricle
(HO-2: 33.857 ± 5.161%; HO-1: 39.0 ± 5.113%) and in aorta
(HO-2: 44.143±3.112%;HO-1: 40.286 ± 3.790%) as compared
to the females left ventricle (HO-2: 93.143 ± 1.792%; HO-1:
87.429 ± 3.015%) and aorta (HO-2: 87.286 ± 4.028%; HO-1:
85.286 ± 5.126%). Data are shown in Figures 2 and 3.

3.2. HO Activity of Cardiac Left Ventricle and Aorta. HO-
enzyme activity was determined bymeasurement of bilirubin
formation. In male group, activity of HO was significantly
(𝑃 < 0.05) decreased both in the cardiac left ventricle
(1.877 ± 0.369 nmol bilirubin/h/mg protein) and aorta
(5.045 ± 0.798 nmol bilirubin/h/mg protein) HO enzyme
activity decased as compared to the females cardiac left
ventricle (2.647 ± 0.288 nmol bilirubin/h/mg protein) and
aorta (9.709 ± 2.201 nmol bilirubin/h/mg protein). Data are
shown in Figure 4.

3.3. The Measuring of Basal Blood Pressure and the Effect of
HO Inhibition on Blood Pressure as a Response to AVP. The
basic blood pressure is shown in Figure 5(a). Significantly
(𝑃 < 0.05) higher blood pressure wasmeasured in the control
male rats as compared to the females (100.80 ± 6.49 versus
78.80 ± 2.19mmHg).

The arterial blood pressure was measured in the right
carotid artery and we demonstrated the increase in blood
pressure induced by intravenous administration of AVP
(0.02-0.18 𝜇g/kg) in catecholamine-depleted (phentolamine:
P, 10.0 mg/kg i.p.) female and male rats.

AVP caused a dose-dependent increase in arterial blood
pressure both in the female and male rats. In the females
(9.30 ± 1.62–24.0 ± 2.12%), AVP induced a significantly
(𝑃 < 0.05) lower elevation in blood pressure than in males
(21.60 ± 1.19–54.0 ± 1.26%). The inhibition of HO enzyme
system caused significant augmentation in all groups (female:
31.1 ± 2.23–49.5 ± 2.76%; male group: 24.90 ± 1.12–61.10 ±
1.53%). Data are shown in Figure 5(b).
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Figure 3: Heme-oxygenase expression (HO2 and HO-1 expressed as %) in the aortic of male (the black square) and female (the grey square).
Data are expressed as means± S.E.M. of the results of a minimum of 10 rats per group. Statistical significance: ∗𝑃 < 0.001. Panel (a): heme-
oxygenase 2 (HO-2) (expressed as %) in the aortic tissue of male (the black square) and female (the grey square) rats with densitometric
assessment (means± S.E.M. expressed as %, 100% is the maximal expression). Panel (b) shows heme-oxygenase 1 (HO-1) (expressed as %)
in the aortic tissue of male (the black square) and female (The grey square) rats with densitometric assessment (means± S.E.M. expressed
as %, 100% is the maximal expression). Data are expressed as means± S.E.M. of the results of a minimum of 10 rats per group. Statistical
significance: ∗𝑃 < 0.001 as compared to the female group.
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Figure 4: Heme-oxygenase activity (HO; expressed as nmol bilirubin/h/mg protein) in the cardiac left ventricle (a) and aorta tissues (b) of
male (the black square) and female (the grey square). Data are expressed as means± S.E.M. of the results of a minimum of 10 rats per group.
Statistical significance: ∗𝑃 < 0.05.

3.4. The Effect of Inhibition of HO on Isolated Heart Perfusion
as a Response to AVP. Theperfusionwasmeasured according
to Langendorff. The effect of AVP (1.0–10.0 𝜇g) on heart
perfusion proved to be dose dependent in all groups. In the
male animals (9.30 ± 1.108–26.70 ± 1.711%), AVP caused a
significantly (𝑃 < 0.05) higher decrease of heart perfusion
than in intact female group (3.30 ± 0.72–11.70 ± 2.61%). The
inhibition of HO enzyme system caused (SnPP, 30.0mg/kg,
pretreatment 24 hours and one hour prior to the measure-
ment) significant augmentation in all groups (female: 5.10 ±

0.83–15.0 ± 1.90%; male group: 15.10 ± 1.19–38.10 ± 2.72%).
Data are shown in Figure 6(a).

