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PREFACE

Diets comprised with a surplus of carbohydrate and fat content have shown to lead to the onset of type
2 diabetes mellitus (T2DM). Insulin resistance or insufficiency causes T2DM; this state is preceded
by pre-diabetes. Although pre-diabetes has been described as asymptomatic, studies have
demonstrated that complications associated with T2DM begin in this stage. T2DM has shown to
disturb calcium homeostasis by inducing changes to calciotropic hormones and calcium-regulating
organs. Furthermore, altered levels of calciotropic hormones in T2DM have shown to further
exacerbate insulin resistance and hyperglycaemia. However, the changes to calcium homeostasis in
the pre-diabetic state have not been characterised. A pre-diabetic rat model that mimics the human
condition of pre-diabetes was established using a high-fat high-carbohydrate diet. This diet-induced
pre-diabetic rat model was used to investigate the changes to calciotropic hormones, the association of
calciotropic hormones with glucose parameters as well as to evaluate the changes to the functioning of
calcium-regulating organs. The experimental work described in this dissertation was conducted at the
University of Kwa-Zulu Natal, Westville Campus, Durban, South Africa. All work was conducted

under the supervision of Dr. Andile Khathi and co-supervised by Dr. Phikelelani Ngubane.
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STUDY OUTLINE
The current dissertation is in manuscript format and is divided into four chapters; chapter 1: literature
review, chapter 2: prologue, abstract and manuscript 1, chapter 3: prologue, abstract and manuscript 2,
chapter 4: synthesis and appendices. Chapter 1 comprises an introduction to the study, literature
review and rationale/justification of the study in addition to the aims and objectives. Chapter 2 of this
dissertation presents the first study that is in manuscript form which seeks to investigate the effects of
diet-induced pre-diabetes on calciotropic hormones in male Sprague Dawley rats. This work is
authored by K. Naidoo, supervised by Dr. A. Khathi and co-supervised by Dr. P.S. Ngubane.
Furthermore, this manuscript has been formatted and submitted to the Journal of Experimental
Clinical Endocrinology and Diabetes according to the journal guidelines for authors. Chapter 3 of this
dissertation presents the second study that is written in manuscript form that soughts to determine the
effects of diet-induced pre-diabetes on the functioning of calcium-regulating organs in male Sprague
Dawley rats. This manuscript is authored by K. Naidoo, supervised by Dr. A. Khathi and co-
supervised by Dr. P.S. Ngubane and has been formatted and submitted to the Journal of Endocrine
Pathology according to the guidelines of the journal. Chapter 4 constitutes the synthesis of the study

and appendices.
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ABSTRACT
Background

Diabetes mellitus (DM) affects over 400 million people worldwide with 90-95% being type 2 diabetes
mellitus (T2DM) in South Africa. T2DM is positively correlated with the chronic consumption of a
high caloric diet, often preceded by pre-diabetes. Pre-diabetes is a long-term intermediate stage of
hyperglycaemia which is usually asymptomatic. One of the key aetiologies for the complications of
physiological systems seen in T2DM has been found to be the chronic intake of high caloric diets.
However, dysregulation of these physiological systems seen in T2DM have been reported to begin in
pre-diabetes. Calcium homeostasis has been demonstrated to be one of the body's mechanisms that is
disrupted in T2DM, leading to changes in calciotropic hormone levels and the functioning of calcium-
regulating organs. Altered levels of calciotropic hormones in diabetes have been shown to increase the
risk of developing insulin resistance and hyperglycaemia. Furthermore, disrupted functioning of
calcium-regulating organs in diabetes impairs their responsiveness to calciotropic hormones. A pre-
diabetic rat model was utilized in our laboratory to explore numerous systems and mechanisms in the
body, including glucose homeostasis, the cardiovascular system, and immunity, using a high-fat high-
carbohydrate diet to induce pre-diabetes. However, there is a paucity in literature elucidating the
changes to calcium homeostasis in pre-diabetes. Hence, the present study aimed to investigate the
effects of diet-induced pre-diabetes on calcium homeostasis by looking at calciotropic hormones and

the functioning of calcium-regulating organs.
Materials and Methods

Twelve male Sprague-Dawley rats were randomly divided into 2 groups (n=6, each group) whereby
the first group: non-pre-diabetic (NPD) group was subjected to standard rat chow and the second
group: pre-diabetic (PD) group was subjected to a high-fat high-carbohydrate (HFHC) for 20 weeks.
At week 20, the American diabetes association criteria (ADA) were employed for pre-diabetes
diagnosis. Plasma was collected for biochemical analysis to measure glucose, insulin, glycated
haemoglobin (HbAlc) and the homeostatic model assessment for insulin resistance (HOMA-IR) in
addition to urine and plasma calcium concentrations. This was accompanied by measurement of
plasma parathyroid hormone (PTH), calcitonin, vitamin D, 1,25-dihydroxyvitamin D3 (calcitriol),
osteocalcin and deoxypyridinoline via enzyme linked immunosorbent assay (ELISA). Correlation
analysis of calciotropic hormones with HbAlc and HOMA-IR were performed. Furthermore, small
intestine and kidney tissue were harvested after the experimental period for analysis of gene
expression. Renal expressions of transient receptor potential vanilloid 5 (TRPV5), 1-alpha
hydroxylase along with intestinal expressions of vitamin D receptor (VDR) and calbindin-Dg. were

measured via reverse transcriptase quantitative polymerase chain reaction (RT-qPCR).

Results and discussion

XVi



The HFHC diet resulted in moderate hyperglycaemia, elevated plasma insulin, elevated HbAlc and
insulin resistance in the PD group by comparison to the NPD group. In the first study, there were
increased calciotropic hormone concentrations; plasma PTH, calcitonin, calcitriol and vitamin D in
addition to elevated urine calcium and unchanged plasma calcium in the PD group by comparison to
NPD. This suggested that elevated calciotropic hormone concentrations in pre-diabetes may
compensate for changes to plasma calcium. Furthermore, plasma PTH and calcitonin levels were
positively correlated with HbAlc but not insulin resistance in the PD group. Plasma calcitriol
concentrations were negatively correlated with HbAlc in the PD group. Altered levels of calciotropic
hormones in pre-diabetes may exacerbate the moderate hyperglycaemia in pre-diabetes. In the second
study, plasma fasting glucose, insulin, OGT response and HOMA-IR were higher in PD group
compared to the NPD. It was observed that normal plasma calcium levels in the pre-diabetic group
were accompanied by an upregulation in renal TRPV5, 1-alpha hydroxylase, intestinal VDR and
calbindin-D9K expression in addition to increased plasma osteocalcin and decreased urine
deoxypyridinoline. Calcium-regulating organs may have responded to disturbed calcium homeostasis
by promoting increased intestinal calcium absorption, renal calcium reabsorption in addition to

decreasing bone resorption and increasing bone formation.

Conclusion

The findings suggest that normocalcaemia is maintained in the pre-diabetic state due to compensation
from calciotropic hormones and calcium-regulating organs. However, altered levels of calciotropic
hormones in pre-diabetes may play a role in the onset of hyperglycemia in T2DM. Due to the
cumulative evidence produced in study 1 and study 2, we accept the hypothesis which states that
during the pre-diabetic state there will be changes to calciotropic hormones and calcium-regulating

organs indicative of disturbed calcium homeostasis.
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CHAPTER 1: LITERATURE REVIEW

1. Introduction

A chronic state of hyperglycaemia caused by insulin insufficiency or insulin resistance is known as
type 2 diabetes mellitus (T2DM) [1]. Based on the total number of diabetes mellitus (DM) cases,
T2DM accounts for 90% of the cases in South Africa [2]. T2DM is anticipated to affect 642 million
people worldwide by 2040, according to the International Diabetes Federation (IDF) [2]. Pre-diabetes
precedes T2DM, with blood glucose levels higher than the homeostatic range but below the threshold
for clinical diabetes diagnosis [3]. It is shown that fasting glucose levels and glucose tolerance are
impaired due to early insulin resistance in this stage [4]. Diabetes and pre-diabetes are becoming more
common as people consume more high-caloric foods and live unhealthy lifestyles [5]. About a third of
the population is pre-diabetic and this condition generally goes unnoticed [1]. Pre-diabetes is
anticipated to affect 482 million individuals globally by 2040, according to the IDF [2]. Obesity has
shown to be a contributing factor in the development of insulin resistance and pre-diabetes [6].
Alterations to calcium homeostasis have been linked to abnormal blood glucose levels, insulin

resistance, beta ()-cell dysfunction and obesity [6, 7].

Calciotropic hormones such as parathyroid hormone (PTH), calcitonin, and calcitriol, are responsible
for maintaining calcium homeostasis [7]. These calciotropic hormones act on calcium-regulating
organs namely, the intestine, kidney and bone [7]. Studies have shown that calcium homeostasis is
disturbed in T2DM [8, 9]. Several studies have shown changes to plasma calcium levels, calciotropic
hormones, calcium transporters, bone turnover, intestinal absorption and the renal reabsorptive
capacity of calcium in T2DM individuals [10, 11]. Obesity has shown to pose as a double burden in
the development of pre-diabetes and calcium homeostatic dysfunction [4, 12]. Metabolic failure
associated with obesity such as dysregulated adipokine levels and proinflammatory mediators have
shown to play a role in calcium homeostatic dysfunction [13, 14]. Studies have shown that obesity
disturbs calcium homeostasis by promoting secondary hyperparathyroidism, vitamin D deficiency and
hypercalcaemia [15, 16]. Optimal levels of calcium are essential for proper functioning of insulin-
responsive tissue, insulin secretion, nerve function, bone mineralization and hormone communication
[17]. Processes that take place within the body that depend on calcium would become impaired if the
calcium homeostasis is interrupted [17]. Studies conducted in our laboratory have developed a diet-
induced pre-diabetic animal model which depicts the human condition of pre-diabetes [18,
19]. Several investigations using this model have shown that changes in T2DM frequently begin
during the pre-diabetic stage [19, 20]. While the alterations that occur to calcium homeostasis in the
diabetic state have been well documented, the changes that occur to calcium homeostasis in pre-
diabetes are not known [21, 22]. Hence, this study sought to investigate the changes to calciotropic
hormones and calcium-regulating organs in the pre-diabetic state using a diet-induced pre-diabetic rat

model.



2. Calcium homeostasis

Calcium is the fifth most common element in the human body with majority stored as hydroxyapatite
in bone [10]. The minority of calcium is found extracellular in free form, bound to protein and a small
percentage bound to anions in plasma [7]. The normal serum calcium concentration is 2- 2.5 mmol/L
and the normal urinary calcium concentration is 15-20 mmol/L [23]. Derangements to plasma calcium
levels lead to conditions such as hypocalcaemia or hypercalcaemia [9]. Calcium is responsible for
many physiological processes such as neuromuscular transmission, muscle contraction and nerve
function [10]. It acts as a co-factor during blood coagulation and is responsible for the release of
neurotransmitters and hormones [24]. PTH, calcitonin and calcitriol act on the intestine, kidney and
bone to regulate plasma calcium levels [25]. The following section describes the physiological role of

calciotropic hormones in the maintenance of calcium homeostasis.

2.1. Calciotropic hormones

Plasma calcium concentration is controlled by calciotropic hormones to ensure that there is proper
calcium absorption in intestine, its storage in bones and kidney elimination of excess calcium [26].
There are three main calciotropic hormones involved in the regulation of blood calcium levels,

namely PTH, calcitonin and active vitamin D [10].

2.1.1. The physiological role of PTH

The 84-amino-acid peptide generated by the chief cells of the parathyroid glands and circulates in the
blood for 2-3 minutes is known as parathyroid hormone (PTH) [27]. It is produced in response to a
low calcium concentration in the blood, with a normal range of 10-65 pg/mL [7]. The primary role of
PTH is to increase blood calcium levels by promoting increased bone resorption, intestinal calcium

absorption and renal calcium reabsorption [28].

PTH concentration rises in response to low blood calcium levels, which stimulates bone resorption
[29]. It reduces the metabolic activity of osteoblasts (bone-forming cells) while activating osteoclasts
(bone-resorbing cells) to cause bone to break down and calcium to enter circulation [25]. Parathyroid
hormone is indirectly responsible for promoting an increase in intestinal calcium absorption by
activating hepatic 25-hydroxylase and renal 1-alpha hydroxylase to produce calcitriol [30]. Calcitriol
promotes an increase in intestinal calcium absorption by increasing the production of calcium
transport proteins such as calbindin-Dg [30]. PTH increases calcium reabsorption from the filtrate in
the distal convoluted tubule of the kidney [28]. Due to the various actions of PTH on calcium-

regulating organs, it may be used as a marker to study calcium homeostasis.

2.1.2. The physiological role of calcitonin

The parafollicular cells of the thyroid glands produce a 32 amino acid peptide known as calcitonin



which circulates throughout the blood for 10.2-37.8 minutes [31]. Calcitonin is a hormone that is
secreted in response to elevated blood calcium levels and functions in opposition to PTH [32]. The
main function of calcitonin is to lower blood calcium levels by decreasing calcium resorption in the

bones, calcium absorption in the intestine and reabsorption from kidneys [27].

In response to high blood calcium levels, calcitonin concentration increases which decreases bone
resorption [26]. It causes osteoclasts to contract which exposes high-affinity calcium-binding sites
thus reducing the release of calcium into the blood [32]. It also causes the proliferation of osteoblasts
which promotes bone mineralization [27]. Intestinal calcium absorption takes place in the active
transcellular route and the passive paracellular route [32]. Calcitonin inhibits calcium absorption at the
transcellular route which reduces serum calcium concentration [31]. It also inhibits calcium
reabsorption at the distal convoluted tubule in the kidney by reducing permeability into tissue
resulting in increased calcium urinary output [27]. Due to the various actions of calcitonin on calcium-

regulating organs, it may be used as a marker to study calcium homeostasis.

2.1.3. The physiological role of vitamin D

Vitamin D is obtained from supplementation, diet and sunlight [33]. The normal serum vitamin D
concentration is between 9.7- 41.7 mg/mL and it is converted to its active form when stimulated by
PTH or low blood calcium [28]. It is hydroxylated in the liver to calcifediol through the action of 25-
hydroxylase followed by hydroxylation in the kidney through the action of 1-alpha hydroxylase to
1,25-dihydroxyvitamin D3 also known as calcitriol [33]. The basic function of active vitamin D is to
raise blood calcium levels by promoting increased bone resorption, intestinal calcium absorption, and

kidney calcium reabsorption [7].

Calcitriol enhances calcium release from the bone by causing osteoblasts to secrete osteoclast
differentiation factor, which stimulates osteoclast activity [30]. While calcitriol is required for bone
production, it is also required for bone resorption, without it, the levels of calcium within the blood
are too low for normal bone formation [34]. Calcitriol also increases the production of calcium
transport proteins such calbindin-Dgi, which promotes an increase in intestinal calcium and
phosphorus absorption [30]. It functions by increasing calcium reabsorption in the renal distal tubule,
which reduces calcium loss in the urine [7]. Due to the various actions of calcitriol on calcium-
regulating organs, it may be used as a marker to study calcium homeostasis. The following section

describes the role of calcium-regulating organs in the maintenance of calcium homeostasis.

2.2. Calcium-regulating organs
Calciotropic hormones primarily target the small intestine, bone and kidney [9]. Some of the
processes that take place within these organs include gastrointestinal calcium absorption, renal

calcium reabsorption and deposition into or removal of calcium from bone [35]. The following section



describes the molecular mechanisms of intestinal calcium absorption, calcium reabsorption in the

kidneys and bone resorption.

2.2.1. The role of the intestine in calcium homeostasis

Calcium absorption in the intestine is crucial for calcium homeostasis to be maintained and is
stimulated by PTH and calcitriol [7]. The ileum absorbs 88% of calcium, the duodenum absorbs 8%,
and the jejunum absorbs 4% [36]. Intestinal epithelial cells absorb calcium through two major
pathways, namely the transcellular and paracellular pathways [37]. Transcellular calcium absorption
is dependent on hormonal regulation and occurs through three steps as depicted in Fig. 1 below [38].
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Figure 1: Mechanism of calcium absorption in the small intestine mediated by calcitriol adapted from
Corbeels et al., 2018 [38]

Firstly, calcium enters the enterocyte with aid from vitamin D through calcium channels in the apical
membrane, such as transient receptor potential vanilloid subfamily member 6 (TRPV6) [37].
Thereafter, calbindin-Dgx a calcium-binding protein binds to calcium and diffuse calcium across the
cytoplasm, followed by the extrusion of calcium via the plasma membrane Ca? ATPase (PMCA)
dependent pump across the basolateral membrane into circulation [39]. This process is regulated by
calcitriol which activates genes responsible for increasing the expression of calcium transporters,
calbindin-D as well as increases the activity of the Ca®" -ATP dependent pump as per Fig.2 below
[40].




Figure 2: Mechanism of VDR action at target cells mediated by calcitriol adapted from Dominguez et
al., 2021 [40]

The vitamin-D receptor (VDR) is responsible for calcitriol's biological function [41]. The VDR is
found in abundance in the kidney, small intestine and bone [39]. The VDR is a ligand-activated
transcription factor that belongs to the nuclear receptor superfamily [23]. Calcitriol is the natural
ligand to VDR and through interacting with it, it has both genomic and non-genomic effects [42].
Low plasma calcium concentration stimulates the binding of calcitriol to VDR which enters the
nucleus forming a heterodimer with retinoid X receptor (RXR) [39]. This complex regulates gene
transcription by interacting with response elements in target promoters [39]. The non-genomic
functions of the vitamin D receptor are mediated by the membrane-associated vitamin D receptor,
which is activated by calcitriol through various confirmations [37]. The second major route is the
paracellular pathway, which allows calcium to transverse the lateral intercellular space and is
dependent on an electrochemical gradient [37]. However, since transcellular calcium transport is
influenced by calciotropic hormones, it was evaluated in this study. Calcium transport in the intestine
is essential in the conservation of plasma calcium levels and any deleterious effect to calcium
transporters or VDR may impede calcium absorption [37]. Furthermore, renal calcium reabsorption

also occurs via the paracellular and transcellular routes.

2.2.2. The role of the kidney in calcium homeostasis

The kidney plays an important role in expelling and retaining calcium in the body [43]. The renal
glomerulus filters roughly 50% of plasma calcium, with the renal tubules reabsorbing 99% of the
filtered calcium [9]. Renal calcium reabsorption occurs via the paracellular and transcellular pathways
in the proximal tubules, thick ascending limbs of Henle (TALH) and distal tubules [43] The
paracellular pathway is controlled by the extent of concomitant sodium reabsorption, whereas the
transcellular pathway is regulated by calciotropic hormones [43]. When plasma calcium levels are
high, the calcium-sensing receptor in the TALH senses the disturbance and inhibits renal calcium
reabsorption [43]. However, low plasma calcium levels stimulate PTH and calcitriol mediating an
increase in renal calcium reabsorption [43]. Calcium enters through the TRPV5 channels which
thereafter binds to calcium-binding proteins and diffuses into the cytoplasm [43]. Thereafter, calcium
is extruded into the bloodstream through the calcium-ATPase and sodium-calcium exchanger [43].
Since transcellular calcium transport is influenced by calciotropic hormones, it was evaluated in this
study. Furthermore, the final step in the synthesis of calcitriol occurs in the kidney [9]. Renal 1-alpha
hydroxylase is an enzyme that catalyses’ the conversion of 25-hydroxyvitamin D to calcitriol and is
found primarily in the proximal tubule [9]. In the renal distal tubule, calcitriol interacts with vitamin D
receptor (VDR) to impact the transcription of genes involved in the upregulation of calcium transport

proteins, such as transient receptor potential vanilloid subfamily member 5 (TRPV5) and calbindin-



Dask [43]. When calcitriol is no longer needed, the enzyme 24-hydroxylase which is located in
calcium-regulating organs catabolizes calcitriol to its inactive form [39]. Calcium transport in the
kidney is essential in the conservation of plasma calcium levels and any deleterious effect to renal 1-
alpha hydroxylase or calcitriol may impede renal calcium reabsorption [10].

2.2.3. The role of the bone in calcium homeostasis

The main storage site for calcium is the bone and it maintains calcium homeostasis by allowing for
the release and uptake of calcium under the influence of calciotropic hormones [7]. Old, weakening
bone is removed through bone resorption and replaced by new bone through bone formation in the
process of bone turnover [44]. The bone resorption rate should be equivalent to the bone production
rate in healthy, mature bone [44]. When bone resorption exceeds bone formation conditions such as
osteoporosis and bone weakness develop [17]. Low levels of plasma calcium stimulate the release of
PTH which in turn stimulates the release of calcitriol [9]. Both these hormones promote bone
resorption by increasing the activity of osteoclasts [44]. The breakdown of hydroxyapatite causes
calcium to be released during bone resorption [9]. When PTH and calcitriol bind to their receptor,
they cause a change to the genomic activity of bone-forming cells directing them to promote
resorption through the secretion of a variety of cytokines [45]. Macrophage colony-stimulating factor
(M-CSF) and receptor activator of nuclear factor kappa B ligand (RANKL) are two key cytokines that
bind to the receptor activator of nuclear factor kappa B on osteoclasts and stimulate their activity [7].
Activated osteoclasts degrade bone by secreting hydrochloric acid and proteases which promote the
release of calcium from bone [36]. However, high levels of plasma calcium decrease PTH and
stimulate the release of calcitonin [44]. Calcitonin decreases osteoclastic activity and the formation of
new osteoclasts resulting in decreased bone resorption [7]. During bone resorption markers such as
deoxypyridinoline are released and during bone formation markers such as osteocalcin are released
into circulation [17]. Studies have used plasma osteocalcin as a marker of bone formation due to its
strong association with bone formation [46, 47]. Furthermore, plasma osteocalcin is the preferred
marker of bone formation compared to other bone formation markers due to its greater sensitivity in
the detection of low bone formation rates and minimal within-person variation [48]. In addition,
studies have widely accepted the measurement of urine deoxypyridinoline as the preferred marker of
bone resorption because it is not influence by diet and is not extensively metabolised by the liver [49,
50]. Therefore, the levels of osteocalcin and deoxypyridinoline may serve as indicators of bone
turnover. The following section describes type 2 diabetes mellitus; its diagnosis, prevalence and

associated complications.

3. Type 2 diabetes mellitus (T2DM)
Type 2 diabetes is associated with hyperglycaemia and is caused by either insulin insufficiency or
insulin resistance [1]. Approximately one in eleven of the world’s population are diagnosed with

diabetes with majority been T2DM [51]. An oral glucose tolerance test (OGTT) , a fasting glucose
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test, post-prandial glucose test or glycated haemoglobin (HbAlc) test can be used to diagnose pre-
diabetes [50]. Individuals are diagnosed with T2DM when fasting blood glucose (FBG) levels are > 7
mmol/L, glucose concentrations in the postprandial state are > 11.1 mmol/L and glycated
haemoglobin concentrations are > 6.5% [51]. Renal failure, heart disease, and bone weakness are
among the microvascular and macrovascular problems associated with T2DM [52, 53]. Over the last
few decades, it has been noticed that in the diabetic condition there is derangement to calcium
homeostasis, particularly relating to changes in calciotropic hormone secretion and poor functioning
of calcium-regulating organs [17, 50, 54]. Thus, in this study we are interested in investigating
whether the above-mentioned changes occur in the pre-diabetic state. The following section describes

the changes to calciotropic hormones in T2DM.

