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ABSTRACT

The prevalence of non-communicable diseases such as diabetes mellitus is increasing worldwide
with Type 2 diabetes mellitus accounting for 90 to 95 per cent of all diabetes cases. Type 2
diabetes mellitus, excessive alcohol consumption, and co-infection with the Human
Immunodeficiency Virus (HIV) are some of the most common chronic health and socioeconomic
problems in South Africa. Individuals infected with HIV are enrolled in combination antiretroviral

therapy (cART), adding further difficulty to the country’s health system.

As type 2 diabetes is characterized by hyperglycemia and insulin resistance, chronic alcohol abuse
increases caloric intake and leads to obesity, and later, to type 2 diabetes. Alcohol abuse also
affects the ability to make good behavioural choices, increasing the likelihood of HIV infection
and subsequent enrolment in a cART programme. Although cART is effective, it is associated with
metabolic dysregulation with insulin resistance. These metabolic disorders exacerbate type 2

diabetes mellitus and increase the risk of osteoporosis and bone fractures.

Type 2 diabetes mellitus is among the causes of osteoporosis and an increased risk of bone
fractures. Research studies link type 2 diabetes, excessive alcohol consumption and the use of
CART, independently, to osteoporosis and an increase in the risk of bone fracture. Transforming
growth factors (TGF-B1) and bone morphogenetic proteins 3 (BMP-3) are notable cytokines that
promote bone remodeling, proliferation, and differentiation of mesenchyme bone forming cells
(osteogenesis). Alcohol, type 2 diabetes mellitus, and cART individually or together may have
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detrimental effects on these cytokines. While the singular effects of alcohol, type 2 diabetes
mellitus or cART have been reported, their combined effect is unknown. This is despite the high

prevalence of coexistence of diabetes, alcohol abuse and cART among individuals.

The present study aimed to determine the impact of the interaction of alcohol and combination
antiretroviral treatment (cART) on the diabetic Sprague Dawley male rat mandible. The rats were
randomly distributed into 10 groups consisting of 3 control groups, 3 non-diabetic groups and 4
diabetic groups. The animals were placed in the following groups: (i) Untreated control group
which received no treatment (n=8); (ii) Citrate buffer controls (CB), received a once of injection
of citrate buffer (n=6); (iii) Gelatine group (GEL), received gelatine (n=8); (iv) Alcohol (ALC),
consumed alcohol (n=8); (v) received combination antiretroviral treatment (cART) (n=8); (vi)
ALC+cART, received alcohol and cART (n=7); (vii) DBT, diabetic group (n=7). The study included
additional diabetic groups that received alcohol or cART or both as follows; (viii) diabetic animals
that received alcohol (DBT+ALC) (n=6); (ix) diabetic animals received cART (DBT+cART) (n=7); and
(x) diabetic animals that received both alcohol and cART (DBT+ALC+cART) (n=6). Gelatine was
used as a mode of administration of the treatment cART treatment. Diabetes was induced by a

diet enriched with 20% fructose a a once off sing STZ (40mg/kg.bw, ip) dose.

The study begins by inducing and confirming induction of type 2 diabetes mellitus in the
appropriate rat groups (DBT, DBT+ALC, DBT+cART and DBT+ALC+cART). Confirmation of diabetes

was achieved by monitoring the fasting blood glucose levels, oral glucose tolerance tests (OGTT)
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and serum insulin levels. Serum levels of hormones that regulate bone health were then
assessed. Afterwards, mandibular osteometry measurements were made. The trabecular
microstructure parameters were assessed from microfocus X-ray computed tomography (Micro
CT) to measure thickness (TbTh), spacing (TbSp), and number (TbN). The bones were tested for
strength with a universal tensile tester and histologically evaluated for normal morphology. The
expression of osteocytes, transforming growth factor beta-1 (TGF-1), and bone morphogenic

protein-3 (BMP-3) was evaluated by immunohistochemistry.

Diabetes was successfully induced as confirmed by, hyperglycemia, poor oral glucose tolerance
and hypoinsulinemia in the groups that had diabetes (DBT, DBT+cART and DBT+ALC+cART).
Serum parathyroid hormone and calcitonin concentrations were low in rats that were diabetic
and taking and cART (DBT+cART) or diabetic rats taking both alcohol and cART (DBT+ALC+cART).
Significantly higher levels of serum sclerostin were detected in rats subjected to various
combinations of alcohol, CART or diabetes (ALC+cART, DBT+cART and DBT+ALC). However, the
diabetic rats that received both alcohol and cART (DBT+ALC+cART) had normal sclerostin levels.
Serum osteocalcin and catenin levels were also unaffected in this group. Diabetic rats on cART,
with or without alcohol, showed decreased parathyroid hormone and calcitonin, but normal
sclerostin, osteocalcin, and catenin. This suggests a specific disruption of parathyroid hormone
and calcitonin regulation, while other compensatory mechanisms might maintain the levels of

the other hormones.
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Diabetes adversely affected mandibular dimensions and was worsened by concurrent alcohol
and cART. While the DBT+cART+ALC group had the highest stiffness, it was characterised by lower
values for maximum force and break force, less displacement, and time to fracture, indicating
stiff and brittle bones. This finding supports the hypothesis that concomitant cART and alcohol
use in diabetes may result in weaker bones.  The high BV/TV and TbN in the DBT, DBT+cART

and DBT+cART+ALC did not translate to stronger bones, therefore, the bone was of lower quality.

Diabetes (DBT), alcohol (ALC), diabetes with alcohol (DBT+ALC) or diabetics consuming alcohol
and antiretroviral treatment (DBT+ALC+cART) exhibited significantly impaired osteocyte
guantities. The high intensity of BMP3 immunostaining observed in the present study among the
groups with diabetes, (DBT, DBT+ALC, DBT+ALC and DBT+cART+ALC) corroborates the diminished
TRAP immunopositivity as BMP3 is antagonistic to osteoblasts. In the present study, both alcohol
(ALC) and diabetes (DBT) or a combination of alcohol and diabetes (DBT+ALC) did not change the
expression of TGFB1. Evaluating the intracellular expression of TGFB1 in a future study is

recommended.

