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Abstract 

Diabetes is a global epidemic health adversity that is often associated with female subfertility, 

repeated miscarriages and congenital malformations. Despite plethora of information suggesting 

an association between aberrant maternal immune responses during pregnancy and gestational 

complications in type 1 diabetes, mechanisms underlying pre-clinical gestational loss in obese 

and type 2 diabetic women are yet to be defined. Further, no comprehensive evaluation of the 

impact of diabetes on implantation has been completed. This study aimed at examining effects of 

diabetes on the natural events associated with mammalian implantation in-vivo. Using various 

functional, histological and postmortem analyses, impact of diabetes and that of the macrolide 

immunosuppressant tacrolimus on murine implantation and post- implantation pregnancy events 

and outcomes were compared across mouse models of type 1 and obesity-associated type 2 

diabetes, the None-Obese Diabetic and the New- Zealand Obese mice, respectively. Results 

obtained in this study showed, for the first time, that naturally occurring diabetes significantly 

impeded endometrial progesterone receptor (PGR)-mediated influences, creating a hostile uterine 

milieu that is not receptive to the implanting embryo. Specifically, we have identified 

aberrancies in the endometrial expression and regulation of certain receptivity biomarkers 

including those of the anti-implantation mucin MUC1 and its upstream regulators of cytokines 

and transcriptional factors suggestive of heightened endometrial resistivity to the hormonal 

actions of progesterone at implantation in diabetes. Further immunological and molecular 

analyses of endometria obtained from diabetic mice revealed an augmented pro-inflammatory 

milieu and an aberrant expression of the PGR and two of its co-regulators, namely the protein 

inhibitor of activated STATy (PIASy) and the co-chaperone protein FKBP52 which are 

incompatible with successful implantation. Therapeutic interventions with tacrolimus abrogated 
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these perturbations in endometrial PGR-mediated actions, restored glycemic control, promoted 

implantation and significantly inhibited fetal demise and malformations. Comparative studies 

with metformin suggested that factors beyond glycemic control are critically involved in the 

pathogenesis of failed implantation and diabetes- associated fetal malformations in the obese and 

diabetic subjects. These findings provide insights into molecular mechanisms linked to 

implantation failure in diabetes, and evidently demonstrate reproductive benefits for the pre-

conceptional use of macrolide immunosuppression in subjects at risk thereof.  
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 1 

Chapter 1: General Introduction  

1.1 Implantation as a Proxy for Early Pregnancy Outcomes 

In all eutherian mammals, embryonic and fetal development occurs in the uterus 

where embryos acquire continuous nutrition and support from the mother. The early 

stages of the physical interactions between the conceptus and the mother are first 

established at implantation whereby the implantation-capable blastocyst attaches and 

invades into the uterine endometrium because of extensive molecular communications 

between the two parts. For this to occur, the uterus must undergo profound preparatory 

changes both at the morphological and molecular levels to become transiently receptive 

to the approaching blastocyst. This so-called window of receptivity or window of 

implantation (WOI) or uterine receptivity 1, 2. This is preceded by a pre-receptive phase at 

which the uterus is ready to allow implantation, and is followed by a refractory period or 

phase whereby the uterine luminal epithelium regresses to a naïve state prohibiting 

further blastocyst-uterine interactions 3. The time lapse for the WOI in women and mice 

is 24-36 hours and may extend up to three days in non-human primates 3, 4.  

 

1.2 The Five-stage Model of Embryo Implantation in Hemochorial Mammals 

It is widely accepted that in hemochorial species such as humans and mice, the 

process of embryo implantation segregates into five main stages starting at the shedding 

of zona pellucida, pre-contact orientation and loss of apical uterine epithelial mucins, 

apposition, adhesion, and finally, invasion of the receptive uterine endometrium by the 
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implantation-capable blastocyst 5 (Figure 1.1). A complex and highly organized network 

of molecular interactions between the endometrium and the developing blastocyst govern 

the fine-tuned regulation of these sequentially occurring processes at implantation. 

Defects in regulating the temporal sequence of the implantation cascade would perpetuate 

throughout pregnancy resulting in aberrations in decidualization, placentation and intra-

uterine embryonic growth manifesting in adverse pregnancy outcomes such as repeated 

miscarriages, pre-eclampsia and/or pre-term birth, to mention a few (reviewed in 5). 

Therefore, vital to improving the outcomes of natural pregnancy and pregnancies 

conceived via assisted in vitro fertilization is the understating of the molecular signaling 

of networks that regulate successful implantation.  

 

1.3 Biomarkers of Uterine Receptivity  

The uterine endometrium consists of two distinct compartments of cellular 

components, the stromal cells and the cells of the luminal and glandular epithelium. 

Investigators have come to recognize the importance of the paracrine interactions 

between these two distinct uterine cellular compartments conducive to embryo 

implantation. During the WOI, the endometrial cellular changes include the 

transformation of the fibroblast-like endometrial stromal cells into larger and rounded 

decidual cells (i.e. decidualization) 6, as well as the growth and development of secretory 

granules and the emergence of large apical protrusions (uterodomes or pinopods) and 

adhesion molecules-rich microvilli on the luminal epithelium 7,8. In parallel with these 
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histological changes, the modulations in the expression of different cytokines, 

chemokines, growth factors, and adhesion molecules occurring under the regulatory 

effect of the ovarian steroid hormones, E2 and P4 have long been recognized 9-11. 

 

1.3.1 Uterodomes (Pinopodes): The Pros and Cons  

Since their first discovery in mice in 1958 by Nilsson 12, and later on in women by 

use of electron microscopy 13, these apical uterine luminal epithelial protrusions of the 

endometrium have since been identified as markers of endometrial receptivity 14 due to 

their putative expression coinciding with the WOI 15. In vitro studies have shown that the 

site of endometrial expression of pinopodes is in fact the site of blastocyst attachment 16. 

Importantly, uterodomes provide an apical cell-surface associated glycoprotein mucin-1 

(MUC1)-free surface attachment to the blastocysts and are the sites of expression of 

uterine receptivity molecules, including ανβ3 integrin and osteopontin 17-19 

Morphologically, uterodomes undergo three distinct stages of maturation: immature 

(developing), mature (developed) and senescent (regressing) 20. Maturation of 

uterodomes is mechanistically mediated through the nidatory estrogen (E2) induction of 

the uterine expression of Leukemia Inhibitory Factor (LIF) and Interleukin11 (IL11) and 

the subsequent phosphorylation and nuclear translocation of the transcription factors 

NFκB (p65) and STAT3 in the uterine implantation sites 21-24.  Notwithstanding the 

aforementioned regarding the critical value of detecting uterodomes in dating for the 

mouse WOI, clinical usefulness in women is limited by technical factors due to the need 

for electron microscopy confounded by the subjective nature of scoring them 25, 26. 
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Additionally, a major hurdle in the clinical usefulness of detecting pinopodes in the 

human uterus is that their expression is present throughout the luteal phase of the 

menstrual cycle 25. In fact, meta-analyses of data obtained in three prospective studies 25, 

27, 28 have failed to confirm a precise association between the exact timing of pinopode 

expression and the WOI in women raising substantive doubts with regards to this 

endometrial feature as a biomarker of receptivity in humans. 

 

1.3.2 The Apical Cell-surface Associated Glycoprotein Mucin-1 (MUC1) 

MUC1, also known as Episialin 29, is a heavily glycosylated, type 1 cell-surface 

associated glycoprotein of the mucin family which is believed to be a barrier for embryo 

implantation in all species studied thus far including humans and mice 30. The apical 

localization of MUC1 in both luminal and glandular epithelium of the uterus is believed 

to be an important feature for its barrier functions 31,32 and its potent antimicrobial 

properties 30. In the normal mouse uterus, MUC1 has been detected with highest 

expression at the proestrus- and estrus-phase with a decline at metestrus 31. This estrous-

cycle dependent expression of murine uterine MUC1 is believed to be a function of the 

concerted action of secreted ovarian steroid hormones and is considered one of the 

hallmarks of functional uterine receptivity in mice 31,33. MUC1 is an E2 response gene 34 

and its expression in the mouse uterus and in human endometrial epithelial cells in vitro 

is positively regulated by the progesterone receptor isoform B (PGRB) and 

downregulated by the progesterone receptor isoform A (PGRA) 35. Moreover, MUC1 

promoter has a conserved NF- B binding site and it has been largely accepted that in a 
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wide range of mammalian cells examined in vitro, MUC1 expression is also regulated by 

cytokines at both the transcriptional and translational levels 36,37. Pro-inflammatory (Th1) 

cytokines Interferon Gamma (INFγ) and Tumor Necrosis Factor Alpha (TNFα) are thus 

far the most investigated cytokines known to upregulate MUC1 gene and protein 

expression in a variety of mammalian cell lines including those from the endometrium 

36,37. However, despite plethora of information regarding the positive regulatory effects of 

these two pro-inflammatory cytokines on MUC1 protein expression, the exact 

mechanism(s) through which INFγ and TNFα regulates MUC1 expression is yet to be 

fully comprehended 37.  

In primates and mice, MUC1 functions as a barrier to implantation during the 

nonreceptive phase and must be removed at the time of implantation 38, 39 (Figure 1.2). 

Studies showed that removal of MUC1 from implantation sites is due to downregulation 

of its gene and shedding of its extracellular domain through the concerted action of 

certain sheddases such as the TNF-  converting enzyme ADAM 17 40. Contrary to the 

expression of the mouse uterine MUC1 at peri-implantation, MUC1 is upregulated 

throughout the luteal phase of the menstrual cycle in humans (Figure 1.2) but is excluded 

from cells with pinopodes. This suggests that the anti-adhesive properties of MUC1 may 

in fact allow the blastocyst to preferentially attach to these specialized structures on the 

transformed apical uterine epithelial surfaces 41.  
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1.4 The Progesterone Receptor (PGR), FKPB52 and PIASy 

Progesterone receptor-mediated signaling is a highly coordinated cellular event 

that is critically involved in the establishment and maintenance of pregnancy 42. Evidence 

showed that the in-vivo disruption to the progesterone-receptor (PGR)-mediated 

influences is incompatible with implantation 43. Several molecules have been identified 

for their critical role in preserving PGR activity. In its hetero-oligomeric form residing in 

the cytoplasm, the PGR protein is composed of one of its isoforms, PGRA or PGRB, a 

heat-shock protein (hsp: hsp90 and/or hsp70), a p23 chaperone protein and a 

tetratricopeptide repeat (TPR) domain 44. Of the TPR-containing chaperone protein well 

known to bind and promote the activity of the PGR is FKBP52, which is encoded by the 

gene FKBP4 45.  Moreover, the functional post-translational modification of the PGR that 

is essential for its downstream signaling requires the enzymatic activity of at least one of 

the E3-Small Ubiquitin-like modifiers (SUMO) proteins such as the Protein Inhibitor of 

Activated STATy (PIASy) 46. Whereas in-vivo gene ablation studies revealed the 

indispensability of the P4 downstream target FKBP4 and the PGR co-regulator FKBP52 

for embryo implantation 47, in-vitro studies provided evidence that the INFγ-downstream 

target PIASy synergistically engages in the inhibition of the PGR signaling in 

decidualizing human endometrial stromal cells 48. Moreover, PIASy interferes with DNA 

binding of the nuclear transcriptional factor p53 and blocks its expression of downstream 

target genes 49. P53 signaling is indispensible for the establishment and progression of 

early pregnancy and it is LIF upstream transcriptional regulator 50. Taken together, it 
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becomes evident that alterations to the up-stream and/or downstream molecular 

interactions between PGR and its co-chaperons FKBP52 and PIASy would perpetuate 

coordination between the establishment of uterine receptivity and implantation 

competency of the blastocyst. Therefore, it is intuitive to speculate that maternal 

infertility would be linked to potential disruptors of the PGR/FKBP52 and/or PGR/PIASy 

interactions at implantation.  

 

1.5 Regulation of Endometrial Receptivity in Mice and Women  

In circumstances of normoglycemia, the timing of endometrial receptivity in mice 

and women coincides with the down-regulation of epithelial estrogen receptor-α (ERa) 

and shift in the expression of the PGR in the uterine epithelium and stromal cells in 

normal mid-secretory endometrium 51 and at the pre-receptive phase in mice 52. This is 

the outcome of well-defined and regulated alterations to ERa and PGR gene expression in 

preparation for implantation 53. This major shift in the expression of nuclear PGR out of 

the uterine epithelium into the stromal compartment is associated with upregulation of its 

two key immunophilins regulators of transcription FKBP52 and PIASy 48,54. It is believed 

that through certain upstream and downstream mechanisms regulating PGR, FKBP52 and 

PIASy expression comes this shift of PGR expression during the WOI. This change from 

direct P4-mediated endocrine actions into indirect actions is mediated through PGR-

regulated paracrine and autocrine signaling involving cytokines such as IL11 and GM-

CSF 48,54,55. Furthermore, whereas E2 upregulates both its own receptors as well as that of 

the PGR 56, P4 normally down-regulates both endometrial ERa and its own receptor at the 



 

 

 8 

WOI 57. Persistence of ERa and PGR in the uterine glandular epithelium results in 

continued epithelial proliferation, and is linked to infertility and indicative of 

implantation defects 58,59. This is typically seen in mice lacking embryo attachment in 

implantation sites 58 and in women with aberrant overexpression of ERa and PGR at the 

time of implantation 57,59. In both of the latter two examples of implantation failure, a 

heightened maternal P4 resistance is suspected to be the culprit.  

 

1.6 STAT3 and Embryo Implantation 

The indispensability of the JAK-STAT pathway in the process of embryo 

implantation has been established in multiple experimental animal models of human 

infertility.  STAT3 mediates its biological actions in response to P4 downstream 

cytokines and interleukins such as LIF, IL6, GM-CSF and Leptin to mention a few 60. 

Nakamura and associates (2006) 61 reported on the causal association between the 

transient and local inhibition of endometrial STAT3 activation and the acquisition of an 

implantation failure phenotype in a murine model of the human infertility. Similarly, 

Takeda and co-workers (1997) recounted on the critical connotation between early 

embryonic lethality and the targeted disruption of the mouse endometrial STAT3 gene 

during peri-implantation 62. Importantly, a state of heightened maternal P4 resistivity has 

been reported in the aforementioned studies. Moreover, studies by Sun et al (2013) have 

provided evidence on the downregulation of the endometrial HoxA10 and upregulation of 

the estrogenic-responsive genes MUC1 and Lactoferrin during implantation in the 
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STAT3-inactivated uteri 60. However, there have been no prior studies incorporating a 

timely lack of  STAT3 activation in the etiology of repeated pregnancy loss in diabetes. 

Therefore, in chapters two and three of this thesis, we were first to provide evidence 

implicating a state of transient endometrial STAT3 deactivation in the pathogensis of 

failed embryo implantation in diabetes.  

 

1.7 Immunological Mechanisms of Immune-tolerance During Normal Early 

Pregnancy  

 Half of all human embryo implantation results in failed pregnancy 63 (Figure 1.3). 

Although it has been estimated that two-thirds of pregnancy losses are idiopathic 63, 

nonetheless, among the multiple factors contributing to this failure are aberrancies in the 

maternal immune tolerance and poor uterine receptivity 64. Mechanisms linking these  

two covariates have attributes for both the maternal and the fetal antigen presentations at 

the materno-fetal interface 64. A healthy pregnancy is the outcome of a unique maternal 

immune tolerance to the semi-allogeneic conceptus 65. However, the peri-implantation 

phase of early pregnancy is a pro-inflammatory condition characterized by preponderance 

of the pro-inflammatory T helper (Th)-1 cells and cytokines (IL-6, IL-8, and TNFα) 

secreted by the endometrial cells and immune cells recruited to the implantation sites 66, 

67. During peri- and post-implantation in women and mice, the uterine decidua is 

infiltrated with dense populations of maternal immune cells such as macrophages, NK 

cells and regulatory T-cells (T-reg) 67, 68. The primary function of this decidual immune 

cellular infiltration is to achieve tolerance to the implanting blastocyst and to remodel the 
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uterine endometrium 69, 70. Considering that most of these immune cells at the materno-

fetal interface are of antigen presenting in nature 71, it has been revealed that pathological 

exposure of the maternal immune system to fetal antigens results in fetal demise 

suggesting a critical role for maternal immunomodulation in establishing and maintaining 

a healthy gestation 71. 

It is widely accepted that trophoblasts and the maternal immune system have 

evolved and developed a cooperative status, helping each other for the success of the 

pregnancy 72,73. It has been proposed that the differentiation and function of immune cells 

infiltrating the implantation site depend, largely, on the microenvironment created by the 

placenta and that trophoblast cells can induce the differentiation of immune cells into a 

trophoblast-supporting phenotype 72,73. This hypothesis is supported by evidence that 

conditioned media from trophoblast cells induce a Th-1 cellular response to secrete 

cytokines such as IL-6, IL-8, MCP-1 which have beneficial effects on trophoblast 

development and function 74. Three stages have been hypothesized for a successful 

trophoblast-immune interactions: 1) attraction: whereby trophoblast cells secrete 

chemokines that can recruit immune cells to the implantation sites 75, 73; 2) 

communication: at which trophoblast cells produce regulatory cytokines that modulate 

the differentiation process of immune cells 74; and finally 3) the response of the memory 

immune cells communicated by trophoblast cells to respond to signals of the local 

microenvironment in a fetal growth supportive mechanisms ensuring proper placental 

growth, tolerance and angiogenesis 76. Indeed, continued pre-clinical reports in animal 
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studies and in women with RSA signified the importance of developing maternal 

immunotolerance through techniques such as exposure to the male seminal fluid in 

conditionally adapting the maternal immune system to the semi-allogeneic conceptus 77,78 

(Figure 1.4).  

Mechanistically, it is well established that populations of trophoblasts cells that 

are in direct contact with the maternal side of the placenta are generally hypo-

immunogenic in nature due to their expression of the non-classical HLA-G and HLA-E 

(Human Leukocytes Antigens) molecules that are involved in eliciting maternal tolerance 

to the semi-allogeneic conceptus upon successful interactions with maternal uterine 

Natural Killer (uNK) cells 79. On the other hand, the pregnancy success has also been 

attributed to the immunosuppressive properties of the regulatory T-cells (Tregs) at the 

feto-maternal interface 80, 81. Both in vivo animal studies in the abortion-prone mice 

(mating the CBA/J female with the DBA/2J male spontaneous abortion model) receiving 

adoptive transfer of normal Tregs 82 and the reduced populations of the decidual Tregs in 

women with RSA 83 are supportive of a pivotal role for the maternal immune adaptation 

to the developing conceptus in the success of early pregnancy. The successful outcome of 

the cross-talk between Tregs and trophoblasts are believed to be mediated through a 

complex networking of paracrine signaling involving cytokines and chemokines such as 

TNFα, IL6, IL8, IL11, GM-CSF, INFγ, interferon-inducible protein-10 (IP-10), growth 

and angiogenic factors such as vascular endothelial growth factor (Vegf), placental 

growth factor (Pgf), bone-morphogenetic proteins-2 (Bmp2) and matrix glycoproteins 
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suppressors of cytotoxic T cells such as galectins (Gal 1, 3, 9 and 13) 84-93 to mention a 

few. 

1.8 Proposed Immunological Mechanisms of Pregnancy Failure in Diabetes 

Diabetes is an immune dysfunction characterized by defective recognition of self 

and non-shelf antigens due in part to the aberrant over-expression of the Class II HLA 

antigens, namely HLA-DR3 and HLA-DR4, as well as the non-HLA genes CTLA-4 

(Cytotoxic T Lymphocytes Associated/4) that favors T-cell cytotoxicity 94, 95 and are 

involved in skewed antigen presentation and aberrant activation of T, B and NK cells 94, 

95. Subsequently, the local uterine and systemic diabetic environment were found to have 

toxic levels of macrophage-derived TNFα, INFγ and IL1 that have been proposed as 

mediators for the reported diabetes-associated inhibition of mouse peri-implantation 

embryo development in vitro 96, 97. This is the case in most of the T1DM subjects as 

opposed to those expressing the self-protective class II MHC Allele DQB1 that is present 

in < 1% of the population at risk of T1DM 98.  In Non-Obese Diabetic (NOD) mice, this 

immune deficit also translates into a critical role played by the inflammatory molecule 

INFγ, synergistically supported by aberrant TNFα and IL2 signaling in the pathogenesis 

of T1DM, and has been proposed as a factor contributing to poor pregnancy outcome in 

this mouse strain of IDDM 99-101.  Improper embryo development and/or embryolethality 

are incompatible with successful post-implantation gestation, thereby suggesting T1DM 

as a model of failed early pregnancy. Therefore, it is intuitive to speculate that the use of 

immunosuppression could represent a promising therapeutic modality in preventing early 
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pregnancy loss in diabetes. However, to date there have been no studies examining 

potential benefits of immunosuppression relative to pregnancy outcomes in diabetes. 

 

1.9 Current Immunotherapeutic Approaches to Implantation Failure  

  Based on the population studied, 30 to 75% of failed pregnancies are considered 

to be due to implantation failure in women 102. Several immunomodulatory therapies 

have reportedly been used to treat implantation failure in women with a clinical history of 

repeated IVF failure (Table 1.2). Interestingly, maintaining a balanced ratio between 

Tregs and Th17 cells has been the focus of most therapeutic interventions against 

implantation failure in women 103. Although both cell lineages are derived from the same 

progenitor cells, yet it is widely accepted that Treg cells are involved in tolerance 

whereas Th17 cells involved in chronic inflammation 103. An imbalance between Th17 

cells and Treg cells involving upregulation of Th17 cells and downregulation of Treg cell 

populations has been reported in recurrent miscarriages and in women with repeated 

failure of IVF-embryo transfers 104. Notwithstanding the deleterious impact of 

perturbations to the Tregs/Th17 ratio on implantation, hitherto, such immunological 

studies and gene microarray analyses of cases of repeated implantation failure have been 

the main feed of our current knowledge of the biological mechanisms associated with 

implantation failure in mice and women.  
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 1.9.1 Seminal Plasma Priming and IU Administration of Autologous PBMCs in Cases 

of Implantation Failure 

             The technique of priming with seminal plasma induces expression of GM-CSF 

(CSF2), IL-6, IL-8, and IL-1α in the cervix after vaginal mating 105. This suggests that 

seminal fluid activates the immune system in the cervix 105. Indeed, it has been shown 

that seminal plasma coupled with intrauterine administration of autologous peripheral 

blood mononuclear cells (PBMCs) increases clinical pregnancy rates in frozen/thawed 

embryo transfer cycles of patients with repeated implantation failure and causes 

accumulation of paternal antigen-specific Tregs at implantation sites in humans 106. It has 

also been shown that pre-implantation adoptive transfer of PBMCs from virgin mice 

significantly increased implantation rates and induced the uterine expression of 

endometrial LIF and VEGF during the implantation window in a mouse model of 

embryonic implantation dysfunction (EID)107 (Table 1.1). These observations made both 

in clinics and in mouse models suggest that seminal plasma priming might be effective in 

patients with implantation failure 106, 107  

 

1.9.2 Anti-TNFα and IV Ig Therapies 

TNFα is a crucial cytokine for the induction of fetal demise 108,109. This has been 

clinically demonstrated by evidence showing that a specific monoclonal antibody-

targeting TNFα improves the implantation rate in women with implantation failure 110. 

On the other hand, it is widely accepted that intravenous immunoglobulin (IV Ig) therapy 
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can be helpful for repeated IVF failure and unexplained infertility 111. Indeed, therapeutic 

interventions with IV Ig therapy have been shown to regulate NK cell cytotoxicity and 

enhance Treg cells’ activities (Table 1.1). Mechanistically, it has been demonstrated that 

IgG contains epitopes named IgG Tregitopes, which bind to MHC class II molecules and 

induce Treg cells’ expansion both in vitro and in vivo 112. Moreover, it has been reported 

that anti-TNFα monoclonal antibody and IV Ig therapies increase the successful 

pregnancy rate in women with a high Th1/Th2 ratio and repeated implantation failure 110. 

Taken together, these findings suggest that combining IV Ig with an anti-TNFα 

monoclonal antibody might be more effective in improving Treg cell numbers and 

functions in cases of repeated implantation failure (Table 1.1). 

 

1.9.3 Immunosuppression with Tacrolimus 

Tacrolimus is a macrolide immunosuppressive agent that has been used to 

improve clinical outcomes in female recipients of allogeneic organ transplant by 

dramatically reducing the risk of rejection 113. Importantly, immunosuppression with 

tacrolimus has been associated with fewer pregnancy complications compared to other 

immunosuppressive agents such as cyclosporine 114 In exerting its effects, tacrolimus 

binds to calcineurin in activated T-cells inhibiting their release of the soluble 

inflammatory mediators INFγ and IL2, suppressing IL2 receptor expression (Table 1.1) at 

about hundred times lower concentrations than other tested immunosuppressants such as 

cyclosporine 113.  Recently, Nagakawa and associates 115 reported on the successful use of 
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tacrolimus in inhibiting recurrent implantation failure in women with unexplained 

infertility having elevated peripheral blood Th1/Th2 cell ratios 115. Despite the 

significantly higher clinical pregnancy success rate among treated women compared to 

untreated controls (64% vs 0%), yet the molecular mechanism(s) associated with 

implantation success in these women remains unclear.  

 

1.10 Mouse Models of the Human IDDM and NIDDM  

1.10.1 The NOD Mice 

 The NOD mouse is a well-characterized model of the human IDDM99. Disease 

penetrance in the NOD mice is strongly influenced by the housing environment, diet and 

health status 99,116. Subclinical diabetes is observed as early as the age of 3 weeks whereas 

clinically overt diabetes in the NOD mouse starts at the age of 5-7 weeks through a 

spontaneously developing T-cell mediated insulitis 99.  A significant reduction in the 

number of insulin secreting Beta cells of the pancreas follows in female NOD mice at 

about 12 weeks of age and several weeks later in male NOD mice 99. Immunological 

deficits in the NOD mice include a relative deficiency of CD4+ CD25+ T-cells 100, as 

well as numerical and functional deficits in NK and NKT cells represented by decrease in 

number of peripheral and thymic NK and NKT cells and lack of IL4-producing NKT 

cells 117. Whereas the normoglycemic female NOD mice have been described as excellent 

breeders, it has been suggested that the female diabetic NOD mouse is a model of mid-

gestational pregnancy complications 101. Heightened maternal auto-immunity and failure 
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to conversion to Type 2 immune dominance has been recognized during mid-gestation in 

the moderately diabetic NOD mice 101,118.  

 

1.10.2 The NONcNZO Mice  

The NONcNZO10/LtJ (JAX # 4456) is an inbred recombinant congenic strain 

developed at The Jackson Laboratory as a model of obesity-induced type 2 diabetes and 

metabolic syndrome. This mouse model is derived from a cross between the Non-Obese 

Nondiabetic (NON/LtJ, JAX#2423) strain and the New Zealand Obese (NZO/HlLt, JAX# 

2105) mouse 119. In contrast to the massive obesity elicited by mutations in the 

leptin/leptin receptor axis, type 2 diabetes in male NONcNZO10/LtJ mice results from 

polygenic interactions producing moderate obesity when fed ordinary (6% kCal) fat diet 

120. Interestingly, it has been noticed that unlike mice with monogenic obesity syndromes, 

NONcNZO mice do not exhibit hypercorticism, are not hyperphagic, and do not show 

thermoregulatory defects 119. When weaned onto 10% Kcal fat, the NONcNZO male 

mouse develops visceral obesity, maturity-onset hyperglycemia, dyslipidemia, moderate 

liver steatosis and pancreatic islet atrophy 119.   

Contrary to the above-mentioned, female NONcNZO mice are notoriously known 

for their poor reproductive performance primarily due to the age-related development of 

the PCOS 121 phenotype making them an important tool for studying obesity and 

NIDDM-associated alterations to uterine receptivity and related placentation defects.  
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Figure 1. 1: The five-stage characteristics of implantation in mice and women. 

Implantation in hemochorial species involves five potential phases of increasing 

complexity due to the nature of interactions between the trophoectoderm and the uterine 

luminal epithelium and stroma. Loss of anti-implantation mucins (MUC1 and possibly 

MUC16) is quintessential for a successful adhesion of a competent blastocyst. 

Penetration of the endometrial wall by the embryo necessitate a repertoire of 

trophoectoderm interactions with maternal extracellular matrix (ECM) and stromal cells 

serving to limit invasiveness, establish intimate physical relationships between conceptus 

and maternal vasculatures and support numerous additional functions essential to 

successful development of the conceptus122. Figure adapted and modified from Guillomot 

et al (1993)123 and Cha et al. (2012) 5.  
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Figure 1. 2: Schematic diagram of the hormonal regulation of uterine receptivity in 

view of MUC1 expression in mice and women. 

Three major phases of uterine sensitivity to implantation have been identified in mice and 

women: pre-receptive phase (G.D. 1.5-3.5 in mice, top diagram) and during the early secretory 

phase in women (cycle days 0-7, lower diagram); receptive phase (G.D. 4.5 in mice and during 

the mid-secretory phase during cycle days 7-10 in women) and non-receptive (refractory) phase 

(i.e. by the afternoon of day 5.5 in mice and beyond cycle day 11 in women). Despite the inability 

of the uterus to initiate implantation during the pre-receptive phase, the endometrial environment 

is less hostile to the implantation-capable blastocyst during this phase. Due to hormonal-mediated 

alterations to key implantation events, no embryo implantation is expected to occur during the 

refractory phase as the uterus is unable to support blastocyst survival. Of the key molecules 

contributing to non-receptivity is the uterine expression of the anti-implantation mucin MUC1. 

Loss of uterine MUC1 from the entire uterus in the mouse during G.D. 3.5-4.5 and at 

implantation sites in women is hormonally regulated.  Worth mentioning is that downregulation 

of PGR at GD 4.5 is critical to establishing pregnancy in the mouse 124. LH: luteinizing hormone, 

P4: progesterone; E2: estrogen (estrone and/or estradiol) Figure adapted from 11, 31, 52’ 125, 126  
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Figure 1. 3: Schematic representation of the proposed causes of low fecundity 

observed in humans. 

It has been suggested that even when conditions are optimal, the maximum chance of a 

clinically recognized pregnancy occurring in a given menstrual cycle is 30-40%. 

According to this suggested model of pregnancy failure, it is estimated that ~ 60% of 

early pregnancy wastage is due to preclinical pregnancy loss or ‘occult pregnancy’ which 

is related to adverse peri- and post-implantation events rather than failure of conception. 

Notwithstanding the deleterious effects of implantation failure as a major contributor to 

adverse pregnancy outcomes, materno-fetal factors operating beyond implantation have 

been estimated to contribute to an additional 15% of all clinical miscarriages and/or early 

pregnancy loss.  Figure adopted from Macklon et al (2002) 127 
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Figure 1. 4: Schematic diagram of the proposed sequence of events related to 

parental antigen-specific Tregs expansion from coitus to successful pregnancy. 

Seminal fluid contains inflammatory chemokines that induce post-coital accumulation, 

differentiation and priming of parental antigen-specific Tregs through mechanisms 

involving cross talk between differentiated dendritic cells (DC) and monocytes. 

Prostaglandin E2 (PGE2) in the seminal fluid promotes the differentiation of tolerogenic 

DC. Presentation of parental antigens to Tregs by the tolerogenic DC results in the local 

expansion of these Tregs in the lymph nodes draining the uterus prior to implantation. 

Tolerogenic Tregs plays critical role in the progress of gestation beyond implantation.  