3.1. Effects of T2DM on calciotropic hormones

There have been several studies that have shown changes to calciotropic hormones in T2DM [10, 35,
55]. Alterations to calciotropic hormone concentrations may be due to pathological changes that occur
to the organs that synthesis these hormones or as a compensatory response to disturbed plasma
calcium levels in T2DM [8]. Furthermore, derangements to calciotropic hormone levels may
exacerbate hyperglycaemia and insulin resistance in diabetes [8]. The section below describes the

effects of T2DM on plasma PTH, calcitonin and vitamin D concentrations.

3.1.1. Effects of T2DM on PTH

Some studies have shown that plasma PTH concentrations in type 2 diabetic individuals were
significantly higher as compared to non-diabetic individuals [56, 57]. The high PTH levels in T2DM
were suggested to be a compensatory response to hypocalcaemia, vitamin D deficiency and kidney
diseases [56, 57]. Studies have reported that increased PTH secretion may contribute to the
maintenance of normocalcaemia in T2DM [56, 57]. However, the increased secretion of PTH in
response to renal dysfunction in diabetes may lead to hyperparathyroidism [58]. Furthermore, studies
have shown increased bone breakdown and decreased bone formation in diabetes [59, 60]. It was
stated that increased PTH-induced bone resorption as a result of compensation contributes to bone
weakness [17]. On the contrary, other studies have reported decreased plasma PTH concentration in
patients with T2DM when compared to non-diabetics [34, 61]. Studies showed that hyperglycaemia in
T2DM inhibits the secretion of PTH due to the accumulation of reactive oxygen species in the
parathyroid glands [34, 62]. Low PTH concentration results in reduced bone turnover, decreased
intestinal calcium absorption and decreased calcitriol production in the kidney [26]. Hypocalcaemia is
commonly a consequence of PTH and calcitriol deficiency [26]. Studies have shown that low plasma

PTH levels and the prevalence of hypocalcaemia in T2DM patients were associated [26, 35].

Interestingly, studies have shown that PTH concentrations in plasma were positively associated with

hyperglycaemia and insulin resistance in T2DM [50, 63]. It was stated that elevated plasma PTH
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concentration in diabetes may worsen and contribute to the development of hyperglycaemia [17].
Elevated parathyroid hormone has shown to decrease insulin dependent glucose transport thereby
inducing insulin resistance [55]. Reduced insulin receptor substrate (IRS-1) and glucose transporter
type 4 (GLUT-4) protein expressions, as well as enhanced phosphorylation of IRS-1 on serine307,
were seen as a result of increased plasma PTH [55]. Furthermore, elevated PTH levels have shown to
increase plasma glucose levels by stimulating hepatic gluconeogenesis and glycogenolysis [55]. These
cellular events in adipocytes may underlie the association of high plasma PTH levels with
hyperglycaemia and insulin resistance. Hence, the changes to plasma PTH levels and its association

with glycated haemoglobin and insulin resistance in pre-diabetes were investigated in this study.

3.1.2. Effects of T2DM on calcitonin

Some studies have shown no significant change to plasma calcitonin concentration in patients with
T2DM when compared to non-diabetics [64, 65]. Another study has shown that plasma calcitonin
concentrations in T2DM rats were significantly higher as compared to non-diabetic rats [66]. Studies
have stated that high calcitonin levels may be a recovery mechanism against bone loss and elevated
PTH levels induced by hyperglycaemia [31, 66]. In T2DM-induced hyperparathyroidism, the
increased calcitonin compensates for hypercalcaemia by decreasing osteoclastic bone resorption while
activating osteaoblasts to promote bone mineralization [26]. Furthermore, calcitonin inhibits intestinal
absorption and kidney reabsorption of calcium which serves to decrease plasma calcium concentration
[31]. However, pathologically excessive calcitonin secretion in T2DM may be involved in the

significant reduction of blood calcium levels observed in some T2DM individuals [31].

Furthermore, studies have shown that plasma calcitonin levels were positively correlated with HbAlc
and insulin resistance in T2DM [55, 67]. It was shown that increased calcitonin concentration in
diabetes may lead to insulin resistance and hyperglycaemia [23]. High levels of plasma calcitonin
impair insulin sensitivity in adipose and muscular tissue [23]. Calcitonin enhances calcium entry
inside the cell thus increasing intracellular calcium concentration [31]. This triggers calcium release
from depots that inhibit insulin-stimulated mobilization of glucose transporter type 4 (GLUT-4) to the
membrane of the cell [43]. Furthermore, studies have shown that calcitonin promotes hyperglycaemia
by intensifying hepatic gluconeogenesis and glycogenolysis [60, 65]. These cellular events in skeletal
muscle cells and adipocytes may underlie the association of high plasma calcitonin levels with HbAlc
and insulin resistance. Hence, the changes to plasma calcitonin and its association with HbAlc and

insulin resistance in the pre-diabetic state were investigated in this study.

3.1.3. Effects of T2DM on vitamin D
Studies have shown significantly lower vitamin D and calcitriol concentrations in type 2 diabetic
humans and rats as compared to the non-diabetic group [33, 68]. These studies have reported that

impaired intestinal vitamin D absorption and increased adipose tissue vitamin D sequestration may



account for the decreased plasma vitamin D and calcitriol concentrations seen in T2DM patients [69,
70]. Furthermore, renal dysfunction in T2DM has shown to downregulate renal 1-alpha hydroxylase
expression and reduces the kidney’s responsiveness to PTH, accounting for a decrease in calcitriol
production [69, 70]. A deficiency in plasma calcitriol reduces renal calcium reabsorption and
absorption of calcium in the intestine [30]. This is evidenced by previous studies that have reported
low calcitriol levels with increased urinary excretion of calcium in T2DM [69, 70].

According to studies, vitamin D deficiency has been associated with increased glycated haemoglobin
and insulin resistance in T2DM patients [39, 55]. Furthermore, previous studies have found that
elevated plasma calcitriol levels were associated with hyperglycemia and insulin resistance [39, 55].
A deficiency of vitamin D leads to impaired ability of the pancreatic beta-cells to secrete insulin in
response to glucose [33]. It also contributes to insulin resistance by increasing the calcium
concentration in insulin-responsive tissue which decreases GLUT-4 activity [42]. Furthermore,
vitamin D and calcitriol have shown to ameliorate hepatic glucose metabolism and lipid metabolism
as well as promote pancreatic islet survival [69, 70]. Studies reported that the changes to vitamin D
and calcitriol may worsen and contribute to hyperglycaemia in T2DM [69, 70]. Hence, the changes to
plasma vitamin D, calcitriol and its association with pre-diabetes were examined in this study. The

following section describes the effects of T2DM on the functioning of calcium-regulating organs.

3.2. Effects of T2DM on calcium-regulating organs

Several investigations have indicated that T2DM causes alterations in calcium-regulating organs [10,
35, 55]. The functioning of calcium-regulating organs in T2DM is disturbed, evidenced by intestinal
calcium malabsorption, renal calcium wasting and bone deterioration [8]. The section below describes

the effects of T2DM on intestinal calcium absorption, renal calcium reabsorption and bone turnover.

3.2.1. Effects of T2DM on intestinal calcium absorption

Previous studies have shown reduced calcium absorption in the intestines of T2DM patients [71, 72].
This occurred concurrently with decreases in plasma calcitriol levels, cytoplasmic calcium-binding
proteins such as calbindin-Dg« and intracellular vitamin D receptor in enterocytes [17, 73]. Studies
have stated that hyperglycaemia in T2DM has shown to downregulate intestinal calcium-binding
proteins contributing to impaired intestinal calcium absorption [17, 73]. Efficient intestinal calcium
absorption is dependent on adequate plasma calcitriol and vitamin D levels [74]. Studies have shown
that abnormal vitamin D metabolism in T2DM impairs the ability of the intestine to absorb sufficient
calcium [9, 75]. Impaired intestinal calcium absorption contributes to the development of
hypocalcaemia [9, 75]. High levels of fructose commonly found in westernized diets make people
susceptible to intestinal calcium malabsorption [72]. Diets that contain high fructose have shown to
decrease active intestinal calcium transport and the levels of calcitriol [71, 72]. High fructose has

shown to decrease intestinal calcium transport by downregulating the expression of VDR and



calbindin-Dox [74]. Furthermore, high dietary fructose has shown to increase 24-hydroxylase and
decrease 1-alpha hydroxylase expression [39]. It was reported that fructose may have impaired
intestinal calcium absorption by enhancing the catabolism of calcitriol while impairing its synthesis
[71]. Furthermore, the physiological actions exerted by calcitriol are determined by its interaction
with the VDR [41]. A reduction in intestinal VDR expression in diabetes can alter the sensitivity of
enterocytes to calcitriol and reduce intestinal calcium absorption [39]. However, some studies have
shown an upregulation in the expression of intestinal VDR and calbindin-Dgx expression in T2DM
[74, 76]. An increase in intestinal calcium absorption was found to compensate for hypocalcaemia in
diabetes patients [39]. Since, intestinal calbindin-Dgx and VDR participate in intestinal calcium
transport; they may serve as markers of intestinal calcium absorption [74, 76]. While all these changes
have been noted in T2DM, this is not known for the pre-diabetic state. Hence, the expression of

intestinal VDR and calbindin-Dgx expression in the pre-diabetic state was investigated in this study.

3.2.2. Effects of T2DM on renal calcium reabsorption

Renal calcium wasting is a result of long-term hyperglycemia and T2DM-related disruption of the
metabolism of calciotropic hormones [8, 17]. The mechanisms responsible for renal calcium wastage
in diabetes have been extensively reviewed in literature [77, 78]. It was shown that a specific renal
tubular defect in calcium reabsorption and disturbances to vitamin D metabolism led to calcium loss
[77, 78]. Previous studies have shown decreased renal calcium reabsorption in T2DM which occurred
concurrently with decreases in renal TRPV5 expression and renal 1-alpha hydroxylase [79, 80]. It was
stated that hyperglycaemia in T2DM has shown to impair renal calcium reabsorption by
downregulating the expressions of calcium transport channels and proteins [77, 78]. In addition, it was
shown that the diabetic kidney may be resistant to the effects of calcitriol on the regulation of calcium
channels [79]. Furthermore, renal dysfunction in T2DM has shown to impair calcitriol production in
the kidney by downregulating renal 1-alpha hydroxylase expression [79]. Calcitriol deficiency impairs
renal calcium reabsorption which leads to renal calcium wastage [81]. However, interestingly other
studies have shown an increase in renal calcium reabsorption evidenced by an upregulation in renal
TRPVS5 and 1-alpha hydroxylase expression in T2DM [77, 78]. It was reported that the simultaneous
increase in renal TRPV5 and l-alpha hydroxylase suggested a compensatory response to renal
wastage and thus may serve as a marker for the detection of renal calcium wasting [77, 78]. While
changes to these markers have been noted in T2DM, this has not been investigated in the pre-diabetic
state. Hence, the expression of renal TRPV5 and 1-alpha hydroxylase in the pre-diabetic state was

investigated in this study.

3.2.3. Effects of T2DM on bone turnover
Several studies have shown that bone resorption exceeds the rate of formation in type 2 diabetes
patients [82, 83]. This was evidenced by elevated urinary deoxypyridinoline concentrations and

decreased plasma osteocalcin concentrations [59, 60]. Hyperglycaemia induces reactive oxygen

10



species (ROS) production in osteoblasts [50]. This promoted apoptosis of osteoblasts, depressed bone
mineralization and differentiation of osteoblasts [84]. Furthermore, studies have shown that during
T2DM there is an increased demand to conserve plasma calcium levels as a result there is increased
bone resorption [59, 60]. In addition, hyperparathyroidism in T2DM has shown to promote excessive
bone resorption despite normal plasma calcium levels [59, 60]. Excessive breakdown of bone and
depressed formation leads to bone weakness and increased risk of fractures [85, 86].

However, other studies have shown decreased bone resorption followed by increased bone formation
in T2DM [82, 87]. This was evidenced by decreased urinary deoxypyridinoline concentrations and
increased plasma osteocalcin concentrations [82, 87]. These studies have stated that hyperinsulinemia
in T2DM has anabolic effects on bone [48]. Insulin has shown to promote formation of bone and
inhibit resorption of bone by promoting osteoclast differentiation into osteoblasts [48]. Furthermore,
studies have shown associations between increased plasma osteocalcin levels with hyperglycaemia
and insulin resistance [88, 89]. It was shown that elevated plasma osteocalcin in diabetes ameliorates
hyperglycaemia and insulin resistance [87]. Osteocalcin increases insulin sensitivity in muscle,
stimulates insulin secretion in the pancreas promotes pancreatic beta-cell proliferation and adiponectin
secretion in adipose tissue [87]. While all these changes have been noted to calcium-regulating organs
in T2DM, studies have not elucidated the changes that occur to the functioning of these organs during
the pre-diabetic state. Hence, bone turnover was measured in this study by determining the
concentration of osteocalcin and deoxypyridinoline in the pre-diabetic state. T2DM is often preceded
by pre-diabetes; the following section describes pre-diabetes and the high-fat high-carbohydrate
(HFHC) diet-induced model of pre-diabetes.

4. Pre-diabetes

Pre-diabetes is frequently undetected and occurs before the development of T2DM [2]. It is an
intermediate hyperglycaemia due to glucose tolerance and the fasting glucose concentrations being
impaired [2]. It is a condition where the glucose concentrations are greater than the homeostatic range
but not high enough to be classified as diabetes [21]. The global prevalence of pre-diabetes in 2017
was 352.1 million which is expected to increase by 8.3% in 2045 [90]. Individuals at risk of
developing T2DM have one or more characteristics of pre-diabetes, such as 5.5-6.9 mmol/L impaired
fasting glucose, 7.8-11.1 mmol/L impaired glucose tolerance (IGT) and 5.7-6.4 percent glycated
haemoglobin (Hb1Ac), according to the American Diabetes Association (ADA) [90]. The HbAlc test
measures the amount of haemoglobin that is irreversibly attached to glucose [4]. The Hb1Ac test is
used for the diagnosis of pre-diabetes as it provides the average blood glucose levels over the past two
to three months [50]. Insulin resistance and dysfunction of pancreatic beta-cells precedes pre-diabetes

diagnosis [21].
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Obesity, sedentary lifestyle and diets rich in saturated fat and carbohydrates has shown to promote the
development of moderate hyperglycaemia [90]. High caloric diets have shown to increase
triacylceride and free fatty acid exposure to insulin-dependent tissue promoting insulin resistance
[50]. In the insulin-resistant state, standard plasma insulin would fail to stimulate a response in the
insulin-targeted peripheral tissue [91]. As a result, B-cells of the pancreas respond by secreting more
insulin in order to counteract the elevated glucose levels [92]. When the B-cells are unable to release
enough insulin to compensate for the insulin resistance, blood glucose levels begin to fluctuate [91].
This leads to hyperinsulinemia and glucotoxicity which creates an unfavourable environment leading
to alterations in B-cell function [93]. Obesity contributes to the development of pre-diabetes but also
causes a disturbance to calcium homeostasis [94]. Obesity is defined by hypertrophied adipocytes
with a dysregulated adipokine secretion profile, increased inflammatory cell recruitment and impaired
metabolic homeostasis, which leads to insulin resistance and calcium homeostasis disturbances [95].
Obesity is caused by an imbalance between food intake and energy expenditure, resulting in an
increased accumulation of adipose tissue [95]. Proinflammatory substances released by adipose tissue
can make the body less sensitive to the insulin it generates by altering the functioning of insulin-
responsive cells and their ability to respond to insulin, contributing to the development of pre-diabetes
[96]. Previous studies have linked obesity to disturbances to calcium homeostasis by promoting
vitamin D insufficiency, secondary hyperparathyroidism and hypercalcaemia [15, 97]. According to
studies, vitamin D is sequestered in adipose tissue due to its hydrophobic nature, resulting in
decreased plasma vitamin D bioavailability [98, 99]. Furthermore, studies have also shown that
plasma PTH levels increase to compensate for low plasma calcium levels induced by decreased
circulating vitamin D levels [98, 99]. Vitamin D inhibits PTH secretion from the parathyroid glands,
hence a deficit of vitamin D could lead to excessive PTH secretion in humans [99]. Furthermore,
obesity-associated increases in adipokines and proinflammatory mediators have been linked to
increased bone resorption [100]. As a result, obese patients have greater plasma calcium levels while
also having higher plasma triglyceride levels than non-obese people [100]. Interestingly, current
studies have shown that obesity was linked to interferences with intestinal calcium absorption [100,
101]. Free fatty acids have been demonstrated to create insoluble calcium soaps that are unabsorbable
and hence contribute to reduced intestinal calcium absorption [102]. These previous findings have
shown that pre-diabetic individuals are faced with the double burden of obesity which makes them

susceptible to disturbances to calcium homeostasis.

Furthermore, pre-diabetes is a risk factor for the development of overt T2DM as well as several
comorbidities related to T2DM [90]. Pre-diabetes has been linked to a 15% greater risk of acquiring
cardiovascular diseases over a 10-year follow-up period, according to studies [103]. Furthermore, a
study found that pre-diabetic patients had a three-fold increased risk of myocardial infarction than

people who are normally glucose tolerant [103]. Microvascular problems seen in T2DM, such as
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retinopathy, neuropathy, and nephropathy, have been described in the pre-diabetic state as well [3]. A
study had estimated the prevalence of microalbuminuria among patients with pre-diabetes to be 15.5%
[90]. Since T2DM-associated complications begin before the onset of diabetes mellitus (DM), it is
essential that the pre-diabetic condition is more extensively looked at to prevent some of the common
complications experienced in T2DM. Furthermore, there is insufficient research done in the pre-
diabetic state especially with regards to the changes to calcium homeostasis. Hence, this study sought
to establish the changes to calcium homeostasis using a HFHC-diet-induced pre-diabetic animal
model.

5. High-fat high-carbohydrate (HFHC) diet-induced model of pre-diabetes

Animal models are commonly used in diabetes research with rodents mostly used in this regard [104].
Animal models have been crucial in the study of physiological and pathophysiological states in
research [5, 104]. Animal models have been found to resemble human disease conditions and are thus
widely used to research physiological systems and disease states in humans [105]. Genetically
induced models and diet-induced models are two types of animal models used to study T2DM [104,
106]. The Zucker fatty rat, the Kuo Kondo (KK) mouse and the db/db mouse are genetically
engineered animal models that acquire T2DM symptoms as a result of a satiety hormone deficiency
that leads to hyperphagia and obesity [104, 106]. Diet-induced animal models of T2DM include
obesogenic diets which contain high calories, fat, sugar and carbohydrate content [104, 106]. Studies
have shown that these diets induce T2DM by promoting insulin resistance, obesity and dyslipidemia
[5, 104]. Male Sprague Dawley rats are employed in diabetes studies due to their genetic variability,
which matches the human condition of T2DM [5, 104]. Furthermore, male Sprague Dawley rats were
preferred over the use of female rats in diabetes research due to several factors [107]. Male rats have a
more stable hormonal profile in comparison to female subjects [108]. Due to change of hormones
during the menstrual cycle, female rats were not used [108]. This study focused on pre-diabetes which
includes the early development of insulin resistance. Male rats tend to develop more pronounced
insulin resistance whilst females show a greater loss of insulin release and beta cell mass [109].

Furthermore, female rats develop obesity over a longer duration of time than male rats [109].

Studies have demonstrated that diet-induced diabetes models are better suited as a model for pre-
diabetes in humans because of their strong link with obesity [5, 104]. Several studies have found that
a high fat diet (HFD) and high carbohydrate diet (HCD) can cause pre-diabetes, as evidenced by
moderate hyperglycemia and an aberrant lipid profile [5, 104]. Obesity induced by diets high in fat
and carbohydrates have shown to be associated with metabolic failure, multiple endocrine alterations
and changes in the concentration of circulating hormones[110]. Obesity-induced metabolic failure
promotes cellular senescence through cell-cycle arrest and proinflammatory reaction [111]. Several

studies have shown that excess adiposity has been linked to disturbed to calcium homeostasis through
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reduced circulating vitamin D levels [98, 99]. Metabolic failure associated with obesity has shown to
decrease the synthesis of vitamin D due to cell senescence [96]. The intake of HFHC diets highlights
the double burden of obesity and calcium homeostatic dysfunction [96]. Furthermore, studies have
shown that inducing pre-diabetes with a combination of both high fat and high carbohydrate content is
an efficient way to induce pre-diabetes and best describes the clinical manifestations of the human
condition of pre-diabetes [5, 104]. Interestingly, studies have confirmed that the combined effect of
surplused fat and carbohydrates added to diets supplemented with 15% fructose presented the most
severe symptoms such as hyperglycaemia, insulin resistance, hypercholesterolaemia and higher
inflammatory mediators levels in comparison to each diet used separately [5, 106]. Sprague Dawley
rats fed HFHC supplemented with 15% fructose had deranged fasting glucose concentrations and
glucose tolerance after week 20, according to several studies conducted in our laboratory [5, 104].
Furthermore, studies in our laboratory using this model have shown that many of the complications
associated with T2DM begin in the pre-diabetic state [5, 104]. This model was used to study renal
function and the renin-angiotensin aldosterone system (RAAS) and found that renal dysfunction and
activated RAAS begins in the pre-diabetic state [19-22, 112]. Furthermore, another study using this
model had shown that immune changes in T2DM begin in the pre-diabetic state [5, 104]. This
warrants that use of the HFHC-diet induced pre-diabetic animal model in this study to investigate the

changes to calcium homeostasis in the pre-diabetic state.

6. Basis of the study

Bidirectional calcium fluxes, which occur in the intestine, bone and kidney, regulate calcium
homeostasis [17]. As the prevalence of T2DM increases worldwide, there is an urgency to stop T2DM
development. Pre-diabetes is asymptomatic and as a result many pre-diabetic individuals progress
towards the development of T2DM and develop its associated complications because they are
unaware that they have pre-diabetes [90]. Research on pre-diabetes is important as it is a reversible
stage and may aid in the prevention of T2DM [90]. Several studies have shown that T2DM disturbs
calcium homeostasis by disrupting the functioning of calciotropic hormones and calcium-regulating
organs; however, this is not known for the pre-diabetic state [10, 11]. Furthermore, altered levels of
calciotropic hormones have shown to exacerbate hyperglycaemia as well as lead to pathological
changes to calcium-regulating organs. Investigating calcium homeostasis in the pre-diabetic state may
help researchers to understand whether these changes begin before overt T2DM. By understanding the
changes that occur to calcium homeostasis in pre-diabetes, we may be able to target and prevent the
processes that contribute to T2DM-related complications. Novel therapeutic drugs may be created to
alleviate conditions such as hypocalcaemia, osteoporosis and insulin resistance by targeting processes
involved in calcium homeostasis. This study utilized the HFHC diet to induce intermediate
hyperglycaemia in rats in order to study calcium homeostasis. The HFHC was chosen based on the

similarity to the metabolic manifestation of the human condition of pre-diabetes. Hence, this study
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was conducted based on that no studies have addressed the changes to calcium homeostasis during
diet-induced pre-diabetes. The markers chosen to be investigated in this study are based on literature
findings mentioned above and their involvement in maintaining calcium homeostasis. Findings,
therefore, will possibly reveal whether changes to calcium homeostasis begin in the pre-diabetic state.
This study is divided into two manuscripts, one which focuses on the changes to calciotropic
hormones and the other on the changes to the functioning of calcium-regulating organs.

