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The Special Issue, “Protective and Detrimental Role of Heme Oxygenase-1”, of the International
Journal of Molecular Sciences, includes original research papers and reviews, some of which were aimed to
understanding the dual role (protective and detrimental) of HO-1 and the signaling pathway involved.
Heme oxygenase (HO)-1 is known to metabolize heme into biliverdin/bilirubin, carbon monoxide,
and ferrous iron, and it has been suggested to demonstrate cytoprotective effects against various
stress-related conditions. HO-1 is commonly regarded as a survival molecule, exerting an important
role in cancer progression and its inhibition is considered beneficial in a number of cancers. However,
increasing studies have shown a dark side of HO-1, in which HO-1 acts as a critical mediator
in ferroptosis induction and plays a causative factor for the progression of several diseases [1].
Lackani et al. demonstrated for the first time that HO-1 has the ability to restore cellular redox,
rescue SIRT1, and prevent Ang II-induced impaired effects on adipocytes and the systemic metabolic
profile [2]. The study of Fujiwara et al. demonstrated that the physiological effects of the HO-1/CO
system were employed for preserving donor lungs with unique characteristics via the high-pressure gas
(HPG) preservation method. This approach has significant potential to be used as a new preservation
method for lungs [3]. The pharmacological activation of HO-1 activity mimics the effect of caloric
restriction (CR), while the HO-1 inhibitor Tin-mesoporphyrin IX (SnMP) increased oxidative stress
and cardiac hypertrophy. These data suggest the critical role of HO-1 in protecting the diabetic
heart [4]. Bilirubin (BR), the end product of the heme degradation pathway is an important endogenous
antioxidant, and it plays a crucial role in protection against oxidative stress. OH-1 activity can modulate
BR levels. Decreased inflammatory status has been reported in subjects with mild unconjugated
hyperbilirubinemia. Valaskova et al. reported that hyperbilirubinemia in Gunn rats is associated
with an attenuated systemic inflammatory response and decreased liver damage upon exposure to
Lipopolysaccharide (LPS) [5]. Antigen-presenting cells (APCs) including dendritic cells (DCs) play
a critical role in the development of autoimmune diseases by presenting self-antigen to T-cells. It has
been reported that the protective effect and the reduction of lesions in the pancreas were due to
the inhibition of oxidative stress mediated by HO-1 activity. Data obtained by Pogu et al. demonstrated
the potential of induction of HO-1 expression in DCs as a preventive treatment, and potential
as a curative approach for Type I diabetes [6]. Given the association between inflammation and prostate
cancer (PCa), and the anti-inflammatory role of heme oxygenase 1 (HO-1), the study of Leonardi et al.
identified an interaction between HO-1 and glucocorticoid receptor (GR). The modulation between
HO-1 and GR pathways may represent a therapeutic strategy in PCa therapy [7]. Gall et al. review
the heme–heme oxygenase–endoplasmic reticulum (ER) stress relationship; the major mechanisms of
their interactions by which ER stress contributes to the cell and organ damage in diabetes, atherosclerosis,
and brain hemorrhage. Since HO-1 presents a unique Janus-faced character in brain pathologies,
this issue has received special attention [8]. The review by Kishimoto et al. 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 [9].
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Other original research papers of the Special issue were aimed at the identification of natural
molecules or new synthetic compounds able to modulate HO-1 activity/expression. These articles will
help make HO-1 a potential therapeutic target for the amelioration of various diseases. It has been reported
that hepatoprotective effect of Myristica fragrans kernels in the livers of rats exposed to Acetaminophen
(APAP)-induced hepatotoxicity could be linked to their ability to promote the NF-E2-related factor
2 (Nrf2)/ antioxidant responsive element (ARE) pathway. Hepatoprotection effects were mediated
via suppressing oxidative stress, inflammation, and apoptosis [10]. A lot of evidence showed that
HO-1 induces ferroptosis through an increase of ROS production mediated by iron accumulation
and accompanied by augmentation lipid peroxidation and glutathione depletion. Results obtained in
the study of Acquaviva et al. demonstrated that, highest concentration of Betula etnensis Raf. (Birch Etna)
extract, was able to induce ferroptotic cancer cell death. HO-1 mediated ferroptosis may represent
a chemotherapeutic strategy against tumor [11]. Metformin (MET), a drug widely used for type 2
diabetes, has recently gained interest for treating several cancers. Disrupting antioxidant HO-1 activity,
especially under low glucose concentrations, could be an attractive approach to potentiate metformin
antineoplastic effects, and could provide a biochemical basis for developing HO-1-targeting drugs
against solid tumors [12]. Data obtained by Sorrenti et al., demonstrated that inducible nitric oxide
synthase/gamma-Glutamyl-cysteine ligase (iNOS/GGCL) and dimethylarginine dimethylaminohydrolase
(DDAH) dysregulation may play a key role in high glucose mediated oxidative stress, whereas HO-1
inducers such as Caffeic acid phenethyl ester (CAPE) or its more potent derivatives may be useful in
diabetes and other stress-induced pathological conditions [13]. The study of Moreno et al. reveals
an interaction between HO-1 and nitric oxide synthase-1 (NOS1)/ nitric oxide synthase-2 (NOS2) during
peripheral inflammation and shows that Cobalt protoporphyrin (CoPP) and CO-releasing molecules-2
(CORM-2) improved HO-1 expression and modulated the inflammatory and/or plasticity changes caused
by peripheral inflammation in the locus coeruleus [14].

Overall, the 14 contributions published in this Special Issue highlight the dual role
(protective and detrimental) of HO-1 and the signaling pathways involved. HO-1 may represent
a potential therapeutic target for the amelioration of various diseases. Natural molecules or new
synthetic compounds able to modulate HO-1 activity/expression may represent a therapeutic strategy
against various diseases.
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Abstract: Heme oxygenase (HO)-1 is known to metabolize heme into biliverdin/bilirubin, carbon
monoxide, and ferrous iron, and it has been suggested to demonstrate cytoprotective effects against
various stress-related conditions. HO-1 is commonly regarded as a survival molecule, exerting
an important role in cancer progression and its inhibition is considered beneficial in a number of
cancers. However, increasing studies have shown a dark side of HO-1, in which HO-1 acts as a critical
mediator in ferroptosis induction and plays a causative factor for the progression of several diseases.
Ferroptosis is a newly identified iron- and lipid peroxidation-dependent cell death. The critical role
of HO-1 in heme metabolism makes it an important candidate to mediate protective or detrimental
effects via ferroptosis induction. This review summarizes the current understanding on the regulatory
mechanisms of HO-1 in ferroptosis. The amount of cellular iron and reactive oxygen species (ROS)
is the determinative momentum for the role of HO-1, in which excessive cellular iron and ROS
tend to enforce HO-1 from a protective role to a perpetrator. Despite the dark side that is related to
cell death, there is a prospective application of HO-1 to mediate ferroptosis for cancer therapy as a
chemotherapeutic strategy against tumors.

Keywords: ferroptosis; heme oxygenase-1; iron; reactive oxygen species; glutathione; chemotherapy

1. Introduction

Oxidative stress is caused by an imbalance between cellular oxidants and antioxidants. Reactive
oxygen species (ROS) are the major cellular oxidants, which are normally generated as by-products
in oxygen metabolism. However, under some circumstances, extracellular insults (e.g., ionizing
radiation and UV light), xenobiotics, and pathogens also greatly provoke ROS production, leading
to an imbalance of the intracellular reduction-oxidation (redox) status [1]. Excessive ROS can induce
oxidative damage of DNA, and, to a higher degree, gene mutation and carcinogenesis [2–4]. Moreover,
lipid peroxidation by excessive ROS may damage cellular structures and eventually induce cell
death [1]. In fact, the augmentation of ROS is a useful approach for clinical cancer treatment. Various
chemotherapeutic agents, such as cisplatin, doxorubicin, and 5-fluorouracil, have been shown to exert
their antitumor activity via ROS-dependent activation of apoptosis [4,5]. Therefore, oxidation therapy
becomes a possible strategy by provoking ROS production and diminishing antioxidant enzymes in
cancer cells. Ferroptosis is a newly identified non-programmed cell death, characterized by excessive
accumulation of free cellular iron and severe lipid peroxidation [6]. This ROS- and iron-overload cell
death became a new therapeutic strategy in several diseases, especially in cancer treatment. Indeed,

Int. J. Mol. Sci. 2019, 20, 39; doi:10.3390/ijms20010039 www.mdpi.com/journal/ijms4
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ferroptosis-inducing agents (erastin, RSL3, and sorafenib) have demonstrated therapeutic effects
against cancers [6,7].

Heme oxygenase-1 (HO-1) is a phase II enzyme that responds to electrophilic stimuli, such as
oxidative stress, cellular injury, and diseases. HO-1 is elevated in various human malignancies,
implicating its contribution to settle the tumor microenvironment for cancer cell growth, angiogenesis,
and metastasis, as well as resistance to chemotherapy and radiation therapy. By contrast, augmented
expression of HO-1 in tumor cells can enhance cell death in many cancers. [8–11]. Its multiple
pleiotropies in tumorigenesis, including tumor initiation, angiogenesis, and metastasis, have been
well reviewed [8–11]. Although the bright and dark sides are both discussed in different studies,
HO-1 has been widely recognized to play a cytoprotective role in tumor cells to conquer the assault
of augmented oxidative stress by chemotherapeutic agents, thus preventing the cancer cells from
apoptosis and autophagy, and even promoting cell proliferation and metastasis [8,9,11]. The protective
or detrimental effects of HO-1 were also reported in different diseases, including kidney injury and
neurodegeneration [12–14]. Emerging evidence has revealed another dark side of HO-1, showing that
HO-1 induces ferroptosis through iron accumulation [15–17] or other unknown mechanisms. Based
on the current findings, this review provides a brief background on the biological functions of HO-1,
as well as its metabolites, namely biliverdin/bilirubin, carbon monoxide, and ferrous iron, to delineate
how HO-1 mediates ferroptosis.

2. Ferroptosis and Cancer

Ferroptosis is a recently identified type of cell death that is morphologically, genetically,
and mechanistically distinct from regulated cell death, including apoptosis, necroptosis,
and autophagy [6]. Ferroptotic cells are morphologically characterized by small mitochondria,
collapsed mitochondrial cristae, and increased mitochondrial membrane density [6]. Mechanistically,
ferroptosis is induced by iron accumulation and lipid peroxidation, accompanied by glutathione
depletion. Excessive lipid peroxidation impairs the cellular membrane fluidity, permeability,
and cellular integrity, eventually leading to cell death [6,18–20]. Ferroptosis can be induced by
the overloading of iron (ferric ammonium citrate), glutathione/glutamine antiporter system Xc−

inhibition (e.g., erastin, sorafenib, sulfasalazine, and lanperisone), and glutathione peroxidase 4 (GPx4)
inactivation (RSL3, DPI7). Pharmacological manipulations, such as iron chelators (deferoxamine,
ciclipirox, and deferiprone), glutathione replenishment (N-acetyl-L-cysteine, β-mercaptoethanol,
cysteine/cystine, intracellular glutathione), and inhibitors of ROS production and lipid peroxidation
(liporxstatin-1, ferrostatin-1, zileuton) that modulate the ferroptotic process have been shown
to function against diseases, including cancer, neurotoxicity, and ischemia/reperfusion-induced
injury [18–20].

The interrelationship between ferroptosis and cancer progression has been validated using
ferroptotic agents. Some small molecules (e.g., erastin and RSL3) and clinical cancer drugs
(e.g., sorafenib, sulfasalazine, and artesunate) induced cell death via the inhibition of system Xc− and
GPx4 in various types of cancer cells [6,7,19]. A delay of ferroptosis protects cancer cells from metabolic
oxidative stress, and thus increases their survival and distal metastasis [21]. Besides, the induction of
ferroptosis was shown to overcome artesunate-induced resistance in head and neck cancer cells [22],
and the induction of ferroptosis that contributes to anticancer activity has been identified in different
cancer types [23]. Diffuse large B-cell lymphomas and renal cell carcinomas strongly rely on GPx4
availability to maintain redox status, and thus may suggest a high sensitivity to ferroptosis [7]. Certain
cancer cells, such as pancreatic cancer cell lines (MIA PaCa-2, PANC-1, and BxPC-3) and a subset of
triple-negative cancer cells also greatly depend on system Xc− to mediate cysteine uptake for growth,
as well as survival under oxidative stress conditions [24,25], suggesting that system Xc− might serve
as a good chemotherapeutic target. These results delineate the potential of ferroptotic process in
clinical applications.
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3. HO-1-mediated Ferroptosis in Cancer Cell Survival

As a dual regulator in iron and ROS homeostasis [8,26,27], HO-1 was suggested to serve
a dominant role in ferroptosis [15–17,22,28–31]. Alzheimer’s patients exhibited enhanced lipid
peroxidation, which may be associated with HO-1 elevation and iron accumulation [32]. In HT-1080
fibrosarcoma cells, erastin induces a time- and dose-dependent increase of HO-1 expression [15].
Evidences from HO-1 knockdown mice and by the use of HO-1 inhibitor zinc protoporphyrin IX
showed that HO-1 promotes erastin-induced ferroptosis and it is associated with iron bioavailability,
but not with biliverdin and bilirubin [15]. However, HO-1 also functions as a negative regulator
in erastin- and sorafenib-induced hepatocellular carcinoma since knockdown of HO-1 expression
enhanced cell growth inhibition by erastin and sorafenib [31]. A similar result of HO-1 to ameliorate
ferroptosis induction was also observed in renal proximal tubule cells [28]. Immortalized renal
proximal tubule cells that were obtained from HO-1−/− mice exhibited more pronounced cell death
induced by erastin and RSL3 than those from wild type mice [28]. In contrast to the negative role in
ferroptosis, several recent studies have demonstrated that enhanced HO-1 expression can augment
or mediate anti-cancer-agent (Bay117085 and withaferin A) induced ferroptosis by promoting iron
accumulation and ROS production [16,17]. Genetic knockdown and the pharmacological inhibition
of HO-1 also validated that HO-1 activation triggers ferroptosis through iron overloading and
subsequently excessive ROS generation and lipid peroxidation [16,17]. The silencing of HO-1 by siRNA
also reversed the resistance to artesunate-induced ferroptosis in cisplatin-resistant head and neck
cancer cells [22]. Based on the contradictory results, it appears that HO-1 activation as a cytoprotective
defense or governing ferroptotic progression depends on the degree of ROS production and following
oxidative damage in response to stimulatory cues.

4. HO-1 Activation and Heme Metabolites

Heme oxygenases, including HO-1 [also called heat shock protein 32 (Hsp32)], are rate-limiting
enzymes in the breakdown of heme (iron protoporphyrin IX). Degradation of heme produces biliverdin,
carbon monoxide (CO), and iron (ferrous iron, Fe2+) (Figure 1). Biliverdin is subsequently converted to
bilirubin by biliverdin reductase. Oxygen, nicotinamide adenine dinucleotide phosphate (NADPH),
and cytochrome p450 reductase are required in this catalytic reaction [26,27]. Cellular iron accumulation
upregulates the expression of ferritin, which sequesters the pro-oxidant effect of iron [33]. Three types
of heme oxygenases are found in mammalian cells, the inducible form HO-1, constitutive form
HO-2, and HO-3, which is mostly inactive. HO-1 can be induced by a wide spectrum of cues,
including oxidants, inflammatory mediators, chemicals, physical stimuli, and its own substrate,
heme [26,27]. After synthesis, the HO-1 protein is normally anchored in the endoplasmic reticulum [34].
The subcellular location of HO-1 is dynamic. Some pathogenic stimuli may induce the translocation of
HO-1 into the plasma membranes, nucleus, and/or mitochondria, which might allow the enhancement
of HO-1 activity for heme degradation within the target compartment [35,36].

The most important activation of HO-1 is mediated by nuclear factor erythroid 2-related factor
2 (Nrf2). Under resting conditions, Nrf2 activity is inhibited by physical interaction with Kelch-like
ECH-associated protein 1 (Keap1), leading to the recruitment of Cullin-3-dependent E3 ubiquitin
ligase for proteasomal degradation, thereby maintaining Nrf2 at a low level [37]. Under oxidative
stress, Keap1 undergoes a conformational change and releases Nrf2. Free Nrf2 then translocates into
the nuclei where it interacts with small Maf protein and further binds onto the antioxidant-response
element (ARE) or electrophile-response element (EpRE), to transactivate various genes encoding
antioxidant enzymes, including HO-1 [38]. Increased cellular heme level hampers the induction of
HO-1 through Bach1, a Nrf2 antagonist, due to the competition for the promoter binding site [39].
Depletion of cellular glutathione has been shown to increase HO-1 gene transcription in the mouse
motor neuron-like hybrid cells, NSC34 cells [40]. HO-1 abundance is also regulated by an endoplasmic
reticulum-associated degradation pathway [41]. In HIV-infected astrocytes, HO-1 was degraded in an
immunoproteasome-dependent pathway in response to IFNγ and TNFα/LPS stimulation [42].
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Figure 1. Heme metabolism. Heme is degraded by heme oxygenase (HO), leading to the generation
of biliverdin, carbon monoxide, and ferrous iron. Biliverdin is subsequently converted to bilirubin
by biliverdin reductase. Under most conditions, biliverdin and bilirubin act as anti-oxidants by
scavenging or neutralizing reactive oxygen species (ROS). Carbon monoxide, a gaseous product,
mainly functions in signaling transduction, including the vasodilation of blood vessels, production of
anti-inflammatory cytokines, upregulation of anti-apoptotic effectors, and thrombosis. Ferrous iron
is the major pro-oxidant in all metabolites of heme. However, heme oxygenase-1 (HO-1) activation
also increases ferritin expression, which can bind to ferrous iron and detoxify its pro-oxidant effect.
The black arrows indicate that biliverdin metabolize into bilirubin. The dotted arrow indicates that
carbon monoxide serves a regulator in vasodilatory, anti-inflammatory, anti-apoptotic, anti-thromobtic,
and angiogenesis activities. The dotted arrow below iron indicates the iron increase will increase
ferritin, which neutralizes the pro-oxidant effect of iron.

The pleiotropic effects of HO-1 and metabolites from heme on tumor growth, neurodegenerative
diseases, ischemia/reperfusion injury, and renal injury have been thoroughly reviewed [8,9,11,13,14].
Most of the evidence has suggested that HO-1 functions in cytoprotective defense mechanisms against
oxidative attacks through its metabolites biliverdin/bilirubin and CO. However, those metabolites
also have demonstrated the detrimental effects, especially in neuronal damage and degeneration [14].
Both biliverdin and bilirubin can inhibit the peroxidation of lipid and protein through scavenging
ROS [43]. Biliverdin also shows an ability to modulate the activation of endothelial nitric oxide
synthase, leading to a decrease in nitric oxide production [44]. Another protective effect of biliverdin
and bilirubin is to interfere with the apoptotic process [45]. Moreover, biliverdin provides a neutralizing
activity of ROS, contributing to a proapoptotic effect and the suppression of tumor growth in head
and neck squamous cell carcinoma [46]. The cytoprotective or detrimental effects of heme metabolites
are determined by or are attributed to their intracellular levels. A high concentration of biliverdin
has been shown to cause apoptosis in cancer cells [47]. Overproduction of bilirubin by hemolytic
hyperbilirubinemia is associated with bilirubin neurotoxicity in newborns [48].

Another heme metabolite, CO, a gaseous product, is an important signaling molecule, possessing
the vasodilatory, anti-inflammatory, anti-proliferative, anti-apoptotic, thrombosis, and angiogenesis
activities in various cell types [8,9]. The mechanisms of intracellular events impacted by CO are
complicated. CO also exerts both beneficial and deleterious effects, depending on its targeted molecules.
CO can activate soluble guanylyl cyclase, followed by cGMP generation, linking cellular proliferation,
thrombosis, and vasodilation. CO can also modulate single kinases, including p38 MAP kinase, ERK,
and JNK. The activation of p38 can lead to the downregulation of pro-inflammatory cytokines and
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the upregulation of anti-inflammatory cytokine production, contributing to the anti-inflammatory
protection of tissue [8,9]. CO can cooperate with NF-κB to modulate the expression levels of several
anti-apoptotic proteins [8,9].

The last metabolite of HO-1, ferrous iron, is toxic due to the ability to interact with cell oxidants to
generate ROS [49]. The details are discussed in the next section. In addition to the significant impact
on signaling pathways by heme metabolites, HO-1 can mediate various signaling pathways per se,
rather than depending on the enzyme activity. A mutated form of HO-1 protein that is defective in
catalytic activity could protect cells against oxidative injury [50]. The benefits of enhanced antioxidant
activity by HO-1 were associated with increased catalase activity and glutathione levels [50].

5. HO-1 and Iron

Iron (Fe), an essential metal for biological activities, participates in electron transport of
the respiration chain, heme synthesis, erythropoiesis, and enzyme systems. However, iron is a
potential toxicant to cells due to its pro-oxidant activity, which can lead to oxidant DNA damage,
causing neurodegenerative diseases and promoting oncogenesis [20,49,51]. Ferroptosis, a form of
iron-mediated oxidative cell death, has been shown to play a critical role in the pathogenesis involving
iron-overload, such as cancer and neurodegenerative diseases [18–20,51], thus implying a harmful role
of HO-1.

Iron is involved in the transfer of electrons via oxidation-reduction reactions to transition
between the ferric (Fe3+) and ferrous (Fe2+) states [50]. The same mechanism is employed during
intracellular transport and toxicity production of iron. Transferrin is responsible for iron transport
in the bloodstream. Iron binds to transferrin in an oxidized ferric state (Fe3+). Iron can enter
cells by two modes, transferrin receptor-mediated endocytosis and independent transport of
non-protein-bound iron (NPBI). In the NPBI system, ferrous irons diffuse into cells through binding
with the low-molecular-weight complexes, such as adenosine triphosphate, citrate, ascorbate, peptides,
or phosphatases [52,53]. After acidification within the endosome, iron disassociates from transferrin
and is reduced by ferric reductase into ferrous iron, which is then transported into the cytosol by
divalent metal transporter 1 (DMT1). In the cytosol, ferrous iron can be used, stored into ferritin,
or effluxed from cells by the iron exporter ferroportin [53]. Intracellular iron mainly binds to specific
proteins, such as ferritin, hemoproteins, and various iron-containing proteins for further utilization.
During iron deficiency, iron-binding ferritin can undergo recycling by autophagic turnover in the
lysosome [54]. Nuclear Co-Activator 4 (NCOA4) is an autophagic cargo receptor, which can bind to
ferritin and carry it into the autophagosome [55].

Few irons in the cytosol are deposited in the labile iron pool where the redox-active iron (Fe2+)
is oxidized by hydrogen peroxide to Fe3+ (ferric) and therefore generates ROS, including soluble
radical (HO·), lipid alkoxy (RO·), and hydroxide ion (OH−) via the Fenton reaction. Free iron in the
redox-active form is easily accessed as a pro-oxidant [49]. Thus, the NPBI system is crucial for iron
overload to induce the lipid peroxidation [52,53]. Overloading of iron can promote the Fenton reaction
and ROS generation [49]. Excessive ROS production consequently results in the peroxidation of
adjacent lipid and oxidative damage of DNA and proteins, eventually inducing ferroptosis [6,7,18–20].

Cellular iron homeostasis and distribution are regulated by specific iron-regulating proteins.
At a low iron level, these regulatory proteins can bind to the iron-response element of target genes
to inhibit the expression of iron-binding proteins, such as ferritin and ferroportin, but increase the
expression of transferrin receptor [56]. Enhanced HO-1 activity was shown to increase the cellular iron
level and also promote ferritin production to sequester iron and following pro-oxidant effects in the
meanwhile [33,57]. However, the iron-binding ability of ferritin is disturbed by oxidative stress, causing
an uncontrolled release of iron, finally resulting in excessive accumulation of iron in the cytosol and
enhancement of lipid peroxidation. The importance of iron in ferroptosis was thoroughly confirmed
by increased iron uptake and the presence of iron chelators, such as deferoxamine and ciclopirox,
and deferiprone [6,18–20]. Similarly, supplementation with an exogenous source of iron, such as ferric
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ammonium citrate, ferric citrate, and iron chloride hexahydrate enhanced ferroptosis [6]. Activation of
iron metabolism-related proteins also contributes to ferroptosis. Upregulation of transferrin receptor
1 resulted in a higher sensitivity to ferroptosis induction [58,59]. The iron-response element binding
protein 2 (IREB2) is essential for erastin-induced ferroptosis [6]. Moreover, a decrease in ferritin
for iron storage may cause a free iron overload [58], thereby enhancing ferroptosis induction by
stimulatory agents [6]. Increased degradation of NCOA4, a receptor cargo protein of ferritin, resulted
in ferritinophagy and ferritin degradation, leading to an increase in free iron and ROS generation [60].

Ferroptosis induction by HO-1 is mediated by iron augmentation and lipid peroxidation [15–17].
The induction is tightly associated with oxidative stress, due to its predominant sensitivity to
oxidative inducers, such as redox-active iron, heme, hemoglobin, and heme-containing proteins [61,62].
The upregulation of HO-1 can enhance heme degradation and ferritin synthesis and change the
intracellular iron distribution [57].

6. HO-1 Modulation in Ferroptosis

Due to highly reactive iron and oxidative stress, the role of HO-1 in ferroptosis
was recently re-proposed, in which both the protective and detrimental roles have been
demonstrated [15–17,22,28–31]. Thus, HO-1 may provide redox-active iron production for the
re-modification of biomolecules and structures, including lipid and protein peroxidation.
The pro-oxidative activity of HO-1 contributes to ferroptosis induction [15–17,29], which relies on
iron accumulation, not biliverdin/bilirubin [15]. Under pro-oxidant circumstances, more iron is
released from iron-storing proteins, further increasing the production of ROS to accelerate oxidative
stress. It can be explained that a moderate level of HO-1 activation exerts a cytoprotective effect,
while the over-activation of HO-1 becomes cytotoxic due to excessive increase of labile Fe2+ behind
the buffering capacity of ferritin [4,17,63]. A cascade of increased iron release and ROS production
resulting in extensive oxidative damage to cells has been reported [64], exemplifying the potential role
of HO-1 in iron accumulation and ROS generation, followed by lipid peroxidation and ferroptosis
induction. Intriguingly, HO-1 is also transcriptionally upregulated by lipid peroxidation products
(4-hydroxynonenal) and phospholipase metabolites (diacylglycerol and arachidonic acid), for example,
in response to UV light induction [65].

Several small molecules have been identified to trigger ferroptosis through the regulation
of HO-1 expression and activity (Table 1, Figure 2). These small molecules possess similar
properties. Most of them can trigger iron release and generate massive production of
ROS. Some molecules have been identified to induce HO-1-associated ferroptosis, including
heme [66], erastin/sorafenib/RSL3 [15,22,31], magnesium isoglycyrrhizinate [29], BAY117085 [16],
and withaferin A [17].

6.1. Heme

Heme is a large complex, comprising iron and protoporphyrin IX. Heme is regarded as a
pro-oxidant molecule that participates in the formation of oxidative radicals and leads to oxidative
injury [67]. However, because of free iron with different oxidation states, heme-containing enzymes
can exert its catalysis in both reductive and oxidative reaction [67]. Therefore, several heme-containing
proteins are involved in the electron transport chain in mitochondria and redox reactions, such as
catalase, peroxidase, and cytochrome p450. Heme can also transfer and store oxygen while it binds to
globin [67]. Hemolysis causes heme release into the circulation, leading to the generation of ROS and
oxidative stress [67]. In plasma, free heme can be scavenged by hemopexin or degraded by HO-1 to
generate biliverdin, CO, and ferrous iron [68]. Nevertheless, in severe hemolysis, the extensive release
of heme from hemoglobin or decreased hemopexin level leads to an increase in the iron level in the
circulation. Heme induces apoptosis and necroptosis in red blood cells and cerebral microvascular cells
by increasing the cellular calcium level and depleting the glutathione reservoir [69]. These observations

9



Int. J. Mol. Sci. 2019, 20, 39

suggest that heme serves as a pro-oxidant molecule, not only functioning as an activator of HO-1, but
also acting on the ferroptotic process.

Table 1. Role of increased HO-1 in the ferroptosis and anti-ferroptosis response to different inducers.

Drugs Cell Types HO-1 Activity
Significance of HO-1

Increase in Ferroptosis
References

Heme Platelets Upregulated

Pro-ferroptotic effect
↑Iron
↑ROS
↓GSH

↑Lipid peroxidation

[66]

Hydrogen peroxide A549 lung adenocarcinoma Upregulated

Anti-ferroptotic effect
↑Transferrin

↑Transferrin receptor
↑Ferritin
↓Iron

[57]

Erastin
RSL3 HT-1080 fibrosarcoma cells Upregulated

Pro-ferroptotic effect
↑Iron
↑CO

[15]

Erastin
Sorafenib

Hepatocellular carcinoma, HepG2
and Hepa1-6 cells Upregulated

Anti-ferroptotic effect
↑ROS
↑Iron

↑Ferritin

[31]

Magnesium
isoglycyrrhizinate

CCL4-induced liver fibrosis
rat model

Hepatic stellate cell line HSC-T6
Upregulated

Pro-ferroptotic effect
↑Iron

↑Lipid peroxidation
[29]

Artesunate Cisplatin-resistant head and neck
cancer cell Upregulated

Anti-ferroptotic effect
HO-1 co-works with NQO-1

to serve as antioxidant
[22]

BAY117085
Triple-negative breast cancer,

MDA-MB-231 cells;
Glioblastoma, DBTRG-05MG

Upregulated

Pro-ferroptotic effect
Inhibit system Xc−

↓GSH
↑ROS
↑Iron

[16]

Withaferin A Neuroblastoma, IMR-32 cells. Upregulated
Pro-ferroptotic effect

↑ROS
↑Iron

[17]

The up arrows indicate the increased expression or enhanced activity. The down arrows indicate decreased
expression or decreased levels.

Hemin, an iron-containing porphyrin with chlorine, promotes erastin-induced ferroptotic cell
death in a HO-1-dependent manner in HT-1080 fibrosarcoma cells [15]. Similar to hemin-induced
ferroptosis, iron-induced ferroptosis through increased production of ROS is also observed in
neuroblastoma IMR-32 cells [17]. Interestingly, HO-1 induction might protect cells from oxidative
assaults. In cultured alveolar epithelial cells, HO-1 overexpression increased the expression of ferritin
and transferrin receptor, resulting in the alteration of the intracellular iron distribution and providing
a protective effect against iron cytotoxicity from heme degradation [70]. Additionally, the protective
effect by heme was demonstrated in oxidant hydrogen peroxide-treated human lung adenocarcinoma
A549 cells. HO-1 upregulation by hydrogen peroxide enhanced heme synthesis and the expression
of ferritin and transferrin receptor, leading to the capture of intracellular redox-active iron and the
elimination of oxidative stress [59].

6.2. Erastin, Sorafenib and RSL3

Erasin, sorafenib, and RSL3 are known as ferroptosis-inducing agents to inhibit system Xc−

and GPx4 [18–20]. Both erastin and RSL3 were shown to upregulate HO-1 in renal proximal tubule
cells [28] and HT-1080 fibrosarcoma cells [15]. In renal proximal tubule cells, HO-1−/− cells showed
more sensitivity to erastin- and RLS3-induced cell death than HO-1+/+ cells [28]. Thus, HO-1 played
an anti-ferroptotic role due to its anti-oxidant effect against ROS. By contrast, in HT-1080 fibrosarcoma
cells, HO-1+/+ cells exhibited a more profound effect on ferroptotic induction than HO-1−/− cells.

10



Int. J. Mol. Sci. 2019, 20, 39

The metabolites of heme by HO-1, including iron and CO, contribute to the pro-ferroptotic effect
of HO-1 [15]. In hepatocellular carcinoma, HepG2 and Hepa1-6 cells, genetic knockdown of Nrf2,
HO-1, quinone oxidoreductase 1 (NQO-1), or ferritin also promoted erastin- and sorafenib-induced
ferroptosis [31]. In hepatocellular carcinoma cells, Nrf2 expression contributed to ferroptosis resistance,
in association with its downstream effector proteins, such as HO-1, NQO-1, and ferritin. HO-1 exerts a
detoxification and antioxidant effect in mediating the anti-ferroptosis of Nrf2 [31]. Additionally, Nrf2,
HO-1, and ferritin are transcriptionally regulated by p62, a ubiquitin binding protein that is involved
in cell signaling pathways, such as the oxidative response and autophagy [71,72]. It is particularly
noteworthy that the p62-Keap1-Nrf2 pathway plays an important role in ferroptosis through the
upregulation of multiple genes, including HO-1, NQO-1, and ferritin [31]. The protective role of
Nrf2-derived genes in erastin-induced ferroptosis was also proposed in glioblastoma [30].

Figure 2. Scheme of HO-1-regulated ferroptosis. HO-1 plays a dual role in ferroptosis, pro-ferroptotic
and anti-ferroptotic effects. Erastin and sorafenib (xCT inhibitor) and RSL3 (glutathione peroxidase 4
(GPx4) inhibitor) can deplete glutathione, leading to ROS generation. In response to oxidative stress,
nuclear factor erythroid 2-related factor 2 (Nrf2) disassociates from Kelch-like ECH-associated protein
1 (Keap1), and then migrates into nuclei, where it binds the antioxidant-response element (ARE) site
of target genes such as HO-1 and ferritin. HO-1 catalyzes heme degradation to generate ferrous
iron (Fe2+). Ferrous iron is highly reactive as a pro-oxidant and, thus, produces ROS. Excessive
ROS damage intracellular structures and DNA, causing the peroxidation of lipid and protein and
eventually cell death. Nrf2 induces ferritin expression to chelate ferrous iron, avoiding ROS overload.
Recently, some small molecules were identified to possess a pro-ferroptosis effect through HO-1.
Heme can directly activate HO-1 expression. Similar to erastin and sorafenib, BAY117089 can deplete
GSH and increase ROS production, resulting in Nrf2−HO-1 activation and ferroptosis. Withaferin A
directly targets Keap1 and releases Nrf2, followed by HO-1 activation, iron accumulation, and cell
death. Magnesium isoglycyrrhizinate (MgIG) increases HO-1 expression and free cellular iron level.
By contrast, the activation of HO-1 might provide a cytoprotective effect. For example, in erastin-,
sorafenib-, and RSL-stimulated cells, ferritin expression is increased through the Nrf2−HO-1 pathway
and neutralize iron toxicity. Nrf2-targeted antioxidant gene expression also benefits the acquisition of
drug resistance. Artesunate also induces the Nrf2−HO-1 signal to assist cells to acquire drug resistance.

6.3. Magnesium Isoglycyrrhizinate

Magnesium isoglycyrrhizinate (MgIG) is a hepatoprotective drug with a potential to alleviate the
inflammation and accelerate the recovery of injured liver [73]. Sui et al. found that MgIG markedly
attenuated liver injury and reduced fibrotic scar formation in a rat model of CCL4-induced liver
fibrosis [29]. MgIG significantly inhibited the growth of hepatic stellate cells, the main effector cell in
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liver fibrosis [74], by promoting ferroptotic induction, as evidenced by the elevated iron accumulation
and lipid peroxidation and the suppression of the cellular glutathione levels [66]. HO-1 deficiency
of hepatic stellate cells HSC-T6 made them less sensitive to MgIG-induced ferroptosis. Interestingly,
transferrin, transferrin receptor, and ferritin were all upregulated by MgIG in HSC-T6 cells [66].
However, MgIG ameliorated liver injury by ethanol through the inhibition of ROS and neutrophil
infiltration, as well as by reduced expression of proinflammatory cytokines and chemokines [75].

6.4. Artesunate

Artesunate is a semisynthetic derivative of artemisinin, isolated from Artemisia annua L., which has
been used in the treatment of P. falciparum malaria [76]. The main mechanism of the antimalarial action
of artesunate involves NADPH activation, ROS generation, and DNA damage [77]. In MCF7 breast
cancer cells, artesunate impacts the endolysosomal and autophagosomal compartments, leading to
the blockade of autophagosome turnover and perinuclear clustering of autophagosomes, endosomes,
and lysosomes. Free iron is thereby accumulated and serves as the major cause of ROS production,
which turns out to be a critical prerequisite for artesunate-mediate cell death in MCF-7 breast cancer
cells [76]. Artesunate can induce ferroptosis in head and neck cancer cells, but cisplatin-resistant cells
are less sensitive to artesunate. In cisplatin-resistant head and neck cancer cells, the activation of
Nrf2 and downstream targets HO-1 and NQO-1 by artesunate contributed to the resistance against
ferroptosis. Inactivation of the Nrf2 pathway using a siRNA genetic approach reversed the ferroptotic
induction by artesunate, and this ferroptosis resistance was further blocked by deferoxamine, an iron
chelator, and by antioxidant Trolox [22].

6.5. BAY117085

BAY117085 was identified as an NF-κB inhibitor by blocking the phosphorylation and nuclear
translocation of IκBα [78]. However, BAY117085 can induce ferroptosis in an NF-κB-independent
manner [16]. In triple-negative breast cancer cells, MDA-MB-231 cells, and glioblastoma multiforme
DBTRG-05MG cells, BAY117085 upregulated HO-1 expression through the Nrf2−SLC7A11 pathway,
which, in turn, depleted the cellular glutathione reservoir and provoked ROS generation, resulting in
iron accumulation and ultimately ferroptosis. Enforced expression of HO-1 substantially promoted
ROS production and iron release, leading to endoplasmic reticulum stress, as evidenced by increased
Chop and spliced XBP1 transcripts. Interestingly, BAY117085 also caused the compartmentalization
of HO-1 within the nucleus and mitochondria, and subsequently caused mitochondrial dysfunction,
leading to lysosome targeting for mitophagy [16]. Mitochondria-targeted HO-1 was further
shown to induce higher ROS production, leading to mitochondrial dysfunction, such as fission
and later development into cytotoxicity, as observed in macrophages, kidney fibroblasts, and
chronic alcohol hepatotoxicity [79]. Mitochondrial targeting of HO-1 also enhanced autophagy by
increasing the translocalization of LC3 and Drp1 into the mitochondria [79]. In doxorubicin-induced
cardiomyopathy, however, mitochondrial targeting of HO-1 demonstrated a cytoprotective role to
improve mitochondrial quality [80]. In contrast to that in wild-type mice, enforced expression of
HO-1 remarkably ameliorated doxorubicin-mediated dilation of cardiac sarcoplasmic reticulum,
mitochondrial fragmentation, and the number of damaged mitochondria in autophagic vacuoles.
The amelioration was attributed to the increase in mitochondrial biogenesis, as evidenced by the
upregulation of Nrf1, PGC1α, and TFAM, as well as by the attenuated changes in the expression of the
mitochondrial fission mediator Fis1 and fusion mediators, Mfn1 and Mfn2 [80].

6.6. Withaferin A

Withaferin A is a steroidal lactone extracted from the roots and leaves of Withania somnifera
Dunal, commonly known as Ashwagandha, Indian ginseng, or Indian winter cherry [81]. Due to its
anti-proliferative and pro-apoptotic activities, withaferin A demonstrates its therapeutic potential
for chemoprevention in various cancer types. Mechanistically, withaferin A can disturb the cell
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cycle, inhibit the activation of proliferation-related kinases (EGFR, Akt, and NF-κB), alter the ratio
of pro-apoptotic/anti-apoptotic proteins, and provoke ROS generation. With the predominant
oxidative cytotoxic effect, withaferin A was shown to cause mitochondrial dysfunction, apoptosis,
and paraptosis [82]. Hassannia et al. demonstrated that withaferin A induced ferroptosis in
neuroblastoma IMR-32 cells via two different pathways—repressing the protein level and activity of
GPx4 and upregulating HO-1 expression [17]. Withaferin A decreases Keap1, leading to the activation
of Nrf2 and upregulation of HO-1, followed by an increase in intracellular labile ferrous iron and
consequently ferroptosis. Administration of withaferin A significantly suppressed the tumor growth
of neuroblastoma through increased HO-1 expression and decreased GPx4 expression [17]. A detailed
mechanism regarding upregulated HO-1 via directly targeting Keap1 by withaferin A has also been
identified in endothelial cells [83].

7. Manipulation of HO-1 in Ferroptosis

Due to a high proliferation and fast metabolic rate, cancer cells tend to exhibit higher ROS
production [2–4], and thus it may promote tumorigenesis and render cancer cells more vulnerable
to oxidative stress-induced cell death. Manipulation of the intracellular ROS level may be a useful
approach for cancer treatment [3,4]. Various ROS-modulating agents are currently developed for more
precise and specific effectiveness to kill cancer cells [2]. On the other hand, cancer cells also develop
redox adaption through the upregulation of anti-apoptotic and antioxidant molecules, allowing for
cancer cells to survive and increase resistance against anticancer drugs. However, cancer cells remain
to maintain higher ROS production than normal cells [2], and thus a dramatic increase of intracellular
ROS still functions to kill cancer cells by shutting down antioxidant systems. Normal cells with
a lower basal ROS level are less dependent on antioxidants, making normal cells less sensitive to
oxidative insults. It is well-accepted that a moderate availability of ROS serves an oncogenic function
to stimulate mutagenesis facilitating cancer cells to respond to microenvironment changes. In the
meantime, the use of antioxidants should prevent tumorigenesis. By contrast, a high ROS level is toxic
to cancer cells, which may induce oxidative stress to suppress cancer cell survival [2,4]. However,
how to define a toxicity threshold of ROS availability to kill cancer cells or a level to help cancer cells
to acquire mutations and resistance is difficult, particularly, among the various types of cancers.

Figure 3. Model of HO-1-mediated ferroptosis. HO-1 exerts a cytoprotective effect by scavenging ROS
during moderate activation. By contrast, excessive activation of HO-1 increases labile Fe2+, leading to
ROS overload and death of cancer cells.

Ferroptosis employs iron-dependent ROS production to kill cells [6] and HO-1 functions in
ferroptosis by operating at cellular iron level and ROS generation [15–17]. Accordingly, when HO-1
is activated moderately, Nrf2-derived HO-1 exerts a cytoprotective effect by neutralizing ROS. Since
cancer cells express a higher level of HO-1 [84–90], a high degree of HO-1 activation can increase labile
Fe2+, leading to ROS overload, and thereby oxidative-cell death (Figure 3) [2,63]. The induction of
ferroptosis via HO-1 activation could create a new chemotherapeutic strategy for cancer treatment.
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Undoubtedly, how the precise activation of HO-1 to selectively kill cancer cells and overcome drugs’
resistances needs to be defined.

8. HO-1 Modulators in Cancer Treatment

Despite the dual role in ferroptosis modulation, HO-1 is commonly regarded as a survival
molecule, exerting an important role in cancer progression that is involved in the cell proliferation,
metastasis, angiogenesis, as well as resistance against chemotherapy, radiation, and photodynamic
therapy [9,11]. High levels of HO-1 expression have been shown in different cancer types [84–90],
and the resistance to anticancer therapy was associated with a responsive upregulation of HO-1 [9,11].
Despite the facts, genetic and pharmacological approaches demonstrated the critical role of HO-1
activation in ferroptotic process in cancer cell death [16,17]. In clinical cases, patients with higher HO-1
expression showed the lower survival rate and poor outcomes [91]. Thereby, the modulation of HO-1
and HO-1 related pathway may serve as a potential therapeutic strategy. Several HO-1 inhibitors are
developed and validated further. HO-1 inhibitors are categorized into two types, metalloporphyrins
and imidazole-based compounds [92–94]. Metalloporphyrins are heme analogues composing of
a protoporphyrin IX and a metal, such as zinc protoporphyrin (ZnPPIX) and tin protoporphyrin
(SnPPIX). With the similar structure, the chemicals occupy the heme binding pocket of HO and
competitively inhibit the enzyme activity [93]. Metalloporphyrin are widely used in HO-1-related
studies and they have been confirmed with the efficiency against cancers. ZnPPIX was showed to
inhibit the proliferation of leukemic cells [95] and suppress the resistance against panobinostat [96].
Treatment with pegylated-ZnPPIX significantly attenuated tumor growth and increased the sensitivity
to chemotherapy in human colon cancer SW480 xenograft mouse model [97]. Besides, ZnPPIX
significantly increased the chemotherapeutic response of cisplatin in hepatoma cells [98] and laryngeal
squamous cancer cells [99], as well as the efficiency of photodynamic therapy in cultured melanoma
tumor cells [100]. In vivo studies, ZnPPIX reduced tumor growth of LL/2 lung cancer in C57BL mice,
by suppressing vascular endothelial growth factor concentration in tumors [101]. In addition, ZnPPIX
inhibited peritoneal metastasis of gastric cancer via anti-angiogenesis and improved the survival of
tumor-bearing mice, which were related to the suppression of ROS production and ERK activation [102].
However, the non-selective activity of metalloporphyrin limits its application, due to the similarity
of structure to heme. Metalloporphyrins can affect other heme-containing enzymes, such as nitric
oxide synthases (NOS), soluble guanylyl cyclase (sGCs), and cytochromes P450 (CYP450) [103,104].
Azole-based compounds are structurally distinctive from metalloporphyrins and highly selective for
the HO-1 inhibition [91,94], exhibiting low or no inhibitory activity on NOS, sGCs, or CYP450 [104,105].
They bind to the distal side of heme through an azole anchor which coordinates with the heme
iron [106]. Imidazole-derived HO-1 inhibitors showed a better profile in HO-1 inhibition in prostate
and breast cancer cell lines [107]. A series of hybrid compounds of imatinib and imidazole-based HO-1
inhibitors were able to inhibit both tyrosine kinase and HO-1/HO-2 activities and reduced the viability
in imatinib-resistant chronic myeloid leukemia cells [108].

Specific inhibition of HO-1 can be achieved through genetic tools. Small interfering RNA (siRNA)
and short hairpin RNA (shRNA) are two common approaches on gene silencing via the cleavage
of target gene or inhibition of protein synthesis. An intervention of HO-1 expression by shRNA
was shown to induce apoptosis in lung cancer cells [109], colon carcinoma cells [45], leukemic
cells [95,110], esophageal squamous carcinoma cells [111], and breast cancer cells [112]. In addition,
siRNA/shRNA of HO-1 also enhanced the sensitivity to chemotherapy in pancreatic cancers [113,114],
lung cancer [109], and breast cancer [112]. In an orthotopic model of hepatocellular carcinoma,
intraperitoneal injection of HO-1 siRNA attenuated the growth of tumor [115]. Moreover, in the
5-fluorouracil resistant human colon cancer cells xenografted subcutaneously, HO-1 knockdown by
shRNA significantly reduced tumor size and increased the sensitivity to 5-fluorouracil treatment [116].
Furthermore, the CRISPR/Cas9 knockout system also gave positive results, showing HO-1 depletion to
mediate a decrease of 293T cell viability, growth, and an increase of sensitivity to H2O2 treatment [117].
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9. Conclusion and Prospective

With the genetically heterogeneous and labyrinthine gene expression, anti-drug regulation of
survival and metastatic metabolism of tumors against cancer treatment, most aggressive cancer
treatments have less favorable outcomes, reflecting the lack of sufficient promising therapies that
are capable of curing the most aggressive cancers. Chemotherapy is being developed against
cancer with new chemotherapeutic drugs and strategies being tested in preclinical and clinical
trials. In this review, we discussed how HO-1 regulates ferroptosis, the therapeutic strategy by
manipulating HO-1 to mediate ferroptosis, and prospective chemotherapeutic drugs against cancer via
HO-1-mediated ferroptosis. Several prospective chemodrugs (e.g., BAY117085, withaferin A, erastin,
RSL3, and sorafenib) involved in the HO-1-mediated ferroptosis for chemotherapeutic strategy are
discussed, providing some representative examples of the application in killing different types of
cancer cells. Up to date, few studies have focused on the role of HO-1 in ferroptosis. Results from
these studies implicate that the dual role of HO-1 in ferroptosis regulation might depend on different
pathological conditions. The precise mechanism of this phenomenon needs to be further investigated.
Although iron-dependent and ROS-promoted ferroptosis was redefined at 2012 [6], a large part of the
mechanisms underlying the regulation by HO-1 remains elusive, particularly in respect to applications
of chemotherapy in cancers.
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CO Carbon monoxide
GPx4 Glutathione peroxidase 4
GSH Glutathione
HO-1 Heme oxygenase-1
Keap1 Kelch-like ECH-associated protein 1
MgIG Magnesium isoglycyrrhizinate
NCOA4 Nuclear Co-Activator 4
NPBI, Non-protein-bound iron
NQO-1 Quinone oxidoreductase 1
Nrf2 Nuclear factor erythroid 2-related factor 2
ROS Reactive oxygen species
Redox Reduction-oxidation
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Abstract: Paracetamol is responsible for acute liver failure in humans and experimental animals
when taken at high doses and transformed into a reactive metabolite by the liver cytochrome P450.
On the other hand, nutmeg is rich with many phytochemical ingredients that are known for their
ability to inhibit cytochrome P450. Hence, the present experiment was aimed at studying the
hepatoprotective effect of Myristica fragrans (nutmeg), kernel extract (MFKE) in respect to paracetamol
(acetaminophen; N-acetyl-p-amino-phenol (APAP))-induced hepatotoxicity in rats, focusing on its
antioxidant, anti-inflammatory, and anti-apoptotic activities. Liver toxicity was induced in rats by
a single oral administration of APAP (2 g/kg). To evaluate the hepatoprotective effect of MFKE
against this APAP-induced hepatotoxicity, rats were pre-treated with either oral administration of
MFKE at 300 mg/kg daily for seven days or silymarin at 50 mg/kg as a standard hepatoprotective
agent. APAP intoxication caused a drastic elevation in liver function markers (transaminases,
alkaline phosphatase, and total bilirubin), oxidative stress indicators (lipid peroxidation and nitric
oxide), inflammatory biomarkers (tumour necrosis factor-α, interleukin-1β, inducible nitric oxide
synthase, and nuclear factor kB) and the pro-apoptotic BCL2 Associated X (Bax) and caspases-3 genes.
Furthermore, analyses of rat liver tissue revealed that APAP significantly depleted glutathione and
inhibited the activities of antioxidant enzymes in addition to downregulating two key anti-apoptotic
genes: Cellular FLICE (FADD-like IL-1β-converting enzyme)-inhibitory protein (c-FLIP) and B-cell
lymphoma 2 (Bcl-2). Pre-treatment with MFKE, however, attenuated APAP-induced liver toxicity
by reversing all of these toxicity biomarkers. This hepatoprotective effect of MFKE was further
confirmed by improvement in histopathological findings. Interestingly, the hepatoprotective effect
of MFKE was comparable to that offered by the reference hepatoprotector, silymarin. In conclusion,
our results revealed that MFKE had antioxidant, anti-inflammatory, and anti-apoptotic properties,
and it is suggested that this hepatoprotective effect could be linked to its ability to promote the
nuclear factor erythroid 2–related factor 2 (Nrf2)/antioxidant responsive element (ARE) pathway.
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1. Introduction

The liver is one of the most important organs in the body, performing up to 500 functions.
It metabolizes most ingested substances and detoxifies toxic substances [1]. Hepatic injury, however,
can be caused by the hepatotoxic effects of xenobiotics. Paracetamol (APAP; acetaminophen;
N-acetyl-p-aminophenol) is a widely used drug worldwide due to its antipyretic property and is
accessible in various formulations [2]. At therapeutic doses, APAP is considered a safe drug. It is also
well-recognized, however, that APAP is responsible for acute liver failure [3]. In the United States,
for example, about 30,000 patients annually are treated as a result of APAP hepatotoxicity [4].

In normal therapeutic doses, APAP is biotransformed in the liver to form glucuronide and
water-soluble sulphate metabolites, which are excreted in the urine. In an overdose, however, APAP is
oxidized by cytochrome p450 (CYP450) to form a highly reactive metabolite, N-acetyl-p-benzoquinone
imine (NAPQI) that binds mainly to the sulfhydryl (-SH) group of GSH to form a complex of
APAP-GSH, which excreted by the kidney as cysteine and mercapturic acid conjugates (APAP-cys).
Furthermore, at toxic doses, APAP quickly depletes GSH, resulting in the accumulation of NAPQI,
which then forms NAPQI-protein adducts as a result of covalent bond formation between NAPQI and
–SH group of hepatocyte proteins [5]. The accumulation of these NAPQI-protein adducts results in
turn in the formation of reactive oxygen species (ROS) that attack the cellular micro molecules causing
lipid peroxidation and hepatic necrosis [6]. This damage to the hepatocytes ultimately leads to their
leakage and a rise in hepatocyte enzymes in circulation in the blood.

Several experimental studies reported on the protective role of medicinal plants against the
hepatotoxicity induced by APAP [7,8], but there is still a need to evaluate other medicinal plants to see
if they might offer effective alternatives. Nutmeg is a dry kernel of Myristica fragrans belonging to the
family Myristicaceae, which is widely distributed in tropical countries. The seed is used as a spice
or a flavour to food [9]. The non-volatile part of M. fragrans is rich in dimeric phenyl propanoids,
lignans, and neolignans [10]. The anti-inflammatory [11], antihyperglycemic [12], and hepatoprotective
role of M. fragrans [9] against isoproterenol (ISO)-hepatotoxicity have been studied previously.
Furthermore, active constituents of nutmeg such as neolignan and myristicin have been reported to
inhibit cytochrome CYP3A4 and CYP2C9 [13].

In this study, therefore, we explored the protective role of M. fragrans kernel extract against
hepatotoxicity induced by APAP. Furthermore, the effect of M. fragrans kernel extract was compared
with that of silymarin, a standard hepatoprotective agent.

2. Results

The polyphenol and flavonoid fingerprint of the Myristica fragrans kernel extract detected at
280 nm is illustrated in Figure 1. The HPLC profile of MFKE shows the presence of 25 peaks with
retention times ranging from 2.768 min to 40.842 min. Based on the UV-Visible spectral data and
their retention times, the Myristica fragrans kernel extract has a UV band at 280 nm characteristic for
polyphenol and flavonoid compounds, possibly caftaric acid and its derivatives, ellagic acid, rutin and
catechin, and gallic acid and its derivatives, quercetin, and kaempferol.

During the study, there was no prevalence of mortality and APAP administration did not cause
any abnormal clinical signs, with no change in food and water consumption in the groups that received
APAP. That said, the activity levels of serum liver function markers, namely, ALT, AST, ALP, and Total
Bil, were significantly elevated in APAP-treated rats compared to the control rats (Figure 2). On the
other hand, in the rats that had been pre-administered MFKE, the elevation in liver function markers
was significantly less pronounced, indicating the hepatoprotective effect of Myristica fragrans kernels.
Indeed, the hepatoprotective effect of MFKE was comparable to silymarin (SLY), which is widely used
on account of its hepatoprotective properties.

In order to evaluate the antioxidant effect of MFKE, lipid peroxidation, nitric oxide, and enzymatic
and non-enzymatic molecules (GSH, SOD, CAT, GSH-Px, and GSH-R) were examined. SLY was used
as a comparator. APAP treatment disturbed the redox status of hepatocytes confirmed by the elevation
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of LPO and NO (Figure 3), the depletion of GSH and the inhibition of the activities of antioxidant
enzymes (Figure 4). On the contrary, MFKE pre-treatment significantly reversed this disturbance in
the redox status. As expected, SLY pre-treatment also protected hepatocytes from oxidative stress
induction by reversing the disturbance in the redox status.

The study also examined Nfe2l2 and the expression of its downstream target genes Hmox1, Nqo1,
Gclc, and Utg1a1. APAP treatment in rats induced a significant decrease in Nfe2l2 and its putative target
genes compared to the control group, but Hmox1 expression was significantly upregulated. In contrast,
MFKE pre-treatment negated the APAP-induced impairment in the cellular detoxification system by
enhancing Nfe2l2, Hmox1, Nqo1, Gclc, and Utg1a1 mRNA expressions, and the treatment reduced the
severity of the reduction compared to the APAP group (Figure 5). As expected, SLY pre-treatment was
effective in protecting hepatic tissue from APAP-mediate toxicity.

In the APAP group, inflammation was initiated and propagated through increases in the protein
levels of TNF-α and IL-1β and in NF-κB and iNOS expressions (Figure 6). Pre-treatment with
MFKE or SLY, however, prevented the overproduction of proinflammatory cytokines (TNF-α and
IL-1β), and the protein expression of NF-κB and Nos2 mRNA, suggesting that MFKE, like SLY,
has an anti-inflammatory effect.

The histopathological examination of the liver sections of the control and the rats treated with
alone revealed a normal architecture of hepatic lobules with hepatic parenchyma radiating from the
central veins, with narrow sinusoids and prominent nuclei. By contrast, microscopic examination of
the APAP rats showed disruption of the normal architecture of hepatic lobules associated with granular
degeneration of hepatocytes and infiltration of inflammatory cells accompanied with various degrees
of centrilobular hepatocyte necrosis and central veins that showed severe congestion and dilation
(Figure 7A). The rats pre-treated with MFKE (300 mg/kg), however, had much healthier hepatic tissue
than the rats that had received only APAP, with scanty apoptotic hepatocytes and slight hepatocellular
vacuolation. Rats pre-treated with SLY (50 mg/kg) also showed less severe hepatic injury than APAP
with slight activation of Kupffer cells. Furthermore, APAP intoxication resulted in abundant activation
of HSCs (hepatic stellate cells), as evidenced by an increase in alpha-smooth muscle actin (α-SMA)
immunoreactive positive cells (Figure 7B). Pre-treatment with MFKE or SLY, however, successfully
restrained the activation of HSCs by preventing α-SMA expression (Supplementary data: Table S2).

In order to uncover the mechanism through which MFKE mitigates APAP-induced liver injury,
we used qRT-PCR to examine the expression levels of anti-apoptotic markers, including Bcl2 and
Cflar, and pro-apoptotic markers Bax and Casp3 in liver tissue. Our results showed a significant
downregulation in Bcl2 and Cflar expressions after APAP injection, but a significant upregulation in
Bax and Casp3 expressions (Figure 8). In contrast, the MFKE pre-treatment obviously reduced the
number of hepatocytes dying as a result of APAP-injection. The hepatoprotective effect of MFKE
was comparable to SLY. Overall, our results indicate that MFKE pre-treatment ameliorates damage to
hepatocytes by inducing anti-apoptotic genes and restraining pro-apoptotic genes.
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Figure 1. HPLC chromatogram of Myristica fragrans kernel extract at 280 nm. A mobile phase consisting
of mixture of solvent A (0.2% acetic acid) and B (acetonitrile) and employing a gradient elution (from
10:90 to 100:0, v/v) at a flow rate of 1 mL/min.

Figure 2. The effect of Myristica fragrans kernel extract (MFKE) on serum liver function markers in
rats treated with paracetamol (APAP)-induced liver toxicity. Data are expressed as mean ± SD (n = 7);
a p < 0.05 vs. control rats; b p < 0.05 vs. APAP-treated rats using Tukey’s post hoc test. (A) Alanine
aminotransferase, (B) Aspartate aminotransferase, (C) Alkaline phosphatase and (D) Total bilirubin.

Figure 3. Effects of Myristica fragrans kernel extract (MFKE) on oxidative stress markers in rats treated
with paracetamol (APAP)-induced liver toxicity. Data are expressed as mean ± SD (n = 7); a p < 0.05
vs. control rats; b p < 0.05 vs. APAP-treated rats using Tukey’s post hoc test. (A) lipid peroxidation,
(B) nitric oxide, and (C) glutathione.
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Figure 4. Effects of MFKE on the activity of antioxidant enzymes in rats treated with APAP-induced
liver toxicity. Data are expressed as mean ± SD (n = 7); a p < 0.05 vs. control rats; b p < 0.05 vs.
APAP-treated rats using Tukey’s post hoc test. (A) Superoxide dismutase, (B) Catalase, (C) Glutathione
peroxidase, and (D) Glutathione reductase.

Figure 5. Effects of MFKE on Nrf2/ARE antioxidant signalling pathway gene expression in rats
treated with APAP-induced liver toxicity. Results are presented as means ± SD of triplicate assays and
normalized to Gapdh and expressed as fold change (log2 scale), relative to mRNA levels in controls;
a p < 0.05 vs. control rats; b p < 0.05 vs. APAP-treated rats using Tukey’s post hoc test. (A) Nuclear
factor erythroid 2–related factor 2, (B) Heme oxygenase 1, (C) NAD(P)H quinone oxidoreductase 1,
(D) glutamate-cysteine ligase, catalytic, and (E) UDP glucuronosyltransferase family 1 member A1.

Figure 6. Effects of MFKE on proinflammatory biomarkers in rats treated with APAP-induced liver
toxicity. (A) MRNA expressions of tumour necrosis factor-α, interlukin-1β and inducible nitric oxide
synthase, (B) Nuclear factor kB protein expression in liver sections of different treated groups, and (C)
Inducible nitric oxide synthase protein expression in liver sections of different treated groups. Original
magnification ×40 for iNOS and NF-kB expression. Results for gene expression are presented as means
± SD of triplicate assays and normalized to Gapdh and expressed as fold change (log2 scale), relative to
mRNA levels in controls; a p < 0.05 vs. control rats; b p < 0.05 vs. APAP-treated rats using Tukey’s post
hoc test.
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Figure 7. Effects of MFKE on liver pathology and α-SMA in rats treated with APAP-induced
liver toxicity. (A) H&E stained photomicrographs of liver, and (B) Photomicrographs of α-SMA
immunoreactivity in liver. Original magnification ×40.

Figure 8. Effects of MFKE on apoptosis related gene expressions in rats treated with APAP-induced
liver toxicity. Results are presented as means ± SD of triplicate assays and normalized to Gapdh
and expressed as fold change (log2 scale), relative to mRNA levels in controls; a p < 0.05 vs. control
rats; b p < 0.05 vs. APAP-treated rats using Tukey’s post hoc test. (A) Cellular FLICE (FADD-like
IL-1β-converting enzyme)-inhibitory protein, (B) B-cell lymphoma 2, (C) BCL2 Associated X, and (D)
Caspases 3.

3. Discussion

APAP is an over-the-counter (OTC) drug commonly prescribed for its antipyretic and analgesic
effects. In overdose, however, APAP can cause acute liver failure [6]. In the present study, injection
with APAP caused liver injury, evidenced by an increase in liver function markers and pathological
changes to liver tissue. In fact, ALT, AST, ALP, and total Bil are routinely monitored to assess liver
function and any increase of these enzymes in serum is considered as indicative of liver injury
and dysfunction. The increase in these markers indicates necrosis of hepatocytes or an increase
in the permeability of their membranes. However, Stec et al. [14] reported that transaminases
reduced significantly with the antioxidant properties of bilirubin. In addition, Hinds et al. [15]
considered bilirubin as an antioxidant as well as an anti-inflammatory biomolecule and mice
expressing the human Gilbert’s HuUGT*28 polymorphism are safe from high-fat diet-induced hepatic
steatosis and insulin resistance due to an elevation of bilirubin. Our biochemical data were also
confirmed by histopathological observations which showed obvious hepatocyte degeneration in
APAP-treated rats, as well as severe haemorrhage and dilation in sinusoids accompanied by Kupffer
and inflammatory cells. MFKE pre-treatment, however, successfully prevented this liver damage.
The hepatoprotective effect of MFKE indicates that MFKE is capable of maintaining the membrane
integrity of hepatocytes and preventing the leakage of liver enzymes, thereby safeguarding liver
function even when challenged by APAP overdose. The hepatoprotective efficacy of MFKE was
previously shown in lipopolysaccharide/D-galactosamine-induced liver injury and inflammation [16]
and in radiation-induced liver toxicity and oxidative stress [17]. Interestingly, the hepatoprotection
offered by MFKE is comparable to the standard hepatoprotector SLY, with both of them showing clear
preventative effects histologically.

Furthermore, oxidative stress induced by APAP injection was evidenced by significant elevation
in LPO and NO, concurrently with a significant depletion in GSH and inhibition of the antioxidant
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defence system. APAP is oxidized mainly by the P450 enzyme, and it is this enzyme that is responsible
for oxidative stress induction in the liver [5]. Moreover, the previous study reported that many
mitochondrial proteins are targeted by APAP metabolites, including GSH-Px and ATP-synthase
alpha-subunit, which are adducted by NAPQI. As a result, 60% of GSH-Px was modified and
ATP-synthase function was impaired causing cessation in ATP production. Additionally, NAPQI
interferes with the mitochondrial electron transport chain causing the release of electrons from the
chain which triggers ROS generation and lipid peroxidation [18]. Furthermore, the escaped electrons
from the chain react with oxygen to form superoxide anion, which could either dismutate to form
H2O2 or react with NO to form peroxynitrite, a strong oxidant. The formed H2O2 can be detoxified by
GSH, while peroxynitrite is harsher and reacts with a variety of biomolecules and alerted biomolecules’
structure [19]. Thus, the overproduction of H2O2 and peroxynitrite, in addition to the other ROS,
can overwhelm the antioxidant defence system.

The overproduction of NO in the present study is attributed to the upregulation of iNOS in
liver tissue. iNOS is another source of ROS in inflammatory cells and iNOS blockers have been
found to inhibit APAP-induced hepatotoxicity [20]. Interestingly, promoting the replenishment of
endogenous antioxidant molecules with natural products is effective at protecting the liver from APAP
overdose-induced hepatotoxicity [21].

In this study, the induction of hepatotoxicity by APAP caused significant increases in TNF-α
and IL-1β level and iNOS expression. There is growing evidence to show that inflammation is also
a possible mechanism responsible for the pathogenesis resulting from APAP-induced hepatotoxicity.
Furthermore, both inflammation and oxidative stress are tightly linked to each other in that, at the site
of inflammation, inflamed cells like macrophages are releasing ROS, causing exaggerated oxidative
damage. Furthermore, overproduction of ROS initiates a cellular signalling cascade that promotes the
gene expression of proinflammatory cytokines [22]. Moreover, Posadas et al. [23] demonstrated that
APAP promoted NF-κB p65 phosphorylation at Ser536 and enhanced NF-κB p65 translocation to the
nucleus, a contention that supports our findings. Indeed, NF-κB p65 nuclear translocation has been
found to induce a variety of proinflammatory cytokines and mediators. The results obtained in our
study in respect to the effect of APAP on the liver therefore are generally in line with those of previous
studies, and support the existing understanding of the mechanism of action of APAP on liver tissue
and cells [20,24].

Meanwhile, the current study demonstrated that pre-treatment with MKFE restrained the
oxidative stress and inflammation otherwise induced by APAP, as evidenced by significant decreases in
LPO, NO and proinflammatory cytokine levels, as well in NF-κB and iNOS expressions, and significant
increases in enzymatic and nonenzymatic molecules. This effect suggests that MFKE has antioxidant
properties that might be attributed to the presence of different phenolic compounds, flavonoids,
alkaloids, and anthraquinones [25]. It was reported that argenteane, a dilignan which was isolated from
MFKE, is as powerful as vitamin E. Indeed, argenteane shows a typical free radical scavenging activity
by releasing one or two H atom(s) to the medium [26]. Furthermore, Kapoor et al. [27] demonstrated
that essential oil and oleoresins from nutmeg are antioxidants similar to the synthetic butylated
hydroxyanisole (BHA) and butylated hydroxytoluene (BHT). Most recently, Erukainure et al. [28]
found that more than 14% of nutmeg is oleic acid, which is known for its antioxidant activity, and more
than of 46% of the extract is 17-octadecynoic acid, which inhibits cytochrome P450. Additionally, MFKE
contains myristicin, which was found to possess antioxidant and hepatoprotective activities [16] and
to suppress lipid peroxidation in the liver by trapping free radicals or ROS directly [29]. Furthermore,
at high doses (96 mg/kg), pure myristicin is a potent enhancer of hepatic cytochrome P enzymes,
causing a 2–20 fold increase in the activity and expression of these enzymes [30].

The myristicin in MFKE does not only act as an antioxidant agent, but also as an anti-inflammatory
agent. The anti-inflammatory effect of this constituent was observed in an in vitro study using
RAW 264.7 mouse macrophages. In this study, myristicin suppressed the production of different
proinflammatory cytokines [31]. Further consideration indicated that this molecule played a regulatory
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role in chronic autoimmune diseases and that it also attenuated lung inflammatory disease by inhibiting
NO production [32]. Moreover, MFKE is a rich source of neolignans that have showed potent NF-κB
inhibitory activity [33].

Paracetamol-induced liver fibrosis received growing attention since the reports of occurrences
of liver fibrosis and cirrhosis in patients using APAP to reduce pain [34], and the activation of HSCs
plays an important role in liver fibrosis. Indeed, HSCs are considered to be the main extracellular
matrix–producing cells in the liver [35]. α-SMA expression is a typical marker for activated HSCs [36],
and Shen et al. [37] demonstrated that α-SMA expression caused HSCs activation induced acute liver
failure. Our study is in line with this work in that we reported that APAP intoxication caused α-SMA
expression in the liver.

It is therefore significant that are our results also show that MFKE successfully restrained the
activation of HSCs by preventing α-SMA expression. The possible mechanism for this effect might
be linked to the presence of meso-dihydroguaiaretic acid, which directly inhibits transactivation of
HSCs through downregulating transforming growth factor beta1 and inhibiting activator protein 1
activity [38].

In addition, in the current study, APAP treatment caused a significant upregulation in the
HO-1 gene and downregulation in Nrf2 expression. Nrf2 is a prime controller of intracellular redox
homeostasis by controlling the antioxidant response element (ARE), which orchestrates adaptability to
cellular redox disruption. Chan et al. found that, in Nrf2-knocout mice, APAP intoxication enhanced
liver injury and mortality compared with wild-type mice [39]. In this context, the ability of MFKE to
promote Nrf2 expression in the present study implied the cytoprotective effect of nutmeg. One way in
which it may achieve this is through nectandrin B. Song et al. [40] and Kim et al. [41] demonstrated that
nectandrin B, which was isolated from nutmeg, protected hepatocytes against oxidative perturbation
through the activation of Nrf2 and the consequent induction of the detoxifying antioxidant enzymes
such as NQO1, GCLC, and UTGs. NQO1 is a highly inducible enzyme responsible, among others,
for a single-step two-electron reduction of quinones and quinone imines, thus inhibiting the formation
of reactive and toxic semiquinone intermediates [42]. Meanwhile, GCLC is the first rate-limiting
enzyme complex for GSH synthesis [43]. UGTs play predominant roles in the detoxification of many
exogenous and endogenous agents by forming more polar and water-soluble glucuronides [44] and
deficiencies in expression of UGTs are responsible for APAP hepatotoxicity observed in rats [45].
HO-1, meanwhile, is the primary rate-limiting enzyme in heme catabolism and is well known to have
a cytoprotection effect against liver damage by restraining oxidative stress and inflammation. HO-1 is
also involved in maintaining the oxidants/antioxidants balance [46] by increased formation of the
antioxidant, bilirubin [15]. In some conditions, however, induction of HO-1 may cause damage and
enhance cytotoxicity by increasing the products of heme degradation, such as iron ions, biliverdin,
and carbon monoxide [47]. Furthermore, biliverdin is subsequently converted to bilirubin this has been
recognized to be an antioxidant and can inhibit lipid peroxidation. The higher plasma bilirubin levels
within the normal range were linked with a significant and marked reduction in cardiovascular diseases
risk and decreased the incidence of ischemic heart disease [48]. In the present study, APAP treatment
induced upregulation in HO-1 expression. Our results are in harmony with those of Bauer et al. [49]
and Gao et al. [50]. MFKE pre-treatment, however, modulated HO-1 expression and induced significant
down-regulation in the gene compared to the APAP group. When comparing the HO-1 expression
with the control group, however, HO-1 showed significant increase in the MFKE and SLY treatment
groups. As we expected that silymarin and nutmeg extract as targeted Nrf2 would lead to UGT1A1
upregulation, and this enzyme is the sole enzyme responsible for the bilirubin metabolism, that may
explain the decrease in bilirubin in APAP-treated groups. However, silymarin and many flavonoids are
known to inhibit UTGs in vitro assays. Those in vitro results turned out to be ineffective in vivo studies
due to the poor cell permeability and poor metabolic stability of these natural compounds, together
leading to poor bioavailability, are probably the major causes of their ineffectiveness in vivo [44] that
seen herein.
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The results obtained in the present study revealed that APAP intoxication caused severe apoptosis
and necrosis in liver tissue. The death of hepatocytes was evidenced by a significant elevation of
pro-apoptotic genes (Bax and caspases-3) and a significant reduction in anti-apoptotic genes (c-FLIP
and Bcl-2). It was reported that overdose with APAP induced apoptosis in primary hepatocytes [51]
and liver tissue of mice [52]. Moreover, hepatocyte apoptosis leads to elevated serum transaminases
levels and further reduction of the liver function and preventing apoptosis inhibits liver failure [53].
The precise mechanisms by which APAP-induced apoptosis are linked to the ability of APAP to
induce mitochondrial permeability transitions that are subsequently associated with the release of
cytochrome c, second mitochondria-derived activator of caspase (Smac) and apoptosis inducing
factor (AIF) [54]. Once in cytosol, cytochrome c binds to the adaptor protein Apaf-1 thus triggering
the formation of apoptosome by activating caspases-9. Meanwhile, AIF translocates to the nucleus
causing DNA damage due to its involvement in DNA fragmentation. Smac, meanwhile, plays a vital
role in caspase-3 activation [55]. This induction of apoptosis in the liver was alleviated in the rats
treated with MFKE, however, with the liver tissue of these rats showing marked improvement
compared to the rats treated just with APAP. To understand this anti-apoptotic effect of MFKE,
it can be noted that, in the current study, MFKE administration significantly upregulated c-FLIP.
The cellular Fas-associated death domain-like IL-1β-converting enzyme-inhibitory protein is known
as c-FLIP, and this is a master anti-apoptotic regulator with a multifunctional role in several signalling
pathways, as well as in inducing several cytoprotective and pro-survival signalling pathways [56].
The anti-apoptotic effect of MFKE might, therefore, be related to the ability of myristicin and nectandrin
B to inhibit endoplasmic reticulum stress or to promote c-FLIP expression and thus enhance the
antioxidant defence system [40,57].

In conclusion, our findings highlight a body of evidence for the hepatoprotective effect of
Myristica fragrans kernels in respect to the liver of rats exposed to APAP-induced hepatotoxicity.
These favourable effects were mediated via suppressing oxidative stress, inflammation, and apoptosis,
and this hepatoprotection effect could be linked to their ability to promote the Nrf2/ARE pathway.
Interestingly, the hepatoprotective effect of MFKE was comparable to that exerted by the reference
hepatoprotector SLY.

4. Materials and Methods

4.1. Chemicals

APAP and silymarin were obtained from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals
and reagents used in the experiment were of analytical grade.

4.2. Plant Materials and Extraction Procedure

The kernels of Myristica fragrans (MF) were obtained from a local market in West-Cairo, Egypt.
The obtained kernels were identified by an expert taxonomist from the Botany Department, Faculty of
Science, Helwan University, Egypt. The kernels were ground into powder using an electrical blender
and extracted three times by maceration with 70% methanol. The ratio of nutmeg kernels to the
solvent was 1:10 (w/v). The solvent was concentrated under a vacuum evaporator and subsequently
lyophilized. The Myristica fragrans kernel extract (MFKE) was kept at −20 ◦C until used in the current
experiment. Total phenolic and flavonoid compounds were determined as described previously [58].
The amount of the total phenolic compounds was 21.3 mg gallic acid equivalent/g extract, while the
amount of flavonoid compounds was 20.8 mg quercetin equivalent/g extract.

4.3. HPLC Analysis

High performance liquid chromatography (HPLC) analysis was performed using a Perkin Elmer
Series 200 liquid chromatography (PerkinElmer, Akron, OH, USA) to determine the polyphenol
and flavonoid constituents of MFKE. The HPLC column was an AQUA column 150 mm 5 μ C18
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(Phenomenex), with a detection wavelength of 280 nm. Elution was carried out using acetic acid (2%;
A) and acetonitrile (B). The flow rate was set at 1 mL/min throughout the elution.

4.4. Animals

Adult male Wistar albino rats (10 weeks old, weighing 200–220 g) obtained from VACSERA
(Cairo, Egypt) were used in the current experiments. The animal housing conditions was as described
previously [59]. Briefly, the rats were housed in wire cages made from polypropylene in a room
under standard laboratory conditions (12 h light-dark cycle; 25 ± 2 ◦C). A standard rodent diet (El
Gomhorya Company, Ismailia, Egypt) and water were available ad libitum. The rats were acclimated
to the environment for one week before the beginning of the experiment. The study was approved
by the Committee of Research Ethics for Laboratory Animal Care, Department of Zoology, Faculty
of Science, Helwan University (24/09/2018, Cairo; approval no, HU2017/Z/08) and was conducted
according to the European Community Directive (86/609/EEC), the national rules on animal care and
in accordance with the NIH Guidelines for the Care and Use of Laboratory Animals, eighth edition.

4.5. Experimental Design

The animals were fasted for 24 h prior to the experiment under standard laboratory conditions but
allowed access to distilled water (dH2O) ad libitum. Subsequently, the animals were randomly divided
into five experimental groups of seven rats each and administered with test solutions orally once daily
for seven consecutive days, as follows. Group I, serving as the normal control, received 10 mL/kg
physiological saline (0.9% NaCl). Group II, serving as the MFKE control, received 300 mg/kg of
MFKE. Group III, serving as the APAP (paracetamol) control group received 2 g/kg. Groups IV and V,
pre-treatment groups, received 300 mg/kg MFKE and 50 mg/kg SLY (silymarin), respectively. All the
treatments were suspended or dissolved in a physiological saline.

An acute toxicity study was performed using a maximum dose of 2000 mg/kg MFKE administered
orally and observed in order to assess changes in skin and fur, eyes, and mucous membranes, and
also respiratory, circulatory, autonomic and central nervous systems, and somatomotor activity and
behavior pattern. This dose, after 14 days, did not lead to any signs of toxicity in the rats, and the
subsequent oral dose of MFKE was selected based on a preliminary study using three doses of 100,
200, and 300 mg/kg, which showed that the oral administration of MFKE at a dose of 300 mg/kg
effectively prevented APAP-induced hepatotoxicity. While, APAP dose was based on the previous
studies to induce liver toxicity in rats by using APAP at 2 g/kg [60,61].

The oral administration of APAP (2 g/kg) was performed three hours prior to the last
administration on the seventh day except for groups I and II, which received only 10 mL/kg
physiological saline. Forty-eight hours after the induction of hepatic injury by these means, the animals
were lightly anesthetized using an appropriated anaesthetic agent and blood was collected by cardiac
puncture in sterilized centrifuged tubes which were then centrifuged at 3000 rpm for 10 min to get
serum for the study of biochemical parameters. The animals were then killed by cervical dislocation and
the liver was quickly removed, weighed and washed clean of blood with ice-cold saline. Subsequently,
a small piece was homogenized in cold phosphate buffer (0.05 M, pH 7.4), and then centrifuged at
3000 rpm for 10 min at 4 ◦C. The resulting supernatant was used for determination of biochemical
markers. The remaining parts of the liver were used for the histopathological and molecular studies.

4.6. Biochemical Parameters

4.6.1. Liver Functions Tests

A colorimetric method was used to determine the activity of alanine transaminase (ALT)
and aspartate transaminase (AST) enzymes in the collected serum [62] using kits obtained
from Bio-Diagnostic (Giza, Egypt) the results were recorded and analysed using an UV-visible
spectrophotometer (V630; JASCO, Tokyo, Japan) at 505 nm. Alkaline phosphatase and total bilirubin
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(TB) in serum were estimated according to the methods described by Shephard and Peake [63]
and Schmidt and Eisenburg [64] using kits obtained from Bio-Diagnostic (Giza, Egypt) and Randox
(Crumlin, UK). The results were recorded and analyzed using an UV-visible spectrophotometer (V630;
JASCO, Japan) at 510 and 535 nm, respectively.

4.6.2. Determination of Malondialdehyde and Nitric Oxide

Hepatic malondialdehyde (MDA) was estimated using 1 mL of 0.67% thiobarbituric acid according
to the method of Ohkawa et al. [65]. Meanwhile, the level of nitrite/nitrate [nitric oxide (NO)] was
determined according to the method described by Green et al. [66].

4.6.3. Nonenzymatic and Enzymatic Antioxidant Molecules

Hepatic glutathione (GSH) was assayed spectrophotometrically using the Ellman [67] method.
Determination of superoxide dismutase (SOD) and catalase (CAT) activities were assayed according
to the methods described by Sun et al. [68] and Luck [69], respectively. In addition, the activity of
glutathione related enzymes, namely, glutathione peroxidase (GSH-Px) and glutathione reductase
(GSH-R), were assayed according to the techniques described by Paglia and Valentine [70] and Factor
et al. [71], respectively.

4.6.4. Determination of Proinflammation Markers

The hepatic proinflammatory cytokines, namely, interleukin-1 beta (IL-1β; Cat. no. ERIL1B,
ThermoFisher Scientific, Waltham, MA, USA) and tumour necrosis factor alpha (TNF-α; Cat.
no. CSB-E11987r, CUSABIO Life Sciences, Wuhan, China), were assayed using enzyme-linked
immunosorbent assay (ELISA) kits according to the manufacturer’s instructions. Each liver
homogenate sample was measured in duplicate.

4.6.5. Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) Analysis

Total RNA was isolated from liver samples using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) and reverse transcribed to complementary DNA (cDNA) using the Script™ cDNA synthesis
kit (Bio-Rad, California, CA, USA). Quantitative real-time polymerase chain reaction (qRT-PCR)
was performed using Power SYBR® Green (Invitrogen) on an Applied Biosystems 7500 Instrument.
The cycling conditions for amplification were 95 ◦C for 2 min, followed by 40 cycles at 94 ◦C for
60 s and 60 ◦C for 90 s. Each assay was performed in duplicate to determine delta CT. Specific
primers were purchased from Jena Bioscience GmbH (Jena, Germany). The housekeeping gene was
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer sequences for Gapdh, Nos2, Nfe2l2,
Nqo1, Gclc, Utg1a1, Hmox1, Cflar, Bcl2, Bax, and Casp3 were listed previously [72] (see Supplementary
data: Table S1).

4.7. Histopathological Examination

The liver tissues were fixed in 10% neutral-buffered formalin for 24 h at room temperature,
dehydrated in gradual ethanol, embedded in paraffin wax, and sectioned (4–5 μm). The deparaffinized
sections were stained consistently with haematoxylin and eosin dye for microscopic examination.
Images were recorded with 400× magnification (Nikon Eclipse E200-LED, Tokyo, Japan).

4.8. Immunohistochemistry Analysis

To investigate NF-κB, iNOS and αSMA, the paraffinized sections were blocked with hydrogen
peroxide (0.1%) containing methanol for 15 min to damage the endogenous peroxidase. After blocking,
the samples were incubated with the primary antibodies at 4 ◦C overnight. Thereafter, the samples were
washed twice with phosphate-buffered saline and incubated with biotinylated secondary antibody
labelled with horseradish peroxidase (HRP). The reactions were developed via an HRP-catalysed
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reaction with diaminobenzidine (DAB), followed by counterstaining with haematoxylin. Images were
recorded at 400× magnification (Nikon Eclipse E200-LED, Tokyo, Japan). Afterward, the color intensity
of each examined protein was semi-quantitatively scored by a blinded pathologist. The intensity was
expressed as + (weak immunoreaction), ++ (moderate immunoreaction), +++ (strong immunoreaction),
or ++++ (very strong immunoreaction).

4.9. Statistical Analysis

Data obtained are expressed as the mean ± standard deviation. Data from various evaluations
were analysed using one-way analysis of variance (ANOVA) and the differences between the groups
were determined using Tukey’s post hoc test; p values < 0.05 were taken to be statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/4/
993/s1.

Author Contributions: Conceptualization, M.A.D. and A.E.A.; Methodology, A.E.A.M.; Validation, M.A.D. and
A.E.A.M.; Formal Analysis, A.E.A.M.; Investigation, A.E.A.M.; Data Curation, M.A.D. and A.E.A.M.;
Writing-Original Draft Preparation, M.A.D. and A.E.A.M.; Writing-Review & Editing, M.A.D. and A.E.A.M.;
Supervision, A.E.A.M. and S.A.; Project Administration, M.A.D. and S.A.; Funding Acquisition, T.A.H., M.A.M.,
W.F.M., F.A.T. and S.A.

Acknowledgments: The authors extend their appreciation to the Deanship of Scientific Research at King Saud
University for funding the work through the research group project No. RG-198.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Almeer, R.S.; Alarifi, S.; Alkahtani, S.; Ibrahim, S.R.; Ali, D.; Moneim, A. The potential hepatoprotective
effect of royal jelly against cadmium chloride-induced hepatotoxicity in mice is mediated by suppression of
oxidative stress and upregulation of nrf2 expression. Biomed. Pharmacother. 2018, 106, 1490–1498. [CrossRef]
[PubMed]

2. Bunchorntavakul, C.; Reddy, K.R. Acetaminophen-related hepatotoxicity. Clin. Liver Dis. 2013, 17, 587–607.
[CrossRef] [PubMed]

3. Herndon, C.M.; Dankenbring, D.M. Patient perception and knowledge of acetaminophen in a large family
medicine service. J. Pain Palliat. Care Pharmacother. 2014, 28, 109–116. [CrossRef] [PubMed]

4. Blieden, M.; Paramore, L.C.; Shah, D.; Ben-Joseph, R. A perspective on the epidemiology of acetaminophen
exposure and toxicity in the united states. Expert Rev. Clin. Pharmacol. 2014, 7, 341–348. [CrossRef] [PubMed]

5. Yoon, E.; Babar, A.; Choudhary, M.; Kutner, M.; Pyrsopoulos, N. Acetaminophen-induced hepatotoxicity:
A comprehensive update. J. Clin. Transl. Hepatol. 2016, 4, 131–142. [PubMed]

6. Mahmood, N.D.; Mamat, S.S.; Kamisan, F.H.; Yahya, F.; Kamarolzaman, M.F.F.; Nasir, N.; Mohtarrudin, N.;
Tohid, S.F.M.; Zakaria, Z.A. Amelioration of paracetamol-induced hepatotoxicity in rat by the administration
of methanol extract of muntingia calabura l. Leaves. BioMed Res. Int. 2014, 2014, 10. [CrossRef] [PubMed]

7. El-Kott, A.F.; Bin-Meferij, M.M. Use of arctium lappa extract against acetaminophen-induced hepatotoxicity
in rats. Curr. Ther. Res. 2015, 77, 73–78. [CrossRef] [PubMed]

8. Abirami, A.; Nagarani, G.; Siddhuraju, P. Hepatoprotective effect of leaf extracts from citrus hystrix and c.
Maxima against paracetamol induced liver injury in rats. Food Sci. Hum. Wellness 2015, 4, 35–41. [CrossRef]

9. Kareem, M.A.; Gadhamsetty, S.K.; Shaik, A.H.; Prasad, E.M.; Kodidhela, L.D. Protective effect of nutmeg
aqueous extract against experimentally-induced hepatotoxicity and oxidative stress in rats. J. Ayurveda Integr.
Med. 2013, 4, 216–223. [CrossRef] [PubMed]

10. Francis, S.K.; James, B.; Varughese, S.; Nair, M.S. Phytochemical investigation on myristica fragrans stem
bark. Nat. Prod. Res. 2018. [CrossRef] [PubMed]

11. Zhang, W.K.; Tao, S.S.; Li, T.T.; Li, Y.S.; Li, X.J.; Tang, H.B.; Cong, R.H.; Ma, F.L.; Wan, C.J. Nutmeg oil
alleviates chronic inflammatory pain through inhibition of cox-2 expression and substance p release in vivo.
Food Nutr. Res. 2016, 60, 30849. [CrossRef] [PubMed]

12. Broadhurst, C.L.; Polansky, M.M.; Anderson, R.A. Insulin-like biological activity of culinary and medicinal
plant aqueous extracts in vitro. J. Agric. Food Chem. 2000, 48, 849–852. [CrossRef] [PubMed]

33



Int. J. Mol. Sci. 2019, 20, 993

13. Kimura, Y.; Ito, H.; Hatano, T. Effects of mace and nutmeg on human cytochrome p450 3a4 and 2c9 activity.
Biol. Pharm. Bull. 2010, 33, 1977–1982. [CrossRef] [PubMed]

14. Stec, D.E.; John, K.; Trabbic, C.J.; Luniwal, A.; Hankins, M.W.; Baum, J.; Hinds, T.D., Jr. Bilirubin binding to
pparalpha inhibits lipid accumulation. PLoS ONE 2016, 11, e0153427. [CrossRef] [PubMed]

15. Hinds, T.D., Jr.; Sodhi, K.; Meadows, C.; Fedorova, L.; Puri, N.; Kim, D.H.; Peterson, S.J.; Shapiro, J.;
Abraham, N.G.; Kappas, A. Increased ho-1 levels ameliorate fatty liver development through a reduction of
heme and recruitment of fgf21. Obesity 2014, 22, 705–712. [CrossRef] [PubMed]

16. Morita, T.; Jinno, K.; Kawagishi, H.; Arimoto, Y.; Suganuma, H.; Inakuma, T.; Sugiyama, K. Hepatoprotective
effect of myristicin from nutmeg (myristica fragrans) on lipopolysaccharide/d-galactosamine-induced liver
injury. J. Agric. Food Chem. 2003, 51, 1560–1565. [CrossRef] [PubMed]

17. Sharma, M.; Kumar, M. Radioprotection of swiss albino mice by myristica fragrans houtt. J. Radiat. Res. 2007,
48, 135–141. [CrossRef] [PubMed]

18. Du, K.; Ramachandran, A.; Jaeschke, H. Oxidative stress during acetaminophen hepatotoxicity: Sources,
pathophysiological role and therapeutic potential. Redox Biol. 2016, 10, 148–156. [CrossRef] [PubMed]

19. Du, K.; McGill, M.R.; Xie, Y.; Bajt, M.L.; Jaeschke, H. Resveratrol prevents protein nitration and release of
endonucleases from mitochondria during acetaminophen hepatotoxicity. Food Chem. Toxicol. 2015, 81, 62–70.
[CrossRef] [PubMed]

20. Papackova, Z.; Heczkova, M.; Dankova, H.; Sticova, E.; Lodererova, A.; Bartonova, L.; Poruba, M.; Cahova, M.
Silymarin prevents acetaminophen-induced hepatotoxicity in mice. PLoS ONE 2018, 13, e0191353. [CrossRef]
[PubMed]

21. Shanmugam, S.; Thangaraj, P.; Lima, B.D.S.; Chandran, R.; de Souza Araujo, A.A.; Narain, N.; Serafini, M.R.;
Junior, L.J.Q. Effects of luteolin and quercetin 3-beta-d-glucoside identified from passiflora subpeltata leaves
against acetaminophen induced hepatotoxicity in rats. Biomed. Pharmacother. 2016, 83, 1278–1285. [CrossRef]
[PubMed]

22. Biswas, S.K. Does the interdependence between oxidative stress and inflammation explain the antioxidant
paradox? Oxid. Med. Cell. Longev. 2016, 2016, 9. [CrossRef] [PubMed]

23. Posadas, I.; Santos, P.; Cena, V. Acetaminophen induces human neuroblastoma cell death through nfkb
activation. PLoS ONE 2012, 7, e50160. [CrossRef] [PubMed]

24. Yoshioka, H.; Usuda, H.; Fujii, H.; Nonogaki, T. Sasa veitchii extracts suppress acetaminophen-induced
hepatotoxicity in mice. Environ. Health Prev. Med. 2017, 22, 54. [CrossRef] [PubMed]

25. Akinboro, A.; Mohamed, K.B.; Asmawi, M.Z.; Sulaiman, S.F.; Sofiman, O.A. Antioxidants in aqueous extract
of myristica fragrans (houtt.) suppress mitosis and cyclophosphamide-induced chromosomal aberrations in
allium cepa l. Cells. J. Zhejiang Univ. Sci. B 2011, 12, 915–922. [CrossRef] [PubMed]

26. Calliste, C.A.; Kozlowski, D.; Duroux, J.L.; Champavier, Y.; Chulia, A.J.; Trouillas, P. A new antioxidant from
wild nutmeg. Food Chem. 2010, 118, 489–496. [CrossRef]

27. Kapoor, I.P.S.; Singh, B.; Singh, G.; De Heluani, C.S.; De Lampasona, M.P.; Catalan, C.A.N. Chemical
composition and antioxidant activity of essential oil and oleoresins of nutmeg (myristica fragrans houtt.)
fruits. Int. J. Food Prop. 2013, 16, 1059–1070. [CrossRef]

28. Erukainure, O.L.; Ajiboye, J.A.; Abbah, U.A.; Asieba, G.O.; Mamuru, S.; Zaruwa, M.Z.; Manhas, N.;
Singh, P.; Islam, M.S. Monodora myristica (African nutmeg) modulates redox homeostasis and alters functional
chemistry in sickled erythrocytes. Hum. Exp. Toxicol. 2018, 37, 458–467. [CrossRef] [PubMed]

29. Tisserand, R.; Young, R. 14—Constituent profiles. In Essential Oil Safety, 2nd ed.; Tisserand, R., Young, R.,
Eds.; Churchill Livingstone: St. Louis, MO, USA, 2014; pp. 483–647.

30. Jeong, H.G.; Yun, C.H. Induction of rat hepatic cytochrome p450 enzymes by myristicin. Biochem. Biophys.
Res. Commun. 1995, 217, 966–971. [CrossRef] [PubMed]

31. Lee, J.Y.; Park, W. Anti-inflammatory effect of myristicin on raw 264.7 macrophages stimulated with
polyinosinic-polycytidylic acid. Molecules 2011, 16, 7132–7142. [CrossRef] [PubMed]

32. Serhan, C.N.; Chiang, N.; Van Dyke, T.E. Resolving inflammation: Dual anti-inflammatory and pro-resolution
lipid mediators. Nat. Rev. Immunol. 2008, 8, 349–361. [CrossRef] [PubMed]

33. Acuña, U.M.; Blanco Carcache, P.J.; Matthew, S.; Carcache de Blanco, E.J. New acyclic bis phenylpropanoid
and neolignans, from myristica fragrans houtt., exhibiting parp-1 and nf-κb inhibitory effects. Food Chem.
2016, 202, 269–275. [CrossRef] [PubMed]

34



Int. J. Mol. Sci. 2019, 20, 993

34. Watelet, J.; Laurent, V.; Bressenot, A.; Bronowicki, J.P.; Larrey, D.; Peyrin-Biroulet, L. Toxicity of chronic
paracetamol ingestion. Aliment. Pharmacol. Ther. 2007, 26, 1543–1544. [CrossRef] [PubMed]

35. Bai, Q.; Yan, H.; Sheng, Y.; Jin, Y.; Shi, L.; Ji, L.; Wang, Z. Long-term acetaminophen treatment induced liver
fibrosis in mice and the involvement of egr-1. Toxicology 2017, 382, 47–58. [CrossRef] [PubMed]

36. Almeer, R.S.; El-Khadragy, M.F.; Abdelhabib, S.; Abdel Moneim, A.E. Ziziphus spina-christi leaf extract
ameliorates schistosomiasis liver granuloma, fibrosis, and oxidative stress through downregulation of
fibrinogenic signaling in mice. PLoS ONE 2018, 13, e0204923. [CrossRef] [PubMed]

37. Shen, K.; Chang, W.; Gao, X.; Wang, H.; Niu, W.; Song, L.; Qin, X. Depletion of activated hepatic stellate cell
correlates with severe liver damage and abnormal liver regeneration in acetaminophen-induced liver injury.
Acta Biochim. Biophys. Sin. 2011, 43, 307–315. [CrossRef] [PubMed]

38. Park, E.Y.; Shin, S.M.; Ma, C.J.; Kim, Y.C.; Kim, S.G. Meso-dihydroguaiaretic acid from machilus thunbergii
down-regulates tgf-beta1 gene expression in activated hepatic stellate cells via inhibition of ap-1 activity.
Planta Med. 2005, 71, 393–398. [CrossRef] [PubMed]

39. Chan, K.; Han, X.D.; Kan, Y.W. An important function of nrf2 in combating oxidative stress: Detoxification
of acetaminophen. Proc. Natl. Acad. Sci. USA 2001, 98, 4611–4616. [CrossRef] [PubMed]

40. Song, J.S.; Kim, E.K.; Choi, Y.W.; Oh, W.K.; Kim, Y.M. Hepatocyte-protective effect of nectandrin b, a nutmeg
lignan, against oxidative stress: Role of nrf2 activation through erk phosphorylation and ampk-dependent
inhibition of gsk-3beta. Toxicol. Appl. Pharmacol. 2016, 307, 138–149. [CrossRef] [PubMed]

41. Kim, E.K.; Song, J.S.; Choi, D.G.; Choi, Y.W.; Oh, W.K.; Kim, Y.-M. Therapeutic potential of nectandrin b,
a nutmeg lignan, in nonalcoholic fatty liver disease: Anti-lipogenic and hepatocyte-protective effects through
amp-activated protein kinase and nrf2 activation. FASEB J. 2017, 31. [CrossRef]

42. Roubalová, L.; Dinkova-Kostova, A.T.; Biedermann, D.; Křen, V.; Ulrichová, J.; Vrba, J. Flavonolignan
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Abstract: Glucocorticoids are used during prostate cancer (PCa) treatment. However, they may also
have the potential to drive castration resistant prostate cancer (CRPC) growth via the glucocorticoid
receptor (GR). Given the association between inflammation and PCa, and the anti-inflammatory
role of heme oxygenase 1 (HO-1), we aimed at identifying the molecular processes governed by the
interaction between HO-1 and GR. PCa-derived cell lines were treated with Hemin, Dexamethasone
(Dex), or both. We studied GR gene expression by RTqPCR, protein expression by Western Blot,
transcriptional activity using reporter assays, and nuclear translocation by confocal microscopy.
We also evaluated the expression of HO-1, FKBP51, and FKBP52 by Western Blot. Hemin
pre-treatment reduced Dex-induced GR activity in PC3 cells. Protein levels of FKBP51, a cytoplasmic
GR-binding immunophilin, were significantly increased in Hemin+Dex treated cells, possibly
accounting for lower GR activity. We also evaluated these treatments in vivo using PC3 tumors
growing as xenografts. We found non-significant differences in tumor growth among treatments.
Immunohistochemistry analyses revealed strong nuclear GR staining in almost all groups. We did
not observe HO-1 staining in tumor cells, but high HO-1 reactivity was detected in tumor infiltrating
macrophages. Our results suggest an association and crossed modulation between HO-1 and
GR pathways.
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1. Introduction

Glucocorticoid receptor (GR) activation, mediated by the binding of glucocorticoids, regulates the
expression of inflammatory factors. Many chaperones are involved in the trafficking and turnover
of this receptor. Cytoplasmic GR forms heterocomplexes with the Hsp90-binding immunophilin
FKBP51 [1]. Upon steroid binding, FKBP51 is released from GR and replaced by FKBP52 which,
in turn, recruits dynein/dynactin [1]. Therefore, this immunophilin exchange assemblies the molecular
machinery for the efficient and fast nuclear transport of GR.

In prostate cancer (PCa), glucocorticoids are usually used to counteract the pain associated with
bone metastasis and the toxic effects triggered by therapy. On the other hand, GR is upregulated in
castration-resistant tumors and its over-expression is involved in the development of abiraterone and
enzalutamide resistance [2], bypassing androgen receptor (AR) blockage and regulating a subset of
distinguishable AR target genes [3]. The GR upregulation can be explained by the lack of AR binding
to a negative androgen response element in the GR promoter [4].

Heme oxygenase 1 (HO-1), the rate limiting enzyme of heme degradation, is of vital importance
in the inflammatory response [5]. Although in many tumors its expression has been associated with
progression and increased aggressiveness, our group showed that high HO-1 expression inhibits PCa
cell proliferation, migration, and invasion in vitro [6], and prevents tumor growth and angiogenesis
in vivo [6,7]. Similar results were reported for other tumors [5]. We also showed that HO-1 can
negatively modulate AR transcriptional activity by interfering with STAT3 signaling [8]. Additionally,
HO-1 exhibits nuclear localization in different tumors [9–12]; however, the role of nuclear HO-1 is
still unknown.

The current literature on HO-1 and GR association is controversial and non-conclusive.
Lutton et al. showed that HO-1 was under-expressed when hepatocarcinoma cells were treated with
Dexamethasone [13]. Additionally, Lavrovsky et al. revealed the existence of a negative glucocorticoid
response element in the HO-1 promoter [14] and that glucocorticoid-treated endothelial cells had lower
HO-1 expression [15]. On the other hand, an upregulation of HO-1 by Dexamethasone was shown in
monocytes [16] and larynx carcinoma cells [17].

The aim of this study was to analyse the interaction between GR and HO-1 and to identify the
molecular processes governed by the association between these two proteins in PCa.

2. Results

2.1. NR3C1 Expression and Signaling is Modulated by Hemin Treatment

We first analyzed whether glucocorticoids or hemin treatments affected PC3 (GR+/AR−) and
C4-2B (GR+/AR+) viability. Hemin, a potent inducer of HO-1, significantly decreased the viability of
both cell lines, either in the presence or absence of Dexamethasone (Figure 1A). Hemin-induced HO-1
over-expression was confirmed by Western Blot and RTqPCR (Figure 1B and Supplemental Figure
S1, respectively). NR3C1 (GR gene) mRNA expression was significantly decreased under Hemin and
Hemin+Dexamethasone treatments in both cell lines, while it did not change under Dexamethasone
treatment (Supplemental Figure S1). However, we observed that GR protein levels were significantly
elevated by more than 3-fold in cells exposed to Dexamethasone (Figure 1B). The higher protein levels
detected, even when NR3C1 mRNA levels were similar or lower to control, might be due to lower GR
proteasome degradation, as was previously demonstrated [18].
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.
Figure 1. Hemin treatment modulates Dexamethasone-induced GR expression and signaling. PC3
and C4-2B cells were treated with Hemin (80 μM for 24 h), Dexamethasone (Dex; 10 nM for 6 h post
Hemin/PBS 24-h treatment), the combination of both drugs, or PBS as control. (A) MTS viability assay
was performed and results are presented as percentage of viable cells compared to control (100%).
(B) Western blot analysis showing HO-1, GR, and β-actin as loading control. Protein quantification was
performed by densitometry analysis using ImageJ software. The numbers under the bands indicate the
quantitation normalized to β-actin and control lane. One representative experiment is shown. Panels
C and D depict reporter assays. Cell lines were transiently transfected with the MMTV-luc (C) or
NFkB-luc (D) reporter plasmids, and after treatments, cells were lysed and luciferase activity assay
was performed. Data were normalized to total protein values. Results are shown as mean ± SEM from
at least three independent experiments; * p < 0.05 and ** p < 0.01 versus control cells, # p < 0.05 versus
Dex treated cells.

We further analyzed the expression levels of IKBA and BCLXL, two GR downstream targets,
to infer GR activity. Hemin significantly downregulated the transcription of both genes in PC3
independently of Dexamethasone treatment (Supplemental Figure S1), while in C4-2B this repressive
effect was observed only on the Dexamethasone-induced condition (Supplemental Figure S1).

In order to further investigate the transcriptional activity of GR, we used a reporter plasmid
(MMTV-luc) with GR response elements. Dexamethasone-induced luciferase activity was confirmed in
both cell lines (Figure 1C), but hormone-activation was partially abrogated in PC3 cells pre-treated
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with Hemin (Figure 1C, left panel), albeit the protein levels were similar to those in Hemin-alone
treated cells. Additionally, we studied the GR-mediated transrepression activity on NFkB pathway,
using a luciferase reporter plasmid (NFkB-luc) that responds to this pro-inflammatory factor [7].
Dexamethasone inhibited luciferase activity in PC3 cells, thus reflecting the higher GR-transrepressive
effect provoked by the glucocorticoid (Figure 1D), which was reversed when cells were pre-treated
with Hemin. This effect was not observed in C4-2B (Figure 1D). However, in this cell line, Hemin
reduced NFkB-luc activity under the experimental conditions assayed (Figure 1D).

Given our previous data showing that HO-1 interacts with and modulates STAT3 [8], a critical
transcription factor in PCa, we sought to test whether a direct protein association exists between
GR and HO-1. Co-immunoprecipitation assays in PC3 cells suggested that HO-1 and GR interact
(Figure 2).

Figure 2. HO-1 associates to GR in PC3 cells. PC3 cells were treated with Hemin (80 μM, 24 h) or PBS as
control. Nuclear and cytoplasmic compartments were isolated. Cell extracts were immunoprecipitated
using an anti-HO-1 polyclonal antibody or IgG as negative control. Complexes were analysed by
SDS-polyacrylamide gel electrophoresis and immunoblot assay with anti-GR and anti-HO-1 antibodies.

We previously reported that Hemin treatment retained STAT3 in the cytoplasm [8], therefore,
here we analyzed GR subcellular localization under HO-1 induced expression. Analysis of confocal
immunofluorescence microscopy confirmed HO-1 over-expression under Hemin treatment and a
higher nuclear localization of this protein (Figure 3). GR expression and its nuclear localization
increased under Dexamethasone treatment, and this effect was not impaired by Hemin pre-treatment
(Figure 3).

Altogether, these results suggest that HO-1 modulates GR signaling in PCa cells without
interfering with GR nuclear translocation.
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Figure 3. Analysis of HO-1 and GR subcellular localization. Immunofluorescence analysis of HO-1 and
GR expression and localization in PC3 cells treated with Hemin (80 μM for 24 h), Dex (10 nM for 6 h
post Hemin/PBS 24-h treatment), and the combination of both drugs or PBS as control. Cells were fixed,
stained with anti-HO1, and anti-GR primary antibodies and secondary antibodies conjugated with
Alexa Fluor 488 (red, HO-1) and 555 (green, GR) antibodies. Cells were imaged by confocal microscopy
using the same parameters for all the treatments. A representative image for each condition is shown.
Final magnification: ×60.

2.2. Identification of Glucocorticoid Response Elements in HO-1 Proximal Promoter

Confocal Immunofluorescent microscopy revealed altered HO-1 expression in Hemin+Dexamethasone
treated cells compared to Hemin alone treatment (Figure 3). We performed an in-silico analysis of the
HO-1 promoter region (estimated at Chr22:35379360–35380560) to identify glucocorticoid response
elements (GRE). As shown in Supplemental Table S1, HO-1 proximal promoter does not contain
consensus GRE sequences. However, we cannot rule out the presence of other GRE in distant regions,
such as enhancers.

2.3. Hemin Treatment Increases FKBP51 Expression in the Presence of Dexamethasone

Strong evidence suggest that FKBP51 and FKBP52 have a role in the modulation of GR activity
and glucocorticoid-dependent translocation of GR from the cytosol to the nucleus [1]. Western blot
analysis revealed a significant increase of FKBP51 in cells under HO-1 induction and GR stimulation
with respect to cells that received only single treatments or vehicle (Figure 4A). Furthermore,
Hemin+Dexamethasone treatment triggered a higher FKBP51/52 expression ratio (Figure 4B).
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Figure 4. Hemin increases FKBP51 expression under Dexamethasone stimulation. (A) Western blot
analysis showing FKBP51 and FKBP52 expression in PC3 cells treated with Hemin (80 μM for 24 h),
Dex (10 nM for 6 h post Hemin/PBS 24-h treatment), the combination of both drugs, or PBS as
control. Total protein was extracted and protein expression was analyzed by western blotting using
specific antibodies. GAPDH levels are shown as control for equal loading. Protein quantification was
performed by densitometry analysis using ImageJ software and bands were normalized to GAPDH
and control. (B) FKBP51/FKBP52 ratio was calculated for each condition. One representative from at
least three independent experiments is shown.

2.4. Study of Hemin and/or Dexamethasone Treatment in PC3 Xenografts

Given that Dexamethasone is frequently used as a palliative treatment in patients with PCa,
and the relevance of inflammation in this disease, we used a human PCa xenograft model to investigate
the effect of Hemin, Dexamethasone, or both on tumor growth. No significant alterations were observed
in the body weight of the animals in the different groups (Supplemental Figure S2). For each treatment
(n = 7), the exponential regression of tumor volume curve was plotted and duplication time for each
condition was calculated (Figure 5A). Non-significant differences were observed among treatments in
the tumor growth nor in HMOX1, BCLXL, IKBA, and MKI67 gene expression (Supplemental Figure S2).
As previously reported in vitro [19], a significant down-regulation of GR mRNA levels was detected
in animals of the Dexamethasone group (Supplemental Figure S2).
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Figure 5. In vivo effect of Hemin and/or Dexamethasone on PC3 xenografts growth. Six- to
eight-week-old male athymic nude (nu/nu) mice were randomized into four groups (n = 7 per group).
PC3 cells (3.6 × 106) were injected s.c. in the right flank. When tumors reached a volume of around
150 mm3, animals were i.p. injected every 48 h with 6 doses of Hemin (25 mg/kg), Dexamethasone
(0.2 mg/kg), Hemin+Dexamethasone (same doses of individual treatments), or PBS (control).
(A) Exponential regression of tumor volume was calculated for each treatment according to the volume
measured, as described in Materials and Methods along the experimental procedure. (B) Histological
(H&E, left panel) and immunohistochemical analysis of paraffin-embedded tumor sections obtained
from treated or control mice at the experimental end point. HO-1 and GR immunohistochemical
analysis were performed using specific antibodies: HO-1 negative immunostaining in tumor cells and
positive HO-1 reactivity in macrophages (central panel) and GR-positive nuclear immunostain (right
panel). Final magnification: H&E × 250, HO-1 × 250, GR × 100. One representative image of each
condition is shown.
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Histological analysis at the time of euthanasia revealed the presence of poorly differentiated
carcinomas, with irregular nuclei, prominent nucleoli, and aberrant mitotic images (Figure 5B).
Immunohistochemical staining showed negative HO-1 expression in the tumor cells in all the groups.
However, positive HO-1 expression was detected in macrophages in all the animals with higher
immunoreactivity in Hemin, Dexamethasone, and Hemin+Dexamethasone groups (Figure 5B). Nuclear
GR staining was detected in all cases; nevertheless, different intensities were observed—strong in
control and Dexamethasone treated animals, weak to moderate in the Hemin group and weak in the
co-treated group (Figure 5B).

2.5. High NR3C1 and HMOX1 Expression Reduces PCa-Patient Disease-Free Survival

To evaluate whether NR3C1 and HMOX1 tumoral expression have clinical implications,
we analyzed disease-free survival and relapse-free survival using data from public repositories.
RNAseq data showed non-significant differences in survival when both genes were examined
individually (Figure 6A,B). However, when the combined expression of NR3C1 and HMOX1 was
considered, we found that patients with high expression of both genes have significantly worse
disease-free survival (HR = 9.3, 95% CI = 2.0–42.9, p = 0.004; Figure 6C).

 
Figure 6. NR3C1 and HMOX1 high expression reduces PCa-patient disease-free survival. Kaplan
Meier plot showing groups with low and high HMOX1 (A) and NR3C1 (B) expression according to
ROC curve threshold. (C) Kaplan Meier plot showing groups with low and high HMOX1 and NR3C1
combined expression according to ROC curve threshold. Patients with high expression of both genes
have shorter disease-free survival compared to other groups (log-rank p = 0.0004). Vertical marks show
censored patients.

3. Discussion

In this study, we report for the first time that Hemin negatively modulates GR activity induced
by Dexamethasone in PCa cells (PC3, GR+/AR−) (Figure 1). The reduced GR activity observed
under Hemin+Dexamethasone treatment could be explained by the increased expression of FKBP51
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(Figure 4). These findings suggest a crosstalk between HO-1 and GR pathways in PC3 cells.
Furthermore, co-immunoprecipitation analysis suggested a physical interaction between these two
proteins. Overall, we demonstrated that HO-1 alters GR signaling in PCa cells without impairing GR
nuclear translocation.

We have previously shown the direct interaction between HO-1 and STAT3, the cytoplasmic
retention of this transcription factor, and the consequent down-regulation of AR transcriptional
activity [8]. HO-1 was also shown to interact with other proteins [20,21]. In this study, we demonstrated
that Hemin treatment is able to impair GR activity in vitro, even though GR is able to translocate to
the nucleus in the presence of Dexamethasone. This observation agrees with results already reported
showing a FKBP51-dose-dependent inhibition of GR activity [22] partially mediated by the reduction
of hormone binding [23]. Furthermore, it was demonstrated that in WCL2 cells that constitutively
over-expresses GR, this receptor was localized in the nucleus, even without steroid stimulation [24].
Since GR activity and subcellular localization were performed at 6 h post Dexamethasone treatment,
we cannot rule out that HO-1 interferes with GR nuclear translocation kinetics at shorter times (<2 h).
In agreement with this, it was previously reported that geldanamycin (Hsp90 inhibitor) reduced
the mineralocorticoid receptor nuclear translocation [24]. At longer times, hormone receptors could
translocate to the nucleus in a cytoskeleton-independent manner.

HO-1 is one of the NRF2 downstream targets [25] and NRF2 activity is modulated by
nuclear receptors, including GR [26]. It was reported that GR signaling represses NRF2-dependent
transcriptional activation [27]. Accordingly, we observed that HO-1 mRNA levels were lower under
Dexamethasone treatment (Figure 1B). However, Dexamethasone-mediated repression was not detected
when cells were pretreated with hemin, probably due to the high levels of HO-1 reached before the
glucocorticoid treatment.

Although GR and HO-1 expression profile were similar in C4-2B (GR+/AR+) and PC3
(GR+/AR−) in all treatments (Supplemental Figure S1), GR activity induced by Dexamethasone
was not significantly altered in Hemin-treated C4-2B cells (Figure 1). The lack of effect could be
explained by the presence of a mutant AR, as it is well known that MMTV-luc reporter plasmid can
also be activated by AR [28]. Moreover, it was recently documented that PCa cells with high AR
expression have lower GR dependency [29].

Dexamethasone is frequently used as a palliative treatment in patients with PCa [30]. Considering
that Hemin modulates GR activity in vitro, we assessed the effect of this protoporphyrin and
Dexamethasone co-treatment using PC3-derived tumors growing as xenografts. In accordance
with a previous report [31], no significant differences in tumor growth was observed when animals
received Dexamethasone. On the other hand, DU145 xenografts treated with peritumoral injections
of Dexamethasone showed a significantly lower growth rate compared to the control group [32].
Furthermore, Hemin treatment had no effect on tumor growth when administered, either alone or in
combination with the glucocorticoid. It is worth mentioning that we recently reported that Hemin
conditioning prior to tumor challenge resulted in a significant increase in tumor latency compromising
the tumor vascularization and the immune response [33]. However, these results were obtained using
a pre-clinical model of PCa in immunocompetent mice, another PCa cell line was used, and drugs
were administered with different protocols [32,33].

Immunohistochemistry analysis of PC3 xenografts revealed negative HO-1 staining in tumor cells
demonstrating that Hemin i.p. treatment did not induce HO-1 expression in tumor epithelial cells.
However, we observed strong positive HO-1 immunoreactivity was detected in tumor infiltrating
macrophages (Figure 5). In agreement with these results, analyses of human prostate carcinomas
and benign prostatic hyperplasia samples showed HO-1 positive staining in stromal and infiltrating
immune cells [11,34]. HO-1 expression was also reported in extra tumoral macrophages and associated
with tumor aggressiveness [34], metastatic behavior of PC3 xenografts [35], and tumor development
and progression [34]. In addition, HO-1 positivity was almost exclusively seen in macrophages at the
tumor invasive front in high-grade tumors from human samples [34].

45



Int. J. Mol. Sci. 2019, 20, 1006

Strong nuclear heterogeneous GR immunostaining was observed in Dexamethasone-treated
animals and its intensity decreased in the group receiving both agents (Figure 5). Recently,
other authors reported that GR is down-regulated in PCa tissue from patients sensitive to enzalutamide
and abiraterone treatment compared to normal prostate [2,3]. They also described that GR expression
was higher in enzalutamide/abiraterone-resistant CRPC samples [2,3].

Finally, we analyzed RNAseq data from a public repository and found that patients with high
expression of NR3C1 and HMOX1 have shorter disease-free survival than patients with low expression
of both genes. Similarly, Puhr et al. showed that patients expressing GR high levels have shorter
biochemical relapse free survival [29]. However, we cannot rule out that this result was confounded
by inflammation.

In summary, we demonstrated the importance of GR signaling in PCa and provided evidence
about the association between GR and HO-1. Further studies will elucidate the therapeutic potential
of targeting GR/HO-1 pathways in PCa therapy.

4. Materials and Methods

4.1. In Vitro Experiments

4.1.1. Cell Culture and Treatments

C4-2B and PC3 cells were cultured in RPMI 1640 (Invitrogen, Buenos Aires, Argentina)
supplemented with 10% FBS (fetal bovine serum) and antibiotics (penicillin 100 U/mL, streptomycin
100 μg/mL, and amphotericin 0.5 μg/mL). Cultures were maintained at 37 ◦C in a humidified incubator
with a 5% CO2.

Cells were incubated 24 h in RPMI media containing 10% charcoaled FBS before they were
exposed to either Hemin (80 μM, 24 h), Dexamethasone (10 nM, 6 h post Hemin/PBS treatment),
the combination of both drugs, or PBS as control. Dexamethasone and Hemin were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Cell viability was measured using CellTiter 96® AQueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA).

4.1.2. Transfections and Luciferase Reporter Assay

C4-2B and PC3 cells were seeded on 12-well plates (90% confluence) and transiently transfected
with luciferase plasmid (MMTV-luc or NFkB-luc; 2 μg) using PEI (Polyethyilenimine, Polysciences
Inc., Warrington, PA, USA; 4 μg). Luciferase activity was determined by the Luciferase Assay System
(Promega, Madison, WI, USA) in a Glomax luminometer (Promega, Madison, WI, USA). Transfections
were performed in triplicate and each experiment was repeated at least three times. Data were
normalized to total protein determined by Bradford assay.

4.1.3. RNA Isolation and Reverse Transcription–Quantitative PCR (RTqPCR)

Total RNA was isolated with Quick-Zol (Kalium technologies, Argentina) according to the
manufacturer’s protocol. The cDNAs were synthesized with RevertAid Premium First Strand cDNA
Synthesis Kit (Fermentas, Waltham, MA, USA) and used for real-time PCR amplification with Taq
DNA Polymerase (Invitrogen, Waltham, MA, USA) in a Stratagene MX3000P (Agilent Technologies,
Santa Clara, CA, USA). Primers sequences (5′->3′) used were: NR3C1 (GR): TAT CTC GGC TGC GGC
GGG AA and AGC GAC AGC CAG TGA GGG TGA; HMOX1 (HO-1): ACT GCG TTC CTG CTC AAC
AT and GGG GCA GAA TCT TGC ACT TT; IkB: ACC ATG GAA GTG ATC CGC CAG G and AGC
TCC CAG AAG TGC CTC AGC AA; PPIA: CCC ATT TGC TCG CAG TAT CCT AGA and GGC ATG
GGA GGG AAC AAG GAA AAC; BCLXL: GGT ATT GGT GAG TCG GAT CG and TTC CAC AAA
AGT ATC CCA GC; MKI67: GCC AGC ACG TCG TGT CTC AAG AT and ACA CTG TCT TTT GAG
TCA TCT GCG G.
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Data were analyzed by Mx3000P software and normalized to the reference gene PPIA and control
group. Data were analyzed using de 2−ΔΔCt method [36].

4.1.4. Immunoblot Analysis and Antibodies

Total cell lysates and immunoblot analysis were carried out as previously described [6]. Briefly,
cells were lysed with RIPA buffer (Tris HCl 50 mM pH 7.4; NaCl 150 mM; EDTA 20 mM pH 8; sodium
deoxycholate 1%; SDS 0.1%; Triton X-100 1%, 1 mM Na3VO4, 20 mM NaF and 1 mM Na4P2O7, pH 7.9)
and homogenized. After 20 min of incubation at 4 ◦C, the lysates were centrifuged at 12,000× g for
20 min at 4 ◦C and the supernatant kept at −80 ◦C. Lysates containing equal amounts of proteins (50 μg)
were resolved on 7.5–12.5% SDS–PAGE depending on the molecular weight of the proteins under
study. PageRuler Plus Prestained Protein Ladder (Fermentas, Waltham, MA, USA) was used for the
estimation of molecular weight. The proteins were blotted to a Hybond-ECL nitrocellulose membrane
(GE Healthcare, Little Chalfont, UK). Membranes were blocked with 5% dry non-fat milk in TBS
containing 0.1% Tween 20 (TBST) for 1 h at room temperature, and incubated with primary antibodies
diluted in TBST for 1 h at room temperature. Membranes were then incubated with horseradish
peroxidase-labelled secondary antibody for 1 h at room temperature.

The following antibodies were used: monoclonal anti–HO-1 (catalogue 13248. Abcam, UK),
monoclonal anti-GR (catalogue 12041. Cell Signaling, Danvers, MA, USA), monoclonal anti-FKBP51
(catalogue PA1-020, Affinity BioReagents, Golden, CO, USA), polyclonal anti-FKBP52 (catalogue UP30.
Pharmacia and Upjohn, Inc., Pfizer, New York, NY, USA), anti–β-actin antibody (catalogue 3700. Cell
Signaling, Danvers, MA, USA), and anti-mouse and anti-rabbit secondary antibodies (catalogue 7076S
and catalogue 7074, respectively. Cell Signaling, Danvers, MA, USA).

4.1.5. Co-Immunoprecipitation

PC3 cells were treated as described above and harvested in lysis buffer (20 mM Tris HCl, pH 8;
137 mM NaCl; 10% glicerol; 1% Triton X-100; 2 mL de EDTA 0.5 M, 1x protease inhibitor mixture
(Sigma-Aldrich, St. Louis, MO, USA), 100 μg/mL PMSF, 20 mM NaF, and 1 mM Na3VO4). Proteins
(500 μg) in lysis buffer were incubated overnight at 4 ◦C with 8 μg of anti–HO-1 antibody. Protein
G Agarose beads (Invitrogen, Waltham, MA, USA) were added to each tube for 3 h at 4 ◦C. Beads
were washed with ice-cold lysis buffer. Fifty micrograms of the lysate was used as input. Immune
complexes were analyzed by immunoblot with anti-GR and anti–HO-1 antibodies.

4.1.6. Immunofluorescence and Microscopy

Cells were seeded in 12-well plates at a density of 1 × 105 cells per well on coverslips overnight.
Cells were treated as described above and were fixed in ice-cold methanol and permeabilized for
10 min with 0.5% Triton X-100/PBS, washed with PBS, and then blocked with 5% BSA/PBS. Cells
were incubated overnight with primary antibodies diluted in 4% BSA and 0.1% Tween 20 in PBS.
Cells were then washed with PBS and incubated with fluorescent secondary antibodies Alexa Fluor
488 goat anti-mouse and Alexa Fluor 555 goat anti-rabbit antibodies were from Molecular Probes
(Invitrogen, Waltham, MA, USA). Negative controls were carried out using PBS instead of primary
antibodies. Cells were washed, mounted, and imaged by confocal laser scanning microscopy, which
was performed with an Olympus Fluo view FV 1000 microscope, using an Olympus 60x/1.20 NA
UPLAN APO water immersion objective.

4.1.7. Statistical Analysis

GraphPad Prism software was used for statistical analysis and results are shown as mean ±
standard error (SEM) of at least three independent experiments, unless stated otherwise. Student’s t-test
or Mann-Whitney U-test were used to compare two experimental groups. For multiple comparisons,
one-way ANOVA tests were performed.
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4.2. In Vivo Experiments

4.2.1. Human PCa Xenograft Model

Six- to eight-week-old male athymic nude (nu/nu) mice, each weighing at least 20 g,
were purchased from Cátedra de Animales de Laboratorio y Bioterio of Facultad de Ciencias
Veterinarias, UNLP, La Plata, Argentina. Mice were used in accordance with the Guidelines for
the Welfare of Animals in Experimental Neoplasia [37]. The protocol was approved by the Ethical
Committee (CICUAL Nº46). Mice were randomly assigned to four groups of seven animals each:
Hemin, Dexamethasone, Hemin+Dexamethasone, or control (PBS). PC3 cells (3.6 × 106 in 200 μL of
RPMI) were injected s.c. (subcutaneously) in the right flank of mice using a 22G needle. Tumors were
measured with a caliper starting at day 8 after inoculation, when the tumors became detectable under
the skin. Tumor volumes were calculated using the formula (length × width2)/2. When tumors reached
a volume around 150 mm3, the animals were i.p. (intraperitoneal) injected every 48 h with 6 doses of
the following treatments: Hemin (25 mg/kg), Dexamethasone (0.2 mg/kg), Hemin+Dexamethasone
(same doses that individual treatments), or PBS (control). Animals were sacrificed 24 h after the
last dose. Resected tumors were divided, one piece was immediately placed in Quick-Zol (Kalium
Technologies SRL, Bernal, Buenos Aires, Argentina) for RNA isolation, and the remaining piece was
fixed in PFA 10% for immunohistochemistry staining.

4.2.2. Immunohistochemical Analyses

Immunohistochemical techniques were performed as previously described [6,11]. Briefly,
immunohistochemistry was done using the streptavidin-biotin-peroxidase complex system LSAB + kit,
horseradish peroxidase (DAKO, Santa Clara, CA, USA). Endogenous peroxide activity was quenched
using hydrogen peroxide in distilled water (3%). Antigen retrieval was done by microwaving. Tissue
slides were incubated overnight with GR and HO-1 primary antibodies. This was followed by
sequential incubations with biotinylated antibody and peroxidase-labelled streptavidin complex.
The peroxidase reaction was conducted, under microscope, using 3,3′-diaminobenzidine. Slides were
counterstained with Mayer’s hematoxylin and analyzed by standard light microscopy. Negative control
slides were prepared by substituting primary antiserum with PBS. For semiquantitative analysis, the
degree of staining was scored as high, moderate, low, or not detectable (3+, 2+, 1+, and 0, respectively);
staining localization was also recorded. We considered positive expression when more than 10% cells
exhibited positive staining.

4.2.3. Statistical Analysis

To analyse the difference between treatments and experiments, we used a three-factor analysis
of variance with repeated measures in the time factor. The considered factors were: treatment, time,
and inter-experiment variation. Tumor volume was used as dependent variable. Wilcoxon test was
employed to determine if there were differences in tumor growth among treatments.

4.3. In Silico Analyses

4.3.1. HMOX1 Promoter Analysis

Promoter sequence was estimated between positions −1000 and +200 of HMOX1. Gene location
and sequence belonging to the GRCh38 version of the human genome were obtained from Ensembl
(http://www.ensembl.org) (access on august 2015). Possible binding of GR to the promoter sequence
was assessed with the command-line version of the FIMO tool from the MEME Suit [38], using DNA
binding motifs from the Cistrome platform [39] (IDs: EN0252, M00205 and MC00033) and the JASPAR
database [40] (IDs: MA0113.1 and MA0113.2).
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4.3.2. Analysis of Human Tumor Samples

The public repository from the European Bioinformatics Institute (EBI, EMBL), Wellcome Genome
Campus, Hinxton, Cambridge, UK (www.ebi.ac.uk) (access on august 2016), was browsed for studies
analyzing PCa tissues. One study that included transcriptome data from 100 tumors obtained by
surgery was selected (E-GEOD-54460—RNAseq Analysis of Formalin-Fixed Paraffin-Embedded
Prostate Cancer Tissues” [41]). The clinico-pathological variables available were: biochemical
relapse, time to relapse, pre-surgical PSA levels, pathological T stage, Gleason score, and surgical
margin involvement.

Kaplan-Meier curves to study disease-free survival and biochemical relapse-free survival were
performed. For these analysis, we dichotomized the patients according to high or low NR3C1 and
HMOX1 expression. We performed Receiver Operating Characteristics (ROC) curves to determine
gene expression cutoffs with the best sensitivity and specificity to predict biochemical relapse.
The comparison between the groups was done with the Log-rank test. We estimated the hazard
ratios (HR), 95 % confidence intervals (95% IC), and p-values using Cox proportional hazard models.
Differences between the groups were considered significant if p-value ≤ 0.05. Analysis were performed
using Stata v14 (StataCorp, College Station, TX, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/5/
1006/s1. Figure S1. Gene expression profile in PCa cells treated with Hemin or Dexamethasone. Figure S2. In vivo
experiments. Table S1. Predicted GR binding sites in HMOX1 promoter region.
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Abstract: Antigen-presenting cells (APCs) including dendritic cells (DCs) play a critical role in
the development of autoimmune diseases by presenting self-antigen to T-cells. Different signals
modulate the ability of APCs to activate or tolerize autoreactive T-cells. Since the expression of
heme oxygenase-1 (HO-1) by APCs has been associated with the tolerization of autoreactive T-cells,
we hypothesized that HO-1 expression might be altered in APCs from autoimmune-prone non-obese
diabetic (NOD) mice. We found that, compared to control mice, NOD mice exhibited a lower
percentage of HO-1-expressing cells among the splenic DCs, suggesting an impairment of their
tolerogenic functions. To investigate whether restored expression of HO-1 in APCs could alter
the development of diabetes in NOD mice, we generated a transgenic mouse strain in which HO-1
expression can be specifically induced in DCs using a tetracycline-controlled transcriptional activation
system. Mice in which HO-1 expression was induced in DCs exhibited a lower Type 1 Diabetes (T1D)
incidence and a reduced insulitis compared to non-induced mice. Upregulation of HO-1 in DCs
also prevented further increase of glycemia in recently diabetic NOD mice. Altogether, our data
demonstrated the potential of induction of HO-1 expression in DCs as a preventative treatment, and
potential as a curative approach for T1D.

Keywords: ANTIGEN presenting cell; tolerance; Tet-ON system; antigen presentation

1. Introduction

Heme oxygenase-1 (HO-1) is one of the three isoforms of the heme oxygenase enzymes
that catabolizes the degradation of heme into biliverdin, free iron, and carbon monoxide (CO).
In contrast to the two other isoforms, HO-1 is the only one which is induced by oxidative stress
or pro-inflammatory cytokines. Under stressful conditions such as increased level of reactive oxygen
species (ROS), the nuclear factor erythroid 2-related factor 2 (Nrf2) is released from the inhibitor protein
Kelch-like ECH-associated protein 1 (Keap1). After translocation in the nucleus, Nrf2 binds to the
antioxidant response element (ARE) sequence and increases the transcription of anti-oxidant genes
including HO-1 (Hmox-1 ) and NAD(P)H quinone dehydrogenase 1 (nqo-1) [1]. Heme oxygenase-1
is also induced by its own substrates, whether they are natural (heme or hemin) or synthetic
(Cobalt-protoporphyrin, CoPP). Many lines of evidence have pointed towards an anti-inflammatory
role for HO-1. A chronic inflammation state was evidenced in both HO-1 knock-out mice [2] and
in a patient exhibiting a mutation in the HO-1 coding Hmox-1 gene [3]. Induction of experimental
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autoimmune encephalomyelitis (EAE) in HO-1 knock-out mice led to enhanced neurological symptoms
as compared to wild-type (wt) mice [4]. In agreement with this latter result, both genetic and
pharmacological manipulations aimed at inducing HO-1 expression protected mice against EAE [4],
autoimmune type 1 diabetes (T1D) [5,6], and allergic asthma [7]. Furthermore, we and others have
shown that HO-1 and CO treatment improved graft survival in both mice and rats [8–12]. Although
the anti-inflammatory properties of HO-1 rely on heme degradation products, i.e., biliverdin, free
iron, and CO, the cellular targets of these latter molecules remain to be identified. In this respect,
studies in both mice and humans have ruled out the possibility that HO-1 degradation products act
directly on regulatory T-cells (Tregs) [13–15]. In contrast, other studies have suggested that HO-1
degradation products could promote the development of tolerogenic dendritic cells (DCs) [16–18],
that could eventually inhibit T-cell responses either by inhibiting the migration of autoreactive CD8+
T-cells to the target organ [19] or by inducing Tregs cells [20].

Type I diabetes (T1D) is a chronic autoimmune disease that results from the killing of pancreatic
β-cells by autoreactive T-lymphocytes. Clinical diagnosis is preceded by a prediabetic asymptomatic
phase characterized by the infiltration of several immune cell types including CD4+ and CD8+ T-cells
in pancreatic islets. The diabetes-prone non-obese diabetic (NOD) mouse strain has been extensively
studied as a clinically relevant model of T1D [21]. Non-obese diabetic mice, and particularly females,
spontaneously develop insulitis starting at 4–5 weeks of age. A significant proportion of these animals
(between 20 and 80% depending on housing conditions) eventually progress to diabetes as the result
of pancreatic β-cells destruction by CD4+ and CD8+ T-cells. Dendritic cells (DCs) play a critical role
in the initiation of TD1 by capturing and processing β-cells antigens. These DCs then migrate to the
pancreatic lymph node where they present antigenic peptides to diabetogenic naïve T-cells leading to
their activation and differentiation into effector T-cells [22].

Given the anti-inflammatory properties of HO-1 and the critical role of DCs in the initiation
of T1D, we hypothesized 1) that DCs from NOD mice could be deficient in HO-1 expression, and
ii) that the selective upregulation of HO-1 in DCs could inhibit the development of T1D. Here we
demonstrated for the first time that genetic induction of HO-1 limited to DCs was sufficient both to
prevent T1D in non-diabetic NOD mice and to stabilize glycemia in some recently diabetic NOD mice.

2. Results

2.1. DCs from NOD Mice are Deficient in HO-1 Expression

In contrast to NOD mice that spontaneously develop insulitis and eventually T1D, Major
Histocompatibility Complex (MHC)-matched non-obese diabetes resistant (NOR) mice only developed
peri-insulitis and never progressed to insulitis and T1D [23]. We found that the percentage of
HO-1-expressing cells among spleen CD11c+ cells was two-fold lower in NOD mice compared to
NOR mice (1.8% versus 3.8%) demonstrating a strain-specific difference (Figure 1A). To investigate
whether the lower percentage of HO-1-positive DCs in NOD mice resulted from an intrinsic defect, we
generated bone marrow-derived DCs (BMDCs) from both NOD and NOR mice and assessed these
cells for HO-1 expression before and after exposure to the HO-1 inducer CoPP. In the absence of CoPP,
the percentage of HO-1-positive DCs was lower in BMDCs from NOD mice compared to those from
NOR mice. While CoPP increased the percentage of BMDCs expressing HO-1 in both NOD and NOR
mice in a dose-dependent manner, the percentage of HO-1-positive BMDCs remained lower in NOD
mice whatever the concentration of CoPP (Figure 1B). Altogether, these data demonstrated that DCs
from NOD mice exhibited an intrinsic defect in HO-1 expression.
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Figure 1. Heme oxygenase-1 expression deficiency in NOD DCs. (A) HO-1 expression in splenic CD11c+

cells was evaluated in one-month-old female NOD and NOR mice by flow cytometry. Representative
dot plots (left panel) and mean frequencies of splenic HO-1+ CD11c+ cells ± s.e.m. (n ≥ 7 mice/group)
(right panel) are reported. (B) Flow cytometry analysis showing HO-1 expression in CD11c+ of
bone marrow-derived DCs (BMDC) from NOD and NOR mice treated or not with CoPP for 24 h.
Mean frequencies of splenic HO-1+ CD11c+ cells ± s.e.m. (n ≥ 8 mice/group) from 3 independent
experiments are reported. An unpaired t-test (A) and a one-way ANOVA followed by Tukey’s post-hoc
test (B) were performed. ***, p < 0.001.

2.2. Generation of a HO-1 Inducible Transgenic Mouse Strain on the NOD Background

To investigate whether the upregulation of HO-1 in DCs could impact the development of T1D in
NOD mice, we used a pIi-tTA+ transgenic mouse strain in which the tetracycline transactivator (tTA)
gene was under the control of the MHC-II invariant chain (Eα-Ii) promoter [16]. We generated a new
transgenic mouse strain, termed TetO-HO-1+, in which the Homx-1 gene was cloned downstream a
hybrid cytomegalovirus-Tet operator (Figure 2A). We then crossed pIi-tTA+ to TetO-HO-1+ transgenic
mice, identified double transgenic animals, and further crossed these mice onto the NOD background
for eight generations. We expected the resultant TetO-HO-1+ pIi-tTA+ double-transgenic mice to
show a doxycycline (DOX)-driven expression of HO-1 in MHC-II+ cells. To investigate whether
this was the case, we purified splenic CD11c+ from double transgenic TetO-HO-1+ pIi-tTA+ and
single transgenic TetO-HO-1+ pIi-tTA- mice and incubated these cells with different doses of DOX
(Figure 2B). As expected, DOX did not increase the percentage of HO-1-positive DCs in single
transgenic TetO-HO-1+ pIi-tTA- mice, but it did in TetO-HO-1+ pIi-tTA+ double transgenic mice.
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An increase in the percentage of HO-1-positive DCs was observed as early as two hours after DOX
treatment in a dose- and time-dependent manner.

Figure 2. In vitro doxycycline treatment of splenic CD11c+ DCs from double transgenic TetO-HO-1+

pIi-tTA+ NOD mice induces HO-1 expression. (A) Schematic representation of the transgenic mouse
strains used in the study. pIi-tTA are transgenic mice in which the tetracycline transactivator (tTA)
gene is under the control of the Major Histocompatibility Complex II (MHC-II) invariant chain
(Eα-Ii) promoter [24]. TetO-HO-1 are transgenic mice in which the human homx-1 cDNA was cloned
downstream a hybrid cytomegalovirus (CMV)-Tet operator rtTA. Double transgenic mouse strain show
induction of HO-1 expression in MHC-II+ cells in the presence of doxycycline (DOX). (B) Splenic CD11c+

DCs from single transgenic Tet-O-HO-1+pli-tTA− or double transgenic TetO-HO-1+ pIi-tTA+ NOD
mice were cultured with doxycycline for 24 h and analyzed by flow cytometry for HO-1 expression.
One representative experiment out of two is shown.
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To investigate whether DOX could upregulate HO-1 expression in vivo and to further identify
in which cell types we treated or not TetO-HO-1+ pIi-tTA+ double-transgenic mice with DOX for
24 h, we then analyzed splenic cells for HO-1 expression by flow cytometry after intercellular staining
with anti-HO-1 monoclonal antibody (mAb) and surface staining with mAbs directed to the identify
APCs (CD11c to identify DCs; B220 to identify B cells; F4/80 and CD11b to identify macrophages,
Supplementary Materials Figure S1). While DOX increased the percentage of DCs that expressed
HO-1, it did not have any impact on the percentage of macrophages or B lymphocytes expressing
HO-1 (Figure 3A). As expected, DOX increased the percentage of HO-1-expressing DCs TetO-HO-1+

pIi-tTA+ double-transgenic mice, but not in their TetO-HO-1+ pIi-tTA− single transgenic littermates
(Figure 3B). Of note, the percentage of HO-1-positive DCs in DOX-treated TetO-HO-1+ pIi-tTA+ double
transgenic mice was comparable to the percentage of HO-1-positive DCs in NOR mice.

Figure 3. Induction of HO-1 expression by addition of doxycycline in the drinking water of double
transgenic TetO-HO-1+ pIi-tTA+ NOD mice. (A,B) Different doses of doxycycline (DOX) were added
to the drinking water in single transgenic Tet-O-HO-1+pli-tTA− or double transgenic TetO-HO-1+

pIi-tTA+ NOD mice to induce HO-1 expression. (A) Splenic cell populations (DCs cells, B lymphocyte
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or macrophages) were analyzed for HO-1 expression by intracellular HO-1 staining. (B) Expression
of HO-1 in splenic DCs are presented as mean frequencies ± s.e.m. (n ≥ 4 mice/group) for two
independent experiments. One-way ANOVA followed by Tukey’s post-hoc tests were performed.
*** p < 0.001. n.s.: not significant; n.d.: not determined.

2.3. Upregulation of HO-1 in DCs Prevents T1D in NOD Mice

We next investigated whether the selective upregulation of HO-1 in DCs could prevent T1D in
NOD mice. We treated TetO-HO-1+ pIi-tTA+ double transgenic mice and their TetO-HO-1+ pIi-tTA−

single transgenic littermates with DOX starting at 4 weeks of age. Control single and double transgenic
mice were left untreated. Doxycycline treatment did not have any impact on the incidence of
T1D in TetO-HO-1+ pIi-tTA− single transgenic mice (Figure 4A). Likewise, TetO-HO-1+ pIi-tTA−

single transgenic mice and TetO-HO-1+ pIi-tTA+ double transgenic mice developed T1D with a
similar incidence in the absence of DOX treatment. In striking contrast, only 10% of DOX-treated
TetO-HO-1+ pIi-tTA+ double transgenic mice developed T1D before 9 months of age, compared to 70%
of DOX-treated TetO-HO-1+ pIi-tTA− single transgenic mice (Figure 4A). In agreement with this latter
result, the percentage of islets exhibiting immune cell infiltration was strongly reduced in DOX-treated
TetO-HO-1+ pIi-tTA+ double transgenic mice compared to single transgenic controls (Figure 4B).

Figure 4. HO-1 induction in DCs decreased diabetes incidence in NOD mice. (A,B) Starting at one
month of age, non-transgenic, single transgenic Tet-O-HO-1+pli-tTA− or double transgenic TetO-HO-1+

pIi-tTA+ female NOD mice were provided or not with 800 μg/mL of doxycycline (DOX) in their
drinking water. (A) Cohorts were monitored for the development of diabetes by measurement of
glycemia. Mice were considered diabetic when glycemia was over 200 mg/dL for two consecutive days.
(B) In three-month-old female single transgenic Tet-O-HO-1+pli-tTA− or double transgenic TetO-HO-1+

pIi-tTA+ NOD mice, insulitis was evaluated by hematoxylin and eosin (H&E) staining of pancreatic
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sections. Representative H&E staining of pancreatic sections are shown (left panels). The extension of
insulitis is reported (right panel) as the percentage of non-infiltrated, peri-infiltrated, slightly infiltrated
(less than 50% of islet area), or highly infiltrated (more than 50% of islet area) islets (n > 4 mice/group).
The total numbers of analyzed islets for single transgenic Tet-O-HO-1+pli-tTA− or double transgenic
TetO-HO-1+ pIi-tTA+ female transgenic NOD mice were 52 and 47, respectively. (A) Log-rank test was
performed, and only significant differences were reported. *** p < 0.001.

2.4. Upregulation of HO-1 in DCs Prevent A Further Increase in Glycemia in Recently Diabetic NOD Mice

We next investigated whether the selective upregulation of HO-1 in DCs could impact glycemia
in recently diabetic NOD mice. To this aim, we monitored glycemia in TetO-HO-1+ pIi-tTA+ double
transgenic mice and TetO-HO-1+ pIi-tTA− single transgenic mice every day. Mice exhibiting a glycemia
higher than 200 mg/dL for two consecutive days were immediately given DOX in their drinking water
and further followed for glycemia. While all animals in the TetO-HO-1+ pIi-tTA− single transgenic
mice group had to be sacrificed because they reached humane end-points, three animals out of
eight in the TetO-HO-1+ pIi-tTA+ double transgenic mice group remained normoglycemic. Glycemia
progressively increased in TetO-HO-1+ pIi-tTA− single transgenic mice following DOX treatment,
whereas it remained constant in DOX-treated TetO-HO-1+ pIi-tTA+ double transgenic mice (Figure 5).
Therefore, the selective upregulation of HO-1 in NOD DCs could inhibit T1D progression in recently
diabetic animals.

Figure 5. HO-1 induction in DCs inhibited diabetes in spontaneously diabetic mice. Diabetic mice with
a glycemia between 200 mg/dL and 250 mg/dL for two consecutive days were identified in single
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transgenic Tet-O-HO-1+pli-tTA− or double transgenic TetO-HO-1+ pIi-tTA+ female NOD mice cohorts.
These diabetic mice were treated with doxycycline (DOX) in the drinking water (800 μg/mL). Mice
then were monitored for glycemia twice a week. Graphs show glycemia over time for each animal
(A) or as a mean ± s.e.m. (n ≥ 6 mice/group) (B). Log-rank test was performed in (B). ** p < 0.01.

3. Discussion

Type 1 diabetes is a complex multifactorial autoimmune disease in which genetic factors play
a critical role. As many as 60 genetic susceptibility loci, termed insulin-dependent diabetes (Idd)
loci, have been identified in both mice and humans. Here, we have shown that DCs from NOD
mice are deficient in HO-1 expression compared to those from NOR mice that do not develop T1D,
although these two strains share 88% of their genome [23]. To which extent this defect contributes
to the susceptibility of NOD mice to T1D remains a matter of speculation. While in humans the
gene coding for HO-1, Hmox1, does not map to any identified Insulin dependent diabetes (Idd) locus,
the gene coding interleukin-10 (IL-10), which regulates HO-1 expression [25], colocalizes with Idd3 [26].
It has been previously demonstrated that IL-10 could induce HO-1 in antigen presenting cells (APCs)
through Signal transducer and activator of transcription 3 (STAT-3)- and Phosphoinositide 3-kinase
(PI3K)-dependent mechanisms [25,27]. Given the fact that decreased IL-10 levels have been associated
with T1D in both NOD mice and humans [28,29], this may explain the low level of HO-1 observed
in NOD DCs. This defect of HO-1 expression in DCs may also extend to other HO-1 expressing cells
including macrophages and B lymphocytes.

On a different but related topic, several defects associated to APCs’ phenotype and functions
have been identified in NOD mice that may explain why this strain is prone to T1D. As an example,
hyperactivation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) has been
detected in DCs of NOD mice, and was directly correlated to elevated levels of IL-12 secretion relative
to DCs from control animals [30]. Elevated NF-κB activation in DCs resulted in an increased capacity
of these cells to stimulate naïve CD8+ T cells and promote their differentiation into cytotoxic effector
T-cells [31]. Decreased expression of molecules associated with tolerance induction (CD103, Langerin,
C-type lectin domain family 9, member A (CLEC9A), C-C chemokine receptor type 5 (CCR5) or
increased expression of co-stimulatory molecules (CD80, CD86) [32] in the DC population of NOD
mice also suggested that abnormal differentiation of pancreatic DCs contributes to the loss of tolerance.
Moreover, reduced numbers of tolerogenic DCs have been observed in NOD mice [31]. Altogether,
these studies demonstrated that NOD DCs possess intrinsic characteristics that may contribute to
the autoimmune phenotype. Whether there is a causal relationship between these defects and HO-1
partial deficiency remains to be investigated.

We have generated transgenic NOD mice in which HO-1 expression is regulated by the Tet ON
system in MHC class II-positive cells. Surprisingly, HO-1 induction seems to be restricted to DCs
among MHC-II+ cells. This could be due to the Tet ON system which was under the control of the
MHC-II invariant chain (Eα-Ii) promoter. Indeed, RNA sequencing data from the Immgen Consortium
showed that mRNA levels of the MHC-II invariant chain (CD74) was higher in splenic DCs compared
to splenic B lymphocytes and macrophages, respectively (Supplementary Materials Figure S2). Thus,
a higher expression of Eα-Ii in DCs could be associated with a higher sensitivity to DOX resulting
in HO-1 upregulation in DCs at a similar level as observed in the NOR control strain. Recovery of
HO-1 expression in DCs to levels comparable to NOR mice in DOX-treated pIi-tTA-tHO-1 NOD mice
dramatically lowered T1D incidence. While the proportion of DCs expressing HO-1 in non-diabetic
mice is low, their capacity to induce tolerogenic immune response may be very powerful, even with
a small proportion of cells expressing HO-1 as previously shown [19]. Concerning the role of HO-1
negative DCs, we can hypothesize that these cells might be of physiological importance to induce
inflammatory response upon detection of immune danger signals.

The low level of protection observed in DOX-treated diabetic NOD mice (3 animals out of 8) may
be due to either the limited induction of HO-1 in DCs or the extent of beta cells’ destruction of time of
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intervention. The efficacy of protection might be improved by combining HO-1 induction in DCs with
immunosuppression treatments.

We [19] and others [5] have previously shown the protective effect of upregulating HO-1 in T1D
with chemical inducers or systemic HO-1 transduction. Here, we demonstrated for the first time that
genetic induction of HO-1 limited to DCs was sufficient both to prevent T1D in non-diabetic NOD mice
and to stabilize glycemia in some recently diabetic NOD mice. As an anti-inflammatory protein, HO-1
exerts its immunomodulatory effects through multiple mechanisms by modifying T-cell responses,
either directly at the level of the T-cell, or, most likely, by indirectly influencing APCs [33]. HO-1
induction inhibits DCs’ maturation and secretion of pro-inflammatory cytokines [8]. Moreover, HO-1+
DCs or DCs treated by the HO-1 end-product CO, showed impaired antigen presentation abilities [4,34]
possibly resulting in fewer islet-specific pathogenic T-cells. The absence of HO-1 expression in APCs
also impaired suppressive functions of Tregs [35]. The low proportion of HO-1+ DCs in NOD mice
could in part explain the Treg defect observed in T1D. We also demonstrated previously that ex vivo
treatment with CO conferred tolerogenic properties to DCs and inhibited the pathogenicity of naïve
T-cells stimulated by those DCs in a T1D model [17]. Moreover, intradermal injection of HO-1 inducers
promoted the accumulation of DCs overexpressing HO-1 in draining lymph nodes (LNs) [19]. These
HO-1high DCs exhibited antigen-specific tolerogenic properties as demonstrated by their ability to
inhibit the diabetogenic potential of autoreactive cytotoxic T-cells. The same protective mechanisms
could also be at play following the restoration of HO-1 level in DCs of DOX-treated pIi-tTA-tHO-1
NOD mice.

Another mechanism of protection could rely on the antioxidant properties of HO-1. As an
example, the induction of HO-1 by hemin treatment has been showed to reduce hyperglycemia and
to improved glucose metabolism in streptozotocin-treated rats [36] [. The protective effect and the
reduction of lesions in the pancreas were due to the inhibition of oxidative stress mediated by HO-1
activity. The oxidative stress mediated by hyperglycemia is a major pathophysiological factor in
T1D [37] that could be reduced by the genetic induction of HO-1 limited to DCs in our model.

Altogether, our results showed that restoration of HO-1 expression levels in DCs in NOD mice
prevent the development of T1D but also highlight the therapeutic beneficial effect of inducing HO-1
in APCs as a treatment for T1D.

4. Materials and Methods

4.1. Animals

The NOD/LtJ and NOR/Lt mice were originally purchased from Charles River. The pIi-tTA
mice were a kind gift from Christophe Benoist [38]. For generation of the TetO-HO-1 mice, the human
α-globin intron located upstream of the cDNA sequence, the human HO-1 cDNA, and the bovine
growth hormone polyA located downstream of the cDNA were cloned at the Not-I/Xho-I sites into
pBluKSM-tet-O-CMV vector containing the Tet-Responsive-Element (TRE) downstream of the minimal
CMV promoter followed by the human α-globin intron and the bovine growth hormone polyA.
Transgenic mice were generated by pronuclear microinjection of CBA/C57BL6 eggs with the XhoI-NotI
fragment of the vector described. Seventeen different founders were carrying the transgene as tested by
PCR and Southern blot. Of the 17 lines, 3 founders contained high copies of the hHO-1 cDNA. One of
these was further analyzed by crossing with actin-rtTA mice. The hHO-1 expression was confirmed by
Western blotting. Finally, both strains pIi-tTA and TetO-HO-1 were backcrossed to NOD/LtJ mice for at
least eight generations. Only females were used in experiments. All animal breeding and experiments
were performed under conditions in accordance with the European Union Guidelines.

4.2. Genotyping of rTA-HO-1

Mice were bled from the cheek into 100 μL of heparin (125 UI/mL). For DNA purification,
we used the DNeasy Blood and Tissue Kit following the manufacturer’s instructions. Consequently,
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we performed a PCR for each transgene inserted in the transgenic mice: rtTA and TetO-HO-1using
GoTaq G2 Flexi DNA Polymerase (Promega, Madison, WI, USA). Then, samples were loaded in an
agarose gel electrophoresis. The mice that only had the TetO-HO-1 gene but lacked the tTA gene were
named littermates and used as controls.

4.3. Doxycycline Treatment

Doxycycline hyclate powder (Sigma–Aldrich, St. Louis, MO, USA) was diluted in drinking water
at different concentrations (100 μg/mL up to 800 μg/mL), protected from light, and were changed
every 2 to 3 days.

4.4. Diabetes Follow-Up

Diabetes monitoring was done by daily glycemia measurement to identify diabetic mice. Mice
were considered diabetic when glycemia was superior to 200 mg/dL for two consecutive days.
For incidence follow-up, glycosuria was measured twice a week and diabetic animals were confirmed
by glycemia measurements (superior to 200 mg/dL for two consecutive days).

4.5. Flow Cytometry

Spleen was digested in collagenase D (Roche, Basel, Switzerland) during 30 min at 37 ◦C then
crushed and filtered on 70 μm tamis before staining. Single-cell suspensions were stained with mouse
F4.80 (BM8, eBioscience), mouse CD11c (HL3, BD), and mouse B220 (RA3-6B2) antibodies from BD
Biosciences. The HO-1 Intracellular stainings were performed using the BD cytofix/cytoperm kit with
anti-HO-1 antibody (clone HO-1-1, abcam) followed by anti-mouse IgG1 (clone A85-1) conjugated to
FITC. We used IgG1 (Immunotech) as negative controls. Stained cells were acquired on a FACSAriaTM

(Becton Dickinson, Franklin Lakes, NJ, USA) flow cytometer and analyzed using Flow Jo v10.0.7
software (FlowJo LLC, Ashland, OR, USA).

4.6. Histological Analysis.

Insulitis was evaluated on snap-frozen acetone-fixed cryosections (8-μm thick). Hematoxylin and
eosin staining (Thermo Electron Corp, Waltham MA, USA) were performed, and we evaluated the
degree of inflammation microscopically. The percentage of non-infiltrated, peri-infiltrated, slightly
infiltrated (less than 50% of islet area), or highly infiltrated (more than 50% of islet area) islets
were evaluated.

4.7. Bone-Marrow Derived DCs

DCs were derived from bone marrow culture (BM-derived DCs) from NOD and NOR mice, as
described [10]. At day 6, non-adherent cells were harvested and a CD11c+ sorting was performed
using magnetic beads (purity > 95%) (Miltenyi Biotech, Bergisch Gladbach, Germany). CD11c+ cells
were treated with different concentrations of CoPP (Frontier Scientific, Carnforth, UK), as previously
described [39]

4.8. Isolation of Splenic DCs

Single-cell suspensions were prepared by enzymatic spleen disaggregation with collagenase
D (Sigma–Aldrich) and CD11c+ population was enriched by cell sorting using magnetic beads
(purity > 95%) (Miltenyi Biotech). The DCs from conditional transgenic mice were incubated for
24 h with 0.5 or 2 μg/mL of doxycycline.

4.9. Statistics

For diabetes incidence, significance was calculated using the log-rank test. For all other parameters,
significance was calculated by t-paired test, Mann–Whitney non-parametric t-test. One-way ANOVA
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or two-way ANOVA using Prism software (GraphPad Software, San Diego, CA, USA): * p < 0.05,
** p < 0.01, and *** p < 0.001.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/7/
1676/s1.
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Abbreviations

APC Antigen Presenting Cells
BMDC Bone Marrow-Derived Dendritic Cells
CO Carbon Monoxide
CoPP Cobalt-Protoporphyrin
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idd Insulin-Dependent Diabetes
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NOD Non-Obese Diabetic
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Abstract: Heme oxygenase 1 (HO-1) and carbon monoxide were shown to normalize oxidative stress
and inflammatory reactions induced by neuropathic pain in the central nervous system, but their
effects in the locus coeruleus (LC) of animals with peripheral inflammation and their interaction
with nitric oxide are unknown. In wild-type (WT) and knockout mice for neuronal (NOS1-KO) or
inducible (NOS2-KO) nitric oxide synthases with inflammatory pain induced by complete Freund’s
adjuvant (CFA), we assessed: (1) antinociceptive actions of cobalt protoporphyrin IX (CoPP), an
HO-1 inducer; (2) effects of CoPP and tricarbonyldichlororuthenium(II) dimer (CORM-2), a carbon
monoxide-liberating compound, on the expression of HO-1, NOS1, NOS2, CD11b/c, GFAP, and
mitogen-activated protein kinases (MAPK) in the LC. CoPP reduced inflammatory pain in different
time-dependent manners in WT and KO mice. Peripheral inflammation activated astroglia in the LC
of all genotypes and increased the levels of NOS1 and phosphorylated extracellular signal-regulated
kinase 1/2 (p-ERK 1/2) in WT mice. CoPP and CORM-2 enhanced HO-1 and inhibited astroglial
activation in all genotypes. Both treatments blocked NOS1 overexpression, and CoPP normalized ERK
1/2 activation. This study reveals an interaction between HO-1 and NOS1/NOS2 during peripheral
inflammation and shows that CoPP and CORM-2 improved HO-1 expression and modulated the
inflammatory and/or plasticity changes caused by peripheral inflammation in the LC.

Keywords: analgesia; carbon monoxide; heme oxygenase 1; inflammatory pain; locus coeruleus;
nitric oxide

1. Introduction

The effects of carbon monoxide and nitric oxide on the regulation of the nociceptive responses
induced by acute painful stimuli, chronic inflammation, or nerve injury and those associated with
diabetic neuropathy have been investigated [1–4], but the possible interaction among them has been
poorly evaluated.

Several studies demonstrated that, whereas carbon monoxide is a potent modulator of
inflammation and nociception, nitric oxide has a more complex role in the development and
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maintenance of chronic pain. That is, while treatment with carbon monoxide inhaled and/or released
by tricarbonyldichlororuthenium(II)dimer (CORM-2) exerted robust antiinflammatory [5,6] and
antinociceptive actions during inflammatory and neuropathic pain [2,7,8], both types of pain were
inhibited with the administration of selective nitric oxide synthase (NOS) inhibitors or in mice lacking
neuronal (NOS1-KO) or inducible (NOS2-KO) nitric oxide synthases [9–13].

More interesting is the detail that, although the interaction among carbon monoxide and nitric
oxide has been widely investigated at the vascular level [14–16], in the control of fewer, sepsis,
hemorrhagic shock, etc. [17,18], only few studies examined this interaction in pain regulation. In this
line, previous works revealed that carbon monoxide required the NOS pathway for its antinociceptive
effects, whereas nitric oxide effects were produced independently of the carbon monoxide system [19,20].
Nonetheless, the interaction among heme oxygenase 1 (HO-1) enzyme, principally responsible for the
antinociceptive effects induced by carbon monoxide [2], and NOS1 or NOS2 in inflammatory pain has
not been evaluated. In this study, we assessed this interaction by testing the antinociceptive effects
of cobalt protoporphyrin IX (CoPP), an HO-1 inducer, in both NOS1- and NOS2-deficient mice with
chronic peripheral inflammation.

Recent works revealed that the systemic administration of CoPP and CORM-2, besides inhibiting
neuropathic pain and blocking NOS1 and NOS2 over-expression in the spinal cords [2,21], activated
powerful anti-inflammatory and antioxidant responses in several brain areas [22]. Considering that
the locus coeruleus (LC) is implicated in the control of nociception [23] and both HO-1 [24,25] and
NOS1/NOS2 enzymes [26,27] are well expressed in it, our objective was to evaluate the potential
interaction between them in the LC of animals with inflammatory pain.

Several authors have demonstrated the relevant role played by glial cells in the development
and maintenance of pain [28]. Therefore, and considering the inhibitory effects induced by CoPP and
CORM-2 treatments on glial activation induced by sciatic nerve injury in the spinal cord and specific
brain areas such as amygdala and hippocampus [2,22], in this study, we also evaluated the effects of
these treatments on the expression of GFAP (an astroglial marker) and CD11b/c (a microglial marker)
in LC of animals with complete Freund’s adjuvant (CFA)-induced inflammatory pain.

It is well known that peripheral inflammation, in addition to induce the phosphorylation of
several mitogen-activated protein kinases (MAPK)—especially, the extracellular signal-regulated
kinase 1/2 (ERK 1/2) and c-Jun N-terminal kinase (JNK) in the spinal cord [29,30]—also activated ERK
1/2 in LC [31,32]. Considering that the systemic and peripheral administration of CoPP and other
antiinflammatory agents, such as diclofenac, normalized the up regulation of p-ERK 1/2 and p-JNK
induced by chronic pain in different brain areas [22,32], we examined the effects of CoPP and CORM-2
on the expression of p-ERK 1/2 and p-JNK in LC of animals with inflammatory pain.

Then, using wild-type (WT), NOS1-KO, and NOS2-KO mice with chronic peripheral inflammation,
we assessed the antinociceptive actions of the repeated administration of CoPP and the effects of CoPP
and CORM-2 treatments on the protein levels of HO-1, NOS1, NOS2, CD11b/c, GFAP, p-ERK 1

2 , and
p-JNK in the LC of these animals.

2. Results

2.1. Antinociceptive Effects of CoPP in WT, NOS1-KO, and NOS2-KO Mice

Mechanical allodynia and thermal hyperalgesia were assessed after 1, 4, 7, and 11 days of repeated
administration of CoPP or vehicle in WT, NOS1-KO, and NOS2-KO mice (Figure 1).

Our data showed that CFA injection caused mechanical allodynia in the ipsilateral paw of all
genotypes from day 3 to day 14 since CFA injection (p < 0.001; one-way ANOVA vs. their respective
contralateral paws). In NOS1-KO animals (Figure 1A), three-way ANOVA displayed significant effects
of the genotype on day 11 (p < 0.011), of the treatment on days 4, 7, and 11 (p < 0.020), and with respect
to the paw on days 0, 1, 4, 7, and 11 of CoPP treatment (p < 0.001). In addition, significant interactions
among genotype and treatment at days 7 and 11 (p < 0.042), genotype and paw at day 14 (p < 0.005),
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treatment and paw at days 4, 7, and 11 (p < 0.017), and genotype, treatment, and paw at days 7 and 11
of CoPP treatment (p < 0.019) were also demonstrated. Our results, besides confirming that NOS1-KO
mice had faster recovery of the mechanical allodynia than WT animals from days 10 to 14 after CFA
injection (p < 0.001, one-way ANOVA), demonstrated that mechanical allodynia caused by CFA was
further reduced in WT compared to NOS1-KO mice after 4 and 7 days of CoPP treatment (p < 0.001,
one-way ANOVA; Figure 1A).

Figure 1. Antiallodynic and antihyperalgesic effects of cobalt protoporphyrin IX (CoPP) in wild-type
(WT), neuronal nitric oxide synthase knock-out (NOS1-KO), and inducible nitric oxide synthase
knock-out (NOS2-KO) mice with peripheral inflammation. Mechanical allodynia (A,B) and thermal
hyperalgesia (C,D) in ipsilateral (continuous lines) and contralateral paws (discontinuous lines) of
WT, NOS1-KO, and NOS2-KO mice treated for 11 days with vehicle or CoPP at 4, 7, 10, and 14 days
after complete Freund’s adjuvant (CFA) injection are shown. For each genotype, day and treatment
were assessed; * denotes significant differences when compared with their respective contralateral
paw, + denotes significant differences when compared with their respective ipsilateral paw treated
with CoPP, and # denotes significant differences of the same treatment between genotypes (p < 0.05,
one-way ANOVA, Student–Newman–Keuls test). Data are shown as mean values ± SEM; n = 8 animals
per group.

In NOS2-KO animals (Figure 1B), three-way ANOVA also showed effects of treatment at days 1,
4, 7, and 11 (p < 0.007), and with respect to the paw at days 0, 1, 4, 7, and 11 of CoPP administration
(p < 0.001). Moreover, significant interactions amongst genotype and treatment at day 7 (p < 0.007),
treatment and paw at days 4, 7, and 11 (p < 0.025), as well as among genotype, treatment, and paw
at days 4, 7, and 11 days of CoPP treatment (p < 0.032) were evident. Therefore, although similar
mechanical allodynia caused by CFA was observed in WT and NOS2-KO animals, the inhibitory
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effects of CoPP were stronger in WT that in NOS2-KO mice at 4 and 7 days of treatment (p < 0.001,
one-way ANOVA, Figure 1B). In all genotypes, no treatment produced no effect on the respective
contralateral paw.

In all genotypes, peripheral inflammation also reduced the threshold for evoking ipsilateral paw
withdrawal to thermal stimulus from days 3 to 14 after CFA injection (p < 0.001; one-way ANOVA vs.
the corresponding contralateral paw) (Figure 1C,D).

In NOS1-KO animals, three-way ANOVA proved significant effects of treatment at days 1, 4, 7,
and 11 (p < 0.002) and of paw at days 0, 1, 4, 7, and 11 of CoPP administration (p < 0.001). Moreover,
significant interactions among genotype and treatment at day 4 (p < 0.008), treatment and paw at days
1, 4, 7, and 11 of CoPP treatment (p < 0.018), and among genotype, treatment, and paw at days 4 and 7
of CoPP treatment in NOS1-KO mice were demonstrated (p < 0.045) (Figure 1C). Therefore, although
similar thermal hyperalgesia induced by CFA was observed in both genotypes, its inhibition by CoPP
was higher in WT mice than in NOS1-KO animals at days 4 and 7 of treatment (p < 0.001, one-way
ANOVA).

In NOS2-KO mice, our data confirmed that the absence of this isoform improved the recovery
from thermal hyperalgesia induced by CFA (Figure 1D). In addition, significant effects of genotype at
days 7 and 11 (p < 0.010), treatment at days 1, 4, 7, and 11 (p < 0.004), and paw at days 0, 1, 4, 7, and 11
of CoPP treatment (p < 0.001) were demonstrated. Moreover, significant interactions among genotype
and treatment at days 4, 7, and 11 (p < 0.010), treatment and paw on days 1, 4, 7, and 11 (p < 0.005), as
well as among genotype, treatment, and paw at days 4, 7, and 11 of CoPP administration (p < 0.002)
were shown. Thus, the reduced thermal hyperalgesia induced by CoPP in WT mice was similar to that
induced by this compound in NOS2-KO animals during the overall experiment, except at day 7 of
treatment, in which it was higher in WT than in NOS2-KO mice (p < 0.05; one-way ANOVA). In all
genotypes, the absence of treatment did not produced any effect on the respective contralateral paw.

2.2. Effects of CoPP and CORM-2 on HO-1, NOS1, NOS2, CD11b/c, GFAP, p-ERK 1/2, and p-JNK Expression
in the LC of WT Mice with Peripheral Inflammation

Our data showed that CoPP and CORM-2 treatments augmented the expression of HO-1 in the
LC of CFA-injected WT mice (p < 0.001; one-way ANOVA vs. naïve and CFA-injected mice treated
with vehicle) (Figure 2A), and the enhanced expression of NOS1 (Figure 2B) and GFAP (Figure 2F)
caused by peripheral inflammation (p < 0.024; one-way ANOVA compared to the corresponding
naïve vehicle-treated animals) was normalized by both CoPP and CORM-2 treatments. Moreover, the
enhanced expression of p-ERK 1/2 caused by peripheral inflammation (p < 0.005; one-way ANOVA vs.
naïve vehicle-treated mice) was normalized by CoPP treatment (Figure 2G). None of these treatments
changed the unaltered expression of NOS2 (Figure 2C), CD11b/c (Figure 2D), or p-JNK (Figure 2H) in
the LC of CFA-injected mice.
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Figure 2. Effects of CoPP and tricarbonyldichlororuthenium(II) dimer (CORM-2) on the protein levels
of HO-1, NOS1, NOS2, CD11b/c, GFAP, p-ERK 1/2, and p-JNK in the LC of WT mice. Protein levels
of HO-1 (A), NOS1 (B), NOS2 (C), CD11b/c (D), GFAP (F), p-ERK 1/2 (G), and p-JNK (H) in the LC
from CFA-injected WT mice treated with vehicle, CORM-2, or CoPP are represented. These levels in
naïve mice treated with vehicle are also represented as controls. In all panels, * denotes significant
differences vs. naïve vehicle-treated mice, + denotes significant differences vs. CFA-injected mice
treated with vehicle, # denotes significant differences vs. CFA-injected mice treated with CORM-2, and
$ denotes significant differences vs. CFA-injected mice treated with CoPP (p < 0.05, one-way ANOVA,
Student–Newman–Keuls test). Examples of western blots for HO-1 (32 kDa), NOS1 (160 kDa), NOS2
(100 kDa), CD11b/c (160 kDa), GFAP (50 kDa), GAPDH (37 kDa), p-ERK 1/2/total ERK 1/2 (42–44 kDa),
and p-JNK/total JNK (46–54 kDA) are shown (E). The levels of phosphorylated proteins are indicated
relative to the corresponding total protein levels, while the levels of the remaining proteins are relative
to those of GAPDH. Results are expressed as mean ± SEM; n = 4 samples per group.
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2.3. Effects of CoPP and CORM-2 on HO-1, NOS2, CD11b/c, GFAP, p-ERK 1/2, and p-JNK Expression in the
LC of NOS1-KO Mice with Peripheral Inflammation

Similar to what observed in WT mice, while peripheral inflammation did not modify the protein
levels of HO-1 in the LC of NOS1-KO animals (Figure 3A), HO-1 expression was significantly augmented
in CoPP- and CORM-2-treated animals (p < 0.001; one-way ANOVA vs. naïve and CFA-injected mice
treated with vehicle). None of these treatments altered the expression of NOS2 (Figure 3B), CD11b/c
(Figure 3C), and p-JNK (Figure 3G) in the LC of CFA-injected NOS1-KO mice and, although peripheral
inflammation did not activate ERK 1/2, an increased expression of p-ERK 1/2 was detected in NOS1-KO
mice treated with CORM-2 (p < 0.019 vs. naïve and CFA-injected mice treated with vehicle or CoPP)
(Figure 3F). In addition, the overexpression of GFAP induced by CFA was completely inhibited by
CORM-2 and CoPP treatments (Figure 3E).

Figure 3. Effects of CoPP and CORM-2 on the protein levels of HO-1, NOS2, CD11b/c, GFAP, p-ERK 1/2,
and p-JNK in the LC of NOS1-KO mice. Protein levels of HO-1 (A), NOS2 (B), CD11b/c (C), GFAP (E),
p-ERK 1/2 (F), and p-JNK (G) in the LC of CFA-injected NOS1-KO mice treated with vehicle, CORM-2,
or CoPP are represented. These levels from naïve mice treated with vehicle are also represented as
controls. In all panels, * represents significant differences vs. naïve vehicle-treated mice, + represents
significant differences vs. CFA-injected mice treated with vehicle, # represents significant differences
vs. CFA-injected mice treated with CORM-2, and $ represents significant differences vs. CFA-injected
mice treated with CoPP (p < 0.05, one-way ANOVA, Student–Newman–Keuls test). Examples of
western blots for HO-1(32 kDa), NOS2 (100 kDa), CD11b/c (160 kDa), GFAP (50 kDa), GAPDH (37 kDa),
p-ERK 1/2/total ERK 1/2 (42–44 kDa), and p-JNK/total JNK (46–54 kDA) are shown (D). The levels of
phosphorylated proteins are relative to the total levels of the corresponding proteins, while the levels
of the remaining proteins are relative to those of GAPDH. Results are expressed as mean ± SEM; n = 4
samples per group.
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2.4. Effects of CoPP and CORM-2 on HO-1, NOS1, CD11b/c, GFAP, p-ERK 1/2, and p-JNK Expression in the
LC from NOS2-KO Mice with Peripheral Inflammation

Similar to what observed in NOS1-KO mice, although peripheral inflammation did not change
the expression of HO-1 in the LC of NOS2-KO mice (Figure 4A), CoPP and CORM-2 treatments
significantly enhanced its expression (p < 0.007; one-way ANOVA vs. naïve and CFA-injected mice
treated with vehicle). Moreover, repeated treatment with CORM-2 or CoPP significantly reduced the
enhanced expression of GFAP induced by peripheral inflammation in the LC (Figure 4E). In contrast,
neither CORM-2 nor CoPP treatments altered the unchanged levels of NOS1 (Figure 4B), CD11b/c
(Figure 4C), p-ERK 1/2 (Figure 4F), or p-JNK (Figure 4G) in the LC of CFA-injected NOS2-KO mice.

Figure 4. Effects of CoPP and CORM-2 on the protein levels of HO-1, NOS1, CD11b/c, GFAP, p-ERK 1/2,
and p-JNK in the LC of NOS2-KO mice. Protein levels of HO-1 (A), NOS1 (B), CD11b/c (C), GFAP (E),
p-ERK 1/2 (F), and p-JNK (G) in the LC of CFA-injected NOS2-KO mice treated with vehicle, CORM-2,
or CoPP are represented. These levels from naïve mice treated with vehicle are also represented as
controls. In all panels, * denotes significant differences vs. naïve vehicle-treated mice, + represents
significant differences vs. CFA-injected mice treated with vehicle, # represents significant differences vs.
CFA-injected mice treated with CORM-2, and $ represents significant differences vs. CFA-injected mice
treated with CoPP (p < 0.05, one-way ANOVA, Student–Newman–Keuls test). Examples of western
blots for HO-1 (32 kDa), NOS1 (160 kDa), CD11b/c (160 kDa), GFAP (50 kDa), GAPDH (37 kDa),
p-ERK 1/2/total ERK 1/2 (42–44 kDa), and p-JNK/total JNK (46–54 kDA) are shown (D). The levels of
phosphorylated proteins are relative to the total levels of the corresponding proteins, while the levels
of the remaining proteins are relative to those of GAPDH. Each column represents the mean, and the
vertical bars indicate the SEM; n = 4 samples per group.
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3. Discussion

This study revealed that the systemic repeated administration of CoPP differentially inhibited
allodynia and hyperalgesia caused by CFA in WT and NOS1-KO or NOS2-KO mice. Moreover,
CoPP and CORM-2 treatments induced HO-1 overexpression and inhibited activated astroglia in
the LC of all genotypes. Both treatments also normalized the upregulation of NOS1 caused by
peripheral inflammation in WT mice. Moreover, peripheral inflammation activated ERK 1/2 in the
LC of WT animals but not in NOS1-KO or NOS2-KO mice, and only CoPP treatment inhibited ERK
1/2 phosphorylation.

Our findings indicated that treatment with CoPP throughout 11 consecutive days inhibited
the mechanical and thermal hypersensitivity triggered by peripheral inflammation in a different
time-dependent manner in WT and NOS1- or NOS2-deficient mice. That is, the antiallodynic and
antihyperalgesic effects of CoPP in WT mice were stronger than in NOS1-KO or NOS2-KO mice after 4
to 7 days of treatment. These data demonstrate the involvement of both NOS isoforms in the analgesic
effects of CoPP during inflammatory pain and reveal an interaction between HO-1 and NOS1/NOS2
isoenzymes in chronic inflammatory pain conditions. Our results are in agreement with the analgesic
effects induced by HO-1 inducers during acute [33] and neuropathic pain [2,4,21,34,35]. Our findings
also support the improved antinociceptive actions of carbon monoxide, liberated by CORM-2, in WT
versus both KO mice with inflammatory pain [20] and further demonstrate the crucial role played
by HO-1 in the interaction between carbon monoxide and nitric oxide during the management of
inflammatory pain.

It is well known that LC is a supraspinal structure implicated in the control of pain, but the effects
induced by chronic treatment with CoPP or CORM-2 during inflammatory pain in this brain area had
not been investigated previously. In previous works, we showed that the repetitive administration
of CoPP or CORM-2 upregulated HO-1 levels in paws and dorsal root ganglia of animals with
inflammatory pain [20,36] as well as in spinal cords and sciatic nerves from diabetic mice [4,35].
Recently, an augmented expression of HO-1 was also demonstrated in the prefrontal cortex and
hippocampus of WT mice with neuropathic pain repeatedly treated with CORM-2 or CoPP [22]. In this
study, we demonstrated for the first time that, under inflammatory pain circumstances, both HO-1 and
carbon monoxide inducers improved HO-1 levels in the LC of WT, NOS1-KO, and NOS2-KO mice.
These data agree with those reporting augmented expression of HO-1 induced by CoPP and CORM-2
treatments in the central nervous system of WT mice with neuropathic pain [22] and further support
data showing the upregulation of this enzyme in the paw of CFA-injected NOS1- and NOS2-deficient
mice systemically treated with CORM-2 [20]. Our results reveal the central antioxidant effects induced
by these treatments during inflammatory pain in the presence or absence of NOS enzymes and suggest
that the enhanced expression of HO-1 produced by CoPP and CORM-2 in the LC might be involved in
the antinociceptive effects of these compounds during inflammatory pain.

In this study, an increased expression of NOS1, but not of NOS2, was also revealed in the LC of
WT mice with peripheral inflammation. This is in agreement with observations in inflamed paws,
showing the relevant role performed by NOS1 in the maintenance of inflammatory pain in the central
and peripheral nervous system [37,38]. Moreover, the fact that the systemic administration of CoPP
and CORM-2 inhibited NOS1-upregulation in the LC revealed the central anti-inflammatory effects
induced by these compounds during inflammatory pain. In contrast to NOS1, no changes in the
protein levels of NOS2 were observed in the LC of these animals. These data are in agreement with the
observed lack of changes in the expression of this enzyme in the dorsal root ganglia and spinal cords
of WT mice at day 14 after CFA injection [30]. All of these data suggest that, in chronic peripheral
inflammatory pain conditions, the effects induced by CoPP and CORM-2 treatments in the LC are
mainly produced via regulating NOS1 expression.

The implication of spinal glia in the progress of chronic pain is well recognized, but less is known
about its activation in supraspinal structures after peripheral inflammatory pain. Thus, in this study,
we examined if peripheral inflammation induced astroglial and/or microglial activation in the LC
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14 days after CFA injection. Our results showed that CFA induced astroglial activation in the LC of
WT, NOS1-KO, and NOS2-KO mice. No changes in the expression of CD11b/c (a microglial marker)
were detected in the LC of any genotype, confirming the crucial role of astroglia in the maintenance of
chronic inflammatory pain [39,40]. Interestingly, CORM-2 and CoPP inhibited the overexpression of
GFAP (an astroglial marker) in the LC of all genotypes, showing that the systemic administration of
these compounds has anti-inflammatory properties in the LC. Our results also suggest the participation
of astroglia in the analgesic effects of CORM-2 and CoPP during inflammatory pain. These findings
are supported by the antinociceptive actions produced by the treatment with selective astroglial cell
inhibitors, such as fluorocitrate and α-aminoadipate, during chronic pain [41,42].

The participation of MAPK in the development and maintenance of chronic pain is well
documented [29,43]. Thus, under inflammatory pain conditions, the expression of ERK1/2 and
JNK are activated in the spinal cord [30]. In this work, we analyzed the actions of CoPP and CORM-2
on the expression of these MAPK in the LC of WT and NOS-deficient mice. As occurs in other
animal pain models [32,44], CFA-induced peripheral inflammation activated ERK 1/2 in the LC of WT
mice. Curiously, this effect was not detected in NOS1-KO or NOS2-KO mice, suggesting that nitric
oxide generated by these isoforms is involved in the plasticity changes induced by chronic peripheral
inflammation in LC. Moreover, while CoPP normalized ERK 1/2 activation in WT animals, CORM-2
did not alter or enhanced p-ERK 1/2 levels in WT and NOS1-KO mice, respectively, thus revealing
that ERK 1/2 activation induced by peripheral inflammation in the LC might be modulated by the
systemic treatment with the antioxidant enzyme HO-1. The lack of effects of CORM-2 on the expression
of p-ERK 1/2 in WT mice confirmed similar results obtained in the central and peripheral nervous
system of animals with neuropathic pain [22,45], suggesting that CORM-2 might act via inhibiting
other pathways implicated in the regulation of inflammatory pain. Finally, although more studies are
required to explain this phenomenon, the increased expression of p-ERK 1/2 induced by CORM-2 in
NOS1-KO mice is an indication of the plausible involvement of NOS1 in ERK 1/2 activation induced by
CORM-2 in WT mice.

In conclusion, this study reveals an interaction between HO-1 and NOS1/NOS2 enzymes during
peripheral inflammation and shows that CoPP treatment inhibited inflammatory pain by improving
HO-1 expression and decreasing NOS1 overexpression, which would restrict the activation of astroglia
and subsequent ERK 1/2 activation in the LC.

4. Materials and Methods

4.1. Animals

Experiments were performed in male NOS1-KO (C57BL/6 J background) and NOS2-KO mice
(C57BL/6 J background) acquired from Jackson Laboratories (Bar Harbor, ME, USA). WT mice
with the same genetic background (C57BL/6J) were obtained from Envigo Laboratories (Barcelona,
Spain). Animals weighing 21–25 g were housed under 12 h/12 h light/dark conditions and controlled
temperature (22◦C) and humidity (66%). Animals with free access to food and water were utilized
after 7 days acclimatization to the housing conditions. Experiments were performed between 9:00 a.m.
and 5:00 p.m., executed in accordance to the animals guidelines of the European Communities Council
(86/609/ECC, 90/679/ECC; 98/81/CEE, 2003/65/EC, and Commission Recommendation 2007/526/EC),
and approved by the Comitè d’Ètica en Experimentació Animal of Universitat Autònoma de Barcelona
(number: 1325R5, 29 November 2013). Maximal efforts to minimize the quantity of mice employed
and their suffering were made.

4.2. Chronic Inflammatory Pain Induction

Chronic inflammatory pain was provoked with the sub-plantar injection of CFA (30 μL)
(Sigma-Aldrich, St. Louis, MO, USA) into the right hind paw under brief anesthetic conditions
with isoflurane (3% induction, 2% maintenance) according to the method used by our group [38].
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Mechanical allodynia and thermal hyperalgesia were assessed with the von Frey filaments and plantar
tests, respectively.

4.3. Nociceptive Behavioral Tests

Mechanical allodynia was estimated by determining the hind paw withdrawal response to von
Frey filament stimulation. Thus, mice were positioned in methacrylate cylinders (20 cm high, 9 cm
diameter) with a wire grid bottom through which the von Frey filaments (North Coast Medical, Inc.,
San Jose, CA, USA) were applied according to the up–down paradigm [46]. A filament of 0.4 g
was applied first, and one of 3.5 g as a cut-off. The strength of the next filament was reduced or
augmented depending on the response. Withdrawal, shaking, or licking the paw were considered
nociceptive-like reactions.

Thermal hyperalgesia was assessed according to previous methods [47]. Paw withdrawal latency
in reply to a radiant heat was assessed using the plantar test device (Ugo Basile, Italy). Mice were
placed in methacrylate cylinders, 20 cm high × 9 cm diameter, situated on a glass surface. The heat
source was situated under the plantar surface of the hind paw and activated with a light beam. A cut-off
time of 12 s was utilized to avoid tissue damage. The mean paw withdrawal latencies were calculated
from the average of 2–3 separate trials, taken at 5 min intervals to prevent thermal sensitization.

In both tests, the animals were habituated to the environment for 1 h before the experiment. Both
ipsilateral and contralateral paws were tested.

4.4. Western Blot Analysis

Mice were euthanized by cervical dislocation after 0 (naïve) or 14 days from CFA injection. LC
were extracted and preserved at 80 ◦C until use. Samples from four animals were combined to have
satisfactory proteins levels to analyze HO-1, NOS1, NOS2, CD11b/c, GFAP, pERK1/2/ERK1/2, and
p-JNK/JNK in LC by western blot assay. The homogenization of tissues was made in cold lysis
buffer (50 mM Tris·Base, 150 nM NaCl, 1% NP-40, 2 mM EDTA, 1mM phenylmethylsulfonyl fluoride,
0.5 Triton X-100, 0.1% sodium dodecyl sulfate, 1 mM Na3VO4, 25 mM NaF, 0.5% protease inhibitor
cocktail, and 1% phosphatase inhibitor cocktail). All reagents were acquired from Sigma-Aldrich
(St. Louis, MO, USA), except for NP-40 which was bought from Calbiochem (Darmstadt, Germany).
After solubilization for 1 h at 4 ◦C, crude homogenates were sonicated for 10 s and centrifuged at
700× g for 15 min at 4 ◦C. The supernatant (60 μg of total protein) was mixed with 4X Laemmli
loading buffer and loaded onto a 4% stacking/10% separating sodium dodecyl sulfate polyacrylamide
gels. Proteins were electrophoretically transferred onto a polyvinylidene fluoride membrane for
120 min and successfully blocked with phosphate-buffered saline containing 5% nonfat dry milk
or Tris-buffered saline with Tween 20 containing 5% bovine serum albumin for 75 min; they were
then incubated with specific rabbit primary antibodies anti HO-1 (1:300; Abcam, Cambridge, United
Kingdom), NOS1 (1:200; Abcam, Cambridge, United Kingdom), NOS2 (1:100; Abcam, Cambridge,
United Kingdom), CD11b/c (1:160, Novus Biologic, Littleton, CO, USA), GFAP (1:3000, Novus Biologic,
Littleton, CO, USA), phospho-ERK 1/2 and total ERK 1/2 (1:250; Cell Signaling Technology, Danvers,
MA, USA), phospho-JNK and total JNK (1:250; Cell Signaling Technology, Danvers, MA, USA), or
glyceraldehyde-3-phosphate dehydrogenase antibody (GAPDH) (1:5000, Merck, Billerica, MA, USA)
overnight at 4 ◦C. The blots were then incubated with anti-rabbit secondary polyclonal antibodies
conjugated to horseradish peroxidase (GE Healthcare, Little Chalfont, Buckinghamshire, UK) for 1 h
at r.t. Proteins were detected by using chemiluminescence reagents provided in the ECL kit (GE,
Healthcare, Little Chalfont, Buckinghamshire, UK) and exposure onto hyperfilms (GE, Healthcare,
Little Chalfont, Buckinghamshire, UK). Blots’ intensity was quantified by densitometry.

4.5. Experimental Procedure

In WT, NOS1-KO, and NOS2-KO mice baseline responses were established in von Frey filaments
and plantar tests. All mice were tested at days 3, 4, 7, 10, and 14 after CFA injection.

74



Int. J. Mol. Sci. 2019, 20, 2211

The animals were intraperitoneally injected with vehicle, 2.5 mg/kg CoPP, or 5 mg/kg CORM-2,
two times a day for 11 days, from day 4 to day 14 after CFA injection, according to earlier studies [2,20].
The antinociceptive effects of CoPP were evaluated at 1, 4, 7, and 11 days from its administration. The
investigator who made these experiments was blinded to the treatments.

We assessed the effects of CoPP and CORM-2 on the expression of HO-1, NOS1, NOS2, CD11b/c,
GFAP, pERK 1/2, ERK 1/2, p-JNK, and JNK in the LC of WT, NOS1-KO, or NOS2-KO mice 14 days after
CFA injection by western blot assay. For each genotype, naïve mice treated with vehicle were used as
controls (n = 4 samples per group).

4.6. Drugs

CoPP was purchased from Frontier scientific (Livchem GmbH & Co., Frankfurt, Germany), and
CORM-2 from Sigma-Aldrich (St. Louis, MO, USA). Both compounds were dissolved in dimethyl
sulfoxide (DMSO; 1% solution in saline), freshly prepared before use, and injected intraperitoneally at
10 mL/kg of body weight, 3 h before testing, twice a day. Control animals received the same volume
of vehicle.

4.7. Statistical Analysis

The SPSS (version 17 for Windows, IBM, Madrid, Spain) was used to perform the statistical analysis.
Data were expressed as mean ± standard error of the mean (SEM). For each behavioral test and time
evaluated, the antiallodynic and antihyperalgesic effects of CoPP were evaluated by using a three-way
analysis of variance (ANOVA) (genotype, treatment, and paw as factors of variation) followed by the
pertinent one-way ANOVA and Student–Newman–Keuls test whenever required. For each genotype,
alterations in the protein levels of HO-1, NOS1, NOS2, CD11b/c, GFAP, p-ERK 1/2, ERK 1/2, p-JNK, and
JNK in the LC of CFA-injected mice treated with CORM-2, CoPP, or vehicle vs. naïve vehicle-treated
mice were analyzed by a one-way ANOVA followed by the Student–Newman–Keuls test. A p < 0.05
was considered significant.

Author Contributions: Formal analysis, P.M., R.A.C., and J.M.-G.; Funding acquisition, C.R.A.L.-P. and O.P.;
Investigation, P.M., R.A.C., J.M.-G., A.F.D., S.P., and S.L.; Supervision, C.R.A.L.-P. and O.P.; Writing, O.P. All authors
read and approved the final manuscript.

Funding: This work was supported by Ministerio de Economía y Competitividad, Instituto de Salud Carlos III,
Madrid, Spain and Fondo Europeo de Desarrollo Regional (FEDER), Unión Europea [Grants: PS0900968 and
PI1400927], and CAPES/PROEX, CNPq, Brasil [401472/2014-0].

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

HO-1 Heme oxygenase 1
LC Locus coeruleus
WT Wild-type
NOS1 Neuronal nitric oxide synthase
NOS2 Inducible nitric oxide synthase
KO Knockout
CFA Complete Freund’s adjuvant
CoPP Cobalt protoporphyrin IX
CORM-2 Tricarbonyldichlororuthenium(II) dimer
ERK 1/2 Extracellular signal-regulated kinase 1/2
JNK c-Jun N-terminal kinase
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GFAP Glial fibrillary acidic protein
SEM Standard error of the mean
ANOVA Analysis of variance
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Abstract: Decreased inflammatory status has been reported in subjects with mild unconjugated
hyperbilirubinemia. However, mechanisms of the anti-inflammatory actions of bilirubin (BR) are
not fully understood. The aim of this study is to assess the role of BR in systemic inflammation
using hyperbilirubinemic Gunn rats as well as their normobilirubinemic littermates and further in
primary hepatocytes. The rats were treated with lipopolysaccharide (LPS, 6 mg/kg intraperitoneally)
for 12 h, their blood and liver were collected for analyses of inflammatory and hepatic injury markers.
Primary hepatocytes were treated with BR and TNF-α. LPS-treated Gunn rats had a significantly
decreased inflammatory response, as evidenced by the anti-inflammatory profile of white blood cell
subsets, and lower hepatic and systemic expressions of IL-6, TNF-α, IL-1β, and IL-10. Hepatic mRNA
expression of LPS-binding protein was upregulated in Gunn rats before and after LPS treatment.
In addition, liver injury markers were lower in Gunn rats as compared to in LPS-treated controls.
The exposure of primary hepatocytes to TNF-α with BR led to a milder decrease in phosphorylation
of the NF-κB p65 subunit compared to in cells without BR. In conclusion, hyperbilirubinemia in Gunn
rats is associated with an attenuated systemic inflammatory response and decreased liver damage
upon exposure to LPS.

Keywords: bilirubin; Gunn rats; hyperbilirubinemia; inflammation; LPS; NF-κB

1. Introduction

Bilirubin (BR), the end product of the heme degradation pathway in the intravascular compartment,
is an important endogenous antioxidant, and it plays a crucial role in protection against oxidative
stress as has been demonstrated in numerous in vitro, in vivo, and clinical studies (for review,
see [1]). Recently, it has been shown that BR exerts potent anti-inflammatory and immunomodulatory
activities [2]. In fact, mild hyperbilirubinemia has been associated with a reduced risk of diseases
linked to increased oxidative stress and chronic inflammation (for review, see [3]).
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A wide array of BR anti-inflammatory effects are mediated by multiple mechanisms, and
indeed, BR is capable of modulating all stages of both the innate as well as the adaptive immune
system [2]. These, predominantly suppressing activities, are aimed against: the complement system [4],
damage-associated molecular patterns (DAMPs) signaling [5], Toll-like receptors (TLRs), such as
TLR4 (a bacterial lipopolysaccharide (LPS) receptor) [6], macrophage activities [7] as well as B
cell-mediated antibody production [8], and differentiation of T cells, including regulatory T cells
(Tregs) [9], all with wide-spread potential clinical consequences towards autoimmune diseases [10]
and transplant medicine [5,9].

An increasing body of evidence suggests that mildly elevated BR concentrations could suppress
production of pro-inflammatory cytokines [5,10,11]. The secretion of cytokines is under the control of
nuclear factor kappa B (NF-κB), a master regulator of numerous genes involved in the immune and
inflammatory responses [12]. In the canonical pathway, NF-κB is activated by many signals including
bacterial LPS, which binds to the LPS-binding protein (LBP), and then interacts with TLR4/CD14
receptors [13]. In resting cells, NF-κB is inactive, located in the cytoplasm bound to its inhibitor IκB.
Upon activation, the IκB kinase (IKK) complex activates NF-κB by phosphorylating IκB, resulting in
ubiquitination and proteasome degradation of IκB. Active NF-κB then translocates into the nucleus and
activates specific genes [14]. Taking into consideration the reported inhibitory effects of BR on protein
phosphorylation [15] as well as its general immune system-suppressing activities [10], we hypothesize
that BR might also interfere with phosphorylation of NF-κB p65 subunit, and thus prevent translocation
of NF-κB into the nucleus.

Therefore, the aim of our study was thus to evaluate the pathophysiological role of BR in
LPS-induced inflammation in hyperbilirubinemic Gunn rats and primary hepatocytes isolated from
hyper- and normobilirubinemic animals.

2. Results

2.1. Hyperbilirubinemia in Gunn Rats Is Associated with Decreased Systemic Inflammatory Response in
LPS-Induced Sepsis

To evaluate the effect of BR on systemic and hepatic inflammation, the complete blood count,
as well as serum markers of liver injury, was measured in hyperbilirubinemic Gunn rats as well as
in their normobilirubinemic heterozygous littermates. Interestingly, higher white blood cell (WBC)
counts were observed after LPS treatment in control rats as compared to in hyperbilirubinemic Gunn
animals ((12.39 ± 5.26) × 109/L vs. (8.70 ± 1.94) × 109/L, p = 0.05). Following LPS administration,
significant increases were detected in the proportions of neutrophils (396 ± 301%, p < 0.01), monocytes
(565 ± 242%, p < 0.01), basophils (338 ± 271%, p < 0.05), as well as eosinophils (448 ± 419%, p < 0.05),
together with a decrease in the lymphocyte count (up to 23± 13%, p< 0.01) in control animals. However,
these changes were substantially attenuated in hyperbilirubinemic Gunn rats (Figure 1a–f).

Simultaneously, marked changes in the CD4+/CD8+ T cells were observed in both
hyperbilirubinemic Gunn rats and control animals upon exposure to LPS. In fact, the CD4+/CD8+ T
ratio, a marker of immune activation [16], was 13 times higher in hyperbilirubinemic Gunn rats as
compared to in controls (p < 0.05) (Figure 1g,h).

To evaluate the effect of hyperbilirubinemia on mediators of systemic inflammation, we first
measured mRNA expression of the selected cytokines in the liver tissue as well as in the WBC of control
and LPS-treated animals. The lower expressions of liver pro-inflammatory cytokines interleukin-6 (IL-6)
(50 ± 49%, p < 0.05) and tumor necrosis factor-α (TNF-α) (59 ± 26%, p < 0.05) were observed in Gunn rat
livers without LPS treatment compared to those in heterozygous littermates. After LPS administration,
significantly lower increases in pro-inflammatory TNF-α (34 ± 21%, p < 0.05), interleukin-1β (IL-1β)
(57 ± 30%, p < 0.05), and anti-inflammatory interleukin-10 (IL-10) (40 ± 22%, p < 0.05, Figure 2a–d)
were detected in Gunn rats as compared to in normobilirubinemic controls 12 h after saline or LPS
administration. Similar results in mRNA cytokine expressions were observed also in the WBC. Indeed,
the elevation levels of cytokines IL-6, TNF-α, IL-1β and IL-10 after LPS administration were significantly

80



Int. J. Mol. Sci. 2019, 20, 2306

attenuated in Gunn rats (49 ± 35%, 43 ± 43%, 31 ± 28%, and 24 ± 13%, respectively, p < 0.05) compared
to that in control animals (Figure 2e–h).

Figure 1. The effect of LPS-induced inflammation on WBC in hyperbilirubinemic Gunn rats. Total
WBC cells (a) and their subpopulations (b–f) including T cells count (g) and CD4+/CD8+ ratio (h)
were measured 12 h after LPS administration (6 mg/kg i.p.) in normobilirubinemic heterozygous
controls (H or H LPS+) and hyperbilirubinemic Gunn rats (G or G LPS+), respectively. * p < 0.05 vs.
corresponding control, # p < 0.05 vs. LPS-treated group. n = 8 animals per group (minimum).
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Figure 2. The effects of LPS-induced inflammation on mRNA cytokine expression in the liver and WBC
of hyperbilirubinemic Gunn rats. mRNA expressions of pro- and anti-inflammatory cytokines IL-6,
TNF-α, IL-1β, and IL-10 were measured in the liver tissue (a–d) and white blood cells (e–h) 12 h after
saline or LPS administration (6 mg/kg i.p.) in normobilirubinemic heterozygous controls (H or H LPS+)
and hyperbilirubinemic Gunn rats (G or G LPS+), respectively. * p < 0.05 vs. corresponding control,
# p < 0.05 vs. LPS-treated group. n = 5 animals per group (minimum).

Serum concentrations of selected cytokines were measured to confirm the functional translation of
their mRNA expressions. In untreated animals, the concentrations of all tested cytokines were under
the limit of detection. However, after LPS treatment, the changes in concentrations of most cytokines
followed the pattern of mRNA expressions (although the concentration of IL-1β was under the limit of
detection). Compared to that of controls, lower concentrations of IL-6 (35 ± 1%) as well as those of
TNF-α (60 ± 56%) and IL-10 (25 ± 23%, p < 0.05) were observed in Gunn rats exposed to LPS (Figure 3).
This data resulted in a marked difference in the IL-10/TNF-α ratio, a marker of immune homeostasis,
between H LPS+ and G LPS+ experimental groups (0.51:0.19, p < 0.05).
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Figure 3. The effect of LPS-induced inflammation on cytokine concentration in serum of
hyperbilirubinemic Gunn rats. Concentrations of pro-inflammatory cytokines IL-6, TNF-α,
and anti-inflammatory IL-10 were measured 12 h after LPS administration (6 mg/kg i.p.) in
normobilirubinemic heterozygous controls (H LPS+) and hyperbilirubinemic Gunn rats (G LPS+),
respectively. # p < 0.05 vs. LPS-treated group. n = 5 animals per group (minimum).

Since the response of an organism to LPS sepsis involves production of LBP, an acute phase
protein, by the liver, we tested in whether hyperbilirubinemia might affect production of this mediator.
Indeed, LBP mRNA expression was upregulated in the liver of Gunn rats compared to in their
normobilirubinemic littermates both before (142 ± 37%, p < 0.05) and after LPS treatment (148 ± 48%,
p < 0.05, Figure 4a). Based on the results from in vivo experiments, LBP expression in primary
hepatocytes was assessed upon exposure to LPS. The expression of LBP gradually increased starting at
6 h in Gunn primary hepatocytes exposed to 20 and 40 μM BR (p < 0.05, Figure 4b). Interestingly, no
significant increase in mRNA expression of LBP upon incubation with BR was observed in control
hepatocytes (Figure S1, Supplemental Materials).

Figure 4. The effects of hyperbilirubinemia on lipopolysaccharide binding protein (LBP) mRNA
expression in the liver tissues upon exposure to LPS (6 mg/kg i.p.) and in primary hepatocytes.
mRNA expression of LBP was measured in the liver tissue (a) of normobilirubinemic heterozygous
controls (H or H LPS+) and hyperbilirubinemic Gunn rats (G or G LPS+), respectively, and in primary
hepatocytes (b). Primary hepatocytes isolated from Gunn rats were incubated with BR (20 and 40 μM)
for 2, 4, 6, and 24 h. (b) Values are expressed as % of untreated control cells (100%). * p< 0.05 vs. controls,
# p < 0.05 vs. LPS-treated group. (a) n = 12 animals per group (minimum); (b) n = 6 independent cell
cultures per group.

Importantly, markers of liver injury such as alanine transaminase (ALT) and aspartate transaminase
(AST) activities were lower in the LPS-treated Gunn rats compared to in LPS-treated controls (1.87 ± 1.14
vs. 5.55 ± 3.32 μkat/L, and 4.28 ± 2.26 vs. 6.22 ± 2.88 μkat/L, respectively, p < 0.05 for both comparisons,
Figure 5a,b).
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Figure 5. The effect of hyperbilirubinemia and inflammation on markers of the liver injury. ALT (a) and
AST (b) activities, markers of liver injury, were measured in normobilirubinemic heterozygous controls
(H or H LPS+) and hyperbilirubinemic Gunn rats (G or G LPS+) 12 h after saline or LPS administration
(6 mg/kg i.p.), respectively. * p < 0.05 vs. corresponding control, # p < 0.05 vs. LPS-treated group. n = 8
animals per group (minimum).

2.2. Pretreatment of Primary Hepatocytes with Bilirubin Protects against Inflammation-Induced Cell Death

To assess the underlying mechanisms of anti-inflammatory effect of BR, primary hepatocytes
isolated from hyperbilirubinemic Gunn rats and normobilirubinemic heterozygous controls were used
for in vitro experiments. Both types of primary liver cells were exposed to BR or/and TNF-α to find
out whether constitutive/basal BR could have protective effects on cell viability. No differences in
intracellular BR levels were observed between primary hepatocytes isolated from hyperbilirubinemic
and normobilirubinemic animals independently of BR treatment (Figure S2a, Supplementary Materials).
Nevertheless, primary hepatocytes isolated from hyperbilirubinemic Gunn rats were more resistant to
TNF-α-induced cell death as compared to in the control cells (16 ± 10%, p < 0.05, Figure S2b), consistent
with in vivo data on the effect of hyperbilirubinemia on the liver injury markers described above.

2.3. Effect of Bilirubin on NF-κB Pathway

To examine the role of BR in regulation of NF-κB, a key mediator of inflammatory signaling,
we investigated whether BR pre-treatment affects TNF-α-mediated NF-κB activation. Both types of
primary hepatocytes were pre-treated with 10–40 μM BR and then exposed to TNF-α. As expected,
TNF-α resulted in an increased phosphorylation of the NF-κB p65 subunit. Importantly, pretreatment
with BR significantly decreased TNF-α-induced NF-κB p65 subunit phosphorylation (Figure 6a)
(p < 0.05). No significant changes were detected in total levels of NF-κB p65 protein (Figure 6b), IKKβ

protein, and inhibitor IκBα, as well as in phosphorylation of IKKα/β and IκBα after BR and TNF-α
treatment (Figure S3). Interestingly, only BR itself increased phosphorylation of IKKα/β (Figure S3).
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Figure 6. The effect of bilirubin on NF-κB p65 subunit phosphorylation. Both types of primary
hepatocytes were pre-incubated with BR (0–40 μM) for 2 h and then treated with TNF-α (12 ng/mL)
for 5 min. Phosphorylated (a) and total (b) NF-κB p65 subunits were measured by the western blot.
Values are expressed as % of untreated control cells (100%). * p < 0.05 vs. TNF-α. n = 6 independent
cell cultures per group.

3. Discussion

BR has been shown to be an important cytoprotective and especially antioxidant molecule
at physiological or mildly elevated concentrations [1,3]. Even though in vitro studies as well as
clinical observations suggest that BR might also possess considerable anti-inflammatory properties [2],
surprisingly scarce data have been published on hyperbilirubinemic animal models of inflammation.
In our study, we used a model of LPS-induced sepsis in Gunn rats with plasma-unconjugated bilirubin
levels at around 60 μmol/L (compared to heterozygotes with 2 μmol/L).

Interestingly, a marked attenuation of WBC pro-inflammatory response with decreased counts of
neutrophils and monocytes was observed after LPS treatment in hyperbilirubinemic Gunn animals,
accompanied with substantial changes in the CD4+/CD8+ T cell ratio, an important marker of immune
activation [16]. The expansion of CD8+ cells is also driven by the activity of NADPH oxidase
(NOX2) [17]. Therefore, the beneficiary CD4+/CD8+ ratio observed in our study could at least partially
be due to a previously reported inhibitory effect of BR on NOX2 activity [18].

The major driving force of neutrophil mobilization from bone marrow and other hematopoetic
compartments during sepsis are pro-inflammatory cytokines, of which generation was significantly
attenuated in our hyperbilirubinemic rats. Since an overabundance of neutrophils during severe
inflammation might have serious damaging effects [19], its amelioration seems to contribute to
hyperbilirubinemia-induced protection. In addition, overwhelmed cytokine production during sepsis
is also considered detrimental. In fact, lower mortality was observed in rats exposed to LPS and
treated with a monoclonal antibody against TNF-α [20], and beneficiary effects were also observed for
anti-IL-1β as well as anti-IL-6 antibody treatment in other experimental models of sepsis [21,22].

Together with the decreased expression of pro-inflammatory cytokines observed in our septic
hyperbilirubinemic animals, there was also reduced production of IL-10. Although IL-10 is generally
considered to be an anti-inflammatory cytokine, its overproduction might also be harmful and
result in immunosuppression [23]. In fact, serum IL-10 concentrations were demonstrated in a
human clinical study to correlate well with the sepsis severity and mortality, as also did the high
IL-10/TNF-α ratio [24]. Thus, the balance between IL-10 and TNF-α seems to be important for immune
homeostasis maintenance, as demonstrated by a curative effect of blocking of the IL-10 pathway
in several models of bacterial infections such as from Listeria [25], Klebsiella [26], Pseudomonas [23],
Streptococcus [27], or Mycobacterium [28]. It has been suggested that this approach seems to be promising
as an adjunct therapy for severe septicemias. In our study, the IL-10/TNF-α ratio was markedly lower
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in hyperbilirubinemic Gunn rats, consistent with the better survival rate in Gunn rats exposed to
LPS observed in the previous study by Lanone et al. [29]. In concordance with these observations,
significantly lower values of hepatocellular liver injury markers were observed in Gunn rats exposed
to LPS, as similarly in previous studies [18,29]. In addition, we have previously shown that BR protects
the liver against pro-oxidative effects of elevated bile acids in cholestasis [30], further emphasizing the
role of BR in hepatoprotection.

To find the factors contributing to a decreased BR-mediated inflammatory response in Gunn rats
to LPS, we investigated the expression of LBP in the liver tissue of our experimental animals. LBP,
a plasma protein mainly produced by hepatocytes, plays a crucial role in LPS recognition and signaling
and is considered an important mediator of the inflammatory reaction [31]. It binds LPS in plasma and
transports it via cluster of differentiation 14 (CD14) to the Toll-like receptor 4 (TLR4)/MD-2 signaling
complex triggering a range of pro- and anti-inflammatory responses. Dysregulation of this finely
tuned signaling cascade could result in a deleterious effect on organism including sepsis and septic
shock [32]. Even though the role of LBP in the activation/inhibition of the inflammatory response is
probably a dual one, depending on its serum concentration, it has been described that high LBP levels
inhibit LPS-mediated cytokine release and prevent hepatic failure in vivo [33]. In our study, hepatic
LBP expression was significantly higher in Gunn rats before and after LPS treatment, suggesting a
role of hyperbilirubinemia in LBP-mediated LPS signaling. Moreover, the treatment of Gunn primary
hepatocytes with BR resulted in an increased LBP expression, indicating that BR might affect LBP
production, and thus contribute to an attenuated inflammatory response in hyperbilirubinemic subjects.

The production of pro-inflammatory cytokines during sepsis leads to activation of NF-κB [34].
In fact, our experiments on primary rat hepatocytes demonstrated that BR exposure resulted in decreased
phosphorylation of the p65 subunit of the NF-κB protein complex, a phenomenon which might be
related to both general inhibitory effects of BR on protein phosphorylation [15], as well as inhibition
of phosphorylation via suppressed TNF-α signaling [35]. It is thus likely that anti-inflammatory and
cytoprotective effects of BR may at least in part be due to attenuation of NF-κB-driven transcription.
On the contrary, we did not observe any inhibition of IκB phosphorylation, which has previously been
reported, but at much higher BR levels [10]. Moreover, phosphorylation of IKK was increased by BR
itself. Our data are consistent with previous reports demonstrating this specific inhibitory effect of
both BR [36] and biliverdin [37,38]. It is also interesting to note that the CD4+/CD8+ ratio (similarly to
Tregs and myelopoesis), which changes in our hyperbilirubinemic rats, is also regulated by the activity
of NF-κB [39].

Furthermore, Gunn rat hepatocytes were more resistant to TNF-α-induced cytotoxicity, although
no changes in intracellular BR concentrations were observed compared to control cells. These data
suggest that not only BR itself, but also “bilirubin priming”, triggering adaptive, para-hormetic
mechanisms under hyperbilirubinemic conditions, might significantly contribute to the observed
hepatoprotection; however, intensive research is needed to identify these mechanisms.

4. Materials and Methods

4.1. Chemicals and Reagents

BR, the bovine serum albumin (BSA), rat TNF-α, LPS from Escherichia coli 0114:B4, human insulin
solution, Williams’ E Medium, Collagen type I from rat tail tendon, 2,6-di-tert-butyl-4-methylphenol
(BHT), Thiazolyl Blue Tetrazolium Bromide (MTT), RNAlater, and tetrabutyl-ammonium hydroxide
(TBA, 40 % in water) were purchased from Sigma-Aldrich (St. Louis, MO, USA); the chloroform (HPLC
grade), methanol (HPLC grade), n-hexane, ethyl acetate, and acetonitrile were purchased from Merck
(Darmstadt, Germany); and 4×-Laemmli sample buffer was from Bio-Rad (Hercules, CA, USA).

As described earlier, the BR was purified before use [40]. For the experiments, BR (2.8 mg) was
dissolved in 2 mL of 0.1 M NaOH and immediately mixed with 1 mL of 0.1 M phosphoric acid.
The mixture was diluted with a BSA solution (660 μM BSA in 25 mM phosphate buffer, pH: 7.7) to
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reach a final concentration of 480 μM BR in a phosphate buffer and then serially diluted with a BSA
solution to yield solutions with final BR concentrations within the range of 10–40 μM.

4.2. In Vivo Studies

Hyperbilirubinemic adult female Gunn rats and their normobilirubinemic heterozygous littermates
(n range: 8–25 per group, weight range: 160–260 g) had access to water and food ad libitum. Gunn rats
were kindly provided by Cluster in Biomolecular Medicine (University of Trieste, Italy). All protocols
were approved by the Animal Research Committee of the 1st Faculty of Medicine, Charles University,
project No. MSMT-25538/2018-2 (29 August 2018) as well as by the Institute of Molecular Genetics of
the Academy of the Sciences of the Czech Republic, project No. PP 67/2018 (24 July 2018) and carried
out in accordance with the Guide for the Care and Use of Animals of the National Institutes of Health.

The rats were divided into 4 groups: normobilirubinemic heterozygote (a) and hyperbilirubinemic
Gunn (b) experimental groups were treated with LPS (H LPS+/G LPS+, 6 mg/kg intraperitoneally); and
normobilirubinemic heterozygote (c) and hyperbilirubinemic Gunn (d) control groups received vehicle
(saline). After 12 h, the animals were anesthetized (xylazin: 16 mg/kg, i.m.) and sacrificed. Blood for
further biochemical analyses was obtained from the inferior vena cava and from the aorta for flow
cytometry. Relevant organs (liver, heart, lung, kidney, spleen, and brain) were harvested, washed with
ice-cold PBS, snap frozen in liquid nitrogen and stored at −80 ◦C. For RNA analysis, 100 mg of fresh
liver was immediately placed in 2-mL microfuge tubes containing RNAlater and stored according to
the manufacturer’s instructions until analysis.

4.3. Determination of Complete Blood Count with Differential and Serum Biochemical Markers

Complete blood counts were measured from whole blood using an XN-1000™ automatic analyzer
(Sysmex, Lincolnshire, IL, USA). Serum biochemical markers (ALT and AST activities) were determined
by standard assays using an automatic analyzer (Modular analyzer, Roche Diagnostics GmbH,
Mannheim, Germany).

4.4. Determination of Serum Cytokine Concentrations

Determination of serum cytokine concentrations were performed using commercial rat ELISA
kits (Duo-Sets kits for IL-1β/IL-1F2, IL-10, TNF-α, and IL-6; Bio-Techne R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s instructions.

4.5. Flow Cytometry of Lymphocytes

Blood samples (250μL of whole blood) were collected in tubes with 3% potassium EDTA. After lysis
of the red blood cells (twice) using ACK buffer (0.15 M NH4Cl, 10 mM KHCO3, and 1 mM EDTA
monosodium; pH: 7.3) for 15 and 5 min separately, followed by washing with PBS (twice), the cells
were simultaneously stained for effector T cells. Cells were surface-stained using the following anti-rat
antibodies: anti-CD45-FITC (OX-1, Thermo Fisher Scientific, Waltham, MA, USA), anti-CD4-BV-786
(OX-35, BD Biosciences, San Jose, CA, USA), anti-CD8α-PerCP-e710 (OX-8, Thermo Fisher Scientific),
and anti-CD62L-PE (OX-85, SONY) for CD4/CD8 T cells panel. The cell suspensions were analyzed by
flow cytometry (BD LSR II including an FACSFlow Supply of the High Throughput Sampler System,
BD Biosciences).

4.6. Gene Expression Analyses

Total RNA from liver tissue and blood was isolated using a GenUP™ Total RNA Kit (Biotechrabbit
GmbH, Hennigsdorf, Germany) and a Total RNA Mini Kit (Geneaid Biotech Ltd, New Taipei City,
Taiwan), respectively. The quantity and purity of isolated RNA were evaluated spectrophotometrically.
cDNA was generated by a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific)
and stored at −20 ◦C until analysis. Quantitative real-time PCR was performed using TaqMan® Fast
Advanced Master Mix and a TaqMan® Gene Expression Assay Kit for the following genes: IL-6
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(Rn01410330_m1), TNF-α (Rn99999017_m1), IL-10 (Rn00563409_m1), IL-1β (Rn00580432_m1), LBP
(Rn00567985_m1), and a rat endogenous control β-2 microglobulin (Rn005608865_m1). Results were
expressed as the % of controls.

4.7. Primary Rat Hepatocyte Culture

Primary hepatocytes were isolated from anaesthetized Gunn and heterozygote (n = 3 each, weight
range: 200–220 g) rats by two-step collagenase perfusion according to a published protocol [41]. Cell
viability ranged from 75% to 85% (as trypan blue staining). Hepatocytes were further diluted to
0.8 million cells/mL with William’s E medium, supplemented with 1% penicillin/streptomycin, 1%
L-glutamine, 0.06% insulin, and 5% fetal bovine serum. Primary hepatocytes were dispensed into a
collagen-coated cell culture Petri dishes, 6-well and 96-well plates and allowed to attach for 3 h at
37 ◦C with 5% CO2 in the incubator. Unattached cells were removed after 3 h and a new medium was
added. The following day, hepatocytes were cultured with complete culture medium containing BR
(10–40 μM) and TNF-α (12–100 ng/mL) for 24 h.

4.8. Determination of Cell Viability and Intracellular Bilirubin Levels

All experiments were performed under dim light to minimize BR degradation. Cell viability of
primary hepatocytes seeded in 96-well plates was measured using an MTT test after 24 h incubation.
Primary hepatocytes harvested from 10 cm Petri dishes were used for determination of intracellular
BR as described previously [42].

4.9. Western Blot Analysis

Primary hepatocytes were lysed using a lysis buffer (5 M NaCl, 1 M Tris, pH = 8, 10% Triton-X 100),
sonicated for 5 s and centrifuged at a speed of 14,000× g for 10 min (temperature: 4 ◦C). Supernatants
(35–40 μg of protein) were diluted with a loading buffer (4× Laemmli Sample buffer, Bio-Rad, USA),
denatured at 95 ◦C for 10 min, and separated by SDS-PAGE electrophoresis (10%). Proteins were
transferred to a nitrocellulose membrane, blocked in 5% BSA in TTBS for 1.5 h and then incubated
overnight at 4 ◦C with primary antibodies anti phospho-NF-κB p65 (Ser536) (dilution, 1:2000 v/v), anti
NF-κB p65 (dilution, 1:3500 v/v), anti IκB-α (dilution, 1:3500 v/v), anti phospo-IκB-α (Ser132) (dilution,
1:1500 v/v), anti IKKβ (dilution, 1:3500 v/v), anti phospho-IKKα/β (Ser176/180) (dilution, 1:1500 v/v),
as well as anti β-actin (dilution, 1:5000 v/v) as a loading control (all antibodies were from Cell Signaling
Technology, Danvers, MA, USA). After being washed in TTBS buffer, membranes were incubated with
swine anti-rabbit IgG-HRP secondary antibody (Dako, Glostrup, Denmark) and visualized using an
ECL kit (LumiGLO®, Cell Signaling Technology). A Fusion Fx7 device and Bio-2D software (Vilber
Lourmat, Collegien, France) were used to quantify the signals. Results were normalized to β-actin.

4.10. Statistical Analysis

Student parametric unpaired and paired t-tests were used for comparison of normally distributed
data. Non-normally distributed data were analyzed with the Mann–Whitney rank sum test. Group
mean differences were analyzed by ANOVA and Kruskal–Wallis tests. Depending on their normality,
data are expressed as the mean with SD or the median with interquartile range. Differences were
considered statistically significant when p < 0.05. Analyses were performed using GraphPad Prism 5.0
statistical software (GraphPad Software, Inc., San Diego, CA, USA).

5. Conclusions

In conclusion, hyperbilirubinemia in Gunn rats is associated with an attenuated systemic
inflammatory response and decreased liver damage upon exposure to LPS, an effect associated
with a modulation of innate immunity together with decreased production of pro-inflammatory
cytokines and NF-κB activation.
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Abstract: Type 2 diabetes mellitus (DM2) leads to cardiomyopathy characterized by cardiomyocyte
hypertrophy, followed by mitochondrial dysfunction and interstitial fibrosis, all of which are
exacerbated by angiotensin II (AT). SIRT1 and its transcriptional coactivator target PGC-1α (peroxisome
proliferator-activated receptor-γ coactivator), and heme oxygenase-1 (HO-1) modulates mitochondrial
biogenesis and antioxidant protection. We have previously shown the beneficial effect of caloric
restriction (CR) on diabetic cardiomyopathy through intracellular signaling pathways involving the
SIRT1–PGC-1α axis. In the current study, we examined the role of HO-1 in diabetic cardiomyopathy
in mice subjected to CR. Methods: Cardiomyopathy was induced in obese diabetic (db/db) mice by
AT infusion. Mice were either fed ad libitum or subjected to CR. In an in vitro study, the reactive
oxygen species (ROS) level was determined in cardiomyocytes exposed to different glucose levels
(7.5–33 mM). We examined the effects of Sn(tin)-mesoporphyrin (SnMP), which is an inhibitor of
HO activity, the HO-1 inducer cobalt protoporphyrin (CoPP), and the SIRT1 inhibitor (EX-527) on
diabetic cardiomyopathy. Results: Diabetic mice had low levels of HO-1 and elevated levels of
the oxidative marker malondialdehyde (MDA). CR attenuated left ventricular hypertrophy (LVH),
increased HO-1 levels, and decreased MDA levels. SnMP abolished the protective effects of CR and
caused pronounced LVH and cardiac metabolic dysfunction represented by suppressed levels of
adiponectin, SIRT1, PPARγ, PGC-1α, and increased MDA. High glucose (33 mM) increased ROS in
cultured cardiomyocytes, while SnMP reduced SIRT1, PGC-1α levels, and HO activity. Similarly,
SIRT1 inhibition led to a reduction in PGC-1α and HO-1 levels. CoPP increased HO-1 protein levels
and activity, SIRT1, and PGC-1α levels, and decreased ROS production, suggesting a positive feedback
between SIRT1 and HO-1. Conclusion: These results establish a link between SIRT1, PGC-1α, and
HO-1 signaling that leads to the attenuation of ROS production and diabetic cardiomyopathy. CoPP
mimicked the beneficial effect of CR, while SnMP increased oxidative stress, aggravating cardiac
hypertrophy. The data suggest that increasing HO-1 levels constitutes a novel therapeutic approach
to protect the diabetic heart. Brief Summary: CR attenuates cardiomyopathy, and increases HO-1,
SIRT activity, and PGC-1α protein levels in diabetic mice. High glucose reduces adiponectin, SIRT1,
PGC1-1α, and HO-1 levels in cardiomyocytes, resulting in oxidative stress. The pharmacological
activation of HO-1 activity mimics the effect of CR, while SnMP increased oxidative stress and cardiac
hypertrophy. These data suggest the critical role of HO-1 in protecting the diabetic heart.
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1. Introduction

Diabetes mellitus type 2 (DM2) is associated with excess cardiovascular morbidity and
mortality [1,2]. Diastolic dysfunction, reduced myocardial contractility and heart failure are evident
as a result of progressive cardiac fibrosis and/or pressure overload [3,4]. Insulin resistance and
hyperinsulinemia, hyperglycemia, and elevated free fatty acids are primary factors that lead to
cardiomyocyte injury, dysfunction and myocardial lipotoxicity in diabetes [5]. Oxidative stress,
mitochondrial dysfunction, abnormal intracellular calcium metabolism [6] and chronic inflammation [7]
are mediators of cardiac damage. Angiotensin II (AT) is a potent vasoconstrictor [8]. Endogenous cardiac
AT synthesis triggers the development of cardiac hypertrophy [9] irrespective of hypertension [10].

Individuals voluntarily practicing long-term Caloric Restriction (CR) suggest that it favorably
affects cardiovascular disease risk factors [11], simultaneously postponing age-related diseases and
longevity in animal models [12,13]. Adiponectin, which increases in the plasma after CR [14,15], has
been implicated in CR-induced cardioprotection [14]. Sirtuin-1 (SIRT1), a redox-sensitive enzyme, is a
member of a large family of class III histone deacetylases (HDAC) [16,17]. It modulates genetic stability,
extending the life span of flies, and worms [18]. SIRT1 regulates cellular processes such as apoptosis/cell
survival, chromatin remodeling, and gene transcription [19]. SIRT1 activation by CR drives a number
of downstream events, including the peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC-1α) and the anti-oxidant protein heme oxygenase (HO-1) [20,21]. There are decreased
cardiac levels of HO-1 and adiponectin and elevated levels of inflammatory cytokines (Tumor Necrosis
Factor α: TNFα) and the oxidative stress marker malondialdehyde (MDA) in the sera of diabetic
patients [20]. AT release by the adipocyte and the reduction of HO-1 lead to reactive oxygen species
(ROS) and oxidative stress. These factors have a decisive role in obesity-induced injury, mitochondrial
dysfunction, and fragmentation [22,23]. Together, these proteins improve metabolic signaling pathways,
and blunt pro-inflammatory pathways in mice fed a high-fat, high-calorie diet [24,25]. ROS dependent
perturbations associated with metabolic syndrome are influenced by HO activity [26,27]. It is suggested
that the genes associated with lipid metabolism, adipocyte differentiation and insulin sensitivity
upregulation are influenced by the nuclear transcription factors, peroxisome proliferator-activated
receptors (PPARs), i.e., PPARα, γ, and δ [28,29].

Using a murine cardiomyopathy model obtained by stressing the diabetic heart by AT, we reported
that CR decreased cardiac hypertrophy and inflammatory markers [30,31]. We also showed that CR
affects cardiac remodeling in these mice through molecular mechanisms related to mitochondrial
function and an antioxidative signaling pathway mediated by SIRT1 and PGC-1α [31,32]. In the present
study, using the same model, we identify HO-1 as a key factor behind the cardioprotective effect of CR.
We demonstrate that increased levels of HO-1 improve antioxidant defense and enhance metabolic
adaptation through its interaction with SIRT1. Increasing HO-1 mimicked the protective effects of CR
on the diabetic heart, while the inhibition of HO activity increased oxidative stress and aggravated
pathological hypertrophy.

2. Results

2.1. CR Reduced Oxidative Stress and Increased PGC-1α and HO-1 Levels

We have previously characterized the murine model of diabetic cardiomyopathy by combining
diabetes (db/db transgenic mice) and AT infusion, and reported the cardioprotective effects of CR [31].
The model of cardiomyopathy in AT-stressed diabetic mice and the protective effect of CR are described
in Table 1. Body weight, glucose, Aspartate Aminotransferase (AST), Alanine aminotransferase (ALT),
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and cholesterol triglycerides were all higher in diabetic mice compared to WT mice. AT induced
cardiomyopathy, as demonstrated by both functional and biochemical markers. In order to examine
the role of HO-1 in the cardioprotection afforded by CR, SnMP was administrated to the diabetic mice
concomitantly with CR. SnMP resulted in increased levels of AST, GOT, and of cholesterol, reversing the
beneficial effects of CR. AT with and without diabetes reduced HO-1 levels of cardiac tissue compared
to non-treated WT animals, (p = 0.001), while CR increased HO-1 (p = 0.02, Figure 1). MDA levels
were increased in db/db + AT mice compared to WT mice (p = 0.01), but fell following CR (p < 0.03)
(Figure 2A).

Figure 1. Cardiac heme oxygenase-1 (HO-1) proteins levels: caloric restriction (CR) alleviates oxidative
stress through the activation of HO-1. HO-1 was reduced after angiotensin II (AT) treatment in cardiac
tissue both in wild-type (WT) and diabetic mice compared to non-treated WT mice (p = 0.001), but was
elevated after CR. n = 4 in each group, * p < 0.05 vs. WT, & p < 0.05 vs. db/db + AT. Values represent
mean ± SD.

Table 1. The effect of CR on LV dimension and biochemistry.

WT
n = 8

db/db
n = 14

db/db + AT
n = 14

db/db + AT +
CR

n = 8

db/db+AT+
CR + SnMP

n = 5

IVS (mm) 0.8 ± 0.1 0.9 ± 0.1 1.1 ± 0.1 # 1 ± 0.1 & 1.3 ± 0.1 $

LVPW (mm) 0.9 ± 0.1 0.9 ± 0.1 1.1 ± 0.2 # 0.9 ± 0.2 & 1.3 ± 0.3 $

LVEDD (mm) 3.6 ± 0.7 3.9 ± 0.2 3.5 ± 0.05 # 4.1 ± 0.4 & 3 ± 1.2 $

LVESD (mm) 2.9 ± 0.2 2.6 ± 0.3 2.4 ± 0.6 2.5 ± 0.5 2.1 ± 0.4
FS (%) 33 ± 14 34 ± 7 34 ± 7 41 ± 10 & 40 ± 4 &

Body Weight (g) 26 ± 3 41 ± 10 * 40 ± 5 33 ± 7 & 36 ± 6
Systolic Blood Pressure

(mmHg) 95 ± 21 99 ± 30 148 ± 15 # 114 ± 11 & 138 ± 9 $

Glucose (mg/dL) 137 ± 44 617 ± 93 * 658 ± 107 531 ± 127 & 427 ± 195 &

AST (U/L) 62 ± 25 127 ± 53 * 226 ± 149 99 ± 21 & 138 ± 122
ALT (U/L) 126 ± 42 182 ± 134 281 ± 176 117 ± 32 & 194 ± 198

Cholesterol (mg/dL) 79 ± 24 112 ± 21 * 199 ± 91 # 118 ± 25 & 156 ± 29 $

Triglycerides (mg/dL) 124 ± 57 185 ± 66 * 208 ± 75 127 ± 35 & 188 ± 19 $

Values are mean ± SD. * p < 0.05 vs. WT, # p < 0.05 vs. db/db, & p < 0.05 vs. db/db + AT, $ p < 0.05 vs. db/db + AT + CR.
IVS, intra ventricular septum; LVPW, left ventricle posterior wall; LVESD, left ventricle end systolic dimension;
LVEDD, Left ventricle end diastolic dimension; FS, Fractional shortening.

CR had a beneficial metabolic effect on blood lipids, but that was abolished by SnMP (cholesterol;
p = 0.04, triglycerides; p = 0.006) with no significant effect on both body weight and blood glucose.
SnMP resulted in left ventricular hypertrophy (LVH), preventing the protective effect of CR on cardiac
hypertrophy (p = 0.003). SnMP also increased systolic blood pressure (BP) to the level found in diabetic
AT-treated mice without CR (p = 0.005) (Table 1), and increased MDA levels (Figure 2A). Adiponectin
was reduced in diabetic mice, while AT and CR-treated animals displayed elevated adiponectin levels
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and SIRT1 activity, which was blocked by SnMP (Figure 2B,C). PGC-1α was reduced in diabetic
AT-treated heart tissue (p < 0.001). PGC-1α levels were elevated following CR (p < 0.0001), but reduced
following SnMP treatment (Figure 2D). PPARγ levels were higher in diabetic mice compared to WT.
CR reduced PPARγ levels db/db +AT hearts. SnMP abolished the beneficial effects of CR, reducing the
levels of adiponectin, PGC-1α, and SIRT1 to those of diabetic mice (Figure 2B–D), while increasing
PPARγ levels (Figure 2E).

Figure 2. Sn(tin)-mesoporphyrin (SnMP) prevents the beneficial cellular effect of CR. CR diabetic mice
were concomitantly treated with SnMP. Malondialdehyde (MDA) levels in the serum were measured
using thiobarbituric acid-reactive substances (TBARS) kit, n = 4 in each group. n = 4 in each group,
* p < 0.007 vs. WT, & p = 0.009 vs. db/db + AT, $ p < 0.005 vs. db/db + AT + CR. Values represent mean
± SD (A). Adiponectin (B), SIRT1 (C), and peroxisome proliferator-activated receptor-γ coactivator
(PGC-1α) (D) mRNA levels were measured in the cardiac tissue. n = 4 in each group, * p < 0.04 vs. WT,
& p < 0.05 vs. db/db + AT, $ p < 0.04 vs. db/db + AT + CR. Values represent mean ± SD. Western blot for
peroxisome proliferator-activated receptor y (PPARγ) protein and densitometry analysis of PPARγ
normalized to β actin. n = 4 in each group, * p < 0.03 vs. WT, & p = 0.004 vs. db/db + AT, $ p = 0.002 vs.
db/db + AT + CR. Values represent mean ± SD (E). HO-1 protein levels were reduced in the heart (F).

2.2. Cross-Talk between HO-1-SIRT1-and PGC-1α

In order to examine the interaction between HO-1–SIRT1–PGC-1α and their role in glucose
metabolism and oxidative stress in the heart, cultured rat neonatal cardiomyocytes exposed to different
concentrations of glucose (7.5 mM, 17.5 mM, and 33 mM) were used. Elevated glucose levels led
to a concomitant increase in cellular ROS production (p < 0.03) (Figure 3(Aa,d,g,B)) and reduction
in SIRT1 and PGC-1α proteins levels (p < 0.05, Figure 3A,C–F). HO-1 inhibitor SnMP produced a
significant reduction in the levels of both SIRT1 (p < 0.002) and PGC-1α (p < 0.009) (Figure 3C–F),
leading to increased ROS production (p < 0.001, Figure 4Ab,e,h). The HO-1 inducer, CoPP, increased
SIRT1 (p < 0.008) and PGC-1α expression (p < 0.03, Figure 3D–F) and prevented the glucose-mediated
elevation of ROS (p < 0.002, Figure 3Ac,f,i). As shown in Figure 3G, the basal levels of HO activity is
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inhibited by about 70% in bilirubin formation in the presence of SnMP. An increase of glucose levels
caused the inhibition of HO activity, and was further potentiated by SnMP, which is clearly observed
when glucose reached 33 mM (* p < 0.01 vs. control, # p < 0.001 vs. SnMP).

SIRT1 inhibition by EX-527 elevated ROS production (Figure 4A,B). PGC-1α and HO-1 protein
levels also decreased (Figure 4C–E). Cumulatively, these results indicate a direct bilateral relationship
between SIRT1–PGC-1α and HO-1; perturbations in HO activity and HO-1 levels influence upstream
molecules e.g., SIRT1. Therefore, SIRT1–PGC-1α and HO-1 form a pathway with a positive feedback
loop protecting cardiomyocytes against oxidative stress, which participates in the pathogenesis of
diabetic heart disease (Figure 5).

Figure 3. HO-1 is required for the expression of SIRT1 and PGC-1α. Neonatal rat cardiomyocytes were
exposed to 7.5 mM, 17.5 mM, and 33 mM of glucose and treated with SnMP or cobalt protoporphyrin
(CoPP). Cells were stained with 2′, 7′-dichlorofluorescin diacetate (DCF-DA) (Aa–i), and fluorescence
was measured using a fluorimeter (B). Representative western blots for SIRT1 and PGC-1α for cells
treated with SnMP (C) and CoPP (D), densitometry analysis for SIRT1 (E) and PGC-1α (F). HO activity
in the presence and absence of SnMP and CoPP (G). Results were normalized to the group exposed to
17.5 mM of glucose. * p < 0.05 vs. control, & p < 0.05 vs. 7.5 mM of control, # p < 0.05 vs. SnMP. n = 4 in
each group. Values represent mean ± SD.
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Figure 4. SIRT1 is required for the expression of PGC-1α and HO-1. Neonatal rat cardiomyocytes were
exposed to 17.5 mM and 33 mM of glucose and treated with the SIRT1 inhibitor EX-527. Cells were
stained with DCF-DA, Scale bar: 100 μm. (Aa–d), and fluorescence was measured using fluorimeter
(B). Representative Western blots for SIRT1, PGC-1α, and HO-1 for cells treated with EX-527 (C),
densitometry analysis for SIRT1 (D), and HO-1 (E). Results were normalized to the group exposed to
17.5 mM of glucose. * p < 0.05 vs. control, & p < 0.05 vs. 33 mM of control, n = 4 in each group. Values
represent mean ± SD.

Figure 5. Illustration of CR cellular signaling hereby suggested to participate in the development of
Type II diabetic cardiomyopathy: The energetic dysfunction in diabetes increase in the heart together
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with elevation in the production of angiotensin, leading to mitochondrial dysfunction, oxidative stress,
and inflammation. CR elevates adiponectin and SIRT-1 levels. These lead to the activation of both
PGC-1α and HO-1, which together improve mitochondrial function, alleviate the oxidative stress, and
reduce inflammation by CR, ameliorating cardiomyopathy. SIRT-1, PGC-1α, and HO-1 form a positive
feedback loop elevating each other and thus protecting cardiomyocytes against oxidative stress, which
participates in the pathogenesis of diabetic heart disease.

3. Discussion

Obesity affects major segments of the population. We have previously shown that oxidative stress
is implicated in the pathogenesis of insulin resistance and its consequent vascular injury. We have
emphasized the role of reactive oxygen species in adipocytes that resulted in decreased adiponectin
levels, increased inflammation, and decreased adipogenesis. In this study, we identified that the
CR-mediated cardio protection effect is dependent on HO-1 expression. Furthermore, we showed a
direct link between HO-1-SIRT1 and PGC-1α signaling and the attenuation of diabetic cardiomyopathy.

There are numerous pathways involved in different models of cardiomyopathy [33]. Cardiac
hypertrophy is mediated in part by the RAS and TGF-β, which have a central role in cardiac remodeling.
Since four-month-old diabetic mice did not develop cardiac hypertrophy or fibrosis, we developed an
AT-dependent murine cardiomyopathy model by further stressing the diabetic heart by AT [31]. AT
has been reported to induce cardiomyopathy mainly through its profibrotic effects [2,10]. Oxidative
stress plays a pivotal role in the development of obesity and the pathogenesis of diabetes [6]. In the
current study, SnMP led to a marked hypertrophic remodeling in excess of that present in AT-treated
db/db mice. Perturbations in adiponectin and PPARγ that are closely related to HO-1 are also involved
in the hypertrophic remodeling as well [34,35]. While oxidative stress decreases adiponectin, HO-1
helps increase adiponectin, thereby preventing cardiomyopathy and heart failure development [36].
AT with and without diabetes reduced HO-1 levels of cardiac tissue compared to non-treated WT
animals, while CR increased HO-1. MDA levels were increased in db/db + AT mice compared to WT
mice, but fell following CR, demonstrating the antioxidative role of HO-1 in cardiac tissues.

PGC-1α has been characterized as a master regulator of mitochondrial biogenesis. It acts through
several transcription factors, including Nuclear Respiratory Factor (NRF1 and NRF2), which regulate
the expression of antioxidant genes, including HO-1 [37]. We have previously shown that the activation
of PGC-1α reduced mitochondrial ROS in adipocytes through the induction of HO-1, and that the
silencing of PGC-1α prevented the increased levels of HO-1 in these cells [38]. PGC-1α is not activated
until it is deacetylated by SIRT1 [39,40], thereby helping antioxidant defenses [41]. The levels of
mitochondrial cofactors SIRT1, PGC-1α, and HO-1 were reduced in diabetic AT-treated hearts, while
CR elevated these factors. On the contrary, SnMP produced a significant reduction in the levels
of both SIRT1 and PGC-1α, leading to increased ROS production. These results establish the link
between SIRT1, PGC-1α, and HO-1 signaling that leads to the attenuation of ROS production and
diabetic cardiomyopathy.

The downregulation of SIRT1 has been implicated as a contributing factor in metabolic disorders,
inducing the metabolic syndrome and DM2 [42]. The SIRT1 protein binds to and represses genes
controlled by the fat regulator PPARγ [43]. During CR, fatty acids levels are reduced in diabetic
mice, resulting in reduced lipotoxicity [30,44]. CR reduced PPARγ levels, consequently preventing the
initiation of the cascade that leads to lipotoxicity that participates in the cardiomyopathy process.

Heme oxygenase exists in two forms, HO-1(inducible) and HO-2 (non-inducible), and is rate
limiting in heme degradation to biliverdin, iron, and carbon monoxide. Biliverdin is rapidly converted
to bilirubin with positive effects on numerous biological functions [27]. The pleiotropic effects of
HO-1 on obesity and cardiovascular disease is well documented [26,45]. HO-1 exhibits a broad
spectrum of actions on blood vessel endothelial tissue. This includes increased levels of vasodilation,
increased numbers of endothelial progenitor cells, and improved cardiac cell function, while decreasing
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vasoconstriction and inflammation [26,46]. Increased levels of HO-1 result in increased levels of the
antioxidant, bilirubin, and the antiapoptotic, carbon monoxide, which are responsible for neutralizing
free radicals, ICAM-1, VCAM-1, TNF, and IL-18 [27]. The role of inflammation and HO-1 in cardiac
diabetes using the strepotozocin (STZ) model has been previously described. Myocardial fibrosis and
apoptosis, but not inflammation, were found in long-term experimental diabetes STZ [47]. Previously
published reports showed that HO-1 induction attenuates glucose-mediated cell growth arrest and
apoptosis in human and mice cell line [48]. Additionally, high levels of glucose and hyperglycemia
inhibits HO-1 activity and expression, as glucose deprivation increases HO-1 expression [49,50]. CR
offers effective protection on later responses such as hypertrophy. Thus, the upregulation of HO-1 in
CR offers cytoprotection that is manifested in the amelioration of cardiovascular disease and protection
against cardiomyopathy [51,52]. Increased levels of HO-1 through pharmacologic intervention with
compounds such as resveratrol and L4F result in cardiac improvement that is akin to that observed
with CR. In summary, pharmacologic or genetic interventions to increase HO-1 constitute a novel
therapeutic approach to preventing diabetic cardiomyopathy in humans.

In conclusion, in the current study, we show that the cardioprotective effect of CR in diabetic mice
involves the increased expression of PGC-1α in association with increased HO-1 and SIRT1 levels.
The dependency of the cell survival on HO activity was evident (Figure 3G). Thus, the mechanism of
the cell protection in glucose is partially dependent on HO activity. The inhibition of HO activity by
SnMP abolished the beneficial effect on cardiac metabolic dysfunction represented by adiponectin,
SIRT1, PPARγ, PGC-1α, MDA, and pathological cardiac hypertrophy. The pharmacological inhibition
of either HO-1 or SIRT1 of isolated cardiomyocytes was followed by the decreased expression of SIRT1
and PGC-1α and an elevation of PPARγ levels. In contrast, CoPP increased the levels of SIRT1, PGC-1α,
and HO-1, and attenuated the myocardial RO, suggesting a mutual symbiotic relationship between
these cardioprotective mediators. Prior studies demonstrated that increased levels of HO have been
shown to attenuate the expression of inflammatory markers through a number of mechanisms [53–55].
The current data suggest that the increased expression of SIRT1 and PGC-1α is responsible for the
increased levels of HO-1. This may be considered as a pivotal axis that is the first line of defense
against oxidative stress caused by hyperglycemia, and is essential to protect the diabetic heart from
insults. While the field of pharmacological therapies continues to expand, efforts to facilitate weight
loss have had limited success. In the present study, we examined the cellular mechanism by which
CR protects the diabetic heart. We must understand the underlying cellular mechanisms in order to
prevent adverse cardiac remodeling. Our findings are crucial for the development of novel therapeutic
approaches such as targeting the HO-1–SIRT1–PGC-1α axis to prevent cardiomyopathy and heart
failure, which is a major source of morbidity and mortality in diabetic patients.

4. Materials and Methods

4.1. Animal Model

The animal experiments were approved by the institutional animal care and use committee of
Tel Aviv University (M-15-010, 16 February 2015). Homozygous db/db mice (C57BLKS/J-leprdb/leprdb)
and their wild-type (WT) littermates were maintained in a pathogen-free facility on regular rodent
chow with free access to water and 12-h light and dark cycles. Homozygous mice were verified by
PCR. Male WT or db/db mice (12–14 weeks old) were used for the experiments. db/db mice develop mild
cardiomyopathy at an advanced age [2,56]. To enhance the development of heart disease and obtain a
robust phenotype, mice were stressed by ATII as described in other cardiomyopathy models [10]. Mice
were divided into the following groups, n = 5–14 each in each group: WT, db/db, db/db + AT, db/db + AT
+ CR, and db/db + AT + CR + SnMP.
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4.2. Angiotensin

Mice were anesthetized with 2% isoflurane, and an ALZET osmotic pump (Durect Corp., Cupertino,
CA, USA) was subcutaneously implanted into each mouse. The osmotic pumps infused angiotensin II
(Sigma-Aldrich, St. Louis, MO, USA) at a rate of 1000 ng·kg−1·min−1 for 4 weeks.

4.3. Caloric Restriction

Mice were housed in individual cages. Caloric-restricted (CR) mice were fed 90% of their average
caloric intake for 2 weeks (10% restriction), followed by 65% of that for an additional 2 weeks (35%
restriction). Experiments were conducted after the 4-week period, as we have previously described [57].

4.4. Cell Culture

Rat hearts (Sprague–Dawley 1–2 days old) were removed under sterile conditions and washed
three times in phosphate-buffered saline (PBS) to remove excess blood cells. We used rat culture
because the rat heart is bigger than the mouse heart; therefore, the yield of cardiomyocytes is higher.
The hearts were minced and then gently agitated in a solution of proteolytic enzymes, RDB (Biological
Institute, Ness-Ziona, Israel), which was prepared from fig tree extract. RDB was diluted 1:100 in Ca2+

and Mg2+-free PBS for a few cycles of 10 min each, as previously described [58]. Dulbecco’s modified
Eagle’s medium (Biological Industries, Kibbutz Beit Haemek, Israel) containing 10% horse serum was
added to supernatant suspensions containing dissociated cells. The mixture was centrifuged at 300 g
for 5 min. The supernatant was discarded, and the cells were resuspended. The suspension of the cells
was diluted to 1.06 × 106 cells/mL, and 1.5 mL of the suspension was placed in 35-mm plastic culture
dishes, or 0.5 mL in 24-well plates. The cultures were incubated in a humidified atmosphere of 5%
CO2 and 95% air at 37 ◦C. Confluent monolayers exhibiting spontaneous contractions developed in
culture within 2 days [31].

4.5. Experiments with EX-527, CoPP, SnMP, and HO Activity

Cultured cardiomyocytes were incubated with different concentration of glucose (7.5 mM, 17.5 mM,
and 33 mM) for 4 days. A glucose concentration of 17.5 mM was considered as control. The SIRT1
inhibitor EX-527 (Cayman Chemical, Ann Arbor MI, USA) was added to the culture for 24 h (10 μM).
Cobalt protoporphyrin dichloride (CoPP), 2 μM, which increases HO-1 protein levels, and HO activity
and Sn(tin)-mesoporphyrin dichloride (SnMP) 1 μM, inhibits HO activity (Frontier Science, Logan, UT,
USA), were dissolved in 0.1 M of sodium citrate buffer, pH 7.8 and added to the cardiomyocyte cultures
for 72 h [59]. For the in vivo study, SnMP (2 mg/100 g, intraperitoneal was injected every 4 days
concomitantly with AT infusion and CR. HO activity was measured by incubating myocyte in the
presence of glucose using the same methods by Da-Silva et al. [60] in which bilirubin, the end product
of heme degradation by HO, was extracted with chloroform, and its concentration was determined
spectrophotometrically (Dual UV/VIS Beam Spectrophotometer Lambda 25; Perkin-Elmer, Norwalk,
CT, USA) using the difference in absorbance at wavelength from λ 460 to λ 530 nm with an absorption
coefficient of 40 mmol/L−1 and cm−1.

4.6. In Vitro ROS Production Measurement

ROS was detected using a 2′, 7′-dichlorofluorescin diacetate (DCF-DA) reagent (Sigma-Aldrich,
St. Louis, MO, USA). This compound is an uncharged cell-permeable molecule. Inside cells, this
probe is cleaved by non-specific esterases, forming carboxy dichlorofluoroscein, which is oxidized
in the presence of ROS. Cells were loaded with 10 μM of DCF-DA for 30 min at 37 ◦C and then
washed. Fluorescence was monitored with a microplate fluorimeter using wavelengths of 485/538 nm
for excitation/emission, respectively.
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4.7. Western Blotting

Cardiac tissue was homogenized in lysis buffer and quantified for protein levels using a commercial
assay (Bio-Rad, Hercules, CA, USA). Western blotting was performed according to standard procedures,
as previously described [31,61]. Protein samples (60 μg) were applied to sodium dodecyl sulfate (SDS)
polyacrylamide gel (10–15%), electrophoresed under denaturing conditions and electrotransferred onto
nitrocellulose membranes (Bio-Rad). Membranes were blocked with 3% BSA in tris-buffered saline
(TBS). Primary antibodies for β actin, GAPDH (Santa Cruz Biotechnology, Dallas, Texas, USA), PGC-1α
(ABCAM, Cambridge, UK), HO-1 (Enzo Life Sciences, Farmingdale, NY, USA), and SIRT1 (Merck
Millipore Corp, Darmstadt, Germany) were used in TBST with 3% BSA overnight at 4 ◦C. Dye 680 or
800 secondary antibodies were added at a concentration of 1:10,000 for 1 h at room temperature (LI-COR
Biosciences, Lincoln, NE, USA). Detection was carried out with the LI COR Odyssey. Quantification of
signals was carried out with the Odyssey program. The ratio between the intensity of the band of the
tested protein and the intensity of the corresponding actin or GAPDH band was calculated for the
normalization/expression of results.

4.8. RT-PCR

Total RNA was purified from hearts using TRIzol (Ambion, Austin, TX, USA) as per the
manufacturer’s instructions. The quantity of total RNA was determined by OD260 measurements.
cDNA was synthesized from total RNA using the TaqMan High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol. Quantitative
real-time PCR analysis was performed using the Step One Plus system (Applied Biosystems, Foster
City, CA, USA). The primers and TaqMan FAM probes were ordered from Applied Biosystems [31].

Gene Assay ID

Tbp (TATA BOX) Mm00446973
Ppargc1 (PGC-1α) Mm01208835

Adipoq (adiponectin) Mm00456425

4.9. Serum Thiobarbituric Acid Reactive Substances

Malondialdehyde (MDA) was quantified through a controlled reaction with thiobarbituric
acid, generating thiobarbituric acid-reactive substances (TBARS). Thus, lipid peroxidation was
determined using the TBARS assay kit (Cayman Chemical, Ann Arbor, MI, USA) according to
the manufacturer’s instructions.

4.10. SIRT Activity

SIRT activity in the nuclear fraction of cardiac tissue samples was measured using the Universal
SIRT activity assay kit (Abcam, Cambridge, UK).

4.11. Statistical Analysis

Animals were assigned to groups randomly. All the values were expressed as mean ± SD. In the
in vivo studies, results were normalized to the WT group, and in the in vitro studies, the results
were normalized to the 17.5-mM glucose control group. The statistical difference between the two
groups was assessed using the two-tailed Student’s t-test. To compare more than two groups, one-way
analysis of variance (ANOVA) with Duncan’s multiple comparison option was used. p < 0.05 was
considered significant.
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Abstract: Type 1 diabetes mellitus (T1D) is a chronic autoimmune disease resulting in the destruction
of insulin producing β-cells of the pancreas, with consequent insulin deficiency and excessive
glucose production. Hyperglycemia results in increased levels of reactive oxygen species (ROS) and
nitrogen species (RNS) with consequent oxidative/nitrosative stress and tissue damage. Oxidative
damage of the pancreatic tissue may contribute to endothelial dysfunction associated with diabetes.
The aim of the present study was to investigate if the potentially protective effects of phenethyl
ester of caffeic acid (CAPE), a natural phenolic compound occurring in a variety of plants and
derived from honeybee hive propolis, and of a novel CAPE analogue, as heme oxygenase-1 (HO-1)
inducers, could reduce pancreatic oxidative damage induced by excessive amount of glucose,
affecting the nitric oxide synthase/dimethylarginine dimethylaminohydrolase (NOS/DDAH) pathway
in streptozotocin-induced type 1 diabetic rats. Our data demonstrated that inducible nitric oxide
synthase/gamma-Glutamyl-cysteine ligase (iNOS/GGCL) and DDAH dysregulation may play a key
role in high glucose mediated oxidative stress, whereas HO-1 inducers such as CAPE or its more
potent derivatives may be useful in diabetes and other stress-induced pathological conditions.

Keywords: Type 1 diabetes mellitus (T1D); Pancreatic oxidative damage; Heme oxygenase-1
(HO-1) inducers; Caffeic acid phenethyl ester (CAPE); Reactive oxygen species (ROS);
Dimethylarginine dimethylaminohydrolase-1 (DDAH-1); Inducible nitric oxide synthase (iNOS);
Gamma-Glutamyl-Cysteine Ligase (GGCL)

1. Introduction

Diabetes mellitus (DM) is a chronic syndrome of impaired carbohydrate, protein, and fat
metabolism caused by insufficient secretion of insulin and/or defects in insulin action in tissues
due to insulin resistance. Type 1 diabetes mellitus (T1D) is a chronic autoimmune disease resulting
in the destruction of insulin producing β-cells of the pancreas, with consequent insulin deficiency
and excessive glucose production [1,2]. Although insulin resistance is traditionally linked to type 2
diabetes mellitus (T2D), intense inflammatory activities characterized by the presence of cytokines,
apoptotic cells, immune cell infiltration, amyloid deposits, and fibrosis may result also in T2D due
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to loss of β-cells and reduced insulin production [3]. Moreover, irrespective of the type, DM is
a complex metabolic disease, often associated with long-term complications, including vascular
complications, and affecting many tissues [4–9]. In the diabetic status, exposure to high levels
of glucose cause a marked reduction in endothelial cell (EC)-released NO [10], with consequent
vascular dysfunction [11]. Previous studies have shown that endogenous arginine analogs may play
a regulatory role in the arginine/NO pathway [12]. Asymmetric NG, NG-dimethyl-l-arginine (ADMA)
is an endogenous inhibitor of all isoforms of nitric oxide synthase (NOS). Elevated ADMA levels
have been identified as a biomarker of endothelial dysfunction [13], suggesting that plasma ADMA is
significantly associated with cardiovascular risk. ADMA metabolism is related to its generation from
protein breakdown and to its cleavage by dimethylarginine dimethylaminohydrolase (DDAH) into
citrulline and dimethylamine [14]. Two distinct isoforms of DDAH have been described so far, DDAH-1
and DDAH-2, with distinct tissue distribution [15,16]. It has been reported that overproduction
of reactive oxygen species (ROS) leads to downregulation of DDAH-1 and -2, as well as ADMA
accumulation by inhibiting DDAH enzyme, which can be prevented by antioxidants [17,18]. In most
tissues, hyperglycemia results in increased levels of ROS and nitrogen species (RNS). Without adequate
compensatory response by endogenous antioxidant systems, a redox imbalance occurs, leading to the
activation of specific pathways that can amplify the damage. It has been reported that in diabetic
patients the increase in oxidative stress is associated with a decline in cellular antioxidant defenses [7].
The transcription factor called Nrf2 (nuclear factor erythroid-derived 2) is referred to as the “master
regulator” of the antioxidant response; it modulates the expression of hundreds of genes, including
those with a promoter region containing an antioxidant response element (ARE) [19], such as heme
oxygenase-1 (HO-1), DDAH-1, DDAH-2, gamma-Glutamyl-cysteine ligase (GGCL) [20–23] and other
antioxidant/detoxifying enzymes. The pharmacological manipulation of Nrf2 may represent a target
in treating metabolic disorders such as diabetes. This research aims to elucidate some biochemical
and metabolic aspects of diabetes, identifying any changes in the capacity of antioxidant defense,
in an experimental in vivo model of diabetes. In addition, although some experimental data showed
unwanted effects of HO-1 induction in diabetic models [24–26], as it is also evident that all molecules
capable of inducing the biosynthesis of HO-1 may represent potential protective agents, natural
compounds and synthetic derivatives of natural molecules could be a valid approach for use as
adjuvants in antidiabetic therapy [27]. The phenethyl ester of caffeic acid (CAPE), a natural phenolic
compound occurring in a variety of plants and derived from honeybee hive propolis has many
beneficial properties (anti-carcinogenic, anti-viral, anti-inflammatory, anti-oxidant) [28,29], however,
the mechanisms of pleiotropism of CAPE are not fully understood and are partially attributed to the
ability to induce HO-1 expression [30]. Our previous, in vitro, study showed that CAPE and small
focused series of CAPE analogues were HO-1 inducers. Some of tested compounds were more potent
HO-1 inducers than CAPE.

Particularly, 3-(3,4-dihydroxyphenyl)-(2E)-2-propenoic acid 2-(3,4-dimethoxyphenyl) ethyl ester
(VP961) was the most potent (Figure 1). Moreover, VP961 is the first known compound able to directly
activate the HO-1 enzyme and to induce its protein expression at the same time [31].

 
Figure 1. Chemical structure of caffeic acid phenethyl ester (CAPE) and VP961-CAPE derivative.

107



Int. J. Mol. Sci. 2019, 20, 2441

The aim of the present study was to investigate if the potentially protective effect of CAPE
as an HO-1 inducer could reduce pancreatic oxidative damage induced by excessive amount of
glucose, affecting the NOS/DDAH pathway in streptozotocin-induced type 1 diabetic (STZ) rats.
Moreover, because to date only limited strctural CAPE analogues have been examined in vivo [32,33],
the protective effect of CAPE derivative VP961, more potent in vitro than the parent compound CAPE
as an HO-1 inducer, was investigated in the same animal model mentioned above.

2. Results

2.1. Body Weight, Blood Glucose Content, Food Intake, Water Intake, and Volume of Urine Excreted

2.1.1. The Effects of CAPE and VP961 on Animal Body Weight

Table 1 shows the time course of the changes in body weight during the experimental period.
The diabetic control rats (STZ) displayed a marked decrease in body weight with respect to the normal
control rats. Body weight was significantly increased in CAPE- or VP961-treated STZ rats with respect
to the diabetic control.

Table 1. Effects of CAPE and VP961 on body weight during the experimental period.

Groups
T0 8 Days 15 Days 21 Days

Body Weight (g) Body Weight (g) Body Weight (g) Body Weight (g)

Control 231 ± 3 265 ± 5 300 ± 7 335 ± 11
STZ 228 ± 5 238 ± 7* 262 ± 5 * 280 ± 3 *

STZ/CAPE 220 ± 3 256 ± 9 291 ± 3 329 ± 4
STZ/VP961 226 ± 5 253 ± 8 291 ± 4 318 ± 6

Values are mean ± standard deviation (S.D.) of three independent experiments performed in triplicate. * p < 0.05 vs.
normal control rats.

2.1.2. The Effects of CAPE and VP961 on Blood Glucose Content

Figure 2 shows the time course of the changes in blood glucose content during the experimental
period. After two days, a significant increase was observed in both diabetic control rats (STZ) and in
CAPE- or VP961-treated STZ rats with respect to normal control rats. A significant reduction in blood
glucose content was observed in CAPE- or VP961-treated STZ rats with respect to diabetic control rats
after 8, 15, and 21 days of treatment.

Figure 2. Effects of CAPE and VP961 on blood glucose content during the experimental period.
Values are mean ± standard deviation (S.D.) of three independent experiments performed in triplicate.
* p < 0.05 vs. normal control rats; § p < 0.05 vs. diabetic control rats (STZ).
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2.1.3. The Effects of CAPE and VP961 on Water Intake, Volume of Urine Excreted, and Food Intake

The time course of the changes in water intake and volume of urine excreted during the
experimental period shows that after two days, a significant increase was observed in both diabetic
control rats and in CAPE- or VP961-treated STZ rats with respect to normal control rats. A significant
reduction in water intake and volume of urine excreted was observed in CAPE- or VP961-treated STZ
rats with respect to diabetic control rats (STZ) after 8, 15, and 21 days of treatment (Figures 3 and 4).

Figure 3. Effects of CAPE and VP961 on water intake during the experimental period. Values are mean
± standard deviation (S.D.) of three independent experiments performed in triplicate. * p < 0.05 vs.
normal control rats; § p < 0.05 vs. diabetic control rats (STZ).

Figure 4. Effects of CAPE and VP961 on volume of urine excreted during the experimental period.
Values are mean ± standard deviation (S.D.) of three independent experiments performed in triplicate.
* p < 0.05 vs. normal control rats; § p < 0.05 vs. diabetic control rats (STZ).

The food intake of normal rats was higher with respect to STZ rats (normal control = 25 ± 2 g/day;
diabetic control rats (STZ) = 35 ± 3 g/day). The food intake of STZ rats treated with CAPE or VP961
was similar to that of normal rats.

2.2. Plasma Insulin, RSH, LOOH, ADMA, and Nitrite/Nitrate Levels

As shown in Table 2, the plasmatic insulin and non-proteic thiol groups (RSH) levels were
significantly lower in the diabetic control rats (STZ) than that in the non-STZ rats. Treatment with
CAPE or VP961 significantly increased these levels. The levels of lipid hydroperoxide (LOOH),
an oxidative stress biomarker, in the plasma of diabetic control rats (STZ) were significantly elevated
compared with non-STZ rats; however, these levels were significantly decreased upon receiving CAPE
or VP961. STZ rats had increased plasmatic ADMA and NO2

−/NO3
− levels compared to the normal

control group. CAPE or VP961 treatment in STZ rats significantly reduced ADMA and NO2
−/NO3

−
levels with respect to control STZ rats.
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Table 2. Plasmatic insulin, non-proteic thiol groups, lipid hydroperoxide, Asymmetric NG,
NG-dimethyl-l-arginine (RSH, LOOH, ADMA), and NO2

−/NO3
− levels.

PLASMA
Insulin
(ng/mL)

RSH
(nmoles/mL)

LOOH
(nmoles/mL)

ADMA
(nmoles/mL)

NO2
−/NO3

−
(nmoles/mL)

Control 1.0 ± 0.03 140 ± 10 15 ± 2 0.1 ± 0.02 0.75 ± 0.03
STZ 0.45 ± 0.05 * 80 ± 7 * 30 ± 5 * 0.9 ± 0.03 * 1.5 ± 0.05 *

STZ/CAPE 0.82 ± 0.03 ** 130 ± 9 ** 18 ± 3 ** 0.6 ± 0.02 ** 0.8 ± 0.03 **
STZ/VP961 0.78 ± 0.07 ** 120 ± 8 ** 17 ± 4 ** 0.3 ± 0.02 **± 0.7 ± 0.04 **

Values are mean ± standard deviation (S.D.) of three independent experiments performed in triplicate. * p < 0.05 vs.
normal control rats; ** p < 0.05 vs. diabetic control rats (STZ).

2.3. Pancreatic RSH, LOOH, ADMA, and Nitrite/Nitrate Levels

Concerning the pancreatic RSH content, the diabetic control rats (STZ) showed a marked decrease
compared with non-diabetic control rats. This content was significantly increased by CAPE or VP961
treatment, as shown in Table 3. The levels of pancreatic LOOH, an oxidative stress biomarker, in diabetic
control rats (STZ) were significantly elevated compared with non-STZ rats; however, these levels were
significantly decreased upon receiving CAPE or VP961. STZ rats had increased pancreatic ADMA
and NO2

−/NO3
− levels compared to the normal control group. CAPE or VP961 treatment in STZ rats

significantly reduced ADMA and NO2
−/NO3

− levels respect to control STZ rats (Table 3).

Table 3. Pancreatic RSH, LOOH, ADMA, and NO2
−/NO3

− levels.

PANCREAS
RSH

(nmoles/mg prot.)
LOOH

(nmoles/mg prot.)
ADMA

(nmoles/mg prot.)
NO2

−/NO3
−

(nmoles/mg prot.)

Control 28 ± 2 0.2 ± 0.03 20 ± 0.8 4 ± 0.9
STZ 12 ± 1 * 1 ± 0.04 * 200 ± 5 * 12 ± 2 *

STZ/CAPE 27 ± 2 ** 0.4 ± 0.02 ** 50 ± 4 ** 6 ± 0.8 **
STZ/VP961 26 ± 3 ** 0.3 ± 0.03 ** 53 ± 3 ** 5 ± 0.9 **

Values are mean ± standard deviation (S.D.) of three independent experiments performed in triplicate. * p < 0.05 vs.
normal control rats; ** p < 0.05 vs. diabetic control rats (STZ).

2.4. Pancreatic HO-1, DDAH-1, GGCL, iNOS Protein Expressions

The expression levels of antioxidant enzyme-related proteins, such as HO-1 and GGCL, in diabetic
control rats (STZ) were very low (Figure 5, Panels B-C). In more detail, HO-1 protein was weakly
expressed both in STZ rats and in non-STZ rats, however, CAPE or VP961 administration in STZ rats
resulted in a significant upregulation (Figure 5, Panel B).

The expression levels of GGCL in STZ rats were significantly lower than those of non-STZ rats,
as shown in Figure 5 (Panel C). The decreased protein expression of GGCL in STZ rats was increased
by CAPE or VP961 administration.

The expression levels of iNOS protein in diabetic control rats were significantly higher than those
of non-STZ rats, as shown in Figure 6 (Panel B). The increased protein expression of iNOS in STZ rats
was decreased by CAPE or VP961 administration.

The expression levels of DDAH-1 protein in diabetic control rats were significantly lower than
those of non-STZ rats, as shown in Figure 6 (Panel C). The decreased protein expression of DDAH-1 in
STZ rats was increased by CAPE or VP961 administration.
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Figure 5. Representative Western blotting of HO-1 and GGCL protein expressions (Panel A).
Densitometric quantification of HO-1 and GGCL protein expressions in the pancreas of non-STZ
rats (control), STZ rats, and CAPE- or VP961-treated STZ rats (CAPE/STZ; VP961/STZ) (Panel B,C).
Values are mean ± standard deviation (S.D.) of three independent experiments performed in triplicate.
* p < 0.05 vs. diabetic control rats (STZ); § p < 0.05 vs. normal control rats.

Figure 6. Representative Western blotting of iNOS and DDAH-1 protein expressions (Panel A).
Densitometric quantification of iNOS and DDAH-1 protein expressions in the pancreas of non-STZ
rats (control), STZ rats, and CAPE- or VP961-treated STZ rats (CAPE/STZ; VP961/STZ) (Panel B,C).
Values are mean ± standard deviation (S.D.) of three independent experiments performed in triplicate.
* p < 0.05 vs. diabetic control rats (STZ); § p < 0.05 vs. normal control rats.

3. Discussion

ROS and RNS are well recognized for playing a dual role in human pathology as both deleterious
and beneficial species [34]. In addition, it is often difficult to distinguish whether oxidative reactions
occurring during a disease process are the cause, by participating in the initial pathogenetic mechanisms
of tissue damage, or if they appear only as one of the final effects of the process [35]. Attempts
have been made to reduce oxidative damage related to diabetes complications, but the results of
administration of antioxidants were disappointing [36,37]; for these reasons, currently research is

111



Int. J. Mol. Sci. 2019, 20, 2441

aiming at the identification of so-called “indirect antioxidants,” and the stimulation and strengthening
of endogenous antioxidant defenses [38,39]. In recent years, much attention has been focused on
phyto-constituents present in fruits, vegetables, and medicinal herbs, and, in particular, on some plant
secondary metabolites such as phenolic and terpene compounds [40]. There are now many published
studies on their antioxidant activities or their ability to enhance endogenous antioxidant defenses by
modulating the cellular redox state of plant-derived substances [41–48], but their potential beneficial
effects on human health are not confined to their antioxidant action; in fact, numerous interesting
biological activities could reveal new roles of these compounds in the prevention and treatment of
certain diseases, such as metabolic syndrome and/or diabetes complications [37,49,50]. However, it is
important to note that most studies were conducted using cell models, while few results were obtained
using in vivo models [36,37]. Type 1 diabetes leads to high blood glucose levels (hyperglycemia)
that can cause serious health complications [51]. Although hyperglycemic damage is a multifactorial
process, data in the literature suggest that oxidative/nitrosative stress and stress-activated signaling
pathways might represent a unifying hypothesis [7]. In diabetic patients, the overproduction of ROS
and RNS is associated with iNOS overexpression, which might contribute to stress-induced pancreatic
cell death [52,53].

In our experimental conditions, the significant increase of plasmatic and pancreatic LOOH and
nitrite/nitrate levels, markers of oxidative/nitrosative stress, induced by low insulin content and
consequent hyperglycemia, may be related to upregulation of pancreatic iNOS protein.

Moreover, oxidative stress is also related to depletion of antioxidant defenses, which also
contributes to many of the complications of diabetes, including vascular complications. It has been
reported that the overproduction of free radicals could cause damage and apoptosis of pancreatic islet
β-cells and reduction of insulin secretion [54]. Bruce et al. reported that HO-1 mRNA expression is
significantly reduced in T2D patients [55], whereas upregulation of the HO system increases pancreatic
β-cell insulin release and reduces hyperglycemia in different diabetic models [56]. In vitro and in vivo
studies have demonstrated that CAPE has many beneficial properties, including anti-hyperglycemic
and antioxidant properties [57–61]. In our experimental conditions, body weight of CAPE- or
VP961-treated STZ rats was significantly increased compared to the diabetic control rats. Moreover,
treatment of STZ rats with CAPE or VP961 significantly reduced blood glucose levels, increased
plasmatic insulin levels, and decreased plasmatic and pancreatic LOOH and nitrite/nitrate levels with
respect to control STZ rats. The reduction of plasmatic and pancreatic nitrite/nitrate levels may be
related to iNOS downregulation in CAPE- or VP961-treated STZ rats. These results suggest that
the effects of CAPE or VP961 may be due to their protecting the pancreatic tissue from damage.
Moreover, the significant increase of plasmatic and pancreatic LOOH induced by low insulin content
and consequent hyperglycemia may be related to downregulation of pancreatic antioxidant defenses,
both enzymatic and nonenzymatic, such as HO-1, GGCL, and RSH. Under physiological conditions,
Nrf2 locates in the cytoplasm and binds to its inhibitor, kelch-like ECH associated protein 1 (KEAP1).
Upon exposure of cells to natural phenolic compounds, Nrf2 is freed from KEAP1 and translocates
into the nucleus to bind to antioxidant-responsive elements (ARE) in the genes encoding antioxidant
enzymes such as heme oxygenase-1 (HO-1) DDAH-1, DDAH-2, gamma-Glutamyl-cysteine ligase
(GGCL) [20–22], and other antioxidant/detoxifying enzymes. Our experimental data showed that HO-1
protein at basal levels was weakly expressed in the pancreatic tissue of control rats. These data are
in agreement with the data of Li et al. [62]. Since HO-1 protein was also weakly expressed in the
pancreatic tissue of STZ rats, any downregulation could not be detectable. However, the levels of HO-1
protein were significantly increased by CAPE or VP961 administration. According to Ye et al. [63],
HO-1 induction may be protective of pancreatic β-cells because of the scavenging of free heme,
the antioxidant effects of the end product bilirubin, or the generation of carbon monoxide, which might
have insulin-secretion-promoting effects and inhibitory effects on nitric oxide synthase. Moreover,
VP961 in vivo was, slightly but significantly, more potent than CAPE as an HO-1 inducer. In our
experimental conditions in pancreas, GGCL protein, which catalyzes the first and also limiting step in
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the synthesis of the antioxidant glutathione (GSH), was downregulated in STZ rats, but the levels of this
protein were significantly increased by CAPE or VP961 administration. The increased expressions of
GGCL induced in STZ rats treated with CAPE or VP961 are related to increased levels of plasmatic and
pancreatic RSH and to decreased levels of plasmatic and pancreatic LOOH. Our results demonstrate
that in vivo CAPE is more potent than VP961 as a GGCL inducer.

It has been reported that overproduction of ROS leads to downregulation of DDAH-1 and
-2, as well as ADMA accumulation, by inhibiting the DDAH enzyme, which can be prevented by
antioxidants [17,18]. Numerous experimental data have shown that DDAH activities are crucial
in the regulation of ADMA metabolism [64–66] and in the prevention of endothelial dysfunction.
Newsholme et al. reported that oxidative stress and ADMA accumulation could lead to pancreatic
β-cell dysfunction and decreased insulin secretion, thus compounding the problematic metabolic status
of diabetes [67]. In our experimental conditions, DDAH-1 protein, the main isoform of DDAH expressed
in pancreas, was also downregulated in STZ rats, but the levels of this protein were significantly
increased by CAPE or VP961 administration. The increased expression of DDAH-1 induced in STZ
rats treated with CAPE or VP961 may be due to Nrf2 translocation into the nucleus and to its binding
to antioxidant-responsive elements (ARE) in the genes encoding DDAH-1. DDAH-1 upregulation is
related to decreased levels of plasmatic and pancreatic ADMA. Our results demonstrate that VP961
was more potent in vivo than CAPE as a DDAH-1 inducer. Overall, our data demonstrated that in
an animal model of T1D, CAPE or VP961 treatment may reverse the diabetes-induced oxidative stress
in rat pancreas.

4. Materials and Methods

4.1. Animal Model

All animal procedures were performed in accordance with the Guidelines for Care and Use of
Laboratory Animals of “Catania University,” and experiments were approved by the Animal Ethics
Committee (project code N.170, Italy; 1 October 2016) of “MINISTRY OF HEALTH (Directorate General
for Animal Health and Veterinary Medicines) (Italy)”. Thirty day old Wistar rats were purchased from
Charles River Labs (Lecco, Italy). The rats were maintained under a 12 h light/dark cycle, and housed
in a controlled temperature (24 ± 2 ◦C) and humidity (50 ± 5%) environment. After several days
of adaptation, the rats were divided into normal and diabetic groups. The experimental diabetes
was induced by intraperitoneal (i.p.) injection of streptozotocin (50 mg/kg body weight in a 10 mM
citrate buffer, pH 4.5). One week after the injection, we verified the occurrence of hyperglycemia;
animals with blood glucose >140 mg/dL were placed in individual metabolic cages; body weight,
amount of water and food taken, and volume of urine excreted were recorded daily. Non-fasting blood
samples were collected twice per week by tail bleeding into heparinized tubes. In the plasma samples,
the glucose concentrations were determined. Rats were distributed in four groups: group I included
six untreated animals that were considered the normal control group; group II included six diabetic
animals considered the diabetic control group; group III included six diabetic animals orally treated
with a non-toxic dose (30 mg/Kg) of the alcoholic extract of CAPE; and group IV included six diabetic
animals orally treated with a non-toxic dose (30 mg/Kg) of the alcoholic extract of CAPE derivative
VP961. Control groups (diabetic and non-diabetic rats) received the same volume of ethanol as vehicle.

After 21 days, animals were sacrificed by an overdose of anesthetic, and blood and pancreas
tissues were immediately removed and frozen for biochemical assays.

4.2. Measurement of Glucose and Insulin in the Plasma

Plasmatic glucose and insulin levels were measured using, respectively, a commercial glucose
ELISA kit (CrystalChem, Zaandam, the Netherlands) and commercial insulin ELISA kit (ALPCO,
Salem, NH, USA) in accordance with the manufacturer’s instructions. Results are reported respectively
as mg glucose/dl of plasma and ng insulin/mL of plasma.
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4.3. Plasmatic and Pancreatic Nitrite/Nitrate Determination

Quantification of nitrite, the stable metabolite of nitric oxide, was measured colorimetrically via
Griess reaction. Aliquots of plasma or pancreas homogenates were preincubated for 30 min at room
temperature with 50 μM nicotinamide adenine dinucleotide phosphate (Sigma-Aldrich, St. Louis,
MO, USA) and 24 mU nitrate reductase (Roche Diagnostics Gmbh, Mannheim, Germany), and then
the samples were treated with 0.2 U lactate dehydrogenase (Roche) and 0.5 mol sodium pyruvate
for 10 min. The coloration was developed by adding Griess reagent (Merck KGaA, Darmstadt,
Germany; 1:1, vol/vol). Finally, after 10 min at room temperature, absorbance was recorded by 96 well
plate microtiter at λ 540 nm. Nitrite levels were determined using a standard curve and expressed
as nanomoles of NO2

−/NO3
− per ml of plasma or NO2

−/NO3
− per milligram of protein. Protein

concentration was measured using TAKE 3 nanodrop.

4.4. Plasmatic and Pancreatic ADMA Determination

Plasma and tissue ADMA concentration was determined in plasma or pancreas homogenates
using a commercially available enzyme-linked immunosorbent assay kit (DLD Diagnostika GmbH,
Hamburg, Germany) according to the manufacturer’s instructions. Results are reported as nmoles
ADMA/mL of plasma or nmoles ADMA/mg prot.

4.5. Determination of Plasmatic and Pancreatic Lipid Hydroperoxide Levels

Plasma and pancreatic levels of lipid hydroperoxide were evaluated following the oxidation of
Fe+2 to Fe+3 in the presence of xylenol orange at λ 560 nm, as previously described [68]. Results are
reported as nmoles LOOH/mL of plasma or nmoles LOOH/mg prot.

4.6. Non-Proteic Thiol Groups Determination

Plasma and pancreatic levels of non-proteic thiol groups were measured, in 200 μL of plasma or
pancreatic homogenate, using a spectrophotometric assay, as previously described [68]. Results are
reported as nmoles RSH/mL of plasma or nmoles RSH/mg prot.

4.7. Western Blotting

Western blotting analysis was performed as previously described [69,70]. Briefly, tissues
were homogenized in lysis buffer (50 mM Tris-HCl, 10 mM EDTA, 1% v/v Triton X-100,
1% phenylmethylsulfonyl fluoride (PMSF), 0.05 mM pepstatin A, and 0.2 mM leupeptin) and tissue
homogenates (30 μg proteins) were loaded onto 12% SDS-polyacrylamide (SDS-PAGE) gels and
subjected to electrophoresis (120 V, 90 min). The separated proteins were transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA). After transfer, the blots were incubated with Li-COR blocking
buffer for 1 h, followed by overnight incubation with primary antibodies directed against HO-1 (1:1000)
[Enzo Life Sciences, Plymouth Meeting, PA)], GGCL (1:1000) [Abcam, Cambridge, United Kingdom],
DDAH-1 (1:5000) [Calbiochem EMD Biosciences (Darmstadt, Germany)], iNOS (1:1000) (SantaCruz
Biotechnology, Santa Cruz, CA, USA) and β-actin (Cell Signaling Technology, Inc., Danvers, MA, USA).
After washing with TBS, the blots were incubated for 1 h with the secondary antibody (1:1000). Protein
detection was carried out using a secondary infrared fluorescent dye-conjugated antibody absorbing at
λ 800 and λ 700 nm. The blots were visualized using an Odyssey Infrared imaging scanner (LI-COR
Biosciences), and quantified by densitometric analysis performed after normalization with β-actin.
Results are expressed as arbitrary units (A.U.).

4.8. Statistical Analysis

Data are reported as mean ± standard deviation (S.D.) values of at least three independent
experiments. The results were analyzed for statistical significance using ANOVA, followed by
Bonferroni’s post hoc test. A p-value < 0.05 was considered as significant.
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5. Conclusions

Overproduction and/or insufficient removal of free radicals results in different pathological
conditions, including diabetes [71]. Diabetes mellitus increases oxidative stress in pancreatic tissue.
Oxidative damage of the pancreatic tissue may contribute to endothelial dysfunction associated with
diabetes. It can be concluded that CAPE and VP961 inhibit lipid peroxidation and regulate antioxidant
enzyme-related proteins in STZ rats. Moreover, iNOS/GGCL and DDAH dysregulation may play a key
role in high glucose mediated oxidative stress, whereas HO-1 inducers such as CAPE or its derivatives
may be useful in treating diabetes and other stress-induced pathological conditions.
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Abstract: High levels of heme oxygenase (HO)-1 have been frequently reported in different human
cancers, playing a major role in drug resistance and regulation of cancer cell redox homeostasis.
Metformin (MET), a drug widely used for type 2 diabetes, has recently gained interest for treating
several cancers. Recent studies indicated that the anti-proliferative effects of metformin in cancer
cells are highly dependent on glucose concentration. The present work was directed to determine
whether use of a specific inhibitor of HO-1 activity, alone or in combination with metformin, affected
metastatic prostate cancer cell viability under different concentrations of glucose. MTT assay and
the xCELLigence system were used to evaluate cell viability and cell proliferation in DU145 human
prostate cancer cells. Cell apoptosis and reactive oxygen species were analyzed by flow cytometry.
The activity of HO-1 was inhibited using a selective imidazole-based inhibitor; genes associated
with antioxidant systems and cell death were evaluated by qRT-PCR. Our study demonstrates that
metformin suppressed prostate cancer growth in vitro and increased oxidative stress. Disrupting
the antioxidant HO-1 activity, especially under low glucose concentration, could be an attractive
approach to potentiate metformin antineoplastic effects and could provide a biochemical basis for
developing HO-1-targeting drugs against solid tumors.

Keywords: prostate cancer; heme oxygenase; metformin; apoptosis; ER stress; HO-1 activity inhibitor

1. Introduction

Heme oxygenase-1 (HO-1) is the inducible isoform of heme oxygenase, the first rate-limiting
enzyme in the degradation of heme to free iron, carbon monoxide (CO), and biliverdin [1].

HO-1 is present at low levels in many tissues and is highly upregulated by numerous stimuli, such
as heme, heavy metals, UV irradiation, reactive oxygen species (ROS), polyphenols, and inflammatory
cytokines [2,3]. HO-1 is mainly localized in microsomes, but it has also been demonstrated to be
differently localized in caveolae, mitochondria, and nuclei [4–6].

Endogenous induction of HO-1 is widely acknowledged as an adaptive cellular response, able to
counteract oxidative stress. Moreover, HO-1-derived metabolites have several protective effects on cells
and tissues against injuries related to pathological conditions like diabetes, obesity, and cardiovascular
diseases [7–13].
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High levels of HO-1 have been frequently reported in different human cancers [14–16], playing a
major role in drug resistance and regulation of cancer cell redox homeostasis [17–22].

Elevated HO-1 levels have been shown in many cancers, as reported by Jozkowicz et al. [23]. A
previous study by Florczyk et al. [24] revealed that enhanced activity of biliverdin reductase may protect
cells in stressful conditions arising from anti-cancer drugs, cisplatin, and doxorubicin. Additionally,
data from Banerjee et al. [25] demonstrate that HO-1 is up-regulated in renal cancer cells as a survival
strategy against chemotherapeutic drugs and promotes growth of tumor cells by inhibiting both
apoptosis and autophagy. Thus, application of chemotherapeutic drugs along with HO-1 inhibitor
may elevate therapeutic efficiency by reducing the cytoprotective effects of HO-1 and by simultaneous
induction of both apoptosis and autophagy.

Metformin (MET), a drug widely used for type 2 diabetes, has recently gained interest for treating
several cancers [26]. The anti-proliferative effects of metformin, reported in several cancers including
breast, colon, glioma, ovarian, pancreatic, and prostate cancer [27–29], have been mainly associated
with the capacity of MET to inhibit mitochondrial respiration and consequently increasing glycolysis
rates [30] and to arrest cell cycle and inducing caspase-dependent apoptosis [31,32].

An inverse relationship has been found between the progress of prostate cancer and type 2
diabetes in patients who use metformin.

Additionally, MET use had a trend of improving survival for prostate cancer patients [33,34].
Metformin was reported to reduce prostate cancer growth prominently under a high fat diet, acting
through the modulation of several tumoral-associated processes in a xenograft model of human cell
lines, using immunodeficient mice [35].

MET treatment and caloric restriction increase the AMP/ATP ratio and activate AMP-activated
protein kinase (AMPK), switching cells from an anabolic to a catabolic state. Treatment of breast
cancer cells with MET significantly decreased cholesterol content with concomitant inhibition of
various cholesterol regulatory genes [36], suggesting that drugs affecting cholesterol synthesis, such as
simvastatin/atorvastatin, could be used in the treatment of cancer [37].

Recent studies showed, in vitro, that MET, in combination with simvastatin, induced G1-phase cell
cycle arrest [38], while, in vivo, treatment of mice with a combination of metformin and atorvastatin
caused stronger inhibition than either drug used individually on the growth of PC-3 tumors [39].
Furthermore, it has been reported that combination treatment of MET with valproic acid was
more effective at slowing prostate tumor growth in vivo compared to either drug alone, in mouse
xenografts [40].

MET has been proposed to operate as an agonist of Sirtuin-1, a nicotinamide adenine dinucleotide
(NAD+)-dependent deacetylase that mimics most of the metabolic responses to calorie restriction [41].

Most primary and metastatic human cancers show significantly increased glucose uptake because
of their enhanced glucose consumption. Cancer cells are more dependent on glucose for energy
production than normal cells [42,43]. Recent studies have indicated that the anti-proliferative effects of
metformin in cancer cells are highly dependent on the glucose concentration [44,45].

Furthermore, it has been shown that metformin significantly decreases the intracellular glutathione
levels and enhanced sensitivity of esophageal squamous cell carcinoma to cisplatin [46], suggesting
that regulation of the antioxidant defenses represents a key target for cancer therapy. In this regard,
new evidence has shown the involvement of TIGAR (TP53-induced glycolysis and apoptosis regulator)
in glutathione restoration [47].

A growing body of independent evidence supports the association between metabolic alterations
and the development and progression of prostate cancer, as well as the promising role of MET in
controlling prostate cancer outcomes.

The present work was directed to determine whether use of a specific inhibitor of HO-1 activity,
alone or in combination with MET, would affect metastatic prostate cancer cell viability under different
concentrations of glucose.
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2. Results

2.1. Effect of Metformin on Cell Viability

It has been shown that MET is selectively toxic to p53-deficient cells and provides a potential
mechanism for the reduced incidence of tumors observed in patients being treated with metformin [48].
Results obtained by Gonnissen et al. showed that p53-mutant cells were more resistant to MET than
PC3 and 22Rv1 [49].

In order to determine whether MET affects proliferation of human p53-mutant prostate cancer
cells, we analyzed the effect of the drug on DU145, a p53-mutant cell line [50]. DU145 was treated
with different concentrations of MET (3–50 mM) for 24 h, then the cell viability was assessed by MTT
assay (Figure 1). In the presence of the highest concentration of MET (50 mM), the cell viability was
reduced by about 50% compared to treatment with the other concentrations, and about 80% compared
to untreated cells. Consistent with previous studies, cell treatment with metformin showed significant
cytotoxicity. The concentration of 10 mM was used in the following experiments.

Figure 1. Metformin (MET) caused a decrease in cell viability. Cell viability, determined using MTT
assay, of androgen-independent human prostate cancer cells (DU145), control untreated (CTRL) and
treated with Metformin at different concentrations (3, 5, 10, 20, and 50 mM) for 24 h. Data are the means
± SD of three experiments performed in triplicate * p < 0.05 versus DU145 untreated cells.

2.2. Real-Time Analysis of Cell Proliferation in Presence of Metformin and Different Glucose Concentrations

In order to study the effect of MET on DU145 cells proliferation in conditions of glucose deprivation,
dynamic changes in cell index were monitored using the xCELLigence system upon exposure to 1 mM
glucose (G1 control (CTRL)) or 25 mM glucose (G25 CTRL) for 48 h. The DU145 cells were untreated
and treated with 10 mM MET. The cell index of both control groups of untreated cells followed the
same trend across the 48 h. After 24 h, the cell index of cell groups treated with MET followed different
trends, showing a noticeable gap at the end of 48 h.

As shown in Figure 2, low glucose concentration enhanced MET cytotoxicity in DU145 cells at
24 h and 48 h.
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Figure 2. Metformin decrease cell proliferation in presence of different glucose concentrations. DU145
proliferation in the different groups recorded in real time, using the xCELLigence system. The cells
showed growth with 1 mM glucose (G1) or 25 mM glucose (G25) in presence and absence of 10 mM
metformin (MET).

2.3. Effect of Metformin on HO-1, CHOP, BAX, and Sirtuins mRNA Expression

The effect of MET on HO-1, CHOP and BAX, genes related to the endoplasmic reticulum stress
and apoptosis activation, was assessed by measuring mRNA levels. Their gene expression followed
the same trend, with an increased level after MET administration, compared to the control group
(Figure 3A–C). In order to analyze the effect of metformin on the pathway related to apoptosis
regulation, mRNA levels of different sirtuins were assessed. Treatment with 10 mM MET led to an
increase of Sirt1 levels, more pronounced in the highest concentration of glucose. Conversely, Sirt3 and
Sirt5 levels were reduced after treatment, in both concentrations of glucose. The low concentration of
glucose caused a significant decrease of Sirt3 and Sirt5 levels, even in the absence of MET (Figure 3D–F).

Figure 3. MRNA expression of HO-1 (A), CHOP (B), BAX (C), SIRT1 (D), SIRT3 (E), and SIRT5 (F), of
control cells with 25 mM glucose (G25 CTRL), control cells with 1 mM glucose (G1 CTRL), G25 treated
with 10 mM metformin (G25 +MET), and G1 treated with 10 mM metformin (G1 +MET). Results are
mean ± SD, * p < 0.05 vs. G25 CTRL, # p < 0.05 vs. G1 CTRL.

2.4. Metformin Enhances the Apoptosis Rate of DU145 in the Presence of a Selective HO-1 Activity Inhibitor

The apoptosis of DU145 cells was measured using Annexin V staining and flow cytometry analysis
after 12 h of treatment. As shown in Figure 4, in both concentrations of glucose, the rate of apoptotic

122



Int. J. Mol. Sci. 2019, 20, 2593

DU145 cells was significantly increased after treatment with MET. The co-treatment with a selective
inhibitor of HO-1 activity (VP1347) caused a strong enhancement of apoptosis levels. The treatment
with VP1347 alone did not demonstrate significant differences to the untreated control. The decreased
level of live cells was more evident in the co-treatment group, indicating a synergistic effect (G1 CDI =
0.90; G25 CDI = 0.95) between MET and VP1347.

Figure 4. Effect of metformin and HO-1 activity inhibitor VP1347 on DU145 cells apoptosis. Cells were
incubated with 1 mM glucose (G1) or 25 mM glucose (G25) in the presence and absence of 10 mM
metformin (MET) and 10 μM VP1347 for 12 h. Apoptosis was evaluated by cytometry, using the Muse
Annexin V and Dead Cell Assay Kit. The graph showed the total apoptotic cells percentage in the
different groups. * p < 0.05 vs. G1 CTRL, # p < 0.05 vs. G25 CTRL.

2.5. Effect of Metformin on Oxidative Stress Regulation Pathway

At the 1 mM glucose concentration, MET treatment caused a significant decrease of glutathione
(GSH) levels compared to the control, especially when combined with VP1347. The treatment with
VP1347 alone was not able to reduce the GSH levels. In the presence of the highest concentration
of glucose, all treatments showed a reduction of GSH levels without difference within the groups
(Figure 5A). TIGAR and Gamma-Glutamylcysteine Synthetase (GCLC) mRNA expression was measured
after 6 h of treatment with MET and VP1347 in both concentrations of glucose (Figure 5B,C). At the
1 mM glucose concentration, TIGAR levels were significantly reduced when treated with MET and
VP1347, used alone or in combination, compared to the control. GCLC mRNA expression showed a
marked increase only in the group treated with metformin. At high glucose concentration, TIGAR levels
were strongly reduced in the presence of MET and VP1347, particularly when used as co-treatment.
GCLC levels were decreased in all treated groups compared to the control.

2.6. Effect of Metformin and HO-1 Activity Inhibitor on ROS Production

The quantitative measurement of cells undergoing oxidative stress was evaluated by cytometry, using
the Muse Oxidative Stress Kit after a 6 h treatment with MET and VP1347. As shown in Figure 6, in both
concentrations of glucose, a positive ROS level was notably increased after MET and VP1347 administration
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compared to the control. The decrease of ROS M1 values was more evident in the co-treatment group,
indicating a synergistic effect (G1 CDI = 0.92; G25 CDI = 0.86) between MET and VP1347.

Figure 5. Metformin regulates oxidative stress pathway. (A) Thiol groups in DU145 cells treated for 24 h
with 10 mM metformin and 10 uM VP1347. Thiol groups are expressed as nmol/mg protein. Values
represent the means ± SD of three experiments performed in triplicate. * p < 0.05, significant result vs.
untreated DU145 cells. (B,C) MRNA expression of TIGAR and GCLC of control cells with 25 mM glucose
(G25), control cells with 1 mM glucose (G1), in the presence and absence of 10 mM metformin (MET) and
10 μM VP1347 for 6 h. Results are mean ± SD, * p < 0.05 vs. G25 CTRL, # p < 0.05 vs. G1 CTRL.

Figure 6. Effect of Metformin and HO-1 activity inhibitor VP1347 on DU145 cells ROS production.
Cells were incubated with 1 mM glucose (G1) or 25 mM glucose (G25) in the presence and absence of
10 mM metformin (MET) and 10 μM VP1347 for 6 h. The quantitative measurement of cells undergoing
oxidative stress was evaluated by cytometry, using the Muse Oxidative Stress Kit. The graph showed
the positive ROS percentage in the different groups. * p < 0.05 vs. G1 CTRL, # p < 0.05 vs. G25 CTRL.
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3. Discussion

In diabetic patients, metformin decreases plasma glucose concentration mainly by lowering hepatic
gluconeogenesis and glucose output. This effect is followed by an increase in glucose uptake and the
amelioration of insulin resistance [51]. MET works by targeting the enzyme AMPK (AMP activated
protein kinase), which induces muscles to take up glucose from the blood. A recent breakthrough
has found the upstream regulator of AMPK to be a protein kinase known as LKB1, a well-recognized
tumor suppressor [52].

AMP-activated protein kinase (AMPK) activators have been in use for many years to treat type 2
diabetes, but recent data demonstrate that these compounds can inhibit AKT-derived pro-survival
effects and induce apoptosis in cancer cells [53].

Several data suggest that MET, an AMPK inducer, could protect from cancer and inhibit breast
and glial tumor cell proliferation [52,54,55] through inhibition of the mitochondrial complex I activity
and cellular respiration. An essential role of the electron transport chain in cell proliferation has been
reported, due to its ability to enable the biosynthesis of aspartate, a proteinogenic amino acid and a
precursor in purine and pyrimidine synthesis [56].

In this study, we show that MET not only is a very potent inhibitor of human prostate cancer cell
growth, but its effect, in vitro, is potentiated by low glucose treatment and HO-1 activity inhibition.

Although many studies have shown the antineoplastic properties of MET, the mechanisms of
action have not been clearly defined yet. As an anticancer agent, MET weakly induces cancer cell
apoptosis. However, as shown in Figure 2, under cell culture conditions with low glucose, MET
decreases cell proliferation. Starvation from glutamine or glucose for short periods resulted in cell
cycle arrest and apoptosis induction by means of reactive oxygen species generation and mitochondrial
dysfunction [57,58].

Glucose deprivation has been previously shown to increase MET-induced cell death in cancer
cells [59,60].

Glucose deprivation, a cell condition that occurs in solid tumors, activates the unfolded protein
response (UPR), which allows the cell to survive under stress conditions [61].

Cancer cells in solid tumors are not supplied sufficient glucose because they are often distant from
blood vessels. Adaptive response mechanisms are required for cancer cells to survive in the tumor
microenvironment. The UPR in cancer cells plays an important role in their survival and results in
tumor malignancies and antitumor drug resistance [62]. If cancer cells have no adaptive response, such
as the UPR, activated by endoplasmic reticulum (ER) stress, they would not be able to escape death
under glucose deprivation conditions [63].

The acute increase of CHOP expression leads to activation of the mitochondria-mediated apoptosis
pathway [64]. Therefore, ER stress-dependent apoptosis has been recently reported as a promising
therapeutic pathway to target for inducing cancer cell death [65].

Previous studies have shown that metformin induces ER stress and UPR-related genes and
inhibited cancer cell proliferation in a dose-dependent manner [66–68]. Aside from IRE1a, PERK,
ATF6a, and CHOP regulation, ER stress has been associated with HO-1 induction, which represents a
cytoprotective adaptive response to survive stringent conditions [69].

Previously, it has also been reported that the high expression of HO-1 is associated with tumor
invasiveness and poor clinical outcome in non-small cell lung cancer patients [16].

Our previous studies showed that the chemotherapeutic drugs, carfilzomib and bortezomib, both
increased HO-1 protein and gene expression via the activation of the UPR response, triggered by ER
stress [17,70]. As shown in Figure 3, although glucose deprivation already increased HO-1 levels, MET
significantly further induced HO-1, CHOP, and BAX mRNA levels, suggesting metformin can induce
ER stress and cell apoptosis.

Sirtuins are homologs of the yeast SIR2 gene, and their function as regulators in a wide range of
biological processes is mostly associated with a nicotinamide adenine dinucleotide (NAD+)-dependent
deacetylation [71]. Recent studies have shown that seven sirtuins (SIRT 1–7) are linked to tumor
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growth regulation. Tumor suppression is associated with upregulation of SIRT1 levels, whereas SIRT3
and SIRT5 act differently as tumor promoters [72–74]. DNA damage, exerted by anti-proliferative
drugs and the consequent increase of oxidative stress, could induce the expression of transcription
factor E2F1, which increases the transcription of SIRT1 and other several apoptotic proteins [75]. Our
results showed that MET treatment, both in the presence of 25 mM and 1 mM glucose concentration,
increased levels of SIRT1 mRNA, as a demonstration of its anti-proliferative effect [76–78]. SIRT3 and
SIRT5 are localized to mitochondria and, as previously published, metformin primarily acts through
the mitochondrial respiratory chain inhibition [79,80]. Dysfunctional mitochondria probably represent
the main cause of the observed decrease of sirtuins 3 and 5 mRNA in prostate cancer cells [71,81–83].

In this study, we evaluated MET-induced apoptosis in prostate cancer cells, using Annexin
cytometry analysis. As shown in Figure 4, MET induced apoptosis in prostate cancer cells and,
consistently with previous published results [17,84], HO-1 activity inhibition was able to further
increase the cytotoxic effect induced by metformin in DU145 cells, indicating a synergistic effect
between the two drugs.

HO-1 represents the inducible isoform of one of the main cytoprotective systems against oxidative
stress and inflammation [23,85,86]. When normal cells are exposed to stress conditions, HO-1 induction
is the physiological response in order to guarantee regulation of redox homeostasis. For this reason,
an adequate expression of this protein is necessary to confer a basal protection against oxidative
stress [87,88]. Cancer cells are often characterized by an overexpression of HO-1 and an enhancement
of the cytoprotection systems [16,89–91]. It has been reported that metformin alters cellular responses
to oxidative stress [92], and the direct activity on mitochondria leads to ROS promotion [30,93–95].

The combined treatment with MET and a selective HO-1 activity inhibitor, under cell culture
conditions with low and high glucose, demonstrated a significant decrease of GSH levels, TIGAR,
and GCLC mRNA levels. Several reports showed the key role of these factors in the oxidative
stress management [96,97]. TIGAR is a protein involved in the switch from glycolysis to the pentose
phosphate pathway that promotes the production of cellular nicotinamide adenine dinucleotide
phosphate (NADPH) [47,98,99]. NADPH levels enhancement, caused by TIGAR upregulation, leads
to an increased restoration of GSH [100]. On the contrary, it has been shown that TIGAR knockdown
decreased GSH and NADPH production and increased the levels of ROS [101]. In order to confirm
the loss of the physiological protection from oxidative stress, ensured by GSH, we measured the ROS
level in the presence of MET and the selective HO-1 activity inhibitor. We observed a considerable
increase of ROS levels after treatment with the combination of MET and the HO-1 activity inhibitor.
These results suggest that HO-1 inhibition may enhance metformin cytotoxicity through triggering ER
stress-associated apoptosis and that ROS is also involved in the activation of ER stress, as schematized
in the Figure 7.

In conclusion, our study demonstrates that metformin suppressed prostate cancer growth in vitro
and increased oxidative stress under low and high glucose conditions.

Our findings show that disrupting the antioxidant HO-1 activity, especially under low glucose
concentration, could be an attractive approach to potentiate MET antineoplastic effects and could
provide a biochemical basis for developing HO-1-targeting drugs against solid tumors.

Further investigation of metformin’s molecular mechanism and targets will reveal its potential
application as a monotherapy or part of a polytherapy associated with a clinically approved HO-1
inhibitor in cancer treatment.
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Figure 7. Schematic description of metformin and HO-1 activity inhibitor (VP1347) synergistic effect to
induce apoptosis in DU145 cells.

4. Materials and Methods

4.1. Cell Culture

The human androgen-independent prostate cancer cell line DU145 was cultured in Dulbecco’s
modified Eagle’s medium (DMEM) 4.5 g/L glucose, supplemented with 10% FBS, 1% penicillin, and
streptomycin at 37 ◦C and 5% CO2. The cells were purchased from American Type Culture Collection
(Rockville, MD, USA).

4.2. Cell Viability Assay

DU145 cells were seeded at a concentration of 2 × 105 cells per well of a 96-well, flat-bottomed
200μL microplate. Cells were incubated at 37 ◦C in a 5% CO2 humidified atmosphere and maintained
in the presence and absence of different concentrations (3, 5, 10, and 50 mM) of metformin (Sigma
Chemical Co., St Louis, MO, USA) for 24 h. Three hours before the end of the treatment time, 20μL
of 0.5% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in phosphate-buffered
saline (PBS) was added to each microwell. After incubation with the reagent, the supernatant was
removed and replaced with 100μL DMSO to dissolve the formazan crystals produced. The amount
of formazan is proportional to the number of viable cells present. The optical density was measured
using a microplate spectrophotometer reader (Synergy HT, BioTek) at λ = 570 nm.

4.3. Real-Time Monitoring of Proliferation

Real-time monitoring of cell proliferation was performed using the xCELLigence RTCA DP
system [102]. E-plate 16, used with the xCELLigence system, is a single-use 16-well cell culture
plate with bottom surfaces covered with microelectrode sensors (0.2 cm2 well surface area; 243 ± 5 μL
maximum volume). Real-time changes in electrical impedance were measured using the gold
microelectrodes and expressed as cell index”, defined as (Rn-Rb)/15, where Rb is the background
impedance and Rn is the impedance of the well with cells. Negative control groups (wells containing
200 μL culture medium without cells with cell index values around 0) were tested in every experiment;
however, they were not shown in figures in order to simplify the representations. Before seeding cells
into E-plate 16, the background impedance was measured after the addition of 100 μL medium and a
30 min incubation period at room temperature. Following the seeding of the appropriate number of
cells into the wells, the plate incubated at room temperature for 30 min in order to allow cell settling.
Cell proliferation was monitored every 30 min for 48 h.
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4.4. Oxidative Stress Assay

The quantitative measurement of cellular populations undergoing oxidative stress was
performed using the Muse Oxidative Stress Kit (Merck Millipore, Billerica, MA, USA), according
to the manufacturer’s instructions. This assay utilizes dihydroethidium (DHE), which is cell
membrane-permeable and, upon reaction with superoxide anions, undergoes oxidation to form
DNA-binding fluorophore. The kit determines the percentage of cells that are negative [ROS(−)]
and positive [ROS(+)] for reactive oxygen species. Briefly, after 6 h of treatment, 1 × 106 cells/mL
were harvested, washed with PBS, and then incubated in the dark at 37 ◦C for 30 min with the Muse
Oxidative Stress Reagent working solution, which contained DHE. The count and percentage of cells
undergoing oxidative stress were quantified using the Muse Cell Analyzer and Muse analysis software
(Merck Millipore, USA).

4.5. Annexin V Assay

Apoptosis determination by Annexin V staining was carried out using Muse Cell Analyzer
with the kit provided by the manufacturer Merck Millipore. In brief, 1 × 106 cells were seeded
in six-well plates and, after overnight adherence, they were treated and incubated with 10 mM
MET and VP1347, 1-{4-[(4-bromobenzyl)oxy]phenyl}-2-(1H-imidazol-1-yl)ethanol, a HO-1 activity
non-competitive inhibitor, that binds to the complex enzyme/substrate. The compound was synthesized
by Salerno et al. from the University of Catania as previously described [103].

It presented an IC50 < 1 μM on HO-1 and showed a >100 selectivity toward HO-2. After 12 h, the
cells were detached by trypsinization, centrifuged, and resuspended in PBS. Cell suspension (100 μL)
was added with 100 μL of Annexin V reagent and incubated for 20 min at room temperature, after
which the cells were analyzed for apoptosis.

4.6. RSH Evaluation

For total thiol groups (RSH) determination, DU145 cells were cultured for 24 h in the presence
or absence of 10 mM MET and VP1347. Determination of RSH was performed as previously
described [104]. In short, this spectrophotometric assay is based on the reaction of thiol groups with
2,2-dithio-bis-nitrobenzoic acid (DTNB) in absolute ethanol to give a colored compound absorbing at
λ = 412 nm. We then carried out the removal of proteins with an excess of absolute ethanol, followed
by centrifugation at 3000× g for 10 min at room temperature. Each value represents the mean ± SD
of three experimental determinations for each sample. Results were expressed as nanomoles per
milligram of protein.

4.7. RNA Extraction and qRT-PCR

RNA was extracted by Trizol reagent (Invitrogen, Carlsbad, CA, USA). First strand cDNA was then
synthesized with Applied Biosystem (Foster City, CA, USA) reverse transcription reagent. Quantitative
real-time PCR was performed in Step One Fast Real-Time PCR System Applied Biosystems, using
the SYBR Green PCR MasterMix (Life Technologies, Monza, Italy). The specific PCR products were
detected by the fluorescence of SYBR Green, the double stranded DNA binding dye. The relative
mRNA expression level was calculated by the threshold cycle (Ct) value of each PCR product and
normalized with that of actin by using a comparative 2−ΔΔCt method.

4.8. Statistical Analysis

Statistical significance (p < 0.05) of differences between experimental groups was determined by
the Fisher method for analysis of multiple comparisons. For comparison between treatment groups, the
null hypothesis was tested by either single-factor analysis of variance (ANOVA) for multiple groups,
or the unpaired t-test for two groups, and the data are presented as mean ± SD.
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The coefficient of drug interaction (CDI) has been calculated as follows: CDI = AB/(A × B).
According to the values of each group, AB is the ratio of the combination groups to control group; A or
B is the ratio of the single agent group to control group. Thus, CDI value <1, =1, or >1 indicates that
the drugs are synergistic, additive, or antagonistic, respectively.
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Abstract: (1) Background: Heme oxygenase-1 (HO-1) degrades heme and generates carbon monoxide
(CO), producing various anti-inflammatory, anti-oxidative, and anti-apoptotic effects. This study
aimed to confirm the effects of CO on the ischemia–reperfusion injury (IRI) of donor lungs using
a high-pressure gas (HPG) preservation method. (2) Methods: Donor rat and canine lungs were
preserved in a chamber filled with CO (1.5 atm) and oxygen (O2; 2 atm) and were ventilated with
either CO and O2 mixture (CO/O2 group) or air (air group) immediately before storage. Rat lungs
were subjected to heterotopic cervical transplantation and evaluated after reperfusion, whereas canine
lungs were subjected to allogeneic transplantation and evaluated. (3) Results: Alveolar hemorrhage in
the CO/O2 group was significantly milder than that in the air group. mRNA expression levels of HO-1
remained unchanged in both the groups; however, inflammatory mediator levels were significantly
lower in the CO/O2 group than in the air group. The oxygenation of graft lungs was comparable
between the two groups, but lactic acid level tended to be higher in the air group. (4) Conclusions:
The HO-1/CO system in the HPG preservation method is effective in suppressing IRI and preserving
donor lungs.

Keywords: carbon monoxide; lung preservation; ischemia–reperfusion injury; high-pressure gas

1. Introduction

Carbon monoxide (CO), a colorless and odorless gas, produces carboxyhemoglobin (CO-Hb)
and inhibits the P450 enzyme of the mitochondrial electron transfer system [1,2], resulting in tissue
oxygen deficiency. Moreover, endogenous CO is biosynthesized when heme oxygenase-1 (HO-1) is
involved in the degradation of hemoglobin to bilirubin [3]. CO plays anti-inflammatory, anti-oxidative,
vasodilatory, and anti-apoptotic roles. The p38 mitogen-activated protein kinase pathway is reportedly
one of the mechanisms underlying the cytoprotective effects of CO [4–7]. Furthermore, exogeneous
CO administration therapeutically affects transplantation by suppressing ischemia–reperfusion injury
(IRI) [8–10]. Therefore, the HO-1/CO system has protective effects against stress reactions.

Lung transplantation is an important treatment approach for end-stage lung disease. However,
ischemia–reperfusion injury (IRI), which is one of the most important complications of lung
transplantation, hinders its utility and efficacy [11]. Mortality rates after transplantation are higher
in cases with severe IRI, which is difficult to control. Successful IRI suppression is critical for
maintaining good preservation conditions. Although the simple immersion method using an organ
preservation solution is the globally used and clinically applied approach for lung preservation during
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transplantation, it cannot completely prevent damage due to IRI [12–14]. To suppress IRI in donor lungs,
several recent methods, including ex vivo lung perfusion, have been explored, and the development of
new organ preservation methods that can satisfactorily preserve lungs for extended periods is urgent.

We recently developed a high-pressure gas (HPG) preservation method using a mixture of CO and
oxygen (O2) and succeeded in resuscitating rat hearts after long-term preservation [15,16], revealing
the utility of this method through histological analysis and metabolic evaluation [17]. Furthermore,
this preservation method was reportedly useful for the preservation of rat kidneys [18] and limbs [19].
In addition, the lung is a solid organ similar to the kidney and liver, although it can be filled with gas
from the inside, which is its decisively unique character. Appropriate delivery of CO and O2 in their
gaseous forms to the alveoli, in addition to their simple diffusion from the serosal side in a hyperbaric
chamber, is anticipated to maximize their organ-preserving effects. Therefore, we hypothesized that the
lung is a suitable organ to test the advantages of the HO-1/CO system in the HPG preservation method
and investigated the utility of this approach using rat and canine models of lung transplantation.

2. Results

2.1. Experiment 1. Comparison of the Preservation Status of Rat Donor Lungs Filled and Preserved with
Mixture of CO and O2 or Air

We evaluated the preservation status of rat donor lungs preserved using the HPG preservation
method. The donor lungs were filled with a mixture of CO and O2 or air (Figure 1).

 
Figure 1. Schematic representation of the preservation method (Experiment 1). (a) Donor lungs were
preserved in a chamber with high-pressure carbon monoxide (CO; 1.5 atm) and oxygen (O2; 2.0 atm).
(b) Before preservation, donor lungs were filled with either room air (containing nitrogen (N2) and O2

at a ratio of 4:1; air group) or a mixture of CO and O2 at the same ratio as that outside (CO:O2, 3:4;
CO/O2 group).

Mean weight of the donor lungs in the normal group (0.44 ± 0.01 g) was not significantly different
from that of the donor lungs in the control (0.81 ± 0.35 g, p = 0.509) and CO/O2 (0.97 ± 0.09 g, p = 0.212)
groups. Mean weight of the donor lungs of the air group (1.77 ± 0.53 g) was significantly greater than
that of the donor lungs in the normal (p < 0.001), control (p = 0.005), and CO/O2 groups (p = 0.011;
Figure 2a). Light microscopic evaluation of alveolar hemorrhage, which is an indicator of IRI, revealed
that similar to the result observed in terms of lung weight, there was no significant difference between
the control and CO/O2 groups (p = 0.999). However, there was significantly more severe alveolar
hemorrhage in the air group than in the CO/O2 group (p = 0.005). A similar trend was observed among
the air, control, and CO/O2 groups (Figure 2b,c).
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Figure 2. Assessment of rat lungs in the 24-h preservation model. (a) Comparison of the lung
weights among the four groups. (b) Comparison of the severity of alveolar hemorrhage determined
by histological assessment among the four groups. (c) Comparison of changes observed by light
microscopy among the four groups. Each data of bars are expressed as the means ± standard deviations.
N.S.—not significant, *** p < 0.001, ** p < 0.01, * p < 0.05, ††† p < 0.001 compared with the normal group.
Black bar = 100 μm

Real-time reverse transcription (RT)–polymerase chain reaction (PCR) indicated that the gene
expression levels of HO-1 remained unchanged in all groups; however, expression levels of inflammatory
mediators, particularly interleukin (IL)-6 and IL-1β, were significantly higher in the air group than
in the CO/O2 (IL-6: p = 0.015 and IL-1b: p < 0.001) and control (IL-6: p = 0.020 and IL-1b: p = 0.023)
groups. In addition, there were no significant differences in expression levels of anti-inflammatory
(transforming growth factor (TGF)-β, inducible nitric oxide synthase (iNOS), and granulocyte-macrophage
colony-stimulating factor (GM-CSF)) and apoptotic (caspase 3) mediators (Figure 3).

 
Figure 3. Changes in relative mRNA expression levels of mediators in donor rat lungs after 90 min of
reperfusion. Each data of bars are expressed as the means ± standard deviations. *** p < 0.001, * p < 0.05.
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2.2. Experiment 2. Comparison of Microscopic Findings and Arterial Blood Gas (ABG) of Canine Donor Lungs
Ventilated From the Inside With Different Gases and Preserved in a High-Pressure CO/O2 Gas Mixture

Canine lung transplantation was compared between the CO/O2 and air groups. Since the canine
lung was larger than the rat lung, a donor canine lung was placed on a net (Figure 4a). Before
preservation, each lung was ventilated five times either with a mixture of CO and O2 at a ratio of 3:4
(CO/O2 group) or with air (air group). The size of the canine lungs after preservation reduced to about
half of that before preservation because of the high pressure. (Figure 4b).

Figure 4. Schematic representation of the preservation method used in this study (Experiment 2).
(a) The chamber was filled with a mixture of CO and O2 [PCO (partial carbon monoxide pressure),
1.5 atm; PO2 (partial oxygen pressure), 2 atm], and a flask with 50 mL distilled water was placed inside
to maintain humidity for 20 h. The lung was gently placed on the net placed in the container. Before
preservation, each lung was ventilated five times either with a mixture of CO and O2 at a ratio of 3:4
(CO/O2 group) or air (air group). (b) In the chamber, the trachea was kept open. After preservation, the
lung shrunk due to high pressure.

Light microscopic evaluation revealed that the normal lung structure was well preserved in the
air and CO/O2 groups (Figure 5a,b).

 
Figure 5. Light microscopic findings of the donor canine lungs after reperfusion by hematoxylin and
eosin staining in the air (a) and CO/O2 groups (b).

Results of the arterial blood gas (ABG) assessment at multiple time points after reperfusion are
presented in Figure 6. Briefly, there was no noticeable increase in CO-Hb concentration in any of the
groups before or after reperfusion. Partial arterial oxygen pressure (PaO2) in the CO/O2 and air groups
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was 288.3 ± 94.7 and 464 torr, respectively, at 120 min after reperfusion and 336.3 ± 70.9 and 275 torr,
respectively, at 180 min after reperfusion. These results indicated that a good O2 supply capacity after
reperfusion was maintained in both the groups. In the CO/O2 group, the partial arterial carbon dioxide
pressure (PaCO2) at 30, 60, 120, and 180 min after reperfusion was 35.7 ± 7.54, 27.9 ± 0.64, 41.8 ± 11.6,
and 42.2 ± 11.6 torr, respectively. Conversely, PaCO2 at 30, 60, 120, and 180 min after reperfusion was
25.7, 52.1, 55.6, and 71.3 torr, respectively, in the air group, indicating the tendency for CO2 retention
over time in the air group. Additionally, arterial blood lactate levels were high in the air group at
30 min after reperfusion. In both groups, peak inspiratory pressure (PIP) tended to increase starting at
60 min after reperfusion. PIP levels showed similar trends between the CO/O2 and air groups at other
time points. In addition, other parameters (pH, Na, K, and Ca levels) showed similar trends between
the CO/O2 and air groups at all time points (pre-operation, 30, 60, 120, and 180 min after reperfusion,
Figure 7).

 
Figure 6. Assessment of chorological changes in parameters of arterial blood gases (ABG). The red line
shows parameters in the CO/O2 group, and the blue line shows parameters in the air group. Each data
of red lines are expressed as the means ± standard deviations.

 
Figure 7. Arterial blood gas analysis for pH, Na, K, and Ca levels in the CO/O2 and air groups.
The red bars show parameters in the CO/O2 group, and the blue bars show parameters in the air group.
Each data of red bars are expressed as the means ± standard deviations.
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3. Discussion

This study demonstrated that filling rat lungs with a CO and O2 mixture via the HPG preservation
method suppressed IRI. Furthermore, filling canine lungs with a CO and O2 mixture maintained PaO2

but suppressed the increase in lactic acid levels in the recipient.
Reportedly, HO-1 generates endogenous CO, and the HO-1/CO system confers tissue protective

anti-inflammatory, anti-oxidative, and anti-apoptotic effects [20,21]. Recently, several trials have
employed exogenous CO administration via inhalation or pharmacologic delivery [22–24]. However,
the human body cannot be exposed to high concentrations of CO because it causes hypoxemia
by generating CO-Hb [25]. Meanwhile, donor organs for transplantation may benefit from the
effects of CO because they are preserved after removing blood, including hemoglobin (Hb), by the
reflux of preservation solution. A previous study showed that rat heart transplantation using the
HPG preservation method did not lead to increased CO-Hb concentration in recipients despite the
exposure of the donor organs to high CO concentrations [17]. Similarly, the present study showed
that CO-Hb concentration in the canine recipient remained unchanged until 180 min after reperfusion
(Figure 6). These results indicate that the HPG preservation method, which does not affect the CO-Hb
concentration in the recipient, is safe and could be one of the methods that can maximize the effects of
the HO-1/CO system.

The lung, one of the most commonly transplanted organs, characteristically includes abundant
alveolar spaces that are constantly exposed to gases, such as O2, N2, and CO2, during gas exchange [26].
Therefore, the lungs, unlike other organs, can be filled with gases, such as CO, both from the surface
and from the inside in the HPG preservation method. This study demonstrated that the preserved rat
lungs filled with air tended to be heavier and had more extensive and severe alveolar hemorrhage than
those filled with the CO and O2 mixture when examined histologically. mRNA expression levels of
HO-1 were not significantly different among the control, air, and CO/O2 groups. A previous study
showed that exposure to exogenous CO increased HO-1 expression in the body [22]. However, this
study suggested that exogenous CO administration during organ preservation using the HPG method
did not activate the endogenous HO-1/CO system. Moreover, after reperfusion of the excised rat lungs,
expression levels of various inflammatory mediators (IL-6 and IL-1β) were significantly increased
in the lungs filled with air, but their levels were suppressed in the lungs filled with the CO and O2

mixture (Figure 3). Furthermore, western blotting was performed to assess IL-6 and IL-1β levels in the
lungs. Similar to the results of real-time RT–PCR, IL-6 and IL-1β protein levels in the CO/O2 groups
were lower than those in the air group (Figure S1).

These results indicate that exposure to the CO and O2 mixture from inside the lung is important
and effective in reducing IRI during the HPG preservation method. Further examination revealed
more severe alveolar hemorrhage in the lungs filled with CO or O2 alone than in the lungs filled with
their mixture (Figure S2); therefore, both CO and O2 are essential. Further studies are warranted to
determine more optimal gas combinations and ratios.

The characteristic structure of the lungs indicates the feasibility of the HPG preservation of large
solid organs because the lungs can be filled with gases by delivery to every alveolus from the inside.
Therefore, we examined the differences in the effects of HPG preservation based on organ size by
comparing canine lungs, which are approximately half the size of adult human lungs, with rat lungs.
Compared with the air group, the CO/O2 group demonstrated PaO2 preservation even after 180 min of
reperfusion and exhibited a tendency of suppressed lactic acid production (Figure 5). These results
indicate that the lungs may be one of the ideal organs that could benefit the greatest from the HPG
preservation method because of their unique characteristics. We propose that adaptation of this method
to human lungs, which have larger volumes, should be considered in the future.

Although the HPG preservation method can take full advantage of the effects of gases, pressure
injury is one of the critical issues. To verify the pressure damage, we examined whether the trachea
should be kept open when the lungs were exposed to the HPG mixture following their inflation.
We found that there was considerable histological damage to the alveolar structure when the trachea
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was closed, which was evidently worse than that observed in the inflated lungs with the trachea kept
open (Figure S3). Pressure trauma is a recognized injury that occurs in paranasal sinuses and the middle
ear during diving and is believed to be due to a pressure gradient between the external environment
and the closed lumen, resulting in relative negative pressure in the lumen and edema/bleeding of
mucosal surfaces lining the lumen [27]. In the present study, there was a pressure gradient of 2.5 atm
between the outside and inside of the lungs during HPG preservation in the group with the trachea
closed at the time of preservation. Relative negative pressure on the alveolar tissue might have
contributed, at least partially, to the alveolar damage. Therefore, to maximize the effect of inflation by
gas for lung preservation while preventing pulmonary injury due to high pressure, the gas mixture
should be delivered for lung inflation only before storage and the trachea should be kept open at the
time of preservation.

The HPG preservation method used in this study can be applied to human lungs in a similar
manner as that for canine lungs. However, during clinical lung transplantation, it is often necessary to
transfer donor lungs from the donation institute to the transplantation institute; therefore, we think
that some improvements in the storage chamber are necessary. First, because the chamber used in
this study is not large enough to preserve the human lung, it is necessary to build a larger chamber.
Second, the storage chamber should have a refrigeration function to perform cryopreservation, thereby
preventing tissue necrosis during delivery. Finally, a small CO or O2 bomb should be attached in case
CO or O2 needs to be refilled into the chamber during transport.

There are some possible limitations in this study. To focus on animal protection and minimize
the number of experimental animals used, the efficacy of the HPG preservation method was first
demonstrated in a technically simple rat ectopic transplant model. Second, the safety of this method
was verified in an orthotopic transplant canine model with large organs. Therefore, the usefulness and
safety of the method warrant evaluation in an animal model. Moreover, to protect animals, only one
sample was included in the control group and no statistical analysis could thus be conducted in terms
of the functional aspect of the donor lung in the canine model. To demonstrate the usefulness of the
HPG preservation method for the lungs in large animals, additional experiments with canine model
should be conducted. Finally, comparative studies with the existing simple immersion method were
not conducted. Such a comparison is warranted prior to the clinical application the HPG preservation
method in the future.

In conclusion, this study demonstrated that the physiological effects of the HO-1/CO system were
employed for preserving donor lungs with unique characteristics via the HPG preservation method.
This approach has significant potential to be used as a new preservation method for lungs.

4. Materials and Methods

This study was performed in accordance with the Guide for the Care and Use of Laboratory
Animals prepared by the Institute of Laboratory Resources at the National Research Council (http:
//nap.edu/catalog/12910.html). In experiment 1, the Regulations for Experimental Animals, prepared by
Aichi Medical University (2010), was followed after the approval of the study design by the Committee
for Animal Experiments at Aichi Medical University (Authorization number: 2016-11, Authorization
date: 3 June 2016). Similarly, experiment 2 followed the Rules on Animal Experiments in Kagawa
University prepared by Kagawa University (2016) following the approval of the study design by
the Committee for Animal Experiments at Kagawa University (Authorization number: 15105-01,
Authorization date: 10 November 2015).

4.1. Experiment 1. Rat Lung Preservation for 24 h Using the HPG Preservation Method

4.1.1. Animals

Ten-week-old male rats from the LEW/SsN Slc inbred line, with an average weight of 230 g (range,
220–245 g), were purchased from Shizuoka Laboratory Animal Center (Shizuoka, Japan). All rats
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were maintained under standard conditions and fed rodent food and water in accordance with the
Regulations for Experimental Animals by Aichi Medical University (Authorization number: 2016-11).

4.1.2. Anesthesia, Extraction, and Preservation of Donor Lungs, and Ectopic Lung Transplantation

Previous studies have achieved the long-term preservation of the rat heart using the HPG
preservation method [15–17]. In the rat model used in this study, ectopic cervical lung transplantation
was performed and IRI severity was evaluated according to previous studies.

The left lungs were extracted from rats under deep anesthesia using pentobarbital (50 mg/kg;
Kyoritsu Seiyaku, Tokyo, Japan), and blood was removed by the organ preservation solution (ET-K
solution, Otsuka Pharmaceutical, Tokyo, Japan) via retrograde reflux from the ascending aorta to the
pulmonary artery. A custom-built 7 air pressure-resistant chamber (length, 165 mm; width, 165 mm;
height, 200 mm; material, iron; Nakamura Iron Works, Tokyo, Japan) was cooled to 4 ◦C in advance.
Before undergoing HPG preservation, donor lungs were filled with either room air (air group, n = 5) or
a mixture of CO and O2 (CO/O2 group, n = 5). Rat lungs that were immediately transplanted after
extraction were used as the control group (n = 4), whereas the lungs that were immediately analyzed
after extraction were used as the normal group (n = 3). Next, the rat lungs were placed in the chamber
filled with a CO and O2 mixture (3.5 atm; PCO, 1.5 atm, PO2, 2.0 atm) and contained a flask with 50 mL
distilled water to maintain humidity for 24 h. Lung preservation was performed with the trachea
kept open (Figure 1). After preservation, the lungs were removed from the chamber, and ectopic lung
transplantation to recipient rats was performed with anastomoses of the pulmonary artery with the
internal carotid artery and the pulmonary vein with the external jugular vein. Follow-up observation
was performed for 90 min after the reperfusion, followed by excision of the transplanted lungs and
weight measurement.

4.1.3. Light Microscopy

Extracted rat lungs were processed with extended fixation in formalin solution for 24 h. The samples
were washed, dehydrated in a series of graded ethanol, and embedded in paraffin. Serial sections
(thickness, 6 μg) were cut using a microtome and stained with Gill’s hematoxylin III and 2% eosin Y.
Tissue slides were digitized and stored using an image storage device (Aperio AT, Leika Biosystems,
Wetzlar, Germany). The digitized slides were analyzed using imaging software (Aperio esilde manager,
Leika Biosystems, Wetzlar, Germany). To assess IRI, alveolar hemorrhage rate was evaluated using for
ImageJ (National Institutes of Health, Bethesda, MD, USA). For each tissue sample, five fields of view
were randomly selected to be captured as images. The percent area occupied by red blood cells relative
to the area of the entire image was defined as the alveolar hemorrhage rate.

4.1.4. Analysis for Gene Expression Levels of Mediators

Gene expression levels of inflammatory mediators (TNF-α, IL-6, and IL-1β), anti-inflammatory
mediators (HO-1, iNOS, and TGF-β), and apoptotic mediators (caspase 3 and GM-CSF) were quantified
in duplicates using a two-step SYBR Green-based real-time RT–PCR protocol.

4.1.5. Statistical Analysis

Values were presented as means and standard deviations. Significance in differences was
determined using an analysis of variation (ANOVA) and post hoc tests. A p value of <0.05 was
considered statistically significant.

4.2. Experiment 2. Canine Lung Preservation for 24 h Using the HPG Preservation Method

4.2.1. Animals

Four pairs of weight-matched (8.9–11.0 kg) adult Narc Beagle canines (Kitayama Labes, Ina, Japan)
were evaluated. All canines were maintained under standard conditions and fed dog chow and water

142



Int. J. Mol. Sci. 2019, 20, 2719

in accordance with the Rules on Animal Experiments at Kagawa University (Authorization number:
15105-01).

4.2.2. Anesthesia

All canines were anesthetized with intramuscular injection of ketamine (10 mg/kg; Daiichi Sankyo,
Tokyo, Japan), xylazine (0.25 mg/kg; Bayer Yakuhin, Osaka, Japan), and atropine sulfate (0.05 mg/kg;
Mitsubishi Tanabe Pharma, Osaka, Japan) and intubated for mechanical ventilation. Anesthesia was
maintained via the inhalation of 2–3% sevoflurane (Pfizer, New York, NY, USA) and O2. All donor and
recipient canines were ventilated with an inspired O2 fraction of 1.0 at a tidal volume of 20 mL/kg,
a respiratory rate of 15 breaths/min, and a positive end-expiratory pressure of 5 cmH2O.

4.2.3. Extraction of the Donor Lung and Preservation

We regarded the canine model as an intermediate stage for the clinical application of the HPG
preservation method and emphasized the evaluation in a more clinical form. Therefore, the orthotopic
transplantation of the donor lungs was performed for evaluation.

Catheters were introduced into the right femoral artery and the right external jugular vein.
After the left thoracotomy, the left pulmonary artery and vein as well as the left main bronchus were
encircled. After systemic heparinization (250 IU/kg; MOCHIDA PHARMACEUTICAL, Tokyo, Japan),
bolus prostaglandin E1 (25 μg/kg; ONO PHARMACEUTICAL, Osaka, Japan) was injected into the
right external jugular vein. After confirming that the atrial blood pressure (ABP) was at ≤90 mmHg,
the left main pulmonary artery was cannulated with a 16-Fr-diameter catheter. After ligation of the
proximal pulmonary artery and incision of the left atrium, the lung was flushed with 70 mL/kg ET-K
solution to remove blood, with anterograde perfusion of the solution from the pulmonary artery and
flushing with 30 cmH2O pressure. After perfusion, the left main bronchus and left atrium were incised,
and the left lung was removed from inside the thoracic cavity. Donor lungs were preserved in a
custom-built 7 air pressure-resistant chamber (Figure 4a).

4.2.4. Allogeneic Lung Transplantation of the Preserved Lung and Functional Evaluation
after Reperfusion

Recipient canines were anesthetized using the same approach for donor canines, and Swan-Ganz
catheters were introduced to the right external jugular vein. Before surgery, heart rate, ABP,
percutaneous O2 saturation, PIP, ABG, CO-binding hemoglobin (CO-Hb) concentration in blood,
and systemic cardiac functions (pulmonary artery pressure, cardiac output, and pulmonary capillary
wedge pressure) were evaluated. Left pneumonectomy was performed using the same approach for
donor canines, and left single-lung transplantation was performed. Anastomosis was performed in
the following order: Main bronchus, left atrium, and pulmonary artery. After 30 min of reperfusion,
right main pulmonary artery and right main bronchus were ligated to evaluate the donor lung
function. The ventilator settings were changed to achieve 2/3 of the tidal volume before reperfusion
and a respiratory rate of 20 breaths/min. Heart rate, ABP, percutaneous O2 saturation, and PIP
were measured at five time points: Pre-operation and 30, 60, 120, and 180 min after reperfusion.
After 180 min of reperfusion, the transplanted lungs were excised for histological evaluation.

4.2.5. Assessment of ABG and CO-Hb Concentration

Arterial blood obtained from the recipient canines at the indicated five time points were analyzed to
measure partial arterial O2 pressure (PaO2), partial arterial CO2 pressure (PaCO2), CO-Hb concentration,
lactate, Na, K, and Ca using a radiometer (ABL800 FLEX blood gas analyzer, Copenhagen, Denmark).
Furthermore, ABG data mentioned above were considered to be more accurate because the absence
of any increase in CO-Hb concentration was reflected in the minimal effect on the PaO2 value by
ABG analysis.
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4.2.6. Light Microscopy

Canine lungs were processed by extended fixation in 10% formalin solution for 24 h. The samples
were washed, dehydrated in a series of graded ethanol, and embedded in paraffin. Serial sections
(thickness, 6 μm) were cut with a microtome and stained with Gill’s hematoxylin III and 2% eosin Y.
Tissue slides were digitized and stored using an image storage device (Aperio AT, Leika Biosystems,
Wetzlar, Germany). The digitized slides were analyzed using imaging software (Aperio esilde manager,
Leika Biosystems, Wetzlar, Germany).

4.2.7. Statistical Analysis

Values are presented as means and standard deviation.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/11/
2719/s1.
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Abstract: Betula etnensis Raf. (Birch Etna) belonging to the Betulaceae family grows on the eastern
slope of Etna. Many bioactive compounds present in Betula species are considered promising
anticancer agents. In this study, we evaluated the effects of B. etnensis Raf. bark methanolic extract on
a human colon cancer cell line (CaCo2). In order to elucidate the mechanisms of action of the extract,
cellular redox status, cell cycle, and heme oxygenase-1 (HO-1) expression in ferroptosis induction
were evaluated. Cell viability and proliferation were tested by tetrazolium (MTT) assayand cell cycle
analysis, while cell death was evaluated by annexin V test and lactic dehydrogenase (LDH) release.
Cellular redox status was assessed by measuring thiol groups (RSH) content, reactive oxygen species
(ROS) production, lipid hydroperoxide (LOOH) levels and (γ-glutamylcysteine synthetase) γ-GCS
and HO-1 expressions. The extract significantly reduced cell viability of CaCo2, inducing necrotic cell
death in a concentration-depending manner. In addition, an increase in ROS levels and a decrease
of RSH content without modulation in γ-GCS expression were detected, with an augmentation in
LOOH levels and drastic increase in HO-1 expression. These results suggest that the B. etnensis Raf.
extract promotes an oxidative cellular microenvironment resulting in CaCo2 cell death by ferroptosis
mediated by HO-1 hyper-expression.

Keywords: Colon cancer; Betula etnensis Raf.; oxidative stress; heme oxigenase-1; ferroptosis;
thiol groups

1. Introduction

After prostate cancer in men, breast cancer in women and lung cancer, the colorectal cancer
(CRC) represents the second leading cause of death in the Western world in both males and females.
The association between nutrition and colon cancer has extensively been investigating by many studies
but is controversial because of the diet shows a causal and protective role in the CRC development [1,2].
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It is well known that the consumption of vegetables is correlated with a low incidence of
cancer and, in particular, is effective in the prevention and reduction of CRC risk [3,4]. A plausible
reason might be plant foodstuff is a good source of fibers, folate vitamins, various antioxidants,
and other bioactive compounds including polyphenols, terpenoids, saponins, and carotenoids [5–7].
Besides their well-known anti-oxidant activities, they have been reported to be anti-mutagenic and/or
anti-carcinogenic and to possess several other biological activities. In addition, natural antioxidants
are known to have a dual face, behaving as pro-oxidant compounds after reacting directly with
reactive oxygen species (ROS) in the presence of transition metal ions, such as copper and iron.
This increase of cellular ROS to cytotoxic level may generate secondary oxidative damage and induce
a selective killing of cancer cells by a variety of ways including ferroptosis, a non-apoptotic form of
cell death characterized by the high expression of heme oxygenase-1 (HO-1) and accumulation of
lipid hydroperoxides (LOOH) [8]. The role of heme oxygenase-1 (HO-1) in cancer biology is poorly
understood. In fact, HO-1 has been described as survival molecule because of its anti-apoptotic and
pro-angiogenic effects in several cancer types and its modulation can be induced by several natural
compounds such as polyphenols and terpenoids [5].

Today potential usefulness of natural compounds as anti-cancer agents has to be ascribed
prevalently to improve patient quality of life and to support conventional chemotherapy or radiotherapy.
In the genus Betula (Betulaceae) there belongs common trees and shrubs of the boreal and north
temperate zones. The bioactivities of Betula species are well documented, in fact the Betula was largely
used in human and veterinary medicine to treat various diseases. Betula compounds have a wide
variety of properties including anticancer, anti-inflammatory, and immunomodulatory beyond being
antioxidant [9–11].

Currently, of particular interest are anticancer activities showed in vitro by some constituents
isolated from these plants, which displayed cytotoxic effects on neuroblastoma, melanoma,
medulloblastoma, and Ewing’s sarcoma cells [10,12]. In particular, it has been reported that betulinic
acid may be considered a promising anticancer agent [10,13]. Commonly known as Birch Etna,
B. etnensis Raf. is a medium-sized deciduous tree typically reaching 5–20 m tall, which belongs to
the family Betulaceae. It grows on Mt. Etna volcano, at an altitude between 1200 and 2000 m and its
ivory colored bark, in particular in the young branches, is rich of resinous chemicals secreted by the
numerous glands present [14]. Polyphenols, terpenoids, betulin, betulinic acid, and ursolic acid are the
main constituents present in the B. etnensis Raf. bark. As for as our knowledge no literature data are
present on biological activities of B. etnensis Raf.

In the present study, we evaluated, for the first time, the effects of B. etnensis Raf. bark methanolic
extract on a human colon cancer cell line (CaCo2). In order to elucidate the mechanisms of action of
this extract, cell viability, annnexin, lactic dehydrogenase (LDH) release, ROS production, thiol groups
(RSH) content, lipid peroxidation (LOOH) levels, cell cycle, HO-1, and γ-GCS protein expression
were evaluated.

2. Results

2.1. MTT Bioassay

Methanolic extract of bark from B. etnensis Raf. (5, 50, 250, or 500 μg/mL) was able to significantly
reduce in a dose dependent manner cell viability (Figure 1); because 250 and 500 μg/mL of methanolic
extract showed similar effects, in the other subsequent experiments we omitted 500 μg/mL of extract.

2.2. LDH Release

As shown in Figure 2, after 72 h of incubation with methanolic extract of bark from B. etnensis
Raf. a statistically significant increase in LDH release was observed in CaCo2 cells treated with 50 and
250 μg/mL of extract.
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Figure 1. Cell viability in human colon cancer cell line (CaCo2) cells untreated and treated for 72 h
with methanolic extract of B. etnensis Raf. at different concentrations (5–500 μg/mL). Values are the
mean ± SD of four experiments in triplicate. * Significant vs. untreated control cells: p < 0.001.

Figure 2. Lactic dehydrogenase (LDH) released in CaCo2 cells untreated and treated for 72 h with
methanolic extract of B. etnensis. Raf. at different concentrations (5–250 μg/mL). Values are the mean ±
SD of four experiments in triplicate. * Significant vs. untreated control cells: p < 0.001.

2.3. Annexin V and Dead Cell Evaluation

A slight non-significant increase in the percentage of total apoptotic cells from 9.20 ± 1.25%
to 11.75 ± 0.40% after treatment with 50–250μg/mL of the extract was observed (Table 1).
The annexin-V/7-AAD results confirm that most of antiproliferative activity of B. etnensis Raf. observed
by viability assay is mediated by necrosis.

Table 1. Annexin V in CaCo2 cells untreated and treated for 72 h with methanolic extract of B. etnensis
Raf. at different concentrations (5–250 μg/mL). Values are the mean ± SD of four experiments in
triplicate. * Significant vs. untreated control cells: p < 0.001.

Live
Early

Apoptosis
Late Apoptosis Dead Cells

Total
Apoptosis

CTRL 96.0 ± 0.045% 0% 1.64 ± 0.09% 2.36 ± 0.06% 1.64 ± 0.05%
5 μg/mL 92.30 ± 0.055% 0% 2.1 ± 0.035% 4.9 ± 0.065% 2.1 ± 0.08%
50 μg/mL 84.70 ± 0.08% * 0% 9.20 ± 0.09% 6.10 ± 0.1% 9.20 ± 1.25%
250 μg/mL 4.0 ± 0.084% * 1.10 ± 0.085% 10.65 ± 0.075% 84.25 ± 0.5% 11.75 ± 0.40%
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2.4. ROS Levels

Data reported in Figure 3 demonstrate that exposure of CaCo2 cells to several concentrations of
B. etnensis Raf. methanolic extracts resulted in a significant increase in radical species, as revealed by
fluorescence intensity.

Figure 3. Intracellular oxidants in CaCo2 cells untreated and treated for 72 h with methanolic extract of
B. etnensis Raf. at different concentrations (5–250 μg/mL). Values are the mean ± SD of four experiments
in triplicate. * Significant vs. untreated control cells: p < 0.001.

2.5. LOOH Levels

Figure 4 shows that the addition of methanolic extract of B. etnensis Raf. at 5, 50, and 250 μg/mL
for 72 h induced a significant and dose-dependent increase in LOOH levels with respect to untreated
CaCo2 cells.

Figure 4. LOOH levels in CaCo2 cells untreated and treated for 72 h with methanolic extract of
B. etnensis Raf. at different concentrations (5–250 μg/mL). Values are the mean ± SD of four experiments
in triplicate. * Significant vs. untreated control cells: p < 0.001.
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2.6. Total Thiol Groups

Treatment of cells with 50–250 μg/mL methanolic extract of B. etnensis Raf. resulted in a significant
reduction in RSH levels (Figure 5). Instead, the lowest concentration of methanolic extract of B. etnensis
Raf. did not alter the levels of RSH groups with respect to the control.

Figure 5. Thiol groups in CaCo2 cells untreated and treated for 72 h with methanolic extract of
B. etnensis Raf. at different concentrations (5–250 μg/mL). Values are the mean ± SD of four experiments
in triplicate. * Significant vs. untreated control cells: p < 0.001.

2.7. γ-GCS Determination

No significant change in γ-GCS expression was observed in CaCo2 cells treated with the extract
of B. etnensis Raf. with respect to untreated cells (Figure 6).

Figure 6. Immunoblotting of (γ-glutamylcysteine synthetase) γ-GCS levels in CaCo2 cells untreated
and treated for 72 h with methanolic extract of B. etnensis Raf. at different concentrations (5–250 μg/mL).
Values are the mean ± SD of four experiments performed in triplicate. * Significant vs. untreated
control cells: p < 0.001.

2.8. HO-1 by ELISA

Results reported in Figure 7 show that the addition of 250 μg/mL of extract to CaCo2 cells, caused
a significant increase in HO-1 protein expression (Figure 7).
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Figure 7. Heme oxygenase-1 (HO-1) levels in CaCo2 cells untreated and treated for 72 h with methanolic
extract of B. etnensis Raf. at different concentrations (5–250 μg/mL). Values are the mean ± SD of four
experiments in triplicate. * Significant vs. untreated control cells: p < 0.001.

2.9. Cell Cycle Analysis

When CaCo2 cells were treated with increasing concentrations of B. etnensis Raf. for 72 h, a dose
dependent cell cycle arrest at G0/G1 and S phases were evident with concomitant marked decrease in
the G2/M phase. After the treatment with 50 μg/mL of B. etnensis Raf., cell population in G0/G1 and S
phases increased by ~5.14% and ~16% respectively, whereas cells in G2/M were decreased by ~21%
(Figure 8). The same trend was observed with 250 μg/mL of extract.

Figure 8. B. etnensis Raf. induces a cell cycle arrest at both G0/G1 and S phases in CaCo2 cells. The panel
shows bar graph representing quantified values of the flow cytometry data. The graphs show the
mean± SD of four independent cell cycle experiments. (*) For values that are significantly different
from the untreated control. * Significant vs. untreated control cells: p < 0.001.
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3. Discussion

Tumors of the digestive tract, particularly CRC, are among the most common forms of cancer,
with thousands of deaths worldwide per year. Chemotherapy and radiation therapy are the main
treatments with significant side effects. Among cancers, CRC is the most responsive to dietary
modification, in fact, several studies demonstrated that approximatively 75% of all sporadic cases of
CRC are directly influenced by diet and that dietary modification is a feasible strategy for reducing CRC
risk [5,15,16]. The consumption of fruit and vegetables and herbs is associated with a low incidence of
cancer [7,17] and this may be partly due to the presence of several bioactive natural compounds in
plants [6].

Previous studies have shown that betulinic acid is cytotoxic for different types of human cancer
cells [10,13,18]. In this study, we evaluated the anti-cancer activity of B. etnensis Raf. methanolic extract
in CaCo2 cells.

In order to evaluate cytotoxic effects of the methanolic extract, we first conducted an MTT test.
The results, showed in Figure 1, indicate that cell viability is significantly reduced by the extract. Cell
viability reaches a plateau at 250 μg/mL with a 70% decrease and the same result was obtained with
500 μg/mL so the highest concentration of treatment used in next experiments was 250 μg/mL of
B. etnensis Raf. methanolic extract.

In consideration of the results obtained on cell viability, we performed LDH assay in medium to
evaluate cell membrane disruption which is accompanied by necrotic cells death. Results showed a
dose-dependent necrotic effect with a maximum at 250 μg/mL in line with results obtained by MTT
assay (Figure 2). These results were confirmed by annexin V levels, in fact, treatment with B. etnensis
Raf. methanolic extract did not induce apoptotic cell death (Table 1). In order to verify the role of
oxidative stress in the mechanism of cell death, the determination of ROS and LOOH was performed.
Clearly, the treatments with B. etnensis Raf. extract induced an increase in ROS levels in CaCo2 tumor
cell line, indicating that the extract does not act as an antioxidant agent, but rather exerts its cytotoxic
effect as a pro-oxidant with concomitant increase lipid peroxidation particularly evident at 250 μg/mL
(Figures 3 and 4).

This result suggests that the extract may exert its activity by destabilizing the cellular redox
balance so involving intracellular factors probable targets of ROS. Certainly the high production of
ROS is a key factor that contributes to carcinogenesis. Within a neoplastic cell the persistent oxidative
stress may be responsible for the activation of growth factor pathways and the increased resistance
to apoptosis [19]. In fact, ROS have been shown to act as second messengers [20,21], stimulating the
transduction of intracellular signals [22,23].

Recently, it has been suggested that GSH, as well as the main thiol responsible for maintaining
the intracellular redox state, through thiol/disulfide exchange reactions, may be involved in the redox
regulation of this type of signal [20–24].

In our study, the treatment of CaCo2 cells with the extract causes a dose-dependent reduction
of intracellular RSH levels (Figure 5). To further confirm the involvement of the antioxidant defense
systems in the mechanism of action of the extract, we also evaluated the expression of γ-GCS,
a key enzyme in glutathione synthesis the expression of which in cancer cells is involved in tumor
aggressiveness and chemo-resistance. The Western blot analysis of γ-GCS showed that the extract does
not significantly influence the expression of the protein at all concentrations tested, suggesting that
decreased RSH levels are most due to an inhibition of GSH synthesis and to a depletion for excessive
ROS reactions (Figure 6). All these results confirms the persistence of a pro-oxidative imbalance
induced by B. etnensis Raf. methanolic extract.

To further understand the mechanism of action of the extract, under the same experimental
conditions, the expression of HO-1, one of the main cellular defense mechanisms against oxidative
stress was evaluated. The role of HO-1 in tumors is still not very clear [25]. Results obtained in the
present study show that the B. etnensis Raf. extract may exert a dual effect on HO-1 expression: at low
concentration (5–50 μg/mL) it reduced HO-1 expression whereas, at higher concentrations (250 μg/mL)
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induced a significant increase in HO-1 expression (Figure 7). The reported inverse correlation between
GSH levels and HO-1 expression is only confirmed at the highest concentration of the extract [26].

The HO-1 effect in cancer cells is not yet clear, but it is wildly documented that an HO-1
over-expression confers resistance to chemotherapy and radiation therapy. This protective effect could
be due to its reaction products such as CO or biliverdin/bilirubin [27,28]. In spite of its implication
in tumor initiation, angiogenesis, and metastasis, excessively increased expression of HO-1 in tumor
cells may lead to cell death through a process called ferroptosis [29–32] In fact, a lot of evidence
showed that HO-1 induces ferroptosis through an increase of ROS production mediated by iron
accumulation [33–35] and accompanied by augmentation lipid peroxidation and glutathione depletion.
Results obtained in the present study, at the highest concentration of the extract, may suggest a
ferroptotic cell death.

The antiproliferative effect of extract was also demonstrated by the analysis of the cytometric flow,
in fact the treatment induced cell cycle arrest at G0/G1 and S phases and a concomitant decrease in the
G2/M phase.

Results obtained in the present research demonstrated that methanolic extract of B. etnensis Raf.
by inducing ROS production and decreasing antioxidant cellular defense, elicited an imbalance in
intracellular redox status. This effect, in turn, leads to a higher lipid peroxidation and a drastic rise in
HO-1 activity, letting us to hypothesize the induction of ferroptosis, a non-programmed cell death.

4. Materials and Methods

4.1. Chemicals

All solvents, chemicals and reference compounds were purchased from Sigma-Aldrich (Milano,
Italy) except as otherwise specified.

4.2. Plant Collection and Preparation of Extract

B. etnensis Raf. bark was collected in the area around Linguaglossa (Catania, Italy) in November
2018. The specimen was obtained and authenticated by botanist R. Acquaviva, Department of Drug
Science, Section of Biochemistry, University of Catania, Italy. A voucher specimen of the plant
(No. 36/03) was deposited in the herbarium of the same Department. Dried bark from B. etnensis Raf.
(50 g) was extracted at 80 ◦C in 70% methanol for 4 h. The extract was then filtered and evaporated to
dryness under reduced pressure with a rotatory evaporator. The values of total phenolic and flavonoid
content were 45 μM ± 0.05 gallic acid and 3.80 μM ± 0.09 catechin.

4.3. Cell Culture and Treatments

CaCo2 colon rectal cancer cells were obtained from ATCC cell bank (Rockville, MD, USA), were
propagated in DMEM (Gibco BRL, Life Technologies, city, country) supplemented with 10% fetal calf
serum, 1% sodium pyruvate, 1% L-glutamine solution, and 1% streptomycin/penicillin.

After 24 h of incubation in a humidified atmosphere of 5% CO2 at 37 ◦C to allow cell attachment,
the cells were treated for 72 h with different concentrations (5, 50, 100, 250 or 500 μg/mL) of the
methanolic extract, previously dissolved in the minimum amount of dimethyl sulfoxide (DMSO) and
diluted with medium.

4.4. MTT Bioassay

MTT assay was performed to assess cell viability on a 96 multiwell plate (8 × 103 cells/well).
This assay measures the conversion of tetrazolium salt to yield colored formazan in the presence
of metabolic activity. The amount of formazan is proportional to the number of living cells [36].
The optical density was measured with a microplate spectrophotometer reader (Titertek Multiskan,
Flow Laboratories, Helsinki, Finland) at λ = 570 nm. Results are expressed as percentage cell viability
respect to control (untreated cells).
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4.5. Lactic Dehydrogenase Release

LDH release was measured to evaluate cell necrosis as a result of cell membrane disruption.
LDH activity was measured spectrophotometrically in the culture medium and in the cellular lysates,
at λ = 340 nm by analyzing NADH reduction [5]. The percentage of LDH release was calculated from
the total sum of the enzymatic activity present in the cellular lysate and of that in the culture medium.
Results are expressed as percentage in LDH released.

4.6. Annexin V and Dead Cell Evaluation

The percentage of cells undergoing apoptosis after treatment with B. etnensis Raf. was evaluated by
Muse™ Annexin V & Dead cell kit (Catalog No. MCH100105, Millipore, Milan, Italy) according to the
manufacture’s protocol. Briefly for cells staining, 100 μL of the Muse™Annexin V & Dead Cell Reagent
was added to 100 μL of cell suspension, mixed thoroughly by vortexing and incubated for 20 min at
room temperature in the dark. Then samples were analyzed by Muse™ Cell Analyzer (Millipore).

4.7. Reactive Oxygen Species Assay

Dichlorofluorescein diacetate (DCFH-DA) assay was performed to quantify ROS levels as
previously described [37]. The fluorescence intensity was detected by fluorescence spectrophotometry
(excitation, λ = 488 nm; emission, λ = 525 nm). Results are expressed as fluorescence intensity/mg
protein and, for each sample the total protein content was determined using the Sinergy HTBiotech
instrument by measuring the absorbance difference at λ = 280 and λ = 260. Protein content was
determined using the Sinergy HTBiotech instrument by measuring the absorbance difference at λ = 280
and λ = 260.

4.8. Determination of Lipid Hydroperoxide Levels

LOOH levels were evaluated by oxidation of Fe+2 to Fe+3 that in the presence of xylenol orange
forms a Fe3+-xylenol orange complex which can be measured spectrophotometrically at λ = 560 nm [38].
Results are expressed as percentage increase respect to control (untreated cells).

4.9. Total Thiol Group Determination

RSH groups were measured by using a spectrophotometric assay as previously described [39].
Results are expressed in nmol/mg protein.

4.10. Western Blotting

CaCo2 cells were harvested using cell lysis buffer; cell lysates were collected for Western blot
analysis and the level of γ-GCS expression was visualized by immunoblotting with primary antibody
against γ-GCS as previously described [5]. The anti- γ-GCS was used in 1:1000 dilution in TBST
solution containing 5% not fat milk and detected with secondary antibody conjugated to horseradish
peroxidase and Pierce ECL Plus substrate solution (Thermo Scientific, Rockford, IL, USA). Beta-actin,
was used as a loading control to normalize the expression level of γ-GCS protein. The result was
expressed in arbitrary densitometric units (ADU).

4.11. HO-1 Protein Expression

HO-1 protein concentration in cellular lysates was measured using a commercial HO-1 ELISA kit,
according to the manufacturers’ instructions. A standard curve generated with purified HO-1 was
used to calculate HO-1 concentration from the absorbance at λ = 450 nm detected for each sample [40].
Detection limits were 0.78–25 ng/mL as reported by the manufacturer. Results are expressed as
ng/mg protein.
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4.12. Cell Cycle Analysis

Distribution of cell cycle was evaluated by flow cytometry using Muse™ Cell Cycle Kit (Catalog
No. MCH100106, Millipore, Milan, Italy) according to the manufacture’s guidelines. Briefly, CaCo2
cells were treated with different concentration of B. etnensis Raf. (5, 50, 250 μg/mL) for 72 h. After
incubation, the cells were harvest, washed with PBS and fixed with ice-cold 70% ethanol at −20 ◦C
for 24 h. Then 200 μL of cell suspension (1× 106 cells) was washed with PBS, stained with 200 μL of
Muse™ Cell Cycle Reagent for 30 min in the dark at 37 ◦C and subsequently analyzed by Muse™ Cell
Analyzer (Millipore).

4.13. Statistical Analysis

One-way analysis of variance (ANOVA) followed by Bonferroni’s t-test was performed in order to
estimate significant differences among groups. Data were reported as mean values ± SD and differences
among groups were considered to be significant at p < 0.005.

5. Conclusions

These findings confirm the growing body of evidence on the bioactivities of B. etnensis Raf. and
its potential impact on cancer therapy and human health. Our data demonstrate that exposure of
CaCo2 cancer cells to B. etnensis Raf. extract decreased cell proliferation and induced necrotic death,
suggesting that this extract may represent a subject for further studies on drug discovery, also helpful
for cancer integrative medicine.

Moreover, our results show a prospective application of B. etnensis Raf. in the HO-1 mediated
ferroptosis as a chemotherapeutic strategy against tumor. Further research should be carried out
to better clarify the involvement of HO-1 in the mechanism of action of this promising anticancer
medicinal plant.
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Abstract: Background: Angiotensin II (Ang II), released by the renin–angiotensin–aldosterone system
(RAAS), contributes to the modulatory role of the RAAS in adipose tissue dysfunction. Investigators
have shown that inhibition of AngII improved adipose tissue function and insulin resistance in mice
with metabolic syndrome. Heme Oxygenase-1 (HO-1), a potent antioxidant, has been demonstrated to
improve oxidative stress and adipocyte phenotype. Molecular effects of high oxidative stress include
suppression of sirtuin-1 (SIRT1), which is amenable to redox manipulations. The mechanisms involved,
however, in these metabolic effects of the RAAS remain incompletely understood. Hypothesis: We
hypothesize that AngII-induced oxidative stress has the potential to suppress adipocyte SIRT1 via
down regulation of HO-1. This effect of AngII will, in turn, upregulate mineralocorticoid receptor
(MR). The induction of HO-1 will rescue SIRT1, hence improving oxidative stress and adipocyte
phenotype. Methods and Results: We examined the effect of AngII on lipid accumulation, oxidative
stress, and inflammatory cytokines in mouse pre-adipocytes in the presence and absence of cobalt
protoporphyrin (CoPP), HO-1 inducer, tin mesoporphyrin (SnMP), and HO-1 inhibitor. Our results
show that treatment of mouse pre-adipocytes with AngII increased lipid accumulation, superoxide
levels, inflammatory cytokine levels, interleukin-6 (IL-6) and tumor necrosis factor α (TNFα), and
adiponectin levels. This effect was attenuated by HO-1 induction, which was further reversed by SnMP,
suggesting HO-1 mediated improvement in adipocyte phenotype. AngII-treated pre-adipocytes also
showed upregulated levels of MR and suppressed SIRT1 that was rescued by HO-1. Subsequent
treatment with CoPP and SIRT1 siRNA in mouse pre-adipocytes increased lipid accumulation and
fatty acid synthase (FAS) levels, suggesting that beneficial effects of HO-1 are mediated via SIRT1.
Conclusion: Our study demonstrates for the first time that HO-1 has the ability to restore cellular
redox, rescue SIRT1, and prevent AngII-induced impaired effects on adipocytes and the systemic
metabolic profile.

Keywords: angiotensin II; mineralocorticoid receptor; heme oxygenase 1; sirtuin 1; adipocytes;
oxidative stress

1. Introduction

Classically, the RAAS has been described as a multi-organ endocrine axis that is governed by a
negative feedback loop where elevated circulating AngII inhibits renal renin release. A large body of
evidence, today, supports the notion that apart from regulating cardiac, vascular, and renal functions,
the RAAS operates in nervous, immunological, and reproductive tissues [1]. Visceral adipose tissue
(VAT), classified as an endocrine organ, is the latest to be shown to express and to be regulated by the
RAAS [2]. VAT expresses all components of the RAAS, including angiotensinogen [3,4], renin [5], and
aldosterone synthase (CYP11B2) [6]. Excess VAT underlies obesity, whose global burden is reflected
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in sheer numbers; 39% of the adult population is overweight, while 13% is obese [7]. Evidence
suggests that RAAS blockade reduces obesity-related cardiovascular and renal complications, alleviates
insulin resistance, and facilitates adipocyte differentiation [8–11]. AngII has been shown to reduce
proliferation and increase lipid accumulation in mouse pre-adipocytes in culture. Recent studies have
also shown that increased AngII in animals with Goldblatt’s hypertension is associated with increased
visceral adiposity and reduced plasma adiponectin levels [9]. Aldosterone synthase (CYP11B2) and
MR [12], which are critical RAAS components, also affect adipocyte structure and function [13]. MR
blockade reduces adiposity-related cardiovascular and hepatic complications and has been shown
to facilitate adipocyte differentiation [8–11]. MR-dependent adipogenesis has been demonstrated in
mouse pre-adipocytes in response to aldosterone [14]. A direct effect of the RAAS on VAT/adipocyte
structure and function, however, remains unresolved and the mechanisms involved in the RAAS
function are not clearly understood.

Increased VAT mass promotes inflammatory infiltration with compromised secretion of protective
adipokines, like adiponectin. Thus, VAT hypertrophy launches a complex patho-physiological
maladaptive response characterized by a systemic spillover of inflammatory and oxidative mediators,
reduced secretion of protective adipokines, and increased circulating levels of glucose. A cumulative
line of evidence suggests that redox imbalance and chronic oxidative stress increase adipogenesis and
precipitate adipocyte dysfunction [15]. The RAAS has been reported to increase lipid accumulation [16],
an effect attributed to RAAS-induced redox imbalance. Molecular effects of high oxidative stress
include suppression of SIRT1, which is amenable to redox manipulations [17]. Studies have shown
that SIRT1 regulates adipogenesis in murine adipocytes. In the model of oxidative stress, SIRT1
over-expression and/or an exogenous antioxidant prevents redox-induced adipocyte hypertrophy
and dysfunction [18]. To this end, studies from our lab have documented that upregulation of the
endogenous heme–heme oxygenase system (HO) reduces adipogenesis in murine pre-adipocytes and
human mesenchymal stem cells [19–21]. Previous studies have documented the antioxidant properties
of the HO system and HO-1 induction via CoPP reduces visceral adiposity and ablates metabolic
imbalance in obese and diabetic mice [22–26].

Based on these observations, we propose to explore the mechanistic link between VAT-specific
overactive RAAS and eventual development of adipocyte and metabolic dysfunction via increase
in cellular oxidative stress. We hypothesize that AngII-induced oxidative stress has the potential to
downregulate adipocyte SIRT1 via suppression of HO-1. We further hypothesize that HO-1 induction
will provide an antioxidant setting, thus rescuing cellular SIRT1 and preventing adipocyte dysfunction.
This study, for the first time, will demonstrate a negative regulatory effect of the HO-1-SIRT1 axis, which
will improve the effects mediated by AngII on the adipocyte phenotype. Thus, the overall objective of
this proposal is to uncover the molecular interplay between AngII, HO-1, and SIRT1 as it pertains to the
regulation of adipocyte structure and function, eventually affecting the systemic metabolic homeostasis.

2. Results

2.1. Effects of HO-1 on AngII-Induced Alteration on Adipocyte Phenotype

The dose-dependent effect of AngII demonstrated that 10 uM was the optimal concentration
in increasing lipogenesis in 3T3-L1 cells, as previously published [9]. Our RT-PCR analysis showed
significantly reduced expression of HO-1 in response to AngII treatment, as compared to the control
group treated with adipogenic media alone (Figure 1A). As expected, treatment with CoPP induced
increased expression of HO-1, as compared to AngII-treated murine adipocytes. Interestingly, the
expression of HO-1 was increased by treatment with SnMP alone and CoPP and SnMP together.
However, these findings are not surprising, as SnMP, which induced a significant increase in HO-1
expression, remains a potent inhibitor of HO activity, as shown previously [27–29]. Lipid accumulation,
measured as the relative absorbance of Oil Red O staining in murine adipocytes, demonstrated that
AngII-induced increased lipogenesis, as compared to the control group treated with adipogenic media
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alone and 3T3-L1 cells treated with SnMP alone (HO-inhibitor) (Figure 1B). SnMP treatment alone
induced significant lipid accumulation as compared to the control treated with adipogenic media
alone. This effect, induced by SnMP or AngII treatment alone, was significantly alleviated by the
induction of the antioxidant HO-1 system using CoPP, an effect reversed by the treatment with SnMP
(HO-inhibitor) (Figure 1B). Apart from that, mRNA expression of fatty acid synthase (FAS), a marker
of lipid accumulation, was significantly upregulated in SnMP-treated cells, which was even further
increased by AngII treatment, as compared to the control (Figure 1C). This increase was attenuated
by CoPP, which was reversed by concomitant treatment with SnMP (Figure 1C). Furthermore, our
results demonstrated that treatment with AngII significantly increased triglyceride levels as compared
to the control, which was improved by HO-1 induction (Figure 1D). Concurrent exposure to the HO-1
inhibitor (SnMP) reversed the effect, observed by CoPP causing an increase in triglycerides levels,
similar to AngII-induced triglyceride increase. We next evaluated the mRNA expression of the marker
of mitochondrial biogenesis, PGC-1α, which showed significant downregulation by the treatment with
SnMP alone and by AngII treatment, as compared to control with adipogenic media alone (Figure 1E).
The expression was improved by the induction of CoPP, which was further reversed when treated
concurrently with SnMP (Figure 1E). Apart from that, our results demonstrated a significant increase in
the mRNA expression of inflammatory marker IL-6 by treatment with SnMP alone, which was further
exacerbated by AngII treatment as compared to the control (Figure 1F). This increase was attenuated
by CoPP, which was reversed by concomitant treatment with SnMP (Figure 1F).

Figure 1. Effect of Angiotensin II (AngII) exposed to 3T3-L1 murine pre-adipocytes with or without
Heme Oxygenase I (HO-1) induction. (A) RT-PCR analysis for the relative mRNA expression of
HO-1; (B) representative images and quantitative data of lipid accumulation measured as the relative
absorbance of Oil Red O staining. Images taken with 40× objective lens; (C) relative mRNA expression
for marker of lipid accumulation, fatty acid synthase (FAS); (D) triglyceride levels measured by ELISA
assay; RT-PCR analysis for the mRNA expression of (E) marker of mitochondrial biogenesis, PGC-1α,
and (F) inflammatory marker, IL-6. Values represent means ± SEM. * p < 0.05 vs. control (CTR),
** p < 0.01 vs. CTR, # p < 0.05 vs. tin mesoporphyrin (SnMP), ## p < 0.01 vs. SnMP, $$ p < 0.01 vs. AngII,
+ p < 0.05 vs. AngII + cobalt protoporphyrin (CoPP), ++ p < 0.01 vs. AngII + CoPP (n = 6).
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2.2. Effect of AngII on Mechanistic Interplay between HO-1/SIRT1 Axis in Mouse Adipocyte with or without
HO-1 Induction

Our next set of experiments examined the AngII-induced molecular disruptions involved in
causing altered adipocyte phenotype. Our Western blot analysis showed that treatment with CoPP
induced increased expression of HO-1, as compared to AngII-treated murine adipocytes (Figure 2A).
Interestingly, the protein levels of HO-1 were also increased by the treatment with CoPP that also
received the SnMP (Figure 2A). However, these findings are not surprising, as SnMP, which induced
a significant increase in HO-1 expression, remains a potent inhibitor of HO activity, as shown
previously [27–29]. We next examined the effect of AngII treatment on the expression of SIRT1 in 3T3-L1
cells. Our Western blot analysis demonstrated that the treatment with AngII induced significantly
reduced expression of SIRT1 as compared to controls, which was rescued by the induction of HO-1
(Figure 2B). However, the improved expression of SIRT1 was consequently decreased by the treatment
with SnMP. Aldosterone synthase (CYP11B2), a critical RAAS component causing upregulation of
MR, also affected adipocyte phenotype [30]. Our results further demonstrated that treatment with
AngII stimulated the expression of CYP11B2, an effect negated by treatment with CoPP (Figure 2C).
The expression of CYP11B2 was further increased by treatment of murine adipocytes with CoPP
that were also exposed to SnMP. Apart from that, our results showed increased expression of MR,
induced by the treatment with AngII, as compared to the control (Figure 2D). This increase was
significantly negated by treatment with CoPP, which was again reversed by subsequent treatment with
SnMP. Our Western blot analysis further demonstrated that AngII also significantly reduced insulin
receptor-β (IR-β) expression, which was significantly improved by treatment with CoPP (Figure 2E).
IR-β expression was suppressed significantly by treatment with CoPP that also received the SnMP. In
concordance with these findings, we also performed RT-PCR analyses for the mRNA expression of
SIRT1, CYP11B2, and MR in our murine pre-adipocytes. The findings were similar to our results from
our Western blot analysis, with an addition of the SnMP-alone-treated experimental group, which
showed significant upregulation in the expression of CYP11B2 and MR and also a significant reduction
in SIRT1 expression, as compared to the control (Figure S1A–C). Our results also showed significant
upregulation in expression of angiotensin II receptor type 1 (AT1R) by treatment with SnMP alone
and more so by AngII treatment, as compared to the control (Figure S1D). The treatment with CoPP
demonstrated significantly lower AT1R expression, which was reversed by consequent treatment
with SnMP.

2.3. Effect of AngII in CM Obtained from Mouse Adipocytes with or without HO-1 Induction

The incubation of murine adipocytes with dihydroethidium (DHE) to measure superoxide levels
(indicator of ROS) significantly showed upregulated levels by SnMP alone and a further significant
increase in the AngII-treated group, as compared to the control treated with adipogenic media only
(Figure 3A). The treatment with CoPP alone demonstrated significantly lower superoxide levels,
which was consequently reversed by treatment with SnMP, indicating that upregulation of HO-1 is
required for reduction in this oxidative marker. We next examined the effect of AngII on inflammatory
markers in murine adipocytes. Conditioned media (CM) obtained from the treated 3T3-L1 cells flasks,
demonstrated that the levels of key inflammatory markers, IL-6 and TNF-α, were significantly increased
with AngII treatment, as compared to control and SnMP treatment alone (Figure 3C,D). The levels of
these inflammatory markers were attenuated by treatment with CoPP, implying that the attenuation
was dependent on HO-1 induction. Conversely, the levels of these inflammatory markers were
upregulated in the CM of the cells treated with CoPP and exposed to SnMP. Furthermore, adiponectin
levels were reduced significantly in CM in response to treatment with SnMP alone, which was further
significantly decreased by AngII, as compared to the control (Figure 3D). However, treatment with
CoPP improved adiponectin levels, an effect reversed by subsequent treatment with SnMP.
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Figure 2. Effect of AngII exposed to 3T3-L1 murine pre-adipocytes by Western blot analysis for protein
expression of (A) HO-1, (B) SIRT1, (C) CYP11B2, (D) MR, and (E) IR-β, shown as mean band densities
normalized to β-actin. Values represent means ± SEM. * p < 0.05 vs. CTR, ** p < 0.01 vs. CTR, ## p < 0.01
vs. AngII, ++ p < 0.01 vs. AngII + CoPP (n = 6).

Figure 3. Effect of AngII exposed to 3T3-L1 murine pre-adipocytes on oxidative stress marker,
inflammatory marker, and adiponectin levels. (A) Superoxide levels assessed with dihydroethidium
(DHE) staining; (B,C) levels of inflammatory markers, IL-6 and TNFα, respectively; (D) adiponectin
levels. Values represent means ± SEM. ** p < 0.01 vs. CTR, # p < 0.05 vs. SnMP, ## p < 0.01 vs. SnMP,
$$ p < 0.01 vs. AngII, ++ p < 0.01 vs. AngII + CoPP. (n = 6).

2.4. Effect of AngII with or without HO-1 Induction and SIRT1 Knockdown on Lipogenesis and FAS Levels in
Mouse Adipocytes

To assess whether HO-1 requires the participation of SIRT1 to mediate and/or amplify its actions,
we studied the effect of SIRT1 siRNA and SIRT plasmid in 3T3-L1 cells treated with AngII. Our results
showed that AngII increased lipid accumulation, measured as the relative absorbance of Oil Red O
staining in murine adipocytes, and expression of FAS; this effect of AngII treatment was significantly
negated by treatment with CoPP (Figures 4A and 4B, respectively). Interestingly, concurrent treatment

163



Int. J. Mol. Sci. 2019, 20, 3205

with CoPP and SIRT1 siRNA increased lipid accumulation and FAS expression, suggesting that HO-1
is upstream of SIRT1 and that suppression of SIRT1 attenuates the beneficial effects of increased levels
of HO-1. We also utilized plasmid SIRT to assess if increased expression of SIRT1 (in the absence of
HO-1 upregulation) is sufficient to prevent the detrimental effects of AngII on lipid accumulation.
Treatment of murine adipocytes with AngII, SnMP, and SIRT plasmid increased lipid accumulation
and FAS levels, as compared to murine adipocytes treated with AngII, CoPP, and SIRT1 plasmid
(Figures 4A and 4B, respectively). In concordance with our hypothesis, our results further showed
that murine adipocytes treated with AngII, CoPP, and SIRT plasmid did not significantly decrease
lipid accumulation and FAS levels as compared to cells treated with AngII and CoPP alone, indicating
an HO-1-dependent activation of SIRT1 expression. We further demonstrated the mRNA expression
of SIRT1, which was significantly reduced by treatment with AngII as compared to the control, was
restored by the induction of CoPP (Figure 4C). Concurrent treatment with CoPP and SIRT1-siRNA
decreased SIRT1 expression. The utilization of the SIRT plasmid in the group treated with AngII and
CoPP significantly upregulated the expression of SIRT1, the effect of which was reversed by treatment
with AngII, SnMP, and SIRT plasmid (Figure 4C).

Figure 4. Effect of CoPP with and without SIRT1-siRNA and with and without SIRT plasmid on lipid
accumulation and FAS expression in AngII-treated 3T3-L1 murine pre-adipocytes. (A) Representative
images and quantitative data of lipid accumulation measured as the relative absorbance of Oil Red O
staining. Images taken with 40× objective lens; RT-PCR analysis for mRNA expression of (B) FAS and
(C) SIRT1. Values represent means ± SEM. * p < 0.05 vs. CTR, ** p < 0.01 vs. CTR, # p < 0.05 vs. AngII,
## p < 0.01 vs. AngII, + p < 0.05 vs. AngII + CoPP, ++ p < 0.01 vs. AngII+CoPP, $$ p < 0.01 vs. AngII +
CoPP + SIRT siRNA, & p < 0.05 vs. AngII + CoPP + SIRT Plasmid, && p < 0.01 vs. AngII + CoPP +
SIRT Plasmid (n = 6).

3. Discussion

This study demonstrates for the first time that AngII-induced increased adipocyte dysfunction is
accompanied by suppression of cellular SIRT1; effects are reversed by concurrent exposure to CoPP, an
inducer of the endogenous antioxidant HO-1. AngII stimulates lipogenesis, oxidative stress, release of
inflammatory cytokines, and reduced adiponectin levels in vitro. Our results show the upregulation of
MR and increased expression of aldosterone synthase (CYP11B2) by treatment with AngII, an effect that
is attenuated by the HO-1-SIRT1 axis. We demonstrated that the alteration in adipocyte phenotype and
molecular changes can be reversed in a setting where adipocyte redox balance and SIRT1 is restored
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by HO-1 upregulation. Hence, our results help establish “the proof-of-principle” of our hypothesis,
confirming the beneficial role of the HO-1-SIRT1 axis in adipocytes, further providing a basis that HO-1
can improve adipocyte function by attenuating the activation of AngII expression in adipocytes.

Oxidative stress is known to be highly involved in the development and progression of
clinical conditions like metabolic syndrome. Redox imbalance and chronic oxidative stress increase
adipogenesis and cause adipocyte dysfunction [15,31]. We have shown that heme, a pro-oxidant
molecule, increases lipid accumulation, promotes cell enlargement, induces over-expression of
peroxisome proliferator-activated receptor gamma (PPAR ), CCAAT enhancer binding protein
alpha (C/EBP-α), and adipocyte protein 2 (aP2), and downregulates adiponectin in mouse
pre-adipocytes [18,31]. These effects of heme were prevented in cells treated with an antioxidant
called tempol, a superoxide dismutase-mimetic. Additionally, in vivo administration of antioxidant
reduces visceral adiposity, improves metabolic balance, and restores adipocyte function, as indicated
by the recovery of adiponectin levels. Molecular effects of high oxidative stress include suppression of
SIRT1, which is amenable to redox manipulations [17]. Our study shows that the upregulation of the
antioxidant system by HO-1 induction attenuates AngII-mediated oxidative stress, as shown by the
measurement of superoxide levels in our murine pre-adipocytes.

This study highlights the important role of upregulated MR expression in bringing about adipocyte
dysfunction. MR is a member of superfamily of nuclear hormone receptors and belongs to the class
of ligand-activated transcription factors [32]. Aldosterone and glucocorticoids have similarly high
affinity for MR, with Kd values between 0.5 and 3 nM [33]. Inadvertent MR activation in epithelial
tissues by circulating glucocorticoids (100- to 1000-fold higher than those of aldosterone) is prevented
by the intracellular enzyme 11β-hydroxysteroid dehydrogenase, type 2 (HSD2). HSD2 catalyzes the
inactivation of cortisol to cortisone; the latter has negligible affinity for the MR, thus protecting the MR
from activation by excess levels of cortisol. Adipose tissues, however, in spite of high MR expression,
have minimal HSD2 levels [34]. This sets a stage for aldosterone-mediated increased MR expression
in the adipocytes. Congruent studies by other investigators have shown a central role of MR in the
lipogenic process. These studies have demonstrated that in an altered pathophysiological condition,
increased levels of circulating cortisol diffuse into the adipocytes and bind to MR, further activating it.
The activation of ligand-bound MR, which is translocated in the nucleus, stimulates gene transcription,
causing an increase in the downstream effectors of MR such as prostaglandin D2 synthase (PTGDS) and
genes associated with adipocyte differentiation such as PPARγ and aP2 [35]. In line with these reports,
we show that treatment of murine pre-adipocytes with AngII upregulates the expression of CYP11B2,
subsequently causing increased expression of MR. Our results also show significant amelioration of
these AngII-mediated effects by the induction of the HO-1 antioxidant system through the rescue of
SIRT1, which establishes the mechanistic basis of our study.

Evidence has linked upregulated HO-1 expression results in increased insulin sensitivity and
improvement in phosphorylation of insulin receptors and adipocyte function [32–34,36]. Additionally,
induction of HO-1 in adipocyte cell cultures is associated with decreased pro-inflammatory cytokines
TNFα and IL-6 [17]. Consistent with these findings, we can see that induction of HO-1 improved insulin
sensitivity and decreased levels of TNFα and IL-6 in our murine adipocytes [37]. In concordance with
our findings, previously published studies have shown the protective role of HO-1 in inhibiting the
inflammatory effect of several mediators. Inflammatory and oxidative transcription factors like nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κβ) and c-Jun N-terminal kinase (JNK)
signaling mechanisms, which are primarily involved in inflammatory insult, stimulate inflammatory
pathways like IL-signaling, creating a feedback mechanism of inflammation and further compromising
pathophysiological conditions [32]. HO-1 have been demonstrated to be effective in suppressing these
inflammatory mediators, hence, ameliorating the production of inflammatory cytokines. There is
also evidence from the literature that suggests the presence of the HO-1-adiponectin regulatory axis
in a murine model [23]. Our results corroborate the findings of the previous studies, as we have
shown that HO-1 induction causes an upregulation of adiponectin levels in murine pre-adipocytes.
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Adiponectin is a protective adipokine, the levels of which are often compromised in a state of excess
VAT. A great emphasis has been given to adiponectin recently, due to its role associated with insulin
sensitivity and positive effect on triglyceride levels [38–41]. Reports have also demonstrated that low
adiponectin levels are associated with increased oxidative stress [42,43]. Our results show that AngII
induces downregulated levels of adiponectin, which contributes toward altered adipocyte phenotype.
However, the protective effect of HO-1 is able to increase adiponectin levels, leading to healthier
adipocytes. Our study demonstrates that the upregulated HO-1 expression, induced by CoPP, has
potential to reprogram the altered adipocyte phenotype to that of a healthy adipocyte by improving
oxidative stress, decreasing release of inflammatory cytokines, decreasing lipid accumulation, and
increasing adiponectin levels.

The mechanistic link of AngII exposure observed in our study is provided by SIRT1, which belongs
to the family of nicotinamide adenine dinucleotide (NAD)-dependent deacetylases. SIRT1 is a class
III protein deacetylase, a crucial cellular survival protein in combating metabolic imbalance [10,44].
SIRT1 is modulated by cellular redox. Resveratrol, an antioxidant, protects SIRT1 against oxidative
stress and prolongs longevity in various animal models [45]. AngII activates NADPH oxidases and
increases oxidative stress [46,47]. We demonstrate that the oxidative stress induced by AngII leads
to attenuation of SIRT1 in adipocytes. SIRT1 rescue and MR-suppression in murine pre-adipocytes
treated with CoPP alludes to the protective effect of HO-1 on cellular SIRT1.

Conclusively, AngII upregulation exerts its effects on oxidative and inflammatory pathways in
adipocytes, further inducing phenotypic and molecular changes by inhibiting the HO-1-SIRT1 axis.
Our study characterizes that the SIRT1 rescue is HO-1 dependent, which causes reversal of molecular
and pathological effects of the AngII cascade in these adipocytes. Our findings are summarized in
a schematic representation that demonstrates the AngII-mediated increase in aldosterone synthase,
which causes an increase in inflammation, oxidative stress and lipogenesis (Figure 5). This effect
is attenuated by the HO-1-induced rescue of SIRT1, hence improving the adipocyte phenotype and
molecular changes. This study has far-reaching clinical implications for patients with RAS-dependent
metabolic disorders and for patients with secondary RAS activation, systemic or local, as seen in
obesity or diabetes. The study elucidates the potential for therapeutic application of HO-1-inducers
as a complementary therapy toward abatement of adipose tissue dysfunction, reduction of systemic
inflammation, enhancement of adiponectin, and restoration of metabolic balance in these patients.

Figure 5. Schematic representation of AngII-mediated phenotypic alterations in adipocytes, reversed
by the HO-1-dependent rescue of SIRT1 in 3T3-L1 murine adipocytes. Each arrow, shown in red,
represents the upregulation or downregulation of the respective process.
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4. Material and Methods

4.1. Experimental Design for In Vitro Experiments

Frozen mouse pre-adipocytes (3T3L-1) were purchased from ATTC (ATTC, Manassas, VA, USA).
After thawing, 3T3L-1 cells were suspended in Dulbecco’s Modified Eagle Medium (DMEM; Invitrogen,
Carlsbad, CA, USA), supplemented with 10% heat-inactivated fetal bovine serum (FBS, Invitrogen,
Carlsbad, CA, USA) and 1% antibiotic/antimycotic solution (Invitrogen, Carlsbad, CA, USA). The cells
were plated at a density of 1 × 106 cells per 100 cm2 dish. The cultures were maintained at 37 ◦C in
a 5% CO2 incubator and the medium was changed after 48 h and every ~3–4 days thereafter. Upon
attaining confluence, 3T3L-1 cells were recovered by the addition of 0.25% trypsin/EDTA (Invitrogen,
Carlsbad, CA, USA). 3T3L-1 cells were plated in 12-well dishes and 75 cm2 flasks at a density of
1 × 104. Adipogenesis was initiated at confluence with the adipogenic media (DMEM high glucose
with 0.5 mM dexamethasone, 10 μg/mL insulin, and 0.5 mM IBMX). Cells were treated every alternate
day with AngII (10 μM), CoPP (5 μM), and SnMP (5 μM) for 7 days in mouse pre-adipocytes. Control
groups were treated with adipogenic media alone to induce adipocyte differentiation only, without
any treatment with AngII and/or other reagents. We also included an experimental group with our
murine pre-adipocytes treated with SnMP alone to demonstrate its inhibitory effects, as previously
published [37,48].

Commercially available (Ambion Silencer Select) siRNA and an appropriate scrambled RNA
for SIRT1 was employed for “knockdown” studies [49]. For overexpression studies, we employed
mouse SIRT1, full-length variant (isoform 1, Gene ID93759) synthesized into pJ603 vector, along with
corresponding pJ603-GFP negative control by DNA 2.0 Inc. Transfection of cells was achieved using
FuGENE HD transfection reagent, as described previously [10].

4.2. Oil Red O Staining

Lipid droplets were detected by Oil red O staining. For Oil Red O staining, 0.21% Oil Red O
in 100% isopropanol (Sigma-Aldrich, St Louis, MO, USA) was used. Briefly, mouse pre-adipocytes
were fixed in 10% formaldehyde, washed in Oil-red O for 10 min, rinsed with 60% isopropanol
(Sigma-Aldrich), and the Oil red O was eluted by adding 100% isopropanol for 10 min. The optical
density measured at 490 nm, for a 0.5-sec reading. Mouse adipocytes were measured by Oil red O
staining (optical density = 490 nm) after day 7 [9].

4.3. Western Blot Analysis of IR-β, SIRT1, MR and CYP11B2

Frozen mouse adipocytes (3T3L-1) were pulverized under liquid nitrogen and placed
in a homogenization buffer comprising (mmol/L): 10 phosphate buffer, 250 sucrose, 1
ethylenediaminetetraacetic acid (EDTA), 0.1 phenylmethanesulfonylfluoride, and 0.1% v/v tergitol,
pH 7.5. Homogenates were centrifuged at 27,000 g for 10 min at 4◦C. The supernatant was isolated and
protein levels were assayed (Bradford Method). The supernatant was used for the determination of
IR-β, SIRT1, MR, and CYP11B2. Immunoblotting was performed in mouse adipocytes. β-Actin was
used to ensure adequate sample loading for all western blots.

4.4. Cytokines, Adiponectin, and Lipid Profile Measurements

Conditioned media (CM) was obtained from our cell culture The levels of interleukin (IL)-6, tumor
necrosis factor α (TNFα) and the high molecular weight (HMW) form of adiponectin were determined
using an enzyme-linked immunosorbent assay (ELISA) assay kit according to manufacturer’s protocol
(Abcam, Cambridge, MA, USA) [50]. Triglyceride levels were measured in CM using an ELISA assay
(Assay Gate, Inc., Ijamsville, MD, USA).
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4.5. Quantitative Real-Time PCR Analysis

Total RNA was extracted from mouse adipocytes using a 5-Prime PerfectPure RNA Tissue Kit
(Fisher Scientific Company, LLC, Waltham, MA, USA). Total RNA was read on a NanoDrop 2000
Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) and cDNA was synthesized using
an iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA). PCR amplification of the cDNA was
performed by quantitative real-time PCR using a qPCR Core kit for SYBR Green I (Applied Biosystems,
Grand Island, NY, USA). The thermocycling protocol consisted of 10 min at 95 ◦C, 40 cycles of 15 s at
95 ◦C, 30 s at 60 ◦C, and finished with a melting curve ranging from 60 to 95 ◦C to allow distinction of
specific products [9]. Primers were designed specific to each gene using Primer Express 3.0 software
(Applied Biosystems). Normalization was performed in separate reactions with primers to GAPDH
mRNA. Specific primers were used for HO-1 and FAS.

4.6. Measurement of Superoxide Levels for In Vitro Experiment

Mouse adipocytes were cultured on 96-well plates until they achieved approximately 70%
confluence. After treatment with or without AngII (10 μM) in the absence and presence of CoPP (5 μM)
and SnMP (5 μM) for 2 days, the cells were incubated with 10 μM dihydroethidium (DHE) for 30 min
at 37 ◦C. Fluorescence intensity was measured using a Perkin–Elmer Luminescence Spectrometer at
excitation/emission filters of 530/620 nm.

4.7. Statistical Analysis

Statistical significance between experimental groups was determined by the Fisher method of
analysis of multiple comparisons (p < 0.01). For comparisons among treatment groups, the null
hypothesis was tested by a two-factor ANOVA for multiple groups or unpaired t test for two groups.
Data are presented as mean ± SE.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/13/
3205/s1.
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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

173



Int. J. Mol. Sci. 2019, 20, 3628

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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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.

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]).

179



Int. J. Mol. Sci. 2019, 20, 3628

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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Abbreviations

HO Heme oxygenase
CO Carbon monoxide
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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Abstract: The prevalence of vascular disorders continues to rise worldwide. Parallel with that,
new pathophysiological pathways have been discovered, providing possible remedies for prevention
and therapy in vascular diseases. Growing evidence suggests that endoplasmic reticulum (ER)
stress is involved in a number of vasculopathies, including atherosclerosis, vascular brain events,
and diabetes. Heme, which is released from hemoglobin or other heme proteins, triggers various
pathophysiological consequence, including heme stress as well as ER stress. The potentially toxic free
heme is converted by heme oxygenases (HOs) into carbon monoxide (CO), iron, and biliverdin (BV),
the latter of which is reduced to bilirubin (BR). Redox-active iron is oxidized and stored by ferritin,
an iron sequestering protein which exhibits ferroxidase activity. In recent years, CO, BV, and BR have
been shown to control cellular processes such as inflammation, apoptosis, and antioxidant defense.
This review covers our current knowledge about how heme induced endoplasmic reticulum stress
(HIERS) participates in the pathogenesis of vascular disorders and highlights recent discoveries in
the molecular mechanisms of HO-mediated cytoprotection in heme stress and ER stress, as well as
crosstalk between ER stress and HO-1. Furthermore, we focus on the translational potential of HIERS
and heme oxygenase-1 (HO-1) in atherosclerosis, diabetes mellitus, and brain hemorrhage.

Keywords: heme oxygenase; endoplasmic reticulum stress; hemoglobin; heme

1. Introduction

Hemoglobin (Hb) is not an innocent bystander of the pathophysiology in a number of diseases
with extra- or intravascular hemorrhage/hemolysis. Free Hb, outside of red blood cells (RBCs),
undergoes rapid oxidation from ferrous Hb (Fe2+) to metHb (Fe3+) that can be further oxidized to
ferrylHb (Fe4+=O2−). Hb oxidation is followed by rapid heme release, resulting in free labile heme
pools in the extracellular spaces [1]. Organ/tissue injuries, inherited hemolytic syndromes, sepsis,
surgical interventions, brain hemorrhages, atherosclerosis with ruptured plaques, kidney diseases with
hematuria, rhabdomyolysis with kidney failure, hemolytic uremic syndromes, diabetic angiopathies,
and neonatal retinopathy of prematurity are characteristic disorders for the demonstration of the
pathophysiological role of free hemoglobin and heme. Excess free Hb and heme rapidly overwhelm
the first line of the endogenous Hb and heme binding homeostatic protective system, the Hb scavenger
haptoglobin, and the heme scavenger protein hemopexin and alpha-1-microglobulin. The labile
unbound free heme and Hb initiate complex stress reactions, sensitizing cells and tissues towards
reactive oxygens species (ROS), provoking cell damage or even cell death.
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The second line of the protective system against Hb and heme stress are the intracellular heme
oxygenases (HOs) and ferritin. HO enzymes catabolize heme into free ferrous iron, carbon monoxide
(CO), and biliverdin (BV) converted to bilirubin (BR) by BV reductases. To eliminate the redox active
free iron, cells rapidly express ferritin, an intracellular iron storage protein. The antioxidant character of
ferritin depends on its ferroxidase activity and iron sequestering capability [2]. These products of heme
catabolism possess a number of physiological functions. BR has been shown to possess remarkable
antioxidant effects [3], while CO is an anti-inflammatory and anti-apoptotic gas molecule [4].

Among HOs, HO-1 and HO-2 are extensively characterized [5]. HO-1 is the inducible form,
which presents a dramatic intracellular increase of mRNA and protein expressions in response to
various environmental stimuli, such as radioactive and ultraviolet irradiation, heavy metals, reactive
oxygen species, endotoxin, and several other agents, but most importantly to heme [6–8]. Importantly,
the dramatic increase in HO-1 mRNA and protein levels does not ultimately correspond to HO-1
activity. In rat models, both Tin(IV)-protoporphyrin (SnPP) and Cobaltic(III)-protoporphyrin (CoPP)
dramatically induce HO-1 expression in the liver. However, SnPP completely inhibits HO-1 activity,
while CoPP leads to an overall increase in HO-1 catalytic activity [9,10]. The HO-2 enzyme is generally
regarded as a constitutively expressed isoform; however, HO-2 expression also changes in response to
hypoxia [11]. In addition, studies underline that HO-2 protects neurons against ischemia/reperfusion
injury and oxidative damage [12,13].

Among cellular stress reactions, ER stress is one of the best characterized form of stress. The
homeostasis of the ER is a finely tuned system; if newly synthesized misfolded or unfolded protein
loads exceed the folding capacity of the ER, the pathways of unfolded protein response (UPR) are
activated, leading to ER stress. Overwhelming evidence shows that ER stress is involved in a number
diverse pathologies, such as diabetes [14], neurodegenerative diseases [15], rheumatic disorders [16],
lung disease [17], and atherosclerosis [18]. Since heme is well known as a cell stressor, the hypothesis
has to emerge that there must be a close relationship between ER and heme stress.

In the current article, we review the heme–heme oxygenase–ER stress relationship; the major
mechanisms of their interactions by which ER stress contributes to the cell and organ damage in
diabetes, atherosclerosis, and brain hemorrhage. Since HO-1 presents a unique Janus-faced character
in brain pathologies, this issue has received special attention.

2. Heme Stress

From an evolutionary perspective, protoporphyrin ring is a unique metal chelator with outstanding
properties. Chlorophyll, a magnesium-protoporphyrin, converts light energy to chemical energy and
produces organic compounds. Heme, an amphipathic iron-protoporphyrin complex, is one of the
most important prosthetic groups on Earth, which serves as an oxygen transporter and participates in
various oxido/reductive processes in aerobic and anaerobic cell metabolism. However, heme released
from the safe sanctuary area of heme proteins triggers a number of adverse effects. In ’70s and ’80s,
several reports revealed the detrimental role of Hb in brain damage [19,20], the heme toxicity in
malaria [21], and the potential role of heme in health and disease [22]. Ten years later, we were the first
in the literature to be able to generate heme toxicity in cell cultures. We have shown that heme, liberated
from heme proteins, is toxic and sensitizes vascular endothelial cells against oxidative stress [2]. Heme,
due to its amphipathic nature, shows high affinity towards biological membranes, sensitizing them
towards reactive oxygen species (ROS) and leading to the oxidative damage of membrane lipids [23,24],
cell lysis [25], genomic [26], and mitochondrial DNA damage [27]. Free heme also triggers protein
oxidative modifications [28] and activates the UPR pathways leading ER stress [29]. Moreover, both
oxidized Hb and heme are endogenous pro-inflammatory agonists [30,31]. Heme also sensitizes cells
to oxidative damage [32] and inflammatory cytokines [33]. Additionally, heme triggers oxidative
modifications of lipid particles, such as low-density lipoprotein (LDL), promoting the progression of
atherosclerosis [34], which will be discussed later in this review.
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Considering the protective effect of HO-1, it is a logical explanation that end-products of heme
degradation, BV/BR, and CO are responsible for the beneficial action. There are several experimental
conditions where HO-1 provides defense for cells and tissues. Moreover, BR is considered to be an
endogenous antioxidant in several clinical conditions. CO and its slow releasing agents (CO releasing
molecules, CORMs) have been used as potential medicine, not only in cell culture models, but also in
animal studies and clinical investigations. The scientific importance of CO is increasing, since quite a
lot of work proves its anti-inflammatory effect.

The nuclear factor-E2-related factor-2 (Nrf2) is activated by diverse environmental stimuli such
as oxidative stress, electrophilic, and xenobiotic compounds and plays a pivotal role in coping with
oxidative stress [35]. Activation of Nrf2 triggers its dissociation from cytosolic Kelch ECH associating
protein 1 (Keap-1) with the subsequent translocation of Nrf2 to the nucleus, where it binds to stress- or
antioxidant-response elements (StRE/ARE) encoding a number of genes regulating redox homeostasis,
such as HO-1, NAD(P)H:quinone oxidoreductase, glutathione S-transferases, glutamate-cysteine ligase,
and glutathione oxidases [36]. On the other hand, HO-1 expression can also be induced by other
transcription factors, such as Yin Yang 1 (YY1) [37], activator protein-1 (AP-1) [38], Bach 1 [39], and
hypoxia inducible factor 1 [40]. Since HO-1 is abundantly induced by a broad spectrum of endogenous
and exogenous stimuli, it is considered as an ideal cytoprotective enzyme.

3. Endoplasmic Reticulum Stress

The homeostasis of the endoplasmic reticulum (ER) is a finely tuned system. If newly synthesized
misfolded or unfolded protein loads exceed the folding capacity of the ER, the pathways of unfolded
protein response (UPR) are activated, leading to ER stress activating pancreatic ER kinase-like ER
kinase (PERK), activating transcription factor-6 (ATF6), and inositol-requiring enzyme 1α (IRE1α), all of
which are controlled by glucose-regulated protein 78 kDa (Grp78) [41]. PERK directly phosphorylates
eukaryotic initiation factor 2α to reduce protein loads of the ER [42] and facilitates the expression of
genes involved in the functional UPR, such as activating transcription factor 4 (ATF4), which controls
genes involved in amino acid metabolism and redox homeostasis [43]. Severe or unresolved ER
stress leads to cell death mediated by the pro-apoptotic transcription factor DNA-damage-inducible
transcript 3 (CHOP), which is predominantly induced by the PERK/ATF4 pathway [44]. CHOP is
a multifaceted transcription factor with various functions during ER stress. CHOP overexpression
triggers apoptosis, whereas CHOP deficient cells are highly resistant to ER stress-induced cell
death [45,46]. Furthermore, CHOP plays a key role in lipopolysaccharide-induced inflammation
through the induction of caspase-11 [47]. Together, CHOP is an important factor in the pathogenesis of
ER stress related diseases and largely determines the fate of cells in response to ER stress [48].

The second major effector protein of ER stress is IRE1α, which splices X-box binding protein
(XBP1) mRNA, resulting in spliced XBP1 (XBP1s). XBP1s activates the machineries of endoplasmic
reticulum-associated degradation (ERAD), which abolishes unfolded or misfolded proteins [49].
However, IRE1α can also induce cell death by apoptosis signal-regulating kinase (ASK1)-c-Jun
amino-terminal kinase (JNK) [50].

Activating transcription factor-6 (ATF6), a transmembrane protein of the ER, activates the
expression of ER chaperones, including Grp78, Grp94, protein disulfide isomerase, XBP1, and the
components of ERAD [51].

Evidence suggests that ER stress pathways interact with Nrf2/HO-1 signaling (Figure 1).
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Figure 1. Crosstalk between ER stress and antioxidant response. ER stress in one of the best
characterized stress response pathways induced by diverse stress stimuli such as heme, hyperglycemia,
and reactive oxygen species (ROS). Activating transcription factor-6 (ATF6) induces ER chaperones,
improving protein folding in the ER. Activation of the pancreatic ER kinase-like ER kinase (PERK) arm
results in Activating transcription factor-4 (ATF4) expression leading to the activation of antioxidant
pathways. In addition, ATF4 also activates the proapoptotic protein DNA-damage-inducible transcript
3 (CHOP) when ER stress is unresolved. Inositol-requiring enzyme 1 (IRE1α) is primarily involved in
ER-associated degradation (ERAD) of the damaged proteins. Nuclear factor-E2-related factor-2 (Nrf2),
the key regulator of cellular antioxidant response, is strongly connected to the ER stress pathways,
since PERK and sulfenylated IRE1α directly activates the Nrf2-mediated stress response. The different
consequences of the crosstalk between ER stress and antioxidant response depend on the severity and
duration of stress stimuli, as well as the target cell and organ.

Upon ER stress, PERK directly phosphorylates Nrf2, promoting dissociation from Keap-1 with
the subsequent nuclear import of Nrf2 [52]. CO, a by-product of heme degradation by HOs, induces
Nrf2 nuclear translocation via PERK activation [53]. In addition, Nrf2-ATF4 dimers bind to the StRE
element in the HO-1 promoter, regulating its expression in a cell-specific manner [54,55]. On the other
hand, Nrf2 also modulates the expression of certain ATF4-regulated genes such as CHOP, which is
negatively regulated by Nrf2 and positively by ATF4 [56]. Another example of the crosstalk between
ER residential proteins and antioxidant pathways is IRE1. Reactive oxygen species (ROS) generated by
the ER or mitochondria facilitates the cysteine sulfenylation of IRE1 within the kinase loop, which
inhibits IRE-1-induced UPR but initiates p38/Nrf2 antioxidant response [57].

Evidence suggests that ER stress pathways interact with Nrf2/HO-1 signaling. Upon ER stress,
PERK directly phosphorylates Nrf2, promoting dissociation from Keap-1 with the subsequent nuclear
import of Nrf2 [58]. CO, a by-product of heme degradation by HOs, induces Nrf2 nuclear translocation
via PERK activation [53]. In addition, Nrf2-ATF4 dimers bind to the StRE element in the HO-1 promoter,
regulating its expression in a cell-specific manner [54,55]. On the other hand, Nrf2 also modulates
the expression of certain ATF4-regulated genes such as CHOP, which is negatively regulated by Nrf2
and positively by ATF4 [56]. Another example of the crosstalk between ER residential proteins and
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antioxidant pathways is IRE1. Reactive oxygen species (ROS) generated by the ER or mitochondria
facilitates the cysteine sulfenylation of IRE1 within the kinase loop, which inhibits IRE-1-induced UPR
but initiates p38/Nrdf2 antioxidant response [57].

4. Atherosclerosis

Atherosclerosis is a leading cause of death in developed countries. Labile free heme is one
of the many known risk factors for atherosclerosis and contributes to the pathophysiology of this
complex disease.

4.1. Heme Stress in Atherosclerosis

Hemorrhaged atherosclerotic plaques represent a highly oxidative milieu where invading RBCs are
rapidly lysed with subsequent Hb and heme release. Hemorrhage is a frequent complication of plaque
development after the rupture of the fibrous cap or intraplaque hemorrhage from the neovasculature
budded from vasa plaquorum. Li and co-workers have demonstrated that hemorrhaged atherosclerotic
plaques represent a “death zone”, characterized by lipid peroxidation products, which are extremely
toxic to the invading cells, including RBCs [59]. In this oxidative scenario, RBCs easily lyse, followed
by Hb release and oxidation to form metHb and ferrylHb [60]. MetHb facilitates the oxidant-mediated
killing of endothelial cells [61] as well as LDL oxidation via heme release [62,63]. In addition,
ferrylHb is a strong proinflammatory agonist that increases endothelial cell permeability and monocyte
adhesion [30,64]. These findings corroborate the hypothesis that the oxidation products of free Hb are
involved in the progression of atherosclerosis.

Importantly, the lysis of RBCs is not the only fate of erythrocytes during atherosclerosis. ROS
can also trigger senescence signals on RBCs, which has been reported in carotid atherosclerosis
patients [65]. These senescent state of RBCs possesses remarkable immunomodulatory effects by
influencing T cell integrity and function and by affecting the dendritic cell maturation contributing to
plaque progression [66].

Recent evidence also shows that heme directly targets the ER of aortic smooth muscle cells, which
might be implicated in the pathogenesis of atherosclerosis [29]. This study has demonstrated that
heme induces the expression of Grp78 and activates the canonical ER stress pathways, namely PERK,
IRE1α/XBP1, and ATF6. In accordance with these findings, higher ER stress marker (Grp78 and CHOP)
expression was detected in hemorrhaged atherosclerotic lesions, compared to either atheromas or
healthy arteries. Importantly, heme induced ER (HIER) stress is effectively attenuated by the heme
scavenger proteins hemopexin and alpha-1-microglobulin. This report highlights that heme directly
targets the ER, which might be involved in heme-driven cell damage.

Another mechanism that mediates heme toxicity in atherosclerosis is the oxidative modification
of low-density lipoprotein (LDL). Heme, owing to its hydrophobic nature, prefers to associate not only
with biological membranes, but also with LDL, representing a physiological mediator of LDL oxidation
catalyzed by lipid hydroperoxides that is implicated in the pathogenesis of atherosclerosis [67–69].
LDL particles entering the subendothelial area of the arteries are exposed to rapid oxidation, which
recruits macrophages and generates foam cells after binding to scavenger receptors on macrophages.
Oxidized LDL (oxLDL) is directly cytotoxic to the residential cells of atherosclerotic plaques, such
as endothelial cells [70], vascular smooth muscle cells (VSMCs) [71], and macrophages [72]. This
oxidative interaction facilitates heme degradation with the subsequent iron release, which further
accelerates heme degradation (Figure 2).
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Figure 2. The central role of heme in vascular pathologies. In atherosclerosis, free heme is liberated
during hemoglobin oxidation in the vessel wall inducing ER stress and low density lipoprotein (LDL)
oxidation. Heme and oxidized LDL induced ER stress is an important factor in the pathogenesis of heme
stress, while heme degrading heme oxygenase-1 (HO-1) initiates endogenous protective responses.
Biliverdin (BV) is converted into is a natural antioxidant, bilirubin (BR) by biliverdin reductase, carbon
monoxide (CO) possesses anti-inflammatory and anti-apoptotic capabilities. Redox-active iron is
detoxified and stored by ferritin having ferroxidase activity. In addition, ferritin also mitigates vascular
calcification. Natural compounds that induce HO-1 represent a potential therapeutic approach in
vascular diseases.

4.2. HO-1 and Ferritin in Atherosclerosis

LDL oxidized either with heme+hydrogen peroxide or with Cu2+ strongly induces HO-1 in
endothelial cells and macrophages [73,74]. In addition, HO-1 is upregulated in the endothelium and
foam cells/macrophages of the intima in humans and in apolipoprotein E-deficient (ApoE−/−) mice [74].
The importance of HO-1 in vascular diseases is underlined by the discovery of the first human case
of HO-1 deficiency [75]. The lymphoblastoid cell line derived from the HO-1-deficient patient has
increased sensitivity to LDL oxidized by heme, compared to control lymphoblast cells with intact
HO-1 [76], suggesting that HO-1 is an important factor to mitigate oxLDL-induced oxidative damage.

The pivotal role of HO-1 is also suggested by Cheng et al., who have reported the HO-1 induction
reverses plaque progression from a vulnerable to a more stable phenotype [77], which might be
mediated by heme catabolism by-products. In addition, plasma HO-1 levels are higher in patients with
carotid plaques compared to healthy subjects, which probably indicates a possible protective response
against carotid atherosclerosis [78].

It is postulated that pharmacologic HO-1 inducers might be potential candidates for improving
atherosclerosis and reducing death in cardiovascular diseases. Mounting evidence suggests that
the induction of HO-1 can ameliorate cell injury involved in atherogenesis. Zedoarondiol, an active
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compound extracted from Curcuma zedaria, has been reported to attenuate oxLDL-induced endothelial
cell injury and inflammation via upregulation of HO-1 by Nrf2 [79]. Atractylenolide I (AO-I), isolated
from Atractylodes macrocephala, inhibits ox-LDL-induced VSMCs migration and inflammatory responses
partly in an HO-1-dependent manner [80].

4.3. BR and CO in Atherosclerosis

BR inhibits monocyte migration across the activated endothelial cells, by scavenging ROS and
affecting adhesion molecule signaling, and prevents plaque formation in LDL receptor-deficient
mice [81]. In addition, decreased serum BR is associated with the severity of atherosclerosis [82] and
low serum levels of indirect BR is an independent predictor of subclinical atherosclerosis [83]. These
are in good agreement with a study presenting that chronic moderate hyperbilirubinemia in Gilbert
syndrome prevents the development of ischemic heart disease [84]. These findings show that a low
serum BR level might be associated with increased risk for atherosclerosis.

CO, due its anti-inflammatory and anti-apoptotic properties, might be a promising candidate to
mitigate inflammation and apoptotic cell death in vascular diseases. This hypothesis is supported by
Soni et al., who have shown that exogenous CO mitigates doxorubicin-induced cardiotoxicity [85].
CORM-3 improves structural and functional cardiac recovery after myocardial injury [86]. In addition,
CORM-2 reduces endothelial cell apoptosis triggered by ox-LDL [87].

Whereas CO might be beneficial in doxorubicin-induced damage, a recent report has shown
that exogenous CO may disturb lipid metabolism in macrophages promoting foam cell formation,
which is a hallmark of atherosclerosis [88]. To provide a more comprehensive understanding of the
potential therapeutic application of CO releasing agent in vascular diseases, the safe therapeutic range
of CORMs should be determined because of the toxicity of CO.

Ferritin, which is abundantly induced during heme catabolism by HOs, plays a pivotal role in the
detoxification of redox-active iron releases by HOs. Induction of ferritin is also dependent upon the
microenvironment within the vessels, because ferritin expression is also regulated by inflammation [89].
Interestingly, ferritin is more than an iron storage protein. Ferritin has been reported to inhibit the
calcification of both aortic smooth muscle cells [90] and valvular interstitial cells [91]. Moreover, the
pharmacological induction of ferritin also prevents smooth muscle cell calcification [92]. This raises an
interesting hypothesis that cardiovascular complications might be mitigated not only by HO but also
by ferritin, the other important component of the HO-ferritin system.

Protection against heme and ROS-mediated toxicity by HO-1 is important to maintain vascular
homeostasis. Therefore, using pharmacologic approaches, the induction of HO-1 might be beneficial
in atherosclerosis.

4.4. ER Stress in Atherosclerosis

Numerous reports have shown that ER stress is involved in the pathogenesis of vascular
diseases. Elevated intracellular ox-LDL and 7-ketocholesterol provoke ER stress, characterized by a
marked CHOP expression with subsequent apoptosis in macrophages and endothelial cells [93–95].
Moreover, CHOP expression is also high in unstable atherosclerotic plaques, which is likely to
contribute to plaque vulnerability [94]. Additionally, ER stress also promotes foam cell formation
in response to ox-LDL [96]. Thus, based on these findings, it is postulated that by mitigating ER
stress, atherosclerosis might be resolved or, at least, its progression can be slowed down. In fact,
recent studies corroborate this hypothesis. Lipid-mediated toxicity of macrophages is reduced by the
chemical chaperone 4-phenylbuturic-acid (4-PBA) [97]. A recent study revealed that another ER stress
inhibitor, tauroursodeoxycholic acid (TUDCA), ameliorates atherosclerotic lesions and systemic lipid
levels in ApoE−/−mice on a high-fat diet [98].

Even though ER stress and oxidative stress coexist in many pathologies [99], the link between
them has not been clearly elucidated. However, it is postulated that Nrf2/HO-1 and ER stress
pathways interact and oxidative stress-triggered ER stress might be implicated in atherosclerosis. This
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theory is supported by Mozzini et al., who showed that GRP78/CHOP expression is increased while
Nrf2/HO-1 is decreased in coronary artery disease patients [100]. The authors suggest that phospholipid
1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine (oxPAPC), which presumably derives from
oxidized LDL, negatively regulates Nrf2/HO-1 expression with a parallel ER stress-inducing effect. In
another study, equol, a specific metabolic product of daidzein in soybean, reduces atherosclerotic lesions
in ApoE−/−mice fed with high-fat diet via attenuating ER stress in an Nrf2-dependent manner [101].

Isorhamnetin (Iso), a flavonoid compound extracted from Hippophae rhamnoides L., inhibits
ox-LDL-induced macrophage injuries by decreasing ROS levels and protecting against ox-LDL-induced
apoptosis [102]. In addition, Iso also reduced atherosclerotic plaque size and macrophage apoptosis
in ApoE−/−mice. These in vitro and in vivo effects of Iso are mediated by PI3K/AKT activation and
HO-1 induction. Interestingly, a recent report shows that Iso also inhibits ER stress, but the possible
interplay between this effect and the HO-1-inducing effect of Iso needs further investigation [103].

These results highlight that pharmacologic induction of Nrf2/HO-1 provides a potent antioxidant
defense mechanism, which might mitigate the progression of atherosclerosis, at least partly, by
attenuating ER stress. These results highlight that little is known about the crosstalk between HO-1
and ER stress in vascular diseases. Further studies may reveal the potential link between antioxidant
and ER stress responses and identify molecular targets that govern the pathophysiological events at
the cellular level in atherosclerosis.

5. Brain

Lesions of the central nervous systems are not only based on primer brain pathologies, but also on
secondary events. Analyzing the nature of brain lesions, there are several ones where the presence of
heme and ER stress is obvious and well documented. The intracerebral hemorrhage (ICH) is a classical
type of brain vascular disease gaining importance presently, as the ageing of the population and the
use of anti-coagulants rises. The initiation step of ICH is the accumulation of blood within the brain
tissue with the subsequent lysis of RBCs resulting in massive Hb and heme release. The breakdown of
heme by HOs yields a large amount of redox-active iron, (CO) and BV, which is converted to BR. Hard
evidence show that Hb, heme, and heme catabolism by-products are all involved in the pathogenesis
of ICH (Figure 3).

MetHb is an endogenous ligand of toll-like receptor 2 (TLR2) and toll-like receptor 4 (TLR4)
that induces pro-inflammatory cytokine and tumor necrosis factor α (TNF-α) production after
hemorrhage [104,105]. Heme is also pro-inflammatory for many cell types, such as macrophages and
microglia and activates TLR4-mediated inflammatory injury in ICH, which is markedly reduced by
knocking down TLR4 [106,107]. In addition, heme binds to TLR2 and severely triggers blood–brain
barrier damage in astrocytes in a TLR2 dependent manner [108]. These findings suggest that
the modulation of TLR signaling might be a promising therapeutic target in hemorrhagic brain
injury. This hypothesis has been tested by Wang et al., who showed that the TLR4 antagonist
Ethyl-(6 R)-6-(N-(2-chloro-4-fluorophenyl)sulfamoyl)cyclohex-1-ene-1-carboxylate (TAK242) reduces
inflammatory injury and neurological deficits in mice after hemorrhage [109]. Although this is an
interesting approach, further research is needed in this field to explore the effect of TLR4 antagonists in
immunohistochemistry (IHC).
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Figure 3. Free hemoglobin and heme participates in the pathophysiology of brain damage. During brain
hemorrhage, massive amounts of free hemoglobin and heme are released, resulting in inflammation,
heme-, and ER stress. Oxidized hemoglobin directly triggers inflammation via toll-like receptor 2 and 4
(TLR2, TLR4). Heme oxygenases (HOs) in the brain are Janus-faced and might induce both protective
and adverse effects. Although bilirubin (BR) is a natural antioxidant, it can induce inflammation,
pyroptosis, or even apoptosis through ER stress in the brain. Heme-derived iron also triggers ER
stress. Elevated intracellular iron (Ic Iron) derives from HO activity and the disturbed cellular iron
metabolism through hepcidin induction, leading to ferroptosis. (SERCA: sarco/endoplasmic reticulum
Ca2+-ATPase; DFO: desferrioxamine; CHOP: C/EBP homologous protein; CO: carbon monoxide; BV:
biliverdin; TAK: Ethyl-(6R)-6-(N-(2-chloro-4-fluorophenyl)sulfamoyl)cyclohex-1-ene-1-carboxylate;
TLR: Toll-like receptor

5.1. ER Stress in Brain Injury After Hemorrhage

ER stress plays a significant role in brain injury after hemorrhage. Hemorrhage induced ER
stress primarily targets neurons and the protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK)/CHOP pathway might have predominant role in neuronal cell death. Several lines of evidence
support this theory. In a rat model of cerebral ischemia/reperfusion injury, silencing of CHOP by the
lentivirus-mediated transfer of short hairpin RNA mitigated inflammatory and apoptotic reactions in
neuronal cells, suggesting that CHOP silencing is neuroprotective [110]. PERK signaling is activated
following subarachnoid hemorrhage (SAH) and PERK inhibitor GSK2606414 reduces neuronal cell
death via Akt activation [111]. This has also been corroborated by another study, which shows that
the PERK pathway is involved in neuronal loss and apoptosis following ICH, which is attenuated by
PERK inhibition [112]. Overall, these studies indicate that the PERK pathway plays an important role
in brain injury after hemorrhage and PERK inhibitors might be potential candidates for mitigating ER
stress-induced cell death and brain damage after SAH.
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5.2. HO-1 and HO-2 in the Brain

The role of HO-1 in brain hemorrhage is highly controversial. In a murine model of SAH,
Schallner and co-workers have demonstrated that inducible HO-1 in microglia is necessary to reduce
neuronal cell death and to clear cerebral blood [113]. In contrast, the injury volume in HO-1 knockout
(HO-1−/−) mice is significantly smaller 24 and 72 h after the injury, compared to wildtype mice [114]. In
addition, pharmacological inhibition of HO-1 with tin-mesoporphyrin also protects against neuronal
loss in the rabbit model of ICH [115]. Others suggest that the effect of HO-1 is time dependent. In a
collagenase-induced ICH murine model, Zhang and co-workers have suggested that HO-1 induction
is Janus-faced. During the early-phase of ICH (day 1–3), HO-1 increases brain edema, white matter
and neuronal damage, and elevates inflammation and iron deposition, but in the late-phase (day 28),
HO-1 increases hematoma absorption and recovery of neurologic functions [116]. On the other hand,
Wang et al. suggest that HO-1 is protective in the early-mid phase, but in the late phase, it might be
toxic [117].

The role of HO-2 in brain hemorrhage is similarly controversial. In HO-2 knockout (−/−) mice,
HO-2 deficiency worsens neurotoxicity mediated by stroma-free hemoglobin [118]. Others using
HO-2 knockout mice support that HO-2 has a critical protective effect in IHC [12]. On the contrary,
Chen-Roetling and co-workers suggest that, in the blood injection ICH model, neuronal survival is
markedly increased in HO-2 knockout mice compared to wild-type mice [119].

Despite many years of research on the subject of how HO-1 and HO-2 may influence the
pathomechanism and recovery after ICH, results are controversial, which might explain the diverse
ICH models. Furthermore, not only heme but also its breakdown products, namely iron and BR,
catalyze adverse reactions in the brain and contribute to brain damage after hemorrhage.

5.3. Iron Injury in the Brain

Free heme is rapidly taken up by microglia and invading macrophages, and within a few hours
after hemorrhage it is catabolized into redox-active iron, CO, BV, and BR. One feasible mechanism of
heme toxicity may be the release of free redox-active iron by HOs. Activation of HO-1 in response
to heme is closely coupled with the induction of ferritin, an intracellular iron-storage protein with
potent ferroxidase activity. It is likely that cells are not able to accumulate ferritin continually and
this iron-scavenging homeostatic mechanism may fail after massive hemorrhage, resulting in a
robust redox-active iron burden. Redox-active iron strongly promotes free radical formation by the
Fenton-reaction, triggering oxidative damage in biological systems [120]. Importantly, free redox-active
iron also promotes ER stress and this iron-induced ER stress is likely to contribute Hb/heme toxicity
in the brain. In vitro and in vivo models support this tenable hypothesis, i.e., ER stress is a possible
etiological factor in brain hemorrhage.

Ferrous iron induces both lipid-mediated and lipid-peroxidation independent changes in the ER
membrane-associated proteins in brain [121]. Free radicals generated by redox-active iron decrease the
velocity of sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) [122]. This resembles the inhibitory
mechanism of thapsigargin, a well-characterized ER stress inductor, which also inhibits SERCA.
Therefore, one reasonable assumption might be that redox-active iron-induced cell damage is mediated
via ER stress and factors regulating iron metabolism may influence brain damage. One of these factors
might be hepcidin, which prevents iron export from cells by breaking down the iron transporter
ferroportin. Remarkably, ER stress upregulates hepcidin expression [123]. This connection has been
revealed in the brain by a recent study. Zhao and co-workers have shown the ER stress markers
Grp78 and CHOP are induced in rats after subarachnoid hemorrhage and neuronal death is mediated
by hepcidin [124]. Disturbed iron homeostasis might lead to an iron-dependent form of cell death,
ferroptosis [125]. CHOP increases hepcidin levels and iron content in the brain, which localizes to
the nuclei of neurons. Importantly, knocking-down CHOP improves neurological functions. These
observations support the hypothesis that brain injury after hemorrhage is, at least partly, mediated by
ER stress.
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Previous studies have demonstrated that desferrioxamine (DFO) and other iron chelators are
neuroprotective in brain hemorrhage [126,127]. Interestingly, a recent report makes this iron toxicity
model more complex. LeBlanc and co-workers have shown in trans-well experiments with microglial
and hippocampal neuronal cells that DFO markedly reduces RBC-mediated neuronal cell death, but
this protective effect is highly dependent on microglial HO-1 [128].

5.4. BR Toxicity in Brain

BR is an important endogenous antioxidant [129,130]. However, BR neurotoxicity is well-founded,
especially in newborns, and necessitates phototherapy [131,132] and, in extreme cases, exchange
transfusion [133]. In addition, BR levels and toxicity should be more closely monitored in newborns
with hemolytic disease [134]. Interestingly, inhibiting HO-1 catalytic activity by SnPP markedly
mitigates hyperbilirubinemia in preterm newborns [135].

After hemorrhage, massive amounts of unconjugated bilirubin (UCB) might be produced by
HOs during heme degradation. In hepatocytes, UCB is conjugated to glucuronides in the ER, which
indicates that UCB has a high affinity towards the ER [136].

UCB has been reported to induce ER stress, inflammation, and even apoptosis in SH-SY5Y
neuronal cells, while knocking down of CHOP or attenuating ER stress by 4-PBA markedly reduced
cell death [137]. A current study supports this observation. Schiavon and co-workers showed that
BR induces ER stress and inflammation, both in vitro and in vivo, and raised the auditory threshold
together with behavioral impairment in the murine model [138]. Another form of UCB induced cell
death, that is presumably pyroptosis, a highly inflammatory form of programmed cell death, has been
revealed in rat cortical astrocytes [139].

These findings corroborate the fact that BR neurotoxicity and BR-induced ER stress might be
involved in brain damage after hemorrhage.

5.5. CO in the Brain

Bioactivity of CO as the potential anti-inflammatory, anti-apoptotic, and antioxidant substance
has been reviewed extensively in the past few years [4]. Based on these beneficial properties of CO,
carbon monoxide-releasing molecules (CORMs) should be ideal candidates for reducing inflammation
and cell death after brain hemorrhage. However, relevant data in this field are scarce.

CORM-3, a water-soluble CO-releasing molecule, promotes either neuroprotection or
neuroinflammation, depending on the administration time in collagenase-induced ICH model [140]. It
is neuroprotective when administered 5 min before the IHC and in the subacute phase, 3 days after the
hemorrhage, but it aggravates brain injury and tumor necrosis factor-α production administered in the
acute phase, 3 h after the IHC. Further research is needed to explore the possible beneficial effect of
CORMs to mitigate brain injury after hemorrhage.

Overall, despite extensive research, the role of HOs in protecting brain homeostasis after
hemorrhage remains elusive. However, it is likely that ER stress is deeply involved in heme toxicity in
the brain and CHOP plays an important role in many aspects of this toxicity by regulating iron and BR
induced cell damage.

6. Diabetes Mellitus

The long-term complications of diabetes mellitus, micro- and macro-vascular pathologies, largely
influence quality of life and mortality. Diabetes poses a significant threat and economic burden,
especially in developed countries. In this review, we will focus on the role of HO-1 in diabetic
cardiovascular complications.

6.1. Diabetic Cardiovascular Complications

Whereas oxidative stress is significantly increased in diabetic patients, the total antioxidant status
is decreased [141]. Hyperglycemia promotes oxidative stress by free radical generation and suppresses
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antioxidant defense [141,142]. Diabetes, together with hyperglycemia-induced oxidative stress, is
a major risk factor for accelerated atherosclerosis [143]. Hyperglycemia lowers HO-1 activity and
increases superoxide production in the vasculature, which is mitigated by CoPP [144,145]. In addition,
both upregulation of HO-1 or production of CO with CORM-3 have beneficial effects on vascular
relaxation in rats [144,146]. Interestingly, obesity also decreases HO-1 levels in both male and female
rats, compared to lean animals, and the induction of HO-1 with CoPP reduces blood pressure and
inflammatory cytokine levels [147].

Since the endogenous anti-oxidant response is impaired in diabetes, it is rational that resolving
imbalances in the antioxidant system might restore redox homeostasis. This has been seen in the
case of hydrogen sulfide (H2S), which reduces aortic atherosclerotic plaque formation by detoxifying
superoxide [148]. This protective effect of H2S is mediated by HO-1 activation via the Keap-1/Nrf2
system. In addition, HO-1 induction by hemin restores the cardioprotective effect of ischemic
preconditioning in diabetic rat heart [149]. Moreover, activation of HO-1 with hemin mitigates renal
damage in streptozotocin (STZ)-induced diabetic nephropathy in rats, by reducing inflammation and
apoptosis, and improves antioxidant response [150].

Another interesting therapeutic approach might be the epigenetic regulation of HO-1 expression.
MicroRNAs (miRNAs) are small noncoding RNAs involved in the post-transcriptional regulation of
protein expression. An interesting example by which HO-1 is regulated by miRNAs is microRNA-92a
(miR-92a). The miR-92a expression is increased in diabetic endothelial cells. A recent report shows
that miR92a negatively influences HO-1 expression [151] and the inhibition of miR-92a elevates
HO-1 expression, mitigates oxidative stress, and improves endothelial function in diabetic mice. The
importance of miRNAs in HO-1 regulation in diabetes is emphasized by the fact that other miRNAs,
such as miR-218, induce cell death in podocytes by downregulation of HO-1 expression [152]. Together,
an interesting epigenetic therapeutic approach would be the targeted induction of HO-1 in endothelial
cells to prevent the diabetic dysfunction of these cells.

Data on the role of HO-2 in diabetes are scarce. It has been reported that HO-2 deficiency increases
superoxide production and contributes to renal dysfunction in a diabetic rat model [153]. Very little is
currently known about the protective role of HO-2 to cope with oxidative stress in diabetes, which
necessitates further research in this field.

6.2. HO-1 Byproducts in Diabetes

BR provides a potent antioxidant defense mechanism in response to oxidative stress, suggesting that
BR might mitigate ROS-induced cell- and tissue damage in diabetes. Elevated glucose concentrations
trigger ROS generation and induce HO-1 expression both in vivo and in vitro. Inhibition of HO-1
activity exacerbates high glucose-induced oxidative cell injury, which is markedly attenuated by
BR [154]. Diabetes and hyperglycemia induce oxidative stress, leading to endothelial dysfunction,
which is a hallmark of diabetic vascular complications. It has been demonstrated that BR is implicated
in HO-1-mediated restoration of impaired endothelial function in diabetic mice [155]. In addition, lower
serum BR, together with the neutrophil-lymphocyte ratio, are independent predictors of subclinical
atherosclerosis in prediabetes [156]. In murine model, BR increased insulin sensitivity by reducing ER
stress and inflammation [157]. This suggests that BR is more than a potent antioxidant and it might be
useful as an insulin sensitizer in type 2 diabetes by reducing hyperglycemia-induced ER stress and
inflammation (Figure 4).
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Figure 4. HO-1 mitigates oxidative and ER stress in diabetes. Hyperglycemia induces oxidative stress
as well as ER stress, which is attenuated by HO-1. Bilirubin (BR), carbon monoxide (CO), and ferritin are
all involved in decreasing diabetic vascular complications by reducing oxidative damage, inflammation,
and vascular calcification. Pharmacologic and natural HO-1 inducers are potential candidates to reduce
diabetic vascular complications. (HO: heme oxygenase; ROS: reactive oxygen species; miRNA: micro
ribonucleic acid)

CO possesses remarkable anti-apoptotic and anti-inflammatory properties. Carbon
monoxide-releasing molecules (CORMs) are valid and safe alternatives to the CO gas-based therapies
and exert protective effects in diabetes-induced inflammation. In a mouse model of STZ-induced
diabetes, CORM-3 markedly reduced hyperglycemia-induced inflammation by decreasing IL-1β
production [158]. Others have demonstrated that hemin, as well as BR and the CO donor CORM-2,
reduces hyperglycemia and improves the abnormality of endothelium-dependent vascular relaxation
in STZ-induced diabetic rats [159]. These studies suggest that CORMs might have beneficial effects to
reduce inflammation in diabetes as supportive therapy.

Coronary, carotid, and aortic valve calcification are frequent complications of diabetic
patients [160,161], which might be mitigated by ferritin as discussed above.

Overall, a body of evidence suggests that HO-1, ferritin, BR, and CO are all capable of reducing
oxidative stress and attenuating ROS-drive cell and tissue damage.

6.3. ER Stress in Diabetes

Mounting evidence suggests that ER stress is involved in the pathogenesis of diabetes and plays a
pivotal role in diabetic complications, such as neuropathy [162], diabetic nephropathy [163], diabetic
retinopathy [164], and cardiomyopathy [165,166]. HO-1 and ER stress pathways interact in diabetes
(Figure 4). In type 2 diabetic patients, the ER stress marker expression with concomitant oxidative
stress is significantly higher, while anti-inflammatory Inhibitor of κB-α (IκB-α) and Nrf2/HO-1 are
significantly lower compared to healthy controls [167]. Parallel with that, prolonged hyperglycemia
induces NFκB without a Nrf2 response. This demonstrates that hyperglycemia might trigger ER stress,
inflammation, and oxidative stress without Nrf2 activation. Hyperglycemia also induces ER stress,
inflammation, and apoptosis in endothelial cells, which is attenuated either by inducing HO-1 with
Cobalt (III)-Protoporphyrin IX chloride (CoPPIX) or by reducing ER stress by 4-PBA [168]. In addition,
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both CoPPIX and 4-PBA reduce the angiogenic capacity of human umbilical vein endothelial cells
(HUVECs) and increases vascular endothelial growth factor-A (VEGF-A) expression. This observation
underlines that ER stress plays a role in diabetes-induced endothelial dysfunction and impaired
angiogenesis and HO-1 induction might be a protective stratagem to mitigate the adverse effects of ER
stress in diabetic cardiovascular complications.

Natural compounds that activate Nrf2/HO-1 pathways are promising therapeutics to reduce
ER stress, as well as oxidative stress, in diabetes. Tangluoning, a traditional Chinese medicine, has
been reported to activate the PERK/Nrf2 pathway upregulating antioxidant responsive element (ARE)
elements including HO-1, thereby attenuating diabetic peripheral neuropathy and CHOP-mediated
apoptosis [169]. Grape seed proanthocyanidins (GSP) mitigate early diabetic peripheral neuropathy
by modulating endoplasmic reticulum stress and preventing calcium overload [170]. Interestingly,
GSPs are effective activators of Nrf2 and HO-1, which suggests the protective effect of GSPs in
diabetic neuropathy.

Chrysin, a naturally occurring flavonoid found in various herbs, reduces high glucose-induced
ER stress in retinal pigment epithelial cells and might be beneficial to attenuate diabetes-associated
visual cycle impairment implicated in diabetic retinopathy [171]. Another study revealed that chrysin
is also a potent inductor of HO-1 [172].

Arctigenin (ATG), a lignan extract from Fructus arctii, has renoprotective effects on diabetes-related
renal injury by inhibiting ER stress and apoptosis [173]. It is not surprising that ATG also induces
HO-1 [174].

These studies possibly reveal that the crosstalk between ER stress and Nrf2/HO-1 mediates the
beneficial effects of these natural compounds in hyperglycemia-induced complications. It still remains
a remarkable question whether the effects of these compounds are attributed or not to HO-1 induction.
Inhibition of HO-1 activity or by knocking down/out HO-1 might provide a mechanistic model by
which the exact role of HO-1 can be revealed in ER stress in diabetes.

6.4. Brain and Diabetes

Another serious complication of diabetes is the diabetes-associated cognitive decline. In an
STZ-induced diabetic mouse model, increased ER stress, JNK activation, and autophagy have been
observed in hippocampal neurons [175]. Importantly, 4-PBA attenuates neuronal cell death in mice,
while autophagy inhibitor bafilomycin A1 increases cell death in vitro.

A recent report has revealed that HO-1 expression in response to hyperglycemia might also have
adverse effects [176]. Hyperglycemia induces HO-1 expression in rat astrocytes in vitro and conditioned
medium from high glucose-treated astrocytes triggers cell death in neuronal cells. Interestingly,
hemoglobin treatment, as a CO scavenger, prevents neuronal cell death provoked with high glucose
conditioned medium, suggesting that HO-1/CO activation in astrocytes provokes neuronal cell death.
These findings raise the hypothesis that HO-derived CO might play a negative role in diabetes-induced
complications in the brain.

7. Discussion

Crosstalk between oxidative stress and ER stress markedly contributes to the pathogenesis of
vascular diseases, as well as diverse pathologies associated with heme stress. Therefore, ER stress
inhibitors might be ideal candidates to ameliorate the adverse pathophysiological consequences of
these diseases when the endogenous homeostatic defense is overwhelmed. HO-1 is implicated in
numerous cellular protective pathways and might be involved in managing ER stress due to its
antioxidant, anti-inflammatory, and anti-apoptotic effects, mediated directly by HO-1 or by heme
catabolism end-products, i.e., CO, bilirubin, and iron. However, HO-1 activity might pose a threat to
the homeostasis of cells by releasing vast amounts of these agents when free heme is present. HO-1
induction by natural compounds is beneficial, in many aspects, by reducing ER stress and oxidative
damage; however, the exact role of HO-1 in mitigating ER stress remains to be elucidated.
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