3.5. The Effect of Inhibition of HO on ST Depression. ST
segment changes were measured in a lead II standard surface
ECG following intravenous injection of epinephrine (A:
10.0 𝜇g/kg) and 30 s later phentolamine (P: 15.0mg/kg) in
female and male rats. The administration of phentolamine
30 s after epinephrine caused a significant (𝑃 < 0.05) ST
segment depression only in male group (−0.10 ± 0.0278mV).
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Figure 5: Panel (a) shows basal blood pressure (mmHg) and Panel (b) shows the effect of HO inhibition by tin protoporphyrin IX (SnPP:
30.0mg/kg, pretreatment 24 hours and one hour prior to the measurement) on the increase in arterial blood pressure after administration
of arginine vasopressin (AVP; 0.02, 0.06, 0.18𝜇g/kg) in male (the black square) and female (the grey square) rats measurement. Results are
shown asmeans ± S.E.M. for 10 animals in each group. Statistical significance: ∗𝑃 < 0.05 as compared to the ovary intact group and #
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a significant difference between groups with and without SnPP pretreatment.
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Figure 6: The diagrams show the effect of HO inhibition by tin protoporphyrin (SnPP) on the decrease in heart perfusion (a) expressed as
the percentage of change, measured by incubation liquid given AVP (1.0, 3.0, 10.0𝜇g) in hearts of male (the black square) and female (the
grey square).The Panel (b) demonstrates effect of the HO inhibitor tin protoporphyrin (SnPP) on ST segment changes (measured in a lead II
standard surface ECG; expressed inmV) following intravenous injection of epinephrine (10.0𝜇g/kg) and 30 s later phentolamine (15.0mg/kg).
White columns (the white square) show the intact groups without SnPP treatment. Patterned columns show the actions of SnPP (30.0mg/kg
pretreatment 24 hours and one hour prior to the measurement). Results are shown as means± S.E.M. for 10 animals in each group. Statistical
significance: ∗𝑃 < 0.05 as compared to the ovary intact group and #

𝑃 < 0.05 a significant difference between groups with and without SnPP
pretreatment.
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Figure 7: The diagrams show the effect of HO inhibition by tin protoporphyrin (SnPP) on the aortic contraction expressed as g/mg ring
weight, measured by incubation liquid givenAVP (2.0𝜇g/mL) inmale (the black square) and female (the grey square) rats. Patterned columns
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for 10 animals in each group. Statistical significance: ∗𝑃 < 0.05 as compared to the ovary intact group and #

𝑃 < 0.05 a significant difference
between groups with and without SnPP pretreatment.

In females, an ST segment depression did not develop. Pre-
treatment with SnPP (30.0mg/kg, pretreatment 24 hours and
one hour prior to the measurement) caused ST depression in
female (−0.20 ± 0.03mV) and augmented the ST depression
in males (ST segment change: −0.28 ± 0.055mV). Data are
shown in Figure 6(b).

3.6. The Measurement of Aorta Contraction Provoked by AVP.
Results observed in the experiment involving the surviving
aorta ring contraction are demonstrated in Figure 3(b). The
vasoconstriction induced by AVP was much significantly
(𝑃 < 0.05) higher in the male than that observed in
the females (2.80 ± 0.37 versus 0.70 ± 0.18 g/mg aorta
ring). The inhibition of HO enzyme system caused (SnPP,
30.0mg/kg, pretreatment 24 hours and one hour prior to
the measurement) augmentation in all groups (male: 3.20 ±
0.45 g/mg aorta ring female group: 1.90 ± 0.39). Data are
shown in Figure 7.

4. Discussion

The present study revealed gender difference in vascular and
myocardial HO expression, and activity, which may con-
tribute to the gender-related difference of cardiac function.
The current experiments are reported, that are gender dif-
ferences in the basal blood pressure, basal aorta contraction,
the experimental angina, and heart perfusion. This notion
of “female advantage” is supported by the gender-related
differences in the clinical manifestations of cardiovascular
disease such as stroke, LV hypertrophy, and coronary heart
disease.

Several hypotheses have been postulated for the gender-
related difference of cardiovascular morbidity and mortality
including differences in hormones, lipid profile, myocardial,
endothelial, and vascular performance between male and
female genders and aging [34–36]. While a great part of
the observed gender differences in vascular reactivity has

been attributed to genomic modulation by sex hormones,
nongenomic effects of those hormones also exist. In fact,
relatively little is known about the HO activity changing
during aging in the heart. Lavrovsky et al. [37] found
enhanced oxidative stress during agingwhich is accompanied
by compensatory induction of the antioxidant enzyme HO-
1 through activation of the NFkB pathway in the rat liver.
Ariyoshi et al. [38] examined the effects of age and sex on
microsomal heme oxygenase activity and cytochrome P-450
content in rat liver. They observed that heme oxygenase
activity declinedwith an increase in age, namely, its activity in
100 days old (young) rats was 58% in male and 72% in female
rats as compared with respective 30-day-old (immature) rats,
and in 300-day-old (old) rats, it was 32% in male and 39%
in female rats. Results of Bitar fit into the literature data;
namely, testosterone treatment decreased the microsomal
concentration of heme in aged rats by 37%, respectively, as
compared to young values. In contrast, a marked increase in
the activity of microsomal heme oxygenase was seen in these
animals.

