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ABSTRACT 
_____________________________________________________ 

Heme oxygenase-1 (HMOX1) is an inducible stress protein that degrades heme to 

carbon monoxide, iron and biliverdin, which is subsequently reduced to bilirubin. The 

major established role of HMOX1 is in the regulation of whole body iron recycling and 

cellular iron homeostasis. In addition, HMOX1 protects cells against oxidative stress 

and plays a role in diseases associated with oxidative stress such as cardiovascular 

diseases. The cytoprotective effect of HMOX1 is thought to be mediated through one of 

its enzymatic products such as biliverdin, which is converted to the antioxidant bilirubin 

and carbon monoxide (CO), which is recognized as a signaling molecule and is thought 

to relax smooth muscle cells through the activation of soluble guanylyl cyclase and the 

production of cellular cyclic GMP.  

 

A role for HMOX1 and its enzymatic products, particularly CO has been extensively 

studied in the field of reproductive biology. Zenclussen and colleagues performed a 

series of elegant studies to reveal the physiological role of HMOX1/CO in the outcome 

of pregnancy via the influence of placentation and fetal development. Their studies 

demonstrated that the HMOX1 deficiency in mice had resulted in major anomalies 

throughout pregnancy, including the impaired remodeling of maternal spiral arteries, the 

abnormal placentation of the fetus, the restriction in intrauterine growth as well as the 

loss of fetal. These authors further reported that the application of exogenous CO at low 

doses during early to mid-gestation could compensate for HMOX1 deficiency by 

improving the spiral artery remodeling, by normalizing the placental function and the 

fetal growth. However, a direct role for HMOX1 during embryonic development has 

not been previously reported. 
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Therefore, this PhD project aimed to determine: (i) the effects of HMOX1, O2 

concentration and CO on the in vitro development of pre-implantation embryos; (ii) the 

developmental stage at which HMOX1 deficiency impacts embryonic survival in vivo; 

and (iii) how HMOX1 deficiency may cause embryonic lethality in vivo. 

 

In order to be able to genotype the embryos used in Aim (i), the existing Hmox1 

genotyping method used for the mouse post-implantation embryos and mouse pups was 

optimized to allow genotyping and the characterization of mouse pre-implantation 

embryos. This optimization was achieved by altering i) the cell lysis method to extract 

DNA efficiently from an individual early stage embryo using the ZyGEM lysis buffer, 

ii) the PCR polymerase (MyTaq™ Hot Start DNA Polymerase), iii) modifying the 

cycling conditions, and iv) re-designing the primer pairs used. In particular, the primers 

were designed to amplify short PCR products (~200 bp or less), which is important in 

amplifying DNA from the mouse pre-implantation embryos.  The modified method 

gave rise to a PCR product of 110 bp for Hmox1+/+ embryos, two bands of 110 bp and 

218 bp for Hmox1+/- embryos, and a single band of 218 bp for Hmox1-/- embryos. To 

our knowledge, this is the first protocol for genotyping Hmox1 gene in the mouse pre-

implantation embryos. This method represents a significant departure from the 

previously established PCR method for genotyping the mouse post-implantation 

embryos and mouse pups, which produces large PCR products (~400 bp or more). More 

importantly, this method allowed subsequent genotyping of all mouse pre-implantation 

embryos obtained from Hmox1+/- x Hmox1+/- matings as described in Aim (i).  

 

To address Aim (i), the mouse pre-implantation embryos were cultured at varying O2 

concentrations to determine the effect of O2 on early embryonic development. The wild 
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type embryos were initially cultured under hypoxia (1% O2), normoxia (6% O2) or 

hyperoxia (21% O2) with a mineral oil overlay to protect the embryo’s growth medium 

from evaporation. However, it was realized that the presence of mineral oil might act as 

an O2 carrier or a O2 reservoir, which could potentially influencing the effective O2 

concentration of the embryo's growth medium. The in vitro development of wild type 

blastocysts was found to be more efficient at 6% O2 compared to at 1 or 21% O2, 

regardless of the presence of mineral oil. However, the experiments conducted in the 

absence of mineral oil demonstrated that the in vitro development of wild type 

blastocysts was significantly more sensitive to 1% O2, compared to embryonic 

development in the presence of mineral oil, consistent with the notion that the mineral 

oil acted as a O2 reservoir.  

 

Through the use of immunohistochemistry, we found that the HMOX1 protein was 

expressed in the wild type embryos from zygote to blastocyst. The embryonic HMOX1 

also co-localized with ferroportin 1, an iron exporter protein, at all developmental 

stages. These findings highlighted the role of HMOX1 and ferroportin 1 in maintaining 

the normal iron homeostasis in the embryos. In addition, the heme oxygenase activity 

was detected at all embryonic developmental stages, as determined by bilirubin 

immunohistochemistry and by the LC-MS/MS-based analysis of biliverdin and 

bilirubin. We found that, compared with normoxia, the exposure of pre-implantation 

wild type embryos to hypoxia and hyperoxia increased HMOX1 expression and heme 

oxygenase activity.  

 

To further define the role of HMOX1 in early embryonic development, we examined 

the in vitro development of Hmox1+/+, Hmox1+/- and Hmox1-/- embryos isolated from 
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the different BALB/c Hmox1 mating strategies. Our results demonstrated that the in 

vitro blastocyst development of Hmox1+/- embryos (from Hmox1+/+ x Hmox1-/- matings 

or Hmox1+/- x Hmox1+/- matings) was more efficient at 6% O2 compared to at 1 or 21% 

O2, irrespective of whether the Hmox1 deficiency was of maternal or paternal origin. 

Interestingly, the Hmox1–/– embryos (from Hmox1-/- x Hmox1-/- matings, and Hmox1+/- x 

Hmox1+/- matings) developed normally to the blastocyst stage, irrespective of the O2 

concentration, demonstrating for the first time that embryonic HMOX1 is not required 

for the formation fo blastocyst. 

 

Examining the effect of exogenous CO on pre-implantation mouse embryonic 

development showed that 250 ppm CO increased blastocyst development in Hmox1+/+ 

embryos (from a Hmox1+/+ x Hmox1+/+ mating) and Hmox1-/- embryos (from Hmox1-/- 

x Hmox1-/- matings) at 1% O2, suggesting that CO might improve the developmental 

progression of Hmox1+/+ and Hmox1-/- embryos to the blastocyst stage in hypoxia. The 

studies also revealed that exposure to 250 ppm CO had detrimental effects on early 

development and survival of Hmox1+/- embryos (from Hmox1+/+ x Hmox1-/- matings) 

and all Hmox1 genotypes (from Hmox+/- x Hmox1+/- matings). These results opposed 

the previous notion that CO aided the rescue of HMOX1-deficient embryos. 

 

To address Aim (ii), the in vivo embryonic survival was assessed by mating Hmox1+/– x 

Hmox1+/– BALB/c mice. This breeding strategy overall yielded 5.1% viable Hmox1–/– 

pups at birth (n=3,518). To determine the embryonic day at which HMOX1 deficiency 

became lethal, the embryos obtained from the breeding of Hmox1+/- x Hmox1+/-  mice 

were genotyped between E9.5 to E19.5. The embryonic survival followed the expected 

Mendelian distribution up to E13.5 (χ2 >0.05; n~100 for E9.5-13.5 each), after which it 
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decreased significantly (χ2 <0.01; n~100 for E14.5-19.5 each). These findings suggested 

that HMOX1 is not essential for mouse embryonic development until E14.5, a stage 

when major organs develop, including the heart and liver. 

 

To address Aim (iii), we examined the gross morphology of Hmox1-/- embryos at E13.5 

and E14.5 developmental stages. Our study showed that the E13.5 HMOX1-deficient 

embryos appeared smaller than the Hmox1+/+ littermate embryos, which is indicative of 

embryonic growth retardation. Two of E14.5 Hmox1-/- embryos were necrotic, 

demonstrating that a majority of Hmox1-/- embryos die at E14.5. The preliminary 

histological examination suggested that the E13.5 HMOX1-deficient embryos had a 

thinner ventricular wall with disorganized trabeculation in their hearts compared with 

the wild type and Hmox1+/- embryos. These results suggested that the abnormalities in 

heart development at E13.5 could contribute to the lethality of Hmox1-/- embryos. Since 

the survival of Hmox1-/- embryos declined at E14.5, we conducted a FACS analysis of 

fetal liver cells of all Hmox1 genotypes at E13.5, to determine the impact of HMOX1 

deficiency on definitive erythropoiesis.  The FACS analysis revealed that the Hmox1-/- 

fetal livers, at E13.5, had lower total cell numbers of cells, suggesting a smaller liver 

size. Additionally, our data demonstrated that the lack of HMOX1 did not affect the 

populations of erythroid and macrophage at E13.5.  

 

In conclusion, this PhD presents in vitro and in vivo evidence that support a crucial role 

for HMOX1 in late, but not early, stages of embryonic development and that HMOX1 is 

not essential for mouse embryonic development until E14.5. Furthermore, this study 

reveals that HMOX1 may play a crucial role in the development of the embryonic heart 

and liver. 
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1 INTRODUCTION 
___________________________________________________ 

1.1 HEME OXYGENASE (HMOX) 

1.1.1 Enzymatic activity  

Heme oxygenase (HMOX) is the first and rate-limiting enzyme that degrades heme b 

(iron-protoporphyrin-IX) into carbon monoxide (CO), ferrous iron (Fe2+) and biliverdin 

IXα (336). Biliverdin IXα is subsequently converted to bilirubin IXα by biliverdin 

reductase (BVR) (391). The enzymatic activity of HMOX consumes three molecules of 

molecular oxygen (O2) for each heme molecule oxidized and seven electrons donated 

from the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH), 

which are supplied by cytochrome P450 reductase (389). The catabolism of heme is 

schematically represented in Figure 1.1. It is important to note that HMOX binds the 

heme molecule as both a substrate and a prosthetic group (452). 
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Figure 1-1. Overall reaction of heme degradation catalyzed by HMOX.  

Heme is converted to an equimolar quantity of CO, Fe2+ and biliverdin, which is then 

immediately reduced to bilirubin by BVR. NADPH supplies the reducing equivalents, 

while O2 provides the source of two oxygen atoms in biliverdin. Adapted from (374). 

 

1.1.2 HMOX isoforms 

In mammals, the HMOX family is represented by two isoforms, which are heme 

oxygenase-1 (HMOX1) and heme oxygenase-2 (HMOX2). Human HMOX1 and 

HMOX2 are paralogous as they share less than 50% similarity in their amino acid 

sequences (68,240). The Hmox1 and Hmox2 genes encode these proteins. Both proteins 

possess a similar 24 amino acid sequence, which was originally defined as the “heme-

binding pocket”, which is now known as the “HMOX signature” that facilitates the 

catabolism of heme in all vertebrate species (237,238). Despite the similarity in the 

reaction catalyzed by these two isoforms, these two proteins have been described to 

have different roles, regulation and the post-translational modifications (336). For 

The figure has been removed due to Copyright restrictions. 
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example, HMOX1 can be induced in response to a variety of external stimuli (as 

discussed in more details below), while HMOX2 is ubiquitously expressed. 

 

The HMOX1 protein is anchored to the endoplasmic reticulum by a single hydrophobic 

transmembrane segment (TMS) in the C-terminus (356,453). HMOX1 is co-localized 

with cytochrome P450 reductase and this interaction is required for maximum 

enzymatic activity in the degradation of heme (141,227). In addition, HMOX1 has been 

demonstrated to localize with other cell components including caveolae, mitochondria 

and the nucleus, which indicates that HMOX1 may have an additional role apart from 

the detoxification of heme (117,177,371).  

 

The HMOX1 protein has a molecular mass of 32 kDa and was first purified from the 

microsomal fraction of porcine spleen and rat liver (453,454). While HMOX1 can be 

induced in response to a large window of various stresses, it is this isoform of HMOX 

that is expressed ubiquitously in mononuclear phagocytes of the spleen, liver and bone 

marrow (390). To date, the expression and activity of HMOX1 has been detected across 

almost all tissues. HMOX1 is induced strongly by a number of physical and chemical 

stresses including heat shock, glucose or iron starvation, heme and hemin, cytokines, 

lipopolysaccharide, growth factors, oxidative stress and hydrogen peroxide (H2O2), 

hypoxia and CO as reviewed in (336). 

 

The HMOX2, which is the constitutive form of HMOX has a molecular mass of 36 kDa 

and is expressed ubiquitously with the expression levels are particularly high in the 

brain (378,397). Different to HMOX1, HMOX2 has heme regulatory motifs that acts as 

a thiol/disulphide redox switch that regulates the Kd for ferric heme (449). To date, the 
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expression of HMOX2 only has been induced by corticoids (237). HMOX2 has been 

demostrated to involve in the oxygen sensing and the regulation of vascular tone 

(111,429). Interestingly, even though CO was shown to act as a vasodilator in the 

peripheral vasculature, but the CO derived from HMOX2 also acted as a vasoconstrictor 

in the cerebral circulation by preventing cystathionine β-synthase to form the 

vasodilator hydrogen sulfide (262). 

 

1.1.3 Regulation of HMOX1 expression 

In addition to its role in heme degradation, HMOX1 plays an important role as a 

defense mechanism against many forms of cellular stress. This role is evidenced by the 

diverse range of reported stimuli that have induced the expression of HMOX1 (238). On 

contrary to the large number of HMOX1 inducers, there are only a few repressors of 

HMOX1 expression have been reported (230,307).  

 

The human Hmox1 gene contains five exons and four introns and this gene is 

exclusively located at a 14 kb region of the human chromosome 22q12 (358). Both 

human and rat Hmox1 genes do not have a typical TATA or CAAT boxes in the 5’-

flanking region (267). In spite of this, a TATA-like sequence known as ATAAATG is 

present at a 21 bp upstream of the transcription initiation site (358). Indeed, the analysis 

of Hmox1 genes in various species including mouse, rat, chicken, and human have 

revealed a distinct variation between their promoters. This variation can at least partially 

translated to the regulation of species-dependent Hmox1 at the transcriptional level 

(230). 
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Furthermore, both human and rat Hmox1 genes contain a potential heat-shock element 

(HSE) in the proximal promoter 5’-flanking region (357,358). A previous study 

revealed that the human Hmox1 gene was not induced by heat shock, although it 

initially displayed a transcriptional responsiveness to hyperthermia (451). Besides HSE, 

the Hmox1 promoter contains multiple DNA-responsive elements that are specifically 

identified by the transcription factors, which are activated in response to oxidative stress 

such as Btb And Conc Homology 1 (Bach1), nuclear factor-erythroid 2 (Nrf2), activator 

protein 1 (AP-1) and nuclear factor kappa β (NFκB) (230). In addition, the distal 

regions of Hmox1 promoter are shown to be crucial for the induction of HMOX1, in 

particular by heme, heavy metals, H2O2 and sodium arsenite (10,11,13). 

 

The Bach1 has dual function, in particular as a basic-leucine zipper transcriptional 

repressor and as a sensor for the levels of cellular heme (143). Under unstressed 

conditions, the Bach1 forms heterodimers with Maf proteins. This heterodimers bind to 

several stress-responsive elements (StRE) that are present in the Hmox1 promoter and 

thereby, repressing the transcription of Hmox1 gene (282,465). The Bach1 contains 

heme-binding sites, via which the increased levels of heme in response to oxidative 

stress can inhibit the Bach1-DNA binding activity and thereby, promoting the 

transcription of Hmox1 gene (282). Ultimately, the binding of heme to the Bach1 C-

terminal domain has induced the dissociation of Bach1 from Maf proteins and 

subsequently, triggering the export of Crm1/Exportin1-dependent nuclear. This process 

results in polyubiquitination by the heme-responsive E3 ubiquitin-protein ligase HO1L-

1 and subsequent degradation by the 26S proteasome pathway. Additionally, the 

metalloporphyrins, in particular cobalt protoporphyrin can cause polyubiquitination and 

subsequent degradation of Bach1. At the same time, this compound can stabilize the 
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attachment of Nrf2 to Maf proteins in order to enhance gene transcription by utilizing 

the antioxidant response elements (ARE) that are specific forms of Maf recognition 

element (MARE) (278,351,465). 

 

The ARE has a similar structure and function to the StRE and the MARE. In fact, the 

StRE has a 10-bp DNA sequence in the Hmox1 promoter that appears to play a crucial 

role in the induction of HMOX1 that is mediated by Nrf2. As mentioned above, in 

addition to Maf and basic-leucine zipper superfamily of transcription factors, there are 

other different proteins (homodimers or heterodimers) including AP-1 (Fos/Jun), 

CREB/activating transcription factors (ATF) and BVR that can bind to the StRE 

(7,230). 

 

The Nrf2 is a well-known redox-sensitive transcription factor that plays an important 

roles in the regulation of cellular antioxidant and stress-defense responses (157). Under 

unstressed conditions, the Nrf2 exists in an inactive state by binding to the actin-bound 

protein Kelch-like ECH-associated protein-1 (Keap1) in the cytoplasm. The Keap1 and 

Cullin3 form a unique ubiquitin E3 ligase that actively promotes the ubiquitin-

dependent proteosomal degradation of the Nrf2 under unstressed conditions (373). In 

response to oxidative stress, the Keap1 is targeted for ubiquitination and degradation, 

which allows the Nrf2 to dissociate from the Keap1 and to translocate to the nucleus 

where it activates the ARE and thereby, accelerating the transcription of Nrf2 targeted 

antioxidant gene (151).  

 

The Keap1 is a thiol-rich protein that contains 25 cysteine residues, which some of its 

residues are highly susceptible to oxidation (78). Several theories suggested that the 
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possible mechanisms involved in the activation of Nrf2 depend on the specific cellular 

environment (441). First, the exposure of Keap1 to electrophiles was shown to create a 

conformational change in the Nrf2 and thereby, leading to its dissociation from the 

Keap1 (415). Additionally, the conformational change of Keap1 itself (resulting from 

the ubiquitination and degradation of Keap1) could also be one of the mechanisms 

involved (93). Another study showed that the dephosphorylation of Keap1 in oxidant-

treated cells was important in stabilizing Keap1 (441). 

 

Once inside the nucleus, the Nrf2 competes with Bach1 for binding with small Maf 

proteins to form a heterodimeric complex at the StRE/ARE sites (76). Under stressed 

condition, the Bach1 is released from the StRE in the Hmox1 promoter and thus, 

providing the Nrf2 to access these StRE and thereby, inducing the transcription of 

Hmox1 gene (14,377). 

 

The AP-1 is defined as a group of DNA binding proteins that are generated by homo- or 

heterodimeric association of basic-leucine zipper transcription factors that belong to the 

Jun, Fos ATF and Maf families, which identify either 12-O-tetradecanoylphorbol-13-

acetate (TPA) response elements or cAMP response elements (CRE) (56,352). The AP-

1 is involved in the control of multiple cellular processes including proliferation, 

differentiation, survival and death. The transcriptional activity of AP-1 is stimulated by 

the growth factors, cytokines, neurotransmitters, polypeptide hormones, cell–matrix 

interactions, bacterial and viral infections as well as various physical and chemical 

stresses (352). In the Hmox1 promoter, various binding sites of AP-1 have been 

identified. The Nrf2 and CREB families of transcription factors may also bind to these 

sites. These observations suggested a limited role of AP-1 proteins in the activation of 
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HMOX1. Nevertheless, the AP-1 proteins are believed to regulate the expression of 

HMOX1 by lipolysaccharides, inflammatory cytokines, heme and arsenite 

(43,44,146,392,427). In some cases, the displacement of Bach1 was expected to 

increase the induction of HMOX1 that was mediated by AP-1 (327). 

 

Similar to the AP-1, the NFκB is a collective term for homodimerization or 

heterodimerization of members of the Rel family of proteins. In vertebrates, five NFκB 

(RelA (p65), RelB, c-Rel, p52 and p50) have been identified. These NFκB factors 

regulate many genes involved in biological processes including immune and 

inflammatory responses, cellular stress response, cellular proliferation, apoptosis and 

embryonic development (12). Like the Nrf2, under unstressed conditions, the NFκB 

exists in an inactive state by binding to its inhibitor protein, Iκb in the cytoplasm. The 

NFκB is activated by a various stimuli, in particular those associated with cellular stress 

or diseased states. These stimuli include heme, inflammatory cytokines, bacterial and 

viral infections like lipolysaccharides and double stranded RNA, modified endogenous 

proteins, UV as well as oxidants like H2O2. In response to the activation of NFκB, the 

IκB kinases (IKKs) phosphorylate IκB and thereby, leading to its proteosomal 

degradation (218,438). As a result, the NFκB is released from IκB and translocates to 

the nucleus, which then triggers the activation of the targeted genes (36,115). Indeed, 

the presence of two functional NFκB binding sequences within the human Hmox1 gene 

suggested that the NF-κB is in part responsible for the activation of HMOX1 by heme 

and possibly, inflammatory cytokines and other stimuli (203). 

 

In addition to these transcription factors, the hypoxia inducible factor 1 (HIF-1) has 

been implicated in the induction of Hmox1 gene expression (205). The HIF-1 is a 
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heterodimeric transcription factor that acts as the master regulator of cellular response 

in reduced oxygen levels or known as hypoxia (for details, see Section 1.5). In brief, 

hypoxia has been shown to induce the expression of HMOX1 in different animal cells 

such as C6 rat glioma cells, bovine brain microglial endothelial cells, COS7 monkey 

kidney cells, rat vascular smooth muscle cells (VSMC), Chinese hamster ovary cells 

and pulmonary artery endothelial cells (134,182,263,271). For example, in the case of 

VSMC, the induction of HMOX1 was associated with the activation of HIF-1 DNA 

binding activity, whereas in the case of pulmonary artery endothelial cells, the induction 

of HMOX1 had increased the AP-1 DNA binding activity (134,205). Interestingly, the 

mutant Hepa cell lines deficient in HIF-1β did not show any expression of HMOX1 in 

response to hypoxia (205). Whereas, the activation of Hmox1 gene in CHO cells had 

occurred independently of HIF-1 as shown in the mutant cells deficient in HIF-1α that 

were cultured in hypoxia (134). 

 

1.1.4 Functional roles of HMOX1 

The major established role of HMOX1 is to maintain the re-utilization of body iron, 

which is required for erythropoiesis (88,213,336). Following erythrophagocytosis in the 

spleen, liver and bone marrow by macrophages, the iron-protoporphyrin-IX is released 

from hemoglobin and is catabolized enzymatically via HMOX1 into CO, Fe2+ and BV 

in the endoplasmic reticulum (109,336). In adult humans, this process contributes to a 

daily production of approximately 28 mg Fe2+ or nearly 1% of the total body iron store 

(190). This iron is promptly returned to the circulation where it binds tightly to 

transferrin. Transferrin then transports the iron to the bone marrow, where it is used to 

synthesize heme in developing erythroid cells (109). This notion is supported by the 

observation that Hmox1-/- mice exhibit severe microcytic anemia because of the low 
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levels of serum iron and the deposition of iron in the liver and kidneys (316). 

Furthermore, the surviving Hmox1-/- mice exhibit splenomegaly, hyperferritinemia (an 

increase in the iron storage molecule, ferritin), growth retardation and increased the 

oxidative damage, suggesting the failure of iron re-utilization process (316). 

 

The evidences above showed that HMOX1 is a major regulator for both whole body and 

cellular iron homeostasis, particularly as heme represents the most abundant form of 

body and cellular iron (213). Previous studies revealed that HMOX1 is a central player 

in heme turnover in individual cells, in particular to those that express HMOX1 

minimally (213). In most cells, heme is in a dynamic state as the heme proteins are 

continuously being degraded by HMOX1 (212). The iron liberated from this process 

may enter the cellular labile iron pool (LIP). However, if this process is left 

uncontrolled, the increase of labile iron can lead to increase production of reactive 

oxygen species (ROS) that are potentially damaging lipid, protein, DNA and ultimately, 

the cells (109,336). Therefore, to overcome the potentially deleterious consequences of 

the excessive labile iron, the cells may efflux the excess iron through ferroportin (FPN). 

Also, the labile iron may be sequestered into ferritin and/or transported into the 

mitochondria via mitoferrin. In the mitochondria, the iron is stored in mitoferritin, 

which is utilized for the biogenesis of iron sulphur [Fe-S] clusters, for non-heme iron 

enzymes and for the synthesis of heme. Some of the heme and [Fe-S] clusters 

synthesized in the mitochondria are exported into the cytoplasm through ATP-binding 

cassette subfamily G member-2 (ABCG2) or feline leukemia virus subgroup C cellular 

receptor-1b (FLVCR1b) (212). 
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In addition to its role in whole body and cellular iron homeostasis, a large evidences 

revealed a potential additional roles for HMOX1 in a number of pathological situations 

including hematological disorders and cardiovascular diseases (18,336,374). These roles 

are attributed to the fact that HMOX1 and its enzymatic products possess an 

antioxidant, anti-inflammatory and anti-apoptotic properties as well as a tissue-specific 

regulator in the growth and survival of cells (212,216,446,448). Therefore, the 

development of clinical and experimental therapeutic compounds have been focused, at 

least in part, to their ability to induce HMOX1 (18).  

 

More recently, HMOX1 is demostrated to activate the transcriptional machinery that 

drives the induction of antioxidant genes (62,226). Furthermore, studies shown that 

HMOX1 may exert its effects independent of its enzymatic activity (62,139). As a 

result, the convergence of these different properties stresses the importance of HMOX1 

as a key agent in protecting the cells. 

 

1.1.4.1 Carbon monoxide 

Carbon monoxide (CO) is a colorless, odorless, non-irritating but highly toxic gas, 

which is a by-product generated from the incomplete combustion of hydrocarbons. The 

typical sources of CO include exhaust gases from motor vehicle in a poorly ventilated 

garage or in areas in close proximity to garages as well as from the combustion 

appliances, e.g., heating units and the partial combustion of oils, coal, wood, kerosene 

and other fuels also could generate CO. The ambient CO concentration in the lower 

atmosphere is less than 1 ppm, however, this concentration may reach 1 to 20 ppm in 

the urban areas with significantly higher concentration is recorded in the heavily 

polluted areas (339).  
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As a chemical asphyxiant, CO can combine with hemoglobin, which is the protein in 

red blood cells that are responsible for carrying O2 to the tissues in the body. As a 

result, the presence of CO can decrease the capacity of hemoglobin to deliver O2 to the 

tissues. The inhalation of CO may cause headaches, dizziness, convulsions, loss of 

consciousness and ultimately, death. In addition to the environmental sources, the 

human body produces a significant quantities of CO, as the result of heme degradation. 

As a result, ~0.5% of hemoglobin in our blood that corresponds to a concentration of 

~500 ppm or 0.05% is present as a CO-complex in the human body. Furthermore, this 

endogenously produced CO acts as a signaling molecule, which is involved in multiple 

functions, such as inflammation, proliferation and apoptosis (39,176,336,435). For 

example, CO, like nitric oxide (NO), is defined as a gaseous neurotransmitter in the 

central nervous system (176,272,313).  

 

Carbon monoxide has been recognized as an activator of soluble guanylate cyclase 

(sGC) that is responsible for the formation of cyclic guanosine 3’,5’-monophosphate 

(cGMP) (336). It stimulates the formation of cGMP when it was applied to VSMC 

(263). The effects of CO derived from HMOX1 on the formation of cGMP have been 

demonstrated in many vascular processes including the relaxation of VSMC, the 

proliferation of VSMC and the aggregation of platelet (336). Studies shown that in 

hypoxia, the increase of cGMP was associated with the elevation of HMOX1 and such 

effect that could be inhibited by the metalloporphyrin inhibitors of HMOX1 such as 

SnPPIX (tin-protoporphyrin-IX dichloride) and the CO scavenger hemoglobin rather 

than the inhibitors of nitric oxide synthase (NOS) (174,337). 

 



 13 

Furthermore, studies shown that CO is involved in modulating the MAPK signaling 

pathway including the p38 MAPK, ERK and JNK pathways (336,337). The MAPK 

pathway is critical for the transduction of cellular signal in response to stress and 

inflammation. In addition, CO is believed to mediate anti-inflammatory, anti-

proliferative and anti-apoptotic effects, which are dependent on the modulation of the 

p38 MAPK signaling pathway, while at times, it also inhibited the ERK pathway (336). 

 

Additionally, the cytoprotective effects of CO are most probably attributed to its ability 

to interact with the divalent metals such as Fe2+ in the prosthetic heme groups of 

hemoproteins (336,355). In addition to hemoglobin as discussed above, another possible 

hemoprotein is the terminal acceptor of the mitochondrial electron transport, which is 

known as cytochrome c oxidase (474). Following exposure to CO, the cells release a 

small burst of mitochondrial ROS within seconds or minutes (474), which is 

presumably owing to the binding of CO to the heme group of cytochrome c oxidase. 

Consequently, this process can trigger the activation of other signal transduction 

pathways including the p38 MAPK signaling pathway as well as HIF-1 (34,55). 

 

Moreover, CO has been demonstrated to provide antioxidant defense against hyperoxia-

induced lung injury as well as to prevent thrombus formation following photochemical 

injury (300,398). Previous study shown that the administration of exogenous CO not 

only prolonged the survival of mice in hyperoxia, which was the condition that 

mimicked to human acute respiratory distress syndrome, but also inhibited the 

appearance of lung injury markers i.e., hemorrhage, edema as well as oxidative damage 

markers i.e., lipid peroxidation (300). In photochemical-induced vascular injury 

experiments conducted with Hmox1+/+ and Hmox1-/- mice, the inhalation of CO and the 
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administration of bilirubin rescued the pro-thrombic phenotype of Hmox1-/- mice (398). 

In another study, the protective effect of CO was particularly linked with a profound 

inhibition of graft leukocyte infiltration/activation as well as with the inhibition of 

smooth muscle cells proliferation in atherosclerotic lesions associated with chronic graft 

rejection and with balloon injury (301).  

 

1.1.4.2 Iron 

Heme catabolism releases Fe2+ from protoporphyrin-IX ring that enters a cellular LIP, 

where iron may be available for cellular processes, for example, the synthesis of 

hemoglobin in erythrocytes, the oxidation-reduction reactions and the proliferation of 

cells (337). Here, the LIP refers to a cell chelatable pool, that is comprised of both ionic 

forms of iron e.g., Fe2+ and Fe3+, which are associated with organic anions, polypeptides 

and surface components of membranes (164). This small fraction but significant pool 

also consists of cytotoxic Fe2+ that is thought to catalyze the generation of ROS 

including superoxide, H2O2 and the highly reactive hydroxyl radical through Fenton 

chemistry (187,311). The high concentrations of iron can act as a cytotoxic pro-oxidant 

that causes damage to the cellular proteins, lipids and DNA (336). The reactive iron 

liberated from the catabolism of heme by HMOX1 was thought to be involved in 

hyperoxia-mediated cytotoxicity (380).  

 

Therefore, to diminish the pro-oxidant activity of iron, many organisms employ a 

various mechanisms to prevent iron accumulation in the cells following the induction of 

HMOX1. In fact, when the free iron is released from heme catabolism, it can be 

neutralized by a variety of iron metabolic pathways, which are induced by the iron itself 

(25,95). Similar to what described previously, the mice with genomic deletion of 
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Hmox1 were found to have the accumulation of iron in the liver and kidneys and as a 

result, they developed anemia with abnormally low levels of serum iron (316). 

Inherently, the dysfunction of Fe-ATPase was seemed to be responsible for the 

accumulation of iron in the cells and selective tissue (25). The Fe-ATPase has been 

reported to decrease the overall intracellular pool of Fe2+ and to protect cells from 

apoptosis (25,123). Furthermore, the antioxidant protection by HMOX1 has been 

ascribed to the metabolism of cellular iron including the induction of the iron efflux 

protein, FPN as well as the induction of an iron-sequestering protein, ferritin at the 

translational level (95,103,133). 

 

It has been established that there is a direct connection between the increased HMOX1 

activity and the transcriptional regulation of FPN1 expression (73). Thus, following 

erythrophagocytosis in macrophages, the induction of HMOX1 was found to increase 

the expression of FPN1 (186). These observations suggested that an increase in FPN1 

expression may be a general cellular response to transport iron out of the cells, as a 

consequence of the increased in the activity of HMOX1 (213).  

 

The induction of HMOX1 and the synthesis of ferritin had protected the endothelial 

cells from oxidant damage after exposure to heme and UV radiation (21-23,406). 

Furthermore, the induction of ferritin was shown to inhibit tumor necrosis factor-α 

(TNF-α)-mediated apoptosis of endothelial cells, to protect rat liver from ischemia 

reperfusion (I/R) injury and to prevent hepatocellular damage during transplantation 

into recipient rats after liver engraftment (31,38,347). In brief, the expression of ferritin 

is believed to neutralize the pro-oxidant effect of labile iron, which then arrested the 

JNK signal transduction pathway that led to cell apoptosis (165,264,386). Berberat and 
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co-workers reported that the overexpression of ferritin heavy chain was shown to 

exhibit a similar protective effect with the overexpression of HMOX1 in the livers 

following I/R injury (31). 