Figure adapted from Shima et al (2015) 128, Moldenhauer et al (2009) 77 and Robertson et 

al (2009) 78 
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Table 1. 1: Current immunotherapeutic interventions for implantation failure  

Treatments Mechanism Reference 

Seminal plasma priming Parental antigen-specific Tregs 78
, 
128

, 
129

  

IU administration of autologous 

PBMC 

Immune-cells stimulated ovarian 

P4 production & induction of 

endometrial differentiation 

Endometrial LIF and VEGF 

130 

IV Ig + anti-TNFα 
NK cytotoxicity, Tregs, Th1, 

IL10, TNFα 

110
, 
111

 

Tacrolimus monotherapy 

Circulating TH17 lymphocytes, 

IL2R expression, 

IL2 and TNFα 

131 

 

TNF: Tumor necrosis factor, IU: Intra-uterine, P4: Progesterone, Tregs: regulatory T-

cells, Ig: immunoglobulin, IL10: interleukin 10. IU: intra-uterine. IV: intra-venous 

 

1.11 Overall Rationale, Hypotheses, and Objectives 

Immune, endocrine and metabolic abnormalities are all well recognized factors 

contributing to early pregnancy loss in fertile and infertile women. Among endocrine 

factors contributing to this phenomenon in patients with clinical history are abnormalities 

and autoantibodies against insulin and thyroid hormones 132-134. An example of the former 

is the fact that lack of correlation between insulin therapy and anti-insulin and anti-islet 

autoantibodies has long been recognized in women with GDM; intuitively suggesting a 

plausible immunological element in the development of poor progeny in this metabolic 

disorder 135. Indeed, whereas evidence shows that metabolic and endocrine control is not 
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sufficiently enough in promoting pregnancy in women with RSA, immunomodulation 

may hold the key to a successful clinical pregnancy 134-136. Importantly, recent research 

advances have established that aberrant INFγ -and IL-17-mediated immune response to 

transferred embryos has been implicated in early pregnancy loss in women with 

unexplained infertility 131, 136. While the exact mechanism(s) behind this phenomenon is 

to be fully elucidated, the main hypothesis of this thesis is that decreased endometrial 

receptivity and adverse pregnancy outcomes in diabetic mice are causally linked to 

maternal inflammation and the associated endometrial P4 resistivity at implantation. 

To examine this hypothesis, this thesis contains three original research chapters (i.e. 

Chapters 2-4) each prepared in the form of an original manuscript that has its own 

hypothesis, rational and objectives examining molecular, ultrastructural and 

functional aspects of peri-implantation and post-implantation pregnancy in mouse 

models of IDDM (NOD mice) and NIDDM (HFD-dNONcNZO mice), with or without 

a macrolide-mediated clinical immunosuppression.    

 

1.11.1 Rationale, Hypotheses, and Objectives for Chapter 2: Endometrial Receptivity 

Defects and Impaired Implantation in Diabetic NOD Mice (Albaghdadi AJ and Kan 

FWK (2012) Biol. Reprod. 87(2): 30) 

In the NOD mouse model of human type 1 diabetes, an inherited autoimmune 

activation of a subset of T-helper cells is believed to result in the induction of an INFγ-

mediated embryolethal Th-1 local uterine cytotoxicity during midgestation that is widely 
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considered central to pregnancy failure in women with diabetes 137. Besides the quality of 

the blastocyst, early progression of pregnancy in women and mice requires the induction 

of highly programmed and temporally restricted successions of transformational cellular 

events within the endometrium that define the time at which the uterus is maximally 

receptive and is termed the “window of implantation” that occurs at post-coital day 4.5 in 

mouse 11. Cardinal features of a receptive mouse uterus in normoglycemic mice include 

reduced expression of the anti-implantation mucin MUC1, maturation of uterine 

pinopods (uterodomes) and elevated protein expression of LIF and increased 

phosphorylation of STAT3 and NFκB. Little is known regarding alterations to PGR 

(PGRA and PGRB) and/or its interaction with PIASy at implantation sites in the 

normoglycemic and diabetic mice. We hypothesized that naturally occurring IDDM 

alters the natural events associated with successful implantation. In particular, we 

hypothesized that through inhibiting the activation of STAT3 and NFκB and 

perturbing PGR/PIASy interactions at nidation, naturally occurring IDDM restricts 

uterodome maturation resulting in implantation failure in the NOD mice.  Therefore, to 

better characterize the implantation process in the female NOD mice and to address 

whether diabetes alters the natural events associated with successful implantation, the 

following objectives were pursued:  
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Objectives: 

1- To determine whether IDDM renders the dNOD uterus non-receptive at 

implantation 

2- To determine whether uterine non-receptivity at implantation in female dNOD 

mice is related to altered expression of the anti-implantation mucin MUC1, 

protein expression of LIF, and phosphorylation of STAT3 and NFκB 

3-  To examine whether a natural interaction between nuclear PGR (PGRA and 

PGRB) and PIASy occurs at the WOI in the cNOD and its implication on uterine 

MUC1 expression 

4- To determine whether naturally occurring IDDM alters uterine PIASy/PGR 

interactions at the WOI in dNOD and its impact on uterine MUC1 expression at 

implantation    

 

1.11.2 Rationale, Hypotheses, and Objectives for Chapter 3: Immunosuppression with 

Tacrolimus Improved Implantation and Rescued Expression of Uterine 

Progesterone Receptor and Its Co-regulators FKBP52 and PIASy at Nidation in the 

Obese and Diabetic Mice: Comparative Studies with Metformin (Albaghdadi AJ and 

Kan FWK (July 2017) J. Mol. Cell. Endocrinol. (manuscript in press)) 

Subfertility and miscarriages are common fecundity problems associated with 

obesity. Obesity-associated insulin resistance or diabesity has become increasingly 

prevalent in today’s younger generations 138. Whereas many multiparous women are 
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obese (body mass index ≥30 kg/m2) 139, high rates of miscarriages (60% vs 27%, p < 0.05 

compared to normative controls) 140 have been a clinical trend following natural 

pregnancy and in those undergoing assisted reproductive techniques such as ovulation 

induction and embryo transfer. What remains ill-defined is the mechanistic link between 

obesity and low fecundity in the obese and diabetic subjects. Here we hypothesized that 

diabesity-induced implantation failure in the genetically susceptible mice is immune 

mediated. Moreover, we hypothesized that, through perturbing PGR/PIASy-mediated 

influences, diabesity in female HFD-dNONcNZO mice restricts maturation of 

uterodomes by inhibiting activation of STAT3 and NFκB at nidation. We have also 

hypothesized that diabesity in female HFD-dNONcNZO mice detrimentally impedes 

downstream signaling pathways of uterine PGR in a manner suggestive of heightened 

maternal P4 resistivity at implantation. Accordingly, this chapter summaries literature 

review and provides evidence-linking subfertility to maternal obesity and insulin 

resistance in a mouse model of the human obesity-associated NIDDM.  

 

Objectives:  

1-  To determine whether obesity-associated NIDDM alters the natural events 

associated with successful implantation in the chronically overfed obese and 

diabetic HFD-dNONcNZO mice  
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2- To determine whether obesity-associated NIDDM aggravates peri- and post-

implantation embryo loss in the chronically overfed obese and diabetic HFD-

dNONcNZO mice  

3- To determine whether uterine non-receptivity at implantation in HFD-

dNONcNZO mice is related to altered protein expression of the major 

implantation cytokine LIF, and phosphorylation of STAT3 and NFκB at nidation 

4- To examine the impact of obesity-associated NIDDM on the interactions between 

PIASy/PGR at the WOI at implantation sites in the uteri of HFD-dNONcNZO 

mice and its impact on implantation    

5- To establish whether immunosuppression at subclinical dosage is required to 

restore post-implantation pregnancy and prevent APO in the chronically overfed 

obese and diabetic HFD-dNONcNZO mice  

 

1.11.3 Rationale, Hypotheses, and Objectives for Chapter 4: Tacrolimus in the 

Prevention of Adverse Pregnancy Outcomes and Diabetes-Associated 

Embryopathies in Obese and Diabetic Mice. (Albaghdadi et al (2017) J. Transl. 

Med. 15(1): 32)  

In normoglycemic animal models, experimental chronic pre-pregnancy maternal 

overnutrition causes subfertility and is associated with placental inflammation, 

uteroplacental insufficiency and repeated miscarriages. Allograft rejection and 

heightened maternal autoimmunity to the semi-allogeneic conceptus have been postulated 
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to be the culprit. However, it is yet to be determined whether this is the case in animal 

models genetically susceptible to obesity-induced NIDDM. By use of NONcNZO10/Ltj 

mice chronically fed with 60% kCal fat for 25 consecutive weeks to model obesity-

associated NIDDM, we hypothesized that macrolide-mediated immunomodulation 

benefits clinical outcomes in pregnant obese and diabetic subjects. For the first time, 

this thesis provides evidence on the mode of action of the macrolide immunosuppressant 

tacrolimus in restoring pregnancy and inhibiting adverse clinical outcomes in the obese 

and diabetic mouse model of the human obesity-associated NIDDM.   

 

Objectives 

1- To examine the effects of chronic maternal overnutrition on pregnancy outcomes 

with respect to specified maternal and fetal parameters. These parameters include 

alterations to maternal glucose tolerance prior to and during pregnancy, 

percentages of fetal demise, fetal birth weights and blood glucose levels and post-

natal fetal viability  

2- To examine whether the macrolide immunosuppressant tacrolimus protects 

against fetal demise and reproductive health adversities in the HFD-dNONcNZO 

dams: special consideration is given to examining the effect of 

immunosuppression on uterine artery and umbilical flow hemodynamics in the 

developing fetuses of the HFD-dNONcNZO dams 
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3- To examine whether the observed protective effects of tacrolimus against 

pregnancy failure and embryolethality in the HFD-dNONcNZO mice is linked to 

restoration of some key regulatory processes during placentation: special 

consideration is given to examining the effects of tacrolimus-mediated 

immunosuppression on spiral artery remodeling during gestation in the HFD-

dNONcNZO dams 

4- To examine the effects of diabesity on fetal external gross, skeletal and visceral 

malformation rates and the effects of the tacrolimus-mediated immunosuppression 

relative to that of metformin on these specified fetal parameters.  

  



 

 

 30 

 

Chapter 2: Endometrial Receptivity Defects and Impaired Implantation in Diabetic 

NOD Mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been modified from the original publication: Ahmad J.H. 

Albaghdadi and Frederick W.K. Kan. Endometrial Receptivity Defects and Impaired 

Implantation in Diabetic NOD Mice. Biol Reprod. 2012 Aug; 87(2): 30. 
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2.1 Abstract 

Implantation failure is a major hurdle to a successful pregnancy. The high rate of 

post-implantation fetal loss in non-obese diabetic (NOD) mice is believed related to an 

abnormal decidual production of INFγ. To address whether diabetes alters the natural 

events associated with successful implantation, certain morphological and molecular 

features of uterine receptivity in diabetic NOD (dNOD) mice were examined in the 

normally mated pregnancy and in Concanavalin A (ConA)-induced pseudopregnancy. As 

opposed to normoglycemic NOD (cNOD) mice, dNOD mice expressed delayed maturation 

of their uterine pinopodes and over expressed MUC1 mucin at implantation sites (p < 

0.001). Uterine production of Leukemia Inhibitory Factor (LIF) and the phosphorylation of 

uterine NFκBp65 and STAT3-Ty705 were found to be low (p < 0.01) during day 4.5 

postcoitum, whereas INFγ was aberrantly over-expressed. Loss of temporal regulation of 

progesterone receptor (PGR) A (PGRA) and PGRB, together with an aberrantly increased 

expression of the protein inhibitor of activated STAT-y (PIASy) (p < 0.01), and reduced 

recruitment (p < 0.01) of the latter to nuclear progesterone receptor sites were prominent 

features of decidualization failure occurring at peri-implantation in dNOD mice. In 

conclusion, the aberrant expression of endometrial INFγ in dNOD mice is associated with a 

non-receptive endometrial milieu contributing to peri-implantation embryo loss in type 1 

diabetes.  
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2.2 Introduction  

Diabetic women are ninefold more likely to experience fetal loss after 

implantation 134, 133.The exact mechanism contributing to early pregnancy failure and 

recurrent spontaneous abortion in autoimmune diabetes remains largely unknown. In the 

nonobese diabetic (NOD) mouse model of human type 1 diabetes, an inherited 

autoimmune activation of a subset of T cells is believed to result in the induction of an 

interferon-γ (INFγ)-mediated embryolethal T helper type1 (Th-1) local uterine 

cytotoxicity during midgestation that is widely considered central to pregnancy failure in 

women with diabetes 101. Although the quality of the blastocyst is important for 

implantation, early pregnancy progression in women and mice requires the induction of 

highly programmed and temporally restrained successions of cellular events that define 

the time at which the uterus is maximally receptive and is termed the “window of 

implantation” (WOI) 7, 22. In the mouse, generation of the receptive uterus reportedly 

occurs around Day 4.5 postcoitum 11 and is characterized by the development of certain 

specific transformational changes in both uterine epithelium and stromal cells, occurring 

at the molecular level 7, 22, 11, 141. Of the latter, the formation of apical, epithelial, 

ectoplasmic projections, which are termed uterodomes (pinopodes) 7 ,22 , is essential for 

the establishment of an initial physical interaction between the trophoectoderm of the 

blastocyst and the “transformed” uterine epithelium during the attachment phase of the 

implantation cascade 11, 141. The formation and maturation of uterodomes are 

mechanistically linked to increased phosphorylation and nuclear translocation of the 
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transcription factors NFκBp65 and STAT3 in the implantation site epithelium  142, 143. The 

induction of phosphorylation of uterine NFκBp65 and STAT3 is believed to be the 

outcome of a nidatory estrogen and is mediated through the local actions of growth 

factors and cytokines, such as leukemia inhibitory factor (LIF) and interleukin1 (IL1) 

during implantation 23. Notably, it has been established that high levels of INFγ are 

detrimental to LIF-induced nidatory changes in uterine cells 144, and that pathologically 

increased expression of INFγ in decidua is consistently observed in diabetic women 

experiencing recurrent spontaneous abortion 145. 

Of the molecular mechanisms that are critical for both human and murine uterine 

receptivity is the strict, timely inhibition of epithelial MUC1 expression 146. MUC1 is a 

large (mass >250 kDa) type 1, or single-pass, cell surface-associated glycoprotein that is 

believed to constitute approximately 10% of the total glycoprotein content of the apical 

cellular glycocalyx, which extends a considerable distance of 200–500 nm into the lumen 

of the uterus (reviewed in references 126, 147. It is believed that MUC1 provides the uterine 

epithelium with lubrication and protection against bacterial and proteolytic attacks 147, 126 .  

Importantly, MUC1 is thought to cause a steric hindrance that masks the expression of 

cell adhesion molecules, such as integrins and selectins, which are critically involved in 

the attachment phase of human and murine blastocyst implantation 146, 147, 126, 31.  

It has been hypothesized that transcriptional and translational inhibition of MUC1 

expression occurring at the surface of uterodomes is vital for supplying a MUC1-free 

zone for embryo-endometrial interactions during implantation in humans 148. However, 
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this strict, timely loss of apical epithelial mucin MUC1 expression from implantation 

sites in mice and women 146, 31 suggests that disruption of mechanisms involved in down-

regulating the expression of MUC1 at the time of implantation may prevent implantation 

and the establishment of early pregnancy in these two mammalian species. 

During early pregnancy, the decidualization of uterine stromal cells that occurs in 

response to the implanting embryo facilitates peri-implantation embryonic development 

149. Th-1 cytokine-mediated disruption of the implantation process results in early 

termination of pregnancy and subsequent infertility in nondiabetic mice 145, 149, 150. 

However, normal levels of expression of inflammatory cytokines are believed to be 

crucial for establishing early pregnancy in mice and women 145, 149 . 

 Of particular interest are certain molecular interactions occurring at the nuclear 

progesterone receptors (PR) involving recruitment of INFγ-inducible protein inhibitors of 

activated STAT-y (PIASy), which are believed to regulate some PR-mediated 

transcriptional activities involved in murine and human implantation, namely, uterine 

MUC1 expression and stromal decidualization in vitro 48, 125, 151 .  

It remains unclear whether decidualization failure in the endometrium of diabetic 

women who are experiencing recurrent spontaneous abortions is related to locally high 

resistance to progesterone signaling during embryo implantation? Therefore, based on the 

aforementioned, I hypothesized that early pregnancy failure in autoimmune diabetic 

subjects is likely a consequence of nonreceptive uterine milieu of uterodome maturation 

failure, poor decidualization, and aberrant expression of the anti-implantation mucin 
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MUC1 during implantation. Results obtained in the present study suggest a detrimental 

role for abnormally expressed uterine INFγ and/or its downstream PIASy-mediated 

suppression of implantation in diabetic NOD (dNOD) mice. The present investigation 

also characterized certain aspects of implantation, both morphologically and molecularly, 

in normally mated and concavalin A (ConA)-induced pseudopregnancy in dNOD mice 

on Days 4.5 and 6.5 postcoitum, respectively. 

  

2.3 Research Design and Methods 

2.3.1 Animal Models and Experimental Design 

All animal procedures and protocols were approved by the University Animal 

Care Committee of Queen’s University. A total of 110 female NOD/ShiLtJ and 25 female 

BALB/c mice were purchased from Jackson Laboratory at the age of 7 weeks. An Ultra 

glucometer (Accu-Chek Aviva/Roche Diagnostic) was used to monitor changes in blood 

glucose of all mice through tail venipuncture once per week beginning at the age of 7 

weeks, during pregnancy, and at the point they were euthanized. Single drops of freshly 

obtained tail vein blood were sufficient to accurately measure blood glucose in all mice. 

Animals having nonfasting blood glucose concentrations of ≥14.9 mMol/L were 

considered diabetic and were annotated as dNOD mice. All normoglycemic mice with 

nonfasting blood glucose concentrations of ≤10.0 mMol/L were referred to as 

normoglycemic NOD (cNOD) mice. Control BALB/c mice were used to further monitor 

changes in cNOD mice and to exclude the possibility of strain-related immune defects in 
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NOD mice on our interpretation of the selected endometrial and/or decidual biomarkers 

of dNOD mice (data not shown). Several animals (n = 5) of the cNOD and dNOD groups 

were allowed to carry to term and were monitored for changes in their blood glucose 

levels throughout pregnancy and 10 days postpartum, as described in the additional data 

(Appendix 1: Fig. 1.1). Except during normal mating and induction of pseudopregnancy, 

all mice were individually housed at ambient temperatures in 12D:12L cycles and ad 

libitum access to a 20% fortified protein pellet diet (Co-op Feeds) and tap water. 

 

2.3.2 Preparation of Pregnant and Pseudopregnant Bead-Induced Deciduoma 

Decidual Samples 

Peri-implantation {Gestational Day 4.5 (E4.5); n = 37–45} and post-implantation 

(E6.5; n = 39–41) pregnant and/or pseudopregnant (E4.5 bead-induced deciduoma {bid} 

and E6.5bid; n =5/group per experiment) mouse uteri were prepared after mice were 

mated with fertile or vasectomized males, as previously described 152. The morning on 

which a vaginal plug could be detected was considered E0.5. Based on the rationale that 

the presence of an embryo is not required for the initiation of decidualization in mice 152 

and in order to assess the responsiveness of the endometrium in dNOD to deciduogenic 

signals in the absence of an embryo, we examined uteri of dNOD mice in response to 

intrauterine-injected ConA beads as the best-described agent for artificially inducing 

decidualization in mice 152 . On average, 15 blastocyst-sized ConA-coated Sepharose 

beads {Sepharose-conjugated (45–156 μm); Sigma-Aldrich} were injected into the lumen 
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of the left uterine horn of anesthetized animals between 1300 and 1600 h on Day 2.5 of 

pseudopregnancy, in accordance with the previously described procedure 152. 

 

2.3.3 Animal Sacrifice and Sample Collection 

Anesthetized (ketamine-xylazine) pregnant and pseudopregnant mice were 

euthanized on the mornings of Days 4.5 and 6.5, by cardiac puncture, between 0900 and 

1100 h. Collected blood samples were left to stand at room temperature for 1 h before 

isolation of their serum, which were stored at −80°C until analyzed for progesterone and 

estradiol (data not shown) by radioimmunoassay, conducted at the Department of Clinical 

Chemistry (Kingston General Hospital, Kingston, Ontario, Canada). Serum samples from 

pregnancy Day 8.5 were also collected and measured for progesterone and estrogen 

levels (data not shown) to validate differences observed in the concentration of these two 

hormones during early pregnancy in dNOD mice. Ovaries, oviducts, and uteri were 

carefully dissected from the carcasses and placed in ice-cold PBS in Petri dishes. Using a 

dissecting microscope, we carefully trimmed all mesenteric fat from uteri, which were 

immediately weighed. The numbers of corpora lutea and implantation sites (viable and 

resorbed) were counted from E4.5 and E6.5 pregnant mouse ovaries and uteri, 

respectively. For protein and/or RNA extraction, segments of uterine horns containing 

interimplantation sites of pregnant and pseudopregnant mice were transected and stored 

in liquid nitrogen. For RNA-targeted applications, decidual samples were stored in an 

RNA-stabilizing buffer (RNAlater RNA stabilization reagent; Qiagen). 



 

 

 38 

2.3.4 Morphological Analysis and Implantation Site Count 

Assessment of the uterine external morphological features in pregnant mice, 

including counts of implantation sites and photography, were performed using a 

computerized dissecting microscope (Leica diagnostic instruments) and image acquisition 

and analytic software (SPOT version 2.2.0). The percentage of peri-implantation embryo 

loss was calculated as described by Bindali and Kaliwal 153, using the formula: percentage 

of peri-implantation loss = (total number of corpora lutea − total number of 

implantations/total number of corpora lutea) × 100%. The mean percentage ± SEM of 

postimplantation embryo loss was calculated by (total number of resorbed implantation 

sites per dam/total number of implantation sites per dam) × 100%. 

 

2.3.5 Antibodies 

A hamster polyclonal antibody (code CT2) recognizing the highly-conserved 

domain SSLSYTNPAVAATSANL of the cytoplasmic tail region of human MUC1 was 

generously provided by Dr. Sandra Gendler (Mayo Clinic, Scottsdale, AZ). Texas Red-

goat anti-Armenian hamster antibody (code SC-2997; Santa Cruz Biotechnology) was 

used for immunofluorescence detection of MUC1. An HPLC-purified (95%) synthetic 

peptide (SSLSYTNPAVAATSANL) (Sheldon Biotechnology Center) was used to 

neutralize CT2 antiserum in preparation of MUC1 control sections. Rabbit polyclonal 

anti-NFκBp65 (code C-100-4165; Rockland Immunochemicals), rabbit polyclonal anti-

phospho-(Ser 536)-NFκBp65 (code SC-33020; Santa Cruz Biotechnology), and rabbit 



 

 

 39 

polyclonal anti-STAT3 and rabbit polyclonal anti-phospho-(Tyr705)-STAT3 antibodies 

(Cell Signaling Technology) were used to examine NFκBp65 and STAT3 expression and 

phosphorylation, respectively. Rabbit polyclonal anti-PGR (code C-19; Santa Cruz 

Biotechnology) and mouse monoclonal anti-PIASy (code C-11; Santa Cruz 

Biotechnology), and their immunofluorescent-conjugated isotype control antibodies 

(Santa Cruz Biotechnology) were used in Western blot (WB) and in immunofluorescence 

analyses, respectively. Bovine Texas Red-conjugated goat-anti-rabbit {immunoglobulin 

G (IgG); Santa Cruz Biotechnology} and AlexaFluor 488-conjugated goat anti-mouse 

antibodies were applied for double-immunofluorescence detection and co-localization of 

PR and PIASy, respectively. Biotinylated monoclonal anti-INFγ (clone 1-D1K 1-biotin; 

Mabtech Inc.) was used for immunohistochemical detection of INFγ in histological 

sections. Isotype anti-mouse IgG was substituted for anti-INFγ antibody in control 

sections. 

2.3.6 MUC1 and INFγ Immunohistochemistry 

Following standard procedures for immunohistochemical labeling of 

deparaffinized tissue sections 154, methacarn-fixed (60% methanol, 30% chloroform, and 

10% acetic acid) paraffin-embedded serial (5-μm-thick) sections of uterine and decidual 

samples from cNOD and dNOD mice were probed for either MUC1 or INFγ. Five 

implantation and interimplantation sites from cNOD mice on E4.5 and E6.5 of pregnancy 

(n =7/group) and dNOD (n =10/group) mice were examined by two independent 

investigators. Texas Red-conjugated goat anti-Armenian hamster antibody (0.8 mg/ml) 
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was used for indirect immunofluorescence detection of MUC1, whereas localization of 

INFγ in labeled uterine sections was visualized with 3,3-diaminobenzidine 

tetrahydrochloride (DAB) substrate (Zymed Laboratories Inc.). Nuclei were 

counterstained with either 4′,6-diamidino-2-phenylindole (DAPI) for immuofluorescence 

detection of MUC1 or with Meyer hematoxylin (Sigma-Aldrich) in INFγ-labeled 

sections. A fluorescent mounting medium (Dakocytomation or Histomount; (Zymed 

Laboratories Inc.) was used in the final preparation of labeled sections. MUC1 control 

sections were incubated overnight at 4°C with neutralized CT2 anti-MUC1 antiserum as 

described earlier. Horseradish peroxidase-conjugated anti-mouse IgG was used as a 

substitute for INFγ in control immunohistochemical staining. 

 

2.3.7 Immunofluorescent Detection and Co-localization of Uterine PIASy and Nuclear 

PGR 

Immunofluorescence detection and co-localization of PIASy and nuclear PR were 

performed with methacarn-fixed paraffin-embedded uterine sections prepared from 

pregnant and pseudopregnant mice at E4.5 and E6.5, respectively, according to standard 

protocol 154. Briefly, dewaxed and rehydrated sections were incubated in a dark 

humidified chamber for 1 h at room temperature in a blocking solution containing 5% 

fetal calf serum in PBS containing 0.05% Tween-20 (PBST). Incubation with the anti-PR 

antibody was carried out at 4°C overnight, after which uterine sections were rinsed twice 

in PBS for 5 min before they were incubated for 45 min at room temperature with Texas 
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Red-conjugated goat-anti-rabbit antibody. After a brief rinse of sections in PBST, each 

for 5 min, the immunohistochemical labeling for PIASy was attempted in a manner 

similar to that described above for PR, using PIASy-specific antibodies described earlier. 

Nuclei were counterstained with DAPI, and fluorescence emission and co-localization in 

immunolabeled uterine sections were analyzed using an inverted laser-scanning confocal 

microscope (Leica model SP2 AOBS). Pixel intensities of yellow fluorescence, which 

represented the percentage of co-localization of green (PIASy) and red (PR) fluorescent 

signals in overlaid images, were quantitatively calculated by intensity correlation analysis 

using ImageJ analytic software (National Institutes of Health; http://rsb.info.nih.gov/ij). 

For controls, anti-PR and anti-PIASy antibodies were replaced with respective isotype 

control anti-mouse IgGs (Santa Cruz Biotechnology) at the same dilution. Intensities of 

nonspecific fluorescence obtained in isotype control-stained uterine sections were 

subtracted from data obtained in positively stained uterine sections. Pearson correlation 

coefficients close to 1 were indicative of a reliable co-localization 155.  

 

2.3.8 Scanning and Transmission Electron Microscopy 

Scanning and transmission electron microscope examinations were performed to 

assess morphological features of uterine receptivity in the implantation sites of tissues 

obtained from cNOD and dNOD mice according to a standard protocol 156. Implantation 

site specimens were fixed in 2.5% glutaraldehyde (in PBS) and postfixed for 1 h at room 

temperature in 1% aqueous osmium tetroxide. For scanning electron microscopy (SEM), 
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samples were dehydrated in a graded series of ethanol solutions, critical-point dried, 

mounted, coated with gold in a sputter coater (Cressington-108 Auto fine coater), and 

examined with a Hitachi (model S-3400N) scanning electron microscope, and images 

were digitally recorded. For transmission electron microscopy (TEM), samples were 

fixed as described above, processed, and embedded in epoxy resin (Epon) according to a 

standard protocol156. Ultrathin (1-μm-thick) sections were prepared from selected regions 

of epoxy-embedded implantation sites and counterstained for 10 min with 4% aqueous 

uranyl acetate, followed by 2 min of treatment with lead citrate, and viewed with a 

Hitachi model 7000 transmission electron microscope operated at 75 kV. 

 

2.3.9 Preparation of Uterine Cytosolic and Nuclear Extracts 

Uterine samples collected from mated normoglycemic and dNOD mice were 

homogenized in homogenization buffer (cytosolic and nuclear extraction buffer kit; 

Biovision Inc.) using an ice-cold, sterile glass Dounce-tissue homogenizer. Separation of 

the cytoplasmic and the nuclear fractions was performed according to the manufacturer’s 

instructions. The protein concentration of each fraction was determined by the Bradford 

assay. Samples were stored at −80°C until further analysis. Nuclear protein fractions were 

used to detect the phosphorylated proteins NFκBp65 and STAT3. 

 

 



 

 

 43 

2.3.10 SDS-PAGE and Western Blot Analysis 

Mouse uterine cytosolic and nuclear proteins were resolved on 6% or 8% (w/v) 

Tris-SDS denaturing polyacrylamide gels (containing 8 M Urea) in 1× sample-loading 

buffer (150 mM sodium chloride, 1.0% Triton X-100, and 50 mM Tris, pH 8.0). Protein 

samples were transferred to polyvinylidene fluoride membranes, and blots were probed 

with the appropriate antibodies, followed by signal detection using Western heightening-

enhanced chemiluminescence advanced chemiluminescence substrate (PerkinElmer Inc.) 

and exposure on X-Omat Blue film (PerkinElmer Inc.). Background-corrected intensities 

of Western blot protein bands on scanned films were processed using Image J software. 

Data were expressed as means ± SEM. Detected as a band at 37 kDa, GAPDH was the 

internal loading control. 

 

2.3.11 Primers, RNA Extraction and Gene Expression Analysis  

Table 2.1 summarizes the primers used in the present study. Primers for INFγ 

(GenBank accession no.NM_008337) and those for MUC1 (GenBank accession 

no. NM_013605) cytoplasmic tail region were designed using Oligo-Calculator version 

3.23 software157 and were cross-checked for specificity through GenBank/NCBI and/or 

online FASTA sequence comparison resources (FASTA Sequence Comparison at the 

University of Virginia; http://fasta.bioch.virginia.edu) and the Washington University 

Basic Local Alignment Search tool (WU-

BLAST; http://www.ebi.ac.uk/Tools/sss/wublast/nucleotide.html). RNeasy mini-kits 
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(Qiagen) and silica-membrane RNeasy spin columns (Qiagen) were used to prepare total 

RNA from frozen uterine samples of nulliparous and pregnant mice according to the 

manufacturer’s instructions. Total RNA (2 μg) was treated with DNase (1 U·ml−1) and 

reverse transcribed using a first-strand complementary DNA synthesis kit (Qiagen). 

Quantitative-PCR assays were carried out in triplicate with equal aliquots of cDNA (2 

μl), using the Rotor Gene 3000 instrument (Corbet Real Time PCR) and iTaq Fast SYBR 

Green Supermix with the reference dye ROX (Bio-Rad Laboratories Ltd.) in a 20-μl-

reaction volume. The relative expression level (R) and fold change in MUC1 gene 

expression were calculated using the comparative threshold cycle (ΔΔCT) method with 

normalization to that of cytsolic GAPDH. R-values were measured as the negative values 

of ΔΔCT as exponent of 2 according to the equation: R = 2^(−ΔΔCT) where ΔΔCT = 

ΔCT (Target) − ΔCT (Endogenous Control) 158. INFγ mRNA expression was also 

examined with a conventional semiquantitative PCR assay using equal amounts of 

mRNA and iTaq-DNA polymerase (Qiagen). A revised transcribed complementary DNA 

obtained from lipopolysaccharides-stimulated mouse peritoneal cells (generously 

provided by Dr. Myron R. Szewczuk, Queen’s University, Kingston, Ontario, Canada) 

and the INFγ complementary sense sequence “GTCTGGCCTGCTGTTAAAGC” 

(ACGT-DNA Technologies Corp.) were used for the positive and negative control 

detection of murine INFγ, respectively. Nucleotide sequences of amplicons generated by 

qPCR and/or semiquantitative PCR were confirmed by ACGT-DNA Technologies.  
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2.3.12 Cytokine Profiler Array Analysis 

Quantification of implantation sites’ cytokines in the cNOD and dNOD relative to 

those of BALBc/J mice was performed using the Mouse Cytokine Proteome Profiler 

Array Panel A kit (R&D Systems) according to the manufacturer’s exact specifications. 