Oestrogen had generally been considered a protective
factor against cardiovascular disease, which was based on
epidemiological data showing that the incidence of coronary
heart disease among women was lower than among men
before menopause, and this disparity decreased at post-
menopause [39]. In postmenopausal women, the hormone
replacement therapy was found to reduce the rate of car-
diovascular disease. Moreover, many studies concerning the
effects of long-term oestrogen administration on systemic
haemodynamics in postmenopausal women. Choudhry et al.
[40] showed that oestrogen administration upregulates HO
activity following traumatic injury and trauma haemorrhage.
The upregulated HO inhibits the expression of adhesion
molecules and prevents subsequent leukocyte—endothelial
cell interactions under these conditions. Moreover, upregu-
lation of HO protects mitochondrial function and prevents
ATP-depletion after oxidative stress. Liver ontogenesis of
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HO has been examined, and high HO activity levels were
observed during fetal development and during development
and aging, the transcriptional response to oxidative stress
decreases, and HO-1 protein levels do not increase pro-
gressively during aging [41]. These phenomenon may be
explained by a decreased transcriptional ability to respond
to stress rather than by a reduction in oxidative stress
[42]. Abraham and Kappas [41] found that HO-1 responds
to known inducers when administered to young rats, but
induction of HO-1 in old animals (24-months of age) did
not change the levels of cytochrome P450 compared with the
perturbations seen in young rats [43].

However, the association between oestrogen and cardio-
vascular disease has been corrected. It was reported that
women had a worse prognosis after myocardial infarction
(MI) than men did. In support of clinical observation, it was
experimentally demonstrated that oestrogen replacement in
ovariectomized rats resulted in an increased size of infarct
after MI than placebo treatment. The authors speculated that
oestrogen attenuates or downregulates a number of stress
responses [44].

Rahimian et al. demonstrated a gender difference in
aortic eNOS mRNA expression [45]. In accordance, Morschl
et al. have reported that the cNOS activity is higher in the
aorta of female rat compared to its activity of male aortic
tissue [46].

In the present study, we first demonstrated gender dif-
ferences in HO enzyme system, which can also play role in
the cardiovascular protection and can be also upregulated
by endogen oestrogen. To clarify the exact role of HO, we
measured HO-2 and HO-1 protein levels and activity in the
presence of HO inhibitor.

Oestrogen exerts a protective action through favourable
effects on lipid profiles, decreased platelet and mono-
cyte adhesion, and decreased vascular reactivity [47, 48].
Although the mechanisms by which oestrogen affects vas-
cular tone are not completely understood, and a change in
the communication between the vascular endothelium and
smooth muscle is likely an important pathway for the action
of oestrogen. The mechanisms by which gender influences
CO production are unclear and may involve an increase in
HO expression and activity.

Contraction of mesenteric arteries to phenylephrine was
greater in arteries from male rats.

Arteries from male rats seem to be more sensitive to
the modulatory effects of 17𝛽-estradiol than arteries from
female rats [49]. In our experiment, we found also greater
contraction of abdominal aorta to AVP in male rats, and this
contraction can be augmented via using HO enzyme system
inhibitor.

The produced CO has been hypothesized to serve a
physiological role in regulating vascular tone, which is medi-
ated by cGMP-signalling pathway and by calcium activated
potassium channels [50]. The HO system is also present
and regulated in the heart. HO-1 and HO-2 differ in gene
organization and structure and in chromosomal localization
[51]. The two forms also vastly differ in cell type, tissue
distribution, and regulation. HO-1 enzymes have been char-
acterized as endoplasmic reticulum (ER) associated proteins,

due to the abundant detection of HO activity in microsomal
(104,000 g) fractions. BothHO-1 andHO-2 contain aCOOH-
terminal hydrophobic domain segment that suggests a gen-
eral membrane compartmentalization. Recent studies have
raised the possibility of the functional compartmentalization
of HO-1 in other subcellular domains beside the ER, includ-
ing but not limited to the nucleus and plasma membrane.
The potential functional subcellular compartmentalization of
HO enzymes raises an intriguing issue of organelle specific
function of HO metabolites, mainly, CO [16]. Relatively little
is known about the possible functional compartmentalization
of HOs to the nucleus. Preliminary studies indicate that heme
stimulates the nuclear translocation of HO-1. Furthermore,
HO-2 was detected constitutively in the nucleus of NIH3T3
(cells mouse embryonic fibroblast cells) and was proposed to
facilitate the entry of HO-1 [52]. The comparative expression
of HO-1 and HO-2 in kidneys, heart, and the vasculature
under normal conditions and the response to oxidative
stress have recently been examined; the findings of these
studies most likely have ramifications for cardiovascular
system physiology. In this system, HO-2 is the predominant
form expressed under normal conditions [16]. HO-2 protein
is normally expressed in the endothelial and the smooth
muscle layers of the blood vessels [53, 54] in the carotid
body chemoreceptors [55] and in the adventitial neurons
of blood vessels [53]. When stressed, there is an impressive
increase inHO-1mRNA expression in the heart, kidneys, and
vasculature. In the stressed heart, HO-1 protein is expressed
particularly at high levels in the arterioventricular (AV) node
[56] and in the myocytes [57] where normally HO-1 protein
is minimally expressed. HO-2 is reportedly absent from the
striatedmusculature and appears to be coexpressedwithNOS
in vascular endothelial cells and in select nerve cell popu-
lations of certain parasympathetic and sensory ganglia [58].
Using immunostaining techniques, a widespread expression
of HO-2 has been detected not only in blood vessel wall
constituents (arterial and venous endothelial cells, vascular
smooth muscle cells), but also in connective tissue elements
(fibrocytes/fibroblasts and fibroblast-like cells). The cardiac
HO system may have a role in preventing atherosclerosis,
regulating blood pressure, and modulating NO-mediated
myocardial preservation [59].