 

1.1.4.3 Biliverdin and bilirubin 

Biliverdin (BV) is a green pigment that is subsequently transformed by BVR to 

bilirubin (BR), which is a hydrophobic yellow pigment that partitions to the lipid phase 

(335,336). BR is a lipophilic linear tetrapyrrole that is formed during the catabolism of 

heme by HMOX1. BR is a potentially cytotoxic and lipid-soluble waste product and 

normally, it is rapidly conjugated to glucoronic acid for excretion in the urine (335,336). 

The neonatal jaundice, which results from the harmful build-up of BR due to excessive 

breakdown of fetal erythrocytes at birth, which in turn leads to neurological 

encephalopathy (167).  

 

Both BV and BR were believed to react with enzymatically generated superoxide anion 

radicals in vitro, which in turn, resulted in bleaching of the pigments (335,336). The 

antioxidant properties of BV and BR have been demonstrated in various in vivo and in 

vitro studies (230,336,375). BV was proposed to react directly against the peroxyl 

radicals that were generated chemically in either homogeneous solution or multilamellar 

liposomes, whereas BR was regarded as a chain-breaking antioxidant in the membrane 

lipid peroxidation (335,375).  

 

As demonstrated in an isolated perfused heart model and after hemin treatment, the 

expression of HMOX1 and the formation of BR were increased, suggesting a primary 

role of HMOX1-derived BR in cardioprotection following I/R injury (335,336). 
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Moreover, the administration of exogenous BR into the rat myocardium reduced 

myocardial infarction following I/R injury (61). In another study, BR has shown to 

protect cells against H2O2-mediated cytoxicity in vitro (60,83,265,436). Furthermore, 

BR possesses anti-inflammatory and anti-apoptotic properties. The inhibition of BR 

production by specific siRNA against BVR increased the intracellular levels of reactive 

oxygen species and promoted apoptotic cell death in the HeLa cell line and the primary 

neuronal cultures (24). Furthermore, as shown in a rat model, the pre-induction of 

HMOX1 with heme conferred anti-inflammatory protection against oxidative stress. 

Additionally, HMOX1-derived BR diminished the lipopolysaccharide (LPS)-induced P- 

and E-selectin expression in the vascular system and thereby, leading to the inhibition 

of leukocyte rolling and adhesion in vivo (135). 

 

In the context of BV, one study reported that BV protected tissue in an ex vivo model of 

cold hepatic I/R injury (106). Moreover, the inclusion of BV in the perfusate increased 

the survival of rats undergoing orthotropic liver transplantation by preserving the liver 

function and architecture. This protection was associated with the attenuation of pro-

inflammatory markers and pro-inflammatory cytokines as well as the inhibition of 

inducible nitric oxide synthase expression (107).  

 

In conclusion, the cytoprotective effects of BV and BR are likely to contribute to the 

beneficial effects of HMOX1 in many disease models. This is supported by the 

observation that when administered exogenously, BV and BR exerted anti-

inflammatory, anti-apoptotic, anti-proliferative and antioxidant properties that can 

afford protection against I/R injury, rejection of transplanted organs and severe sepsis as 
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well as vascular lesions associated with the development of intimal hyperplasia 

(290,291,302,340,420,442). 

 

1.1.4.4 Analysis of HMOX1 expression and HMOX1 activity 

The expression of HMOX1 mRNA and protein levels are commonly analyzed using 

classical molecular biology techniques. In regard to HMOX1 mRNA analysis, the 

Northern blot analysis can be applied to measure the steady-state levels of HMOX1 

mRNA, for instance in oxidative stress-induced human fibroblast cells (338,400). 

However, more common in vitro methods to measure the transcriptional activation of 

HMOX1 gene including the nuclear-off and the reverse transcriptase-polymerase chain 

reaction (RT-PCR) techniques (13,173,199,338). As for HMOX1 protein analysis, the 

Western blot has become the standard method of detection and has been used to analyze 

the induction of HMOX1 in many in vivo and in vitro experimental models 

(338,343,385). This method resolves proteins by polyacrylamide gel electrophoresis, 

subsequent transfer of the separated proteins to nitrocellulose membrane, followed by 

probing with the specific anti-HMOX1 antibodies or antisera (121,150,240,338,345). 

 

However, these endpoint approaches do not measure functional HMOX1 activity that 

requires integration of HMOX1 into a membrane and accessory enzymes including 

NADPH:cytochrome P450 reductase and co-factors such as NADPH (152,286,338). A 

number of methods have been established to measure the activity of HMOX1, including 

CO determination or quantification of bile pigments (BV and BR) by 

spectrophotometry, high-performance liquid chromatography (HPLC) and 

radiochemical methods (338,456). BV is rarely used as an indicator of HMOX1 activity 

because of its low extinction coefficient (142,200), compared with the 5-fold higher 
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extinction coefficient of BR (142,388,389). Therefore, many studies use the formation 

of BR as the marker of HMOX1 activity (142,152,338,456). 

 

Tenhunen et al. first demonstrated that the formation of BR can be quantified by 

spectrophotometry (142,388,389,410). In this method, the quantification of BR 

formation was measured directly by the increase in absorbance at 468 nm 

(142,338,388,389). Later studies by Maines and Kappas demonstrated that the 

formation of BR could also be calculated from the difference in absorbance between 

464 nm to 530 nm (142,201,236,239,338).  

 

A radiochemical method can also be used to measure the HMOX activity by utilizing 

[14C] heme as a substrate (152,338,399). The formation of [14C] BR can then be isolated 

by recrystallization from chloroform extract or separated by thin-layer chromatography 

(363,387). Other studies had determined the BR levels in the CSF of Alzheimer’s 

disease patients, in the intestinal mucosa of stress-induced rats and in the foam cells 

from rabbit atherosclerotic lesions using the anti-BR antibody by ELISA and 

immunohistochemistry (178,275,287,293,456).  

 

A number of sensitive HPLC methods have been described to measure the HMOX 

activity by quantifying the formation of BR in serum or plasma, bile and microsomal 

preparations (142,152,270,333,338,370). A benefit of the HPLC method is that it allows 

for the simultaneous detection of BV, BR and heme on a single chromatogram 

(333,334). In addition, the gas chromatography has also been established to measure the 

HMOX activity by quantifying the production of CO during heme catabolism 

(142,152,163,338,409,410). 
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A limitation of all methods measuring BR for the HMOX activity determination is that 

BR itself is not the product of heme oxygenase, and hence does not truly reflect the 

HMOX activity. For the latter, quantification of CO, BV or Fe, i.e., the true reaction 

products, are required. Moreover, none of the above-mentioned and currently available 

methods specifically determines the activity of HMOX1, because they are all based on 

measuring the products of heme catabolism mediated by HMOX (±BVR), and the two 

HMOX isoforms give rise to the same products. Of note, to distinguish between 

HMOX1 and HMOX2, an additional immunoblotting step is required to selectively 

eliminate one of the species (338). The differences in the primary amino acid 

composition between HMOX1 and HMOX2 can be reflected in the specificity of their 

antibodies or antisera (250). 

 

1.2 ROLE OF HMOX1 AND ANGIOGENESIS 

The formation of new blood vessels is a stringent process that begins in the early 

embryonic development and this continues with limitations in the post-natal life. This 

formation is not only a central player in the development of organism and in the process 

of wound healing, but also a player in some physiologic events in adults such as the 

oogenesis, during the menstrual cycle and the hair growth (230). In general, there are 

three mechanisms identified in the formation and remodeling of new blood vessels, and 

these are referred to as vasculogenesis, angiogenesis and arteriogenesis (47,349). 

Vasculogenesis refers to the formation of blood vessels de novo by the endothelial 

progenitors cells that arise from various embryonic regions or the adult bone marrow 

(330). Angiogenesis denotes the sprouting of new capillary branches from the pre-

existing blood vessels (46). Arteriogenesis is defined as the remodeling of pre-existing 

artery in order to increase its luminal diameter in response to the increase in blood flow 
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(136). Neovascularization is the process of new blood vessel growth in response to 

stress e.g., hypoxia, injury, diseases including ischemia, tissue damage and cancer 

(124). 

 

Hypoxia is a potent inducer of vasculogenesis and angiogenesis (47). Ischemia-induced 

hypoxia was shown to promote the production of vascular endothelial growth factor 

(VEGF) and other angiogenic cytokines by cells, which consequently drive the 

proliferation of local endothelial cells and the formation of new vascular networks 

(349). Given that the primary cause of ischemia is stenosis of the large conduit vessel, 

and thus the formation of additional capillaries may further lead to arteriogenesis. This 

process involves the remodeling of pre-existing collateral vessels to increase blood 

flow, as a result of the increased in the luminal diameter (349).  

 

The angiogenic cytokines including VEGF, platelet-derived growth factor (PDGF) and 

stromal-derived growth factor 1 (SDF-1) can also recruit angiogenic bone marrow-

derived cells (BMC) such as the endothelial and hematopoietic progenitor cells as well 

as the myeloid and mesenchymal cells to the site of angiogenesis and arteriogenesis 

(349). These BMC contribute to the vascular growth and remodeling by producing more 

angiogenic cytokines.  

 

An association between HMOX1 and angiogenesis has been reported. The 

overexpression of HMOX1 promoted the growth of endothelial cell and the formation 

of capillary in vitro, whilst the inhibition of HMOX1 expression decreased these effects 

(215). A study in vivo revealed that the angiogenic mediators including VEGF and 
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SDF-1 are known to induce the expression of HMOX1, and that the local inhibition of 

HMOX1 blocked angiogenesis in vivo (42,75,85,161).  

 

During ischemic-mediated neovascularization, the HIF-1 acts as a key player in 

inducing VEGF and also HMOX1 to drive angiogenesis. The interplay between hypoxia 

and its angiogenic stimuli speculates a role for HMOX1 as an upstream regulator of 

VEGF. The HMOX1 activity has been shown to modulate the synthesis of VEGF in the 

vascular cells exposed to hypoxia as well as normoxia (87). In a rat hindlimb ischemia 

model, the transfer of HMOX1 to skeletal muscle resulted in a significant elevation of 

VEGF expression and thereby, promoting blood flow and tissue function (381). 

 

Moreover, in the endothelial cells, HMOX1 promoted angiogenesis by attenuating the 

synthesis of the anti-angiogenic mediators soluble VEGF receptor-1 and soluble 

endoglin (69). The study by Agarwal et al. has demonstrated the strongest evidence for 

a role of HMOX1 in angiogenesis. They showed that SDF-1 mediated angiogenesis, 

including migration and proliferation of endothelial cells and EPC in vitro and in vivo, 

was HMOX1-dependent (75). 

 

1.3 ROLE OF HMOX1 IN EMBRYONIC DEVELOPMENT 

1.3.1 HMOX1 deficiency in human development 

Although HMOX1 is mainly involved in maintaining iron recycling/homeostasis, 

studies has shown that HMOX1 is apparently associated with a variety of human 

pregnancy disorders (321,322,432,439,463). For instance, in human population, the 

level of HMOX1 expression was found to be decreased in the cases of recurrent 

miscarriages, spontaneous abortions, pregnancy-induced hypertension, pre-eclampsia, 
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birth defects and fetal growth restriction (20,26,74,94,362).  This  can be  illustrated 

through the  results of laboratory examinations  conducted on a sample of chorionic villi 

harvested from a woman who suffered pre-eclampsia during the first trimester of her 

pregnancy. The result showed that the expression of Hmox1 gene was altered (100). 

Meanwhile, in the different analysis related to CO, the levels of end-tidal breath CO 

was found to be lower in a pregnant women who had hypertension compared with 

normal pregnant women (29,194). Furthermore, a study by Stevenson et al. revealed 

that HMOX1 was expressed in the human umbilical cord that suggested a role of CO in 

the regulation of feto-placental blood flow (412). These evidences eventually showed 

that HMOX1 plays a beneficial role in maintaining a healthy pregnancy and that such 

complications during pregnancy would be related to a HMOX1 deficiency or a low 

Hmox1 gene expression of mother side. 

 

To date, there are only two clinical cases on HMOX1 deficiency in humans have been 

reported (321,439). These Hmox1-deficient children had an intravascular hemolysis and 

endothelial cell injury and had displayed frontal prominence (321,322,439). The first 

human case of HMOX1 deficiency was identified in Japan. A 6-year-old boy with both 

alleles that encoded a truncated HMOX1 protein showed a severe growth retardation, 

developmental delay and premature death. The patient had sufferred a progressive 

anemia as well as the accumulation of iron in the liver and kidneys, the absence of 

spleen and hyperlipidemia. A further genealogical examination revealed that the parents 

were heterozygous carriers for different mutant alleles of the Hmox1 gene. Additionally, 

his mother had previously experienced several intrauterine fetal deaths during her 

pregnancy (439). Similarly, in the second case, a 15-year-old girl was presented with a 

reduced growth, disordered iron metabolism, the absence of spleen, hepatomegaly, 
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nephritis, leukocytosis and vascular injury (321,322). Both cases reported that these 

children died because of intracranial hemorrhage. 

 

Despite the presence of the Hmox1 mutant alleles in human population, GT repeats 

microsatellite polymorphism within the Hmox1 promoter could also alter the inter-

individual variations in the expression of HMOX1. Wagner et al. reported that the 

longer GT repeats was associated with the incidence of idiopathic recurrent 

miscarriages among Caucasian population (74). Taken together, these observations 

suggested that HMOX1 expression is required in maintaining a normal pregnancy in 

humans. 

 

1.3.2 Mouse embryonic development 

Even though the study of genes is important in the field of human embryology, such 

study is not always possible because of the obvious limitations on the use of humans as 

an experimental system as well as the availability of human embryos for scientific 

research, which are hard to obtain. Therefore, the human embryology is extensively 

studied using different kinds of experimental model systems including yeast cells, 

invertebrates such as the jellyfish-like hydra, the microscopic roundworm 

Caenorhabditis elegans, the fruit fly Drosophila melanogaster and vertebrates such as 

frog Xenopus, chicken Gallus gallus, mouse Mus musculus and more recently, zebrafish 

Danio rerio (116). Out of all these, the mice do not have the same experimental 

limitations as others and defined spatio-temporal genetic alterations can be performed in 

mice under controlled conditions (114). 
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Mice are the model of choice to study embryology because majority aspects of murine 

embryogenesis resemble that of humans. However, it is crucial to note that the 

development in mice also differs in several important aspects from humans 

development (116). For example, in humans, an embryonic disk develops after the 

embryo implants in the uterine wall, whereas in mice, an egg cylinder forms. 

Furthermore, the yolk sac of a mouse embryo perseveres and functions to nurture the 

embryo throughout the gestation, but in humans, the yolk sac functions only in the early 

embryogenesis (159).  

 

The murine embryonic development takes approximately 21 days, but it is also 

depending on the mouse strain. The mouse embryonic development is staged by the 

number of ‘days postcoitum’ (‘dpc’) (84). The mating of the mice is set up by placing 

one adult male and two adult females mice in one cage. Four to six females are required 

for each experiment because not every female that has copulated can be identified or 

will become pregnant (116). The fertilization is assumed to take place around midnight 

during the dark cycle from  7 pm to 5 am, and then at noon on the following day, the 

females are checked for the presence of a plug in the vagina and if the vaginal plug is 

observed, the embryos are recorded as age 0.5 dpc or E0.5. The vaginal plug contains 

coagulated proteins from the seminal fluid of male and can be easily observed in most 

strains (www.jaxservices.jag.org). 

 

In humans and mice, the egg (oocyte) enlarges and divides by meiosis before it matures 

in the ovarian follicle until the oocyte reaches a stage of meiotic division called 

metaphase II prior to the fertilization (116,214). Following hormonal stimulation by 

luteinizing hormone (LH) that is produced by the anterior pituitary gland, the ovarian 

http://www.jaxservices.jag.org
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follicle releases the oocyte into the infundibulum of the oviduct through the action of 

numerous cilia on the surface of the oviduct epithelium as shown in Figure 1-2. Each 

ovulated oocyte is a haploid cell. The oocyte is surrounded by its zona pellucida, which 

is a protective coat of non-cellular material that made of extracellular matrix and 

glycoproteins and a mass of follicle cells known as cumulus cells. In the context of 

natural ovulation, approximately 8 to 12 oocytes are released over a period of 2 to 3 

hours asynchronously. However, in the superovulation, the female mice are induced to 

ovulate a greater number of oocytes than normal at a predictable time. In the separate 

event, after the ovulation, the remaining follicle cells in the ovary differentiate into the 

steroid-secreting cells (luteinized granulosa cells) that help to prepare the uterus for 

possible implantation of the embryo (116).  

 

The mouse embryonic development begins with the fertilization of the oocyte by the 

sperm that occurs in the ampulla of the oviduct (Figure 1-2) (214,419). Following the 

acrosome exocytosis and penetration of the zona pellucida, the mouse sperm fuses with 

the cell membrane of the oocyte and is incorporated into the cytoplasm. The haploid 

sperm provides DNA for the male pronucleus and is essential for the activation of egg 

(342). However, the sperm mitochondria, the microtubule-organizing centre (MOC) 

precursors and the stored cellular components of the sperm are not involved in the 

cleavage-stage embryogenesis (342,361,379). Therefore, only the maternal gene 

products in the cytoplasm of 1-cell zygote are responsible for the initial complement of 

the subcellular organelles and macromolecules that are required for survival during the 

cleavage-stage embryogenesis (383). Consequently, after the 2-cell embryo stage, 

robust activation of embryonic genome becomes the primary regulator for subsequent 

embryonic development to occur (116,159,383). 
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Within 24 hours of fertilization, the male and female pronuclei replicate their DNA in 

the 1-cell zygote and later, their chromosomes congress at the syngamy prior to the 

mitosis, the cytokinesis and the formation of the 2-cell embryo (214,419). The 1-cell 

zygote or fertilized egg makes its way to the uterus as this journey takes three to four 

days in mice and five to seven days in humans (419). The cleavage-stage 

embryogenesis denotes to the first three cell divisions in the embryonic development 

prior to the compaction in forming the morula (214,419). The first embryonic division 

occurs to produce two identical cells with finely granulated cytoplasm. Meanwhile, the 

second and third embryonic divisions occur at ~12 hours intervals, which produce 4-cell 

and 8-cell embryos and results in a morphological symmetric blastomeres (214,419). 

These cells continue to divide asynchronously, but the cells do not increase in mass or 

size as it travels from the oviduct into the uterus for implantation. This slow 

development allows the uterine tissue time to prepare itself to receive the embryo (116). 

 

In humans and mice, at about the 8-cell stage, the embryo undergoes a Ca2+-mediated 

compaction to form the morula (214). The individual blastomeres flatten and increase 

their areas of cell-cell contact by connecting through the gap junctions (214). The 

specialized membrane structures known as the connexins contain six protein molecules 

that form pores and thereby, allowing the exchange of ions and small molecules 

between all cells in the morula unit (158). 

 

Therefore, following the compaction process, the embryo becomes an epithelialized 

sphere with distinguishable polarization of individual blastomeres and two cell 

populations (214,466). These two cells populations represent the inner, non-polarized 

cells that contribute to the formation of embryonic ectoderm or endoderm inner cell 
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mass (ICM) and the outer, polarized cells that become the trophectoderm (TE), the 

precursor of the placenta (116,214,419). The formation of adhesion complexes e.g., 

adherens, gap and tight junctions between the outer cells allows the directional 

translocation of ions via basolateral Na+/K+-ATPase into the embryonic interior (214). 

 

By embryonic day 3 (E3.0) in mice and days 5 to 6 in humans, at the 32-cell stage, the 

embryo develops a watery fluid cavity called the blastocoel that defines the early 

blastocyst (116). The structural features of the early blastocyst can be characterized by 

the outer sphere of flattened TE cells (which develop into the trophoblast), the small and 

round cells of ICM and the fluid-filled blastocoel (116).  

 

By E4.0 in mice and between 5 to 7 days post-fertilization in humans, when the 

blastocyst reaches the uterus, it has not yet implanted into the uterine wall and therefore, 

is still a pre-implantation embryo. The blastocyst then hatches from its zona pellucida, 

which is the structure that originally surrounded the oocyte and also prevented the 

implantation of the blastocyst into the wall of the oviduct (116). If an embryo does not 

implant in the oviduct at this stage, it will result in a tubal pregnancy, which can cause 

severe hemorrhaging. 

 

By E4.5 in mice and approximately days 8 to 9 post-fertilization in humans, the fully 

formed blastocyst implants into the uterine wall. At this stage, the ICM segregates into 

two layers that are the hypoblast and the epiblast (116,419). The hypoblast is located 

next to the blastocoel and gives rise to the primitive endoderm, whereas the epiblast 

gives rise to all the cells in the embryo's body (116). 
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Figure 1-2. Development of the mouse pre-implantation embryos from E0.5 to 

E5.5. The image was adapted from NIH Stem Cell Report. 

 

Once the implantation has been achieved, the growth rate of the embryo is increased 

dramatically (116,214,466). By E6.0 in mice, the blastocyst is composed of three 

differentiated cell types, which are the trophectoderm (TE), the epiblast (also known as 

the embryonic ectoderm or primitive ectoderm at this stage) and the primitive endoderm 

(PrE). The TE expands to form the progenitors of the placenta, which are called as the 

ectoplacental cone and the extra-embryonic ectoderm (ExE). The PrE differentiates into 

the parietal endoderm, which migrates from the surface of ICM and directly contacts 

with the maternal tissue and the visceral endoderm (VE). The VE remains in contact 

with the embryo and forms an epithelium on the surface of the ExE and the epiblast 

gives rise to the endodermal layer of the extra-embryonic yolk sac (473). Finally, the 

epiblast consists of a population of pluripotent cells that gives rise to both the somatic 

The figure has been removed due to Copyright restrictions. 
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tissues and the germ cell lineage of the embryo as well as the extra-embryonic 

mesoderm of the yolk sac, the allantois and the amnion (116,473). 

 

About E6.0 in mice or also known as the egg-cylinder stage and at the start of the third 

week of human development, the epiblast or embryonic ectoderm, a single-layered 

epithelium is transformed progressively into the three primary germ layers known as the 

endoderm, the mesoderm and the ectoderm (116). These layers interact in coordinated 

fashion to form the primordial of fetal organs (116) 

 

Therefore, the genetically manipulated transgenic and knockout mouse lines are 

powerful animal models that can define the physiological function of genes during the 

embryonic development and in organ function (64). In fact, the death of early 

embryonic development is often associated with the disruption in basic cellular function 

(64). For instance, in a study performed by O’Malley’s et al., the progesterone receptor-

deficient mice grew up normally until adulthood but they displayed a significant defects 

in several reproductive tissues. Such defects included the inability to ovulate, the uterine 

hyperplasia and inflammation, severely restriction in the development of mammary 

gland and the lack of sexual behavior (232). In another study, Perrella et al. and Dey et 

al. demonstrated that the mice lacking cycloogenase-2 produced multiple defects in 

female reproductive processes including the inability to ovulate as well as the failure in 

the, fertilization, implantation and decidualization, all of which are linked to the level of  

HMOX1 expression (96,221). 
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1.3.3 Role of HMOX1 in mouse embryonic development 

Generation of mice with a null mutation in the Hmox1 gene revealed a crucial role for 

HMOX1 in iron homeostasis as well as in pregnancy and embryonic development 

(200,201).  In these studies, the Hmox1-/- mouse line was developed by replacing the 

exon 3-5 of the Hmox1 gene with a neomycin-resistance cassette (316). When the 

Hmox1-/- mice were crossbred, they did not produce viable offsprings. However, when 

the Hmox1+/- mice were crossbred, the viability of Hmox1-/- progeny was extremely low 

(~5%), compared to the expected Mendelian segregation ratios (25%). Moreover, the 

Hmox1-/- littermates were slightly smaller than the Hmox1+/+ and the Hmox1+/- 

littermates starting from birth and throughout the early adulthood (298). As early as 25 

weeks of age, the Hmox1-/- mice tend to become thin, poorly groomed, infertile and 

appeared to be less active than the Hmox1+/+ and the Hmox1+/- mice (200). These 

observations suggested a critical role for HMOX1 in sustaining successful pregnancy.  

 

This notion is supported by a series of observations demonstrated in the Zenclussen’s 

studies (294). One study reported that the female Hmox1-/- mice had lower levels of 

oocyte maturation when compared with the wild type mice (293).  It also noteworthy to 

know that the in vitro fertilization rate of Hmox1-/- oocytes with wild type sperm was 

very low (19.78%). Additionally, the Hmox1-/- females failed to become pregnant when 

mated with the Hmox1-/- males (293). 

 

Many of the characteristics in human HMOX1 deficiency can be observed in the 

phenotype of Hmox1-/- mouse. The latter displays a profound inflammatory phenotype 

with features of human hemochromatosis including splenomegaly, tissue iron 

deposition, hepatomegaly, fibrosis and hepatic injury, growth retardation as well as 
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premature death (316). Furthermore, the mature Hmox1-/- male mice had a small size of 

testes when compared with similarly sized the Hmox1+/- littermates (316). Further 

studies demonstrated that the Hmox1-/- mice also had increased levels of leukocytes, 

activated CD4+ T cells, pro-inflammatory cytokines as well as oxidized protein and 

lipid (168,292).  

 

Previous studies have shown the relationship between the expression of HMOX1 and 

the placental development, suggesting a role for HMOX1 in embryonic development. 

The expression and localization of HMOX1 have been characterized in the rat and the 

murine placentas (426). As early as E6.5, HMOX1 was strongly expressed in the 

ectoplacental cone that is surrounded by the extra-embryonic tissues (195,426). After 

the formation of placenta was completed at E14.5 in mouse and at E15.5 in rat, the 

expression of HMOX1 was limited to the trophoblast giant cells, specifically in the 

spongiotrophoblast (SP) layer in the junctional zone (JZ), which forms the interface 

between the maternal and the embryonic regions of the placenta. In addition, the 

expression of HMOX1 peaked in the placenta during the mid-gestation period and then, 

it declined towards the end of pregnancy (195,426). 

 

The induction of HMOX1 in the placenta and uterus were believed to facilitate tissue-

protective functions and to promote graft acceptance of allogeneic fetuses (470). As 

observed in the aborted fetus, the expression of HMOX1, HMOX2, iNOS and eNOS 

(inducible and endothelial nitric oxide synthase) were decreased in the placental tissue 

(26,255,457,458). Following the injection of adenoviral vector containing HMOX1, the 

abortion rate was diminished. Additionally, the treatment with adenoviral vector 

containing HMOX1 decreased apoptosis rate and also, increased the Bag-1, a tissue 
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protective marker and the neuropilin-1, a receptor activating T regulatory cells at the 

fetal-maternal interface (369,459,460).  

 

Furthermore, at the mechanistic level, the endogenous formation of CO by HMOX1 

was thought to regulate the placental vasorelaxation and vascular function as well as to 

inhibit the myometrial contractility (3,19,256). In another study, HMOX1 was shown to 

protect TNF-α-induced placental cytotoxicity and to regulate trophoblast invasion as 

well as a key player in graft acceptance in the early pregnancy from E5.5 to E8.5 

(8,231,369). The administration of CO to pregnant animals resulted in a relative 

increased in the trophoblast giant cells and reduced placental fibrosis (461). 

 

1.3.4 Role of HMOX1 in placental structure and vascular formation 

The placenta is a highly specialized transitory yet indispensable structure. It provides 

the exchange of nutrients and gases between the maternal and fetal compartments. This 

process is necessary for maintaining the survival of embryo during its development. The 

placenta consists of the zygote-derived cells and the maternal cells and it attaches the 

conceptus to the uterus. Each species has different structures of placenta (114). These 

zygote-derived cells include trophoblasts (polar trophectoderm derivatives), fetal blood 

vessels and mesenchyme, which are derived from the allantoic mesenchyme, while the 

allantoic mesenchyme itself is a derivative of the primitive ectoderm of the ICM and 

fetal blood cells. Although the mouse placenta is clearly an extra-embryonic organ, its 

zygote-derived cells consist of both embryonic and extra-embryonic origin. In addition, 

the maternal cells of the murine placenta consists of uterine cells that are originated 

from the maternal blood (114). 
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There are three layers in both the humans and mice placentas. The first layer is the 

region known as the labyrinth in mice and the ‘fetal placenta’ in humans, where the 

fetal-maternal interface i.e., the fetal and maternal blood channels exists. The second 

layer is the region that borders the maternal surface of the fetal placenta/labyrinth 

termed as the basal plate and as the junctional zone in humans and mice, respectively. 

This region contains spongiotrophoblasts and glycogen cells. The third layer is the 

region known as the decidua basalis in mice and as the ‘placental bed’ in humans. This 

is the region where trophoblasts invade the uterus and where the dilation and 

enlargement of uterine spiral artery occurs (229). 

 

In a developing mouse embryo, the hemotrophic nutrition is established at E10.5 and 

this allows interchange of substances between the fetal and maternal blood circulations. 

Zhao and colleagues evaluated the role of maternal HMOX1 in the formation of 

placental vasculature using heterozygous mice (Hmox1+/-) (432,469,470). In these 

studies, they demonstrated that the placenta of Hmox1+/- mice displayed a thinner 

spongiotrophoblast layer, reduced number and size of the maternal sinusoids in the 

labyrinth, and disorganized labyrinth structure with irregular shape and thickened walls 

when compared to the placenta of Hmox1+/+ mice (432,469,470). These phenotypes 

suggested that the HMOX1 deficiency may result in the abnormalities of the labyrinth 

vasculature (432). 

 

The vascular network of the placenta is highly structured and is composed of both 

maternal and fetal vessels. An increased supply of blood is crucial for the development 

of placenta during the early stages of normal pregnancy. This involves the remodeling 

of the uterine spiral arteries to become low resistance and high capacitance vessels (4). 
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The umbilical cord acts as the link between the maternal and fetal side, and is 

responsible for the transport of respiratory gases and waste. Therefore, the balance 

between angiogenesis and vasculogenesis, which involves different cell types, is 

important for the development of normal placenta (432). 

 

Moreover, the significance of HMOX1 in the development of placental vasculature has 

been investigated using the vascular corrosion casting technique and micro-

computerized tomography (micro CT) imaging (469). The reconstructed 3D images of 

the casted placentas showed that the Hmox1+/- placenta was smaller than the Hmox1+/+ 

placenta, as indicated by the reduced mean total labyrinth vessel volume and the 

reduced thickness of maternal vasculature region. In addition, the Hmox1+/- placentas 

had highly branched spiral arteries, with smaller diameter when compared with the 

Hmox1+/+ placenta. Thus, this study suggested that a partial deficiency of maternal 

HMOX1 may result in abnormal development of spiral artery, which is an important 

factor implicated in pregnancy complications including pre-eclampsia and intrauterine 

growth restriction (432,469,470). 

 

1.4 IRON METABOLISM 

Being one of the most abundant metals in the human body, iron serves as a functional 

component in numerous biological and cellular processes as it participates in the 

synthesis of DNA, RNA and protein, the transport of electron and O2, the proliferation 

and the differention of cells as well as the regulation of genes expressions at the post-

transcriptional level. Furthermore, iron is also a key component for many cellular 

enzymes, such as oxidases, catalases, peroxidases, cytochromes, ribonucleotide 

reductases, aconitases and NOS. The ability of iron to participate in these diverse 
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cellular processes is attributed to its chemical versatility as the transition metal with 

redox activity. 

 

Therefore, iron homeostasis is tightly controlled to maintain the levels of iron within the 

physiologically optimal range and also, to ensure the adequate amount of iron for 

critical biological processes. This is because the excessive iron that remains unbound to 

specific ligands is toxic and can give rise to hydroxyl radicals that ultimately lead to the 

oxidative damage (310). Furthermore, the disorders in iron metabolism are among the 

most prevalent human diseases and encompass a broad spectrum of clinical 

manifestations, which range from anemia to iron overload, e.g., hemochromatosis and 

thalassemia, neurodegenerative diseases and probably a few types of cancers (16,219). 

 

The daily demand for iron in a healthy human is reported to be roughly 25 mg and 

normally 80% of this iron is required for the synthesis of heme in developing erythroid 

cells in the bone marrow (414). Heme in hemoglobin contributes to 70% of the whole 

body iron, which is approximately to be 2-4 g in the healthy human body (190). 

Hemoglobin is commonly reside in the blood, however, heme also can be found in 

erythroid precursor cells in the bone marrow and macrophages that engulf the 

senescence erythrocytes. The rest 30% of the body iron can be found in the liver 

parenchyma, muscle myoglobin, plasma transferrin, cytochromes and various other 

iron-containing enzymes (15). The absorption of iron from food occurs almost 

exclusively at the intestinal mucosa and could be considered as an inefficient process. 

This is because based on the typical dietary iron content of 10-20 mg, only 1-2 mg or 

10% is absorbed (63). At the same time, a similar amount of iron is lost due to 

desquamation and bleeding, in particular among menstruating women (120). Therefore, 
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most of the iron required is derived from the recycling of heme iron from the senescent 

erythrocytes, and this contributes to the estimation of 30 mg/day (190). 

 

1.4.1 Cellular iron metabolism 

Humans take an iron from the diet as either heme (e.g., contained in meat) as well as the 

inorganic ion salts or iron complexes that are contained in plants and dairy products. 

The absorption of iron occurs at the duodenum and the upper portions of the jejunum. 

