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ABSTRACT

INTESTINAL BARRIER FUNCTION ALTERS BONE DENSITY

By

Sandra Ann Raehtz

1 in 2 women over 50 will experience a fracture due to osteoporosis. Current
therapeutics work to prevent further bone loss, however, new therapies which can build
bone or prevent bone loss are necessary to identify. The gut-bone axis is a promising
target for the prevention of bone loss. Recent studies have shown that the probiotic
Lactobacillus reuteri prevents bone loss during estrogen deficiency (OVX), type 1
diabetes (T1D) as well as increases bone density in healthy male mice. This finding lead
us to examine what changes occur in the intestine following estrogen deficiency. We
found that ovariectomy (OVX) leads to decreased intestinal permeability which is
prevented by estrogen supplementation. Additionally, OVX was found to decrease
epithelial cell turnover as well as mucus production. To determine how treating the
intestinal epithelial barrier can affect bone loss, we utilized a high molecular weight
polymer, MDY, which is neither metabolized or absorbed to decrease intestinal
inflammation and increase mucus in the intestine. MDY treatment in OV X mice prevented
estrogen deficiency induced bone loss, highlighting the role of the intestinal barrier in
bone density. In addition to characterizing how OVX alters intestine function, T1D was
found to alter intestinal motility and permeability, both of which were correlated to bone
loss. Treatment of diabetic mice with MDY prevented intestinal inflammation and

increased bone density with respect to diabetic controls. Together our studies indicate an



important role for the intestinal barrier in the health of bone. Understanding the role of the
gut-bone axis can lead to the prevention of bone loss as well as the development of new

bone building therapies.
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CHAPTER 1

1. LITERATURE REVIEW

1.1. BONE

The skeletal system is responsible for the structure and locomotion of the human
body in addition to playing an important role in the protection of organs, acting as a
calcium reservoir and housing bone marrow. The skeleton is made up of both trabecular
(spongy) (20%) and cortical (compact) (80%) bone with trabecular bone being more
metabolically active and cortical bone serving more of a structural and protective role
(Figure 1) (1). Bone remodeling is a continuous process with the entire skeleton renewing
itself approximately every 10 years with 5-10% of bone remodeled each year in the adult
skeleton (2). Bone remodeling consists of a balance between the building of new bone
by osteoblasts and the resorption of bone by osteoclasts. A defect in either of these
processes can lead to the buildup of too much bone leading to brittleness or a breakdown

in bone quantity and quality.

1.1.1. Bone Development and Anatomy

Bones are made up of both dense (cortical) and spongy/cancellous (trabecular)
bone (Figure 1) (2). The outer surface of the bone is lined by the periosteum while the
endosteum lines the inner surface. Embryonic development of bones consists of both
endochondrial bone formation (vertebra and long bones such as the femur) and
intramembranous bone formation (flat bones such as the calvaria/skull) (2). During

endochondrial bone formation mesenchymal-derived chondrocytes form a matrix of



cartilage which is followed by vascularization then matrix deposition and mineralization
by osteoblasts (2). Continued endochondrial ossification, which occurs at the growth plate
or metaphysis, leads to bone lengthening which ends during young adulthood and leads
to the mineralization of the growth plate in humans. Mice, however, never completely
mineralize the metaphysis and bone growth continues into adulthood, albeit at a much
slower rate (2). Intramembranous bone formation occurs when osteoblasts do not follow

a cartilage matrix and directly deposit and mineralize bone matrix (2).

The space inside of the bone structure houses the bone marrow which is
comprised of cells from both the hematopoietic and mesenchymal lineages. The bone
marrow cells are in close proximity with the bone surface and are thought to signal and
contribute to the regulation of bone remodeling. As the marrow is the site for
hematopoiesis, or blood production, bone also contains blood, lymphatic vessels,

leukocytes and nerves (3).



Spongy/Trabecular

Cortical

Epiphysis Diaphysis

Figure 1. Bone Anatomy

Cartoon of bone depicting the spongy or trabecular bone at the epiphysis and cortical
bone along the diaphysis.



1.1.2. Bone Remodeling

Bone remodeling is a constant process which relies on the communication of many
cell types. Remodeling occurs at various, distinct sites of the skeleton and is triggered by
mechanical loading, calcium levels and various paracrine and endocrine signals (4). The
main cells required for bone remodeling make up the basic multicellular unit (BMU) and
consist of osteoblasts, osteoclasts and osteocytes (Figure 2) (4). Remodeling begins
when osteocytes sense areas of bone damage and recruit osteoblasts to signal to
hematopoietic osteoclast precursors to proliferate and migrate to the site of bone requiring
remodeling. Osteoblasts secrete factors such as macrophage colony stimulating factor
(M-CSF) and receptor for nuclear factor kappa beta ligand (RANKL) to stimulate
osteoclast precursor proliferation and fusion to form multinucleated osteoclasts which
bind to the surface of the bone via integrin proteins (3). Once the osteoclasts bind to the
bone, they form a resorption pit where they create an acidic environment and release
lysosomal enzymes such as tartrate-resistant acid phosphatase (TRAP) and cathepsin
K, to dissolve the matrix below. Active osteoclasts secrete TRAP5b into the serum which
can be quantified and used to measure whole body bone resorption status. In addition to
activating osteoclasts, osteoblasts also secrete osteoprotegrin (OPG), a soluble decoy
for RANKL, which can inhibit osteoclast differentiation and activation and subsequent

resorption (Figure 2) (3).

After bone is resorbed, osteoclasts are cleared from the bone remodeling site and
osteoblasts are signaled to begin forming new bone matrix. Osteoclasts recruit
osteoblasts by releasing growth factors from the bone matrix, such as transforming

growth factor beta (TGF), insulin-like growth factor (IGF) and bone morphogenic proteins



(BMPs) which increase the migration of osteoblasts to the remodeling site as well as bone
formation activity (5). In addition to releasing factors from the bone, osteoclasts secrete
several factors which can regulate osteoblasts. These factors include Wnt10b, BMP6 and
sphingosine-1-phosphate and they work to enhance osteoblast activity (6). As new
mineral is laid down, some osteoblasts become embedded within the new bone and
differentiate into osteocytes. Osteocytes occupy lacunae, circular structures within the
bone, and play an important role in responding to mechanical stimuli and signaling to the
other cells in the BMU to begin the remodeling process (Figure 2) (3). Osteocyte
apoptosis has been shown to stimulate osteoclast activity by increasing the production of
RANKL (7) and can decrease osteoblast activity by the release of the protein sclerostin.
Sclerostin inhibits WNT signaling and correspondingly bone formation and mineralization
and can also increase osteoblast apoptosis (8). Osteoblasts may also become bone lining
cells which line the surface of the bone. Bone lining cells have been suggested to form a
canopy around the bone remodeling area, localizing the BMU to the area of active

remodeling (Figure 2) (6).
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Figure 2. Bone Remodeling

The basic multicellular unit for bone remodeling consists of 3 main cells: osteoclasts,
osteoblasts, and osteocytes. Osteoclasts are activated by the combination of RANK and
M-CSF (secreted by osteoblasts) and then form a resorption pit where they release
enzymes (TRAP and cathepsin K) to break down bone (not pictured). The bone releases
factors to signal osteoblast differentiation and activity and osteoblast begin to lay down
new mineral (called osteoid). As osteoblasts become trapped within the bone matrix they
become osteocytes. Osteoblasts can also become bone lining cells.



1.2. OSTEOPOROQOSIS

Osteoporosis is characterized by decreased bone strength and altered bone
architecture which leads to an increased risk of fracture. Decreased bone quality is due
to the combinatory effects of decreased bone mineral density, defects in the
microarchitecture of trabeculae including increased trabecular spacing and decreased
trabecular thickness and an inability to effectively balance bone remodeling (3). Clinically,
osteoporosis is defined as having a bone mineral density (BMD) less than 2.5 standard
deviations lower than the average population BMD for that location. This number is
referred to as the T-score (3). Osteoporotic fractures cost more than $20 billion in the
United States annually and can leave patients hospitalized with decreased mobility and

increases the risk of secondary complications such as infections like pneumonia (9,10).

Primary or idiopathic osteoporosis is a result of menopause (typically occurring
after the 5" decade of life) and is found in the absence of any disease or pathological
condition. In contrast, secondary osteoporosis occurs as a consequence of disease
pathology or drug side effects. These conditions include: corticosteroid treatment,
nutrient deficiencies due to intestinal disease, chronic disease, cancer, various
autoimmune diseases, endocrinopathies, and several medications (11). The focus of this
dissertation will be on both primary osteoporosis due to estrogen deficiency and

secondary osteoporosis caused by the autoimmune disease type 1 diabetes mellitus.



1.2.1. Estrogen Deficiency Induced Osteoporosis

Of women over the age of 50, 1 in 2 are expected to experience an osteoporotic
fracture (National Osteoporosis foundation). This is the result of menopause or the
cessation of estrogen production by the ovaries (12). The loss of estrogen leads to a
marked increase in bone resorption and a reciprocal increase in bone formation, however,
the two processes are no longer coupled resulting in bone remodeling favoring a

resorptive environment and net bone loss (13).

Estrogen plays an important role in inducing osteoclast apoptosis. Osteoclast-
specific deletion of ERa results in decreased trabecular bone mass which was due to an
increase in osteoclast lifespan as a result of decreased apoptosis (14,15). Estrogen also
suppresses RANKL-induced osteoclast differentiation (16—19). Estrogen deficiency leads
to an increase in NFkB activity which can go on to activate osteoclast activity. In addition
to these direct effects of estrogen on osteoclasts, estrogen can indirectly decrease
RANKL production by osteoblasts, T and B lymphocytes and increases the production of
OPG by osteoblasts (20,21). Estrogen also decreases the production of cytokines which
can increase bone resorption via osteoclasts; these include IL-1, IL-6, TNFa, M-CSF as
well as prostaglandins (22-27). It has also been proposed that following the loss of
estrogen, there is a rapid increase in T cell population which leads to an increase in the

production of TNFa levels, subsequently enhancing osteoclastogenesis (28,29).

In addition to its effects on osteoclasts, estrogen has been shown to both inhibit
osteoblast apoptosis and increase osteoblast lifespan (30). Estrogen deficiency leads to
increased production of reactive oxygen species which can decrease both osteoblast and

osteocyte lifespan as well as increase osteoclast number and activity (31). Deletion of



ERa from osteoblast cell lineage does not lead to a marked bone phenotype as compared
to a deletion of ERa from osteoclasts (14,15). Taken together, estrogen acts to prolong
osteoblast activity and lifespan and decrease osteoclast activity. Thus, states of estrogen
deficiency such as menopause favor osteoclastogenesis and lead to increased bone

resorption.

1.2.2. Type 1 Diabetes Induced Osteoporosis

Type 1 diabetes (T1D) is an autoimmune disease characterized by the loss of
insulin production by the pancreatic beta cells (32). T1D generally occurs in adolescents
or young adults and must be controlled by regular blood glucose monitoring and insulin
delivery. Better education, early diagnosis and glycemic control has led to the increase in
the lifespan of T1D patients. However, long term diabetic conditions are still associated
with several secondary consequences including retinopathy, microvasculature

abnormalities, nephropathy, and bone loss (33).

A retrospective cohort study in the United Kingdom studying osteoporosis in type
1 diabetic patients determined that there is a lifelong risk of fracture in T1D patients which
begins at childhood (or onset of the disease) and persists through old age (34). Fracture
risk is correlated with the duration of diabetes (35,36) and there is an association between
fracture risk and the presence of microvascular complications (35—-40). However, there is
no association between fracture risk and glycemic control (35-40). Understanding how
T1D leads to bone loss is crucial for the prevention and treatment of osteoporosis in this

patient population.



Diabetes induced osteoporosis has been shown to be largely due to the decrease
in osteoblast lineage selection from mesenchymal stem cells as well as decreased
osteoblast maturation and activity. Osteoblasts and adipocytes originate from the same
mesenchymal stem cell lineage (41). Osteoblastogenesis occurs with activation of the
WNT signaling pathway (42). WNT signaling consists of both the canonical (WNT/beta-
catenin) and noncanonical pathways (43). Canonical signaling begins when WNT ligands
bind the Frizzled receptors and the low-density lipoprotein receptor-related (LRP) 5 or
LRP-6 co-receptors (43). The signal leads to beta-catenin degradation and activity.
Sclerostin and Dickkoff (DKK-1) (produced by osteocytes) inhibit the WNT signaling
pathway by interacting with the LRP co-receptors (44-46). The WNT signaling pathway
controls mesenchymal stem cell differentiation by repressing both chondrocyte and
adipocyte differentiation (47,48). Promotion of WNT signaling leads to increased
osteoblast differentiation and proliferation via the action of osteogenic transcription factors
such as Runx2 and osterix (48). T1D leads to a decrease in WNT signaling and thus a
decrease in osteoblastogenesis (49). Decreased WNT signaling leads to an increase in

adipogenesis as the PPARYy signaling pathway is no longer suppressed.

In addition to the decrease in WNT signaling, insulin has an anabolic effect on
osteoblasts and hypoinsulinemia can lead to decreased bone formation (50). Insulin
increases Runx2, a transcription factor necessary for the differentiation of osteoblasts, by
suppressing Twist2 the inhibitor of Runx2 (51). Models of T1D show decreased levels of

Runx2 expression and decreased numbers of mature osteoblasts (52).

While the role of osteoblasts in T1D is well understood, osteoclasts have been

shown to have differing roles in different studies. In animal studies, osteoclasts have been
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found to increase, decrease or stay the same, depending on the study. Clinical studies
support no change in T1D osteoclast activity as determined by levels of serum markers
of resorption such as deoxypyridinoline, c-terminal telopeptide of type 1 collagen (CTX)
(53-56). As noted earlier, T1D leads to a decrease in osteoblastogenesis which can also
lead to a decrease in osteoclast number as osteoblasts are needed for the activation and

maturation of osteoclasts.

1.2.3. Animal Models of Type 1 Diabetes

In order to better understand and study T1D-induced bone loss, there are several
animal models currently in use. Most animal models of T1D are either pharmacologic or
spontaneous (57). Pharmacological agents used to model T1D include streptozotocin
(STZ), alloxan, dithizone, vacor and 8-hydroxyquinolone (57). Most commonly used is
STZ. STZ is a glucose mimetic that diffuses into insulin secreting pancreatic 3 cells via
the GLUT2 glucose transporter (58). STZ leads to B-cell apoptosis and subsequent
hypoinsulinemia (58). In mice, the typical STZ dosing regimen used to induce T1D does
not cause an increase in osteoclast parameters (59). However, increasing the dose
causes an increase in osteoclast activity (59,60). Spontaneous models of T1D include the
non-obese diabetic (NOD) and Ins2*-Akta mouse. NOD mice typically develop diabetes
between 12 and 30 weeks of age with only 60% of male mice actually developing a
diabetic phenotype (57,61). NOD mice show an increase in expression of genes favoring
adipogenesis (PPARg2 ad AP2) as well as an overall increase in adipocyte number

(60,62,63). In line with this, osteocalcin (a marker of osteoblast maturation) was

11



decreased and correlated with low bone density in both NOD and STZ diabetic animals

(60,62,63).

The Ins2*-Akita mouse becomes spontaneously diabetic around 4-5 weeks of age
due to a mutation in one allele of the insulin-2 gene. This mutation leads to intracellular
accumulation of mutated protein in the pancreas which promotes endoplasmic reticulum
stress which ends in B-cell death (64). Ins2*-Aka mice experience a more dramatic bone
loss than STZ diabetic mice, displaying a decrease in osteoblast markers (osteocalcin)

and an increase in adipogenesis (65).

1.2.4. Current Osteoporosis Therapies

Current treatments for osteoporosis include bisphosphonates, calcitonin,
intermittent PTH, Denosumab (anti-RANKL) and selective estrogen receptor modulators
(SERMS). While there seems to be a wide range of therapies for osteoporosis, their use
has started to reveal unwanted side effects. Long term use of bisphosphonates has been
shown to increase risk of osteonecrosis of the jaw and increased risk of irregular fractures
(66). Denosumab inhibits the differentiation and activation of osteoclasts, however it's
inhibition of bone resorption resolves within 1 year after stopping treatment (Geusens
2014). Raloxifene (a SERM) may increase the risk of venous thromboembolic disease
and stroke. Daily injections of PTH promotes osteoblast differentiation and inhibits
osteoblast and osteocyte apoptosis (67). PTH may also inhibit the production of
sclerostin, which inhibits bone formation by inhibiting WNT and bone morphogenic protein

(BMP) signaling (68). However, teriparatide, recombinant human parathyroid hormone, is
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costly, requires cumbersome daily subcutaneous injection and can only be used for a
short time (2 years) as it begins to stimulate bone resorption (Geusens 2014). Hormone
replacement therapy is successful in the prevention and treatment of osteoporosis,
however it has been shown to increase risk of certain cancers (69). While several new
therapies are being examined (new formulations of bisphosphonates, sclerostin
inhibitors, integrin antagonists, cathepsin K inhibitors) there is real need for therapies

which have reduced side effects.
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1.3. BONE-GUT LINKAGE

In recent years, studies have identified a link between the gastrointestinal tract and
bone health. There are several mechanisms in which the gut plays a role in regulating
bone health. These include, but aren’t limited to, calcium and vitamin D absorption,
serotonin signaling, incretin production, and the microbiome. In addition, our lab
previously identified that intestinal inflammation induced by colitis leads to bone
inflammation and subsequent bone loss (70,71). Our lab has also identified a link between
the intestinal microbiota and bone health. When treated by gavage with the probiotic
lactobacillus reuteri, both healthy male mice and ovariectomized female mice show an
increase in bone density as compared with controls (72,73). Furthermore, we identified a
critical role for inflammation since intact female mice that undergo a minimal surgery
(dorsal incision) have increases in inflammatory cytokines in the intestine and are then
able to respond to treatment with probiotics with a decrease in inflammation and increase

in bone volume compared to control, untreated mice (74).

1.3.1. Intestine — General

The intestine is part of the gastrointestinal tract which occurs between the stomach
and the anus. The intestinal tract is composed of both the small and large intestine and
has several layers of tissue which aid in its function. Starting in the intestinal lumen is the
lining of epithelial cells, followed by the lamina propria, the submucosa which contains

blood vessels, lymph vessels and nerves (the submucosal enteric nerve plexus), the
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muscular layer containing both an inner circular and outer longitudinal layer (with the

myenteric nerve plexus between the two layers), and the outer serosal layer.

