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ABSTRACT

In humans, at least 30-40% of pregnancies fail, most during the preimplantation period.
Before implantation, too much or too little glucose impairs embryo development. Pregnancy also
requires successful decidualization of the stroma, a glucose intensive process. Therefore, optimal
levels of endometrial glucose are required to achieve a successful pregnancy. Glycogen, the
storage form of glucose, is found in the uterus and may contribute to maintaining glucose
concentrations. Our objectives were to 1) determine how glycogen levels change in the luminal
epithelium, glandular epithelium, and stroma during early pregnancy; 2) understand the
distribution of glycogen metabolizing enzymes (hexokinase I, HK1; glucose-6-phosphatase,
G6PC; glycogen synthase, GYS; and glycogen phosphorylase, PYG); and 3) determine if the

decidua stores glycogen independently of pregnancy.

To characterize glycogen during pregnancy, uteri from CD-1 mice were collected at
proestrus, days post-coitum 1.5 (DPC 1.5), DPC 3.5, and DPC 5.5. To artificially induce
decidualization, CD-1 mice were ovariectomized, primed with steroids, and one uterine horn was
stimulated by an infusion of corn oil. Periodic acid-Schiff staining, with and without diastase
pre-treatment, was used to measure glycogen content in endometrial tissues. Western blot was
carried out to quantify glycogen metabolizing enzymes. Immunohistochemistry (IHC) was

performed to localize the glycogen metabolizing enzymes.

Our results showed that in the glandular epithelium, glycogen content was highest at
proestrus and decreased 71.4% at DPC 1.5 and 62.13% at DPC 3.5. Similarly, in the luminal
epithelium glycogen was highest at proestrus, was 46.2% lower at DPC 1.5 and 63.2% lower at

DPC 3.5. In contrast, the stroma stored little glycogen during the preimplantation period, and the



amount did not change. However, at DPC 5.5, glycogen content increased 7-fold in the
implantation site compared to the stroma of proestrus. IHC showed that HK1 was present in the
glandular and luminal epithelium, but was undetectable in the stroma. GYS in the luminal and
glandular epithelium was highest in the preimplantation period compared to proestrus, but was
not detected in stromal cells. At the implantation site, there was a dramatic increase in GYS in
the decidua. G6PC was highly expressed in the luminal and glandular epithelium from DPC 1.5
to DPC 5.5. PYG increased from proestrus to DPC 3.5 in the glandular and luminal epithelium.
The artificially decidualized stroma showed a 5-fold increase in glycogen content. The levels of
GYS, G6PC, and PYG were increased in the decidualized uterine horn compared to the control

horn.

In conclusion, glycogen in the luminal and glandular epithelium of murine uterus
decreased during early pregnancy, which correlated with the increased expression of G6PC and
PYG. This suggests that glycogen in the uterine epithelium supports the preimplantation
embryos. In contrast, glycogen in the stroma was constantly low until after implantation. After
which, glycogen and GY'S expression increased dramatically in the decidua. Thus, the decidua
stores glycogen, which later may be released to support remodelling of the decidua or to provide

energy for embryo development.
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CHAPTER 1: INTRODUCTION

Pregnancy loss is common in humans, and at least 30-40% of pregnancies fail. Among
those pregnancy failures, most occur during the pre-or peri-implantation period. Unfortunately,
pregnancy failure may be higher than expected as early embryo loss can take place before human
chorionic gonadotropin (hCG) is produced by the trophoblast (Wilcox et al., 1988; Zinaman et
al., 1996). In addition, some women experiencing infertility hesitate to visit their doctors (lino et
al., 2022). Therefore, given the high rate of pregnancy failure before and around the implantation
period, understanding the uterine environment during early embryonic development and the
interactions between the uterus and the embryo may provide insights to minimize early

pregnancy failure.

Before implantation, the free-floating embryo relies on the nutrients secreted into the
uterine lumen. Glucose is one of the most important nutrients required for early embryonic
development, and optimal glucose concentration is required to prevent pregnancy loss. Glucose
uptake by the embryo is low until the morula stage and too much glucose before compaction is
toxic to the embryo (Gardner et al., 1996). From the fertilization stage until the 8-cell stage, the
embryo primarily utilizes lactate and pyruvate as main energy sources (Brinster, 1969; Leese &
Barton, 1984; Martin & Leese, 1995). A switch of energy sources from pyruvate and lactate to
glucose occurs around the blastocyst stage. The uptake of glucose by the blastocyst increases
significantly compared to the cleavage stage embryo (Gardner et al., 2011). Not surprisingly, the
increase in glucose uptake by the blastocyst correlates with higher glucose concentrations found

in the uterine lumen than in the oviduct (Gardner et al., 1996).

At the implantation site, the stromal cells undergo morphological and physiological

changes to form decidua. Expression of glucose transporter-1 (GLUT1) and uptake of glucose



increased in both humans and mice uterine stromal cells as they decidualize (Frolova et al.,
2009). An increase in glucose metabolism through the pentose-phosphate pathway (PPP) was
observed in the decidua and inhibiting this pathway was detrimental to the decidual response
(Frolova et al., 2011; Tsai et al., 2013). After decidualization, a shift to Warburg-like metabolism
resulted in higher glucose uptake (Zuo et al., 2015). Therefore, the glucose needs for the embryo

and uterus change in a spatiotemporal manner during early pregnancy.

Glycogen is a storage form of glucose, and it acts as a glucoses reservoir to regulate
glucose concentrations. The uterus can temporarily store glucose as the macromolecule
glycogen. In humans, female infertility is associated with low glycogen content in the
endometrium, suggesting that proper glycogen storage is important for successful pregnancies
(Gupta et al., 2013; Hughes et al., 1969; Maeyama et al., 1977). However, glycogen metabolism
and glucose regulation are not fully understood in the uterus. Uterine glycogen metabolism has
never been characterized during the pre-and peri-implantation period of mice. In addition, which
tissues in the endometrium contribute to the storage of glycogen remains unclear. The locations
of glycogen metabolizing enzymes during early pregnancy have not been illustrated. Therefore,
our objectives were to 1) characterize endometrial glycogen storage in the murine uterus from
proestrus until the implantation period in the luminal epithelium, glandular epithelium and
stroma; 2) localize key glycogen metabolizing enzymes in the uterus during the same period; and
3) determine whether decidualization is sufficient to drive glycogen accumulation independently

of pregnancy.



CHAPTER 2: LITERATURE REVIEW

2.1 Pregnancy Failure

Infertility is a common problem in reproductive health, and 10-15% of couples have
difficulties trying to conceive. It is estimated that by 2050, 15% of couples will be childless
because of infertility (Wang & Dey, 2006). Even with advanced assisted reproductive
technologies, such as in vitro fertilization and utilizing high-quality embryos for embryo transfer,
failures in implantation and loss of embryos are common. To successfully implant, complex
interactions between a viable embryo and an appropriately primed uterus are necessary (Ng et
al., 2020). Even though preimplantation embryonic death is common in many mammals and is
considered to be a selection process leading to higher survival of superior embryos, the
dysregulation of embryonic development and uterine receptivity may be the causes for poor

pregnancy rates (Dey et al., 2004).

Pregnancy failure can occur at any time from fertilization, implantation, up until term.
Even with optimal conditions, the maximal clinically detected pregnancy rate is 30-40% per
cycle in humans (Macklon et al., 2002). However, optimal conditions normally do not reflect
real-life. As a result, the pregnancy rate generated from a population-based study will be more
reliable and practical. A study analyzing daily urinary hCG levels in 221 women for 6 months
was able to provide pregnancy rates. The study implemented a highly sensitive and immuno-
radiometric assay for hCG to detect embryo. The result showed that the clinically detectable
pregnancy rate was 25% per cycle during the first three cycles (Wilcox et al., 1988). Similarly, in
another study of 200 couples, the maximal fertility rate was about 30% per cycle in the first two

cycles (Zinaman et al., 1996).



Pregnancy loss is also significant in a proportion of women. In support of that, both of the
studies also reported pregnancy loss after h\CG was detectable. In the study of Wilcox et al.
(1988), they found that 22% of early pregnancy losses detected utilizing a highly sensitive hCG
assay were clinically unrecognized. Combining these pre-clinically recognized early losses with
clinically detectable pregnancy losses, the overall pregnancy loss rate was about 31%. This rate

of overall pregnancy loss was consistent with the study of Zinaman et al. (2019).

However, the actual rate of preclinical pregnancy loss may be higher. Losses occurring
from fertilized zygote to the morula stage were undetectable in these studies. This is because
hCG is secreted by the trophoblasts of the embryo and the embryo at early developing stages has
not yet differentiated into trophoblastic cells. Therefore, these losses were missed. In addition,
the hCG produced by the blastocyst may not reach urine by the time of detection. Moreover,
early pregnancies that failed to produce enough hCG to meet the criterion were also overlooked

in these studies.

2.2 Carbohydrate Metabolism

2.2.1 Types of Glucose Transporters

Glucose transport across the plasma membrane and into cells is mediated by sodium-
coupled glucose transporters (SGLT) or the facilitative glucose transporter (GLUT). SGLTs are
also known as the SLC5A gene family while GLUTSs are known as the SLC2A gene family
(Frolova & Moley, 2011). Different tissues express different glucose transporters. The brain
takes up glucose mainly through GLUT1 and GLUT3. GLUTS3 is highly expressed by neurons

(Simpson et al., 2008). Skeletal muscle coordinates GLUT1 and GLUT4 to take in glucose.



GLUT1 lies within the plasma membrane to facilitate glucose transport whereas GLUT4 is found
in the intracellular vesicles of cells and is then transported to the membrane when stimulation
occurs. Stimulatory signals include binding of insulin or muscle contraction. In the liver, GLUT2

is most utilized to transport glucose (Navale & Paranjape, 2016).

The expression of glucose transporters was also reported in the uterine endometrium.
Immunostaining showed that SGLT1 was found in the luminal epithelium and glandular
epithelium during day 1 and day 2 of pregnancy in the murine uterus. The expression of SGLT1
shifted to the stroma on day 3 and day 4 (Zhang et al., 2021). In addition, GLUT1, 3, 4, and 8 are

also presented in both the human and murine uterus as discussed below.

GLUT1 was the first GLUT identified in the endometrium. It was expressed in the uterus
of both cycling and pregnant rodents. In non-pregnant mice, GLUT1 expression was higher in
the uterine epithelium than in the stroma, but further research is needed to characterize GLUT1
expression in the epithelial cells (Frolova & Moley, 2011). In pregnant rats, GLUT1 protein was
found localized to the luminal epithelium, the stroma and the decidual cells (Korgun et al.,
2001). On the other hand, although low expression of GLUT1 was found in the undifferentiated
stromal cells, its expression was increased dramatically in the decidualized stromal cells.
Yamaguchi et al. (1996) initially detected expression of GLUT1 mRNA in the decidua and the
MRNA expression increased during gestation in mice. GLUT1 mRNA and protein levels both
increased in the murine stromal cells throughout the decidualization process both in vivo and in
vitro (Frolova et al., 2009). Furthermore, the mRNA expression of GLUT1 was most abundant in
the endometrial stroma compared with other GLUTS, suggesting that GLUT1 may play an
important role in maintaining pregnancy and regulating glucose availability to the developing

embryo (Frolova & Moley, 2011).



GLUTS3 has a higher glucose affinity than GLUTL1, 2 and 4. It is well characterized in
tissues that require higher metabolic demands, such as the brain, the sperm, and the
preimplantation embryo (Simpson et al., 2008). GLUT3 is less studied when compared with
GLUT1Z, but has been shown to be presented in the endometrium. Immunohistochemistry (IHC)
showed that GLUT3 was expressed in the decidual cells in the rat uterus (Korgun et al., 2001). In
addition, mRNA expression of GLUT3 was reported in the decidua of the murine uterus. The
expression decreased slightly as pregnancy proceeded (Yamaguchi et al., 1996). In humans,
GLUT3 mRNA expression was low during the proliferative phase and increased in the late

secretory phase and in the decidua (Von Wolff et al., 2003).

GLUT4 is the most studied among all the GLUTS as it regulates whole-body glucose
homeostasis and is important for understanding type Il diabetes (Wang et al., 2020). It is less
studied in the uterus when compared with other tissues. Frolova & Moley (2011) reported that
the mRNA expression of GLUT4 was 100- to 1000-fold lower than other GLUTS in the
endometrial stroma, possibly explaining the fewer studies focusing on GLUT4 in the uterus.
Even though GLUT4 is low in the uterus, it is ubiquitously expressed in the epithelium, the

stroma, and the decidua throughout early pregnancy in rats (Korgun et al., 2001).

GLUTS is expressed at high levels in the testis, and is also found in other tissues such as
the uterus, the ovary, the brain and the liver. GLUT8 was localized entirely intracellularly except
in the blastocyst. In the blastocyst, GLUT8 was translocated to the plasma membrane in response
to insulin stimulation similar to GLUT4 (Carayannopoulos et al., 2000; Diril et al., 2009). In the
uterus, the expression of GLUTS8 has only been identified recently. GLUT8 was found to be the
highest at estrus in the murine uterus and increased during decidualization (Kim & Moley, 2009).