Viewed altogether, these results show that when diabetes was confounded by combination
antiretroviral treatment and alcohol consumption (DBT+ALC+cART), osteogenic cells were
negatively impacted together with derangement of the hormone profile parathyroid hormone
and calcitonin. This is coupled with osteometric changes and bone weakness. Therefore, diabetic
patients should be advised to reduce alcohol intake and bone health should be monitored when

combination antiretroviral therapy is employed.
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Introduction

1.0 INTRODUCTION

1.1 Background to the study

The prevalence of non-communicable lifestyle and dietary habit diseases such as diabetes
mellitus is increasing worldwide (Sun et al., 2022). This adds to socioeconomic hardships
associated with the burden of the disease (Guariguata et al., 2014; King and Bowe, 2016).
Diabetes mellitus is a chronic condition that depicts a group of metabolic disorders characterised
by sustained hyperglycemia (Chao et al., 2018). Diabetes mellitus exists in four main types that
can be classified as (i) Type 1 diabetes mellitus, (ii) Type 2 diabetes mellitus, (iii) Gestational
diabetes (Zaccardi et al., 2016; Saeedi et al., 2019) (iv) Maturity Onset Diabetes in the Young
(MODY), (Nkonge et al., 2020) which describes single-gene disorder causing conditions in younger
age groups. Type 2 diabetes mellitus comprises approximately 90- 95% of all cases of diabetes

(Wu and Huan, 2007; Fang et al., 2019).

Type 2 diabetes mellitus, excessive alcohol consumption, and infection with the Human
Immunodeficiency Virus (HIV) are some of the most common chronic health and socioeconomic
problems in South Africa. Individuals infected with HIV are enrolled in combination antiretroviral

therapy (cART), adding further difficulty to the country’s health system.

Chronic excessive alcohol consumption exacerbates type 2 diabetes mellitus, and it is considered
as an independent risk factor for type 2 diabetes mellitus (Kim and Kim, 2012). Since this
condition is characterised by hyperglycemia and insulin resistance, chronic alcohol consumption

provides excess calories to the body, leading to obesity (Kao et al., 2001). Lack of physical exercise
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and excess calories intake leads to obesity and disturbances of carbohydrate and glucose
metabolism (Kao et al., 2001; Kim and Kim, 2012). Over a prolonged period, a combination of
impaired insulin secretion and reduced insulin sensitivity occurs. This leads to hyperglycemia and

subsequently, to type 2 diabetes mellitus (Kao et al., 2001; Kim and Kim, 2012).

Alcohol abuse also impairs the ability to make good behavioural choices, for example, alcohol
consumers are more likely to have concurrent multiple sexual partners and have greater chances
of engaging in unprotected sex (Carels et al., 2023). This increases the likelihood of HIV infection

and subsequent enrolment into a cART regimen.

Combination antiretroviral therapy (cART), particularly Atripla® is a first line treatment drug in
HIV patients. The pill consists of two nucleoside reverse transcriptase inhibitors (NRTI) and one
non-nucleoside reverse transcriptase inhibitor (NNRTI). Emtricitabine (200mg) and tenofovir
disoproxil fumarate (300mg) are the NRTIs, while efavirenz (600mg) forms the NNRTI (Julg and
Bogner, 2008). It is cost-effective and readily available (Harris et al., 2012) and early treatment
removes both the virus and the infected HIV reservoir cells, thus reducing the high risk of

transmitting the infection (Li et al., 2022).

Though, cART is effective in reversing the outcomes of HIV, it is associated with metabolic
dysregulation characterised by dyslipidaemia and insulin resistance. These metabolic
dysregulations exacerbate type 2 diabetes mellitus, as well as the risk of osteoporosis and

increased risk of bone fracture (Molina et al., 2014). The associated high risk of developing
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diabetes particularly stems from the NNRTI drug, efavirenz (Rebeiro et al., 2021), also found in

CART.

The multimorbidity of type 2 diabetes mellitus, HIV, and chronic excessive alcohol consumption
has adverse dental implications that can negatively affect the outcomes of advanced dental
procedures such the placement of dental implants (Porter and von Fraunhofer, 2005b).
Considering this, type 2 diabetes mellitus patients and excessive alcohol consumers as well as
those on cART therapy are treated with special precautions which often include modification of
the treatment plans. For example, a diabetic patient should be put on medications to control the
blood glucose level prior to the placement of dental implants. Furthermore, type 2 diabetes
mellitus among other factors such as poor oral hygiene and patient’s age are some of the primary
indicators of implant success because they affect dental implants osseointegration and implant

stability (Porter and von Fraunhofer, 2005b).

Uncontrolled type 2 diabetes mellitus can lead to the loss of osseointegration between the bone
and the surface of the dental implant (Sakka and Coulthard, 2009). The osseointegration and
stability depend on the good volume (quantity) of trabecular bone and the strength of the cortical
bone (Porter and von Fraunhofer, 2005b). Type 2 diabetes mellitus it is among the causes of
osteoporosis (Chiodini et al., 2020) and osteoporosis is considered as the most important

metabolic bone disorder seen in patients with type 2 diabetes mellitus (de Araujo et al., 2022).
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Studies have linked type 2 diabetes mellitus (Hamann et al., 2011; Sun et al., 2015), excessive
alcohol consumption and the use of cART, independently to osteoporosis and increased risk of
bone fracture (Maurel et al., 2012; Molina et al., 2014; Castronuovo et al., 2015). These three
conditions. each have been shown to reduce bone strength and increase fracture risk by causing
a reduction in the number of osteoblasts, osteoclasts and bone matrix synthesis, ultimately
leading to poor bone strength and decreased bone mineral density (BMD) (Grigsby et al., 2010;

Dave et al., 2015; Sun et al., 2015).