The intestine is comprised of the small intestine which is responsible for the
majority of nutrient absorption and contains many folds and villi, and the large intestine
which is responsible for removing water from the stool and is composed of crypts but not
villi. The small intestine is comprised of three main areas: the duodenum, jejunum and
ileum. The stomach empties first into the duodenum which receives bile and pancreatic
enzymes to further digest food (75). The next region of the small intestine is the jejunum.
The jejunum is lined with enterocytes which are important for the absorption of nutrients
from the food broken down in the duodenum. The ileum follows and is important in the
absorption of B12 and bile acids as well as containing Peyer's patches which house
immune cells important for the surveillance of the intestine (75). The large intestine
consists of the cecum, colon and rectum. The main function of the large intestine is to

absorb water.

The intestinal tract plays an important role in the immune system as it is often the
first site of exposure to pathogens and toxins. Both the large and small intestine contain
gut-associated lymphoid tissue or GALT to protect the body from infection and disease.
In addition to lymph tissue, the intestine houses a large population of bacteria (the largest
numbers in the colon) called the microbiome which aids in intestinal health by breaking
down molecules that cannot be metabolized by the gut as well as preventing the

overgrowth of harmful or pathogenic bacteria (75).
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1.3.2. Intestinal Epithelial Barrier

The intestine is the gateway from the outside world into the human body; therefore,
it requires several defense mechanisms in order to maintain health. The intestinal
microbiota serves as the first line of defense against pathogenic organisms as well as
contributing to the breakdown of nutrients and secretion of anti-inflammatory molecules
(76). The barrier also consists of two mucus layers: the stirred (outer) mucus layer and
the unstirred (inner) mucus layer. Both layers are composed of mucins and antimicrobial
peptides, however, the outer layer is more dilute and allows the presence of microbes.
Mucus layer thickness depends on the location in the intestine with the distal colon having
the thickest layer (77). Goblet cells within the epithelium layer are the main source of
mucins and antimicrobial peptides. Mucin2 (MUC?2) is the predominant mucin found in the
large intestine. Mice deficient in MUC2 will spontaneously develop colitis, indicating the

importance of the mucus layer in barrier function (Figure 3) (78).

The intestinal epithelial barrier is responsible for the passage of water and nutrients
via the paracellular pathway. In addition to this, the intestinal epithelium must provide a
protective barrier against pathogens and toxins. Paracellular transit is regulated by tight
junctions, which are made up of integral membrane proteins (claudins and occludins),
junctional complex proteins (zona occludens), and the cellular cytoskeleton
(microtubules, actin). The claudins are a large family of transmembrane proteins which
work to either form pores or strengthen the barrier (79,80). In addition to tight junctions,
which are on the apical end of epithelial cells, adherens junctions are more basolateral

and are made up of cadherin proteins (81). Compromised barrier function has been linked
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with active inflammation although whether it is the cause or the consequence has not yet

been identified (82—84).
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Figure 3. Intestinal Barrier

The intestinal barrier is made up of commensal bacteria (microbiota), two mucus layers
(the inner, thinner layer is not shown), goblet cells which produce mucus, epithelial cells
connected via tight junctions (adherens junctions and desmosomes not shown), as well
as immune cells in both the epithelial layer (Paneth cells) and the lamina propria.
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1.3.3. Estrogen and Intestinal Barrier Function

Estrogen is a steroid hormone primarily produced in the ovary of females and the
testes of males; however, it can also be converted from androgens in both sexes during
both physiological and pathophysiological states. Extragonadal sites of estrogen
production include adipose tissue, skin, osteoblasts, osteoclasts, aorta, and the brain.
After menopause, adipose tissue is the main source of estrogen. There are several forms
of estrogen, 17 estradiol being the most prevalent circulating estrogen. Only a small
amount in the plasma is free and active, most is bound to sex hormone binding globulin
or albumin. The two primary receptors for estrogen are estrogen receptor a (ERa) and
estrogen receptor B (ERB), both of which are nuclear receptors. ERa is typically
associated with secondary sex characteristics and regulation of the menstrual cycle in
females and sperm maturation in males (85). ERB has less of a role in the classical
estrogen target tissues and has been found to be more dominant in the brain,

cardiovascular system and the colon (86,87).

The role of estrogen in the intestine is not well understood. Several papers have
described an increased incidence of inflammatory bowel disease (IBD) in women who
have a history of oral contraceptive use (88—90) which resolves after stopping therapy
(91). In addition to this, there is an increased risk for developing IBD in postmenopausal
women who have a history of or are currently using hormone therapy (89,90). In
ovariectomized mice, estrogen treatment predisposes to the development of ulcerative
colitis as well as increased tumor development (92). While these studies show that
estrogen decreases barrier function to induce IBD, there have been several studies which

report that estrogen treatment decreases colonic paracellular permeability and reduces
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IBD symptom severity (93—-95). A better understanding of the physiologic role of estrogen
throughout the intestine is needed in order to understand how it affects intestinal

pathologies.

1.3.4. Diabetes and Intestinal Barrier Function

The GI system has the largest immune population in the body and creates an
interface between the external environment and the host and has been linked with
numerous autoimmune diseases (96). It has been proposed that there is an interplay
between changes in the intestinal microbiota, intestinal permeability and mucosal
immunity in the intestine which leads to the pathogenesis of type 1 diabetes (T1D) (97).
In rodent models of T1D, intestinal permeability or the “leakiness” of the gut has been
studied by measuring the amount of disaccharides and monosaccharides in the urine
following their oral administration. The spontaneously diabetic biobreeding (BB) rat model
of T1D shows an increased amount of permeability in the stomach, small intestine and
the colon (98). The increased permeability in both the stomach and small intestine
appeared prior to the development of overt diabetic symptoms (98). During the pre-
diabetes stage, BB rats that were diabetes prone had increased intestinal permeability,
altered tight junction proteins (specifically claudin 7), increased gut infiltration by
neutrophils and decreased numbers of gut natural killer cells in comparison to BB rats

which were diabetes resistant (99,100).

Examination of intestinal permeability in human patients with T1D has been limited

and has shown diverse outcomes. An initial study examining the permeability of the
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monosaccharide mannitol in T1D patients showed an increase in intestinal permeability
(101,102). However, a subsequent study using pediatric T1D patients showed no
difference in the permeability to lactulose or mannitol except in patients with a high-risk
allele for celiac disease (24 from Li). Taken together, the role of gut permeability in T1D
is not well understood and further research is needed to understand how hypoinsulinemia

affects barrier function.
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1.4. SUMMARY

The intestine is the barrier between the outside world and the body. Disruptions in
intestinal health such as inflammation, decreased barrier integrity, absorption
abnormalities and increased cell death can lead to whole body consequences, including
decreased bone density. Understanding how intestinal pathology can interact with bone
health can lead to the development of new therapeutics to enhance both intestine and

bone health.
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CHAPTER 2

2. ESTROGEN DEFICIENCY DECREASES INTESTINAL PERMEABILITY

2.1. ABSTRACT

Estrogen deficiency which occurs after menopause or ovariectomy, is associated
with decreased bone density and increased fracture risk. As recent studies have
elucidated a role for intestinal health in the maintenance of bone density, we wanted to
examine the effect of estrogen deficiency on intestinal health. Decreased bone density in
inflammatory bowel diseases is attributed to increased intestinal inflammation which leads
to an increase in permeability across the epithelial barrier. As estrogen is a known anti-
inflammatory agent, we sought to determine if there were changes in intestinal
permeability which could result in bone loss. Surprisingly, we found that ovariectomy
(OVX) leads to a decrease in whole intestinal permeability as measured in vivo. On closer
examination of changes in permeability using Ussing chambers, we found that the colon
was the only section which lead to significant differences in permeability ex vivo.
Furthermore, this decrease in colonic paracellular flux was positively correlated with bone
volume. Estrogen supplementation either in vivo or ex vivo in Ussing chambers in OVX
(and male) mice revealed an increase in colonic flux which was comparable to control,
intact mice. Using the HT-29 MTX E12 colon cell line we found that treatment with
estrogen increased flux across the cell monolayer, consistent with our in vivo results.
When cells were treated with the estrogen and the estrogen receptor (ER) antagonists
PHTPP (ERB antagonist) or G15 (GPR30 antagonist), there was a decrease in
paracellular permeability. In contrast to this, treatment with estrogen and ICI (ERa and

ERB antagonist, GPR30 agonist) or MPP (ERa antagonist) lead to no change in
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permeability, indicating a role for both ERB and GPR30 in the alteration of monolayer
permeability. Finally, we observed that OVX leads to a decrease in epithelial cell turnover
in the intestine and that this was correlated with the decrease in intestinal permeability.
Together, our results indicate a role for the intestine in bone health following estrogen

deficiency and may lead to new targets for bone loss prevention.
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2.2. INTRODUCTION

Menopause is the most common cause of bone loss in women. Osteoporosis-
related fractures occur in 1 in every 2 women over the age of 50 and represent a
significant health concern in post-menopausal women (103). Along with its associated
increase in fracture risk, bone loss may have negative effects on metabolism (104,105).
Despite all the anti-resorptive treatments on the market, the number of osteoporotic

patients is on the rise in the U.S. and worldwide.

Recent studies have identified a role for intestinal health in the maintenance of
bone density (71,72,106-109). While the gastrointestinal tract is responsible for the
digestion and absorption of nutrients, it can affect bone density through a variety of
mechanisms including modulation of the microbiome, inflammation and secreting bone
regulating hormones (72,107,108,110-112). In addition, the gastrointestinal associated
lymphoid tissue (GALT) contains the largest populations of immune cells which maintain
overall health and mount an attack when the intestinal barrier is damaged or penetrated
(113). The GALT is required since the intestine is home to a large and diverse population
of bacteria that influence intestinal and overall health (113-117). The intestinal
microbiome, along with pre- and probiotics have been shown to increase bone density in
healthy animals as well as maintain bone density in the presence of adverse bone
pathology (72-74,118,119). Studies with germ free mice have shown an increase in
femoral bone density (both trabecular and cortical) when compared to conventionally
raised mice indicating the role of the microbiome in bone remodeling (120). Consistent
with this finding, depletion of the microbiome through the use of antibiotics in juvenile

mice results in an increase in bone density (121). The finding that the gut microbiome can
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alter bone density lead to studies investigating the role of both pre- and probiotics in bone
health. Prebiotics are non-digestible (by humans) fermentable nutrients which promote
the growth of beneficial microorganisms (122). Many studies have identified that
supplementation with prebiotics has a beneficial role in mineral metabolism, specifically
calcium absorption in both rodents and humans (123,124). Under healthy conditions
prebiotics (fructo-oligosaccharides (FOS) and inulin) increase bone parameters
(125,126). In ovariectomized, estrogen deficient mice and rats prebiotic treatment was
able to prevent femoral bone loss (127,128). In addition to the effects of prebiotics on
bone health, probiotics, or live microorganisms which have a beneficial effect on the host,
have also been shown to increase bone health. The probiotic Lactobacillus reuteri has
anti-TNFa properties and was able to increase bone density in healthy male (but not
female) mice in addition to preventing bone loss in both female ovariectomized mice and
type 1 diabetic male mice. Taken together, these data indicate the health of the

microbiome and intestine in maintaining bone density.

While the microbiome plays an important part in bone health, intestinal diseases
such as inflammatory bowel disease (IBD) and celiac disease can also impact bone, albeit
in a negative way (70,71,129,130) Mouse models of colitis lead to significant bone loss in
male mice, but surprisingly, not female mice indicating the role of not only the intestine,
but also estrogen in affecting bone health (71). One of the key mechanisms attributed to
the pathogenesis of bone via IBD is a leaky intestinal barrier (130-132). As estrogen has
anti-inflammatory properties and prevents bone loss in models of IBD, we wanted to
identify how estrogen deficiency alters intestinal barrier function, specifically intestinal

permeability and determine if these changes are associated with subsequent loss in bone.
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In the present study we focused our investigation on how changes in intestinal
permeability relate to estrogen deficiency induced osteoporosis. Interestingly, we reveal
that ovariectomized balb/c mice have decreased overall intestinal permeability and that
the colon is the primary site responsible for this. Furthermore, we show that exogenous
estrogen supplementation both in vivo and ex vivo restores barrier function to that similar
to sham control animals. In vitro analysis using HT-29 MTX E12 colon cells treated with
estrogen and estrogen receptor (ER) antagonists revealed a role for both ERB and the
recently discovered g-protein coupled estrogen receptor, GPR30, in barrier function.
Finally, we show that decreased cell turnover in estrogen deficient mice is correlated to

the decrease in intestinal permeability seen during estrogen deficiency.
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2.3. MATERIALS AND METHODS

2.3.1. Mice

Female and male 10 week old Balb/c mice were purchased from Jackson
Laboratories and allowed to acclimate to the animal facility for one week. Female mice
were either ovariectomized or sham-operated at 11 weeks of age. At the time of surgery,
a 0.25mg 17 B-estradiol 60-day slow release pellet (Innovative Research of America,
Sarasota, FL) was subcutaneously implanted behind the shoulder. Mice were given
Teklad 2019 chow (Madison, WI) and water ad libitum and were maintained on a 12-hour
light/dark cycle. Food and water intake were monitored during the course of the
experiment and did not differ between groups. Both female and male mice were sacrificed
at 15 weeks of age, 4-weeks post-surgery. All animal procedures were approved by the
Michigan State University Institutional Animal Care and Use Committee and NIH (as

before).

2.3.2. Microcomputed Tomography

At the time of euthanasia, femurs were fixed in formalin and transferred to 70%
ethanol after 24 hours. A GE Explore Locus microcomputed tomography system was
used to scan the femurs. Beam strength was set at 80 peak KV and 450 pA with an angle
increment of 0.5. 720 views were taken with a voxel resolution of 20 um. A phantom bone
was used with each scan in addition to bones from each experimental group, to maintain
consistency throughout scans. A fixed threshold of 865 was used to separate bone from

bone marrow. The length of the femur was measured and 1% of the total length, starting
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at the distal metaphysis and extending toward the diaphysis was measured for trabecular
bone. Bone parameters were computed using GE healthcare MicroView software.
Cortical measurements were performed using a 2 x 2 x 2 mm cube centered midway

down the bone and using a threshold of 1400 to separate bone from marrow.

2.3.3. Permeability Studies

To determine the permeability of the intestinal tract in vivo, mice were gavaged 4
hours prior to harvest with 300 mg/kg of 4 kD fluorescein isothiocyanate (FITC)-dextran.
At the time of harvest, blood was collected via cardiac puncture, allowed to sit at room
temperature for 5 minutes and spun down at 10,000 RCF for 10 minutes. The resulting
serum was collected. Levels of FITC-dextran that had passed into the blood stream from
the intestine was measured on Tecan Infinite M1000 plate reader at an excitation
wavelength of 485nm and an emission wavelength of 530nm. The times of gavage and
blood collection as well as the rate of FITC flux into the serum were calculated and
normalized to the sham control for each day of the experiment.

Ussing chambers (Physiologic Instruments) were used to measure paracellular
permeability ex vivo. Whole-thickness, 1.5 cm intestinal sections, (midway down the
duodenum, jejunum, ileum and distal colon; whole thickness including the mucosa,
submucosa, muscular layer and serosa) were flushed with PBS, cut along the mesenteric
border, mounted on 0.3 cm? aperture inserts and placed between two chambers. Each
chamber was filled with 5 mL Krebs bicarbonate buffer (Sigma). The buffer was
maintained at 37°C and continuously oxygenated with 95% Oz and 5% CO.. After a 20-

minute equilibration period, 2.2 mg/mL FITC was added to the mucosal chamber.
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Rhodamine isothiocyanate dextran (RITC, 10 kD size, 0.55 mg/mL concentration) was
also added to the mucosal chamber as a control for tissue integrity. Samples from both
chambers were taken in triplicate at 0 and 60 minutes into the study and fluorescence
was measured at 485/530nm for FITC and 595/615nm for RITC on a Tecan Infinite M1000
plate reader.

Differences in paracellular permeability and measurement of tissue viability were
performed by measuring the transepithelial electrical resistance (TER). This was
calculated by dividing successive measurements of the potential difference across the
tissue by the transepithelial current (which was obtained by measuring the current
necessary to clamp the offset potential to zero and normalized to the surface area of the
insert).

To evaluate the effect of estradiol on colonic permeability ex vivo in male, sham
and ovariectomized mice, 17-beta estradiol (E8875, Sigma) was dissolved in ethanol and
placed in the mucosal and serosal chambers at a concentration of 50nM, after the initial
20-minute equilibration period. An ethanol control diluted to the same degree as the
estradiol and was used as a vehicle control. Both FITC and RITC were added at the same

time as the estradiol and flux measurements taken as indicated above.

2.3.4. Cell Culture Experiments

Human intestinal cells HT-29 MTX-E12 cells (E12) (133), selected for their ability
to differentiate into goblet cells, produce mucus and form polarized epithelial layers were
used for all studies. E12 cells were grown on porous membranes (0.4 p) with a 12 mm

diameter (Snapwell™ insert, Corning, USA). 8 x 10* cells in 200uL of aMEM media were
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seeded on the apical side of the membrane and 4mL of aMEM media was added to the
basolateral compartment. E12 cells were cultured until confluent at 37°C 5% CO2, with
media changed every other day (a MEM media with 10% FBS and 1% (v/v) penicillin-
streptomycin). After reaching confluency, a semi-wet interface was used to produce a
polarized epithelial layer and encourage mucous production. This was achieved by
culturing cells with 100uL of aMEM media in the apical compartment, 1mL in the
basolateral compartment and placing cell culture plates on a nutator in the incubator for

mechanical stimulation.

To determine the role of estrogen receptors in intestinal permeability, cells were
cultured as stated above with the addition of either 10nM of vehicle (ethanol), 17-3
estradiol (E, Sigma), ICI, PHTPP, MPP, G15, ICI+G15, ICI+E, PHTPP+E, MPP+E,
G15+E and ICI+G15+E (unless otherwise noted, reagents were purchased from Caymen)
in the media of both the apical and basolateral compartments. Cells were treated for 10
days under semi-wet interface conditions. For all permeability studies, Snapwell inserts
were removed from their frame and placed into the Ussing chambers for measurement of

FITC and RITC dextran flux as noted above for tissue sections.