Significant upregulation of GLUT8 was also reported in human decidualized cells (Frolova &



Moley, 2011). GLUT8 knockout mice exhibited small litter size and impaired decidualization,
suggesting GLUT8 was required for completing the decidualization process (Adastra et al.,

2012)

2.2.2 Glycogen Structure and Storage

After glucose enters the cell, it can be stored as glycogen. Glycogen is a branched
polymer of glucose and acts as reservoir of glucose storage. The backbone linear chain of
glycogen is composed of glucose resides linked via a-1,4-glycosidic bonds, and the branched
points of glycogen are created by a-1,6-glycosidic linkages (Figure 1). The branches are evenly
distributed, resulting in the spherical structure of glycogen. In general, glycogen can store up to
55,000 glucose residues, with a size of 10-44 mm in diameter in skeletal muscle and 110-290 nm
in liver. The skeletal muscle and the liver are the main tissue types for glycogen storage, and the
glycogen in the liver and muscle plays an important role in maintaining whole-body blood
glucose homeostasis. Glycogen-containing cells are also found in the brain, the heart, the skin,
the adipose tissue, the leukocytes, the thymus, the retina, and the skin (Ryu et al., 2009).
Moreover, several studies have shown that glycogen can be stored in the uterus and glycogen
content changes throughout the reproductive cycle and pregnancy (Dean et al., 2014; Demers &
Jacobs, 1998; Demers et al., 1972). However, glycogen storage in specific uterine tissues has

never been fully understood.



2.2.3 Glucose Metabolism

Once the glucose is transported into the cell, hexokinase (HK) phosphorylates glucose,
yielding glucose-6-phosphate (G6P) while adenosine 5’-triphosphate (ATP) is hydrolyzed to
adenosine diphosphate (ADP). Phosphorylation of glucose traps the glucose moiety inside the
cell and this reaction maintains the gradient necessary for glucose diffusion into the cell (Printz
etal., 1993). G6P can enter four major pathways, the glycogenic pathway, the glycolytic

pathway, the hexosamine biosynthetic pathway, and the pentose-phosphate pathway (Figure 2).

2.2.3.1 Glycogen Metabolism

Glycogenesis is the pathway that stores glucose as glycogen, which is an important
energy reserve for animals. After G6P is generated from glucose, phosphoglucomutase (PGM)
isomerizes G6P to glucose-1-phosphate (G1P) by transferring a phosphate group from C6 to C1.
Catalyzed by uridine diphosphate (UDP)-glucose pyrophosphorylase (UGP), the phosphoric-
anhydride bond on uridine 5’-triphosphate (UTP) is replaced by the phosphate group on G1P,
yielding UDP-glucose and pyrophosphate. Glycogen synthase (GYYS) is a glycosyltransferase
that elongates the linear chain of glycogen. It forms a-1,4-glycosidic linkages between the
glycosyl residues from the UDP-glucose and the growing glycogen molecule, leading to the
release of UDP. As the linear chain elongates through the « -1,4-glycosidic bond, the glycogen
branching enzyme (GBE) transfers 6-8 glycosyls to glycogen via a-1,6-glycosidic linkages,

creating the multi-branched macromolecule glycogen (Figure 3).

To break down glycogen, several enzymes are also involved in the process. Glycogen
catabolism occurs in the cytoplasm as well as inside the lysosome, but different enzymes are

required. In the cytoplasm, glycogen phosphorylase (PYG) breaks the a-1,4-glycosidic bond in



the linear chain of glycogen, releasing G1P. After PYG releases G1P, four glycosyl residues
remain on the branch, and glycogen debranching enzyme (GDE) is required to break the branch
and reattach the residues to form a linear chain. To achieve this, the transferase activity of the
enzyme relocates three glycosyl residues from the branch to a linear strand. Then, the
glucosidase activity of the enzyme breaks the a-1,6-glycosidic bond, which forms the branching
point, releasing a single glucose molecule (Figure 4). On the other hand, glycogen breakdown in
the lysosomes is accomplished by the lysosomal enzyme acid a-glucosidase, yielding G1P. The
G1P generated from glycogen degradation in both cytoplasm and lysosome is isomerized by
PGM, producing G6P. Lastly, glucose-6-phosphatase (G6PC) dephosphorylates G6P in the

endoplasmic reticulum to liberate free glucose (Adeva-Andany et al., 2016)

The protein that was thought to form new glycogen molecules is called glycogenin
(GYG). Itis a glycosyltransferase that catalyzes the transfer of glucose residues from UDP-
glucose to itself and forms a linear chain of the first dozen glucose residues through a-1,4-
glycosidic linkage (Adeva-Andany et al., 2016; Skurat et al., 2006). The linear chain of glucose
residues generated by GY G acts as the precursor for glycogen (Gibbons et al., 2002). However,
new evidence indicates that GYG may not be required for glycogen formation (see section 2.4

Glycogen Metabolizing Enzymes below).

2.2.3.2 Glycolysis

Glycolysis is a universal pathway in all living cells and is a major pathway to generate
the energy-carrying molecule ATP (Akram, 2013). G6P is first converted to fructose-6-
phosphate (F6P) by glucose phosphate isomerase (GPI). F6P can either proceed with further

glycolysis or enter the hexosamine biosynthetic pathway (see section 2.3.3 The Hexosamine



Biosynthetic Pathway below). In glycolysis, the phosphoryl group from ATP is transferred to
F6P under the catalytic effect of phosphofructokinase (PFK), yielding fructose 1, 6-bisphosphate
(F-1,6-BP) and ADP. F-1,6-BP is then cleaved by aldolase, generating dihydroxyacetone
phosphate (DHAP) and glyceraldehyde 3-phosphate (G3P) (Harris, 2013). The DHAP and G3P
can inter-convert in the process. From there, G3P is oxidized by glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), forming 1,3-bisphosphoglycerate (1,3-BPG). Phosphoglycerate kinase
(PGK) transfers the phosphate group on 1,3-BPG to ADP, producing ATP and 3-
phosphoglycerate (3PG), which is then isomerized to 2-phosphoglycerate (2PG) by PGM.
Enolase dehydrolyzes 2PG, forming phosphoenolpyruvate (PEP). PEP is converted to pyruvate
by pyruvate kinase, which also generates ATP. When oxygen is present, pyruvate can enter the
tricarboxylic acid (TCA) cycle, also known as Kreb cycle, to generate significant amounts of
ATP. In the absence of oxygen, pyruvate can be converted to lactate, which produces more
nicotinamide adenine dinucleotide (NAD+) to continue the process of glycolysis (Zimmermann,

2001; Figure 2).

2.2.3.3 The Hexosamine Biosynthetic Pathway

The hexosamine biosynthetic pathway is responsible for the production of key substrates
for glycosylation. In the hexosamine biosynthetic pathway, 2-5% of F6P together with
glucosamine is converted to glucosamine-6-phosphate (GICN6P). GICNG6P is further converted to
N-acetylglucosamine-6-phosphate (GIcNAc-6P), followed by PGM conversion to N-
acetylglucosamine-1-phosphate (GIcNAc-1P). GIcNAc-1P is converted to uridine diphosphate
N-acetylglucosamine (UDP-GIcNAC). From there, UDP-GIcNACc can be used to form N-linked
and O-linked glycosylation in the endoplasmic reticulum or the Golgi apparatus (Akella et al.,

2019; Figure 2).
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2.2.3.4 The Pentose-Phosphate Pathway

The pentose-phosphate pathway serves two purposes that are important for the
proliferation of cells: 1) to synthesize nucleotides and nucleic acids; and 2) to generate NADPH
(Horecker, 2002). NADPH is required for fatty acid synthesis and cell survival, suggesting the
indispensable role of PPP for cells. There are two branches of PPP, the oxidative branch
generating NADPH and ribose-5-phosphate (R5P), and the non-oxidative branch producing
glycolytic intermediates such as F6P or G3P. In the oxidative phase, G6P is oxidized by G6P
dehydrogenase (G6PDH) to generate 6-phosphogluconolactone (6PGL), while nicotinamide
adenine dinucleotide phosphate (NADP+) is reduced to NADPH. 6PGL is then hydrolyzed by 6-
phosphogluconolactonase (PGLS) producing 6-phosphogluconate (6PG). From there, 6PG
converts to ribulose-5-phosphate (Ru5P) by 6-phosphogluconate dehydrogenase (6PGDH),
generating another NADPH in this step. In contrast, in the non-oxidative branch of PPP, Ru5P
undergoes isomerization by ribulose-5-phosphate isomerase (RPI) to produce R5P, which can be
converted to phosphoribosyl pyrophosphate (PRPP) and used for ribonucleotide synthesis. In
addition, xylulose-5-phosphate (Xu5P) can also be produced from R5P and can be used to

generate F6P and G3P, the glycolytic intermediates (Patra & Hay, 2014; Figure 2).

2.2.4 Glycogen Metabolizing Enzymes

There are four isomers of HKs, I, Il, I11, and IV (HK 1V is also known as glucokinase).
HK 11 is expressed in the skeletal muscle. An increased concentration of G6P has an inhibitory
effect on HK I, 11, and 111 (Grossbard & Schimke, 1966). HK IV is different from the other three

HKSs in the family. It has a higher molecular weight and a lower glucose affinity (Printz et al.,
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1993). G6P does not have an inhibitory effect on glucokinase, and neither do ATP nor ADP

(Weinhouse, 1976).

GYG has two isoforms in humans: GYG1, which is ubiquitously expressed, and GY G2,
which is mainly found in the liver, the cardiac muscle, and the pancreas. In contrast to humans,
rats and mice only express one isoform of GYG (Zhai et al., 2001). GY G was considered as an
initiator protein in glycogenesis, but whether GYG is indispensable for glycogen synthesis is
debatable. GYG knockout mice showed an accumulation of glycogen in the heart and the muscle
(Testoni et al., 2017). In addition, patients with depletion or absence of GYG1 were observed
with various amounts of glycogen stored in the skeletal muscle (Malfatti et al., 2014). As a

result, these observations suggested that GYG may not be required for glycogenesis.

GYS is regulated by the allosteric effect of G6P, and reversible phosphorylation of GYS
leads to the inactivation of this enzyme. The presence of G6P overcomes phosphorylation,
leading to restoring the activity of the GYS (Roach et al., 2012). In addition, an increased
concentration of glycogen inhibited GYS activity (Adeva-Andany et al., 2016). In humans and
mice, there are two forms of GYS, GYS1 and GYS2. GYS1 (encoded by GYS1) is most
abundant in the heart and the skeletal muscle, whereas GYS2 (encoded by GYS2) is a liver

isoform of GYS (Browner et al., 1989; Nuttall et al., 1994).

Three isoforms of PYG are found in the skeletal muscle (encoded by PYGM), the brain
(encoded by PYGB), and the liver (encoded by PYGL; Burwinkel et al., 1998). The activity of
PYG, similar to GYS, is regulated through allosteric effects. Reversible phosphorylation by
protein phosphatase-1 (PP1) regulates the activation and deactivation of PYG. PP1 regulates

glycogen concentration through the activation of GY'S and the inhibition of PYG. An increase of
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G6P and UDP-glucose inhibits the activity of PYG (Ercan-Fang et al., 2002). In the muscle, a

higher concentration of glycogen also activates PYG (Munger et al., 1993).

In humans and mice, the G6PC gene includes three members, G6PC1, G6PC2, and
G6PC3 (Marcolongo et al., 2013). They are expressed in different tissues. G6PC1 is found in the
endoplasmic reticulum of the liver, the kidney, the pancreas as well as the intestinal mucosa
(Schaftingen & Gerin, 2002). G6PC2 is only expressed in pancreatic -cells, whereas G6PC3 is
ubiquitously expressed. G6PC is activated when G6P is at a high concentration. The activated
G6PC results in release of free glucose and inorganic phosphate (Bhagavan, 2002). In addition,
glucagon, glucocorticoid, and fatty acids also up-regulate GGPC. Down-regulation of G6PC by

insulin has also been reported (Hutton & O’Brien, 2009).

2.3 Characteristics of Uterus

2.3.1 Uterine Structure and Secretions

The uterus body is composed of three layers, the endometrium, the myometrium, and the
perimetrium. The endometrium is a mucosa layer consisting of (1) a layer of columnar secretory
cells made up of the luminal epithelial lining, (2) uterine glands lined with epithelial cells, and
(3) endometrial stroma containing numerous fibroblasts, fine collagenous, and elastic fibers. The
myometrium is a thick layer of smooth muscle and the perimetrium is made of connective tissues

(Verma, 1983).

Histotroph is the accumulation of components and nutrients that are secreted into the
uterine gland and the uterine lumen. It contains many substances such as glucose, enzymes,

hormones, growth factors, cytokines, and amino acids (Bazer & Words, 1975). These secretions
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play important roles in maintaining pregnancies. During the secretory phase, glandular epithelial
cells are transformed into polarized secretory cells that secrete substances into the lumen of
glands. Optimal levels of growth factors in histotroph are crucial for successful implantation.
During the preimplantation period, the embryo is free-floating in the oviductal and uterine lumen
and is dependent on the nutrients secreted into histotroph to sustain growth (Spencer et al.,
2007). As a result, histotroph is considered an indispensable nutrient source during early
pregnancy. This is supported by studies in uterine gland knockout (UGKO) ewes. UGKO ewes
could not maintain a pregnancy to day 25, even when embryos from control ewes were
transferred into the UKO ewes. This result suggests that uterine glands and their secretions are
required for the survival and development of the peri-implantation embryo (Gray et al., 2001). In
addition, the major phenotype of uterine-specific forkhead box protein (FOXO) 2 knockout mice
was the absence of uterine glands. Implantation and decidualization were impaired in these mice
due to loss of leukemia inhibitory factor (LIF) produced by the glandular epithelium, and
injection of LIF partially rescued the decidual response in these mice (Jeong et al., 2010).
Similarly, implantation was also rescued with the replacement of LIF in these mice (Kelleher et
al., 2018). These results suggested that uterine gland secretions, such as LIF, are critical to
embryo implantation and proper stromal cells decidualization. Furthermore, in humans as the
embryo implants into the uterine wall, histotroph can be phagocytosed by the trophectoderm of
the blastocyst and by trophoblast cells of the placenta later during early pregnancy (Burton et al.,

2002).
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2.3.2 Menstrual and Estrous Cycles

Menstruation refers to the periodic shedding of the outer layer of the endometrium when
the embryo is absent. It is restricted to a limited number of mammals such as higher-order
primates, including humans and some old-world monkeys. Interestingly, menstruation has also
been observed in non-primate mammals such as the spiny mouse, some bat species, and the
elephant shrew (Bellofiore et al., 2017; Hamlett, 1934; Horst, 1954; Rasweiler, 1991). The
menstrual cycle can be divided into two phases, proliferative and secretory phases. In humans,
the proliferative phase, which coincides with the ovarian follicular phase, starts after
menstruation (day 5 to day 14). The endometrium increases its thickness from 1 mm to 5 mm
and estradiol (E2) is the most influential steroid hormone during this phase. The secretory phase,
coinciding with the luteal phase (day 15 to day 28), starts following ovulation at the end of the
proliferative phase in the menstrual cycle. The endometrium increases about 3 mm to 8 mm at

this stage and progesterone (P4) concentrations start to increase dramatically.

The progression of menstrual cycles depends on the hypothalamus-pituitary-ovarian axis.
During the follicular phase, P4 is low due to the regression of the corpus luteum (CL), which
leads to the activation of gonadotrophin-releasing hormone (GnRH). GnRH neurons release
GnRH which stimulates gonadotroph cells in the anterior pituitary to secrete luteinizing hormone
(LH) and follicle-stimulating hormone (FSH). The action of LH and FSH on theca cells and
granulosa cells of follicles respectively induces follicular growth and ovulation (Caligioni,
2009). LH stimulates the production of androgen in the theca cell, which subsequently diffuses
through the membrane into the granulosa cells. As FSH binds to its receptor on the granulosa
cells, aromatase converts androgen to E2, resulting in higher production of E2 from the

developing follicles (Pohler et al., 2019). Under the effect of FSH, the pre-ovulatory follicles
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develop and produce more E2. The high concentration of E2 results in the GnRH surge from the
surge center of the hypothalamus. The GnRH surge induces the LH surge, which leads to
ovulation followed by the secretory phase of the menstrual cycle. This stage is characterized by
the collapse of the corpus hemorragicum and the formation of CL. The CL continue to produce
P4, which has a negative feedback on the hypothalamus and anterior pituitary (Crowe, 2022). As
the CL regresses, the inhibitory effect of P4 decreases due to lower P4 concentration, leading to

the increase of GnRH secretion and the beginning of the next cycle.

The estrous cycle represents the cyclic manner of the ovarian and uterine activities. As
reproductive receptivity proceeded in female animals, they either enter another cycle or establish
pregnancy after mating (Crowe, 2022). Unlike the menstrual cycle where the endometrial wall is
shed during each cycle, in the estrous cycle the endometrium does not undergo menstruation
(Catalini & Fedder, 2020). The length of the estrous cycle varies between species. In mice, the
estrous cycle repeats every 4-5 days, while in the cattle the cycle is 17-24 days (Byers et al.,
2012; Pohler et al., 2019). The estrous cycle can be divided into four stages in rodents, proestrus,
estrus, metestrus, and diestrus, which are controlled by a variety of hormones through both

negative and positive feedback.

2.3.3 Endometrial Structural Changes and Glycogen Deposition during Reproductive Cycle

Some ultrastructural studies on human endometrial biopsies characterized structural
changes and glycogen deposits in the glandular epithelium. During the early proliferative phase,
clusters of glycogen granules were found at sub-nuclear locations on day 8 in glandular epithelial
cells (Verma, 1983). From the proliferative phase to the secretory phase, one of the major

changes in the glandular epithelial cells during the transition was the abundance in glycogen
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deposition (Dockery et al., 1988, 1993; Verma, 1983). At the beginning of the secretory phase,
glycogen was limited to the basal side and moved more towards the apical side as the phase
progressed. Glycogen and glycoproteins started to accumulate on the second day after the LH
surge and reached a peak on the third day. The volume of cytoplasm decreased due to the
presence of sub-nuclear glycogen. In addition, glycogen was also seen enclosed in lysosomes
(Verma, 1983). Once active secretion of glycogen occurred, large masses of glycogen were no

longer found in the epithelial cells (Dockery et al., 1988).

During the early proliferative phase, the stromal cells had a narrow and elongated
appearance. As the phase progresses toward the middle and end of the proliferative phase, the
size of the cells increases and they have a more round appearance. During the secretory phase,
the accumulation of extracellular fluid leads to dispersion of stromal cells. Glycogen deposition
starts to increase at the beginning of the secretory phase. As the progression continues toward the

end of the secretory phase, cells become hyperhydrated (Verma, 1983).

2.3.4 Endometrial Structural Changes and Glycogen Deposition during Early Pregnancy

In humans, the structures of luminal epithelial cells and glandular epithelial cells change
during early pregnancy. In the luminal epithelial cells, the apical membrane, basal membrane, as
well as lateral membrane became looser. Glycogen has occasionally been observed in the
luminal epithelium. Accumulation of glycogen and large quantities of glycogen budding off from
the apical into the lumen of the uterus were also detected during early pregnancy. The number of
microvilli on the apical and lateral plasma membrane decreased compared to the early secretory
phase of the menstrual cycle in humans (Demir et al., 2002). Similar observations have also been

found in the murine and rat uterus. In the first two days of pregnancy, the long, thin and regular
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microvilli observed during the estrous phase were replaced by shorter and irregular microvilli or
protrusions (Murphy, 1993). The apical microvilli disappeared around day 5 to day 6 of

pregnancy, when implantation is occurring (Murphy, 1993; Tachi et al., 1970).

In the glandular epithelial cells, the number of free or attached ribosomes increased. The
increased ribosomes can be distributed into polysomes, which play an important role in
synthesizing proteins. Glycogen-rich cells and glycogen-poor cells have been found in the
glandular epithelium. In the glycogen-rich cells, glycogen formation is advanced during early
pregnancy and the apical side of the cells was filled with glycogen. Glycogen secretion was seen
from the apical region to the lumen of glands, where large lipid droplets and glandular mucus
were also present (Demir et al., 2002). These observations were similar to the findings that the
uterine glands during the first six weeks of pregnancy resembled the luteal phase of the
menstrual cycle and glycogen particles were observed in the glandular secretion under electron
micrograph (Burton et al., 2002). Moreover, microvilli were abundant on the surface adjacent to
the lateral side near the lumen of glands, but the number of microvilli decreased as days of

pregnancy proceeded (Demir et al., 2002).

Not only does the epithelium have a different appearance during early pregnancy, but the
stroma also undergo significant changes. In early implantation, the stromal cells are loosely
structured with a high proportion of extracellular spaces between cells (Potts, 1968). Around day
4 just before implantation in mice, the stromal cells beneath the luminal epithelium enlarge and
establish a larger contact area with the neighbouring cells. In rodents, as the blastocyst initiates
the first contact with the uterine epithelium, the fibroblasts become transformed into decidual
cells. The decidual cells contained abundant cytoplasm and some tight junctions are found

between these cells (Finn & Lawn, 1967). The decidual cells are more cuboidal in shape and rich
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in glycogen, polyribosomes and lipids (Enders & Schlafke, 1967). The formation of the decidua
is a significant and important change in the stroma in the human and rodents uterus during early

pregnancy.

2.4 Preimplantation and Implantation Development

2.4.1 Embryonic Development during Early Pregnancy

Preimplantation embryonic development involves the differentiation of the totipotent
fertilized egg to the blastocyst containing the multipotent trophectoderm and the pluripotent
inner cell mass (Wang & Dey, 2006). Embryonic development commences with a transition of
oocytes to embryos, whereby the molecular program of oocytes is degraded while those of
embryos are activated. Following fertilization in the oviduct, the embryo undergoes a series of
mitotic cell divisions into 2-cell, 4-cell, and 8-cell stages (Gardner et al., 2000; Figure 5). Around
day 4, human embryos are compact around the morula stage, where the inner blastomeres are
surrounded by the zona pellucida composed of glycoproteins. Then the blastocyst, which is a
fluid-filled structure containing the inner cell mass and trophectoderm, forms on day 5. The inner
cell mass gives rise to the fetus, whereas the trophoblasts are differentiated into the
extraembryonic structures such as the placenta (Norwitz et al., 2001). Next, the blastocyst
hatches from the zona pellucida and implants into the endometrial uterine wall around day 7
(Niakan et al., 2012). By day 10, the embryo is completely buried within the endometrial lining.
Since the placenta has not yet developed a vasculature, the nutrition sources for the embryo is

through the histotroph (Ng et al., 2020). The secretion of histototroph is active until at least 10
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weeks of pregnancy in human when the maternal circulation to the placenta is fully established

(Burton et al., 2002).

In mice, the timeline of preimplantation embryonic development is somewhat different
from that in humans. The cleavage to the 2-cell stage of the murine embryo happens on 1.5 days
post-coitum (DPC), 4-cell stage on DPC 2.5 and 8-cell stage late on DPC 2.5 (Moore et al.,
2019). On DPC 3.5, the embryo is developing towards the blastocyst stage (Wang & Dey, 2016).
Early on day 4 of pregnancy, the embryo enters the uterine horn, and the shedding of the zona
pellucida occurs late on that same day. Implantation of the blastocyst is initiated on the night of

day 4 (Yoshinaga, 2013). On DPC 5.5, the blastocyst is implanted in the decidua (Figure 5).

Protein synthesis, linked to transcriptional activation, was observed around the 4-cell to
the 8-cell stage in human embryos, suggesting that human zygotic genome activation starts
around those stages (Braude et al., 1988). In mice, 90% of the maternal transcripts are
completely degraded by the 2-cell stage (Hamatani et al., 2004). The first major wave of murine
zygotic genome activation occurs around the 2-cell stage to the 4-cell stage and the second major
wave of genetic activation peaks around the 8-cell stage. The third wave peaks at the morula
stage followed by the fourth wave, which peaks at the blastocyst stage. Protein synthesis is
apparent around day 2 in mice (Blerkom & Brockway, 1975). The different waves of gene
activation may be used for specific classes of proteins at a specific time to support embryonic
development. In addition, some early activated genes complete their function at early stages, and
their expressions later may be harmful to the embryonic develop. This suggests that gene
activation and inactivation at a specific time are critical to early embryo development (Hamatani

et al., 2004). The embryo switches from pyruvate-dependence to glucose-dependence during the
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preimplantation period is an example showing proper gene activation or inactivation at specific

stages of embryonic development is important to maintain embryo survival.

2.4.2 Development of the Decidua in the Uterus

Proper decidualization is critical to pregnancy success and many pregnancy
complications are associated with impaired decidualization. Human endometrial stromal cells
(HESC) isolated from preeclampsia patients failed to decidualize in vitro (Garrido-Gomez et al.,
2017). Recurrent pregnancy loss patients also exhibit impaired decidualization (Salker et al.,
2010). In addition, decidualization in repeated implantation failure patients is poorly developed,
including decreased decidual prolactin secretion and impaired transformation (Huang et al.,

2017).

The depth of decidualization varies among different species, depending on the
invasiveness of placental trophoblasts. In rodents, the initiation of the decidualization process is
triggered by implantation. Decidualization can also be modeled in rodents through stimulation in
the E2 and P4-primed uterus or mating with a vasectomized male following by physical
stimulation of the uterine lumen. In contrast, humans are one of a few mammalian species that
undergo spontaneous decidualization in the secretory phase (Tong et al., 2022). Interestingly,
decidualization occurring without the presence of an embryo is also observed in some bats,
higher primates and elephant shrews (Gellersen & Brosens, 2014). Mammals that exhibit
decidualization without the presence of embryos share several reproductive similarities. These
similarities include spontaneous ovulation, development of the hemochorial placenta, and fewer

altricial offspring (Brosens et al., 2009; Emera et al., 2012).
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During decidualization, the endometrium undergoes a biological and physiological
transformation. The decidua, a temporary but critical structure in the uterus, is composed of
differentiated endometrial stromal cells and maternal vascular cells (Mori et al., 2016). The
undifferentiated stromal cells are fibroblast-like, but the appearance becomes large and round
when decidualized. The decidual cells surrounding the embryo proliferate and terminally
differentiate, and become multinuclear (Ansell et al., 1974). Glycogen and lipids are abundant in
the decidual cells. Moreover, unique functional cell markers such as prolactin (PRL), insulin
growth factor binding protein-1 (IGFBP-1), FOXOL1, and Interleukin 6 family (IL6) are produced
by decidual cells (Mori et al., 2016; Tong et al., 2022). Down-regulation of snail and vimentin
(mesenchymal markers) and up-regulation of E-cadherin and cytokeratin (epithelial markers)
was also observed in decidualized murine and human stromal cells (Zhang et al., 2013).
Homeobox (Hox) genes are also important for maintaining the proper function of the uterus and
establishing a decidua. Female HoxalO mutant mice, generated via homologous recombination
in embryonic stem cells, had a decreased decidual response to artificial decidualization stimulus
compared to wild-type mice. Moreover, the transfer of wild-type murine embryos to the Hoxal0
mutant murine uterus failed to rescue embryo survival, suggesting Hoxa-10 is important for the

proper morphogenesis of the uterus (Benson et al., 1996).

Among the decidual markers, PRL and IGFBP-1 are widely used to monitor the
decidualization process of HESC (Tong et al., 2022). In humans, the PRL concentration in the
amniotic fluid produced by decidua can exceed circulating PRL concentration by up to 100-fold
(Golander et al., 1979; Riddick et al., 1978). In rats, decidual PRL inhibits 20a-hydroxysteroid
dehydrogenase (20a-HSD), which converts P4 to its inactive form, in the CL. Suppression of

20a -HSD expression is important since P4 is crucial to maintaining pregnancy. Decidual PRL
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also represses the cytokine IL-6, which can trigger an inflammation response and may negatively

affect the pregnancy (Bao et al., 2007).

The decidua contains a handful of immune cells such as natural killer (NK) cells and
macrophages. These cells maintain a tolerant environment at the maternal-fetal interface and thus
are crucial to embryo survival. The uterine decidual NK cells constitute more than half of the
decidual lymphocytes (Koopman et al., 2003). These cells are important in maintaining the
decidualization process as uterine NK cell deficient mice exhibit abnormal differentiation of
fibroblasts compared to wild-type mice (Croy et al., 2002). Decidual macrophages play roles
in spiral artery remodeling and secrete angiogenic growth factors (Lash et al., 2016). In mice and
humans, angiogenesis and arterial remodeling were observed during decidualization, which
suggested that maternal nutrition supplied through the blood vessels was important for early

implantation (Mori et al., 2016).

In mice, differentiation of the primary decidual zone starts from the antimesometrial
region and moves forward to the mesometrial region (Figure 5). Unlike humans that directly
develop a chorioallantoic placenta, mice initially develop a choriovitelline placenta around days
6 to 11 and later develop into the chorioallantoic placenta. The antimesometrial decidua plays an
important role in supporting the development of the choriovitelline placenta, whereas the
decidualization of the mesometrial region contributes to the formation of the chorioallantoic
placenta (Favaro et al., 2014). The avascular characterization of the primary decidual zone (PDZ)
suggests that the PDZ may serve as a temporary permeable barrier between the maternal side and
the developing embryo (Herington et al., 2009). It is also considered to be the first protective
layer for the embryo and this layer may protect the embryo from infections by microorganisms

or maternal immune system recognition (Parr & Parr, 1986). As the primary decidua extends and
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decidualization continues to the secondary decidua up to the myometrium, dramatic remodelling
of the decidua occurs leading to physical and humoral changes in the immune system (Mori et
al., 2016). Polyploidy of the decidual cells was observed in the secondary decidual zone, and it is
speculated that the limited lifetime of polyploidy cells may allow for the growth of the

implanting embryo (Sroga et al., 2012).

2.4.3 Implantation

The implantation process varies across species, but the main purpose of implantation is to
facilitate interactions between the trophoblast and the endometrial stroma. Implantation can be
divided into three stages. The apposition stage is the start of implantation when trophoblastic
cells become apposed to the endometrial epithelium. The adhesion stage, either subsequently or
simultaneously occurring with the apposition stage, starts when the trophoblasts sufficiently
interact with the endometrium. Separation of the blastocyst from the endometrium at the
adhesion stage may cause damage to the uterus (Wang & Dey, 2006). In mammals with non-
superficial implantation, the trophoblasts will then penetrate the uterine epithelium and reach the

stroma.

The mechanisms of trophoblasts penetration appear different among species. In guinea
pigs, the trophoblasts become syncytial and form an implantation cone intruding through the
luminal epithelium (Enders & Schlafke, 1969). In mice and rats, the attachment of the blastocyst
to the uterine luminal epithelium leads to apoptosis of the epithelial cells, resulting in penetration
of trophoblasts through the epithelium into the uterine stroma (Wang & Dey, 2006). Closure of
the uterine lumen was observed after the blastocyst hatched from the zona pellucida in rodents

(Yoshinaga, 2013; Figure 5). In humans, shortly after hatching of the blastocyst from the zona
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pellucida, trophoblast invasion begins between day 7 to day 10 of pregnancy and the blastocyst is
completely invaded under the endometrial lining. To achieve invasion, first the microvilli on
syncytiotrophoblast interact with pinopodes, microprotrusions that extend from the luminal
epithelium. Then, during stable adhesion, the physical interaction between the blastocyst and the
uterine epithelium increases, resulting in the beginning of invasion. In this stage,

syncytiotrophoblast penetrates the epithelium (Norwitz et al., 2001).

Before the development of the placenta, the blastocyst is dependent on the secretions
from histotroph under hypoxic and hypoglycemic conditions as high levels of oxygen and
glucose are detrimental to embryonic development. At 8-10 weeks, placental extravillous

cytotrophoblast cells invade decidua and myometrium in humans (Harris et al., 2019).

The extent of placental trophoblastic cell invasion is also different among species,
ranging from no invasion to highly invasive. The intact-remaining uterine epithelium is the
feature of epitheliochorial placentation and there is an obvious barrier between the uterus and the
placenta. Strepsirrhine primates, some hoofed animals such as swine, cows, deer, and sheep
share the epitheliochorial placenta (Carter & Enders, 2013). A high invasion of the placental
trophoblast results in the hemochorial placenta, which penetrates through the uterine blood
vessel and reaches the maternal circulation. The uterine tissue transforms into decidua, which
does not occur in epitheliochorial placentation. Higher primates, lab animals such as rabbits, rats,

and mice have the a hemochorial placenta (Moffett & Loke, 2006).
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2.5 Carbohydrate Metabolism in Female Reproductive Tract

2.5.1 Carbohydrate in the Uterus during the Reproductive Cycle

Concentrations of carbohydrates such as glucose, pyruvate and lactate are different along
the female reproductive tract and during the reproductive cycle. This leads to a changing
environment for the developing embryo. In humans, pyruvate remained constant throughout the
cycle in the oviduct, whereas lactate increased from the follicular phase to midcycle. In the
uterine luminal fluid, pyruvate and lactate remained constant, but their concentrations were much
lower than the concentrations found in the oviduct at midcycle (Gardner et al., 1996). The higher
pyruvate and lactate in the oviduct during midcycle correlated with the indispensable need for
these nutrients in the early embryonic development, when pyruvate and lactate are the main
energy sources (Brinster, 1969; Leese & Barton, 1984; Martin & Leese, 1995). However, Harris
et al. (2015) found that lactate concentration was similar throughout the reproductive tract in
mice. The discrepancy in results may because of a species difference. Moreover, the study of

mice was after superovulation whereas the study of humans was during natural cycles.

In contrast to pyruvate and lactate, glucose concentration in the oviduct was lowest
around the time of ovulation (0.5 mM). The glucose concentration in the oviduct then increased
during the luteal phase. The low glucose concentration in the oviduct around mid-cycle showed
that the early preimplantation embryos were exposed to a low concentration of glucose (Gardner
et al., 1996). It also suggested that low glucose level was required for early embryonic growth. In
support of that, several in vitro studies in different mammalian species showed that glucose in
the medium is responsible for the developmental arrest of the cleavage embryo (Schini &

Bavister, 1988; Chatot et al., 1989; Thompson et al., 1992; Conaghan et al., 1993; Gardner et al.,
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1993; Quinn, 1995; Fraser et al., 2007). Conversely to the glucose concentration in the oviduct,
the concentration of glucose in the uterine fluid remains constant during the midcycle (3.15
mM). The higher glucose concentration in the uterine fluid matched the significant increase in
glucose requirement during the morula and blastocyst stages. In addition, it is worth noting that
the presence or absence of cumulus cells can affect glucose concentration in the oviduct. In mice,
the presence of cumulus cells decreased glucose concentration in the oviduct. It is possible that
the glucose was utilized by cumulus cells to form pyruvate, a preferred energy source in the early

developing embryo (Gardner & Leese, 1990; Harris et al., 2005).

Comparing the glucose concentrations between the serum and the reproductive tract,
many species appeared to have a higher glucose concentration in serum than in the reproductive
tract. In mice, the glucose concentration in the oviduct is reported at 1-5 mM and 3.15 mM in the
uterine luminal fluid (Gardner & Leese, 1990; Harris et al., 2005). These concentrations are
lower than the reported glucose concentration in the blood, which ranges from 3.5 to 9.7 mM.
Similarly in humans, the glucose concentration ranges from 0.5-3.1 mM in the reproductive tract,
whereas in the plasma the glucose concentration is around 5 mM (Harris et al., 2005). In cattle,
glucose concentration is around 2-4 mM in the oviduct fluid and uterine fluid, lower than 6-7
mM found in the plasma (Hugentobler et al., 2008). These differences between glucose
concentrations in the serum and reproductive tract suggested that the high glucose concentration
may not be suitable for embryonic growth. In support of that, glucose concentration at or higher

than 5.56 mM impaired blastocyst hatching and development (Fraser et al., 2007).
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2.5.2 Carbohydrate Metabolism in the Decidua of Early Pregnancy

At the implantation site, fibroblasts differentiate into decidual cells. Glucose metabolism
through PPP is increased during decidualization and inhibition of glucose metabolism through
PPP is detrimental to decidualization (Frolova et al., 2011; Tsai et al., 2013). In addition,
increased glucose uptake and GLUT1 were observed both in the human and mouse decidualized
endometrial stromal cells (Frolova et al., 2009). The increase of glucose flux during
decidualization may be explained by the adaption of decidual cells to Warburg-like glycolysis
(Zuo et al., 2015). In support of that, pyruvate kinase M2 (PKM2), which is a rate-limiting
enzyme in glycolysis found strongly expressed in the decidua after implantation in mice. mMRNA
and protein levels of PKM2 increased significantly during the decidualization process both in
vivo and in vitro in mice. The increase of PKM2 during decidualization suggested that Warburg

metabolism was increased in the decidua (Su et al., 2020).

2.5.3 Carbohydrates Usage of Embryos during Early Pregnancy

Glucose uptake of human and mice embryos remained low during preimplantation
development until the blastocyst stage (Brinster, 1969; Leese & Barton, 1984; Brown &
Whittingham, 1991; Conaghan et al., 1993; Martin & Leese, 1995; Gardner et al., 1996). Excess
glucose present in the medium retarded early embryonic development in many species. In vitro
growth of human embryos showed that as glucose concentrations (0 mM, 0.5 mM, 1 mM)
increased in the medium, the number of embryos developed to the blastocyst stage decreased.
Embryos in glucose-free medium resulted in significantly more trophectoderm cells than in those
grown in the medium containing 1 mM glucose (Conaghan et al., 1993). In mice embryos, the

removal of glucose in the medium significantly improved the 1-cell stage to the 4-cell stage
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differentiation (Chatot et al., 1989). In hamsters, 2-cell stage embryos can grow to the 4-cell
stage in glucose-free medium, suggesting glucose was not required during early cleavage (Schini
& Bavister, 1988). Furthermore, in sheep, the higher concentrations of glucose (>3 mM) without
the addition of pyruvate and lactate resulted in inhibition of embryonic development to morula

stage (Thompson et al., 1992).

Glucose was not preferred during early cleavage, but pyruvate and lactate were essential
energy sources until the morula and blastocyst stages. Mouse embryos were able to develop from
the 1-cell stage to the morula stage with only pyruvate and lactate as exogenous energy sources,
suggesting pyruvate and lactate were the predominant energy sources before the blastocyst stage
(Brown & Whittingham, 1991). In support of that, the presence of pyruvate alone in the medium
was able to support human embryonic development until the blastocyst stage, and the absence of
pyruvate lead to developmental arrest and a decrease in metabolic activities (Conaghan et al.,
1993). Not only pyruvate, but lactate alone is also able to support first and second cleavages in
mice embryos (Brown & Whittingham, 1991). In addition, when culturing mouse embryos in
medium containing glucose, pyruvate uptake decreased from the morula stage to the blastocyst
stage. Whereas culturing embryos in glucose-free medium, pyruvate uptake increased (Martin &
Leese, 1995). This study showed a switch from pyruvate preference to glucose preference around
the blastocyst stage. However, proper concentrations and interactions between these components
can enhance embryo survival. With the presence of pyruvate and lactate, glucose can be
beneficial to embryonic development from the 1-cell and the 2-cell stage to the blastocyst stage

in the range of 0-3 mM (Thompson et al., 1992).

As embryos develop to the morula and blastocyst stage, glucose starts to become an

important energy source. In human embryos, glucose consumption on day 4 and day 5 was
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significantly higher in those embryos that resulted in pregnancy than those that failed to develop
post-transfer to the uterus. The overall mean consumption of glucose from day 3 to day 5 was
around 130 pmol/embryo/h for the embryos that successfully generated pregnancies. In contrast,
glucose consumption was only 72 pmol/embryo/h for embryos that did not result in pregnancies.
The higher glucose consumption in embryos established pregnancies showed that glucose is
related to the success of pregnancies (Gardner et al., 2011). In addition, in the sheep embryos,
glucose uptake was constant around 15 pmol/embryo/h during the 8-cell stage to the 16-cell
stage, whereas in the blastocyst stage glucose uptake increased to 54 pmol/embryo/h (Gardner et
al., 1993). This observation indicated that glucose was more important in the blastocyst stage

than during cleavage development.

Glycogen was also found stored in the developing embryo. In mice, glycogen increased
from 0.14 ng glycogen/embryo at the 1-cell stage to a peak of 2.24 ng glycogen/embryo at the 8-
cell stage. At the blastocyst stage, glycogen accumulation was lower than the 2-cell, the 8-cell
and the morula stage (Stern & Biggers, 1968). The accumulation of glycogen found in the early
developing embryo was supported by the increasing glycogenesis and limited glycogenolysis
during the early preimplantation period (Hsieh et al., 1979). The stored glycogen in the embryo
may be utilized to control glucose concentration, preventing the embryo from being exposed to
high concentrations of glucose. In addition, converting glucose to glycogen can drive passive
glucose transport from the maternal side to the preimplantation embryo. In support of glucose
transport in early developing embryos, the preimplantation embryos expressed GLUT1 in all
stages, GLUT2 until the 8-cell stage, and first appeared GLUT3 in the morula stage (Purcell &
Moley, 2009). The increased GLUTSs in the later development of the preimplantation embryo

suggests more glucose is uptake by the embryo. As more glucose is incorporated into the
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embryo, more glycogen can be stored within the embryo. In agreement, an increase of glycogen
accumulation was observed from the 1-cell stage to the morula stage (Pike & Wales, 1982).
Since glucose is the main energy source for the blastocyst, it is possible that the stored glycogen

is broken down and provides glucose for the development of embryos at later stages.

2.6 Uterine Glycogen Metabolism

2.6.1 Glucose can be Stored as Glycogen in the Uterus

Fructose-1,6-bisphosphatase and phosphoenolpyruvate carboxykinase were not detected
in neither endometrium nor myometrium, showing that gluconeogenesis was unlikely to occur in
the uterus (Yanez et al., 2003). However, expressions of GLUTs and SGLTs were found in the
uterus, suggesting that glucose consumed by the uterus may come from the circulation (Frolova
& Moley, 2011; Zhang et al., 2021). In addition, glucose can be stored as macromolecule
glycogen, which may be utilized to maintain optimal glucose concentration for embryonic

development (Dean, 2019).

2.6.2 Endometrial Glycogen Metabolism during the Reproductive Cycle

Glycogen was found in the endometrium of the uterus. An ultrastructural study in human
showed that glycogen-bearing cells were detected in the endometrium during the entire estrous
cycle. These cells were associated with subluminal stroma and glandular epithelium. At estrus,
the number of glycogen-bearing cells increased, especially the glandular epithelial cells. At

metestrus, glycogen in these cells decreased (Rosenbaum & Goolsby, 1957). Demir (2002) also
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reported that glycogen particles were occasionally observed in the luminal epithelial cells, and

some glandular epithelial cells were rich in glycogen.

Endometrial glycogen fluctuates in primates during the menstrual cycle. Endometrial
biopsies of Macaca arctoides showed that glycogen stored during the secretory phase was 3-fold
higher than that in the follicular phase. Glycogen deposition was low during the follicular phase,
reached a peak around day 16 of the menstrual cycle and then decreased. In addition, the
activities of GY'S and PYG elevated during the follicular phase and reached a peak around day
16. The fluctuation of glycogen metabolizing enzymes was similar to the pattern of glycogen
stored in the endometrium, suggesting that these enzymes may be responsible for the glycogen
changes. The fluctuation of glycogen was also similar to the pattern of serum P4 concentration,
which showed that P4 may be important for the regulation of glycogen deposition during the
reproductive cycle (Demers et al., 1973). In humans, endometrial glycogen was highest around
day 16 to day 23 of the cycle and was 5-to 10-fold higher than that in the proliferative phase
(Maeyama et al., 1977). The activity of GYS increased gradually from the proliferative phase to
the secretory phase and reached a peak around day 16 to day 23 of the cycle, which coincident
with the higher glycogen deposition in the uterus (Hughes et al., 1969; Matsuo, 1978). Similar to
GYS, the activity of PYG also increased from the proliferative phase to the secretory phase and

the peak activity occurred between day 20 to day 25 of the cycle (Hughes et al., 1969).

Glycogen content also changes in a cyclic manner in the estrous cycle. In rats, glycogen
was high during proestrus and estrus and decreased significantly in diestrus (Boettiger, 1946;
Greenstreet & Fotherby, 1973a). The decreased glycogen content from proestrus and estrus to
diestrus correlated with the activities of glycogen metabolizing enzymes. GYS activity was

dramatically higher in rats at proestrus than diestrus (Rubulis et al., 1965). Activities of HK and
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G6PC exhibited an inverse relationship. At estrus, HK showed the highest activity while G6PC
activity was at the lowest. At diestrus, the increase of G6PC activity was associated with higher
glucose in the uterus (Greenstreet & Fotherby, 1973a). In cattle, endometrial glycogen content
was higher on day 1 than on day 11 of the estrous cycle. The decrease of glycogen from estrus to
diestrus was mainly in the glandular epithelium and luminal epithelium whereas stroma stored
little glycogen during the cycle. PYG was found higher on day 11, which was associated with

lower glycogen deposit during the diestrus stage (Sandoval et al., 2021).

2.6.3 Uterine Glycogen Metabolism during Early Pregnancy

Endometrial glycogen may play a role in maintaining pregnancy. In support of that, the
storage of glycogen and adequate glycogen turnover in the endometrium is associated with
fertility in humans. Infertile patients exhibited significantly lower endometrial glycogen
compared to the fertile group (Hughes et al., 1969; Maeyama et al., 1977). In addition, the
activities of glycogen metabolizing enzymes, GYS and PYG, were statistically lower in the
endometrium of infertile patients (Hughes et al., 1969). These observations showed that proper

glycogen deposit is essential for successful pregnancies.

In humans, large quantities of glycogen were observed in the cytoplasm of most epithelial
cells during early pregnancy. Glycogen secretions from the glandular epithelium and luminal
epithelium were also reported (Burton et al., 2002; Demir et al., 2002). These studies suggested
that the secretions of glycogen from both glandular epithelium and luminal epithelium may be
important energy sources for the development of embryos during early pregnancy. In addition,
glycogen catabolism releases glucose, which is the major nutrient for blastocyst and further

embryonic development. As a result, breaking down stored glycogen may be essential to provide
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glucose for the developing embryo during early pregnancy. In support of that, PYG was found in

the apical surface of the glandular epithelium during early pregnancy (Jones et al., 2015).

In rats, glycogen content decreased constantly from day 1 to day 6 of pregnancy. A slight
increase was observed on day 4, which correlated with the elevation of active forms of PYG and
GYS around the implantation period (Demers et al., 1972). Greenstreet & Fotherby (1973b)
found a similar pattern, namely that glycogen was highest on day 1, decreased on days 2 and 3,
and gradually increased from day 4 until day 7. They also reported that G6PC was highest on day
3 to day 5 of pregnancy. G6PC can be used to liberate glucose from G6P, and the elevation of
G6PC may associate with decreased glycogen during early pregnancy. The increase of glycogen
around day 4 may be due to the development of decidua as glycogen accumulated in the decidual

cells.

The decidua is rich in glycogen and proper development of decidua is critical to support
successful implantation. Glycogen content increased dramatically in the rat uterine horn with
developed decidua compared to undecidualized uterine horn (Cecil et al., 1962). Glycogen
metabolizing enzymes were also reported in the decidual cells. PYG activity was detected in the
decidual cells even though was not extensive (Bo et al., 1964). A similar result was found by
Matsuo (1978) that the activity of PYG in the decidua was lower than the activity in the uterus
during the secretory phase. In addition, moderate staining for G6PC was observed in the primary
decidua of rats (Christie, 1966). These results indicated that the decidua could break down

glycogen and yield free glucose through dephosphorylating G6P.
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2.7 Effect of Steroid Hormones on the Endometrium

2.7.1 Concentrations of Estradiol and Progesterone

The endometrium is highly responsive to steroid hormones. The concentrations of E2 and
P4 fluctuate throughout the menstrual and estrous cycles. In humans, the endometrial E2
concentration increased from the proliferative phase to the secretory phase, while endometrial P4
concentration was high during the secretory phase and low in the proliferative phase (Guerrero et
al., 1975). Interestingly, the endometrial steroid hormone concentrations did not reflect plasma
E2 and P4 concentrations. The endometrial E2 concentration was significantly higher than the
circulating E2 concentration during the proliferative phase (Guerrero et al., 1975; Huhtinen et al.,
2012). The endometrial P4 concentration was higher in both the proliferative phase and secretory
phase compared to the serum P4 concentration. Moreover, the ratio of endometrial P4
concentration to serum endometrium concentration was significantly higher in the proliferative
phase than in the secretory phase, suggesting P4 secreted during the secretory phase is retained

by the endometrium to a limited extent (Guerrero et al., 1975).

In rats, the plasma E2 peaked at proestrus while P4 had two peaks during the estrous
cycle. A larger peak was found around the time of proestrus. The other peak was during
metestrus when P4 was secreted from the CL (Butcher et al., 1974). In mice, plasma P4 showed
a similar pattern as in the rats in that a large peak was around proestrus and a smaller peak was at
metestrus (Kosaka et al., 1988; Michael, 1976). The pre-ovulatory E2 surge stimulates the
proliferation of the luminal and glandular epithelial cells, whereas P4 secreted from the newly
formed CL enhances stromal cells proliferation. However, the duration of P4 treatment

influences the proliferation of different cell types. In mice, one-day treatment of P4 decreased
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E2-induced epithelium proliferation but did not greatly increase stroma proliferation. In contrast,
a three-day treatment of P4 caused a maximal proliferation response of the stroma (Martin &
Finn, 1968). These results suggested that the proper interaction of E2 and P4 is important to

maintain the function of the uterus.

2.7.2 Effect of Estradiol and Progesterone on Fertility

Under influence of E2 and P4, the endometrium undergoes marked changes to prepare
for embryo implantation and decidualization (Fox et al., 2016). The coordination of proper E2
and P4 is critical to establishing and maintaining the window of implantation (Liang et al., 2018).
Lower doses of E2 (3 ng) extended the time of P4-primed uterine receptivity while higher doses
of E2 (10 and 25 ng) decreased the duration time of the window of implantation in mice (Ma et
al., 2003). Moreover, excess P4 was harmful to mice implantation and can impair in vitro and in
vivo decidualization. HESC decidualization process was also compromised under excess P4
treatment. These results suggested that an optimal P4 level was necessary for establishing
pregnancies. In addition, excess P4 also inhibited LIF expression (Liang et al., 2018). LIF is
strongly expressed in the glandular epithelium. Deletion of LIF resulted in implantation failure in
mice, indicating LIF is required for implantation (Jeong et al., 2010; Stewart et al., 1992). As a
result, proper P4 concentrations are critical at the time of implantation since excess P4 impaired

the LIF pathway.

The establishment of steroid hormone receptors in knockout mice also provided insights
into the necessities of E2 and P4 and their downstream signalling pathways for maintaining
pregnancies. Estrogen receptors (ERs) exhibit two isoforms, ERa and ERpB. ERa-knockout mice

resulted in hypoplasia of the uterus and were infertile due to failure in the blastocyst attachment
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preparation (Lubahn et al., 1993). Interestingly, P4 alone was sufficient to stimulate
decidualization artificially in the ERa-knockout mice, which indicated that ERa was not critical
to the decidualization process (Paria et al., 1999). This result further supported that ERa was
important in blastocyst attachment preparation. Furthermore, ER-knockout mice were fertile,
suggesting that E2 signaling during implantation was primarily through the ERa isoform.
However, the ERB-knockout mice exhibited poor reproductive performance and enhanced
proliferation response to E2 (Weihua et al., 2000). This suggested that ERP had a suppressive

role on ERa and the coordination between ERa and ERp was critical during pregnancy.

Progesterone receptors (PRs) also have two isoforms, PR-A and PR-B. Administration of
PR antagonists lead to failure of decidualization in mice, which showed that PR was crucial to
the decidualization process (Parandoosh et al., 1995). In addition, a null mutation of the PR gene
mice exhibited reproductive defects, including hyperplasia and inflammation in the uterus,
indicating PRs were also important to maintaining pregnancies (Lydon et al., 1995). A
subsequent study on PR-A knockout mice showed that these mice were infertile and
decidualization was impaired. This indicated that infertility was associated with defective at the
implantation site (Mulac-Jericevic et al., 2000). In contrast, PR-B knockout mice were fertile
(Mulac-Jericevic et al., 2003). As a result, PR-A, not PR-B, was required to establish
pregnancies in mice. Interestingly, administration of P4 to PR-A knockout mice led to the
proliferation of epithelial cells, which suggested that PR-B mediated proliferation whereas PR-A
played a role in repressing the epithelial cells (Mulac-Jericevic et al., 2000). In humans,
however, both PR-A and PR-B were important for establishing pregnancy, while PR-B played a

predominant role in the decidualization process. (Kaya et al., 2015).
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The expression of PR exhibits spatiotemporal differences in the epithelium and the
stroma in the endometrium. In the epithelium, PR mRNA expression and protein level increased
significantly during day 3 and day 4 of pregnancy but was undetectable at the time of
implantation in wild-type mice (Tan et al., 1999). Loss of PR in the epithelium during
implantation was also detected in humans. These observations suggested that reduction of PR in
the epithelium was indispensable for the embryo implantation. In support of that, forced
expression of PR in the uterine epithelium disrupted embryo implantation (Li et al., 2021). In
contrast to decreased expression in the epithelium, PR increased significantly in the stroma at the

time of implantation (Tan et al., 1999).

2.7.3 Effect of Estradiol and Progesterone on Endometrial Glycogen Content

Higher glycogen accumulation was found in the intact mice compared with
ovariectomized mice, suggesting steroid hormones played important roles in glycogen
metabolism (Cecil et al., 1962). E2 has a glycogenic effect in the rodent uterus. Glycogen
content increased 2.6-fold when treating ovariectomized rats with 25 pg /kg E2 for 3 days
(Gregoire et al., 1967). In addition, one single injection of E2 to the ovariectomized rats also
increased glycogen deposit for 2 days (Boettiger, 1946). Similarly, E2 treatment (5 ug) given to
ovariectomized rats induced a significant increase in glycogen content and GY'S activity (Demers
& Jacobs, 1973a). These findings indicated that E2 can induce glycogen deposit in the uterus of
rodents. The glycogenic effect of E2 in the uterus was also observed in other species such as

rabbits, guinea pigs, and mink (Bowman & Rose, 2016; Demers & Jacobs, 1973b).
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P4 also affects glycogen content in various species. In monkeys and humans, glycogen
content increased during the secretory phase, suggesting that P4 was the main drive for
glycogenesis in the uterus (Demers et al., 1973; Gupta et al., 2013). In vitro, P4 increased
glycogen content in the human endometrial cells collected from the mid-secretory phase, which
was due to the increase of GY'S activity concomitant with a decrease of PYG activity (Ishihara
et al., 1988). However, epithelial cells and stromal cells were not separated in the study and it
was difficult to differentiate the P4 effect on the epithelial cells and stromal cells. To distinguish
the P4 effect on different cell types, human endometrial epithelial cells treated with
medroxyprogesterone (MPA) did not alter glycogen content, yet insulin increased glycogen
content (Flannery et al., 2018). Thus, the constant glycogen content in epithelial cells under the
effect of progestin suggested that P4 has a more glycogenic effect on the endometrial stromal
cells than epithelial cells. In support of P4 increased glycogen content in the stromal cells,
human endometrial stromal cells were able to decidualize under MPA and cyclic adenosine
monophosphate (CAMP) treatment, suggesting P4 played an important role in differentiating
stromal cells to glycogen-rich decidual cells (Teklenburg et al., 2010). Since glycogen is stored
in spontaneously decidualized cells in primates during the secretory phase, the overall

glycogenesis effect of P4 on the uterus may be due to the development of decidua.

In contrast to humans, most mammals animals do not spontaneously form decidua during
the estrous cycle. Therefore, P4 has a glycogenolytic effect on those animals in the cycling
uterus. In mice, administrations of 1 mg progesterone for 3 days tended to decrease glycogen
content in the uterus (Gregoire et al., 1967). A combination of E2 and P4 treatment showed a
decrease in glycogen deposit, suggesting P4 antagonized the glycogenic effect of E2 in mice

(Carrington & Bailey, 1985). In cattle, endometrial glycogen decreased from estrus to P4-
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dominated diestrus (Sandoval et al., 2021). In mink, glycogen content was lower in E2 treatment
following P4 treatment compared to E2 treatment alone, suggesting P4 may be responsible for

breaking down the glycogen (Bowman & Rose, 2016).
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2.8 Figures
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Figure 1: Glycogen Structure. Glucose can be stored as macromolecule glycogen. The a-1,4-
glycosidic bonds form the backbone of glycogen whereas a-1,6-glycosidic bonds form the

branches.
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Figure 2: Glucose Metabolic Pathways. After glucose enters the cell, it is converted to G6P.
G6P can enter four main pathways, the pentose phosphate pathway (green), the glycolytic
pathway (purple), the hexosamine biosynthetic pathway (pink), the glycogenic and
glycogenolytic pathway (orange). In glycolytic pathway, with the presence of oxygen, pyruvate
can enter TCA cycles in the mitochondria, producing loads of ATP. In the absence of oxygen,
pyruvate converts to lactate. In the hexosamine biosynthetic pathway, the product UDP-GIcNACc

can be used for glycosylation in the Golgi apparatus and endoplasmic reticulum.
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Figure 3: Glycogen Synthesis Steps. The phosphate group on G1P replaced the phosphoric-
anhydride bond in UTP catalyzed by UGP. Thus, UDP-glucose and pyrophosphate were
produced. GY'S linked the glucose residue from UDP-glucose to the linear chain while GBE
created the branches of glycogen. Through the corporation of GYS and GBE, the macromolecule

glycogen was formed.
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Figure 4: Glycogen Catabolism Steps in the Cytoplasm. PYG first releases G1P from the branches of glycogen, leaving four
glycosyls on that branch. GDE transfers three glycosyls to another branch, creating a linear chain of glycosyls. GDE then releases the

glucose residue on that branch. With several steps of PYG and GDE actions, multiple G1Ps can be released.
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Figure 5: Pre-and Peri-Implantation in Murine Uterus. After fertilization, the embryo undergoes cleavages to 1-cell stage, 2-cell
stage, 4-cell stage and 8-cell stage in the oviduct. DPC 1.5 is around the 2-cell stage. The embryo enters the uterine horn around the
morula stage, which is about DPC 3.5. As the embryo develops to blastocyst, cells are differentiated to the inner cell mass and the

trophoblastic cells. The embryo then hatches from zona pellucida and is prepared for implantation. At the implantation site, luminal
closure occurs and the decidualization process of endometrial stromal cells starts from the antimesometrial region and moves to the

mesometrial region in mice. DPC 5.5 is around the time of peri-implantation.
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CHAPTER 3: ENDOMETRIAL GLYCOGEN METABOLISM DURING EARLY

PREGNANCY IN MICE

3.1 Abstract

Glucose is critical for endometrial function and embryo survival. The uterus can store
glucose as glycogen but glycogen metabolism during early pregnancy is poorly understood. This
study was conducted to analyze glycogen storage and localization of glycogen metabolizing
enzymes from proestrus until implantation in the murine uterus. Quantification of diastase-labile
periodic acid-Schiff (PAS) staining showed glycogen in the glandular epithelium decreased
71.4% at 1.5 days post-coitum (DPC) and 62.13% at DPC 3.5 compared to proestrus. In the
luminal epithelium, glycogen was the highest at proestrus, decreased 46.2% at DPC 1.5 and
63.2% at DPC 3.5. Immunostaining showed that prior to implantation, glycogen metabolizing
enzymes were primarily localized to the glandular and luminal epithelium. Stromal glycogen was
low from proestrus to DPC 3.5. However, at the DPC 5.5 implantation sites, stromal glycogen
levels increased 7-fold. Similarly, artificial decidualization resulted in a 5-fold increase in
glycogen levels. In both models, decidualization increased the expression of glycogen
synthesizing and catabolizing enzymes. In conclusion, glycogen levels decreased in the uterine
epithelium before implantation, indicating that released glucose could be used to support
preimplantation embryos. Decidualization resulted in a dramatic increase in stromal glycogen

levels, suggesting it could be used by the decidual cells or secreted.
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3.2 Introduction

Pregnancy loss is quite common in humans, with most losses occurring very early in
pregnancy (Annual Capri Workshop Group, 2020; Zinaman et al., 1996). Prior to implantation,
embryos are dependent on nutrients secreted into the uterine lumen. Of the nutrients in uterine
secretions, glucose is one of the most important. Glucose uptake by embryos is low from
fertilization until the 8-cell stage, and before compaction too much glucose is toxic. Around the
morula stage glucose uptake starts to increase and is dramatically higher by the blastocyst stage
(Dan-Goor et al., 1998; Leese & Barton, 1984). In human embryos produced via IVF or ICSI,
glucose consumption was higher in the embryos that resulted in a live birth (Gardner et al.,
2011). Matching the increased glucose needs of the blastocyst, the glucose concentrations are
higher in fluid from the uterus than those in fluid from the oviduct (Gardner et al., 1996;

Hugentobler et al., 2010).

At the implantation site, the stromal fibroblasts undergo a morphological and
physiological change into decidual cells. Decidualization results in increased flux through the
pentose phosphate pathway, and blocking this pathway impairs the decidual response in mice
and human endometrial stromal cells (Frolova et al., 2011; Tsai et al., 2013). After
decidualization, glucose uptake increases due to a shift to a Warburg-like metabolism (Zuo et al.,
2015). Hence, the glucose needs of both the embryo and uterus change in a spatiotemporal

manner during early pregnancy.

The uterus lacks the enzymes to make glucose de novo; therefore, all glucose used by the
endometrium or secreted into the uterine lumen must come from the maternal circulation (Yanez

et al., 2003; Zimmer & Magnuson, 1990). The facilitative glucose transporters (GLUTS, gene
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family Slc2a) and sodium-glucose linked transporter 1 (SGLT1, gene symbol Slc5al) are both
expressed in the endometrium (Frolova & Moley, 2011a; Zhang et al., 2021). Thus, the uterus
may take up glucose from maternal circulation as needed; however, the endometrium can also

transiently store glucose as the macromolecule glycogen.

After glucose enters a cell, it is phosphorylated by hexokinase (HK) to produce glucose-
6-phosphate. Glucose-6-phosphate can be metabolized by many different pathways. To be stored
as glycogen, the glucose-residue is isomerized to glucose-1-phosphate and then transferred to
UTP, yielding UDP-glucose. From there, glycogen synthase (GYS) transfers the glucose to a
pre-existing glycogen molecule. Glucose-1-phosphate is liberated from glycogen by the enzyme
glycogen phosphorylase (PYG). Glucose-1-phosphate is isomerized back to glucose-6-
phosphate, which is trapped in the cell. To be secreted, the glucose moiety must be

dephosphorylated by glucose-6-phosphatase (G6PC).

In humans, endometrial glycogen concentrations peak during the luteal phase and are
correlated with fertility (Maeyama et al., 1977). In rats, uterine glycogen concentrations are high
on day 1 of pregnancy and then decrease over preimplantation. Glycogen concentrations begin to
increase after implantation (Greenstreet & Fotherby, 1973b). However, it is unclear which
tissues store the glycogen or where the glycogen metabolizing enzymes are expressed. Mice are
important biomedical research models, yet uterine glycogen metabolism has never been

characterized in this species.

Our objectives were to 1) characterize glycogen stores in the murine uterus from
proestrus through implantation in the glandular epithelium, luminal epithelium, and stroma; 2)

localize key glycogen metabolizing enzymes during the same period; and 3) determine if
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decidualization is sufficient to drive glycogen accumulation in the endometrial stroma

independently of pregnancy.

3.3 Materials and Methods

3.3.1 Animals

CD-1 mice were purchased from Charles River Laboratories and maintained at the
University of Illinois animal facility. Mice were kept on a 12L:12D light cycle and were fed a
standard chow diet. All procedures were approved by the University of Illinois Institutional
Animal Care and Use Committee (protocol #190624). To obtain uteri at proestrus, vaginal
lavages were examined daily to monitor the estrous cycle in mice. After at least two normal
estrous cycles, mice were sacrificed at proestrus and uterine horns were collected. To collect
uteri after mating, female mice were housed with males of proven fertility and examined every
morning for the presence of a vaginal plug. Observance of a vaginal plug was designated as day
post-coitum (DPC) 0.5. The female mice were sacrificed at DPC 1.5, 3.5 or 5.5 accordingly.

Uterine horns were collected and fixed in 4% PFA (Fisher Scientific, ICN15014601).

To induce artificial decidualization of the uterus, CD-1 female mice (Charles River
Laboratories) were ovariectomized via 2 mid-dorsal incisions and given two weeks to heal and to
eliminate circulating steroid hormones. Next 100 ng estradiol in 0.1 ml corn oil was given
subcutaneously every 24 h for 3 consecutive days. Then after 2 days of rest, 10 ng estradiol
(Sigma-Aldrich, E2758) and 1 mg progesterone (Sigma-Aldrich, P8783) in 0.1 ml corn oil were
injected subcutaneously daily for 3 consecutive days. Decidualization was initiated 4 hours after

the last injection. Corn oil (15 pl) was injected into the lumen of the left uterine horn through a
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flank incision. The right uterine horn was left unstimulated and served as an internal control. The
mice were treated with 1 mg progesterone in 0.1 ml corn oil daily for 4 days and were euthanized
96 h post-inducing decidualization (Appendix B). Both uterine horns were collected, weighed,

and fixed in 4% PFA.

3.3.2 Periodic acid-Schiff Staining

Tissues were sectioned at 5 um. Two slides were used for PAS and PAS with diastase
(PASD) staining separately. Slides were deparaffined in xylene (Avantor, 8668-16) for 10
minutes and rehydrated with graded concentrations of ethanol. Slides for PAS staining were
incubated in PBS, and slides for PASD staining were immersed in PBS with 0.5% diastase
(Sigma-Aldrich, 09962) at 37°C for 60 minutes. After incubation, slides were incubated in 0.5%
periodic acid solution (Fisher Scientific, AC453171000) for 5 minutes at room temperature and
washed 3 times with distilled water. Sections were immersed in Schiff’s reagent (Sigma-Aldrich,
3952016) for 15 minutes at room temperature, followed by 5 minutes of wash in lukewarm
running tap water. Then slides were counterstained with hematoxylin (Fisher Scientific, 22-050-
206) and dipped in ammonium hydroxide buffer (Thermo Fisher, A669S) for 20 seconds. Slides
were dehydrated and incubated in xylene overnight. Slides were mounted with Permount
mounting media (Fisher Scientific, SP15100). Images were captured using Zeiss Axioskop with

an Axoicam 305 color camera.

Images were analyzed with ImageJ (https://imagej.nih.gov/ij/). Within each image, the
glandular epithelium, luminal epithelium, and stroma were separated. The total area of each

tissue and the area positive for PAS were measured. Next, the percent area of positive staining in
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each tissue was calculated. To account for non-glycogen PAS staining, the area positive in PASD

images was subtracted from the area stained in the corresponding PAS images.

3.3.3 Immunohistochemistry

Tissues were sectioned at 5 um, added to slides, deparaffinized, and rehydrated. Slides
were boiled in sodium citrate buffer (Fisher Scientific, S271-3) and then cooled to room
temperature. Then the slides were incubated in 3% hydrogen peroxide (Fisher Scientific, H325-
500) for 15 minutes. Non-specific blocking was inhibited with a block containing 10% goat
serum (Vector Laboratory, S-1000-20) and 5% bovine serum albumin (BSA; Fisher Scientific,
BP9706100) in Tris-buffered saline (TBS) for 1 hour at room temperature. After the serum
block, previously validated primary antibodies (Appendix A) were diluted in the block, added to
tissue sections, and incubated at 4°C overnight (Sandoval et al., 2021). All incubations were
performed in hydrated chamber. The next day, slides were washed in TBS with tween (TBS-T)
three times and incubated with secondary antibody (Vector Laboratories, BA-5000-1.5) diluted
in block for 30 minutes at room temperature. Then slides were washed three times and incubated
with avidin-biotin complex (ABC) reagent (Vector Laboratory, SP-2001) for 30 minutes at room
temperature. After 3 washes in TBS-T, 3, 3’-Diaminobenzidine (DAB) (Vector Laboratory, SK-
4100) was applied. Slides were counterstained with hematoxylin for 2 minutes. Then the tissues
were dehydrated, mounted, and imaged with a Zeiss Axioskop with an Axoicam 305 color
camera. Negative controls were treated as described above, except that the primary antibody was

replaced with an isotype control (anti-GFP) antibody.
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3.3.4 Western Blots

Uterine tissues were homogenized in radioimmunoprecipitation assay buffer (RIPA)
supplemented with phosphatase and protease inhibitors (Sigma-Aldrich, P0044-1ML and
Thermo Fisher, A32953; respectively), and the protein concentration was determined by BCA
assay. Protein (25 pg) were separated in a 10 % SDS-PAGE gel using constant voltage. Then
proteins were transferred onto PVDF membranes and were blocked for 1 hour with either 5%
BSA in TBS-T or 5% non-fat dry milk in TBS-T depending on the primary antibody. The
membranes were incubated in primary antibody (Appendix A) overnight at 4°C. The next day,
the membranes were washed 3 times with TBS-T and incubated in a block in TBS-T containing
anti-rabbit secondary antibody (Cell Signalling, 7074S) for 30 minutes. SuperSignal West Pick
PLUS chemiluminescent substrate (Thermo Scientific, 34577) was used for developing signals,

and images were obtained using an ImageQuant LAS 4000 (GE Healthcare)

3.3.5 Statistical Analysis

Statistical calculations were performed using GraphPad Prism version 8.3.1. Data
collected during early pregnancy were analyzed by a one-way ANOVA followed by a Dunnett’s
analysis. For the artificial decidualization experiments, glycogen content and uterine weight were
analyzed using a paired t-test. Results are presented as mean + SEM and differences were

considered significant when P<0.05.
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3.4 Results

3.4.1 Endometrial Glycogen Levels during Early Pregnancy

Uteri were collected from mice at proestrus and days post-coitum (DPC) 1.5, DPC 3.5,
and DPC 5.5 and stained with Periodic acid—Schiff (PAS), with or without diastase (D)
pretreatment to localize glycogen. PAS staining indicated the presence of glycogen in the
epithelium at proestrus and in the decidua after implantation (Figure 6A). Quantification of the
diastase-liable staining showed that in the glandular epithelium, glycogen content was highest at
proestrus, decreased 71.4% at DPC 1.5 (P<0.01), and decreased 62.13% at DPC 3.5 (P<0.01,
Figure 6A). By DPC 5.5, the glycogen content in the glandular epithelium at the inter-
implantation site (I1S) increased and was similar to proestrus (Figure 6B). Similar results were
found in the luminal epithelium, where glycogen content was highest at proestrus, 46.2% lower
at DPC 1.5 (P=0.061), and 63.2% lower at DPC 3.5 (P<0.05; Figure 6C). At DPC 5.5-11S, the
glycogen content of the luminal epithelium was 32% lower than that of proestrus, but this was

not significant (P=0.37; Figure 6C).

In contrast, the stroma stored little glycogen during the preimplantation period. Glycogen
content did not change significantly from proestrus through DPC 3.5. At DPC 5.5, glycogen
content was still low in the stroma at the 11S; however, the glycogen level increased 7-fold at the

implantation site (IS) compared to the stroma of proestrus or the IS (P<0.0001; Figure 6D).

3.4.2 Glycogen Metabolizing Enzymes during Early Pregnancy

The levels of glycogen metabolizing enzymes (HK1, GYS, pGYS, PYG) in the uterus of

mice at proestrus and pregnant mice were analyzed by western blot. There were no significant

53



differences in the levels of the glycogen synthesizing enzymes HK1, GYS, and pGYS (Figure
7A-C). Similarly, no difference in the level of the glycogen catabolizing enzyme PYG was

detected during early pregnancy (Figure 7D).

Immunohistochemistry demonstrated that glycogen synthesizing enzymes (HK and GYS)
were highly expressed in the uterine epithelium. HK1 was localized to the glandular and lumen
epithelium and was undetectable in the stroma. Immunostaining in the epithelium was consistent
from proestrus to DPC 5.5 IIS (Figure 8 top). GYS was present in the luminal and glandular
epithelium. Immunostaining was higher on DPC 1.5 and 3.5 compared to proestrus or DPC 5.5

I1S. Some immunostaining for GYS was observed in the stroma on DPC 3.5 (Figure 8 bottom).

Similar to glycogen synthesizing enzymes, glycogen catabolizing enzymes (PYG and
G6PC) were also found primarily in the glandular and luminal epithelium. PYG immunostaining
was higher after mating (DPC 1.5-5.5) than at proestrus (Fig. 9 top). There was moderate PYG
immunostaining in the stroma at DPC 3.5 (Figure 9 top). G6PC was localized to the uterine
epithelium and the expression was higher from DPC 1.5 to DPC 5.5 when compared to proestrus

(Figure 9 bottom).

HK1 expression was undetectable in the stroma at the DPC 5.5 IS by IHC, similar to the
stroma at the 11S. In contrast, there was a dramatic increase in immunostaining for GYS at the
DPC 5.5 IS compared to the stroma at the DPC 5.5 IIS, which agrees with the increased
glycogen levels at the IS (Figure 10 top). Interestingly, there were modest increases in
immunostaining for PYG and G6PC at DPC 5.5 IS compared to DPC 5.5 IIS in the stroma

(Figure 10 bottom).
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3.4.3 Endometrial Glycogen Metabolism After Artificial Decidualization

Next, we induced decidualization artificially to determine if decidualization increased
glycogen storage. Mice were ovariectomized, primed with ovarian steroids, and the left uterine
horn was stimulated to initiate the decidual reaction. The right uterine horn was unstimulated and
served as an internal control. The stimulated uterine horn appeared larger and weighed
significantly more than the non-stimulated horn, confirming successful decidualization (Figure
11A). Quantification of PAS and PASD staining showed that the glycogen content was 5-times
higher in the stimulated horn than that in the unstimulated horn (Figure 11B; P<0.05). Similar to
the data from the DPC 5.5 IIS and IS, HK1 immunostaining was undetectable in the stroma of
the unstimulated horn and barely detectable in the stimulated horn. GYS immunostaining was
absent in the stroma of the unstimulated horn and was markedly increased in the stimulated horn
(Figure 12 top). In addition, immunostaining for both PYG and G6PC was moderately increased

in the stimulated horn compared to the stroma of the unstimulated horn (Figure 12 bottom).

3.5 Discussion

The early embryo prefers pyruvate and lactate as energy substrates but has switched to
glucose by the blastocyst stage (Gardner & Leese, 1990; Leese & Barton, 1984). Too much
glucose during cleavage development is toxic to the embryo (Cagnone et al., 2012; Pantaleon et
al., 2010). As a result, preimplantation embryos require optimal glucose concentrations to
survive. Given the near-ubiquitous expression of GLUTS in the endometrium and their facilitated
diffusion mechanism of action (Frolova & Moley, 2011a), GLUTSs themselves are unlikely to

adequately regulate glucose secretion into the uterine lumen.
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Endometrial glycogen content peaks during estrus and then declines during the luteal
phase or pregnancy (Dean et al., 2014; Demers et al., 1972; Sandoval et al., 2021). This has led
to the theory that glycogen acts as an energy reservoir for preimplantation embryos (Dean,
2019). In support of that, we show that glycogen mobilized during the preimplantation period is
coming from the uterine epithelium, the cells that secrete histotroph. We also showed that the
epithelium expresses G6PC, which is necessary for the secretion of glucose liberated from
glycogen. G6PC has also been localized to the uterine epithelium of cyclic cows (Sandoval et al.,
2021). Global knockout of G6PC leads to a 50% decrease in litter size in mice, suggesting that
G6PC is important for pregnancy (Jun et al., 2012), though systemic effects of G6PC knockout

cannot be ruled out.

Prior to implantation, all four enzymes detected by immunohistochemistry (HK1, GYS,
PYG, and G6PC) were primarily localized in the glandular and luminal epithelium, which is
consistent with the significant change of glycogen content in the epithelium instead of the
stroma. The expression of GYS, PYG, and G6PC in the uterine epithelium appeared to increase
during the preimplantation period (DPC 1.5 and 3.5). These results agree with a study in mink
that found uterine expression of Gys, Pyg, and G6pc mRNA increased after progesterone
treatment with estradiol priming (Bowman & Rose, 2016). It might seem paradoxical to have
increased expression of glycogen synthesizing and catabolizing enzymes at the same time.
However, glycogen synthesis and catabolism occur concurrently within the cell, and the
increased glycogen synthesis may facilitate the continued transport of glucose from maternal

blood to the uterine lumen even as glycogen levels are decreasing.

We also observed a substantial increase of glycogen in decidualized stromal cells at the

IS and after artificial decidualization. In agreement, electron microscope studies showed that
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glycogen deposition was detected in the decidual cells in hamsters (Blankenship et al., 1990). In
humans, endometrial glycogen concentration peaks in the luteal phase, presumably due to
glycogen in the decidua, though glycogen has also been observed in the epithelium during the
luteal phase (Jones et al., 2015). Endometrial glycogen deficiency during the luteal phase is
correlated to infertility in humans (Gupta et al., 2013; Maeyama et al., 1977). Collectively, these
results suggest that glycogen synthesis may be an inherent feature of decidualization and might

be critical for maintaining a successful pregnancy.

The increase in GY'S expression at the IS and the decidualized endometrium agrees with
the dramatic increase of glycogen in the same tissues. The purpose of this glycogen reserve is
currently unclear. Decidualization is a glucose-intensive process, but the increased glycogen
levels observed here are after the completion of decidualization. Surprisingly there were also
modest increases in PYG and G6PC levels in the decidua, suggesting concomitant synthesis and
catabolism. It is possible that glycogen in the decidua is used to regulate the supply of glucose to
decidual cells themselves, preventing negative effects of hyperglycemia, or to supply glucose to
the developing embryo (Favaro et al., 2013; Zuo et al., 2015). More work is needed to elucidate

the role of glycogen in the decidua and to determine if it is required for a successful pregnancy.