Transforming growth factors (TGF-B1) and bone morphogenetic proteins 3 (BMP-3) are notable
cytokines that promote bone remodeling, proliferation, and differentiation of mesenchyme bone
forming cells (osteogenesis) (Bismar et al., 1999; Janssens et al., 2005; Tang et al., 2009). Alcohoal,
type 2 diabetes mellitus, and cART individually or together may have detrimental effects on these
cytokines. While the singular effects of alcohol, type 2 diabetes mellitus or cART have been
reported, their combined effect is unknown. This is despite the high prevalence of coexistence of

diabetes, alcohol abuse and cART among individuals.

This study investigates the combined effect of type 2 diabetes mellitus, excessive alcohol intake,
and cART on mandibular bone structure using Sprague-Dawley (SD) rats. The investigation starts
by inducing and confirming the induction of type 2 diabetes mellitus in the appropriate rat
groups. This was achieved by monitoring fasting blood glucose (FBG) levels, bone mass
measurements, evaluation of glucose handling characteristics via oral glucose tolerance tests
(OGTT), and serum insulin levels. The study then queries serum levels of hormones that regulate

4
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bone health are shown for all rat groups in the study. Mandibular osteometric measurements
were then taken and evaluated. This was followed by an evaluation of cortical bone thickness
(CtTh) and trabecular microarchitecture and organisation with respect to their thickness (TbTh),
spacing (TbSp) and number (TbN) from three dimensional microfocus X-ray computed
tomography (Micro CT). The bones were tested for strength using a computer-controlled
universal tensile testing machine. The bones were histologically evaluated for normal
morphology and quantification of bone marrow adipocytes. The expression of osteocytes was
assessed by immunohistological means. The expression of a cytokine that promote osteogenesis
transforming growth factor beta-1 (TGF-B1) and its antagonist, bone morphogenic protein-3

(BMP-3) was assessed from immunolabeled slides.

Rationale for the study

Despite type 2 diabetes mellitus, excessive alcohol consumption, and cART being a common
burden in the South African health system, not enough attention is paid to the skeletal health of
these comorbidity. Independent studies have shown the detrimental effects of (i) type 2 diabetes
mellitus (ii) excessive alcohol use and (iii) cART on mandibular bone health, but the effects of
their co-existence on the mandible in a single study is lacking in the literature. This study may
provide clinicians with valuable information on the bone structure of patients with this

comorbidity when considering implant therapy, internal rigid fixation, or orthopaedic surgery.
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1.2 Aim:
To determine the effect of the interaction of alcohol and combination antiretroviral

treatment (cART) on the diabetic Sprague Dawley rat mandible.

1.3 Objectives:
1. To induce diabetes mellitus by 20% fructose diet and a single intraperitoneal injection of
Streptozotocin 40mg/kg and to confirm the development of diabetes in an

experimental animals by measuring the following parameters:

i) Weekly body mass using a calibrated scale.

ii) Weekly fasting blood glucose levels using a glucometer.
iii) Oral glucose tolerance tests (OGTT) using a glucometer.
iv) Terminal insulin levels using ELISA

2 To use ELISA to measure the serum levels of insulin, parathyroid hormones, osteocalcin,
calcitonin, sclerostin, and catenin. Additionally, to evaluate the effects of alcohol and
antiretroviral therapy on these hormones that are involved in bone homeostasis in diabetic

rats.

3. To investigate the combined effect of diabetes, chronic alcohol, and combination
antiretroviral therapy on mandibular size and shape by taking osteometric measurements
using a sliding calliper as follows:

i) Mandibular heigh

# Mandibular length
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4. To characterise mandibular bone strength and trabecular morphometric parameters in
diabetic rats that consumed alcohol and were treated with combination antiretroviral
therapy by analysing the following parameters:

i) The mandibular tensile strength was analysed using 3-point bending tests using a
universal tensile tester.
ii) The thickness of the trabeculae, spacing, and trabeculae numbers were analysed using

Micro-focus X-ray Computed Tomography (MicroCT).

5. Characterisation of bone by histological and immunohistochemical analysis in diabetic rats
that consumed alcohol and were treated with combination antiretroviral therapy.
a) Histological analysis of bone trabecular morphology and adiposity was performed
using hematoxylin and eosin (H&E) stain.
b) Immunohistochemical analysis:
i) The expression of the osteogenic growth factor (TGF-B1) and the antagonistic
growth factor (BMP-3) was evaluated by immunohistochemistry.
i) To assess osteolysis, osteocytes were immunolabelled using the anti-TRAP

antibody.

1.4 Hypothesis
Null hypothesis: Diabetes negatively affects skeletogenic cytokines, increases bone marrow
adiposity, and increases bone fragility in rats that consumed alcohol and received combination

antiretroviral therapy.
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Alternative hypothesis: Diabetes has no effect on skeletogenic cytokines, increases bone marrow
adiposity, and increases bone fragility in rats that consumed alcohol and received combination

antiretroviral therapy.

1.5 Layout of the thesis

The thesis consists of eight chapters follows:

Chapter 1

Describes the general introduction, aims, objectives, and rationale for the study.

Chapter 2

This chapter presents a concise literature review that discusses diabetes mellitus, its history,
pathophysiology and prevalence, and its associated health burden.

It also discusses the comorbidity of chronic alcohol consumption together with type 2 diabetes
mellitus, comorbidity of chronic alcohol consumption and cART. The functional anatomy of rat
mandible, bone remodeling, the effect of alcohol and cART on bone remodeling, and its
biomechanical properties described. Lastly, it describes three-point biomechanical bending tests.
Chapter 3

This chapter lays out the experimental design. It describes in detail the methodology used to
induce diabetes, administration of alcohol and cART.