For maximum sensitivity, supernatants (500μl each) of samples were incubated with the 

supplied Cytokine Array Panel A Antibody Cocktail for 24 hour at 4°C under constant 

agitation. After blocking the array membranes with the supplied blocking buffers, 

supernatant-antibody mixtures were added to the membrane and blots were incubated 

overnight at 4°C on a shaking platform. Afterwards, membranes were washed in a wash 

buffer before they were incubated with streptavidin-HRP [1:500 (vol/vol) in 5% (vol/vol) 

non-fat milk (Thermo Fisher, Canada) in PBBS-T] for 30 minutes at 23°C. Blots were 

then washed and Enhanced chemiluminescence incubation was conducted for 5 min 

using the SuperSignal West Femto chemiluminescent kit (Thermo Scientific, Canada). 

Images were then captured and analyzed using Alpha-Innotech H2D Imager coupled with 

AlphaEaseFC software (version 4.1, Alpha Innotech, San Leandro, CA). Fold change in 

placental cytokine expression was calculated using the equation “Fc = log2 (Eka)- log2 

(Ekb)” where ‘Eka ‘is the expression level of the control dams and Ekb is that of the test 

group. 

 

2.3.13 Test Article and Dose Formulation 

Based on the rationale that gestational complications in the overly diabetic dNOD 

mice are immunological in nature 101,118, I have conducted a series of preliminary studies 
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using the macrolide immunosuppressant tacrolimus to treat infertility in this mouse strain. 

At a dose of 0.1mg/kg administered on every second day regimen during weeks 9-11 of 

age (Appendix 1: Fig. 1.13), Accordingly, tacrolimus (FK506) (Tacrolimus-Astellas 

Pharma US, Inc., Deerfield, IL) was administered subcutaneously to the overly diabetic 

dNOD mice for three consecutive weeks prior to mating (Appendix 1: Fig. 1.13). Animal 

body weight and blood glucose were monitored during this period and throughout 

gestation. The uterine expressions of certain pro- and anti-inflammatory cytokines, as 

well as serum levels of E2 and P4 and the uterine expression of MUC1 protein were 

compared among experimental groups. These data are presented in Appendix 1 of this 

thesis.  

 

2.3.14 Measurements and Statistical Methods 

To investigate the association between uterine MUC1 mRNA expression and the 

degree of co-localization of PIASy and PR (represented as the percentage of Pearson 

correlation coefficient in double-immunofluorescence assays), scatter plots were prepared 

for all datasets of cNOD and dNOD dams during early pregnancy and pseudopregnancy. 

Linear regression analyses were performed to determine the slope for the best-fit line in 

each data set, and Spearman correlation coefficients were calculated. In Western blot 

analyses, signal intensities of detected protein bands were measured using Image J 

software. All data are means ± SEM and were analyzed with Graph-Pad Prism 5 

software. Significant differences among groups of mice were examined with one-way 

ANOVA followed by Bonferroni modified post hoc t-tests with 95% confidence 
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intervals. Independent one-tailed Student t-tests were used to examine differences in peri-

implantation loss and percentage of resorption among pregnant NOD groups. 

 

2.4 Results: 

2.4.1 Morphological Features of Early Pregnancy in dNOD mice 

The impact of diabetes on peri- and postimplantation development of pregnant uteri 

in NOD mice was first assessed morphologically. Overly diabetic dNOD mice had 

significantly fewer implantation sites on E4.5 than cNOD mice (Fig. 2.1, compare A with 

D and the bar graphs in G and Tables 2 and 3) and a significantly higher rate (P < 0.001) 

of embryo resorption at E6.5 (Fig.2.1, compare B and C with E and F and the bar graphs 

in H, and Table 2.2). Under normal circumstances, successful implantation in the mouse 

leads to a subsequent localized decidualization of the adjacent endometrial stroma, 

causing enlargement of the uterine segment and an increased endometrial vascular 

permeability at implantation sites 152. The first macroscopically visible evidence of 

successful implantation was localized hypervascularity that could be visualized through a 

transmitted beam of light passing through the uterine body placed against a dark 

background. Therefore, in the uteri of cNOD mice at E4.5 and E6.5, embryo implantation 

and postimplantation sites were identified by virtue of their characteristic beaded 

appearance and their vascular red color as observed through a dissecting microscope (Fig. 

2.1, A and D). Resorbed postimplantation sites were identified by their relatively smaller 

size and their decreased vascular appearance compared to viable implantation sites in 
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cNOD mice (Fig. 2.1, B and C). However, resorption among E6.5 implantation sites in 

overly diabetic dNOD mice was identified by virtue of its relatively smaller size and 

characteristic brownish discoloration (Fig. 2.1, E and F). Consistent with decidualization 

failure in normally mated dNOD mice, uterine wet weight was significantly lower (P < 

0.05) in the overly diabetic dNOD at E4.5, E6.5, E4.5bid and E6.5bid, respectively 

(Appendix 1: Fig. 1.2). Morphometric analysis of decidualized uterine cross-sectional 

regions also revealed significantly smaller decidoumas in the uteri of normally mated and 

ConA-pseduopregnant overly diabetic dNOD mice (P = 0.0015; average surface area of 

158.3 ± 65 mm2 compared to an average decidualized area of 388.3 ± 70.1 mm2 in the 

cNOD at E4.5bid, n = 5. (see Appendix 1: Fig. 1.3). 

 

2.4.2 Ultrastructural Features of Implantation Sites in dNOD mice 

To morphologically assess uterine receptivity in dNOD mice, we compared the 

ultrastructural features of implantation sites prepared from the uteri of dNOD mice at 

E4.5 to those observed in cNOD mice. Among the alterations in the surface epithelium of 

the mammalian endometrium in preparation for implantation is the formation of 

uterodomes or pinopodes 22, 11. Based on their morphological appearance that reflects the 

stages of their development, uterodome stages are classified as developing, developed 

(mature), or regressing 22. Accordingly, particular attention was paid to the morphology 

of these structures in our electron micrscopy study. In Figure 2.2A, a low magnification 

SEM image revealed a relatively high density of mature uterodomes with 

characteristically large, dome-shaped terminal ends developing at implantation sites in 
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cNOD; this is best illustrated at the higher magnification shown in Figure 2.2, B and C. 

However, the surface topography of the uteri of dNOD mice showed a morphological 

appearance that was different from these structures. Figure 2.2D shows a low 

magnification SEM image of the luminal surface of the uterus of a representative dNOD 

mouse at E4.5. There appears to be a reduced number of mature uterodomes, as shown by 

patches of luminal surface dominated by underdeveloped or immature microvilli (Fig. 

2.2E). Importantly, the absence of well-developed uterodomes at the implantation site 

luminal epithelium coincides with implantation failure at E4.5 (Fig. 2.2F) and reduced 

uterine expression of LIF (Appendix 1: Fig. 1.4) in the diabetic mice. 

In rodents, uterodome maturation has been linked to structural alterations in the 

apical and lateral plasma membranes in uterine cells. The reduced expression of apical 

cell surface glycoproteins and the structural downregulation of lateral junctional 

complexes, such as tight junctions, adherens junctions, and desmosomes, have been 

linked to successful implantation reaction in mammalian uterine epithelium 141. 

Therefore, we further assessed uterodome maturation in dNOD mice by using TEM. As 

shown in Figure 2.3, A and B, implantation sites obtained from cNOD mice revealed that 

mature uterodomes exhibited a relatively glycocalyx-free cell surface and were associated 

with features suggestive of increased secretory activity, such as the relative abundance of 

Golgi complexes and outbursts of secretory materials (Fig. 2.3, A and B). Contrary to 

this, the sparsely distributed and partially developed uterodomes in the overly diabetic 

dNOD mice at E4.5 were coated with a relatively thick layer of glycocalyx, frequently 
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harbored intercellular clefts or blebs on their lateral plasma membranes, and contained 

many lipid droplets and/or vacuoles accompanied by the frequent presence of inclusion 

bodies (Fig. 2.3, C and D). 

 

 2.4.3 Uterine MUC1 Expression in dNOD Mice at Embryo Implantation 

MUC1 is a major anti-implantation mucin abundantly expressed on the apical 

surface of luminal and glandular uterine epithelia in mice and humans 31, 146. Loss of 

MUC1 from the implantation site is believed to be essential for the establishment of a 

successful trophoblast-uterine interaction in vitro 146, and MUC1 is downregulated at the 

time of embryo implantation in mice 31. However, compared to cNOD, MUC1 mRNA 

measured 4.97 ± 0.3-fold higher in the uteri of dNOD at E4.5 (Fig. 2.4A, compare DE4.5 

with NE4.5). The expression of uterine MUC1 protein was also significantly higher (P < 

0.001) in the uteri of dNOD dams during the time of implantation, as quantified in 

Western blotting (Fig. 2.4B, compare lanes 1 and 4 and their corresponding bar graphs) 

and as demonstrated in histological sections (Fig. 2.4C, compare A1-A2 with E1-E2).  

Progression of normal pregnancy to E6.5 in cNOD mice corresponded with an 

increase in MUC1 mRNA expression by 1.9 ± 0.2-fold (Fig. 2.4A, compare NE6.5 with 

NE4.5). Unpredictably, the uteri of pregnant, age-matched dNOD dams expressed 

significantly low levels (P < 0.001) of MUC1 mRNA (2.06 ± 0.17-fold less) (Fig. 2.4A, 

DE6.5 versus NE6.5) and MUC1 protein on E6.5 (Fig. 2.4B, compare lanes 2 and 4 and 

corresponding bar graphs).  
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Alterations in the expression of MUC1 during peri- and postimplantation in the 

normally mated and ConA-induced decidualization in dNOD mice were also confirmed 

in histological sections (Fig. 2.4C, see B1-B2 and F1-F2). This aberrant pattern of MUC1 

expression in early diabetic pregnancy was similarly observed in the uteri of 

pseudopregnant overly diabetic dNOD mice during E4.5 (DE4.5bid) and E6.5 (DE6.5bid) 

as determined by qPCR (Fig. 2.4A, DE4.5bid and DE6.5bid versus NE4.5bid and 

NE6.5bid), in WB (Fig. 2.4B, compare lanes 5 and 6 with lanes 7 and 8 and 

corresponding bar graphs) and in histological sections (Fig. 2.4C, compare C1and C2 and 

D1 and D2 with G1 and G2 and H1 and H2). The fold change in MUC1 mRNA measured 

2.5 ± 0.17 higher (P < 0.001) and 2.1 ± 0.06 lower (P < 0.001) during DE4.5 bid and 

DE6.5 bid, respectively (Fig. 2.4A). 

 

2.4.4 Uterine Expression of Phosphorylated STAT3 and NFκB during Peri- and 

Postimplantation Periods 

Activated (phosphorylated) STAT3 and NFκB are two molecular biomarkers of 

uterine receptivity widely used to test for identification of the “implantation window” in 

mouse and in the human uterus 142, 143. In view of our current findings of uterodome 

maturation failure in dNOD mice, I next examined uterine expression of STAT3 and 

NFκBp65 and their phosphorylated forms, pSTAT3-Ty705 and pNFκBp65, respectively, 

during embryo implantation. As shown in Figure 2.5A, unlike their expression in cNOD 

mice, the expression of pSTAT3-Ty705 was low in the uteri of overly diabetic dNOD 

mice at E4.5 but was induced at the postimplantation period at E6.5, respectively (Fig. 
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2.5A, compare lanes 1 and 2 with 3 and 4 and corresponding bar graphs). Of particular 

note was the failure of pSTAT3-Ty705 to mount during E6.5 in the ConA-induced 

decidualization in dNOD (Fig. 2.5A, compare lane 4 with 8 and their corresponding bar 

graphs). The latter may indicate some “compensatory” decidual response in STAT3 

phosphorylation to delayed implantation in the normally mated overly diabetic dNOD 

mice. Similarly, the induction of pNFκBp65 was less prominent in dNOD mice at E4.5 of 

their normal pregnancies and ConA-induced pseudopregnancy (Fig. 2.5B, compare lanes 

3 and 7 and corresponding bar graphs). Interestingly, the pattern of pNFκBp65 expression 

paralleled that of pSTAT3-Ty705 in the uteri of dNOD mice during E4.5 and E6.5 of 

normal pregnancy (Fig. 2.5, A and B, compare lanes 3 and 4 and corresponding bar 

graphs). However, unlike STAT3, the phosphorylation pattern of NFκBp65 during 

E4.5bid and E6.5bid in dNOD mice was similar to that observed in the normally mated 

dNOD mice at E4.5 and E6.5, respectively (Fig. 2.5B, compare lanes 3 and 4 with 7 and 

8 and corresponding bar graphs). This apparent discrepancy in the expression of 

pSTAT3-Ty705 and pNFκBp65 in response to ConA-induced decidualization in dNOD 

mice could be perceived in view of the differences in the underlying molecular 

mechanisms involved in the activation of these two transcriptional factors in the 

artificially decidualized mouse endometrium. Nevertheless, the currently observed 

peculiarity in the temporal expression and phosphorylation of STAT3 and NFκBp65 in 

the context of delayed expression of these two activated proteins at 48 h past the time 
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anticipated for embryo implantation in the normally mated dNOD mice may suggest 

delayed implantation response in these mice. 

 

2.4.5 Uterine IFN Expression During Peri- and Postimplantation in dNOD Mice 

The aberrant expression of INFγ is pivotal in the development of diabetes in NOD 

mice 159, 160. Importantly, INFγ is critically involved in antagonizing the functions of 

nuclear PGR signaling and in restricting the morphological transformation of uterine 

stromal cells during decidualization 48.  

Based on the findings from the aforementioned studies and following my 

observation of implantation and decidualization defects in the uteri of dNOD mice, I 

examined the expression of INFγ both at the mRNA level and in histological sections of 

uteri obtained from cNOD and dNOD mice during embryo implantation. My present data 

indicated an aberrantly high level expression of INFγ mRNA transcripts detected in the 

uteri of pregnant and pseudopregnant dNOD mice relative to those of cNOD mice at E4.5 

and E6.5 (Fig. 2.6A, compare lanes 1 and 2 with 3 and 4 and their respective histograms).  

Contrary to the previously reported non-pathological pattern of INFγ detection in 

normoglycemic mice 161 , in which positive immunolabeling was detected in what is 

believed to be uterine Natural Killer (uNK) cells in the stroma proximal to decidual 

vasculature (Fig. 2.6B, see A–H), we have detected an intense immunoreaction to be 

associated with the epithelial (luminal and glandular) and stromal cells in uteri of 

normally mated and ConA-induced pseudopregnant overly diabetic dNOD mice (Fig. 

2.6B, see I–P). 
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2.4.6 Uterine PGR and PIASy Expression and Their Co-localization in cNOD and 

dNOD Mice at Peri- and Postimplantation 

Uterine nuclear PGRA and PGRB are key modulators of uterine inflammatory 

signals during decidualization and are critically involved in regulating MUC1 expression 

151. The mouse uterus is a PGRA-dominated endometrium, and changes to the expression 

of both PGR isoforms A and B reflect a parallel fluctuation in serum progesterone levels 

in this rodent species 52. Significantly elevated levels of serum progesterone (P4) (P < 

0.01) were measured in the blood of overly diabetic dNOD mice during E4.5 

(see Appendix 1: Fig. 1.5). The expression of PIASy is a known modifier of nuclear PGR 

signaling in human and murine uterine cells, including those mediating decidualization 

and MUC1 expression in vitro 48,125. Therefore, in view of our current findings of poor 

uterine decidualization and aberrant expression of MUC1 in the uteri of normally mated 

and pseudopregnant overly diabetic dNOD mice, we examined the protein expression of 

PGR and PIASy and their immunohistochemical co-localization in the uteri of cNOD and 

dNOD mice during peri- and postimplantation. 

 

2.4.6.1 PGR Expression in the Uteri of cNOD and dNOD Mice at Peri- and 

Postimplantation: 

My current data showed that during implantation in cNOD mice at E4.5, the 

expression levels of both nuclear isoforms of PGR and especially that of PGRB were 

significantly reduced (P < 0.001) to nearly undetectable levels (Fig. 2.7A, compare lanes 
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1 and 2 and corresponding bar graphs). However, the uterine expression of both 

progesterone receptor isoforms was upregulated after successful embryo implantation in 

the normally mated cNOD mice at E6.5 (Fig. 2.7A, compare lanes 1 and 2 and 

corresponding bar graphs). Unexpectedly, I found uteri of dNOD mice were expressing 

higher-than-normal levels of PGRA but not PGRB at E4.5 (Fig. 2.7A, compare lanes 3 

and 1 and corresponding bar graphs), whereas reduced expression of both receptor 

isoforms was observed in all dNOD mice examined at E6.5 (Fig. 2.7A, compare lanes 3 

and 4 with 1 and 2 and corresponding bar graphs). Importantly, we were unable to detect 

uterine PGRB expression during the induction of an artificial decidualization with ConA 

beads in both cNOD and dNOD mice. However, expression of PGRA but not PGRB was 

aberrantly induced in the uteri of overly diabetic dNOD mice on pseudopregnancy 

E4.5bid rather than on E6.5bid (Fig. 2.7A, compare lanes 7 and 8 and corresponding bar 

graphs). 

 

 2.4.6.2 PIASy Expression and Its Co-localization with Nuclear PGR in the Uteri 

of cNOD and dNOD Mice at Peri- and Postimplantation: 

Decidual PIASy protein showed a steady increase in its production in cNOD mice, 

with the largest amount detected on E6.5 of pregnancy (Fig. 2.7B, see lanes 1 and 2 and 

corresponding bar graphs). Immunohistochemical labeling revealed an intense 

immunostaining of PIASy in both stromal and epithelial compartments on E6.5 of normal 

pregnancy (Fig. 2.8, compare B1 with B2). However, co-localization of PIASy with PR 
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was markedly evident at E4.5 rather than at E6.5 in the uterine epithelial cells of 

normally mated cNOD mice (Fig. 2.8, compare C1 and D1 with C2 and D2 and 

corresponding bar graphs).  

Unexpectedly, during the induction of deciduoma in cNOD on E4.5bid, rather 

than on E6.5bid, we observed an induced expression of PIASy protein (Fig. 2.7B, 

compare lanes 1 and 2 with 5 and 6 and corresponding bars graphs; Fig. 2.8, compare B3 

and B4 and corresponding bar graphs). Nevertheless, PIASy co-localization with PGR 

sites was more evident in the uterine epithelium at E6.5bid than E4.5bid in the cNOD 

mice (Fig. 2.8, compare D3 and D4 and corresponding bar graphs). Thus, it appears that 

signals from an implantation capable embryo might have influenced PIASy expression 

and promoted its recruitment to the PGR binding sites in a normally decidualized uterus 

in cNOD mice. 

 Overly diabetic dNOD mice showed a very different PIASy expression pattern 

and its co-localization with PGR than those of pregnant and pseudopregnant cNOD mice. 

Decidual PIASy expression was significantly low in the uteri of dNOD mice at E6.5 and 

E4.5bid as revealed by Western blot (Fig. 2.7 B, see lanes 3 and 4 and 7 and 8 and 

corresponding bar graphs). Surprisingly, despite apparent discrepancy in the expression 

pattern of PIASy during the aforementioned gestational days in dNOD mice, 

semiquantitative analysis of immunostaining intensity demonstrated an increased co-

localization of the two proteins in the epithelial and stromal compartments of poorly 

decidualized uteri in dNOD mice at E6.5 and E6.5bid rather than on E4.5 and E4.5bid, 
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respectively (Fig. 2.8, compare D6 and D8 with D5 and D7 and corresponding bar 

graphs).  

 

2.5 Discussion 

 The present study examined morphological and molecular features of endometrial 

receptivity in dNOD mice. High rates of mid-gestational fetal resorption and poor 

pregnancy outcomes in dNOD mice have suggested that this mouse strain may be a 

model of intrauterine growth restriction, and these outcomes are thought to be mediated, 

at least in part, by an abnormally high level of INFγ production in the uteri of dNOD 

mice during gestation 101. Of particular note is the current finding of an inability of dNOD 

mice, which express high levels of INFγ in their uteri, to generate a receptive uterine 

milieu at the time anticipated for implantation to occur. This observation was manifested 

in high rates of peri- and postimplantation failure, defective maturation of uterodomes; 

lack of timely phosphorylation of STAT3 and NFκBp65 and the abnormal induction of 

uterine MUC1 and PIASy expression. 

Several possible explanations exist for the high percentage of peri-implantation 

loss in the uteri of dNOD mice reported in the present study. Although it is likely that 

INFγ-mediated embryotoxicity may have been predisposed to restricted peri-implantation 

embryo development, a possible role for maternal hyperglycemia in inflicting the high 

rate of embryo demise cannot be ruled out. Overly diabetic dNOD mice were persistently 

hyperglycemic throughout their gestation (Appendix 1: Fig. 1.1). The contribution of 
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murine hyperglycemia to pregnancy failure in diabetes has been studied both in vitro and 

in vivo. In an in vitro model of murine peri-implantation under conditions mimicking 

poorly controlled maternal diabetes, Fraser et al. 162 identified certain hyperglycemia-

induced developmental delays during the pre-compaction morula stage that contributed to 

failed postimplantation embryo development observed in diabetic mice. In INFγ-deficient 

dNOD mice, Seaward et al. 163 noted that failed postimplantation pregnancy is likely a 

hyperglycemia-mediated event. However, in pregnant, overly diabetic dNOD mice, 

Burke et al. 101 attributed morphological features of embryonic intrauterine growth 

restriction and placental insufficiency to pathologically high levels of INFγ 101. Indeed, 

high-level production of INFγ at implantation sites is disadvantageous to peri-

implantation gestational success 164.  Glynn et al.  165 reported a detrimental role for high 

levels of INFγ on transforming growth factor beta-1 (TGFβ1)-induced maternal tolerance 

during early pregnancy, and they suggested a causative role for aberrant expression of 

this pleotropic, proinflammatory cytokine in pregnancy failure in women with recurrent 

miscarriages 165. Embryotoxicity mediated by INFγ has also been demonstrated in vitro in 

mouse trophoblast maturation assays 166, 167. Fontana et al. 166 found that exogenous 

administration of INFγ drastically inhibited growth of the inner cell mass, impairing the 

outgrowing stage and resulting in the degeneration of trophoblast cells in a manner 

similar to changes occurring in embryos exposed to sera from women suffering from 

recurrent spontaneous abortions 167.  
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In an upublished observation of the uteri of dNOD mice on E4.5 and E6.5, we 

noticed that implantation sites and embryonic cellular remnants were heavily infiltrated 

with CD45-positive cells, which is suggestive of an increased T-cell recognition of 

embryonic components very early in the pregnancies of dNOD mice. Therefore, it is 

tempting to speculate that late onset implantation response in the uteri of dNOD mice is 

exposing the conceptus to an increasing risk of prolonged and sustained exposure to a 

local cytotoxic milieu, thereby resulting in the currently observed high rate of failed 

implantation and postimplantation resorption in dNOD mice at E4.5 and E6.5, 

respectively. Indeed, using a cytokine multiplexing assay, we have confirmed an aberrant 

expression of INFγ, TNFα and IL16 (Appendix 1: Fig. 1.7), as well as abnormally high 

levels of an INFγ-inducing proinflammatory cytokines in the uteri of dNOD mice at 

E6.5 represented by the upregulated expression of IL12p70, and IL27 (Appendix 1: Fig. 

1.8). IL12 and IL27 are believed to induce a Th-1-committed immune response through a 

variety of mechanisms, some of which involve activation of pSTAT3-Ty705 in 

mammalian cells in-vitro 168. Furthermore, consistent with our current report on failed 

implantation and high rate of postimplantation resorption among overly diabetic dNOD 

mice, we have detected a high expression ratio for IL1α:IL1β and an aberrant 

expression of the INFγ downstream targets of C-C and C-X-C motifs, namely CCL2, 

CCL5 (RANTES), CXCL1 (KC) and SDF-1 as well as that of IL1ra expression in the 

uteri of dNOD mice at E4.5 of gestation (Appendix 1: Figs. 1.7, 1.9, and 1.10, 

respectively). Based on the irregularities of the uterine expression of the aforementioned 
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pro-inflammatory cytokines, we believe that immunosuppression may be required to 

restore a receptive uterine milieu at implantation. Further details on this notion are 

described in Chapters 3 of this thesis.   

Besides its role in inducing phosphorylation of NFκB 169, IL1β has also been 

proposed to play a critical role in potentiating immunotolerance at the maternal-

trophoectodermal interface, both at and beyond the WOI in viviparous animals 170. INFγ 

is potentially capable of downregulating IL1β through a variety of intracellular signaling 

pathways, some of which involve PIAS and/or suppressor of cytokine signaling (SOCS)-

related mechanisms 171, and when administered exogenously, non-physiological 

concentrations of INFγ inhibited the expression of IL1β in the rat uterus during 

implantation 172.  

Moreover, the loss of temporal regulation of the uterine expression of PGRA and 

PGRB during WOI and at the immediate postimplantation period in the uteri of overly 

diabetic dNOD mice is likely augmenting an INFγ-related inhibition of the 

uterine/decidual expression of IL1β, NFκB, and LIF during murine implantation. 

Stimulation of uterine IL1β, NFκB, and LIF axis during WOI is critical to establishing 

pregnancy in the mouse and is linked to a subsequent activation of a variety of 

downstream uterine mechanisms involved in regulating embryo-uterine interactions at 

implantation, such as certain Th-2-committed cytokines/chemokines and growth factors, 

namely IL6, IL8, GCSF, and GMCSF; cell adhesion molecules such as selectins, 

integrins, and heparin-binding EGF (HB-EGF) receptors; enzymes and modulators of 
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tissue remodeling such as metallopeptidases (MMPs) and their inhibitors (TIMPs), 

prostaglandin-endoperoxide synthase 2 (PTGS2) and aquaporins 173. Thus, it appears that 

an intriguing, albeit complex network of INFγ-related molecular events including but not 

limited to dysregulated activation of the nuclear transcriptional factors pSTAT3-Ty705, 

pNFκBp65 and PGRA, and the aberrant expression of some key Th-1 pro-inflammatory 

cytokines, namely IL1, IL12, and IL27 as well as IL2 (Appendix 1: Figs. 1.7, 1.8 and 

1.10) in the uteri of dNOD at E4.5 are jeopardizing the murine implantation cascade and 

are detrimental to peri- and postimplantation embryo development in diabetes. 

Restricted maturation of uterodomes and lack of coordinated suppression of 

uterine MUC1 at implantation (Fig.2.4) in the uteri of overly diabetic dNOD mice is 

mostly multifactorial in nature, possibly reflecting a combined action of high levels of P4 

secretion and profuse production of Estradiol (E2) (Appendix A, Fig. A1.11) and INFγ 

(Figs. 2.6 and Appendix A, Fig. A1.7) in dNOD mice. Experimental evidence in rodents 

has established the necessity for the transformation of a microvillous apical plasma 

membrane into a smooth, flattened, albeit bulging plasma membrane at the site of 

uterodome formation for successful blastocyst attachment 11, 174. Multiple maternal 

hormonal, cytokine, and paracrine-regulated mechanisms are central to the latter uterine 

epithelial membranous transformation occurring at implantation in rodents 11, 174. Among 

the former maternal factors, P4 is critical to endometrial receptivity 174. Under nondiabetic 

conditions, physiologically normal levels of P4-induced elongation but not widening of 

tight junctions, loss of adherens junctions, and downregulation of key desmosomal 
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proteins, thereby reducing the complexity of the desmosomal structure of the lateral 

uterine plasma membrane during implantation in mice 174.  

It is presently unclear whether the abundantly high levels of serum P4 and E2 at 

E4.5, compiled with that of a locally overexpressed MUC1 would have inflicted the 

currently observed dysmorphism in the lateral plasma membrane, including widening of 

the junctional complexes in dNOD mice at the time of embryo implantation (Fig. 2.3). 

Overexpressed MUC1 weakens the integrity of junctional complexes in the lateral plasma 

membrane in an E-cadherin and beta-catenin-dependent mechanism 175. Therefore, it is 

likely that a defect(s) in the mechanism(s) regulating uterine MUC1, allowing its 

overexpression on day 4.5 of pregnancy in the overly diabetic dNOD mice, may have 

predisposed to uterodome maturation failure, and altering the polarity of the apical and 

lateral uterine epithelial plasma membranes to incur nonreceptivity. However, a possible 

role for the attenuated uterine production of LIF and the abnormally high local levels of 

INFγ in the induction of the aforementioned malformations in the apical and lateral 

plasma membranes of uterine epithelium cannot be excluded. At pathologically high 

concentrations, INFγ is capable of inducing endocytosis of tight junctional proteins, 

thereby inducing vacuolization of apical and lateral plasma membranes in mammalian 

epithelial cells in-vitro 176.  Moreover, INFγ inhibits LIF-mediated secretory activity 

involved in the maturation process of uterine pinopodes 177, and INFγ has also been 

described as a potent inhibitor of growth factors such as platelet-derived growth factor 

(PDGF), transforming growth factor beta (TGFβ) and the cytokines TNFα and IL1-
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induced LIF as demonstrated in human endometrial stromal cells in-vitro 144.  In mice and 

humans uteri, LIF acts in conjunction with biological mediators released by the 

blastocysts to induce maturation of the apical uterodomes through phosphorylation and 

activation of STAT3 and NFκB signaling during the WOI 23, 142,178. 

Although the exact mechanism of INFγ-mediated LIF inhibition in uterine cells is 

not well understood, a suggested role for PIASy-mediated inhibition of LIF signaling 

seems likely. Nelson et al. 49 showed that in yeast two-hybrid assays and in mammalian 

cells in vitro, PIASy interferes with DNA binding of the nuclear transcriptional factor 

p53 and blocks its expression of downstream target genes. It is recognized that p53 

signaling is indispensible for the establishment and progression of early pregnancy 50, and 

LIF is a known p53 downstream-response cytokine gene 50. Further studies are warranted 

to elucidate the nature of the interaction between PIASy and p53 at implantation under 

normal and diabetic conditions. 

Moreover, it is likely that abnormally high levels of INFγ might have driven the 

aberrant expression of PIASy and its co-localization with nuclear PGR in dNOD mice 

during implantation. However, a possible inhibitory role for the attenuated 

phosphorylation of NFκBp65 on the uterine expression of PIASy and its (PIASy) 

tendency to co-localize to PGR in the dNOD mice at implantation could not be ruled out 

at present. Taken together, and based on the findings obtained in the present study of an 

aberrant induction of PIASy, an inhibition of STAT3 phosphorylation and defective 

uterodome maturation during the time expected for the embryo to implant in dNOD mice, 



 

 

 64 

the molecular events involving a possible role for INFγ in the association with 

morphological features of implantation defects in dNOD mice were being proposed as 

illustrated in Figure 2.9. 

Among the features suggestive of restricted uterine receptivity in overly diabetic 

dNOD mice was the aberrant upregulation of uterine MUC1, both at the transcriptional 

and translational levels, as well as the serum levels of E2 and P4 at E4.5 (Appendix 1: Fig. 