2.3.5. Intestine RNA Analysis

Immediately following sacrifice, intestine segments were flushed with PBS, snap
frozen in liquid nitrogen and stored at -80C. Samples were crushed under liquid nitrogen
conditions with a Bessmen Tissue Pulverizer (Spectrum Laboratories, Rancho

Dominguez, CA) and RNA was isolated using TriReagent (Molecular Research Center,

31



Cincinnati, OH). The integrity of the RNA was assessed by formaldehyde-agarose gel
electrophoresis. cDNA was synthesized by reverse transcription using Superscript Il
Reverse Transcriptase Kit and oligoDT (12-18) primers (Invitrogen, Carlsbad, CA) and
amplified by real-time PCR with iQ SYBR Green Supermix (BioRad, Hercules, CA), and
gene specific primers (synthesized by Integrated DNA Technologies, Coralville, IA). RNA
levels of the housekeeping gene hypoxanthine guanine phosphoribosyltransferase
(HPRT) do not fluctuate between conditions and was used as an internal control. Primers
for real-time PCR can be found in table 1. Real-time PCR was carried out for 40 cycles
using the iCycler (Bio-Rad) and data were evaluated using iCycler software. Each cycle
consisted of 95C for 15 sec, 60C for 30 sec and 72C for 30 sec. cDNA free samples did

not produce amplicons.

2.3.6. Immunohistochemistry

Sections of intestine were fixed in formalin, transferred to 70% ethanol after 24
hours, processed, embedded in paraffin and sectioned on a rotary microtome at 4 - 5um’s.
Sections were placed on charged slides and dried at 56°C overnight. Slides were
subsequently depariffinized, placed in Tris buffered saline (TBS) pH 7.4 (Scytek Labs —
Logan, UT) for pH adjustment. Following TBS, slides were placed in a steamer for epitope
retrieval in Citrate Plus pH 6.0 (Scytek) followed by 10-minute room temperature
incubation and rinses in several changes of distilled water. Following pretreatment,
standard micro-polymer staining steps were performed at room temperature on the

Biocare intelliPATH automated staining instrument. All staining steps were followed by
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rinses in TBS Autowash Buffer + surfactant (Biocare — Concord, CA). After blocking for
non-specific protein with Background Punisher (Biocare) for 5 minutes, sections were
incubated with Monoclonal Rabbit anti Ki-67 (SP6) at 1:150 (Cell Marque — Rocklin, CA)
in Normal Antibody Diluent (NAD) (Scytek) for 60 minutes. Slides were subsequently
incubated with HRP — Polymer (Biocare) 60 minutes. Slides were counterstained in Gill
2 Hematoxylin (Cancer Diagnostics —Durham, NC) for 5 seconds, followed by

dehydration, clearing and mounting with synthetic mounting media.

2.3.7. Statistics

Unless otherwise noted, all data is presented as the mean +/- the standard error.
Student’s t-test, one-way ANOVA and two-way ANOVA were calculated using GraphPad

Prism Software. Data was considered significant when p<0.05.
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2.4. RESULTS

2.4.1. Estrogen Deficiency Leads to Decreased Intestinal Permeability Which is

Correlated to Bone Loss

To investigate the relationship between estrogen deficiency, intestinal permeability
and bone density, 11 week old balb/c female mice were sham operated or ovariectomized
(OVX) and after 4 weeks intestinal permeability and femur bone volume were measured.
As expected, microcomputed tomography analysis demonstrated that OVX mice lost a
significant amount (31%, p=0.0015) of trabecular bone volume in the distal femoral region
compared to sham controls (Figure 4A). To measure in vivo whole gut permeability, mice
were gavaged with 4 kD FITC-dextran four hours prior to sacrifice. (Figure 4B). OVX mice
had a significantly lower FITC flux (42%, p=0.0227) from the intestinal tract to the serum
relative to sham mice. Using Pearson’s correlation analysis we identified that whole
intestinal permeability as measured by FITC in the serum was significantly and positively

correlated with bone density (p=0.0017, r>=0.4478) (Figure 4C).

Past studies indicated that changes in permeability may occur in the colon,
however to our knowledge no information exists on the status of small intestinal
permeability in estrogen deficient mice. To examine regional differences in intestinal
permeability, paracellular permeability was measured in individual sections ex vivo using
Ussing chambers. No statistical differences were observed in ex vivo FITC (Figure 5A-C)
or RITC (data not shown) flux in the duodenum, jejunum or the ileum. However, OVX
mice had significantly less colonic paracellular permeability (CPP) than sham operated
mice (62%, p=0.0294) and this decrease in CPP was significantly correlated with bone

volume (p=0.0001, r’=0.6629, Figure 5D and F). Additionally, transepithelial electrical
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resistance (TER), a measure of tissue integrity and barrier function, was increased in
OVX animals, confirming a less permeable intestinal barrier with respect to sham animals

(Figure 5E).
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Figure 4. Ovariectomy-Induced Bone Loss is Correlated with Decreased Intestinal
Permeability

Female balb/c 11 week old mice were sham operated or ovariectomized (OVX) and at 15
weeks of age serum and femur collected. Trabecular bone volume fraction (BVF) at the
distal femur in sham or ovariectomized mice analyzed by microcomputed tomography (A)
(n =22, p = 0.0015). Intestinal permeability was measured by gavaging mice with 300
mg/kg of FITC and measuring serum fluorescence 4 hours later (B) (n = 9-10, p = 0.0227).
In vivo flux of FITC was correlated with bone volume (C) (p = 0.0017, r? = 0.4478). Values
represent the mean + standard error. *p < 0.05 with respect to sham control.
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Figure 5. Decreased Intestinal Permeability is Due to Decreased Colonic Paracellular
Permeability

Female balb/c 11 week old mice were sham operated or ovariectomized (OVX) and at 15
weeks of age intestinal sections isolated. A-D) Sections of the duodenum, jejunum, ileum
and colon were analyzed ex vivo FITC permeability in Ussing chambers. (n =5 — 8). E)
Transepithelial electrical resistance was measured over the course of the ex vivo
experiment. E) Colonic paracellular permeability was correlated with bone volume (F, p =
0.0001, r? = 0.6629). Values represent the mean * standard error. *p < 0.05 with respect
to sham control.
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2.4.2. Estrogen Increases Colonic Paracellular Permeability

Because OVX causes a reduction in both estrogen and progesterone, to establish
a role specifically for estrogen in regulating intestinal permeability, OVX mice were
implanted with a subcutaneous slow release (0.25mg/day) 17 B estradiol pellet at the time
of ovariectomy (OVX+E). Consistent with a role for estrogen in regulating permeability, in
vivo intestinal permeability assays revealed that estrogen treatment increased OVX
mouse intestinal permeability to levels seen in intact sham mice. Thus, serum FITC levels
were higher in the serum of sham and OVX+E compared to OVX mice (p=0.0083 and
p=0.0508, respectively, Figure 6A). Next, we tested the effect of in vivo estrogen
supplementation specifically on colonic paracellular permeability by measuring ex vivo
FITC flux. Similar to the in vivo analysis, OVX mice had significantly less FITC flux into
the serosal chamber than either sham or OVX+E mice (Figure 6B; p=0.0027 and
p=0.0231, respectively). In other words, estrogen treatment restored OVX mouse colon
permeability to the levels observed in intact sham mice. To further confirm that estrogen
directly increases colon permeability, segments of distal colon from sham and OVX mice
(without subcutaneous estrogen pellet) were placed in the Ussing chambers and 50 nM
of exogenous estrogen was added to both the mucosal and serosal chambers
(concentration based on dose curve experiment, data not shown). FITC flux
measurements revealed that vehicle treated colons from OVX mice had significantly lower
paracellular flux than vehicle treated sham colons (Figure 6C, p=0.0503). Addition of
estrogen to the chambers caused OVX colons to have significantly increased FITC flux
in comparison to untreated OVX colons (Figure 3C, p=0.04), indicating that estrogen

directly increases colon permeability.
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Since male mice produce low levels of estrogen similar to OVX mice, we wanted
to determine whether the addition of estrogen to male colons ex vivo could also increase
colonic paracellular flux similar to OVX mice. Distal colons of male mice treated with
estrogen (50 nM) in the Ussing chamber had significantly increased FITC levels in the

serosal chamber when compared with controls treated with vehicle (Figure 6D, p < 0.05).
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Figure 6. Estrogen Supplementation Prevents OVX-Induced Decrease in Intestinal
Permeability

16 week old balb/c sham, OVX, OVX+E and male mice were evaluated for intestinal
permeability both in vivo and ex vivo. Quantification of FITC rate into the serum after in
vivo oral gavage (A). Flux of FITC across colonic tissue ex vivo in Ussing chambers (B).
Ex vivo measurement of FITC flux across colon tissue with either vehicle (EtOH) or 50
nM of estrogen in sham and OVX mice (C) or male mice (D). Values represent the mean
+ standard error. *p < 0.05 with respect to sham control and # represents p < 0.05 with
respect to OVX.
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2.4.3. Paracellular Flux is Regulated by Estrogen in vitro

To understand how estrogen influences colon permeability, we first sought to
examine which estrogen receptors (ER) are expressed in the colon. Of the two nuclear
receptors (ERa and ERp), past studies have indicated low levels of ERa and a key role
of ERPB in the intestine (134,135). As expected expression of ERa and ERB were
significantly decreased in OVX and male mice compared to sham controls (ERa - Figure
7A, p= 0.0057 and 0.0066, respectively; ERB — Figure 7B, p = 0.0031 and p = 0.0152,
respectively). Finally, the more recently discovered g-protein coupled transmembrane
estrogen receptor, GPR30 was found to be expressed in the colon in all groups, however
there was no statistical difference between sham and OVX (Figure 7C). Surprisingly, male
mice had significantly less colonic mMRNA expression than either sham (p = 0.0064) or

OVX (p = 0.0435) mice (Figure 7C).

To determine how estrogen exerts its effect on paracellular permeability, the HT-
29 MTX E12 cell line was used. This colonic cell line is able to produce mucus and
polarized epithelial layers when grown under semi-wet conditions, and more importantly
expresses estrogen receptors (133). Cells were treated for 14 days with 10nM of 17-3
estradiol, ICI (ERa and B antagonist), PHTPP (ERB antagonist), MPP (ERa antagonist),
G15 (GPR30 antagonist), or combinations of these drugs. Treatment of the cells with 17-
B estradiol (E) significantly increased FITC flux across the cell monolayer with respect to
vehicle (EtOH) controls (Figure 8A, p = 0.0009). When the cells were grown with any of
the ER antagonists alone, there was no significant difference when compared to the EtOH
control except when G15 was combined with ICI (G15+IClI, Figure 8A, p = 0.0333). When

cells were treated with a combination of E and the ER antagonists (Figure 8B), the
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following treatments were significantly decreased with respect to treatment with E alone:
E+PHTPP (p = 0.0005), E+MPP (p = 0.0435), E+G15 (p < 0.0001) and E+G15+ICI (p <
0.0001) (Figure 5B). Furthermore, E+PHTPP, E+G15 and E+G15+ICl were significantly
lower when compared to E+ICI (p = 0.0038, 0.0026 and 0.0013, respectively) and when

compared to E+MPP (p = 0.0112, 0.0076 and 0.0038, respectively) (Figure 8B).
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Figure 7. OVX and Male Mice Have Decreased Colonic Estrogen Receptor Expression

Colon tissue from 16 week old mice was examined for mMRNA expression of estrogen
receptor (ER) a (A), ERB (B) and GPR30 (C). Genes are expressed relative to the
housekeeping gene HPRT. Values represent the mean + standard error. *p < 0.05 with
respect to sham control and # represents p < 0.05 with respect to OVX.
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Figure 8. Estrogen Increases Permeability in vitro

HT-29 MTX E12 cells were grown in the presence of the various estrogen receptor (ER)
antagonists. EtOH was the vehicle for estrogen (E) and the ER antagonist. ICl — ERa and
ERB antagonist; PHTPP — ERB antagonist, MPP — ERa antagonist, G15 — GPR30
antagonist. Values represent the mean + standard error. *p < 0.05 with respect to
untreated cells, #p<0.05 with respect to vehicle (EtOH) control, ” represents p < 0.05 with
respect to estrogen treated cells, +p<0.05 with respect to E+ICI cells, Xp<0.05 with

respect to E+MPP.
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2.4.4. Estrogen Deficiency Decreases Colon Epithelial Cell Proliferation

Estrogen has been shown to play a role in cell turnover which is important for
normal intestinal function (135).To determine the role of epithelial cell proliferation on
colonic permeability, the expression of proliferating cell nuclear antigen (PCNA) was
measured by rtPCR. With respect to sham operated mice, OVX significantly decreased
the expression of PCNA. However, PCNA expression was significantly increased in OVX
mice treated with exogenous estradiol (via subcutaneous pellet) with respect to OVX mice
(Figure 9A, p =0.0134, p = 0.0500, respectively). Furthermore, colon sections stained for
Ki67, a marker of cellular proliferation showed a similar trend with OVX mice having a
significantly lower number of Ki67 positive cells per crypt with respect to sham controls
and OVX+E mice (Figure 9B, p =0.0078, p = 0.0047, respectively; representative images
shown in 6D). Interestingly, this decrease in cellular turnover was positively correlated
with the in vivo flux of FITC from the intestine to the serum (Figure 9C, p = 0.0022, r?2 =

0.4751).
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Figure 9. OVX Decreases Colon Cell Proliferation

To determine how intestinal cell turnover effects intestinal permeability colon expression
of PCNA and Ki67 were analyzed by rtPCR and immunohistochemistry. mRNA
expression of PCNA normalized to HPRT (A). Quantification of Ki67 positive cells in intact
colon villi (B) and representative images in D. Correlation between intestinal permeability
and the number of Ki67 positive cells. Values represent the mean + standard error. *p <
0.05 with respect to sham control and # represents p < 0.05 with respect to OVX.
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2.5. DISCUSSION

Menopause is an inevitable life event for all women and as such it is important to
understand physiologic changes which occur during estrogen deficiency. As an
increasing amount of evidence is revealing a link between intestine and bone health, we

found it prudent to investigate changes in the intestine in our model of osteoporosis.

There is evidence to suggest that estrogen alters intestinal barrier integrity by
altering intestinal permeability. In a previous study using ovariectomized Wistar rats,
colonic paracellular permeability was increased and was observed to decrease dose-
dependently with estrogen treatment (oestradiol benzoate) (136). Consistent with this,
colonic paracellular permeability decreases during the oestrus (high levels of estrogen)
phase of the rat estrogen cycle when compared to the dioestrus (low levels of estrogen)
phase (136). Estrogen receptor B (ERB) is the predominant estrogen receptor in the
intestinal tract. Thus, it is not surprising that whole body ERB knockout mice display
altered intestinal cell proliferation, decreased apoptosis and abnormal villus/crypt
architecture throughout the intestine (134). One potential mechanism that could account
for estrogen effects on the intestine is through its alterations in tight junction and adhesion
molecules which would alter intestinal permeability. In models of inflammatory bowel
disease (IL-10 deficient mice and HLA-B27 rats), ERB mRNA levels were decreased and
colonic permeability increased (95). Similarly, treatment of cell culture models of intestinal
epithelial layers (HT-29, T84, Caco-2) with estrogen receptor antagonists increases

permeability while estrogen treatment prevents this outcome (95,136).

Consistent with the previous studies, we found that changes in intestinal

permeability during estrogen deficiency are a result of altered colonic permeability.
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Surprisingly, however, we saw the opposite result with intestinal permeability decreasing
following ovariectomy rather than increasing. Animal models used in previous studies
included Wistar rats, HLA-B27 rats and IL-10 knock out mice (bred on the 129 Sv/Ev
background) and thus there may be a difference in outcomes based on the animal model
and the strain of mouse used. So far, this is the first study to our knowledge which use
balb/c mice to investigate the role of estrogen in intestinal permeability. Balb/c mice have
been shown to have differences in emotional stress response as well as differences in
their immune system when compared with other strains (137). As the intestine houses a
large immune cell population, it is possible that the differences seen in our study are
attributed to changes in immune response. It will be crucial in future studies to examine
the how the intestinal immune system impacts intestinal permeability in different animal

models and mouse strains.

For estrogen to exert its effects, the various estrogen receptors (ERs) must be
expressed. Consistent with other studies examining estrogen receptor in the intestine, we
found that OVX and male mice have decreased expression of both ERa and 8 (86,138).
This is the first study, to our knowledge, showing that the G-protein coupled estrogen
receptor, GPR30 is expressed in the colon in both sham and OVX mice but expressed
significantly lower in male mice. To further examine how ERs play a role in colonic
permeability we chose to use the HT-29 MTX E12 (E12) cell line due to its ability to
express ERs, form polarized epithelial layers, as well as possessing goblet cells able to
produce mucus (133,139). While previous studies have shown that in vitro treatment with
17-B estradiol (E) leads to a decrease in FITC flux across the monolayer, we found that

E treatment in E12 cells actually increases paracellular FITC flux (93,95). This difference
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in monolayer permeability could be attributed to the difference in cell line along with the
length of time the cells were grown and the length of E treatment prior to permeability
measurements. To ensure the formation of the polarized monolayer, E12 were grown to
confluency and then placed on a nutator with semi-wet conditions for 14 days with E being
added when cells were placed on the nutator. Previous studies grew cells to confluency

and treated them with E over a shorter span (8 hours).

Interestingly, contrary to previous studies, we observed no difference in
permeability when cells were treated with ER antagonists without the addition of E
(93,95). This again can be attributed to the difference in cell line, growth time and duration
of treatment. When we added E concurrently with ER antagonist, we observed no
difference in permeability in the E+ICI treated cells with respect to cells treated with E.
This finding was surprising as E12 cells primarily express ERB and ICl is an antagonist
at this receptor (as well as ERa). This is even more surprising considering that E+PHTPP,
an ERp antagonist, lead to a significant decrease in FITC flux. We believe that the lack
of change in flux in the E+ICI treated cells is due to the fact that ICI can act as an agonist
at the recently discovered G-coupled protein receptor GPR30 (140). This finding is further
explained by inhibiting GPR30 with the antagonist G15. Cells treated with either E+G15
or E+G15+ICl lead to a significant decrease in FITC flux across the monolayer indicating

a role for both ERB and GPR30 in the health of the intestinal epithelial barrier.