Chapter 4

This chapter describes the influence of alcohol and combination antiretroviral treatment on bone

regulating hormones in diabetic Sprague Dawley rats.
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Chapter 5

This chapter describes osteometric measurements in estimation of general mandibular size
through use of linear mandibular height, and the linear mandibular length measurement.
Chapter 6

This chapter describes the use of Micro-CT to analyse the 3D trabecular parameters such BV/TV,
TbTh, TbSp and TbN. The effects of type 2 diabetes mellitus, alcohol consumption and the cART
on the structural and material properties of the Sprague- Dawley rat mandible using three-point
bending tests is included in this chapter.

Chapter 7

This chapter describes the regulation of osteoblasts, and osteocytes number by the TGF-f1, BPM-
3 and TRAP using immunohistochemistry.

Chapter 8

This chapter gives a summary of the results, the overall discussion and conclusion. It contains
limitations and recommendations.
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2.0 LITERATURE REVIEW

2.1 The burden of non-communicable lifestyle diseases

The prevalence of non-communicable lifestyle diseases is increasing worldwide, and this adds to
socio-economic hardships associated with the burden of the disease. Type 2 diabetes, excessive
alcohol consumption and infection with the Human Immunodeficiency Virus (HIV) are some of
the most common socio-economic problems in South Africa. Individuals infected with HIV are
enrolled on antiretroviral therapy, adding further pressure to the country’s health system.
Studies link diabetes (Hamman et al., 2011; Sun et al., 2015), excessive alcohol use (Dyer et al.,
1998; Maurel et al., 2012; Kusy et al., 1989; Molina et al., 2008) and antiretroviral therapy (ART)
(Castronuovo et al., 2015; Bristol-Meyer Squibb and Gilead Sciences, LLC, 2016) to osteoporosis
and increased bone fracture risk. Clinically, periodontal disease may occur, adversely affecting
implant stability which rely on good bone quality. Though diabetes-HIV co-infection with heavy
alcohol drinking abounds in our society, we have not found literature reporting on the multi-

morbidity of these three aspects regarding mandibular bone health.

2.2 Pathophysiology of type 2 diabetes mellitus

The pathogenesis of type 2 diabetes mellitus involves insulin resistance and hyperglycemia with
some degree of genetic predisposition (Ramlo-Halsted and Edelman, 1999; Polonsky, 2012). Type
2 diabetes mellitus (DM) is a heterogeneous disorder that results from an interaction between
genetic predisposition and environmental risk factors such as ageing, obesity, alcohol

consumption, lack of physical activity, and excessive refined sugar consumption (Holt, 2004).

14
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Under normal physiological conditions, there is a feedback loop between insulin actions that
promote insulin sensitivity in tissues such as liver, muscle, and fatty tissues (Holt, 2004). The
secretion of insulin is through tightly controlled and effective regulation of insulin sensitive
tissues and insulin secretion (Galicia-Garcia et al., 2020). These interaction mechanisms maintain
normal plasma glucose concentration within the normal range despite the wide changes in

demand and supply of glucose (Holt, 2004).

In type 2 diabetes mellitus, there is a dysregulation of these mechanisms resulting in insulin
resistance (primary defect) and impaired insulin secretion through the failure of dysfunctional
pancreatic B-cells to secrete insulin (secondary defect) (Ramlo-Halsted and Edelman, 1999; Holt,
2004; Zheng et al., 2018). Initially, the pancreatic B-cells can compensate by increasing insulin
levels leading to hyperinsulinemia; this compensatory hyperinsulinemia can keep plasma glucose
concentration normalised for a period (up to several years). However, impaired glucose tolerance
in the prediabetic state develops with hyperglycaemia and metabolic syndrome (Ramlo-Halsted
and Edelman, 1999). Metabolic syndrome describes a cluster of risk factors that include insulin
resistance, hypertension, and dyslipidaemia and increases cardiovascular risks (Polonsky, 2012;
Blaslov et al., 2018). This group of risks is identified with glucose intolerance, eventually leading

to type 2 diabetes mellitus (Polonsky, 2012).

2.3 A brief history of diabetes
Numerous researchers have reported on how diabetes has evolved in the past 400 years
(Polonsky, 2012; Lakhtakia, 2013; Blaslov et al., 2018; Zheng et al., 2018). Scientific literature
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reports that diabetes was first recognised by the ancient Egyptians around 1500-1552 B.C.
(Polonsky, 2012; Blaslov et al.,, 2018). The ancient Egyptians considered it a rare condition
characterised by excessive urination, weight loss, and death (Polonsky, 2012; Blaslov et al., 2018).
Apollonius was the first to use the term ‘diabetes’ around 230 BC (Zajac et al., 2010; Zaccardi et
al., 2016). This term ‘diabetes’ was derived from the ancient Greek word ‘diabainen’, which
means ‘to go through’ (dia through, bétes-to go) to indicate excessive passage of urine through

the kidney (Zajac et al., 2010; Zaccardi et al., 2016).

The famous ancient Indian physician Sushruta and the surgeon Charaka in the fifth century (400-
500 AD) were able to identify the two types of diabetes, later named Type 1 and Type 2 (Zajac et
al., 2010; Lakhtakia, 2013). At this time, they observed that in type 1 diabetes individuals
developed the disease at a younger age but did not survive long after diagnosis. On the contrary,
type 2 diabetes had a late onset and was observed in older and obese individuals who also lived

longer after diagnosis (MacFarlane, 1990; Zajac et al., 2010).

The sweet taste of diabetic urine was recognised at the beginning of the first millennium
(Tattersall and Matthews, 2024). The term ‘diabetes mellitus’ meaning ‘honey’ and ‘syphon’ was
first used by the Greek physician Aretaeus of Cappadocia, who practised in Rome and Alexandria
in the second century AD, after the detection of a sweet taste among diabetic patients (Polonsky,
2012; Blaslov et al., 2018). In the 17% century (1600s), Thomas Willis of England, an anatomist
and physician, coined the term ‘mellitus’ (sweet) to differentiate this condition from excessive
urination of non-sweet urine (diabetes ‘insipidus’) (Zaccardi et al., 2016). In 1776, the British
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physiologist Mathew Dobson of Liverpool measured the concentration of glucose in the urine of
people living with diabetes and found that the ‘sweet taste’ was due to an excess concentration
of glucose in the urine and blood (Zajac et al., 2010; Polonsky, 2012; Lakhtakia, 2013; Zaccardi et

al., 2016).