1.11) at the time of implantation. Despite reported differences in molecular mechanisms 

involved in the regulation of MUC1 expression at implantation in mice and humans 31, 

146, it is widely held that the downregulation of MUC1 expression during the implantation 

window in the mouse is maternally regulated through a transient PGR-initiated functional 

withdrawal of the endometrial epithelial estrogen and progesterone receptors between 

days 3.5 and 4.5 of the mouse pregnancy 31, 125, 151.  Therefore, it is intuitive to speculate 

that the inability of the uterus of the overly diabetic dNOD mice to support implantation 

represents a state of E2 dominance and heightened maternal P4 resistivity at implantation 

that are likely linked, at least in part, to the aberrant expression of the pro-inflammatory 

cytokine and chemokines INFγ, TNFα, IL16, IL12P70, 1L23 and IL27. Accordingly, 

based on the information provided in this chapter, we believe that immunosuppression of 

overly diabetic dNOD mice is beneficial to establishing uterine receptivity. Indeed, the 

pre-pregnancy administration of the macrolide immunosuppressant tacrolimus (0.1mg/kg 

sc q2d) was successful in normalizing serum levels of and E2 and P4 (Appendix 1: Fig. 



 

 

 65 

1.11), as well as the uterine expression of MUC1 protein at implantation (Appendix 1: 

Fig. 1.12) in the overly diabetic dNOD mice. 

Among co-chaperon proteins of the PGR involved in regulation of murine and 

human MUC1 expression is PIASy 125. PIASy is a downstream INFγ response protein 

involved in damping INFγ-induced cellular responses and in antagonizing PGR-mediated 

transcription in the mouse and human uterus 48. Brayman et al. 125 reported a potent, dose-

dependent inhibitory effect of PIASy on both basal and P4-stimulated MUC1 expression 

in mouse and human uterine cells in-vitro 125. It is believed that PIASy-mediated MUC1 

inhibition is an outcome of the recruitment of nuclear co-repressors to the PGR-response 

element of the MUC1 promoter in response to PIASy co-localization to nuclear PGR 125. 

It is also believed that co-localization of PIASy to liganded-PGR inhibits INFγ signaling 

in a regulatory feedback mechanism that recruits certain nuclear co-repressors of 

transcription such as C-terminal binding proteins and receptor-interacting protein 140, 

thereby providing resistance against INFγ-mediated cytotoxicity during progression of 

early pregnancy for the decidualizing cells 48, 125. 

Despite the inhibitory role of high levels of INFγ on P4-mediated transcription, at 

least in part by promoting the formation of a PIASy-PGR complex and by recruiting 

different nuclear co-repressors of PGR in the decidualizing mouse uterine stromal cells 

48, little is known about the role of PIASy in modulating mouse uterine epithelial and 

stromal responses including MUC1 expression and the induction of decidualization 

during implantation in diabetic subjects. Based on the rationale that MUC1 expression in 
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uterine cells is downregulated by the recruitment of PIASy to nuclear PGR binding sites 

125, we carried out a linear regression analysis to examine whether there is a correlation 

between uterine MUC1 mRNA expression during early pregnancy in normoglycemic and 

diabetic NOD mice and the degree of co-localization of PIASy and PGR in these uteri 

(Appendix 1: Fig. 1.6). Supporting the previously reported potent inhibitory effect of 

PIASy in the downregulation of MUC1 at the transcriptional level in-vitro 125, our current 

evidence of a strong positive correlation between MUC1 expression and the degree of co-

localization of PIASy to nuclear PGR during early pregnancy in the uteri of normally 

mated cNOD and dNOD mice (Appendix 1: Fig. 1.6) also suggests a similar role for 

PIASy in regulating uterine MUC1 transcription in-vivo.  

Except for diabetic pseudopregnancy, linear regression analysis revealed a 

significant correlation between increased recruitment of PIASy to nuclear PGR sites and 

the fold changes in MUC1 mRNA in normally mated cNOD and dNOD mice (Appendix 

1: Fig. 1.6). The calculated repressive effect of PIASy recruitment to PGR sites and 

MUC1 mRNA expression was significantly correlated at the 95% confidence level 

(Appendix 1: Fig. 1.6 A–C). The failure to induce PGRB expression impacted both the 

co-localization and correlation analyses in the diabetic pseudopregnant uteri (Appendix 1: 

Fig. 1.6 D). However, the exact contribution of PGRB to the regulation of MUC1 

expression at E4.5 in the artificially induced decidua in cNOD and dNOD mice remains 

unclear at present. It is possible that the inhibited expression of uterine PGRB during 

early pseudopregnancy (i.e. pseudopregnancy day 3.5- 4.5) may have prevented co-
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localization of PIASy to liganded PGR in the uteri of these mice. The latter finding is 

suggestive of the requirement for embryo-derived signals and the involvement of uterine 

PGRB mediated responses in the modulation of PIASy expression in the normal mouse 

uterus during implantation.  

In conclusion, the results obtained in the present study indicate that dNOD mice, 

in addition to being a proposed model of diabetes-related intrauterine growth restriction 

101 could also be considered a model of implantation failure. Although the exact nature of 

interactions between the downstream signaling pathways of INFγ and PGRA and PGRB 

in differentially regulating uterine PIASy and MUC1 expression in normal and diabetic 

mouse uteri during early pregnancy awaits further investigation, the present study 

provided an insight into molecular cues likely involved in the generation of a 

nonreceptive (hostile) endometrium at the time of implantation in the diabetic subjects. 

Data obtained in the present investigation support a hypothesized pathological role for 

INFγ and/or its downstream target PIASy in conferring endometrial resistance to 

implantation in diabetes. A state of E2 dominance and lack of responsiveness to P4-

mediated influences are suggestive of an immune-mediated heightened maternal P4-

resistivity at implantation in the diabetic subjects. A possible mechanistic link to 

recurrent early pregnancy loss in the diabetic women may reside in the aberrant, INFγ-

associated dysregulation of molecular events critically involved in the generation of a 

receptive uterus during implantation in dNOD mice. The latter may include but is not 

limited to uterodomes maturation failure and aberrations in MUC1 expression during 
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implantation in diabetic subjects. Further translational studies may be necessary to 

determine whether restricted decidualization in the endometrium of diabetic women who 

are experiencing recurrent spontaneous abortion is mechanistically linked to a locally 

high INFγ-induced resistance to progesterone signaling during embryo implantation. 

However, it may deem advantageous to assess benefits of the proactive use of macrolide 

immunosuppressants in preventing adverse pregnancy outcomes in diabetic and other 

INFγ-mediated immune complicated pregnancies. 
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Figure 2. 1: External morphology at E4.5 and E6.5 implantation sites in Cnod (A–C) 

and (D–F). 

Data are means ± SEM of peri-implantation embryo loss (G) and percentage of 

postimplantation resorption (H). A relative scarcity of implantation sites (D, white 

arrows), significantly higher incidence (P < 0.001, n =11–14) of peri-implantation loss 

(0.49 ± 0.09 versus 0.17 ± 0.05), and a higher resorption rate (P < 0.001, n = 10–12) at 

postimplantation (0.42 ± 0.07 versus 0.16 ± 0.09) characterized early pregnancy in dNOD 

mice. C and F) Higher magnification of differences in external appearance of 

implantation sites at E6.5 in cNOD and dNOD dams, respectively. Resorption sites were 

identified by virtue of their small size and their reduced vascularity in cNOD mice (B–C; 

compare viable implantation sites, “V,” versus those resorbed, “R”). Note the grayish-

brown discoloration distinguishing resorbed postimplantation sites in the overly diabetic 

dNOD dams (E–F, “R” and black arrows). Original magnifications ×8 (A, D, E), ×6.3 

(B), ×25 (C), and ×40 (F) 
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Figure 2. 2: SEM featuring implantation sites in cNOD (A–C) and dNOD (D–F) at 

E4.5 showing prevalence of mature uterodomes (arrows).  

Panels B and C and E and F compare at higher magnifications the typically observed 

differences in the population of mature uterodomes between implantation sites of cNOD 

(A) and dNOD (D), respectively. Bar = 10 μm (A, D), 2 μm (B, E), and 1 μm (C, F) 

 

 



 

 

 72 

 

Figure 2. 3: Representative TEM images comparing ultrastructural features of 

cNOD (A–C) and dNOD (D–F) implantation sites on E4.5. 

A and B and D and E compare at higher magnification the apical surface of a mature 

uterodome bearing a relatively glycocalyx-free plasma membrane (A and B, black 

arrows) in cNOD mice versus a considerably thick glycocalyx-bearing apical plasma 

membrane projections in dNOD mice (D–F, black arrows). The formation of intercellular 

clefts between lateral plasma membranes of adjacent cells (D and E, red arrows), the 

disruption of lateral junctional complexes (compare between D and E, red arrows 

and A andB, white arrows) and the frequent presence of inclusion bodies (Ib; F) were the 

hallmarks of implantation sites uterodomes in dNOD dams on E4.5. MU, mature 

uterodomes; g, Golgi complex; f, lipid droplets; s, secretory materials. Bars = 0.3 μm 

(A, D), 0.5 μm (B, E), and 5 μm (C, F). 



 

 

 73 

 

Figure 2. 4: Detection of MUC1 expression in uteri of normally mated and ConA-

induced pseudopregnant cNOD and dNOD mice during peri- and postimplantation.   

Data are mean fold changes in MUC1 mRNA in A; columns in B represent mean ± SEM 

values of MUC1/GAPDH chemiluminescence for all lanes within the respective Western 

blot, revealing an aberrant overexpression of MUC1 in uteri of normally mated and 

ConA-induced pseudopregnant dNOD mice on E4.5 and E4.5bid, respectively. Time 

course immunofluorescence detection of MUC1 in mid-sagittal sections of implantation  
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Figure 2.4 (continued) 

 

sites of cNOD and dNOD mice during peri- and postimplantation in C revealed high 

intensity of MUC1 immunolabeling in the uterine epithelium of dNOD mice on E4.5 

(C, E1–E2 versus A1–A2) and E4.5bid (C, G1–G2 versus C1–C2), respectively. As 

opposed to the cNOD mice, uterine MUC expression was greatly reduced (P < 0.001) in 

dNOD mice on E6.5 and E6.5bid at the mRNA level (A, compare NE6.5 and NE6.5bid 

with DE6.5 and DE6.5bid), in Western blot (B, compare lanes 2 and 4 with lanes 6 and 8 

and corresponding bar graph), and in histological sections (C, compare B1–B2 and D1–

D2 with F1–F2 and H1–H2). Data shown in A and B are, from left to right: NE4.5, 

NE6.5, DE4.5, DE6.5, NE4.5bid, NE6.5bid, DE4.5bid and DE6.5bid, respectively. Data 

in A, B and C are a representation of one out of three independent experiments with 

similar results. n = 3–5 in all groups per experiment, and different letters on the bar 

graphs in A and B are significantly different at 95% confidence. Bar = 100 μm. 
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Figure 2. 5: Western blot detection of STAT3 (A) and NFκBp65 (B) and their 

phosphorylated forms pSTAT3-Ty705 and pNFκBp65 at implantation sites of 

normally mated and ConA-pseudopregnant dNOD and cNOD mice during peri- and 

postimplantation.  

A) Data show reduced expression (P < 0.01) of nuclear pSTAT3-Ty705 on E4.5 and 

E4.5bid in dNOD (compare lanes 1, 3, 5 and 7 and corresponding bar graphs). Induction 

of pSTAT3-Ty705 expression on E6.5 in dNOD (A, lane 4 and representative bar graphs) 

is likely a manifestation of delayed implantation, whereas failure of STAT3-Ty705 

phosphorylation on E4.5bid and E6.5bid, respectively (lane 7 and 8 and corresponding 

bar graphs), may indicate inability of dNOD mice to sustain artificial decidualization. B) 

Expression of nuclear pNFκBp65 is significantly low (P < 0.01) in the uteri of normally 

mated dNOD mice on E4.5 and E6.5, respectively (compare lanes 3–4 and 7–8 with lanes 

1–2 and 5–6 and corresponding bar graphs).  The expression of GAPDH in the uterine 

cytosolic fraction was used as a loading control. Values in the bar graphs represent the 

mean ± SEM of results obtained in three sets of experiments with similar outcome. 

Different letters on the bar graphs in A and B are significantly different at 95% 

confidence. n = 3–5 in all groups per experiment
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Figure 2. 6: Detection of changes in uterine INFγ gene and protein expression in the 

normally mated and ConA-induced pseudopregnant cNOD and dNOD mice during 

peri and postimplantation.  

A) INFγ mRNA was expressed in high levels in the uteri of dNOD mice throughout early 

pregnancy and/or pseudopregnancy days 4.5 and 6.5, respectively (A, compare lanes 3–6 

with lanes 1–2 and 7–8, respectively and their respective graph bars). Transcripts from 

lipopolysaccharides-stimulated mouse peritoneal cells tested for INFγ mRNA were  
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Figure 2.6 continued  

loaded to the positive (+ve) control lane, and INFγ complementary sense sequence 

“gtctggcctgctgttaaagc” was added to the PCR reaction to generate a negative (-ve) 

control. B) Time-course IHC detection of uterine INFγ in histological sections of cNOD 

(A–H) and dNOD (I–P) mice at the peri- and postimplantation, and in the ConA-induced 

pseudopregnancy. E–H and M–P show at higher magnifications of the corresponding 

inset images in A–D and I–L, respectively, featuring INFγ immunolocalization in uNK 

cells on E6.5 (F, arrows) and E6.5bid (H, arrows). A diffuse epithelial and stromal 

immunolabeling was detected in the uteri of dNOD mice on E4.5, E6.5, E4.5bid and 

E6.5bid (M–P), respectively; n = 3 mice per group per 3 sets of independent PCR 

experiments with similar outcome. DV, decidual vessels; * indicates uterine lumen; l, 

luminal epithelium; s, stroma; g, metrial glands. Blue bar = 100 μm; red bar = 50 μm 
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Figure 2. 7: Western blot detection of PGR (PR) and PIASy in the uteri of cNOD 

and dNOD mice during implantation. 

Data in A reveal an aberrant expression of PGRA (PR A) during embryo implantation and in the 

ConA-induced decidualization in overly diabetic dNOD mice (compare lanes 3–4 and 7–8 with 

the remaining lanes and their corresponding bar graphs). The expression of PGRB (PR B) is 

likely embryo-dependent and its unusually reduced expression in the overly diabetic dNOD mice 

is likely reflecting poor endometrial response to embryo implantation. B) Representative Western 

blot detection of uterine PIASy during peri- and postimplantation in cNOD and dNOD indicating 

dependency of PIASy expression upon successful implantation and decidualization in the 

normally mated cNOD mice (compare lanes 1 and 2 with lanes 7 and 8 and corresponding bar 

graphs). The anomalous expression of uterine PIASy reciprocated implantation and 

decidualization failure in dNOD mice (see lanes 3 and 4, and lanes 7 and 8 and corresponding bar 

graphs). The bars in graphs A and B represent GAPDH averaged mean of PGR (A) or PIASy (B) 

chemiluminescence ± SEM. Data shown in A and B represent results obtained in three 

independent experiments with similar outcome. n = 3–5 in all groups per experiment, and 

different letters on the bar graphs in A and B are significantly different at 95% confidence. The 

protein expression of GAPDH obtained from uterine cytosolic fractions was used as loading 

control.  



 

 

 79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 8: Immunohistochemical detection of PGR and PIASy in the uteri of 

normally mated and in ConA-pseudopregnant cNOD and dNOD mice. 

Photomicrographs in D1–D8 show at higher magnifications of C1–C8 the typically 

observed differences in the pattern and intensity of co-localization of PIASy with nuclear 

PR in the epithelial (arrows) and stromal (S) compartments between cNOD (C1–

C4 and D1–D4 and corresponding bar graphs) and dNOD (C5–C8 and D5–D8 and  
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Figure 2.8 continued  

corresponding bar graphs) during peri-implantation on E4.5 and E4.5bid, and 

postimplantation on E6.5 and E6.5bid, respectively. Absence of an embryo resulted in 

lack of an actual co-localization between PIASy and PGR in both cNOD and dNOD on 

E4.5bid (D3 versus D7 and corresponding bar graphs). Photomicrographs 

in A9 and B9 are representative isotype control stained uterine sections for PR and 

PIASy, respectively. Photomicrographs C9 and D9 are representative intensity 

correlation analysis merge images of A9 and B9 correspondingly. n = 3 per group in each 

of 3 sets of experiments with similar outcome. Different letters on the bar graphs are 

significantly different at 95% confidence. Bar = 100 μm (A1–A9, B1–B9, C1–C9), 10 

μm (D1–D9). 
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Figure 2. 9: Schematic representation of proposed molecular events associated with 

morphological features of implantation failure in the dNOD mice. 

During the receptive phase in normoglycemic mice (diagram to the left), leukemia 

Inhibitory Factor (LIF), acting through its cell surface receptor (LIFR) mediates 

phosphorylation and nuclear translocation of the transcription factors STAT3 and 

NFκBp65 and subsequently inducing maturation of uterine pinopodes. The illustration on 

the right depicts the INFγ-mediated intracellular events linked to uterodome maturation 

failure during embryo implantation in dNOD mice. Acting through its cell surface 

receptor (IFR1), INFγ is likely initiating a series of transcriptional events which are 

incompatible with maturation of uterodomes, such as induction of PIASy expression, 

reduced nuclear expression of phosphorylated STAT3 and NFκBp65 and reduced 

bioavailability of LIF as illustrated in pathway 1. Pathway 2 speculates on a possible, in- 

vivo PGR (PR)-mediated induction of MUC1 expression in the uterine epithelium of 

dNOD mice at implantation. 
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Table 2. 1: Primers used for real-time (quantitative) and/or semiquantitative PCR detection of INFγ, MUC1, and GAPDH. 
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Table 2. 2: Percentage of peri-implantation embryonic loss in cNOD and dNOD mice at E4.5. 

 
 

 
 

 

Data are presented as mean ± SEM.    

 
*P < 0.001 compared to cNOD mice. 

 

Uterine horns were kept in ice-cold PBS during visual inspection by two independent examiners, with the aid of a magnifying glass, 

for the presence, viability and number of implantation sites.  
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Chapter 3: Immunosuppression with Tacrolimus Improved Implantation and Rescued 

Expression of Uterine Progesterone Receptor and Its Co-regulators FKBP52 and 

PIASy at Nidation in the Obese and Diabetic Mice: Comparative Studies with 

Metformin 

 

 

 

 

      

 

 

 

 

 

 

 

 

 

 
This chapter has been modified from the original publication: Albaghdadi AJH and Kan 

FWK. Immunosuppression with Tacrolimus Improved Implantation and Rescued 

Expression of Uterine Progesterone Receptor and its Co-Regulators FKBP52 and 

PIASy at Nidation in the Obese and Diabetic Mice: Comparative Studies with 

Metformin (July 2017), J. Molecular and Cellular Endocrinology (published) 
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3.1 Abstract 

Diabesity is often associated with subfertility and recurrent miscarriages. 

Evidence links systemic and local uterine cytotoxicity to the pathogenesis of implantation 

failure (IF) in diabetes. Immunosuppression with tacrolimus improved pregnancy 

outcomes in obese and diabetic mice and repeated IF in women with elevated Th1/Th2 

blood cell ratios. However, the mode of action of tacrolimus in protecting against IF and 

the molecular mechanisms associated with recurrent miscarriages in the obese and 

diabetic subjects are yet to be elucidated. Here we administered tacrolimus (FK506) 

(0.1mg/kg) for four consecutive weeks to the NONcNZO10/LtJ mice, a model of human 

PCOS, chronically fed with 60% kCal fat for 16 consecutive weeks to simulate human 

obesity-associated T2DM. Compared to those immunosuppressed with tacrolimus and 

their normative controls, high-fat fed (HFD) diabetic NONcNZO mice exhibited higher 

rates of peri- and post-implantation resorption and had aberrant expression of uterine 

INFγ and progesterone receptor (PGR) and its immunophilin co-chaperone FKBP52 at 

nidation. Immature uterodomes and lack of activation of uterine STAT3 and NFκB at 

implantation were characteristics of IF in the HFD-dNONcNZO dams also low in the 

deciduogenic factors IL11 and GM-CSF. Therapeutic interventions with tacrolimus or 

metformin normalized the expression of decidual INFγ, PGR and FKBP52, increased co-

localization of protein inhibitor of activated STATy (PIASy) to PGR and resulted in the 

upregulation of uterine IL11and LIF. Rescued phosphorylation of STAT3 and NFκBp65 
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and uterodome maturation at nidation defined implantation success in treated dams. To 

our knowledge this is the first report to show that the impact of HFD on the implantation 

is at least in part mediated through disruption of PGR signaling at nidation and that 

immunosuppression with tacrolimus or treatment with metformin restores PGR-mediated 

influences during implantation in the obese and diabetic subjects.     

 

3.2. Introduction 

Diabesity and polycystic ovarian syndrome (PCOS) are becoming increasingly 

prevalent in today's younger generation. This rising incidence has significant health 

consequences and puts a greater number of women of reproductive age at risk for both 

maternal and fetal complications during pregnancy. Obese (BMI >28 kg/m2) women with 

PCOS are at thirteen folds’ risk of experiencing pregnancy loss upon conceiving, with 

elevated rate of miscarriages (60% vs 27%, p < 0.05) compared to normative controls 

following natural pregnancy 140, and in those undergoing assisted reproductive techniques 

such as ovulation induction and embryo transfer 179. Despite continually repeated reports 

on the discouraging rates of early pregnancy success in obese women undergoing assisted 

conception, the exact mechanism(s) through which obesity and/or diabesity influences 

gestation is yet to be fully understood. Many studies carried out with different 

methodologies attempting to define the effect of obesity and/or diabesity on the 

functionality of the endometrium resulted in contradictory findings 180,181. Most of these 

clinical experiences focused on the impact of alterations of the Leptin system that might 
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have on the hypothalamic-pituitary-ovarian axis 182,183. Notwithstanding the deleterious 

effect of perturbations to the Leptin system on fecundity in the obese and PCOS women 

183,184, it has been proposed that recurrent miscarriages in the diabetic and obese patients 

are likely linked to the quality of blastocysts, inadequate endometrial remodeling and 

impaired decidualization and early placentation 184,185.   

Tacrolimus is a macrolide lactone immunosuppressive agent which has been used 

to improve clinical outcomes in recipients of allogeneic organ transplant by dramatically 

reducing the risk of rejection 186. Immunosuppression with tacrolimus has been associated 

with fewer pregnancy complications compared to other immunosuppressive modalities 

114. In exerting its effects, tacrolimus binds to calcineurin in activated T-cells inhibiting 

their release of the soluble inflammatory mediators INFγ and IL2 at a dose concentration 

of about one hundred times lower than that of other tested immunosuppressants such as 

cyclosporine 113. Recently, we have reported on the successful use of tacrolimus in 

preventing adverse pregnancy outcomes in a murine model of the human obesity 

associated T2DM 187. Specifically we have found that the use of tacrolimus in the HFD-

dNONcNZO mice resulted in improved maternal immune adaptation to pregnancy in 

conditions of chronic maternal overnutrition 187. Our data revealed for the first time that 

the successful use of tacrolimus in inhibiting pregnancy failure and associated high rate 

of embryolethality observed in the HFD-dNONcNZO mice is mechanistically linked to 

restoring uterine arterial and umbilical blood flow and suppressing aberrant INFγ, IL2 

and TNF production during early- to mid-gestation in the HFD-dNONcNZO mice 187. 
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On the other hand, Nagakawa and associates 188,189 recounted on the successful use of 

tacrolimus in inhibiting recurrent implantation failure in women with unexplained 

infertility having elevated Th1/Th2 blood cell ratios. Despite the significantly higher 

post-implantation and clinical pregnancy success rates among treated mice and women 

compared to untreated (96% vs 30% in mice, and 64 vs 0% in women, respectively) 

reported in these studies 187-189, the molecular mechanism(s) associated with implantation 

success upon immunosuppression with tacrolimus remains moot.  

In hemochorial species such as mice and humans, decidualization of the 

endometrium is pivotal to pregnancy success and is progesterone (P4) driven allowing the 

endometrium to successfully support early pregnancy 5. P4 is a key modulator of 

inflammatory signals in the reproductive tissues and regulates transcription of its target 

genes primarily through binding to its cognate receptor, the progesterone receptor (PGR). 

The murine PGR is comprised of two major receptor isoforms, the PGRA and PGRB that 

are differentially expressed by the mouse uterus 190. Whereas PGRA is largely expressed 

by the endometrium (epithelial and stromal cells), the myometrium is PGRB-dominant 

190. PGRA induces NFκB-regulated genes and IL1β while PGRB exerts anti-

inflammatory responses opposing PGRA 191. In normal circumstances, the implantation 

phase of the mouse pregnancy is a transient pro-inflammatory response requiring strict 

temporal regulation of PGRA expression during gestational days (GD) 2.5- 4.5 5. The 

murine PGRA expression increases during GD 2.5- 3.5 while being attenuated at GD 4.5 

of the mouse pregnancy 124. This is believed to allow for a transient IL1β/NFκB-invoked 
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uterine inflammation and functional P4/PGR withdrawal at GD 4.5 for the establishment 

of the murine endometrial receptivity 173. Evidence showed that transcriptional activity of 

PGR and modulation of endometrial inflammation are regulated by the expression level 

of its immunophilin FKBP52 and by PIASy 45,47,48,192. Ablation of FKBP52 abrogates 

endometrial receptivity in mice resulting in uterine-specific P4 resistive implantation 

failure with increased endometrial inflammation, cell proliferation and angiogenesis 

192,193. Besides optimizing PGR activity, FKBP52 has additional functions in protecting 

pregnancy from overt oxidative stress 192. It is yet to be defined how maternal diabesity 

and associated inflammation can affect uterine FKBP52. On the other hand, PIASy is 

upregulated in T2DM 194 and together with its upstream modulator INFγ synergistically 

engages in reciprocal transcriptional antagonism with PGR during endometrial 

decidualization 48. Other defined functions of PIASy are the negative modulation of 

NFκB and STAT1 activation and the suppression of their downstream inflammatory 

signals in variety of cellular contexts 195-198. We have previously shown that increased co-

localization of PIASy to uterine PGR at GD 4.5 of the mouse pregnancy coincides with 

the establishment of endometrial receptivity in normoglycemic mice 199. We have also 

demonstrated that in condition of sustained maternal hyperglycemia, aberrant 

inflammation and overexpression of uterine INFγ at GD 4.5 are associated with reduced 

co-localization of PIASy and PGR conferring overexpression of PGRA and resulting in 

implantation failure in the T1DM diabetic mice 199. Collectively, these findings 

corroborate our observations of a detrimental role for aberrant maternal inflammation in 
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perturbing murine PGR/FKBP52/PIASy interactions during implantation and the need for 

immunosuppression in the prevention of pregnancy loss in mouse models of the human 

obesity- associated T2DM. Therefore, in analogy with the aforementioned, the present 

study has been designed to elucidate the plausible molecular mechanism(s) associated 

with successful implantation in the naturally mated obese and diabetic mice upon 

immunosuppression with tacrolimus as compared to treatment with metformin. 

 

3.3. Materials and Methods: 

3.3.1. Animals 

All animal procedures carried out during the course of this investigation were 

approved by the University Animal Care Committee of Queen’s University. A total of 

one hundred and twenty female New Zealand Obese NONcNZO10/LtJ (also known as 

RCS-10 Strain 004456M) mice used for this study were originally purchased from 

Jackson Laboratory (Bar Harbor, Maine, USA) at the age of six weeks. Seventy-six mice 

were weaned on high-fat diet (HFD) (OpenSource Diet D12492) with 35g% fat or 

60kcal% fat from Cedarlane Laboratories (Burlington, Ontario). Thirty-five 

NONcNZO10/LtJ mice were weaned on 4 kcal% fat diet, served as control for the HFD-

NONcNZO mice and are hereafter referred to as NFD-NONcNZO. 

The New Zealand Obese (NONcNZO/LtJ) mouse is an animal model for human 

obesity-induced T2DM and Metabolic Syndrome including obesity and insulin resistance 

when fed a HFD 119. This mouse strain is also a model for PCOS 121. The mice were 

weaned on a HFD to assess the consequences of obesity and resultant obesity-induced 
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insulin resistance on implantation. Mice were housed in a barrier facility with a 

maximum number of two mice caged in standard ventilated mouse cage racks containing 

recycled heat-treated hardwood Beta chips and cardboard paper bedding (NEPCO, 

Northeastern Product Corp., NY). The animal room environment and photoperiod were 

as follows: temperature 20 ± 3°C, humidity 30% to 70%, 12hour light/dark photoperiod 

(lights on at 07:00AM). 

 

3.3.2 Test Article and Dose Formulation 

 After 7 weeks of the HFD, the NONcNZO mice developed impaired 

glucose tolerance that required four consecutive weeks of therapeutic interventions with 

tacrolimus (0.1mg/kg q2d s.c.) to restore glycemia at OGTT (Appendix 2: Fig. 2.1). 

Tacrolimus (FK506) (0.1mg/Kg) (Tacrolimus-Astellas Pharma US, Inc., Deerfield, IL) 

was administered to the diabetic HFD-dNONcNZO mice on every second day regimen 

during weeks 16-19 of age (Appendix 2: Fig. 2.2). For proper comparisons and to 

generate genetically matched treated control cohort specific for this study, metformin 

(Metformin Hydrochloride (C4H12CIN5), Catalogue # M258815, Toronto Research 

Chemicals, Toronto, ON) was selected for use in HFD-dNONcNZO (Appendix 2: Fig.  

2.2). Metformin is a sulfonylurea antidiabetic drug of choice for obese T2DM patients 

and is known to exert anti-inflammatory and anti-oxidant properties suppressing aberrant 

immune responses in mice and in diabetic subjects 200,201. This compound was prepared 

fresh daily and made available to mice ad libitum (200mg/dL) per day 187.  
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3.3.3. Preparation of Pregnant Mice 

Based on the rationale that superovulation in mice induces abnormal embryonic 

development, jeopardizes trophoblast invasion and migration in vitro and decreases 

implantation rates 202, peri-implantation (GD 4.5) (n= 36 of the HFD-NONcNZO; n= 18 

of the NFD-NONcNZO) and post-implantation (GD 6.5) (n = 36 of the HFD-NONcNZO; 

n= 12 of the NFD-NONcNZO) pregnant mouse uteri were prepared after mice were 

mated with fertile males of the same strain according to standard protocol 203. The 

morning on which a vaginal plug could be detected was considered GD 0.5 (Appendix 2:  

Fig. 2.2). 

 

3.3.4 Morphological Analysis and Immunohistochemistry:  

External morphological features of uteri and implantation sites of pregnant mice 

were examined using a computerized dissecting microscope (Leica Microsystems, 

Concord, Ontario) and image acquisition and analytic software, SPOT 2.2.0 (Spot 

Imaging Solutions, Sterling Heights, USA).  

Inter-implantation site samples from GD4.5 were fixed in 4% phosphate-buffered 

paraformaldehyde solution for two hours prior to mounting with a tissue-freezing 

medium (Tissue-Tek CRYO-OCT compound, Thermo- Scientific Fisher, Ottawa, 

Ontario). Frozen tissue sections were prepared with the Rapid Sectioning Cryostat (Leica 

CM1900, Leica Microsystems, Inc., Concord, Ontario). Fixed and rehydrated sections 

were incubated for 1h at room temperature in a blocking solution with 5% fetal calf 
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serum in PBS containing 0.05% Tween-20 (PBST). This was followed by incubation 

with the appropriate primary antibody in a dark humidified chamber for 1 h at room 

temperature. Incubation with the anti-PGR or anti-PIASy antibodies (Appendix 2: Table 

2.1) was carried out at 4°C overnight. Sections were rinsed twice in PBS followed by 

incubation for 45 min at room temperature with Texas Red-conjugated goat-anti-rabbit 

antibody. Using an anti-PIASy antibody (Appendix 2: Table 2.1), immunohistochemical 

labeling for PIASy was performed in a manner similar to that described above for PGR. 

