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Abstract 

Heme oxygenase-1 (HO-1) enzyme plays critical role in metabolizing the 

excess heme generated during hemolysis in pathological conditions, such as 

sickle cell disease.  We and others have previously demonstrated that during 

chronic intravascular hemolysis the expression of HO-1 protein is not sufficient to 

reduce the oxidative burden of free heme in the vasculature, leading to oxidative 

stress and vascular inflammation.  This proposal examined two areas critical to 

the understanding of HO-1 expression and function during inflammation: the role 

of post-transcriptional regulation in control of protein expression and the 

importance of its by-product carbon monoxide (CO) in mediating anti-

inflammatory, anti-apoptotic effects.  The research utilized a murine sickle model 

which has perturbations of heme catabolism leading to oxidative stress and 

inflammation.   Studies in this model will test whether HO-1, or its by-products, 

can therapeutically alter the natural history of sickle cell disease.  In addition, cell 

culture models in which heme levels are controlled were used to explore 

microRNA regulation of heme oxygenase-1 (HO-1) expression.  Combined these 

experimental endeavors aim to identify new aspects of HO-1 research. 
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Chapter 1: Introduction 

Section I: Function of Heme Oxygenase-1 in the Mammalian System  

Heme is an iron–protoporphyrin complex consisting of four linked 

substituted pyrrole rings. Heme is electrically neutral when the iron atom within 

heme is in the ferrous (Fe2+) state, however, when the iron atom is the ferric 

(Fe3+) state the heme complex is called ferriprotoporphyrin (hemin) and carries a 

unit positive charge1.  Heme forms the active site of many proteins including the 

peroxidases, the oxygen storage/carrying globins, and the electron transfer 

proteins. Heme is a strong pro-oxidant when it is not properly contained within a 

cell, because the iron in heme has the ability to generate free radicals via Fenton 

chemistry2-3.   Under homeostasis this pro-oxidant effect is tightly controlled by 

the insertion of heme into the heme pockets of hemoproteins, which control the 

rate of electron exchange between iron-heme and a variety of ligands. However, 

under oxidative stress the heme ring can be opened, releasing the catalytic iron, 

ultimately leading to cell death4.  

Evolutionarily mammalian systems have conserved an enzymatic system 

to breakdown free heme, recycle iron from old red blood cells, and prevent the 

generation of iron-derived reactive oxygen species (ROS). The heme oxygenase 

(HO) enzymes family consists of two isoenzymes, HO-1 and HO-2, which are 

encoded by the HMOX1 and HMOX2 genes respectively4.   HO-2 is constitutively 

expressed mainly in the brain and testes, whereas HO-1 is the inducible isoform 
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which is ubiquitously expressed in order to facilitate heme catabolism. 

Intracellularly HO-1 is a microsomal/mitochondrial5 enzyme that oxidizes 

protoheme to biliverdin IXα in a three step process that requires oxygen and 

reducing equivalents from NADPH6.   In the process, this enzyme releases three 

by-products iron (Fe2+), carbon monoxide (CO) and biliverdin5. The release of 

Fe2+-iron from the protoporphyrin ring induces the expression of ferritin heavy 

chain (FHC), which combines with ferritin light chain to form a multimeric 

complex which oxidizes Fe2+ into Fe3+ iron, allowing for storage of up to 4500 

atoms of iron4,7.  Individually each member of the triad of HO-1 byproducts has 

potent antioxidant, anti-inflammatory, and signaling activities which facilitate the 

importance of HO-1 in maintaining cellular homeostasis8.   

Section I.2: Regulation of HO-1 Expression 

Section I.2a: Transcriptional regulation of HMOX1 

Beyond the presence of heme alone, a myriad of other pathologic states and 

stress-associated factors are known to stimulate HO-1 expression, including 

ultraviolet irradiation, hyperthermia, heavy metals, hydrogen peroxide, endotoxin, 

and inflammatory cytokines8. The 5'-flanking region of the HO-1 promoter 

contains numerous transcription factor binding sites within two enhancer 

elements (E1 and E2) with additional stress-response elements occurring 

between these E1 and E2 regions9. Transcription factors known to interact with 

HO-1 include members of the heat-shock factor (HSF-1), nuclear-factor-κβ (NF-
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κβ), nuclear-factor erythroid 2 (NF-E2), and activator protein-1 (AP-1) families.  

Each of these families broadly coordinate different aspects of the cellular stress 

response, however functional overlaps occur in both stimuli and downstream 

pathways. Therefore, induction of HO-1 transcription may involve the synergistic 

actions of multiple stimuli and cell signaling pathways. 

The importance of HSF-1 in the regulation of human HO-1 is an issue of 

debate.  The rat HO-1 gene contains two heat shock elements (HSE) and is a 

heat shock protein (HSP), however, human and mouse HO-1 proteins are not 

responsive to hyperthermia because the HSE loci are inactive8. Alam and 

associates have proposed that the conservation of the two HSF sites within the 

human HO-1 promoter has been retained evolutionarily because these sites help 

coordinate HMOX1 transcription via interactions with other transcriptional 

activators.   Recent evidence supports this hypothesis, as the cadmium response 

element (CdRE) within the human HMOX1 promoter is inactive unless it is bound 

by HSF-110.   

The role of NF-κβ in the transcription of HMOX1 is also under intense 

investigation.  NF-κβ factors are made up of homo- or heterodimers of proteins 

from the Rel family of proteins.   NF-κβ factors can act as either repressors or 

activators based on the combination of proteins in the dimer8. Studies involving 

chemical inhibitors of NF-κβ and targeting of genes within the NF-κβ pathways 

have demonstrated that the pathway is important in HO-1 regulation, but a 
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functional NF-κβ binding site within the HMOX1 gene has not been clearly 

identified. Therefore, it is most likely that activation of HMOX1 transcription via 

NF-κβ pathways involves interactions with other transcription factors, such as 

AP-1 or CCAAT/enhancer binding protein beta (C/EBP-β)8. 

Unlike HSF and NF-κβ, the role of the AP-1 transcription factors in HMOX1 

transcription is better understood.   AP-1 family of transcription factors consists of 

dimers of the basic leucine zipper (bZIP) transcription factor families Jun and 

Fos. The HMOX1 promoter has defined AP-1 binding sites, however many AP-1 

binding sites are also capable of binding NF-E2 and cAMP-response 

element/activating transcription factor (CREB/ATF) transcription factors. 

Therefore, modulation of HMOX1 transcription via AP-1 occurs when JunB and 

JunD members of the AP-1 family bind to NF-E2/AP-1 sequences within classical 

antioxidant response elements (ARE)11.  This makes the regulation of AP-1 

mediated HMOX1 transcription closely linked with another transcription factor 

family, the Nrf2/Bach1 system. 

The bZIP transcription factor NF-E2 related factor 2 (Nrf2) binds to multiple 

Maf recognition elements (MARE), many of which lie between E1 and E2 in the 

HMOX1 promoter12-13.   Nrf2 binds to MARE regions to form heterodimers with 

Maf proteins, which leads to activation of HMOX1 transcription13.  Bach1 is 

another member of the bZIP transcription factor family which serves as a potent 

repressor of HMOX1 transcription through its ability to bind MARE regions 
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preventing Nrf2-Maf heterodimers from forming14.  Bach1 has a higher binding 

affinity for the MARE regions than Nrf2, making it a key regulator in HMOX1 

regulation15-18.  The control of HMOX1 transcription via the Bach1/Nrf2/Maf 

interactions is not well understood.  For example, Bach1 has multiple cysteine-

proline (CP) motifs that serve as heme binding regions18.   The DNA-binding 

action of Bach1 is inhibited when heme, or another heavy metal such as 

cadmium, is bound to these CP motifs.  Once Bach1 is released from DNA it is 

exported out of the nucleus 17,19.  Many have hypothesized that transcriptional 

upregulation of HMOX1 occurs because the exportation of Bach1 allows for 

Maf/Nrf2 heterodimer formation on the MARE sites. 

In addition to direct interaction with transcription factors, several important 

pathways involving serine/threonine kinases mediate the induction of HO-1 in 

response to external stimuli. Mitogen-activated protein kinase (MAPK) families, 

including p38 MAPK, extracellular signal-regulated kinase (ERK), and c-Jun N-

terminal kinase (JNK), are serine/threonine kinases activated by external 

stimuli9,20.   A cascade of three sets of kinases control the activity of the MAPKs. 

The exquisite regulation of MAPKs enables them to produce a precise, cell-

specific effect in response to a wide array of stimuli. Various MAPKs have been 

shown to either directly phosphorylate or indirectly regulate transcription factors 

which are important for HO-1 up regulation. Thus, AP-1, Nrf2, NF-NF-κβ, and 

cAMP-responsive element–binding (CRE) proteins are all targets of MAPKs9,21-23. 
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Mutations in the HMOX1 promoter also play a role in regulation of gene 

transcription.  A variable (GT)n microsatellite polymorphism present between the 

HSE and the NF-κB response elements in the HMOX1 promoter alters the levels 

of HO-1 expression.   The number of repeats varies from 12-40 copies, with 23 

and 30 copies being the most frequent 24.  In reporter experiments, constructs 

with <25 repeats had increased HMOX1 transcription in response to stimuli when 

compared to constructs with >25 repeats.  The number of (GT)n repeats in an 

individual has been associated with the incidence and/or progression of a variety 

of diseases including chronic obstructive pulmonary disease and coronary artery 

disease, indicating that levels of HO-1 protein are critical in modulating disease 

pathology24.  

Section I.2b: Post-translational regulation of HMOX1 

Mature microRNAs (miRNAs) are evolutionarily conserved small non-coding 

RNAs, which in general are transcribed by RNA polymerase II as primary 

transcripts (pri-miRNAs). More than 70% of miRNAs are located in either introns 

or exons of protein coding genes and the remainder are found to be present in 

intergenic regions25. To date several hundred miRNA genes have been identified 

in the human genome and it is proposed that greater than 50% of all protein-

encoding genes are regulated by miRNA26-28. Pri-miRNA transcripts are 

processed to form ~70 nucleotide hairpin structures called precursor miRNAs 

(pre-miRNAs) in the nucleus by the RNase III enzyme Drosha and its co-factor 

DiGeorge Critical Region 8 (DGCR8 also known as Pasha)27,29. The pre-miRNAs 
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are exported out of the nucleus via exportin 5 proteins, where they are 

subsequently cleaved into mature ~22 nucleotide miRNAs in the cytoplasm by 

the enzyme Dicer, followed by assembly into a miRNA-induced silencing 

complex (RISC). In the RISC complex, the active strand is retained and the 

passenger or star (*) strand is selectively degraded. The mature miRNA along 

with the RISC binds to complementary sites in the mRNA transcripts and 

(typically) negatively regulate gene expression25-26.   

DGCR8 is a double-stranded RNA-binding protein which may be the only 

member of the miRNA processing pathway specific for miRNA30.   DGCR8 was 

recently found to strongly bind heme27,30.   The binding of heme promotes the 

homodimerization of DGCR8, forming a complex containing one heme molecule 

per homodimer27. The heme-bound DGCR8 dimer seems to bind as a 

cooperative trimer of dimers and is fully active in pri-miRNA cleavage. The heme-

free DGCR8 monomer is much less active than the heme-bound dimer27. 

DGCR8 interacts with heme through a conserved cysteine residue, the 

significance of which is great because it falls in a region with auto-inhibitory 

function for DGCR8.  These observations raise the prospect that heme serves a 

regulatory role in miRNA processing27.    

Previous work investigating miRNAs and HO-1 have focused on the effects of 

miRNAs binding to Bach1, a potent repressor of HMOX131-32.  As described in 

Section I.2a, Bach-1 is a member of the bZIP transcription factor family which 
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serves as a potent repressor of HMOX1 transcription through its high binding 

affinity for MARE regions, which prevents formation of Nrf2-Maf heterodimers14-

18. Two recent papers explored the role of microRNA (miR) miR-122 and miR-

196 in regulating Bach1 in hepatocytes infected with hepatitis C virus (HCV)31-32.   

These investigators have discovered that miR-196 interacts with Bach1 via two 

binding sites within the 3’UTR, and that over-expression of miR-196 leads to 

repression of Bach1 protein and subsequent up regulation of HO-1 mRNA.    

In a second paper the role of miR-122, was explored.  miR-122 is the most 

abundant miRNA transcript in the liver and is necessary for the accumulation 

HCV in the liver33. In fact, recent work in chimpanzee models of high cholesterol 

and HCV using lock-nucleic acid (LNA) antagonist of miR-122 have 

demonstrated the efficacy and feasibility of miRNA-based therapeutics, which are 

now in Phase I human clinical trials33-34. The work conducted on Bach1 and miR-

122 focused on a single predicted miR-122 binding site in the 3’UTR of Bach1. 

Combined, the work on miR-196 and miR-122 suggest a utility for miRNA 

antagonism in the induction of HMOX1 transcription.  However, to date the direct 

role of miRNAs in the regulation of HO-1 protein expression has not been 

investigated.  Chapter II in this dissertation reports our investigations into role of 

miRNAs in regulating HMOX1 expression.  
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Section I.3: The Physiologic Importance of HO-1 

The physiologic importance of HO-1 expression in mammalian systems is 

most clearly illustrated by looking at the knockout HMOX1-/- mouse and reviewing 

case reports from humans with HO-1 deficiency.   There has been one confirmed 

case of a child with HO-1 deficiency35-36.   Additionally, several polymorphisms in 

the human HMOX1 promoter result in low HO-1 expression (discussed in 

Section I.2a).    Therefore, a majority of the information about the importance of 

HO-1 in vivo has been elucidated using the HMOX1-/- mouse strain. 

The only confirmed case of human HO-1 deficiency was reported in 1999 

from a group in Japan.   There are many similarities between the human 

deficiency case and the HMOX1-/- mouse strains, including prenatal death, 

developmental failure, iron-deficiency anemia, and chronic systemic inflammatory 

disorders.  The most marked difference is the occurrence of asplenia in the 

human HO-1-deficient patient, which contrasts with the splenomegaly observed 

in the knockout mice35. The human case of HO-1 deficiency was a male child 

who suffered from recurrent high fever, generalized erythematous rash, and 

hepatomegaly which eventually lead to death at the age of 635-37. Genetic 

analysis from the patient revealed that his HMOX1 gene was lacking exon 2 in 

the maternal allele and had a two-nucleotide deletion within exon 3 in the 

paternal allele leading to a frameshift mutation and the generation of a premature 

termination codon35-36.  In general, this patient displayed six pathogenic 

symptoms including: (1) enhanced systemic inflammatory reactions; (2) 
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intravascular hemolysis with fragmented erythrocytes; (3) marked abnormalities 

of the coagulation/fibrinolysis system; (4) nephropathy; (5) systemic vascular 

endothelial disturbance; and (6) asplenia35.  

The HMOX1-/- mouse strain was first reported in 199738.   Studies on these 

mice are hindered because of the low yield of viable HMOX1-/- progeny compared 

with the expected Mendelian segregation ratios. Female HMOX1-/-  mice are 

infertile, and therefore HMOX1-/-  mice can only be obtained from breeding of 

HMOX+/-  mice, which depending on the genetic background yields 1–8% viable 

HMOX1-/- progeny, compared with the expected 25%4. Viable HMOX1-/- mice 

have a normochromatic, microcytic anemia with anisocytosis.  The serum iron is 

low and the mice have an elevated total-iron binding capacity with a high serum 

ferritin.  The animals have depositions of iron in the kidneys, liver, and spleen. 

The HMOX1-/- mice also have a progressive chronic inflammatory disease 

characterized by enlarged spleens due to extramedullary hematopoiesis and 

follicular hyperplasia, enlarged lymph nodes, high peripheral WBC counts, high 

CD4+:CD8+ ratios, and hepatic inflammatory infiltrates and fibrosis, increased 

lipid peroxidation, late-onset weight loss, decreased mobility, and premature 

mortality38.  Given the abundance of pathology exhibited by the HMOX1-/- mice 

under basal conditions, it is not surprising that additional physiological stress 

elicits a robust, often fatal immune response.  Stimulation of splenocytes from 

HMOX1-/- mice in vitro results in a significant increase in IL-1, IL-6, IL-10, IFN-γ, 

and TNF-α secretion characterizing an exaggerated monocyte/macrophage and 
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T-cell activation response 39.   Unilike homozygous mice, heterozygous HMOX+/- 

mice have a relatively normal phenotype under basal conditions38, but when 

placed under stress these mice exhibit increased hematopoietic turnover and 

oxidative stress40.   

Regardless of the stimuli, the HMOX1-/- mouse studies and the human case 

report highlight the importance of HO-1 in coordinating not only heme 

metabolism but also in modulating the physiologic response to oxidative stress 

and inflammation.   Recently reported conditional knockouts of HO-1 may shed 

more light into the role of HO-1 in specific organ pathology, however the 

aforementioned breeding capability of the HMOX1-/- mice limits the ability to 

cross-breed this strain with other knockout models to fully elucidate the 

fundamental role of HO-1 expression in disease pathogenesis41. Therefore 

investigators are left to develop other tools to investigate the role and mechanism 

of HO-1 action during pathogenic conditions.  

Modulation of HO-1 expression has been explored in multiple disease 

pathologies, including, but not limited to: heart disease, colitis, lipopolysaccharide 

(LPS) mediated septicemia, ischemia reperfusion injury, chronic obstructive 

pulmonary disease (COPD), malaria, organ transplantation, and sickle cell 

disease42-50.  Given the diversity of disorders explores, a variety of pharmacologic 

and gene therapies have been developed to manipulate expression and activity 

of HO-1 in animal models. For example, we and others have utilized hemin 
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chloride for induction of HO-1 gene expression in vivo and in vitro47,51-53. Using 

hemin injections in a sickle cell disease mouse model we have demonstrated that 

further upregulation of HO-1 prevents vaso-occlusion and stasis due to an 

inhibitions of NF-κB/endothelial cells activation and downregulates endothelial 

cells adhesion molecule expression47.    

As stated earlier, the action of HO-1 on heme generates three products.  

Interestingly, like HO-1 itself, each product has been shown to initiate 

homeostatic conditioning pathways in a number of  pathophysiologies when 

administered exogenously54. For example, when the by-products of HO-1 activity, 

CO and biliverdin/bilirubin were given to sickle cell mouse models, vaso-

occlusion and stasis were also inhibited in a manner similar to mice injected with 

hemin47.   Chapters III of this dissertation investigates the hypothesis that HO-1 

upregulation and its beneficial effects in sickle mice may be due the ability of HO-

1 to increase endogenous CO production. 

Section II: Carbon Monoxide 

As a metabolite of HO-catalyzed heme degradation, CO is formally 

considered a catabolic waste product. In the absence of significant ambient CO, 

the majority of blood carboxyhemoglobin A (CO-Hb) arises from endogenous 

production, corresponding to blood CO levels of 0.4–1% 46. At least 86% of 

endogenous CO production originates from heme metabolism, while the 

remaining fraction may arise from other metabolic processes including lipid 
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oxidation and xenobiotic metabolism46. These values increase with increasing 

environmental background. For example, cigarette smokers display an average 

range of 3–8% CO-Hb levels.  

At low levels, carbon monoxide may favorably modulate inflammation, 

apoptosis, cell proliferation, and CO up-regulates mitochondrial biogenesis55-60. 

Despite these beneficial properties, the quote by the 16th century alchemist 

Paracelsus “All substances are poisons; there is none which is not a poison. The 

right dose differentiates a poison and a remedy.” reminds one that CO is also 

known as the “silent killer” because of its ability to cause acute poisoning and 

death61 .  In humans, an increase in ambient CO levels will not automatically lead 

to intoxication, because factors such as the functional status of pulmonary 

ventilation, the endogenous buffering capacity, and the partial pressures of CO 

and oxygen greatly influence the rate of CO-Hb formation62.  The formation of 

CO-Hb due to exposure to CO directly impairs two vital properties of hemoglobin 

A (HbA).  Specifically, the binding of CO to HbA occurs with a greater affinity 

(210-250 x) than for oxygen, reducing the oxygen carrying capability. Secondly, 

CO-Hb releases oxygen poorly, creating a left shift in the oxygen dissociation 

curve.   Together these two actions create hypoxia, which create neurological 

and cardiac symptoms such as headaches, dizziness, weakness, nausea, 

vomiting, disorientation, visual confusion, collapse, and coma. Without immediate 

treatment, the neurological injuries can be fatal62-63.  
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Exogenous inhaled CO, at ~250 parts per million (ppm), and in some 

studies as low as 10 ppm64, reduces inflammatory responses in several models 

of oxidant injury in similar ways to HO-1 overexpression65.  The anti-oxidant 

properties of CO may occur due to its ability to interact with multiple signal 

transduction pathways such as p38 MAPK and Akt to inhibit pro-inflammatory 

genes and augment anti-inflammatory genes62,65-68.  CO also inhibits proliferation 

of vascular smooth muscle cells and T-cells and has anti-apoptotic effects on 

these cells57,65-66.   

CO has been compared to another small gaseous signaling molecule, 

nitric oxide (NO).   Like NO, CO activates the heme protein guanylate cyclase, 

inhibits platelet activation and aggregation and has a possible role as a 

neurotransmitter 65-66.  Chemically, CO is known to facilitate the release of NO 

from molecules and also participates in the formation of peroxynitrite 

compounds69.  For example NO has a 1500x greater affinity (Ka = ~ 107 M-1 s-1)70 

for the Fe2+ iron in hemoglobin compared to CO (Ka = ~5x10-6 M-1 s-1). Despite 

the greater affinity, CO is able to displace NO from hemoglobin because it has a 

lower dissociation constant (Kd = ~ 21-28 s-1), allowing CO to remain bound to 

heme for a longer period of time69. 

CO, in most instances, appears to be able to substitute for HO-1 and 

suppress the pro-inflammatory response that would otherwise lead to enhanced 
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pathologic progression of disease 54. Chapters III of this dissertation will explore 

the use of CO therapy in a mouse model of sickle cell disease.   

Section III: Sickle Cell Disease 

Sickle cell disease (SCD) is a devastating hemolytic disease caused by a 

single base pair mutant in the β-globin chain of hemoglobin (Hb) in which a valine 

substitution for glutamic acid in the sixth position of the protein.   This mutation 

results in a positively charged molecule that promotes the polymerization of the 

deoxygenated Hb during various physiological conditions, such as hypoxia or low 

pH, leading to hemolytic anemia and painful vaso-occlusive crises which 

ultimately translate to organ infarction and a decline in the quality and lifespan.  

Therapies for SCD including prophylactic antibiotics, hydroxyurea, exchange 

transfusion and hematopoietic stem cell transplants have improved the outlook 

for these patients, but are still not sufficient in preventing painful crises, acute 

chest syndromes, and cerebral infarcts which lead to devastating consequences. 

Even with treatments, SCD patients have multiple markers of vascular 

inflammation including leukocytosis, elevated C-reactive protein and other acute 

phase reactants present during their steady state.  In addition, they often have 

elevated levels of inflammatory mediators, cell activators, endothelial 

perturbants, and other markers of endothelial cell activation71-76.  

In the past twenty years the availability of transgenic sickle mice has 

helped shed light on the critical roles of oxidative stress, endothelial cell 
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activation, and inflammation in SCD vaso-occlusion77.  In general, these model 

animals have an inflammatory phenotype77-82.  This includes the key features of 

human SCD: leukocytosis, leukocyte activation, elevation of acute phase 

reactants, and activated endothelium in terms of NF-κB, adhesion molecules and 

tissue factor.  

No mouse model can completely recapitulate all the phenotypic 

manifestations of SCD that occur in humans, which roughly can be grouped into 

three sets of signs and symptoms: (1) hemolytic anemia and its sequelae; (2) 

pain syndromes and related issues (3) complications affecting major organs 83.  

This wealth of signs and symptoms in both human and mouse models of SCD 

reflect the fact that although SCD is a monogeneic disorder, the red blood cells 

(RBCs) which carry mutated β-globin chains encounter every organ system 

within the body.   These sickle RBCs have an abnormal erythrocyte membrane 

and lead to a state of chronic hemolysis.  Additionally, these abnormal, sickle 

RBCs induce the expression of inflammatory and coagulation mediators, leading 

to the activation of the vascular endothelium84.  Sickle RBCs demonstrate 

excessive adhesion to endothelium which can directly active endothelial cells85. 

In recent years the role of leukocytes in SCD pathogenesis has been 

appreciated86-88.  Multiple studies have identified that leukocytosis in the absence 

of sepsis as a strong indicator of poor patient outcomes, including vaso-occlusive 

pain, acute chest syndrome, stroke, and mortality89-91.   Support for the role in 

leukocytes in SCD pathogenesis is strengthened by the observation that sickled 
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RBCa interact with leukocytes and that interference with leukocyte adhesion 

molecule expression decreases vaso-occlusion47,86-87.   

In addition, the leukocytes present in SCD can interact with the free heme 

released during hemolysis to release inflammatory cytokines, such as IL-8 and 

TNF-1α, which further increases the adhesive properties and activation of the 

leukocytes92-93.  Elevated levels of activated leukocytes are another rich source 

of reactive oxygen species (ROS) in SCD, further increasing the propensity for 

chronic inflammation and hemolysis80,88,94-95.  Given the importance of hemolysis 

and inflammation in the pathophysiology of SCD, it is not surprising the HO-1 is 

elevated in both human SCD patients and mouse models47,50,77-78,81.   Chapter III 

of this dissertation explores the role of HO-1 and CO in modulating 

hematopoiesis and pathology in SCD.   

Section IV: Regulation and Consequences of HO-1 Expression 

As stated throughout this introductory chapter, the expression of HO-1 is a 

protective defense against oxidative-stress.   The proceeding chapters 

investigate post-translational regulation of HO-1 expression by miRNAs.  In 

addition, we further elucidate the pathophysiological consequences of treatment 

with the HO-1 by-product CO in a SCD model.  Combined, these experimental 

endeavors aim to identify new areas of HO-1 research and new avenues for the 

treatment of SCD. 
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Chapter II: miRNA regulation of heme oxygenase expression 

Section I: Introduction 

During hemolysis, up to 20 μM of free heme can be released leading to 

the breakdown of heme detoxification systems and subsequent damage to lipids, 

proteins, and DNA,  primarily through heme’s ability to generate reactive oxygen 

species (ROS)1.  Free heme is quite hydrophobic in nature and readily enters cell 

membranes and increases cellular susceptibility to oxidant-mediated killing1.  

Heme oxygenase-1 (HO-1) is a 32 kDa microsomal/mitochondrial5 enzyme which 

oxidizes protoheme to biliverdin IXα in a three step process which requires 

oxygen and reducing equivalents from NADPH.  In the process, this enzyme 

releases the antioxidant molecules CO and biliverdin5. Transcription of HO-1 via 

a variety of agents, such as heme, oxidants, hypoxia, and cytokines, leads to 

induction of the enzyme and protection of tissues and cells against ischemia-

reperfusion injury and oxidative stress65-66.  As illustrated in patients and HMOX1 

-/- mice, HO-1 deficiency leads to oxidant-mediated injury, highlighting that the 

control and regulation of HO-1 expression is critical to protect cells from oxidative 

stress and damage36-37,96. 

The processing and role of microRNAs in post-translation regulation were first 

discussed in Chapter I, Section I.2b of this dissertation. In brief, mature miRNAs 

are ~ 21-22 nucleotides in size and affect post-translational expression of genes 

by interacting with complementary target sites within the 3’-untranslated region 
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(3’UTR) of the messenger RNA (mRNA)26. The exact molecular mechanisms by 

which miRNAs mediate translational repression are still under intense study.  

However, the general consensus is that most miRNAs control gene expression 

post-transcriptionally by regulating mRNA translation and/or stability in the 

cytoplasm97. 

Our lab and others have demonstrated that in sickle cell disease, HO-1 levels 

are elevated, particularly during hemolytic crisis47,50,98.   Presumably these 

elevated HO-1 levels reflect an attempt to catabolize the potentially dangerous 

free heme burden created by excessive hemolysis.  Unfortunately this elevation 

is inadequate to quell all of the deleterious effects of heme in sickle animals.  

However, exposure of animals or humans with elevated levels of HO-1 

expression to agents that are able to promote HO-1 inductions can still lead to 

further upregulation of the protein, providing additional protection against 

oxidative stress and inflammation47,98-99.  These observations lead us to 

hypothesize that a post-translational mechanism may exist for HO-1 expression.  

Our results demonstrate that there are at least two mature miRNAs which 

interact with the HMOX1 3’UTR and may function in regulating HO-1 protein 

expression and enzymatic activity. 

Section II: Materials and Methods 

Cloning of miRNA expression plasmids. BLOCK-iT™ Pol II miR RNAi 

Expression Vector Kit with EmGFP featuring an engineered pre-miRNA cloning 
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site that is flanked on either side with sequences from murine miR-155 to allow 

proper processing of the engineered pre-miRNA sequence was used to create 

pcDNA™6.2-GW/miR-377, pcDNA™6.2-GW/miR-217, pcDNA™6.2-GW/scrmiR-

377, and pcDNA™6.2-GW/scrmiR-217 constructs following manufacturer’s 

instructions (Invitrogen, Carlsbad, CA).  Two complementary single-stranded 

DNA oligonucleotides encoding the miRNA of interest were designed for each 

miRNA as previously described100 (Table 1). The sequences for the scrambled 

controls were generated using siRNA Wizard™ v3.1 (InvivoGen, San Diego, CA, 

http://www.sirnawizard.com/scrambled.php).  The synthetic oligonucleotides 

(Table 1) were purchased (IDT, Coralville, IA), and annealed to generate double-

stranded oligos (ds oligos). The ds oligos were cloned into the linearized 

pcDNA™6.2-GW/± EmGFP-miR vector according to manufacturer protocol.  

Highly purified DNA for transfections was isolated using Wizard® Plus maxiprep 

system (Promega, Madison, WI). 

Luciferase reporter assay. A 3′UTR Reporter Vector containing the 

603bp human HMOX1 3’UTR (chr22+: 34114115 – 34114805) was purchased 

from SwitchGear Genomics (Menlo Park, CA).  This vector contains the human 

HMOX1 3′UTR fragment cloned into a multiple cloning site to produce a hybrid 

transcript containing the luciferase gene fused to the 3’UTR of interest.   An 

empty luciferase reporter vector (pGL3, Promega) was used as a negative 

control.   HEK 293 cells were cultured in an opaque collagen-coated 96-well plate 

and grown for 24h in basal media containing high glucose Dulbucco’s Modified 

http://www.sirnawizard.com/scrambled.php�
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Eagle’s Media (DMEM) supplemented 10% heat-inactivated fetal bovine serum 

(FBS, Invitrogen), sodium bicarbonate, sodium pyruvate, penicillin G, 

streptomycin sulfate, and amphotericin B (Invitrogen).  After 24h the media was 

changed to basal media without antibiotics.   Cells were transfected with 10-100 

ng of reporter and miRNA expression constructs using DharmaFECT 2 

(Dharmacon, ThermoFischer, Lafayette, CO) following manufacturer’s directions.  

After 24h luciferase expression was analyzed following the manufacterer’s 

protocol (Promega).  Luciferase expression was detected on a Synergy HT Multi-

Mode Microplate Reader (BioTek, Winooski, VT). 

Cell culture and hemin-treatments. HEK 293 cells were cultured in basal 

meeting as described above.   Primary human umbilical vein endothelial cells 

(HUVECs) were removed from human umbilical veins by exposure to dispase 

(0.2% for 20 h at 4°C) and cultured in medium 199 (Invitrogen) containing 12.5% 

(vol/vol) FBS, supplemented with sodium pyruvate, penicillin G, streptomycin 

sulfate, amphotericin B, heparin (5 units/ml), L-glutamine, and EndoGro (Vec 

Tec, Albany,NY).  HUVEC cells were used between passage 2-4 for all 

experiments.  HEK 293 and HUVEC cells were treated with a 10 µM hemin 

chloride solution (Calbiochem, EMD Chemicals, Gibbstown, ND) as previously 

described7,101-102.  Prior to cell treatment, the cells were washed gently three 

times with Hank’s Balanced Salt Solution (HBSS) to remove serum, and then 

treated with hemin.  After 1h the treatment media was removed and replaced 
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with basal media.  Cells were incubated for 4-24h and collected for heme 

content, HO-1 enzyme activity, western blot, or total RNA as described below. 

HO-1 enzyme activity. HO-1 activity was measured in freshly isolated 

microsomes collected from HEK 293 cells and sonicated for 10s.  Microsomes (2 

mg) in 2 mM MgCl2, 0.1 M K2HPO4 buffer, pH 7.4 were added to the reaction 

mixture (400 µl, final) containing 2.5 µg of recombinant biliverdin reductase 

(Assay Designs), 2 mM glucose-6-phosphate, 0.2 U glucose-6-phosphate 

dehydrogenase, 50 µM hemin chloride and 0.8 mM NADPH (Calbiochem) for 1h 

in the dark.  The bilirubin formed was extracted into chloroform and the delta 

O.D. 464-530 nm was measured (extinction coefficient, 40 mM-1 cm-1 for 

bilirubin).  Heme oxygenase activity was calculated as pmol of bilirubin 

formed/mg microsomal protein/h. and normalized to the hemin-treated control to 

eliminate intra-assay variation. 

Protein isolation. Buffer A containing 0.1% Triton X-100 (Sigma-Aldrich), 

300 mM NaCl, 1.5 mM MgCl2, 20 µM EDTA, 25 mM HEPES (N-2-

hydroxyethylpiperazine-N’-2-ethanesulfonic acid) pH 7.6 with the addition of 

protease and phosphatase inhibitors 1 M dithiothreitol, 5 mM vanadate, 1 M β-

glycerophosphate, 1 mg/mL leupeptin, 100 mM phenylmethane-sulphonylfluoride 

in ethanol, and 1 μg/mL protease inhibitor cocktail (Sigma-Aldrich) was added to 

cell culture dishes and placed on a shaker at 4°C for 15 min.  A sterile cell 

scraper was used to scrap the cells off the plates and the lysate was transferred 
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to a 1.5 mL microcentrifuge tube and spun at 4°C for 15 min at 10,000 rpm.  The 

supernatant was then transferred to a separate tube and frozen at -80°C. 

Western blots. Protein content of the supernatants was determined using 

Bio-Rad Protein Assay (BioRad, Hercules, CA). An equal amount of protein was 

loaded per lane and subjected to electrophoresis on a 15% Tris-HCl gel (Bio-

Rad). Afterwards, the samples were transferred electrophoretically to PVDF 

membranes (Millipore), and immunoblotting of the organ homogenates was 

performed with rabbit polyclonal anti– HO-1 antiserum (Assay Designs, Ann 

Arbor, MI).  Sites of primary antibody binding were visualized with alkaline 

phosphatase-conjugated goat anti-rabbit or rabbit anti-goat IgG (Santa Cruz 

Biotechnology, Santa Cruz, CA). The final detection of immunoreactive bands 

was performed using an ECF substrate (GE Healthcare, Piscataway, NJ) and 

visualized on a Storm Reader (GE Healthcare).  All membranes were stripped 

using Restore® Stripping Buffer (Thermo Scientific), and reprobed with rabbit 

anti-GAPDH (Sigma-Aldrich).     Densitometry of the bands was performed using 

Image J software (National Institutes of Health, Bethesda, MD).  

RNA isolation.  Trizol® reagent was added to cell culture as per 

manufacturer’s directions (Invitrogen) and stored at -80°C for up to 1 month.   

Total RNA was isolated and washed with 100% ethanol to preserve small RNAs 

as previously described103. The quality and quantity of total RNA were 

determined by UV spectrophotometer.  Samples were stored at -80°C. 
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qRT-PCR. An aliquot of 1 µg total RNA from each sample was subjected to 

cDNA synthesis with a reverse transcriptase, a poly(A) polymerase, and tagged 

oligo-dT primers in 20 µL of a reaction using for quantitative reverse-transcribed 

polymerase chain reaction (miScript, Qiagen, Valencia, CA) according to the 

provided protocol.  For miRNA expression the cDNA underwent quantitative 

reverse-transcribed polymerase chain reaction (qRT-PCR) using a universal 

primer (miScript Universal Primer) and miRNA-specific primers (see Table 1) in 

an Mx3000P (Agilent, Stratagene, LaJolla, CA) to detect miRNA gene 

expression.  Each qRT-PCR reaction contained 2 µL of cDNA, 400 nM of 

miRNA-specific primer, and 2x QuantiTect SYBR® Green QPCR master mix 

(Qiagen).  The PCR conditions included activating the DNA polymerase 95°C for 

15 minutes, followed by 40 cycles of 3-step PCR (94°C for 15 sec and 55°C for 

30 sec and 70°C for 30 sec). For mRNA expression the cDNA underwent qRT-

PCR for detection of mRNA gene expression. Each qRT-PCR reaction contained 

2 µL of cDNA, 400 nM of each sense and antisense primer, and 2x QuantiTect 

SYBR® Green QPCR master mix (Qiagen).  PCR was carried out by activating 

the DNA polymerase 95°C for 5 min, followed by 40 cycles of 2-step PCR (95°C 

for 10 sec and 60°C for 30 sec).  To validate the efficiency of target and 

reference, serially diluted human umbilical vein cell cDNA samples were run on 

quantitative PCR side by side with experimental samples in each 96-well reaction 

plate. Melt curves for each primer set were run and verified.  The cycle threshold 

(Ct) values from samples of each gene and the internal control U6 (Qiagen) or 
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GAPDH were obtained and the relative quantification for each gene was 

calculated. 

Statistics. All statistical analyses were performed with SigmaStat 2.0 for 

Windows (SYSTAT Inc, Chicago, IL).  Comparisons of multiple treatment groups 

to controls were made using one-way analysis of variance (ANOVA) with Tukey, 

Bonferroni, or Holm-Sidak post-hoc analysis as indicated in the figure legends or 

results. Comparisons of single treatment groups to controls were made using 

Student’s t-test. 
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Section III: Results 

Identification and selection of HMOX1 3’UTR miRNA candidates 

In silico analysis of the human HMOX1 3’UTR began with surveys of 

several miRNA target-prediction sites, including miRBase104, miRGator105, and 

TargetScan Release 5.1(Table 2)28,106-107.   In order to investigate our hypothesis 

that miRNAs are involved with control of HO-1 protein expression we chose to 

validate two miRNAs, miR-217 and miR-377, which had low context scores in 

TargetScan and were also predicted by at least one other target-prediction site.       

miR-217 is a miRNA located on chromosome 2p16.1 within intron 2 of the 

non-protein coding transcript AC011306.2 in close proximity to miR-216 (Figure 

1A).  The mature sequence (MIMAT000274) is predicted to interact with an 8-

mer seed match with the HMOX1 3’UTR from position 462-468 (Figure 2). miR-

377 is located within a miRNA cluster on chromosome 14q32.2.  The stem-loop 

for miR-377 contains two different mature miRNA sequences, miR-377 

(MIMAT0000730) from positions 45-66 and miR-377* (MIMAT0004689) from 

positions 7-28 (Figure 1B).  miR-377 is predicted to interact with an 8-mer seed 

match with the HMOX1 3’UTR from position 576-582 (Figure 2).  Synthetic 

nucleotides of the miRNAs were designed and used to generate overexpression 

constructs which feature an engineered pre-miRNA cloning site to allow proper 

processing of the engineered pre-miRNA sequence.   Using these constructs we 

were able to overexpress miR-377 and miR-217 in vitro.  
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miR-377 and the combination of miR-377 & miR-217 interact with HMOX1-

3’UTR reporter 

     A luciferase reporter containing the human HMOX1 3’ UTR was used to 

determine if the candidate miRNAs interacted specifically with the HMOX1 3’UTR 

(Figure 3).   We assessed luciferase activity 24hours after transfection of HEK 

293 cells with the reporter and miRNA overexpression constructs.  In this assay 

system a decrease in luciferase expression indicates a specific miRNA-3’UTR 

interaction.  As Figure 3 demonstrates, overexpression of miR-377 resulted in a 

37.5% decrease in luciferase expression (n=3, p<0.05).   Interestingly, when both 

miR-377 and miR-217 were transfected, there was a 58.15% decrease (n=3, 

p<0.001), even though luciferase expression was not significantly decreased with 

miR-217 expression alone.   This indicates that miR-377, and perhaps the 

combination of miR-377 and miR-217 are involved in the control of HO-1 

expression. 

The combination of miR-377 & miR-217 does not affect HMOX1 mRNA 

expression 

     Most mammalian cells induce HO-1 upon stimulation with hemin. We verified 

that HEK 293 cells increase HO-1 message and protein after stimulation with 

hemin in time and dose dependent manner (data not shown). Therefore, this cell 

line was used to evaluate the extent to which miR-377 and miR-217 can affect 

HO-1 message and protein expression.  miRNAs interact with an mRNA after 
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incorporation into a silencing complex and can specify the post-transcriptional 

repression of that protein-coding message by either by transcript destabilization, 

translational repression, or both28. We evaluated the levels of HO-1 mRNA in 

HEK 293 cells transfected with both miR-217 and miR-377 with and without the 

presence of hemin.  There was no change in HO-1 mRNA expression (Figure 4) 

with the over-expression miRNA constructs, even in the presence of hemin.  This 

is indicates that the miRNA-mRNA interaction between miR-217, miR-377, and 

HO-1 may lead to translation repression instead of transcript destabilization. 

The combination of miR-377 & miR-217 attenuates HO-1 protein expression 

      We next assessed the effect of miR-377 and miR-217 expression on HO-1 

protein levels.  As Lane 5 and the corresponding bar graph in Figure 5A 

demonstrates, hemin-treated cells transfected with the combination of miR-217 

and miR-377 have an almost 20% reduction in HO-1 protein expression 

compared to hemin-treated or hemin-treated scrambled miRNA transfected cells 

(p<0.05, n=3).   However, despite the interaction identified in the luciferase assay 

(Figure 3), there was no significant change in HO-1 protein expression when 

either miR-377 or miR-217 was overexpressed separately (Figure 5B).  These 

results suggested that the combination of miR-217 and miR-377 was necessary 

and sufficient to attenuate HO-1 protein expression. 
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The combination of miR-377 & miR-217 decreases HO-1 enzyme activity 

     HO-1 is the rate limiting step in the catabolism of heme.   Therefore, we were 

interested to see if the interaction with miRNAs would attenuate not only HO-1 

protein expression, but also its enzymatic activity.   Therefore, we performed HO-

1 enzyme activity in HEK 293 cells which had been transfected with the HO-1 

over-expression constructs.  Consistent with our findings in Figure 5, the HO-1 

enzyme activity level was reduced by 48.8% (p<0.05) in cells transfected with 

both miR-217 and miR-377 constructs compared to controls (Figure 6). 

Overexpression of each miRNA alone was not sufficient to reduce enzyme 

activity. These results not only verify the western blots (Figure 5), they also 

indicate that expression of miR-377 and miR-217 can attenuate HO-1 protein 

expression to a level which can significantly reduce enzyme activity. 

The presence of hemin significantly down regulates expression of miR-217  

      HO-1 mRNA and protein are induced upon stimulation with hemin, so we 

examined whether or not levels of miRNA are also influenced. .   We stimulated 

HEK 293 and primary HUVEC cells with 10 µM hemin for 1h, followed by 8-24h 

incubation in basal media.   Assessment of miRNA expression via qRT-PCR 

showed that expression of miR-217 was significantly (p<0.05) decreased in both 

HEK 293 (Figure 7A) and HUVEC (Figure 7B) cells after hemin treatment when 

compared to untreated control cells.   HEK 293 displayed the decrease at 8h 

post-treatment (Figure 7A), whereas the HUVEC cells did not have a decrease 



 

30 
 

in miR-217 levels until 24h post-treatment (Figure 7B).The levels of miR-377 

also decreased in both cell lines (Figure 7A,B); however the decrement was not 

significant compared to controls (p<0.08 for HEK 293, p=0.35 for HUVEC).   

Once again, the decrease in miR-377 expression was delayed to 24h in HUVEC 

cells (Figure 7B).   A more extensive survey of the expression of some other 

predicted HMOX1 3’UTR candidate miRNAs in the same HEK 293 samples from 

Figure 7A revealed that some, but not all candidate miRNAs responded in a 

similar fashion as miR-217 and miR-377 (Figure 7C).  The data suggested that 

in the presence of heme, a regulatory network of miRNAs may be involved in 

calibrating HO-1 protein levels to meet the physiological demands. 
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Section IV: Discussion 

The results of our studies support our hypothesis that a post-translational 

mechanism may exist to attenuate HO-1 expression. We demonstrated that 

miRNAs interact directly with the HMOX1 3’UTR.  We further demonstrate that 

two miRNAs, miR-217 and miR-377 combine to attenuate HO-1 protein 

expression, which ultimately resulted in a significant reduction in HO-1 enzyme 

activity.  Additionally, we demonstrate that exposure to hemin influences the 

levels of some, but not all miRNAs involved with HO-1 expression. 

In this work we selected two candidate miRNAs to validate based on their 

context score.  Additionally, we chose to validate each miRNA separately and in 

combination.   As recent publications have highlighted, many genes have 

multiple binding sites for a single miRNA within their 3’UTR, but also binding sites 

for many other miRNAs108-109. Therefore, the combination of multiple miRNAs 

may determine the level of gene expression; in part, because the combination of 

multiple miRNAs may overcome the relative weakness of each separate 

miRNA:mRNA seed match109.  Therefore, as demonstrated in Figure 3, a weak 

interaction between miR-217 and the HMOX1 3’UTR may help strengthen the 

association that occurs between miR-377 and the HMOX1 3’UTR.  In addition, 

the expression of each miRNA is also controlled by various factors, such as 

levels of primary and precursor miRNA transcripts and cell type. Further 

validation of other predicted targets, such as the ones surveyed in Figure 7, may 
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yield a more complex system to coordinate HO-1 protein expression depending 

on the cell environment. 

Cell environment and stress plays a role in HO-1 expression.   Interestingly, 

both miR-377 and miR-217 have been investigated for their role in stress 

responses during pathological conditions such as diabetes and aging110-112.  

Using mouse models of diabetic nephropathy, Kato and associates demonstrated 

that miR-217, and its clustered counterpart miR-216a, are induced by 

transforming growth factor-beta (TGF-β), leading to an inhibition of PTEN, and 

ultimately activation of Akt111.  Wang and associates also demonstrated that miR-

377 plays a role in the pathogenesis of diabetic nephropathy in both human cell 

lines and mouse models through its ability to target and translationally repress 

superoxide dismutase 1 and 2 (SOD1, SOD2) and p21/Cdc42/Rac1-activated 

kinase 1 (PAK1) leading to increased fibronectin production112. SOD2 is also 

known as mitochondrial superoxide dismutase or manganese SOD (MnSOD) 

and is responsible for reducing toxic ROS in the mitochondria.  Interestingly, 

carbon monoxide (CO), a by-product of HO-1, has been shown to increase levels 

of MnSOD 113.  Therefore, in accord with our hypothesis a decrease in miR-377 

may lead to an up-regulation of both HO-1 and MnSOD, which may foster an 

overall antioxidant effect.  In our study, the effect of hemin on miR-377 and miR-

217 was dependent on the cell line and time period evaluated (Figure 7).  

Therefore, the balance between levels miR-217 and miR-377, along with other 

potential miRNAs, may act like a rheostat which attenuates the pro-apoptotic 
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pathways versus the antioxidant response in response to cellular stressors. 

Concordantly, this analysis also highlights the fact that miRNA:mRNA networks 

may differ between cell types and disease model systems. 

As discussed in Chapter I, Section I.2b, previous work investigating miRNAs 

and HO-1 has focused on the effects of miRNAs binding to Bach1, a potent 

repressor of HMOX1 transcription31-32.  Therefore, the work reported is this 

dissertation is novel in that investigates the direct interaction of miRNAs with the 

HMOX1 3’UTR.  Additionally, the focus of the two recent papers by Bonkovsky 

and associates was the role of miR-122 and miR-196 in regulating Bach1 in 

hepatocytes infected with HCV31-32.  When we surveyed for expression of mature 

miRNAs after hemin treatment we did find that in HEK 293 cells, but not HUVEC, 

treatment with hemin resulted in a decrease (p=0.09) in miR-196 expression.  

This interaction could lead to an up regulation in Bach1 in an attempt to balance 

factors required for the control HO-1 expression in the presence of heme. 

As introduced in Chapter I, Section I.2b, the ability of DGCR8 to function as 

a heme biosensor provides an elegant mechanism of linking heme levels to 

global protein synthesis and cellular differentiation.  Rapid changes in the 

availability of heme may lead to significant changes in the body’s ability to 

process crucial miRNA molecules, such as those regulating a key heme 

catabolizing enzyme, HO-1.  As Figure 7 demonstrates, some, but not all, of the 

miRNAs predicted to interact with the HMOX1 3’UTR were affected by heme.   
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Additionally, the timing of this interaction also varied according to the cell type, 

which may reflect cell specific copy number variations of the individual 

miRNAs114.   

A recent study on HO-1 expression in endothelial cells derived from different 

donors demonstrates a wide range of basal HO-1 levels in human populations.  

However, when the cells were stimulated with oxidized lipids, all the cells 

reached a similar level of HO-1 mRNA, regardless of their basal HMOX1 

transcript levels115.  We propose that miRNAs may be serving as a rheostat to 

titrate the levels HO-1 expression to a physiologic set-point.  In this work we have 

demonstrated that two miRNAs, miR-217 and miR-377 work together to 

attenuate HO-1 protein expression and enzyme activity, highlighting that miRNA 

interactions are involved in the control of HO-1 expression. Further work is 

warranted to clarify the role of miRNA:mRNA interactions during hemolysis and 

uncover new potential therapeutic modalities to modulate HO-1 expression. 
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Section V: Table and Figure Legends 

Table 1: Primers used for cloning of miR-217 and miR-377 

Table 2: Primers used for qRT-PCR analysis of mRNA and miRNA 

Table 3: TargetScan results for HMOX1 3’UTR 

Figure 1: Stem-loop structures of miR-217 and miR-377. A.  The bases 35-57 

(indicated in pink) of human (hsa) hsa-miR-217 stem-loop are processed to make 

the mature sequence. B. The bases 45-66 (bottom line indicated in pink) of the 

hsa-miR-377 stem-loop are processed to make the mature miR-377.  A second 

mature miRNA, miRNA-377* is also processed from this stem-loop, but is not 

predicted to interact with the HMOX1-3’UTR. 

Figure 2: Predicted interactions between the HMOX1 3’UTR and miR-217 

and miR-377. The human HMOX1 gene is located on chromosome: 22; 

Location: 22q12; 22q13.1. It consists of 5 exons with 603 base pair 3’UTR.  

Mature miR-217 is predicted to interact with the HMOX1-3’UTR from positions 

462-468 via a 8mer seed match interaction. Mature miR-377 is predicted to 

interact with the HMOX1-3’UTR from positions 576-582 via a 8mer seed match 

interaction.   

Figure 3: miR-217 and miR-377 interact with the hmox-1 3’UTR. A 3’UTR 

luciferase reporter vector containing the HMOX1-3’UTR or an empty pGL3 

luciferase control was transfected into HEK 293 cells along with pcDNA™6.2-

GW/EmGFP-miR-217, pcDNA™6.2-GW/EmGFP-scrmiR-217, pcDNA™6.2-
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GW/EmGFP-miR-377, and hsa-scrmiR-377 (scrmiR= scrambled).  24h later a 

luciferase assay was performed.  Results demonstrate that miR-377 alone, and 

the combination of miR-217 and miR-377 together significantly (*=p<0.05) 

decreases luciferase reporter activity when compared to reporter alone (One-

Way ANOVA with Bonferroni t-test).   Error bars represent ± standard error of 

means (SEM), with n=3 replications per condition.  

Figure 4: Overexpression of miR-217 and miR-377 does not change HO-1 

mRNA levels. HEK 293 cells were transfected with miR-217+ miR-377 or 

scrmiR-217 + scrmiR-377.   Twenty-four hours later the cells were treated with 10 

µM hemin for 1h.   Hemin was removed and the cells were incubated for 24h in 

basal media.  After 24h the RNA was collected and expression of HO-1 mRNA 

was evaluated via qRT-PCR. Error bars represent ± SEM, with n=3 replications 

per condition.  

Figure 5: Overexpression of miR-217+miR-377 decreases HO-1 protein 

expression.  A. Representative HO-1 and GAPDH western blots for HEK 293 

cells transfected with either scrmiR-217 + scrmiR-377 or miR-217+ miR-377 

constructs followed 24h later with a 1h 10 µM hemin treatment with a subsequent 

24h incubation in basal media.  Bar graph below represents HO-1 quantitation 

values normalized to GAPDH from three independent trials.  B. Western blot for 

HEK 293 cells transfected with individual miRNA constructs followed 24h later 

with a 1h 10 µM hemin treatment with subsequent 24h incubation in basal media.  
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Bar graph below represents HO-1 quantitation values normalized to GAPDH. 

Error bars represent ± SEM, with *=p<0.05 using a One-Way ANOVA with 

Bonferroni t-test. 

Figure 6: Overexpression of miR-217+miR-377 decreases HO-1 enzyme 

activity.  41h after transfection HEK 293 cells were treated with 1h of 10 µM 

hemin, followed by 6h incubation in basal media.   Overexpression of the 

combination of miR-217 and miR-377 resulted in a significant (p<0.05) reduction 

in measured HO-1 enzyme activity compared to untransfected hemin-treated 

control. Heme oxygenase activity for each independent sample was calculated 

as pmol of bilirubin formed/mg microsomal protein/h. and normalized to the 

hemin-treated control by division to eliminate intra-assay variation.  Hemin-

treated control equals 100% HO-1 enzyme activity.  Error bars represent ± SEM, 

with *=p<0.05 using a One-Way ANOVA with Bonferroni t-test.  

Figure 7: Treatment with hemin affects miRNA expression levels. A. HEK 

293 cells were treated with 10 µM hemin for 1h followed by 8h incubation in basal 

media.  Treatment with hemin significantly reduced levels of miR-217 compared 

to control.   Levels of miR-377 were also reduced (p=0.08) compared to control. 

B. Primary HUVEC cells were treated with 10 µM hemin for 1h followed by either 

an 8h or 24h incubation in basal media.   Levels of miRNA-217 were significantly 

reduced after 24h compared to control cells.  Levels of miRNA-377 were not 

significantly reduced compared to control cells.  C.  Treatment with hemin 
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followed by 8h  incubation does not significantly decrease or increase levels of 

miRNA of four other miRNAs predicted to interact with the HMOX1-3’UTR.    

Error bars represent ± SEM, with n=3 trials per condition. *=p<0.05 using a One-

Way ANOVA with Bonferroni t-test post-test. 
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Section VI: Tables 

Table 1: Primers used for cloning of miR-217 and miR-377 

 

miRNA Name Direction Sequence (5'-3') 

hsa-miR-377 Top TGCTGATCACACAAAGGCAACTTTTGTGTTTTGGCCACTGACTGACACAAAAGTCCTTTGTGTGAT 

  Bottom CCTGTAGTGTGTTTCCGTTGAAAACACAAAACCGGTGACTGACTGTGTTTTCAGGAAACACACTA 

scrmiR-377 Top TGCTGGGAAGTCATACAATCCTACATTGTTTTGGCCACTGACTGACAATGTAGGTGTATGACTTCC 

  Bottom CCTGCCTTCAGTATGTTAGGATGTAACAAAACCGGTGACTGACTGTTACATCCACATACTGAAGG 

hsa-miR-217  Top TGCTGTACTGCATCAGGAACTGATTGGAGTTTTGGCCACTGACTGACTCCAATCATCCTGATGCAGTA 

  Bottom CCTGATGACGTAGTCCTTGACTAACCTCAAAACCGGTGACTGACTGAGGTTAGTAGGACTACGTCAT 

scrmiR-217 Top TGCTGGAGGTTTCGATCTGACGACAAATGTTTTGGCCACTGACTGACATTTGTCGAGATCGAAACCTC 

  Bottom CCTGCTCCAAAGCTAGACTGCTGTTTACAAAACCGGTGACTGACTGTAAACAGCTCTAGCTTTGGAG 
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Table 2: Primers used for qRT-PCR analysis of mRNA and miRNA 

Sequence Name Direction Sequence (5'-3') 

HO-1 Forward CCATAGGCTCCTTCCTCCTTTC 

  Reverse GGCCTTCTTTCTAGAGAGGGAATT 

GAPDH  Forward TGAACGGGAAGCTCACTGG 

  Reverse TCCACCACCCTGTTGCTGTA 

hsa-mir-217 Forward GCGTACTGCATCAGGAACTGATTGGA 

hsa-miR-377 Forward GGGCACACAAAGGCAACTTTTGT 

hsa-miR-525-5p Forward GGCTCCAGAGGGATGCACTTTCT 

hsa-miR-520a-5p Forward GGGCCTCCAGAGGGAAGTACTTTCT 

hsa-miR-873 Forward GGCGCAGGAACTTGTGAGTCTCCT 

hsa-miR-1205 Forward GGCTCTGCAGGGTTTGCTTTGAG 
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Table 3: TargetScan results for HMOX1 3’UTR 

miRNA families broadly conserved among vertebrates 

miRNA 
conserved sites poorly conserved sites 

Total 
Cont
ext 

scor
e 

Aggre
gate 
PCT Tot

al 
8m
er 

7mer-
m8 

7mer-
1A 

Tot
al 

8m
er 

7mer-
m8 

7mer-
1A 

miR-217 0 0 0 0 1 1 0 0 -0.43 < 0.1 
miR-128 0 0 0 0 2 0 2 0 -0.24 < 0.1 
miR-
200bc/429 0 0 0 0 1 0 1 0 -0.2 < 0.1 
miR-22 0 0 0 0 1 0 1 0 -0.18 < 0.1 
miR-218 0 0 0 0 1 0 1 0 -0.14 < 0.1 
miR-24 0 0 0 0 1 0 0 1 -0.09 < 0.1 
miR-
148/152 0 0 0 0 1 0 0 1 -0.06 < 0.1 
miR-
338/338-
3p 0 0 0 0 1 0 1 0 N/A 0.12 

           miRNA families conserved only among mammals 

miRNA 
conserved sites poorly conserved sites 

Total 
Cont
ext 

scor
e 

Aggre
gate 
PCT Tot

al 
8m
er 

7mer-
m8 

7mer-
1A 

Tot
al 

8m
er 

7mer-
m8 

7mer-
1A 

miR-377 0 0 0 0 1 1 0 0 -0.49 < 0.1 
miR-
485/485-
5p 0 0 0 0 1 1 0 0 -0.39 < 0.1 
miR-873 1 0 1 0 1 0 1 0 -0.38 < 0.1 
miR-
505.hm 0 0 0 0 1 1 0 0 -0.3 < 0.1 
miR-328 0 0 0 0 1 0 1 0 -0.13 < 0.1 
miR-592/599 0 0 0 0 1 0 0 1 -0.12 < 0.1 
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Section VII: Figures 

Figure 1: Stem-loop structures of miR-217 and miR-377. 
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Figure 2: Predicted interactions between the HMOX1 3’UTR and miR-217 

and miR-377. 
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Figure 3: miR-217 and miR-377 interact with the HMOX1 3’UTR. 
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Figure 4: Overexpression of miR-217 and miR-377 does not change HO-1 

mRNA levels. 

 

 

  



 

46 
 

Figure 5: Overexpression of miR-217+miR-377 decreases HO-1 protein 

expression. 
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Figure 6: Overexpression of miR-217+miR-377 decreases HO-1 enzyme 

activity.   
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Figure 7: Treatment with hemin affects miRNA expression levels. 
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Chapter III: Inhaled CO decreases stress hematopoiesis in SCD mice 

Section I: Introduction 

The hallmarks of sickle cell disease (SCD) are hemolysis and painful vaso-

occlusive crises which cause organ infarctions, leading to increased morbidity 

and mortality.  As discussed in Chapter I, Section III both individuals and mouse 

models with SCD have significant pathology.   In the studies presented in this 

chapter we evaluated the pathophysiology of S+S-Antilles model of SCD.  This 

model exhibits features relevant to SCD pathology, such as vascular 

inflammation, vaso-occlusion in response to hypoxia, leukocytosis, activation of 

the endothelium, elevation of acute phase reactants, increased organ heme 

content, and increased pathology47,77,80-81,116-117.  This mouse model also has 

many characteristics in common with sickle patients, including: intravascular 

hemolysis, reticulocytosis, leukocytosis, increased inflammatory cytokines, 

deficits in urine concentrating ability, multi-organ infarcts, glomerulosclerosis, and 

pulmonary congestion118.  

At steady state, individuals with SCD have elevated white blood cell counts in 

a manner similar to models of hematopoietic stress. Hematopoietic stem cells 

(HSC) are capable of producing all hematopoietic cells and undergo continued 

self-renewal via their ability to remain in the nondividing (G0) phase of the cell 

cycle, a state termed quiescence. Under normal physiological conditions, a 

balance exists between multiple cell cycle regulators to control the ability of HSC 

to proliferate and differentiate into hematopoietic multipotent progenitor cells 
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(MPP) or to remain quiescent40.  Under stress conditions, the restrictions on 

HSCs are reduced pushing them toward proliferation and differentiation40,119-124.  

Plasma hemoglobin and activated leukocytes are a rich source of reactive 

oxygen species (ROS) in SCD, further increasing the propensity for chronic 

inflammation and hemolysis80,88,94-95.   Hemolysis has been a focus of studies 

demonstrating the critical role of nitric oxide (NO) deficiency in SCD 

pathophysiology125-127.   The excess heme load in SCD due to hemolysis and its 

concomitant oxidative stress not only induces the expression of pro-inflammatory 

proteins such as adhesion molecules, but also the anti-inflammatory, 

cytoprotective and rate-limiting enzyme in the catabolism of heme, HO-1.  As 

introduced in Chapter I, Section I.1, HO-1 has three enzymatic byproducts: CO, 

biliverdin/bilirubin, and iron, which stimulates ferritin synthesis. These by-

products have established anti-oxidant and anti-inflammatory properties.  During 

hemolysis, the release of Hb further increases the expression of HO-1, and not 

surprisingly, human SCD patients have elevated HO-1 47,50,128.  

Our laboratory has previously demonstrated that hemin injections into SCD 

mouse models further increase HO-1 expression and decrease endothelial cell 

adhesion molecule expression, leukocyte rolling and adhesion along the 

endothelium, and most importantly, vaso-occlusion47. We demonstrated that SCD 

mouse models have inadequate levels of HO-1 to compensate for hemolysis, 

and that they benefit from additional upregulation of HO-1 through a reduction in 

vaso-occlusion47,99.  As introduced in Chapter I, Section II, CO is a pleiotrophic 
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signaling molecule with high affinity for metal atoms, which allows it to interact 

with metalloproteins, including many implicated in the development of SCD 

pathogenesis 54,129.  CO has similar vascular reactivity effects as NO, especially 

when NO is scavenged during hemolysis and oxidative stress 46,62,64-67,69,130.  

Patients with active hemolysis, including those with SCD, have increased 

endogenous CO production due to HO-1 activity46.  HbS polymerization is 

favored in the deoxygenated state. Beutler and associates hypothesized that the 

left-shift in the Hb-oxygen dissociation curve created by CO-Hb would benefit 

sickle patients and reported on the effects of inhaled CO treatments over 30 

years ago131. The patients in the study received 1000-2000 ppm inhaled CO for 

brief intervals and achieved CO-Hb levels of up to 23.6%.  The studies confirmed 

that CO binding to HbS shifts the oxygen dissociation curve to the left and 

inhibits HbS deoxygenation, HbS polymerization, and RBC hemolysis.  The 

studies concluded that moderate elevations of the CO-Hb percentage in patients 

may be beneficial for treating SCD patients131.  

We hypothesized that inhaled CO may serve as an effective anti-inflammatory 

agent in SCD due to its ability to inhibit hemolysis, modulate SCD rheology and 

vaso-occlusion, and interact with cytoprotective cell signaling pathways to 

reduces hematopoietic stress.   In order to investigate this hypothesis, we 

exposed SCD mice to intermittent inhaled CO therapy over several weeks, 

followed by analysis of markers of hemolysis, inflammation, and cytoprotective 

cell signaling pathways.  
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Section II: Materials and Methods 

Mice. All animal experiments were approved by the University of 

Minnesota’s Institutional Animal Care and Use Committee. We used male and 

female S+S-Antilles 132 and heterozygous BERK (hBERK)133-134 transgenic sickle 

mice as models for human SCD. S+S-Antilles mice are on a C57BL/6J genetic 

background and are homozygous for deletion of mouse β-major globin locus and 

express human α, βS, and βS-Antilles globin transgenes. βS-Antilles globins contain, in 

addition to the βS mutation at β6, a second mutation at β23 (Val→Ile)132. βS-Antilles 

has lower oxygen affinity than βS and decreased solubility under deoxygenated 

conditions, resulting in a more severe form of SCD. hBERK mice have full 

knockout of murine α and one copy of normal mouse β globin and one copy of a 

human α and βS globin transgene133-134. These mice are produced on a mixed 

FVB/N, 129, DBA/2, C57BL/6J, Black Swiss background by breeding 

homozygous BERK males with hemizygous female mice134.  hBERK mice exhibit 

a mild phenotype that is similar but not identical to human sickle trait.   In 

particular, they exhibit renal pathology and increased sensitivity to hypoxia134. 

Normal male and female C57BL/6J mice from Jackson Laboratories were used 

as controls for the sickle mice. All of the mice used in these studies were age-

matched at the initiation of CO-treatments.  The mice were housed in specific 

pathogen–free housing to prevent common murine infections that could cause an 

inflammatory response. All the mice were maintained on a standard chow diet 

and weighed between 20-40g at conclusion of the study period. 
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Treatments of mice. Mice were exposed to inhaled carbon monoxide 

(CO) for three times per week for 1h duration for 5-8 weeks or daily for 1h 

duration for 28-50 days in the specific-pathogen free facility at the University of 

Minnesota.  Briefly, mice were sorted by sex and placed in a universal rat cage 

with lid (VetEquip, Pleasanton, CA).   The cage was placed within a certified 

class II biosafety fume hood (NuAire, Plymouth, MN).  Certified tanks of either 25 

ppm or 250 ppm CO (Minneapolis Oxygen Company, Minneapolis, MN) were 

connected to the cage by tubing, and the mice were provided with a continuous 

flow of CO at the desired concentration for 1h.   CO levels in the cage reached 

the levels of the tank within 5 minutes of treatment initiation, and remained at that 

level for the duration.  Controls were kept in the same housing room, which had 

CO concentrations less than 1 ppm CO.   CO concentrations were certified by 

the manufacturer and verified with use of a three gas photoionization detector set 

for CO (RAE Systems, San Jose, CA). 

Blood and serum analysis. Blood was collected via cardiac puncture at 

the time of euthanasia from mice into sodium EDTA or serum separator tubes.  

Complete blood counts, hematocrit levels, and reticulocytes were measured in 

EDTA blood as previously described47,81.  For serum cytokine analysis, the blood 

was collected in a Capiject red top tube (Terumo Medical Products, Somerset, 

NJ) and allowed to clot at room temperature for a minimum of 20 minutes, 

centrifuged at 1200x g for 10 minutes. The serum was then separated off and 

stored at -84°C. The samples were transported on dry ice for cytokine 
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immunoassay (Millipore, Bilerica, MA) at the University of Minnesota Cytokine 

Analysis Lab. For non-terminal (i.e. baseline) blood draws, blood was collected 

via saphenous venipuncture via a capillary tube into sodium EDTA tubes.  Total 

WBC counts were obtained by counting cells (n=2-4 counts/sample on a 

hemocytometer. 

Mouse tissue collection. The mice were sacrificed and tissues harvested 

as previously described77. Mice were asphyxiated in a CO2 chamber and organs 

were removed and weighed.  Organ sections for homogenate preparation were 

wrapped in aluminum foil and immediately frozen in liquid nitrogen and stored at 

–80°C. Organ sections were collected for histopathology and placed in 10% 

buffered formalin prior to embedding in paraffin blocks and sectioning. For bone 

marrow, both femurs and a humerus were disarticulated and placed immediately 

in ice cold saline.   The muscle was removed from the bone, and the femoral 

head was removed with a sterile scalpel.  A 19 gauge syringe was then used to 

flush the marrow out of the bone with ice cold saline.  The marrow was 

centrifuged at 500x g for ten minutes and washed three times in Dulbecco’s 

phosphate buffered solution (DPBS).   Red blood cells were lysed with distilled 

water, and remaining cells were centrifuged at 500x g and resuspended in cold 

DPBS.   The cells were counted and aliquoted for flow cytometry analysis, 

colony-forming unit assays (CFU), bone marrow smears, and RNA isolation. 

Magnetic bead separation. Prior to cell cycle analysis and RNA isolation 

bone marrow cells were stained with the biotin-conjugated anti-mouse 
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hematopoietic lineage cocktail according to manufacturer’s protocol 

(eBioscience, San Diego, CA).   The labeled cells were then conjugated with anti-

biotin magnetic beads and run through a LD column according to manufacturer’s 

protocol (Miltenyi Biotec, Auburn, CA). The unlabeled (lineage+) fraction was also 

collected.   

Flow cytometry. For cell surface markers, the bone marrow was stained 

with combinations of the following antibodies: phycoerythrin (PE)-conjugated rat 

anti-mouse antibodies to CD45R, CD117 (c-kit), or GR-1 (Ly-6G and Ly-6C) (BD 

Biosciences); fluorescein isothiocyanate (FITC)-conjugated rat anti-mouse 

antibodies to CD71 or anti-mouse Ly-6A/E (Sca-1)(BD Biosciences, San Jose, 

CA); PE-Cy7 conjugated rat anti-mouse antibodies to CD127 (IL-7 receptor-α) or 

Sca1 (eBioscience); allophycocyanin-eFluor™780 anti-mouse c-kit 

(eBioscience); biotin anti-mouse CD8a (Ly-2) or anti-mouse CD4 

(L3T4)(eBioscience); biotin-conjugated anti-mouse hematopoietic lineage 

cocktail (eBioscience).   Biotin-conjugated primary antibodies were detected with 

either eFluor™450 or PE-Cy5 strepavidin-conjuated secondary antibodies 

(eBiosciences). For intracellular mouse myeloperoxidase staining, the cells were 

fixed with 2% paraformaldehyde and permeabilized with 0.2% (v/v) Tween-20 

PBS solution. Mouse monoclonal myeloperoxidase (MPO) (Abcam, Cambridge, 

MA) was used follow by an Alexa Fluor® 488-conjugated goat anti-mouse IgG1 

secondary antibody (BD Biosciences) for detection.  All flow cytometry data 

collection was performed using a BD FACSCanto™ benchtop cytometer or a 
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LSR II benchtop cytometry (BD Biosciences). Data was analyzed using FlowJo 

software (Tree Star Inc., Ashland, OR) or FCS Express software (DeNovo 

Software Inc., Los Angeles, CA). 

Cell Cycle Analysis. Bone marrow cells were fixed by the drop-wise 

addition of ice cold 70% ethanol followed by an overnight incubation at -20°C.  

The cells were washed 3 times with DPBS, followed by resuspension in a 

propidium iodide (PI)/RNase staining buffer (BD Pharmingen™). All flow 

cytometry data collection was performed using a BD FACSCanto™ benchtop 

cytometer or a LSR II benchtop cytometry (BD Biosciences). Data was analyzed 

using the Watson model programmed in the cell cycle analysis platform in 

FlowJo v7.6 software (Tree Star Inc.).  

Methylcellulose colony assay.  Bone marrow cells were washed with 

DPBS and plated in 35mm tissue culture dishes in 1.1mL methylcellulose 

containing growth factors (StemCell Technologies, Vancouver, BC, Canada) 

according to standard protocol. Cells were seeded with 2.0 x 104 cells/dish and 

cultured at 37°C in a humidified atmosphere with 5% CO2 for 10 days before 

scoring colonies.  Colonies were distinguished as erythroid burst-forming units 

(BFU-E), colony-forming units granulocyte-macrophage (CFU-GM), or colony 

forming unit - granulocyte-erythroid-macrophage-megakaryocyte (CFU-GEMM) 

based on their morphological appearance (manufacturer’s atlas).  After scoring, 

colonies were picked from the dish for staining and morphological analysis.   
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RNA isolation. RNA from spleen tissue samples was isolated using 

Trizol® reagent as per manufacturer’s directions (Invitrogen).   The total RNA 

was further cleaned with on-column DNase digestion using an RNeasy kit and 

the RNase-Free DNase set (Qiagen). Bone marrow samples were disrupted with 

Buffer RLT followed by homogenization in a QIAshredder spin column (Qiagen).  

Total RNA was isolated and cleaned with on-column DNase digestion using an 

RNeasy kit and the RNase-Free DNase set (Qiagen).The quality and quantity of 

total RNA samples was determined by UV spectrophotometry. Samples were 

stored at -80°C.  

PCR-focused array studies. Six 96-well hypoxia signaling pathway PCR 

arrays (SA Biosciences) were performed on spleen RNA samples using an iQ5 

cycler (BioRad).  PCR arrays were performed and analyzed as per 

manufacturer’s instructions.  Briefly, one reverse transcription reaction, 

containing 1 μg of RNA, was used for each 96-well PCR array. The array was 

used to analyze gene expression in purified splenic RNA. Each focused array 

contained five housekeeping genes to control for template concentration.  

qRT-PCR. 0.5-2 µg of total RNA from either lineage positive or spleen 

samples was subjected for cDNA synthesis in 20 µL of a reaction using 

SuperScript III First-Strand Synthesis SuperMix for quantitative reverse-

transcribed polymerase chain reaction (RT-PCR; Invitrogen) according to the 

protocol supplied with the kit. For lineage negative RNA 20 ng of sample was 

subjected to cDNA synthesis using the Quantitect whole transcriptome kit 



 

58 
 

(Qiagen).  The cDNA from each sample was used for quantitative reverse-

transcribed polymerase chain reactions (qRT-PCR) in an Mx3000P (Stratagene, 

LaJolla, CA) to measure gene expression. The unique sequence regions from 

each gene were identified, and specific primers were designed using the program 

Primer3135. Table 1 contains the forward and reverse sequences used for qRT-

PCR anlaysis in this chapter. For bone marrow cDNA each quantitative PCR 

reaction contained 2 µL of cDNA, 400 nM of each gene-specific primer set, and 

2x QuantiFast SYBR® Green QPCR master mix (Qiagen).  For spleen cDNA 

each quantitative PCR reaction consisted of 2 µL of cDNA, 400 nM of each gene-

specific primer set, diluted passive reference dye, and 1x Brilliant® II SYBR® 

Green QPCR master mix (Stratagene). For mRNA expression the cDNA 

underwent quantitative reverse-transcribed polymerase chain reaction (qRT-

PCR) in an Mx3000P (Stratagene, LaJolla, CA) to detect mRNA gene 

expression. To validate the efficiency of target and reference, serially diluted 

splenic cDNA samples from a lipopolysaccaride-treated C57BL/6J mouse were 

run on quantitative PCR side by side with experimental samples in each 96-well 

reaction plate. The cycle threshold (Ct) values for each gene of interest and 

GAPDH were obtained and then the relative fold change was calculated based 

on the "Comparative Ct Method"136. 

Heme content. Organ heme content was measured bu diluting 150 µL of 

sample with an equal volume of distilled water.   100 µL or pyridine (Sigma) and 

50 µL of 1 M sodium hydroxide solution were added and mixed.  The 100 µL of 
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the sample was pipeted in quadruplicated into a 96 well plate.  10 µL of 0.2 M 

sodium hydrosulfite was added to half the wells, with 10 µL of a 1 mg/mL 

potassium ferricyanide added to the other half.  The plate was read at 556-540 

nm in a Synergy HT Multi-Mode Microplate Reader (Bio-Tek). Analysis was 

completed using and Excel spreadsheet subtracting the reduced (sodium 

diothionite) from the oxidized (potassium ferricyanide) and fitting them to a 

standard curve determined by performing the assay on a 5 mg/mL hemoglobin S 

(Sigma) standard curve. 

Western blots.  For western blots, organ homogenates were prepared as 

previously described using frozen tissue47,77,81. Homogenate DNA concentrations 

were measured using the PicoGreen DNA quantitation kit (Invitrogen) per 

manufacturer’s direction using a fluorimeter (Bio-Tek).  An equal amount of 

homogenate DNA per lane was loaded and subjected to electrophoresis on a 

15% Tris-HCl gel (Bio-Rad). Afterwards, the samples were transferred 

electrophoretically to PVDF membranes (Millipore), and immunoblotting of the 

organ homogenates was performed with rabbit polyclonal anti– HO-1 antiserum 

(Assay Designs).  For HIF-1α, spleen homogenates were prepared as described 

above, but run on a 7.5% Tris-HCl gel and immunoblotted with rabbit polyclonal 

anti-HIF1-α (Santa Cruz Biotechnology).   

For nuclear signaling molecules, a nuclear extract was made from the 

organ homogenate using a nuclear extraction kit (Panomics). Organ homogenate 

(100μL) was added to nuclear extraction buffer B (900 μL) prepared with 1M 
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dithiothreitol, 5mM vanadate, 1M β-glycerophosphate, 1mg/mL leupeptin, 100mM 

phenylmethane-sulphonylfluoride in ethanol, and 1μg/mL protease inhibitor 

cocktail (Sigma-Aldrich). The samples were sonicated for 10s, followed by gentle 

shaking on ice.  After 2 hours, the samples were centrifuged for 10 minutes at 

14,000 x g at 4°C.  The supernatant nuclear extract was removed and the protein 

content was determined using a Bradford-based protein assay (BioRad). An 

equal amount of nuclear extract protein was loaded per lane and subjected to 

electrophoresis on a 15% Tris-HCl gel (Bio-Rad). All signaling antibodies for p38 

MAPK, Akt, phosphorylated (phospho-) phospho-p38 MAPK (residue 

Thr180/Tyr182), and phospho-Akt (residue Ser473) were purchased from Cell 

Signaling Technology.  

Sites of primary antibody binding were visualized with alkaline 

phosphatase-conjugated goat anti-rabbit or rabbit anti-goat IgG (Santa Cruz 

Biotechnology). The final detection of immunoreactive bands was performed 

using an ECF™ substrate (GE Healthcare) and visualized on a Storm™ Reader 

(GE Healthcare).  All membranes were stripped using Restore® Stripping Buffer 

(Thermo Scientific), and reprobed with rabbit anti-GAPDH (Sigma-Aldrich).     

Bands were quantitated using Image J software (NIH). 

Pathology. Formalin-fixed tissues were processed routinely, embedded in 

paraffin, sectioned and stained with hematoxylin and eosin (H&E). Two 

pathologists surveyed the organs in a blinded manner using the semi-quantitative 

criteria designated by Manci and associates118.  Upon unblinding, contingency 
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tables were made for statistical analysis.   Bone marrow and blood smears were 

stained using Wright-Giemsa solution or anti-MPO antibody (Sigma-Aldrich).   

Differential counts were performed in a standard manner. 

           Statistics. Data was entered into Excel spreadsheets for preliminary 

analysis.   For analysis of pathology scoring, Chi-squared tests were performed 

using assembled contingency tables. Final statistical analysis for all experiments 

was performed using SigmaStat software version 3.5 (SYSTAT).  See figure 

legends for specific statistical tests used. 
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Section III: Results 

Inhaled CO treatments transiently elevated COHb levels in normal and 

sickle mice  

It is well known that exposure to CO can elevate COHb levels leading to a 

variety of physiological signs and symptoms, as well as asphyxiation and death.  

We treated mice with inhaled CO for 1h to determine COHb levels and evaluate 

the mice for signs of distress.   Prior to CO exposure, normal C57BL/6J, hBERK, 

and S+S-Antilles mice had a COHb level of 1% or less without CO treatment 

(Table 2).  After treatment with 250 ppm CO for one hour, the COHb levels 

increased in each strain of mice.  The COHb levels in C57BL/6J mice increased 

from 1% at baseline to 14.0%.  Similarly, the COHb levels in the hBERK mice 

increased to 12.0%, and S+S-Antilles mice increased to 20.0% under the same 

treatment parameters.   However, the elevation in COHb levels after one hour of 

25 ppm CO treatment was minimal. The half-life of COHb in humans is roughly 4-

5 hours, therefore it was not surprising that 24h after treatment the levels of 

COHb returned back to pre-treatment levels in all three strains of mice137.  No 

signs of acute physiological stress or mortality were seen in any mice during 

these studies or in any subsequent studies presented.       
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CO significantly decreased mean total WBC and platelet counts in sickle 

mice 

Ten weeks of inhaled CO treatments for 1h/day, 3 days/week with 25 ppm 

CO significantly (p<0.05) decreased the mean total WBC count in hBERK and 

S+S-Antilles mice from 14.4 ± 1.5 K/μL and 19.2 ± 1.3 K/μL respectively, to 8.8 ± 

0.9 K/μL and14.9 ± 1.0 K/μL (25 ppm). Treatment with 250 ppm CO reduced 

WBC count to 9.2 ± 1.4 K/μL and 12.8 ± 1.3 K/μL (hBERK and S+S-Antilles, 

respectively) (Figure 1A).  The mean total WBC count in normal C57BL/6J mice 

did not change with either 25 or 250 ppm CO treatment.   The drop in mean total 

WBC count in the S+S-Antilles and hBERK mice was primarily due to significant 

(p<0.05) decreases in mean total neutrophil (Figure 1B) and lymphocyte (Figure 

1C) counts.    In hBERK mice, the mean total neutrophil count decreased from 

6.9 ± 3.6 K/μL in untreated mice to 1.4 ± 0.2 K/μL in mice treated with 25 ppm 

CO, with a significant (p<0.05) decrease down to 1.0 ± 0.2 K/μL in hBERK 

treated with 250 ppm CO.  In S+S-Antilles mice, the mean neutrophil count 

decreased from 5.6 ± 0.5 K/μL in untreated mice to  4.6 ± 0.3 K/μL in mice 

treated with 25 ppm CO, with a significant (p<0.05) decrease to 3.7 ± 0.6 K/μL in 

S+S-Antilles mice treated with 250 ppm CO (Figure 1B). In hBERK mice, the 

total mean lymphocyte count decreased from 15.0 ± 5.0 K/μL in untreated mice 

to 7.6 ± 1.2 K/μL in mice treated with 250 ppm CO, with a significant (p<0.05) 

decrease to 6.9 ± 3.6 K/μL in mice treated with 25 ppm CO.  In S+S-Antilles 

mice, the mean lymphocyte count significantly (p<0.01) decreased from 12.2 ± 
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0.9 K/μL in untreated mice to 9.0 ± 0.6 K/μL in mice treated 25 ppm CO and 7.3 ± 

1.2 K/μL in mice treated with 250 ppm CO (Figure 1C). In C57BL/6J mice and 

hBERK mice CO treatments did not significantly change mean platelet levels 

(Figure 1D).  However, in S+S-Antilles mice, the mean total platelet count 

decreased from 1048.6 ± 83.4 K/μL in untreated mice to 780.1 ± 158.9 K/μL in 

mice treated with 25 ppm CO with a significant (p<0.05) decrease down to 640.5 

± 118.4 K/μL mice treated with 250 ppm CO (Figure 1D).  There were no 

significant changes in either the mean hematocrit or reticulocyte counts in any 

CO-treated mice (Table 3).  These initial studies demonstrate that inhaled CO 

has significant hematological effects on the inflamed SCD mice but not in their 

non-inflamed C57BL/6J counterparts.  Since leukocytosis is known to be a 

predictor of poor outcomes and mortality in SCD patients, we were interested in 

the mechanisms by which the decrease in WBC counts occurred in SCD mice89-

91. We used the more severe S+S-Antilles mouse model to conduct subsequent 

studies.   

To determine the kinetics of the CO-induced decrease of WBC in sickle 

mice, the weekly mean WBC value for a cohort of seven age-matched S+S-

Antilles mice was followed for sixteen weeks.   Prior to treatment with CO, blood 

samples were collected from the seven mice for two consecutive weeks to 

establish a baseline value (week 0).  The mean baseline WBC value for the S+S-

Antilles mice was 15.1 + 1.2 (K/μL) (Figure 2).  Upon establishment of the 

baseline value, the animals began treatment with 250 ppm CO for 1h/day, 3 
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days/week.   The mean WBC count was measured each week and compared to 

the baseline value.  There was a significant decrease in the mean total WBC 

count after seven and eight weeks of CO treatment (11.4 ± 0.3, p<0.05 and 11.2 

± 1.2, p<0.05, respectively) compared to baseline.  After the second consecutive 

week of significantly decreased mean WBC count (week 8), the CO treatments 

were withdrawn and the weekly monitoring of the mean WBC continued. The 

mean WBC count remained significantly lower than baseline for 5 additional 

weeks (weeks 9-13) after withdrawal of CO treatment, returning within range of 

the baseline value six weeks after the final CO treatment (week 14).   

CO decreased myeloid and lymphoid cells in sickle mouse bone marrow  

The observations that treatment with CO for 1h/day, 3 days/week over a 

period of 7-10 weeks resulted in a significant decrease in WBC (Figures 1 and 

2) without a significant change in erythrocytes (Table 3) and that the decrease in 

WBC was sustained when treatment was withdrawn (Figure 2), lead us to 

investigate the bone marrow of CO-treated mice.   Wright-Gimesa staining of 

bone marrow smears demonstrated a significant (p<0.01) decrease in 

polymorphonuclear (PMN) cells in S+S-Antilles mice treated for eight weeks with 

250 ppm CO compared to untreated S+S-Antilles mice (45.8 ± 3.0% versus 63.6 

± 3.0%, respectively). The decrease in myeloid cells in bone marrow, the 

decrease in peripheral blood neutrophils (Figure 1B), and the sustained 

decrease in total WBC counts after withdrawal of CO treatments (Figure 2), 
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suggested that decreased hematopoiesis could be responsible for the drop in 

WBCs in CO-treated sickle mice.     

To determine if a change in myelopoiesis was occurring in CO-treated 

mice, bone marrow from 250 ppm CO-treated and untreated S+S-Antilles mice 

was analyzed for markers of hematopoiesis.   Bone marrow was collected from 

S+S-Antilles mice treated for eight weeks with inhaled 250 ppm CO for 1h/day, 3 

days/week, and from untreated, age-matched S+S-Antilles mice and stained for 

MPO and analyzed by flow cytometry (Figure 3).  The number of MPO positive 

cells in 250 ppm CO-treated S+S-Antilles mice (15.6 ± 3.4%) was significantly 

(p<0.01) decreased compared to control mice (36.5 ± 2.8%) (Figure 3E).  This 

significant decrease in MPO positive cells in the bone marrow, along with the 

significant decrease in mature neutrophils in the blood (Figure 1B), suggested 

that CO-treatments decreased myeloid cell maturation in sickle mice.     

To look closer at the maturation of myeloid cells in the bone marrow we 

also stained bone marrow cells for GR-1 and CD71.  GR-1 is a myeloid 

differentiation antigen also known as Ly-6G and Ly-6C.  In the bone marrow, the 

level of GR-1 antigen expression is directly correlated with granulocyte 

differentiation and maturation. GR-1 antigen is expressed on the granulocyte 

lineage in bone marrow, but not on erythroid cells138. CD71, the transferrin 

receptor, has the function of delivering iron into cells.   Erythroid cells require iron 

for Hb synthesis and therefore have a higher expression of CD71 when 

compared to non-erythroid cells139. When the data was analyzed comparing 
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mean % CD71+ cells versus CD71- cells in untreated controls versus 250 ppm 

CO-treated S+S-Antilles mice, the mean percent CD71+ cells in control and CO-

treated sickle bone marrow was not significantly different (p=0.17) (Figure 4A, 

4B, 4C). However, when the cell populations were surveyed for GR-1 

expression, the mean population percent of CD71- GR-1+ cells was significantly 

(p<0.05) decreased in bone marrow from 250 ppm CO-treated mice (31.1 ± 

4.8%) versus controls (48 ± 2.5%), indicating a significant difference in the rate of 

granulocyte differentiation in these animals (Figure 4C, 4D, and 4E).  There was 

no significant difference between control and 250 ppm CO-treated S+S-Antilles 

bone marrow when the mean population percent of CD71+ GR-1- (erythroid) cells 

was determined (Figure 4F, 4G, and 4H), a finding that was consistent with our 

previous observations for hematocrit and reticulocyte count (Table 3).    

In hematopoietic development the common myeloid progenitor (CMP) cell 

differentiates into the granulocyte-macrophage progenitor (GMP) and 

megakaryocyte-erythroid progenitor (MEP), which then differentiate into 

neutrophils, macrophages, erythrocytes, and platelets140.  In order to determine if 

CO was effecting differentiation upstream of mature myeloid cells (CD71- GR-1+ 

cells), the levels of CMP (lineage-, CD127-, Sca-1-, c-kit+, CD34+, CD16/32-), 

GMP (lineage-, CD127-, Sca-1-, c-kit+, CD34+, CD16/32+), and MEP (lineage-, 

CD127-, Sca-1-, c-kit+, CD34-, CD16/32-) cells was assessed in a separate cohort 

of S+S-Antilles mice animals treated with daily for seven weeks with 250 ppm CO 

for 1h/day. Consistent with our previous studies, these mice had a decreased 
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total WBC compared to controls (data not shown).   Flow analysis revealed a 

reduction in both CMP (0.81 ± 0.11 %) and GMP (0.51 ± 0.10 %) in 250 ppm CO-

treated mice compared to untreated mice (0.99 ± 0.05% and 0.73 ± 0.07 %, CMP 

and GMP respectively).  Additionally, the CO-treated mice had a significant 

(p<0.05) increase in MEP cells, with 250 ppm CO-treated mice having 0.26 ± 

0.02% MEP cells compared to 0.19 ± 0.02 % in untreated controls (Figure 5).   

These findings were consistent with the results above and indicated that CO 

treatments are affecting hematopoiesis in sickle mice.   

One finding that was consistent for all the flow analyses was a shift in the 

bone marrow cell populations in the side-scatter (SSC-A) versus forward scatter 

(FSC-A) plots as seen in Figure 3A & B, Figure 4A & B,  and Figure 6A.  This 

size-based analysis demonstrated a left shift in the CO-treated S+S-Antilles bone 

marrow cell population when compared untreated S+S-Antilles mice.  Given the 

extent of this shift, plus the significant decrease in lymphocytes observed in the 

S+S-Antilles mice treated with 250 ppm CO for ten weeks (Figure 1C), S+S-

Antilles bone marrow was examined for evidence of decreased lymphopoiesis.  

For this analysis the antigen markers CD117 (c-kit) and CD45R (Figure 6) were 

used to analyze bone marrow for lymphoid cells141-144.  After gating on the 

CD45R+ populations (Figure 6B), we selected for cells with decreased 

expression of CD117low (Figure 6C).   In S+S-Antilles mice, the mean population 

percent of CD45R+CD117low (lymphoid) cells was significantly (p<0.05) 

decreased in bone marrow in 250 ppm CO-treated mice (5.30 ± 0.5%) versus 
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control (6.92 ± 0.4%), indicating a significant decrease in lymphoid cells (Figure 

6D).  The population percent for the upstream common lymphoid progenitor 

(CLP; lineage-, CD127+, Sca-1+, c-kit+) cells was also assessed in the cohort of 

S+S-Antilles mice animals treated daily over seven weeks with 250 ppm CO for 

1h/day. Consistent with our other findings, the 250 ppm CO-treated mice had a 

reduction in CLP compared to control (0.066 ± 0.01 % v. 0.105 ± 0.02 % 

respectively). This finding indicated that there were fewer lymphoid progenitor 

cells in the CO-treated mouse bone marrow, which ultimately leads to an overall 

decrease in mature lymphocytes in the blood, as seen in Figure 1C. Combined, 

the flow cytometry data provided strong evidence that the maturation of HSC 

changes as a result of CO-therapy. 

CO significantly increased immature hematopoietic population in sickle 

mouse bone marrow  

To look at a less mature hematopoietic progenitor subset, we stained 

bone marrow cells with two markers known to be selective for these cells, CD135 

(flk-2) and CD90.1 (Thy1.1)142.   When gating on the cells expressing CD90.1 

(Figure 7A and 7B), there was a pronounced shift in the CO-treated cell 

population toward increased CD90.1 expression.  This increase in cell population 

was carried over into the CD135 positive cells (Figure 7C and 7D), leading to a 

highly significant (p<0.001) increase in the mean population percent of 

CD90.1+CD135+ cells in S+S-Antilles mice treated with 250 ppm CO (2.3 ± 0.2%) 

compared to untreated mice (0.5 ± 0.1%).   
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To better characterize what step of hematopoiesis was decreased, the 

levels of long-term hematopoietic stem cells (LT-HSC; lineage-, Sca-1+, c-kit+, 

CD34-, CD135-), short-term hematopoietic stem cells (ST-HSC; lineage-, Sca-1+, 

c-kit+, CD34+, CD135-) and multipotent progenitor cells (MPP; lineage-, Sca-1+, c-

kit+, CD34+, CD135+) was assessed in the cohort of S+S-Antilles mice animals 

treated daily over seven weeks with 250 ppm CO for 1h/day. Statistical analysis 

comparing the treatments and lineage of 250 ppm CO-treated bone marrow 

versus untreated bone marrow was conducted using a two-way ANOVA test with 

Holm-Sidak post-test. This analysis demonstrated no significant differences in 

the LT-HSC population when comparing 250 ppm CO-treated mice to untreated 

mice (0.05 ± 0.01 % v. 0.08 ± 0.01 %).  However, there was a significant (p<0.05) 

decrease in both ST-HSC (0.02 ± 0.01 % v. 0.06 ± 0.01 %) and MPP (0.02 ± 0.01 

% v. 0.06 ± 0.01 %) compared to untreated mice (Figure 8). This finding 

suggested that the decrease in mature lymphocytes and granulocytes may be 

related to a shift in hematopoietic homeostasis toward less mature hematopoietic 

progenitors in the inflamed SCD bone marrow. 

CO significantly decreased development of GM-CFU colonies in sickle 

mouse bone marrow but did not significantly change BFU-E colonies 

We conducted colony-forming unit assays (CFU) on bone marrow from 

S+S-Antilles mice treated 1h/day, 3 days/ week for eight weeks with 250 ppm CO 

to determine the fates of the progenitor cells from the bone marrow.  After ten 

days in culture, there was no significant difference in the total number of CFU 
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colonies counted between control and 250 ppm CO-treated mice.  However, 

when broken down into colony types, there was a significant (p<0.05) decrease 

in the percent CFU-granulocyte-macrophage (CFU-GM) colonies in CO-treated 

mice (42.3 ± 3.1%) when compared to untreated mice (57.8 ± 3.1%) (Figure 9).   

There was also a modest, but not significant (p=0.06) increase in percent blood 

forming unit-erythroid (BFU-E) colonies in the mice treated with CO (40.9 ± 3.6%) 

compared to untreated mice (30.1 ± 3.0%).  This finding was consistent with our 

previous observation on erythroid cells from Table 3 and Figure 4H. Combined 

with the flow cytometry data, the CFU-assay data suggested that CO-treatments 

reduce myelopoiesis in SCD mice by affecting the balance of HSC differentiation.   

CO treatments significantly decreases lineage positive bone marrow cells 

in phase G1 of cell cycle 

Cell cycle analysis was performed on lineage positive cells isolated from 

the bone marrow of S+S-Antilles mice animals treated with 250 ppm CO 1h/day, 

daily for seven weeks. Statistical analysis comparing the treatments and lineage 

of 250 ppm CO-treated bone marrow versus untreated bone marrow was 

conducted using a two-way ANOVA test with Holm-Sidak post-test. S+S-Antilles 

mice treated with 250 ppm CO had a significant (p<0.05) decreased in the 

frequency of cells in phase G1 compared to control (Figure 10).  There were no 

significant changes in the frequency of cells in S phase or G2-M phase when 

comparing 250 ppm CO-treated mice to untreated mice.  This finding indicated 
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that CO-treatments may be reducing WBC counts in sickle mice my decreasing 

cell activity in hematopoietic cells. 

CO increases expression of MnSOD and CyclinD1 mRNA in lineage positive 

bone marrow cells but decreases the mRNA expression of the Rho-GTPase 

CDC42 

        Total RNA was extracted from lineage positive cells isolated from the bone 

marrow of S+S-Antilles mice animals treated with 250 ppm CO 1h/day, daily for 

seven weeks and analysis of relative gene expression for gene related to cell 

cycle and oxidative stress was conducted.   The data presented in Table 4 

demonstrated that the lineage positive bone marrow from 250 ppm CO-treated 

mice has a significant (p<0.05) increase in expression of Cyclin D1 compared to 

untreated controls (Mann-Whitney rank sum test). The 250 ppm CO-treated mice 

also displayed a trend (p=0.062) towards an increase of cyclin-dependent kinase 

inhibitor 1a (p21) gene expression compared to controls (Student’s t-test).    

Expression of MnSOD was also significantly (p<0.05) increased in CO-treated 

mice compared to untreated mice (Student’s t-test).    The levels of the Rho-

GTPase gene CDC42 were significantly (p<0.05) decreased in CO-treated mice 

compared to untreated mice (Mann-Whitney rank sum test). This data is 

consistent with the cell cycle analysis and indicated that CO treatments are 

decreasing cell cycle activity in sickle mice. 
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CO decreases expression of the Rho-GTPase CDC42 and β1-integrin in 

lineage negative bone marrow cells 

        Total RNA was extracted from lineage negative cells isolated from the bone 

marrow of S+S-Antilles mice animals treated with 250 ppm CO 1h/day, daily for 

seven weeks and analysis of relative gene expression for gene related to cell 

cycle and oxidative stress was conducted.   The data presented in Table 5 

demonstrates that like the lineage positive bone marrow fraction, the  lineage 

negative bone marrow fraction from 250 ppm CO-treated mice has a significant 

(p<0.05) decrease  in expression of Cdc42 compared to untreated controls 

(Mann-Whitney rank sum test). However, the lineage negative bone marrow from 

the 250 ppm CO-treated mice did not have any significant differences in the 

expression of p21, Cyclin D1, or MnSOD (Student’s t-test).  Interestingly, the 

lineage negative fraction from the 250 ppm CO-treated mice had a significant 

decrease in β1-integrin expression compared to untreated mice (p<0.05, 

Student’s t-test). The mRNA analysis from CO-treated S+S-Antilles bone marrow 

is consistent with reports from lineage negative, Sca-1+, c-kit+ (LSK) isolated from 

Cdc42-/- mice and collectively it raised the possibility that CO treatments may 

augment both quiescence maintenance and bone marrow niche interactions145. 

Carbon monoxide treatments did not significantly change the cytokine 

profile of sickle mice 

Reports of elevated cytokines, such as IL-6, have been made for patients 

with SCD73,146.  In order to explore if a change in cytokine levels was occurring in 
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CO-treated mice, serum samples were collected from age-matched untreated 

S+S-Antilles control mice and 250 ppm (1h/day, 3 days/week for 8 weeks) CO-

treated S+S-Antilles mice.   There were no significant differences between 

treatment groups for any of the cytokines analyzed (Table 6).    

CO increased expression of HIF-1α and the hypoxia-related gene 

transcription profile in the spleens of sickle mice 

Since extramedullary hematopoiesis is known to occur in the spleens of 

sickle mice, we used this tissue to examine the expression of hypoxia inducible 

factor-1-alpha (HIF-1α)118,133-134,147-148.  HIF-1α has a role in hematopoiesis and 

was recently implicated as a critical mediator of CO-induced cytoprotective 

conditioning149-152.   The spleens of S+S-Antilles mice, treated for eight weeks 

with 250 ppm CO, had a significant (p<0.05) increase in mean HIF-1α expression 

(0.14 ± 0.02) compared to untreated S+S-Antilles (0.06 ± 0.01)(Figure 11A).   

Due to limited sample, we were able to assess HIF-1α protein stabilization.  

However, since HIF-1α is a key transcription factor controlling a wide range of 

genes, we used a real-time PCR-based array system to evaluate mRNA levels of 

hypoxia response genes in the spleens of CO-treated and untreated sickle mice.  

The genes on the array were clustered into twelve functional gene groups: 

stress response, hemoglobin complex associated genes, oxidoreductases, 

transcription factors and regulators, apoptosis, signal transduction, protein and 

energy metabolism, extracellular matrix-related molecules, cytoskeleton, growth, 
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and cardiac excitation-contraction coupling.   Data analysis was performed 

according to the manufacturer’s protocol.   In CO-treated sickle mice, six genes 

had significant (p<0.05) changes in fold gene expression (Figure 11B).   The 

threshold for fold change in expression during analysis was 1.5 fold.   Five genes 

(Angptl4, Bhlhb2, Ctgf, Hif3α, NOS2) had significant, 1.5 fold or greater reduction 

in expression.  The stress response gene group contained three of the five genes 

significantly downregulated: angiopoietin-like protein 4 (Angptl4) (-2.5 fold 

change), hypoxia inducible factor 3α (Hif3α) (-1.7 fold change), and inducible 

nitric oxide synthase (NOS2/iNOS) (-3.8 fold change).    

Interestingly, the only gene in the array that displayed a significant 

increase in CO-treated mice was the Rho-GTPase family member Cdc42 (1.7 

fold change) (Figure 11B). Cdc42 is known to be a critical player in the balance 

between myelopoiesis and erythropoiesis153.  Since Cdc42 knockout mice have 

an increased expression of the promyeloid transcription factor PU.1153, we used 

qRT-PCR on splenic RNA to assess PU.1 expression 153-154. There was a 

significant (p<0.05) 2.1-fold decrease in mean PU.1 mRNA expression in 250 

ppm CO-treated S+S-Antilles mice compared to untreated controls ( Figure 

11C).  These findings suggest that the CO-mediated reduction in leukocytosis in 

inflamed SCD mice are in part due to effects on HIF-1α protein and the hypoxic-

response genes.    
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CO treatments decrease heme content in the livers of sickle mice 

      The liver is an important organ for heme degradation and an abundant 

source of HO-1, the enzyme responsible for endogenous CO production. The 

livers of S+S-Antilles mice have significantly (p<0.001) elevated heme contents 

compared to C57BL/6J mice (two-way ANOVA with Holm-Sidak all pairwise 

multiple comparison).   When S+S-Antilles mice are treated with either 250 ppm 

CO or 25 ppm CO (1h/d, 3d/week, ten weeks total) there is a trend (p=0.106 and 

p=0.148 respectively) towards a decrease in liver total heme content when 

compared to untreated mice (Figure 12).  The same treatments in C57BL/6J 

mice did not significantly change liver total heme content. 

CO treatments increased expression of activated p38 MAPK and Akt, HO-1, 

and ferritin heavy chain in the livers of sickle mice 

The liver is a common target of sickle cell vasculopathy.  Patients with acute 

hepatic sequestration crisis have anemia, hepatomegaly, and a high mortality 

due to massive sickle RBC congestion and vaso-occlusion. Murine models of 

SCD show hepatic RBC congestion, inflammation, and infarction mimicking liver 

disease in human SCD patients87,118,133-134,148,155-157.  Therefore, we examined 

liver samples from untreated and 250 ppm CO-treated S+S-Antilles mice to 

investigate several signaling molecules known to interact with CO (Figure 

13)56,158.  
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Phosphorylated p38 MAPK and Akt were markedly increased in nuclear 

extracts from the livers of S+S-Antilles mice treated with 250 ppm CO for eight 

weeks (1h/day, 3 days/week) compared to untreated control S+S-Antilles mice 

(Figure 13A).   There was no change in nuclear expression of either total p38 

MAPK or total Akt between treated and control S+S-Antilles livers.  We also 

measured expression of HO-1 and another cytoprotective protein, ferritin heavy 

chain (FHC) in liver homogenates by western blot (Figure 13B).  Treatment of 

S+S-Antilles mice with 250 ppm CO for ten weeks produced a significant 

(p<0.01) 1.5-fold increase in HO-1 expression compared to untreated control 

mice.  In addition, there was a significant (p<0.01) 1.5-fold increase in FHC 

expression.   Combined, the findings in Figure 11 and 13 provide evidence that 

the demonstrated anti-inflammatory and anti-apoptotic pathways activated by CO 

in other animal models are also activated by CO in inflamed SCD mice.  

Activation of these signaling molecules has been implicated in anti-inflammatory 

and cytoprotective pathways attributed to CO in several cell injury models46,54,59-

60,67,113,158-160.   

CO treatments decreased liver parenchymal necrosis severity in sickle 

mice 

     Since there was a significant reduction in leukocytosis (Figures 1-2) and 

increased activation of both anti-inflammatory and cytoprotective signaling 

pathways in CO-treated SCD mice (Figures 11, 13), we systematically evaluated 

histopathlogy sections from CO-treated and untreated S+S-Antilles mice118.  
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Numerous histopathology lesions were observed in the livers of the S+S Antilles 

mice.  No specific lesions were observed in spleen and lungs except for severe 

red cell congestion.  The hepatic lesions comprised irregularly shaped and 

variably sized areas of coagulation necrosis within the liver that involved single or 

small groups of hepatic lobules (see Figure 14A). Some of these necrotic lesions 

had an associated cellular response consisting of variable numbers of 

neutrophils, macrophages and fibroblasts or stromal response within or at the 

margins of the lesion.  Semi-quantitative analysis of the sections revealed a 

significant (p<0.001) decrease in the extent of parenchymal necrosis severity 

score in 250 ppm CO-treated mice (1h/d, 3d/week, ten weeks total) compared to 

untreated control animals (Figure 14B). In addition, there was a trend (p= 0.06) 

toward a decreased severity score for WBC infiltration (Figure 14C).  The finding 

of decreased numbers of WBCs is consistent with our findings on decreased 

myelopoiesis, as it decreases the likelihood that hepatic sequestration was 

responsible for the decrease in WBC counts in CO-treated mice.  The decrease 

in parenchymal necrosis severity scores (Figure 14B) suggested that CO 

treatments are able to attenuate the pathophysiological processes that lead to 

organ damage in SCD mouse models.   
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Section IV: Discussion 

We report in this chapter that treatment of S+S-Antilles SCD mice with 25 or 

250 ppm inhaled CO for 1h/day, 3 days/week for 8-10 weeks decreased total 

mean WBC, neutrophil and lymphocyte counts in peripheral blood.  Decreased 

WBC counts were accompanied by reduced staining for myeloid and lymphoid 

markers in bone marrow and a decrease in CFU-GM in colony-forming cell 

assays.  In SCD, the insufficient amounts of HO-1 activity and CO in response to 

hemolysis can result in both increased inflammation and deficient 

cytoprotection47.  In our CO-treated SCD mice we saw a reduced heme content, 

WBC infiltration, and a significantly decreased severity in parenchymal necrosis 

in liver samples (Figure 14B), suggesting that CO-treatment is able to protect 

SCD organs from damage. In previous studies, we demonstrated that SCD 

mouse models have inadequate levels of HO-1 to compensate for hemolysis, 

and that they benefit from additional upregulation of HO-147.  For example, in a 

dorsal skin-fold chamber model, inhaled CO (250 ppm, 1h/day, 3 days in a row) 

significantly reduces vaso-occlusion in S+S-Antilles mice47,81,117.  In the current 

study, we present experiments which address the hypothesis that the chronic 

inflammation in SCD can be reduced by prolonged therapy with CO. Our results 

demonstrate that CO treatments are effective in decreasing leukocytosis and 

organ pathology in SCD. 

CO therapy for SCD has been explored previously by other groups.  In the 

1970s, Beutler and associates gave 1000-2000 ppm inhaled CO to two SCD 
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patients for brief intervals and achieved CO-Hb levels of up to 23.6%. They 

concluded that moderate elevations of the CO-Hb percentage may be beneficial 

for treating SCD patients admitted to the hospital for pain crisis131.   These 

studies were limited in their duration of CO exposure and in their final therapeutic 

endpoints. Additionally, Yallop and associates determined that environmental 

levels of CO (in parts per billion) are inversely correlated with hospital admission 

rates for SCD, with low levels of environmental CO resulting in a higher incidence 

of hospitalization161.  

This study is novel in that it provided exposure to low doses of CO to SCD 

mouse models for a defined time point over several weeks with the hope of 

inhibiting inflammation and preventing the pathophysiology of SCD, rather than 

alleviating acute symptoms. Levels of CO-Hb in patients exposed to CO do not 

correlate with the presence of symptoms or with outcomes when patients are 

admitted for CO poisoning61.  Both the CO dose and duration of exposure are 

elements which determine toxicity in both humans and animals. In our studies the 

dose of 250 ppm CO 1h/day, 3 days/week or 1h/day for 4-7 weeks was both non-

toxic and therapeutic for sickle mice.  Additionally, none of the sickle or normal 

mice died during the treatments, despite levels of CO-Hb reaching upwards of 

20% (Table 2).  Many have used COHb levels as a surrogate marker for 

hemolysis in SCD and other hemolytic conditions162.   However, the formation of 

COHb increases the capillary diffusion barrier and increases the retention of 

endogenous CO, making CO an sub-optimal measurement for hemolytic rate55.   
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We did not discover elevated baseline COHb in either of our SCD mouse 

models, however these models have been used by us and others and have 

documented hemolysis. Neither of these models in particularly anemic (Table 3), 

therefore, at the conclusion of the study, were we not surprised to find a 

significant change in the rate of hemolysis or reticulocyte count in CO-treated 

mice (Table 3).  At the same time, no change in VCAM or ICAM was detected at 

either the message or protein level (data not shown), indicating that CO does not 

create detectable changes in red cell-endothelial cell interactions.      

The most striking finding in our study was the significant reduction in 

leukocytes that occurred after 8-10 weeks of 250 ppm therapy80,92,94-95,163-165. 

Patient outcome studies have identified elevation in steady state absolute 

neutrophil count as a parameter that correlates highly with clinical disease 

severity165.  Therefore, a reduction of circulating leukocytes may prove highly 

beneficial to patients with SCD.   

Several mechanisms were explored to explain why CO-treatments 

significantly decreased leukocytosis in SCD mice. Sequestration of leukocytes 

was an unlikely mechanism, as normal C57BL/6J mice treated with CO had no 

change in WBC, CO-treated S+S-Antilles mice displayed no increase in organ 

weights (data not shown) and the organs of CO-treated mice displayed no 

increase in leukocytes upon histopathologic examination. Our analysis of serum 

cytokines in untreated and CO-treated mice did not find significant changes in 

cytokine levels in the serum of CO-treated sickle mice (Table 2). Our data 
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suggest that the treatments with CO are affecting either the HSC or their 

microenvironment to achieve reduced hematopoiesis.  This mechanism seems 

likely, as the changes occurred in both the lymphoid and myeloid lineages 

(Figures 12-15), which rely on similar, but distinct cytokines for their 

differentiation.  In addition, when the bone marrow cells were removed from their 

SCD microenvironment and from CO exposure into a controlled environment 

during CFU assays (Figure 9), a significant decrease in CFU-GM was found 

compared to controls.   Therefore, CO is able to modulate stress hematopoiesis 

without having an appreciable effect on cytokine levels. 

The data presented provides evidence that CO treatments were affecting 

stress hematopoiesis in SCD mice.  Under normal physiological conditions, a 

balance exists in the bone marrow between multiple cell cycle regulators that 

control the ability of HSC to remain quiescent (G0) or to proliferate and 

differentiate into hematopoietic multipotent progenitor cells (MPP)40.  If the HSC 

differentiate and proliferate into MPP, they are further committed to myeloid or 

lymphoid progenitor cells via the interaction and controlled expression of multiple 

transcription factors, cytokines, and cell cycle regulators40,141,144,166-168. Under 

stress conditions, the restrictions on HSCs are reduced pushing them toward 

proliferation into MPP, which are then further pushed via cytokines and 

transcription factors toward increased mature cell production40,121-122,124. The 

steady state elevation of leukocytes in the SCD mice is similar to models of 

hematopoietic stress40,121.   The data presented demonstrated that SCD mice 
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that received 250 ppm CO for 1/day, 3 days/week have a significant decrease in 

leukocytosis.   Additional analysis of LT-HSC, ST-HSC, and MPP cell populations 

in untreated and 250 ppm CO mice demonstrated that the population levels of 

LT-HSC remained steady, but that levels of both ST-HSC and MPP were 

significantly decreased (Figure 8).  Additionally, analysis of bone marrow for cell 

cycle stage revealed a significant decrease in cells in phase G1 but no changes 

in S phase or G2-M in CO-treated mice.   This may indicate an overall increase in 

quiescence (G0) within the LT-HSC leading to fewer cells differentiating into CLP 

and CMP. Therefore, the data presented in this study provides strong evidence 

for a decreased rate of stress hematopoiesis as the primary mechanism for the 

decreased leukocytosis in CO-treated mice.   

A recent publication which explores the importance of HO-1 in the response 

of HSC to stress in mice heterozygous for HO-1 supports our observations40.  

This study demonstrated that the HO-1 heterozygous mice have an accelerated 

response to chemotherapy and radiation-induced stress compared to normal 

animals, with HO-1+/- mice displaying leukocytosis and reticulocytosis 2-3 weeks 

after treatment.  The authors hypothesized that the insufficiencies of HO-1 in 

HSC lead to inadequate amounts of endogenous CO needed to maintain HSC 

homeostasis. Although S+S-Antilles mice have increased expression of HO-1 

relative to C57BL/6J controls, S+S-Antilles mice may be HO-1 deficient relative 

to the amount of heme overload created by the HbS mutation, making them 

similar to the heterozygous HO-1 mice.  The addition of CO to stressed sickle 
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mice may affect signaling pathways which inhibit the hematopoietic stress 

response.   

One potential mechanism of CO therapy is through its ability to influence 

mitochondrial biogenesis and function. Mitochondria are the key to metabolism, 

redox regulation, and signal transduction and function in the maintenance of  

hematopoietic homeostasis through a variety of mechanisms including control of 

adenosine triphosphate (ATP) production, release of caspapses, and other 

essential metabolic functions120.  Additionally, mitochondria are the primary 

sources of reactive oxygen species (ROS) in the cells due to the generation of 

ATP through the electron transport chain169.  CO binds only the ferrous heme, 

encumbering its capacity to handle O2 in the usual way. The presence of the CO-

bound form, however, does keep iron from participating in redox cycling, a 

potentially important antioxidant mechanism that may limit superoxide-driven 

Fenton chemistry in the cell160. The specific inhibition of complex III is critical to 

CO’s effects, as inhibition of other hemeproteins (especially NADPH-oxidase) 

does not affect the ability of CO to protect cells56.   When complex III in inhibited 

by CO, the generation of ROS and the inhibition of cytochrome c oxidase 

(complex IV) lead to the activation of p38 MAPK.  Therefore, CO inhibition of 

mitochondria complex III and the subsequent generation of mitochondrial ROS 

are responsible for the anti-inflammatory properties of CO.   

Both mitochondria ROS generation and p38 MAPK have been implicated as 

important factors in HSC differentiation and quiescence170-171. Superoxide 
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dismutase 2 (SOD2) is nuclear-encoded mitochondrial localized antioxidant 

enzyme. SOD2 is also known as mitochondrial superoxide dismutase or 

manganese SOD (MnSOD) and is responsible for reducing toxic ROS in the 

mitochondria. Interestingly, carbon monoxide (CO), a by-product of HO-1, has 

been shown to increase levels of MnSOD113.  MnSOD is responsible for the 

conversion of superoxide to H2O2, which then becomes water through reactions 

with glutathione peroxidase and catalase172.  Levels of MnSOD affect intracellular 

ROS levels, which is important for the maintenance of hematopoietic 

homeostasis.  Experiments have discerned that HSC which contain high levels of 

ROS have differentiation skewed toward  myeloid lineages, but that a low level of 

ROS promoted selection for LT-HSC171.  Additional studies have demonstrated 

that increased MnSOD in cell types decreased superoxide levels and the number 

of cells in G2, leading to an increase in quiescence172.  In our CO-treated SCD 

mice the lineage positive bone marrow had an increase in MnSOD mRNA 

expression compared to controls, but no change in frequency of cells in phase 

G2. Interestingly, cyclin D1 levels have been found to be inversely related to 

MnSOD levels172.   In our work this was not the case, as cyclin D1 levels were 

also significantly increased in the SCD mice that received CO.    One explanation 

for this may be the increase in p21, which serves as a cyclin inhibitor and whose 

upregulation has been linked to p53-dependent senescence173.    Of note, the 

mRNA levels of MnSOD, p21, and cyclin D1 in the lineage negative bone marrow 

fraction of SCD mice was not changed by CO-treatments, indicating that the 
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effect of CO therapy is also determined by the tissue or cell population.  

Regardless, the results of these studies indicate that the interaction of HO-1/CO 

plays an important role in maintaining hematopoietic homeostasis within the stem 

cell compartment.  

CO is an “anti-inflammatory” molecule because it activates several anti-

inflammatory signaling pathways through generation of low levels of oxidants via 

blockade of the mitochondrial respiratory chain54.  Frank inhibition of the 

respiratory chain by CO also mimics hypoxia by slowing ATP production, cell 

growth160, and stimulating the hypoxia-inducible-factor-1-alpha (HIF-1α) pathway. 

Additionally, hypoxia leads to differentiation arrest in HSC and is important in the 

maintenance of quiescence171,174-177.  CO-treated mice also had significant 

decrease in bone marrow CFU-GM (Figure 9), a finding that mirrors what occurs 

when human CD34+ HSC cells are cultured in hypoxic conditions176. Therefore, 

CO-treatments in SCD may increase the hypoxic environment and HIF-1α levels 

in the hematopoietic compartment needed to decrease HSC differentiation. To 

explore the functional role of the upregulation HIF-1α on gene expression, we 

examined an array of hypoxia-responsive genes in mouse spleens using a qRT-

PCR-based array (Figure 11B).   Of the 84 hypoxia-related genes assessed in 

this array, six demonstrated significant changes in expression, with five (Angptl4, 

Bhlhb2, Ctgf, Hif3a, NOS2) having a 1.5-fold or greater decrease and one 

(Cdc42) displaying a 1.6-fold increase.   
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Cdc42 is a Rho-GTPase family member known to be a critical player in the 

balance between myelopoiesis and erythropoiesis through its association with 

the bone marrow niche and promyeloid transcription factors, such as PU.1153-

154,178. Cdc42 is important for maintenance of HSC homeostasis and also for 

homing and motility of mature cells179.   There is an increase in apoptosis within 

the HSC when mice have a gain-of-function mutation in Cdc42. The HSC from 

Cdc42 knockout mice display increased cell cycle activity which ultimately leads 

to a fatal myeloproliferative disordered characterized by myeloid 

hyperproliferation with concordant upregulation of PU.1 and c-myc and 

decreased expression of p21, β1-integrin, N-cadherin145,153,180.   

Both sickle patients and sickle mouse models have extramedullary 

hematopoiesis.  In the sickle mouse model the spleen is one site of florid 

hematopoiesis.   The hypoxia gene-array studies were performed in spleen 

samples, which discovered that CO-treated sickle mice had a 1.6 fold increase in 

Cdc42 expression compared to untreated mice.    This finding was intriguing, as 

SCD mice display characteristics similar to the older Cdc42 knockout mice, which 

also have leukocytosis and neutrophilia. Therefore, we were attracted by the 

possibility that CO-treatments were also affecting a transcription factor critical to 

myeloid development in a site of extramedullary hematopoiesis and therefore 

looked at expression levels of PU.1 (Spi-1). PU.1 is a member of the Ets family of 

transcription factors and is one of the most important regulators of granulocyte 

and lymphoid lineage development. PU.1 is necessary for both HSC self-renewal 
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and generation of early granulocyte and lymphoid progenitors144.   The spleens of 

the CO-treated mice had significant decrease in PU.1 mRNA expression (Figure 

11C), indicating that CO treatments may decrease granulocytes by altering 

transcription factor expression.  

In contrast to the gene expression array performed in the spleen, both the 

lineage negative and lineage positive bone marrow fractions from CO-treated 

sickle mice had a significant decrease in the Cdc42 expression, and no change 

in PU.1 expression.   In the lineage negative bone marrow fraction of CO-treated 

mice there was an increase in cyclin D1 and a trend toward an increase in p21.   

The Cdc42 knockout mice displayed and decrease in cyclin D1 and p21 as well 

an increase in HSC in phase G1 of the cell cycle, which is the opposite of what 

we found in our study of CO-treated SCD mice145.   Interestingly, the lineage 

negative bone marrow fraction from CO-treated mice, which theoretically more 

enriched for LT-HSC, also had a significant decrease in β1-integrin.   Studies of 

the Cdc42 knockout mice noted that a decrease in β1-integrin was associated 

with decreased LSK cell migration in response to stem cell derived factor-1α 

(SDF-1α)145.   Therefore, a decrease of Cdc42 in this cell fraction may lead to 

fewer HSC leaving the bone marrow for the peripheral blood.  Ultimately, CO-

treatments may be decreasing stress hematopoiesis and leukocytosis in SCD by 

modulating cell-specific levels of Cdc42 expression and activity. 

The hypoxia gene array suggests another potential mechanism by which CO-

mediated changes in HIF-1α expression may be affecting the SCD mice.  This 
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mechanism involves regulating expression of  inducible nitric oxide synthase 

(iNOS/NOS2)129. The NOS family of enzymes is categorized into three 

thoroughly characterized isozymes: the neuronal (nNOS/NOS1), the endothelial 

(eNOS/ NOS3), and the inducible (iNOS/NOS2) isoforms. NOS1 and NOS3 are 

constitutively expressed, and their activity is Ca2+- dependent, whereas the iNOS 

enzyme is Ca2+- independent129. The enzymes are active as dimers, but also 

require cofactors181. The monomeric form of the enzymes can produce 

superoxide (O2
-) and peroxynitrite (ONOO-). In SCD there is an excess of 

oxidants, depletion of tetrahydrobiopterin (BH4) and high levels of arginase due 

to hemolysis, all factors facilitating NOS uncoupling. These factors contribute to a 

global reduction in NO responsiveness and bioavailability in SCD which is 

associated with an augmented vasoconstrictor tone127.  It has been previously 

demonstrated that SCD mouse models have increased kidney expression of 

iNOS, and that inhibition of iNOS decreased kidney pathology via decreased 

production of O2
- and ONOO-182.     In addition, a recent study has demonstrated 

that CO treatments in cultured hepatocytes leads to decreased iNOS protein 

expression183.  In our study CO treatment did not change iNOS protein levels in 

livers (data not shown); however, we did see a significant decrease in iNOS 

mRNA expression in spleens (Figure 11B).  Further work into the interaction in 

hematopoiesis between the HO-1/CO system and the NOS enzymes in SCD is 

warranted. 
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Each of the other genes whose expression was decreased in the hypoxia 

array has a myriad of interactions with proteins that may play a role in SCD 

pathogenesis; although the importance of these genes in HSC 

quiescence/differentiation or in SCD pathogenesis has not been extensively 

explored.  For example, angiopoietin-like-4 (Angptl4) was significantly decreased 

in CO-treated mice.  Angptl4 is an important regulator of glucose homeostasis, 

insulin sensitivity, and lipid metabolism and is also a potent anti-angiogenesis 

molecule.  Angptl4 also significantly affects protein expression and respiratory 

chain activity of liver mitochondria, which are essential for CO-mediated 

generation of ROS184.   Another gene decreased in CO-treated SCD mice, 

connective tissue growth factor (Ctgf), promotes fibroblast proliferation, matrix 

production, angiogenesis and granulation tissue formation185.  To date, neither of 

these genes has been implicated in either HSC biology or SCD pathogenesis. 

Further exploration into these genes, and the others in the array, are reasonable 

to uncover new mechanisms by which CO activation signaling pathways may 

play a role in reducing SCD pathogenesis. 

Liver homogenates from our 250 ppm CO-treated mice (1h/day, 3 days/week, 

8 weeks total), had an increase in p38 MAPK.  This result along with the 

decrease in parenchymal necrosis and WBC infiltration are consistent with other 

studies of inhaled CO therapy in hepatic ischemia-reperfusion injury186. 

Mammalian p38 MAPKs show similar roles and activation in response to a 

variety of extracellular stimuli such as UV light, heat, osmotic shock, 
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inflammatory cytokines (TNF-α and IL-1), and growth factors. Therefore, 

activation of each p38 is not only dependent on stimulus but also on cell type187.  

For example, the anti-inflammatory effect of CO has been linked to p38β 

activation of heat shock protein 70 (Hsp70) in endothelial cells.  Additionally, p38 

MAPK has been linked to decreased cell proliferation through its ability to interact 

with cell cycle protein and p53 pathways in tumor cells and vascular smooth 

cells187. Therefore, activation of p38 MAPK may be only one component of an 

integrated adaptive response to oxidants generated as a consequence of the CO 

therapy in SCD. A good example of p38 MAPK not being sufficient alone to 

protect cells occurs in models of cardiac damage, with an inhibition of p38 MAPK 

unable to ablate the cardio-protective properties of CO55.   Therefore, activation 

of other signaling pathways, such as Akt, may work in concordance with 

activated p38 MAPK to reduce pathology in SCD. 

Akt, a serine/threonine kinase, is recruited to the cell membrane by 

phosphatidylinositol 3-kinase (PI3K) and activated by phosphorylation188.  Akt 

has the ability to phosphorylate multiple substrates, making it a central regulator 

of multiple signaling cascades, including, but not limited to pathways involved in 

cell survival and proliferation, metabolism, and protein synthesis189.  In addition, 

Akt also plays a role in mitochondrial biogenesis and has been associated with 

an increase in mitochondria biogenesis and CO’s antioxidant properties55,190-191.   

Multiple studies over the years have demonstrated that dysregulation of 

mitochondrial biogenesis leads to endothelial dysfunction192-193. Akt is able to 
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increase mitochondria biogenesis through its ability to phosphorylate glycogen 

synthase kinase (GSK-3β), which releases its inhibition of the basic leucine 

zipper transcription factor NF-E2 related factor 2 (Nrf2).   Nrf2 is then able to 

activate transcription of nuclear respiratory factor 1 (NRF1) and other antioxidant 

genes, which in turn increases nuclear mitochondrial biogenesis and the 

expression of HO-1 and other antioxidant proteins55,191,194-197. Akt also protects 

mitochondrial integrity by phosphorylating caspase-9 and preventing cytochrome 

c mediated activation of the caspase-9 apoptotic pathway189.  The forkhead 

transcription factor contains four members: FoxO1, FoxO3a, FoxO4, and FoxO6. 

The FoxO proteins are normally present in an active state in a cell’s nucleus, but 

when Akt phosphorylates them at one of the three consensus Akt sites on the 

FoxO proteins, they are inactivated and transported out of the nucleus, where 

they are unable activate transcription of pro-apoptotic Fas and Bcl-2198-199. 

Therefore, activation of Akt by CO therapy in SCD may initiate many anti-

apoptotic programs to prevent ischemia-reperfusion injury and reduce pathology.    

Activation of p38 MAPK and Akt has been associated with an increase in HO-

1 protein20-21,158.   Indeed, in our studies we demonstrated that inhaled CO 

(1h/day, 3 days/week, ten weeks total) significantly (p<0.05) increased HO-1 and 

ferritin heavy chain protein expression in SCD livers (Figure 13).    Interestingly, 

there was also a trend towards decreased free heme (Figure 12), which may be 

a consequence of increased HO-1 protein expression.   The increased in FHC 

protein by CO therapy may be another reason why liver pathology was 
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decreased.   Redox-active iron can be effectively controlled by ferritin through 

iron sequestration and ferroxidase activity, which oxidizes iron from Fe2+ to Fe3+ 

for safe storage inside of ferritin200. FHC has been shown to protect endothelial 

cells from oxidative stress and tumor-necrosis-factor-α (TNF-α) mediated 

apoptosis7.   Therefore, in SCD the increase of HO-1 and FHC proteins may be 

beneficial to prevent heme and iron-mediated pathologies. 

In conclusion, in this chapter we have used two different models of SCD, the 

hBERK and the S+S-Antilles, to demonstrate that CO therapy reduces 

leukocytosis.   Leukocytosis, a predictor of poor outcome in human SCD patients, 

was reduced in SCD mice through the ability of the CO-treatment to inhibit stress 

hematopoiesis in SCD mice.  This conditioning of the HSC allows for better 

adaptation to the hemolytic burden of SCD.  In support of this hypothesis is the 

finding that CO therapy in the S+S-Antilles mouse model leads to a reduction in 

total organ heme content and the activation of anti-apoptotic and anti-

inflammatory p38 MAPK and Akt pathways.  In addition, CO treatment further 

upregulates HO-1 and FHC, which may prevent additional iron-mediated 

pathology200.   Ultimately, we demonstrate CO therapy in SCD mice results in a 

reduced WBC infiltration in the livers, but also a significantly decreased severity 

in parenchymal necrosis.   Collectively, these mechanisms work together to 

make CO a potential therapy to modify and reduce the severity of SCD.   Further 

work on the mechanisms involved in the efficacy of CO treatment in both SCD 
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animal models and humans is needed to unlock the full therapeutic potential of 

this molecule.   
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Section V: Table and Figure Legends 

Table 1: Primers used for qRT-PCR analysis  

Table 2: CO-Hb Levels in Mice Treated with CO for 1h (mean % ± SE). Table 

previously published and used with permission from The American Physiology 

Society201.  

Table 3: Reticulocyte Count and Hematocrit in Mice Treated for Ten Weeks 

(1h/day, 3 days/week) with Inhaled CO (mean % ± SE). Table previously 

published and used with permission from The American Physiology Society201. 

Table 4: qRT-PCR Results for Lineage Positive Bone Marrow from Mice Treated 

with CO for 1h/day for 24 days (mean ± SE). 

Table 5: qRT-PCR Results for Lineage Negative Bone Marrow from Mice 

Treated with CO for 1h/day for 24 days (mean ± SE). 

Table 6: Serum Cytokine Levels in S+S-Antilles Mice with and without CO 

Treatment. Table previously published and used with permission from The 

American Physiology Society201.  

Figure 1: Inhaled CO Reduces White Blood Cell Counts in SCD mice. 

C57BL/6J (n=10-12 mice/treatment), hetBERK (n=8-12 mice/treatment), and 

S+S-Antilles (n=8 mice/treatment) were treated with either 25 or 250 ppm inhaled 

CO for 1h/day, 3 days/week for ten weeks. Control animals were kept in ambient 

air.  Blood was drawn via cardiac puncture 24h after the final CO treatment and 

complete blood counts were measured.  Total mean WBC (A), neutrophil (B), 
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lymphocyte (C), and platelet (D) counts are shown by treatment group. Values 

are mean ± the standard error of means (SE), * p<0.05 compared to untreated 

controls using analysis of variance (ANOVA). Figure previously published and 

used with permission from The American Physiology Society201.  

Figure 2: Kinetics of White Count Decrement during CO Treatment. Weekly 

WBC counts were performed on seven age-matched S+S-Antilles mice for two 

consecutive weeks to determine mean baseline WBC (week 0).  The mice then 

received 250 ppm inhaled CO 1h/day, 3 days/week, 1h/day.  After seven weeks 

of CO there was a significant decrease in mean WBC counts.  CO treatments 

were continued for an additional week (week 8), and then discontinued.   The 

mean WBC counts of the mice remained significantly lower for five weeks (weeks 

9-13) after CO withdrawal.  Values are mean ± SE, # p<0.05 compared to 

baseline using a one-way repeated measure ANOVA.  Figure previously 

published and used with permission from The American Physiology Society201.  

Figure 3: 250 ppm CO-treatments Decrease Mature Myeloid (MPO Positive) 

Cells in the Bone Marrow of S+S-Antilles Mice. S+S-Antilles mice (n=4) were 

treated with 250 ppm CO, 3 days per week, 1h per day for eight weeks. After 

eight weeks, bone marrow from the treated mice and untreated age-matched 

S+S-Antilles control mice (n=5) was collected and stained for myeloperoxidase 

(MPO). A. and B. Representative FACS plots of the forward scatter (FSC) versus 

side scatter (SSC) profiles of control (A) and 250 ppm CO-treated (B) S+S-
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Antilles mice.  C. and D. Representative FACS plots of the MPO versus SSC 

gating of control (C) and 250 ppm CO-treated (D) S+S-Antilles mice.  E. Bar 

graph demonstrating the significant decrease in the percent of MPO positive cells 

in mouse bone marrow from 250 ppm CO-treated S+S-Antilles mice (15.6 ± 

3.4%) compared to control S+S-Antilles mice (36.5 ± 2.8%).  Mean % MPO ± SE, 

* p-value <0.01 compared to controls using student t-test.  Figure previously 

published and used with permission from The American Physiology Society201.  

Figure 4: 250 ppm CO-treatments Decrease Myeloid Precursors in S+S-

Antilles Bone Marrow. S+S-Antilles mice (n=4) were treated with 250 ppm CO 3 

days per week, 1h per day for eight weeks. After eight weeks, bone marrow from 

the treated mice and age-matched controls (n=5) was collected and stained for 

GR-1 (Ly-6) and CD71 (transferrin receptor). A. and B. Representative FSC 

versus CD71 FACS plots gating for CD71+ and CD71- populations in untreated 

control (A) and 250 ppm CO-treated (B) S+S-Antilles mice.  C. Bar graph 

showing the percent of CD71- (erythroid) cells in mouse bone marrow in 250 ppm 

CO-treated S+S-Antilles mice compared to untreated control S+S-Antilles mice 

(p=0.17). D. and E. Representative GR-1 versus CD71 FACS plots featuring 

CD71 gating for the GR-1+CD71- (myeloid) population in control (D) and 250 ppm 

CO-treated (E) S+S-Antilles mice.  F. Bar graph demonstrating the significant 

decrease in the percent of GR-1+CD71- (myeloid) cells in mouse bone marrow in 

250 ppm CO-treated S+S-Antilles mice compared to untreated control S+S-

Antilles mice. G. and H. Representative FACS plots for the GR-1 versus CD71 
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gating for the GR-1-CD71+ (erythroid) population in untreated control (G) and 250 

ppm CO-treated (H) S+S-Antilles mice.  I. Bar graph showing the percent GR-1-

CD71+ (erythroid) cells in mouse bone marrow in 250 ppm CO-treated S+S-

Antilles mice (20.1 ± 4.8%) compared to control S+S-Antilles mice (14.3±1.6 

%)(p=0.25). Values are mean % positive cells ± SE, *p<0.01 compared to 

controls using student t-test.  Figure previously published and used with 

permission from The American Physiology Society201.  

Figure 5: 250 ppm CO-treatments Increase the Megakaryocyte-Erythroid 

Progenitor Population in S+S-Antilles Bone Marrow. S+S-Antilles mice (n=3) 

were treated with 250 ppm CO, 1h per day for seven weeks. Bone marrow from 

the treated mice and age-matched controls (n=4) was collected and stained for 

the following markers: lineage, CD127, Sca-1, c-kit, CD34, CD16/32. Gating for 

each cell population was performed according to protocol140. Common myeloid 

progenitor (CMP) cells are lineage-, CD127-, Sca-1-, c-kit+, CD34+, CD16/32-, 

granulocyte-macrophage progenitor (GMP) cells are lineage-, CD127-, Sca-1-, c-

kit+, CD34+, CD16/32+, and megakaryocyte-erythroid progenitor (MEP) cells are 

lineage-, CD127-, Sca-1-, c-kit+, CD34-, CD16/32-. Bar graph showing the percent 

of CMP, GMP, and MEP cells in mouse bone marrow in 250 ppm CO-treated 

S+S-Antilles mice compared to untreated control S+S-Antilles mice. *p<0.05 

compared to controls using student t-test.   



 

99 
 

Figure 6: 250 ppm CO-treatments Decrease the Common Lymphoid 

Progenitor Population in S+S-Antilles Bone Marrow. S+S-Antilles mice (n=4) 

were treated with 250 ppm CO 3 days per week, 1h per day for eight weeks. 

After eight weeks, bone marrow from the treated mice and age-matched 

untreated controls (n=5) was collected and stained for CD45R and CD117 (c-kit). 

A.  Representative FSC versus SSC FACS plots for control and 250 ppm CO-

treated S+S-Antilles mice.  B. Representative CD45R versus SSC FACS plots of 

control and 250 ppm CO-treated S+S-Antilles mice featuring the gating for 

CD45R+ cells. C. Representative CD117 versus CD45R micrograph for the 

gating performed on the CD45R+ population for CD117low cells, with the gate set 

for expression levels between 102-103 fluorescence intensity.  D. Bar graph 

demonstrating the significant decrease in the percent of CD45R+CD117low cells in 

mouse bone marrow in 250 ppm CO-treated S+S-Antilles mice compared to 

untreated control S+S-Antilles mice.  Values are mean % positive cells ± SE, 

*p<0.05 compared to controls using student t-test. Figure previously published 

and used with permission from The American Physiology Society201.   

Figure 7: 250 ppm CO-treatments Significantly Increased Immature 

Hematopoietic Cells in S+S-Antilles Bone Marrow. S+S-Antilles mice (n=4) 

were treated with 250 ppm CO 3 days per week, 1h per day for eight weeks. 

After eight weeks, bone marrow from the CO-treated mice and untreated age-

matched controls (n=5) was collected and stained for CD135 (flk2) and CD90.1 

(Thy1.1). A. and B. Representative SSC versus CD90.1 FACS plots featuring the 
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gating of CD90.1+ populations in untreated control (A) and 250 ppm CO-treated 

(B) S+S-Antilles mice. C. and D. Representative SSC versus CD135 FACS plots 

for the CD90.1+ populations in control (A) and 250 ppm CO-treated (B) S+S-

Antilles mice. E. Bar graph demonstrating the significant increase in the percent 

of CD90.1+CD135+ cells in mouse bone marrow in 250 ppm CO-treated S+S-

Antilles mice compared to control S+S-Antilles mice.  Values are mean % 

positive cells ± SE, * p<0.001 compared to controls using student t-test.  Figure 

previously published and used with permission from The American Physiology 

Society201.  

Figure 8: 250 ppm CO-treatments Significantly Decrease Short-term 

Hematopoietic Stem Cells and Multipotent Progenitor Cells in S+S-Antilles 

Bone Marrow. S+S-Antilles mice (n=3) were treated with 250 ppm CO, 1h per 

day for seven weeks. Bone marrow from the treated mice and age-matched 

controls (n=4) was collected and stained for the following markers: lineage, Sca-

1, c-kit, CD34-, CD135. Population of long-term hematopoietic stem cells (LT-

HSC; lineage-, Sca-1+, c-kit+, CD34-, CD135-), short-term hematopoietic stem 

cells (ST-HSC; lineage-, Sca-1+, c-kit+, CD34+, CD135-) and multipotent 

progenitor cells (MPP; lineage-, Sca-1+, c-kit+, CD34+, CD135+) was determined 

by performing gating for each cell population according to protocol 140.  Bar graph 

showing the percent of LT-HSC, ST-HSC, and MPP cells in mouse bone marrow 

in 250 ppm CO-treated S+S-Antilles mice compared to untreated control S+S-
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Antilles mice. *p<0.05 compared to controls using a two-way ANOVA test with 

Holm-Sidak post-test.   

Figure 9: 250 ppm CO-treatments Decrease the CFU-GM Precursor 

Population in S+S-Antilles Bone Marrow. S+S-Antilles mice (n=4) were treated 

with 250 ppm CO 3 days per week, 1h per day for eight weeks. After eight 

weeks, bone marrow from the CO-treated mice and age-matched untreated 

controls (n=5) was collected and methycellulose colony-forming unit assays were 

performed with three assay dishes per animal.  After ten days in culture, BFU-E, 

CFU-GEMM, and CFU-GM were counted and the percent of total colonies 

counted was calculated.   Values are mean % colonies counted ± SE, *p<0.01 

compared to control using student t-test.  BFU-E= blood-forming unit erythroid.  

CFU-GEMM= colony-forming unit granulocyte,erythrocyte, macrophage, 

megakaryocyte.  CFU-GM= colony-forming unit granulocyte-macrophage. Figure 

previously published and used with permission from The American Physiology 

Society201.  

Figure 10: 250 ppm CO-treatments Significantly Decrease Lineage Positive 

Bone Marrow Cells in Phase G1 of the Cell Cycle. S+S-Antilles mice (n=3) 

were treated with 250 ppm CO, 1h per day for 24 days. Cells were fixed and 

stained with propidium iodide (PI)/RNase staining buffer. A. data was analyzed 

using the Watson model programmed in the cell cycle analysis platform. B.  Bar 

graph showing the frequency of cell cycle phase in mouse bone marrow in 250 
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ppm CO-treated S+S-Antilles mice compared to untreated control S+S-Antilles 

mice. *p<0.05 compared to controls using a two-way ANOVA test with Holm-

Sidak post-test. 

Figure 11: 250 ppm CO-treatments Increase Expression of HIF-1α Protein 

and Several Hypoxia-related Transcription Factors in the Spleens of S+S-

Antilles Mice. Protein and RNA samples were isolated from the spleens of 

untreated control (n=4) and 250 ppm CO-treated (n=4) S+S-Antilles mice.  A. 

Western blot of splenic HIF-1α and GAPDH protein expression with 

corresponding densitometry bar graph in 250 ppm CO-treated S+S-Antilles mice 

compared to untreated controls. Splenic RNA samples were analyzed for gene 

expression using a hypoxia gene array. B. Bar graph summarizing the findings of 

the hypoxia genes arrays conducted on untreated control and 250 ppm CO-

treated S+S-Antilles spleen RNA samples (n=3 mice per treatment) is presented. 

Six genes were found to have at least a 1.5 fold difference (p<0.05) in expression 

between untreated control versus 250 ppm CO-treated S+S-Antilles.  C. Graph of 

qRT-PCR data demonstrating a significant decrease in the relative expression of 

the promyeloid transcription factor PU.1 in S+S-Antilles mice treated with 250 

ppm CO compared to untreated control mice (n=3 RNA samples per group).   

Values are mean relative expression ± SE, *p<0.05 compared to control using 

student t-test. 
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Figure 12: 250 ppm CO-treatments Decrease Heme Content in the Livers of 

S+S-Antilles Mice. Liver organ homogenates from untreated control, 25 ppm 

CO-treated and 250 ppm CO-treated C57BL/6J and S+S-Antilles mice. CO 

treatments were 1h/day, 3 days/week for ten weeks with n=8 animals per 

treatment and strain. Bar graph showing the heme content (nmoles heme/µg 

DNA) of treated mice. The livers of S+S-Antilles mice have significantly 

(p<0.001) elevated heme contents compared to C57BL/6J mice using a two-way 

ANOVA with Holm-Sidak all pairwise multiple comparison).   There is a trend 

(p=0.106 and p=0.148 respectively) towards a decrease in liver total heme 

content in CO-treated S+S-Antilles mice compared to untreated mice. 

Figure 13: 250 ppm CO-treatments Increases Phospho-p38MAPK, Phospho-

Akt, HO-1, and FHC Protein Expression in the Livers of S+S-Antilles Mice.  

Protein samples and nuclear extracts were isolated from the livers of control and 

250 ppm CO-treated S+S-Antilles mice.  A. Western blot showing phospho-p38 

MAPK and phospho-Akt expression in nuclear extracts from the livers of S+S-

Antilles mice treated for eight-weeks with 250 ppm CO compared to untreated 

controls.   Total p38 MAPK and Akt protein expression in the nuclear extracts did 

not change.  B. Western blots of HO-1, FHC, and GAPDH protein expression 

with corresponding densitometry bar graph of the HO-1 to GAPDH and FHC to 

GAPDH ratios in liver protein samples from S+S-Antilles mice treated for ten-

weeks with 250 ppm CO compared to untreated controls.  Values are mean 

relative expression ± SE, *p<0.05 using compared to control student t-test. HO-
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1= heme oxygenase-1, FHC= ferritin heavy chain. Figure previously published 

and used with permission from The American Physiology Society201.  

Figure 14: 250 ppm CO Reduces Parenchymal Necrosis Severity in the 

Livers of S+S-Antilles Mice. Histopathology slides of the livers from S+S-

Antilles mice treated with 250 ppm CO for ten weeks (1h/day, 3days/week) and 

untreated control mice analyzed semi-quantitatively by two pathologists (n=7-8 

animals per group). Results were analyzed using Chi-square statistics.  A. 

Representative micrograph of liver from an S+S-Antilles mouse demonstrating a 

clearly delineated, irregular area of hepatic  coagulative necrosis (arrow). Bar = 

100 µm.   Parenchymal necrosis severity (B.) and WBC infiltration severity (C.) 

Bar graphs compare the number of animals assigned the severity scores from 1 

(less severe) to 3 (most severe) in untreated control and 250 ppm CO-treated 

S+S-Antilles mice.  Figure previously published and used with permission from 

The American Physiology Society201.  
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Section VI: Tables 

Table 1: Primers used for qRT-PCR analysis 

Sequence Sequence (5'-3') Direction 
CDC42 TGCCCCTGTCAGTCATTTTC Forward 

  AGGAGATGGCAATCATCAGC Reverse 
p21 CTGTCTTGCACTCTGGTGTCTGAG Forward 

  TTTTCTCTTGCAGAAGACCAATCTG Reverse 
Cyclin D1 GTGACCCGGACTGCCTCCGT Forward 
  CGACGTTCTGCTGGGCCTGG Reverse 

β-1 
integrin CAGAGCTGAGCAGCGTCGCA Forward 

  TTCCCAGAGGGCAGCCAGCA Reverse 
MnSOD GCAGCTGCACCACAGCAAGC Forward 

  ACATCTCCCTTGGCCAGAGCC Reverse 
PU.1 ACACCATGTCCACAACAACG Forward 

  ATCTGTTCCAGCTCCATGTG Reverse 
GAPDH CTGGTCACCAGGGCTGCTTT Forward 
  TGGAATTTGCCATGGGTGGA Reverse 
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Table 2: CO-Hb Levels in Mice Treated with CO for 1h (mean % ± SE). 

Treatment Group 
Hours after 
Treatment 

C57BL/6J S+S-Antilles 

n=4 per group n=5-9 per group 

No Treatment 0 1 ± 0.0 1 ± 0.0 

 1h 25 PPM  CO 0 1 ± 0.0 2 ± 0.0 

 1h 25 PPM CO 24 <1  1 ± 0.0 

1h 250 PPM CO 0 14 ± 0.0 21.8 ± 0.8 

1h 250 PPM CO 24 <1  1 ± 0.0 

  



 

107 
 

Table 3: Reticulocyte Count and Hematocrit in Mice Treated for Ten Weeks (1h/day, 3 days/week) with Inhaled CO 

(mean % ± SE). 

Treatment Control 25 PPM 250 PPM 

Strain C57BL/6J S+S-Antilles C57BL/6J S+S-Antilles C57BL/6J S+S-Antilles 

  n=11 n=8 n=12 n=8 n=12 n=8 

Hematocrit 49.6 ± 0.6 46.5 ± 1.0 49.8 ± 1.4 49.5 ± 1.5 49.0 ± 0.4 48.5 ± 1.4 

Reticulocyte  2.4 ± 0.3 4.7 ± 0.4 2.2 ± 0.2 4.2 ± 0.1 1.9 ± 0.2 4.6 ± 0.4 
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Table 4: qRT-PCR Results for Lineage Positive Bone Marrow from Mice 

Treated with CO for 1h/day for 24 days (mean ± SE) 

 

Gene Control 250 ppm p-value 
CDC42 0.97 ± 0.004 0.94 ± 0.009 0.016 

p21 0.52 ± 0.003 0.53 ± 0.005 0.062 
Cyclin D1 0.98 ± 0.002 0.10 ± 0.009 0.046 

β-1 integrin 0.91 ± 0.004 0.91 ± 0.007 0.472 
MnSOD 0.88 ± 0.004 0.89 ± 0.003 0.018 

PU.1 0.82 ± 0.01 0.81 ± 0.009 0.682 
p-values compare controls versus 250 ppm treated animals using Student’s t-test or 
Mann-Whitney Rank Sum Test.   
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Table 5: qRT-PCR Results for Lineage Negative Bone Marrow from Mice 

Treated with CO for 1h/day for 24 days (mean ± SE) 

 

Gene Control 250 ppm p-value 
CDC42 0.83 ± 0.06 0.66 ± 0.05 0.037 

p21 0.61 ± 0.03 0.54 ± 0.05 0.265 
Cyclin D1 0.91 ± 0.04 0.74 ± 0.07 0.052 

β-1 integrin 0.91 ± 0.03 0.80 ± 0.03 0.019 
MnSOD 0.77 ± 0.03 0.73 ± 0.05 0.543 

PU.1 0.88 ± 0.03 0.85 ± 0.06 0.658 
p-values compare controls versus 250 ppm treated animals using Student’s t-test or 
Mann-Whitney Rank Sum Test. 
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Table 6: Serum Cytokine Levels in S+S-Antilles Mice with and without CO 

Treatment.  

 

Treatment  Control (n=5)  250 PPM (n=4) 

IL-6  53.8 ± 38.1 61.2 ± 56.7 

G-CSF 418.6 ± 138.3 368.0 ± 75.6 

IP-10  56.9 ± 14.2 50.1 ± 7.7 

MIP-1α  58.0 ± 24.0 62.4 ± 36.3 

RANTES  28.9 ± 6.9 26.6 ± 7.4 

VEGF  4.5 ± 1.5 3.4 ± 0.4 
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Section VII: Figures 

Figure 1: Inhaled CO Reduces White Blood Cell Counts in SCD mice. 
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Figure 2: Kinetics of White Count Decrement during CO Treatment. 
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Figure 3: 250 ppm CO-treatments Decrease Mature Myeloid (MPO Positive) 

Cells in the Bone Marrow of S+S-Antilles Mice. 
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Figure 4: 250 ppm CO-treatments Decrease Myeloid Precursors in S+S-

Antilles Bone Marrow. 
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Figure 5: 250 ppm CO-treatments Increase the Megakaryocyte-Erythroid 

Progenitor Population in S+S-Antilles Bone Marrow. 
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Figure 6: 250 ppm CO-treatments Decrease the Common Lymphoid 

Progenitor Population in S+S-Antilles Bone Marrow. 
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Figure 7: 250 ppm CO-treatments Significantly Increased Immature 

Hematopoietic Cells in S+S-Antilles Bone Marrow. 
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Figure 8: 250 ppm CO-treatments Significantly Decrease Short-term 

Hematopoietic Stem Cells and Multipotent Progenitor Cells in S+S-Antilles 

Bone Marrow. 
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Figure 9: 250 ppm CO-treatments Decrease the CFU-GM Precursor 

Population in S+S-Antilles Bone Marrow. 
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Figure 10: 250 ppm CO-treatments Significantly Decrease Lineage Positive 

Bone Marrow Cells in phase G1 of the Cell Cycle. 
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Figure 11: 250 ppm CO-treatments Increase Expression of HIF-1α Protein 

and Several Hypoxia-related Transcription Factors in the Spleens of S+S-

Antilles Mice. 
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Figure 12: 250 ppm CO-treatments Decrease Heme Content in the Livers of 

S+S-Antilles Mice. 
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Figure 13: 250 ppm CO-treatments Increases Phospho-p38MAPK, Phospho-

Akt, HO-1, and FHC Protein Expression in the Livers of S+S-Antilles Mice.   
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Figure 14: 250 ppm CO Reduces Parenchymal Necrosis Severity in the 

Livers of S+S-Antilles Mice. 
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Chapter IV:   Summary: HO-1 and Inflammation, a return to homeostasis 

The presence of free heme promotes oxidative stress, inflammation, 

mitochondrial dysfunction, and apoptosis202. Free heme is release during 

hemolysis and the subsequent generation of ROS promotes cell signaling and 

tissue injury which contributes to prolonged inflammation203. Not surprisingly, the 

chronic hemolysis that occurs in SCD leads to both oxidative stress and vascular 

inflammation47,81. The chronic nature of oxidative stress during SCD not only 

causes oxidative damage to cellular macromolecules, but also modulates the 

pattern of gene expression through functional alterations of transcription 

factors203.  For example, enhanced oxidative stress during hemolysis is 

accompanied by a compensatory induction of the microsomal/mitochondrial204 

enzyme heme oxygenase-1 (HO-1)203.  However, the chronicity of hemolysis in 

conditions such as SCD  may lead to a progressive increase in the level of 

oxidative stress, which cannot be neutralized adequately even after a 

homeostatic adjustment and maximum mobilization of the antioxidant defense 

mechanisms exemplified by the induction of HO-1203.  The aim of this dissertation 

was to explore new facets HMOX1 regulation and to investigate the importance 

of the HO-1 by-product CO during chronic inflammation. 

miRNA: a new frontier in HO-1 regulation 

As described briefly in Chapter I Section 1.2a, multiple transcription factor 

pathways are able to control the transcription of HMOX1.  The redundancy of 
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HMOX1 transcriptional activation highlights the importance of the protein in 

mammalian system.    In the past decade the importance of small regulatory 

RNAs such as miRNAs has been recognized.  The exact molecular mechanisms 

by which miRNAs mediate translational repression are still being elucidated.  

However, the general consensus is that most miRNAs control gene expression 

post-transcriptionally by regulating mRNA translation or stability in the 

cytoplasm97. In addition, it has been reported that miRNAs may also increase 

expression of target mRNA205.   Interestingly, little or no research has been 

conducted on post-translation regulation of HMOX1, despite the fact that 

conditions such as SCD have insufficient HO-1 protein expression relative to 

their state of oxidative stress and heme burden47.   

The research presented in Chapter II of this dissertation is amongst the first 

reports of a miRNA interaction with HMOX1.    All other work prior to this 

research has looked at HO-1 regulation indirectly because it focused on the 

interaction of miRNAs with a HMOX1 repressor Bach131-32. The results from 

Chapter II indicate that the presence of heme affects expression of miRNAs.   

Given that HO-1 is the rate limiting step in heme catabolism, it is not surprising 

that the presence of heme leads to decreased expression of miRNAs involved in 

controlling HO-1 expression. According to this hypothesis, our research indicates 

that the decrease in the levels miR-217 and miR-377 during heme exposure may 

contribute the upregulation of HO-1 expression after heme exposure.    
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Additionally, one could hypothesize that during states such as SCD, 

variations in miRNA expression patterns could lead to translation repression of 

HO-1.   This hypothesis may explain why individuals seem to reach a 

physiological restriction in HO-1 induction levels no matter their transcript 

baseline is115.  Further work looking into the expression of miR-217 and miR-377 

and other miRNAs during pathological states, such as during hemolysis, is 

needed to validate these hypotheses.      

 The discovery that both miR-217 and miR-377 are needed to downregulate 

HO-1 protein and enzyme activity indicates that there is strong likelihood that 

multiple miRNAs are involved in HO-1 miRNA regulation. This possibility is 

intriguing, as a network-based approach for miRNA action provides cells more 

adaptability in the ability to synchronize HO-1 protein levels to accommodate the 

oxidative stressors present.  For example, the combination of multiple miRNAs 

may determine if a gene is expressed because the combination of multiple 

miRNAs may overcome the relative weakness of the individual miRNA:mRNA 

seed matches109.  As miRNA research continues to advance into its second 

decade, the tools needed to conduct detailed analysis of miRNA networks will 

further expand our knowledge of this system. 

In animal models a variety of pharmacologic and gene therapies have 

been used to manipulate expression and activity of HO-1. For example, hemin 

has been used in SCD mouse models to increase both HO-1 mRNA and protein 



 

128 
 

in a variety of organs47.  Unfortunately, hemin has a myriad of other effects so 

that specificity for action due to HO-1 needs careful interpretation. Gene therapy 

using adenovirus constructs of HO-1 provides transient upregulation of HO-1 

expression, but control adenovirus can induce an immune inflammatory reaction 

which limits its applications in conditions such as SCD206.  The Vercellotti lab 

group has engineered a non-viral HO-1 gene therapy vector using the Sleeping 

Beauty transposon system (SB-Tn)99.   The SB-Tn system was developed by 

resurrecting nonfunctional remnants of an ancient vertebrate transposable 

element from salmonid fish207. SB-Tn-mediated HO-1 gene delivery to the livers 

of S+S-Antilles sickle mice leads to long-term (≥ 8 weeks) HO-1 transgene 

expression, an increase in HO-1 activity and cytoprotective signaling pathways in 

the liver, a decrease in nuclear NF-κB p65 and inhibition of hypoxia-induced 

stasis distally in skin.  The cytoprotective effects of the HO-1 transgene were not 

recapitulated in transgenic sickle mice expressing a C-terminal truncated HO-1 

transgene with limited or no enzymatic activity99.  

The discovery that miRNAs interact with the HMOX1 3’UTR has also 

presented researchers with another potential therapeutic mechanism to modulate 

HO-1 expression.  Researchers have developed several strategies to reduce 

expression of miRNAs, including antisense oligo-nucleotides, locked nucleic 

acids, and antagomirs208.  In fact, many of these options are currently in phase I 

and II clinical trials.  For example recent studies have used a locked nucleic acid 
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modified phosphorothioate oligonucleotide (SPC3649) complementary to the 5' 

end of miR-122 to decrease serum cholesterol in mice and African green monkey 

and suppressed HCV viremia in chronically infected chimpanzees33-34.  

Therefore, as identification of HO-1 miRNAs progresses it may be possible to 

develop antagomirs to modulate HO-1 expression.     

Taking it beyond HO-1, CO is more than just a toxic gas 

Research interest in CO as a therapeutic gas has been sparked by the 

aforementioned limitations in safe, predictable therapeutic modalities to modulate 

HO-1 expression. SCD is a monogenic disorder which manifests itself with a 

wide spectrum of phenotypic presentations.  This variation in phenotype occurs 

because multiple biological processes contribute to the pathogenesis of 

vasculopathy209. One unifying factor that contributes to the development of these 

biological processing is hemolysis and the subsequent increase in heme-

mediated oxidative stress.  The potential for using CO to modulate SCD 

pathology was first highlighted in the 1970s by Beutler and associates, however 

the studies were designed to investigate the formation of CO-Hb to prevent 

sickling during crisis and were not intended to prevent crisis or pathology131.    In 

addition, the studies were limited to only a few patients and used high doses of 

CO continuously.   A more recent report used SCD mouse models in which HO-1 

activity was blocked pharmacologically.  In these mice the application of 

exogenous CO (250 ppm for 1h/day, 3 days total) lead to a significant decrease 
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in stasis and vaso-occlusion47.  Another recent study reveals that levels of CO in 

the environment (in parts per billion) are inversely correlated with patient 

admission for sickle crisis210.  Given these studies, the purpose of the 

experiments described in this dissertation was to explore the importance and 

implications of long-term CO therapy in modifying and preventing 

pathophysiology in a SCD mouse model.  

The work presented in Chapter III demonstrates that therapy with inhaled 

CO is able to reduce leukocytosis and pathology in SCD. The steady state 

elevation of leukocytes in the SCD mice is similar to models of hematopoietic 

stress, which include HMOX1-/- mice38,211.   This is not surprising, as heme 

promotes the proliferation and differentiation of HPCs and stimulates 

hematopoiesis40. In addition, evaluation of HO-1 expression during different 

stages of hematopoiesis has revealed that levels of HO-1 protein vary according 

to the state of HSC differentiation40.  One could presume that persistent 

hemolysis in SCD contributes to inadequate levels of HO-1 protein relative to the 

hemolytic burden, resulting in stress hematopoiesis and increased differentiation 

of precursor cells. One can then hypothesize that treating SCD mice with inhaled 

CO compensates for the relative lack of endogenous CO generation due to 

insufficient HO-1 induction.    

CO is an “anti-inflammatory” molecule because it activates several anti-

inflammatory signaling pathways through generation of low levels of oxidants 
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(ROS) via blockade of the mitochondrial respiratory chain54.  As indicated in 

Chapter III some of the signaling pathways affected by CO therapy in SCD 

include HIF-1α/Cdc42, p38 MAPK, and Akt.  Therefore, one hypothesis is that 

that treatment with exogenous CO initiates a homeostatic conditioning program 

in the inflamed, HO-1 deficient SCD mice that involves multiple overlapping 

signaling pathways (Figure 1). Given the ubiquitous presence of heme in SCD, it 

is unlikely that a single CO-related pathway is responsible for the decrease in 

hematopoiesis or pathology seen in SCD mice.   One indication of this 

presumption is the fact that throughout the studies, normal C57BL/6J mice were 

unaffected by CO therapy, whereas the inflamed sickle mice had a pronounced 

change in hematopoiesis and pathology.   Another example is the differential 

changes in gene expression that occurred in lineage positive and lineage 

negative bone marrow cells.    This effect is not unique to SCD, as there are 

many reports in the literature comparing the importance of various pathways in 

mediating the anti-inflammatory or anti-apoptotic effect of CO. For example, in 

endothelial cells the anti-apoptotic effect of CO is strictly dependent on the 

activation of p38 MAPK and is independent of the guanylate cyclase/cGMP 

system.  However, fibroblasts require activation of both pathways to achieve the 

same protective effect57. Another good example of this is two reports in which 

p38 MAPK was not sufficient to protect cells occurs in models of cardiac damage 

55.   Therefore, in our SCD model and in other inflammatory models it is more 
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plausible that duration of CO exposure and specific tissue microenvironment 

contribute greatly to therapeutic efficacy.   

The studies presented in this dissertation used inhaled CO therapy to treat 

mouse models of SCD.  Indeed, in the mouse models used, there was a 

significant effect in leukocytosis and a decrease in pathology.  However, 

translation of this therapeutic modality in humans is more complex.   This is 

because the uptake-elimination of carbon monoxide by hemoglobin in humans, 

i.e., the variation in the level of carboxyhemoglobin (HbCO),  involves a number 

of physiological parameters including age, Hb concentration, alveolar ventilation 

rate 212.  In addition, the outcome of patients with CO poisoning is associated 

with, but not correlated to levels of COHb61.  Therefore, the uncertainties 

surrounding CO toxicity versus therapy narrows the therapeutic window for 

inhaled CO which may hinder its adoption as a treatment for SCD and other 

conditions.  Recently pharmacologic agents were synthesized with the ability to 

release CO into biological fluids213. The CO-releasing molecules (CORMs) 

CORM-3 and CORM-A1 are water soluble and produce ~ 1 mole of CO per mole 

of CORM. Both physiological pH and strong ligands present in the biological 

environment are sufficient to dissociate CO from the metal center. In a recent 

report sickle RBC adhesion to human endothelial cells was reduced significantly 

by CORM-A1 pretreatment 214.  Additional testing of these CORMs in SCD 

mouse models will be needed to validate toxicity and efficacy. Therefore, 



 

133 
 

pharmacologic treatment with CORMs may be a more feasible therapeutic 

modality for SCD patients. 

On the horizon: miRNA and CO as new therapeutic modalities to regulate 

and utilize HO-1   

We demonstrated that heme can affect miRNA levels.    A recent paper 

evaluated miRNA levels in response to treatment with CORM.   The purpose of 

the study was to evaluate colonic myofibroblasts as a model of inflammatory 

bowel conditions.    Using miRNA microarray technology, the authors evaluated 

the mouse Vanderbilt University pericryptal fibroblast cell line after treatment with 

CORM-2 for 3 hours and found that miR-199a was significantly (p<0.05) 

downregulated (3.8 fold) in the presence of CORM treatment215.  Interestingly, 

another recent study found that the same miRNA inhibited HIF-1α and sirtuin-1 

(SirT1) in a mouse and porcine hypoxic preconditioning model216.  Combined 

these reports raise the possibility that modulation of miRNA networks may be 

another mechanism through which the HO-1/CO pathway works to exert an anti-

apoptotic and anti-inflammatory effect.    Further research into this aspect of CO 

therapy could yield more specific miRNA based therapies for disease states such 

as SCD.         

In conclusion, the work in this dissertation explored two separate hypotheses 

addressing the control and consequences of HO-1 expression.   The first 

hypothesis addressed post-translational miRNA-mediated repression of HO-1 
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expression.  Specifically, it established that overexpression of miRNAs can lead 

to downregulation of HO-1 protein and enzyme activity.   Additionally, it 

suggested that levels of heme may affect a network of miRNAs involved in the 

cellular response to oxidative stress (Figure 1).    The second hypothesis 

addressed in this body work proposed that use of exogenous CO therapy in SCD 

could compensate for a relative lack of HO-1 induction.  The results from this 

work indicated that exogenous CO therapy initiates a homeostatic conditioning 

program in the inflamed, HO-1 deficient SCD mice that involves multiple 

overlapping signaling pathways (Figure 1), ultimately leading to a reduction in 

leukocytosis and a decrease in liver pathology.  Collectively the hypotheses 

addressed in this dissertation have contributed novel observations about the 

regulation and importance of HO-1 in mammalian systems.   The work in this 

dissertation aims to be a foundational basis for further exploration of both miRNA 

regulation of the HO-1/CO system and the effects CO therapy in SCD patients, 

as novel technological and pharmaceutical developments in both of these areas 

have the potential to harness the full power of the HO-1/CO system in a 

beneficial manner.    
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Section I: Figure Legends 

Figure 1:  Functions of HO-1 pathway.  Heme is degraded by the HO-1 

enzyme in a three step process that requires oxygen and reducing equivalents 

from NADPH.  The enzymatic reaction releases three by-products iron (Fe2+), 

carbon monoxide (CO) and biliverdin. The release of Fe2+-iron from the 

protoporphyrin ring induces the expression of ferritin heavy chain (FHC), which 

combines with ferritin light chain to form a multimeric complex which oxidizes 

Fe2+ into Fe3+ iron, allowing for storage of up to 4500 atoms of iron.  Individually 

each member of the triad of HO-1 byproducts has potent antioxidant, anti-

inflammatory, and signaling activities which facilitate the importance of HO-1 in 

maintaining cellular homeostasis.  miRNAs exert a level of post-translational 

control over HO-1 expression. In turn, levels of HO-1 may exert an effect on 

miRNA processing.  The HO-1 by-product CO activates multiple signaling 

pathways including HIF-1α, phosphor-p38 MAPK, Akt, and ROS generation from 

the mitchoncidra.  
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Section II: Figure 

Figure 1:  Functions of HO-1 pathway. 
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