This experiment was designed to compare HO enzyme
system activity, basal HO-2 and HO-1 expressions, and CO
production in males and females in oestrus phase. The level
of oestrogen in blood is increased between the morning
and afternoon of proestrus and remained high during estrus
morning, and it then decreases again in metestrus and
diestrus. The circulating level of estradiol in the proestrus
phase induces elevated expression and activity of HO enzyme
system, compared to male rats [60].

The elevated expression and activity of HO enzyme
system in examined females caused moderated blood
pressure, aorta contraction, diminished ST depression, and
normal response of blood pressure and heart perfusion
provoked by AVP. HO expression and activity in heart and
abdominal aorta resulting enhanced generation of basal
CO. Although CO has been traditionally regarded as toxic
molecule, recent evidence has revealed that this gas exerts
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pleiotropic homeostatic effect. In particluar, CO has been
shown to promote vasorelaxation and to inhibit proliferation
of vascular smooth muscle cells, apoptosis, transplant
rejection, inflammation, platelet aggregation, microvascular
thrombosis, cytokine production, and oxidative stress [28].
Like NO, HO-derived CO influences the sGC and cGMP
pathways, which serve to regulate both blood pressure and
vascular contractility. By using an inhibitor of HO activity,
the blood pressure, the ST depression, and heart perfusion
are significantly augmented in both female andmale animals.

COhas been identified as an endogenous cellularmessen-
ger, and studies suggest an important role of CO in hemody-
namic regulation [61]. It has been shown that endogenously
produced CO is a signal molecule [62] and an activator of
guanylyl cyclase responsible for the generation of cGMP in
the vascular tissue [63]. These findings indicate that vessel
wall-derived CO could serve as an endogenous regulator of
vascular tone and platelet activity. HO-CO and NOS-NO
pathways show many similarities; both HO and NOS have
distinct constitutive and inducible isoforms, and bothCOand
NO stimulate sGC to produce cGMPas the secondmessenger
effector. Moreover, many of stimuli that induce iNOS, such
as catecholamines, cytokines, and ischemia/reperfusion, also
induce HO-1 [64]. The relative contribution of CO and NO
to the activation of GC in the cardiovascular system remains
unknown, even under physiological conditions. In many
pathological conditions, such as hypoxia, thermal injury,
and ischemia/reperfusion, CO mediated effects may be pre-
dominant. For instance, it was found that an HO inhibitor
blocked cGMP production, whereas an NOS inhibitor has no
effect [65]. Results from the present study tend to implicate
CO as an important cardioprotective agent in the “female
advantage” in cardiovascular function. The activation of HO
enzyme system in a gender-dependent manner may help
explain differences observed in cardiovascular disease risk
between the sexes and supports the potential beneficial effect
of physiological oestrogen.
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[46] É. Morschl, I. Bretus, J. Nemcsik, F. László, and I. Pávó,
“Estrogen-mediated up-regulation of the Ca-dependent con-
stitutive nitric oxide synthase in the rat aorta and heart,” Life
Sciences, vol. 68, no. 1, pp. 49–55, 2000.

[47] H. J. Knot, K. M. Lounsbury, J. E. Brayden, and M. T. Nelson,
“Gender differences in coronary artery diameter reflect changes
in both endothelial Ca2+ and ecNOS activity,”American Journal
of Physiology, vol. 276, no. 3, part 2, pp. H961–H969, 1999.