Nuclei were counterstained with 4’, 6-diamidino-2-phenylindole (DAPI) (Thermo-

Scientific Fisher, Ottawa, Ontario). Fluorescence emission in immuno-labeled uteri was 

analyzed using an inverted laser-scanning confocal microscope (Leica model SP2 

AOBS). After subtracting non-specific fluorescence obtained in the isotype controls, 

pixel intensities of yellow fluorescence representing percentages of co-localization of 

green (PIASy) and red (PGR) fluorescent signals in overlaid images were quantified by 

intensity correlation analysis using Image-J analytic software (National Institutes of 

Health; http://rsb.info.nih.gov/ij). Pearson correlation coefficients close to 1 were 

indicative of a reliable co-localization 204. Slides were mounted with coverslips using 

Permount (Thermo-Scientific Fisher, Ottawa, Ontario). Images of immunoflourochrome-

labeled sections of inter-implantation sites were obtained and analyzed using a Nikon 

Eclipse E600 Microscope at various magnifications and QImaging MicroPublisher 5.0 

RTV software, respectively. 

http://rsb.info.nih.gov/ij
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3.3.5 Scanning Electron Microscopy 

The process of uterodome maturation was assessed in the HFD-dNONcNZO 

dams and those receiving metformin or tacrolimus using scanning electron microscopy. 

In brief, freshly obtained mouse uterine implantation sites were excised from a single 

uterine horn (n=9- 12 animal/phenotype), fixed in 2.5% glutaraldehyde (in PBS) and 

postfixed for 1 h at room temperature in 1% aqueous osmium tetroxide, dehydrated in 

graded ethanol solutions and then critical-point dried. After critical-point drying, samples 

were mounted followed by coating with metallic gold in a sputter coater (Cressington-

108 Auto fine coater) before being examined on a Hitachi scanning electron microscope 

(model S-3400N). Images were digitally recorded at various magnifications allowing for 

calculating the distribution frequency of uterodomes per high power field using Image-

Pro Insight 9.0 digital imaging analysis software (Media Cybernetics Inc.). 

 

3.3.6. Preparation of Tissue Homogenates and Western Blot (WB) Analysis 

Western blot analysis was performed to detect the protein expression of LIF, 

PGR, FKBP52 and PIASy, and the phosphorylation state of STAT3 and NFκB in the 

uteri of HFD-dNONcNZO dams following treatment with tacrolimus or metformin. 

Freshly obtained tissue samples of peri- and post-implantation inter-implantation sites at 

GD 4.5 and GD 6.5 were homogenized in an ice-cold homogenization buffer (cytosolic 

and nuclear extraction buffer kit, Biovision Inc.) using a sterile glass Dounce-tissue 

homogenizer. All tissue homogenates were kept at -80°C until further analysis with 
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nuclear extracts being used for the detection of native and/or phosphorylated STAT3 and 

NFκBp65. Sample homogenates were resolved on 6% or 8% (w/v) Tris-SDS denaturing 

polyacrylamide gels using 1X sample-loading buffer (150 mM sodium chloride, 1.0% 

Triton X-100, and 50 mM Tris, pH 8.0) and blots were transferred to polyvinylidene 

fluoride membranes before being probed with appropriate antibodies as described in 

Appendix 2: Table 2.1. Blots were briefly incubated in Western heightening-enhanced 

chemiluminescence advanced chemiluminescence substrate (PerkinElmer Inc.) and were 

exposed to X-Omat Blue film (Perkin-Elmer Inc.). 

 

3.3.7. Cytokine Proteome Profiler Array Analysis 

The expression of cytokines IL11 and GM-CSF, as well as that of INFγ, TNFα 

and IL16 and the INFγ downstream target of the C-C and C-X-C motifs, namely CCL2, 

CCL5 and CXCL9 and CXCL12 at implantation sites in the uteri of GD4.5 of untreated 

HFD-dNONcNZO dams and those receiving tacrolimus or metformin as well as the 

NFD-NONcNZO mice was determined using the Mouse Cytokine Proteome Profiler 

Array Panel A kit (R&D Systems) according to the manufacturer’s instructions. Briefly, 

supernatants (500μl each) of samples were incubated with the supplied Cytokine Array 

Panel A Antibody Cocktail for 24h at 4°C under constant agitation. Overnight incubation 

at 4°C of the blocked array membranes with supernatant-antibody mixtures followed. 

Enhanced chemiluminescence signals were obtained by use of the SuperSignal West 

Femto chemiluminescent kit (Thermo-Scientific Fisher, Ottawa, ON, Canada) and images 

were then captured using Alpha-Innotech H2D Imager coupled with AlphaEaseFC 
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software (version 4.1, Alpha Innotech, San Leandro, CA).  Fold changes in the 

expression of IL11 and GM-CSF and the aforementioned cytokines and chemokines 

among the HFD-dNONcNZO and those treated were calculated relative to their 

expression in GD 0.5 uteri of the NFD-NONcNZO mice.  

 

3.3.8. INFγ Quantification 

GD 4.5 inter-implantation sites and GD 6.5 deciduae were dissected from gravid 

uteri of HFD-dNONcNZO, NFD-NONcNZO mice and those receiving therapeutic 

interventions with tacrolimus or metformin. Uteri and deciduae were pooled by uterus in 

100 µL RPMI medium and homogenized in an ice-cooled Dounce tissue homogenizer 

(Thermo-Scientific Fisher, Ottawa, ON, Canada). After centrifugation (800g for 5 min), 

supernatants were collected and stored at −20oC until assayed for INFγ with high 

sensitivity enzyme-linked immunosorbent assays (eBioscience detection kits, catalog # 

88-8314 and 88-7314-22, Life Technologies Inc., Burlington, ON, Canada) according to 

the manufacturer’s instructions. The detection limits of these two assays were 0.7- 100 

pg/ml and 15-2000 pg/ml INFγ, respectively. 

 

3.3.9. Statistical Analysis 

 GraphPad Prism 5 software was used for all statistical analyses. Unpaired 

nonparametric student t-tests were used to statistically analyze implantation rate/litter and 

percentages of post-implantation resorption as described previously 203. Normal 
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distributions were validated using the Kolmogorov-Smirnov method and parameters of 

normally distributed data are expressed, unless otherwise indicated, as Mean ± SD. All 

non-parametric data are presented in dot blot scatter-graph as median with range One-

way ANOVA followed by Dunn’s multiple comparison test or Mann-Whitney U test or 

Miller’s procedure were used for pairwise comparisons of independent parameters. The 

Kruskal-Wallis test was used to analyze INFγ quantification followed by Fisher or 

Dunn’s post-tests. Fold change in IL11 and GM-CSF expression was calculated 

according to the equation: Fc= Log2 (Eka)-Log2 (Ekb) where Eka is the mean expression 

value of the treated group and Ekb represents the mean expression value of the control 

group. 

 

3.4. Results 

3.4.1. Immunosuppression with Tacrolimus or Treatment with Metformin Supported 

Implantation in the HFD-dNONcNZO Dams 

The impact of chronic HFD consumption and associated obesity and insulin-

resistance on implantation in the HFD-dNONcNZO dams and effects of treatment were 

assessed morphologically. Compared to the NFD-NONcNZO mice, chronic 

administration of HFD compromized the ability of the uterus to support early gestation 

resulting in the significantly lower implantation rates per litter, and higher percentages of 

post-implantation resorption. Treatment with tacrolimus or metformin rescued 
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implantation and inhibited post-implantation resorption in the HFD-dNONcNZO dams 

(Fig.3.1 A- D and E-H and compare bar-graphs in I and J, respectively). 

 

3.4.2. HFD Induced Aberrant Uterine Expression of INFγ at Peri-Implantation in the 

HFD-dNONcNZO Mice.  

As opposed to low levels of INFγ detected in the uteri of the NFD-NONcNZO 

(27.25 ± 2.45 pg/ml) and those treated with tacrolimus (23.7 ± 2.93 pg/ml) or metformin 

(25.01 ± 1.76 pg/ml), quantification of uterine INFγ revealed higher concentration (78.10 

± 7.35 pg/ml) of this pro-inflammatory cytokine in the uteri of untreated diabetic HFD-

dNONcNZO dams at GD 4.5 of their pregnancies (Fig.3.2A). Progression of pregnancy 

beyond GD 4.5 significantly elevated decidual INFγ concentrations in the NFD-

NONcNZO (307.20 ± 27.39 pg/ml) mice and those receiving tacrolimus (318.91 ± 30.82 

pg/ml) or metformin (335.51 ± 31.11 pg/ml). Unexpectedly, high percentages of post-

implantation resorption observed in the HFD-dNONcNZO mice were associated with 

low-level expression of uterine INFγ (204.80 ± 14.40 pg/ml) at GD 6.5 of their 

pregnancies (Fig.3.2). 

 

3.4.3 Therapeutic Interventions with Tacrolimus or Metformin Restored Uterodome 

Maturation at Nidation in the Uteri of Treated HFD-dNONcNZO Dams 

Unlike the NFD-NONcNZO mice, chronic administration of HFD compromized 

maturation of uterodomes at implantation sites in the untreated HFD-dNONcNZO mice. 

Treatment with tacrolimus or metformin significantly elevated the density of large mature 
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uterodomes at implantation sites in the HFD-dNONcNZO dams (Figs. 3.3A-D and 

histogram representing frequency distribution of mature uterodomes in E).     

 

 

3.4.4 Treatment with Tacrolimus or Metformin Induced the Uterine Expression of LIF 

And Phosphorylation of STAT3 And NFκB at Nidation in the Uteri of Treated HFD-

dNONcNZO Dams 

Since maturation of uterodomes is mechanistically mediated through the nidatory 

estrogen (E2) induction of the uterine expression of leukemia inhibitory factor (LIF) and 

the subsequent phosphorylation and nuclear translocation of the transcription factors 

STAT3 and NFκBp65 at the uterine implantation sites 14, we examined the uterine 

expression of these transcriptional factors in the HFD-dNONcNZO mice. Among the 

molecular mechanisms associated with the protective potentials of tacrolimus or 

metformin against implantation failure in the HFD-dNONcNZO mice were the induction 

of the protein expression of LIF (Fig.3.4) as well as the expression and phosphorylation 

of STAT3 and NFκBp65 at peri-implantation in the uteri of treated HFD-dNONcNZO 

dams, respectively (Fig. 3.5). Furthermore, comparing the uterine expression of LIF and 

the phosphorylation of STAT3 and NFκBp65 between the NFD-NONcNZO and the 

HFD-NONcNZO mice, it becomes apparent that the observed alterations to the protein 

expression of these transcriptional factors are likely a function of the chronic 

consumption of diet high in fat rather than being strain-specific implantation defects in 

the NONcNZO mice. 
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3.4.5 Inhibition of Implantation Site Demise in the Tacrolimus- or Metformin-Treated 

HFD-dNONcNZO Dams is Associated with Restored Expression of Uterine PGR, Its 

Immunophilin FKBP52 and PIASy at Nidation 

Chronic administration of HFD in the NONcNZO mice resulted in aberrancies in 

the uterine expression of PGRA and PGRB at GD 4.5 of their pregnancy (Fig.3.6). This 

was associated with downregulation of the uterine expression of FKBP52 in these mice 

(Fig.3.7). Therapeutic interventions with tacrolimus or metformin attenuated the protein 

expression of PGRA at GD 4.5 (Fig.3.6) and upregulated the uterine expression of PGRB 

(Fig.3.6) and that of uterine FKBP52 (Fig.4.7) at implantation in treated mice.  On the 

other hand, HFD induced the uterine expression of PIASy in the HFD-dNONcNZO mice 

irrespective of the treatment modality (Fig.3.8). However, unlike the untreated HFD-

dNONcNZO mice, therapeutic interventions with tacrolimus or metformin significantly 

increased co-localization of PIASy to PGR binding sites at GD 4.5 as shown in Figure 

3.8B-C (compare the pattern and % co-localization of PIASy/PGR merge yellow 

fluorescence in the HFD-dNONcNZO (B1.4) versus the NFD-NONcNZO mice (B 2.4) 

and those receiving metformin (B3.4) or tacrolimus (B4.4) and in C, respectively).  
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3.4.6. Therapeutic Interventions with Tacrolimus or Metformin Induced the 

Expression of Uterine IL11 and GM-CSF at Implantation in the HFD-dNONcNZO 

Mice.  

 Considering their essential roles in the early stages of endometrial decidual 

transformation conducive to gestational success, we examined the protein expression of 

deciduogenic factors IL11 and GM-CSF 205,206 in the uteri of the HFD-dNONcNZO mice. 

As shown in Figure 3.9, low-level expression of IL11 and GM-CSF characterized failed 

implantation in the HFD-dNONcNZO mice. Promotion of uterine receptivity in the 

tacrolimus- or metformin-treated HFD-dNONcNZO dams is associated with enhanced 

endometrial production of the deciduogenic cytokine IL11 and chemokine GM-CSF at 

GD 4.5 (Fig.3.9 A-C).  On the other hand, the observed implantation defects at GD 4.5 in 

the untreated HFD-dNONcNZO mice are associated with aberrant overexpression of the 

pro-inflammatory cytokines IFNγ, TNFα and IL6 (Appendix 2: Fig. 2.3), as well as the 

C-C motifs chemokines CCL2 and CCL5 and the C-X-C motifs CXCL9 and CXCL12 

(Appendix 2: Fig. 2.4), respectively.   

 

3.5. Discussion 

This study demonstrates that gestational success in the chronically overfed obese 

and diabetic mice requires immunosuppression. It further extends our previous findings 

of the causal association between a Th1-biased maternal immune imbalance and adverse 

pregnancy outcomes in the obese and diabetic mice 199, and provides novel in-vivo data 
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on the effects of diabesity and immunosuppression on murine implantation in a mouse 

model of human obesity-associated insulin resistance and PCOS. 

High percentages of peri- and post-implantation embryo loss together with the 

aberrant downregulation of uterine PGRB and FKBP52 and failure of uterodome 

maturation defined early gestation in the HFD-dNONcNZO dams. These features are 

indicative of heightened maternal P4 resistivity, and together with the mechanisms 

associated with successful implantation in the tacrolimus or metformin-treated dams, can 

be explained through several possible mechanisms.  

Firstly, the downregulation of PGRB and FKBP52 at peri-implantation among 

untreated diabetic HFD-dNONcNZO mice is consistent with aberrantly high-level 

expression of PIASy observed in these mice. PIASy is a member of the PIAS family of 

E3-type small ubiquitin-like modifiers (SUMO) capable of transcriptionally repressing 

the steroid receptor signaling directly through SUMOylation or indirectly through 

binding to the steroid receptor DNA-binding domain 207. Studies showed that induction of 

PGRB SUMOylation by members of the PIAS family of E3-ligase represses the 

transactivation of this PGR isoform by destabilizing its retention in the nucleus 208. 

Although treatment with either tacrolimus or metformin rescued the expression of uterine 

PGRB and FKBP52 during implantation in HFD-dNONcNZO dams, the mode of actions 

of these two compounds are different. Tacrolimus is known to target the immunophilin 

binding protein FKBP52 in vitro and in vivo 45,113,209. FKBP52 has peptidylprolyl 

isomerase or cyclophilin A-like properties essential for its cis-trans isomerase activity 
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upon which FKBP52 is believed to interact with and maintain structural integrity of PGR 

for downstream signaling 45. Although tacrolimus (FK506) has no direct effects on the 

composition of PGR complexes 45, it has been shown that binding of FK506 to the 

FKBP52/heat shock binding proteins 90 (hsp90)/PGR receptor complex in affinity resins 

in vitro inhibits the peptidylprolyl isomerase activity of FKBP52 thereby increasing the 

bioavailability of the PGR for downstream signaling 45. Therefore, considering that 

FKBP52 is a P4 –regulated protein and PGR-downstream target 210, it is intuitive to 

speculate that the upregulation of the uterine expression of PGRB and FKBP52 during 

implantation in the tacrolimus-treated HFD-dNONcNZO dams is likely a direct action of 

this macrolide immunosuppressant involving its capability to interact with PGR/FKBP52 

receptor complexes thereby promoting PGR signaling. Additionally, treatment with 

tacrolimus or metformin attenuated uterine PGRA expression and increased the co-

localization of PIASy to liganded PGR at GD 4.5 at implantation sites of treated dams. 

PIASy is capable of regulating transcription through mechanisms involving the 

recruitment of histone deacetylases to active DNA binding sites 46. Acetylation sites have 

been identified within the hinge region of the PGR protein and this has been shown to 

regulate phosphorylation rate and nuclear shuffling and retention efficiency thereby 

affecting transcriptional response of the PGR 211. It has also been shown that through 

binding to the promoter region of the human PGRA, histone deacetylase-1 downregulates 

the transcriptional activity and protein expression of this steroid receptor in ex vivo 

cultured human primary myometrial cells 212. Therefore, given the presently observed 
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downregulation of the decidual expression of PGRA in implantation sites of the 

tacrolimus- or metformin-treated mice, this may indicate an alternative and indirect 

action of these compounds with immunosuppressive properties in attenuating maternal P4 

resistivity to implantation in the obese and diabetic subjects. On the other hand, the 

upregulation of uterine FKBP52 in the metformin-treated dams is likely an indirect action 

of this compound involving its ability to upregulate PGRB through downregulating 

PIASy expression at GD 6.5. Among mechanisms of the metformin-mediated actions is 

the activation of AMP-activated protein kinase (AMPK) 213. Studies showed that 

activation of the AMPK pathway during endometrial decidualization coincides with 

profound changes in the expression of E3 ligases and SUMO-specific proteases 214. 

Therefore, the downregulation of PIASy and the associated upregulation of PGRB and 

FKBP52 at GD 6.5 in deciduae of the metformin-treated dams indicate that this anti-

diabetic drug can also be used as a deciduogenic agent in conditions of immune-mediated 

heightened maternal P4 resistivity such as those seen in the obese and diabetic subjects. 

This is important because low-level expression of placental FKBP52 has constitutively 

been reported in pregnancies complicated by preeclampsia and intrauterine growth 

restriction 215. Since both latter two conditions are often associated with maternal diabetes 

and/or obesity 140,216, our current findings may allude to an alternative use of tacrolimus 

or metformin in the treatment of immune-complicated pregnancies.   

Secondly, FKBP52 is also a downstream target of the homeobox HoxA10 gene 

and HoxA10/FKBP52 signaling is indispensable for establishing uterine receptivity at 
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nidation in the mouse uterus 217. Epigenetic downregulation of HoxA10 in obese 

Sprague-Dawley rats fed with high-fat diet (45% kCal) is known to negatively influence 

fetal growth and development 218. Therefore, it is likely that the observed high rate of 

peri-implantation embryo resorption and the downregulation of uterine FKBP52 in the 

HFD-dNONcNZO mice is a function of a plausible negative upstream effect of maternal 

diabesity on HoxA10. This notion awaits further confirmation.  

Thirdly, low implantation rates and restricted maturation of uterodomes observed 

in the diabetic HFD-dNONcNZO dams are plausibly related to aberrancies in the uterine 

expression of INFγ at GD 4.5 of pregnancy in these mice. Aberrantly high levels of INFγ 

are embryo-toxic. Fontana et al (2004) found that exogenous administration of INFγ 

drastically inhibited growth of the inner cell mass, impairing the outgrowing stage, 

accentuating trophoectoderm phagocytic activity and oxidative stresses resulting in the 

degeneration of trophoblast cells in a manner similar to changes occurring in embryos 

exposed to sera from women suffering from recurrent spontaneous abortions 166. The 

deleterious effects of abnormally expressed INFγ on the expression of the adhesion 

molecules ErbB4 and Perlecan expressed by the pre-implantation embryo and blastocyst 

suggest that the anti-implantation effects produced by this cytokine could be related to 

the altered acquisition of adhesion competence 166. Moreover, INFγ inhibits LIF/STAT3/ 

NFκB- mediated secretory activities required for the maturation of uterine pinopodes 

either directly or through its downstream target PIASy 144,177. Arici et al (1995) have 

provided evidence on the potent inhibitory effect of INFγ on TNFα and IL1-induced LIF 
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in human endometrial cells in-vitro 144. Nelson et al  (2001) reported that PIASy 

interferes with DNA binding of the nuclear transcriptional factor p53 and inhibit p53-

mediated transactivation 49.  LIF is a known p53 downstream cytokine gene and p53 

signaling is indispensable for the establishment and progression of gestation 50.  

Additionally, PIASy is an important transcriptional repressor of NFκB and STAT-

mediated activities through SUMOylation or via the activation of Smad/TGFβ 

transcriptional activity 195.  

Analysis of cytokines in the peri-implantation uteri of HFD-dNONcNZO dams 

revealed aberrancies in expression of NFκB, STAT3, LIF, IL11 and GM-CSF that are 

believed to be incompatible with uterodome maturation and the establishment of early 

pregnancy. Lack of activation of uterine NFκB at GD 4.5 in the HFD-dNONcNZO mice 

is also consistent with aberrancies in the uterine expression of PGRA at nidation in these 

mice. Mutual repression between PGR and NFκB has been proposed as a mechanism 

controlling the timely cytokine activation for the establishment and maintenance of 

pregnancy 219. Davies et al (2004) showed that liganded PGR inhibits NFκB activation 

through its receptor by directly binding to NFκB consensus DNA response element or 

increasing expression of binding proteins that inhibit NFκB activity 219. This may further 

explain the induction of NFκB expression and the attenuation of PGRA at GD 4.5 in 

treated dams. This is important since lack of attenuation of PGRA at GD 4.5 of the mouse 

pregnancy is incompatible with murine implantation 124. On the other hand, lack of 

STAT3 activation in the uteri of diabetic HFD-dNONcNZO mice and inhibited 
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expression of LIF and IL11 in these mice are coherent events. Intracellular signaling in 

response to LIF and IL11 is mediated through gp130, a subunit of the IL6 family of 

cytokines resulting in the activation of STAT3 24,220,221. Evidence showed that perturbed 

STAT3 activation in the mouse uterus during implantation is embryo-lethal resulting in 

failed implantation 62. Although treatment with tacrolimus or metformin inhibited 

aberrant INFγ (Fig. 3.3 and Appendix 2: Fig. 2.3) and its downstream targets of C-C and 

C-X-C motifs ligands of chemokines CLL2 (MCP1), CCL5 (RANTES) and CXCL9 

(MIG) and CXCL12 (SDF-1) (Appendix 2: Fig. 2.4) at GD 4.5), the earlier intervention 

was found to be superior to the latter in rescuing STAT3 activation. This is consistent 

with the suppressive effect of metformin on STAT3 222 and underpins differences in the 

mode of action of these two compounds. Similarly, in a variety of cellular contexts, the 

expression of GM-CSF is strongly inhibited by pathologically high levels of INFγ 223, and 

is known to be downregulated in endometrial stromal fibroblasts from women with 

PCOS224. However, despite the known suppressive effect of tacrolimus on GM-CSF in-

vitro 225, the latter was induced in the GD 4.5 deciduae of treated dams. This is likely a 

normal physiological response reflecting an enhanced P4 responsiveness during early 

pregnancy, and is a plausible outcome for the downregulation of aberrant decidual INFγ 

at GD 4.5 by use of tacrolimus in these dams. Moreover, the relative induction of 

decidual GM-CSF at GD 4.5 in the tacrolimus- or metformin-treated dams may explain 

the normalized expression of the above-mentioned C-C and C-X-C motifs of chemokines 

in treated dams. GM-CSF is known to induce the expression of murine CCL2 by T 



 

 

 108 

lymphocytes 226 as well as CCL5 in human first trimester placenta in response to TNFα 

227. CCL2 regulates macrophage polarization by influencing the expression of 

functionally relevant and polarization-associated genes and downregulating the 

production of the pro-inflammatory cytokine TNFα and IL6 in variety of cellular contexts 

in-vitro 228.  Taken together, it is apparent that the use of subclinical dosages of 

tacrolimus (i.e. 0.1mg/kg) is beneficial to the implantation process through, at least in 

part, inhibiting aberrancies in the paracrine-mediated communications between the 

decidualizing endometrium and the implantation competent blastocyst.    

In conclusion, it is apparent that the impact of the chronic consumption of diet 

high in fat on the murine uterine receptivity is likely mediated through aberrancies in the 

uterine expression of INFγ and PGR. Our data suggest that the implantation failure 

phenotype currently observed in the diabetic HFD-dNONcNZO dams is multifactorial in 

nature, reflecting a combined action of aberrancies in their uterine INFγ together with the 

subsequent reduced expression and/or activation of LIF, STAT3 and NFκB and the 

associated disturbances in the PGR/FKBP52 and PIASy interactions causing heightened 

maternal P4 resistivity at implantation. We believe that through the direct suppressive 

actions of tacrolimus or metformin in inhibiting aberrant INFγ there is an increasing 

bioavailability of PGR for downstream signaling rendering them successful in preventing 

pregnancy failure in the obese and diabetic HFD-dNONcNZO mice. Future studies 

examining the role of PIASy in modulating the acetylation and/or methylation of PGR 

(PGRA and PGRB) may yield valuable information regarding a plausible mode of action 
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of this E3-ligase as an epigenetic modifier of PGR signaling in condition of chronic 

maternal overnutrition. This may provide valuable therapeutic opportunities in the 

treatment of low implantation rates observed in certain reproductive immunological 

disorders such as those observed in the obese and diabetic subjects. Lastly, this study has 

provided evidence for an alternative use of tacrolimus in mitigating the incidence and 

severity of diabetes-associated implantation failure in a mouse model of the human 

obesity-associated T2DM. Further studies may be warranted to determine the exact 

mechanism(s) involved in perturbing PIASy/PGR interactions during implantation in the 

obese and diabetic subjects. 
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Figure 3. 1: Therapeutic interventions with tacrolimus or metformin supported 

implantation phenotype in the HFD-dNONcNZO dams. 

External morphology of peri-implantation GD4.5 (A-D) and post-implantation GD6.5 (E - H) 

uteri obtained from the HFD-dNONcNZO (A and E), the NFD-NONcNZO (B and F) and those 

receiving metformin (C and G) or tacrolimus (D and H), respectively. Significantly low viable 

implantation sites (I, p < 0.001) and higher rates of post-implantation resorption (J, p < 0.001) 

were external morphological features defining peri-and post-implantation uteri in the HFD-

dNONcNZO dams. Resorption sites (R) were identified by virtue of their small size, their 

distinguished grayish-brown discoloration and their reduced vascularity. Original magnification: 

X6.3. Scale bar= 350μm.  V: viable implantation sites; R: resorbed implantation sites. Bargraphs 

in I and J are expressed as mean ± SD. ns: not statistically significant. 
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Figure 3. 2: Treatment with tacrolimus or metformin normalized temporal 

expression of decidual INFγ during implantation in the HFD-dNONcNZO dams. 

Compared to NFD-NONcNZO dams and those receiving tacrolimus or metformin, HFD altered 

temporal expression of uterine INFγ with aberrantly high levels expressed at GD 4.5 and low 

levels at GD 6.5 in the HFD-dNONcNZO mice. Successful implantation and post-implantation 

embryo development in the tacrolimus- or metformin-treated HFD-dNONcNZO dams were 

associated with normalized temporal expression of uterine INFγ at GD 4.5 and GD 6.5, 

respectively. Quantification of decidual INFγ was done using a sensitive mouse ELIZA kit. 

Normally distributed data in bargraphs are mean  SD. ns: not statistically significant. 
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Figure 3. 3: Therapeutic interventions with tacrolimus or metformin promoted 

uterodome maturation in the uteri of treated HFD-dNONcNZO mice at nidation 

Immature uterodomes (yellow-boxed in A) were predominantly seen at G.D 4.5 uteri of HFD-

dNONcNZO dams. Compared to the NFD-NONcNZO dams (B), HFD significantly reduced 

expression of mature uterodomes (yellow arrows) in the HFD-dNONcNZO mice (p <0.01 

comparing A to B). Despite significant differences between the two treatment groups in favour of 

immunosuppression with tacrolimus (p = 0.003), treatment with either metformin (C) or 

tacrolimus (D) significantly induced maturation of uterodomes in the treated HFD-dNONcNZO 

dams (yellow arrows in A-D and compare scatter dot plots in D). n= 18 high power fields (HPF) 

obtained from 9- 13 mice/phenotype. Scale bar in A-D = 5μm. Data in the grouped column scatter 

in E are median with range. 
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Figure 3. 4: Tacrolimus and metformin induced uterine expression of LIF at 

nidation in treated HFD-dNONcNZO dams. 

Low-level expression of uterine LIF at GD 4.5 characterized the implantation failure 

phenotype observed in the HFD-dNONcNZO mice. A: Despite significant elevation in 

the protein expression of LIF by use of tacrolimus (p < 0.001 compared to untreated 

HFD-dNONcNZO), this induction in LIF expression was not significantly different 

among those receiving metformin (p = 0.17). 
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Figure 3. 5: Tacrolimus and metformin rescued uterine expression and 

phosphorylation of STAT3 and NFκBp65 at nidation in treated HFD-dNONcNZO 

dams. 

Chronic administration of HFD impeded the phosphorylation of STAT3 (left panel and 

bar graphs) and more so that of the NFκBp65 (right panel and bar-graphs) during peri- 

and post-implantation at GD4.5 and GD6.5, respectively. The protein expression of 

GAPDH in the cytosolic fractions of uterine homogenates was used as loading control for 

the Western blot analysis. Data in bar graphs are mean ± SD. ns: not statistically 

significant. 
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Figure 3. 6: Protein expression of uterine PGR in the HFD-dNONcNZO mice and 

those receiving tacrolimus or metformin. 

Western blot detection of GD4.5 uterine protein expression of PGR (PGRA and PGRB) at nidation in the 

HFD-dNONcNZO dams and those receiving tacrolimus or metformin revealing effects of HFD and 

treatment on uterine PGR. Low-level expression of PGRB and lack of attenuation of PGRA characterized 

implantation in the GD 4.5 uteri of untreated HFD-dNONcNZO dams. Therapeutic interventions with 

tacrolimus or metformin induced the uterine expression of PGRB at nidation in treated dams. 

Downregulation of PGRA at implantation in the treated dams coincides with high implantation rate 

observed in these mice. Data are mean ± SD. ns: not statistically significant.  
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Figure 3. 7: Treatment with tacrolimus or metformin induced the uterine protein 

expression of FKBP52 at nidation in the HFD-dNONcNZO dams. 

Western blot detection of GD4.5 uterine protein expression of FKBP52 at nidation in the HFD-

dNONcNZO dams and those receiving tacrolimus or metformin revealing effects of HFD and 

treatment on uterine FKBP52. Low-level expression of FKBP52 characterized implantation in the 

GD 4.5 uteri of untreated HFD-dNONcNZO dams. Therapeutic interventions with tacrolimus or 

metformin induced the uterine expression of this immunophilin at nidation in treated dams. Data 

in bar graphs are mean ± SD. ns: not statistically significant. 
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Figure 3. 8: Immunosuppression with tacrolimus rescued the temporal expression of 

uterine PIASy and its co-localization to liganded PGR at nidation in treated HFD-

dNONcNZO dams. 