7. Aim

To investigate the effects of diet-induced pre-diabetes on calciotropic hormones and the functioning
of calcium-regulating organs in a pre-diabetic rat model, in attempt to ellucidate the changes to

calcium homeostasis in the pre-diabetic state.

8. Objectives
Study 1.
e To measure HbAlc, plasma insulin and glucose, to determine insulin resistance
e To measure plasma and urinary calcium concentration in the pre-diabetic (PD) and non-pre-
diabetic (NPD group), to determine the body’s overall calcium status
e To measure plasma parathyroid hormone, calcitonin, calcitriol and vitamin D concentrations
in the PD and NPD group, to determine the levels of calciotropic hormones
e To determine the association between calciotropic hormone levels with HbAlc and HOMA-
IR
Study 2.
e To measure plasma fasting glucose, insulin and glucose tolerance, to determine glucose
homeostasis
e To measure plasma and urine calcium in the PD and NPD group, to determine calcium status
e To quantify bone turnover by-products (deoxypyridinoline and osteocalcin) in the PD and
NPD group, to evaluate bone function
e To determine the expression of intestinal calbindin-Dg« and VDR mRNA expression in the PD
and NPD group, to evaluate intestinal calcium transport function
e To determine the expression of renal 1-alpha hydroxylase mMRNA expression in the PD and
NPD group, to evaluate kidney function
e To determine the expression of renal TRPV5 mRNA expression in the PD and NPD group, to
evaluate Kidney calcium transport
9. Hypothesis
During the pre-diabetic state there will be changes to calciotropic hormones and calcium-regulating

organs, indicative of disturbed calcium homeostasis
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10. Laboratory methods
All laboratory methods involved in this study are detailed in the respective manuscripts within the
dissertation.

11. References

1. David L. 2019 ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases
developed in collaboration with the EASD. European heart journal. 2020;41(2):255-323.
2. Centers for Disease Control Prevention. National diabetes fact sheet: national estimates and

general information on diabetes and prediabetes in the United States, 2011. Atlanta, GA: US
department of health human services, centers for disease control prevention. 2011;201(1):2568-9.

3. Ferrannini E, Gastaldelli A, lozzo P. Pathophysiology of prediabetes. The Medical clinics of
North America. 2011;95(2):327-39, vii-viii.

4. Bansal N. Prediabetes diagnosis and treatment: A review. World journal of diabetes.
2015;6(2):296.

5. Islam MS, Venkatesan V. Experimentally-induced animal models of prediabetes and insulin
resistance: a review. Acta Pol Pharm. 2016;73(4):827-34.

6. Czech MP. Insulin action and resistance in obesity and type 2 diabetes. Nat Med.
2017;23(7):804-14.

7. Veldurthy V, Wei R, Oz L, Dhawan P, Jeon YH, Christakos S. Vitamin D, calcium
homeostasis and aging. Bone research. 2016;4(1):1-7.

8. Yamada H, Funazaki S, Suzuki D, Saikawa R, Yoshida M, Kakei M, et al. Association

between Urinary Calcium Excretion and Estimated Glomerular Filtration Rate Decline in Patients
with Type 2 Diabetes Mellitus: A Retrospective Single-center Observational Study. J Clin Med.
2018;7(7):171.

9. Moe SM. Calcium Homeostasis in Health and in Kidney Disease. Comprehensive
Physiology. 2016;6(4):1781-800.

10. Peacock M. Calcium metabolism in health and disease. Clinical Journal of the American
Society of Nephrology. 2010;5(Supplement 1):S23-S30.

11. Yoon V, Adams-Huet B, Sakhaee K, Maalouf NM. Hyperinsulinemia and urinary calcium
excretion in calcium stone formers with idiopathic hypercalciuria. The Journal of Clinical
Endocrinology Metabolism: clinical and experimental. 2013;98(6):2589-94.

12. Wimalawansa S. Associations of vitamin D with insulin resistance, obesity, type 2 diabetes,
and metabolic syndrome. The Journal of steroid biochemistry molecular biology. 2018;175:177-89.
13. Villarroel P, Villalobos E, Reyes M, Cifuentes M. Calcium, obesity, and the role of the

calcium-sensing receptor. Nutrition reviews. 2014;72(10):627-37.

16



14. Reinehr T, de Sousa G, Alexy U, Kersting M, Andler W. Vitamin D status and parathyroid
hormone in obese children before and after weight loss. European Journal of Endocrinology.
2007;157(2):225-32.

15. Grethen E, McClintock R, Gupta CE, Jones R, Cacucci BM, Diaz D, et al. Vitamin D and
hyperparathyroidism in obesity. The Journal of Clinical EndocrinologybMetabolism: clinical and
experimental. 2011;96(5):1320-6.

16. Ghergherechi R, Hazhir N, Tabrizi A. Comparison of vitamin D deficiency and secondary
hyperparathyroidism in obese and non-obese children and adolescents. Pakistan journal of biological
sciences: PJBS. 2012;15(3):147-51.

17. Wongdee K, Krishnamra N, Charoenphandhu N. Derangement of calcium metabolism in
diabetes mellitus: negative outcome from the synergy between impaired bone turnover and intestinal
calcium absorption. The Journal of Physiological Sciences. 2017;67(1):71-81.

18. Luvuno M, Mabandla M, Khathi A. Voluntary ingestion of a high-fat high-carbohydrate diet:
A model for prediabetes. J Ponte. 2018;74.

19. Gamede M, Mabuza L, Ngubane P, Khathi A. The effects of plant-derived oleanolic acid on
selected parameters of glucose homeostasis in a diet-induced pre-diabetic rat model. Molecules.
2018;23(4):794.

20. Mosili P, Mkhize BC, Ngubane P, Sibiya N, Khathi A. The Dysregulation of the
Hypothalamic-pituitary-adrenal Axis in Diet-induced Prediabetic Male Sprague Dawley Rats. 2020.
21. Mkhize B, Mosili P, Ngubane P, Sibiya N, Khathi A. Diet-induced prediabetes: Effects on the
systemic and renal renin-angiotensin-aldosterone system. 2020.

22. Akinnuga AM, Siboto A, Khumalo B, Sibiya NH, Ngubane P, Khathi A. Ameliorative Effects
of Bredemolic Acid on Markers Associated with Renal Dysfunction in a Diet-Induced Prediabetic Rat
Model. Oxidative Medicine Cellular Longevity. 2020;2020.

23. Gosink J. Parathyroid hormone, calcitonin and vitamin D testing in calcium and bone
metabolic disorders. Medlab magazine. 2015;2:26-8.

24. Hus A, Tahleel B, Hasan AEI, Albagir EH, Mohammad MA, Salah S, et al. Serum Calcium
Level in Type 2 Diabetes Mellitus in Khartoum State. Clin Microbiol. 2019;8(332):2.

25. Ahn C, Kang JH, Jeung EB. Calcium homeostasis in diabetes mellitus. Journal of veterinary
science. 2017;18(3):261-6.
26. Arruda A, Hotamisligil G. Calcium homeostasis and organelle function in the pathogenesis of

obesity and diabetes. Cell Metab. 2015;22(3):97-381.

27. Peacock M. Calcium metabolism in health and disease. Clin J Am Soc Nephrol 2010;5:523—
S30.

28. Khan M, Sharma S. Physiology, parathyroid hormone (PTH). StatPearls [Internet]: StatPearls
Publishing; 2019.

17



29. Hus A, Tahleel B, Hasan A, Albagir E, Mohammad M, Salah S, et al. Serum Calcium Level
in Type 2 Diabetes Mellitus in Khartoum State. Clin Microbiol. 2019;8(332):2.

30. Gosink J. Parathyroid hormone, calcitonin and vitamin D testing in calcium and bone
metabolic disorders. MEDLAB MAGAZINE. 2015.

31. Felsenfeld AJ, Levine BS. Calcitonin, the forgotten hormone: does it deserve to be forgotten?
Clinical kidney journal. 2015;8(2):180-7.

32. Daniels GH, Hegedus L, Marso SP, Nnauck MA, Bergenstal RM, Mann JFE, et al. Leader 2:
baseline calcitonin in 930 people with type 2 diabetes enrolled in the Liraglutide Effect and Acion in
Diabetes: Evualtion of cardiovascular outcome Results (Leader)trail: preliminary observation.
2015;17(5):477-86.

33. Danescu LG, Levy S, Levy J. Vitamin D and diabetes mellitus. Endocrine. 2009;35(1):11-7.
34. Mohammedsaeed W, Alnakly H. Impact of Vitamin D on Calcium, Parathyroid Hormone and
Lipid Profile Levels among Saudi-females with Type 2 Diabetes. Endocrinol Metab Syndr.
2019;8(305):2161-1017.19.

35. Wongdee K, Krishnamra N, Charoenphandhu NJTJoPS. Derangement of calcium metabolism
in diabetes mellitus: negative outcome from the synergy between impaired bone turnover and
intestinal calcium absorption. 2017;67(1):71-81.

36. Keller J, Schinke T. The role of the gastrointestinal tract in calcium homeostasis and bone
remodeling. Osteoporosis international : a journal established as result of cooperation between the
European Foundation for Osteoporosis and the National Osteoporosis Foundation of the USA.
2013;24(11):2737-48.

37. Christakos S, Dhawan P, Porta A, Mady LJ, Seth T. Vitamin D and intestinal calcium
absorption. Mol Cell Endocrinol. 2011;347(1-2):25-9.

38. Corbeels K, Verlinden L, Lannoo M, Simoens C, Matthys C, Verstuyf A, et al. Thin bones:
vitamin D and calcium handling after bariatric surgery. Bone reports. 2018;8:57-63.

39. Saponaro F, Saba A, Zucchi RJIJoMS. An Update on Vitamin D Metabolism.
2020;21(18):6573.

40. Dominguez LJ, Farruggia M, Veronese N, Barbagallo M. Vitamin D Sources, Metabolism,
and Deficiency: Available Compounds and Guidelines for Its Treatment. Metabolites.
2021;11(4):255.

41. Dusso AS. Kidney disease and vitamin D levels: 25-hydroxyvitamin D, 1,25-
dihydroxyvitamin D, and VDR activation. Kidney Int Suppl (2011). 2011;1(4):136-41.

42, Thakkinstian A, Anothaisintawee T, Chailurkit L, Ratanachaiwong W, Yamwong S, Sritara P,
et al. Potential causal associations between vitamin D and uric acid: Bidirectional mediation analysis.
Scientific Reports. 2015;5(1):14528.

43. Jeon US. Kidney and calcium homeostasis. Electrolyte Blood Press. 2008;6(2):68-76.

18



44, Cipriani C, Colangelo L, Santori R, Renella M, Mastrantonio M, Minisola S, et al. The
interplay between bone and glucose metabolism. Frontiers in Endocrinology. 2020;11:122.

45, Hie M, Tsukamoto I. Increased expression of the receptor for activation of NF-kB and
decreased runt-related transcription factor 2 expression in bone of rats with streptozotocin-induced
diabetes. International journal of molecular medicine. 2010;26(4):611-8.

46. Jagtap VR, Ganu JV, Nagane NS. BMD and serum intact osteocalcin in postmenopausal
osteoporosis women. Indian Journal of Clinical Biochemistry. 2011;26(1):70-3.

47, Eick GN, Madimenos FC, Cepon-Robins TJ, Devlin MJ, Kowal P, Sugiyama LS, et al.
Validation of an enzyme-linked immunoassay assay for osteocalcin, a marker of bone formation, in
dried blood spots. American Journal of Human Biology. 2020;32(5):e23394.

48. Picke A-K, Campbell G, Napoli N, Hofbauer LC, Rauner M. Update on the impact of type 2
diabetes mellitus on bone metabolism and material properties. Endocr Connect. 2019;8(3):R55-R70.
49, Kadhem ZA. Evaluation of Bone Resorption in Type | diabetes Mellitus Patients by
Measuring Urinary Total Deoxypyridinoline (U. DPD) as a Biomarker of Bone Resorption.
University of Thi-Qar Journal of Science. 2018;2(4):117-24.

50. Sultan E, Taha I, Saber LM. Altered Bone Metabolic Markers In Type 2 Diabetes Mellitus:
Impact of Glycemic Control. Journal of Taibah University Medical Sciences. 2008;3(2):104-16.

51. Rydén L, Grant PJ, Anker SD, Berne C, Cosentino F, Danchin N, et al. Erratum: ESC
Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration with the
EASD (European Heart Journal (2013) 34 (3035-3087. European Heart Journal. 2014;35(27):1824.
52. Khanduker S, Ahmed R, Khondker F, Aharama A, Afrose N, Chowdhury MAA. Electrolyte
Disturbances in Patients with Diabetes Mellitus. Bangladesh Journal of Medical Biochemistry.
2017;10(1):27-35.

53. Cosentino F, Grant PJ, Aboyans V, Bailey CJ, Ceriello A, Delgado V, et al. 2019 ESC
Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration with the
EASD: The Task Force for diabetes, pre-diabetes, and cardiovascular diseases of the European
Society of Cardiology (ESC) and the European Association for the Study of Diabetes (EASD).
European heart journal. 2020;41(2):255-323.

54, He H, Liu R, Desta T, Leone C, Gerstenfeld LC, Graves DT. Diabetes Causes Decreased
Osteoclastogenesis, Reduced Bone Formation, and Enhanced Apoptosis of Osteoblastic Cells in
Bacteria Stimulated Bone Loss. Endocrinology. 2004;145(1):447-52.

55. De Brito Galvao JF, Nagode LA, Schenck PA, Chew DJ. Calcitriol, calcidiol, parathyroid
hormone, and fibroblast growth factor-23 interactions in chronic kidney disease. J Vet Emerg Crit
Care (San Antonio). 2013;23(2):134-62.

56. Schaerstrom R, Hamfelt A, Séderhjelm L. Parathyroid hormone and calcitonin in diabetes

mellitus. Upsala journal of medical sciences. 1986;91(1):99-104.

19



57. Reis JP, Selvin E, Pankow JS, Michos ED, Rebholz CM, Lutsey PL. Parathyroid hormone is
associated with incident diabetes in white, but not black adults: The Atherosclerosis Risk in
Communities (ARIC) Study. Diabetes Metab. 2016;42(3):162-9.

58. Cunningham J, Locatelli F, Rodriguez M. Secondary hyperparathyroidism: pathogenesis,
disease progression, and therapeutic options. Clinical Journal of the American Society of Nephrology.
2011;6(4):913-21.

59. Cassidy FC, Shortiss C, Murphy CG, Kearns SR, Curtin W, De Buitléir C, et al. Impact of
Type 2 Diabetes Mellitus on Human Bone Marrow Stromal Cell Number and Phenotypic
Characteristics. Int J Mol Sci. 2020;21(7):2476.

60. Kannikar W, Krishnamra N, Charoenphandhu N. Derangement of calcium metabolism in
diabetes mellitus: negative outcome from the synergy between impaired bone turnover and intestinal
calcium absorption. Journal of physiological science. 2017;67(1):71-81.

61. Atmaca M, Acar I, Géniiltas E, Seven I, Ugler R, Ebing S, et al. Type 2 diabetes mellitus and
functional hypoparathyroidism. 2014;18:116-20.

62. Atmaca M, Acar I, Géniiltas E, Seven I, Ugler R, Ebing S, et al. Type 2 diabetes mellitus and
functional hypoparathyroidism. Turk Jem. 2014;18:116-20.

63. Hussain A, Latiwesh OB, Ali A, Tabrez E, Mehra L, Nwachukwu F. Parathyroid Gland
Response to Vitamin D Deficiency in Type 2 Diabetes Mellitus: An Observational Study. Cureus.
2018;10(11):e3656-¢.

64. Daniels G, Hegedis L, Marso S, Nauck M, Zinman B, Bergenstal R, et al. LEADER 2:
baseline calcitonin in 9340 people with type 2 diabetes enrolled in the L iraglutide E ffect and A ction
in D iabetes: E valuation of cardiovascular outcome R esults (LEADER) trial: preliminary
observations. J Diabetes, Obesity Metabolism. 2015;17(5):477-86.

65. Al-Attaby A, Al-Lami MJTIJoAS. Role of calcium-regulating hormones, adipocytokines and
renal function test in the progress of type 2 diabetes mellitus in a sample of lragi patients.
2019;50(1):343-51.

66. Al-Hariri M, Eldin TG, Abu-Hozaifa B, Elnour A. Glycemic control and anti-osteopathic
effect of propolis in diabetic rats. Diabetes, metabolic syndrome obesity: targets therapy. 2011;4:377.
67. Daniels GH, Hegedus L, Marso SP, Nauck MA, Zinman B, Bergenstal RM, et al. LEADER 2:
baseline calcitonin in 9340 people with type 2 diabetes enrolled in the Liraglutide Effect and Action in
Diabetes: Evaluation of cardiovascular outcome Results (LEADER) trial: preliminary observations.
Diabetes Obes Metab. 2015;17(5):477-86.

68. Anderson RL, Ternes SB, Strand KA, Rowling MJ. Vitamin D homeostasis is compromised
due to increased urinary excretion of the 25-hydroxycholecalciferol-vitamin D-binding protein
complex in the Zucker diabetic fatty rat. American Journal of Physiology-Endocrinology Metabolism.
2010;299(6):E959-E67.

20



69. Anderson RL, Ternes SB, Strand KA, Rowling MJ. Vitamin D homeostasis is compromised
due to increased urinary excretion of the 25-hydroxycholecalciferol-vitamin D-binding protein
complex in the Zucker diabetic fatty rat. American Journal of Physiology-Endocrinology and
Metabolism. 2010;299(6):E959-E67.

70. Shanthi B, Revathy C, Devi AJM, Parameshwari PJ, Stephen T. Serum 25 (OH) D and type 2
diabetes mellitus. Journal of Clinical Diagnostic Research. 2012;6(5):774-6.

71. Hong E-J, Jeung E-B. Biological significance of calbindin-D9k within duodenal epithelium.
Int J Mol Sci. 2013;14(12):23330-40.

72. Diaz de Barboza G, Guizzardi S, Moine L, Tolosa de Talamoni N. Oxidative stress,
antioxidants and intestinal calcium absorption. World J Gastroenterol. 2017;23(16):2841-53.

73. Douard V, Asgerally A, Sabbagh Y, Sugiura S, Shapses SA, Casirola D, et al. Dietary
fructose inhibits intestinal calcium absorption and induces vitamin D insufficiency in CKD. Journal of
the American Society of Nephrology. 2010;21(2):261-71.

74. de Barboza GD, Guizzardi S, de Talamoni NT. Molecular aspects of intestinal calcium
absorption. World Journal of Gastroenterology: WJG. 2015;21(23):7142.

75. Takiishi T, Gysemans C, Bouillon R, Mathieu C. Vitamin D and diabetes. Rheumatic Disease
Clinics. 2012;38(1):179-206.

76. Stone LA, Weaver VM, Bruns E, Christakos S, Welsh J. Vitamin D receptors and
compensatory tissue growth in spontaneously diabetic BB rats. Annals of nutrition metabolism.
1991;35(4):196-202.

77. Lee C, Lien YH, Lai L, Chen J, Lin C, Chen H. Increased renal calcium and magnesium
transporter abundance in streptozotocin-induced diabetes mellitus. Kidney international.
2006;69(10):1786-91.

78. Wilson PC, Wu H, Kirita Y, Uchimura K, Ledru N, Rennke HG, et al. The single-cell
transcriptomic landscape of early human diabetic nephropathy. Proceedings of the National Academy
of Sciences. 2019;116(39):19619-25.

79. Nijenhuis T, Hoenderop JG, Bindels RJ. Downregulation of Ca2+ and Mg2+ transport
proteins in the kidney explains tacrolimus (FK506)-induced hypercalciuria and hypomagnesemia.
Journal of the American Society of Nephrology. 2004;15(3):549-57.

80. Raskin P, Stevenson MR, Barilla DE, Pak CY. The hypercalciuria of diabetes mellitus: its
amelioration with insulin. Clin Endocrinol (Oxf). 1978;9(4):329-35.

81. Chen W, Roncal-Jimenez C, Lanaspa M, Gerard S, Chonchol M, Johnson RJ, et al. Uric acid
suppresses 1 alpha hydroxylase in vitro and in vivo. Metabolism. 2014;63(1):150-60.

82. Sanches CP, Vianna AGD, Barreto FdC. The impact of type 2 diabetes on bone metabolism.
Diabetol Metab Syndr. 2017;9:85-.

21



83. Capoglu I, Ozkan A, Ozkan B, Umudum Z. Bone turnover markers in patients with type 2
diabetes and their correlation with glycosylated haemoglobin levels. Journal of International Medical
Research. 2008;36(6):1392-8.

84. Lieben L, Masuyama R, Torrekens S, Van Looveren R, Schrooten J, Baatsen P, et al.
Normocalcemia is maintained in mice under conditions of calcium malabsorption by vitamin D—
induced inhibition of bone mineralization. The Journal of clinical investigation. 2012;122(5):1803-15.
85. Rathinavelu S, Guidry-Elizondo C, Banu J. Molecular Modulation of Osteoblasts and
Osteoclasts in Type 2 Diabetes. Journal of Diabetes Research. 2018;2018:6354787.

86. Anderson PH. Vitamin D activity and metabolism in bone. Curr Osteoporos Rep.
2017;15(5):443-9.

87. Ivaska KK, Helidvaara MK, Ebeling P, Bucci M, Huovinen V, Véé&nénen HK, et al. The
effects of acute hyperinsulinemia on bone metabolism. Endocrine connections. 2015;4(3):155-62.

88. Kanazawa |, Yamaguchi T, Tada Y, Yamauchi M, Yano S, Sugimoto T. Serum osteocalcin
level is positively associated with insulin sensitivity and secretion in patients with type 2 diabetes.
Bone. 2011;48(4):720-5.

89. Wang Q, Zhang B, Xu Y, Xu H, Zhang N. The relationship between serum osteocalcin
concentration and glucose metabolism in patients with type 2 diabetes mellitus. International journal
of endocrinology. 2013;2013.

90. Stefanaki C, Bacopoulou F, Peppa M. Prediabetes and adolescence—trends, causes, effects,
and screening. US Endocrinology. 2016;12(2):94-8.

91. Stabley JN, Prisby RD, Behnke BJ, Delp MD. Type 2 diabetes alters bone and marrow blood
flow and vascular control mechanisms in the ZDF rat. The Journal of endocrinology. 2015;225(1):47-
58.

92. Bhansali A, Dutta P. Pathophysiology of prediabetes. Journal of the Indian Medical
Association. 2005;103(11):594-5, 9.

93. Abdul-Ghani MA, DeFronzo RA. Pathophysiology of prediabetes. Current Diabetes Reports.
2009;9(3):193-9.

94, Hultin H, Edfeldt K, Sundbom M, Hellman P. Left-shifted relation between calcium and
parathyroid hormone in obesity. The Journal of Clinical Endocrinology Metabolism: clinical and
experimental. 2010;95(8):3973-81.

95. Lafontan M. Adipose tissue and adipocyte dysregulation. Diabetes metabolism: clinical and
experimental. 2014;40(1):16-28.
96. Wu H, Ballantyne CM. Metabolic inflammation and insulin resistance in obesity. Circulation

research. 2020;126(11):1549-64.
97. Camici M, Galetta F, Franzoni F, Carpi A. Obesity paradox. Integr Obesity Diabetes.
2015;1(3):61-5.

22



98. Vrani¢ L, Mikolasevi¢ I, Mili¢ S. Vitamin D deficiency: consequence or cause of obesity?
Medicina. 2019;55(9):541.

99. Bonnet L, Hachemi MA, Karkeni E, Couturier C, Astier J, Defoort C, et al. Diet induced
obesity modifies vitamin D metabolism and adipose tissue storage in mice. The Journal of steroid
biochemistry molecular biology. 2019;185:39-46.

100. Cao JJ. Effects of obesity on bone metabolism. Journal of orthopaedic surgery research.
2011;6(1):1-7.

101.  Vanlint S. Vitamin D and obesity. Nutrients. 2013;5(3):949-56.

102.  Petit V, Sandoz L, Garcia-Rodenas CL. Importance of the regiospecific distribution of long-
chain saturated fatty acids on gut comfort, fat and calcium absorption in infants. Prostaglandins,
Leukotrienes Essential Fatty Acids. 2017;121:40-51.

103. Kabadi UM. Major Pathophysiology in Prediabetes and Type 2 Diabetes: Decreased Insulin
in Lean and Insulin Resistance in Obese. Journal of the Endocrine Society. 2017;1(6):742-50.

104. Luvuno M, Mabandla M, Khathi A. Voluntary ingestion of a high-fat high-carbohydrate diet:
A model for prediabetes. J Ponte Int Sci Res J. 2018;74.

105. Tan BL, Norhaizan ME, Liew W-P-P. Nutrients and Oxidative Stress: Friend or Foe? Oxid
Med Cell Longev. 2018;2018:9719584-.

106.  Ble-Castillo JL, Aparicio-Trapala MA, Juadrez-Rojop IE, Torres-Lopez JE, Mendez JD,
Aguilar-Mariscal H, et al. Differential effects of high-carbohydrate and high-fat diet composition on
metabolic control and insulin resistance in normal rats. International journal of environmental
research public health. 2012;9(5):1663-76.

107. Kleinert M, Clemmensen C, Hofmann SM, Moore MC, Renner S, Woods SC, et al. Animal
models of obesity and diabetes mellitus. Nature Reviews Endocrinology. 2018;14(3):140-62.

108.  Becker JB, Prendergast BJ, Liang JW. Female rats are not more variable than male rats: a
meta-analysis of neuroscience studies. Biology of sex differences. 2016;7(1):1-7.

109. Gannon M, Kulkarni RN, Tse HM, Mauvais-Jarvis F. Sex differences underlying pancreatic
islet biology and its dysfunction. Mol Metab. 2018;15:82-91.

110. Kalupahana NS, Moustaid-Moussa N, Claycombe KJ. Immunity as a link between obesity
and insulin resistance. Molecular aspects of medicine. 2012;33(1):26-34.

111.  Thiriet M. Hyperlipidemias and Obesity. VVasculopathies. 2019;8:331-548.

112.  Mzimela NC, Ngubane PS, Khathi A. The changes in immune cell concentration during the
progression of pre-diabetes to type 2 diabetes in a high-fat high-carbohydrate diet-induced pre-
diabetic rat model. Autoimmunity. 2019;52(1):27-36.

23



CHAPTER 2: MANUSCRIPT 1
PROLOGUE

The habitual consumption of high-caloric diets have been associated with the development of type 2
diabetes (T2DM). The failure of a multitude of organ systems and physiological functions, including
calcium homeostasis, has been related to T2DM. The same high caloric diets have shown to instigate
the development of pre-diabetes, a moderate hyperglycaemic state which precedes the onset of
T2DM. Furthermore, derangements observed in T2DM such as insulin resistance and hyperglycaemia
have shown to be linked to disturbances to calciotropic hormones. Thus, a thorough assessment of
previous literature was carried out to determine the effects of T2DM on calcium homeostasis with
regards to the changes to calciotropic hormones. However, there is no scientific findings that show the
changes to calciotropic hormones in the pre-diabetic state. Therefore, chapter 2 was conducted to
investigate the effects of diet-induced pre-diabetes on calciotropic hormones to establish the

physiological functions in a diet-induced pre-diabetic animal model.

The manuscript in Chapter 2 is titled “Investigating the effects of diet-induced pre-diabetes on
calciotropic hormones in male Sprague Dawley rats” and is authored by K Naidoo, Ngubane PS
and Khathi A.

The manuscript is currently under review in the Journal of Experimental Clinical Endocrinology
and Diabetes and has been formatted according to the journals guidelines for authors. See Appendix
2
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Abstract

Calcium homeostasis is disturbed emanating from altered calciotropic hormone concentrations in type
2 diabetes mellitus (T2DM), a condition preceded by pre-diabetes. Disrupted calcium homeostasis has
shown to promote insulin resistance and hyperglycaemia. However, the changes to calciotropic
hormones in the pre-diabetic state is not known yet. Hence, this study investigated the effects of diet-
induced pre-diabetes on calciotropic hormones in a pre-diabetic rat model. Furthermore, this study
also sought to determine the association of calciotropic hormones with glycated haemoglobin
(HbA1c) and insulin resistance during pre-diabetes. Male Sprague Dawley rats (n=12) were randomly
assigned to one of the two groups (n=6, per group): pre-diabetic (PD) and non-pre-diabetic (NPD).
Fasting blood glucose (FBG), insulin, HbAlc and the homeostatic model assessment for insulin
resistance (HOMA-IR) in addition to urine calcium, plasma calcium, parathyroid hormone (PTH),
calcitonin, vitamin D and calcitriol concentrations were analysed at week 20. Correlation analysis was
performed to examine the associations of calciotropic hormones with HOMA-IR and HbAlc. The
results demonstrated increased concentrations of HbAlc, FBG, insulin and HOMA-IR in the PD
group by comparison to NPD. Furthermore, plasma PTH, calcitonin, urine calcium, calcitriol and
vitamin D levels increased along with unchanged plasma calcium concentrations in the PD group by
comparison to NPD. Plasma PTH and calcitonin levels were positively correlated with HbAlc but not
with HOMA-IR in the PD group. In addition, plasma calcitriol levels were negatively correlated with
HbAlc in the PD group. These observations suggest that calcium homeostasis is disturbed in diet-
induced pre-diabetes but the body compensates for the changes by inducing an increase in calciotropic
hormone levels. Furthermore, pre-diabetes may promote the development of hyperglycemia in T2DM

through altering calciotropic hormone levels.

Keywords: Calcium homeostasis, calciotropic hormones, high-fat high carbohydrate diet, pre-

diabetes
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Introduction

Pre-diabetes is a state that exists between normoglycaemia and T2DM, and it occurs before T2DM
develops [1]. This condition is characterised by impaired fasting glucose (IFG), impaired glucose
tolerance (IGT) and elevated glycated haemoglobin (HbAlc) concentrations [2]. Pre-diabetes and
type 2 diabetes are linked to sedentary lifestyles and the consumption of high-fat and high-
carbohydrate diets [3]. The International Diabetes Federation (IDF) estimates that by 2030 over 578
million people worldwide are expected to have diabetes, while it is further anticipated that over 470
million people would be pre-diabetic by 2050 [4]. A positive correlation has been noted between

altered calcium homeostasis, abnormal blood glucose levels, insulin resistance and B-cell dysfunction

2.

Calcium homeostasis is regulated by calciotropic hormones, namely parathyroid hormone (PTH),
calcitonin and 1,25-dihydroxyvitamin D3 also known as calcitriol which act on the intestine, kidney
and bone [5]. Increased renal calcium reabsorption, intestine absorption and breakdown of bone allow
plasma calcium levels to be conserved as a result of these interactions [6]. Several studies have shown
that calcium homeostasis is disturbed in T2DM and have used calciotropic hormones as markers to
study the overall calcium status of the body [7, 8]. Studies have shown changes to plasma calcium,
urinary calcium and calciotropic hormone levels in T2DM individuals [9, 10]. Alterations to
calciotropic hormone concentrations may occur due to pathological changes that occur to the organs
which synthesis these hormones or as a compensatory response to disturbed plasma calcium levels in
T2DM [11, 12]. Furthermore, studies have shown that derangements to calciotropic hormone levels
may exacerbate insulin resistance in the diabetic state [6, 7]. Optimal intracellular levels of calcium
are required for the adequate functioning of pancreatic beta (f)-cells as well as insulin-responsive
tissue such as the liver and skeletal muscles [13]. There are various processes that are dependent on

calcium in the body that would be impaired by calcium homeostasis being interrupted [13].

In our laboratory, a pre-diabetic model of the human condition of pre-diabetes was created by feeding
rats a high-fat high-carbohydrate diet [14, 15]. Several investigations employing this model have
found that various complications associated with T2DM begin in the pre-diabetic stage [15, 16]. In
the diabetic state, the changes to calcium homeostasis and the association of calciotropic hormones
with glycated haemoglobin (HbALc) and insulin resistance have been well documented [9, 10].
However, these changes have not yet been investigated during the pre-diabetic state. Hence, this study
aimed to investigate the effects of diet-induced pre-diabetes on calciotropic hormones in a pre-
diabetic rat model. Furthermore, this study also sought to determine the association of calciotropic

hormones with glycated haemoglobin (HbA1c) and insulin resistance in a pre-diabetic rat model.
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Materials and Methods

Animals and housing

This study employed male Sprague-Dawley rats (150-180g) which were bred and housed at the
University of KwaZulu-Natal Biomedical Research Unit (BRU). Male rats were selected due to their
more stable hormonal profile in comparison to female subjects. The animals were kept under standard
laboratory conditions, which included a constant temperature of 22+2°C, a carbon dioxide (CO2)
content of <5000 p.m, a relative humidity of 55 = 5% and illumination (12 hour light/dark cycle,
lights on at 07h00). The noise level was maintained at less than 65 decibels. The animals were
allowed access to food and fluids ad libitum. The Animal Research Ethics Committee of the
University of KwaZulu-Natal (ETHICS#: AREC/024/018D) approved all animal experimentation.
The animals were allowed to acclimatize to their new environment for 1 week while consuming
standard rat chow and tap water before exposure to the experimental diets [14]. The procedures
involving animal care followed the University of KwaZulu-Natal’s institutional guidelines for animal

care.

Induction of pre-diabetes

For an experimental period of 20 weeks, rats were randomly divided into two groups (n=6, per group)
and fed their respective diets. Experimental pre-diabetes was induced in the animals using a
previously described protocol by Luvuno et al. 2017 [14]. To induce pre-diabetes, one group was fed
a high-fat high-carbohydrate (HFHC) diet supplemented with 15% fructose enriched water (AVI
Products (Pty) Ltd, Waterfall, South Africa), whereas the other group was fed a standard rat chow
and tap water. The animals were evaluated for pre-diabetes after 20 weeks using the American
Diabetes Association (ADA) criteria. Animals with a fasting blood glucose concentration of 5.6 to 6.9
mmol/L, oral glucose tolerance test (OGTT) 2-h glucose concentration of 7.8 to 11.0 mmol/L and a
glycated haemoglobin concentration of 5.7 to 6.4% were regarded as pre-diabetic. The animals that

were fed the standard diet were also tested at week 20 to confirm normoglycaemia.

Experimental design

This study comprised of two groups, namely a non-pre-diabetic (NPD) group and a pre-diabetic (PD)
group (n=6, in each group). The NPD group consisted of animals which consumed the standard rat
chow for 20 weeks and did not have pre-diabetes, while the PD group consisted of animals which

consumed the HFHC diet for the same number of weeks and were diagnosed with pre-diabetes.

Urine and blood collection

At the end of the experimental period, all animals were housed individually in Makrolon
polycarbonate metabolic cages (Techniplats, Labotec, South Africa) for a 24-hour urine collection
period. Thereafter, the urine samples were centrifuged (Eppendorf centrifuge 5403, LGBW Germany)

at 1000 g for 20 minutes at 4 °C. The supernatants were then frozen at -80°C in a Bio Ultra freezer
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(Labotec, Umhlanga, South Africa). Thereafter, the animals were anaesthetized with Isofor (100
mg/kg) (Safeline Pharmaceuticals (Pty) Ltd, Roodeport, South Africa) for 3 minutes via a gas
anaesthetic chamber (Biomedical Resource Unit, UKZN, South Africa). Blood was collected by
cardiac puncture while the rats were unconscious and then injected into individual pre-cooled
heparinized containers. The blood was centrifuged (Eppendorf centrifuge 5403, LGBW Germany) for
15 minutes at 4 °C, 503 g. Plasma was isolated from blood and stored in a Bio Ultra freezer (Labotec,
Umhlanga, South Africa) at -80 °C until biochemical analysis, as previously described by Luvuno
et al., 2018 [19]. Of note, plasma and urine samples were obtained from a previous study (ETHICS#:
AREC/024/018D).

HOMA-IR index

Insulin resistance was calculated from fasting blood glucose and insulin levels using the homeostatic
model assessment (HOMA) [20]. The HOMA-IR index was calculated using the HOMAZ2 Calculator
v2.2.3 program [21]. Insulin sensitive is values <1.0, early insulin resistance is values >1.9, and

significant insulin resistance is values >2.9.

Biochemical analysis

An autoanalyzer (IDEXX VetLab station, Hoofddorp, Netherlands) was used to determine the
concentration of calcium in the plasma and urine. The glycated haemoglobin (HbALc), plasma
insulin, parathyroid hormone (PTH), calcitonin, vitamin D and 1,25-dihydroxyvitamin D3
concentrations were measured using separate specific ELISA kits according to the manufacturer’s
instructions (Elabscience and Biotechnology, Wuhan, China). Micro-ELISA plates were coated with
antibodies as part of the standard experimental protocol in the ELISA Kits. The plasma samples were
pipetted into the appropriate wells, followed by the immediate addition of the appropriate biotinylated
detection antibody (50 pl). The samples were then incubated for 45 minutes at 37°C, after which the
unbound components were washed away with the supplied wash buffer. After washing, the wells were
filled with 100 pl of Avidin-horseradish peroxidase (HRP), which was incubated at 37°C for 30
minutes. After removing the unattached components with a second wash, the substrate reagent (90 ul)
was applied to the wells. This was followed by a 15-minute incubation period at 37°C. Finally, a stop
solution (50 ul) was applied to the micro-wells to stop the reaction and allow for appropriate
measurements. The optical density at 450 nm was determined using a nano-spectrophotometer (BMG
Labtech,Ortenburg,Germany). Glycated haemoglobin, insulin, PTH, calcitonin, vitamin D, and 1,25-
dihydroxyvitamin D3 concentrations in the samples were extrapolated from their respective standard

curves.

Statistical analysis
The mean + standard error of the mean (SEM) were used to represent the data. Statistical comparisons
were performed with Graph Pad InStat Software (version 5.00, Graph Pad Software, Inc., San Diego,
California, USA). The student t test was used to determine statistical differences between two
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independent groups. Pearson’s correlation test was used to determine the association of calciotropic
hormones with HOMA-IR and HbAlc. A value of p < 0.05 was considered statistically significant. A
coefficient value between + 0.70 and + 1.0 was considered strong.

Results

Glycated haemoglobin

Glycated haemoglobin concentrations were measured in the non-pre-diabetic (NPD) group (n=6) and
pre-diabetic (PD) group (n=6) after the experimental period. It was evident (Fig.1l) that the
concentration of glycated haemoglobin was significantly (p=< 0.0001) higher in the PD group as
compared to the NPD.
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Figure 1: Concentrations of glycated haemoglobin in the non-pre-diabetic (NPD) and pre-diabetic
(PD) groups (n=6 per group). The values are depicted as a meant SEM. ****= p < 0.0001 when
compared to NPD

Fasting plasma glucose, insulin and HOMA-IR

Fasting plasma glucose concentrations, insulin concentrations and HOMA-IR were measured in the
non-pre-diabetic (NPD) group (n=6) and pre-diabetic (PD) group (n=6) after the experimental period.
It was evident (Table 1) that the concentrations of fasting glucose (p=< 0.0001) and insulin (p=<
0.0001) in plasma were significantly higher in the PD group as compared to the NPD. Furthermore,
the PD group had significantly (p=<0.0001) higher HOMA-IR value compared to the NPD group,
which was in the range of significant insulin resistance (>2.9), whereas the NPD group HOMA-IR

value was within the insulin-sensitive range (1.0).

Table 1: Concentrations of plasma glucose, insulin and HOMA-IR indices in the non-pre-diabetic
(NPD) group and pre-diabetic group (PD) (n=6, per group). The values are depicted as mean £ SEM.
****=p<0.0001 when compared to NPD
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Groups Plasma glucose | Plasma insulin HOMA-IR values
(n=6) (mmol/L) (ng/ml)

NPD 4.40 £ 0.20 3.47+£0.12 0.68+0.05

PD 6.72 £ 0.12%*** 10.87 + 0.06**** 3.24+0.06****

Plasma and urinary calcium from 24-hour urine samples

Plasma and urinary calcium concentrations were measured in the non-pre-diabetic (NPD) group (n=6)
and pre-diabetic (PD) group (n=6) after the experimental period. It was evident (Fig.2) that the
concentration of calcium in plasma was not significantly (p=0.0959) changed in the PD group as
compared to the NPD. The concentration of calcium in urine was significantly (p= <0.0001) higher in
the PD group as compared to the NPD.
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Figure 2: Concentrations of plasma and urine calcium in the non-pre-diabetic (NPD) group and pre-
diabetic (PD) group (n=6, per group). Values are depicted as mean £ SEM. ****= p < 0.0001 when
compared to NPD

Plasma PTH and calcitonin

Plasma parathyroid hormone (PTH) and calcitonin concentrations were measured in the non-pre-
diabetic (NPD) group (n=6) and pre-diabetic (PD) group (n=6) after the experimental period. It was
evident (Fig.3) that the concentrations of PTH (p=< 0.0001) and calcitonin (p=< 0.0001) in plasma
were significantly higher in the PD group as compared to the NPD.
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Figure 3: Concentrations of plasma PTH and calcitonin in the non-pre-diabetic (NPD) group and pre-
diabetic (PD) group (n=6, per group).Values are depicted as mean + SEM. ****= p < 0.0001 when
compared to NPD

Plasma vitamin D and 1, 25-dihydroxyvitamin D3

Plasma vitamin D and 1, 25-dihydroxyvitamin D3 concentrations were measured in the non-pre-
diabetic (NPD) group (n=6) and pre-diabetic (PD) group (n=6) after the experimental period. It was
evident (Fig.4) that the concentrations of vitamin D (p=0.0001) and 1, 25-dihydroxyvitamin D3 (p=
0.0311) in plasma were significantly higher in the PD group as compared to the NPD.
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Figure 4: Concentrations of plasma vitamin D and 1, 25-dihydroxyvitamin D3 in the non-pre-diabetic
(NPD) group and pre-diabetic (PD) group (n=6, per group). Values are depicted as mean + SEM.
*=p<0.05, *** = p < 0.001 when compared to NPD

Correlation between metabolic parameters and calciotropic hormone levels

Pearson’s correlation analyses were performed between metabolic parameters and calciotropic
hormone levels in the non-pre-diabetic (NPD) group (n=6) and pre-diabetic (PD) group (n=6) after the
experimental period. It was evident (Table 2) that the concentrations of PTH (r= -0, 29; p= 0.58),
calcitonin (r= -0.70; p=0.12) and 1,25-dihydroxyvitamin D3 (r= 0.71; p= 0.11) in plasma were not
associated with insulin resistance in the PD state. However, the concentrations of PTH (r=0.82;

p=0.02) and calcitonin (r=0.95; p=0.004) in plasma were positively correlated with HbAlc in the PD
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state. Furthermore, the concentration of 1, 25-dihydroxyvitamin D3 in plasma was negatively
correlated (r= - 0.93; p=0.007) with HbAlc in the PD state.

Table 2: Pearson’s rank correlation between metabolic parameters and calciotropic hormone levels in

the non-pre-diabetic (NPD) and pre-diabetic (PD) group (n=6, per group). *= p < 0.05, ** = p<0.01

Metabolic Parameters PTH Calcitonin 1,25-dihydroxyvitamin D 3
(pg/mil) (pmol/l) (pg/mil)
HOMA-IR values | NPD | r=0.55 r=-0.37 r=0.18
p=0.26 p=0.48 p=0.73
PD r=-0.29 r=-0.70 r=0.71
p=0.58 p=0.12 p=0.11
HbAlc NPD | r=-0.13 r=0.54 r=-0.64
(mmol/mol) p=0.81 p=0.27 p=0.17
PD r=0.82 r=0.95 r=-0.93
p=0.02* | p=0.004** | p=0.007 **

Discussion

Calcium homeostasis is regulated by calciotropic hormones which act on the bone, kidney and
intestine [6]. Several studies have shown that calcium homeostasis is disturbed in type 2 diabetes
mellitus (T2DM), a condition that is often preceded by pre-diabetes [12, 22]. Furthermore, disrupted
calcium homeostasis has shown to promote the onset of hyperglycaemia and insulin resistance [23].
Pre-diabetes was induced in rats in our laboratory using a well-established protocol that included the
chronic intake of a high-fat high-carbohydrate (HFHC) diet [14, 15]. These studies have shown that
complications in T2DM such as cardiovascular disorders, immune dysregulation and renal failure
begin in the pre-diabetic state [15, 16]. The changes to calcium homeostasis that are associated with
T2DM have been well-characterised; however, there is paucity in information for the pre-diabetic
state [24, 25]. Therefore, in this study the effects of diet-induced pre-diabetes on calciotropic
hormones were investigated. Furthermore, this study sought to also investigate the association of

calciotropic hormones with glycated haemoglobin and insulin resistance in the pre-diabetic state.

Pre-diabetes is a metabolic disorder characterised by early insulin resistance and blood glucose levels
that are over the homeostatic range [3]. Physiologically, increased glucose concentrations promote
insulin release and increase insulin in circulation, allowing peripheral tissue to absorb glucose [2].
This accounts for plasma glucose concentrations been conserved within the homeostatic range in

normal glucose tolerant (NGT) individuals [26]. After plasma glucose levels become conserved,

33



plasma insulin levels return towards the homeostatic range [27]. Furthermore, glucose levels are not
constantly elevated in NGT individuals to promote increased glycation of haemoglobin and insulin
resistance [27]. However, in the pre-diabetic state there is increased glucose concentration, insulin
secretion, HbAlc and early insulin resistance by comparison to normal glucose tolerant individuals [2,
15]. During pre-diabetes, plasma insulin fails to stimulate a response in insulin-targeted peripheral
tissue such as skeletal muscle [20]. The accumulation of plasma glucose results in enhanced glycation
with haemoglobin [28]. As a result, pancreatic B-cells respond by secreting a greater quantity of
insulin to overcome the high glucose concentrations resulting in compensatory hyperinsulinemia [28].
In this study, the fasting glucose concentration, plasma insulin concentration, HbAlc and HOMA-IR
index were significantly higher in the PD group than the NPD group. These results corroborated with
previous findings that have shown elevated plasma glucose, insulin, HOMA-IR and HbAlc in pre-
diabetic patients by comparison to normal glucose tolerant individuals [29, 30]. This study further
validates that the consumption of the HFHC diet promotes the development of pre-diabetes, as seen
by the impaired fasting glucose, insulin, HbAlc and HOMA-IR value in the range of insulin
resistance. This suggests that the body's ability to use glucose in insulin-dependent tissues has been
disturbed [16]. The excessive intake of dietary fats, which has shown to increase triacylglycerides
levels, may have contributed to insulin resistance [31]. The increased exposure of triacylglycerides to
insulin-dependent peripheral tissue induces insulin resistance [31]. Consequently, pancreatic beta (B)-
cells may have produced more insulin to compensate for the elevated plasma glucose that is found in
insulin-resistant tissue [30]. Calcium homeostasis has been found to be disrupted by elevated plasma

glucose concentrations and insulin resistance in T2DM [22, 32].