Discovery of Insulin

In the 19t century, the French physiologist Claude Bernard discovered the glycogenic action of
the liver, which made it easier to study the progression of the disease (Karamanou et al., 2016).
In 1889, Joseph von Mering and Oskar Minkowski, for the first time, linked diabetes to a specific
organ (pancreas) after discovering that pancreatomised dogs developed symptoms of diabetes
(Zaccardi et al., 2016; Tattersall and Matthews, 2024). This became the first evidence that insulin
plays a vital role in the regulation of glucose concentration (Polonsky, 2012).

In 1893, Laguesse suggested that the pancreatic ‘islets’ previously described by Langerhans in
1869 produced an internal chemical secretion that controls glucose metabolism (Tattersall and
Matthews, 2024). In 1910, Edward Alber Sharpey-Schaffer indicated that people living with
diabetes lacked a single chemical substance produced by pancreatic islets and named it ‘insulin’
(Zaccardi et al., 2016). Frederick Banting, Charles Best, John Macleod and Bertram Collip; made
acid-ethanol extracts from the pancreas to isolate insulin in1921, and it was first used for

treatment in 1922 (Karamanou et al., 2016; Tattersall and Matthews, 2024).
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2.4 Prevalence of type 2 diabetes mellitus

In 2021, it was estimated that the global prevalence of diabetes in the age 20-79 years was 10.5%
(536.6 million people), and it is expected to rise to 12.2% (783.2 million) in 2045, with the
prevalence similar in both men and women (Sun et al., 2022). The largest significant increase in
the prevalence of DM between the years 2021 and 2045 is expected to occur in the middle-
income countries like South Africa (21.1%), compared to high (12.2%) and low-(11.9%) income
countries (Sun et al., 2022). The possible explanation for this increase in the prevalence of
diabetes in middle-income countries lies in the high urbanization rate. As urbanization increases,
lifestyle changes such as sedentary lifestyles and processed foods, consequently, follow
(Guariguata et al., 2014; Saeedi et al., 2019). Therefore, the prevalence of diabetes is estimated

to be higher in urban areas (12.1%) than in rural areas (8.3%) (Sun et al., 2022).

Type 2 diabetes mellitus is the most common type of diabetes and accounts for approximately
90% of diabetic conditions in Africa, as in other parts of the world (Manyema et al., 2015; Pheiffer
et al., 2018; Saeedi et al., 2019). It constitutes an ever-increasing public health and economic
burden in South Africa, and its high prevalence is mainly due to the immense increase in the
consumption of refined carbohydrate-based diets coupled with sedentary life leading to obesity

(Zheng et al., 2018).

2.5 Financial implications associated with type 2 diabetes mellitus.
In 2015 the Global Burden of Disease Study ranked high body mass index (BMI) and
hyperglycemia as the second and third contributors to mortality and disability in South Africa,
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respectively (Pheiffer et al., 2018). In South Africa, 76% of deaths of individuals under the age of
60 years are due to type 2 diabetes mellitus (Pheiffer et al., 2018). This presents an economic
challenge for the country because type 2 diabetes mellitus appears to affect the most

economically active sectors of the population.

In addition to diabetes itself, multiple diabetic complications such as macro/microvascular
disease, neuropathy, retinopathy, kidney disease, hypertension, and low extremity amputations
(LEA) exacerbate the economic burden on the health system, leading to increased morbidity and

mortality (Bertram et al., 2013; Mtshali and Mahomed, 2020).

Data obtained from the provincial health information system from 2013-2017, suggested that
there was an increase in the rate of LEA due to type 2 diabetes mellitus (Mtshali and Mahomed,
2020). In addition, LEA has a major psychological and economic cost to patients and directly
affects the South African health system (Mtshali and Mahomed, 2020). The economic burden is
linked to the costs of hospitalization and chronic drugs, disability allowances and absentness from
work of diabetic patients and caregivers (Manyema et al., 2015; Pheiffer et al., 2018). Health
expenditure on diabetes is projected to increase by 50 per cent between 2010 and 2030, with a

capital expenditure of between $1.1 billion and $2.2 billion by 2030 (Manyema et al., 2015).

2.6 Chronic alcohol consumption and type 2 diabetes mellitus
Excessive chronic alcohol consumption exacerbates type 2 diabetes mellitus (Kao et al., 2001).
Since this condition is characterised by hyperglycemia and insulin resistance, alcohol abuse
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provides excess calories. This leads to obesity and the disturbances in carbohydrate and glucose
metabolism. Over a prolonged period, a combination of impaired insulin secretion and a

reduction in insulin sensitivity occurs (Kim and Kim, 2012).

Chronic alcohol consumers sometimes forget to take their antidiabetic medications, which fails
to adequately monitor their blood glucose level, which worsens their diabetic condition (Hu et
al., 2001; Engler et al., 2013). Additionally, poor adherence to diabetic treatment protocols and
counselling due to impairments of judgments induced by alcohol intoxications, lack of physical
exercises, and poor dietary intake also contribute to the negative effects that alcohol

consumption has on diabetic individuals (Hu et al., 2001; Engler et al., 2013).

2.7 Diabetes and combination antiretroviral treatment (cART)

Excess alcohol use also impairs the ability to make good behavioural choices. For example,
alcohol abusers are more likely to have multiple concurrent sexual partners and have greater
chances of engaging in unprotected sex. This increases the likelihood of HIV infection (Carels et
al., 2023) and subsequent enrolment into an antiretroviral therapy programme. Although HIV
infection itself has not been associated with an increased risk of type 2 diabetes mellitus, long-
term use of cART has been found to increase the risk of diabetes mellitus in HIV-infected

individuals (Rebeiro et al., 2021).