A: representative time-course Western blot and bar-graph analysis of uterine/decidual 

PIASy protein expression at implantation sites in the NFD-NONcNZO dams, the HFD-

dNONcNZO and those receiving tacrolimus or metformin. HFD induced PIASy 

expression at GD 4.5 and GD 6.5 in the HFD-dNONcNZO mice. Progression of early 

pregnancy in the NFD-NONcNZO mice and the tacrolimus-treated HFD-dNONcNZO 

dams induced the expression of uterine PIASy at the immediate post-implantation period 

at GD 6.5. Downregulation of decidual PIASy among the metformin-treated dams is 
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Figure 3.8 (continued) 

likely linked to the mode of action of this anti-diabetic drug. B: GD 4.5 implantation sites 

in the normally mated NFD-NONcNZO and the HFD-dNONcNZO mice vs those treated 

were stained with antibodies to PGR (red channel) and PIASy (green channel) and 

analyzed by confocal microscopy. Co-localization of PGR and PIASy appears as yellow 

on the merge images. Note the differences in the pattern and intensity of the merged 

yellow fluorescence of co-localization of PIASy and PGR in the uterine glandular 

epithelium among the NFD-NONcNZO (1.4), the HFD-dNONcNZO (2.4) and those 

receiving metformin (3.4) or tacrolimus (4.4) and the intensity of co-localization depicted 

in the grouped scatter graphs in C. Photomicrographs 5.1- 5.4 are representative stained 

uterine sections of isotype antibody control for PGR and PIASy, respectively. Scale bar = 

10 μm in B. Data in A and C are mean ± SD. ns: not statistically significant. 
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Figure 3. 9: Treatment with tacrolimus or metformin induced the uterine expression 

of the deciduogenic factors IL11 and GM-CSF. 

A: Representative of Cytokine Array Protein Profilier TM blots and bar-graphs depicting 

fold change in the expression of IL11 (B) and GM-CSF ( C) at GD 4.5 implantation sites 

obtained in the NFD-NONcNZO dams, the diabetic HFD-dNONcNZO mice and those 

receiving tacrolimus or metformin. Restored expression of these cytokines in the 

tacrolimus- or metformin-treated dams is indicative of  potential deciduogenic property 

of these two compunds. Data are mean ± SD.  
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Chapter 4: Tacrolimus in the Prevention of Adverse Pregnancy Outcomes and 

Diabetes-Associated Embryopathies in Obese and Diabetic Mice 
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4.1 Abstract 

Background: Women with T2DM are at high-risk of pregnancy complications and 

adverse fetal and maternal outcomes including repeated miscarriages and fetal 

malformations. Despite the established association between placental insufficiency and 

poor maternal Th1-adaptability to the development of pregnancy complications in 

T2DM, there have been no established data to assess benefits of pre-pregnancy 

immunosuppression relative to gestational outcomes in T2DM. We hypothesized that 

pre-pregnancy macrolide immune suppression can re-establish normal placental 

development and uterine vascular adaptation in a mouse model of obesity-associated 

T2DM. 

Methods: Fetal live birth rate, postnatal viability, mid-gestational uterine and umbilical 

flow dynamics and certain morphological features of spiral artery modification were 

examined in the New Zealand Obese (NONcNZO10/Ltj) female mice (n = 56) weaned to 

ages of 32 weeks on a 60% calories/g high-fat diet (also referred to as HFD-

dNONcNZO), and which received either tacrolimus (0.1 mg/kg s.c. q2d) , its vehicle 

(castor oil and ethanol) or metformin (in drinking water 200 mg/dL p.o. ad libitum). 

HFD-BALBc-Rag2/IL2-gc female mice (n = 24) were used as HFD-immunodeficient 

controls. 

Results: Treatment of the HFD-dNONcNZO female mice with tacrolimus improved live 

birth rates and postnatal viability scores (p < 0.01), normalized OGTT (p < 0.001), 

inhibited fetal malformation rates, restored morphology of spiral arterial modification; 
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and improved uterine arterial and umbilical blood flow (p < 0.01). Placental production 

of TNFα and IL16 in the tacrolimus-treated HFD-dNONcNZO dams were restored to 

non-diabetic levels and the treatment resulted in the inhibition of aberrant 

monocyte/macrophage activation during pregnancy in the HFD-dNONcNZO dams. 

Conclusions: Our present data suggest a causal association between chronic maternal 

overnutrition and aberrancy in the maternal Th1-immune maladaptation to pregnancy and 

defective spiral artery modification, placental insufficiency and adverse fetal outcomes in 

the T2DM subjects. Further safety studies into the use of tacrolimus in the pre-

conceptional glycemic control may be beneficial. 

 

4.2. Introduction 

 Although pregnancy complicated by diabetes may result in a normal 

delivery with few adverse maternal effects on the child’s long-term health, obesity and 

poor glycemic control during pregnancy can have deleterious maternal and embryo-fetal 

effects as well as delivery complications 229. Lifestyle choices, in particular caloric 

intake, contribute significantly to obesity and increase expression of pro-inflammatory 

markers that precede the onset of insulin resistance and hyperglycemia associated with 

T2DM 230. This apparent immune dysregulation in T2DM suggests that it may be a 

relevant therapeutic target 230, especially under physiological conditions such as gestation 

where adverse pregnancy outcomes (APOs) may occur in face of improper glycemic 

control.  
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Maintaining adequate glycemic control is the focus of current therapeutic 

interventions in pregnancies complicated by gestational diabetes mellitus (GDM). 

However, lowering the risk of APOs has always been a challenge with the use of current 

therapeutic modalities such as insulin and/or metformin 133, 231. Although insulin 

treatment of GDM reduces serious perinatal morbidity and partially improves the 

woman's health-related quality of life 232, nonetheless, offspring of obese and diabetic 

women with adequate symptomatic control of their hyperglycemia have a five- to ten-

fold increased risk of congenital anomalies and a five-fold greater risk of perinatal 

mortality than non-obese women based upon the population studied 133,231,233.  

When challenged with a high fat diet, the New Zealand Obese (NONcNZO10/LtJ) 

mice become hyperglycemic, hyperinsulinemic and insulin resistant, making them an 

important tool for investigating the links between metabolic dysregulation and 

reproductive and developmental defects in the obese and diabetic subjects 234, 119 and 

reviewed in 121.  

  While the use of immunosuppressants is primarily indicated to prevent allograft 

rejection, mounting evidence suggests they may be used safely during pregnancy after 

solid organ transplant 235,236. A recent recommendation suggests that in utero exposure to 

the immunosuppressant tacrolimus does not increase the risk of major congenital 

malformations, although there was an increased risk of low birth weight and pre-term 

birth 114. Based upon this safety profile and the clinical importance of tacrolimus, it was 

decided to use this agent to test the hypothesis that immunosuppression can improve 
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pregnancy outcomes in the chronically overfed obese and diabetic murine model of the 

human obesity-associated T2DM.  

 

4.3. Methods 

4.3.1 Animals 

All animal procedures were in accordance with the guidelines of Queen’s 

University Animal Care Committee. A total of fifty-six recombinant congenic 

NONcNZO10/LtJ mice (also known as RCS-10 Strain, stock # 004456M) were 

purchased from the Jackson Laboratory (Bar Harbour, MA). Twenty-four alymphoid 

mice lacking T, B and NK cells with the genotype BALB/c-Rag2−/−Il2rg−/− (also referred 

to as Rag2−/−gc−/−) served as control cohorts in the high-fat diet (HFD) experiments, and 

twenty allowed ad libitum access to a 20% fortified protein pellet diet (5K52 

LabDiet® JL, St. Louis, MO) and were referred to as Normal-Fat Diet “NFD” fed mice. 

All alymphoid mice were bred in house and provided through the Queen’s University 

Animal Care Services. Mice were housed in decontaminated barrier facility and caged in 

pairs in ventilated mouse cage racks. To avoid metabolomic inconsistencies 237, animal 

bedding consisted of recycled heat-treated hardwood Beta Chip ® and cardboard paper 

bedding (NEPCO, Northeastern Product Corp., NY). 

A 60% kCal high-fat diet (HFD) (D12492, Research Diets Inc., New Brunswick, 

NJ) was used to feed the NONcNZO10/LtJ mice and their respective control. For the 

specific purpose of this study and due to variability in disease penetrance, slower disease 
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progression and high unpredictability of diabetes development in male NONcNZO10/LtJ 

mice 234, only female mice had longitudinal assessment of growth trajectory, glycemic 

control and reproductive outcomes. Details of the mouse models, therapeutic 

interventions, dietary and husbandry conditions can be found in Appendix 3: Table 3.1. 

The temporal sequence of experimental procedures including administration of high-fat 

diet, tacrolimus, and metformin are summarized in Appendix 3: Fig. 3.1. 

 

4.3.2 Preparation of Pregnant Mice: 

Allogeneic mouse pregnancies were obtained by mating females with males of the 

same mouse strain during week 21 HFD which corresponds to week 26 of the mouse age 

using standard protocol 238. Briefly, virgin female mice were placed in shoebox cages 

containing male bedding 48 h prior to cohabitation with males of the same strain, and 

vaginal plugs detected in the morning (07:00–08:00 a.m.) established GD 0.5 of 

pregnancy. Due to the current high rate of post-implantation loss in the HFD-

dNONcNZO mice, pregnancies in GD 0.5 sperm-positive mice were verified using high-

resolution ultrasound (Vevo 770; Visualsonics Inc., Toronto, ON) as described elsewhere 

in this study. 
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4.3.3 Blood Glucose Monitoring: 

4.3.3.1 Baseline Monitoring: 

An Ultra glucometer (Accu-Chek® Aviva/Roche Diagnostic, Montreal, QC) was 

used to monitor blood glucose of all mice through tail venipuncture once a week 

beginning at 7 weeks of age until the time of euthanization. Single drops (~30μl) of 

freshly obtained tail vein blood were sufficient to accurately measure blood glucose in all 

mice. Mice having non-fasting blood glucose concentrations ≥14.49 mMol/L and/or 

impaired oral glucose tolerance test (OGTT) were considered diabetic and were 

annotated as HFD-dNONcNZO mice 239. All NONcNZO mice with non-fasting blood 

glucose of < 6.4mMol/L were referred to as normoglycemic NONcNZO mice. All 

normoglycemic NONcNZO female mice were excluded from this study.    

 

4.3.3.2 Glucose Tolerance Test 

To conduct the OGTT mice were first fasted for 6 hours 240. A 20% D-glucose (2 

mg/g body weight) sterile syrup was administered by oral gavage using a 1ml D29 gauge 

“½” insulin syringe (Fisher Scientific Ltd., Montreal, QC) and blood glucose assessed at 

the following post-glucose challenge time points: 0, 15, 30, 45, 60, 90 and 120 min.  

 

4.3.4. Test Article and Dose Formulation 

 Due to the low bioavailability of tacrolimus (14- 32%) 241, our experience with the 

dNOD mice 199 and data obtained in several pilot attempts at determining the optimum 
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dosage of tacrolimus for use in this particular study, a modified tacrolimus-based 

monotherapy protocol was developed for use in the HFD-dNONcNZO mice. Tacrolimus 

(FK506) (0.1mg/Kg) (Tacrolimus-Astellas Pharma US, Inc., Deerfield, IL) was dissolved 

in castor oil and ethanol (vehicle for FK506 and untreated groups) and administered to 

the diabetic HFD-dNONcNZO mice on an alternate day regimen from week 16-19 and 

week 25-29, respectively (Appendix 3: Fig. 3.1). For proper comparisons and adequacy 

in providing a standard diabetic drug-treated T2DM diabetic mouse cohort for this study, 

metformin (Metformin Hydrochloride (C4H12CIN5), Catalogue # M258815, Toronto 

Research Chemicals, Toronto, ON) was selected for use in HFD-dNONcNZO mice to 

generate genetically matched treated control. Due to the significant first pass effect, 

metformin doses in diabetic rodents are typically ≥ 50mg/day 242. Using this as a starting 

point and knowing that average water consumption in the diabetic mouse is ~10-15X the 

upper limit of normoglycemic mouse water consumption of 7.7 ± 0.3 ml/30g bwt 243, 

metformin was prepared fresh daily and made available ad libitum (200mg/dL) per day 

 

4.3.5 Ultrasonography and Determination of Uterine Arterial and Umbilical Blood 

Flow:  

Transcutaneous Doppler ultrasonography was used to collect and analyze 

alterations to uterine arterial hemodynamics and umbilical artery waveforms in 

isoflurane-anesthetized pregnant HFD-dNONcNZO (GD 0.5–GD 18.5) and/or those 

receiving tacrolimus or metformin (n = 3 dams/group/time point).  
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A microultrasound biomicroscope (Vivo770, Visual Sonic Inc., Toronto, Ontario, 

Canada) and a 30–40 mHz Real-Time Micro Visualization scanhead transducer operating 

at two frames per second (RMV704 or 707B, VisualSonics Inc, Toronto, ON) were used 

in recording uterine arterial and umbilical artery blood flow using a previously described 

method for comparing patterns of uterine and umbilical artery blood flow hemodynamics 

244.  Briefly, delivered by a well-fitted facemask, induction of anesthesia was initiated 

with 5% inhaled isoflurane in oxygen, and this was reduced to 1.5–2% to maintain 

unconsciousness. On average, the duration of sonography was 5–7 min. The sonographer 

was blinded to the treatment groups. With insonation angle of <45°, the Brightness mode 

(B-mode) Doppler and the high frame rate 707B 30 mHz scanhead were used to obtain 

pulse-wave Doppler (PWD) and record uterine arterial velocity waveforms for offline 

analysis. Recorded data included: velocities (cm/s; Peak systolic velocity-PSV, end 

diastolic velocity- EDV and time-averaged mean blood flow velocity-MV), and vascular 

indices (Pulsatility index (PI) and Resistivity index (RI) according to the equations 

PI = {PSV – EDV}/MV and RI = {PSV – EDV}/PSV, respectively. Since it has been 

observed that umbilical artery blood flow velocities are higher at the fetal than the 

placental end of the cord 245, and for the purpose of consistency in reporting, we strictly 

measured umbilical blood flow velocities from the placental end of the cord in all 

experimental groups. The ultrasound machine automatically calculated arterial 

hemodynamic data after manual or automatic delineation of the Doppler waveforms. 

Mean values of the hemodynamic data were established by averaging a minimum of five 
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Doppler waveforms at each time point. Finally, the following parameters were 

implemented in the B-mode recording: the lowest high-pass filter level used was 100 Hz, 

2000 ms display window, Doppler gain of 5.00 dB, the pulsed repetition frequency was 

between 4 and 48 kHz and was set to detect low and high blood flow velocities, 

respectively. 

4.3.6 Fetal Analysis and Tissue Preparation: 

Anesthetized (ketamine-xylazine) pregnant mice were euthanized on the mornings 

of GD18 by cardiac puncture with the heart cut between 0900 and 1100 h. After 

performing Cesarean section, the litter size was counted in combination with their 

location along the length of the respective uterine horn. Both uterine horns were 

examined for the presence of early and late resorptions. Viable fetuses were identified by 

virtue of their ability to move and breathe, weighed and examined for gender and fresh 

gross anomalies 246. After removal of all membranes from the nose and mouth, the viable 

fetuses were placed in a 37.5°C incubator for 1 hour, after which the viability of each pup 

was reassessed.  Thereafter, all fetuses that were in the incubator were euthanized and 

examined for visceral anomalies 246. Placentas from viable fetuses were weighed and 

immediately fixed in an alcoholic paraformaldehyde solution (2% wt: vol in 70% 

ethanol). Skeletons were stained using Alcian Blue and Alizerin Red double staining 

technique 247. The International Federation of Teratology Societies (IFTS) glossary 248 

nomenclature for description of developmental anomalies was adapted in this report. 

Hematoxylin and Eosin stained, paraffin-wax embedded placental sections were prepared 
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according to standard protocol 154 . Histological examination of placental sections and 

calculation of spiral arteriolar wall/lumen ratio were performed by two histologists 

blinded to the treatment methods.  

 

4.3.7 Cytokine Proteome Profiler Array Analysis:  

Quantification of placenta plasma levels of cytokines in the HFD-dNONcNZO 

dams and those receiving metformin (200 mg/dL) or tacrolimus (0.1mg/Kg) relative to 

those of the HFD-Rag2-/-gc-/- mice was performed in a manner similar to that reported in 

chapter 2 of this thesis. Briefly, using the Mouse Cytokine Proteome Profiler Array Panel 

A kit (R&D Systems) and in accordance with the manufacturer’s specifications, 

supernatants (500μl each) of samples were incubated with the supplied Cytokine Array 

Panel A Antibody Cocktail for 24 hour at 4°C under constant agitation. After blocking 

the array membranes with the supplied blocking buffers, supernatant-antibody mixtures 

were added to the membrane and blots were incubated overnight at 4°C on a shaking 

platform. Membranes were washed in wash buffers before they were incubated with 

streptavidin-HRP {1:500 (vol/vol) in 5% (vol/vol) non-fat milk (Fisher, Canada) in 

PBBS-T} for 30 minutes at 23°C. Blots were then washed and Enhanced 

chemiluminescence incubation was conducted for 5 min using the SuperSignal West 

Femto chemiluminescent kit (Thermo Scientific Pierce, Mississauga, ON, Canada). 

Images were then captured and analyzed using Alpha-Innotech H2D Imager coupled with 

AlphaEaseFC software (version 4.1, Alpha Innotech, San Leandro, CA). Fold change in 
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placental cytokine expression was calculated using the equation “Fc = log2 (Eka)- log2 

(Ekb)” where ‘Eka ‘is the expression level of the control dams and Ekb is that of the test 

group. 

 

4.3.8 Statistical Analysis: 

 Data were analyzed with Sigmaplot (Systat Software, Inc., San Jose, CA) and 

Graph-Pad Prism 6 software. Normal distributions were validated using the 

Kolmogorov–Smirnov method. Data were expressed, unless otherwise indicated, as 

mean ± SEM or as mean ± SD using appropriate non-parametric procedures (Fisher Exact 

test; Kruskal–Wallis and/or one-way ANOVA with interaction effects) followed by 

Dunn’s multiple comparison test or Mann–Whitney U test or Miller’s procedure for 

pairwise comparisons of independent parameters. Two-way ANOVA comparing 

treatment groups with their untreated diabetic or normoglycemic control was also used to 

determine p values for the source of variation across treatments. Linear (parametric) data 

were assessed by Pearson correlation, whereas nonlinear (non-parametric) data were 

assessed by Spearman correlation. Glucose tolerance graphs were generated by plotting 

the recorded glucose data per mouse per minute collection time. One way analysis of 

variance (ANOVA) followed by Student t test was performed to determine alpha values 

for statistical differences among mean blood glucose values across experimental mouse 

groups. Due to lack of linearity in the declining glucose concentrations over time during 

the OGTT, the area under the curve (AUC) measured in the log-linear interpolation 
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method 249 made use of the log average of Δ time interval according to the equation 

Area log = (C1 − C2)/(log C1 − log C2)*Δ time. A probability value of p ≤ 0.05 was 

considered statistically significant.  

 

4.4 Results 

4.4.1 Maternal Parameters 

4.4.1.1 Tacrolimus and Glucose Tolerance in the HFD-dNONcNZO Mice:   

 After 7 weeks of the HFD, the HFD-dNONcNZO mice developed impaired 

glucose tolerance which required 4 consecutive weeks of therapeutic intervention with 

tacrolimus (0.1 mg/kg) to restore proper glycemic response at OGTT as shown in 

Fig. 4.1A–C. Therefore, tacrolimus was administered in two consecutive therapeutic 

interventions, each of 4 weeks in duration for the period spanning HFD weeks 15–18 and 

HFD weeks 25–28, respectively. This significantly improved glucose tolerance as shown 

in Fig. 4.1D–F, and lowered the AUC glucose in OGTT in a time-dependant manner 

(Appendix 3: Fig. 3.2). Treated groups only had moderate hyperglycemia detected during 

mid-gestation at GD10.5 (9.36 ± 0.88 tacrolimus vs 8.08 ± 0.76 mmol/L metformin) as 

opposed to the significant hyperglycemia observed in untreated diabetic HFD-

dNONcNZO dams (18.53 ± 0.58 mmol/L) (p < 0.001). However, except for some subtle 

differences between the metformin- and the tacrolimus-treated and their corresponding 

untreated HFD-dNONcNZO dams, lower blood glucose values were detected at necropsy 

at GD 18.5 among the tacrolimus-treated mouse cohorts (Table 4.1). 
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4.4.1.2. Tacrolimus Protects Against Fetal Demise and Reproductive Health 

Adversities in the HFD-dNONcNZO Mice: 

The higher maternal weights (Table 4.1), elevated non-fasting glucose levels and 

impaired OGTT in the untreated HFD-dNONcNZO dams translated to poorer pregnancy 

and progeny outcomes compared to the treated HFD-dNONcNZO groups receiving either 

tacrolimus or metformin. Reduced implants was a characteristic feature of APOs with 

fewer implants per litter in untreated HFD-dNONcNZO (5.25 ± 1.71 implants/dam) as 

opposed to the tacrolimus-treated dams (8.67 ± 0.58 and 7.13 ± 1.53 implants/dam) or 

those receiving metformin (9.0 ± 2.05 implants/dam), (Table 4.1). In addition, the 

numbers of viable fetuses per litter and individual fetal birth weight were also 

significantly reduced in untreated dams (Table 4.1: compare 2.5 ± 1.29 vs 7.67 ± 1.53, 

6.33 ± 1.53 or 7.00 ± 1.00) and Fig. 4.2a–d. Viable fetuses at the time of necropsy, 

expressed as a percent total fetuses per litter was also significantly reduced in untreated 

dams (33.0 ± 19.1) when compared to those treated with tacrolimus (0.05 or 0.1 mg/kg) 

or metformin (Table 4.1: 96.3 ± 7.78 and 93.3 ± 11.5 in the tacrolimus-treated and 

82.0 ± 40.1 in the metformin-treated dams). Indeed, whereas between 80 and 89% of the 

fetuses were still viable 1 h post necropsy in the treated groups (Fig. 4.2d), fetal viability 

among HFD-dNONcNZO dams was less than 20% at necropsy at GD 18.5 (Fig. 4.2d), 

and none of the HFD-dNONcNZO progeny was viable 1 h post-necropsy. The resorption 

rate, when calculated as a percent total implants per litter and percentage of fetal demise 

at GD 18.5 among untreated dams were significantly elevated in the HFD-dNONcNZO 
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mice (Table 4.1: compare 55.0 ± 10.6 vs 16.5 ± 19.1, 16.7 ± 6.5 or 18.7 ± 23.5) (see also 

Fig. 4.2e). The Placentas from HFD-dNONcNZO dams were heaviest, whereas the 

lowest placental weights came from low-dose tacrolimus- and metformin-treated dams. 

Although the higher fetal/placental (F/P) weight ratio in the treated groups (Fig. 4.2f) was 

indicative of better in utero fetal health, nonetheless, fetal body weights followed a 

similar trend, but unlike the placental findings these trends were not statistically 

significant (p ≥ 0.07). Finally, contrasting the human studies in which the rate of neonatal 

hypoglycemia among women with elevated BMI were 3% 250, fetal blood glucose at 

necropsy in the present study was found to be significantly elevated in the untreated 

HFD-dNONcNZO dams (6.69 ± 0.41 mmol/L) (Fig. 4.2g). Normal values were detected 

in the treated groups irrespective of the treatment modality (3.15 ± 0.27 mmol/L in the 

tacrolimus-treated vs 3.56 ± 0.36 mmol/L in the metformin-treated dams) (Fig. 4.2g). 

 

4.4.1.3. Tacrolimus-Mediated Prevention of Fetal Demise is Mechanistically Linked to 

Restored Uterine Artery Physiology and Umbilical Flow During Gestation in the HFD-

dNONcNZO Mice: 

Maternal adaptation to pregnancy in the tacrolimus-treated HFD-dNONcNZO dams 

was further assessed to examine aspects of uterine (Ut. Art.) and umbilical artery flow 

dynamics during gestation using Doppler ultrasonography during early and mid-

gestation. As shown in Fig. 4.3, representative ultrasound B-mode (UBM) images of the 

right uterine artery proximal to the conceptus assessed at GD10.5 in an HFD-

dNONcNZO dam (Fig. 4.3a, b) reveals consistent pattern of uterine artery insufficiency 
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in the untreated dams as indicated by the UBM waveform and low peak systolic and end-

diastolic flow velocities compared to those receiving metformin (Fig. 4.3c) or tacrolimus 

(Fig. 4.3d). Rescued Ut. Art. flow in the tacrolimus- or metformin-treated dams resulted 

in improved vascular pulsatility throughout gestation and at specific phases of pregnancy 

in treated dams as shown in Fig. 4.3e (comparing all experimental groups). Noticeably, 

similar to findings previously described 244, Ut. Art. PI segregated into phases 

corresponding to fluctuations in the normoglycemic mouse pregnancy and associated 

embryonic/fetal and maternal events, with phases 1, 2 depicting normal peri-implantation 

events, phases 3, 4 were the outcome of the placentation process and phases 5, 6 

reflective of progressive fetal growth-associated vascular events. Additionally, 

microultrasonographic examination of fetuses belonging to the HFD-dNONcNZO dams 

revealed features of in utero fetal distress, including the significantly restricted Ut.Art. 

flow (40.51 ± 2.73 mm/s in the HFD-dNONcNZO dams vs 125.14 ± 8.68 mm/s in the 

tacrolimus-treated and 97.13 ± 6.43 mm/s in the metformin-treated dams, respectively) 

(Fig. 4.3f), and features of cardiac dysrhythmias such as bradycardia detected in fetuses 

of untreated dams (Fig. 4.3g, and compare Fig. 4.3h–j, respectively). Interestingly, 

percentage of fetal demise was positively correlated with increased Ut. Art. resistivity 

during mid-late gestation in the untreated HFD-dNONcNZO dams (Pearson Correlation 

Coefficient = 0.65, with p < 0.01 when compared to the treated) (Fig. 4.3k). 
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4.4.1.4. Protection Against Fetal Demise in the Tacrolimus- and Metformin-Treated 

HFD-dNONcNZO Dams is Linked to Rescuing Spiral Artery (SA) Remodeling: 

Histopathological analysis of SA remodeling at GD10.5 revealed restricted process 

in the HFD-dNONcNZO dams as measured in their significantly higher wall: lumen ratio 

(Fig. 4.4a, b), narrower lumen (Fig. 4.4c) and thicker SA walls (Fig. 4.4d) when 

compared to treated dams or their normative controls. A significant direct causal 

association between % fetal demise as a selected APO and improper SA remodeling 

(Pearson Correlation Coefficient = 0.76 with p < 0.01 compared to untreated) was 

detected in the untreated HFD-dNONcNZO dams (Fig. 4.4e) suggesting a link between 

poor uterine arterial physiology and progeny outcomes in these mice. 

  

4.4.2. Tacrolimus and Fetal Parameters in the HFD-dNONcNZO Mice 

4.4.2.1. External Gross and Skeletal Malformations 

Since high-fat diet alters fetal growth and inhibits murine fetal bone development 

251, we examined external and skeletal growth characteristics of fetuses delivered to 

HFD-dNONcNZO mice and those receiving metformin or tacrolimus. Due to the 

extremely low viability of offspring from HFD-dNONcNZO mice (n = 3), the external 

morphology was assessed in all fetuses (n = 10). The cumulative external malformation 

rate in the HFD-dNONcNZO offspring was 90% (Appendix 3: Table 3.2). Offspring 

from tacrolimus (0.05 or 0.1 mg/kg) and metformin treated mice had malformation rates 

of 5, 5.3 and 12%, respectively. Craniofacial defects were most prevalent and included in 
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descending order of prevalence: anophthalmia, exencephaly, and protruding tongue. The 

midline defect, omphalocele was also noted in the HFD-dNONcNZO fetuses (Fig. 4.5). 

 In assessing skeletal malformations only three fetuses were viable in all the HFD-

dNONcNZO mice examined. One litter suffered a processing error and thus was not 

assessed. When exposed to tacrolimus or metformin, HFD-dNONcNZO mice displayed 

skeletal malformations, variations and ossification delays, but no pattern emerged 

(Table 4.2). The common malformation was misaligned sterna with an increased 

incidence in the number of fetuses with supernumerary ribs (a variation not a 

malformation; 14 instead of 13 ribs) and delayed ossification primarily in the distal limbs 

(Fig. 4.6). 

 4.4.2.2. Internal Malformations 

Internal examinations were only conducted on fetuses that were viable at the time 

of Cesarean section. Thus, only three HFD-dNONcNZO fetuses were examined, but each 

presented with multiple anomalies while the incidences of malformations in low-, high 

dose tacrolimus and metformin treated were 13.6, 11 and 5.9%, respectively (Appendix 

3: Table 3.3). Anomalies included hydroureter, hydronephrosis, hydrocephalus, outflow 

tract anomalies and interventricular septal defect. Variations such as absent gallbladder, 

and deficient lobe number in right lung were also noted in the HFD-dNONcNZO 

offspring, but not the other groups (Appendix 3: Table 3.3). 
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4.5. Discussion 

The present study demonstrates that tacrolimus, an immunosuppressant currently 

used in organ transplant procedures, significantly improved glycemic control with 

concomitant improvement of reproductive outcomes, and increased postnatal survival 

without increasing risks of major congenital malformations in a murine model of human 

obesity-associated T2DM. In insulin resistant diabetic HFD-dNONcNZO mice, 

metformin normalized blood glucose levels to the same extent as tacrolimus but did not 

offer the same degree of protection against reproductive health and developmental 

adversities. This suggests that the immune system, independent of glycemic control, is a 

critical component of the management of adverse pregnancy outcomes associated with 

chronic maternal overnutrition.  

 Carrying a pregnancy after solid organ transplantation is considered a high risk 

for maternal, fetal and neonatal complications but has been successful. Multiple studies 

have demonstrated that clinically tacrolimus poses no increased risk of congenital 

malformations but may increase the incidence of low birth weight and pre-term delivery 

235,236,252,253.  These clinical experiences were in conflict, to some extent, with the 

preclinical safety studies conducted in female rats dosed prior to mating or during 

organogenesis 254, 255. At a dose one-third of the maternally toxic dose based upon 

exposure, tacrolimus had adverse effects on female reproductive parameters causing 

embryolethality and significant reductions of pup weights 254. These observations resulted 

in a US FDA pregnancy class C which states that “Animal reproduction studies have 
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shown an adverse effect on the fetus and there are no adequate and well-controlled 

studies in humans, but potential benefits may warrant use of the drug in pregnant women 

despite potential risks”. However, in over 200 exposed pregnancies and 236 babies born 

to organ transplant recipients where tacrolimus was administered as a multi-drug based 

therapy, no significant teratogenicity could be concluded from multiple clinical registries 

256-259. Nonetheless, unlike clinical studies, preclinical safety reports in rats were in 

contradiction to each other. Saegusa and associates (1992) 254 reported on reduced 

reproductive performance, increased embryolethality and decreased pup weights among 

pregnant rats orally receiving 1.0 and 3.2 mg/kg FK506 (tacrolimus) after organogenesis 

and during lactation 254. On the other hand, Farley and co-workers (1991) 255 recounted 

normal maternal health but dose-dependant elevation in the percentages of post-

implantation resorption that led to the conclusion of a relative safety to the use of 

tacrolimus in pregnancy 255. Similarly, Ramos et al (2008) reported on normal maternal 

and fetal health in otherwise normoglycemic female Wistar rats orally receiving 

tacrolimus at 10- 40 times the currently described dosage 260. Notwithstanding species 

and route of administration related-differences in interpreting tacrolimus 

pharmacokinetics among mice, rats and humans, our data are generally supportive of 

previous reports from clinical registry leveraging records from 20 to 200 women 

receiving 0.1- 0.4mg/kg/day tacrolimus mono-therapy or in a combination of 

immunosuppression whereby higher fetal exposure ratios were found to be exponentially 

related to higher maternal trough blood concentrations of the compound but reported on 
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normal birth weights and post-natal development in these pregnancies 252,259,261-263. This is 

an important consideration because tacrolimus, like most drugs, crosses the placenta with 

concentrations found in the cord blood being ~71%, 23% and 19% of maternal 

concentrations for whole blood, plasma and unbound form, respectively 252,263. Even with 

transfer across the placenta, tacrolimus neither causes gross congenital malformations in 

humans 235,256,264,265 nor does it in normoglycemic Wistar rats exposed for 15 days to 

about 10- 40X the current dose per oral during peri-implantation phase 260. Nevertheless, 

tacrolimus has been reported to cause transient and reversible materno-fetal comorbidities 

such as hyperkalemia and in some cases reduced renal mass (oligonephronia) thereby 

increasing the risk for further development of renal failure and hypertension in adult life 

264,266. Additionally, although the present study used tacrolimus to normalize glycemic 

control in the obese and T2DM mice, it should be pointed out that a paradoxical new-

onset diabetes after transplantation (NODAT), a severe complication following organ 

transplantation, has been reported to occur in between 2% and 53% of transplanted 

patients receiving higher dosing of tacrolimus and/or having pretransplantation 

hyperglycemia (reviewed in 267-269). Nonetheless, NODAT has not been reported in recent 

studies on allogeneic uterine transplantation in rats receiving low dosing of tacrolimus 

270, neither was it associated with worsening of clinical outcomes during a mean follow-

up of 3 years in kidney transplant recipients 271; nevertheless it is warranted that further 

pre-clinical safety studies on the potential use of tacrolimus as anti-diabetic agent should 

be conducted. 
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Among endometrial changes and mechanisms linked to the adverse pregnancy 

outcomes in diabetic mice and women are impaired spiral artery remodeling and 

trophoblast invasion defects during gestation 272, 273. To elucidate how tacrolimus 

restored vascular adaptation to pregnancy in the obese and diabetic mice, we examined 

uterine arterial physiology, spiral artery remodeling and late mid-gestational (GD 14.5) 

placental cytokines during pregnancy in the HFD-dNONcNZO dams. Incomplete spiral 

artery remodeling with lumen stenosis has been recognized among ominous 

pathophysiological signs of poor placentation in GDM 274,275. This heralding 

histopathological sign was evident in the placentas of HFD-dNONcNZO dams expressing 

higher levels of pro-inflammatory cytokines that include TNFα, IL16 and IL23 

(Appendix 3: Table 3.4). This is consistent with the reported human and non-human 

primate data that the placenta develops exaggerated pro-inflammatory response to 

obesity, which contributes to or results from placental vascular insufficiency 276,277. 