The absorptive cells known as enterocytes are polarized with an apical microvillus 

brush border that are separated from the basolateral surface by tight junctions. Under 

physiological conditions, the free iron cannot cross the lipid membrane. It must be 

transported across the apical and basolateral membrane using the specific transporter 

proteins and accessory enzymes that change the redox state of iron in order to reach the 

systemic circulation (16). For example, the brush border ferrireductase, which is also 

known as duodenal cytochrome b (DCYTB) reduces inorganic Fe3+ to Fe2+ (253). The 

alternative mechanisms for reduction of Fe3+ must exist because the mice lacking 

DCYTB (Cybrd-/-) did not show the symptoms of impaired iron absorption (129). The 

six-transmembrane epithelial antigen of the prostate (STEAP) protein family is another 

ferrireductase that is expressed in the intestine but its role in the absorption of iron 

remains unknown (284).  

 

Consequently, once in the ferrous state, Fe2+ is transported into the enterocytes via the 

divalent metal transport 1 protein (DMT1) (105,128). The DMT1 is a member of the 

natural-resistance-associated macrophage protein family that has 12 transmembrane 

segment proteins. It also mediates the transport of other metal ions such as Zn2+, Mn2+, 

Co2+, Cd2+, Cu2+, Ni2+ and Pb2+ (128). The mice with DMT1 mutations exhibited severe 
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anemia due to the significant defects in the intestinal iron absorption and the 

assimilation of iron by erythroid precursor cells, and hence, demonstrating the 

importance of DMT1 in this process. Moreover, DMT1 was also strongly induced in 

iron deficiency, and thus confirming its role in iron homeostasis (45,127). 

 

In addition, heme is taken up by the enterocytes via the heme carrier protein 1 (354). 

Following this uptake, heme is most probably transported to the cytoplasm via heme 

responsive gene 1 and is catabolized via the action of HMOX1 to CO, Fe2+, and BV in 

the endoplasmic reticulum (188). The iron released from this heme catabolism then 

follows the fate of absorbed inorganic iron (see below).  

 

Once inside the enterocytes, iron is used for cellular needs e.g., the synthesis of heme or 

the iron-sulfur biogenesis in the mitochondria, for stored in ferritin, or transported 

across the basolateral membrane into the circulation via the action of the iron exporter 

protein FPN1, also called SLC40A1 or iron-regulated gene 1 (IREG1) (16). Meanwhile, 

ferritin is a highly conserved multi-meric protein that forms a spherical shell, which is 

designed to accommodate 4,500 molecules of Fe2+ in a non-redox and thus non-toxic, 

soluble and bioavailable form (17,133). As a result, ferritin protects cells against iron-

mediated oxidative stress (17). Ferritin is mostly localized in the cytoplasm but also 

found in the mitochondria and nucleus, mainly to protect them from the iron toxicity 

and the oxidative damage (17). Ferritin is continuously being degraded via lysosomal 

autophagy, and thus resulting in the constant availability of iron (188). Some storage 

iron may also be found in the lysosomes in the form of hemosiderin as a result of partial 

degradation of ferritin (133,328). The iron retained in ferritin can be sloughed with the 

senescent cells after two to three days and will leave the body through the 
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gastrointestinal tract. This process represents an important mechanism of iron loss 

besides the processes of perspiration and urination. 

 

The iron regulatory proteins (IRP) are the master regulators of cellular iron homeostasis. 

The IRP binds to iron-responsive elements (IRE), which are present in the 5’-

untranslated regions (UTR) of various mRNAs of genes involved in iron metabolism 

i.e,. DMT1, transferrin receptor, ferritin and FPN1, and thereby, inhibiting or enhancing 

translation to maintain a constant level of LIP (266). In the conditions of low cytosolic 

iron content, both IRP bind the IRE at the 5’ region of ferritin and FPN1 mRNAs and 

thus their synthesis are repressed. Conversely, binding to the IRE in the 3'-UTR of the 

mRNA of the transferrin receptor leads to increase mRNA stability and thus, increasing 

the expression of transferrin that leads to increase of iron uptake (133). In the conditions 

of high iron content, the expression of H-ferritin (H-FT) is induced. The H-FT chain 

combines with the L-ferritin chain to form a multimeric (24-subunit) complex with high 

iron-storage capacity. The bound iron is maintained in the ferric (Fe3+) state, which is a 

property attributed to the ferroxidase activity of H-FT (17). 

 

Most of the iron absorbed through the enterocytes must leave the cells to be utilized. 

This function is carried out by FPN1 that has 10 to 12 predicted transmembrane 

segments but bears no homology to DMT1 or other mammalian proteins (2,81,254). 

The FPN1 is expressed in the duodenal enterocytes, macrophages, hepatocytes and the 

extra-embryonic visceral endodermal and the placental cells that transfer iron from the 

mother to the fetus (2,81,254). The FPN1 is negatively regulated by the iron-regulatory 

hormone, which is hepcidin that binds to FPN1 and resulting in internalization and 

degradation of the exporter (277). The vital role of FPN1 in iron homeostasis was 
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demonstrated by the zebrafish embryos that carried mutations in FPN ortholog that 

showed a defect in the transfer of iron from yolk sacs to the embryos (81). Moreover, 

the FPN1 was shown to have iron export function when expressed in Xenopus oocytes 

(81,254). The global targeted inactivation of the murine Fpn1 gene caused the 

embryonic lethality at E7.5 due to the loss of FPN1 in the extra-embryonic visceral 

endoderm, which is involved in the materno-embryonic delivery of iron, prior to the 

formation of placenta (82). Furthermore, the Fpn1-/- mice had the deposition of iron in 

their enterocytes, macrophages and hepatocytes, which is consistent with a key role for 

FPN1 in those cell types (82). Interestingly, the failure of embryonic development was 

not observed in the selective inactivation of the murine Fpn1 gene (82).  

 

The export of iron from the enterocytes requires the re-oxidation of Fe2+ back to the 

Fe3+ prior to the iron binding by transferrin (TF) in blood. This function is catalyzed in 

most cells by ceruloplasmin, which is a multicopper ferroxidase and in the enterocytes 

by a transmembrane homologue of ceruloplasmin called hephaestin (54,132,413). The 

hephaestin mutant mice exhibited a severe hypochromic anemia associated with 

mucosal iron retention, indicating the importance of the FPN1-associated oxidase in 

exporting iron across the basolateral membranes of enterocytes (413). 

 

Once in circulation, the absorbed iron is rapidly bound by the high-affinity iron-binding 

protein, TF. The liver is the major storage site for iron, whereas the bone marrow is the 

main site of iron re-utilization. In most cells, the iron is delivered by interaction of iron-

TF with the cell surface TF receptors (TFRs) (137). In all, there are two TFRs: 1) TFR1, 

which is present in all cell types and 2) TFR2, which is expressed mostly in the 

hepatocytes (229). The uptake of differic-TF via TFR1 is one of the most studied in this 
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field (53). The mice lacking the Tfr1 gene died at E11.5 during the gestation period due 

to severe anemia (211). In addition to Fe-Tf, the free iron or non-transferrin-bound Fe in 

the plasma can also be assimilated into the cells via DMT1. This pathway becomes 

important when the serum iron levels exceed TF binding capacity (27,175,273,274,324).  

 

Upon the binding of Fe-TF to TFR, the complex undergoes endocytosis via the clathrin-

coated pits. The acidification of the resulting endosome through the action of a proton 

pump ATPase to pH 5.5 triggers a conformational change in both TF and TFR, which 

lead to the release of Fe3+ (183). Following the reduction of released Fe3+ to Fe2+ in the 

endosome by an endosomal ferrireductase, most likely STEAP3, Fe2+ is transported 

across the endosome to the cytosol via DMT1. Study revealed that the STEAP3-

deficient mice developed iron deficiency anemia, that was attributed to a defect in 

endosomal ferrireductase function, particularly in the erythroid cells (283). Finally, the 

apoTF and TFR are recycled back to the cell membrane through a process that involves 

the trafficking protein Sec15l1, where the ApoTF is released into the bloodstream to 

recapture more iron in the circulation (222). 

 

1.4.2 Mitochondrial iron metabolism 

In most cells, mitochondria accounts for only approximately 5-10% of the total cellular 

protein mass. However, no other organelle has an iron content and demand as high as 

mitochondria. Therefore, mitochondria is critical to iron metabolism, as it is being the 

unique site for the synthesis of heme and the major site for the synthesis of iron-sulfur 

clusters ([Fe-S]) (137). A large proportion of synthesized heme and Fe-S clusters 

remains in the organelle in the mitochondria. All four complexes of the electron 

transport chain contain iron, which are crucial for the production of cellular ATP. 
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Complexes I, II and III contain [Fe-S] clusters, whereas complexes III, IV and 

cytochrome c contain heme (407).  

 

Iron is delivered into the mitochondria through the mitochondrial iron importer, 

mitoferrin (353). There are two different mitoferrins exist; 1) mitoferrin 1, which is 

expressed exclusively on erythroid cells, and 2) mitoferrin 2 that is expressed at low 

level in non-erythroid cells (353). The murine mitoferrin is homologous to the zebrafish 

protein frascati and the yeast proteins Mrs3p and Mrs4p (89). Previous studies shown 

that the mutation of murine mitoferrin and zebrafish frascati led to the impaired 

synthesis of heme, which was attributed to defects in the mitochondrial iron uptake, 

while the mutation of MRS3 and MRS4 also resulted to the impaired synthesis of heme 

and [Fe-S] clusters (325,353,468). 

 

The utilization of iron that is required for the synthesis of [Fe-S] clusters is thought to 

be regulated by the inner mitochondrial protein, frataxin (247). The expression of 

frataxin was decreased markedly in the Friedreich’s ataxia disease due to excessive iron 

in the mitochondria that also impaired the synthesis of [Fe-S] clusters (247).  The 

molecular form of this excessive iron in the Friedreich’s ataxia disease remains to be 

resolved. Meanwhile, as pointed out earlier, the mitochondrial ferritin is responsible for 

storing iron within the mitochondria and its expression was increased in patients with 

the X-linked sideroblastic anemia (48,89). 

 

After being synthesized, the heme and the [Fe-S] clusters are then transported out of the 

mitochondria. There are at least three possible proteins that are associated with this 

export and one of which is the ABCB7 transporter (276). This protein is thought to be 
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the exporter of [Fe-S] clusters and it was mutated in the X-linked sideroblastic anemia 

with cerebellar ataxia in humans (30). The other two proteins are recognized as putative 

heme transporters, which are known as the breast cancer multi-drug resistance protein, 

ABCG2 and the ABC-mitochondrial erythroid transporter (160,360).  

 

1.4.3 Iron metabolism during embryonic development 

The studies on various mouse models with the disruption in iron metabolism genes 

provide major insights into the molecular mechanisms of iron metabolism in the embryo 

and the fetus (229). The deficiencies in genes encoding proteins that are critical for the 

regulation of cellular iron storage and transport such as H-ferritin (H-FT), TFR1 and 

FPN1 are embryonically lethal, particularly in the early stage of embryonic 

development (82,102,211). 

 

Previous study reported that the Fth-/- embryos died between E3.5 and E9.5 of 

development, whereas the Fth+/- mice were healthy, fertile and did not differ 

significantly from their control wild type littermates (102). A possible reason for this 

lethality was that in the absence of H-FT chain, the iron that entered the embryonic cells 

cannot be internalized and sequestered inside the large cavity of ferritin molecules, 

despite the presence of L-ferritin chain. The free Fe2+ was then available to participate 

in the Fenton reaction, which led to uncompensated oxidative stress and resulting in 

oxidative damage (102).  

 

The expression of ferritin was observed in the mice lacking both IRP1 and IRP2 genes 

that are the repressor of ferritin mRNA translation (367). The embryos with the Irp1-/- 

Irp2-/- genotype were undetectable at the pre-implantation stage (E6.5), and that may be 
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attributed to the overexpression of ferritin, the increased iron sequestration, and the 

concomitant functional iron deficiency (367). This was further postulated that the low 

level of iron in the Irp1-/- Irp2-/- embryos became worse as the uptake of extraembryonic 

iron was reduced due to the degradation of TFR1 transcripts in the absence of IRPs 

(367). Therefore, in the presence of IRP1 or IRP2, the post-transcriptional regulation of 

iron-related genes seem to proceed normally at all stages of pre-natal development, this 

is presumably due to the functional redundancy of the IRPs (112,229,257). 

 

The TFR1 is a second pillar of cellular iron homeostasis (229). The vital role of TFR1 

in embryonic development was revealed by the death of the Tfr1-/- embryos between 

E8.5 and E12.5 of development (444). The TFR1 is expressed in the embryonic 

ectoderm and the syncytiotrophoblasts, which are derived from the trophoblast cells and 

take part in the formation of placenta, which is the site of maternal-embryonic iron 

transfer (211). This localization suggests the importance of TFR1-mediated uptake of 

Fe-TF complex in the development of post-implantation mouse and beyond (229). 

 

The major cellular iron exporter, FPN1 is also indispensable in embryonic development 

(82,244). In addition to the discussion in Section 1.4.1, the FPN1 is required in the 

extra-embryonic visceral endoderm rather than in the embryo proper (202). Mao and 

colleagues revealed that the loss of FPN1 resulted in abnormal morphogenesis of the 

anterior visceral endoderm, which then led to the defects in forebrain patterning and 

neural tube closure (244). 

 

The DMT1 mediates the transfer of Fe2+ that is internalized by TF from the endosomes 

to the cytoplasm (368) . Although the Dmt1-/- mice were born anemic and survived until 
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E7.5, the levels of iron in most tissues were normal or even higher compared than in 

wild type mice (127). Indeed, the function of DMT1 is dispensable for the transfer of 

iron between the maternal and the embryo but is also required for the erythroid 

utilization (229).  

 

Another protein that is essential for embryonic development is FLVCR (feline leukemia 

virus subgroup C receptor 1). The death of the Flvcr-/- embryos occurred during two 

embryonic development stages: at or before E7.5 or between E14.5 and E16.5 (171). 

The death during the later stage was caused by the failure of fetal erythropoiesis in the 

liver, which is consistent with the function of FLVCR as a heme exporter that plays a 

key role in protecting erythroid cells from heme toxicity. The FLVCR is expressed in 

the yolk sac, the ectoplacental cone, and the placental in normal developing embryos 

(171). Nonetheless, the disruption of other genes that are important for adult iron 

homeostasis i.e., hephaestatin, hemojuvelin, haptoglobin, hemopexin, hepcidin, and 

ceruloplasmin in mice did not exhibit any fetal abnormalities or embryonic lethality and 

they produced fertile homozygous offspring in the expected ratio 

(132,140,210,223,229,396,471). 

 

1.5 HYPOXIA 

1.5.1 Hypoxia inducible factors (HIFs) 

Oxygen (O2) is crucial for the development and growth of multicellular organisms and 

mammals. These organisms and mammals have developed a sophisticated physiological 

system to maintain O2 homeostasis at the tissue level. This system includes the capture, 

binding, transport and the delivery of molecular O2. One of the critical aspects of this 

system is the ability to sense and respond to the low levels of O2. An increasing number 
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of O2-sensing signaling pathways have been characterized at the molecular level in 

order to promote hypoxia tolerance in the system . These include the mammalian target 

of rapamycin (mTOR), the endoplasmic reticulum stress response, the NFκB 

transcriptional response, and the HIFs (309,433). Indeed, the transcriptional activation 

of gene expression mediated by the HIFs is a key feature of the cellular response to 

hypoxia. Hence, the HIFs plays a crucial role in embryonic development, tissue 

homeostasis and diseases (197). 

 

The HIFs are members of the family of environmental sensors known as basic helix-

loop-helix-Per-Arnt-Sim (bHLH-PAS) transcription factors that regulate diverse 

biological processes (365). The HIFs exist as heterodimers, which consist of an O2-

sensitive HIF-1α subunit and a constitutively expressed HIF-1β subunit, which was 

originally identified as the aryl hydrocarbon receptor nuclear translocator (ARNT) 

(417). Both factors interact through two PAS domains of 100-120 amino acids, bind the 

DNA via the N-terminal bHLH domain, and activate the transcription via the C-terminal 

transcriptional transactivation domains (90). 

 

In mammalian cells, the HIF-α family is represented by HIF-1α, HIF-2α and HIF-3α. 

The HIF-1α is expressed ubiquitously, whereas the HIF-2α and the HIF-3α exhibits a 

more restricted tissue-specific expressions (52). In particular, the HIF-2α is expressed 

primarily in the vasculature of the early developing embryo and consequently, in the 

lung, kidney interstitial cells, liver parenchyma, and the neural crest cells (156,395,428). 

Meanwhile, the HIF-3α is detected at a high level in the thymus, kidney, cerebellar 

Purkinje cells and the corneal epithelium of the eye (125,241). 

 



 47 

All three HIF-α proteins are precisely regulated by hypoxia. In contrast, the HIF-1β 

subunit is largely insensitive to changes in O2. The HIF-1β has two homologs, ARNT2 

and ARNT3 that are predominantly participate in the O2-independent pathways, for 

example, in the development of hypothalamus and the regulation of circadian clocks, 

respectively (41,172). 

 

The HIF-1α and HIF-2α dimerize with HIF-1β to form the HIF-1 and HIF-2, 

respectively, which then lead to the activation of O2-regulated target genes. On the other 

hand, the HIF-3α has three isoforms, which are the HIF-3α, the neonatal and embryonic 

PAS (NEPAS) and the inhibitory PAS (IPAS) (443). The HIF-3α and NEPAS 

negatively regulate the formation of HIF-1 and HIF-2 indirectly by competing for 

available HIF-1β and their respective heterodimers, and then activate the transcription 

weakly. While, the IPAS inhibits the formation of HIF-1 and HIF-2 by binding with 

HIF-1α and HIF-2α, respectively and thus, preventing their heterodimerization with the 

HIF-1β (131,443). It appears that the HIF-1α and HIF-2α have been studied 

extensively, whereas research on the HIF-3α and other HIF isoforms is relatively 

scarce. 

 

To date, more than 100 of downstream HIF-1 genes have been identified. These target 

genes include the key genes associated with erythropoiesis (e.g., erythropoietin), 

angiogenesis (VEGF), glycolysis (e.g., glycolytic enzymes), xenobiotic detoxification 

(e.g., NAD(P)H:quinone oxidoreductase), and iron homeostasis, (e.g., HMOX1) 

(205,348,445). In addition, hypoxia and HIF-1 have been linked to the embryonic 

development and the pathophysiology of numerous human diseases such as cancer, 

heart attack, stroke, and other major causes of mortality (170). 
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1.5.2 Regulation of HIF-1 by O2 deprivation 

Under normoxia (>5% O2), the HIF-1α undergoes rapid degradation, which results in 

essentially undetectable HIF-1 proteins (170). The HIF1-α is hydroxylated by a family 

of three HIF-specific prolyl hydroxylases (PHD1, PHD2 and PHD3) at the two 

conserved proline residues, P402 and P564, that are located within the O2-dependent 

degradation domain (170). This hydroxylation reaction requires O2, 2-oxoglutarate and 

the ascorbate to act as cofactors (155). The hydroxylated HIF-1α proteins are 

recognized by the von Hippel-Lindau (pVHL) protein and then covalently tagged by an 

E3 ubiquitin ligase, which directs polyubiquitylated HIF1-α and proteosomal 

degradation (285). The central role of pVHL in the regulation of HIF-1α is reflected in 

the VHL disease, where the inactivation of Vhl gene resulted in the development of 

highly vascularized tumors of the kidney, retina and the central nervous system 

(162,445).  

 

In addition to pVHL, the hydroxylation of an asparagines residue at N803 in the C-TAD 

region by the O2-sensitive asparaginyl hydroxylase factor inhibiting HIF-1 (FIH-1) 

prevents the association of HIF-1α with the transcriptional co-activators p300/CBP, and 

thereby, decreasing the activity of HIF-1α (90,365). The PHD and FIH-1 are iron 

containing-dioxygenases that their activities are inhibited under hypoxia. Moreover, 

both PHD and FIH-1 are sensitive to the inactivation by H2O2 (248). 

 

In hypoxia (<5% O2), the low activities of PHD and FIH-1 results in the absence of 

proline and asparagine hydroxylation, and consequently, causes the stabilization of HIF-

1α. As a result, the HIF-1α accumulates in the cytoplasm of O2-starved cells, where it 

can translocate to the nucleus and dimerizes with HIF-1β to form the HIF-1 complex. 
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The activated HIF-1 complex then binds to the hypoxia-response element within the 

hypoxia-sensitive genes and the transcriptional co-activators to induce gene expression 

(170).  

 

1.5.3 Hypoxia and HIF-1 in embryonic and placental development 

The first established physiological system in the mammalian embryogenesis is the 

circulatory system, which ensures that every cell receive the sufficient O2 and glucose 

for normal metabolic function. The development of the hematopoietic and 

cardiovascular systems begins when the size of the embryo is such that O2 and glucose 

can no longer be provided to all cells by just diffusion (189). In fact, the normal 

embryonic development occurs in a physiologically hypoxic environment with the 

levels of O2 within the uterus are typically ranged from 1 to 5% (289). By comparison, 

the O2 concentrations in most mammalian tissues are in the range of 2 to 9%, in contrast 

to the ambient level of O2, which is 21%. Nevertheless, the bone marrow and thymus 

experience even lower level of O2, which is less than 1% (144). Therefore, it is not 

surprising that the HIF-1 is responsible for many aspect of embryogenesis including the 

placentation, the development of cardiovascular system and the formation of bone 

(90,144,258,350,365).  

 

The presence of hypoxic region in normal developing mouse embryos were 

demonstrated by the use of a hypoxic marker, pimonidazole (207). At E8.5-9, the 

hypoxic regions were detected in the folding neural tube and neuronal mesenchymal 

cells, yolk sac, allantois, ectoplacental cone, and the decidua. Furthermore, at E9.5-11.5, 

the hypoxic regions were spreaded to the neural tubes of telencephalon, diencephalon 

and metencephalon including mesenchymal regions of head (207). Specifically, at 
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E10.5, the hypoxic cells were found in the aorta-gonad-mesonephrons, liver, placenta, 

gut, somites and the neural tube (145). Moreover, at E14.5, the developing heart, gut 

and skeleton were hypoxic, but at E16.5, in the olfactory lobe, connective tissues of 

craniofacial region and cerebral cortex, liver, kidney, heart, and the gastrointestinal tract 

were partially hypoxic (207,326). Interestingly, the HIF-1α protein was detected in 

normal mouse embryos from E8.5 to E18.5, confirming that many regions of the 

growing embryo are hypoxic (153). 

 

The critical role of HIF-1 in embryonic development was demonstrated by the 

homozygosity for a null allele at the Hif-1α locus encoding the HIF-1α subunit. The 

Hif-1α -/- mouse embryos died at E10.5 due to the failure in placental development, 

abnormal neural fold formation, defective heart and yolk sac vascular development, and 

a smaller dorsal aorta (65,153,189,332). Meanwhile, at E9.5, the Hif-1α-/- embryos 

displayed a hematopoietic defects as reflected by the reduced numbers of erythroid 

progenitors and the impaired terminal erythroid differentiation in the yolk sacs. Also, 

the expression of genes encoding Epo, EpoR, VEGF, VEGFR1 and IRPs were 

decreased in the Hif-1α-/- embryos and yolk sacs when compared with wild type 

embryos (451). 

 

Furthermore, the mice with heterozygous deletion of HIF-1α concomitant with a 

cardiac specific homozygous deletion of HIF1-α in ventricular cardiomyocytes were 

embryonically lethal between E8.5 and E10.0 due to the abnormal cardiac development 

(196). Even though these heterozygous mice developed normally, but they displayed an 

impaired physiological responses when challenged by chronic hypoxia (184,455).  
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Similarly, the Hif-1β-/- embryos suffered early embryonic lethality and showed some 

overlapping multi-organ defects including vascular and hematopoiesis defects. At E9.5, 

the activity of yolk sac hematopoietic progenitor was decreased and further the 

hematopoietic cells became apoptotic (6,242,323). However, the vasculogenesis defect 

observed in E8.5 embryos could be rescued in vitro by adding of VEGF protein (323). 

In addition, the Hif-1β-/- cells failed to activate genes that are normally respond to 

hypoxia and low glucose concentration (242). 

 

On the other hand, the germline deletion of Hif-2α resulted in the embryonic lethality 

between E12.5 and E16.5. These mutant mice had an inadequate blood vessel fusion 

and remodeling, the impaired fetal lung maturation and a very slow heart rate because 

of the insufficient production of catecholamine (308,394). Hence, it seems that the HIF-

1α and HIF-2α have non-redundant functions in the regulation of expression during 

embryonic development, although they have similarity in terms of the amino acid 

sequence, the domain architecture, the DNA-binding capacity, and the hypoxic 

activation (170). 

 

There is evidence that the placenta is developed in the hypoxic environment and its 

development is influenced by the levels of O2 (65). In the uterus, the placenta 

experiences the low level of O2, while once the connection has been established 

between the mother vasculature and the placenta, the placenta is rich in O2, which is 8% 

O2 (66). This notion is further supported by the detection of hypoxic cells and HIF-1 

expressing cells in the decidua and placentas of mouse embryos between E8.5 and 

E14.5 (319,346,431). In fact, the hypoxic endothelial cells were also found in the fetal 

part of E10 mouse placenta (145). Moreover, the targeted inactivation of Hif-1α, Hif-1β 
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and Hif-2β genes in the mouse led to the failure in placental formation and embryonic 

lethality as discussed above (1,5,65,66,193). Nevertheless, the placentas of Hif-1α-/- and 

Hif-2α-/- mice were less severe when compared to the placentas of double Hif-1α-

deleted and Hif-1β mice (66). These results showed that hypoxia regulates the 

development of placenta development through HIF-1α/HIF-1β and HIF-2α/HIF-1β 

(65). 
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1.6 HYPOTHESIS AND AIMS 

The general hypothesis of this project is that HMOX1 affects normal embryonic 

development. 

 

The specific hypothesis of this project is that HMOX1 is important for the production 

and availability of maternally-derived iron to the embryo, due to its role in cellular iron 

homeostasis.  

 

The general aim of this project is to investigate a role of HMOX1 in embryonic 

development. 

 

The specific aims of this project are: 

1)  To determine the expression of HMOX1 during the in vitro development of 

pre-implantation mouse embryos under multiple oxygen tension environments; 

2) To characterize the impact of HMOX1 deficiency on the in vitro development 

of pre-implantation mouse embryos under multiple oxygen tension 

environments; 

3) To investigate the role of carbon monoxide on the in vitro development of pre-

implantation wild type and HMOX1-deficient mouse embryos; 

4) To identify the embryonic developmental day at which HMOX1 deficiency 

appears to be lethal in vivo; and 

5) To characterize the phenotype of HMOX1-deficient embryos at the lethal 

embryonic developmental day in vivo. 
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2 MATERIALS AND METHODS 
_____________________________________________________ 

2.1 MATERIALS 

Agarose was purchased from Bioline, Australia. The following reagents were purchased 

from Sigma Aldrich, Australia: bovine serum albumin fraction V (BSA), calcium 

chloride dehydrate, D-(+)-glucose, eosin, embryo-tested mineral oil, 

ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA), hematoxylin, 

hyaluronidase, hydrochloric acid (HCl), L-glutamine, magnesium sulphate heptahydrate 

(MgSO4), N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES), 

paraformaldehyde (PFA), penicillin G sodium salt, phenol red, potassium chloride 

(KCl), potassium phosphate monobasic (KH2PO4), polyvinyl alcohol (PVA), sodium 

bicarbonate (NaHCO3), sodium chloride (NaCl), sodium DL-lactate solution, sodium 

pyruvate, Triton X-100 and Tween 20. In addition, phosphate buffered saline (PBS; 137 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and tris acetate 

EDTA (TAE; 40 mM Tris base, 20 mM acetic acid, 2 mM EDTA, pH 8.5) were 

prepared according to the established methods. All buffers and solutions were prepared 

with Milli-Q water. 

 

Absolute ethanol, xylene (Thermo Fisher Scientific, Australia) and paraffin (Leica, 

Germany) were used for histological analysis. Methanol used in immunofluorescence 

staining was purchased from Thermo Fisher Scientific, Australia.  

 

2.2 ANIMALS 

The Hmox1 mouse colony was established from Hmox1+/- breeders of a BALB/c genetic 

background that were donated by Dr Miguel Soares, Instituto de Gulbenkian de Ciencia, 
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Portugal. Initially, this colony was generated by Dr Shaw Feng Yet (446). All mice 

were bred and housed in our pathogen free animal facilities in the University of Sydney 

and Victor Chang Cardiac Research Institute with a photoperiod of 12 h of light and 12 

h of dark. The mice were provided with food and water ad libitum. All animal 

experimental procedures were performed in accordance to the Australian National 

Health and Research Medical Council guidelines for animal research and were reviewed 

and approved by the Animals Care and Ethics Committees of the University of Sydney 

and the Garvan/St Vincent. 

 

The pups obtained from Hmox1+/- x Hmox1+/- matings were genotyped and 

documented. The ear tissue samples obtained from these pups at aged 3 to 4 weeks were 

sent to Australian BioResources for DNA extraction and then to mouse genotyping 

service at the Garvan Molecular Genetics, Garvan Institute, where high throughput 

polymerase chain reaction (PCR) genotyping analysis was performed. After the 

genotypes of mice were determined, Hmox1+/- mice aged between 8 and 24 weeks were 

used for timed matings that is discussed further in Section 2.6. 

 

2.3 SPECIFIC MATERIALS AND METHODS FOR CHAPTER 3 

The genotyping method for pre-implantation embryos is described in details in Chapter 

3. 

 

2.4 SPECIFIC MATERIALS AND METHODS FOR CHAPTER 4 

2.4.1 Isolation and culture of pre-implantation embryos 

The experiments on pre-implantation embryos were performed using two series of 

embryos, which were isolated from wild type Quackenbush Swiss (QS) and BALB/c 

Hmox1 mice (Hmox1+/+, Hmox1+/- or Hmox1-/-). The type of mouse strain used was 
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mentioned in each experiment. For the first part of the study, our existing BALB/c 

Hmox1 colony did not produce the sufficient numbers of mice needed. Therefore, we 

utilized wild type QS mice as an alternative controls. The QS mice are commonly used 

for embryological studies (118,119,217). Moreover, a super-ovulated female QS mouse 

can produce up to 20 oocytes, which is greater than many other strains produce. In each 

experiment, the hormone-stimulated superovulation was induced by intra-peritoneal (IP) 

injection of 10 IU of pregnant mare’s serum gonadotropin (PMSG; Folligon from 

Intervet, Australia) into the female mouse, followed by IP injection of 10 IU human 

chorionic gonadotropin (HCG; Chorulon from Intervet, Australia) 48 h later. Then, each 

female mouse was housed individually with a male from same strain for overnight 

mating. The successful mating was confirmed by the appearance of vaginal plug the 

next morning. 

 

On afternoon prior to the isolation day, the modified human tubal fluid (mod HTF; for 

culturing embryos) and the HEPES buffered mod HTF (for collecting embryos) media 

were prepared as described in Table 2-1 and Table 2-2 below (280).  
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Table 2-1. Composition of mod HTF (270 osm) used in this project. 

Component Volume (mL) 

21.4 mM Lactic acid (60%) 0.2 g 

85 mM NaCl 4.25 

4.6 mM KCl 2.3 

0.4 mM KH2PO4 0.2 

0.2 mM MgSO4 0.1 

25 mM NaHCO3 1.25 

0.11 mM Na2EDTA 5.5 

0.4 mM Sodium pyruvate 0.2 

1 mM Glutamine 0.5 

2.8 mM Glucose 1.4 

0.001% Phenol red 0.02 

0.06 mg/mL Penicillin 0.5 

H2O 20.0 

2.04 mM CaCl2.2H2O 0.6 

H2O 12.08 

Total Volume 50.0 

The components were added according to the listed order, and the pH was adjusted to 

7.4 by adding 50 µL of 1 M HCl using a 901 pH-mV temperature meter (TPS, 

Australia). Next, 0.3 mg/mL of BSA was added to the fresh medium before its 

osmolarity was determined using a vapour pressure osmometer (Vapro 5600, Wescor, 

USA). The prepared medium was then filter-sterilized with 0.22 µm syringe filter 

(Merck Millipore, Australia). 
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Table 2-2. Composition of HEPES buffered mod HTF (270 osm) used in this 

project. 

Component Volume (mL) 

21.4 mM Lactic acid (60%) 0.2 g 

85 mM NaCl 4.25 

4.6 mM KCl 2.3 

0.4 mM KH2PO4 0.2 

0.2 mM MgSO4 0.1 

4 mM NaHCO3 0.2 

0.4 mM Sodium pyruvate 0.2 

2.8 mM Glucose 1.4 

0.001% Phenol red 0.02 

0.06 mg/mL Penicillin 0.5 

H2O 20.0 

2.04 mM CaCl2.2H2O 0.6 

HEPES 6.82 

H2O 12.36 

Total Volume 50.0 

The components were added according to the listed order, and the pH was adjusted to 

7.4 by adding 2 M NaOH using a 901 pH-mV temperature meter (TPS, Australia). 