[48] J. S. Janicki, F. G. Spinale, and S. P. Levick, “Gender differences in
non-ischemic myocardial remodeling: are they due to estrogen
modulation of cardiac mast cells and/or membrane type 1
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Spermidine (SPD) is a ubiquitous polycation that is commonly distributed in living organisms. Intracellular levels of SPD are
tightly regulated, and SPD controls cell proliferation and death. However, SPD undergoes oxidation in the presence of serum,
producing aldehydes, hydrogen peroxide, and ammonia, which exert cytotoxic effect on cells. Hemeoxygenase-1 (HO-1) is thought
to have a protective effect against oxidative stress. Upregulation of HO-1 in endothelial cells is considered to be beneficial in
the cardiovascular disease. In the present study, we demonstrate that the ubiquitous polyamine, SPD, induces HO-1 in human
umbilical vein endothelial cells (HUVECs). SPD-inducedHO-1 expressionwas examined byWestern blot and reverse transcription-
polymerase chain reaction (RT-PCR). Involvement of reactive oxygen species, serum amine oxidase, PI3K/Akt signaling pathway,
and transcription factor Nrf2 in the induction of HO-1 by SPD was also investigated. Furthermore, small interfering RNA
knockdown of Nrf2 or HO-1 and treatment with the specific HO-1 inhibitor ZnPP exhibited a noteworthy increase of death of SPD-
stimulated HUVECs. In conclusion, these results suggest that SPD induces PI3K/Akt-Nrf2-mediated HO-1 expression in human
endothelial cells, which may have a role in cytoprotection of the cells against oxidative stress-induced death.

1. Introduction

Polyamines are common cell components among almost
all types of organisms, which regulate cell proliferation
and differentiation. The function of polyamines has been
studied at the molecular level. Polyamines modulate the
function of RNA, DNA, and protein by promoting their
stability and synthesis [1]. Polyamine content within cells is
tightly regulated and retained both by polyamine biosyn-
thesis and by polyamine transport according to needs
[2]. For example, it is reported that proliferative stim-
uli, such as DNA synthesis, trigger uptake and/or biosyn-
thesis of polyamines [3]. There are three polyamines in
eukaryotic cells: putrescine, spermidine, and spermine. As
long as the polyamine pool is strictly regulated also by
interconversion, excessive polyamine accumulation follow-
ing exogenous addition may exert a different effect on
cells. Extracellular polyamines first undergo oxidation by
serum amine oxidase, producing aminoaldehydes, such
as aminomonoaldehyde [N-(4-aminobutyl)-aminopropion-

aldehyde] and a dialdehyde [NN-bis-(3-propionaldehyde)-
1,4-diaminobutane] [4]. These aminoaldehydes and other
oxidation products (e.g.,H

2
O
2
andNH

3
) show cytotoxicity in

several cell types [5, 6]. Due to the oxidation by serum amine
oxidase, the endotheliumwould be the first tissue with which
the products of polyamine oxidation interact.

Vascular injury generally refers to structural and func-
tional impairment of endothelium including damage at
the cellular level. It plays a key role in the pathogenesis
of various cardiovascular diseases, such as atherosclerosis,
diabetic complications, and hypertension. Hemeoxygenase
(HO) is one of the cytoprotective proteins that could confer
a beneficial effect in vasculature. HO originally functions
as a rate-limiting enzyme in heme degradation, yielding
carbon monoxide (CO), iron, and biliverdin as the end
products. HO-1, HO-2, and HO-3 are isoforms of HO in
mammals [7, 8]. In particular, the role of hemeoxygenase-
1 (HO-1) as a protective enzyme is well known. Its antiox-
idant, antiapoptotic, and anti-inflammatory effects have
been extensively studied [9, 10]. HO-1 is a stress-inducible
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Figure 1: Induction of HO-1 by SPD in HUVECs. After treatment of HUVECs with various concentrations of SPD (a) at various time
intervals (b), cell lysates were prepared, and 20 𝜇g samples of proteins were subjected to Western blotting using the anti-HO-1 antibody,
and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody as a loading control. Representative data from three independent
experiments are shown. After treatment of HUVECs with various concentrations of SPD (c) at various time intervals (d), cell lysates
were prepared. The total RNA was extracted and analyzed by RT-PCR. The amplified RT-PCR product was visualized on 1% agarose gel.
Representative data from three independent experiments are shown.

protein. Various stimuli, such as thiol scavengers, ultraviolet
radiation, and oxidative stress, lead to HO-1 upregulation.
Usually, these types of stimuli generate reactive oxygen
species (ROS), whichmay cause an adaptive response to HO-
1. HO-1 is one of the phase II detoxifying and antioxidant
enzymes that are modulated by the nuclear factor-erythroid
2-related factor 2 (Nrf2)/Kelch-like ECH associating protein 1
(Keap1)/antioxidant responsive element (ARE) transcription
factor system [11]. Inhibition of Keap1 activity allows Nrf2
translocation from cytoplasm to nucleus, and thenNrf2 binds
to theARE region to activate expression of phase II gene, such
as HO-1 [12]. Upregulation of HO-1 has protective effects in
various cell types due to the activities of its final products,
such as CO and/or bilirubin [13, 14]. HO-1 is also known to
exert a beneficial effect in several clinically relevant diseases,
especially vascular disease, including atherosclerosis, dia-
betes, and hypertension [15]. HO-1, which is highly expressed
in vascular tissues under certain conditions, protects against
cardiovascular diseases and contributes to sustain the health
of the vascular system. In human endothelial cells, lack of
HO-1 leads to endothelial damage induced by tumor necrosis
factor-𝛼 and interleukin-1𝛼 [16]. These results suggest that
HO-1 may play an important role in the human cardiovas-
cular system.

In this study,we demonstrate that polyamine SPD induces
HO-1 expression in human endothelial cells and the associa-
tion of serum amine oxidase, ROS, and phosphatidylinositol
3-kinase (PI3K)/Akt-Nrf2-ARE signaling pathway in the
upregulation of HO-1 by SPD.

2. Materials and Methods

2.1. Materials. M199 medium and fetal bovine serum
(FBS) were purchased from WELGENE (Daegu, Korea).
TRIzol reagent was supplied by Invitrogen (Carlsbad,
CA, USA). Spermidine (SPD), aminoguanidine (AG), N-
acetyl cysteine (NAC), MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromide], and dimethylsulphoxide
(DMSO) were provided by Sigma Chemical (St. Louis, MO,
USA). ExGen 500 reagent was obtained from Fermentas
(Hanover,MD,USA).Anti-Nrf2 and anti-LaminB antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA,USA). Anti-HO-1 antibodywas obtained fromEpitomics
(Burlingame, CA, USA). Anti-GAPDH antibody was sup-
plied by AbFrontier (Seoul, Korea). All other chemicals and
reagents were of analytical grade.

2.2. Cell Culture. HUVECs were maintained in M199
medium and supplemented with 10% fetal bovine serum,
1% penicillin and streptomycin, 10 ng/mL human fibroblast
growth factor, and 18mU/mL heparin. The cells were incu-
bated at 37∘C under 5% CO

2
atmosphere. HUVECs were

grown to approximately 80% confluence,maintainedwith the
freshmedium previously described, and subcultured every 2-
3 days [17]. The cells were used within passages 4–9 during
these experiments.

2.3. Western Blot Analysis. We applied 20𝜇g of the whole cell
lysate proteins to each lane and analyzed them with Western
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blot. Western blot analysis was performed using monoclonal
antibody against hemeoxygenase-1 (HO-1), anti-Nrf2, anti-
Lamin B and anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH).Horseradish peroxidase-conjugated anti-IgG
antibodieswere used as the secondary antibodies to detect the
previously mentioned protein bands by enhanced chemilu-
minescenceWESTSAVE-Up (AbFrontier, Seoul, Korea) [18].

2.4. RNA Isolation and Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR). Reverse transcription was per-
formed as previously described [19]. The primer sequences
for human HO-1 were 5-ACATCTATGTGGCCCTGGAG-
3 (forward) and 5-TGTTGGGGAAGGTGAAGAAG-3
(reverse).The amplified products were resolved by 1% agarose
gel electrophoresis, stained with ethidium bromide, and
photographed under ultraviolet light.

2.5. Measurement of ARE Promoter Activity. EpRE/ARE-
luciferase (EpRE/ARE-Luc) reporter plasmid was a generous
gift from Dr. R. K. Park, (Wonkwang University, Korea).
EpRE/ARE-Luc was generated by transfer of the enhancer
2 (E2) and minimal promoter (MP) sequences into the
luciferase reporter plasmid pGL3-Basic. ARE promoter activ-
ity was determined as previously described [20].

2.6. Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick-End Labeling (TUNEL) Assay. To measure DNA frag-
mentation, the commercially available in situ death detection
kit (Roche Diagnostics, Mannheim, Germany) was used.The
cells were examined by fluorescence microscopy and pho-
tographed as previously described [21]. TUNEL-positive cells
were determined by counting at least 100 cells in 3 randomly
chosen fields and by expressing them as a percentage of the
total number of cells counted.

2.7. Statistical Analysis. Statistical significance was estimated
by Student’s 𝑡-test, and the results were expressed as mean ±
SD.

3. Results

3.1. HO-1 Induction by SPD in HUVECs. Upregulation of
HO-1 expression is thought to be a cellular stress response
and to play an important role in protecting cells. Presently,
we investigated the effect of various concentrations of SPD
on HO-1 induction. Cells were incubated with the indi-
cated concentrations of SPD for 24 h. SPD increased HO-
1 protein expression in a concentration-dependent manner
(Figure 1(a)). Treatment of cells with 50𝜇MSPD also resulted
in a time-dependent increase in HO-1 protein expression in
HUVECs (Figure 1(b)). SPD increased the HO-1 mRNA level
as well. After incubation with various concentrations of SPD
for 8 h, the HO-1 mRNA level increased in a concentration-
dependent manner (Figure 1(c)). SPD-treated HUVECs also
showed increased HO-1 mRNA levels in a time-dependent
manner (Figure 1(d)).
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− −
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HO-1

GAPDH

SPD

NAC
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SPD
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Figure 2: Blockage of SPD-induced HO-1 protein expression by
aminoguanidine, NAC, or PI3K/Akt inhibitor. Cells were pre-
treated with aminoguanidine (a), NAC (b), or LY 294002 (PI3K/Akt
inhibitor) (c) 1 h prior to the treatment of SPD.After 24 h incubation,
cell lysates were prepared, and 20𝜇g samples of proteins were
subjected to Western blotting, using anti-HO-1 antibody and anti-
GAPDH.

3.2. Blockage of SPD-Induced HO-1 Protein Expression by
Aminoguanidine, NAC, or PI3K/Akt Inhibitor. Polyamines,
including SPD, are deaminated by bovine serum amine
oxidase under in vitro conditions [22], generating aldehydes,
H
2
O
2
, and ammonia. The polyamine oxidation is inhibited

by the serum amine oxidase inhibitor, aminoguanidine (AG)
[23]. Therefore, we tested whether the deamination of SPD
by oxidase in serum could affect HO-1 induction in human
endothelial cells. Cells were pretreated with 0.1 or 1mM
AG and then treated with 50𝜇M SPD. Induction of HO-1
by SPD was completely eliminated by the pretreatment of
AG (Figure 2(a)). These results indicate the involvement of
polyamine oxidation in the induction of HO-1 by SPD.

The polyamine oxidation products are known to generate
reactive oxygen species (ROS), the signaling molecules in
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Figure 3: Nrf2 nuclear translocation and ARE-luciferase reporter
activity induced by SPD. Cells were treatedwith SPD at the indicated
concentration for 4 h. (a) Nuclear extracts were prepared, and 10𝜇g
samples of proteins were subjected to Western blotting, using an
anti-Nrf2 antibody and an anti-Lamin B (a marker of nuclear
protein) antibody. (b) Cells were transfected with an ARE-luciferase
construct. After transfection, the cells were treated with 10𝜇M SPD
for 6 h, and the lysates were mixed with a luciferase substrate. A
luminometer was used for measurement of luciferase activity. Data
are the mean ± SD of quintuplicate experiments. ∗𝑃 < 0.05 versus
control.

mediating responses to various stimuli [24]. Since ROS have
a role in the induction of HO-1 by several compounds
[25, 26], we examined whether the HO-1 induction by SPD
was dependent on ROS by using N-acetyl cysteine (NAC),
a ROS scavenger. Pretreatment with NAC abolished HO-1
expression in SPD-stimulated HUVECs in a dose-dependent
manner (Figure 2(b)). This implies the involvement of ROS
in the induction of HO-1 by SPD in HUVECs.

To determine the upstream signaling pathway involved
in SPD-mediated HO-1 induction, the effects of the specific
inhibitors of the PI3K/Akt pathways on HO-1 expression
were evaluated. Inhibitors of the PI3K/Akt pathways reduced
SPD-inducedHO-1 expression (Figure 2(c)).The observation
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Figure 4: Effect of SPD-inducedHO-1 inhibition on cell death. Cells
were incubated in the absence or presence of ZnPP, siRNA of HO-
1 or Nrf2 for 24 h before the indicated tests were performed. SPD-
stimulated HUVECs were pretreated with or without ZnPP, HO-1
or Nrf2 siRNA. Protective effect of HO-1 induction on cell death
was determined by in situ terminal nick-end labeling (TUNEL).
Representative images illustrate fluorescent TUNEL (green) staining
of cells cultured for 24 h before the indicated tests were performed.
The percentage of TUNEL-positive cells per total cell count in each
sample was calculated. At least 100 cells from three random fields
were counted in each experiment. Data are the mean ± SD of
triplicate experiments. ∗𝑃 < 0.05 versus control.

supported a role for PI3K/Akt signaling in SPD-mediated
HO-1 induction in HUVECs.

3.3. Nrf2 Nuclear Translocation and ARE-Luciferase Reporter
Activity Induced by SPD. HO-1 belongs to a family of the
genes encoding phase II detoxifying and antioxidant enzymes
and is widely distributed in mammalian tissues. It is modu-
lated by the Nrf2/Keap1 transcription factor system including
Nrf2 binding to ARE in the nucleus [11]. Appropriately, we
attempted to determine whether SPD could activate Nrf2 in
association with HO-1 upregulation. For this, the cells were
treated with 10 𝜇M of SPD for 4 h, and the nuclear fractions
were extracted for the preparation of nuclear proteins. SPD
treatment in HUVECs stimulated Nrf2 accumulation in the
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catalyzed heme to biliverdin and bilirubin, with the concurrent release of bioactive molecules, such as ferritin and CO. Heme metabolites
exert adaptive response and protect cells against SPD-induced oxidative stress.

nucleus (Figure 3(a)). In addition to this, we measured ARE
promoter activity using luciferase reporter system. Cells were
transiently transfected with ARE luciferase reporter plasmids
and treatedwith 10𝜇MSPD for 6 h, and luciferase activitywas
determined. As expected, treatment with SPD at the smallest
concentrations (10𝜇M) increased ARE promoter activity by
approximately 8 folds (Figure 3(b); ∗𝑃 < 0.05). These results
indicate the association with Nrf2 activation in regulation of
SPD-induced HO-1 expression in HUVECs.