In conclusion, we show that the glycogen content of the glandular and luminal epithelium
decreased during early pregnancy. This decrease was accompanied by increased expression of
PYG and G6PC, suggesting glycogen is broken down into glucose and possibly secreted into the
uterine lumen. The increased levels of glycogen in the decidual cells correlated with increased
expression of GYS, PYG, and G6PC, suggesting concurrent synthesis and breakdown of
glycogen in the decidua. Currently, the role of glycogen in the decidua is unclear, but it could be

utilized by the uterus or secreted to supply nutrients for the embryo.
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3.6 Figures
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Figure 6: Glycogen Levels in the Murine Endometrium during the First 6 Days of
Pregnancy. A) Representative images from the murine uterus collected at proestrus (PROE),
days post-coitum (DPC) 1.5, DPC 3.5, and DPC 5.5. Sections were stained with Periodic acid—
Schiff (PAS, top). Other slides were pretreated with diastase (D) to digest glycogen prior to PAS
staining (bottom). B-D) Glycogen content of the glandular epithelium (B), the luminal
epithelium (C), and stroma (D) was determined by subtraction of the PAS positive area in the
PASD slides from the PAS slides. LE, luminal epithelium; GE, glandular epithelium; S, stroma;

IS, implantation site; 11S, inter-implantation site. *P<0.05, **P<0.01, ****P<0.0001 relative to

PROE. n=6. scale bar =50 um.
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Figure 7: Levels of Glycogen Metabolizing Enzymes in Uterine Homogenates. Levels of
glycogen metabolizing enzymes remain constant during early pregnancy. A-D) Western blots for
hexokinase 1 (HK1, A), phospho-glycogen synthase (pGY'S, B), glycogen synthase (GYS, C),
and glycogen phosphorylase (PYG, D) in uteri collected from mice at proestrus (PROE) and

days post-coitum (DPC) 1.5, 3.5, and 5.5. n=4.

59



PROE DPC1.5 DPC 3.5 DPC 5.5-1IS Neg

HK1

GYS

Figure 8: Localization of Glycogen Synthesizing Enzymes. Glycogen synthesizing enzymes

localized to the uterine epithelium brfore implantation. Immunohistochemistry for hexokinase 1
(HK1) and glycogen synthase (GYS) in uteri collected at proestrus (PROE) or days post-coitum
(DPC) 1.5, DPC 3.5, and DPC 5.5. 1IS, inter-implantation site. Neg, negative control. n=4. scal

bar =50 pm.
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Figure 9: Localization of Glycogen Catabolizing Enzymes. Glycogen catabolizing enzymes
primarily localized to the uterine epithelium during the preimplantation period.
Immunohistochemistry for glycogen phosphorylase (PYG) and glucose-6-phosphatse (G6PC) in
uteri collected at proestrus (PROE) or days post-coitum (DPC) 1.5, DPC 3.5, and DPC 5.5. IIS,

inter-implantation site. Neg, negative control. n=4. scale bar = 50 um.
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Figure 10: Glycogen Metabolizing Enzymes at Implantation Site. Most glycogen
metabolizing enzymes are higher at the implantation site (IS) than at the inter-implantation site
(11S). Immunohistochemistry for glycogen synthesizing enzymes (hexokinase 1 [HK1] and
glycogen synthase [GYS]) and glycogen catabolizing enzymes (glycogen phosphorylase [PYG]
and glucose-6-phosphatase [G6PC]) in uteri at DPC 5.5 11S and IS. Neg, negative control. n=4.

scale bar = 200 um.
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Figure 11: Artificial Decidualization Resulted in Increased Levels of Glycogen. A)
Representative image showing the stimulated (S) and unstimulated (US) uterine horns, and
corresponding uterine horn weight. B) PAS and PASD staining showed an increase of glycogen
detected in the stimulated uterine horn compared to the unstimulated uterine horn. *P<0.05. n=4.

scale bar = 50 pm.

63



Unstimulated Stimulated Neg

GYS HK1

PYG

G6PC

Figure 12: Glycogen Metabolizing Enzyme Levels in the Decidual Stromal Cells. Glycogen
metabolizing enzyme levels are elevated in decidualized stromal cells. Representative images of
immunohistochemistry for glycogen synthesizing enzymes (hexokinase 1 [HK1] and glycogen
synthase [GYS]) and glycogen catabolizing enzymes (glycogen phosphorylase [PYG] and
glucose-6-phosphatase [G6PC]) in the stimulated and unstimulated uterine horns. Neg, negative

control. n=4. scale bar = 50 um
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CHAPTER 4: CONCLUSION AND FUTURE DIRECTIONS

4.1 Summary

The maximum pregnancy rate is about 30% per menstrual cycle in humans. Contributing
to the low pregnancy rate, pregnancy failure is quite common in humans. Loss of pregnancies
can occur at any time from fertilization until term, but most occur during early pregnancy.
Embryos are dependent on nutrients secreted from the uterus during the preimplantation period.
Of the secreted nutrients, glucose is one of the important ones. Glucose uptake by the embryo is
low from fertilization until the 8-cell stage and too much glucose is toxic to the developing
embryo before compaction. Nevertheless, glucose uptake increases dramatically during the
blastocyst stage. As a result, regulation of glucose concentrations in the uterus is critical to
embryonic development, and optimal glucose is required for maintaining embryo differentiation
during early pregnancy. In support of that, glucose concentration is higher in the uterine fluid

than in the oviduct, which matches the glucose needs for proper embryo development.

Glucose can enter the glycogenesis pathway and be stored as glycogen. We found that
glycogen content decreased on DPC 1.5 and DPC 3.5 in the luminal and glandular epithelium
compared to proestrus. Moreover, it is worth noting that increases in GYS, PYG, and G6PC were
detected from proestrus to the preimplantation period. This suggests that glycogen synthesis and
breakdown may happen simultaneously to regulate glycogen content and the decrease of
glycogen in the glandular and luminal epithelium may be due to the elevation of glycogen
catabolizing enzymes PYG and G6PC. G6PC is important to liberate glucose from the cells, and
the presence of G6PC indicated that glucose liberated from glycogen can be secreted from the

glandular epithelium and luminal epithelium to provide nutrients to the embryo.
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Glycogen storage in the stroma exhibited different patterns than in the glandular and
luminal epithelium. Our results demonstrated that only little glycogen was stored in the stroma
during the preimplantation period or in the undecidualized stromal cells around the time of
implantation. However, glycogen increased significantly in the decidua. In addition, to determine
if glycogen is stored independently from the presence of embryos, we performed artificial
decidualization in the E2 and P4-primed uterus of the ovariectomized mice. Not surprisingly,
glycogen content was dramatically increased in the stimulated uterine horn compared with
unstimulated internal control. These experiments showed that decidualization can lead to
increased glycogen storage without interaction with the embryo. IHC staining detected high
expression of GYS and moderate amounts of PYG and G6PC in the decidualized stromal cells in
both pregnant and artificial decidualized models. These observations suggest that the decidua can
store glycogen, which may be later secreted as glucose to support uterus metabolism and embryo

development.

4.2 Future Directions

Even though we found that decidua stores glycogen during early pregnancy, whether
glycogen drives decidualization or vice versa is unclear. In vitro decidualization of HESC may
be useful to understand the correlation between glycogen synthesis and decidualization. The cells
will be grown in DMEM medium until confluence. As FBS contains insulin, which stimulates
glycogenesis, serum-free DMEM will be used for 2 days. Day 0 will be collected as a control.
From there, HESC will be cultured in the serum-free medium with the addition of 1 uM
medroxyprogesterone-17-acetate (MPA) and 1 mM cAMP for 1, 2, and 4 days to decidualize.

Real-time polymerase chain reaction (QPCR) can be performed on decidualization markers such
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as PRL and IGFBP to determine the process of decidualization. In addition, a glycogen assay can
measure the glycogen stored in different treatments. This experiment will allow us to closely
monitor the glycogen levels during decidualization and determine if glycogen metabolism is

required for proper decidualization.

It might seem that as embryos implant in the uterus, glycogen in the decidua should be
catabolized to glucose to provide nutrients for the embryo or the uterus itself, yet the opposite
result was found. The role of glycogen in the decidua remains a mystery. To resolve the
question, generating a GYS1 knockout mice model can be useful. Since we are focusing on the
effect of uterine glycogen on fertility, generating tissue-specific models can eliminate other
factors contributing to pregnancy failure due to global knockout. To conditionally knockout
GYSL1 in the uterus, we can breed PR-Cre mice with homozygous GYS1 floxed mice. With those
mice, many experiments can be conducted to understand the importance of glycogen in the
uterus. The number of implantation sites, resorbed embryos, and litter size can provide insights
into whether glycogen affects fetal development and to what extent glycogen contributes to
fertility. Most importantly, attempting artificial decidualization may build a step to
understanding the role of glycogen in the decidua. If the uterine horn failed to decidualize, we
can infer that glycogen synthesized by GYS1 is required for initiating the decidualization
process. On the other hand, if the uterine horn is successfully decidualized, glycogen
catabolizing enzymes can be analyzed to understand if GYS1 or glycogen influences the amount
and activities of PYG and G6PC in the decidua. If the changes in PYG and G6PC affect
embryonic development, we can suggest that glycogen breakdown and releasing glucose in the
decidua are important to the developing embryo. Therefore, to what extent does glycogen in the

decidua contributing to fertility may be characterized.
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In the future, a comprehensive understanding of glycogen metabolism in the uterus
during the pre-and peri-implantation period may significantly contribute to unveiling the “black
box” of early pregnancy loss. It may also build a solid foundation for unraveling the mysteries of
pregnancy failure. By implementing the knowledge of endometrial glycogen storage, more

people and animals can benefit from the reduction of pregnancy loss and higher fertility rate.
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APPENDIX A: PRIMARY ANTIBODIES
Primary antibodies and summary of conditions used for western blot (WB) and

immunohistochemistry (IHC).

Antigen Catalog No. Technique Dilution Block
WB 1:500 BSA
Hexokinase 1 2024 Cell signaling
IHC 1:20 Goat serum
wB 1:500 BSA
Glycogen Synthase 3886 Cell signaling
IHC 1:40 Goat serum
Phospho-glycogen synthase 47043 Cell signaling wWB 1:500 Milk
Ab231963 Abcam wB 1:500 BSA
Glycogen phosphorylase
A9392 ABclonal IHC 1:100  Goat serum
Glucose-6-phosphatase PA5-70653 Invitrogen IHC 1:50  Goat serum
GFP 2956 Cell signaling IHC variable Goat serum
B-actin A2066 Sigma-Aldrich WB 1:1000 Milk

Block for western bots (WB) consisted of 5% powdered milk or 5% BSA in TBS-T. Block for

IHC was 3% BSA and 10% goat serum in TBS.



APPENDIX B: ARTIFICIAL DECIDUALIZATION

‘~———{.\ 7 ovaries

>

ovariectomize

Days
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D2
D3
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E2 Rest
2 Weeks Rest | ] | ]

e 4

E2 & P4 P4
| | ] | |

¥

Treatments
100 ng E2 in 0.1 ml corn oil
100 ng E2in 0.1 ml corn oil
100 ng E2in 0.1 ml corn oil
Rest
Rest
10 ng E2 & 1mg P4 in 0.1 ml corn oil
10 ng E2 & 1mg P4 in 0.1 ml corn oil

10 ng E2 & 1mg P4in 0.1 ml corn oil

1 mgP4in 0.1 ml corn oil
1 mgP4in 0.1 ml corn oil
1 mgP4in 0.1 ml corn oil

1 mgP4in 0.1 ml corn oil

d7 d8 d9 dio dil di12

&

0il injection Tissue collection

Stimulation and Tissue Collection

15 ul corn oil injection to one uterine horn

(2-4 h after hormone injection)

Collect tissues 96 h after oil injection

Decidualization timeline. Mice were ovariectomized and rested for 2 weeks to clear out

endogenous hormones. Injections of 100 ng E2 in 0.1ml corn oil were given for three days. Then

the mice were rested for two days, followed by an injection of 10 ng E2 and 1 mg P4 in corn oil

for three days. Qil injection to stimulate one of the uterine horns was given on day 8. The other

uterine horn was left as the internal control. Next, 1 mg P4 in 0.1 ml corn oil was injected for

four days and uterine horns were collected 96 h after oil stimulation.
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APPENDIX C: OVERVIEW OF ENDOMETRIAL GLYCOGEN USES

Preimplantation Implantation

Blastocyst
Uterine Lumen g::;‘:‘:‘pﬁm .\
Glucose? Implanting Blastocyst
Uterine Epithelium (,Q?c'
‘Glycogen \Q*G
r Embryo?
| Decidualization l/ / Glycolysis?

Stroma tGlycogen'—GGE» Glucose —

T PYG

6‘(5 \’
?’Gnucosey PPP?

Maternal Circulation

Overview of glycogen stores in the endometrium of uterus and their potential uses. In the uterine
epithelium, glycogen is broken down by G6PC and PYG, liberating glucose which could be
secreted into uterine lumen. As high glucose consumption is observed during the blastocyst
stage, the secreted glucose may be support preimplantation embryo development. After stromal
cells decidualize at implantation, GYS expression increases and glycogen is stored in the
decidua. The moderate increase in G6PC and PYG expression suggest that glycogen is broken
down to release glucose, which may be used by the developing embryo, metabolized in the
decidual cells via glycolysis or the pentose phosphate pathway (G6PC: glucose-6-phosphatase;

PYG: glycogen phosphorylase; GYS: glycogen synthase; PPP: pentose phosphate pathway).
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