With the advent of cART, HIV/AIDS has become a chronic but manageable condition. However,
there are metabolic complications such as type 2 diabetes mellitus and dyslipidaemia associated
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with cART (Salam et al., 2019). Antiretroviral therapy is associated with metabolic dysregulation

characterized by dyslipidaemia and insulin resistance (Molina et al., 2014).

The prevalence of diabetes mellitus among HIV-infected patients is reported to be 2-19%;
therefore, diabetes mellitus screening among the HIV-infected patient has become inevitable
(Shankalala et al., 2017; Noubissi et al., 2018; Kousignian et al., 2021). Atripla® is an combination
antiretroviral drug used as a first line of treatment in HIV patients. The pill consists of two
nucleoside reverse transcriptase inhibitors (NRTI) and one non-nucleoside reverse transcriptase
inhibitor (NNRTI). Emtricitabine (200mg) and tenofovir disoproxil fumarate (300mg) are NRTI,

while efavirenz (600mg) forms the NNRTI component (Julg and Bogner, 2008).

All three components of Atripla® target the reverse transcriptase enzyme. However, the NRTI
acts by intracellular conversion of these drugs to their active metabolites, which then
competitively inhibit HIV reverse transcriptase activity and viral replication. On the NNRTI’s
action is through the non-competitive inhibition of HIV reverse transcriptase (Horberg and Klein,
2010).

Tenofovir disoproxil fumarate targets HIV reverse transcriptase and prevents the synthesis of
viral DNA. Inhibiting DNA synthesis through the induction of nucleoside pool imbalance, oxidative
stress, and DNA damage may be another alternative way in which tenofovir disoproxil fumarate
works (Grigsby et al., 2010). NRTI has been implicated in metabolic alterations observed in
diabetes mellitus, emtricitabine, and to a lesser extent tenofovir and efavirenz have been found
to increase the risk of incident diabetes (Shankalala et al., 2017; Salam et al., 2019).
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2.8 Influence of diabetes in compromising bone quality

Type 2 diabetes mellitus reduces bone strength and increases the risk of fractures. This bone
weakness is believed to be due to a reduction in the trabecular volume, thickness, and number
of trabeculae (Hamann et al., 2011). In chronic cases that remain untreated, reduced insulin
secretion can lead to a reduction in osteoblasts number and bone matrix synthesis leading to
poor bone strength (Sun et al.,, 2015). Other researchers suggested that diabetes promotes
osteoblast apoptosis by inhibiting new bone formation (He et al., 2004). In the mandible, type 2
diabetes mellitus has been shown to negatively affect bone mineralisation and new bone
formation surrounding dental implants (von Wilmowsky et al., 2011). This may lead to poor

surgical outcomes.

2.9 Alcohol effects on bone

Alcohol exposure significantly reduces bone turnover as expressed by fewer osteoblasts and
osteoclasts on the osteoid surface (Diez et al., 1997; Dyer et al., 1998; Lauing et al., 2008). Alcohol
exposure significantly reduces the volume, thickness, and number of trabeculae (Dyer et al.,
1998; Maurel et al., 2012). Biomechanical properties such as bone strength, stiffness, toughness,
and ductility are significantly decreased in experimental rats exposed to alcohol (Kusy et al., 1989;
Lauing et al., 2008). This makes bone more vulnerable to fatigue and fracture due to poor bone

quality (Molina et al., 2014).
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2.10 Influence of cART on bone

Osteoporosis is a common skeletal bone disease in rural South Africa, and older women with HIV
may experience bone loss more than women without HIV (Gregson et al., 2022). Use of cART is
associated with a decrease in bone mineral density (BMD) leading to osteoporosis, decreased
bone strength, and increased susceptibility to fracture (Natukunda et al., 2023). Efavirenz was

associated with a low BMD among HIV-positive individuals (Dave et al., 2015).

2.11 The anatomy of the mandible of the rat

The rat mandible consists of paired bones known as the left and right hemimandibles. These
hemimandibles are joined in the midline by a fibrous connective tissue called the mandibular
symphysis (Kufley et al., 2017). Each hemimandible has a ramus and the body with its alveolar

process which anchors and supports the dentition (Fig. 2.1).

The rat dentition is monophyodont, having a single set of three molar teeth and one large, chisel-
shaped incisor teeth that runs beneath the molar teeth and the entire length of the mandible.
Rat dentition has no precursors (primary dentition) or successors (permanent dentition)
(Crossley, 1995). The dentition consists of 1 Incisor tooth (I), no canine tooth (C), no premolar
tooth and 3 molecular teeth (M) in each quadrant of the jaw (I 1-1, C 0-0, P 0-0, M 3-3). Both the
mandible and the maxilla have 8 teeth, making a total of 16 teeth in both the maxilla and the

mandible.
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The mandibular skeletal unit consists of the condylar (Cr), the coronoid (Cd), the angle of the
mandible, the mandible body and the alveolar process. The condylar (Cr) and coronoid (Cd)
processes are part of the ramus of the mandible, while the alveolar process, the angle (angular
process), and the mandibular body form the unit of the body of the mandible (Fig. 2.1). The entire
body of the mandible inside the mandibular canal (MC) is the mandibular nerve, together with
the mandibular blood vessels. The mental foramen (MF) found in the body of the mandible

contains the mental nerves and vessels (Fig. 2.1).