Next, 0.3 mg/mL of BSA was added to the fresh medium before its osmolarity was 

determined using a vapour pressure osmometer (Vapro 5600, Wescor, USA). The 

prepared medium was then filter-sterilized with 0.22 µm syringe filter (Merck 

Millipore, Australia). Both media were kept at 4°C and used within 2 weeks. 
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Several 35 mm tissue culture dishes (Life Technologies, Australia) containing several 

30 µL drops of mod HTF medium overlaid with the embryo-tested mineral oil, were 

prepared and allowed to equilibrate for overnight in a Heracell™ 150i CO2 incubator 

(Thermo Fisher Scientific, Australia). 

 

On the isolation day or in the period of 22 to 24 h post HCG injection, the female 

mouse was euthanized humanely by cervical dislocation. Under a stereoscopic 

microscope (MZ7.5, Leica, Germany), the oviduct and the attached segment of the 

uterus were dissected and placed into a 35 mm tissue culture dish (Life Technologies, 

Australia) containing pre-warmed HEPES-buffered mod HTF medium. Using two pairs 

of watchmaker’s #5 forceps (World Precision Instruments, Florida), the upper part of 

oviduct, which is known as ampulla were cut to release the cumulus-enclosed 1-cell 

embryos into the 35 mm tissue culture dish. Subsequently, approximately 100 µL of 1 

mg/mL of hyaluronidase was added and the embryos were incubated for several 

minutes to remove the cumulus cells. From here on, the mouth pipetting technique was 

used to handle the embryos. The 1-cell embryos were washed well in three large drops 

of mod HTF medium to rinse off any hyaluronidase, HEPES buffered solution, cumulus 

cells and debris. The embryos were then transferred into one drop of pre-equilibrated 30 

µL mod HTF medium flooded with the embryo-tested mineral oil in a 35 mm tissue 

culture dish. Finally, the embryos were cultured to the blastocyst stage in a humidified 

environments of 5% CO2 in the ambient air or at 21% O2 (Heracell™ 150i CO2 

incubator, Thermo Fisher Scientific, Australia) for 5 days.  

 

Throughout the experiment, the embryonic development was scored daily with 24 h 

intervals based on their developmental stage (2-cell, 4-cell, 8-cell, morula, cavitated and 
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blastocyst) and on day 5, the number of blastocysts formed was counted. Each 

experiment was repeated at least three times with two matings from each genotype (see 

Sections 2.4.2 to 2.4.4) for each experiment. A superovulated mated female usually 

produced on average of 15 to 30 fertilized 1-cell embryos for each mating. 

 

2.4.2 Culture of pre-implantation embryos in various O2 concentrations in the 

presence and absence of mineral oil overlay 

In the oviduct, where the fertilization normally occurs, oxygen is present at lower 

concentration than the 21% O2 typical of atmospheric oxygen concentration (208). For 

example, in the human oviduct, the O2 is present at 8%, while in the rabbits and rodents, 

the corresponding oxygen concentrations vary from 5 to 8% (104). Furthermore, the O2 

concentration is even lower in the uterus, where the development of blastocyst and 

implantation takes place, i.e., 1.5 to 2% (104). For these reasons, three O2 

concentrations, i.e., 1, 6 and 21% O2, were chosen in this study. 1% O2 is referred to as 

‘hypoxia’, 6% O2 as ‘normoxia’, and 21% as ‘hyperoxia’.  

 

For the first experiment, only wild type embryos derived from QS matings were used 

for the culture in the presence of mineral oil overlay. These embryos were washed and 

collected in a common pool before half of them were cultured in the ambient air or at 

21% O2 as described in Section 2.4.1. The other half of embryos were cultured and 

exposed to 1 and 6% O2 in a Heracell™ 150i CO2 incubator (Thermo Fisher Scientific, 

Australia) for 5 days to evaluate their development to the blastocyst stage.  
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In the second experiment, two different mating combinations of female and male mice 

from QS and BALB/c Hmox1 strains were performed. The genotype of embryos 

obtained from each mating combinations are shown below: 

1) QS ♀ x QS ♂ → QS or wild type embryos  

2) Hmox1+/+ ♀ x Hmox1+/+ ♂ → Hmox1+/+ (BALB/c) embryos 

 

These embryos were used for the culture in the absence of mineral oil overlay. To do 

this, the embryos were collected and cultured in 30 µL of mod HTF medium in wells of 

96-well round bottom plate (Life Technologies, Australia) instead of using tissue 

culture dish. The embryos were grown to the blastocyst stage in 1, 6 or 21% O2 in the 

above-mentioned incubators, respectively and the number of blastocysts formed was 

counted. 

 

2.4.3 Culture of pre-implantation embryos in various O2 concentrations in the 

absence of mineral oil overlay using tabletop incubator 

To investigate the effect of Hmox1 on embryonic development at different O2 

concentrations, i.e., 1, 6 and 21% O2, the following mating combinations were 

performed: 

1) Hmox1+/+ ♀ x Hmox1+/+ ♂ → Hmox1+/+ embryos 

2) Hmox1+/+ ♀ x Hmox1-/- ♂ → Hmox1+/- embryos 

3) Hmox1-/- ♀ x Hmox1+/+ ♂ → Hmox1+/- embryos 

4) Hmox1-/- ♀ x Hmox1-/- ♂ → Hmox1-/- embryos 

5) Hmox1+/- ♀ x Hmox1+/- ♂ → Hmox1+/+, Hmox1+/- and Hmox1-/- embryos 
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The embryos from each mating combinations were isolated and collected in HEPES 

buffered mod HTF medium. In addition, a new Labo C-Top incubator was purchased 

from Labotech GmBH, Germany. This small volume incubator (0.5 L per chamber) 

allowed the medium to reach equilibrium quicker than is the case in the high volume 

incubators (150 L) used in Sections 2.4.1 and 2.4.2. Furthermore, the Labo C-Top 

incubator has two separate chambers that can be used for the culture of embryos under 

the conditions of different gas mixtures.  For this purpose, the isolated 1-cell embryos 

were grown to the blastocyst stage for 5 days in 30 µL of mod HTF medium in each 

desired wells of 96-well round bottom plates. One plate was placed in the first chamber 

gassed with a pre-mixed gas mixture of N2 containing 5% CO2 and 1% or 6% O2, 

whereas a second plate was placed in the second chamber and gassed with N2 

containing 5% CO2 and 21% O2.  

 

On day 5, the number of blastocysts in the culture was counted. The embryos derived 

from Hmox1+/- ♀ x Hmox1+/- ♂ mating combination were collected individually in 200 

µL PCR clear tubes (Eppendorf, Germany) and snap-frozen in the liquid N2 before 

being subjected to genotyping as discussed in Chapter 3. 

 

2.4.4 Culture of pre-implantation embryos in 250 ppm CO concentration at 1% 

O2 

Carbon monoxide is one of three products derived from heme degradation by HMOX1 

enzyme, and the gas has been recognized as a signaling molecule. Therefore, in this 

experiment, the exogenous CO was used to investigate its effect on HMOX1 embryonic 

development ex vivo. To do this, the embryos derived from similar mating combinations 

as outlined in Section 2.4.3 were isolated and grown in 30 µL of mod HTF medium in 
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wells of 96-well round bottom plates. One plate was exposed to pre-mixed gas mixture 

of N2 containing 5% CO2 and 1% O2 + 250 ppm CO, while the control plate was 

exposed to N2 containing 5% CO2 and 1% O2 for 5 days. Throughout the experiment, 

the Labo C-Top incubator was housed in a ducted fume hood with the hood lid was 

pulled down and a CO detector (First Alert, Australia) was placed in the hood between 

incubator and operator to detect any leak of CO. 

 

On day 5, the number of blastocysts in the culture was counted. The embryos derived 

from Hmox1+/- ♀ x Hmox1+/- ♂ mating combination were collected individually in 200 

µL PCR clear tubes (Eppendorf, Germany) and snap-frozen in the liquid N2 before 

being subjected to genotyping as discussed in Chapter 3. 

 

2.4.5 Whole-mount immunofluorescence staining of pre-implantation embryos 

Following the culture of pre-implantation embryos as described in Sections 2.4.1 to 

2.4.3, the whole-mount immunofluorescence staining of pre-implantation embryos was 

performed according to the protocol described previously (430). In brief, the collected 

embryos at the 1-, 2- , 4/8-, morula and blastocyst stage were fixed at room temperature 

for 30 min in 4% PFA in PBS containing 1 mg/mL PVA (PBS/PVA). The embryos 

were then washed in PBS/PVA before being permeabilized for 30 min at room 

temperature in PBS/PVA containing 0.3% Triton X-100. Then, the embryos were 

washed in PBS/PVA and blocked for non-specific antibody staining for 30 min at room 

temperature in blocking solution of PBS/PVA containing 0.7% BSA and 0.1% Tween 

20. Overnight incubation was performed with the primary antibodies cocktail of 

HMOX1 (Enzo Life Sciences, catalog no. ADI-SPA-895), ferroportin-1 (Santa Cruz 

Biotechnology, catalog no. sc-49668) and anti-bilirubin (154,287,359,440), which were 
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diluted 1:100 in blocking solution, respectively at 4°C. On the next day, the embryos 

were washed for three times with PBS/PVA and then incubated in secondary antibodies 

at RT for 2 h in the dark. The secondary antibodies used were anti-rabbit IgG-CruzFluor 

647 (Santa Cruz Biotechnology, catalog no. sc-362292), anti-goat IgG-AlexaFluor 594 

and anti-mouse IgG-AlexaFLuor 488 (Life Technologies, catalog no. A-11080 and 

A11001), which were diluted 1:200 in blocking solution. The embryos were then 

washed for three times in PBS/PVA and finally mounted on the coverslips in 

Vectashield mounting Medium with DAPI (Vector Laboratories, catalog no. H-1200). A 

superfrost slide was placed on top of the coverslip and sealed using a vaseline. The 

slides were stored at 4°C in the dark until the confocal microscopy described in Section 

2.4.6. 

 

2.4.6 Confocal microscopy 
 
The images of immunofluorescence pre-implantation embryos were visualized using a 

Zeiss LSM 510 META confocal laser scanning microscope (Carl Zeiss, Germany) in 

the Bosch Advance Microscopy Facility, The University of Sydney. DAPI was detected 

with a 405 nm laser, anti-bilirubin was detected with an Argon laser of 488 nm, while 

ferroportin-1 was detected with a 561 nm DPSS and a 633 nm HeNe laser was used to 

detect HMOX1 using a 40X objective.  

 

2.5 QUANTIFICATION OF HEME AND ITS DEGRADATION PRODUCTS 

BY LC-MS/MS 

The concentrations of heme, biliverdin and bilirubin were determined in the embryos 

and in the culture media by the liquid chromatography coupled to tandem mass 

spectrometry (LC-MS/MS) using a triple quadrupole detector (QQQ 6490, Agilent 
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Technologies) that is equipped with an ESI source. The samples were diluted 1:10 with 

ice-cold methanol, placed on ice for 20 min and then centrifuged at 16,000 g for 20 min. 

The resulting supernatant was injected (20 uL) onto a RRHD Eclipse Plus C18 column 

(2.1 x 50 mm, 1.8 mm, Agilent) at a flow rate of 0.45 mL per min.  

 

Heme and its degradation products were separated using a reverse phase gradient 

elution employing Solvent A (5 mM ammonium acetate with 0.1% formic acid) and B 

(5 mM ammonium acetate in methanol with 0.1 % formic acid) as follows: 60-63% 

Solvent B over 7 min, increased to 85% at 7.1 min, then to 95% Solvent B at 15 min, 

held for 2 min, return to 60% Solvent B at 17. 1 min and held at 60% Solvent B until 19 

min. The data was acquired in the positive ionisation, MRM mode, with the following 

ion pairs (precursor and product) were used for quantification: m/z 616.2 -> 557.2 for 

heme, m/z 583.3 -> 297.2 for biliverdin and m/z 585.3 -> 299.2 for bilirubin. The 

spectrometer settings were as follows: gas temperature 200°C; gas flow 15 L/min; 

nebulizer 25 psi; sheath gas heater 400°C; sheath gas flow 11 L/min; capillary 3.0 kV.  

 

Using this method, the retention times were 4.0 min for biliverdin, 4.8 min for heme, 

and 10.7 min for bilirubin. Concentrations were calculated from the calibration curves 

generated using authentic standards of hemin (Fluka), biliverdin and bilirubin chloride 

(Frontier Scientific). All reagents were analytical grade. The detection limits of this 

method were 250 attomoles on column for heme and biliverdin, and 500 attomoles for 

bilirubin. 

 

2.6 SPECIFIC MATERIALS AND METHODS FOR CHAPTER 5 

For the experiments described in Chapter 5, the timed matings were set up by placing an 
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individual Hmox1+/- female and Hmox1+/- male mouse in a cage for overnight. To 

confirm successful mating, the female was checked on the next day for appearance of a 

vaginal plug, with the noon of that day was defined as an embryonic day 0.5 (E0.5). The 

pregnant females were separated from the males and sacrificed at E9.5 to E19.5. 

 

2.6.1 Dissection and isolation of embryos from E9.5 to E19.5  

The mouse embryos were dissected from pregnant Hmox1+/- females as described 

previously (108). In brief, the timed pregnant Hmox1+/- female was euthanized 

humanely by cervical dislocation. The abdomen was wetted with 70% ethanol before 

being incised at the midline to open the abdominal cavity. The uterus was removed, 

placed into a tissue culture dish containing pre-warmed PBS and the maternal blood was 

washed off, before the uterus was cut transversely between the implantations to expose 

each conceptus containing the embryonic and the extra-embryonic tissues. 

Subsequently, each embryo was dissected out from its yolk sac and fixed in 4% PFA in 

PBS as described in Section 2.6.5. In the case of FACS analysis, the fetal liver was 

removed, dissociated and processed as outlined in Section 2.6.6. At E13.5, the fetal 

livers were clearly visible so that they could be cleanly dissected from the embryo. The 

fetal spleens were seen as a small, pale and triangular thickening in the dorsal 

mesogastrium, firmly attached to the stomach and the pancreas (79,306,341). Therefore, 

the fetal livers could be dissected from the fetal spleens at E13.5. In both cases, the yolk 

sacs were used for genotyping analysis. 

 

2.6.2 Extraction of genomic DNA 

The genomic DNA for each embryo was extracted from the yolk sac or the embryonic 

head using the Isolate II Genomic DNA kit (Bioline, Australia; catalog no. BIO-52067), 
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following the protocol provided by the manufacturer. A NanoDrop ND-1000 

spectrophotometer (Thermo Scientific, Australia) was used to measure the genomic 

DNA concentration for each embryo. Additionally, another genotyping method was 

suggested to reduce the risk of DNA contamination from the maternal blood involves 

intra-cardiac puncture and removal of all maternal blood and CO2 inhalation as the 

means of sacrifice. 

 

2.6.3 Amplification of DNA by PCR 

The genotyping was carried out by a single step PCR analysis of the genomic DNA. 

Each batch of PCR reaction required positive control samples, e.g., yolk sac from 

Hmox1+/+, Hmox1+/- and Hmox1-/- mice, and negative control or blank sample, e.g., 

distilled water. The total volume for each PCR reaction mixture was 20 µL, and the 

PCR reaction mixture was prepared as described in Table 2-3.  
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Table 2-3. Composition of the PCR reaction mixture used in this project. 

Reagent Volume (µL) 

5X MyTaq Reaction buffer 

(5 mM dNTPs, 15 mM MgCl2, stabilizers and enhancers) 

4.0 

100 µM NEO forward primer  0.1 

100 µM NEO reverse primer  0.1 

100 µM HMOX1 forward primer 0.1 

100 µM HMOX1 reverse primer 0.1 

5 u/µL MyTaq Hot Start DNA Polymerase 0.5 

50 ng/µL Template DNA / H2O 15.1 

Total Volume 20.0 

 

MyTaq Hot Start DNA Polymerase was purchased from Bioline, Australia (catalog no. 

BIO-21111) and the primers were obtained from Integrated DNA Technologies. The 

sequence and PCR product size of primers used are shown in Table 2-4. 

 

Table 2-4. Details of primers for PCR reaction used in this project. 

Name Sequence (5’ →  3’) PCR product 
size (bp) 

 
HMOX1 forward primer 
HMOX1 reverse primer 

ATGCCCCACTCTACTTCCCTG 
AGGCGGTCTTAGCCTCTTCTG 

399 
 
 

NEO forward primer 
NEO reverse primer 

CTGGGCACAACAGACAATCGG 
AAGCACGAGGAAGCGGTCAG  

 

661 
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The PCR reaction mixture was mixed gently and centrifuged for 15 sec at 100 g 

(Heraues Microcentrifuge Pico 21, Thermo Fisher Scientific, Australia) and kept on ice. 

Finally, the PCR reaction was performed in a T100™ Thermal Cycler (Bio-Rad 

Laboratories) using the thermocycler programmed profile shown in Table 2-5.  

 

Table 2-5. Thermal cycling conditions of the PCR reaction used in this project. 

Step Temperature (°C) Time (min) Cycle (s) 

Initial denaturation 95 3  1 

Denaturation 95 15 sec  

Annealing 60.5 15 sec 35 

Extension 72 10 sec  

Final extension 72 7  1 

Hold 4   

 

While waiting for the PCR reaction to complete, that took usually around 2 h, an 

agarose gel was prepared as described in Section 2.6.4. Alternatively, the PCR products 

were kept at 4°C until analysis by agarose gel electrophoresis. 

 

2.6.4 Agarose gel electrophoresis 

To prepare a 1.5% agarose gel, 1.5 g of agarose was dissolved in 100 mL 1X TAE 

buffer and brought to boil in the microwave oven. The melted agarose was cooled to 

approximately 50°C before 10 µL SYBR Safe DNA gel stain (Life Technologies, 

Australia) was added and mixed into it. The agarose was poured into a gel tray, which 

was sealed around the edges with a comb already in place, and then allowed to solidify 



 70 

at RT for 30 min. Next, the agarose gel was placed into the electrophoresis tank 

(BioRad Laboratories, Australia) containing 2 L 1X TAE buffer as the running buffer.  

 

The GeneRuler 100 bp ladder (Thermo Fisher Scientific, Australia) was loaded into the 

first well of the gel for size comparisons. Following that, each of the PCR products was 

mixed with 4 µl 6X DNA loading dye (Thermo Fisher Scientific, Australia) and loaded 

into sequential wells of the gel. Finally, the DNA samples were electrophoresed at 120 

V for 45 min using a Bio-Rad PowerPack™ Basic (Bio-Rad Laboratories, Australia). 

The bands were visualized under UV light and photographed with a Bio-Rad GelDoc 

XR system with Quantity One 4.1R software (Bio-Rad Laboratories, Australia). The 

respective sizes of the final PCR products were 399 bp for Hmox1+/+, 661 bp for 

Hmox1-/- and both PCR products i.e., 399 bp and 661 bp for Hmox1+/-. The genotypes of 

embryos were assessed and documented. 

 

2.6.5 Histology 

Tissue processing and histology were performed according to the methods described 

previously (72). In brief, following the isolation as described in Section 2.5.1, the 

embryos were fixed in 4% PFA plus 0.1% Triton X-100 in PBS and stored at 4°C for 

overnight (E13.5 & E14.5) on a rolling mixer (Ratek Instruments, Australia). The fixed 

embryos were washed in PBS containing 0.01% Triton X-100 before being dehydrated 

in a series of graded ethanol (30, 50, 70, 90, 100%), washed in xylene, xylene-paraffin 

step and lastly, embedded into the paraffin in the embedding mould. The sagittal axis of 

each embryo was sectioned using a Leica RM2255 rotary microtome (Leica, Germany), 

and 7 µm thick sections were placed on the superfrost glass slides (Menzel-Glaser 

GmBH, Germany). The sections were allowed to dry for overnight at 37°C and were 
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kept at RT. The paraffinized sections were de-paraffinized in xylene, rehydrated in 

series of ethanol (100, 90, 70, 50, 30%), xylene and subsequently, stained with 

hematoxylin and eosin according to the standard protocol. Finally, the images of 

embryos were taken using a Leica DM4000 B LED bright field microscope, with 

magnifications of 25, 50, 100 and 200X and a Leica Application Suite software (Leica, 

Germany). 

 

2.6.6 Fluorescence-activated cell sorting (FACS) analysis of fetal liver 

The FACS analysis was performed using the E13.5 and E14.5 fetal livers of embryos 

derived from Hmox1+/- x Hmox1+/- matings as detailed in Section 2.6.1. The single cell 

preparations of fetal livers and FACS analysis were performed as described previously 

(108). In brief, the fetal liver was dissociated from the embryo, transferred to a 1.5 mL 

clear tube containing 1 mL dissection medium (10% FBS in Iscove’s modified 

Dulbecco’s medium, Life Technologies, Australia) and dispersed by using the pipetting 

technique (5-10X). The total fetal liver cells were counted using an automated cell 

counter (Scepter™ 2.0 Handheld Automated Cell Counter, Merck Millipore, Germany), 

adjusted to 1 x 106 cells / 100 µL FACS buffer (PBS with 5% FBS) plus single antibody 

(control) or antibody cocktail (A or B) as presented in Table 2-6 and resuspended 

thoroughly to ensure uniform labelling of the cells. 

 

 

 

 

 

 



 72 

Table 2-6. Fluorescence conjugated antibodies used for FACS analysis in this 

project. 

Controls: 

Tube # Antibody Control Dilution Company and 

 catalog no. 

1 Unstained cells (negative) n/a  

2 Propidium iodide (dead cells) 1 µg/mL Sigma Aldrich, P4864 

3 F4/80 APC 1:100 eBioscience, 50-4801 

4 VCAM-1 PE 1:300 Biolegend, 105714 

5 Ter119 APC 1:300 eBioscience, 17-5921 

6 CD9 PE 1:100 eBioscience, 12-0091 

7 CD71 FITC 1:1000 Biolegend, 113806 

 

Antibody Cocktail: 

A. F4/80 + VCAM-1 

B. Ter119 + CD9 + CD71 

 

The cells were incubated on ice for 20 min in the dark, centrifuged for 5 min at 1,200 

rpm (Eppendorf Centrifuge 5424, Germany) at 4°C and the labelled cell pellets were  

resuspended in 1 mL FACS buffer. The resuspended cells were then filtered through a 

40 µm cell strainer into the round bottom FACS tubes (BD Bioscience, California) and 

100,000 cells for each sample were analyzed using the 7 Laser SORP LSRII flow 

cytometer (BD Bioscience, California) located in the Garvan Flow Cytometry Facility. 

CD71 was detected with a 488 nm laser, while propidium iodide, VCAM-1 and CD9 
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were detected with a 561 nm laser and F4/80 and TER119 were detected with a 640 nm 

laser. The data obtained was analyzed using the BD Coherent and BD FACS Diva 

software version 6.1.3 (BD Bioscience, California). 

 

2.7 ANALYSIS OF IMAGE AND DATA 

The microscopy images were processed and analyzed using the ImageJ software 

(imageJ.nih.gov/ij/). The minimal image manipulations were performed with the Adobe 

Photoshop CS5 Version 12.0.4 (Adobe Systems, USA). The figures were assembled in 

the Adobe Illustrator CS5 Version 15.0.2 (Adobe Systems, USA). The analysis of data 

was conducted in the GraphPad Prism 6 (GraphPad Prism, USA). All results were 

expressed as means ± SEM and analyzed using the one-way ANOVA test unless stated 

otherwise (Chapter 4 and Chapter 5). A value of p<0.05 was considered as statistically 

significant. The Chi-square (χ2) test was used to analyze genotypic distributions of E9.5 

to E19.5 embryos derived from Hmox1+/- x Hmox1+/- matings in Chapter 5.  
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3 OPTIMIZATION OF A PCR-BASED METHOD FOR 
GENOTYPING PRE-IMPLANTATION MOUSE 
EMBRYOS 

___________________________________________________ 

3.1 INTRODUCTION 

Genotyping is a molecular biology-based assay in detecting specific alleles inherited by 

an individual (http://www.ghr.nlm.nih.gov). The PCR-based methods are presently the 

favored method for genotyping the transgenic animals (209,243). This approach has 

important advantages over the Southern analysis because it can amplify DNA quickly 

and it is relatively inexpensive (318). 

 

The transgenic animals, predominantly mice, are powerful tools in interrogating the 

function of specific genes in the developmental biology, human physiology and disease, 

and in the identification of new drugs’ targets. The transgenic mice require screening 

for the presence or absence of the transgene and to track genetic changes over several 

generations. The identification of genotype-phenotype relationships is not only critical 

in the animal biology research, but also plays a significant contribution in the breeding 

and housing of animals. Therefore, the PCR-based methods are ideal for this purpose, as 

mentioned previously. 

 

The PCR-based strategies for genotyping the pre-implantation mouse embryos have 

been published previously (92,259,261,281,437). A major problem is the low amount of 

DNA available, with approximately 2 ng of genomic DNA is obtained from the lysis of 

a mouse pre-implantation embryo. Therefore, we optimized a PCR-based method for 

genotyping the pre-implantation mouse embryos. This method was then applied for 

http://www.ghr.nlm.nih.gov


 75 

genotyping the pre-implantation mouse embryos, which were obtained from Hmox1+/- x 

Hmox1+/- matings as outlined in Chapter 4. 

 

3.2  RESULTS 

3.2.1 Optimization of blastocyst genotyping using established a PCR-based 

genotyping method  

Blastocyst genotyping was based on the Stocker Laboratory Standard Operating 

Procedure (SOP)-054 (Appendix 1) for PCR genotyping of HMOX1 transgenic post-

implantation mouse embryos and weaned mouse pups. A, primers (Table 2-4) were 

designed to target Hmox1 exon 3 and neomycin resistance (NeoR) cassette in the Hmox1 

mouse genome (Figure 3-1).  Use of these primers in a PCR reaction (see Table 3-1 for 

the composition of the PCR reaction mixture) performed under the cycling conditions 

outlined in Table 3-2 resulted in the amplification of a 399 base pairs (bp) and a 661 bp 

band that correspond to Hmox1+/+ and Hmox1-/-, respectively.  
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Figure 3-1. PCR strategy for genotyping of HMOX1 transgenic post-implantation 

mouse embryos and weaned mouse pups.  

Schematic of Hmox1 allele in Hmox1+/+ mice (top panel) and Hmox1-/- mice (bottom 

panel) are shown. In Hmox1-/- mice, a NeoR cassette replaces Hmox1 exon 3 (447). 

Arrows indicate positions of primers used for the PCR genotyping method described in 

SOP-054. PCR products are highlighted by thin, black brackets and the PCR product 

size is written below. Exons are pictured in yellow and open boxes indicate that the 

whole exon has not been shown. Thick black lines are representative of introns. The 

schematic is not drawn to scale. 

 

 
 
 
 
 
 
 
 
 
 



 77 

Table 3-1. Composition of the PCR reaction mixture (1X) used in SOP-054. 

Reagent Volume (µL) 

10X PCR buffer 2.0 

25 mM MgCl2 1.6 

10 mM dNTP  0.4 

100 µM HMOX1 forward primer 0.1 

100 µM HMOX1 reverse primer  0.1 

100 µM NEO forward primer 0.1 

100 µM NEO reverse primer 0.1 

5 U/µL Taq DNA polymerase  0.15 

DNA template / water 15.45 

Total Volume 20.0 

 

Table 3-2. Thermal cycling conditions of the PCR reaction used in SOP-054. 

Step Temperature (°C) Time (min) Cycle (s) 

Initial denaturation 95 10  1 

Denaturation 94 1   

Annealing 60.5 1  35 

Extension 72 1   

Final extension 72 7  1 

Hold 4   
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For genotyping of pre-implantation mouse embryos, blastocysts from day 5 embryos’ 

that were grown in vitro (as described in Section 2.4.2) were collected and washed with 

30 µL phosphate buffered saline (PBS). Subsequently, blastocysts were individually 

transferred into a 300 µL PCR tube, snap frozen using liquid nitrogen and stored at -

80°C until genotyping was carried out. Bradbury et al. describe one method of 

genotyping pre-implantation embryos, in which the whole blastocyst is used for the 

PCR reaction (37). In that protocol, an initial denaturation step of the PCR reaction of 

95°C is used to lyse the blastocyst and release genomic DNA into the PCR reaction 

mixture. The method was applied to blastocysts and DNA from post-implantation 

mouse embryos (as a control) using the PCR genotyping method for HMOX1 

transgenic post-implantation mouse embryos and weaned mouse pups outlined above. 

The genomic DNA from post-implantation embryos yielded PCR amplification 

products at the expected sizes of 399 bp and 661 bp (Figure 3-2). Specifically, DNA 

from the Hmox1+/+ embryo resulted in formation of a 399 bp PCR product (Post-Im 

+/+). However, an unexpected band of size similar to the NeoR PCR product was also 

seen and could be due to DNA over-flow from the Post-Im +/- lane. DNA from the 

Hmox1+/- embryo resulted in two PCR products at 399 and 661 bp (Post-Im +/-), wheras 

DNA from the Hmox1-/- embryo gave a single product at 661 bp (Post-Im -/-). However, 

when single Hmox1+/+ blastocysts were used as the source of DNA in the PCR reaction, 

no DNA amplification was observed (BL +/+). Therefore, the PCR reaction conditions 

needed to be optimized in order to obtain successful PCR amplification from blastocysts 

as well as other early stage embryos. 
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Figure 3-2. Genotyping of blastocyst using an established PCR genotyping method.  

PCR was carried out on whole blastocysts and DNA from post-implantation mouse 

embryos in a 20 µL PCR reaction.  The PCR reaction mixture is described in Table 3-1 

and the PCR cycling conditions in Table 3-2. Ten microlitres of the PCR reaction were 

subjected to electrophoresis using a 1.5% agarose-TAE gel run at 120 V for 30 min with 

SYBR Safe DNA gel stain (Life Technologies, Australia) used to visualize amplified 

DNA. L: Gene Ruler 100 bp ladder (Thermo Fisher Scientific, Australia); -ve: negative 

water control; Post-Im: post-implantation mouse embryos; BL: mouse blastocyst.  
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3.2.2 Optimization of PCR reaction conditions 

To optimize the blastocyst PCR genotyping method, we varied several important PCR 

parameters such as the concentrations of MgCl2 and primer in the reaction mix, 

annealing temperature and the number of amplification cycles used. Firstly, we adjusted 

the concentration of MgCl2 and primers in the PCR reaction mix. MgCl2 is required in 

the PCR reaction as a co-factor for the thermostable Taq DNA polymerase, as the 

enzyme is inactive in the absence of, or in the presence of inadequate amounts of, 

MgCl2 (245). The optimal concentration of MgCl2 is between 1 to 4 mM (245). 

Secondly, we adjusted the concentration of primers in the PCR reaction mix. A primer 

consists of 15 to 30 bases of the single-stranded DNA fragment that binds 

complementary to a specific region of the DNA strand. To be amplified, the ideal 

concentration of a primer in a PCR reaction is between 0.1 to 0.5 µM (245). If the 

primer concentration is too high, it usually results in formation of primer-dimers and 

non-specific amplification products. On the other hand, if the primer concentration is 

too low, insufficient DNA amplification will occur (245). Therefore, concentrations 

were altered from the standard concentration provided in polymerase buffers to 

optimize the primer and MgCl2 concentration for blastocyst genotyping. The 

concentration of MgCl2 in the reaction mix was increased from 2 mM to 3.125 mM and 

the primer concentration was decreased from 0.5 µM to 0.25 µM. The remaining PCR 

reaction mixture concentrations and cycling conditions remained unaltered (Table 3-1 

and Table 3-2). However, decreasing the primer concentration and increasing the MgCl2 

concentration in the PCR reaction mix did not result in amplification of blastocyst DNA 

(Figure 3-3A). On the contrary, these alterations resulted in the inhibition of 

amplification of DNA from post-implantation mouse embryos. Therefore, we kept the 

original concentrations of MgCl2 and primer concentration. 
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Figure 3-3. Genotyping of blastocyst by increasing [MgCl2] and decreasing the 

primer concentration, increasing the annealing temperature (62°C) and cycle 

length (40X).  

(A) Optimization of MgCl2 and primer concentration. (B) Optimization of annealing 

temperature at 62°C. (C) Optimization of the number of amplification cycles. PCRs 

were carried out on whole blastocysts and DNA from post-implantation most embryos 
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in a 20 µL PCR reaction. The PCR reaction mixture was altered from Table 3-1 as 

outlined in-text and the PCR cycling conditions were altered from Table 3-2 as 

described in-text. Ten microlitres of the PCR reaction were subjected to electrophoresis 

using a 1.5% agarose-TAE gel run at 120 V for 30 min with SYBR Safe DNA gel stain 

(Life Technologies, Australia) used to visualize amplified DNA. L: Gene Ruler 100 bp 

ladder (Thermo Fisher Scientific, Australia); -ve: negative water control; Post-Im: post-

implantation mouse embryos; BL: mouse blastocyst.  

 

We next varied the annealing temperature (Ta) of the PCR reaction by increasing it from 

60.5 to 62°C. Increasing the annealing temperature may decrease non-specific primer 

annealing, resulting in formation of a more specific amplification product (245). 

However, increasing the annealing temperature to 62°C did not result in amplification of 

blastocyst DNA and once again inhibited the amplification of DNA from post-

implantation mouse embryos (Figure 3-3B). Finally, we varied the number of 

amplification cycles of the PCR reaction by increasing it from 35 cycles to 40 cycles. 

Increasing the amplification cycles is thought to produce sufficient PCR amplification 

product, however, there is also a risk of obtaining undesired PCR product. When the 

number of PCR cycles was increased from 35 cycles to 40 cycles, no amplification of 

DNA from blastocysts was observed (Figure 3-3C). Therefore, manipulating annealing 

temperature and cycle length did not yield successful PCR amplification from whole 

blastocysts. 

 

3.2.3 Optimization of primer 

A review of the literature reveals that DNA extraction from blastocysts can yield low 

quality DNA, and that PCR-genotyping of blastocysts is generally carried out using 
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primers that amplify short DNA sequences (up to 200 bp) 

(37,92,122,198,249,259,261,437). Therefore, amplifying large fragments (661 and 399 

bp) using the HMOX1 and NEO genotyping primers by PCR may have been inefficient. 

To overcome this issue, new primers were designed to amplify small PCR fragments for 

blastocyst genotyping. 

 

As outlined earlier, the primer pairs used in the previous analyses were targeted at 

Hmox1 exon 3 and NeoR cassette (Figure 3-1). New reverse primers were designed for 

Hmox1 exon 3 and NeoR cassette, so that the PCR product was shortened to 200 bp for 

Hmox+/+ and 106 bp for Hmox1-/- (Figure 3-4; Table 3-3). Additionally, pre-mixed PCR 

reagents kit, MyTaq™ Hot Start DNA Polymerase (Bioline, Australia) was tried, as this 

was reported to improve the sensitivity of PCR by 1000-fold and thus increase the yield 

of highly specific products (101). Use of a Hot Start DNA polymerase requires heating 

of the samples to high temperature (e.g., 90 to 98°C) during the denaturation step of the 

first cycle and before commencement of thermocycling, to eliminate non-specific 

reactions caused by primer annealing at low temperature (e.g., 4 to 25°C) (59,245). To 

determine if the new primers were efficient, test PCRs were carried out using DNA 

from post-implantation mouse embryos with the new PCR reaction mixture (Table 3-4) 

and the following cycling conditions (Table 3-5) using MyTaq™ Hot Start DNA 

Polymerase.   
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Figure 3-4. PCR strategy for genotyping of HMOX1 transgenic pre-implantation 

mouse embryos.  

Schematic of Hmox1 allele in Hmox1+/+ mice (top panel) and Hmox1-/- mice (bottom 

panel) are shown. In Hmox1-/- mice, a NeoR cassette replaces Hmox1 exon 3 (447).  Due 

to the limited amount of blastocyst DNA available, PCR-genotyping of pre-

implantation mouse embryo was generally carried out using primers that amplified short 

DNA sequences. The new reverse primers were designed for Hmox1 exon 3 and NeoR 

cassette, so that the PCR product was shortened to 200 bp (Hmox+/+) and 106 bp 

(Hmox1-/-). Arrows indicate positions of primers used for the PCR genotyping method. 

PCR products are highlighted by thin black brackets and the PCR product size is written 

below. Exons are pictured in yellow and open boxes indicate that the whole exon has 

not been shown. Thick black lines are representative of introns. The schematic is not 

drawn to scale. 
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Table 3-3. Details of new reverse primers for PCR reactions. 

Name Sequence (5’ →  3’) PCR product 
size (bp) 

 
HMOX1 forward primer 
HMOX1 short reverse primer 

ATGCCCCACTCTACTTCCCTG 
GGCCTGGGTGGAGAGGCTTTT 

200 
 
 

NEO forward primer 
NEO short reverse primer 

CTGGGCACAACAGACAATCGG 
GGCCTCGTACATGCTGGCTGG 

 

106 
 

 

Table 3-4. Composition of the revised PCR reaction mixture (1X).  

Reagent Volume (µL) 

5X MyTaq reaction buffer 

(5 mM dNTPs, 15 mM MgCl2, stabilizers and enhancers) 

4.0 

100 µM HMOX1 forward primer  0.1 

100 µM HMOX1 reverse primer  0.1 

100 µM NEO forward primer 0.1 

100 µM NEO reverse primer 0.1 

5 U/µL MyTaq Hot Start DNA Polymerase 0.5 

DNA template / water 15.1 

Total Volume 20.0 
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Table 3-5. Thermal cycling conditions of the PCR reaction used in this project. 

Step Temperature (°C) Time (min) Cycle (s) 

Initial denaturation 95 3 1 

Denaturation 95 15 sec  

Annealing 60.5 15 sec 35 

Extension 72 10 sec  

Final extension 72 7 1 

Hold 4   

 

 

Figure 3-5. Genotyping of blastocyst by using new HMOX1 and NEO short reverse 

primers.  

PCR was carried out on DNA from post-implantation mouse embryos in a 20 µL PCR 

reaction using HMOX1 and NEO forward primers and HMOX1 and NEO short reverse 

primers. The PCR reaction mixture is described in Table 3-4 and the PCR cycling 

conditions in Table 3-5. Ten microlitres of the PCR reaction were subjected to 

electrophoresis using a 1.5% agarose-TAE gel run at 120 V for 30 min with SYBR Safe 

DNA gel stain (Life Technologies, Australia) used to visualize amplified DNA. L: 

Gene Ruler 100 bp ladder (Thermo Fisher Scientific, Australia); -ve: negative water 

control; Post-Im: post-implantation mouse embryos.  
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The PCR using genomic DNA from a Hmox1+/+ embryo yielded the expected product 

of a 200 bp band on an agarose-TAE gel, however a secondary band of ~106 bp was 

also seen (Figure 3-5). The smaller band may be due to non-specific amplification from 

either one or both sets of primers. As predicted, genomic DNA from Hmox1+/- embryo 

yielded the two expected bands at 106 and 200 bp (Figure 3-5). A single expected band 

at 200 bp was also observed in the PCR using Hmox1-/- DNA (Figure 3-5). Several 

unsuccessful attempts were made with alternatively designed primers to eliminate the 

non-specific band observed in PCRs using Hmox1+/+ DNA as template. Therefore, 

optimization of primers using blastocysts was not abandoned, as we had limited 

numbers of mouse pre-implantation embryos at this time. 

 

3.2.4 Optimization of DNA extraction 

DNA extractions were optimized as suggested by other studies (138,279,372) using the 

previous mentioned PCR reaction mixture and cycling conditions (Table 3-4 and Table 

3-5). Smith et. al. describe a protocol where whole embryos are lysed in a 20 µL lysis 

solution containing 50 mM KCL, 2.5 mM MgCl2, 0.1 µg/mL gelatin, 0.45% Tween 20, 

10 mM Tris Cl with 200 µg/mL proteinase K, whereas Stablewski lysed whole embryos 

in a 20 µL lysis solution, which included 0.2% Triton X-100, 10 mM Tris, 1 mM EDTA 

with 400 µg/mL proteinase K (279,372). The lysates were incubated at 55°C for 1 h to 

extract DNA, followed by 10 min incubation at 95°C to inactivate the proteinase K 

(279,372). Another protocol suggests DNA to be extracted by boiling blastocysts in 10 

µL distilled water for 5 min (138). Based on these publications, we aliquoted extracted 

DNA into the PCR reaction mixture (Table 3-4) and performed PCR using the cycling 

conditions described in Table 3-5. This yielded very faint bands on agarose gels (Figure 

3-6).  
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Figure 3-6. Genotyping of blastocysts using various DNA extraction methods.  

PCR was carried out on whole blastocysts in a 20 µL PCR reaction using HMOX1 and 

NEO forward primers and HMOX1 and NEO short reverse primers. The PCR reaction 

mixture is described in Table 3-4 and the PCR cycling conditions  in Table 3-5. Ten 

microlitres of the PCR reaction were subjected to electrophoresis using a 1.5% agarose-

TAE gel run at 120 V for 30 min with SYBR Safe DNA gel stain (Life Technologies, 

Australia) used to visualize amplified DNA. L: Gene Ruler 100 bp ladder (Thermo 

Fisher Scientific, Australia); BL: blastocyst. 
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We next trialed the ZyGEM DNA extraction kit for the extraction of DNA from 

blastocysts (35). This kit has been optimized to extract optimum amounts of DNA from 

small samples where multiple purification steps are not feasible. In this protocol, 

blastocysts were lysed in ZyGEM lysis buffer and incubated at 75°C for 15 min to 

extract DNA, followed by 10 min incubation at 95°C to inactivate the proteinase. We 

then aliquoted extracted DNA into the PCR reaction mixture (Table 3-4) and performed 

PCR using the cycling conditions described in Table 3-5, with DNAs from mouse post-

implantation embryos used as a control. Using ZyGEM lysis buffer resulted in the most 

DNA extracted, however, the non-specific band was still seen at ~106 bp (BL +/+) 

(Figure 3-7). Thus, the ZyGEM lysis buffer was used in all subsequent experiments to 

extract DNA from an individual early stage embryo to yield high quality DNA for PCR-

genotyping of blastocyst. 
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Figure 3-7. Genotyping of blastocysts using different DNA extraction methods. 

DNA from Hmox1+/+ blastocysts was extracted using Zygem lysis buffer and PCR was 

then carried out on whole blastocysts and DNA from post-implantation mouse embryos 

in a 20 µL PCR reaction using HMOX1 and NEO forward primers and HMOX1 and 

NEO short reverse primers. The PCR reaction mixture is described in Table 3-4 and the 

PCR cycling conditions in Table 3-5. Ten microlitres of the PCR reaction were 

subjected to electrophoresis using a 1.5% agarose-TAE gel run at 120 V for 30 min with 

SYBR Safe DNA gel stain (Life Technologies, Australia) used to visualize amplified 

DNA. L: Gene Ruler 100 bp ladder (Thermo Fisher Scientific, Australia); -ve: negative 

water control; Post-Im: post-implantation mouse embryos; BL: blastocyst. 
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3.2.5 Optimization to remove non-specific bands 

Using Hmox1+/+ DNA as a template and the above blastocyst genotyping PCR 

conditions (Table 3-4 and Table 3-5) yielded a non-specific band at ~106 bp (Figure 3-

7). This non-specific band is of similar size to the Hmox1-/- band of 106 bps (Figure 3-5) 

and thus could lead to false results. Therefore, PCR conditions had to be optimized 

further to eliminate the appearance of this non-specific band. We therefore again varied 

important PCR parameters to make the reaction conditions more stringent. 

 

The PCR reactions were carried out using DNA from mouse post-implantation embryos 

using the cycling conditions (Ta = 60.5°C) described in Table 3-5. DNA was serially 

diluted from 10 to 0.5 ng/µL and the number of PCR cycles decreased from 35 to 32X 

to determine whether the method could detect the target sequences from DNA amounts 

as low as those present in pre-implantation mouse embryos (Figure 3-8A). For 

Hmox1+/+ DNA, the expected product was a single 200 bp band. Genomic DNA from 

Hmox1+/+ embryo yielded two bands at 200 and 106 bp for all serial dilutions of DNA 

(Post-Imp +/+) (Figure 3-8A). The smaller, weaker band could be due to non-specific 

amplification with either one or both primers. Genomic DNA from Hmox1+/- embryo 

yielded the two expected bands at 106 bp and 200 bp (Post-Imp +/-) at DNA 

concentrations from 10 to 1 ng/uL (Figure 3-8A).  At 0.5 ng/uL, the 200 bp band was 

difficult to resolve (Figure 3-8A).  For Hmox1-/-, two bands at 200 bp and 106 bp were 

observed in DNA concentrations from 10 to 3 ng/uL (Figure 3-8A).  At concentrations 

lower than 3 ng/uL only one band (106 bp) was observed. (Figure 3-8A). Therefore, 

optimization of DNA concentration and PCR cycle number was not successful at the 

annealing temperature of 60.5°C.  
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We next used varying Ta of 55, 60 or 65°C (Figure 3-8B-D). Using these conditions, 

genomic DNA from Hmox1+/- embryo still yielded the two expected bands at 106 bp 

and 200 bp (Post-Imp +/-).  However, only one band at the expected size of 106 bp was 

observed in reactions using Hmox1-/- DNA (Post-Imp -/-). Unfortunately, manipulating 

the annealing temperature did not eliminate the non-specific band at 106 bp in DNA 

from Hmox1+/+ post-implantation mouse embryos irrespective of the DNA 

concentration used (Post-Imp +/+) (Figure 3-8B-D). Therefore, altering annealing 

temperatures of the PCR did not result in the removal of the non-specific band in DNA 

extracted from Hmox1+/+ post-implantation mouse embryos.  
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Figure 3-8. Genotyping of serial dilutions of DNA from post-implantation mouse 

embryos by manipulating cycle length and annealing temperature. 
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 (A) Optimization of the number of amplification cycles. (B-D) Annealing temperature 

of 55 (B), 60 (C) and 65°C were used (D). PCR was carried out using DNA from post-

implantation mouse embryos in a 20 µL PCR reaction using HMOX1 and NEO forward 

primers and HMOX1 and NEO short reverse primers. The PCR reaction mixture is 

described in Table 3-4  and the PCR cycling conditions in Table 3-5. Ten microlitres of 

the PCR reaction were subjected to electrophoresis using a 1.5% agarose-TAE gel run 

at 120 V for 30 min with SYBR Safe DNA gel stain (Life Technologies, Australia) used 

to visualize amplified DNA. L: Gene Ruler 100 bp ladder (Thermo Fisher Scientific, 

Australia); -ve: negative water control; Post-Im: post-implantation mouse embryos. 

 

Given that four primers were used per PCR reaction, the presence of the non-specific 

band could be due to any of the two primer pairs binding to another regions of the 

template DNA. Therefore, separate primer pair reactions were conducted to determine 

which primer pair was producing the non-specific band. To do this, three PCR reactions 

were set up using Hmox1+/+ DNA: (i) all four primers (Figure 3-9, 4P), (ii) HMOX1 

forward and HMOX1 short reverse primers only (Figure 3-9, 2PH), and (iii) NEO 

forward and NEO short reverse primers (Figure 3-9, 2PN). All PCRs were set-up 

according to the conditions in Table 3-4 and run according to the cycling conditions 

outlined in Table 3-5.  
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Figure 3-9. Genotyping of DNA from Hmox1+/+ embryos using separate primer 

pair reactions.  

PCR was carried out on Hmox1+/+ DNA from post-implantation mouse embryo in a 20 

µL PCR reaction using HMOX1 and NEO forward primers and HMOX1 and NEO 

short reverse primers. The PCR reaction mixture is described in Table 3-4 and the PCR 

cycling conditions in Table 3-5. Ten microlitres of the PCR reaction were subjected to 

electrophoresis using a 1.5% agarose-TAE gel run at 120 V for 30 min with SYBR Safe 

DNA gel stain (Life Technologies, Australia) used to visualize amplified DNA. L: 

DNA ladder (Thermo Fisher Scientific, Australia); -ve: negative water control; Post-

Im: post-implantation mouse embryos; 4P: DNA with HMOX1 and NEO primer pairs; 

2PH: DNA with HMOX1 primer pair; 2PN: DNA with NEO primer pair. 
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In these experiments, the non-specific band at ~106 bp was observed when NEO 

primers were used (Figure 3-9, 4P and 2PN), whereas it was absent when HMOX1 

primers were used alone (Figure 3-9, 2PH). Since Hmox1+/+ DNA was used as the 

template DNA, there should be no NeoR cassette present for NEO primers to bind to. 

Therefore, the non-specific band was cut from the agarose gel, purified and sent for 

sequencing by the Australian Genome Research Facility (AGRF) Ltd to determine what 

part of the mouse genome was being amplified. The resulting sequence (Table 3-6) was 

then entered into ‘NCBI BLAST’ (https://www.ncbi.nlm.nih.gov/BLAST) and aligned 

against the mouse genome nucleotide collection. However, no significant similarities 

were found. The non-specific band sequence was then aligned using the ‘NCBI align 

sequence nucleotide BLAST’ (https://www.ncbi.nlm.nih.gov/BLAST) against NeoR 

cassette. Intriguingly, results showed a significant similarity within a region of the NeoR 

cassette (Figure 3-10). 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/BLAST
https://www.ncbi.nlm.nih.gov/BLAST
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Table 3-6. The sequencing result of the non-specific band in the Hmox1+/+ DNA.  

“Non-specific band: 
CATCATGGCTGATGCATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATT” 

 

BLAST Alignment non-specific band sequence: 

Figure 3-10. The sequence alignment result of the Hmox1+/+ DNA with NeoR 

cassette.  

PCR product was cut from the agarose gel, purified and sequenced by the AGRF. The 

sequences were aligned against NeoR cassette sequences using ‘NCBI BLAST’. Vertical 

dashes refer to identical nucleotides and horizontal dashes in the sequences refer to a 

gap in the sequences. 
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These results suggest the possibility of secondary NeoR cassette at an unknown location 

in the Hmox1+/+ mouse genome. The construction of the Hmox1-/- mouse (which gives 

rise to the Hmox1/NeoR cassette junction) has been previously described by Dr. Shaw 

Feng Yet’s group (447). Unfortunately, attempts to contact the laboratory for further 

information on the Hmox1 mouse construction were not successful. Therefore, we 

interpreted the appearance of a NeoR-specific PCR product in Hmox1+/+ mice could be 

due to NeoR cassette contamination at an unknown location of the Hmox1+/+ mouse 

genome DNA. This could have possibly been leftover from breeding and/or Hmox1-/- 

construction process, but it did not affect Hmox1+/+ function. 

 

3.2.6 Optimization of primer – NEO junction primer pair 

Due to presence of the non-specific band and the possibility of a NeoR cassette present 

in the Hmox1 mice, primers were re-designed to target the junction of mouse Hmox1 

gene and NeoR cassette at the XhoI cleavage site (Figure 3-11). The Neo junction (NeoJ) 

forward primer was designed to target 50 bp upstream of the XhoI site at the 

Hmox1/NeoR cassette junction (Figure 3-11; Table 3-7). The NeoJ reverse primer was 

designed to target 50 bp downstream of the XhoI site at the Hmox1/NeoR cassette 

(Figure 3-11; Table 3-7). 
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Figure 3-11. Revised PCR strategy for genotyping of HMOX1 transgenic pre-

implantation mouse embryos.  

Schematic of Hmox1 allele in Hmox1+/+ mice (top panel) and Hmox1-/- mice (bottom 

panel) are shown. In Hmox1-/- mice, a NeoR cassette replaces Hmox1 exon 3 (447).  

Primers were redesigned to target the junction of mouse Hmox1 gene and NeoR cassette. 

The NeoJ forward primer binds 50 bp upstream of the Hmox1/NeoR cassette and the 

NeoJ reverse primer binds 50 bp downstream of Hmox1/NeoR cassette. Arrows indicate 

positions of primers used for the PCR genotyping method. PCR products are 

highlighted by thin black brackets and the PCR product size is written below. Exons are 

pictured in yellow and open boxes indicate that the whole exon has not been shown. 

Thick black lines are representative of introns. The schematic is not drawn to scale. 
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Table 3-7. Details of Neo junction primers for PCR reactions. 

Name Sequence (5’ →  3’) PCR product 
size (bp) 

 
HMOX1 forward primer 
HMOX1 short reverse primer 

ATGCCCCACTCTACTTCCCTG 
GGCCTGGGTGGAGAGGCTTTT 

200 
 
 

NeoJ forward primer  
NeoJ reverse primer 

GGCCTCGTACATGCTGGCTGG 
GGCCTGGGTGGAGAGGCTTTT  

 

100 
 

 

Using the optimized PCR protocol (Table 3-4 and Table 3-5), the non-specific band at 

~106 bp disappeared in the Hmox1+/+ DNA using all 4 primers in the PCR mixture. 

However, a higher band at ~800 bp appeared instead, likely the PCR product of the 

NeoJ forward primer and HMOX1 short reverse primer (Figure 3-12). Additionally, a 

doublet was seen at ~100 and ~170 bp in the Hmox1-/- DNA. The 170 bp product was 

sent for sequencing and the sequence of the amplified PCR product was determined 

(Table 3-8). The sequence was then entered into the ‘NCBI BLAST’ 

(https://www.ncbi.nlm.nih.gov/BLAST) and searched against the mouse genome 

nucleotide collection. However, no significant similarities were found. Next, the 

sequences were aligned using the ‘NCBI align sequence nucleotide BLAST’ 

(https://www.ncbi.nlm.nih.gov/BLAST) against the NeoR cassette. Results showed 

similarities with two regions in the NeoR cassette, accounting for the two PCR products 

of 100 and 170 bp (Figure 3-13). 

 

https://www.ncbi.nlm.nih.gov/BLAST
https://www.ncbi.nlm.nih.gov/BLAST
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Figure 3-12. Genotyping of DNA from post-implantation mouse embryos using 

NEO junction primer pair.  

PCR was carried out on DNA from mouse post-implantation embryos in a 20 µL PCR 

reaction using HMOX1 and NeoJ forward primers and HMOX1 and NeoJ reverse 

primers. The PCR reaction mixture is described in Table 3-4 and the PCR cycling 

conditions in Table 3-5. Ten microlitres of the PCR reaction were subjected to 

electrophoresis using a 1.5% agarose-TAE gel run at 120 V for 30 min with SYBR Safe 

DNA gel stain (Life Technologies, Australia) used to visualize amplified DNA. L: 

Gene Ruler 100 bp ladder (Thermo Fisher Scientific, Australia); -ve: negative water 

control; Post-Im: post-implantation mouse embryos; 4P: DNA with HMOX1 and NeoJ 

primer pairs; 2PH: DNA with HMOX1 primer pair; 2PN: DNA with NeoJ primer pair. 
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Table 3-8. The sequencing result of the ~170 bp band in the Hmox1-/- DNA.  

“~170 bp band: 
ATCCGAGCTCGAGCAGTGTGGTTTTCAAGAGGAAGCAAAAAGCCTCTCCACCCAGGCCT
GGAATGTTTCCACCCAATGTCGAGCAGTGTGGTTTTGCAAGAGGAAGCAAAAAGCCTCT
CCACCCAGGCC” 

Blue highlighted sequence refers to the start of the NeoR junction. Underlined sequence 

refers to NeoJ pR (present twice in the sequence). Grey highlighted sequence refers to 

the repeated sequence from the start of the NeoR junction. 

 

BLAST alignment of ~170 bp band sequence: 

 
Figure 3-13. The sequence alignment result of the Hmox1-/- DNA with NeoR 

cassette.  

(A) The start of the NeoR junction. (B) The repeated sequence from the start of the NeoR 

junction. PCR product was cut from the agarose gel, purified and sequenced by the 

AGRF. The sequences were aligned against Hmox1 exon 3 and NeoR cassette sequences 

using ‘NCBI BLAST’. Vertical dashes refer to identical nucleotides and horizontal 

dashes in the sequences refer to a gap in the sequences. 
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3.2.7 Optimization of primer – new NEO junction reverse primer  

Due to presence of two repeated binding sites for NeoJ reverse primer at the junction of 

Hmox1/NeoR cassette, the new NeoJ reverse primer 2 (new NeoJ pR2) was designed to 

target 168 bp downstream of the junction of Hmox1/NeoR cassette in a region with no 

repeated sequence (Figure 3-14; Table 3-9). The resulting PCR product was 218 bp, 

which is a similar size to the PCR product of HMOX1 primer pair. Therefore, an 

alternative HMOX1 short reverse primer was designed that targeted exon 3 but 

produced a PCR product of 110 bp (Figure 3-14; Table 3-9). 
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Figure 3-14. PCR strategy for genotyping of HMOX1 transgenic pre-implantation 

mouse embryos.  

Schematic of Hmox1 allele in Hmox1+/+ mice (top panel) and Hmox1-/- mice (bottom 

panel) are shown. In Hmox1-/- mice, a NeoR cassette replaces Hmox1 exon 3 (447). Due 

to a repeated sequence in the NeoR cassette, there are a two binding sites for the NeoJ 

pR primer in the NeoR cassette (indicated by orange and grey arrows).  The second 

binding site (grey arrow) is 70 bp downstream of the first (orange arrow). Therefore, 

two amplification products were produced, the first of 100 bp and a second product of 

170 bp. Therefore, the new NeoJ pR2 (indicated by the pink arrow) was designed to 

target 168 bp downstream of the junction of Hmox1/NeoR cassette in a region with no 

repeated sequences. The final PCR product was 218 bp.  For Hmox1+/+ genotyping, a 

new HMOX1 short reverse primer was designed to target exon 3.  Use of the new 

HMOX1 short reverse primer and the HMOX1 forward primer resulted in a PCR 

product of 110 bp in Hmox1+/+ DNA. Arrows indicate positions of primers used for the 
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PCR genotyping method. PCR products are highlighted by thin black brackets, and the 

PCR product size is written below. Exons are pictured in yellow and open boxes 

indicate that the whole exon has not been shown. Thick black lines are representative of 

introns. The schematic is not drawn to scale. 

 

Table 3-9. Details of new NeoJ reverse primer 2 and new HMOX1 short reverse 

primer for PCR reactions. 

Name Sequence (5’ →  3’) PCR product 
size (bp) 

 
HMOX1 forward primer 
New HMOX1 short reverse primer 
 

ATGCCCCACTCTACTTCCCTG 
GGCTGGCGTGCAAGGGATGAT 

110 
 
 

NeoJ forward primer  
New NeoJ reverse primer 2 

GGCCTCGTACATGCTGGCTGG 
ACAAGACGCTGGGCGGGGTTT  

 

218 
 

 

Using the optimized PCR protocol (Table 3-4 and Table 3-5), DNA from the Hmox1+/+ 

embryo resulted in a 110 bp PCR product, as predicted (Post-Im +/+ and BL +/+, 4P). 

DNA from the Hmox1+/- embryo resulted in two PCR products at 110 and 218 bp (Post-

Im +/- and BL +/-), whereas, DNA from the Hmox1-/- embryo gave rise to a single 218 

bp PCR product (Post-Im -/- and BL -/-). Importantly, the two bands at ~100 and ~170 

bp were no longer seen in the Hmox1-/- DNA (Post-Imp -/- and BL -/-, 4P) using all 4 

primers in the PCR mixture. Therefore, redesigning a new NEO junction primer pair 

resulting a successful PCR amplification from blastocysts. 
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Figure 3-15. Genotyping of blastocysts and DNA from post-implantation mouse 

embryos using new NEO junction primer pair. 

(A) Mouse post-implantation embryos. (B) Mouse blastocysts. PCR was carried out on 

whole blastocysts and DNA from post-implantation mouse embryos in a 20 µL PCR 

reaction using HMOX1 and new NeoJ forward primers and new HMOX1 and new 

NeoJ short reverse primers. The PCR reaction mixture is described in Table 3-4 and the 

PCR cycling conditions in Table 3-5. Ten microlitres of the PCR reaction were 

subjected to electrophoresis using a 1.5% agarose-TAE gel run at 120 V for 30 min with 

SYBR Safe DNA gel stain (Life Technologies, Australia) used to visualize amplified 

DNA. L: Gene Ruler 100 bp ladder (Thermo Fisher Scientific, Australia); -ve: negative 

water control; Post-Im: post-implantation mouse embryos; BL: blastocyst; 4P: DNA 

with HMOX1 and NeoJ primer pairs; 2PH: DNA with HMOX1 primer pair; 2PN: 

DNA with NeoJ primer pair. 
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In summary, for optimal PCR genotyping protocol for blastocyst and early stage 

embryos, we performed DNA extraction from blastocysts using the ZyGEM lysis 

buffer, while PCR was carried out with pre-mixed PCR reaction mixture, using 

MyTaq™ Hot Start DNA Polymerase, and the cycling conditions were described in 

Table 3-4 and Table 3-5. The four primer pairs used were described in Table 3-9. 

 

3.3 DISCUSSION 

In the present study, we have optimized the Hmox1 PCR genotyping method for the 

pre-implantation mouse embryos. This was achieved by using a new pre-mixed PCR 

reaction mixtures and the cycling conditions of MyTaq™ Hot Start DNA Polymerase 

and the primer pairs that both targeted the Hmox1 exon 3 and the junction of 

Hmox1/NeoR cassette in the Hmox1 mouse genome and produced a short PCR products 

(~200 bp or less). This new improved method represents a significant departure from 

the previously established PCR method for genotyping the post-implantation mouse 

embryos and mouse pups, which targeted the Hmox1 exon 3 and the NeoR cassette, and 

which produced a large PCR products (~400 bp or more). Furthermore, we have 

optimized the cell lysis method to efficiently extract DNA from an individual early 

stage embryo using the ZyGEM lysis buffer.  

 

We ascertained a few possibilities that could be contributed to the failure of PCR 

amplification of DNA fragments in the blastocyst. Firstly, as the blastocyst cannot be 

seen by the naked eye, compared to a mouse post-implantation embryo, the blastocyst 

PCR genotyping method could have failed because the blastocyst was not included in 

the microtube during embryo collection. This would have resulted in the absence of 

template DNA and therefore, no amplification. Thus, it is important to verify the 
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presence of the collected embryo in the microtube, e.g., by using a stereomicroscope. 

Secondly, DNA contamination remains as a serious and ongoing problem during the 

genotyping process. Therefore, extra precautions were taken to overcome this issue. The 

PCR reagents were used exclusively for this experiment and were decontaminated with 

70% ethanol before each reaction, while the aerosol pipette tips were always used to 

reduce any carry-over of amplified products from previous PCR experiments or DNA 

contamination from the pipettes. Furthermore, we included two blank samples 

containing water as negative controls in each reaction to visualize any contamination 

during the PCR preparation. 

 

Several methods of DNA extractions (from small samples) were tested using the manual 

methods and the commercially available kits. Initially, a lysis solution containing 

proteinase K was tested to extract DNA because it generated high rates of successful 

PCR amplification from both large and small DNA samples (249,261,279). 

Unfortunately, when we manually mixed all the components of the lysis solution based 

on the DNA extraction protocols suggested by the Smith and Stablewski laboratories, 

the DNA was poorly amplified (279,372). The failure of PCR amplification might be a 

result of the absence or limited amount of DNA templates available due to the 

inefficient DNA extraction. 

 

The ZyGEM DNA extraction kit (buffer and proteinase) was then used since it extracts 

maximal amounts of DNA from the small samples, as applies to the individual early 

stage embryo, in particular, the blastocyst. Despite the limited number of reports using 

this lysis solution to extract DNA from the pre-implantation embryos, it had been 

applied successfully to extract DNA from HeLa cells, bone marrow and spleen 
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(268,329). We also preferred to use the ZyGEM DNA extraction kit and the pre-mixed 

PCR reagents kit because of two main reasons: (1) potential sources of contamination, 

such as exogenous DNA could be avoided during the PCR preparation due to the 

decreased number of pipetting steps and the reduced need to open/close microtubes to 

add the lysis solution and the pre-mixed PCR reagents kit, and (2) the kits were proven 

to be efficient, and thus it reduced the need for further optimization, which is a very 

expensive and time-consuming process.  

 

After manipulating the different parameters including the PCR reaction conditions and 

DNA extractions that had failed due mostly to the presence of non-specific band(s), the 

NeoJ primer pair was designed to amplify a DNA region in the junction and in the NeoR 

cassette. Consequently, the choice of the best region for the design of NeoJ primer pair 

had increased the chance for the success of the PCR technique in the blastocyst and 

resulting PCR product was 218 bp. In contrast, the PCR amplification of a DNA region 

in the NeoR cassette only (as described in the laboratory’s established PCR genotyping 

method) was not useful for the blastocysts. This was probably due to the presence of a 

secondary NeoR cassette at an unknown location in the Hmox1+/+ mouse gene.  

 

We chose to target the junction of the Hmox1 gene and the NeoR cassette because this 

region only exists in the Hmox1-/- mouse. Targeting just the NeoR cassette did not 

specify the gene into which the NeoR cassette had been integrated, and thus did not 

specify an Hmox1-/- genotype. On the other hand, the exon 3 of mouse Hmox1 gene was 

removed and replaced with the NeoR cassette in Hmox1-/- mouse gene (447). Therefore, 

the redesigned HMOX1 reverse primer still target a DNA region in the exon 3, although 

they gave rise to a shorter PCR product (110 instead of 399 bp). The new HMOX1 
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primer pair amplified the DNA target sequences successfully from the individual early 

stage embryos. In fact, our strategy in shortening PCR products is consistent with the 

PCR genotyping methods for the pre-implantation mouse embryos as reported by other 

laboratories (92,259,261,437). The rationale for this as early stage embryos have low 

amounts of DNA, and thereby, the PCR amplification of larger DNA fragments may be 

inefficient. 

 

In conclusion, the optimization of a PCR-based method for genotyping pre-implantation 

mouse embryos as discussed above had been established successfully. The method gave 

rise to a PCR product of 110 bp for embryos of Hmox1+/+ genotype, two bands of 110 

and 218 bp for Hmox1+/- embryos, and a single band of 218 bp for Hmox1-/- embryos. 

This genotyping method was used subsequently for genotyping of all pre-implantation 

mouse embryos that were obtained from Hmox1+/- x Hmox1+/- mating as outlined in 

Chapter 4. 
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4 THE ROLE OF HMOX1 IN PRE-IMPLANTATION 
EMBRYONIC DEVELOPMENT IN MICE 

_____________________________________________________ 

4.1 INTRODUCTION 

Heme oxygenase (HMOX) is a physiologically important enzyme that catalyzes the first 

step in the degradation of heme (iron-protoporphyrin IX). This rate-limiting step 

generates carbon monoxide (CO), iron (Fe2+) and biliverdin (BV) IXα, the latter of 

which is subsequently converted to bilirubin (BR) IXα by biliverdin reductase (BVR) 

(336). Despite the existence of two isoforms of HMOX (HMOX1 and HMOX2), the 

majority of research has focused on the inducible HMOX1 isoform, which is encoded 

by the Hmox1 gene. HMOX1 is involved in many physiological functions, particularly, 

the re-utilization of iron during erythropoiesis as well as the response to a variety of 

stresses, including heme, hypoxia and hyperoxia (57,204,205,237,336). Furthermore, 

numerous studies have found an association of HMOX1 induction with a variety of 

pathological situations, including hematological disorders and cardiovascular diseases 

such as atherosclerosis (18,336,374). 

 

Embryogenesis is a coordinated process that is initiated by the fusion of sperm and 

oocyte and that leads to the delivery of a fully functional newborn (402). The period of 

the mammalian embryonic development encompasses the fertilization after ovulation, 

cleavage, gastrulation, organogenesis in the early and mid-gestations, and maturation in 

the late gestations and even after the birth (116,402). However, due to the difficulty of 

obtaining human embryos for the purpose of research investigations, most researchers 

use the animal models, primarily mouse models to study the embryonic growth and 

development (116). 
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The mouse embryonic development can be divided into pre-implantation and post-

implantation stages. Generally, the development of mouse pre-implantation embryo 

starts with fertilization, which occurs in the ampulla of the oviduct. During embryonic 

cleavage, the fertilized egg, which is also known as zygote, undergoes several mitotic 

cell divisions before forming a sphere of cells called morula. The embryo is then 

transformed into the blastocyst within the uterine lumen, followed by its implantation 

into the maternal uterine wall (418). 

 

The oxygen (O2) concentration in the oviduct is lower than that in the atmosphere, 

which is typically 21% O2 (208). For example, in the human oviduct, the O2 

concentration is 8%, while in the rabbits and rodents, the corresponding O2 

concentrations vary from 5 to 8% (104). The O2 concentration is even lower in the 

uterus, where the formation of blastocyst and implantation occurs, i.e., 1.5 to 2% (104). 

Therefore, during the pre-implantation stage, the embryo experiences a decreasing O2 

concentration gradient as it travels from the oviduct to the uterus. 

 

Although the role of HMOX1 and its end products in pregnancy is well established, in 

particular to its role in the placental function (432,461,469,470), the role of HMOX1 

during early embryonic development is still unclear. Therefore, in this present study, we 

investigated the role of HMOX1 in the early embryonic development by exposing the 

mouse pre-implantation embryos in vitro to three O2 concentrations- 1, 6 and 21% O2. 

Throughout the study, the 1% O2 was referred as ‘hypoxia’, 6% O2 as ‘normoxia’, and 

21% O2 as ‘hyperoxia’. The embryos used in this study were derived from five mating 

strategies as described in Section 2.4.3. Furthermore, the study was extended to 
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examine the effect of exogenous CO, as the end product of heme degradation on the 

mouse pre-implantation embryos in vitro in the presence of 1% O2 (hypoxia). 

 

4.2 RESULTS 

4.2.1 Expression of HMOX1 protein in wild type mouse pre-implantation 

embryos 

To assess the possibility that HMOX1 is involved during early embryonic development, 

we first determined the expression of HMOX1 in mouse pre-implantation embryos by 

confocal laser microscopy. Oocytes and pre-implantation embryos were obtained from 

wild type Quackenbush Swiss (QS) mice. The embryos were cultured to the blastocyst 

stage as described in Section 2.4.1. Whole-mount immunofluorescence staining for 

HMOX1 was performed on collected unfertilized oocytes and embryos at the 1-cell, 2-

cell, 4/8-cell, morula and blastocyst stage as outlined in Section 2.4.5. 

Immunofluorescence staining found that HMOX1 was expressed in the unfertilized 

oocytes, suggesting that HMOX1 may be a maternally derived protein (Figure 4-1). 

Furthermore, HMOX1 protein was expressed at all mouse pre-implantation stages of 

development i.e., 1-cell, 2-cell, 4-cell, 8-cell, morula and blastocyst (Figure 4-1), 

indicating that HMOX1 is also a zygotic protein. HMOX1 (green fluorescence signal) 

was distributed in the cytoplasm rather than the nuclei of oocytes and embryos ((Figure 

4-1). In blastocysts, HMOX1 was observed in both the inner cell mass (ICM) and the 

trophectoderm (TE) (Figure 4-1), which later give rise to the embryo itself and 

contributes to the placental tissue, respectively. 

 

An established role of HMOX1 is in whole body iron re-utilization and the regulation of 

cellular iron homeostasis (213). In the cell, heme is degraded by HMOX1 that produces 
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Fe2+, CO and BV (213). Fe2+ is transported out of the cell through a trans-membrane 

iron export protein known as ferroportin 1 (FPN1) (2,81,254).  A null mutation of FPN1 

was embryonically lethal before gastrulation, which proved that FPN1 is essential 

during early embryonic development (82). Therefore, we carried out whole-mount 

double-labeled immunofluorescence staining for HMOX1 and FPN1 on collected 

unfertilized oocytes and embryos at the 1-cell, 2-cell, 4/8-cell, morula and blastocyst 

stage as outlined in Section 2.4.5. We found that HMOX1 co-localized with FPN1 in 

the unfertilized oocytes and at all mouse pre-implantation stages of development 

(Figure 4-2). FPN1 (red fluorescence signal) was distributed at the membrane and in the 

cytoplasm, but not in the nuclei of oocytes and embryos (Figure 4-2). Similarly, in 

blastocysts, FPN1 was observed in both the ICM and the TE (Figure 4-2). These results 

show that embryonic HMOX1 co-localizes with FPN1 at the early stage of development 

and in both the ICM and the TE of the blastocyst under standard culture condition for 

embryos. 
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Figure 4-1. Expression of HMOX1 protein in an unfertilized oocyte, a fertilized 1-

cell embryo, 2-cell embryo, 4-cell embryo, 8-cell embryo, morula and blastocyst 

cultured under 21% O2 (standard culture condition for embryos).  
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Female QS mice were injected with human chorionic gonadotropin, mated with male 

QS mice and one-cell zygotes were collected 22 h later. The embryos were then 

cultured to the blastocyst stage under 21% O2 (standard culture condition for embryos) 

as described in Section 2.4.1. Oocytes and embryos at the 1-cell, 2-cell, 4/8-cell, morula 

and blastocyst stage were collected and stained with polyclonal anti-HMOX1 antibody 

in green and with DAPI in blue to visualize nucleus as outlined in Section 2.4.5. The 

immunofluorescence pre-implantation embryos images were visualized using a Zeiss 

LSM 510 META confocal laser scanning microscope (Carl Zeiss, Germany) in the 

Bosch Advance Microscopy Facility, The University of Sydney.  Scale bars represent 

50 µm. 
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Figure 4-2. Expression of HMOX1 and FPN1 proteins in an unfertilized oocyte, a 

fertilized 1-cell embryo, 2-cell embryo, 4-cell embryo, 8-cell embryo, morula and 

blastocyst cultured under 21% O2 (standard culture condition for embryos).  
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Female QS mice were injected with human chorionic gonadotropin, mated with male 

QS mice and one-cell zygotes were collected 22 h later. The embryos were then 

cultured to the blastocyst stage under 21% O2 (standard culture condition for embryos) 

as described in Section 2.4.1. Oocytes and embryos at the 1-cell, 2-cell, 4/8-cell, morula 

and blastocyst stage were collected and stained with polyclonal anti-HMOX1 antibody 

in green and anti-FPN1 staining in red and with DAPI in blue to visualize nuclei as 

outlined in Section 2.4.5. The immunofluorescence pre-implantation embryos images 

were visualized using a Zeiss LSM 510 META confocal laser scanning microscope 

(Carl Zeiss, Germany) in the Bosch Advance Microscopy Facility, The University of 

Sydney.  Scale bars represent 50 µm. 
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4.2.2 In vitro development of wild type mouse pre-implantation embryos derived 

from QS and BALB/c mice at different O2 concentrations 

To observe the effect of HMOX1 on the development of mouse pre-implantation 

embryos in vitro at the different O2 concentrations, we used wild type embryos derived 

from two strains of mice: QS and BALB/c. In the first experiments, wild type 1-cell 

zygotes were isolated from a QS x QS mating strategy. The embryos were cultured to 

the blastocyst stage as described in Section 2.4.1 and 2.4.2. The embryo viability was 

assessed in terms of the number of blastocysts formed by day 5. As shown in Figure 4-

3A, O2 significantly affected the development of 1-cell zygotes to the blastocysts stage 

of wild type embryos. Blastocyst formation was comparable in 6 and 21% O2. On the 

other hand, culturing embryos in 1% O2 significantly decreased the percentage of 

blastocyst formed (p<0.05) compared to 6 and 21% O2 (Figure 4-3A).  

 

In standard culture condition, embryos were cultured with an overlay of equilibrated 

mineral oil, which is typically used to protect the embryo growth medium from 

evaporation (98,294). However, the mineral oil could also conceivably act as O2 carrier 

or reservoir as O2 is more soluble in oil than water or air, and thus influencing the 

effective O2 concentration in the embryo's growth medium (98). Therefore, we repeated 

the above in vitro experiments in the absence of mineral oil overlay as described in 

Section 2.4.2.  Without mineral oil, no blastocysts formation occurred at 1 % O2 (Figure 

4-3B). Moreover, blastocyst formation was significantly decreased at 21% compared to 

6% O2 (p<0.05) (Figure 4-3B). The percentage of blastocysts formed at 1% O2 greatly 

decreased from 40% (with mineral oil overlay, Figure 4-3C) to 0% (without mineral oil 

overlay, Figure 4-3C). This data suggests that mineral oil overlay may have been acting 
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as an O2 barrier and removing it from the culture conditions exposed developing 

embryos to the correct O2 concentrations. 

 

Next, we repeated the above in vitro experiment in the absence of mineral oil overlay 

(as described in Section 2.4.2) using wild type 1-cell zygotes isolated from a BALB/c x 

BALB/c mating. As shown in Figure 4-3D, the percentage of BALB/c embryos that 

developed to the blastocysts stage under 1, 6 and 21% O2 was similar to that seen in 

wild type QS embryos (Figure 4-3B), except that at 1% O2, 20% wild type BALB/c 

embryos developed to blastocysts compared to 0% in wild type QS embryos. This 

suggests that BALB/c embryos may be less sensitive to hypoxia than QS embryos. In 

BALB/c Hmox1+/+ embryos, blastocysts formation at both 1 and 21% O2 was 

significantly decreased (p<0.05) compared to 6% O2 (Figure 4-3D).  

 

Taken together, these results show that in vitro embryonic development is optimal at 

normoxia (6% O2) and sub-optimal at hypoxia (1% O2) and hyperoxia (21% O2), with a 

pronounced sensitivity to hypoxia. All subsequent experiments were performed with 

embryos cultured in the absence of mineral oil. 
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Figure 4-3. In vitro development of wild type mouse pre-implantation embryos 

from QS and BALB/c mice under hypoxia (1% O2), normoxia (6% O2) and 

hyperoxia (21% O2).  

(A) QS embryos cultured with mineral oil overlay. (B) QS embryos cultured without 

mineral oil overlay. (C) QS embryos cultured with and without mineral oil overlay. (D) 

BALB/c embryos cultured without mineral oil overlay. Female QS and BALB./c mice 

were injected with human chorionic gonadotropin, mated with male QS and BALB/c 

mice, respectively and 1-cell zygotes were collected 22 h later. The embryos were then 

cultured for five days at the O2 concentrations indicated and scored for blastocyst 

formation. *indicates p<0.05, as determined by one-way ANOVA, followed by the 



 122 

Tukey’s multiple comparisons test. NS indicates not significant. Results show mean ± 

SEM of five independent experiments. 

 

4.2.3 Expression of HMOX1 protein in wild type mouse pre-implantation 

embryos cultured at different O2 concentrations in the absence of mineral 

oil overlay 

Expression of HMOX1 is normally undetectable in cells other than macrophages 

(263,447), however, although its expression can be induced by exposure of cells to 

stresses such as heme, hypoxia and hyperoxia (57,204,237,317,336). We therefore 

examined the expression of HMOX1, bilirubin and FPN1 in wild type QS pre-

implantation embryos (1-cell, 2-cell, morula and blastocyst stage) cultured under 1, 6 

and 21% O2, using confocal laser microscopy and whole-mount immunofluorescence 

staining as outlined in Section 2.4.5. Throughout development, immunofluorescent 

staining of HMOX1 (purple), bilirubin (green) and FPN1 (orange) was more 

pronounced in hypoxia and hyperoxia compared with normoxia (Figure 4-4). 

 

In parallel, whole-mount immunofluorescence staining for HMOX1, bilirubin and 

FPN1 was also performed on wild type pre-implantation embryos (1-cell, 2-cell, morula 

and blastocyst stage)  isolated from a BALB/c x BALB/c mating, as outlined in Section 

2.4.5. Similar to wild type QS embryos, immunofluorescent staining of HMOX1 

(purple), bilirubin (green) and FPN1 (orange) was more pronounced in hypoxia and 

hyperoxia compared with normoxia (Figure 4-5).  This data suggests the increased of 

HMOX1 enzymatic activity in culture under 1 and 21% O2 compared to 6% O2 (Figure 

4-5). Furthermore, these results suggest that embryonic HMOX1 is enzymatically active 

and may initiate heme degradation at the early stages of embryonic development. The 
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presence of FPN1 at the membrane of these embryos possibly addresses the role of 

FPN1 in maintaining normal iron homeostasis in the embryo. In addition, the expression 

levels of these proteins were more pronounced in hypoxia (1% O2) and hyperoxia (21% 

O2) than normoxia (6% O2) consistent with a notion that HMOX1 is a stress-induced 

enzyme. 

 

Secondary antibody control staining was conducted and no cross reactivity was 

observed.  Images of negative control experiments are shown in Figure 4-6. 
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Figure 4-4. Expression of active HMOX1 and FPN1 proteins in a fertilized 1-cell 

embryo, 2-cell embryo, morula and blastocyst cultured under hypoxia (1% O2), 

normoxia (6% O2) and hyperoxia (21% O2). Female QS mice were injected with 

human chorionic gonadotropin, mated with male QS mice and one-cell zygotes were 
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collected 22 h later. The embryos were then cultured to the blastocyst stage under the 

O2 concentrations indicated in the absence of mineral oil as described in Section 2.4.2.  

The embryos were collected at the 1-cell, 2-cell, morula and blastocyst stage (n=3) and 

stained with polyclonal anti-HMOX1 antibody in purple, anti-FPN1 staining in orange, 

and monoclonal anti-bilirubin IXα in green, and with DAPI in blue to visualize nuclei 

as outlined in Section 2.4.5. The immunofluorescence pre-implantation embryos images 

were visualized using a Zeiss LSM 510 META confocal laser scanning microscope 

(Carl Zeiss, Germany) in the Bosch Advance Microscopy Facility, The University of 

Sydney.  Scale bars represent 50 µm. 
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Figure 4-5. Expression of active HMOX1 and FPN1 proteins in a fertilized 1-cell 

embryo, 2-cell embryo, morula and blastocyst cultured under hypoxia (1% O2), 

normoxia (6% O2) and hyperoxia (21% O2).  
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Female BALB/c Hmox1+/+ mice were injected with human chorionic gonadotropin, 

mated with male BALB/c Hmox1+/+ mice and one-cell zygotes were collected 22 h 

later. The embryos were then cultured to the blastocyst stage under the O2 

concentrations indicated in the absence of mineral oil as described in Section 2.4.2. The 

embryos were collected at the 1-cell, 2-cell, morula and blastocyst stage (n=3) and 

stained with polyclonal anti-HMOX1 antibody in purple, anti-FPN1 staining in orange, 

and monoclonal anti-bilirubin IXα in green, and with DAPI in blue to visualize nuclei 

as outlined in Section 2.4.5.  The immunofluorescence pre-implantation embryos 

images were visualized using a Zeiss LSM 510 META confocal laser scanning 

microscope (Carl Zeiss, Germany) in the Bosch Advance Microscopy Facility, The 

University of Sydney. Scale bars represent 50 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 130 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 132 

Figure 4-6. Negative control for immunofluorescence labelling experiments.  

Experiments replacing the primary antibody with PBS were performed to check the 

non-specific binding of the secondary antibody. The images were visualized using a 

Zeiss LSM 510 META confocal laser scanning microscope (Carl Zeiss, Germany) in 

the Bosch Advance Microscopy Facility, The University of Sydney. Scale bars 

represent 50 µm. 

 

 

 

 

 



 133 

4.2.4 Detection of heme, biliverdin and bilirubin in mouse pre-implantation 

embryos cultured at different O2 concentrations 

In the previous section, we determined the expression of HMOX1 activity in mouse pre-

implantation embryos at different O2 concentrations indirectly by confocal laser 

microscopy and immunofluorescence using an anti-bilirubin. To more directly obtain 

evidence of enzymatically active heme oxygenase (HMOX) in mouse pre-implantation 

embryos in vitro, we applied an LC-MS/MS method to determine the concentrations of 

heme, biliverdin and bilirubin in the embryos and the culture media. 

 

A number of methods are available for quantitative determination of heme and bile 

pigments in biological fluids and tissues including high-pressure liquid chromatography 

(HPLC) (270,333,370,456), radioassay (77,331), enzyme-linked immunosorbent assay 

(ELISA) (179,287,293) and immunohistochemistry (275). However, the LC-MS/MS is 

the method of choice for the determination of HMOX1 activity due to high sensitivity 

and specificity. Figure 4-7A to Figure 4-9A shows representative chromatograms of 

authentic standards of heme (protoporphyrin IX), biliverdin (biliverdin IXα) and 

bilirubin (bilirubin IXα) detected by tandem mass spectrometry (as described in Section 

2.5), following specific precursor to product ion transitions (Figure 4-10). Under the 

conditions used, the retention time for heme was 4.8 min (Figure 4-7A). Of note, 

commercial biliverdin IXα and bilirubin IXα were not 100% pure and contained a small 

percent of the IIIα and XIIIα isomers that can form from the IXα isomer via an acid-

catalyzed pyrromethenone exchange reaction (234,251). Figure 4-8A shows biliverdin 

IIIα and biliverdin IXα to elute at 3.5 min and 4.0 min, respectively, the latter 

appearing with a small chromatographically unresolved ‘shoulder’, possibly 

corresponding to biliverdin XIIIα. Figure 4-9A shows chromatograms of bilirubin IIIα, 
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bilirubin IXα and bilirubin XIIIα eluting at 10.4, 10.7 and 11.1 min, respectively. The 

response was quantified by integrating the peaks (area under the curve) using the Mass 

Hunter software (Agilent Technologies) and using calibration curves from standard 

solutions.  

 

Figure 4-7. Representative chromatograms of heme in standard solutions (A), 

embryos (B) and culture media (C).  
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Figure 4-8. Representative chromatograms of biliverdin in standard solutions (A), 

embryos (B) and culture media (C).  
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Figure 4-9. Representative chromatograms of bilirubin in standard solutions (A), 

embryos (B) and culture media (C).  
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Figure 4-10. Collision induced fragmentation of heme (A), biliverdin IXα  (B) and 

bilirubin IXα  (C). 
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The concentrations of heme, biliverdin and bilirubin in mouse pre-implantation embryos 

and the culture media was determined using tandem mass spectrometry as specified in 

Section 2.5. For this particular experiment, wild type QS blastocysts and culture media 

from day 5 embryos’ that were grown in vitro under 1, 6 and 21% O2 (as described in 

Section 2.4.2) were collected, extracted with methanol and quantified with LC-MS/MS 

analysis as described in Section 2.5. Representative chromatograms of heme, biliverdin 

and bilirubin acquired from the embryos and the culture media are shown in Figure 4-

7B-C to Figure 4-9B-C. Heme was only detected in embryos cultured at 1% O2 

(hypoxia) and 21% O2 (hyperoxia), whereas it was below detection limit in cells 

cultured at 6% O2 and not detected in the culture media (Figure 4-11A). Biliverdin IXα 

and bilirubin IXα were detected in the culture media at the three O2 concentrations used 

(Figure 4-11B and (Figure 4-11C), but absent from the embryos, except for traces of 

bilirubin IXα in some embryos. The majority of bile pigments detected was in the form 

of bilirubin IXα rather than biliverdin IXα, indicating that the embryos contained active 

biliverdin reductase. For biliverdin and bilirubin, the IIIα, IXα and XIIIα isomers were 

present in the standards, whereas in culture media of embryos, the IXα isomers only of 

biliverdin and bilirubin were detected (Figure 4-8 and Figure 4-9). This is explained 

readily by the fact that isomerization of the IXα pigment isomers occurs during 

synthesis and/or storage (234,251), whereas the enzymatic products of HMOX1 and 

BVR are stereospecific for the IXα isomer (467). Interestingly, there was no significant 

difference in the concentrations of heme, biliverdin and bilirubin in the embryos and the 

culture media grown at 1, 6 and 21% O2 (Figure 4-11). Taken together, these results 

show that mouse pre-implantation embryos/blastocysts contain enzymatically active 

HMOX and secrete the pigments biliverdin and bilirubin, and that this activity may 

increase under hypoxia and hyperoxia. It is important to note, however, that the 



 139 

methods used to assess HMOX enzymatic activity do not distinguish HMOX1 from 

HMOX2, so that the observed enzymatic activity cannot be assigned to HMOX1 

activity. 
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Figure 4-11. Concentration of heme and its degradation products in mouse pre-

implantation embryos (blastocysts stage, 2-3 x 103 cells per sample) cultured under 

hypoxia (1% O2), normoxia (6% O2) and hyperoxia (21% O2).  

Samples were extracted with ice-cold 80% methanol, centrifuged at 14, 000 g for 20 

min and analyzed by LC-MS/MS in MRM mode as described in Section 2.5. NS 
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indicates not significant, as determined by one-way ANOVA, followed by the Tukey’s 

multiple comparisons test. Results show mean ± SEM of three independent 

experiments.  

 

4.2.5 In vitro development of mouse pre-implantation embryos from BALB/c 

Hmox1 mice at different O2 concentrations 

Together, the above results suggested the presence of enzymatically active HMOX1 in 

wild type mouse pre-implantation embryos, particularly in hypoxia and hyperoxia as 

determined by immunocytochemistry and bilirubin analysis. Furthermore, we observed 

that developing wild type embryos were particularly sensitive to hypoxia rather than 

normoxia and hyperoxia. To further define the role of HMOX1 during early embryonic 

development, we next examined the development of mouse pre-implantation embryos in 

vitro at 1, 6 and 21% O2 using 1-cell Hmox1+/+, Hmox1+/- and Hmox1-/- zygotes isolated 

from five different BALB/c Hmox1 mating strategies, as described in Section 2.4.3.  

 

Differing O2 concentration had a significant effect on development of 1-cell zygotes to 

the blastocysts stage of BALB/c Hmox1+/+, Hmox1+/- and Hmox1-/- embryos derived 

from the respective mating strategies (Figure 4-12). In particular, the percentage of wild 

type BALB/c embryos (derived from a Hmox1+/+ x Hmox1+/+ mating) that developed to 

the blastocysts stage (Figure 4-12A) showed a similar trend to that of wild type QS 

embryos under 1, 6 and 21% O2, shown previously (Figure 4-3B). Blastocyst formation 

at 1 and 21% O2 was significantly decreased compared to 6% O2 (Figure 4-12A) 

(p<0.05). A similar O2-concentration-dependent blastocyst formation was also observed 

with Hmox1+/- embryos derived from both Hmox1+/+ x Hmox1-/- matings, irrespective of 

whether the Hmox1 deficiency was of maternal or paternal origin (Figure 4-12B and 
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Figure 4-12C). Interestingly, we obtained viable Hmox1-/- embryos from a Hmox1-/- x 

Hmox1-/- mating strategy, and some of these embryos developed to the blastocyst stage 

irrespective of the O2 concentrations used, although the percentage of blastocyst formed 

was lower than that observed with Hmox1+/- and Hmox1+/+ embryos (Figure 4-12D). 

Therefore, Hmox1+/- and Hmox1-/- embryos derived from breeding that involved an 

Hmox1-/- parent were less sensitive to hypoxia than Hmox1+/+ embryos obtained from 

wild type parents. However, in normoxia and hyperoxia, Hmox1-/- embryos derived 

from Hmox1-/- x Hmox1-/- matings developed less efficiently to blastocysts than 

Hmox1+/+ and Hmox1+/- embryos. 

 

To gain further insight into the development of Hmox1-/- pre-implantation embryos 

under different oxygen conditions, we cultured Hmox1+/+ , Hmox1+/- and Hmox1-/- 1-cell 

zygotes derived from Hmox1+/- x Hmox1+/- matings to the blastocyst stage, as described 

in Section 2.4.3. Subsequently, the embryos were genotyped as described in Chapter 3 

and cultured to the blastocyst stage under 1, 6 or 21% as described in Section 2.4.3. As 

shown in Figure 4-13A, the percentage of blastocyst formation in Hmox1+/+, Hmox1+/- 

and Hmox1-/- embryos derived from Hmox1+/- x Hmox1+/- matings, showed a similar 

trend to that of Hmox1+/+, Hmox1+/- and Hmox1-/- embryos derived from the Hmox1+/+ 

x Hmox1+/+, Hmox1+/+ x Hmox1-/- or Hmox1-/- x Hmox1-/-  matings, as mentioned 

previously in Section 4.2.5 (Figure 4-12), No gene-dosage effect and no significant 

differences were observed in the percentage of blastocysts formed between genotypes 

across the O2 concentrations from embryos derived from Hmox1+/- x Hmox1+/- matings 

(Figure 4-13B). Interestingly, the percentage of Hmox1+/+ and Hmox1-/-  embryos that 

formed blastocysts at 1% O2 was higher in embryos derived from Hmox1+/- x Hmox1+/- 

matings compared to Hmox1+/+ x Hmox1+/+ or Hmox1-/- x Hmox1-/-matings (Figure 4-13 



 143 

and Figure 4-12A&D). This suggests in heterozygous Hmox1 mice, there may be 

unknown factor(s) that may compensate for the partial loss of HMOX1 and it is these 

factors that may also be affect the viability of these offspring derived from Hmox1+/- 

parents in normal and stress conditions during early mouse embryonic development.  
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Figure 4-12. In vitro development of mouse pre-implantation embryos from 

BALB/c Hmox1 mice with indicated mating strategies under hypoxia (1% O2), 

normoxia (6% O2) and hyperoxia (21% O2).  

Female Hmox1+/+ and Hmox1-/- mice were injected with human chorionic gonadotropin, 

mated with male Hmox1+/+ or Hmox1-/- mice (as indicated in the Figure 4-11) and one-

cell zygotes were collected 22 h later. The embryos were then cultured for five days at 

the O2 concentration indicated and scored for blastocyst formation. *indicates p<0.05, 

as determined by one-way ANOVA, followed by the Tukey’s multiple comparisons 

test. Results show mean ± SEM of five independent experiments.  
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Figure 4-13. In vitro development of mouse pre-implantation embryos from 

BALB/c Hmox1+/- x Hmox1+/- mice mating strategy under hypoxia (1% O2), 

normoxia (6% O2) and hyperoxia (21% O2).  

Female Hmox1+/- mice were injected with human chorionic gonadotropin, mated with 

male Hmox1+/- mice and one-cell zygotes were collected 22 h later. The embryos were 

then cultured for five days at the O2 concentration indicated and scored for blastocyst 

formation. *indicates p<0.05, as determined by one-way ANOVA, followed by the 
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Tukey’s multiple comparisons test. Results show mean ± SEM of five independent 

experiments. 

 

4.2.6  In vitro development of mouse pre-implantation embryos from BALB/c 

Hmox1 mice with exogenous CO in hypoxia (1% O2) 

Carbon monoxide (CO) is one of three products derived from heme degradation by 

HMOX1 enzyme (336). CO is recognized as a signaling molecule and can relax smooth 

muscle cells through activation of soluble guanylyl cyclase and the production of 

cellular cyclic GMP (55,70,336,474). CO is also thought to stimulate mitochondrial 

biogenesis in the heart through binding of the nuclear respiratory factor 1 (NRF1) 

transcription factor with the PGC1α co-activators to target genes including the 

mitochondrial DNA transcription factor (314,376). Studies have also found that, under 

hypoxia, up-regulation of HIF-1α locally induces HMOX1 expression and the 

production of CO which in turn inhibits cytochrome c oxidase (complex IV) leading to 

increased mitochondrial ROS and activation and stabilization of HIF-1α (55,70,474). In 

particular to embryonic development, application of exogenous CO at 50 ppm is 

demonstrated to attenuate fetal loss and to improve placentation in pregnant Hmox1+/- 

mice (461,463). 

 

Therefore, this study aimed to investigate the potential role of CO signaling in 

embryonic development, particularly in hypoxia (1% O2), and the exogenous CO was 

used to investigate any effect of HMOX1 on embryonic development in vitro. We 

isolated 1-cell zygotes isolated from four different BALB/c Hmox1 mating strategies, as 

described in Section 2.4.4 and observed their development in culture while being 

exposed to 250 parts per million (ppm) CO under hypoxia (1% O2). The typical 
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experimental concentrations of CO are 10 to 500 ppm (185,298). In this concentration 

range, CO does not cause toxic effects in animals (55,185,298). In this study, we chose 

a concentration of 250 ppm CO as this concentration was reported to produce beneficial 

effects on embryonic development (97,461,463). Under hypoxia (1% O2), the inclusion 

of 250 ppm CO significantly increased (p<0.05) the percentage of blastocysts formed 

from BALB/c Hmox1+/+ embryos (derived from a Hmox1+/+ x Hmox1+/+ mating 

strategy) (Figure 4-14A). A similar trend was observed with Hmox1-/- embryos derived 

from an Hmox1-/- x Hmox1-/- mating, although this did not reach statistical significance 

(Figure 4-14A). However, inclusion of 250 ppm CO to Hmox1+/- embryos significantly 

decreased (p<0.05) the percentage of blastocyst formed at 1% O2 (Figure 4-14A). These 

results suggests that CO may improve the developmental progression of Hmox1+/+ 

embryos to the blastocyst stage in hypoxia, perhaps by inhibiting cytochrome c oxidase, 

which in turn may lead to increased mitochondrial ROS, stabilizing HIF-1α, and 

enhanced adaptive response to hypoxia. 

 

We next cultured 1-cell zygotes derived from Hmox1+/- x Hmox1+/- matings to the 

blastocysts stage with inclusion of 250 ppm CO (as described in Section 2.4.4). 

Subsequently, the embryos were collected and lysed to extract genomic DNA before 

being subjected to PCR genotyping as described in Chapter 3. Intriguingly, the 

inclusion of 250 ppm CO in hypoxic culture condition decreased the percentage of 

blastocyst formation across all genotypes (Figure 4-14B), without any apparent gene 

dose effect. This indicated that the decrease in blastocyst formation was not due to the 

partial or complete loss of HMOX1 protein. 
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Figure 4-14. In vitro development of mouse pre-implantation embryos from 

BALB/c Hmox1 mice with indicated mating strategies under hypoxia (1% O2) with 

inclusion of 250 ppm carbon monoxide (CO).  

Female Hmox1+/+ and  Hmox1-/- mice were injected with human chorionic gonadotropin, 

mated with male Hmox1+/+ or Hmox1-/- mice and one-cell zygotes were collected 22 h 

later. The embryos were then cultured for five days at the O2 concentration indicated 

and scored for blastocyst formation. *indicates p<0.05, as determined by one-way 
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ANOVA, followed by the Tukey’s multiple comparisons test. Results show mean ± 

SEM of five independent experiments. Hmox1+/+ embryos are pictured in green, blue 

represents Hmox1+/- embryos and Hmox1-/- embryos are pictured in red.  

 

4.3 DISCUSSION 

To our knowledge, a role for HMOX1 in the early stages of embryonic development has 

not been reported previously, although HMOX1 has been shown to promote ovulation 

in the ovary of Hmox1+/+ BALB/c female mice (462). Zenclussen and colleagues 

described that the expression of HMOX1 in the oocyte had protected the cells from 

tissue injury including hemolysis during the follicular rupture, which is a pro-

inflammatory event that occurs in the ovary (461). Furthermore, previous studies have 

demonstrated that HMOX1 could be a crucial player during the later stages of 

embryonic development by regulating proper implantation, placentation and intrauterine 

fetal survival (432,461,469,470). In the present study, we used in vitro cultured mouse 

pre-implantation embryos at different O2 concentrations to investigate the role of 

HMOX1 in early embryonic development. Our results showed that in vitro development 

of Hmox1+/+ blastocysts was more efficient at 6% O2 (normoxia) compared to 1% O2 

(hypoxia) or 21% O2 (hyperoxia). Furthermore, active HMOX1 was likely present in 

the Hmox1+/+ embryo from zygote to blastocyst, as determined by the HMOX1 protein 

expression and bilirubin quantification by immunohistochemistry, and that both hypoxia 

and hyperoxia increased the HMOX1 expression. Independent of the developmental 

stage, the embryonic HMOX1 co-localized with FPN1. In contrast, O2 concentration 

had no significant effect on the development of Hmox1-/- blastocysts. Additionally, the 

inclusion of CO (250 ppm) decreased the blastocyst development of Hmox1+/+, 
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Hmox1+/- and Hmox1–/– embryos, suggesting that CO could be inefficient in restoring 

early embryonic development.  

 

Our existing BALB/c Hmox1 colony did not produce the sufficient numbers of mice 

needed for the first part of the study. Therefore, we utilized wild type Quackenbush 

Swiss (QS) mice as the alternative mouse colony. Other laboratories have used the QS 

mice to study embryology (118,119,217) and most importantly, a super-ovulated female 

QS mouse can produce up to 20 oocytes per experiment, which is greater than the 

number of embryos typically produced by many other strains. This advantage of the QS 

strain allowed the sufficient numbers of embryos to be generated for the HMOX1 

expression and wild type embryo development study. As we had sufficient numbers of 

mice from our BALB/c Hmox1 colony for the later part of the study, we used the 

BALB/c mice to further define the role of HMOX1 in early embryonic development.  

 

The hormone-stimulated super-ovulating female mice were used as controls in order to 

produce a large number of embryos at a predictable time for each experiment. An 

advantage of superovulation is that fewer mice are needed, and this was particularly 

relevant for BALB/c Hmox1 mice. A potential disadvantage of using hormone-

stimulated superovulation is that this may represent a stress. Therefore, it cannot be 

excluded that the subsequent in vitro embryonic development could be affected by the 

presence or absence of HMOX1. However, as shown in Figure 4-3D, the percentage of 

BALB/c embryos that developed to the blastocyst stage under 1, 6 and 21% O2 was 

similar to that seen in wild type QS embyos (Figure 4-3B). These data supports the use 

of QS mice as appropriate control. 
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Heme is a complex of ferrous iron with protoporphyrin IX that incorporates into 

proteins (e.g., hemoglobin, myoglobin and cytochromes) and plays crucial roles in 

many physiological processes including O2 transport and storage, electron transfer, 

signal transduction and microRNA processing (99,229,288,315). The synthesis of heme 

was proven to take place at the early embryogenesis stage, as the mice homozygous for 

a null allele of the first catalyzing enzyme in the heme biosynthetic pathway, which is 

5-aminolevulinate synthase (Alas1), were embryonically lethal by embryonic day (E) 

8.5, and manifested severe growth retardation (288). The presence of heme synthesis 

was further supported by a study that demonstrated the embryos deficient in 

uroporphyrinogen III synthase, which is an intermediate enzyme in the heme 

biosynthetic pathway, did not survive beyond the 2-cell and 4-cell stages (102). Our 

results suggest the presence of active HMOX1 throughout all mouse pre-implantation 

stages from 1-cell zygotes to blastocysts indicating the existence of heme for 

degradation and the generation of CO, Fe2+ and biliverdin IXα, most of which is 

converted to bilirubin IXα. Therefore, HMOX1 may not only be preventing heme 

toxicity in the embryo, but also display its established roles as anti-oxidant, anti-

inflammatory and cytoprotective enzyme that may be beneficial to developing embryo 

(229). Cellular heme turnover is important for iron metabolism. Therefore, defects in 

the synthesis and/or degradation of heme eventually leads to disturbance of iron 

homeostasis, such as iron overload observed in erythropoietic porphyria (320), or tissue 

iron redistribution associated with HMOX1 deficiency (191,229).  

 

Iron is an essential element during embryonic and post-embryonic development (166). 

The early embryonic development is mainly characterized by rapid cell division. It has 

been documented that the expression of genes involved in iron metabolism was altered 
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to meet iron demand in growing cells including those transformed by the oncogene c-

myc (434). A previous study in Xenopus oocytes found that, at the earlier embryonic 

development stages (i.e., fertilization up to blastocyst stage), Fe2+ was sourced from the 

maternal ferritin-iron storage (91), which is also likely present in mouse pre-

implantation embryos. Ferreira et al. revealed that the mouse embryos lacking H-ferritin 

(Fth-/-) survived at least to the 62-cell stage because the maternal ferritin-iron storage 

provided enough Fe2+ for the DNA replication and the synthesis of heme (102). 

Additionally, other studies found that the lactoferrin instead of transferrin was 

expressed in the mouse pre-implantation embryos between the 2 and 4-cell stage and 

throughout the blastocyst stage of development, suggesting that this Fe2+ importer might 

contribute to the acquisition of Fe2+ in the embryo (113,382,422,423). In the cell, apart 

from Fe2+ is being stored bound to ferritin and is transported across the membrane 

through FPN1, Fe2+ is also utilized to synthesize heme and Fe-sulfur clusters in the 

mitochondria, which is the site of oxidative phosphorylation for the production of 

embryonic energy (9,50,51,220). Little is known about the regulation of embryonic iron 

homeostasis. Our study found that the embryonic HMOX1 co-localized with FPN1, 

which is the sole iron exporter, indicating that FPN1 could have an important function 

in the maintenance of embryonic iron homeostasis. In support of this notion, the lack of 

Fpn gene in mice caused embryonic lethality by E9.5, which was before the 

establishment of placenta (82). 

 

Several lines of evidence suggest a relationship between the iron metabolism and 

cellular O2 homeostasis, specifically in hypoxia (312). For example, the expression of 

transferrin receptor is regulated by the hypoxia inducible factor-1 (HIF-1), a key 

transcription factor that is required for adequate cellular response to hypoxia (450). To 
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advance our understanding in the role of HMOX1 during early embryonic development, 

we cultured the embryos in conditions that were similar to their physiological 

surroundings. During the pre-implantation stage, the embryos experience an O2 

concentration gradient as they move down from the oviduct to the uterus. In the oviduct, 

the O2 is present at a lower concentration than the atmospheric O2 concentration, which 

is typically 21% O2 (208). For example, in the human oviduct, the O2 concentration is 

8%, while in the rabbits and rodents, the corresponding O2 concentrations are varied 

from 5 to 8% (104). Furthermore, the O2 concentration is even in lower in the uterus, 

where the formation of blastocyst and implantation occurs, and can range from 1.5 to 

2% (104). Therefore, we speculated that the different O2 concentration (i.e., 1, 6 and 

21% O2) would have an impact on embryonic development in vitro, possibly through 

the involvement of O2-sensitive transcription factors that mediate known target genes, 

particularly the iron metabolism genes. 

 

The blastocyst formation under 6% O2 (normoxia) was approximately 70% and 20% 

higher than the growth under 1% O2 (hypoxia) and 21% O2 (hyperoxia), respectively 

(Figure 4-3). This result is in agreement with the previous studies that evaluated the 

beneficial effects of physiological O2 concentrations (5-7%) on embryonic development 

across a variety of species (50,169,181,393,416). It is important to note that normoxia is 

clearly classified as the optimal survival O2 concentration for embryonic development 

either in vivo or in vitro. Any changes to the O2 environment of the oviduct and the 

uterus would be detrimental to embryonic development and could lead to the organ 

malformation and embryonic lethality (402). Therefore, a stress response protein such 

as HMOX1 could be important in embryonic survival and development either in 

hypoxia or hyperoxia. 
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Our finding of the increased expression of active HMOX1 under 1% O2 (hypoxia) and 

21% O2 (hyperoxia) is consistent with HMOX1 being a stress-induced enzyme. The 

expression of active HMOX1 is thought to play an antioxidant role by protecting the 

pre-implantation embryos against reactive oxygen species (ROS) damage in the 

embryonic culture under hyperoxia (50,58,126,402). When ROS reached supra-

physiological concentrations, the embryos would be expected to be more susceptible to 

the DNA damage, which can cause the detrimental effects especially during the 

epigenetic modification to the genome and DNA replication (50,126,181). In agreement 

with our findings, Lee et al. (204) reported that the expression of HMOX1 was 

increased in vitro and in vivo upon exposure to hyperoxia (95% O2) in a model of 

oxidant-induced lung injury in rats. It is postulated that the increased HMOX1 

expression is linked to the increased activator protein-1 (AP-1) transcriptional complex, 

which is one possible mechanism in hyperoxia-mediated induction of Hmox1 gene 

transcription (204). Additionally, we cannot exclude the possibility that the HIF-1α 

plays an important role in regulating the embryonic survival under hypoxia (1% O2). 

Previously, Lee et al. (205) provided evidence that in cultured cells, the expression of 

HMOX1 was induced by HIF-1α in response to hypoxia (1% O2). Thus, under 

embryonic hypoxia conditions, the active HMOX1 expression may be expected to be 

increased throughout all pre-implantation stages in the embryonic culture, which in turn 

would up-regulate the HIF-1α in maintaining the embryonic survival.  

 

The evidence for increased HMOX1 activity during hypoxic embryonic development 

comes from our studies employing anti-HMOX1 and anti-bilirubin IXα antibodies in 

the embryos cultured under the different O2 concentrations (Figure 4-4 and Figure 4-5). 

The evidence of HMOX1 activity in the embryo was further demonstrated by using the 
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tandem mass spectrometry as described in Section 4.2.4. From our LC/MS/MS results 

showing increased biliverdin and bilirubin in the culture medium, our results suggest 

that HMOX1 is enzymatically active in the mouse pre-implantation embryos and is able 

to cleave the α-methene bridge of heme in situ to release CO, Fe2+ and biliverdin IXα 

(Figure 4-11). We also found that the blastocysts secreted the bile pigments, biliverdin 

and bilirubin in the culture media, particularly under the stress conditions such as 

hypoxia and hyperoxia (Figure 4-11). Whether constitutively expressed HMOX2 is 

involved in this heme catabolism, remains to be determined, although to date, there are 

no reports regarding the physiological roles of HMOX2 in early embryonic 

development.  

 

In this study, the heme recovery was not calculated. Irrespective of this, it would be 

difficult to assess the stoichiometry of heme oxidation based on the data obtained in the 

experiments described in Section 4.2.4. This is because the experimental conditions 

used only determined steady state (cellular) heme concentrations at a single time point 

(at the blastocyst stage of embryonic development), whereas the pigments measured 

accumulated in the media over the entire period of embryonic development. This could 

readily explain why the amounts of pigments detected in the medium exceeded the 

amounts of heme in the embryos. 

 

Together, our data provide strong evidence that HMOX1 is enzymatically active at all 

pre-implantation stages of embryonic development, particularly in hypoxia (1% O2) and 

hyperoxia (21% O2). In light of this, it was surprising that the Hmox1-/- blastocysts 

developed normally irrespective of the O2 concentration. The viability of Hmox1-/- 

embryos from heterozygous combination might be associated with the maternal 
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contribution of wild type Hmox1 transcript to the embryo throughout all pre-

implantation stages. The mRNAs of the maternal transcripts are usually present in the 

embryo up to the 2-cell stage before the zygotic transcription is activated, although 

certain maternal transcripts can be retained up to the blastocyst stage (130,259,383,464). 

Indeed, many embryonically lethal null mutations were believed to be masked by the 

prolonged maternal expression of the genes and therefore, rarely caused the pre-

implantation embryonic lethality in the early cleavage stage (40,80,233,259). If this 

were the case for Hmox1, it could be postulated that after embryonic day (E) 5.5, the 

maternal wild type Hmox1 transcript may be degraded and subsequently, a significant 

zygotic contribution of depleted Hmox1-/- transcripts would result in the post-

implantation lethality of Hmox1-/- embryos starting at E14.5 stage of development.  

 

Carbon monoxide (CO) is an endogenous product derived from heme degradation by 

HMOX1 enzyme (297,336). This gasotransmitter binds to hemoglobin and is present at 

the low concentrations, which are 0-1.5% carboxyhemoglobin  (COHb) in the adult 

blood (185,404,411). CO serves as a signaling molecule that is involved in multiple 

cellular functions such as inflammation, proliferation and apoptosis 

(39,185,206,297,298,336). Most importantly, the protective effects of CO in influencing 

placentation and preventing intrauterine fetal death (231,461) had prompted us to 

examine the effect of exogenous CO during early embryonic development. CO 

stabilizes HIF-1α (55), which in turn activates HMOX1 under hypoxic conditions 

(205). Therefore, we performed experiments with cultured mouse pre-implantation 

embryos exposed to the exogenous CO (250 ppm) under hypoxia in order to investigate 

any potential role of CO signaling in early embryonic development.  
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We observed a beneficial effect of CO on the developmental progression from 1-cell 

zygote to blastocyst of Hmox1+/+ embryos, that were derived from Hmox1+/+ x 

Hmox1+/+ mating under hypoxia. Thus, 250 ppm CO strikingly improved the blastocyst 

formation of Hmox1+/+ embryos in hypoxia. As expression of enzymatically active 

HMOX1 was increased in hypoxia, the results suggest that at the low O2 tension, both 

endogenous and exogenous CO may support the adaptive hypoxic response. This could 

be explained by the increased stabilization of HIF-1α, possibly via the increased of 

mitochondrial H2O2 production (376), as a result of CO binding to cytochrome a3 

oxidase heme (complex IV) and blocking the electron transfer from complex III. The 

increased HIF1 would be expected to induce the expression of cytoprotective genes and 

to enhance the embryonic survival (55).  

 

Furthermore, in hypoxia (1% O2), the application of exogenous CO on cultured Hmox1-

/- embryos did not show any improvement in the blastocyst formation, indicating that 

CO fails to replace the loss of HMOX1. In fact, the Hmox1-/- embryos were able to 

survive up to the blastocysts stage irrespective of the O2 concentrations used. A possible 

explanation for the survival of Hmox1-/- embryos would be the involvement of the 

constitutively expressed HMOX2 in the embryonic heme catabolism. The HMOX2 

activity has been linked to the regulation of other signaling proteins such as 

phosphatidlinositol-3-kinase (PI3K/Akt) and apoptotic signaling kinase-1 (ASK-1) to 

protect the cells from stress (269). Additionally, Linnenbaum et al. (227) reported that 

HMOX2 had a greater stability than HMOX1 and did not respond to hypoxia or 

hyperoxia. Indeed, HMOX2 does not contain the recognition sequence of a tryptic 

protease that is induced by hypoxia and present in HMOX1 (227). 
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The typical experimental concentrations of CO are ranged from 10 to 500 ppm 

(185,298). In this concentration range, CO does not cause the toxic effects in animals 

(55,185,298). In this study, we chose a concentration of 250 ppm CO as this 

concentration was reported to produce beneficial effects on embryonic development 

(97,461,463). In contrast to our expectations, we observed a detrimental effect of 250 

ppm CO on the blastocysts formation in hypoxia across all Hmox1 genotypes, which 

were derived from a Hmox1+/- x Hmox1+/- matings. Consistent with our observation, 

Singh and Scott showed that exposing pregnant CD-1 mice to CO decreased fetal 

weight with CO concentrations of 125 ppm (366,405). Conversely, the administration of 

CO at 250 ppm increased the blood flow in the maternal uterine artery and the vascular 

growth of uteroplacental in mice (403,405). In comparison with other models, the 

inhalation of CO at 250 ppm was found to promote sepsis survival in a murine 

Staphylococcus aureus model by inducing HMOX1 and mitochondrial HMOX activity 

through nuclear factor-erythroid 2 (NF-E2)-related factor-2 and Akt kinase (235). 

Moreover, other studies reported that the delivery of CO at 250 ppm increased survival 

of rats and mice exposed to hyperoxia (>95% O2) by decreasing the histologic markers 

of lung injury and pro-inflammatory cytokines (204,299). Based on our study and these 

previous studies, it is tempting to speculate that the success and effectiveness of CO 

application would be dependent on the doses as well as the activity of HMOX1 in situ. 

 

In the case of embryonic development study, Zenclussen and colleagues have 

performed a series of elegant studies to reveal a physiological role of HMOX1/CO in 

the outcomes of pregnancy via influencing the placentation and the fetal development 

(97,461,463). Their results revealed that the inhalation of exogenous CO at 50 ppm 

from gestational day 3 until day 8 prevented fetal death of Hmox1+/- x Hmox1+/- matings 
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strategy and that CO further restored the viability of Hmox1+/+, Hmox1+/- and Hmox1-/- 

embryos in utero (461). Similarly, the application of CO at the low concentration 

showed a beneficial effect on the placentation by normalizing placenta morphology 

(461). Another study also reported that the exogenous CO at 50 ppm was efficient in 

preventing fetal deaths and decreasing pre-eclampsia markers in a clinically relevant 

animal model of intrauterine growth restrictions (IUGR) (97). Therefore, the potential 

benefit of lower concentrations of CO (e.g., 50 ppm) on the blastocyst formation of 

Hmox1+/+, Hmox1+/- and Hmox1-/- embryos in hypoxia should be examined.  

 

In conclusion, our study suggests that HMOX1 plays a beneficial role in early 

developmental stages of wild type embryos under normal and stress conditions. We 

speculate that in the absence of zygotic expression of HMOX1, the stable maternal 

Hmox1 transcripts may be sufficient to maintain the pre-implantation embryonic 

development, indicating Hmox1 as a maternal-effect gene. Of note, HMOX2 might 

serve as an alternative HMOX enzyme in degrading heme and therefore, in the 

embryonic HMOX1 deficiency and in the absence of maternal HMOX1 transcripts. 

Further experiments will be necessary to determine the expression and role of HMOX2 

in early embryonic development.  

 

The experiments examining the effect of mineral oil on embryonic development were 

carried out exclusively with QS embryos. It was observed that the in vitro development 

of wild type embryos to blastocysts in the absence of mineral oil was more sensitive to 

1% O2 compared with development in the presence of mineral oil. This was consistent 

with the notion that the mineral oil acted as an O2 reservoir and was in line with the fact 

that O2 is more soluble in oil than water. However, additional studies elucidating the 
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impact of mineral oil, including its potential toxicity are warranted (260,295,296,364). 

Otsuki et al. reported that the presence of significant amounts of peroxide in the mineral 

oil due to the O2 exposure and the unfavorable storage had adverse effects on the 

fertilization and embryonic development (295,296). Therefore, possible future 

experiments such as the determination of the mineral oil’s peroxide content, and 

whether changing the peroxide content (e.g., by chemical reduction) will affect the 

embryonic development in the culture, would be interesting to carry out. 

 

Furthermore, the differential expression of HMOX1 and FPN1 upon exposure to the 

different O2 concentrations required further consideration. The possible explanations for 

the observation made could be variability in the expression of FPN1 at the membrane of 

these embryos in response to the different oxygen concentrations.  

 

Our present study also revealed that exposing the embryos to 250 ppm CO further 

caused the detrimental effects on the survival of early embryonic development, 

suggesting CO fails to rescue the loss of HMOX1. Further experiments need to be 

conducted to titrate the concentrations of exogenous CO (i.e., down to 50 ppm) to 

determine if a non-toxic and perhaps even beneficial CO concentration can be reached, 

and if the rescue effect can be seen with the loss of HMOX1. Taken together, we 

conclude that HMOX1 may act in concert with unknown factors such as bioavailability 

of maternal HMOX1, the maternal uterine environment and epigenetic modifications, 

which in turn could alter the embryonic epigenome and had impact upon embryonic 

metabolism and developmental competence. However, further analysis, such as setting 

up better mating strategies (combination of heterozygous Hmox1 mice with wild type or 

knock out Hmox1 mice) and testing additional CO concentrations at 1,6 and 21% O2, is 
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necessary to elucidate the function of HMOX1 in early embryonic development.  

 

Finally, it should be noted that the established isolation procedure might not be 

appropriate to fully investigate the role of O2 concentration on the in vitro development 

of pre-implantation mouse embryos. Thus, the pre-implantation mouse embryos 

experience a hypoxic environment in vivo (208,402), whereas the isolation procedure 

could temporarily exposes the embryos to a hyperoxic environment before being 

cultured in multiple O2 concentrations. These sudden changes in O2 concentrations 

could induce the expression of HMOX1, which might impact the results obtained. 

Therefore, one possible approach to reduce the effect of changing O2 concentrations 

would be to fix the embryos collected directly from the reproductive tract immediately 

prior to their use for immunocytochemistry. This approach could be conducted in wild 

type embryos and then compared to the current results to assess if the isolation 

procedure has affected the results obtained. Another approach would be to perform the 

isolation procedure in the closed chamber with low O2 concentrations (5-8%).  

 

Cells are commonly grown in the air, which is supplemented with 5% CO2 to buffer the 

sodium bicarbonate present in the culture medium, and thus balance the pH of the 

media. However, it is possible that the 5% CO2 (equivalent to 35 to 45 mmHg) had 

impact on the experimental findings that were obtained in the pre-implantation mouse 

embryos. Previous studies reported that CO2 at high concentrations (60 to 120 mmHg) 

impaired the cell proliferation and could cause the mitochondrial dysfunction (408,472). 

In addition, the high CO2 led to the increased osmolality of culture medium (> 320 

mOsm/kg) that might be detrimental to the cultured cells (408,472). Hence, one of the 

possible approaches would be to measure the osmolality of culture medium on the first 
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and fifth day of embryo culture as well as upon exposure to the different CO2 

concentrations in order to determine the impact of CO2 on embryonic growth.  
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5 THE ROLE OF HMOX1 IN POST-IMPLANTATION 
EMBRYONIC DEVELOPMENT IN MICE 

_____________________________________________________ 

5.1 INTRODUCTION 

The mouse embryonic development can be divided into pre-implantation (as described 

in Chapter 4) and post-implantation stages. The post-implantation stages can be divided 

into (1) gastrulation (E6.5-E9.5; the differentiation of the germ layers), (2) 

organogenesis (E9.5-E12.5; the development of cardiovascular system and placenta) 

and (3) fetal development (E12.5 to birth; the development of placenta, cardiovascular 

and hematopoietic systems) (421). The embryonic lethality is commonly associated 

with the defects in major developmental events that occur at the specific developmental 

stages. For instance, the embryonic lethality between E13.5 and E14.5 was often 

associated with the defects in the development of the heart and/or liver (64). Therefore, 

the ability of the embryo to survive in utero, particularly after the blastocyst stage is 

dependent on both the well-being of the embryo itself, as well its nutritional interaction 

with the mother via the extra-embryonic events and structures, including the 

implantation, the yolk sac and the placenta (64). 

 

The importance of HMOX1 in embryonic development became evident with the 

observation of lower than expected rates of live birth of Hmox1-/- mice from Hmox1+/- x 

Hmox1+/- matings (316). The mice that survived to the adulthood were phenotypically 

smaller in size, had an enlarged fibrotic spleen and had profound iron accumulation in 

their liver and kidneys (316,470). Similarly, the first human case of HMOX1 deficiency 

reported a patient who carried a truncated Hmox1 gene in both alleles, and was 
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characterized by an absent spleen, the iron overload in his liver and kidneys, severe 

growth retardation, intravascular inflammation and premature death (439). 

 

Recent studies by Zenclussen and colleagues revealed that HMOX1 deficiency in mice 

resulted in major anomalies during pregnancy, including an impaired remodeling of 

maternal spiral arteries, the abnormal placentation, the intrauterine growth restriction 

and the fetal loss (228,461). These authors reported further that the application of 

exogenous CO at the low dose during the early to mid-gestations could compensate for 

HMOX1 deficiency by improving the spiral arteris remodeling and by normalizing the 

placental function and fetal growth (228,461). 

 

The results described in Chapter 4 suggested that a beneficial role for HMOX1 in early 

stages of embryonic development under normal and stress conditions, including the 

maintenance of iron homeostasis in the developing embryo. We speculated that the 

stable maternal Hmox1 transcripts might aid pre-implantation embryonic development, 

implying Hmox1 as a maternally affected gene. Furthermore, we anticipated that the 

maternal Hmox1 transcript would be degraded after E5.5, and that subsequently the 

absence of HMOX1 in Hmox1-/- zygotes would contribute to the lethality of Hmox1-/- 

embryos at the later developmental stages. Therefore, in this study, we investigated 

whether HMOX1 might play an important role in the post-implantation embryonic 

survival by mating Hmox1+/- x Hmox1+/- mice with BALB/c background, and by 

analyzing the genotype distribution among the embryos and the newborn offsprings. We 

also conducted a morphological and a histological examination on the embryos at the 

indicated embryonic lethality points to investigate any obvious developmental defects 

that might cause the lethality of Hmox1-/- embryos. The studies also included the 
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fluorescence-activated cell sorting (FACS) analyses of fetal livers, an organ that 

possibly contributing to HMOX1 lethality. 

 

5.2 RESULTS 

5.2.1 Generation of Hmox1-/- mice 

The Hmox1 mouse colony was established from Hmox1+/- breeders of a BALB/c genetic 

background that were kindly donated by Dr Miguel Soares, Instituto de Gulbenkian de 

Ciencia, Portugal. This colony was initially generated by Dr Shaw Feng Yet, Harvard 

School of Public Health, USA (446,447). The mouse Hmox1 gene contains 5 exons that 

encode a protein composed of 289 amino acids (10). To generate Hmox1-/- mice, a 

neomycin resistance (NeoR) cassette was used to replace the Hmox1 exon 3 (Figure 5-1) 

(447). 
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Figure 5-1. Generation of Hmox1-/- mice.  

Schematic of Hmox1 allele in Hmox1+/+ mice (top panel) and Hmox1-/- mice (bottom 

panel) are shown. In Hmox1-/- mice, a NeoR cassette replaces Hmox1 exon 3 (447). 

Exons are pictured in yellow and open boxes indicate that the whole exon has not been 

shown. Thick black lines are representative of introns. The schematic is not drawn to 

scale. 
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5.2.2 Embryonic lethality in Hmox1-/- mice 

In order to generate Hmox1 homozygous mutants (Hmox1-/-), Hmox1+/- x Hmox1+/- 

matings were performed and the genotypes of the resulting newborn offspring were 

determined three weeks after birth. Ear tissue samples obtained from these newborn 

offspring were subjected to PCR genotyping as described in Section 2.2. We observed 

that of the 3,518 live newborn mice, 32.9% were Hmox1+/+, 62% were Hmox1+/-, but 

only 5.1% were Hmox1-/- (Figure 5-2). The percentage of viable Hmox1+/+ and 

Hmox1+/- mice were comparable to the expected Mendelian ratio of 25% and 50%, 

respectively. However, the percentage of viable Hmox1-/- mice was significantly lower 

(p<0.01) than the expected Mendelian ratio of 25% (Figure 5-2 and Table 5-1). These 

results are in agreement with those reported by Poss and Tonegawa (316), Yet et al. 

(447) and Zenclussen et al. (461), revealing that approximately only 1 in 5 Hmox1-/- 

embryos survives to live birth. These results suggest that the complete loss of functional 

Hmox1 allele is largely embryonically lethal. 

 

 

 

 

 



 168 

 

Figure 5-2. The percentages of Hmox1+/+, Hmox1+/- and Hmox1-/- live births from 

BALB/c Hmox1+/- matings.   

Hmox1+/- females were mated with Hmox1+/- males and the pups were genotyped as 

described in Section 2.2. Percentages were compared to expected Mendelian values. * 

p<0.05. Data were analyzed using the Chi-square (χ2) test.  
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To determine the embryonic day at which HMOX1 deficiency becomes lethal, we 

analyzed the genotypes of live embryos obtained from Hmox1+/- x Hmox1+/- matings 

between E9.5 to E19.5. The yolks sacs or embryonic heads isolated from these post-

implantation embryos were genotyped as described in Section 2.6. Our results revealed 

that Hmox1-/- embryos were viable and followed the expected Mendelian ratio up to 

E13.5 (Figure 5-3 and Table 5-1). However, the percentages of viable Hmox1-/- embryos 

were significantly lower (p<0.01) between E14.5 to E19.5, consistent with the 

percentage of viable Hmox1-/- mice after birth (Figure 5-3 and Table 5-1). Furthermore, 

the average litter size of Hmox1+/- female after birth was 7, compared with an average 

of 9 embryos obtained from Hmox1+/- pregnant mice, indicating that the majority of 

Hmox1-/- embryos die in the uterus (Figure 5-4). Taken together, our findings suggest 

that HMOX1 is not essential for mouse embryonic development until E14.5, a stage 

when major organs develop, including the heart and liver. 
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Figure 5-3. The percentages of Hmox1+/+, Hmox1+/- and Hmox1-/- live embryos/pups 

from BALB/c Hmox1+/- matings.  

 Hmox1+/- females were mated with Hmox1+/- males and the pups were genotyped as 

described in Section 2.2. Percentages were compared to expected Mendelian values. * 

p<0.05. Results are expressed as mean ± SEM. Statistical analysis was conducted by a 

Chi-square (χ2) test. There was no significant difference between the percentages of 

viable  Hmox1+/+ and Hmox1+/- embryos from E17.5 to post-natal. 
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Table 5-1. Genotype distribution of embryos from Hmox1+/- matings. 

 Hmox1+/+ 

(%) 
 

Hmox1+/- 

(%) 
Hmox1-/- 

(%) 
p(χ2) a Resorptions 

Hmox1+/- x Hmox1+/- 
(Mendelian percentage) 
 

25 50 25 - - 

E9.5 (n=125) 31 53 16 0.0880 28 

E10.5 (n=106) 25 52 23 0.8869 33 

E11.5 (n=103) 20 61 19 0.0880 41 

E12.5 (n=112) 22 57 21 0.3716 48 

E13.5 (n=100) 18 57 25 0.2299 45 

E14.5 (n=140) 29 60 11 0.0053 38 

E15.5 (n=82) 25 62 13 0.0133 46 

E16.5 (n=86) 18 71 11 0.0001 35 

E17.5 (n=70) 40 57 3 0.0001 26 

E18.5 (n=79) 39 53 8 0.0001 11 

E19.5 (n=46) 43 57 0 0.0001 20 

Post-natal (n=3,518) 33 62  5 0.0001 - 

aProbability of Chi—square (χ2) value that observed ratio differs from expected 1:2:1  

Mendelian ratio.  
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Figure 5-4. The average number of live embryos/pups per litter from E9.5 to post-

natal (after birth).  

Results are expressed as mean ± SEM. Statistical analysis was conducted by one-way 

ANOVA, followed by the Tukey’s multiple comparisons test. N-numbers for the 

different developmental days are given in Table 5–1. 
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5.2.3 Gross morphological examination of Hmox1+/+, Hmox1+/- and  Hmox1-/- 

embryos 

As Hmox1-/- embryos are significantly lost between E13.5 and E14.5, we next examined 

the gross morphology of Hmox1-/- embryos at these developmental stages. We first 

performed an examination on the whole embryos at E13.5 (Figure 5-5). Both Hmox1-/- 

and Hmox1+/- embryos appeared smaller than Hmox1+/+ embryos (Figure 5-6A). Body 

size-adjusted liver size was similar in Hmox1-/- and Hmox1+/- embryos compared with 

Hmox1+/+ embryos (Figure 5-6B). There were no other apparent gross abnormalities in 

embryos of the different genotypes (Figure 5-5). In particular, the morphology of the 

brain, heart, liver and vascular network appeared normal and indistinguishable between 

the three Hmox1 genotypes (Figure 5-5).  
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Figure 5-5. Gross morphology of Hmox1+/+, Hmox1+/- and Hmox1-/- embryos at 

E13.5.  

Embryos obtained from Hmox1+/- matings were dissected from their yolk sacs and 

photographed prior to fixation and staining as described in Section 2.6.1. Images 

represent all three embryos for each of three genotypes obtained at E13.5. Arrows 

indicate fetal liver. Scale bar = 2 mm.  
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Figure 5-6. Analysis of body size of Hmox1+/+, Hmox1+/- and Hmox1-/- embryos at 

E13.5.  

(A) Body size for each genotype. (B) Body size-adjusted liver size for each genotype. 

Results show mean ± SEM. *p<0.05. Statistical analysis was conducted by using the 

Kruskal-Wallis test followed by a Dunn’s multiple comparisons test.  n=3 embryos per 

genotype. 
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At E14.5, only 3 Hmox1-/- embryos were recovered, of which only one appeared as 

surviving. The surviving Hmox1-/- embryo did not display any gross phenotypic 

abnormalities (Figure 5-7A3). The other two Hmox1-/- embryos exhibited severe growth 

retardation/absorption, consistent with the majority of Hmox1-/- embryos dying around 

E14.5 (Figure 5-7B6&C9). Indeed, the brain, heart, vascular network and liver were no 

longer clearly visible in these Hmox1-/- embryos (Figure 5-7B6&C9). Furthermore, 

Hmox1-/- embryos showed extensive hemorrhages throughout the body (Figure 5-

7B6&C9). In contrast, Hmox1+/+ and Hmox1+/- embryos did not display any phenotypic 

abnormalities (Figure 5-7A1-2,B4-5,C7-8).  
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Figure 5-7. Gross morphology of Hmox1+/+, Hmox1+/- and Hmox1-/- embryos at 

E14.5.  

Embryos obtained from Hmox1+/- matings were dissected from their yolk sacs and 

photographed prior to fixation and staining as described in Section 2.6.1. Images 

represent all three embryos for each of three genotypes obtained at E14.5. Arrows 

indicate fetal liver. Scale bar = 2 mm.  
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5.2.4 Histological examination of Hmox1+/+, Hmox1+/- and Hmox1-/- embryos 

Since two of three Hmox1-deficient embryos displayed clear signs of necrosis at E14.5, 

further histological examinations on Hmox1-/- embryos were conducted at E13.5 to 

investigate the potential cause of embryonic death. For this preliminary study, we 

analyzed sagittal section of the whole embryos that were stained with hematoxylin and 

eosin (H&E). Whole embryos at E13.5 showed that the gross architecture of vital 

organs (brain, heart and liver) and tissues in Hmox1-/- embryos appeared normal and 

comparable to the same organs in Hmox1+/+ and Hmox1+/- embryos (Figure 5-8). Since 

major organs including the heart and liver are developing at this time stage, we focussed 

on the heart and liver in all E13.5 Hmox1 embryos. Irrespective of genotype, the hearts 

appeared normally developed. At higher magnification, all Hmox+/+ hearts showed an 

organized ventricular trabeculation with proper lumen in the middle (Figure 5-

9A1,B4,C7). By comparison, two Hmox1+/- hearts (Figure 5-9A2&B5) and two Hmox1-

/- hearts (Figure 5-8B6&C9) exhibited comparatively less extensive ventricular 

trabeculation. These hearts also appeared to have thinner ventricular walls compared 

with wild type hearts (Figure 5-9A1,B4), although one of the Hmox1+/+ hearts (Figure 

5-9B4) exhibited slightly thinner ventricular walls. The livers of Hmox1+/+, Hmox1+/- 

and Hmox1-/- embryos showed normal liver morphology (Figure 5-8). 
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Figure 5-8. Histology of Hmox1+/+, Hmox1+/- and Hmox1-/- embryos at E13.5. 

Embryos obtained from Hmox1+/- matings were dissected from their yolk sacs and fixed 

in 4% PFA before being processed. Each embryo was embedded in paraffin, sectioned 

sagittally at a thickness of 7 µm and sections then stained with H&E as described in 

Section 2.6.5. Images represent all three embryos for each of three genotypes obtained 

at E13.5. Scale bar = 1 mm. 
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Figure 5-9. Histology of hearts (ventricle) from Hmox1+/+, Hmox1+/- and Hmox1-/- 

embryos at E13.5.  

Embryos obtained from Hmox1+/- matings were dissected from their yolk sacs and fixed 

in 4% PFA before being processed. Each embryo was embedded in paraffin, sectioned 

sagittally at a thickness of 7 µm and sections then stained with H&E as described in 

Section 2.6.5. Images represent all three embryos for each of three genotypes obtained 

at E13.5. Scale bar = 0.25 mm. v, ventricle. 
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We next examined the Hmox1-/- embryos at E14.5, when embryonic lethality first 

occurs based on survival data (Figure 5-3 and Table 5-1). H&E staining of E14.5 

Hmox1-/- embryos showed extensive necrosis throughout the body compared with 

Hmox1+/+ and Hmox1+/- embryos, which displayed normal development (Figure 5-10). 

In particular, the hearts of these two Hmox1-/- embryos were full of inflammatory cells 

(Figure 5-11B6&C9). In the apparently Hmox1-/- surviving embryo, the ventricular 

trabeculations appeared disorganized (Figure 5-11A3).   
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Figure 5-10. Histology of Hmox1+/+, Hmox1+/- and Hmox1-/- embryos at E14.5. 

Embryos obtained from Hmox1+/- matings were dissected from their yolk sacs and fixed 

in 4% PFA before being processed. Each embryo was embedded in paraffin, sectioned 

sagittally at a thickness of 7 µm and sections then stained with H&E as described in 

Section 2.6.5. Images represent all three embryos for each of three genotypes obtained 

at E14.5. Scale bar = 1 mm. 
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Figure 5-11. Histology of hearts (ventricle) of Hmox1+/+, Hmox1+/- and Hmox1-/- 

embryos at E14.5.  

Embryo obtained from Hmox1+/- matings were dissected from their yolk sacs and fixed 

in 4% PFA before being processed. Each embryo was embedded in paraffin, sectioned 

sagittally at a thickness of 7 µm and sections then stained with H&E as described in 

Section 2.6.5. Images represent all three embryos for each of three genotypes obtained 

at E14.5. Scale bar = 0.25 mm. v, ventricle. 
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5.2.5 Fetal liver FACS analysis of E13.5 and E14.5 Hmox1 embryos 

During mid-gestation, the primary site of definitive erythropoiesis is the fetal liver that 

contains erythroblasts at various stages of differentiation (28,148). Since survival of 

Hmox1-/- embryos declines at E14.5, we next analyzed fetal livers of all Hmox1 

genotypes at E13.5 by flow cytometry as described in Section 2.6.6. Total cell 

populations were gated for live cells using propidium iodide staining of cell nuclei. 

Although the structure and morphology of Hmox1-/- fetal livers at E13.5 appeared 

normal, total cells of Hmox1-/- fetal livers were reduced significantly by almost 60% 

(p<0.05) compared with Hmox1+/+ and Hmox1+/-fetal livers from Hmox1+/+ and 

Hmox1+/- littermates (Figure 5-12A). Staining with propidium iodide revealed that the 

percentage of live cells in Hmox1-/- fetal livers was significantly lower (p<0.05) 

compared with fetal livers from Hmox1+/+ and Hmox1+/- embryos (Figure 5-12B). 

These results suggest that Hmox1-/- fetal livers contain fewer cells that may be more 

damaged. This could affect their ability to efficiently perform erythropoiesis at E14.5 

and thus contribute to embryonic lethality. 
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We then investigated whether the absence of HMOX1 affected erythroid terminal 

differentiation in fetal livers. We stained fetal liver cells with CD9 (a marker for 

nucleated primitive erythroblasts), CD71 (a marker for early erythroid progenitors) and 

TER1119 (a marker for mature erythroid cells). The expression of CD9, CD71 and 

TER119 per live fetal liver cells was comparable between all three Hmox1 genotypes 

(Figure 5-13 and Figure 5-14). Definitive erythroid cells were highly abundant in the 

fetal livers of all Hmox1 genotypes (Figure 5-14E) compared with primitive erythroid 

cells (Figure 5-14A) suggesting that the terminal erythroid differentiation is occurring 

normally in fetal livers. 

 

Definitive erythroblasts mature with close attachment to central macrophages of 

erythroblastic islands (EBI), which play a crucial role in erythroblast enucleation 

(49,71,304). To determine whether HMOX1 deficiency could affect EBI formation in 

the fetal liver, we conducted FACS analysis to determine F4/80 (a marker for 

macrophage cells) and vascular cell adhesion molecule 1 (VCAM1; a marker for α4 

integrin counter-receptor expressed by macrophage cells) expression on central 

macrophage cells. FACS analysis revealed that the expression levels of 

VCAM1+F4/80+-cells per live fetal liver cells were comparable in all three Hmox1 

embryos (Figure 5-15 and Figure 5-16). These results indicate that the absence of the 

Hmox1 allele does not alter the number of fetal liver macrophages, hence possibly the 

macrophages-erythroblast adhesion, and EBI formation is not interrupted. 
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Figure 5-12. Analysis of fetal livers of Hmox1+/+, Hmox1+/- and Hmox1-/- embryos at 

E13.5.  

(A) Total cell counts per fetal liver for each genotype. (B) Percentages of live cells per 

fetal liver for each genotype. Single fetal liver cells were prepared before being 

analyzed in a 7 Laser SORP LSRII flow cytometer (BD Bioscience, California) as 

described in Section 2.6.6. Results show mean ± SEM. * p<0.05. Statistical analysis 
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was conducted by using Kruskal-Wallis test followed by a Dunn’s multiple 

comparisons test.    

 

Figure 5-13. Representative flow cytometric data of fetal liver cells in Hmox1+/+  

(n=9), Hmox1+/-  (n=12) and Hmox1-/-  (n=5) embryos gated for CD9, CD71 and 

TER119. 
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Figure 5-14. FACS analysis of CD9, CD71 and TER119 expression in fetal livers of 

Hmox1+/+, Hmox1+/- and Hmox1-/- embryos at E13.5.  

(A,C,E) Percentages of CD9, CD71, and TER119 expression levels in live fetal liver 

cells. (B,D,F) Total number of CD9, CD71, and TER119 positive-stained cells in fetal 

liver. Single fetal liver cells were prepared, stained with CD9, CD71 and TER119 

before analysis in a 7 Laser SORP LSRII flow cytometer (BD Bioscience, California) as 

described in Section 2.6.6. Results show mean ± SEM (n=5 to 12 per genotype). * 
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p<0.05. Statistical analysis was conducted by Kruskal-Wallis test followed by a Dunn’s 

multiple comparisons test. NS indicates not significant.  

 

 

Figure 5-15. Representative flow cytometric data of fetal liver cells in Hmox1+/+  

(n=9), Hmox1+/-  (n=12) and Hmox1-/-  (n=5) embryos gated for F4/80 and VCAM1. 
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Figure 5-16. FACS analysis of F4/80+ VCAM1+ cells in fetal livers of Hmox1+/+, 

Hmox1+/- and Hmox1-/- embryos at E13.5.  

(A,C) Percentages of F4/80 and VCAM-1 expression levels in live fetal liver cells. (B) 

Total number of F4/80 and VCAM-1 positive-stained cells in fetal liver. Single fetal 

liver cells were prepared, stained with F4/80 and VCAM1 before being analyzed in a 7 

Laser SORP LSRII flow cytometer (BD Bioscience, California) as described in Section 

2.6.6. Results show mean ± SEM (n=5 to 12 per genotype). * p<0.05. Statistical 

analysis was conducted by Kruskal-Wallis test followed by a Dunn’s multiple 

comparisons test. NS indicates not significant. 
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5.3 DISCUSSION 

In the present study, we found that only 5% of live births, from Hmox1 heterozygous 

matings, were of the Hmox1-/- genotype (Figure 5-2). Previous studies suggested that the 

surviving Hmox1-/- female mice were infertile (316,401,447). This five-fold decrease, 

from the expected Mendelian percentage of 25%, is strikingly similar to the percentages 

of Hmox1-/- live births previously reported by Poss and Tonegawa (316), Yet et al. (447) 

and Zenclussen et al. (461). Our results together with other studies unveil that only 

small percentages of Hmox1-/- mice are born live at birth and therefore, the majority of 

the fetuses die in the uterus (316,461). 

 

To date, there are only two human cases attributable to mutations in HMOX1 have been 

identified (321,439). Many of the characteristics of human HMOX1 deficiency can be 

observed in the phenotype of Hmox1-/- mouse (316,317,321,322,439). The latter 

displayed a profound inflammatory phenotype with features of human hemochromatosis 

including splenomegaly, tissue iron deposition, hepatomegaly, fibrosis and hepatic 

injury, growth retardation and premature death (316). Meanwhile, when compared to 

HMOX1-targeted mouse, human HMOX1 deficiencies were observed to display the 

frontal prominence and to involve severe vascular injury (322). Taken together, these 

observations demonstrate that in most cases, the loss of Hmox1 gene results in 

embryonic lethal in mice and human could be explained by the fact that HMOX1 plays 

an important role in re-utilization of iron during erythropoiesis. 

 

Our study revealed for the first time that the death of Hmox1-/- embryos occured at  

E14.5, where a significant decrease to 11% of survival was seen compared to Hmox1+/+ 

and Hmox1+/- survival rates (Figure 5-3). Between E13.5 to E15.5, the mouse embryo 
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undergoes extensive development in the cardiovascular and hematopoietic systems 

(64,421). During this time, the heart development focuses on the septation of the 

ventricle, atrial and outflow tract, the proliferation of myocardial cells and 

cardiomyocytes as well as the establishment of the cardiac conduction system (344). On 

the other hand, between E13.5 and E15.5, the hematopoiesis, primarily erythropoiesis is 

the main functional focus of the developing liver as the erythroblastic islands that are  

surrounded by maturing erythroblasts can be found throughout the liver (67). The 

erythroblasts are more dominant in the core, while the hepatoblasts are relatively 

abundant at the periphery of the fetal liver (67). 

 

The phenotypic differences between Hmox1 genotypes were analyzed at E13.5 and 

E14.5 to further elucidate the potential roles of HMOX1 in embryonic development. A 

gross morphological examination found that the Hmox1+/- and Hmox1-/- embryos 

appeared to be smaller than the Hmox1+/+ embryos at E13.5, which is indicative of 

embryonic growth retardation (Figure 5-5 and Figure 5-6). Two of the E14.5 Hmox1-/- 

embryos were found to be necrotic, which clearly demonstrating that a majority of 

Hmox1-/- embryos die at E14.5. For this reason, we focused further phenotypical 

analysis on the E13.5 Hmox1 embryos. The preliminary histological examination 

suggested that the HMOX1 deficient embryos appeared to have a thinner ventricular 

wall with disorganized trabeculation in their hearts compared with the wild type and 

Hmox1+/- embryos. These results suggest that the abnormalities in heart development at 

E13.5 could contribute to the lethality of Hmox1-/- embryos (Figure 5-8 and Figure 5-9). 

Another possibility is that HMOX1 may play a role in the differentiation of some 

cardiac cell types such as epicardial cells and cardiomyocytes. Also, the heart 

hypotrophy could be secondary to the metabolic problems, such as hypoxia or ischemia 
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(33). Our results indicate that HMOX1 may play a crucial role in the development of 

the embryonic heart at this stage.  

 

Apart from these intra-embryonic events, the well-being of Hmox1-/- embryo is also 

critically dependent on its interaction with the mother (64). The placenta plays a crucial 

role for the development of healthy offspring by providing the nutrients and O2 through 

the fetal-maternal interface (421,432). The effects of HMOX1 deficiency on the 

placental development between E10.5 and E18.5 have been reported (432,461,463,469). 

Zhao et al. (469) reported that the placentas and embryos obtained from Hmox1+/- mice 

were smaller compared with the placentas and embryos obtained from Hmox1+/+ mice. 

As early as E10.5, the placenta of Hmox1+/- displayed a profound morphological 

abnormalities, such as a thinner spongiotrophoblast layer with a reduced number of 

trophoblasts and an enlarged labyrinth area (461,463,469). Furthermore, at E16.5, the 

placenta of Hmox1+/- was smaller with a thin maternal vasculature region (469). Also, 

the spiral arteries appeared to be highly branched and were found to have smaller 

diameter in the placentas of Hmox1+/- than Hmox1+/+ (469). Although these previous 

studies had demonstrated the abnormalities in extra-embryonic structures at E10.5 and 

E16.5, the specific changes at E13.5 i.e., the time point examined in the present study 

were not reported. Nevertheless, we cannot exclude the possibility that these 

morphological abnormalities reported for the placentas of Hmox1+/- could compromise 

the nutrients or O2 supply to the E13.5 Hmox1-/- embryos, and thereby, contributing to 

lethality. 

 

HMOX1 is a central player for the re-utilization of iron during erythropoiesis that 

occurs in the fetal liver at this developmental stage. Erythropoiesis is a sequence of 
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physiological event when erythroid cells are formed starting from the hematopoietic 

stem cell to the mature red blood cells (71). In mammals, there are two phases of 

erythropoiesis, which are primitive and definitive (303,304). For instance, in the mouse, 

at E7.5, the primitive erythropoiesis begins within the blood islands in the visceral yolk 

sac (67). Between E8.0 to E15.0, these nucleated primitive erythroid cells divide 

sequentially before they enucleate in the embryonic blood circulation (303,304). At 

E11.5, the primitive erythropoiesis in the yolk sac shifts to the definitive erythropoiesis 

in the fetal liver (303,304). In the liver (as well as spleen and bone marrow), the 

maturation of erythroid cells is thought to require the association of erythroid cells with 

macrophages within the erythroblastic island (EBI) (147). The macrophages are actively 

involves in the maturation of erythroid by providing the iron for heme synthesis and by 

engulfing the expelled nuclei during the final erythroid differentiation (71).  

 

We used a FACS approach to test the effects of HMOX1 deficiency on the definitive 

erythropoiesis in the fetal liver. However, due to the low survival of Hmox1-/- embryos 

from E14.5 to birth, we were unable to obtain any Hmox1-/- fetal livers at E14.5 for this 

analysis. Therefore, we only analyzed the fetal liver of all Hmox1 genotypes at E13.5. It 

was observed that although the fetal livers of E13.5 Hmox1-/- embryos appeared to be 

phenotypically normal, but they exhibited a significant reduction in the total cell 

numbers compared with their littermates (Figure 5-12). 

 

We next investigated the erythroid populations in the fetal liver of all Hmox1 genotypes 

by staining with CD9, CD71 and TER119. The combination of these markers is useful 

to monitor the maturation of erythroblasts to enucleated reticulocytes in the fetal liver or 

the adult bone marrow (149). CD9 identifies the nucleated primitive erythroid cells 
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(149). CD71 is a transferrin receptor that usually marks early erythroid progenitors cells 

(246), while TER119 associates with glycophorin A on the surface of mature erythroid 

cells (180). Therefore, if the loss of HMOX1 affects the erythroid populations, we may 

have expect to observe an increase in the number of nucleated primitive erythroid cells 

and early erythroid progenitor cells and a decrease in the number of mature erythroid 

cells, suggestive of a blockade of erythroid maturation. However, such defect in the 

hepatic erythroid cell development in the fetal livers of E13.5 Hmox1-/- embryos were 

not observed (Figure 5-14). This indicates that the maturation of erythroid is occurred 

normally in the Hmox1-/- embryos.  

 

The erythroblasts mature while physically interacting with the macrophage cells within 

the EBI (71). Hence, by using a similar experimental approach, we used a combination 

of F4/80 and VCAM1 to characterize the macrophage cells in the fetal liver of all 

Hmox1 genotypes. F4/80 is used as a marker for macrophage cells (71,147), while 

VCAM1 is an α4 integrin counter-receptor expressed by macrophage cells (71,252). 

The erythroblasts express α4 integrin on their surfaces that interact with the 

macrophage cells through VCAM1 (71,252). In the absence of HMOX1, we may have 

expect to observe a decrease in the number of macrophages because they fail to detoxify 

heme from the phagocytosis of embryonic erythroid cells (191). However, the 

macrophages expressing VCAM1 was not affected in the fetal livers of E13.5 Hmox1-/- 

embryos (Figure 5-16). Interestingly, despite the fact that the Hmox1-/- fetal livers 

contained fewer cells, the loss of HMOX1 did not affect the erythroid maturation and 

also, the adhesive interactions between erythroblasts and macrophages within the 

erythroblastic islands of the fetal liver during this developmental stage. Previous studies 

shown that HMOX1 deficiency in mice caused impairment in the adult erythropoiesis 
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(110), whereas the data presented here suggests that the embryonic erythropoiesis is not 

affected by the loss of HMOX1. Therefore, the embryonic lethality due to the loss of 

HMOX1 is not likely due to the defective erythropoiesis in the fetal liver. 

 

In conclusion, our studies demonstrate that HMOX1 is required for late embryonic 

development and that loss of HMOX1 causes embryonic lethality at E14.5. The 

morphological examination showed that at E13.5, the HMOX1 deficient embryos were 

smaller in size than the Hmox1+/+ littermate embryos. The preliminary histological 

examination suggested that the HMOX1 deficient embryos appeared to have a thinner 

ventricular wall with disorganized trabeculation in their hearts compared with the wild 

type and Hmox1+/- embryos. These results suggest that the abnormalities in heart 

development at E13.5 could contribute to the lethality of Hmox1-/- embryos, which have 

been demonstrated by the other genes (72,305). Of note, the histological examination of 

embryonic heart at transversal axis would provide the additional specific information on 

the potential heart defects that may occur at this stage in the Hmox1-/- embryos. 

Furthermore, we found no differences in the erythroid and the macrophage populations 

in the fetal liver of E13.5 Hmox1-/- embryos compared with Hmox1+/+ and Hmox1+/- 

embryos. Further extensive investigation is needed to determine the role of HMOX1 in 

fetal liver erythropoiesis at E13.5 and E14.5 by employing other approaches such as the 

cytologic analyses of embryonic blood, the hematopoietic colony assays and the 

rosetting assays. 
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6 GENERAL DISCUSSION AND FUTURE DIRECTIONS 
_____________________________________________________ 

HMOX1 is a central player in the degradation of heme, a process required during 

erythrophagocytosis (192,213,336). In addition, the roles of HMOX1 in the iron 

homeostasis and in the cellular protection against oxidative stress, including in diseases 

associated with oxidative stress such cardiovascular diseases, have been studied 

extensively (336,374). In the field of reproductive biology, the role of HMOX1 and its 

enzymatic products, particularly carbon monoxide (CO), have also been examined 

(432,461,463,470). Zenclussen and colleagues reported that HMOX1 deficiency in mice 

resulted in major anomalies during pregnancy, including an impaired remodeling of 

maternal spiral arteries, the abnormal placentation of the fetus, the restriction in 

intrauterine growth, and the loss of fetus (228,461). These authors reported further that 

the application of exogenous CO at the low dose during the early to mid-gestation 

period could compensate for HMOX1 deficiency by improving the spiral artery 

remodeling and by normalizing the function of placenta and the growth of fetus 

(228,461). However, the direct role for HMOX1 during embryonic development has not 

been previously reported.  

 

In the context of humans, only two cases of HMOX1 deficiency have been reported to 

date (321,439), and hence, this condition was extremely rare. Both human patients 

suffered from growth retardation and hemolytic anemia with intravascular hemolysis, 

and both patients were similarly diagnosed with asplenia and displayed the frontal 

prominence (321,439). Many of the disease manifestations were comparable with those 

previously observed in the Hmox1-/- mice (316,317). Therefore, this PhD project aimed 

to determine (i) the effects of HMOX1, O2 concentration and CO on the in vitro 
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development of pre-implantation embryos; (ii) the developmental stage at which 

HMOX1 deficiency can impact on embryonic survival in vivo; and (iii) how HMOX1 

deficiency may cause embryonic lethality in vivo. 

 

In the first part of this study, as presented in Chapter 3, we successfully established a 

PCR-based method for genotyping the pre-implantation mouse embryos. This new 

method was a significant departure from the PCR method used in the Stocker laboratory 

for genotyping the mouse pups. The previous method, which targeted Hmox1 at exon 3 

and the NeoR cassette in the Hmox1-/- mice, producing a large PCR products of ~400 bp 

or more. By comparison, the new PCR genotyping method gave rise to a PCR product 

of 110 bp for Hmox1+/+ embryos, two PCR products of 110 bp and 218 bp for Hmox1+/- 

embryos, and a single PCR product of 218 bp for Hmox1-/- embryos. To our knowledge, 

this is the first protocol for Hmox1 genotyping that is suitable to be used on the pre-

implantation mouse embryos. The successful strategy employed, i.e., aiming at a shorter 

PCR products, was consistent with other PCR genotyping methods for pre-implantation 

mouse embryos (92,259,261,437). This is because the early stage embryos have low 

amounts of DNA, such that the PCR amplification of larger DNA fragments, as 

employed in the ‘old’ method, might be inefficient. In any case, establishing this novel 

genotyping method was crucial for the subsequent genotyping of all pre-implantation 

mouse embryos that were obtained from Hmox1+/- x Hmox1+/- matings as outlined in 

Chapter 4.  

 

The pre-implantation period of embryonic development in both humans and mice is 

characterized by the cleavage of a one-cell embryo to a blastocyst stage embryo (425). 

During this pre-implantation stage, 15-50% of mouse embryos die due to unknown 
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mechanisms (424). Although simple in appearance, the pre-implantation embryo 

contains the cellular foundations that are needed to produce a highly complex 

mammalian organism (50). Therefore, the interaction between the surrounding 

environment with epigenetic programming and embryonic metabolism is vital for the 

embryonic, the fetal and the post-natal development (50). Any perturbation of these 

components would be detrimental to the embryonic development and may lead to the 

organs malformation and lethality (402). 

 

Epigenetic factors are believed to establish a connection between the environment and 

the genome (32,50). In the context of physiological environment in vivo, the pre-

implantation embryos experience an O2 concentration gradient as they move down from 

the oviduct to the uterus. In the oviduct, the O2 is present at 5-8% compared with an 

atmospheric O2 concentration of 21% (104,208). The O2 concentration is even lower in 

the uterus, where the blastocyst formation and implantation occur, and it can range from 

1.5-2% O2 (104). As both hypoxia and hyperoxia are known to induce the expression of 

HMOX1, the second part of this study, which was described in Chapter 4 had sought to 

investigate the role of HMOX1 in early embryonic development, by exposing the pre-

implantation mouse embryos in vitro to the three O2 concentrations, which were 1, 6 

and 21% O2. Our results found that the in vitro development of wild type blastocysts 

was more efficient at 6% O2 (normoxia) compared with 1% (hypoxia) or 21% O2 

(hyperoxia). Compared with normoxia, the exposure of wild type embryos to hypoxia 

and hyperoxia had increased the HMOX1 expression and the HMOX activity. 

Furthermore, the activity of HMOX was detected throughout these early developmental 

stages, from zygote to blastocyst, as determined directly by the LC-MS/MS-based 

analysis of biliverdin and bilirubin, and indirectly by the immunocytochemistry of 
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bilirubin. Independent of the developmental stage, the embryonic HMOX1 co-localized 

with FPN1. Taken together, these results suggest that HMOX1 plays a beneficial role in 

early developmental stages of wild type embryos under normal and stress conditions. 

 

Surprisingly, the Hmox1-/- zygotes derived from Hmox1-/- parents had developed 

normally to the blastocysts, irrespective of the O2 concentration. This suggests that 

HMOX1 is not required for the earliest stages of embryonic development, and/or that 

the maternal environment provides currently the unknown survival factor(s) that 

facilitate(s) the viability of Hmox1-/- embryos in normal and stress conditions during the 

early mouse embryonic development. Therefore, future studies including the single 

embryo assay would be useful to confirm the genotype and expression of Hmox1 

mRNA and HMOX1 in all Hmox1-/- embryos, as well as respective oocytes (259). If the 

Hmox1 transcript was expressed in the Hmox1-/- embryos, it would suggest that the 

(maternal) oocyte-derived Hmox1 transcripts are retained in the developing embryo. 

Irrespective of this, however, the present studies show, for the first time, that HMOX1 

is not necessary for the formation of blastocyst. This extends previous observations by 

Zenclussen’s group, which reported that the Hmox1-/- blastocysts failed to attach to the 

uterine epithelial cells in vitro, indicating that HMOX1 may play a key role in the 

implantation of blastocyst (461). 

 

By the LC-MS/MS-based analysis of biliverdin and bilirubin, our results showed that 

the mouse pre-implantation embryos/blastocysts contained enzymatically active 

HMOX. Both pigments, biliverdin and bilirubin, were secreted by the embryos, and the 

extent of this were increased under hypoxia and hyperoxia. It is important to note that 

the LC-MS/MS method used to assess HMOX enzymatic activity did not distinguish 
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HMOX1 from HMOX2, so that the observed enzymatic activity could not be assigned 

to the HMOX1 activity. Despite this, however, our studies for the first time demonstrate 

the activity of HMOX in the earliest stages of embryonic development. Moreover, these 

findings suggest that HMOX2 might serves as an alternative HMOX enzyme for heme 

degradation in the embryonic HMOX1 deficiency and in the absence of maternal 

HMOX1 transcripts. Intriguingly, however, HMOX2 is thought to be constitutively 

expressed rather than being affected by hypoxia or hyperoxia, whereas we observed 

hypoxia and hyperoxia had increased HMOX activity. Therefore, further experiments, 

such as the immunocytochemistry and the single embryo assay, will be necessary to 

determine the expression and potential role of HMOX2 in the early embryonic 

development. The LC-MS/MS method used to determine HMOX activity has high 

sensitivity and specificity, but it did not distinguish between HMOX1 and HMOX2 

activity. Thus, assessing a potential compensatory role for HMOX2 activity in HMOX1 

deficiency could perhaps be achieved using the pharmacological inhibitors of HMOX2. 

 

Carbon monoxide (CO) is produced during heme degradation by HMOX1 and HMOX2 

(297,336). Previous reports on the protective effects of CO in influencing placentation 

and in preventing intrauterine fetal death (231,461) had prompted us to examine the 

effect of exogenous CO during early embryonic development. The results, as described 

in Chapter 4 revealed that exposing the embryos to 250 ppm CO had caused the 

detrimental effects on both development and survival, inconsistent with the notion that 

CO aids the rescue of HMOX1-deficient embryos. Therefore, further experiments need 

to be conducted to titrate the concentrations of exogenous CO (i.e., down to 50 ppm) in 

order to determine if lower CO concentration may be beneficial and if a rescue effect 

can be observed in the situations of HMOX1 deficiency. 
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We concluded from the above studies that HMOX1 may act in concert with the 

unknown factors such as the bioavailability of maternal HMOX1, the uterine 

environment and possibly, the epigenetic modifications, and their impact upon 

embryonic metabolism and developmental competence. Subsequently, experiments, 

such as mating heterozygous Hmox1 mice with wild type or knock out Hmox1 mice 

may provide useful additional information, just as the testing of additional CO 

concentrations in combination with embryonic development under the different O2 

concentrations, and using the human HMOX1 transgenic mice. If a lack of HMOX1 

could render the embryonic development sensitive to hypoxia, one might expect the 

embryos with constitutively over-expressed HMOX1 to be more resistant to these stress 

conditions. Therefore, the comparison of in vitro embryonic development at 1% O2 

between wild type, hHmox1Tg+/- and hHmox1Tg+/+ mice are warranted and may 

provide further insight into the role for HMOX1 in early embryonic development. 

 

In the final part of this study, as described in Chapter 5, our studies revealed that the 

percentage of live Hmox1-/- mice at birth, i.e., 5.1%, was significantly lower than the 

expected Mendelian ratio of 25%. These results show that the complete loss of 

functional Hmox1 allele is largely embryonically lethal. We then carried out our 

genotyping analysis to determine the time point for Hmox1 embryonic lethality. Our 

studies demonstrate for the first time that HMOX1 is required for the late embryonic 

development and that loss of HMOX1 causes the embryonic lethality at E14.5.  

 

Furthermore, we attempted to understand the major phenotype of HMOX1 deficient 

embryos. By the morphological examination, we found that at E13.5, the HMOX1 

deficient embryos were smaller in size than the Hmox1+/+ littermate embryos, which 
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was consistent with the growth retardation taking place at this developmental stage. 

Importantly, two out of three E14.5 Hmox1-/- embryos were necrotic, which provided a 

strong support for the notion that most Hmox1-/- embryos die at E14.5. For this reason, 

we focused further on the phenotypical analysis of E13.5 Hmox1 embryos. The 

preliminary histological examination suggested that the HMOX1 deficient embryos 

appeared to have a thinner ventricular wall with disorganized trabeculation in their 

hearts compared with the wild type and Hmox1+/- embryos. These results suggest that 

the abnormalities in heart development at E13.5 could contribute to the lethality of 

Hmox1-/- embryos, as demonstrated by the other genes (72). However, confirmation of 

these putative abnormalities would require further investigation. The histological 

examination of embryonic hearts at transversal axis would provide additional specific 

information on the potential heart defects that might occur at this stage in the Hmox1-/- 

embryos. In addition, the immunocytochemistry and the fluorescence in situ 

hybridization studies would be useful to investigate the expression of HMOX1-related 

genes, e.g., vascular endothelial growth factor that is crucial for the formation of a 

normally functioning embryonic heart (86,224,225,384). 

 

HMOX1 is known as a central player for the re-utilization of iron during erythropoiesis. 

The liver was chosen because it is the site of erythropoiesis between E12.5 and E15.5, 

before it shifts to the spleen and bone marrow. The fetal liver contains erythroblasts at 

various stages of differentiation (28,148). Since the survival of Hmox1-/- embryos 

declined at E14.5, we next analyzed the fetal livers of all Hmox1 genotypes at E13.5 by 

flow cytometry to determine the effect of HMOX1 deficiency on the definitive 

erythropoiesis. By FACS analysis, we found no differences in the erythroid and the 

macrophage populations in the fetal liver of E13.5 Hmox1-/- embryos compared with 
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Hmox1+/+ and Hmox1+/- embryos. Thus, further extensive investigation is needed to 

determine the role of HMOX1 in the fetal liver erythropoiesis at E13.5 and E14.5 by 

employing other approaches such as the cytologic analyses of embryonic blood, the 

hematopoietic colony assays and the rosetting assays. 

 

It would also be interesting to examine whether the dysfunctional fetoplacental 

vasculature reported in the Hmox1+/- mice (432) actually caused local hypoxia and 

thereby, limiting the embryonic development in the HMOX1 deficiency. This may 

provide useful information on whether, and if so how, the fetoplacental vasculature 

impacts on the embryonic hypoxia, the expression of HMOX1 and the formation of CO. 

 

In conclusion, this PhD project presents in vitro and in vivo evidence that support a 

crucial role for HMOX1 in the late, but not early, stages of embryonic development. It 

appears possible that the additional factors, such as the maternal HMOX1 are available 

in utero and interact with embryonic HMOX1 and thereby, contributing to the 

embryonic survival. 
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