Therefore, important implications came from findings of restricted uterine artery 

pulsatility and poor umbilical flow dynamics during gestation in the HFD-dNONcNZO 

dams. Vascular indices (RI and/or PI) are used to investigate impedance of the vascular 

bed distal to the vessel being examined, and a large quantity of continuous forward flow 

is generally observed throughout the diastole in low-resistance arterial waveforms 278. 

Contrary to this, higher vascular indices are characteristics of vascular flow supplying 

high-resistance and leaky vascular beds 278. Through mechanisms linked to chronic 

systemic hyperglycemia, local inflammation and the release of pro-inflammatory and 
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pro-angiogenic molecules such as vascular endothelial growth factor (VEGF), advanced 

glycation end-products (AGE) and alterations to de novo synthesis of nitric oxide (NO), 

maternal hyperglycemia is known to induce vascular defects characterized by increased 

angiogenesis, increased vascular resistance, hyper-coagulability and preponderance of 

highly permeable vessels 279-283. On the other hand, it has been shown that umbilical 

artery flow velocity negatively correlates with umbilical artery resistance and is reflective 

of alterations to the uterine artery PI and placental vascular resistance 284. Therefore, the 

overall lower uterine artery PI throughout gestation and higher RI in the untreated HFD-

dNONcNZO dams dictates their poor reproductive performance and the higher rates of 

inflammation-mediated fetal demise observed in this mouse model. Also, considering that 

the placenta is an organ requiring constant perfusion and has low vascular indices with 

uterine artery PI values decreasing with gestational age 285, the present findings that 

therapeutic interventions with either tacrolimus or metformin normalized uterine artery PI 

in the treated HFD-dNONcNZO dams have clinical inferences suggestive of a pivotal 

role for adequate maternal glycemic control and immuno-modulation relative to 

pregnancy outcomes in conditions of chronic maternal overnutrition.  

Taken together, the present study support the observation that adverse fetal health 

among neonates born to diabetic mothers cannot be explained solely based on maternal 

hyperglycemic control 286.  Our data are also in parallel with the notions made by Leach 

et al (2004) and Ericsson et al (2007) that hyperglycemia should only be seen as a player 

within a spectrum of diabetic complications whereby maternal inflammation might have 
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the upper hand 286,287. Nonetheless, the present data conflict with the primate studies 

reported by Frias and associates (2011) 276 where in the relatively wider placenta 

exchange area and high functional reserve are to be blamed for the lower rates of fetal 

growth restriction reported in the primate studies. However, the high rate of fetal demise 

at necropsy reported in the present study and by Frias and associates (2011) points to the 

uteroplacental flow restriction and inflammation to be the plausible culprits. Indeed, 

reminiscent to the non-human primate model of obesity-induced placental growth 

restriction 276, our findings suggest that inflammation in the pregnant adult HFD-

dNONcNZO female mice is likely localized in tissues involving at least the placenta. 

This supports previous studies in that the end-organ response to HFD is local yet 

associated with dysregulation of metabolic, vascular and inflammatory pathways 

requiring an immunosuppression 288.  

A limitation of the present study is the chance of investigating renal functions 

among the tacrolimus-treated HFD-dNONcNZO dams. It has been reported in ordinary 

kibble-fed male Wistar rats that tacrolimus at a dose of 0.6mg/kg/day for 9 consecutive 

weeks is nephrotoxic 289. Important to tacrolimus pharmacokinetics and mechanism of 

action is its bioavailability and the ratio of bound: free form in the blood. The latter two 

maternal variables are greatly influenced by a multitude of factors among which the renal 

functions have long been recognized 290. Therefore, future studies are warranted to 

establish whether our treated mice suffered tacrolimus-related nephrotoxicity. A 

possibility to overcome this limitation is the titration of dosage to maintain whole blood 
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tacrolimus trough concentrations in the usual therapeutic range in plasma or urine of 

treated dams. This is particularly important since tacrolimus pharmacokinetic changes 

during pregnancy with maternal factors such as anemia and hypoalbuminemia 

significantly contribute to at risk pregnancy. 

4.6 Conclusions: 

Our data suggest a causal association between chronic maternal overnutrition and 

the development of materno-fetal comorbidities manifested in the immune-mediated 

glucose intolerance, defective spiral artery modification, placental insufficiency and 

adverse fetal outcomes in a mouse model of human obesity-associated T2DM. We have 

specifically found that the use of tacrolimus at the dose of 0.1 mg/kg q2d is adequate in 

restoring glucose homeostasis prior to and during gestation in the obese and diabetic 

subjects. The weight of evidence from pregnancies following solid organ transplant 

points to a marginal embryo-fetal safety of in utero tacrolimus exposure. On the other 

hand, metformin normalized glucose intolerance in HFD-dNONcNZO mice but offered 

less protection against diabetes-induced embryopathies than tacrolimus. This suggests 

that the etiology, incidence and severity of diabetes-associated congenital anomalies may 

have an immunological component requiring appropriate immuno-therapeutic 

intervention. 
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Figures and Tables 

 

Figure 4. 1: Tacrolimus restored glucose tolerance in the chronically overfed 

NONcNZO dams. 

Tacrolimus restored glucose tolerance in the chronically overfed HFD-dNONcNZO 

dams. A–C Oral glucose tolerance test (OGTT) performed prior to treatment with 

tacrolimus (A) and after 2 weeks (B) or 4 weeks (c) of tacrolimus (0.1 mg/kg). D–

F Effect of HFD chronicity and glycemic response to metformin or tacrolimus in the 

HFD-dNONcNZO mice chronically fed with 60% kcal % HFD for 7 weeks (D), 

15 weeks (E) or 25 consecutive weeks (F), respectively. Representative OGTTs were 

from two sets of experiments (n = 5–8/group) analyzed with one-way ANOVA followed 

by Dunn’s multiple post hoc test comparing treated mice to HFD-dNONcNZO 
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Figure 4. 2: Low fetal viability and high rate of fetal demise were characteristics of 

pregnancy in the HFD-dNONcNZO dams. 

Low fetal viability and high rate of fetal demise were characteristics of pregnancy in the 

HFD-dNONcNZO dams. a–c: Findings at necropsy at gd18.5 for the common gross 

manifestations of GDM among the HFD-dNONcNZO dams typically expressing low 

fetal viability and higher rates of fetal resorption. Notwithstanding its effect on birth 

weight, treatment with tacrolimus enhanced live birth rate (d), lowered percentage of 

demise (e) and enhanced fetal/placental (F/P) weight ratio (f). Reference values for 

random blood glucose were also detected among pups delivered to tacrolimus-treated 

dams (g). n = a minimum of 7 dams/group with variable numbers of fetuses/pups 

examined. p < 0.001in d.
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Figure 4. 3: Tacrolimus-mediated inhibition of fetal demise is linked to restored 

uterine and umbilical artery flow during pregnancy. 

a–d Representative UBM image of the right uterine artery proximal to the conceptus being 

assessed at gd10.5 (a) and that of an Ut. Art. PWD in an HFD-dNONcNZO (b), tacrolimus-

treated (c) or metformin-treated (d) (long red arrow peak systolic velocity, short red arrow end 

diastolic velocity). A significant reduction in the uterine artery blood flow was detected in the 

HFD-dNONcNZO dams between gd10.5-gd18.5 (e). f Group scatter-graphs of the peak umbilical 

arterial flow depicting impact of HFD and effect of treatment with metformin or tacrolimus in 

rescuing umbilical arterial flow in treated dams. g A representative UBM image taken from 

gd14.5 fetus and representative PWD for the most common differences in the umbilical artery 

peak flow velocity and waveform from HFD-dNONcNZO (h), metformin (i) or tacrolimus-

treated dams (j). k A significant association between % fetal demise and increased Ut. Art. 

resistivity during mid-late gestation was demonstrable in the HFD-dNONcNZO dams (k) 

(*p < 0.01). Note the significant increase in the umbilical arterial blood flow in the tacrolimus-

treated dams over those receiving metformin (200 mg/dL) (**p < 0.01) (e). n = 7 dams/group and 

two experimental repeats with 34–39 pups examined in utero, p < 0.001 at 95% confidence 
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Figure 4. 4: Low percentage of fetal demise in the tacrolimus-treated HFD-

dNONcNZO dams is linked in part to restored spiral artery (SA) remodeling during 

gestation. 

a Representative spiral artery histopathological analysis at gd10.5 revealing restricted 

remodeling of these structures in the HFD-dNONcNZO dams as measured in their 

significantly higher wall: lumen ratio (b), narrower lumen (c) and thicker SA walls (d). 

Direct causal relationship existed between % FGR and restricted SA W: L ratio at gd10.5 

in the HFD-dNONcNZO dams (e). N = a minimum of 7 dams/group and two 

experimental repeats, *p < 0.01 at 95% confidence 
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Figure 4. 5: External features characteristics of HFD-dNONcNZO fetuses at the 

time of Caesarean section at GD 18.5 

Although normal craniofacial and midline phenotypes were seen in less than 10% of the 

cases such as those in a and e respectively, microphthalmia (micro) in b, protruding 

tongue (pt), anophthalmia (an) and exencephaly (ex) in c, swollen forebrain (sfb) and 

open eye (oe) in d, and omphalocele (omph) in f were the most frequent defects in the 

offspring of diabetic HFD-dNONcNZO dams 

 

. 
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Figure 4. 6: Representative depictions of common skeletal malformations and 

variations. 

Photomicrographs a and b illustrate, respectively, normal and misaligned ossification 

centers of the sternum (arrowhead). c depicts ossification of the metacarpals (met) and 

phalanges (phal) in the forepaw, with delayed ossification of the proximal ( ), 

intermediate ( ) and distal ( ) phalanges shown in d, respectively.  Ribs 12 and 13 

are identified in E (arrows) with an additional 14th rib identified in f (arrows).
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Table 4. 1: Maternal and reproductive parameters at the time of Cesarean Section in the HFD-dNONcNZO mice and those 

receiving tacrolimus or metformin.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HFD-dNONcNZO data are presented as mean ± SD 

TACRO tacrolimus, BG blood glucose, a significantly different from HFD-dNONcNZO, p < 0.05 Kruskal–Wallis,   

b Significantly different from HFD-dNONcNZO, p < 0.01 Kruskal–Wallis 
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Table 4. 2: Summary of the major skeletal malformations, variations and delayed ossifications in fetuses examined 

 

Skeletons of viable fetuses were double-stained with Alcian blue and Alizarin red and assessed for malformations, variations and 

ossification delays. The incidences are reported in percentages with the values in parentheses reflecting the number of litters affected 

* Litters were all resorbed or dead. Therefore, no visceral or skeletal examinations were done on them (only external examination 

because the numbers of pups was so low) 
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Chapter 5: General Discussion 

5.1 Overall Summary 

The main finding of this thesis is that failed implantation and adverse pregnancy 

outcomes, including placental insufficiency and congenital malformations in diabetes 

reflect a state of E2 dominance and heightened maternal P4 resistivity that are associated 

with aberrant maternal immune activation in this immune metabolic disorder (Appendix 

4: Fig. 4. 1). The work presented here implicates maternal Th1-immune maladaptation in 

the development of a non-receptive uterine milieu in mouse models of IDDM and 

NIDDM (Appendix 4: Fig. 4.2).  We also provided the first in-vivo evidence linking an 

aberrant INFγ expression during peri-implantation with the establishment of a hostile 

endometrium that is incompatible with early pregnancy in diabetes (Figure 2.9).  The fact 

that the use of the macrolide immunosuppressant tacrolimus rescued implantation, 

promoted utero-placental perfusion (Figure 4.2) and prevented fetal demise (Figure 4.3) 

in our diabetic mouse models is supportive of a critical role for a skewed maternal Th1-

immune response in the causation of diabetes-associated recurrent miscarriages. Though 

tacrolimus is known to function through direct immunosuppression, the pre-pregnancy 

administration of this macrolide to the obese and diabetic female mice re-established the 

WOI through some novel mechanisms that are linked to restored PGR signaling at 

nidation. The rescued expression of PGR and FKBP52 and the increased co-localization 

of PIASy to liganded PGR in the peri-implantation uteri of treated mice were key 
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elements in restoring receptive uterine milieu conducive to embryo implantation in 

diabetes.    

5.1.1 Original contribution to the current understanding of the role of altered PGR 

signaling in the causation of IF in diabetes: maternal immune deficits versus perturbed 

PGR signaling 

Whereas the literature reveals that diabetes is a predisposing factor for repeated 

miscarriages 133,231,291, prior to our studies, insights into the molecular mechanisms(s) 

related to PGR signaling in the causation of the diabetes-associated recurrent early 

pregnancy loss were missing. Most studies prior to ours focused on serially evaluating the 

profiles of Th1:Th2 cytokines and immune cells in fertile diabetic women with 

gestational complications 137 or those infertile women with recurrent implantation failure 

(RIF) undergoing in-vitro fertilization and embryo transfers 292-294.  Data obtained from 

recent studies on diabetic gestation in women with IDDM and in the NOD mice revealed 

an intriguing association between pathologically high levels of INFγ and mid-gestational 

pregnancy complications101,137. In their elaborative studies on the reproductive functions 

of the NOD mice and women with IDDM, Burke et al (2007 and 2015) indicated that the 

high rates of mid-gestational pregnancy complications such as deviant homing of 

systemic NK cells, improper spiral artery remodeling and defective maturation of uNK 

cells in the basal decidua of pregnant dNOD mice could not be explained but on the basis 

of heightened maternal Th1-immune maladaptation thereby suggesting a role for an 

aberrant INFγ expression in this disease 101,137. Indeed, the key to these alterations in the 
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uNK cells may reside in the presently observed aberrancies in the levels of decidual INFγ 

and heightened maternal P4 resistivity in diabetes. P4/PGR signaling modulates uNK cell 

functions 295 and their terminal differentiation coincides with mesometrial decidual 

development subsequent to blastocyst implantation and begins about gestational day 5 in 

the mouse 296. Therefore, the abundance of functionally immature uNK cells during this 

gestational period in the deciduae of diabetic dNOD mice 101 is consistent with the 

presently observed aberrant high level of P4 at GD 4.5 in these mice (Appendix 1: Fig. 

1.5). However, it is yet to de determined if the reported alterations to uNK cells observed 

in the Burke et al (2007) 101 is the outcome or the origin of the altered Th1-Th2 dynamics 

at implantation in this mouse strain. This is true in face of the fact that fertilization and 

presence of an embryo are not required for the accumulation of uNK cells as seen in post-

menopausal women receiving P4 or E2 supplementation 297. Consequently, it does not 

appear that aberrations in the transition to Th2 dominance and its maintenance in early 

diabetic gestation represent the primary defect which leads to failed implantation in this 

autoimmune metabolic disorder. Hence, in Chapters 2 and 3 of this thesis, we were the 

first to report on the plausible causal association between aberrancies in uterine INFγ and 

failed implantation in the dNOD mice (Fig. 2.1) and HFD-dNONcNZO mice (Fig.3.1 and 

Fig.3.2) and the observed molecular features of a possible heightened maternal P4 

resistivity at implantation. In fact, among the prominent features of IF and P4 resistivity 

presently reported in diabetic mice also expressing pathologically high levels of uterine 

INFγ at implantation (Fig.3.2) were low-level expression of PGRB and FKBP52 
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(Fig.3.5A and Fig.3.5B). Although there have been no prior studies linking aberrancies in 

INFγ and alterations in the expression of FKBP52, it has been revealed that INFγ and its 

downstream target PIASy synergistically engage in mutual repression with PGR-

mediated influences in decidualizing human endometrial stromal cells 48. Given the 

indispensability of FKBP52 for embryo implantation 298 and decidualization 299 and the 

fact that FKBP52 deficiency conferred uterine P4 resistance and implantation failure in 

FKBP-/- mice 300, our data point to the significance of immunosuppression in the 

prevention of maternal P4 resistivity at implantation in the diabetic subjects.  

 

5.1.2 Original contribution to the current understanding of the use of low-dose 

tacrolimus in mitigating gestational complications in subjects with IF 

Opinions suggesting that perturbing immune adaptation at implantation is 

expected to adversely influence placental development and impair immune-mediated 

quality control mechanisms, potentially elevating risk of altered fetal growth and 

developmental programming, congenital anomalies and preterm birth may need to be 

re-visited. While these ideas may be true to some extent with the use of corticosteroids 

to treat infertility in women with repeated IVF failure and recurrent miscarriages, our 

studies revealed a relative safety for the use of tacrolimus in restoring fertility in 

diabetic subjects. Unlike corticosteroids-mediated immunosuppression whereby 

metabolic disturbances are highly likely, subclinical doses of tacrolimus significantly 

benefit treating infertility in our murine models. In unpublished findings, we have found 
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that the use of low-dose tacrolimus (0.1mg/Kg) restored normoglycemic levels of 

maternal Th1:Th2 blood cell ratios during implantation in treated HFD-dNONcNZO 

dams. This comes associated with favourable reproductive outcomes in these mice. A 

translational value for these findings emerges by comparison with recent data obtained 

by Nakagawa et al (2017) showing that the successful use of tacrolimus (0.1 mg/Kg) in 

treating women with RIF is linked to lowering their aberrantly high Th1 (CD4+ INFγ+): 

Th2 (CD4+ IL4+) cells 189. Our unpublished data on the normalized ratios of maternal 

Th1:Th2 cells by use of tacrolimus are also in harmony with those of Wang et al (2009) 

in that low-dose tacrolimus favours the induction of functional CD4+ CD25+ Tregs in 

solid organ transplant 301. Therefore, considering that the diabetic pregnancy is that of 

perturbed immune feto-maternal interactions with failure of Th2/Th1 conversion at 

midgestation 137, our present findings support the use of low-dose tacrolimus in the 

prevention of gestational complications in the obese and diabetic subjects.  

 

5.1.3 Mechanisms contributing to peri-implantation embryo loss and fetal 

malformations in diabetes: maternal immune deficits versus glycemic control 

Peri-implantation embryo loss is common to many mammals, however 

mechanism(s) contributing to this phenomenon is not yet clear.  It is believed that peri-

implantation embryo death is a natural selection process that ensures the survival of 

superior quality embryos. It is estimated that approximately 15% of all healthy 

pregnancies end in miscarriage 302. Many theories have been proposed to explain this 

phenomenon. Currently, it is widely accepted that among mechanisms contributing to 
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peri-implantation embryo loss are heightened maternal Th1 immunity, primary anti-

phospholipid antibody syndrome and genetic thrombophilic mutations among couples 

with RSA 302-304. In diabetic women, a functional deficit in peripheral blood NK cells is 

linked to failure of immune conversion from Th1 into Th2 immune dominance during 

the second trimester potentially threatening with a mid-gestational pregnancy 

termination 137. Recently, it has been shown that maternal obesity confers uNK cells 

numerical and functional deficits contributing to impaired vascular remodeling, 

improper placentation and fetal demise 305.  In their recent work, Perdu and associates 

(2016) demonstrated that maternal obesity dysregulates uNK cells key signaling 

pathways particularly those mediated by PGR-downstream targets DCN (decorin) and 

PDGFR 305. Although alterations in the uNK cells functionality may explain the 

heightened post-implantation conceptus death rates observed in diabetes, nonetheless, 

mechanisms contributing to diabetic peri-implantation conceptional loss are yet to be 

defined. Implantation occurs in mice lacking uNK cells (such as the alymphoid 

recombinase activating gene (RAG-2-/- common cytokine receptor chain gamma 

gamma-c-/-) or deficient INFγ signaling (INFγ-/-) or INFγ R-alpha-/- mice) but fail to 

initiate normal pregnancy-induced modification of decidual arteries and display 

hypocellularity of decidua 70. At dosages ranging between 3-5mg/kg, tacrolimus is 

known to inflict cellular and functional deficits in NK cell 306. Kim and associates 

(2010) demonstrated that culturing CD3- CD56+ peripheral blood NK cells in the 

presence of 10 ng/ml FK506 (tacrolimus) caused profound inhibition of NK cell 
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proliferation in vitro and suppressed NK cytotoxicity and cytokine (INFγ, and TNFα) 

secretion in response to IL-2 306. Impaired cell clustering and selective down-regulation 

of the adhesion molecules ICAM-1, CD2, CD49d, and CD58 accompanied these 

tacrolimus-induced cellular NK cell defects 306. Moreover, studies showed that the use 

of tacrolimus (FK506) specifically inhibited expression of NKG2D, CD48, and 

DNAM1 receptors and FK506-treated NK cells showed impaired IL-2R signaling and 

inhibition of STAT3 306.  Therefore, and based on our present data we believe that 

covariates beyond disturbances in the uNK cells could explain the high rates of peri-

implantation embryo loss currently observed in our murine models of diabetes-

associated IF. Systemic factors such as hyperglycemia and aberrant levels of INFγ 

during implantation may be the culprits. This is true in view of the work demonstrated 

by Fraseri et al (2007) showing that exposure to experimental hyperglycemia is toxic to 

early murine embryo development and have postulated that recurrent miscarriages and 

embryoptahies observed in the diabetic pregnancy are therefore the most likely outcome 

307.  Similarly, exposure to toxic levels of INFγ is detrimental to blastocyst growth and 

development. It is in our experience that pathologically high levels of INFγ during the 

implantation phase are detrimental to pregnancy success and are incompatible with a 

receptive uterine milieu in both the NOD mice and the HFD-dNONcNZO mice as 

shown in Chapters 2 and 3 of this study, respectively. Although the exact mechanism(s) 

by which aberrantly expressed INFγ exerts its actions at implantation is yet to be fully 

understood, studies showed that toxic levels of this pleotropic cytokine are embryotoxic 
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in different ways. Fontana et al 166 found that exogenous administration of INFγ 

drastically inhibited growth of the inner cell mass, impairing the outgrowing stage, 

accentuating trophoectoderm phagocytic activity and oxidative stresses thereby 

resulting in the degeneration of trophoblast cells in a manner similar to changes 

occurring in embryos exposed to sera from women suffering from recurrent 

spontaneous abortions. Aberrantly expressed INFγ is also inhibitory to the LIF-

mediated secretory activity involved in early embryonic development and maturation of 

uterine pinopodes. Acting through its downstream target PIASy, INFγ attenuates PGR 

signaling and PIASy interferes with DNA binding of the nuclear transcriptional factor 

p53 and inhibits p53-mediated transactivation 49.  P53 signaling is indispensable for the 

establishment and progression of gestation 50 Moreover, aberrantly expressed PIASy is 

detrimental to the activation of STAT3 and NFκBp65 195. Taken together, it is apparent 

that the aberrant expression of INFγ at GD 4.5 uteri of untreated diabetic dNOD mice 

and the HFD-dNONcNZO mice is a significant contributing factor for the presently 

reported high percentages of peri-implantation embryo loss observed in these mouse 

strains of the human IDDM and NIDDM, respectively.  

Despite adequate glycemic control, diabetes-associated embryoptahies remain a 

major clinical problem. According to the St. Vincent Declaration of the European 

Association for the Study of Diabetes and the World Health Organization, rates of 

congenital anomalies reported in diabetic women with adequate glycemic control 

remain comparable to those of poorly controlled glycemia 231.  The rate of major 
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malformations is 4–5 times greater in women with pre-existing diabetes than in the non-

diabetics 308. Miller et al (1981) reported that malformations were a feature of poor peri-

conceptional plasma glucose control manifested by high levels of glycated hemoglobin 

(HbAlc) measured in the first trimester of pregnancy 308.  In a meta-analysis conducted 

by Ray et al (2001), a mean reduction from 7.7 to 2.4% (or 68% fall) in major 

congenital malformations was observed in diabetic women receiving pre-conceptional 

counselling and diabetic control during pregnancy 309.  The concept that pre-

conceptional diabetes control is the key to a significant reduction in fetal malformations 

in women who enrolled before pregnancy was also the focus of the Diabetes in Early 

Pregnancy Study reported by Mills et al (1988) which followed 347 diabetic and 389 

control women who enrolled in the study within 21 days of conception (the early-entry 

group) and 279 diabetic women who entered later (the late-entry group) 310.  The 

findings from Mills et al (1988) that 9.0 percent of infants born to late-entry diabetic 

women suffered major malformations as oppose to 4.9 percent of infants of the early-

entry diabetic group suggested that more sensitive measures are needed to identify the 

teratogenic mechanisms, or that not all malformation can be prevented by good 

glycemic control 310. The conclusions made by Mills et al (1988) that all necessary 

measures need to be taken to achieve good metabolic control around the time of 

conception is key to reducing malformation rates in diabetes were supportive of our 

rationale for the pre-pregnancy administration of tacrolimus to diabetic mice. Therefore, 

to provide further insights into mechanisms linked to the pathogenesis of diabetes-
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associated embryopathies and in accordance with the suggestions made by Mills et al 

(1988), we have used metformin to generate a drug-treated euglycemic HFD-

dNONcNZO mouse control cohorts (Chapter 4). Our data showed that metformin 

restored euglycemia in the HFD-dNONcNZO mice but it provided less protection 

against embryopathies than tacrolimus. This indicates that either our prescribed dosage 

of metformin was inadequate from the reproductive perspectives or factors other than 

pre-conceptional glycemic control are operational in inflicting these congenital 

anomalies in the diabetic HFD-dNONcNZO mice. Firstly, the administration of 

metformin in a dosage higher than 200mg/dL was not the aim of our studies due to fears 

of interference with mitochondrial oxidative processes 311. Secondly, a metformin 

dosage of 300mg/kg (equivalent to 200mg/dL) was reportedly successful in 

counteracting symptoms of NIDDM in obese C57BL/6J mice chronically fed with 

60%kCal fat for 12 weeks 312. Thirdly, euglycemia and improved reproductive 

performance have been successfully achieved in our metformin-treated HFD-

dNONcNZO mouse cohort (Chapters 3 and 4). On the other hand, our data are in 

harmony with that of Dinur et al (2013)313 and Berard et al (2015)314 in that the prenatal 

exposure to tacrolimus during the first trimester of pregnancy is not associated with 

increased risk of the development of major congenital malformations and low birth 

weight, neither does it precipitate preterm labour in treated subjects.  Taken together, 

our data from the metformin- and the tacrolimus-treated NOD and HFD-dNONcNZO 

mice are supportive of the need for suppressing the heightened maternal Th1 
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cytotoxicity as a key element conducive to successful implantation and the prevention 

of diabetes-associated embryopathies. 

 

5.1.4 The dNOD mice are model of diabetes-associated IF, congenital anomalies and 

restricted postnatal fetal survival: evidence contrasting previous studies  

In IDDM we found that NOD mouse is a model of IF due to impaired uterine 

receptivity. The studies of the overly diabetic NOD mouse were used to develop a model 

studying impact of diabetes on the natural events associated with mammalian 

implantation and postnatal fetal development. In peri- and post-implantation NOD mouse 

studies at GD 4.5 and GD 6.5 respectively, significant implantation site demise was 

found in the overly diabetic female mice (Fig. 2.1). Further analysis of GD 18.5 pups 

born to dNOD mice showed reduced post-natal fetal survival and higher percentages of 

congenital anomalies among pups delivered to untreated dNOD mice (unpublished).  

These data partially contradict findings from previous studies whereby live birth rates 

were found unaffected by diabetes in the dNOD mice 101.  Reason(s) for this 

contradiction between our studies and the previous studies likely reside in the fact that the 

latter recorded the immediate live birth rate rather than the post-natal survival rate, which 

is significantly affected by diabetes. Therefore, the concept of maternal immune and 

vascular adaptation to diabetes and its impact on the fetal survival would need to be 

revisited. The latter notion is particularly true in view of our data from pregnancy 

obtained in the tacrolimus-treated dNOD mice whereby a significant reduction in the 

post-implantation embryo resorption was associated with a significant increase in post-
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natal fetal survival in the treated dams (unpublished). Conceptus growth restriction and 

fetal demise were significantly lowered in the tacrolimus-treated dams, and this can be 

explained, at least in part by the fact that tacrolimus rescued placentation and the decidual 

expression of the PGR and its immunophilin FKBP52 in treated dams as discussed 

elsewhere in this thesis.  

 

5.1.5 Impact of Aberrant Production of Pro-Inflammatory Molecules and Altered 

PIASy Expression on Implantation During Diabetic Gestation  

In both mouse models used in the present studies, the aberrant upregulation of 

uterine INFγ at peri-implantation was associated with a significant induction of PIASy 

(Fig. 2.7 and Fig. 3.6A) and the pro-inflammatory cytokines TNFα and IL16 (Figs. 5.4 

and 5.5) as well as the macrophage/monocyte chemoattractant proteins and the INFγ-

inducible CCL and CXCL motifs, namely CCL2 (Monocytes chemoattractant protein-1 

(MCP1)), CCL5 (Regulated on Activation, Normal T-cell Expressed and Secreted protein 

(RANTES)), CCL12 (Chemokine C-C motif ligand 12), CXCL9 (Monokine Induced by 

INFγ (MIG)) and CXCL12 (the Stromal cell-derived Factor-1 (SDF1)) in the GD 4.5 

gravid uterus of dNOD mice (Appendix 1: Fig. 1.9) and HFD-dNONcNZO mice 

(Appendix 2: Fig. 2.4) respectively. The chemokines CCL2, CCL5 and CCL12 are ER/E2 

downstream targets that are involved in activating several lymphocyte populations 

including monocytes, esinophils, basophils and NK cells 315,316. Persistently higher blood 

levels of E2 (Appendix 1: Fig. 1.11) and uterine TNFα and INFγ at GD 4.5 in the dNOD 

and the HFD-dNONcNZO mice examined in our studies may explain the significant 
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alterations of these pro-inflammatory chemokines in the uteri of these diabetic mice at 

peri-implantation. Though the impact of aberrancies in the expression of these 

macrophage/monocyte homing receptors and their ligands on the uterine expression of 

PIASy, PGR and FKBP52 in the GD 4.5 gravid uteri of diabetic mice are yet to be 

defined, assertive reproductive and inflammatory functions of these C-C and C-X-C 

motifs of chemokines have been identified. The expression of CCL2, CCL5 and CCL12 

is CSF-1-dependent and has modulatory functions regulating expansions of anti-

tolerogenic decidual MHC-IIb macrophages 317,318. Evidence showed that CCL5 and its 

receptor CCR1 signaling are also required in the initial steps of trophoblasts invasion and 

differentiation during placentation in humans 319. Through MAPK-activated pathways, 

the TNFα-stimulated expression of the extravillous trophoblasts-derived CCL2 and CCL5 

increases monocytes invasion in vitro 320. This in-vitro TNFα-mediated expression of 

trophoblasts-derived CCL2 and CCL5 is also NFκB-dependent 320.  Aberrant expression 

of NFκB has always been detected in the uteri of our diabetic mouse models. This lack of 

regulation of uterine NFκB in diabetic mice suggests a potential role for PIASy and/or 

SUMO endopeptidases (SENPs) in causing disturbances in the expression of CCL2 and 

CCL5 in the uteri of diabetic mice as shown in our studies.  The rationale for the latter 

notion is supported by the fact that PIASy mediates SUMOylation of NFκB Essential 

Modulator (NEMO) and the subsequent activation of NFκB in response to genotoxic 

stresses such as those observed in diabetes 198. Contrary to this, the reverse SUMOylation 

of NEMO by SENPs plays an important role in inhibiting NFκB activity and dependent 
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transcriptional activation 321. Therefore, it is intuitive to speculate that the aberrancies in 

the uterine expression of CCL2 and CCL5 in the diabetic mice are also linked to 

alterations in the uterine expression of PIASy at implantation. Though the latter notion 

awaits further investigation, what is currently evident is that the aberrant expression of 

CCL5 is consistent with aberrancies in the uterine expression of PGR at GD4.5 

postcoitum in diabetic mice. Additional functions of the PGR-regulated expression of 

CCL5 are the induction of the endometrial production of histamine 322 and the subsequent 

modulation of macrophage-endometrial epithelial cross-talk during murine implantation 

323. On the other hand, the CXCL12 and its receptor CXCR4 signaling is critically 

involved in leukocytes trafficking at the WOI and placentation in humans 324, and the 

angiogenic role of CXCL12/CXCR4 is linked to its leukocytes chemoattractant properties 

in mice 325,326. Taken together, it is possible to construe that the significant imbalance in 

the uterine expression of these TNFα and INFγ anti-tolerogenic and pro-angiogenic 

factors may partially explain the low implantation rate and improper decidual vascular 

remodeling presently observed in the diabetic gestation. Nonetheless, functional 

consequences of altered uterine expression of these chemokines in perturbing 

PGR/PIASy interactions and the uterine expression of FKBP52 await further 

investigations.  

 

5.2 Summary of Original Contributions 

The data presented in this thesis provide evidence that adverse pregnancy 

outcomes in diabetes including IF, inadequate placentation and fetal malformations are 
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causally linked to aberrant immune activation and heightened maternal P4 resistivity in 

mice. Our diabetic mouse models of pregnancy complications reveal that:  

• The inability of the diabetic uteri to downregulate MUC1 expression at 

implantation, a feature of E2 dominance and P4 resistivity, is causally linked to 

aberrancies in the uterine expression of INFγ and its downstream target PIASy at 

GD 4.5 in diabetic mice. 

• Low implantation rate and uterodome maturation failure presently observed in 

diabetes are causally linked to lack of induction of uterine LIF and the deactivation 

of NFκB and STAT3 at GD 4.5 of the mouse pregnancy.  

• The diabetes-associated IF in mice is causally linked to lack of interactions between 

PIASy and PGR at implantation. 

• Despite the immunosuppressive properties of metformin, the use of this biguanide 

anti-diabetic agent provided less protection against the development of fetal 

malformations in the obese and diabetic subjects; suggesting that factors beyond 

glycemic control are operational in inflicting malformations in fetuses born to 

obese and diabetic subjects 

• The chronic administration of diet high in fat is detrimental to murine reproductive 

health, and resulting in aberrancies in the uterine expression of PGR, PIASy and 

FKBP52 during implantation.  
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• The use of tacrolimus in mitigating the severity and incidence of IF in the obese 

and diabetic mice is linked to restoring pivotal implantation biomarkers such as 

LIF, STAT3, NFκB, IL11 and GM-CSF. 

 

 
 

5.3 Future Directions 

Translational studies into repurposing the pharmaceutical use of tacrolimus may be 

required 

Currently, tacrolimus is classified as FDA drug class C due to some preclinical 

safety studies using 10-30X the approved clinical dosage in otherwise normoglycemic 

animal models from which there is no therapeutic gain of using tacrolimus. Our data 

support a relatively safer usage of tacrolimus in subjects in need thereof. An initial Phase 

2A clinical study to evaluate a single subclinical dose of tacrolimus in women with PCOS 

is required. The doses used in these studies are below those that caused any reproductive 

toxicity to dams or offspring in pre-clinical studies originally conducted to support 

approval of tacrolimus. In conducting these clinical studies, assessing follicular fluid 

content of LIF in tacrolimus-treated women is of value in determining the quality of 

blastocysts to be used in the IVF/ET procedures.    
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Investigations into plausible deciduogenic properties of tacrolimus 

To further elucidate on the observed deciduogenic effect of tacrolimus, in vivo 

conditional deletion of dendritic cells during implantation using a transgenic mouse 

system (e.g. DTRtg) that allows transient deletion of the CD11c+ cells through 

administration of diphtheria toxin in sperm-mated and in a Con-A induced murine 

pseudopregnancy needs to be investigated.  This will provide important gestational data 

on the pharmacokinetics of tacrolimus as a deciduogenic agent in the absence of a major 

immune influencer and producers of stromal IL11 and GM-CSF.  

 

Investigating mechanisms by which chronic consumption of diet high in fat restricts 

the uterine expression of FKBP52 in mice 

In chapter 3 of this thesis we have reported a significant reduction in the uterine 

expression of FKBP52 in the peri-implantation mouse uterus of the HFD-dNONcNZO 

mice. It is not clear whether this downregulation of uterine FKBP52 is linked to a 

plausible HFD- and/or diabetes-induced alterations in uterine expression of HoxA10 and 

MicroRNA particularly that of miR-29c.  In silico analysis demonstrated a miR-29c 

consensus binding site in the 3’-UTR of FKBP52 gene 327. Alternatively, in depth 

analysis of the implantation sites’ transcriptome of this mouse should answer the question 

we have raised in this thesis concerning plausible upstream genetic influences of 
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tacrolimus on HoxA1 signaling. The contribution of these studies into the safety of the 

use of tacrolimus during pregnancy may deem significant.  

 

Assessing quality of blastocysts obtained from tacrolimus-treated diabetic mice 

The tacrolimus-treated dNOD and HFD-dNONcNZO dams exhibited significant 

improvement in their post-implantation conceptus growth and post-natal fetal survival 

(Tables 4.1 and 5.2). This suggests that besides its P4/PGR potentiating properties that 

treatment with tacrolimus has positively influenced the quality of blastocysts in treated 

dams.  Further studies are warranted to determine if the currently observed high 

implantation rate by use of tacrolimus (Chapter 3) is the outcome of the production of 

better quality of blastocysts in treated mice as opposed to those of the untreated. 

 

Investigating whether aberrancies in the decidual expression of PIASy resulted in 

perturbations to certain STAT/MAPK-associated signaling at implantation  

 Studies into the uterine expression of PIASy revealed a persistent pattern of 

activation of this gene in diabetes. PIAS have been identified as interaction partners for 

multiple proteins including the STATs and lymphoid enhancer binding-factor (LEF)1 that 

mediate nuclear response to cytokines and Wnt signaling. Importantly, PIASy inhibits 

STATs-dependent gene activation by the IFN-responsive transcription factor STAT1 and 

the Wnt-responsive transcription factor LEF1. Since the expression of 
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blastocyst/trophoblasts adhesion molecules such as integrins is Wnt/STAT3-dependent, 

further studies into the STAT/MAPK-associated signaling in ex-vivo cultured human 

endometrial stromal cells of diabetic women would provide further insights into 

mechanisms of the diabetes-associated IF.   

 

The findings presented in this thesis provide novel insights into mechanisms of IF 

in diabetic subjects. The findings were consistent in two animal models of the human 

IDDM and NIDDM both of which are notorious for infertility. These observations link IF 

in diabetic subjects to a state of heightened P4 uterine resistivity and have concluded that 

factors beyond glycemic control are critically involved in inflicting perturbations in the 

PGR-mediated influences at implantation in diabetes. Altered expression of uterine 

PIASy at GD 4.5 of the mouse pregnancy was associated with uterodome maturation 

failure and lack of MUC1 downregulation, findings that warrant further studies into the 

exact role of this INFγ downstream transcriptional factor in mammalian implantation.  

The present data offer substantial evidence for aberrancies in the uterine expression of 

INFγ in the pathogenesis of IF in diabetes.  What remains undefined is the effect of the 

pre-conceptional administration of tacrolimus on local and systemic Tregs, NK cells and 

uNK cells gestational dynamics in treated diabetic subjects. Only through a 

comprehensive evaluation of the dynamic state of interactions between Tregs and 

maternal decidua may insights be gained into how these regulatory mechanisms can be 

perturbed by diabetes and be restored through immunosuppression.  
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Appendix 1: Supplemental Figures for Chapter 2: “Endometrial Receptivity Defects 

and Impaired Implantation in Diabetic NOD Mice” 

Adopted from the online resource and published manuscript: 

‘Albaghdadi and Kan/BIOLREPROD/2012/100016’ 
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Figure 1. 1: Blood glucose changes in the dNOD and cNOD prior to, during and 

after pregnancy. 

Diabetes started in the dNOD mice in a pre-diabetic stage between weeks 9-11 during 

which time all dNOD mice were found to have blood glucose values of > 10.0 mmol/L. 

All groups of NOD mice were mated at the age of 11 weeks. Pregnancy accelerated the 

development of overt diabetes at week 12 and beyond, where all dNOD mice had blood 

glucose values of >14.9 mmol/L. Real time tracing of blood glucose beyond the post-

implantation period until parturition and ten days afterwards were also recorded. Data 

represent mean + SEM of three independent experiments with similar outcome. n= 5-7 

per group per experiment. 
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Figure 1. 2: Uterine weight changes during peri- and post-implantation in the 

normally mated and the ConA-pseudopregnant cNOD and dNOD mice. 

Decidualization and implantation failure in the dNOD mice were reflected in 

significantly (p < 0.01) less uterine weight gain at the peri- and post implantation on E4.5 

and E6.5 in the normally mated and the ConA-pseudopregnant dNOD mice. Graph bars 

represent mean + SEM of three independent experiments with similar outcome. Different 

letters represents statistical differences among NOD groups at 95% confidence where p 

<0.05. n= 5-7 per group per experiment. 
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Figure 1. 3 Morphometry of decidualized cross sectional uteri of normally mated 

and ConA-decidualized cNOD and dNOD dams during peri- and post-implantation. 

Cross-sectional areas of decidualized uteri of cNOD mice on E4.5, E4.5bid, E6.5 and 

E6.5bid are represented in photomicrographs A-A1, B-B1, C-C1, and D-D1 respectively. 

Similarly, E-E1, F-F1, G-G1 and H-H1 depict decidualization in uterine cross-sections in  

 

 



 

 

 204 

Figure 1. 3 (continued) 

 

dNOD mice on E4.5, E4.5bid, E6.5 and E6.5bid, respectively. Morphometry was 

performed using Image Pro Plus (Media Cybernetics, Inc., MD, USA). Best-fit 

decidualized uterine cross sections in A1-D1 and E1-H1 were highlighted in white. 

Empty space occupied by lumina of uteri and/or metrial glands in A1-D1 and E1-H1 

were black-shaded and were excluded from analysis. The decidual (inner) margin of the 

uterine circular (inner layer) smooth muscles was considered in marking the outer limits 

of the decidualized uterine cross sectional region during morphometry. Scale bars = 

200µm. Data in the bar graphs represent mean + SEM of two independent experiments 

with similar results. n= 5 per group per experiment. 
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Figure 1. 4: Expression of Leukemia Inhibitory Factor (LIF) in the uteri of normally 

mated cNOD and dNOD mice at the peri and post-implantation periods. 

Reduced LIF expression accompanied uterodome maturation failure in the uteri of dNOD 

mice at the time of embryo implantation. WB detection of LIF on E4.5 and E6.5 in the 

uteri of cNOD is expressed in lanes 1 and 2, whereas lanes 3 and 4 are representative of 

LIF expression in dNOD on E4.5 and E6.5, respectively. Graph bars represent mean 

values of LIF/GAPDH chemilumiscence ± SEM obtained in three independent 

experiments for all lanes within the respective WB as measured by Image J analysis with 

background subtraction. Statistical differences among data represented in the graph bars 

are indicated by different alphabets where p <0.05. n= 5-7 per group per experiment. 
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Figure 1. 5: Levels of serum progesterone (P4) during peri- and post-implantation in 

cNOD and dNOD mice. 

Significantly (p<0.01) high level of serum P4 in dNOD mice was measured on E4.5 and 

E6.5, respectively. Unexpectedly, a dramatic reduction in the serum level of P4 was 

measured on E8.5 in the normally mated dNOD mice. Data shown in the graph represents 

mean ± SEM of three independent experiments with similar outcome. n= 5-7per group 

per experiment.  
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Figure 1. 6: Linear regression analysis between levels of MUC1 mRNA expression 

as a function of percentage of co-localization of PIASy and PGR in early pregnancy 

in the normally mated and the pseudopregnant cNOD (A and B) and dNOD mice (C 

and D) NOD, respectively. 

Correlation was significant (p < 0.001) during implantation in mated cNOD and dNOD 

mice. Significantly low (p < 0.01) PR A and B expression in the pseudopregnant dNOD 

mice compromised analysis. The Spearman correlation “R2” values indicating significant 

correlations in different experimental groups are the following: Normal early pregnancy: 

0.7845, Normal pseudopregnancy: 0.6929 and Diabetic early pregnancy: 0.7533. Diabetic 

pseudopregnancy has a square root value of 0.4352 (p = 0.196). 
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Figure 1. 7: Fold change in Ilα, IL1β, IL16, TNFα and INFγ expressed at 

implantation sites at GD4.5 pregnancy in the dNOD, the cNOD and those receiving 

tacrolimus (0.1 mg/kg). 

The aberrant upregulation of INFγ, TNFα and IL16 in the GD 4.5 uteri of untreated 

diabetic dNOD mice is associated with implantation defects reported in this thesis. Due to 

the importance of IL signaling at implantation, and the fact that the use of tacrolimus 

resulted in the suppression of both receptor isoforms, further investigation into the 

mechanism of action of tacrolimus in supporting embryo implantation is warranted. Fold 

change of individual cytokine expression is presented as Mean ± SD. Implantation sites 

from n= 5 mice/ group were individually analyzed for their cytokine expression. 
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Figure 1. 8: Fold change in IL12p70, IL17, IL23 and IL27 expressed at implantation 

sites at GD4.5 pregnancy in the dNOD, the cNOD and those receiving tacrolimus 

(0.1 mg/kg). 

The aberrant overexpression of the INFγ-inducing cytokines IL12, IL17 and 1L23 at GD 

4.5 in the overly diabetic dNOD mice is associated with implantation failure in these 

mice. Although IL17 contributes to gestational success, it also participates in the 

pathogenesis of diseases of pregnancy such as recurrent pregnancy loss and Pre-

eclampsia. Analysis of IL17 producing CD4+ T-helper cells (Th-17) in peripheral blood 

may deem beneficial to predict gestational outcomes in diabetes and those receiving 

tacrolimus. The contribution of IL12p70, IL23 and IL27 to pregnancy complications in 

diabetes awaits further investigation. Data are presented as Mean ± SD.  
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Figure 1. 9: Fold change in CCL2, 5 and 12 and CXCL 9 and 12 expressed at 

implantation sites at GD4.5 pregnancy in the dNOD, the cNOD and those receiving 

tacrolimus (0.1 mg/kg). 

Physiological levels of the INFγ downstream targets MIG, MCP1, RANTES, KC and 

SDF-1 are required for the induction of materno-fetal tolerance during implantation. 

However, aberrant overexpression of these chemokines is associated with failed 

implantation in overly diabetic dNOD mice. The wide range of suppression of these 

chemokines by use of tacrolimus suggests that mechanism(s) beyond immunosuppression 

is likely involved in promoting implantation site growth in the tacrolimus-treated diabetic 

mice. Fold change of individual cytokine or chemokine expression is presented as Mean 

± SD. n= 5 mice/ group individually analyzed for their implantation sites’ cytokine 

expression at GD 4.5 of pregnancy.   
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Figure 1. 10: Fold change in IL10, ILrα and IL2 expressed at implantation sites at 

GD4.5 of pregnancy in the dNOD, the cNOD and those receiving tacrolimus (0.1 

mg/kg). 

Immunosuppression with tacrolimus resulted in the suppression of a wide range of 

inflammatory (i.e. IL2) as well as anti-inflammatory cytokines such as IL10 and IL1rα at 

implantation sites in treated diabetic dNOD mice. Due to the maternal origin of ILrα and 

its ligand IL1α, the inhibited expression of ILrα and its ligand in the uteri of the 

tacrolimus-treated diabetic dNOD mice dictates the need for further studies towards 

understanding the exact mode of action of tacrolimus in promoting early gestation in the 

diabetic subjects. Fold change of individual cytokine or chemokine expression is 

presented as Mean ± SD. n= 5 mice/ group individually analyzed for their implantation 

sites’ cytokine expression. 
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Figure 1. 11: Levels of serum estradiol (E2) and progesterone (P4) during peri- and 

post-implantation in the dNOD, the cNOD and those receiving tacrolimus (0.1 

mg/kg). 

The implantation failure phenotype currently observed in the diabetic dNOD mice is 

associated with significantly (p <0.001) high levels of serum E2 and P4 measured on E4.5 

and E6.5, respectively. Unexpectedly, a dramatic reduction in the serum level of P4 was 

also measured on E8.5 in the normally mated overly diabetic dNOD mice. Data shown in 

the graph represent mean ± SEM of three independent experiments with similar outcome. 

n= 3 per group per experiment. 
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Figure 1. 12: Normalization of the uterine expression of MUC1 protein by use of 

tacrolimus in the overly diabetic dNOD mice. 

Immunosuppression with tacrolimus normalized uterine expression of MUC1 protein 

during implantation in treated diabetic dNOD mice. A: Western blot analysis of 

implantation sites obtained from cNOD, dNOD and those receiving tacrolimus revealing 

aberrant over-expression of MUC1 protein at implantation (E4.5) in the untreated overly 

diabetic dNOD mice. In normal circumstances, uterine MUC1 expression is 

downregulated at implantation (i.e. E4.5) in the mouse pregnancy.  B: detection of MUC1 

(red immunofluorescence) at implantation sites from cNOD, dNOD and those receiving 

tacrolimus depicting alterations of MUC1 protein expression at E4.5 and E6.5 in 

normoglycemic and diabetic mice and those immunosuppressed with tacrolimus. Scale 

bar (white line) in photomicrographs in B measures 100μm.
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Figure 1. 13: Diagram showing the overall scheme of the study and the temporal sequence of experimental procedures in NOD 

mice. 

NOD/Stj female mice were weaned onto 4%kCal fat diet at age of 5 weeks.  Tacrolimus (0.1mg/kg) was administered on an alternate 

day regimen between weeks 9-11 of age. Blood glucose was regularly monitored prior to and after therapeutic interventions with 

tacrolimus. Right upper panel: ConA-induced deciduoma was collected on gestational days E4.5 and E6.5 from cNOD, dNOD and 

Tacrolimus-treated. 



 

 

 215 

 

 

Appendix 2: Supplemental Figures and Tables for Chapter 3: ‘Immunosuppression 

with Tacrolimus Improved Implantation and Rescued Expression of Uterine 

Progesterone Receptor and Its Co-regulators FKBP52 and PIASy at nidation in the 

Obese and Diabetic Mice: Comparative Studies with Metformin’ 
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Figure 2. 1: Four consecutive weeks of therapeutic interventions with tacrolimus 

were sufficient in restoring glucose tolerance in the HFD-dNONcNZO dams.   

As opposed to those receiving tacrolimus or metformin, NONcNZO mice chronically fed 

with 60%kcal HFD developed impaired glucose tolerance after 7 weeks of dietary 

interventions. A: Oral glucose tolerance test (OGTT) prior to treatment with tacrolimus, 

and B is a representative OGTT graph after 4 weeks of therapeutic interventions with 

tacrolimus and  in those receiving 10 weeks of metformin treatment. n= 7 animals/group. 
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Figure 2. 2: Diagram showing the overall scheme of the study and the temporal 

sequence of experimental procedures. 

NONcNZO10/LtJ female mice were weaned onto 60%kCal fat diet at age of 5 weeks. 

HFD was administered for 16 consecutive weeks.  Tacrolimus (0.1mg/kg) was 

administered on an alternate day regimen between weeks 16-19 of age, whereas 

metformin (200mg/dL ad libitum in the drinking water) was administered beginning at 

week 7 of age for the entire study period to generate euglycemic control cohort of the 

same strain. Oral glucose tolerance test (OGTT) was performed prior to and after 

therapeutic interventions with tacrolimus.  
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Figure 2. 3: Profiling the uterine expression of pro-inflammatory cytokines in the 

HFD-dNONcNZO dams versus those receiving metformin (200mg/dL) or tacrolimus 

(0.1mg/kg) at GD 4.5 of pregnancy. 

The high rates of peri- and post-implantation embryo resorption observed in the untreated obese 

and diabetic HFD-NONcNZO mice are associated with significant upregulation of the uterine 

expression of INFγ, TNFα and IL16 at GD 4.5. Immunosuppression with tacrolimus or treatment 

with metformin was sufficient in inhibiting aberrant activation of uterine INFγ, TNFα and IL16 in 

treated dams. n= 3 mice/ group with two experimental repeats with similar outcome. Fold change 

in cytokine expression analysis is relative to NFD-NONcNZO mice. 
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Figure 2. 4: Profiling GD 4.5 uterine monocytes/macrophage activation factors in 

the HFD-dNONcNZO dams versus those receiving metformin (200mg/dL) or 

tacrolimus (0.1mg/kg). 

Failed implantation in the untreated obese and diabetic HFD-dNONcNZO mice is 

associated with significant upregulation of the uterine expression of the 

macrophages/monocytes chemoattractant molecules CCL2, 5 and12 and CXCL 9 and 12.  

Individual contribution of these pro-inflammatory molecules in the etiology of 

implantation failure in the obese and diabetic subjects awaits further evaluation. Fold 

change in cytokine expression analysis is relative to NFD-NONcNZO mice. 
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Table 2. 1: Antibodies and detection biomarkers used in this study 
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Appendix 3: Supplemental Figures and Tables for Chapter 4: “Tacrolimus in the 

Prevention of Adverse Pregnancy Outcomes and Diabetes-Associated Embryopathies 

in Obese and Diabetic Mice” 

Adopted from the online resource and published manuscript: 

‘Albaghdadi et al (2017) J Transl. Med. 15(1): 32
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Figure 3. 1: Schematic depicting the focus of the study. 

Schematic depicting the focus of the study and the temporal sequence of experimental procedures including administration of high-fat 

diet, tacrolimus, and metformin as well as establishment of pregnancy. *Tacrolimus monotherapy was administered to diabetic HFD-

dNONcNZO mice on an alternate day regimen for four consecutive weeks spanning the period of the HFD-weeks 15-18 and 25-28, 

respectively.  OGTT: Oral glucose tolerance test. C/S: Cesarean section. 



 

 

 223 

 

Figure 3. 2: Alterations in the glycemic control over time in the HFD-dNONcNZO dams. 

A-C: Temporal alterations to the Area Under the Curve (AUC) for glucose at OGTT obtained at 7 Wk HFD (A), 15 Wk HFD (B) or 

25 Wk of HFD (C), respectively. Note the lack of changes to AUC glucose at OGTT in the alymphoid mice throughout the 

experimental timeline and the effect of two therapeutic interventions of tacrolimus (0.1mg/kg sc q2d) each of four consecutive weeks 

in restoring reference values of glucose despite HFD chronicity in treated dams (A-C). Asterisks indicate levels of significant 

differences at *p ≤ 0.05, **p ≤ 0.01 and *** p ≤ 0.001.  ns: not statistically significant. 
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Table 3. 1: Mouse models, therapeutic interventions and dietary and husbandry conditions reported in this study. 

Mouse Model Source Diet 
Therapeutic 
Intervention 

Numbers 

NONcNZO10/LtJ 

The Jackson Lab. 
(stock # 004456M) 

60% kCal high fat diet 

(D12492, Research Diets 

Inc., NJ, USA) 

Vehicle  
(Castor oil: ethanol mix) 

14 

NONcNZO10/LtJ 
Tacrolimus (0.1mg/kg 

s.c. q2d) * 
14 

NONcNZO10/LtJ 
Tacrolimus (0.05mg/kg 

s.c. q2d) * 
14 

NONcNZO10/LtJa Metformin (200mg/dL) 14 

BALB/c-Rag2-/-Il2rg-/-b Queen’s University 

Animal Care 

Services 

Vehicle  12 

BALB/c-Rag2-/-Il2rg-/-b 

20% fortified protein 

pellet diet (5K52 

LabDiet®) 
Vehicle  12 

- * Administered on an alternate day regimen from week 15-18 and week 25-28, respectively. 

- a
 Those receiving metformin referred to as drug-treated control 

- b
 Normoglycemic (normative) control 

- Mice were housed in a decontaminated barrier facility under standard sanitation, disinfection and sterilization practices as approved by 

Queen’s University Animal Care Services.  

The animal room environment and photoperiod were as follows: temperature 20 ± 3°C; humidity 30% to 70%; 12hour light/dark photoperiod 

(lights on at 07:00AM), except when room lights were turned on during the dark cycle to accommodate blood sampling.  

 



 

 

 225 

Table 3. 2: External gross malformation in the HFD-dNONcNZO mice and those receiving tacrolimus or metformin. 

External gross malformation in the HFD-dNONcNZO mice 
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HFD-dNONcNZO 
4 10* 5/4 1 6/4 0 2/1 1 2/1 1 0 1 9 90 

 

TACRO                                                                   

(0.05 mg/kg) 

3 22 0 0 0 0 0 0 0 1 0 0 1 5a 

 

TACRO                           

(0.1 mg/kg 

3 18 0 0 0 0 0 0 0 0 0 1 1 5.3a 

 

Metformin (200mg/dL) 
3 17 0 0 0 1 0 1 0 0 0 0 2 12a 

 

- If there were multiple incidences of a malformation the value is reported as incidence/number of litters affected 

*:  Only 3 fetuses were viable in the untreated group therefore, all non-resorbed foetuses were assessed for external malformations, 

whereas external malformations were only reported for the viable fetuses in the other treatments 

- Parentheses indicate the number of litters affected. 
a
 statistically significant different from respective diabetic strain p <0.05 Kruskal-Wallis. 
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Table 3. 3: Visceral findings in HFD-dNONcNZO mice and those receiving tacrolimus or metformin. 

Visceral findings in HFD-dNONcNZO mice 
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dNONcNZO 4 3 (33%) 1 (33%) 1 (33%) 1 (33%) 1 0 0 
(33%) 

1 
(33%) 1 (2.6%) 1 (100%)a 3 

 

3 22 0 0 0 (4.5%) 1 (4.5%) 1 0 
(4.5%) 

1 
0 0 (14%)a 3 TACRO                                                                   

(0.05 mg/kg) 

 

 

3 18 0 0 (5.6%) 1 (5.6%) 1 0 0 0 (5.6%) 1 0 (11%)a 2 
TACRO                           

(0.1 mg/kg) 

 
 

 

3 17 0 0 (5.9%) 1 (5.9%) 1 0 0 0 0 0 (6%)a 1 
Metformin 

(200mg/dL) 

 

(N)N = (percent of viable embryos) number of litters affected 

a
 statistically different from respective viable diabetic strain p<0.05 Kruskal-Wallis 

*: most pups were resorbed at necropsy so that no visceral examination could be conducted on them. 
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Table 3. 4: Placental plasma levels of cytokines in the HFD-dNONcNZO dams 

receiving vehicle compared to tacrolimus (0.1mg/kg sc q2d) or metformin 

(200mg/dL/day) at GD14.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

- Placenta Cytokine Proteome ProfilerTM Array. Arbitrary units presented as mean ± S.E.M.  

- * indicates a significant change as determined by Neuman-Keuls test; p < 0.05. n= 4/group.    
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Appendix 4: Figures for Chapter 5 ‘General Discussion’ 

 



 

 

 229 

 

 

Figure 4. 1: Schematic depicting pathophysiological aspects of implantation failure 

in diabetes as described in this thesis.  

We propose that skewed maternal Th1 adaptation to the semi-allogeneic embryo at implantation 

is key to the pathogenesis of implantation failure in diabetes. Aberrant upregulation of PGRA and 

MUC1 and the downregulation of PGRB, FKBP52, IL11 and GM-CSF at GD 4.5 were prominent 

features of P4 resistivity in diabetes as revealed in this thesis. It is our contention that the aberrant 

decidual release of the macrophage/monocytes chemoattractant proteins in the GD 4.5 

implantation sites of diabetic mice represents a pathological state of maternal E2 dominance and 

exacerbates local and systemic maternal inflammation thereby intensifying disease severity.   

Administration of tacrolimus was found to prevent the development of poor materno-fetal 

outcomes by interfering with many steps along the pathways leading to implantation and 

decidualization failure in diabetes. We believe that the aberrant upregulation of INFγ and PIASy 

at GD 4.5 is central to pregnancy loss in diabetes. It is our contention that through its 

immunosuppressive actions blocking the inhibitory effects of aberrant INFγ and PIASy on the 

endometrial expression of LIF, STAT3 and NFκB as well as endometrial PGR-mediated 

influences, tacrolimus was successful in restoring fertility in diabetic mice. Solid black lines 

represent original data obtained in this thesis work. Dashed black lines represent the overall 

outcome of the main hypothesis of this thesis.      
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Figure 4. 2: Schematic depicting summary of outcomes of hypothesis 1 of this thesis: 

morpho-immunologic uterine defects at embryo implantation in diabetic mice. 

 

According to data obtained in this thesis, defined morpho-immunogenic features of 

uterine/endometrial non-receptivity at GD (E) 4.5 in the spontaneously diabetic mouse were those 

of aberrant upregulation of MUC1, PGRA and PIASy. It is our contention that the observed 

downregulation of PGRB, FKBP52, LIF and the deactivation of STAT3 and NFκB at E4.5 in the 

diabetic gestation is secondary to the aberrant expression of INFγ in these mice.     
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Scientific Outcomes of this PhD thesis: 

An International and National (United States and Canada) patent (# US 9427433B2) 

(CA2837359A1) entitled: ‘Methods and compositions for enhancing fertility and/or 

inhibiting pregnancy failure and restoring glucose tolerance’. 
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 Briefly, the application describes methods and compositions for enhancing 

fertility and/or inhibiting pregnancy failure, restoring glucose tolerance and/or preventing 

glucose intolerance and/or maintaining glucose homeostasis and/or inducing or 

enhancing weight loss, treating dyslipidemia, treating hypertestosteronism or 

hyperandrogenism, and/or treating type 2 diabetes in an individual in need thereof are 

provided. These involve compositions that inhibit expression of interferon-gamma (IFN-

gamma) or a downstream IFN-gamma-stimulated gene, which is preferably a macrolide 

immunosuppressant compound 
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