Some important anatomical landmarks on the hemimandible include the Gonion (Go), which is
the lowest posteroinferior point on the angle of the mandible, Ante-gonion (Ag) is the highest
point of the notch or concavity of the lowest border of the ramus of the mandible where it joins
the body of the mandible), and Menton (Me) is the most inferior point of the mandible symphysis

(Kufley et al., 2017) (Fig. 2.1)

2.12 Histology of bone

Composition of bone

The bone composition is approximately 70% mineral crystals, 20% organic matrix that includes
cells, and 10% water (Rosen, 2009) (Fig. 2.2). The inorganic aspect consists of hydroxyapatite
(Ca10(PO4)s(0H), which is a naturally occurring calcium phosphate (Morgan and Gerstenfeld,
2021). The organic component consists predominantly of type 1 collagen, a variety of non-
collagenous proteins, and bone remodelling cells (osteoblasts, osteocytes, osteoclasts, bone

lining cells), all embedded in a proteoglycan and glycoprotein substance to form bone tissue

24



Literature Review

(Junqueira and Carneiro, 2003; Morgan and Gerstenfeld, 2021). The human skeleton is made of
20% trabecular bone, and which is enclosed by cortical bone (80%) (Chappard et al., 2008). On
the contrary, the rat mandibular bone consists mainly of cortical bone with a small volume of
trabecular bone at approximately 11% (Elovic et al., 1995; Jiang et al., 2004; Bagi et al., 2011; Tsai

etal.,, 2011).
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Figure 2.1: Rat hemimandible landmarks Cr, the most posterior point of the coronoid process; CC, the
upper mandibular notch, the point of the line Cd-Cr;CG, lower mandibular notch; MA, the deepest point
of the outer margin of bone that connects; Me and Ag; Ag, Ante-gonion; Me, Mention; In, the lowest
incisor; Id, Infradentale (labial side); Idl, Infradentale (lingual side), Al; the highest point of the mesial
alveolar bone at the lower first molar; All; the deepest point of the outer margin of the bone connecting
Al and Idl; M1, the highest point of the mesiobuccal cusp of the lower first molar; and M3, the highest
point of the central cusps of the lower third molar.

Trabecular bone
Trabecular bone forms the inner layer of bone. It has a highly porous structure consisting of a

dense network of lamellar bone rods and plate-shaped trabeculae organised in approximately
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perpendicular directions that surround an interconnected pore space that is filled with bone
marrow and bone marrow cells, especially in long bones (Hsu et al., 2016; Morgan and
Gerstenfeld, 2021) (Fig. 2.2). The bone marrow is found between the trabeculae and supplies
nutrients and oxygen to the trabeculae by diffusion since the trabeculae lack blood vessels
(McCreadie et al., 2001; Osterhoff et al., 2016; Morgan and Gerstenfeld, 2021). The trabeculae
are arranged as an irregular network of its collagen fibres (Morgan and Gerstenfeld, 2021). In
small rodents, the thickness of the trabeculae ranges from 20 um to 60um (Kinney et al., 1995;
Bouxsein et al., 2010), while in humans it ranges from 50um to 300um (Morgan and Gerstenfeld,

2021).

Trabecular bone gives strength and structural support to bone despite its lower BMD and
performs its metabolic function (Fang et al., 2019) Trabecular bone has a highly porous
architecture (40-95%), its porosity is age dependent, and it allows the transmission of stress
loads to the much stronger cortical bone (Feng and McDonald, 2011; Lin et al., 2021). It is the
site of bone remodelling; it is also the site of many pathological conditions of bone remodelling,

of which osteoporosis is a classic example (Feng and McDonald, 2011).

In advanced age-related osteoporosis, bone loss starts with loss of the trabecular bone and later
progresses to loss of the cortical bone (Chappard et al., 2008). The loss in trabecular bone mass
is due to transformation from dense plate-shaped trabeculae with high connectivity to rod-

shaped free-ending trabeculae with less connectivity, which leads to low bone mass and gradual
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decline of the bone trabecular and cortical microstructure, which increase bone fragility with a

consequent increase fracture risk (Chappard et al., 2008).
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Figure 2.2: lllustration of trabecular and cortical bone (Kierszenbaum and Tres 2015).

Cortical bone

Cortical bone is the outer layer of bone which consists of dense, solid parallel concentric lamellar
units (Kierszenbaum and Tres, 2015). These are called osteons and contain a high amount of
mineral (hydroxyapatite) and collagen fibres (Klintstrom et al., 2018) (Fig. 2.2). Each osteon is fed
and interconnected with each other by the Haversian and Volkmann canals, as well as the
canaliculi (Osterhoff et al., 2016). On the outer surface, the cortical bone is covered by the
periosteum. The periosteum consists of two types of layers, an outer layer that contains an
abundant matrix of connective tissues consisting of bundles of predominantly type 1 collagen
fibres (Sharpey’s fibres) which connects the periosteum to the endosteum that contains

osteoprogenitor cells (Kierszenbaum and Tres, 2015; Osterhoff et al., 2016) (Fig. 2.2) Cortical
27



Literature Review

bone contains active osteocytes that sense strain and mechanical forces on the bone and send

signals for bone resorption or formation (Rosen, 2009).

2.13 Bone remodelling

In dentistry, the mandibular and maxillary bones are crucial organs that give structure,
protection, and anchor to teeth. To maintain bone volume and strength, old bone matrices are
constantly replaced by newly formed bone in a process known as re-modelling (Chappard et al.,
2008). This process is performed by a functional and anatomic structure known as the basic
multicellular unit (BMU) and requires coordinated signaling between the six major types of cells:
osteoblasts, osteocytes, osteoclasts, bone lining cells, adipocytes, and immune cells (Morgan and
Gerstenfeld, 2021). It is also tightly regulated and coordinated by osteoregulatory hormones
(Seibel, 2005; Feng and McDonald, 2011; Henneicke et al., 2014), cytokines, and growth factors
(Seibel, 2005). An imbalance in bone remodelling results in osteoporosis or osteoporotic bone
diseases that are characterised by increased bone fragility (Florencio-Silva et al., 2015). The
remodelling cascade (Fig. 2.3) follows four main distinct and interconnected processes, as

outlined below:

1. Activation: Osteocytes play an important ‘mechanosensory’ function through their peri-
lacunae and peri-canaliculi networks (Qing et al., 2012; Dole et al., 2017). This network
enables osteocytes to assess the presence of microdamage and microcracks due to fatigue,

bone strain sustained during overloading or due to ageing (Davison et al., 2006; Kaya et al.,
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2017). Osteocytes also express the tartrate resistant acid phosphatase (TRAP) catabolic
enzyme of bone matrix, a standard intracellular marker for osteoclasts (Kaya et al., 2017)

2. Resorption: Osteoclasts are bone resorptive cells (Rosen, 2009). Bone resorption by
osteoclasts involves demineralisation of the inorganic matrix and collagen matrix by
acidification followed by enzymatic degradation of the organic matrix (Boyle et al., 2003;
Janssens et al., 2005). TRAP hydrolyses and solubilises the inorganic component of bone
(Charles and Aliprantis, 2014).

3. Reversal: This stage reverses the resorption process initiated by osteoclasts by lining the
resorption lacunae with osteoid matrix (Parry, 2005; Picke et al., 2019; Pierce et al., 2019).
Osteoblasts can be identified by several bone markers such as ALP (Goltzman, 2018; Pierce
et al., 2019).

4. Formation: At the completion of remodelling, osteoblasts continue to secrete
nonmineralised osteoid which becomes mineralized. Osteoblasts are trapped in the

mineralised matrix and are now called osteocytes.

Pre-
osteoclasts Active Pre-

osteoclasts osteoblasts
Mononuclear Osteoblasts
cells

Resting
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surface Resorption Reversal Bone formation Mineralization |

Figure 2.3: Bone remodelling. Schematic representation of the phases of the bone remodelling

process. Adapted from Bolamperti et al. (2022).
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2.14 Hormonal Influence of bone health

Insulin and osteocalcin

Insulin is a polypeptide hormone secreted by the B-cells in the islets of the pancreas and its main
action is to coordinate with glucagon to maintain blood glucose levels (Rahman et al., 2021). It
actsin an anabolic pathway to regulate glucose levels and also induces glucose uptake for storage
by the liver, skeletal muscles, and adipose tissues (Rahman et al., 2021). Insulin also acts on
important organs of the body like the brain, heart, liver, kidneys, and bones, and it promotes

bone formation (Rahman et al., 2021).

Insulin has osteo-anabolic effects on bone that cause an increase in osteoblast number while
inhibiting osteoclast activity (Hoang et al., 2003; Thrailkill et al., 2005). Osteocalcin is an
osteoblast-derived endocrine hormone, synthesized by osteoblastic lineage cells and secreted in
the ECM (Li et al., 2016). It plays a vital role in bone formation, resorption, remodelling, and
skeletal development (Karsenty, 2017). Osteocalcin increases cortical bone thickness and density,
as well as an increase in the amount of mineralised bone matrix (Li et al., 2016). Osteocalcin has
been shown to promote the recruitment and attachment of preosteoclasts into the bone matrix
via cell signaling and the presence of osteocalcin in the bone matrix is recognized signal for bone

resorption and deposition (Ritter et al., 2020).

Insulin acts in synergy with the hormone osteocalcin to regulate glucose metabolism, increase

insulin sensitivity in tissues, increase pancreatic beta cell proliferation and increase insulin
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secretion (Lee et al.,, 2007; Booth et al., 2013; Kanazawa, 2015). Both carboxylic and non-

carboxylic osteocalcins directly increase the glucose transport of adipocytes and muscle cells.

Parathyroid hormone

Parathyroid hormone (PTH) is produced by the parathyroid gland, and it isimportant in regulating
calcium (Ca?*) and phosphate metabolism. PTH promotes Ca?* reabsorption and inhibits
phosphate re-absorption in the renal tubule of the kidney, and it also increases the renal
synthesis of 1,25-dihydroxy vitamin D, increasing intestinal absorption of Ca?* (Goltzman, 2018).
PTH-induced stimulation of osteoblast differentiation and proliferation and inhibition of
apoptosis results in an increase in bone mass and bone formation. PTH regulates osteoblast
function by activating PTH receptors type 1 (PTH1R) on the bone marrow osteoblasts lineage
cells, including the osteoprogenitors, BLC, pre-osteoblasts, mature osteoblasts, and osteocytes,

stimulating increased proliferation of bone marrow mesenchymal stem cells (Goltzman, 2018).

Sclerostin

Sclerostin is a glycoprotein secreted primarily by osteocytes, chondrocytes and osteoclasts
(Sharifi et al., 2015; Vasiliadis et al., 2022). Sclerostin is a negative regulator of bone formation
and bone remodelling, as it inhibits the canonical wingless-related integration site (Wnt) pathway
(Sharifi et al., 2015). It binds to the complex of low-density lipoprotein receptor-related proteins
5 and 6 (LRP5 / 6) and the BMP receptors. Therefore, it is considered a BMP antagonist (Sharifi

et al., 2015; Vasiliadis et al., 2022).
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Sclerostin prevents mesenchymal stem cell (MSC) differentiation into mature osteoblasts /
osteoocytes, and inhibits the differentiation of mature osteoblasts/osteocytes, and inhibition the
differentiation of matured osteoblasts into osteocytes, therefore it reduces osteoblastic bone
formation (Sharifi et al., 2015). In addition to this, sclerostin is also involved in the regulation of
bone marrow adipocyte tissues. Sclerostin also indirectly affects bone resorption by up-
regulation of RANKL-expressing osteocytes, and the promotion of osteoclastogenesis and bone

resorption by decreasing the expression of osteoprotegerin (Vasiliadis et al., 2022).

Calcitonin

Calcitonin, a 32 amino acid peptide hormone produced primarily by the thyroid, and its receptor
(CTR) are well known for their ability to decrease plasma Ca?‘concentrationby inhibiting
osteoclast-mediated bone resorption and by promoting Ca2 + excretion by the kidney (Pondel,
2000; