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Abstract: Heme oxygenase-1 (HO-1) is an intracellular enzyme that catalyzes the oxidation of heme
to generate ferrous iron, carbon monoxide (CO), and biliverdin, which is subsequently converted to
bilirubin. These products have anti-inflammatory, anti-oxidant, anti-apoptotic, and anti-thrombotic
properties. Although HO-1 is expressed at low levels in most tissues under basal conditions, it is
highly inducible in response to various pathophysiological stresses/stimuli. HO-1 induction is thus
thought to be an adaptive defense system that functions to protect cells and tissues against injury in
many disease settings. In atherosclerosis, HO-1 may play a protective role against the progression of
atherosclerosis, mainly due to the degradation of pro-oxidant heme, the generation of anti-oxidants
biliverdin and bilirubin and the production of vasodilator CO. In animal models, a lack of HO-1 was
shown to accelerate atherosclerosis, whereas HO-1 induction reduced atherosclerosis. It was also
reported that HO-1 induction improved the cardiac function and postinfarction survival in animal
models of heart failure or myocardial infarction. Recently, we and others examined blood HO-1 levels
in patients with atherosclerotic diseases, e.g., coronary artery disease (CAD) and peripheral artery
disease (PAD). Taken together, these findings to date support the notion that HO-1 plays a protective
role against the progression of atherosclerotic diseases. This review summarizes the roles of HO-1
in atherosclerosis and focuses on the clinical studies that examined the relationships between HO-1
levels and atherosclerotic diseases.

Keywords: heme oxygenase-1; atherosclerosis; coronary artery disease; peripheral artery disease;
carotid plaque

1. Introduction

Atherosclerotic diseases are known to be the leading causes of death in the world. Atherosclerosis
begins when the injured (or activated) artery wall creates chemical signals that cause certain types
of leukocytes to attach to the endothelium [1]. These cells move into the wall of the artery and are
transformed into foam cells by uptake of modified low-density lipoprotein (LDL) such as oxidized
LDL, which collect cholesterol and other fatty materials and trigger smooth muscle cells to migrate
from the media to the intima. They form atheromas, also called plaques, covered with a fibrous cap,
and eventually the growing lesion begins to raise the endothelium and encroach on the lumen of the
artery. When plaques rupture, the exposing material triggers blood clot formation, which can suddenly
block blood flow through the artery, resulting in myocardial infarction or stroke.

Although heme serves key physiological functions and is tightly controlled, high levels of free heme,
which may occur in various pathophysiological conditions, are toxic via pro-oxidant, pro-inflammatory,
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and cytotoxic effects [2]. Thus, the heme degradation pathway has been demonstrated to play
a protective role against the development of atherosclerosis [3–5]. Heme oxygenase (HO) is the
rate-limiting intracellular enzyme that catalyzes the oxidation of heme to generate biliverdin, carbon
monoxide (CO), and ferrous iron. Biliverdin is subsequently reduced to bilirubin by biliverdin reductase;
both of biliverdin and bilirubin have antioxidant properties. The endogenously produced CO can
serve as a second messenger affecting several cellular functions, including proliferation, inflammation,
and apoptosis [3,6,7]. Three isoforms in the HO family (HO-1, HO-2, and HO-3) are known to be the
products of different genes and to be differently regulated. HO-1, also known as a 32-kDa heat shock
protein, encoded by the gene HMOX1, is normally expressed at low levels in most tissues; however,
HO-1 is highly inducible in response to various stresses/stimuli, including heme/hemoglobin, heavy
metals, UV radiation, cytokines, and endotoxins [8–12]. In contrast, HO-2 is constitutively expressed
in most tissues. HO-3 has a protein structure that is similar to that of HO-2 but has lower enzymatic
activity and is less well characterized [13]. A variety of experimental studies have suggested that HO-1
is a stress-response protein that plays an important role in cell defense mechanisms against oxidative
injury. In the pathogenesis of atherosclerosis, the ability of HO-1 to generate biliverdin and bilirubin,
anti-oxidant molecules, and CO, a vasodilator and an anti-inflammatory and antiapoptotic molecule,
is thought to play important roles in protecting the artery against oxidant-induced injury. This review
documents the roles of HO-1 in atherosclerosis and focuses on the clinical significance as a potential
therapeutic target in atherosclerotic diseases, such as coronary artery disease (CAD) and peripheral
artery disease (PAD). Using a PubMed database, we reviewed the articles published by July 2019 only
in English. The clinical studies included in this review that showed the relationships between HO-1
levels and atherosclerotic diseases are summarized in Table 1.

Table 1. Studies of the relationships between heme oxygenase (HO)-1 levels and atherosclerotic diseases.

Wang et al., 1998 [14] Ascending and
abdominal aortas

Patients undergoing surgery
for CAD (n = 3) or abdominal

aortic aneurysm (n = 5)

HO-1 was highly expressed in
human atherosclerotic lesions

Chen et al., 2005 [15] Blood leukocytes

Control (n = 30)
SAP (n = 30)
UAP (n = 40)
AMI (n = 35)

HO-1 protein expression was
higher in patients with CAD

(AMI > UAP > SAP > Control)

Ameriso et al., 2005 [16] Carotid endarterectomy
specimens

Controls (n = 7)
Patients with symptomatic

plaques (n = 25) or
asymptomatic plaques (n = 23)

HO-1 expression is highly
prevalent in

asymptomatic plaques

Ijas et al., 2007 [17] Carotid plaques

(a) Patients with bilateral
high-grade stenosis (one being

symptomatic and the other
asymptomatic) (n = 4)

(b) Patients with ipsilateral
stroke symptoms (n = 22) or

without cerebrovascular
symptoms (n = 18)

HO-1 and CD163 were
overexpressed in symptomatic

carotid plaques in both
intra-individual and

inter-individual comparison

Brydun et al., 2007 [18] Blood mononuclear cells 110 patients undergoing
coronary angiography

The capacity to upregulate
HMOX1 mRNA expression was

inversely related to the
degree of CAD

Cheng et al., 2009 [19] Carotid endarterectomy
specimens 112 CAD patients

HO-1 protein expression
correlated with the vulnerability

of atheromatous plaque

Idriss et al., 2010 [20] Plasma
Healthy controls (n = 50)

Stable CAD (n = 70)
ACS (n = 24)

HO-1 levels were higher in
stable CAD and ACS patients
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Table 1. Cont.

Novo et al., 2011 [21] Serum (or plasma) Controls (n = 40)
AMI (n = 40)

HO-1 levels in AMI patients
were significantly higher than in
controls, and showed an inverse

association with the
severity of CAD

Yunoki et al., 2013 [22] Coronary atherectomy
specimens

SAP (n = 33)
UAP (n = 34)

HO-1-positive areas were
significantly higher in

UAP patients

Li et al., 2014 [23] Serum Stroke (n = 60)
TIA (n = 50)

HO-1 levels were higher in
patients with stroke than TIA

Signorelli et al., 2016 [24] Serum Controls (n = 27)
PAD (n = 27)

HO-1 levels were lower in
PAD patients

Kishimoto et al., 2018 [25] Plasma
136 subjects undergoing

carotid ultrasonography for
medical check-up

HO-1 levels were high in
subjects with carotid plaques

Kishimoto et al., 2018 [26] Plasma
410 patients undergoing

coronary angiography for
suspected CAD

HO-1 levels were low in patients
with PAD, in contrast to high
levels in patients with CAD

Fiorelli et al., 2019 [27] Monocyte-derived
macrophages (MDMs)

Healthy controls (10)
CAD patients undergoing
coronary angiography (30)

HO-1 levels were higher in
MDMs of CAD patients and

were associated with
rupture-prone coronary plaque

SAP, stable angina pectoris; UAP, unstable angina pectoris; AMI, acute myocardial infarction; CAD, coronary artery
disease; ACS, acute coronary syndrome; PAD, peripheral artery disease; TIA, transient ischemic attack.

2. Important Role of HO-1 in Atherosclerosis

HMOX1 deficiency is very rare in humans [28,29]. In two reported cases, similar phenotypes
characterized by generalized inflammation, nephropathy, asplenia, anemia, and tissue iron deposition
were observed. Vascular injury and early atherosclerotic changes, as reflected by the presence of fatty
streaks and fibrous plaques were also reported, suggesting the importance of HO-1 in vascular health.
In HO-1-knockout (Hmox1−/−) mice, growth retardation, anemia, iron deposition, and vulnerability to
stressful injury were observed [30,31]. Hmox1-/- mice were also reported to develop severe aortitis and
coronary arteritis with mononuclear cellular infiltration and fatty streak formation even on a standard
chow diet [32].

In 1998, Wang et al. demonstrated that HO-1 expression was present throughout the development
of human atherosclerotic lesions from early fatty streaks to advanced lesions [14]. Oxidized LDL,
a major determinant in the pathogenesis of atherosclerosis, was identified to be a potent inducer of
HO-1. The HO-1 expression in endothelial cells, monocytes, and macrophages was up-regulated by
exposure to oxidized LDL [33–35]. HO-1 expression in atherosclerotic lesions is thus considered to be a
protective response against the progression of atherosclerosis. HO-1 overexpression by pharmacological
inducers or viral gene transfer successfully inhibited atherogenesis in hypercholesterolemic animal
models [36–38]. In contrast, the genetic ablation of Hmox1 in apolipoprotein E-knockout mice
accelerated the development of atherosclerosis and exacerbated lesion formation [39]. These results
thus suggest that HO-1 plays a protective role against the progression of atherosclerosis.

The genetic polymorphisms of the HMOX1 gene in humans also indicate the potential importance
of HO-1 in the pathogenesis of cardiovascular diseases (CVDs). Among the identified polymorphisms
in the HMOX1 gene, two have attracted the most attention: A (GT)n dinucleotide repeat length
polymorphism and a common single-nucleotide polymorphism (SNP), T(-413)A (rs2071746) [40].
The (GT)n short allele (S, <25 repeats) and the A(-413) allele are reported to be associated with
significantly increased HMOX1 gene promoter activity compared to the long allele (L, ≥25 repeats) and
the T(-413) allele, respectively [41,42]. The association of these polymorphisms with CAD has been
discussed [18,43–47]. A meta-analysis by Qiao et al. [40] demonstrated that the (GT)n SS genotype
was associated with a decreased risk of CAD after controlling for biases (age, sex, extent of coronary
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stenosis, ethnicity, and study quality). For the T(-413)A SNP, although a decreased CAD risk among
individuals with the AA genotype was observed compared to individuals with the TT genotype,
the authors mentioned that this effect was quite limited and should be interpreted cautiously [40].

3. Mechanistic Actions of HO-1 in Oxidative Stress and Inflammation

HO-1 is known to be regulated by the redox-sensitive transcription factor known as nuclear factor
erythroid 2-related factor (Nrf2) [48]. Nrf2 is ubiquitously expressed and kept in a latent state through
the interaction with its repressor protein, Kelch ECH associated protein 1 (Keap1). The exposure of
cells to oxidative stimuli triggers a conformational change in Keap1 through a modification of its
cysteine residues, which results in the release of Nrf2 from Keap1. Apart from this Keap1-dependent
pathway, Nrf2 activation is also mediated by protein kinases such as glycogen synthase kinase-3β
(GSK-3β), phosphatidylinositol-3-kinase (PI3K)/Akt, protein kinase C (PKC), and mitogen-activated
protein kinase (MAPK) cascades via the phosphorylation of the serine or threonine residues of Nrf2.
Stabilized cytosolic Nrf2 is translocated into the nucleus and binds to the antioxidant response
element (ARE), thereby initiating the transcription of antioxidant and phase II detoxification enzymes,
including HO-1, superoxide dismutase (SOD), catalase, and NAD(P)H quinone dehydrogenase 1
(NQO1) [49]. Additionally, Nrf2 has demonstrated anti-inflammatory properties through its ability to
negatively regulate nuclear factor-kappaB (NF-κB), the transcription factor central to the inflammatory
response [50].

The anti-oxidant activity of HO-1 is thought to be due to its byproducts biliverdin, bilirubin,
and CO. Bilirubin strongly scavenges several oxygen free radicals including singlet oxygen, O2 −,
ONOO−, and organic peroxy radicals [51,52]. Because of its lipophilic property, bilirubin is closely
associated with cell membranes, and hence can protect them against lipid damage and also protect
LDL against peroxidation. It was reported that the patients with Gilbert syndrome (i.e., unconjugated
hyperbilirubinemia) had lower circulating levels of oxidized LDL [53] and also that total bilirubin levels
were associated with oxidized LDL levels [54,55]. On the basis of the involvement of oxidized LDL in
the formation of atherosclerotic plaques, it was suggested that increased physiological concentrations
of plasma bilirubin may reduce atherogenic risk.

In 1994, Schwertner et al. [56] reported serum bilirubin levels to be low in patients with CAD.
Since then, many studies showed bilirubin levels to be lower in patients with CAD than without CAD
and to inversely correlate with the severity of CAD [57–59]. Low bilirubin levels in blood may thus play
a promotive role in the development of CAD. Genetic variations in the UDP-glucuronosyltransferase
1A1 (UGT1A1) gene are known to be major determinants of serum bilirubin level [60]. However,
Stender et al. [61] investigated the associations between the UGT1A1 gene genotype and plasma
bilirubin levels and between genetically elevated bilirubin levels and CAD in 67,068 subjects. They
demonstrated that genetically elevated bilirubin levels were not associated with a decreased risk of
CAD. They also performed a meta-analysis of 11 studies and showed no association between genetically
elevated bilirubin levels and CAD. These findings thus suggest no causal relationship between elevated
bilirubin levels and CAD. Since increased reactive oxygen species (ROS) and oxidative stress are
involved in the pathogenesis of atherosclerosis, low bilirubin levels in patients with CAD may not
be a cause of CAD but rather a result of increased oxidative stress, leading to the consumption of
endogenous anti-oxidants [52].

It is suggested that CO can attenuate the production of intracellular ROS. Kobayashi et al. [62]
demonstrated that low-dose exogenous CO exposure inhibited the activation of NADPH oxidase and
effectively suppressed ROS generation in the heart tissues of angiotensin II–infused mice. This finding
might support the previous in vitro observation that HO-1 inhibited NADPH oxidase activity in
cultured cells [63]. Importantly, obesity enhances the activation of NADPH oxidase and the angiotensin
II system, resulting in the development of diabetes and hypertension in part due to impairment of
adipocyte function [64]. Hinds and colleagues demonstrated that the induction of HO-1 in obese mice
resulted in the elevation of peroxisome proliferator-activated receptor-alpha (PPAR-α), reducing body
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weight and blood glucose [65]. Interestingly, they recently identified that bilirubin could bind directly
to activate PPAR-α, which increased target genes to reduce adiposity [66,67].

Endothelial inflammation and dysfunction are key players in the initiation of atherosclerosis
progression. The overexpression of endothelial HO-1 significantly attenuated the production of
inflammatory mediators and improved the impaired vasodilatory responses of aortic segments
treated with oxidized LDL [68]. Oxidized LDL increases the production of ROS, leading to NF-κB
activation, which upregulates intercellular adhesion molecule (ICAM-1), vascular cell adhesion
molecule (VCAM-1), and E-selectin expression in endothelial cells and increases the adhesion of
monocytes [69]. The activation of Nrf2 was reported to suppress the endothelial cell activation
by inactivating p38 MAPK activity, thereby suppressing VCAM-1 expression [70]. In vascular
endothelium, atherosclerotic plaque is often observed in areas where disturbed blood flow is formed,
whereas an atheroprotective region is found in areas where a steady laminar flow has developed.
Kim et al. demonstrated that a laminar flow-induced activation of Nrf2 signaling pathway played a
critical role in the anti-inflammatory and anti-apoptotic mechanisms in endothelial cells [71]. These
observations thus suggest that the upregulation of HO-1 in vascular endothelial cells contributes
significantly to the inhibition of atherosclerosis. Both cell-based and in vivo studies demonstrated
that the induction of HO-1 protected the vessel walls from pathological remodeling and endothelial
cell dysfunction [72,73]. In human endothelial cells, HO-1/CO also inhibited endoplasmic reticulum
stress-induced apoptosis via p38 MAPK-dependent inhibition of the proapoptotic C/EBP homologous
protein (CHOP) expression [74].

Atherosclerosis is regarded as a chronic inflammatory state in which macrophages play different
and important roles. HO-1 in macrophages appears to be of critical importance for driving the resolution
of inflammatory responses [75]. Orozco et al. reported that decreased HO-1 expression increased the
expression of proinflammatory cytokines such as monocyte chemoattractant protein 1 (MCP-1) and
interleukin 6 (IL-6) and the expression of scavenger receptor A (SR-A), and it also accelerated foam cell
formation [76]. Ruotsalainen et al. [77] demonstrated that the peritoneal macrophages isolated from
Nrf2-knockout (Nfe2l2−/−) mice showed increased expressions of MCP-1, IL-6, and tumor necrosis
factor-alpha (TNF-α). With the stimulation of Nrf2−/− peritoneal macrophages with oxidized LDL
or lipopolysaccharide (LPS), the ROS production was increased with a concomitant induction of
pro-inflammatory genes [78,79]. The anti-inflammatory effect of Nrf2 in macrophages is likely due
to an improved antioxidant defense system. The cytoprotective action of bilirubin was reported to
be partly related to its capacity to inhibit inducible NOS (iNOS), which leads to less production of
the highly reactive and potent ONOO− free radical [80]. Bilirubin inhibited iNOS expression and NO
production in response to endotoxin in murine macrophages and in rats. CO also mediates part of the
antioxidant and anti-inflammatory effects of HO-1. The increase of CO-exposure, whether produced
endogenously from induction of HO-1 or delivered exogenously via a CO-releasing molecule, inhibited
the LPS-derived upregulation of iNOS expression and NO overproduction in macrophages [81].

4. HO-1 Expression in Atherosclerotic Diseases States (Animal Studies)

4.1. Myocardial Infarction

HO-1 is suggested to be a meaningful player in the maintenance of cardiac homeostasis
and the subsequent cardiac damage. Sharma et al. [82] demonstrated that ischemia/reperfusion
substantially enhanced HO-1 expression in the porcine heart, suggesting a potential role of HO-1 in
the defense against pathophysiological stress. In HO-1-deficient (Hmox1−/−) mice, hypoxia induced
severe right ventricular dilatation and infarction [83]. The absence of Hmox1 was reported to
exacerbate ischemia/reperfusion-induced myocardial damage [84]. In contrast, a cardiac-specific
overexpression of HO-1 reduced the myocardial infarct size and the inflammatory cell infiltration
after ischemia/reperfusion [85]. The transfer of human HO-1 gene (HMOX1) before myocardial
injury provided long-term myocardial protection from ischemia/reperfusion injury [86]. Tang et al.
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demonstrated that HMOX1 gene transfer improved the contractile and diastolic performance
after myocardial infarction in mice [87,88]. Issan et al. [89] reported that HO-1 induction by
cobalt-protoporphyrin (CoPP) improved the cardiac function and decreased the infarct size in diabetic
mice subjected to myocardial infarction. They also demonstrated that HO-1 induction increased the
activity of the Akt prosurvival pathway in cardiomyocytes and decreased the plasma TNF-α level.

4.2. Heart Failure

In heart failure model mice produced by coronary ligation, myocyte-specific HO-1 overexpression
improved the postinfarction survival and alleviated left ventricular remodeling; it also promoted
neovascularization and ameliorated apoptosis [90]. Cardiac HO-1 overexpression could be either
protective or detrimental in the heart depending on the type of stress context. Allwood et al. [91]
demonstrated that cardiac-specific HO-1 overexpression significantly attenuated cardiac dysfunction,
interstitial fibrosis, and hypertrophy induced by isoproterenol, whereas HO-1 had detrimental effects
on the development of cardiomyopathic heart failure induced by pressure overload or aging.

5. HO-1 Expression in Patients with Atherosclerotic Diseases (Clinical Studies)

5.1. Carotid Atherosclerosis

One of the major problems in CAD is related to the significant length of time between the start
of subclinical atherosclerosis and the manifestation of the disease, highlighting the importance of
identifying biomarkers that can be used to predict CVD progression at as early a stage as possible.
Elevated blood levels of HO-1 have been reported in chronic diseases such as diabetes mellitus [92],
chronic silicosis [93], Parkinson’s disease [94], and hemophagocytic syndrome [95]. Although
the precise mechanisms of secretion and the significance of the extracellular HO-1 remain to be
determined, HO-1 is known to be released into the plasma by leukocytes, macrophages, smooth muscle
cells, and endothelial cells that are activated or damaged by oxidative stress or inflammation [4].
Kishimoto et al. hypothesized that plasma HO-1 levels may be associated with the presence and
severity of carotid atherosclerosis, and they measured the plasma HO-1 levels in 136 consecutive
subjects (mean age 66 ± 9 years) who underwent carotid ultrasonography for a medical check-up
to evaluate atherosclerosis [25]. The study was the first to reveal that the plasma HO-1 levels were
significantly higher in the subjects with carotid plaque than in those without plaque (median 0.56
versus 0.44 ng/mL, p < 0.05), and the levels were stepwisely increased depending on the severity of
plaque, defined as the plaque score (Figure 1). Moreover, the plasma HO-1 levels were significantly
correlated with the plaque score (r = 0.23, p < 0.01 by Spearman’s rank correlation test). In a multivariate
analysis, high HO-1 level (>0.50 ng/mL) was a significant factor associated with the presence of carotid
plaque, independent of atherosclerotic risk factors (odds ratio: 2.33, 95% CI: 1.15–4.75, p < 0.025). Thus,
the study reported plasma HO-1 levels to be high in subjects with carotid plaques and to be associated
with the severity of carotid atherosclerosis. High plasma HO-1 levels may reflect an increased oxidative
stress condition and may be aimed at protecting the body against the progression of atherosclerosis.
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value in the 25th percentile minus 1.5 IQR and 75th percentile plus 1.5 IQR, respectively. (Modified 8 
from Kishimoto et al. [25]). 9 

5.2. Coronary Artery Disease (CAD) and Peripheral Artery Disease (PAD) 10 
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ischemia. CAD is the most common type of atherosclerotic diseases, followed by stroke and PAD [96]. 12 
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the lower limbs. Many patients with PAD have mild or no symptoms, but some may have leg pain 14 
when walking. Patients with PAD often suffer from multiple arterial co-morbidities leading to high 15 
CVD-related mortality or a poor prognosis within a short time frame. 16 

Cheng et al. [19] reported that the HO-1 expression in carotid endarterectomy samples was 17 
higher in unstable plaques than in stable plaques. They showed that the HO-1 level was positively 18 
correlated with features of vulnerable human atheromatous plaque, such as macrophage and lipid 19 
accumulation, and that the HO-1 level was inversely correlated with stable plaque features like the 20 
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potential role of H. pylori in oxidative stress-mediated injury and a subsequent defense reaction 30 
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expression in leukocytes was inversely related to the degree of CAD. More recently, Fiorelli et al. [27] 35 
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Figure 1. Plasma HO-1 levels and the presence of carotid plaque or the plaque score. Plasma HO-1
levels were significantly higher in subjects with carotid plaque than in those without plaque (p < 0.05)
(left). A stepwise increase in HO-1 levels was found depending on the plaque score: 0.44 ng/mL in
subjects with score = 0, 0.51 ng/mL in score = 1, and 0.70 ng/mL in score ≥ 2 (p < 0.02). HO-1 levels in
score ≥ 2 were higher than those in score = 0 (p < 0.05) (right). The central line represents the median,
and the box represents the 25th to 75th percentiles. The whiskers represent the lowest and highest
value in the 25th percentile minus 1.5 IQR and 75th percentile plus 1.5 IQR, respectively. (Modified
from Kishimoto et al. [25]).

5.2. Coronary Artery Disease (CAD) and Peripheral Artery Disease (PAD)

CAD and PAD are chronic progressive atherosclerotic diseases leading to thrombosis and ischemia.
CAD is the most common type of atherosclerotic diseases, followed by stroke and PAD [96]. PAD is a
common circulatory problem in which narrowed arteries reduce the blood flow, mainly to the lower
limbs. Many patients with PAD have mild or no symptoms, but some may have leg pain when walking.
Patients with PAD often suffer from multiple arterial co-morbidities leading to high CVD-related
mortality or a poor prognosis within a short time frame.

Cheng et al. [19] reported that the HO-1 expression in carotid endarterectomy samples was higher
in unstable plaques than in stable plaques. They showed that the HO-1 level was positively correlated
with features of vulnerable human atheromatous plaque, such as macrophage and lipid accumulation,
and that the HO-1 level was inversely correlated with stable plaque features like the presence of
intra-plaque smooth muscle cells and collagen. Yunoki et al. [22] also reported that the majority of
HO-1-positive cells were macrophages, and the percentage of HO-1-positive areas was significantly
higher in coronary atherectomy samples from patients with unstable angina pectoris (UAP) compared
to those from patients with stable angina pectoris (SAP). Ijas et al. [17] reported that symptomatic
plaques overexpressed HO-1 and CD163 which is involved in the degradation of hemoglobin and such
expressions were correlated with traditional markers of unstable carotid disease, i.e., the degree of
carotid stenosis and plaque ulcerations. In contrast, Ameriso et al. [16] investigated HO-1 expression
in relation to Helicobacter pylori (H. pylori) infection and stated that HO-1 expression was more frequent
in infected and asymptomatic carotid plaques. They suggested a potential role of H. pylori in oxidative
stress-mediated injury and a subsequent defense reaction represented by HO-1 expression. In blood
leukocytes, high HO-1 expression was observed by Chen et al. in patients with CAD, especially
those with acute myocardial infarction (AMI) or UAP [15]. Chen et al. also showed that the mRNA
expression of HMOX1 in leukocytes was associated with the severity of CAD [97]. Brydun et al. [18]
demonstrated that the capacity to upregulate HMOX1 mRNA expression in leukocytes was inversely
related to the degree of CAD. More recently, Fiorelli et al. [27] detected higher levels of HO-1 and Nrf2 in
monocyte-derived macrophages (MDMs) of their CAD patients compared to those of healthy subjects.
Of note, the patients with high levels of HO-1 more frequently displayed a thin cap fibroatheroma,
a ruptured plaque, and the presence of thrombi.
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Several studies recently examined blood HO-1 levels in patients with atherosclerotic diseases.
Idriss et al. [20] noted that the plasma HO-1 levels was raised in patients with stable CAD and increased
further in those with acute coronary syndrome (ACS) compared to controls. Novo et al. [21] found that
the serum HO-1 levels in patients with AMI were significantly higher compared to those of controls,
and they revealed an inverse association with the severity of CAD. They also indicated that the HO-1
sequence was compatible with mechanisms of secretion and that therefore, its presence in the serum of
patients might not necessarily be dependent on cell necrosis. Kishimoto et al. recently investigated
the plasma HO-1 levels in 410 consecutive patients undergoing elective coronary angiography for
suspected CAD who also had an ankle-brachial index (ABI) test to screen for PAD [26]. The plasma
HO-1 levels did not differ between the patients with and without CAD (median 0.44 versus 0.35 ng/mL,
p = NS). Notably, the HO-1 levels were significantly lower in the patients with PAD than in those
without PAD (median 0.27 versus 0.41 ng/mL, p < 0.02) (Figure 2). However, the patients with PAD
more often had CAD, especially three-vessel disease, compared to the patients without PAD (92%
versus 51%, p < 0.01). After excluding the patients with PAD, the HO-1 levels were significantly higher
in the patients with CAD than in those without CAD (0.45 versus 0.35 ng/mL, p < 0.05) and were
highest in the patients with one-vessel disease among the four groups of CAD(-), one-vessel (1-VD),
two-vessel (2-VD), and three-vessel disease (3-VD) (0.35, 0.49, 0.44, and 0.44 ng/mL, p < 0.05) (Figure 3).
In a multivariate analysis, the odds ratios for CAD and PAD were 0.65 (95% CI: 0.42–0.99, p < 0.05) and
2.12 (95% CI: 1.03–4.37, p < 0.05) for low HO-1 level (<0.35 ng/mL), respectively. Therefore, plasma
HO-1 levels were found to be low in patients with PAD, in contrast to high levels in patients with CAD.
These results thus suggested that high plasma HO-1 levels in patients with CAD, especially one-vessel
disease, may be aimed at protecting against the progression of CAD. In contrast, low plasma levels
of HO-1 may be a marker reflecting the presence of PAD and may play a role in the development
of PAD. This is in line with the results reported by Signorelli et al. [24], who noted that the serum
HO-1 levels were lower in 27 patients with PAD compared to 27 controls. Although the mechanism
of low plasma HO-1 levels in patients with PAD remains unclear, the HO-1 defensive response to
oxidative stress was reported to be attenuated at advanced age [98] and at the late stage of diabetes
mellitus [99]. A long duration of a severe stress condition may therefore cause some disruption of the
HO-1 defense system. Gene and cell therapy with HO-1 were shown to be effective in animal models
of limb ischemia [100,101]. Since patients with PAD have low HO-1 levels in blood, HO-1 inducers
may be used to treat patients with PAD to inhibit the progression of PAD.
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Figure 2. Plasma HO-1 levels and the presence of CAD or PAD. Plasma HO-1 levels tended to be higher
in patients with CAD than in CAD(-) (median 0.44 versus 0.35 ng/mL), but this difference did not reach
statistical significance (left). In contrast, HO-1 levels were significantly lower in patients with PAD than
in PAD(-) (0.27 versus 0.41 ng/mL, p < 0.02) (right). The central line represents the median, and the box
represents the 25th to 75th percentiles. The whiskers represent the lowest and highest value in the 25th
percentile minus 1.5 IQR and 75th percentile plus 1.5 IQR, respectively. (Modified by Kishimoto et al. [26]).
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Figure 3. Plasma HO-1 levels and the presence of CAD or the number of stenotic coronary vessels
among the 374 patients without PAD. After excluding the 36 patients with PAD, HO-1 levels were
significantly higher in patients with CAD than in CAD(-) (median 0.45 versus 0.35 ng/mL, p < 0.05)
(left). Furthermore, HO-1 levels in the 4 groups of CAD(-), 1-VD, 2-VD, and 3-VD were 0.35, 0.49, 0.44,
and 0.44 ng/mL, respectively, and were highest in 1-VD (p < 0.05) (right). The central line represents
the median, and the box represents the 25th to 75th percentiles. The whiskers represent the lowest
and highest value in the 25th percentile minus 1.5 IQR and 75th percentile plus 1.5 IQR, respectively.
(Modified by Kishimoto et al. [26]).

6. Conclusions

Taken together, the above studies’ results strongly support the notion that HO-1 plays a protective
role against the progression of atherosclerotic diseases, such as CAD and PAD. In the pathogenesis
of atherosclerosis, the ability of HO-1 to generate bilirubin, an anti-oxidant molecule and an agonist
for PPAR-α, and CO, a vasodilator and an anti-inflammatory and antiapoptotic molecule, is thought
to play important roles. Although the relevance of pharmacological or gene therapy with HO-1 to
atherosclerotic disease in humans has yet to be established, the overall outcome of the preclinical
studies carried out clearly points to HO-1 as a potential therapeutic target in atherosclerotic diseases.
It is also of interest that the anti-atherogenic effects of statins (HMG-CoA reductase inhibitors) and
fibrates (PPAR ligands) are partly mediated through HO-1 induction [102–104]. A number of natural
antioxidant compounds contained in foods and plants, such as curcumin and caffeic acid phenethyl
ester (polyphenols), and sulforaphane (isothiocyanates), have been demonstrated to be effective
inducers of HO-1 and exert defensive actions against oxidative stress-related diseases. [105–108].
Importantly, further prospective studies are needed to determine the precise association between
plasma HO-1 levels and the progression of carotid atherosclerosis as well as CAD and PAD.
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CAD Coronary artery disease
PAD Peripheral artery disease
LDL Low-density lipoprotein
UGT1A1 UDP-glucuronosyltransferase 1A1
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PPAR-α Peroxisome proliferator-activated receptor-alpha
MCP-1 Monocyte chemoattractant protein-1
IL-6 Interleukin-6
SR-A Scavenger receptor-A
AMI Acute myocardial infarction
ABI Ankle-brachial index
CI Confidence interval
SAP Stable angina pectoris
UAP Unstable angina pectoris
ACS Acute coronary syndrome
TIA Transient ischemic attack
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