Calcium is needed for a variety of bodily functions, including signal transmission, secretion of
hormones and mineralization of bone [22]. Plasma calcium levels are regulated by PTH, calcitonin
and 1,25-dihydroxyvitamin D3 also known as calcitriol which act on the bone, kidney and small
intestine [6]. When plasma calcium levels fall below normal, the chief cells of the parathyroid gland
produce PTH, which stimulates calcitriol synthesis [6, 22]. The parafollicular cells of the thyroid
gland on the other hand, are triggered to release calcitonin when plasma calcium levels rise above
normal [6, 22]. Some studies have shown that plasma calcium concentrations are within the
homeostatic range in type 2 diabetic patients [33, 34]. These studies have stated that plasma calcium
levels do not change significantly due to calciotropic hormones maintaining a constant plasma
calcium concentration, despite variations in calcium excretion [33, 34]. In this study, the PD group
displayed no significant change to the plasma calcium concentrations by comparison to the NPD
group. These results coincided with prior literature that showed no significant change in calcium
levels in plasma among T2DM patients [33, 34]. However, these results contradicted other studies that
have found either hypocalcaemia or hypercalcaemia among T2DM patients [7, 25]. The possible

reason for no significant change to plasma calcium levels in the PD group of this study may have been
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due to calciotropic hormones compensating for the changes to plasma calcium concentration. The
significant alterations to plasma calcium levels in studies on T2DM patients may have been due to the
failure of the body to compensate for the changes to plasma calcium levels [32, 35]. In the current
study, it was observed that calciotropic hormones had compensated for changes to plasma calcium
levels which may have occurred as a result of pre-diabetes.

The concentrations of plasma calcium are kept within the homeostatic range by calciotropic hormones
[23]. Calcium levels in the plasma control the secretion of PTH, calcitriol and calcitonin [36].
Parathyroid hormone with aid from calcitriol increase plasma calcium levels by promoting an increase
in calcium absorption in intestine, renal calcium reabsorption and bone resorption whereas calcitonin
promotes the opposite [13]. Previous research has shown increased concentrations of PTH and
calcitonin in plasma of type 2 diabetic individuals [37, 38]. According to studies the increased PTH
concentration may have compensated for the increased calcium loss in urine and the increased plasma
calcitonin concentration may have protected the body against the adverse effects of PTH
oversecretion [13, 39]. The harmful effects associated with elevated PTH secretion include
hypercalcaemia and bone loss [23]. In this study, the plasma PTH and calcitonin concentrations in the
PD group were significantly higher than the NPD group. These findings validated prior research that
has shown elevated levels of PTH and calcitonin in plasma of T2DM patients [11, 40]. In the PD
group of this study, the elevated plasma PTH and calcitonin concentrations may have been ascribed to
the coordination between PTH and calcitonin, in order to stabilize plasma calcium levels.
Additionally, PTH levels in plasma may have risen to compensate for the increased urine calcium
loss. This may lead to secondary hyperparathyroidism which has shown to be associated with
impaired glucose tolerance, decreased insulin sensitivity and increased risk of T2DM [41]. Plasma
calcitonin concentration may have increased to compensate for the elevated plasma PTH levels in the

PD group.

The kidneys, bone and small intestine regulate urinary calcium homeostasis under the influence of
PTH and calcitriol [7]. Nearly 98% of filtered calcium by the kidneys is reabsorbed back into the
bloodstream via the renal tubules, which helps to maintain plasma calcium levels [13]. About 60-70%
of filtered calcium is reabsorbed in the kidney's proximal tubule [13]. The remaining calcium is
reabsorbed along the ascending limb of Henle and distal convoluted under the influence of PTH [13].
It is estimated that less than 2% of filtered calcium is lost in urine due to renal calcium reabsorption
[13]. Type 2 diabetes mellitus promotes renal calcium wastage by altering renal functioning, calcium
transport mechanisms and damaging renal tubular cells [7, 32]. Furthermore, compensatory
hyperinsulinemia as a consequence of insulin resistance has shown to inhibit renal calcium
reabsorption in T2DM patients [42, 43]. In this study, the urinary calcium levels in the PD group were
significantly higher by comparison to NPD. Furthermore, the urinary calcium levels in the PD group

were above the homeostatic range of 15 mmol/L-20 mmol/L, indicative of hypercalciuria [44]. These
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findings coincide with recent studies that have shown increased urine calcium levels in T2DM
patients [45, 46]. Renal impairment is present in the pre-diabetic state, according to studies conducted
in our laboratory [16, 19]. The elevated urinary calcium concentration in the PD group may have been
due to impaired renal regulatory function induced by pre-diabetes. Furthermore, high glucose levels in
the PD state may have directly damaged mechanisms of calcium transport in the renal tubule [47]. In
addition, studies in human and rodent models have shown that increased urinary calcium levels were
associated with elevated plasma insulin levels [7, 10]. Compensatory hyperinsulinemia as a
consequence of insulin resistance has shown to inhibit renal calcium reabsorption [10].
Hyperinsulinemia-induced by pre-diabetes may have promoted increased urinary calcium loss by
inhibiting renal calcium reabsorption. Additionally, increased renal calcium load may have also
contributed to the higher concentrations of calcium in the urine of the PD group. Diets that have
content high in protein have been demonstrated to cause metabolic acidosis, which is manifested by
the elevated loss of calcium in urine [48]. The increased renal acid load contributes to bone
breakdown and consequently promote hypercalcaemia [48]. Therefore, the kidneys may try to

compensate for the increased plasma calcium by excreting it into urine.

Vitamin D is a fat-soluble vitamin that plays a significant role in regulating whole body calcium
homeostasis within the endocrine system [49]. Vitamin D is the precursor molecule needed for
calcitriol synthesis [49]. Calcitriol is vitamin D in its hormonally active form responsible for
increasing plasma calcium concentrations [49]. Previous studies have found reduced plasma vitamin
D and calcitriol levels among T2DM individuals [49, 50]. These studies have shown that impaired
renal reabsorption of vitamin D binding proteins, impaired intestinal vitamin D absorption and
increased sequestration of vitamin D by adipose tissue may be responsible for decreased plasma
vitamin D and calcitriol concentrations in T2DM [39, 43]. Furthermore, studies have shown that
calcitriol production is impaired due to renal damage, low plasma PTH levels and PTH resistance in
T2DM [47, 51]. In this study, the PD group had significantly higher plasma vitamin D and calcitriol
levels by comparison to the NPD group. These results contrasted previous findings which have shown
decreased plasma vitamin D and calcitriol in T2DM individuals [49, 50]. The PD group in this study
was fed a diet high in saturated fats and carbohydrate content by comparison to the standard diet.
Diets that contain high fat content have shown to stimulate bile secretion and consequently enhanced
intestinal vitamin D absorption [52, 53]. It is plausible that the increased dietary fat content in the
HFHC diet may have promoted an increase in vitamin D absorption, accounting for the higher plasma
vitamin D levels in the PD group. In addition, the increased calcitriol levels in the PD group may have
been a compensatory response to reduced plasma calcium levels and elevated plasma PTH levels.
Elevated plasma PTH levels induce an increase in renal-1 alpha hydroxylase expression [54]. Renall-
alpha hydroxylase catalyses’ the conversion of calcifediol to calcitriol, promoting an increase in

plasma calcitriol levels as seen in this study [54].
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Previous studies have shown that calciotropic hormones participate in the regulation of glucose
homeostasis by modulating effects on gluconeogenesis, glycogenolysis and insulin-signaling [23, 39].
Studies have shown that plasma PTH and calcitonin levels were positively correlated with
hyperglycaemia and insulin resistance in T2DM [40, 47]. Conversely, previous studies have shown
that calcitriol levels in plasma were inversely correlated with hyperglycemia and insulin resistance
[12, 40]. Elevated PTH and calcitonin levels were found to promote insulin resistance and
hyperglycaemia by disrupting the insulin signaling pathway, increasing hepatic glycogenolysis and
gluconeogenesis [40]. In contrast, calcitriol has been shown to improve the sensitivity to insulin and
tolerance of glucose [8]. In this study, plasma PTH and calcitonin levels were positively correlated
with HbAlc but not with insulin resistance in the PD state. Furthermore, plasma calcitriol levels were
negatively correlated with HbAlc in the PD group. These results corroborated with previous findings
that reported that plasma PTH, calcitonin and calcitriol were associated with HbAlc [39, 40].
However, the lack of association between plasma PTH, calcitonin and calcitriol with insulin resistance
contrasted previous studies that have reported associations between these hormones with insulin
resistance [23, 32]. These observations may suggest that the elevated plasma PTH and calcitonin
levels due to disrupted calcium homeostasis may contribute to the elevated HbAlc concentrations in
the PD state. Elevated plasma PTH and calcitonin levels from disrupted calcium homeostasis may
stimulate gluconeogenesis and glycogenolysis [55]. It may be speculated that early insulin resistance
and beta dysfunction in the PD state may create an unfavourable environment, where increased
glucose production stimulated by elevated PTH and calcitonin levels may not be compensated for in a
pre-diabetic individual. This may lead to a vicious cycle where disrupted calcium homeostasis in the
PD state may promote the development of hyperglycaemia in T2DM. The significant negative
correlation between plasma calcitriol and HbAlc in the PD state may suggest a protective role of

calcitriol against intermediate hyperglycaemia in the PD state.

The findings of this study may serve of clinical importance in the early detection of type 2 diabetes
mellitus. These results may increase our understanding of calcium homeostasis and may provide a
possible insight into potential target sites in the treatment of overt T2DM and its associated
complications. Furthermore, these findings have elucidated the mechanism of calcium homeostasis in
a pre-diabetic rat model. Due to the similarity in the genetic variability of Sprague Dawley rats and
humans, these findings may provide an understanding of calcium homeostasis in pre-diabetic humans.
Since the current study indicated that some of the complications associated in T2DM such as
hyperparathyroidism and hypercalciuria begins in the pre-diabetic state, it is worth translating this

research to human studies as a future prospective.

It was evident that hypercalciuria is present in the PD state, an indication of disturbed calcium
homeostasis. In addition, plasma calcium levels may have been conserved due to elevated plasma
PTH, calcitonin, vitamin D and calcitriol levels in the PD state. Furthermore, plasma PTH and

calcitonin levels were positively correlated with Hb Alc but not with insulin resistance in the PD state.
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In addition, plasma calcitriol levels were negatively correlated with HbAlc in the PD state. Although
calciotropic hormones try to maintain calcium homeostasis in pre-diabetes, elevated levels of PTH
and calcitonin may promote the development of hyperglycaemia in T2DM.

Conclusion

Taken together, the effects associated with diet-induced pre-diabetes on calciotropic hormones
include elevated plasma PTH, calcitonin, calcitriol and vitamin D concentrations. This was
accompanied by elevated urine calcium and unchanged plasma calcium levels. Collectively, these
observations may suggest that calcium homeostasis is disturbed in the PD state but calciotropic
hormones compensate for the changes to plasma calcium levels. Furthermore, altered levels of
calciotropic hormones in the PD state may contribute to the development of hyperglycaemia and not

insulin resistance in T2DM.
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Bridge

The first manuscript illustrated that high-fat high-carbohydrate diet-induced pre-diabetes was
associated with disturbed calcium homeostasis. This was evidenced by the elevated urinary calcium,
plasma PTH, calcitonin, vitamin D, calcitriol along with unchanged plasma calcium levels. In order
for calciotropic hormones to maintain plasma calcium levels they have to act on calcium-regulating
organs namely, the intestine, kidney and bone. Furthermore, the unchanged plasma calcium
concentration and altered levels of calciotropic hormones in the PD group in manuscript 1 prompted
us to investigate the changes to calcium-regulating organs. In addition, the functioning of calcium-
regulating organs have shown to be disturbed in T2DM. Furthermore, these organs may not respond
to calciotropic hormones. Altered functioning of calcium-regulating organs may be disturbed in the
pre-diabetic state. This hypothesis led to the second study which sought to investigate the effects of
diet-induced pre-diabetes on the functioning of calcium-regulating organs with regards to markers

associated with intestinal calcium absorption, renal calcium reabsorption and bone turnover.
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CHAPTER 3: MANUSCRIPT 2
PROLOGUE

Disrupted functioning of calcium-regulating organs in T2DM has shown to contribute to disturbances
to calcium homeostasis. In the previous study in chapter 2, we established that calcium homeostasis
was disturbed however calciotropic hormones compensated for the changes to plasma calcium in the
pre-diabetic state. Interestingly, the dysregulation of calciotropic hormones in T2DM have shown to
further worsen the functioning of calcium-regulating organs. It has been noted throughout the last
decade that the ability of calcium-regulating organs to compensate for changes to calcium
homeostasis is compromised and the influence of calciotropic hormones on these organs have led to
complications such as osteoporosis in the diabetic state. Pre-diabetes, an intermediary state between
normoglycaemia and T2DM, has been reported to be caused by a diet high in fats and carbohydrates.
Complications seen in T2DM have been shown to begin in the pre-diabetic state. However, it is not
known whether the functioning of calcium-regulating organs in the pre-diabetic state is disturbed.
Subsequently, manuscript 2 explores the effects of diet-induced pre-diabetes on the functioning of

calcium-regulating organs namely the kidney, intestine and bone.

The manuscript is titled “Investigating the effects of diet-induced pre-diabetes on the functioning
of calcium-regulating organs in male Sprague Dawley rats: Effects on selected markers” and is
authored by K Naidoo, Ngubane PS and Khathi A.

The manuscript is currently under review in the Journal of Endocrine Pathology and has been

formatted according to the journals guidelines for authors. See Appendix 2
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Abstract

Derangements to the functioning of calcium-regulating organs have been associated with type 2
diabetes mellitus (T2DM), a condition preceded by pre-diabetes. Type 2 diabetes has shown to
promote renal calcium wastage, intestinal calcium malabsorption and increased bone resorption.
However, the changes to the functioning of calcium-regulating organs in pre-diabetes are not known.
Subsequently, the effects of diet-induced pre-diabetes on the functioning of calcium-regulating organs
in a rat model for pre-diabetes was investigated in this study. Male Sprague Dawley rats were
separated into two groups (n=6, each group): non-pre-diabetic group and a diet-induced pre-diabetic
group for 20 weeks. After the experimental period, postprandial glucose and HOMA-IR were
analysed in addition to plasma and urinary calcium concentrations. Gene expressions of intestinal
vitamin D (VDR), intestinal calbindin-Dg, renal 1l-alpha hydroxylase and renal transient receptor
potential vanilloid 5 (TRPV5) expressions in addition to plasma osteocalcin and urinary
deoxypyridinoline concentrations were analysed at week 20. The results demonstrated significantly
increased concentrations of postprandial glucose, HOMA-IR and urinary calcium in addition to
unchanged plasma calcium levels in the PD group by comparison to NPD. Renal TRPVS5, renal 1-
alpha hydroxylase, intestinal VDR and intestinal calbindin-Dgx expressions were increased in the PD
group by comparison to NPD. Furthermore, plasma osteocalcin levels were increased and urine
deoxypyridinoline levels were decreased in the PD group by comparison to NPD. These observations
may suggest that calcium-regulating organs compensate for the changes to calcium homeostasis by
inducing increased renal calcium reabsorption, increased intestinal calcium absorption and decreased

bone resorption followed by increased bone formation.

Keywords: Calcium-regulating organs, reabsorption, resorption, high fat high carbohydrate
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Introduction

Urban lifestyle and the chronic consumption of diets that contain high fat and carbohydrate content
have shown to promote the onset of type 2 diabetes mellitus (T2DM), a condition which is preceded
by pre-diabetes [1]. Pre-diabetes is a stage of moderate hyperglycemia in which the glycemic
parameters are slightly higher than the homeostatic range but below the threshold for clinical diabetes
diagnosis [1]. Insulin resistance and beta (B)-cell dysfunction are associated with pre-diabetes [2].
According to the International Diabetes Federation (IDF), 352 million individuals worldwide were
diagnosed with pre-diabetes in 2017, while it is further projected that by 2045 the prevalence of pre-
diabetes is expected to increase 8.3% [2]. While T2DM s associated with micro-and macrovascular
complications, studies have also shown that T2DM compromises calcium homeostasis by disturbing

the functioning of calcium-regulating organs, such as the kidney, bone and intestine [3, 4].

Fluxes of calcium between the small intestine, bone and kidney are controlled by parathyroid
hormone (PTH), calcitonin and calcitriol [5]. Calcium is released into the bloodstream and removed
from the bloodstream as needed through calcium-regulating organs [4]. The kidneys regulate urinary
calcium excretion, the bone acts as a reservoir for calcium and the small intestine is responsible for
calcium absorption [6]. Several studies have shown physiological changes to calcium-regulating
organs in T2DM individuals [7-9]. Type 2 diabetes mellitus promotes impaired intestinal calcium
absorption, renal calcium wasting and bone deterioration [7, 10]. Furthermore, it also leads to
dysregulation of calciotropic hormones, thereby worsening the already impaired functioning of
calcium-regulating organs [6]. Calcium homeostasis is important since calcium is responsible for the
modulation of many important processes [4]. Calcium is involved in bone mineralization, hormone
secretion, nervous system modulation and muscle tone [5]. Calcium-dependent processes within the
body would be impaired if calcium homeostasis was disrupted as well as conditions such as

hypocalcaemia and osteoporosis may develop [4].

Previous studies in our laboratory led to the development of a pre-diabetic animal model induced by a
high-fat high-carbohydrate (HFHC) diet, which closely resembles the human pre-diabetic state [11,
12]. Numerous studies using this model have shown that various complications associated with
T2DM begin in the pre-diabetic condition [12, 13]. While the changes to the functioning of calcium-
regulating organs have been well documented in the diabetic state, these changes have not yet been
investigated during the pre-diabetic state [14, 15]. Hence, the aim of this study was to elucidate the
effects of diet-induced pre-diabetes on the functioning of calcium-regulating organs in male Sprague

Dawley rats.
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Materials and Methods

Animals and Housing

This study employed male Sprague-Dawley rats (150-180g) which were bred and housed at the
University of KwaZulu-Natal Biomedical Research Unit (BRU). Male rats were selected due to their
more stable hormonal profile in comparison to female subjects. The animals were kept under standard
laboratory conditions, which included a constant temperature of 22+2°C, a carbon dioxide (CO2)
content of <5000 p.m, a relative humidity of 55 + 5% and illumination (12 hour light/dark cycle,
lights on at 07h00). The noise level was maintained at less than 65 decibels. The animals were
allowed access to food and fluids ad libitum. The Animal Research Ethics Committee of the
University of KwaZulu-Natal (ETHICS#: AREC/024/018D) approved all animal experimentation.
The animals were allowed to acclimatize to their new environment for 1 week while consuming
standard rat chow and tap water before exposure to the experimental diets [11]. The procedures
involving animal care followed the University of KwaZulu-Natal’s institutional guidelines for animal

care.

Induction of pre-diabetes

For an experimental period of 20 weeks, rats were randomly divided into two groups (n=6, per group)
and fed their respective diets. Experimental pre-diabetes was induced in the animals using a
previously described protocol by Luvuno et al. 2017 [11]. To induce pre-diabetes, one group was fed
a high-fat high-carbohydrate (HFHC) diet supplemented with 15% fructose enriched water (AVI
Products (Pty) Ltd, Waterfall, South Africa), whereas the other group was fed a standard rat chow
and tap water. After 20 weeks, the American Diabetes Association (ADA) criteria was used to
diagnose pre-diabetes whereby the criteria to define prediabetes include impaired fasting glucose
(IFG) with fasting plasma glucose levels of 5.6 to 6.9 mmol/L, impaired glucose tolerance (IGT) with
plasma glucose levels of 7.8 to 11.0 mmol/L 2-hour postprandial, or a glycated haemoglobin (hbalc)
of 5.7 to 6.4%. The animals that were fed the standard diet were also tested at week 20 to confirm

normoglycaemia.

Experimental design

This study comprised of two groups, nhamely a non-pre-diabetic (NPD) group and a pre-diabetic (PD)
group (n=6, in each group). The NPD group consisted of animals which consumed the standard rat
chow for 20 weeks and did not have pre-diabetes, while the PD group consisted of animals which

consumed the HFHC diet for the same number of weeks and were diagnosed with pre-diabetes.

Oral glucose tolerance (OGT) response
At week 20, an oral glucose tolerance test (OGTT) was conducted following glucose loading, to
determine the glucose tolerance response of animals subjected to the chronic ingestion of the HFHC

diet. The OGT responses were monitored in the animals according to a well-established protocol [16].
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Briefly, after a 12 hour fast, glucose levels were measured (time, 0 min) in all animals. Thereafter, the
animals were loaded with glucose (glucose; 0.86 g/kg) through an oral gavage (18-gauge gavage
needle, 38mm long curved with 21/4 mm ball end). To measure glucose concentration, blood was
collected using the tail-prick method [17]. Glucose concentrations were measured by a OneTouch
select glucometer (Lifescan, Mosta, Malta, United Kingdom). The glucose concentrations were
measured at 15, 30, 60, and 120 minutes following glucose loading.

Urine collection, blood collection and tissue harvesting

At the end of the experimental period, all animals were housed individually in Makrolon
polycarbonate metabolic cages (Techniplats, Labotec, South Africa) for a 24-hour urine collection
period. Thereafter, the urine samples were centrifuged (Eppendorf centrifuge 5403, LGBW Germany)
at 1000 g for 20 minutes at 4 °C. The supernatants were then frozen at -80°C in a Bio Ultra freezer
(Labotec, Umhlanga, South Africa). Thereafter, the animals were anaesthetized with Isofor (100
mg/kg) (Safeline Pharmaceuticals (Pty) Ltd, Roodeport, South Africa) for 3 minutes via a gas
anaesthetic chamber (Biomedical Resource Unit, UKZN, South Africa). Blood was collected by
cardiac puncture while the rats were unconscious and then injected into individual pre-cooled
heparinized containers. The blood was centrifuged (Eppendorf centrifuge 5403, LGBW Germany) for
15 minutes at 4 °C, 503 g. Plasma was isolated from blood and stored in a Bio Ultra freezer (Labotec,
Umhlanga, South Africa) at -80 °C until biochemical analysis, as previously described by Luvuno
et al., 2018 [11]. Following blood collection, the kidney and small intestine were removed and placed
in pre-cooled Eppendorf containers and snap-frozen in liquid nitrogen before storage in a Bio Ultra
freezer (Snijers Scientific, Tilburg, Netherlands) at — 80 °C. Of note, plasma, urine, kidney and
intestinal tissue were obtained from a previous study which had ethical approval (ETHICS#:
AREC/024/018D).

HOMA-IR index

Insulin resistance was calculated from fasting blood glucose and insulin levels using the homeostatic
model assessment (HOMA) [18]. The HOMA-IR index was calculated using the HOMAZ2 Calculator
v2.2.3 program [19]. Insulin sensitive is values <1.0, early insulin resistance is values >1.9, and

significant insulin resistance is values >2.9.

Biochemical analysis

Plasma calcium, urinary calcium and creatinine concentrations were measured with an autoanalyzer
(IDEXX VetLab station, Hoofddorp, Netherlands). The plasma insulin, plasma osteocalcin and
urinary deoxypyridinoline concentrations were measured using separate specific enzyme linked
immunosorbent assay (ELISA) kits according to the manufacturer’s instructions (Elabscience and

Biotechnology, Wuhan, China).
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Quantitative real-time PCR

The ReliaPrep tissue Miniprep system was used to extract ribonucleic acid (RNA) from the collected
kidney and small intestinal tissue (Promega, USA). The purity and concentration of RNA was
determined by Nanodrop 2000 (Thermo Scientific, Roche, South Africa). For conversion to
complementary DNA (cDNA), a purity ratio (A260/A280) of 1.7-2.1 was considered acceptable. The
GoTaq®2-Step RT-gPCR System (Promega, USA) as a cDNA synthesis kit was used to produce
reverse transcription reactions using 2 pg of total RNA as described by the manufacturer.

According to the manufacturer's instructions on the ROCHE light cycler system, the ROCHE light
cycler SYBR Green | master mix was utilized for amplification. Table 1 below shows the primer
sequences (Metabion, Germany) utilized in this work. The cycling conditions were as follows: pre-
incubation at 95°C for 60s, followed by a 3-step amplification of 45 cycles at 95°C for 15s, 60°C for
30s, and 72°C for 30s. Melting was executed at 95°C for 10s, 65°C for 60s and 97°C for 1s.
Furthermore, cooling was achieved at 37°C for 30s. The housekeeping gene employed was
glyceraldehyde-phosphate dehydrogenase (GAPDH). The 2“4 relative quantication method was
used to represent gene expression values.

Table 1: List of primers used in this study

Gene of interest Sequence

TRPVS Forward: 5-TGTGAGCCATTTGTAGGTCAG-3'
Reverse: 5’-GAGGTTGTGGGAACTTCGA-3’

CYP27B1 Forward: 5'-CACCCATTTGCATCTCTTCC -3'

(1-alpha hydroxylase) Reverse: 5'-GATGGATGCTCCTCTCAGGT -3'

VDR Forward: 5'-GTGACTTTGACCGGAACGTG-3'

Reverse: 5°- ATCATCTCCCTCTTACGCTG -3’

S100G Forward: 55CCCGAAGAAATGAAGAGCATTTT-3'
(Calbindin-Dgx) Reverse: 5'-TTCTCCATCACCGTTCTTATCCA-3
GAPDH Forward: 5-AGTGCCAGCCTCGTCTCATA-3'

Reverse: 5'-GATGGTGATGGGTTTCCCGT-3'

Statistical analysis

The mean + standard error of the mean (SEM) were used to represent the data. Statistical comparisons
were performed with Graph Pad InStat Software (version 5.00, Graph Pad Software, Inc., San Diego,
California, USA). The student t test was used to determine statistical differences between two

independent groups. Correlation analysis was performed using Pearson’s correlation analysis.
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Statistical significance was considered as a p value of less than 0.05. A coefficient value between £
0.70 and + 1.0 was considered strong.

Results

Oral glucose tolerance test (OGTT)

The OGTT and Area under curve (AUC) was measured in the non-pre-diabetic (NPD) group (n=6)
and pre-diabetic (PD) group (n=6) after the experimental period. It was evident (Fig. 1) that the
concentration of FBG in the PD group was significantly (p=0.0020) higher at time 0 as compared to
the NPD group. Glucose concentrations in the PD group were significantly (p=0.0386) higher in the
PD group at 120 minutes after glucose loading as compared to NPD. Furthermore, the AUC for the
PD group was significantly (p=<0.0001) higher in the PD group as compared to the NPD group.
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Figure 1: The OGT response and AUC values in the non-pre-diabetic (NPD) group and pre-diabetic

group (PD) (n=6, per group). Values are depicted as mean £ SEM. *=p<0.05, **=p<0.01, ****=
p<0.0001 when compared to NPD

Homeostatic model assessment for insulin resistance (HOMA-IR)

The HOMA-IR values were calculated from the concentrations of fasting plasma glucose and insulin
after the experimental period (n=6, per group). It was evident (Table 2) that the concentrations of
fasting glucose (p=< 0.0001) and insulin (p=< 0.0001) in the plasma were significantly higher in the
PD group as compared to the NPD group. The PD group had significantly (p=<0.0001) higher
HOMA-IR value compared to the NPD group, which was in the range of significant insulin resistance

(>2.9), whereas the NPD group HOMA-IR value was within the insulin-sensitive range (<1.0).

Table 2: Concentrations of plasma glucose, insulin and HOMA-IR indices in the non-pre-diabetic
(NPD) group and pre-diabetic group (PD) (n=6, per group). Values are depicted as mean £ SEM.
****=p<0.0001 when compared to NPD

Groups Plasma glucose | Plasma insulin HOMA-IR values
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(n=6) (mmol/L) (ng/ml)
NPD 4.40+0.20 3.47 +£0.12 0.68+0.05
PD 6.72 £ 0.12%*** 10.87 £ 0.06**** 3.24+0.06****

Plasma calcium and urinary calcium from 24-hour urine sample

Plasma and urinary calcium concentrations were measured in the non-pre-diabetic (NPD) group (n=6)
and pre-diabetic (PD) group (n=6) after the experimental period. It was evident (Fig.2) that the
concentration of calcium in plasma was not significantly (p=0.0959) changed in the PD group as
compared to NPD. The concentration of calcium in urine were significantly (p= <0.0001) higher in

the PD group as compared to NPD.
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Figure 2: Concentrations of plasma and urinary calcium in the non-pre-diabetic (NPD) group and pre-
diabetic group (PD) (n=6, per group). Values are depicted as mean £ SEM. ****= p<0.0001 when
compared to NPD

Plasma osteocalcin and urine deoxypyridinoline

Plasma osteocalcin and urine deoxypyridinoline concentrations were measured in the non-pre-diabetic
(NPD) group (n=6) and pre-diabetic (PD) group (n=6) after the experimental period. It was evident
(Fig. 3) that the concentration of osteocalcin in plasma was significantly higher (p= 0.0002) in the PD
group as compared to NPD. The concentration of deoxypyridinoline in urine was significantly
(p=<0.0001) lower in the PD group as compared to the NPD group. It was also evident
(Supplementary Table 1) that osteocalcin levels in plasma were positively correlated (r=0.87, p=0.02)
with HOMA-IR in the PD state.
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Figure 3: Concentrations of plasma osteocalcin and urine deoxypyridinoline in the non-pre-diabetic
(NPD) group and pre-diabetic (PD) group (n=6, per group).Values are depicted as mean £ SEM. ***
=p <0.001, ****=p<0.0001 when compared to NPD

Renal TRPV5 mRNA

Renal Transient receptor potential cation channel subfamily V5 (TRPV5) gene expression was
measured in the non-pre-diabetic (NPD) group (n=6) and pre-diabetic (PD) group (n=6) after the
experimental period. It was evident (Fig 4) that the relative expression of renal TRPV5 was

significantly (p=<0.0001) increased by 3.89-fold in the PD group relative to the NPD group.
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Figure 4: Renal TRPV5 gene expression in the non-pre-diabetic (NPD) group and pre-diabetic (PD)
group (n=6, per group).Values are depicted as mean + SEM. **** = p < 0.0001 when compared to
NPD

Renal 1-alpha hydroxylase mRNA
Renal 1-alpha hydroxylase gene expression was measured in the non-pre-diabetic (NPD) group (n=6)

and pre-diabetic (PD) group (n=6) after the experimental period. It was evident (Fig 5) that the
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relative expression of 1-alpha hydroxylase was significantly (p=<0.0001) increased by 10.96-fold in

the PD group relative to the NPD group.
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Figure 5: Renal-1 alpha hydroxylase gene expression in the non-pre-diabetic (NPD) group and pre-
diabetic (PD) group (n=6, per group).Values are depicted as mean = SEM. **** = p < 0.0001 when
compared to NPD

Intestinal VDR mRNA
Intestinal vitamin D receptor (VDR) gene expression was measured in the non-pre-diabetic (NPD)

group (n=6) and pre-diabetic (PD) group (n=6) after the experimental period. It was evident (Fig 6)
that the relative expression of intestinal VDR was significantly (p=<0.0001) increased by 5.55-fold in
the PD group relative to the NPD group.
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Figure 6: Intestinal VDR gene expression in the non-pre-diabetic (NPD) group and pre-diabetic (PD)
group (n=6, per group).Values are depicted as mean + SEM. **** = p < 0.0001 when compared to
NPD

Intestinal calbindin-Dgx MRNA

Intestinal calbindin-Dgx gene expression was measured in the non-pre-diabetic (NPD) group (n=6) and
pre-diabetic (PD) group (n=6) after the experimental period. It was evident (Fig 7) that the relative
expression of intestinal calbindin-Dg« expression was significantly (p=<0.0001) increased by 9.13-
fold in the PD group relative to the NPD group.
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Figure 7: Intestinal calbindin-Dgx gene expression in the non-pre-diabetic (NPD) group and pre-
diabetic (PD) group (n=6, per group).Values are depicted as mean + SEM. **** = p < 0.0001 when
compared to NPD

Discussion

Calcium-regulating organs work in association with calciotropic hormones such as parathyroid
hormone (PTH), calcitonin and calcitriol to maintain calcium homeostasis [20]. Several studies have
shown that the functioning of calcium-regulating organs are disturbed in T2DM [7, 10]. There is
increased bone resorption, renal calcium wastage and intestinal malabsorption of calcium during the
diabetic state [4, 10]. Furthermore, studies have recognized pre-diabetes as the state that occurs before
the onset of T2DM as well as the state where numerous complications associated with T2DM begin
[11, 12]. In our laboratory, pre-diabetes was induced in rats through consumption of a HFHC diet for
a prolonged period according to a well-established protocol [11, 12]. According to studies,
complications of T2DM, such as cardiovascular disease, renal failure and aberrant immunological
function begin in pre-diabetes [11, 12]. However, previous studies have not elucidated the changes to

the functioning of calcium-regulating organs during the pre-diabetic state. Hence, this study aimed to
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investigate the effects of diet-induced pre-diabetes on the functioning of calcium-regulating organs,
namely the kidney, intestine and bone.

Pre-diabetes is characterised as a combination of impaired fasting glucose (IFG) and impaired glucose
tolerance (IGT), both of which can be attributed to moderate insulin resistance in insulin-dependent
tissues [18]. Blood glucose levels must be constantly maintained within a physiological range
including a postprandial glucose concentration less than 7.8 mmol/L while a fasting glucose
concentration below 5.6 mmol/L [21]. In the postprandial state of normal glucose tolerant (NGT)
individuals, blood glucose concentration increases and insulin is secreted to enhance glycogenesis and
inhibit glycogenolysis [1]. As a result, plasma glucose levels are maintained followed by plasma
insulin levels returning towards the homeostatic range [22]. However, in the PD state endogenous
glucose production is high prior to food consumption and fails to decrease after food consumption in
pre-diabetic patients [23]. This is a result of insulin-induced peripheral glucose uptake being impaired
in insulin-dependent tissue [11]. This accounts for insulin, postprandial glucose levels, HOMA-IR and
fasting plasma glucose being higher in pre-diabetic individuals by comparison to NGT individuals
[18, 24]. In this study, the postprandial glucose concentration at 120 min, AUC and HOMA-IR value
in PD group was significantly higher by comparison to NPD. These findings corroborated with
previous findings that have shown significantly higher plasma glucose, insulin, 2-hour postprandial
glucose levels and HOMA-IR in pre-diabetic patients by comparison to NPD [2, 25]. In the PD group,
the elevated plasma insulin, impaired fasting glucose and HOMA-IR value in the range of insulin
resistance may suggest that there is some insulin resistance from peripheral tissue against the uptake
of glucose. High dietary fat promotes an increase in circulating triacylglyceride which breakdown to
free fatty acids (FFA) [26]. The increase in FFAs around insulin-dependent tissue results in insulin
resistance which decreases glucose uptake resulting in compensatory hyperinsulinemia, as seen in the
PD group [27]. Increased concentrations of plasma glucose and the onset of insulin resistance in
T2DM have been shown to interfere with the functioning of calcium-regulating organs in the diabetic
state [4, 10].

Calcium plays a crucial role in various physiological processes and plasma calcium levels are kept
within a narrow range through the interplay of calcium-regulating organs [28]. Calcium-regulating
organs maintain plasma calcium levels by regulating renal calcium reabsorption, bone turnover and
intestinal calcium absorption [6]. Previous studies have shown decreased plasma calcium
concentrations in patients with type 2 diabetes by comparison to normoglycaemic individuals [10, 29].
These observations suggested that renal dysfunction and abnormal metabolism of vitamin D were
responsible for inducing a hypocalcaemic state in diabetes [28]. However, other studies have shown
no significant change to plasma calcium levels in diabetic individuals in comparison to NGT
individuals [30, 31]. These studies have stated that calcium-regulating organs compensate for the

reduced plasma calcium levels by inducing an increase in bone resorption, renal calcium reabsorption
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and intestinal calcium absorption [30, 31]. In this study, the plasma calcium levels of the PD group
did not change significantly by comparison to the NPD. These results coincided with prior literature
that have demonstrated no significant change to calcium levels in plasma of T2DM patients [30, 31].
The possible reason for no significant change to plasma calcium levels in the PD state may have been
due to calcium-regulating organs compensating for the changes to plasma calcium levels.

The Kkidneys help maintain calcium homeostasis by regulating filtered calcium reabsorption and
excretion [6]. Disturbances in renal calcium reabsorption can lead to excessive urinary calcium
excretion and formation of kidney stones [9]. TRPV5 is a calcium channel that controls renal calcium
reabsorption and is involved in urinary calcium homeostasis [32]. Studies have reported elevated
urinary calcium levels along with decreased renal TRPV5 expression in diabetes [33, 34]. Studies
have also shown that decreased renal TRPV5 expression was associated with reduced renal calcium
reabsorption [35, 36]. These observations suggested that hyperglycaemia-induced renal damage may
have downregulated renal TRPV5 expression [35]. The downregulation in renal TRPV5 expression
promotes renal calcium wastage and hypocalcaemia in diabetes [37]. In addition, elevated urinary
calcium levels have shown to result from intestinal hyperabsorption of calcium and excessive bone
resorption in T2DM [38, 39]. Hence, the present study evaluated urine calcium and renal TRPV5
expression to evaluate kidney function. In this study, the PD group had significantly increased urinary
calcium concentrations in the range of hypercalciuria by comparison to NPD. Furthermore, renal
TRPVS5 expression in the PD group was significantly higher in comparison to the NPD group. These
results corroborated with previous findings that have shown elevated urine calcium and an
upregulation in renal TRPV5 expression in T2DM patients [40, 41]. The increased urine calcium may
have occurred as a result of kidney damage in the pre-diabetic state, which may have decreased the
ability of the kidneys to reabsorb calcium. There may have been other contributors to the increased
urine calcium such as increased intestinal calcium absorption and bone resorption [42]. Hence, the
kidneys may try to compensate for the increased plasma calcium by excreting it in urine. However,
the simultaneous increase in urinary calcium excretion and renal TRPV5 may suggest a compensatory
mechanism against renal calcium wastage. The increased renal TRPV5 expression in the PD group
may have promoted increased renal calcium reabsorption from urinary filtrate. Interestingly, renal
TRPVS5 expression is regulated by vitamin D, which is known to be catalysed to its active form in the
kidney [5].

Renal 1-alpha-hydroxylase resides within the proximal convoluted tubules and is the principal
enzyme associated in calcitriol synthesis [43]. Disturbances in kidney function and vitamin D
metabolism can lead to excessive urinary calcium loss and hyperparathyroidism [28]. Studies have
shown that a loss of kidney function in T2DM leads to a decline in circulating plasma calcitriol
concentrations [44, 45]. Renal injury and the accumulation of metabolites in the diabetic kidney

contribute to 1-alpha hydroxylase inhibition and lower circulating calcitriol levels [44, 45]. In this
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study, the PD group had significantly increased renall-alpha hydroxylase expression by comparison
to the NPD group. These results corroborated with previous studies that have shown an upregulation
in renal 1-alpha hydroxylase expression in diabetic patients [43, 46]. However, these results have
contrasted other studies that have shown decreased renal 1-alpha hydroxylase expression in the
diabetic state [44, 45]. The upregulation in renal 1-alpha hydroxylase in the PD group may suggest
that there is an increased demand to synthesis calcitriol in the PD state. The kidneys may compensate
for the hypercalciuria by upregulating the expression of renal 1-alpha hydroxylase, in order to
maintain normal calcium levels in plasma. In addition, the regulation of renal 1-alpha hydroxylase is
dependent on the calciotropic hormones [47]. It is evident that renal cells still appear to be responsive

to calciotropic hormones in the PD state, in attempt to conserve plasma calcium levels.

Intestinal calcium absorption is a pivotal physiological process for the maintenance of calcium
homeostasis [48]. The small intestine absorbs dietary calcium and physiologically adapt according to
the conditions of the body [49]. The expression of calcium-binding proteins and vitamin D receptors
(VDR) are vital for efficient absorption of calcium in the small intestine [49]. Vitamin D metabolites
control intestinal calcium absorption through activating the vitamin D receptor (VDR), which causes
increased production of calcium transport proteins such as calbindin-Dgx [49]. Type 2 diabetes is
linked to a significant decline in calcium metabolism, partially from impaired intestinal calcium
absorption [6, 50]. Previous studies on diabetic rats reported that the decrease in intestinal calcium
absorption occurred simultaneously with a reduction in VDR and calcium-binding protein calbindin-
Do in enterocytes [4, 51]. It was noted that intestinal VDR and calcium-binding proteins were
downregulated due to impaired production of calciotropic hormones in T2DM [6]. Subsequently, the
ability of the intestine to adapt to disturbances to low plasma calcium levels is compromised during
the diabetic state [6]. However, other studies have shown an upregulation in intestinal calcium
transporter expression in diabetic rats [39, 49]. The increased intestinal VDR number promoted
increased VDR-calcitriol complexes and increased intestinal calcium transport [6]. It was stated that
the increased intestinal calcium absorption may have been a compensatory response to renal calcium
wastage and hypocalcaemia [39, 49]. Hence, the present study investigated intestinal VDR and
calbindin-Dox expression to evaluate intestinal calcium transport. In this study, intestinal VDR and
calbindin-Dgx expression in the PD group were significantly higher as compared to the NPD. These
results contrasted previous findings that have shown a downregulation in intestinal VDR and
calbindin-Dgx expression in the diabetic state [4, 51]. The elevated intestinal VDR and calbindin-Dgx
expression in the PD group may suggest an increase in intestinal calcium absorption. The upregulation
of calcium transport genes in the intestine of the PD group may have been a compensatory response to

renal calcium wastage.

Bone regulates plasma calcium levels by releasing calcium and storing calcium through processes

such as bone resorption and bone formation [52]. Bone resorption is coupled with bone formation,
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where elevated bone resorption precedes elevated bone formation [5]. An imbalance between bone
formation and resorption may result in bone diseases including osteoporosis [53, 54]. Bone resorption
and formation can be determined indirectly by measurement of plasma concentrations of bone
markers [55]. These markers include constituents of the bone matrix released into the bloodstream
during bone resorption or formation [56]. Osteocalcin is a marker of bone formation, whereas
deoxypyridinoline is a marker of bone resorption [56]. Some studies have shown increased bone
turnover in type 2 diabetic patients, where bone resorption exceeds formation [21, 57]. This was
evidenced by decreased plasma osteocalcin levels and increased deoxypyridinoline levels [58, 59].
These observations suggested that during the diabetic state there is an increased demand to mobilize
calcium from bone to compensate for hypocalcaemia; however the normal bone coupling process
becomes compromised [58, 59]. Hyperglycaemia has shown to decrease bone formation by inhibiting
osteoblast synthesis and differentiation [42]. However, other studies have reported increased bone
formation in type 2 diabetes [21, 60]. It was stated that hyperinsulinemia alters the balance between
bone formation and resorption by favouring bone formation [56]. Hence, the current study focused on
investigating the levels of plasma osteocalcin and urine deoxypyridinoline in the PD state, to evaluate
bone turnover. In this study, the PD group had increased plasma osteocalcin concentration and
decreased urinary deoxypyridinoline concentration by comparison to NPD. These results corroborated
with previous findings that have shown increased plasma osteocalcin levels and decreased urinary
deoxypyridinoline levels [60, 61]. These observations may suggest that there is increased bone
formation and decreased resorption in the pre-diabetic state. The increased bone formation and
decreased bone resorption may have been induced by calciotropic hormones to compensate for
hypercalcaemia [62, 63]. Insulin is an anabolic hormone which has shown to promote bone formation
and inhibit bone resorption [60]. In the pre-diabetic state, early insulin resistance leads to a
compensatory increase in insulin secretion [36]. The elevated plasma insulin levels in the PD group
may have promoted increased bone formation together with decreased bone resorption. Furthermore,
previous research have shown that HOMA-IR and plasma osteocalcin levels were positively
correlated in diabetic patients [64, 65]. It was observed that osteocalcin can trigger secretion of
insulin, by acting directly on secretion and proliferation of pancreatic beta (B)-cells. Interestingly,
there was a positive correlation between plasma osteocalcin and HOMA-IR in the PD group. It may
be speculated that the elevated plasma osteocalcin concentration in the PD group may have been a
compensatory response to cope with the early insulin resistance. This may be an early adaptation

mechanism for insulin resistance, which fails with the onset of overt T2DM.

The findings elucidated in this study may have the potential to provide an understanding into the
physiological processes that occur in calcium-regulating organs during pre-diabetes. From a clinical
perspective, pre-diabetes is asymptomatic and many people progress towards the development of
T2DM due to being unaware. The findings of this study will not only add to academic knowledge but

may serve as a novel marker in the identification of pre-diabetes. This study targets some of the
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complications and disrupted processes involved in T2DM. Furthermore, these findings may provide
an early insight into the pathogenesis involved in the associated complications of T2DM. A future
prospective would be to use these findings as insights to understand the possible changes that may

occur to pre-diabetic humans.

It is evident that during the PD state there are changes to the functioning of calcium-regulating organs
which compensate for disturbances to plasma calcium levels. This was made evident by increased
urinary calcium levels along with increased expressions of renal TRPVS5, renal 1-alpha hydroxylase,
intestinal VDR and intestinal calbindinDg. In addition, there was increased plasma osteocalcin and
decreased urinary deoxypyridinoline concentrations along with unchanged plasma calcium in the PD
state. The normocalcaemia present in the PD state may have been conserved due to increased renal
calcium reabsorption, increased renal vitamin D activation, increased intestinal calcium absorption

and increased bone formation followed by decreased bone resorption.

Conclusion

Taken together, calcium-regulating organs compensate for renal calcium wastage and are aimed at
maintaining normocalcaemia in HFHC diet-induced pre-diabetes. The effects associated with pre-
diabetes on calcium-regulating organs are directed towards promoting increased renal calcium
reabsorption, increased renal vitamin D activation, increased intestinal calcium absorption and
decreased bone resorption followed by increased bone formation. This was evidenced by increased
expression of renal calcium transport markers and intestinal calcium transport markers in addition to
increased osteocalcin and decreased deoxypyridinoline levels. Collectively, these observations may
suggest that calcium-regulating organs compensate for the changes to calcium homeostasis in the PD

state.

Future recommendations
In future, a further insight into the mechanisms in which bone turnover by-products participate in

glucose homeostasis in the PD state should be investigated.
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Supplementary Material

Osteocalcin-HOMA-IR correlation

Supplementary Table 1: Pearson’s correlation between plasma osteocalcin and HOMA-IR in the
non-pre-diabetic (NPD) group and pre-diabetic group (PD) (n=6, per group). Values are depicted as
mean = SEM. *= p<0.05

Metabolic Parameter Plasma osteocalcin
r=0.80
HOMA-IR values NPD p=0.06
PD r=0.87
p= 0.02*
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CHAPTER 4: SYNTHESIS AND CONCLUSION
Increased intake of high-caloric diets has correlated with increased prevalence of type 2 diabetes
mellitus (T2DM) [1]. Pre-diabetes is a long-term, asymptomatic state of moderate hyperglycemia that
precedes T2DM [2]. Several studies reported that often life-threatening complications associated with
T2DM begin in the pre-diabetic state [3, 4]. Hyperglycaemia in T2DM has been observed to disrupt
calcium homeostasis by disturbing calciotropic hormones and the functioning calcium-regulating
organs [5]. Furthermore, altered levels of calciotropic hormones have shown to promote the
development of hyperglycaemia and insulin resistance in T2DM [6]. In addition, diabetes has been
shown to promote impaired intestinal calcium absorption, kidney calcium reabsorption and bone
turnover [5, 7]. However, the changes to calcium homeostasis during the pre-diabetic state have not
been elucidated. Hence, this study aimed to investigate the changes to calcium homeostasis by
looking at calciotropic hormones and its association with glycated haemoglobin and insulin resistance
in the pre-diabetic state. Furthermore, this study also sought to investigate the effects of diet-induced

pre-diabetes on the functioning of calcium-regulating organs.

Previous studies have shown that calcium homeostasis is disturbed in diabetes evidenced by altered
levels of calciotropic hormones [8, 9]. Some studies have shown the presence of either hypocalcaemia
or hypercalcaemia in diabetic patients [10, 11]. However, other studies have shown normal plasma
calcium levels in type 2 diabetic individuals [12, 13]. These observations reported that plasma
calcium levels are conserved within the homeostatic range due to calciotropic hormones
compensating for changes [12, 13]. In our laboratory, a pre-diabetic animal model mimicking the
human pre-diabetic state has been developed and used to observe the changes that may occur in pre-
diabetes [1, 14]. In the first manuscript, the diet-induced pre-diabetic group had no significant change
to plasma calcium levels along with elevated plasma glucose, insulin, HbAlc and HOMA-IR by
comparison to the NPD group. The elevated plasma glucose, insulin, HbAlc and HOMA-IR index in
the PD group suggested that there was insulin resistance from peripheral tissue which promoted
glucose accumulation in blood and compensatory hyperinsulinemia. The unchanged calcium
concentrations in the plasma of the PD group may be attributed to calciotropic hormones maintaining
calcium homeostasis. This led us to determine the levels of calciotropic hormones in the pre-diabetic
state, to elucidate whether calciotropic hormones compensate for the changes to plasma calcium. In
this study, plasma PTH, calcitonin, vitamin D and calcitriol were measured via ELISA in the PD and
NPD groups. The results have shown that the PD group had significantly higher plasma PTH,
calcitonin, vitamin D and 1,25-dihydroxyvitamin D3 (calcitriol) concentrations when compared to the
NPD. These results concurred with the observations made by previous studies which revealed that in
T2DM, due to increased plasma PTH, calcitonin and calcitriol, there are normal plasma calcium
concentrations [15, 16]. The elevated plasma PTH and calcitonin levels may be due to the co-

ordination between these hormones in order to compensate for changes to plasma calcium levels in
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the PD group. Plasma PTH levels may have increased to compensate for renal calcium wastage which
has shown to be present in the diabetic state. However, increased parathyroid gland stimulation in
response to renal calcium wastage may lead to secondary hyperparathyroidism [17]. Therefore,
plasma calcitonin concentrations may have increased to protect the body from PTH oversecretion.
Moreover, increased dietary content of fats and high fructose may have promoted increased intestinal
vitamin D absorption [18, 19]. The increased plasma calcitriol levels in the PD group may have been a
compensatory mechanism for low plasma calcium. Calcitriol production is dependent on adequate
substrate supply and vitamin D deficiency compromises calcium homeostasis [20]. The increased
intestinal vitamin D absorption may be a compensatory mechanism to cope with hypocalcaemia in
pre-diabetes. Furthermore, hyperglycaemia is associated with hypercalciuria as this condition results
in damage to the glomerular filtration system thus, impairing the kidneys ability to filter and reabsorb
calcium [10, 21]. In this study, urine calcium levels were significantly higher in the PD when
compared to the NPD group, in the range of hypercalciuria. Renal dysfunction and injury in the pre-
diabetic state were observed in studies conducted in our laboratory [3, 22]. These observations
confirm that renal dysfunction in pre-diabetes may have impaired the ability of the kidneys to
reabsorb calcium [3, 22]. However, researchers may argue that hypercalciuria could have been due to
increased plasma calcium levels which may have induced a compensatory increase in calcium
excretion [23, 24]. Therefore, taking into account the significantly increased calciotropic hormones
such as plasma PTH, calcitonin, calcitriol and vitamin D concentration, the significantly elevated
urinary calcium concentration, and the unchanged plasma calcium levels, this study for the first time
shows that calciotropic hormones compensate for the disturbances to plasma calcium in pre-diabetes.
Furthermore, studies have shown that altered calciotropic hormones levels promote the development
of hyperglycaemia and insulin resistance [15, 25]. Elevated plasma PTH and calcitonin levels have
shown to positively correlate with insulin resistance and hyperglycaemia in T2DM [15, 25]. However,
plasma calcitriol levels have shown to negatively correlate with insulin resistance and hyperglycaemia
in T2DM [9, 15]. Therefore, this study also sought to investigate the association of calciotropic
hormones with insulin resistance and hyperglycaemia. Accordingly, the correlation of PTH, calcitonin
and calcitriol with HbAlc and HOMA-IR were analysed in the current study. The results revealed that
plasma PTH and calcitonin levels were positively correlated with glycated haemoglobin but not
insulin resistance in the PD group. Furthermore, plasma calcitriol levels were negatively correlated
with glycated haemoglobin in the PD group. These results concurred with the observations made by
previous studies which revealed that in T2DM, calciotropic hormones were associated with glycated
haemoglobin [15, 26]. Elevated plasma PTH and calcitonin promote an increase in blood glucose
concentrations by upregulating gluconeogenesis and glycogenolysis [6, 26]. For the first time this
study has shown that pre-diabetes induced by the HFHC diet is not only associated with disturbances
to calcium homeostasis but that elevated calciotropic hormones in the PD state may further contribute

to the progression of T2DM. Furthermore, plasma calcitriol may serve as an early adaptation for
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intermediate hyperglycaemia, which fails with the onset of T2DM. In conclusion, we may postulate
that diet-induced pre-diabetes promotes a disturbance to calcium homeostasis which may in part be
the mechanistic pathway that leads to the development of hyperglycaemia in T2DM.

Since, calcium homeostasis is regulated by calciotropic hormones and calcium-regulating organs, it
was essential to investigate the functioning of calcium-regulating organs in the PD state.
Furthermore, the unchanged plasma calcium concentration and altered levels of calciotropic hormones
in the PD group in manuscript 1 prompted us to investigate the changes to calcium-regulating organs
in pre-diabetes. The changes to the functioning of calcium-regulating organs in T2DM have been
well-characterised, where it was demonstrated that there was impaired calcium absorption in intestine,
renal calcium wastage and increased bone resorption [7, 27]. However, there is no scientific evidence
on the functioning of calcium-regulating organs during the PD state. Hence, the second study aimed to
investigate the effects of diet-induced pre-diabetes on the functioning of calcium-regulating organs in
the PD state.

To investigate the functioning of calcium-regulating organs during HFHC diet-induced moderate
hyperglycaemia; markers associated with kidney calcium transport, intestinal calcium transport and
bone turnover were analysed. Additionally, urine calcium and plasma calcium concentrations were
measured in the PD and NPD groups. The diet-induced pre-diabetic animal model was used again in
manuscript 2. In this study, the unchanged plasma calcium levels in the PD group in comparison to
the NPD group suggested that calcium-regulating organs may have compensated for the changes.
Previous studies have shown that renal dysfunction in diabetes impairs renal calcium reabsorption by
downregulating TRPV5 expression and compromising the ability of the kidneys to regulate vitamin D
metabolism [28, 29]. Therefore, the present study evaluated the expressions of renal TRPVS and 1-
alpha hydroxylase via RT-gPCR in addition to urine calcium concentration. In this study, there was
elevated urine calcium along with increased expression of renal TRPV5 and 1-alpha hydroxylase
expressions in the PD group by comparison to NPD. The simultaneous upregulation in renal TRPVS5,
l-alpha hydroxylase and urine calcium insinuate that the kidneys function to increase calcium
reabsorption in the PD state. These results contrasted observations made by previous studies which
revealed a decrease in renal TRPV5 and 1-alpha hydroxylase in T2DM [30, 31]. This suggests that
during the PD state there is an increased demand to conserve plasma calcium levels and depress renal
calcium wastage. Interestingly, the renal calcium wastage in the second manuscript provides an
explanation for the elevated plasma PTH and calcitriol levels in the first manuscript. The increased
urinary calcium loss in the pre-diabetic state may have induced a state of hypocalcaemia, as a result
plasma PTH and calcitriol concentrations may have increased, as seen in manuscript 1. Furthermore,
the second manuscript confirmed that the possible elevated plasma calcitriol in the PD group of the
first study may have been due to the elevated renal 1-alpha hydroxylase expression. Disturbed

calcium homeostasis due to impaired functioning of calcium-regulating organs have been evidenced
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in the small intestine; hence calcium transport was investigated in the small intestine [32, 33].
Previous studies have shown suppressed intestinal calcium absorption evidenced by decreased
expression of VDR and calbindin-De in diabetic patients [5, 34]. Hyperglycaemia has shown to
downregulate intestinal calcium transport proteins inducing intestinal calcium malabsorption [5, 34].
Furthermore, decreased plasma calcitriol levels have shown to impair the ability of the intestine to
adjust its absorption of calcium according to the needs of the body in T2DM [32]. Therefore, the
present study evaluated the expression of intestinal VDR and calbindin-Dgx via RT-gPCR in the pre-
diabetic state. The results showed that intestinal VDR and calbindin-Dg« expression was significantly
higher within the PD group in comparison to the NPD. These observations implied that intestinal
calcium absorption is increased in the PD state. The increased intestinal calcium absorption may have
been a compensatory response to renal calcium wastage and hypocalcaemia. It is evident that during
the PD state, the ability of the intestine to compensate for the changes to plasma calcium is not
compromised and responds to altered calcium homeostasis. The elevated concentrations of plasma
PTH and calcitriol in the PD group of the first manuscript may have promoted the increased intestinal
calcium absorption. Researchers have argued that increased intestinal calcium absorption in the
diabetic state may overcompensate for renal calcium wastage inducing a state of hypercalcaemia [23,
35]. The increased plasma calcium absorbed by the small intestine calcium gets shunted to the bone
promoting increased bone formation and decreased bone resorption [23, 35]. However, other studies
have shown decreased bone formation and increased bone resorption in diabetic patients [36, 37].
These observations suggested that to compensate for hypocalcaemia, there is excessive mobilization
of calcium from bone [36, 37]. Subsequently, the increased bone resorption followed by decreased
bone formation leads to conditions such as osteoporosis and bone weakness [38, 39]. Therefore, in
this study bone turnover was analysed by measuring bone resorption marker deoxypyridinoline and
bone formation marker osteocalcin. In this study, the PD group had decreased urine deoxypyridinoline
and increased osteocalcin concentrations by comparison to NPD. These observations suggested that
during the PD state there is decreased bone resorption and increased bone formation. The elevated
plasma calcitonin concentrations in the first manuscript may have suppressed bone resorption and
promoted bone formation in study 2. The depressed bone resorption and increased bone formation
may suggest a compensatory response to elevated plasma calcium levels. Previous studies have shown
that there is hyperplasia of the parathyroid gland in T2DM which promotes the continuous secretion
of PTH and altered calcium sensing by parathyroid glands. The increased PTH concentrations in the
PD group of study 1 may have overcompensated for renal calcium wastage by upregulating intestinal
absorption and renal reabsorption of calcium inducing a state of hypercalcaemia. Subsequently, in this
study the bone may have responded to the elevated plasma calcium by promoting bone formation and
inhibiting bone resorption. Taking into account the upregulation of intestinal calcium absorption and
renal calcium reabsorption, this study for the first time shows that bone may compensate for excess

plasma calcium retention induced by the above-mentioned organs in pre-diabetes. Insulin was
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evidenced to serve an integral function in formation of bone [40]. In this study there was increased
plasma insulin concentration, in addition to increased plasma osteocalcin during diet-induced
moderate hyperglycaemia. In T2DM, hyperinsulinemia has shown to have anabolic effects on bone by
promoting osteoblast differentiation and supressing bone resorption [40, 41]. These findings are
consistent with the elevated osteocalcin and decreased deoxypyridinoline concentrations observed in
this study. Interestingly, extensive literature has demonstrated a link between plasma osteocalcin
concentrations and insulin resistance [41, 42]. In T2DM, plasma osteocalcin has shown to alleviate
insulin resistance and glucose intolerance by promoting glucose uptake in peripheral tissue [43, 44].
In the current study, elevated HOMA-IR in the PD group has been positively correlated with plasma
osteocalcin concentration. The results corroborated with previous findings that have shown a
positively correlation between osteocalcin and HOMA-IR [41, 42]. These observations may be a
result of the B-cell compensatory mechanism, whereby hyperinsulinemia in the pre-diabetes stage
induces an increase in osteocalcin levels to mediate insulin resistance. For the first time, our research
reveals that calcium-regulating organs maintain normocalcaemia in pre-diabetes by upregulating
genes associated with intestinal calcium transport, renal calcium reabsorption and decreasing bone

resorption followed by increased bone formation.

Biologically, study 1 and study 2 have shown the presence of disturbances to calcium homeostasis.
The altered levels of calciotropic hormones in study 1 and the markers associated with calcium-
regulating organ functioning in study 2 may serve as novel markers in the early detection of T2DM
and its associated complications. This may change guidelines in the detection of type 2 diabetes
mellitus. Medical practitioners and laboratory technicians may use the markers associated with
calcium homeostasis in this study to aid in early detection of T2DM and calcium-related
complications. The future prospects of this study would be to include calcium homeostasis as a
marker in pre-diabetes and T2DM diagnosis. These findings warrant the importance of screening

individuals at risk for developing T2DM by evaluating markers of calcium homeostasis.

Calcium homeostasis is disturbed in the pre-diabetic state, which was evidenced by changes to
calciotropic hormones and calcium-regulating organs. The effects associated with diet-induced pre-
diabetes on calcium homeostasis include increased urine calcium along with unchanged plasma
calcium. This was accompanied by elevated plasma PTH, calcitonin, vitamin D and calcitriol.
Furthermore, plasma PTH and calcitonin in the PD state were positively correlated with glycated
haemoglobin. Furthermore, there was an upregulation in renal calcium reabsorption, intestinal
calcium absorption and decrease in bone resorption followed by increased bone formation. Taken
together, these observations suggested that calciotropic hormones and calcium-regulating organs
compensate for the changes to plasma calcium in the PD state. However, the changes to calciotropic
hormones in the pre-diabetic state may promote the progression of hyperglycaemia in T2DM.
Therefore, with the accumulative evidence of study 1 and study 2 we accept the hypothesis which

states that during the pre-diabetic state there will be changes to calciotropic hormones and the
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functioning of calcium-regulating organs indicative of disturbed calcium homeostasis.

In summary, as shown in Figure 1, elevated plasma PTH, calcitriol and vitamin D in pre-diabetes may
be a compensatory response to hypocalcaemia which promotes an increase in intestinal calcium
absorption and renal calcium reabsorption. However, this may overcompensate for renal calcium
wastage inducing a state of hypercalcaemia. This disturbance to plasma calcium elicits a
compensatory increase in calcitonin secretion which directs calcium to be stored in bone and
suppresses bone resorption, returning plasma calcium levels back to its homeostatic range. The
elevated calciotropic hormones in study 1 compensates for disturbances to plasma calcium by
inducing corresponding changes to calcium-regulating organs in study 2 in favour of normocalcaemia.
However, altered levels of calciotropic hormones in the PD state may promote hyperglycaemia in
T2DM, and furthermore be responsible for the overcompensation. Therefore, we accept the hypothesis
that during the pre-diabetic state there are changes to calciotropic hormones and the functioning of

calcium-regulating organs.
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Conclusion

In the pre-diabetic state, calcium homeostasis is disturbed however calciotropic hormones and
calcium-regulating organs maintain normoglycaemia. The hypothesis of this study is accepted due to
the presence of changes to calciotropic hormones and calcium-regulating organs in the pre-diabetic
state. The effects of diet-induced pre-diabetes on calcium homeostasis include elevated calciotropic
hormones, intestinal calcium transport genes, renal calcium transport genes and decreased bone
resorption followed by increased formation in addition to elevated urine calcium and unchanged
plasma calcium. Furthermore, altered levels of calciotropic hormones in the PD state were positively
correlated with glycated haemoglobin. These observations suggest that despite plasma calcium levels
been conserved in the PD state, altered levels of calciotropic hormones may promote the development

of type 2 diabetes.

Shortfalls and future studies

In the present study, we investigated calcium homeostasis by looking at the changes to calciotropic
hormones and calcium-regulating organs. We established that calcium homeostasis was disturbed,
however calciotropic hormones and calcium-regulating organs compensate for the disturbances to
plasma calcium. Furthermore, we established that calciotropic hormones may contribute to the
development of hyperglycaemia in T2DM. The histology of the parathyroid gland, as well as the
expression of calcium-sensing receptors in parathyroid gland should be studied in the future, to

determine whether there is any early resistance in the detection of plasma calcium levels.
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visible. Many colors are not distinguishable from one another when converted to black and white. A simple
way to check this is to make a xerographic copy to see if the necessary distinctions between the different
colors are still apparent.

. If the figures will be printed in black and white, do not refer to color in the captions.

. Color illustrations should be submitted as RGB (8 bits per channel).

Figure Lettering

To add lettering, it is best to use Helvetica or Arial (sans serif fonts).

Keep lettering consistently sized throughout your final-sized artwork, usually about 2-3 mm (8-12 pt).
Variance of type size within an illustration should be minimal, e.g., do not use 8-pt type on an axis and 20- pt
type for the axis label.

Avoid effects such as shading, outline letters, etc.

Do not include titles or captions within your illustrations.
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Figure Numbering

All figures are to be numbered using Arabic numerals.

Figures should always be cited in text in consecutive

numerical order. Figure parts should be denoted by lowercase

letters (a, b, c, etc.).

If an appendix appears in your article and it contains one or more figures, continue the consecutive
numbering of the main text. Do not number the appendix figures,"Al, A2, A3, etc." Figures in online
appendices [Supplementary Information (S1)] should, however, be numbered separately.

Figure Captions

Each figure should have a concise caption describing accurately what the figure depicts. Include the
captions in the text file of the manuscript, not in the figurefile.

Figure captions begin with the term Fig. in bold type, followed by the figure number, also in bold type.
No punctuation is to be included after the number, nor is any punctuation to be placed at the end of the
caption.

Identify all elements found in the figure in the figure caption; and use boxes, circles, etc., as coordinate
points in graphs.

Identify previously published material by giving the original source in the form of a reference citation at
the end of the figure caption.

Figure Placement and Size

Figures should be submitted separately from the text, if possible.

When preparing your figures, size figures to fit in the column width.

For large-sized journals the figures should be 84 mm (for double-column text areas), or 174 mm (for
single-column text areas) wide and not higher than 234 mm.

For small-sized journals, the figures should be 119 mm wide and not higher than 195 mm.

Permissions

If you include figures that have already been published elsewhere, you must obtain permission from the
copyright owner(s) for both the print and online format. Please be aware that some publishers do not grant
electronic rights for free and that Springer will not be able to refund any costs that may have occurred to receive
these permissions. In such cases, material from other sources should beused.

Accessibility

In order to give people of all abilities and disabilities access to the content of your figures, please make sure that

All figures have descriptive captions (blind users could then use a text-to-speech software or a text-to-
Braille hardware)

Patterns are used instead of or in addition to colors for conveying information (colorblind users would then be
able to distinguish the visual elements)

Any figure lettering has a contrast ratio of at least 4.5:1
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Supplementary Information (SI)

Springer accepts electronic multimedia files (animations, movies, audio, etc.) and other supplementary files to be
published online along with an article or a book chapter. This feature can add dimension to the author's article, as
certain information cannot be printed or is more convenient in electronicform.

Before submitting research datasets as Supplementary Information, authors should read the journal’s Research
data policy. We encourage research data to be archived in data repositories wherever possible.

Submission

Supply all supplementary material in standard file formats.

Please include in each file the following information: article title, journal name, author names; affiliation
and e-mail address of the corresponding author.

To accommodate user downloads, please keep in mind that larger-sized files may require very long
download times and that some users may experience other problems during downloading.

High resolution (streamable quality) videos can be submitted up to a maximum of 25GB; low resolution
videos should not be larger than 5GB.

Audio, Video, and Animations

Aspect ratio: 16:9 or 4:3

Maximum file size: 25 GB for high resolution files; 5 GB for low resolution

files Minimum video duration: 1 sec

Supported file formats: avi, wmv, mp4, mov, m2p, mp2, mpg, mpeg, flv, mxf, mts, m4v, 3gp

Text and Presentations

Submit your material in PDF format; .doc or .ppt files are not suitable for long-term
viability. A collection of figures may also be combined in a PDFfile.

Spreadsheets

Spreadsheets should be submitted as .csv or .xlIsx files (MS Excel).
Specialized Formats
Specialized format such as .pdb (chemical), .wrl (VRML), .nb (Mathematica notebook), and .tex can also be

supplied.

Collecting Multiple Files

It is possible to collect multiple files in a .zip or .gz file.

Numbering
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If supplying any supplementary material, the text must make specific mention of the material as a citation,
similar to that of figures and tables.

Refer to the supplementary files as “Online Resource”, €.g., ... as shown in the animation (Online
Resource 3)", “... additional data are given in Online Resource4”.

Name the files consecutively, e.g. “ESM_3.mpg”, “ESM_4.pdf”.

Captions

For each supplementary material, please supply a concise caption describing the content of the file.

Processing of supplementary files

Supplementary Information (SI) will be published as received from the author without any conversion,
editing, or reformatting.

Accessibility

In order to give people of all abilities and disabilities access to the content of your supplementary files, please
make sure that

The manuscript contains a descriptive caption for each supplementary material

Video files do not contain anything that flashes more than three times per second (so that users prone to
seizures caused by such effects are not put at risk)

Ethical Responsibilities of Authors

This journal is committed to upholding the integrity of the scientific record. As a member of the Committee on
Publication Ethics (COPE) the journal will follow the COPE guidelines on how to deal with potential acts of
misconduct.

Authors should refrain from misrepresenting research results which could damage the trust in the journal, the
professionalism of scientific authorship, and ultimately the entire scientific endeavour. Maintaining integrity of the
research and its presentation is helped by following the rules of good scientific practice, which include*:

The manuscript should not be submitted to more than one journal for simultaneous consideration.

The submitted work should be original and should not have been published elsewhere in any form or
language (partially or in full), unless the new work concerns an expansion of previous work. (Please
provide transparency on the re-use of material to avoid the concerns about text-recycling (‘self-
plagiarism’).

A single study should not be split up into several parts to increase the quantity of submissions and
submitted to various journals or to one journal over time (i.e. ‘salami-slicing/publishing’).

Concurrent or secondary publication is sometimes justifiable, provided certain conditions are met.
Examples include: translations or a manuscript that is intended for a different group of readers.

Results should be presented clearly, honestly, and without fabrication, falsification or inappropriate data
manipulation (including image based manipulation). Authors should adhere to discipline-specific rules for
acquiring, selecting and processing data.
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No data, text, or theories by others are presented as if they were the author’s own (‘plagiarism”). Proper
acknowledgements to other works must be given (this includes material that is closely copied (near

verbatim), summarized and/or paraphrased), quotation marks (to indicate words taken from another source) are
used for verbatim copying of material, and permissions secured for material that is copyrighted.

Important note: the journal may use software to screen for plagiarism.

Authors should make sure they have permissions for the use of software, questionnaires/(web) surveys and
scales in their studies (if appropriate).

Research articles and non-research articles (e.g. Opinion, Review, and Commentary articles) must cite
appropriate and relevant literature in support of the claims made. Excessive and inappropriate self-citation or
coordinated efforts among several authors to collectively self-cite is strongly discouraged.

Authors should avoid untrue statements about an entity (who can be an individual person or a company) or
descriptions of their behavior or actions that could potentially be seen as personal attacks or allegations
about that person.

Research that may be misapplied to pose a threat to public health or national security should be clearly
identified in the manuscript (e.g. dual use of research). Examples include creation of harmful consequences of
biological agents or toxins, disruption of immunity of vaccines, unusual hazards in the use of chemicals,
weaponization of research/technology (amongst others).

Authors are strongly advised to ensure the author group, the Corresponding Author, and the order of
authors are all correct at submission. Adding and/or deleting authors during the revision stages is generally
not permitted, but in some cases may be warranted. Reasons for changes in authorship should be explained in
detail. Please note that changes to authorship cannot be made after acceptance of a manuscript.

*All of the above are guidelines and authors need to make sure to respect third parties rights such as copyright
and/or moral rights.

Upon request authors should be prepared to send relevant documentation or data in order to verify the validity of the
results presented. This could be in the form of raw data, samples, records, etc. Sensitive information in the

form of confidential or proprietary data is excluded.

If there is suspicion of misbehavior or alleged fraud the Journal and/or Publisher will carry out an investigation
following COPE guidelines. If, after investigation, there are valid concerns, the author(s) concerned will be
contacted under their given e-mail address and given an opportunity to address the issue. Depending on the
situation, this may result in the Journal’s and/or Publisher’s implementation of the following measures, including, but
not limited to:

If the manuscript is still under consideration, it may be rejected and returned to the author.

If the article has already been published online, depending on the nature and severity of the infraction:
- an erratum/correction may be placed with the article
- an expression of concern may be placed with the article

- or in severe cases retraction of the article may occur.

The reason will be given in the published erratum/correction, expression of concern or retraction note. Please
note that retraction means that the article is maintained on the platform, watermarked “retracted” and the
explanation for the retraction is provided in a note linked to the watermarked article.
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The author’s institution may be informed

A notice of suspected transgression of ethical standards in the peer review system may be included as part of
the author’s and article’s bibliographic record.

Fundamental errors

Authors have an obligation to correct mistakes once they discover a significant error or inaccuracy in their
published article. The author(s) is/are requested to contact the journal and explain in what sense the error is
impacting the article. A decision on how to correct the literature will depend on the nature of the error. This may be a
correction or retraction. The retraction note should provide transparency which parts of the article are impacted by
the error.

Suggesting / excluding reviewers

Authors are welcome to suggest suitable reviewers and/or request the exclusion of certain individuals when they
submit their manuscripts. When suggesting reviewers, authors should make sure they are totally independent and not
connected to the work in any way. It is strongly recommended to suggest a mix of reviewers from different

countries and different institutions. When suggesting reviewers, the Corresponding Author must provide an
institutional email address for each suggested reviewer, or, if this is not possible to include other means of

verifying the identity such as a link to a personal homepage, a link to the publication record or a researcher or

author ID in the submission letter. Please note that the Journal may not use the suggestions, but suggestions are
appreciated and may help facilitate the peer review process.

Authorship principles

These guidelines describe authorship principles and good authorship practices to which prospective authors
should adhere to.

Authorship clarified

The Journal and Publisher assume all authors agreed with the content and that all gave explicit consent to submit and
that they obtained consent from the responsible authorities at the institute/organization where the work has been
carried out, before the work is submitted.

The Publisher does not prescribe the kinds of contributions that warrant authorship. It is recommended that
authors adhere to the guidelines for authorship that are applicable in their specific research field. In absence of
specific guidelines it is recommended to adhere to the followingguidelines*:

All authors whose names appear on the submission

1) made substantial contributions to the conception or design of the work; or the acquisition, analysis, or
interpretation of data; or the creation of new software used in thework;

2) drafted the work or revised it critically for important intellectual content;
3) approved the version to be published; and

4) agree to be accountable for all aspects of the work in ensuring that questions related to the accuracy or
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integrity of any part of the work are appropriately investigated andresolved.

* Based on/adapted from:

ICMJE, Defining the Role of Authors and Contributors,

Transparency in authors’ contributions and responsibilities to promote integrity in scientific publication, McNutt
at all, PNAS February 27, 2018

Disclosures and declarations

All authors are requested to include information regarding sources of funding, financial or non-financial interests,
study-specific approval by the appropriate ethics committee for research involving humans and/or animals,
informed consent if the research involved human participants, and a statement on welfare of animals if the
research involved animals (as appropriate).

The decision whether such information should be included is not only dependent on the scope of the journal, but also

the scope of the article. Work submitted for publication may have implications for public health or general welfare
and in those cases it is the responsibility of all authors to include the appropriate disclosures and declarations.

Data transparency

All authors are requested to make sure that all data and materials as well as software application or custom code
support their published claims and comply with field standards. Please note that journals may have individual
policies on (sharing) research data in concordance with disciplinary norms and expectations.

Role of the Corresponding Author

One author is assigned as Corresponding Author and acts on behalf of all co-authors and ensures that questions
related to the accuracy or integrity of any part of the work are appropriately addressed.

The Corresponding Author is responsible for the following requirements:

ensuring that all listed authors have approved the manuscript before submission, including the names and
order of authors;

managing all communication between the Journal and all co-authors, before and after publication;*

providing transparency on re-use of material and mention any unpublished material (for example
manuscripts in press) included in the manuscript in a cover letter to the Editor;

making sure disclosures, declarations and transparency on data statements from all authors are included in
the manuscript as appropriate (see above).

* The requirement of managing all communication between the journal and all co-authors during submission and
proofing may be delegated to a Contact or Submitting Author. In this case please make sure the Corresponding
Author is clearly indicated in the manuscript.

Author contributions
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In absence of specific instructions and in research fields where it is possible to describe discrete efforts, the
Publisher recommends authors to include contribution statements in the work that specifies the contribution of
every author in order to promote transparency. These contributions should be listed at the separate title page.

Examples of such statement(s) are shown below:
* Free text:
All authors contributed to the study conception and design. Material preparation, data collection and analysis
were performed by [full name], [full name] and [full name]. The first draft of the manuscript was written by [full
name] and all authors commented on previous versions of the manuscript. All authors read and approved the final

manuscript.

Example: CRediT taxonomy:

* Conceptualization: [full name], ...; Methodology: [full name], ...; Formal analysis and investigation: [full
name], ...; Writing - original draft preparation: [full name, ...]; Writing - review and editing: [full name], ...;
Funding acquisition: [full name], ...; Resources: [full name], ...; Supervision: [full name],....

For review articles where discrete statements are less applicable a statement should be included who had the
idea for the article, who performed the literature search and data analysis, and who drafted and/or critically
revised the work.

For articles that are based primarily on the student’s dissertation or thesis, it is recommended that the student is
usually listed as principal author:

A Graduate Student’s Guide to Determining_Authorship Credit and Authorship Order, APA Science Student
Council 2006

Affiliation

The primary affiliation for each author should be the institution where the majority of their work was done. If an
author has subsequently moved, the current address may additionally be stated. Addresses will not be updated or
changed after publication of the article.

Changes to authorship

Authors are strongly advised to ensure the correct author group, the Corresponding Author, and the order of
authors at submission. Changes of authorship by adding or deleting authors, and/or changes in Corresponding
Author, and/or changes in the sequence of authors are not accepted after acceptance of a manuscript.

Please note that author names will be published exactly as they appear on the accepted
submission!

Please make sure that the names of all authors are present and correctly spelled, and that addresses and
affiliations are current.

Adding and/or deleting authors at revision stage are generally not permitted, but in some cases it may be
warranted. Reasons for these changes in authorship should be explained. Approval of the change during revision is at
the discretion of the Editor-in-Chief. Please note that journals may have individual policies on adding and/or deleting
authors during revision stage.
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Author identification

Authors are recommended to use their ORCID ID when submitting an article for consideration or acquire an
ORCID ID via the submission process.
Deceased or incapacitated authors

For cases in which a co-author dies or is incapacitated during the writing, submission, or peer-review process, and
the co-authors feel it is appropriate to include the author, co-authors should obtain approval from a (legal)
representative which could be a direct relative.

Authorship issues or disputes

In the case of an authorship dispute during peer review or after acceptance and publication, the Journal will not be

in a position to investigate or adjudicate. Authors will be asked to resolve the dispute themselves. If they are unable
the Journal reserves the right to withdraw a manuscript from the editorial process or in case of a published paper raise
the issue with the authors’ institution(s) and abide by its guidelines.

Confidentiality

Authors should treat all communication with the Journal as confidential which includes correspondence with
direct representatives from the Journal such as Editors-in-Chief and/or Handling Editors and reviewers’ reports
unless explicit consent has been received to share information.

Compliance with Ethical Standards

To ensure objectivity and transparency in research and to ensure that accepted principles of ethical and
professional conduct have been followed, authors should include information regarding sources of funding,
potential conflicts of interest (financial or non-financial), informed consent if the research involved human
participants, and a statement on welfare of animals if the research involved animals.

Authors should include the following statements (if applicable) in a separate section entitled “Compliance with
Ethical Standards” when submitting a paper:

Disclosure of potential conflicts of interest

Research involving Human Participants

and/or Animals Informed consent
Please note that standards could vary slightly per journal dependent on their peer review policies (i.e. single or
double blind peer review) as well as per journal subject discipline. Before submitting your article check the
instructions following this section carefully.

The corresponding author should be prepared to collect documentation of compliance with ethical standards and
send if requested during peer review or after publication.

The Editors reserve the right to reject manuscripts that do not comply with the above-mentioned guidelines. The
author will be held responsible for false statements or failure to fulfill the above-mentioned guidelines.

Competing Interests

Authors are requested to disclose interests that are directly or indirectly related to the work submitted for
publication. Interests within the last 3 years of beginning the work (conducting the research and preparing the
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work for submission) should be reported. Interests outside the 3-year time frame must be disclosed if they could
reasonably be perceived as influencing the submitted work. Disclosure of interests provides a complete and
transparent process and helps readers form their own judgments of potential bias. This is not meant to imply that a
financial relationship with an organization that sponsored the research or compensation received for
consultancy work is inappropriate.

Editorial Board Members and Editors are required to declare any competing interests and may be excluded
from the peer review process if a competing interest exists. In addition, they should exclude themselves from
handling manuscripts in cases where there is a competing interest. This may include — but is not limited to —
having previously published with one or more of the authors, and sharing the same institution as one or more of the
authors. Where an Editor or Editorial Board Member is on the author list they must declare this in the

competing interests section on the submitted manuscript. If they are an author or have any other competing

interest regarding a specific manuscript, another Editor or member of the Editorial Board will be assigned to
assume responsibility for overseeing peer review. These submissions are subject to the exact same review process as
any other manuscript. Editorial Board Members are welcome to submit papers to the journal. These submissions are
not given any priority over other manuscripts, and Editorial Board Member status has no bearing on editorial
consideration.

Interests that should be considered and disclosed but are not limited to the following:

Funding: Research grants from funding agencies (please give the research funder and the grant number) and/or
research support (including salaries, equipment, supplies, reimbursement for attending symposia, and other
expenses) by organizations that may gain or lose financially through publication of this manuscript.

Employment: Recent (while engaged in the research project), present or anticipated employment by any
organization that may gain or lose financially through publication of this manuscript. This includes multiple
affiliations (if applicable).

Financial interests: Stocks or shares in companies (including holdings of spouse and/or children) that may gain or
lose financially through publication of this manuscript; consultation fees or other forms of remuneration from
organizations that may gain or lose financially; patents or patent applications whose value may be affected by
publication of this manuscript.

It is difficult to specify a threshold at which a financial interest becomes significant, any such figure is necessarily
arbitrary, so one possible practical guideline is the following: "Any undeclared financial interest that could
embarrass the author were it to become publicly known after the work was published."

Non-financial interests: In addition, authors are requested to disclose interests that go beyond financial interests that
could impart bias on the work submitted for publication such as professional interests, personal relationships

or personal beliefs (amongst others). Examples include, but are not limited to: position on editorial board,
advisory board or board of directors or other type of management relationships; writing and/or consulting for
educational purposes; expert witness; mentoring relations; and so forth.

Primary research articles require a disclosure statement. Review articles present an expert synthesis of evidence and
may be treated as an authoritative work on a subject. Review articles therefore require a disclosure
statement.Other article types such as editorials, book reviews, comments (amongst others) may, dependent on
their content, require a disclosure statement. If you are unclear whether your article type requires a disclosure
statement, please contact the Editor-in-Chief.

Please note that, in addition to the above requirements, funding information (given that funding is a potential
competing interest (as mentioned above)) needs to be disclosed upon submission of the manuscript in the peer
review system. This information will automatically be added to the Record of CrossMark, however it is not
added to the manuscript itself. Under ‘summary of requirements’ (see below) funding information should be
included in the ‘Declarations’ section.
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Summary of requirements

The above should be summarized in a statement and placed in a ‘Declarations’ section before the reference list under
a heading of ‘Funding’ and/or ‘Competing interests’. Other declarations include Ethics approval, Consent, Data,
Material and/or Code availability and Authors’ contribution statements.

Please see the various examples of wording below and revise/customize the sample statements according to your own
needs.

When all authors have the same (or no) conflicts and/or funding it is sufficient to use one blanket statement.

Examples of statements to be used when funding has been received:
Partial financial support was received from [...]
The research leading to these results received funding from [...] under Grant Agreement Nol...].
This study was funded by [...]
This work was supported by [...] (Grant numbers [...] and [...]
Examples of statements to be used when there is no funding:
The authors did not receive support from any organization for the submitted
work. No funding was received to assist with the preparation of this
manuscript.
No funding was received for
conducting this study. No funds,
grants, or other support was received.

Examples of statements to be used when there are interests to declare:

Financial interests: Author A has received research support from Company A. Author B has received a
speaker honorarium from Company Wand owns stock in Company X. Author C is consultant to company Y.

Non-financial interests: Author C is an unpaid member of committee Z.
Financial interests: The authors declare they have no financial interests.

Non-financial interests: Author A is on the board of directors of Y and receives no compensation as
member of the board of directors.

Financial interests: Author A received a speaking fee from Y for Z. Author B receives a salary from
association X. X where s/he is the Executive Director.

Non-financial interests: none.

Financial interests: Author A and B declare they have no financial interests. Author C has received
speaker and consultant honoraria from Company M and Company N. Dr. C has received speaker
honorarium and research funding from Company M and Company O. Author D has received travel support
from Company O.

Non-financial interests: Author D has served on advisory boards for Company M, Company N and
Company O.
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Examples of statements to be used when authors have nothing to declare:
The authors have no relevant financial or non-financial interests to disclose.
The authors have no competing interests to declare that are relevant to the content of this article.

Al authors certify that they have no affiliations with or involvement in any organization or entity with any
financial interest or non-financial interest in the subject matter or materials discussed in this manuscript.

The authors have no financial or proprietary interests in any material discussed in this article.

Authors are responsible for correctness of the statements provided in the manuscript. See also Authorship
Principles. The Editor-in-Chief reserves the right to reject submissions that do not meet the guidelines described in
this section.

Research involving human participants, their data or biological material

Ethics approval

When reporting a study that involved human participants, their data or biological material, authors should include a
statement that confirms that the study was approved (or granted exemption) by the appropriate institutional

and/or national research ethics committee (including the name of the ethics committee) and certify that the study was
performed in accordance with the ethical standards as laid down in the 1964 Declaration of Helsinki and its later
amendments or comparable ethical standards. If doubt exists whether the research was conducted in

accordance with the 1964 Helsinki Declaration or comparable standards, the authors must explain the reasons for their
approach, and demonstrate that an independent ethics committee or institutional review board explicitly

approved the doubtful aspects of the study. If a study was granted exemption from requiring ethics approval, this
should also be detailed in the manuscript (including the reasons for the exemption).

Retrospective ethics approval

If a study has not been granted ethics committee approval prior to commencing, retrospective ethics approval
usually cannot be obtained and it may not be possible to consider the manuscript for peer review. The decision on
whether to proceed to peer review in such cases is at the Editor's discretion.

Ethics approval for retrospective studies

Although retrospective studies are conducted on already available data or biological material (for which formal
consent may not be needed or is difficult to obtain) ethics approval may be required dependent on the law and the
national ethical guidelines of a country. Authors should check with their institution to make sure they are
complying with the specific requirements of their country.

Ethics approval for case studies

Case reports require ethics approval. Most institutions will have specific policies on this subject. Authors should
check with their institution to make sure they are complying with the specific requirements of their institution

and seek ethics approval where needed. Authors should be aware to secure informed consent from the individual (or
parent or guardian if the participant is a minor or incapable) See also section on Informed Consent.

Cell lines
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If human cells are used, authors must declare in the manuscript: what cell lines were used by describing the
source of the cell line, including when and from where it was obtained, whether the cell line has recently been
authenticated and by what method. If cells were bought from a life science company the following need to be
given in the manuscript: name of company (that provided the cells), cell type, number of cell line, and batch of
cells.

It is recommended that authors check the NCBI database for misidentification and contamination of human cell
lines. This step will alert authors to possible problems with the cell line and may save considerable time and
effort.

Further information is available from the International Cell Line Authentication Committee (ICLAC).

Authors should include a statement that confirms that an institutional or independent ethics committee (including the
name of the ethics committee) approved the study and that informed consent was obtained from the donor or next of
kin.

Research Resource Identifiers (RRID)

Research Resource Identifiers (RRID) are persistent unique identifiers (effectively similar to a DOI) for research
resources. This journal encourages authors to adopt RRIDs when reporting key biological resources (antibodies, cell
lines, model organisms and tools) in their manuscripts.

Examples:

Organism: Filipltml""(KOMP)Wtsi
RRID:MMRRC_055641-UCD Cell Line: RST307 cell
line RRID:CVCL_C321

Antibody: Luciferase antibody DSHB Cat# LUC-3,
RRID:AB_2722109 Plasmid: mRuby3 plasmid
RRID:Addgene_104005

Software: ImageJ Version 1.2.4 RRID:SCR_003070

RRIDs are provided by the Resource Identification Portal. Many commonly used research resources already have
designated RRIDs. The portal also provides authors links so that they can quickly register a new resource and
obtain an RRID.

Clinical Trial Registration

The World Health Organization (WHO) definition of a clinical trial is "any research study that prospectively

assigns human participants or groups of humans to one or more health-related interventions to evaluate the

effects on health outcomes". The WHO defines health interventions as “A health intervention is an act performed for,
with or on behalf of a person or population whose purpose is to assess, improve, maintain, promote or modify
health, functioning or health conditions” and a health-related outcome is generally defined as a change in the health of
a person or population as a result of anintervention.

To ensure the integrity of the reporting of patient-centered trials, authors must register prospective clinical trials
(phase 1l to IV trials) in suitable publicly available repositories. For example wwuw.clinicaltrials.gov or any of the
primary registries that participate in the W HO International Clinical Trials Registry Platform.

The trial registration number (TRN) and date of registration should be included as the last line of the manuscript
abstract.

For clinical trials that have not been registered prospectively, authors are encouraged to register retrospectively to
ensure the complete publication of all results. The trial registration number (TRN), date of registration and the
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words 'retrospectively registered” should be included as the last line of the manuscript abstract.

Standards of reporting

Springer Nature advocates complete and transparent reporting of biomedical and biological research and research with
biological applications. Authors are recommended to adhere to the minimum reporting guidelines hosted by the E
QUATOR Network when preparing their manuscript.

Exact requirements may vary depending on the journal; please refer to the journal’s Instructions for Authors.
Checklists are available for a number of study designs, including:

Randomised trials (CONSORT) and Study protocols

(SPIRIT) Observational studies (STROBE)

Systematic reviews and meta-analyses (PRISMA) and protocols

(Prisma-P) Diagnostic/prognostic studies (STARD) and (TRIPOD)

Case reports (CARE)

Clinical practice guidelines (AGREE)
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APPENDIX 3: DIET COMPOSITIONS

Composition of the high fats high carbohydrates (HFHC) diet

Ingredient Incl(%0) Mix(kg)
Maize 898 . 390.000
Pamoil 2099 210.000
SoyaFullFat 1499 150.000
_WheatGluten 650 .. 65.000
Flour 600 . 60.000
Monodex 500 . 50.000
Sugar-White 500 .. 50.000
_Limestone 100 10.000
Dicalcium Phosphate 0.50 5.000
Vitaminpremye 03
Saht-Fine 030 .. 3.000
Amino Acid - DL Methionine 0.30 3.000
Minera e 010
100.01 1000.50

Nutritional value of the high-fats high-carbohydrate (HFHC) diet
Nutrient Units Actual
Dry Matter o/kg 919.93
Metabolizable Energy MJ/kg 15.86
Crude Protein o/kg 151.27
AShreonine o/kg 451
ASlsoluecine o/kg 5.24
ASLysine o/kg 6.54
ASMethionine o/kg 4.86
ASryptophan o/kg 1.30
ASstidine o/kg 3.30
ASTSAA g/kg 6.79
ASValine o/kg 5.80
Fat o/kg 250.46
Carbohydrate o/kg 427.29
Fibre o/kg 22.08
Ash o/kg 26.31
Avl Phosphorus o/kg 1.66
Calcium o/kg 5.47
Total Phosphorus o/kg 3.60
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Composition of fats, proteins and carbohydrates of the normal diet (Diet intervention)

Fats 15 %
Proteins 25 %
Carbohydrates 65 %
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