In addition to changes in intestinal barrier function after ovariectomy, we have
shown that estrogen deficiency leads to a decrease in cellular proliferation. This finding
is in agreement with a study by Javid et al, 2005 which found that ovariectomy leads to a

decrease in BrdU migration up the colon crypt, indicating a decrease in turnover (141).
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Cell turnover in the intestine is important for rapid replacement of damaged cells along
the villi/crypt (via infection, trauma, cell death, etc...). Proliferation and migration of the
enterocytes is tightly regulated to maintain both functional and structural integrity of the
epithelial barrier. Interestingly, ERB knock out mice have an increase in colonic BrdU
migration, a decrease in apoptosis, decreased adherens junction protein expression as
well as abnormalities in tight junctions and desmosomes (134). However, during this
whole body knock-out of ERpB, estrogen was still being produced in these mice and
therefore could be exerting its effects on other receptors (ERa and GPR30) which may
have a different effect on cellular proliferation than ERB . More studies are needed to

determine the effect of estrogen as a whole on intestinal cell turnover.

The present study shows an interesting role for estrogen in maintaining intestinal
health. Contrary to previous studies, estrogen deficiency in balb/c mice leads to a
decrease in colonic permeability. Furthermore, this decrease in paracellular permeability
is positively correlated with decreased bone density seen in OVX mice. It could be, that
by altering both the cellular turnover and barrier function, estrogen deficiency is
decreasing preventing nutrient (primarily calcium) absorption that is critical for healthy
bone remodeling. Evidence for the regulation of calcium absorption by estrogen has been
shown in several studies where decreased intestinal and renal calcium absorption have
been observed following estrogen deficiency (142—147). Though the exact mechanism is
not well understood, it is thought that estrogen deficiency leads to down regulation of the
expression of transcellular calcium transport proteins plasma membrane calcium pump
1b (PMCALb), transient receptor potential cation channel subfamily V member 5 (TRPV5)

and calbindin-D 28K (CaBP28k) (142). Furthermore, estrogen has been found to increase
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vitamin D receptor (VDR) gene and protein expression as well as 1,25(0OH)2Ds activity in
the colon indicating an indirect role of estrogen in calcium regulation (148,149). In addition
to the transcellular uptake of calcium, calcium can also be absorbed paracellularly (150).
In fact, the primary route of calcium uptake in the intestine is via the passive, paracellular
route (151). A decrease in paracellular flux could lead to decreased intestinal absorption

of calcium leading to decreased bone density as seen during estrogen deficiency.

Taken together, our studies indicate a role for estrogen in the proper maintenance
of the intestinal epithelial barrier and that intestinal permeability is correlated to bone loss.
Understanding how estrogen deficiency alters intestinal health can lead to prevention

strategies or the development of new therapies for post-menopausal osteoporosis.
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CHAPTER 3

3. MDY PREVENTS ESTROGEN DEFICIENCY - INDUCED BONE LOSS

3.1. ABSTRACT

Osteoporotic fractures are estimated to occur in 1 in 2 women and can result in
devastating consequences. As current therapeutics are lacking, prevention and new
therapy targets are essential. One new target of interest is the intestine as recent research
has elucidated a role for the gut-bone axis in maintaining bone density. Estrogen
deficiency leads to changes in intestinal function including calcium absorption as well as
altered intestinal permeability. As estrogen has been shown to decrease cervical mucus,
we wanted to determine if it can also alter intestinal mucus, an important part of the
epithelial barrier and intestinal health. We report for the first time that estrogen deficiency
(OVX) leads to a decrease in intestinal mucus production and that this is prevented with
in vivo estrogen supplementation. We treated sham and OVX balb/c mice with MDY, a
high molecular weight polymer which can integrate into and maintain the intestinal mucus
layer. Treatment with MDY lead to an increase in MUC2 expression and an increase in
the area of mucus staining in colon sections in OVX mice. Further examination of the
main goblet cell products in the colon (MUC3 — glycocalyx and TFF3 — epithelial cell
restitution) revealed a decrease in OVX animals which was prevented with MDY
treatment. OVX also lead to a decrease in overall epithelial cell proliferation as well as
decreased levels of the transcription factor KLF4 which is necessary for goblet cell
differentiation both of which were partially prevented by MDY treatment. Permeability
studies using Ussing chambers were carried out to identify if MDY treatment altered

colonic permeability in OVX mice. FITC flux across tissue sections revealed a decrease
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in colonic permeability which was prevented by MDY treatment. Finally, treatment with
MDY was able to prevent bone loss in OVX mice, indicating the role of intestinal health

and mucus production in maintaining bone density.
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3.2. INTRODUCTION

Over 2 million osteoporosis-associated fractures occur annually in the United
States. Postmenopausal, estrogen-deficient women are particularly at risk. One out of
two postmenopausal women will fracture a bone, which can lead to increased
dependence, depression and mortality (>20% will die within one year of a fracture). While
many drugs are available to treat osteoporosis, the disease has yet to be successfully
prevented or cured. New therapeutic targets and treatments are needed in this area,
given that the National Osteoporosis Foundation predicts that by 2025 osteoporosis will
be responsible for approximately 3 million fractures and $25.3 billion in costs annually in
the United States. The impact of menopause/estrogen deficiency on bone loss has been
a key focus of research for decades (11,12,152,153) and accordingly the majority of
therapeutics have been developed to directly target bone and its cells. However,
estrogen deficiency also affects other organs that could play a role in regulating bone
density (142,149). One organ signaling pathway that has recently received a lot of
attention is the gut-bone axis. Recent studies support a role for intestinal health in the
prevention of bone loss. Decreasing intestinal inflammation or altering the gut microbiome
leads to the prevention of bone loss in models of inflammatory bowel disease,
ovariectomy and surgery and can even increase bone in healthy male mice (70-74,119).
Understanding the role of estrogen in the intestine could lead to identification of future

therapeutics to target bone health.

The intestinal epithelium maintains the barrier between the body and the luminal
contents. The integrity and function of this barrier is essential for proper nutrient

absorption and protection from pathogenic species and disease (131,132,154).
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Surprisingly few studies have characterized changes in the intestine after menopause
and during estrogen deficiency. These studies indicate changes in barrier function,
calcium absorption and cell turnover (93,94,135,155-157). An essential element of the
intestinal epithelial barrier is the mucus layer (158). The goblet cells of the intestinal tract
produce mucins which form both the loose, outer layer which houses the microbiome and
the thick, adherent inner layer which works to prevent bacteria from gaining access to the
epithelial layer (158-161). In addition to mucins, goblet cells also produce anti-microbial
peptides and trefoil factors to aid in barrier function (158). Past studies indicate that
estrogen can modify mucus production in the cervix and one study suggests a role for

estrogen in mucus regulation in intestinal cells in vitro (155,162).

MDY-1001 (MDY) is a high molecular weight polymer that can act as a mucus
supplement and is neither absorbed nor metabolized by the intestinal tract. High
molecular weight polymers similar to MDY, such as polyethylene glycol (PEG) have been
shown to have a wide array of benefits to the intestine. Pretreatment with PEG was shown
to decrease intestinal radiation damage in the intestines of rats as well as prevent
adherence and infection by Pseudomonas aeruginosa a common pathogen following
radiation treatment (163-165). PEG treatment has also been shown to preserve intestinal
grafts better than the current preservation treatments (166—168). These studies indicate
a role for polymers in maintaining tissue integrity/health by decreasing permeability,
increasing tight junction protein expression, decreasing tissue inflammation, decreasing

bacterial pathogenesis and decreasing apoptosis (163—168).

The present study investigates the role of estrogen in regulating intestinal mucus

production in the mouse colon. We found that estrogen deficiency leads to a decrease in
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mucus production both in vivo and in vitro. To determine how changes in intestinal mucus
following ovariectomy impact bone density we restored intestinal mucus production and
identified a reduction in estrogen-deficiency bone loss. Consistent with a role for mucus
and barrier function for maintaining bone density, we found goblet cell area and mucus

production are positively correlated with bone density.
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3.3. MATERIALS AND METHODS

3.3.1. Mice

Female 10 week old Balb/c mice were purchased from Jackson, allowed to
acclimate for one week and either sham operated or ovariectomized (OVX) at 11 weeks
of age. Mice with estrogen supplementation (OVX+E) were subcutaneously implanted
behind the shoulder with a slow release 17 B estradiol pellet at the time of surgery
(Innovative Research, FL). Mice were given Teklad 2019 chow (Madison, WI) ad libitum,
provided with either normal water or water containing 1% MDY and maintained on a 12-
hour light/dark cycle. Food and water intake as well as body mass were monitored
throughout the experiment. In addition, MDY treated mice were gavaged with 2 mg/kg
body weight of MDY in sterile water 3 times a week. Control animals were gavaged with
water. Animals were harvested after 4 full weeks of treatment. All animal procedures were
approved by the Michigan State University Institutional Animal Care and Use Committee

and NIH guidelines.

3.3.2. RNA Analysis

Immediately following euthanasia intestine segments were flushed with PBS, snap
frozen in liquid nitrogen and stored at -80°C. Samples were crushed under liquid nitrogen
conditions and RNA was isolated using TriReagent (Molecular Research Center,
Cincinnati, OH). RNA integrity was verified via formaldehyde-agarose gel electrophoresis.
cDNA was then synthesized by reverse transcription using Superscript Il Reverse

Transcriptase Kit and oligoDT (12-18) primers (Invitrogen, Carlsbad, CA) and amplified

57



by real-time PCR with iQ SYBR Green Supermix (BioRad, Hercules, CA) and amplified
gene specific primers (synthesized by Integrated DNA Technologies, Coralville, 1A). In
order to verify that all samples have the same concentration, the housekeeping gene
hypoxanthine guanine phosphoribosyltransferase (HPRT) was used as an internal
control. Real-time PCR was carried out for 40 cycles using the iCycler (BioRad) and data
were evaluated using iCycler software. Each cycle consisted of 95°C for 15 seconds,
60°C for 30 seconds and 72°C for 30 seconds. Samples lacking cDNA were used as

controls to verify no production of amplicons without cDNA present.

3.3.3. Immunohistochemistry

Intestine sections were fixed in formalin, transferred to 70% ethanol after 24 hours,
processed, embedded in paraffin and sectioned on a rotary microtome at 4 — 5 um’s.
Sections were placed on charged slides and dried at 56°C overnight. Slides were
subsequently depariffinized and placed in Tris buffered saline (TBS) pH 7.4 (Scytek Labs
— Logan, UT) for pH adjustment. Slides were stained with periodic acid and Schiff’s
reagent (PAS) as indicated by manufacturer (Sigma). Slides were then counterstained in
hematoxylin (Sigma), followed by dehydration, clearing and mounting with synthetic
mounting media. At least 5 pictures of each slide were taken and analyzed blinded via
ImageJ software. Using a color deconvolution plugin, regions of interest of each of the
main colors were selected and subsequently separated. The separated PAS stain was

them quantified as the average PAS stain area over the total area of tissue.
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3.3.4. Permeability Studies

In order to determine the permeability of the whole intestinal tract in vivo, mice
were gavaged 4 hours prior to harvest with 300 mg/kg of 4 kD fluorescein isothiocyanate
dextran (FITC). At the time of harvest, serum was collected and fluorescence was
measured on a Tecan Infinite M1000 plate reader at an excitation wavelength of 485nm
and an emission wavelength of 530 nm. Ussing chambers (Physiologic Instruments) were
used to measure paracellular permeability ex vivo. Whole-thickness intestinal sections
(mucosa, submucosa, muscular layer and serosa) were flushed with PBS, cut along the
mesenteric border, mounted on 0.3 cm? aperture inserts and placed between two
chambers. Each chamber was filled with 5mL Krebs bicarbonate buffer (Sigma). The
buffer was maintained at 37°C and continuously oxygenated with 95% Oz and 5% CO..
After a 20-minute equilibration period, 2.2 mg/mL FITC was added to the mucosal
chamber half. 0.55 mg/mL of 10 kD rhodamine isothiocyanate dextran (RITC) was also
added to the mucosal chamber as a control for holes in the tissue. Samples from both
chambers were taken in triplicate at 0 and 60 minutes and fluorescence was measured
at 485/530nm for FITC and 595/615 nm for RITC on a Tecan Infinite M1000 plate reader

Differences in paracellular permeability and measurement of tissue viability were
performed by measuring the transepithelial electrical resistance (TER). This was
calculated by dividing successive measurements of the potential difference across the
tissue by the transepithelial current (which was obtained by measuring the current
necessary to clamp the offset potential to zero and normalized to the surface area of the

insert).
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3.3.5. Cell Culture Studies

The human intestinal cell line HT-29 MTX-E12 cells (E12) was used for all studies
for their ability to differentiate into goblet cells, produce mucus and form polarized
epithelial layers. E12 cells were grown on porous membranes (0.4 pum) with a 12 mm
diameter (Snapwell™ insert, Corning, USA) that are supported by a detachable ring.
Cultures were started by seeding 8 x 10* cells in 200 uL of aMEM media on the apical
side of the membrane and 4mL of aMEM media to the basolateral compartment. E12
cells were grown in this way until confluent, with media being changed every other day
(aMEM media with 10% FBS and 1% (v/v) penicillin-streptomycin). After reaching
confluency, a semi-wet interface was used to produce a polarized epithelial layer and
encourage mucous production. This was achieved by using 100 uL of cMEM media in
the apical compartment, 1 mL in the basolateral compartment and placing cell culture

plates on a nutator in the incubator for mechanical stimulation.

Treatment of cells with MDY consisted of adding 5% MDY to aMEM media. To
determine the role of estrogen receptors in intestinal permeability, cells were cultured as
stated above with the addition, to the media of both apical and basolateral compartments,
of either 10 nM of vehicle (ethanol) or 17-f estradiol (E, Sigma) and/or ICI, PHTPP, MPP,
G15, ICI+G15, ICI+MDY, PHTPP+MDY, MPP+MDY, G15+MDY and ICI+G15+MDY
(unless otherwise noted, reagents were purchased from Caymen). Cells were treated for
10 days under semi-wet interface conditions. To quantify mucus production, cells were
fixed in 4% formaldehyde in PBS for 1 hour and subsequently stained with a periodic acid

Schiff stain (PAS) per the manufacturers protocol (Sigma). At least 3 images of each well
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were taken at 10X and blindly scored for PAS area over the total cell area using ImageJ

software.

3.3.6. Microcomputed Tomography

At the time of death, femurs were fixed in formalin and transferred to 70% ethanol
after 24 hours. A GE Explore Locus microcomputed tomography system was used to
scan the femurs. Beam strength was set at 80 peak KV and 450 pA with an angle
increment of 0.5. 720 views were taken with a voxel resolution of 20 um. A phantom bone
was used with each scan in addition to bones from each experimental group, to maintain
consistency throughout scans. A fixed threshold of 782 was used to separate bone from
bone marrow. The length of the femur was measured and 1% of the total length, starting
at the distal metaphysis and extending toward the diaphysis was measured for trabecular
bone. Bone parameters were computed using GE healthcare MicroView software.
Vertebral trabecular bone was measured in a similar fashion as the femur in the 3™ lumbar
vertebra by selecting the trabecular bone within the body. Cortical measurements were
performed using a 2 x 2 x 2 mm cube centered midway down the bone and using a

threshold of 1360 to separate bone from marrow.

3.3.6. Statistical Analysis

Unless otherwise noted, all data is presented as a mean value +/- the standard

error. Student t-tests or one-way ANOVA analysis (using Fishers Test for multiple
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comparisons) was performed via GraphPad Prism Software. Data was considered

significant when p-values were less than 0.05.
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3.4. RESULTS
3.4.1. Estrogen Deficiency Decreases MUC2 Expression and Goblet Cell Area

Estrogen has been shown to regulate cervical mucus (162) and mucus production
in vitro (155), however the role of estrogen in regulating intestinal mucus production in
vivo has yet to be established. Given that intestinal mucus production is highest in the
colon (77), colon tissue from sham operated intact female mice as well as ovariectomized
(OVX) and OVX mice with estrogen supplementation (OVX+E) mice were analyzed for
the expression of MUC2, the main gel-forming mucin in the intestine. While estrogen
deficiency (OVX) significantly lower expression of MUC2 with respect to sham controls (p
=0.0198), treatment with estrogen restored expression levels to that of sham mice (Figure
10A). MUC2 is produced by goblet cells, therefore we examined if estrogen affects goblet
cells in the colon. We quantified the mucus glycoproteins within goblet cells by staining
with the periodic acid Schiff (PAS) stain. Measurement of the area of PAS stain, or goblet
cell area was decreased in OVX mice compared to sham mice and that estrogen
treatment was able to prevent goblet cell changes (Figure 10B). Pearson’s correlation
analyses indicated that goblet cell area positively correlates with femur trabecular bone
volume (Figure 10C, p = 0.0006, r> = 0.4867). (NOTE: Goblet cell number will be

guantified prior to publication).
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Figure 10. Estrogen Deficiency Decreases MUC2 Expression and Goblet Cell Area

To examine the role of estrogen in intestinal mucus production, colons from sham, OVX
and OVX+E mice were analyzed for MUC2 expression (A) via gPCR and goblet cell area
via PAS staining (B and D). Goblet cell area was correlated with bone volume fraction
(C). Values represent the mean +/- the standard error (n = 5 — 10). *p<0.05 with respect
to sham control. #p<0.05 with respect to OVX control.
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3.4.2. MDY Increases Mucus Production which is Correlated with Bone Volume

To test the role of the reduced mucus production (seen in estrogen deficient mice)
in the regulation of bone density, we used a surrogate mucus, MDY, which is a high
molecular weight polymer that is neither absorbed or metabolized (Figure 11) by the
intestinal tract. Following sham or OVX surgery, mice were treated for 4-weeks with MDY
and colon segments were collected. As previously shown, OVX significantly decreased
MUC2 expression in the colon when compared to sham controls (Figure 12A, p =0.0269).
Interestingly, OVX animals treated with MDY had significantly increased MUC2
expression with respect to OVX controls (Figure 12A, p = 0.0041). Similarly, PAS staining
for mucus glycoproteins found in goblet cells revealed that MDY treatment prevented the
decrease seen in OVX animals (Figure 12B). In agreement with supplementation of
endogenous estrogen, Pearson’s correlation revealed a positive correlation between

goblet cell area and BVF (Figure 12C, p = 0.0224, r? = 0.3404).
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Figure 11. MDY is Not Present in Blood Following Administration

High performance liquid chromatographic (HPLC) determination of MDY presence in the
serum of treated rats. A) Representation of the lower limit of quantitation 5.0 pg/mL. B)
Representation of the upper limit of quantitation 50 pug/mL. C) Representation of an
unspiked (blank) sample. D) Representation of rat dosed at 500 mg/kg/day for 7 days (all
samples from all dosing groups were found to be below the lower limit of quantitation.
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Figure 12. MDY Supplementation Increases MUC2 Expression and Goblet Cell Area in
Estrogen Deficient Mice

Colon mRNA expression of MUC2 via rtPCR (A). Goblet cell area, measured by PAS
staining (B). Goblet cell area was correlated with bone volume (C). Values represent the
mean +/- the standard error (n = 5 — 12). *p<0.05 with respect to sham control. #p<0.05
with respect to OVX control.
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3.4.3. MDY Increases Estrogen Receptor 3 Expression and Mucus Production

To begin to address the mechanism for MDY effects on MUC2 and goblet cells,
we considered the finding that both estrogen and MDY supplementation increased the
area of glycoproteins in goblet cells as well as MUC2 expression. Therefore, we first
examined how MDY affects colonic estrogen receptor (ER) expression. mRNA analysis
of ERa, ERB and GPR30 identified a significant decrease in ERa and ERB and a
decreasing trend of GPR30 in the colon of OVX mice compared with sham controls
(Figure 13A-C, p<0.05). Interestingly, MDY treatment significantly increased expression
of ERB in OVX mice (Figure 13B, p<0.05). To further investigate how MDY and estrogen
affect mucus production, HT-29 MTX E12 (E12) colon cells were grown in the presence
of MDY and various ER antagonists for 14 days and then stained for glycoproteins present
in mucus using the PAS stain. Estrogen (E), MDY and MDY+MPP (an ERa antagonist)
treatment significantly increased the stained mucus with respect to both untreated and
vehicle controls (Figure 13D). Treatment with MDY+G15 (an inhibitor of GPR30) trended
to increase mucus in E12, but was not significant. Interestingly, the combination of
MDY+ICI (an ERa and [ antagonist) as well as MDY+PHTPP (an ER[p antagonist)
significantly decreased the effect of MDY on mucus area (Figure 13D), indicating a role

for ERB in the production of mucus in E12 colon cells.
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Figure 13. MDY Increases Colonic Expression of ERB and Goblet Cell Area in HT-29
MTX E12 Cells

Estrogen receptor mRNA expression (ERa (A), ERB (B) and GPR30 (C)) was measured
in mouse colon tissue. HT-29 MTX E12 cells treated with MDY and various ER
antagonists were stained with the PAS stain and the area of mucus was quantified (D).
Values represent the mean +/- the standard error (n = 5 — 12). *p<0.05 with respect to
sham control. #p<0.05 with respect to OVX control in A-C. In D, *p<0.05 with respect to
untreated cells, #p<0.05 with respect to EtOH controls and *p<0.05 with respect to MDY
treated cells.
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3.4.4. MDY Prevents Estrogen Deficiency Decreases in Goblet Cell Differentiation and

Activity

In addition to the secretion of MUC2, goblet cells secrete other mucins and trefoil
peptides which play an important role in intestinal health. Therefore, we examined if
estrogen deficiency or MDY treatment affected expression of other goblet cell factors.
MUCS3 is the most prevalent transmembrane mucin and the main component of the
enterocyte glycocalyx (158,169). Colonic MUC3 mRNA expression was significantly
decreased by OVX as well as MDY treatment in both sham and OVX mice (Figure 14A).
Trefoil factor 3 (TFF3) is the second most abundantly secreted protein of goblet cells
(after MUC2) and is the only trefoil factor produced in the intestine (TFF1 and 2 are
secreted in the gastric epithelium) (158,169). TFF3 is involved in the migration of intestinal
epithelial cells to areas of damaged or apoptosed cells to maintain intestinal barrier
function (170). Colon mRNA expression of TFF3 was found to be significantly decreased
in OVX mice with respect to sham mice and this was prevented by treatment with MDY

(Figure 14B).

As TFF3 is required for restitution of a damaged epithelial layer, we wanted to
examine if there were differences in cellular proliferation or apoptosis in the colon. To do
this, we measured the expression of proliferating cell nuclear antigen (PCNA) and used
immunohistochemistry to analyze colon tissue for cell death using the terminal
deoynucleotidyltransferase dUTP nick end labeling (TUNEL) stain. PCNA was
significantly decreased in both nontreated and MDY treated OVX colons (Figure 14C).

However, while OVX+MDY expression of PCNA was significantly decreased compared
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to sham, it was also significantly increased when compared to untreated OVX mice

(Figure 14C). TUNEL staining revealed no difference between groups (data not shown).

Because overall cell proliferation is decreased in OVX mice (as measured by
PCNA expression and Ki67 staining (Chapter 2)), we wanted to determine how the
differentiation of goblet cells was affected. Kruppel-like factor 4 (KLF4) is a transcription
factor necessary for the terminal differentiation of goblet cells (171). Interestingly and
consistent with goblet cell area and MUC2 expression, KLF4 was significantly decreased

in OVX animals with respect to both sham and OVX+MDY mice (Figure 14D).
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Figure 14. Estrogen Deficiency Decreases Expression of Goblet Cell Products and

Decreases Proliferation

Colons were analyzed for mMRNA expression of MUC3 (A), TFF3 (B), PCNA (C) and KLF4
(D). Values represent the mean +/- the standard error (n = 8 — 12). *p<0.05 with respect

to sham control. #p<0.05 with respect to OVX control.
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3.4.5. MDY Increases Intestinal Permeability and Transepithelial Resistance

Previous work in the lab has indicated a role for estrogen in colonic paracellular
permeability which is correlated to bone volume (Chapter 2). To determine if MDY
treatment alters intestinal permeability in sham and OVX mice, we measured the flux of
FITC across the intestinal epithelial barrier ex vivo. To do this, sections of distal colons
were placed in Ussing chambers for ex vivo permeability measurements. As previously
shown (Chapter 2) estrogen deficiency lead to decreased colonic paracellular
permeability when compared to sham controls (Figure 15A). Interestingly OVX + MDY
colons had significantly increased FITC flux when compared to OVX controls (Figure 5A).
Another measure of intestinal barrier integrity is the transepithelial resistance (TER)
across the tissue; a measure of tissue and barrier integrity. The TER in OVX mice was
significantly higher than sham control and OVX + MDY mice (Figure 15B), indicating a

barrier that is less permeabile.

As changes in barrier function can be due to alterations in the junctional proteins
which keep the barrier intact at both the apical and basolateral junctions, we wanted to
examine if OVX or MDY could alter these. Occludin is a transmembrane protein found in
the apical tight junction complex (172). Along with the family of claudin proteins, occludin
works to maintain barrier function. While we did not see a difference in mRNA expression
of occludin in OVX mice, OVX mice treated with MDY had significantly less expression of
occludin in the colon (Figure 15C, p<0.05). We also examined the expression of E-
cadherin, the main protein in the adherens junction which is basolateral to the tight

junction. E-cadherin was significantly increased in OVX animals with respect to sham
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controls and treatment with MDY decreased expression significantly compared to OVX

control mice (Figure 15D, p<0.05).
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Figure 15. MDY Increases Intestinal Permeability and Transepithelial Resistance

Sham and OVX mice treated with and without MDY were evaluated for intestinal FITC
flux ex vivo. Colonic paracellular flux (A) and transepithelial electrical resistance (B) was
measured using Ussing chambers. Colonic mMRNA expression of the tight junction protein
occludin (C) and E-cadherin (D). Values represent the mean +/- the standard error (n =5
—12). *p<0.05 with respect to sham control. #p<0.05 with respect to OVX control.
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3.4.6. Treatment with the Mucus Supplement MDY Prevents OVX-Induced Bone Loss

Previous work has shown that altering intestinal health with probiotics yields a
beneficial effect on bone density (72-74,119,124). We wanted to determine if treatment
with the mucus supplement, MDY changed bone parameters. Surprisingly, 4 weeks after
treatment with 1% of MDY in the drinking water and 2mg/kg gavage of MDY three times
a week, OVX-induced bone loss was prevented in the femur (Table 1, Figure 16A).
Representative isosurface images of the distal femoral trabecular region are shown in
Figure 6B. In addition to significantly increasing the bone volume fraction (BVF) in the
femur with respect to OVX controls, MDY treatment increased bone mineral density
(BMD), trabecular thickness (Th. Th.), trabecular number (Tbh. N.) and decreased
trabecular spacing (Tb. S.) (Table 1). There were no changes in cortical bone analysis

between groups (Table 1).
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Femoral Parameters

Control

- +MDY - +MDY
Trabecular
BVITV 21.8+1.5 22.8+ 2.7 149+ 1.1* 20.4 + 1.8#
BMD (mg/cc) 215+8 214 +£13 174 + 7** 204 £ 10#
BMC (mg) 0.35+0.01 0.36 £ 0.03 0.27 £ 0.01** 0.33+0.02
Th. Th. (um) 50.7+2.1 44,6 £ 1.9* 37.2 £ 1.0** 40.8 £ 1.8*
Th. N. (1/mm) 4.32 £0.20 5.07 £ 0.48 3.96 £ 0.22 4,94 + 0.37#
Th. Sp. (um) 185+ 12 168 + 21 224 £ 16 170 £ 17#
Cortical
Tt. Ar. (mm2) 1.50 £ 0.03 1.55+0.04 1.51 £0.02 1.53+0.02
Ct. Ar. (mm2) 1.00 £ 0.02 1.02 £ 0.03 0.98 £ 0.02 1.01 £0.02
Ma. Ar. (mm2) 0.50 £ 0.02 0.52+0.01 0.54 £0.02 0.52+0.01
Thickness (mm) 0.29 £ 0.00 0.29+0.01 0.28 £ 0.01 0.29+0.01
Inner P. (mm) 2.68 £ 0.05 2.73+£0.03 2.77£0.04 2.70£0.03
Outer P. (mm) 4.53 + 0.05 4.60 + 0.06 4.58 + 0.03 4.58 + 0.03

Table 1. MDY Prevents OVX-Induced Trabecular Bone Loss in the Femur

MCT analysis of femoral trabecular and cortical bone. Values represent the mean +/- the
standard error (n = 8 — 12). *p<0.05 with respect to sham control. #p<0.05 with respect to
OVX control.
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Figure 16. MDY Treatment Increases Trabecular Bone in the Femur and Vertebra

Microcomputed tomography was used to examine the effect of MDY treatment on bone
density in the femur and vertebra of sham and OVX mice +/- MDY. Femoral trabecular
bone volume (A). Representative isosurface images are shown in Figure 6B. Values
represent the mean +/- the standard error (n = 8 — 12). *p<0.05 with respect to sham
control. #p<0.05 with respect to OVX control.
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3.5. DISCUSSION

For the first time in vivo, we have shown that estrogen deficiency or OVX leads to
a decrease in intestinal mucus production. This finding is not surprising as estrogen plays
a key role in the production of mucus in the reproductive tract as well in addition to recently
being found to increase bronchial mucus production in the respiratory tract
(155,162,173,174). Intestinal mucus production is greatest in the colon, which coincides
with the colon housing the largest population of intestinal microbiota, and serves as the
first line of defense in the gastrointestinal tract (77,158,169). Goblet cells in the colon
secrete MUC2, the large and highly glycosylated gel-forming mucin, which forms the inner
and tightly adherent mucus layer that prevents bacterial invasion. MUC2 expression as
well as mucus glycoprotein staining was found to be decreased in OVX mice and this was
prevented by estrogen supplementation. Interestingly, treatment with MDY was also able

to prevent the decrease in mucus production in OVX mice.

MDY is a high molecular weight polymer which has been shown to maintain barrier
function during intestinal graft preservation. Interestingly, preservation of intestinal
segments in high molecular weight polymers (such as polyethylene glycol) attenuated
epithelial cell apoptosis as well as preserved the number of goblet cells present in the
tissue compared with other preservation techniques (167). Preservation of the mucus
layer aided in preventing the invasion of bacteria from the microbiota layer through the
epithelial barrier, a common problem in intestinal transplantation (167). Although we did
not observe a difference in epithelial cell apoptosis (via TUNEL) with either OVX or MDY
treatment, we did find that OVX leads to a significant decrease in cellular proliferation (as

measured by PCNA mRNA expression) as well as a decrease in the transcription factor
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necessary for goblet cell differentiation (KLF4). MDY was able to partially prevent the
decrease in PCNA expression in treated OVX mice as well as prevent the decrease in
KLF4 which agrees with the quantification of mucus in colon sections. It has been
suggested that high molecular weight polymers may act as an artificial mucin, but they
may also exert their effects by the stabilization of membrane lipids which enhance the
epithelial barrier, leading to normal production of mucus (163,166—168). In both cases,
due to restitution of the mucus barrier the epithelial barrier is protected from bacterial
invasion and damage which may lead to an inflammatory response in the intestine which

can then cause bone loss (70,71).

In line with increased mucus production, we found that barrier function in OVX
mice, measured by FITC paracellular flux and transepithelial resistance in Ussing
chambers was restored to control levels after MDY treatment. MUC2 knock out animals
have increased intestinal permeability which makes them more susceptible to the
development of dextran sodium sulphate (DSS) induced colitis, highlighting the
importance of the mucus in epithelial barrier function (78). It is interesting to note that we
find a decrease in intestinal permeability in estrogen deficient mice which is restored to
control levels with MDY treatment. This could be due to a compensatory mechanism in
junctional proteins following a decrease in mucus production which causes the barrier to
tighten. This hypothesis is consistent with our findings that the adherens junction protein
E-cadherin, is significantly elevated in OVX mice. Restitution of the mucus barrier by MDY
treatment lead not only to a decrease in E-cadherin expression, but also occludin

expression, a transmembrane protein found in the more apical tight junction. Future
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studies examining the junctions between epithelial cells in response to decrease mucus

production will help reveal the mechanism behind OVX-induced decreased permeability.

It is interesting to note that MDY treatment decreased permeability and
transepithelial resistance in sham treated animals. If MDY is in fact acting as an artificial
mucus, it could be that the addition of the MDY to a functional mucus layer causes a
decrease in permeability. As no studies examining the additive effect of mucus layers
have been performed (to our knowledge), we can only speculate that too much mucus

may not necessarily be a good thing.

In order to determine how estrogen acts to increase mucus production, we utilized
the HT-29 MTX E12 (E12) cell line. Unlike other intestinal cell lines, E12 cells grown in
semi-wet conditions are able to form a polarized epithelial layer, capable of forming tight
and adherens junctions and contain goblet cells which produce mucus making them more
representative of the intestinal epithelial barrier. Consistent with our in vivo results, E12
cells growth with either estrogen (E) or MDY increased the area of PAS stain of the mucus
glycoproteins. Additionally, cells treated with MDY and MPP (an ERa antagonist) had
mucus levels similar to E or MDY treatment alone, significantly increased with respect to
vehicle control treated cells. Interestingly, treating cells with a combination of MDY and
IClI (ERa and ERB antagonist) or MDY and PHTPP (ERB antagonist) resulted in a
decrease in stained mucus indicating a role for ERpB in intestinal mucus production.
Treatment with MDY and G15, a GPR30 antagonist was neither significantly increased

compared to vehicle controls or decreased to MDY treatment.

It is not surprising that estrogen works through ERp to increase mucus production

as ERP is the most prominent ER in the intestine (138). Surprisingly, MDY treatment
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increased ERP expression in the colon. As MDY is not taken up by cells and ERp is a
nuclear receptor we are not sure if this increase is due to a change in barrier function or
if MDY can initiate a signal from outside the cell. Future studies are necessary to

understand how MDY can influence ERp signaling.

We and others have demonstrated that the ingestion of probiotics or prebiotics
reduces intestinal inflammation, alters the gut microbiome and increases bone density in
healthy and T1D male mice as well as in estrogen-deficient female mice (72,74,106—
108,119,175). Both probiotics and prebiotics act on the intestinal microbiome to elicit their
beneficial effect. While these products do not leave the intestine, both of these factors are
either metabolized or can produce metabolites which could be mediating the downstream
effects on bone health. In this study we utilized a compound (MDY) which modifies the
intestinal barrier, yet does not get metabolized and therefore its effects are only through
its beneficial effects on barrier integrity. This is the first study, to our knowledge which has
identified that the intestinal barrier alone can prevent bone loss which is not due to a

secreted factor by bacteria or a metabolite from the breakdown of prebiotics.

Taken together, our results highlight the role for estrogen in the production of
mucus. MDY, a high molecular weight polymer works to increase mucus levels which
restore barrier function and can prevent bone loss in estrogen deficient mice. As MDY is
not absorbed or metabolized, this research reveals the role of intestinal barrier function
in the maintenance of bone health and provides a potential therapeutic for the prevention

of osteoporosis.
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CHAPTER 4

4. MDY WORKS THROUGH THE INTESTINE TO PREVENT TYPE 1 DIABETES

INDUCED BONE LOSS

4.1. ABSTRACT

Type 1 diabetes is the most prevalent type of diabetes diagnosed in children. As a
result of long-term glycemic dysregulation, secondary complications such as
osteoporosis, are common. As osteoporosis treatments are expensive and can lead to
detrimental side effects, it is important to develop new therapeutic targets. One such
target is the intestine as more research has shown a link between intestinal and bone
health. To examine how the intestine can influence bone health in type 1 diabetes (T1),
Ins2+-Akita mice were used. Ins2*/-Akita mice develop T1D spontaneously around 3-5 weeks
of life with a pathogenesis similar to human disease. Ins2+*- Akita diabetic mice exhibited
increased intestinal motility and permeability, consistent with previous reports in other
rodent models and humans. In addition to this, Ins2*- Akita diabetic mice had increased
intestinal inflammation. To prevent inflammation and increase intestinal barrier health and
integrity, Ins2*- Akita digbetic mice and wild-type littermate controls were treated for 4
weeks with the intestine supplement, MDY. MDY is a high molecular weight polymer that
is neither absorbed or metabolized and has been shown to decrease inflammation and
increase intestinal health in rats exposed to radiation. MDY treatment led to a decrease
in inflammation as measured by serum endotoxin and colon mMRNA expression of TNFa.
Furthermore, MDY treatment was able to prevent T1D induced bone loss. These findings
reveal a role for intestinal health in the prevention of osteoporosis and may lead to the

development of new therapeutic targets.
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4.2. INTRODUCTION

Type 1 diabetes (T1D) is characterized by hyperglycemia and hypoinsulinemia and
requires treatment with exogenous insulin therapy. While insulin therapy has increased
the overall health and lifespan of T1D patients, perfect glycemic control is difficult and
long-standing diabetes can result in several secondary complications including
retinopathy, nephropathy, microvascular complications as well as osteoporosis (176).
Osteoporosis due to T1D results from an anabolic defect characterized by suppression
of osteoblast number and activity as well as an increase in bone marrow adipogenesis
(60,62,65,177,178). T1D is the most commonly diagnosed form of diabetes in children,
and therefore is chronic lifetime disease that predisposes the young patients to increased
fracture risk that lasts a lifetime. Thus, there is a need for new therapeutics (drugs and

targets) to treat or prevent the T1D pathological changes which lead to bone loss (176).

Recently the intestinal tract has been implicated in the pathogenesis of T1D
(179,180). In addition, T1D induced changes in intestinal health and function have been
suggested to contribute to further T1D complications (108). Intestinal changes that have
been reported to precede or be caused by T1D include increased intestinal permeability,
changes in the intestinal microbiota as well as altered intestinal motility
(98,99,102,179,181-184). Previous studies have shown that prior to the onset of T1D,
biobreeding rats (prone to develop T1D) have increased intestinal permeability to
lactulose and mannitol and decreased expression of the tight junction claudin protein
(179). In addition, humans genetically predisposed to developing T1D have an altered
intestinal barrier and abnormal intestinal sugar permeability tests indicating the role for a

“leaky” barrier in the pathogenesis of T1D (98,99,102,181-184). While permeability
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studies have been done in rats, microbiome studies have focused on the T1D
predisposed male NOD mouse. These studies suggest that the intestinal microbiome
contributes to T1D onset, is sex related and that healthy fecal transplant (from females)
can protect mice from disease onset (185-192). While the most common gastrointestinal
complaint of T1D patients is diarrhea (193), diabetic patients can also display decreased
motility as a consequence of neuropathy. Thus, intestinal motility (increased or
decreased) is another factor that could also contribute to T1D complications, including

those just discussed (microbiome dysregulation and intestinal permeability).

Surprisingly studies utilizing the mouse model to examine the role of intestinal
health in T1D and its complications are limited and focus mainly on the role of the
microbiome as the trigger of an autoimmune response leading to diabetes (185-191). In
fact, few studies examine the link between T1D intestinal health and bone health (our
Zhang ref). A number of T1D models exist (ref our papersINS2, NOD, STZ) but the
Ins2+- Akita mouse serves as a good model to study T1D intestinal-bone signaling for
several reasons: 1) expression of a mutant form of insulin causes ER stress in beta-cells
of the pancreas causing them to die in a similar way to T1D, without the need for
pharmacologic agents that could affect the intestine , 2) the mice develop T1D in their
youth, similar to humans and 3) the model has been used in a number of T1D studies so

comparsions can be made (65,108,178).

In these studies, we show for the first time that Ins2*- Akita djgbetic mice have
increased intestinal motility, permeability and inflammation compared to littermate
controls. We further confirmed bone loss in the Ins2*/-Akita diabetic mice. To test if the

increase in intestinal permeability plays a role in the T1D bone loss, we treated mice with
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MDY-1001 (MDY), a unabsorbed high molecular weight polymer that has been shown to
prevent intestinal bacterial adhesion and invasion under conditions of weak intestinal
barrier function (163,164). Treatment with MDY blocked intestinal inflammation in the
Ins2*- Akita mjce and was able to partially prevent T1D-induced bone loss. These results
indicate the role for intestinal permeability and inflammation in the development of T1D
osteoporosis and provide a potential new drug target and therapeutic for the prevention

of T1D-induced fractures.
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4.3. MATERIALS AND METHODS
4.3.1. Mice

Age matched male Ins2*- Akita mice (C57BL/6 background) and wildtype (WT)
C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, Maine). Ins2+- Akita
mice become spontaneously diabetic at approximately 4 weeks of age. All mice were kept
on a 12-hour light/dark cycle and received 2019 chow (Teklad) ad libitum. Both WT and
Ins2+- Akita |ittermates were randomly placed into control and treatment groups. Control
animals received water ad libitum while treatment groups received 1.25% MDY in the
water ad libitum for 4 weeks. Food and water consumption were recorded weekly. At 8
weeks of age, mice were euthanized. Animal studies were conducted in accordance with

the Michigan State University Committee on Animal Use and Care and NIH.

4.3.2. Microcomputed Tomography Bone Analysis

At the time of death, femurs and vertebra were fixed in formalin and subsequently
transferred to 70% ethanol after 24 hours. Bones were scanned using a GE Explore Locus
microcomputed tomography system. The beam strength was set at 80 peak kV and 450
uA with an angle increment of 0.5. 720 views were taken at a voxel resolution of 20um.
Each scan consisted of bones from each experimental group and contained a phantom
bone used for calibration to maintain consistency throughout all the scans. In order to
separate bone from marrow area, a threshold of 997 was used for all bones analyzed. A
defined region of interest was analyzed in the distal femur and consisted of 1% of the total

length of bone, starting at the growth plate and extending toward the diaphysis. The
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growth plate and outer cortical bone was excluded from trabecular bone analysis (bone
mineral content, bone volume fraction, trabecular thickness, spacing and number) as
computed by GE healthcare MicroView software. The third/fourth lumbar vertebral body
trabecular bone was analyzed in a similar fashion. Cortical measurements were
performed by using a 2 x 2 x 2 mm cube centered midway down the length of the bone

and using a threshold of 1825 to separate bone from marrow.

4.3.3. Motility Studies

Whole gut transit was measured by orally gavaging 200uL of 6% carmine red dye
(Sigma) in 0.5% methylcellulose. Mice were individually caged and the time of gavage
was noted. The time of the appearance of the first red stool (transit time) was noted for
all mice. Mice were gavaged with 300mg/kg body weight with 4kD fluorescein
isothiocyanate dextran (FITC) to measure both the transit of FITC in the serum (to be
described below) and the stool. Stool samples were collected every half an hour until the
time of death (4 hours after the time of gavage). Stool samples were weighed, suspended
in 250uL of PBS, spun down to remove solid fragments and the supernatant was analyzed
for the presence of FITC via a Tecan Infinite M1000 fluorescent plate reader at an

excitation/emission wavelength of 485/530nm.

4.3.4. Permeability Studies

For whole intestinal permeability in vivo, mice were gavaged with 300mg/kg of

FITC in sterile PBS. Blood was collected either via the saphenous vein from live mice or
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cardiac puncture at the time of death. Serum was allowed to sit at room temperature for
5 minutes and was then spun down at 10,000 RCF for 10 minutes. The serum was then
analyzed for fluorescence via a Tecan Infinite M1000 fluorescent plate reader at an
excitation/emission wavelength of 485/530nm. The time of gavage and the time of blood
collection was taken and the rate of FITC into the serum was calculated and normalized

to the WT control for each day of the experiment.

Ussing chambers (Physiologic Instruments) were used to measure paracellular
permeability ex vivo. Whole-thickness, 1.5 cm intestinal sections, (midway down the
jejunum and ileum in the small intestine and the distal colon; whole thickness including
the mucosa, submucosa, muscular layer and serosa) were flushed with PBS, cut along
the mesenteric border, mounted on 0.3cm? aperture inserts and placed between two
chambers. Each chamber was filled with 5mL Krebs bicarbonate buffer (Sigma). The
buffer was maintained at 37°C and continuously oxygenated with 95% Oz and 5% CO..
After a 20-minute equilibration period, 2.2mg/mL FITC was added to the mucosal
chamber. 0.55mg/mL of 10kD rhodamine isothiocyanate dextran (RITC) was also added
to the mucosal chamber as a control for tissue integrity. Samples from both chambers
were taken in triplicate at 0 and 60 minutes and fluorescence was measured at
485/530nm for FITC and 595/615nm for RITC on a Tecan Infinite M1000.

Serum endotoxin was measured by collecting sterile blood via cardiac puncture,
allowing blood to sit at room temperature for 5 minutes and then spin down at 10,000
RCF for 10 minutes. Serum was frozen at -80C and not allowed to go through more than
one freeze/thaw. The HEK-Blue™ LPS Detection Kit (InVivoGen, California) was used as

described in protocol to analyze serum for endotoxin.
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4.3.5. RNA Analysis

Immediately following euthanasia intestine segments were flushed with PBS, snap
frozen in liquid nitrogen and stored at -80C. Samples were crushed under liquid nitrogen
conditions and RNA was isolated using TriReagent (Molecular Research Center,
Cincinnati, OH). RNA integrity was verified via formaldehyde-agarose gel electrophoresis.
cDNA was then synthesized by reverse transcription using Superscript Il Reverse
Transcriptase Kit and oligoDT (12-18) primers (Invitrogen, Carlsbad, CA) and amplified
by real-time PCR with iQ SYBR Green Supermix (BioRad, Hercules, CA) and amplified
gene specific primers (synthesized by Integrated DNA Technologies, Coralville, 1A). In
order to verify that all samples have the same concentration, the housekeeping gene
hypoxanthine guanine phosphoribosyltransferase (HPRT) was used as an internal
control. Real-time PCR was carried out for 40 cycles using the iCycler (BioRad) and data
were evaluated using iCycler software. Each cycle consisted of 95C for 15 seconds, 60C
for 30 seconds and 72C for 30 seconds. Samples lacking cDNA were used as controls to

verify no production of amplicons without cDNA present.

4.3.6. Flow Cytometry

Following euthanasia femora were cleaned of muscle and bone marrow (BM) cells
isolated by centrifugation (n = 10-18 per group). 1x108 cells were incubated with Fc block
(BD Pharmingen, CA, USA) for 15 min. Cells were stained with anti-mouse CD3-
AlexaFluor 700 (500A2, eBioscience), anti-mouse CD4-FITC (RM 4-5, eBioscience),

anti-mouse CD8a-PE-Cyanine5.5 (5-6.7, eBioscience), anti-mouse F4/80-APC
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eFlour780 (BM8, eBioscience) and anti-mouse CD11c-APC (N418) for 30 minutes before
fixing in formaldehyde. Data were acquired on a BD LSRII (Becton Dickinson, Franklin

Lakes, NJ) and analyzed with FlowJo (Version 10; FlowJo, LLC, Ashland OR).

4.3.7. Statistics

Unless otherwise noted, all data is presented as a mean value +/- the standard
error. Student t-tests or one-way ANOVA analysis (using Fishers Test for multiple
comparisons) was performed via GraphPad Prism Software. Data was considered

significant when p-values were less than 0.05.

91



4.4. RESULTS

4.4.1. Early Stages of Type 1 Diabetes Increases Intestinal Motility and Causes Time

Dependent Changes in Permeability Measures

To determine if T1D Ins2*-Akita mice display increased intestinal changes 4 weeks
after developing T1D, we measured both intestinal motility and permeability in vivo.
Intestinal transit was measured by gavaging mice with carmine red dye and tracking the
time of its appearance in the stool. Compared to nondiabetic WT mice, T1D Ins2*- Akita
mice displayed a significantly faster transit time (Figure 17A, p<0.0001). To examine
permeability, we first measured in vivo whole intestinal permeability by gavaging mice
with FITC-dextran (4 kD size) and measuring the amount of FITC in the serum after 4
hours. Interestingly, diabetic Ins2*- Akita mice had significantly lower amounts of serum
FITC when compared with control mice, which suggested a decrease in intestinal
permeability (Figure 17B, p<0.0018). Because the transit time was increased in diabetic
mice, we further examined the influence of motility on FITC appearance in the stool. We
found that T1D Ins2*- Akita mice had a high concentration of stool FITC sooner after
gavage (150 min.) than control mice (Figure 17C, p<0.0015). Due to the increase in
motility, we wanted to verify if the serum FITC levels also increased in diabetic mice at an
earlier time point than 4 hours (a conventional time point for this assay). Serum FITC
concentration was greater at one-hour post gavage in T1D Ins2*- Akita mice when
compared with controls, while nondiabetic control mice had greater serum FITC levels
after 4 hours than Ins2*-Akta mice (Figure 17D, p<0.05). Thus, differences in motility can

impact permeability measures making it critical to do a time course.
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Figure 17. T1D Leads to Increased Intestinal Motility and Permeability

8-10 week old C57BI/6 WT or Ins2+-Akita mice were examined for motility changes as well
as whole gut permeability. Carmine red dye intestinal transit time (A). Serum FITC
concentrations 4 hours after oral gavage (B). Time course of FITC in stool samples (C).
Time course of FITC in serum after oral gavage (D). Values represent the mean +/- the
standard error (n = 3 - 5). *p<0.05 with respect to WT control.
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4.4.2. MDY Decreases Intestinal Inflammation

To address the role of intestinal permeability and inflammation on our primary
outcome measure, bone density, we treated control and T1D mice with MDY, a high
molecular weight polymer that has been shown to reduce gut inflammation, integrate with
and fortify the intestinal mucus layer and affect permeability. First we assessed the effects
of MDY on general mouse parameters and found that treatment did not significantly alter
body mass or blood glucose (Figure 18A and B). To assess intestinal inflammation and
permeability, serum endotoxin and colon RNA analysis was performed. The T1D Ins2*-
Akita mice had significantly higher levels of endotoxin than control mice supporting the
FITC data demonstrating that T1D increases permeability. Interestingly, MDY treatment
was able to partially reduce the T1D elevation in serum endotoxin (Figure 19A, p<0.05).
RNA analysis of colonic expression of tumor necrosis factor a (TNFa) and interleukin-10
(IL-10) revealed a trend in Ins2*- Akita mjce to have an increased TNFa to IL-10 ratio,
indicating a pro-inflammatory environment which was significantly decreased in Ins2*-
Akita + MDY mice (Figure 19B, p<0.05). Because increased intestinal inflammation is often
linked with changes in intestinal permeability and because of the observed increase in
serum FITC from in vivo permeability studies (Figure 17), we wanted to determine if there
was an increase in intestinal permeability ex vivo. Surprisingly, Ussing chambers did not
reveal a significant difference in FITC flux in the jejunum, ileum or the colon in any of the

conditions (Figure 19C-E).
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Figure 18. MDY Treatment Does Not Alter Body Weight or Blood Glucose

To examine how the mucus supplement, MDY, can affect intestinal and bone health, mice
received 1.25% of MDY in their water for 4 weeks. MDY treatment did not significantly
alter body weight or blood glucose in animals treated. Values represent the mean +/- the
standard error (n = 8 - 12). *p<0.05 with respect to WT control. #p<0.05 with respect to
WT+MDY mice.
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Figure 19. MDY Decreases Serum Endotoxin Levels and Inflammatory Cytokines

To examine how MDY alters intestinal health, serum endotoxin, colon RNA and ex vivo
permeability was examined. Serum endotoxin levels (A). Colon mRNA analysis of the
TNFa to IL-10 ratio (B). Sections of jejunum, ileum and colon were analyzed for FITC flux
across the tissue in Ussing chambers (C-E). Values represent the mean +/- the standard
error (n =5 - 8). *p<0.05 with respect to WT control. #p<0.05 with respect to WT+MDY

mice.
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4.4.3. MDY Prevents T1D Induced Bone Loss

Previous studies have shown that decreasing intestinal inflammation leads to
increased bone density. To determine if the effects of MDY which is non-absorble, on the
intestine could affect T1D bone loss, we examined femurs and vertebra by
microcomputed tomography. As expected, distal femurs of the T1D Ins2*- Akita mice had
significantly less trabecular bone density than control mice. Excitingly, treatment with
MDY was able to partially prevent this effect (Figure 20A, p<0.05). Analysis of trabecular
parameters indicated that MDY treatment in Ins2*- Akita mice significantly prevented the
T1D decreases in BMC, BMD, Th.Th., Tb.N. and increased Tbh.Sp. (Figure 20A-F,
p<0.05). Analysis of cortical bone parameters revealed no difference between the groups

(data not shown).
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Figure 20. MDY Prevents T1D-Induced Bone Loss

8-week old WT and Ins2*- Akita [ittermates were treated for 4 weeks with MDY. Femurs
were analyzed via microcomputed tomography. BVF (A), BMC (B), BMD (C), Th. Th. (D),
Tb. Sp. (E) and Th. N. (F). Values represent the mean +/- the standard error (n =8 — 12).
*p<0.05 with respect to WT control. "p<0.05 with respect to Ins2*/- Akita control mice.
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4.4.4. MDY Does Not Alter Immune Cell Population in the Bone Marrow

T1D is an autoimmune disease and therefore contains an altered immune system
which may affect both intestinal and bone health. As both the intestine and the bone
marrow house a large population of immune cells we wanted to determine if MDY altered
immune cell population in the bone marrow as changes in the bone marrow can lead to
decreased bone density (194-196). To determine if MDY affects the immune system in
the intestine to elicit its beneficial role on bone health, we examined the different
populations of immune cells in the bone marrow of the mice. Interestingly, we saw no
difference in CD4+, CD8+, macrophage or dendritic cell number between any of the
conditions (Figure 21A-D). Furthermore, when mice lacking mature B and T cells were
treated with MDY, there was no difference in bone volume, indicating that MDY does not

alter the immune system to prevent bone loss in T1D (Figure 21E).
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Figure 21. MDY Does Not Alter the Immune System in T1D

To determine if MDY alters immune cell population the bone marrow was analyzed for
the relative number of different immune cells. Quantification of CD4+ cells (A), CD8+ cells
(B), macrophages (C) and dendritic cells (D). RAGKO mice treated with and without MDY
bone volume fraction (E). Values represent the mean +/- the standard error (n = 8-12).
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4.5. DISCUSSION

The health of the intestinal epithelial barrier is essential for the prevention of
disease as well as proper nutrition absorption (154). Recent studies have implicated a
breakdown in the barrier, called “leaky gut” in the pathogenesis of type 1 diabetes (T1D)
(179,180). As intestinal permeability and inflammation has been linked to bone loss, we
wanted to examine how intestinal health is altered in the juvenile mouse model of
diabetes, the Ins2*- Akita mjce. Ins2*- Akta mice develop diabetes similar to the
pathogenesis of type 1 diabetes (T1D) in humans. Consistent with the finding that the
most common gastrointestinal complaint of patients with T1D is diarrhea, we found that
Ins2*- Akita mice had a faster whole gut transit time as measured by the appearance of red

dye in the stool after gavage (197).

When we initially examined intestinal permeability in vivo we used a commonly
published method of gavaging mice with FITC and measuring the amount of FITC in the
serum after 4 hours. Surprisingly, when we did this, we found that Ins2*- Akita mice had
decreased FITC in their serum with respect to WT littermate controls. As this was not
consistent with the literature on barrier function in T1D, we performed a time course
experiment to determine if FITC in the serum spiked before 4 hours. We did in fact see
an increase in serum FITC concentration at an earlier time point in Ins2*- Akita mjce
highlighting the importance of doing a time course study. Additionally, we measured the
amount of FITC in the stool every 30 minutes for 4 hours so that we could determine if
the difference in serum FITC was due to the increase in transit time. We found an increase
in FITC concentration in stool after 150 minutes whereas WT mice had similar FITC levels

after 210 minutes. Thus we concluded that Ins2*/- Akita diabetic mice have both increased
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intestinal motility and intestinal permeability which can lead to alterations in intestinal

health.

Interestingly, although we observed an increase in serum FITC in Ins2*- Akita
diabetic mice, we were unable to locate the intestinal region responsible for the change
in in vivo permeability measurements. It is possible that the ex vivo measurements in the
Ussing chambers are not conclusive as we only measured a 1.5 cm piece of intestine
from each section and previous work in our lab has shown differences in permeability in
different regions of the same intestinal segment (unpublished). In addition to this, the main
changes in permeability may occur earlier in the pathogenesis of T1D and may require
us to look at younger mice as the mice we examined were 8 weeks old and had high
blood glucose levels (>300 mg/dL) for at least 4 weeks. Previous work supports this as
increased intestinal permeability is thought to precede the onset of diabetes and may be

the initiating factor which triggers an autoimmune response (80,97,182,198).

To examine how altered intestinal barrier function can affect T1D induced bone
loss, we utilized MDY, a high molecular weight polymer which is not broken down by the
intestine and does not get absorbed into the blood stream (Figure 11). A polymer similar
to MDY, has been shown to decrease radiation induced mucosal damage, increase
intestinal graft health after preservation and prevent the adherence and penetration of
intestinal microbiota past the barrier (163,164,166,168,199). Ins2*- Akita had elevated
serum levels of endotoxin as well as an increased ration of TNFa to IL-10, indicative of a
decrease in intestinal barrier function. Interestingly, MDY was able to decrease both the
raise in serum endotoxin as well as the TNFa to IL-10 ratio. As MDY has been suggested

to be an artificial mucus, it may be able to exert these effects by preventing the passage
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of intestinal bacteria past the epithelial layer. However, the levels of intestinal mucus
production in T1D has not yet been characterized so it is unknown if an artificial mucus
would be beneficial or not. MDY has also been shown to alter intestinal tight junction
proteins and decrease epithelial cell apoptosis (166,167). It is possible that treatment with
MDY decreased serum endotoxin levels by repairing junctional proteins and stabilizing
the epithelial barrier. Future studies are necessary to elucidate the role of MDY in the

treatment of altered intestinal health.

Consistent with our finding in estrogen deficient mice, treatment with MDY
prevented T1D induced bone loss indicating the role of the intestinal epithelial barrier in
bone health. Previously in the lab, we have shown that treatment with the probiotic
Lactobacillus reuteri prevents bone loss in T1D mice (108) and can increase bone density
in healthy mice (107). It was observed that L. reuteri lead to a decrease in intestinal
inflammation. As intestinal inflammation has been shown to cause bone loss (70,71), itis
not surprising that both L. reuteri and MDY treatment, which decrease intestinal
inflammation preserved bone mass in T1D. While L. reuteri may secrete products which
could affect the bone directly to exert its anti-inflammatory effects, MDY is not broken
down by the intestine and its effects are limited to the intestine. This is the first study
which shows that maintenance of the intestinal epithelial barrier leads to beneficial bone

effects.

The intestine houses a large population of immune cells which can become
activated and travel to the bone to elicit an effect on the bone. As increased inflammation
in the bone marrow leads to decreased bone, we used flow cytometry to measure the

different populations of immune cells present in the bone marrow. We hypothesized that
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increased intestinal inflammation would lead to an increase in immune cell population in
the bone marrow of Ins2+- Akita mjce. However, we saw no changes in CD4+, CD8+,
macrophages or dendritic cell populations in the bone marrow of Ins2*- Akita mijce.
Furthermore, we saw no difference in immune cell population with MDY treatment, further
indicating that MDY works primarily at the intestinal epithelial barrier. Additionally, MDY
treatment of mice with no mature T or B cells (RAGKO) lead to no changes in bone
density, further showing that MDY does not alter the systemic immune system to have an

effect on bone density.

Taken together, our data indicate that T1D in Ins2*- Akita mice lead to an increase
in intestinal motility and permeability which cause dysfunction of the intestinal epithelial
barrier as measured by serum endotoxin. Interestingly, treatment with MDY was able to
decrease serum endotoxin levels as well as pro-inflammatory cytokine expression in the
colon. MDY prevented T1D induced bone loss, although there was no change in bone
marrow immune cell population, indicating the role of the intestinal epithelium in
maintaining bone health. These studies point to the intestine as a target for future

therapeutics to prevent bone loss and fractures in T1D patients.
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CHAPTER 5

5. ESTROGEN DEFICIENCY EXACERBATES TYPE 1 DIABETIC INDUCED BONE

LOSS

5.1. ABSTRACT

Estrogen deficiency following menopause is associated with rapid bone loss,
osteoporosis and increased fracture risk. Type 1 Diabetes (T1D), characterized by little
or no insulin secretion and hyperglycemia, is also associated with bone loss and
increased fracture risk. With better treatment options, T1D patients are living longer and
therefore the number of patients having both T1D and estrogen deficiency is increasing.
Little is known about the impact of type 1 diabetes and estrogen deficiency on bone health
and density. To investigate this, 11 week old mice were ovariectomized (OVX) and T1D
was induced by multiple low dose streptozotocin injection. MicroCT analysis of both distal
femur and lumbar vertebrae trabecular bone indicated significant bone volume fraction
(BVF) losses in all groups. However, while OVX and T1D mice lost roughly 50% BVF, the
combination of T1D and OVX led to a BVF loss of 82% in the distal femur. A similar
response was seen in the vertebrae. 2-way ANOVA analyses indicated a significant
interaction between T1D and OVX resulting in greater bone loss. mMRNA analysis of bone
remodeling markers revealed an increase in osteoclast markers and decreased
osteoblast markers of differentiation and activity in T1LD-OVX mice with respect to T1D-
sham or OVX mice. Histology revealed a decrease in total osteoblast number, an increase
in osteoblast cell death (as measured by TUNEL) and a decrease in the ratio of
osteoblasts to osteoclasts in mice with both T1D and OVX. Taken together, our results

show that T1D combined with estrogen deficiency can have a profound effect on bone
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health. Understanding the additive effects of estrogen deficiency and T1D on bone health

is essential for fracture prevention in this patient population.
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5.2. INTRODUCTION

Osteoporosis is characterized by decreased bone density and impaired bone
architecture (11). While osteoporosis is a secondary manifestation to many diseases, it is
primarily caused by the cessation of estrogen production in menopausal women. It is
estimated that 1 in 2 women over the age of 50 will experience an osteoporotic fracture
in their lifetime leading to dependence, depression, and decreased health and life
expectancy (National osteoporosis foundation). Secondary osteoporosis can be caused
by metabolic diseases and disturbances, organ dysfunction, poor nutrition and lifestyle
habits as well as being a side effect of various medications (200). Because treatments
for chronic diseases are becoming more effective, as the female population ages there is
an increased risk of bone loss from not only menopause but from existing chronic
diseases. This is an under-investigated area and thus it is important to identify if there
are additive effects of estrogen-deficiency induced osteoporosis with chronic disease
induced bone loss. Type 1 diabetes (T1D) is one chronic disease that causes bone loss
and as individuals with T1D are now living longer we sought to determine the combinatory

role of T1D and estrogen deficiency on bone density.

T1D is an autoimmune disease in which the beta cells of the pancreas are
destroyed, resulting in a hypoinsulinemic and hyperglycemic environment (201). While
current patients have a longer lifespan due to exogenous insulin therapy, maintaining
normal blood glucose levels remains difficult, even under therapeutic vigilance (202,203),
thus patients still suffer from a number of complications associated with the long-term
dysregulation of glucose, including cardiovascular disease, retinopathy, nephropathy,

neuropathy and bone loss (201). Studies in both animal and human models have
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demonstrated that T1D results in decreased trabecular and cortical bone density and
increased fracture risk (204,205). This reduction in bone health is primarily due to effects
on the selection, maturation and activity of osteoblasts (6,62,206) as evidenced by
decreased levels of osteoblast markers of maturity and activity such as alkaline
phosphatase and osteocalcin (53,60,65,207-212). Bone formation is linked with
metabolic control, as formation markers are inversely proportional to glycosylated
hemoglobin levels (62,213,214). In T1D mouse models, bone marrow adiposity is also
increased indicating that mesenchymal stem cells preferentially differentiate into
adipocytes rather than osteoblasts (59,60). The role of osteoclasts in T1D bone loss, is
not well established with reports showing no change, decrease or increase in number and
activity (53-56,215). Due to the increasing lifespan of T1D patients it is important not only
to investigate the long-term effects of T1D on bone (216), but also examine T1D in
combination with the condition of menopause as both lead to pathological bone loss and

osteoporosis, albeit via different mechanisms.

Menopause is characterized by the loss of estrogen and is preceded by several
years of declining ovarian estrogen production (11). Estrogen is effective at inhibiting
osteoclast bone resorption. During the first few years after menopause the rapid decline
in estrogen production results in increased osteoclast (bone resorption) and osteoblast
(bone formation) activities (217). These processes, however, are no longer balanced and
bone resorption outweighs bone formation leading to net bone loss and osteoporosis
(152,218,219). Estrogen-deficiency during menopause also increases production of
inflammatory cytokines such as tumor necrosis factor a (TNFa). TNFa stimulates

osteoclast activity and decreases osteoclast apoptosis in addition to inhibiting osteoblast
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differentiation and activity (220-222). Taken together, estrogen-deficiency favors an

osteoclast environment, promoting bone loss.

While both causes of osteoporosis, T1D and estrogen deficiency, have been
researched independently, we sought to identify the impact of both T1D and menopause
on bone. Our results indicate that the combination of T1D and estrogen deficiency caused
by ovariectomy (OVX) leads to a decrease in bone volume in both the femur and vertebra
that is greater than either T1D or OVX alone. The combined conditions decreased
osteoblast activity and viability while increasing osteoclast activity and bone marrow
adipogenesis. Taken together, our data suggest that post-menopasual women with T1D

could be at increased risk for bone loss.
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5.3. MATERIALS AND METHODS
5.3.1. Experimental Design

Female 11 week old balb/c mice were purchased from Jackson Laboratories and
allowed to acclimate to the animal facilities for 1 week. Mice were randomly assigned to
groups and subsequently either ovariectomized or sham operated (n =5 — 10 mice per
group). To induce T1D, one week after surgery, mice were intraperitonally injected with
50 mg/kg body weight of streptozotocin (STZ) for 5 consecutive days and blood glucose
levels measured on the 5" day. Mice with blood glucose over 300mg/dL were considered
diabetic and mice with levels under 300mg/dL were given a single extra dose of STZ at
80 mg/kg body weight. Mice that lost 15% of initial body weight were given daily injections
of 0.5 mU/g of insulin. Mouse bones were harvested and imaged 4 weeks after the
induction of diabetes. Mice were given Teklad 2019 chow and water ad libitum and were
maintained on a 12-hour light/dark cycle. Food and water intake were monitored during
the experiment. All animal procedures were approved by the Michigan State University

Institutional Animal Care and Use Committee and conformed to NIH guidelines.

5.3.2. Serum Measurements

Blood was collected at the end of the study and was either placed in EDTA tubes
to prevent clotting or allowed to clot at room temperature for 5 minutes. Clotted blood was
centrifuged at 10,000 RCF for 10 minutes. Serum was removed, snap frozen in liquid
nitrogen and stored at -80°C. Serum went through no more than two freeze/thaw cycles.

Serum TRAP5b (n =5 - 10) and Osteocalcin (n =5 - 10) were measured using a Mouse
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TRAP and OC assay kits (SB-TR103, Immunodiagnostic Systems Inc., Fountain Hills, AZ
and BT — 470, Biomedical Technologies Inc., Stoughton MA, respectively) according to
the manufacturer’s protocol. Whole blood in EDTA tubes was used to measure HbA1C
levels (n = 5 - 10) (Crystal Chem, Downers Grove, IL) according to the manufacturer’s

protocol.

5.3.3. Microcomputed Tomography Bone Imaging

Femurs were fixed in formalin and transferred to 70% ethanol after 24 hours.
Bones were scanned using a GE Explore Locus microcomputed tomography (uUCT)
system with a voxel resolution of 20 um obtained from 720 views. Beam strength was set
at 80 peak kV and 450 pA with a beam angle increment of 0.5. Each scan consisted of
bones from all experimental groups and a calibration phantom bone in order to maintain
consistency throughout the scans. A fixed threshold of 792 was used to separate bone
from bone marrow. A region of interest in the distal femur was analyzed and defined as
1% of the total length proximal to the growth plate and extending 2 mm toward the
diaphysis excluding the outer cortical bone. Trabecular bone mineral content (BMC), bone
volume fraction (BVF), thickness (Tb. Th.), spacing (Tb. Sp.) and number (Tb. N) values
were computed by a GE healthcare MicroView software application for visualization and
analysis of volumetric image data. The third lumbar vertebral body was analyzed for
trabecular bone as described above. Cortical measurements were performed ina 2 x 2 x
2 mm cube centered midway down the length of the bone using a threshold of 1200 to

separate bone from marrow.
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5.3.4. Femur Histomorphometry and Dynamic Measures

Femurs were fixed in formalin and transferred to 70% ethanol after 24 hours. Fixed
samples were processed on an automated Thermo Electron Excelsior tissue processor
for dehydration, clearing, and infiltration using a routine overnight processing schedule.
Samples were embedded in Surgipath-embedding paraffin on a Sakura Tissue Tek II-
embedding center. Paraffin blocks were sectioned at 5 um on a Reichert Jung 2030 rotary
microtome. Slides were stained for TRAP activity and counterstained with hematoxylin
according to manufacturer protocol (n = 5 — 10) (387A-IKT, Sigma, St. Louis, MO). At
least 5 images at 40x magnification were taken at the distal metaphysis per section for
analysis. The number of osteoclasts per mm of bone surface was calculated using the
osteoclast number per mm of bone surface from histologic sections and multiplying that
by the bone surface area calculated via the uCT. The ratio of osteoclasts to osteoblasts
was found by dividing the calculated number of osteoclasts by the calculated number of
osteoblasts (see below) per mm of bone surface. Visible adipocytes (greater than 30um)
were counted in the distal trabecular region and expressed as a percentage of the total

area analyzed.

Cell death was determined using a TACS XL Basic In Situ Apoptosis Detection Kit
(TUNEL, Trevigen Inc., Gaithersburg, MD) on femur sections (n = 5 - 10). At least 5
images at 40x magnification were taken at the distal metaphysis per section for analysis.
TUNEL negative and positive osteoblasts were counted per mm of bone and multiplied
by the bone surface area found using the uCT for a calculated number of either total or
TUNEL positive osteoblasts per mm of bone surface. Positive controls included slides

which were incubated with nuclease.
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For dynamic histomorphometric measures of bone formation, mice were injected
intraperitoneally with 200 pL of 10mg/mL calcein (Sigma, St. Louis, MO) dissolved in
sterile saline at 7 and 2 days prior to harvest. Vertebra were fixed in formalin at the time
of harvest and then transferred to 70% ethanol 48 hours later and processed. Vertebra
were sectioned and examined under fluorescent light (n =5 — 10). At least five images at
25x magnification were taken and the distance between the calcein lines (mineral
apposition rate) and their lengths along the bone surface (used to calculate bone

formation rate) were measured.

5.3.5. mMRNA Analysis

Immediately after euthanasia, tibias were dissected and cleaned of muscle and
connective tissue and subsequently snap frozen in liquid nitrogen. Frozen tibias were
crushed under liquid nitrogen conditions with a Bessman Tissue Pulverizer (Spectrum
Laboratories, Rancho Dominguez, CA). RNA was isolated using TriReagent (Molecular
Research Center, Cincinnati, OH) and RNA integrity assessed by formaldehyde-agarose
gel electrophoresis. cDNA was synthesized by reverse transcription using Superscript I
Reverse Transcriptase Kit and oligo dT(12-18) primers (Invitrogen, Carlsbad, CA) and
amplified by real-time PCR with iQ SYBR Green Supermix (BioRad, Hercules, CA) (n =
5 — 10). Gene specific primers were synthesized by Integrated DNA Technologies
(Coralville, I1A). Hypoxanthine guanine phosphoribosyl transferase (HPRT) mRNA levels
do not fluctuate between conditions and were used as an internal control. Amplicon
specificity was confirmed by melting curve, size, and sequence analysis. Primers for real-

time PCR and cycle parameters have been previously described (72).
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5.3.6. Statistical Analysis

All measurements are presented as the mean + SEM. Significant outliers were
removed using the Grubb’s test for outliers. One-way ANOVA was performed using
GraphPad Prism software version 6 (GraphPad, San Diego, CA, USA). p-values of <0.05

were considered significant and values of <0.01 were considered highly significant.
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5.4. RESULTS

5.4.1. Femoral and Vertebral Bone is Significantly Decreased in T1D-OVX Mice

Compared to T1D or OVX Alone

To determine if estrogen deficiency and T1D have an additive impact on bone loss,
11 week old mice were ovariectomized (OVX) and T1D was induced. First we examined
general body parameters to assess effects on body and fat weight, metabolic
dysregulation, and uterine size. As expected, T1D mice, both sham and OVX, had
significantly elevated blood glucose and HbAlc levels (indicating metabolic
dysregulation) and displayed significantly decreased body and fat pad, inguinal and
retroperitoneal, weight compared to control animals (Table 2). In contrast, estrogen
deficiency increased body mass and retroperitoneal fat pad mass in sham mice, but not
in T1D mice. Interestingly, OVX mice also had increased HbA1c levels, though they were
below 7% (what we would consider T1D) and this effect was not additive in T1D mice
(since OVX did not further increase HbA1c levels). As expected, all OVX mice displayed

decreased uterine mass confirming estrogen deficiency.

Next we examined the mouse bones by microcomputed tomography. Analysis of
the distal femoral metaphysis bone volume fraction (BVF) revealed a significant decrease
in OVX (52%, p<0.0001) and T1D (57%, p<0.0001) as expected, but more importantly
the BVF in combined T1D-OVX mice (84%, p<0.0001) was significantly less compared to
mice with either T1D (by 63%, p<0.0001) or OVX (by 66%, p<0.0001) (Figure 22A and
B). Two-way ANOVA identified a highly significant interaction between T1D and OVX
(p<0.0001). Consistent with this finding, bone mineral density (BMD), bone mineral

content (BMC), trabecular thickness (Tb. Th.) and trabecular number (Th. N.) were all
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significantly decreased in OVX as well as T1D animals compared to controls, while T1D-
OVX animals were significantly decreased with respect to sham control, OVX and T1D
mice (Table 3). Trabecular spacing (Tb. Sp.) was significantly increased in OVX, T1D and
T1D-OVX with T1D-OVX being significantly higher than all conditions (Table 3). Femoral
cortical analysis revealed no change in OVX mice while significantly decreased BMD and
BMC was observed in T1D mice (Table 3). TID-OVX mice had significantly decreased
cortical thickness, outer perimeter, marrow area, cortical area, BMD and BMC compared

to controls (Table 3).

To determine if the observed femur changes were apparent in other bone sites,
the 3" lumbar vertebrae was examined. While OVX did not alter vertebral trabecular BVF
compared to sham control mice, a significant decrease was observed in T1D mice
compared to controls (24%, p<0.05) and in T1D-OVX animals compared to control (51%,
p<0.0001), OVX (47%, p<0.0001) and T1D (35%, p<0.01) (Figure 22C). Though, 2-way
ANOVA did not indicate an interaction between T1D and OVX at this site. In addition,
BV/TV, BMD, Th. Th. and Th. N were significantly decreased and Tb. Sp. increased in

T1D-OVX mice (Table 3).

Dynamic histomorphometry was used to assess if changes in osteoblast activity
contributed to the identified bone loss. In correlation with the bone density analyses,
OVX, T1D and T1D-OVX mice had significantly decreased mineral apposition rate with
respect to control animals (MAR, p<0.01) (Figure 22D and E). Both T1D groups (sham
and OVX) had significantly lower MAR in comparison to OVX animals (Figure 22D and E,

p<0.01). Calculation of bone formation rate (BFR) indicated a decrease in both the T1D
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and T1D-OVX groups with respect to the sham control (Figure 22D and F, p<0.05), but

no change was observed in the OVX groups.
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Figure 22. The Combination of T1D and OVX Impacts Bone More than Either T1D or OVX
Alone

Microcomputed tomography analysis of the distal femoral bone volume fraction (A).
Representative isosurface images of femoral trabecular bone (B). Vertebral bone volume
fraction (C). Representative images of calcein labeling used to measure MAR (E) and
BFR (F). Bars represent the mean + standard error (n = 6-12 per group). *p < 0.05 with
respect to sham control; #p < 0.05 with respect to OVX control; * p < 0.05 with respect to
T1D-sham.
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CONTROL DIABETIC
Sham OVX Sham OVX

Body Mass () 21.8+0.7 23.4 +0.4* 185+ 0.7* 18.2+0.6*#
Blood Glucose (mg/dL) 290 = 20 254 +19 489 + 40* 441 + 20*#
HbAlc 3.6+0.3 4.7 +£0.2* 7.8+0.7* 8.4 + 0.5%#
Subcutaneous fat (%BM) 0.92 + 0.06 1.015+0.04 0.45%0.04* 0.40 £0.03*#
Retroperitoneal Fat

(%BM) 0.26 + 0.02 0.37 £0.04* 0.09+0.01* 0.11 +0.02*#
Uterus (%BM) 0.58 +0.11 0.10+0.01* 0.40+0.11 0.10+0.01*

Table 2. General Mouse Parameters

Values represent the mean + standard error (n = 6-12 per group). *p < 0.05 with respect
to sham control; #p < 0.05 with respect to OVX control; * p < 0.05 with respect to T1D-

sham.
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CONTROL DIABETIC

Sham OVX Sham OovX
Femur Trabecular
BVF 28.3+1.0 13.4 £1.0* 12.4 £ 2.2* 4.4 = 0.4*#"
BMD (mg/cc) 2939+4.9 209.0+7.8 1952+16.7* 136.7 +6.52*#"
BMC (mg) 043+0.01 0.35%+0.01* 0.33+0.02* 0.24£0.01*#"
Th. Th. (um) 56.2+1.1 42.1 +1.0* 40.7 £ 2.9* 31.6 + 1.0*#"
Tb. N. (/mm) 5.03+0.13 3.17+0.18* 2.93+£0.35* 1.38%0.11*#"
Th. Sp. (um) 143.1+5.1 286.0+19.1* 331.4 +55.3* 754.0 £ 71.1*#"
Vertebral Trabecular
BVF 446 £ 4.6 40.4+2.3 32.0+4.3 21.6 £ 1.4*#"
BMD (mg/cc) 307.2+15.3 2849199 253.1+229 200.6 £6.1*#"
BMC (mg) 0.44+0.07 045+0.04 0.35+0.04 0.37 £0.03
Tb. Th. (um) 63.2+49 56.8+2.8 48.5+4.7 37.4 + 1.3*#"
Tb. N. (/mm) 7.04+051 7.10+£0.19 6.45 + 0.26 5.72 £+ 0.23*#
Th. Sp. (um) 81.8+11.8 84.9+49 107.2 +10.7 141.3 + 9.1*#

Femur Cortical

Mean Thickness (mm) 0.248 £ 0.003 0.261 £ 0.004 0.237 £0.051 0.229 = 0.004*#
Inner Perimeter (mm) 280+0.05 2.76+0.02 2.89+0.04 2.84 £0.03
Outer Perimeter (mm)  4.36 £0.06 4.40+0.03 4.39 + 0.02 4.29 + 0.03#
Marrow Area (mmz2) 0.56+0.02 0.54+0.01 0.59+0.01 0.58 + 0.01#
Cortical Area (mm2) 0.85+0.02 0.89+0.02 0.82+0.01 0.78 £ 0.02*#
BMD (mg/cc) 1066 + 17 1053 +12 998 + 14* 984.9 + 17*#
BMC (mg) 0.018 £ 0.000 0.019 + 0.000 0.016 + 0.000* 0.016 + 0.000*#

Table 3. Femoral and Vertebral Bone Parameters

Values represent the mean + standard error (n = 6-12 per group). *p < 0.05 with respect
to sham control; #p < 0.05 with respect to OVX control; * p < 0.05 with respect to T1D-
sham.
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5.4.2. T1D-OVX Mice Have Increased Osteoblast Death and Decreased Markers of

Osteoblast Maturation Compared to T1D Alone

Previous work has shown that T1D decreases osteoblast (OB) lineage selection,
maturation and viability (6,62,178,223-225). Therefore, we examined the impact of T1D
in combination with OVX on osteoblast parameters. We measured osteoblast gene
expression in tibia, analyzed serum for markers of osteoblast activity, and examined
histological preparations of fixed femurs for OB apoptosis. RNA expression analyses
revealed a significant decrease in RUNX2 a critical gene for early osteoblast
differentiation, in the T1D-OVX animals compared to sham (p<0.05) or OVX (p<0.01)
animals (Figure 23A). Two-way ANOVA analysis indicated an interaction between T1D
and OVX in the regulation of RUNX2 expression (p<0.043). Osterix, a marker of
osteoblast maturation, was significantly decreased in OVX (p<0.01), T1D-Sham (p<0.01)
and T1D-OVX (p<0.001) animals with respect to control sham-operated animals (Figure
23B). We also examined osteocalcin expression and serum levels which serve as a
marker of osteoblast maturation and activity. Osteocalcin RNA levels in the tibia were
significantly decreased in both sham (p<0.05) and OVX diabetic (p<0.05) conditions in
the tibia while serum levels of osteocalcin were significantly lower in the T1D-OVX group
compared to the sham (p<0.001) or OVX control (p<0.05) (Figure 23C and D). Neither
measure was affected by OVX. To directly assess osteoblasts in bone, osteoblast
number per millimeter of bone surface was counted on femoral histological sections and
the total number of osteoblasts per bone surface area was calculated using the bone
surface measurement from PCT analysis. Interestingly, there were significantly less

osteoblasts per mm of bone in OVX (p<0.0001), T1D (p<0.05) and T1D-OVX (p<0.0001)

121



conditions with respect to sham controls. Additionally, T1D-OVX had significantly lower
total number of osteoblasts than either OVX (p<0.0001) or T1D (p<0.0001) animals
(Figure 23E), which parallels the BVF data. To assess effects on osteoblast viability, we
TUNEL stained the femur and found a significant increase in osteoblast apoptosis only in
the T1D-OVX animals compared to sham (p<0.05), OVX (p<0.01) and T1D (p<0.05)

animals (Figure 23F).
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Figure 23. Type 1 Diabetes Decreases Markers of Osteoblast Maturation and Activity and
Increases Cell Death When Combined with Ovariectomy

Tibia RNA was isolated and cDNA was analyzed for expression of RUNX2 (A), osterix
(B) and osteocalcin (C). Serum osteocalcin levels (D). TUNEL staining was performed
on fixed femur sections and total osteoblast number (E) and TUNEL positive osteoblasts
were quantified (F). Values represent the mean + standard error (n = 6-12 per group). *p
< 0.05 with respect to sham control; #p < 0.05 with respect to OVX control; * p < 0.05 with
respect to T1D-sham.
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5.4.3. Combination of T1D and OVX Leads to Increased Markers of Osteoclast Activity

While T1D has previously been shown target osteoblast activity, estrogen
deficiency has a predominant effect on osteoclasts (152). In order to examine the effect
of both T1D and OVX on osteoclast activity we analyzed serum markers, tibia mRNA and
femoral histomorphometry. Tibia mMRNA expression of tartrate resistant acid phosphatase
(TRAP), an enzyme secreted by mature osteoclasts, was significantly decreased in OVX
animals compared to controls (p<0.05), increased in T1D mice compared to OVX mice
(p<0.01) and increased in T1D-OVX animals with respect to sham (p<0.01) and OVX
controls (p<0.0001) (Figure 24A). Two-way ANOVA indicated an interaction between
T1D and OVX (p<0.0073). Interestingly, Serum TRAPS5b, an indicator of osteoclast
activity, was increased in T1D-Sham and T1D-OVX animals compared to the non-diabetic
controls (p<0.01) and OVX mice (p<0.01) (Figure 24B). We further examined regulators
of osteoclast activity and found that the ratio of expression levels of receptor activator of
nuclear factor Kappa-B ligand (RANKL, critical in osteoclast differentiation) to
osteoprotegrin (OPG, an inhibitor of RANKL) was significantly increased in T1D-OVX
animals with respect to sham (p<0.05), OVX (p<0.05) and T1D (p<0.01) animals (Figure
24C). A role for enhanced osteoclast activity is further supported by the ratio of total
osteoclast/osteoblast numbers relative to the total bone surface area, which was in T1D-

OVX mice with respect to sham (p<0.05) and T1D (p<0.01) animals (Figure 24D).
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Figure 24. Combination of T1D and OVX Increases Markers of Osteoclast Activity

In order to examine the effect of TID and OVX on osteoclast activity tibia RNA was
extracted and analyzed for osteoclast markers TRAP (A) and RANKL/OPG ratio (C).
Serum was collected and analyzed for the osteoclast marker TRAP (B). Femurs were
sectioned and TRAP stained for histological analysis of osteoclast number (D). Values
represent the mean * standard error (n = 6-12 per group). *p < 0.05 with respect to sham
control; #p < 0.05 with respect to OVX control;  p < 0.05 with respect to T1D-sham.

125



5.4.4. T1D-OVX Mouse Bone Marrow Exhibits Increased Adiposity

Osteoblasts and adipocytes are both derived from mesenchymal stem cells.
Selection of adipocytes over osteoblasts will decrease the number of osteoblasts
available to remodel bone. Both ovariectomy and T1D have been previously shown
increase bone marrow adiposity (59,226), thus, we examined bone marrow adipogenesis
in our study by RNA and histomorphometry. Tibia mRNA expression of FABP4 (fatty acid
binding protein 4, a marker of adipocyte differentiation), was significantly increased in
both T1D-sham and T1D-OVX animals compared to OVX controls (p<0.01) (Figure 25A).
Histomorphometry further shows an increase in the percentage of adipocyte/total area in
both OVX and T1D mice compared to controls but an even greater increase in T1D-OVX

animals compared to sham controls (p<0.001, Figure 25B and C).
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Figure 25. The Bone Marrow of T1D-OVX Mice Exhibits Increased Bone Marrow
Adiposity

Tibia RNA was extracted and examined for expression of the adipocyte lineage selection
marker AP2 (A). Adipocyte area was quantified from femur histological sections (B).
Representative images of the bone marrow are shown in C. Values represent the mean
+ standard error (n = 6-12 per group). *p < 0.05 with respect to sham control; #p < 0.05
with respect to OVX control;  p < 0.05 with respect to T1D-sham.
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5.5. DISCUSSION

T1D patients are living longer due to exogenous insulin therapy resulting in an
increase in the number of T1D postmenopausal patients. Therefore, we sought to identify
if TLD exacerbates estrogen deficiency induced bone loss. Our findings indicate that
indeed the combination/interaction of T1D with OVX leads to a greater femoral BVF loss
that is associated with worse trabecular and cortical bone parameters compared to sham
or either T1D or OVX alone. The combination of T1D-OVX also shows the greatest
decrease in osteoblast markers and viability, while increasing osteoclast parameters and
marrow adipocyte area. This is the first study, to our knowledge that shows trabecular
bone volume and cortical bone changes as well as dynamic and static histological

changes that occur when animals have both T1D and OVX.

Previous studies have examined the effects of either T1D or OVX on bone
parameters, with only a few studies that began to look at general effects of TID-OVX on
bone. One study (227) used DEXA to measure femoral BMD in 23 week old rats and
found bone loss to have the greatest decreased in T1D-OVX rats (12 weeks T1D),
consistent with our finding. Another study examined the effect of TLD-OVX on vertebral
bone matrix and found that the combined condition caused a marked reduction in heparin

sulfate and chondroitin sulfate (228).

It is logical that T1D and estrogen-deficiency would together induce greater bone
loss because they each cause bone loss through different mechanisms. T1D decreases
osteoblast lineage selection and differentiation from mesenchymal stem cells as well as
decreasing osteoblast activity resulting in reduced bone formation and subsequently bone

loss (62). In contrast, estrogen-deficiency induced bone loss as a result of increased
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osteoclast activity and lifespan which typically occurs during the first few years after
menopause (12). Consistent with this, we demonstrate that the combination of T1D and
estrogen deficiency has a negatively additive effect. This effect was due to a combination
of increased osteoclast number and activity and a reduction in osteoblast selection,

differentiation and activity.

T1D induced bone loss is attributed to decreased osteoblast differentiation from
mesenchymal stem cells, decreased osteoblast maturation and bone formation as well
as increased bone marrow adiposity. Interestingly, although we found a decrease in
RUNX2, a transcription factor necessary for the selection and differentiation of
mesenchymal stem cells into osteoblasts, in the T1D-OVX group, we did not see a
difference in the T1D-sham animals 4 weeks after the induction of diabetes as seen in
previous studies (223,229). We did, however, observe a decrease in osterix and
osteocalcin, factors involved in maturation and bone formation respectively, as well as a
decrease in the total number of osteoblast cells. In addition, T1D mice showed a decrease
in both mineral apposition rate (MAR) and bone formation rate (BFR). These data support
the current hypothesis that T1D induced bone loss is primarily due to a defect in bone

formation due to decreased numbers and activity of osteoblasts.

While T1D has a predominant effect on bone formation, estrogen deficiency leads
to bone loss through increased bone resorption (153). In the present study markers of
osteoclast activity (TRAP and RANKL) or the ratio of osteoclast to osteoblast cells in OVX
mice were not observed to be increased. However, changes in osteoclast activity typically
occur early after ovary removal and so it is highly possible that these changes occurred

at an earlier time-point to that looked at in this study. In contrast, the T1D-OVX group had
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increased expression of TRAP, in both serum and tibia mRNA expression, RANKL/OPG
ratio and an increase in the ratio of osteoclasts to osteoblasts. Although this may be
attributed to STZ toxicity, the T1D-sham group only had an increase in serum TRAP and
showed no difference in the other markers of osteoclast activity and number. Thus, we
hypothesize that the combination of ovariectomy and diabetes exacerbates osteoclast
activity which could be attributed to the decrease in osteoblast population. While estrogen
deficiency influences osteoclast activity and T1D effects osteoblast activity, both

conditions can alter adipogenesis which also impacts bone health.

Both T1D and estrogen deficiency have been shown to cause an increase in bone
marrow adipogenesis (41,59,230,231). Consistent with this we found that T1D, OVX and
T1D-OVX mice have an increase in the area of adipocytes in the bone marrow compared
to sham animals. Only the diabetic conditions showed an increase in AP2, the
transcription factor necessary for the selection of adipocytes from mesenchymal stem
cells suggesting that the increase in adipocytes during estrogen deficiency may be due
to another mechanism. This finding supports a previous report which suggests that
although estrogen deficiency leads to an increase in fat mass, it is not a contributing factor
to the decline in bone density as OVX mice that are unable to generate bone marrow

adipocytes exhibit the same level of bone loss as control OVX mice (232).

Taken together, our data shows that the combination of T1D and OVX leads to
increased bone loss compared to either condition alone. We have shown that TID-OVX
decreases osteoblast selection, differentiation, activity and number as well as increasing
osteoclast activity and number. Furthermore, T1D and OVX increases bone marrow

adiposity. Understanding how T1D and OVX work additively on bone health can lead to
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better prevention techniques as well as new therapeutic targets to prevent bone loss and

fractures in this patient population.
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