3.4. Effect of SPD-Induced HO-1 Inhibition on Cell Death.
HO-1 is a well-known cytoprotective enzyme inhibiting cell
death in different cell types [20, 27, 28]. To further determine
whether the increased level of HO-1 enhanced by SPD con-
fers cytoprotection, SPD-stimulated cells were pre-incubated
with or without a specific HO-1, inhibitor, ZnPP, HO-1, or
Nrf2 siRNA, and the presence of dead cells was assessed by
in situ terminal nick-end labeling (TUNEL) staining, which
is widely used in detecting DNA fragmentation in situ. SPD-
treated cells showed little difference in nontreated cells, while
pharmacological inhibition of HO-1, or the transcription
factor Nrf2 resulted in a notable increase in the proportion
of TUNEL-positive cells (Figure 4).These results suggest that
HO-1 may exert a protective effect against SPD-stimulated
cell death.

4. Discussion

The present study demonstrates that the polyamine SPD
clearly induces HO-1 in human endothelial cells through
activation of Nrf2. Presence of ROS scavenger or serum
amine oxidase inhibitor abrogates the increase of HO-1.

Although polyamines are essential for cell metabolism,
the excessive accumulation within cells by exogenous addi-
tion of polyamine or high extracellular concentrations can
result in toxic effects. Interconversion of polyamine is one
of the ways to modulate polyamine pool homeostasis.
Polyamines are synthesized from L-arginine via L-ornithine,
or L-methionine by specific enzyme reactions. Putrescine is
formed from L-ornithine by ornithine decarboxylase, and
this combines with decarboxylated S-adenosylmethionine
originating from L-methionine to produce spermidine in a
reaction catalyzed by spermidine synthase [29]. Spermine is
formed from spermidine by spermine synthase. Spermidine
and spermine also undergo the retroconversion process by
the action of spermidine/spermine N1-acetyltransferase and
polyamine oxidase [30] and possibly spermine oxidase, in the
direct conversion of spermine back to spermidine without
acetylation [31]. During the catabolic process, toxic metabo-
lites of polyamine are generated, including H

2
O
2
, ammo-

nia, and aminoaldehyde(s). Moreover, after spermidine is
oxidized by amine oxidase, an 𝛼, 𝛽-unsaturated aldehyde,
acrolein, is formed by further spontaneous degradation
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[32]. Acrolein, which is highly reactive, can induce HO-1
expression aswell asH

2
O
2
[33] and ammonia [34]. Especially,

the induction of HO-1 by toxic substances is thought to be an
adaptive response [20].

HO-1 contributes to the cellular defense against oxidative
stress generated by ROS. Increase of HO-1 activity protects
cells from oxidative damage-induced cell death [21, 35]. In
addition, since HO-1 is highly expressed in vascular tissues,
it protects against vascular injury and confers cytoprotection
in the circulation. The beneficial effect of HO-1 is mediated
by the actions of its metabolic byproducts, carbonmonoxide,
and bilirubin. Carbon monoxide modulates blood fluidity
and flow by regulating vasomotor tone, vascular smooth
muscle cell proliferation, and platelet agglutination [36].
Bilirubin preserves endothelial cell integrity, prevents cell
death, and increases vascular reactivity [37].

Transcriptional activation of the HO-1 gene is mediated
by Nrf2 [38], which is initiated by translocation of Nrf2
into the nucles after electrophilic modification of Keap1
for dissociation of the Nrf2/Keap1 complex [11]. Nrf2 in
nucleus binds to ARE in the promoter region of its target
genes, the phase II detoxification and antioxidant genes,
including NAD(P)H:quinone oxidoreductase 1, glutathione
S-transferases, peroxiredoxin-1, and 𝛾-glutamylcysteine lig-
ase. Several oxidants induce the phase II detoxification and
antioxidant gene expression via Nrf2 activation [39]. In
particular, Nrf2 activation bestows cytoprotection to vascular
tissues by induction of antioxidant gene expression and/or
suppression of redox-sensitive inflammatory genes [40, 41].
The Nrf2/ARE pathway is involved in SPD-induced HO-1
expression, as some polyamines can indeed activate other
Nrf2-related genes [42].

In this study, we demonstrated that the polyamine SPD,
possibly via its oxidized metabolites, induces HO-1 in human
primary endothelial cells in association with Nrf2/ARE sig-
naling system, and induction of HO-1 contributes to cell
survival in oxidative stress-induced cell death (see Figure 5).
This study provides evidence that the induction of HO-1 may
have a role of cellular defense against the cytotoxic effects of
SPD oxidation in vascular endothelial cells.
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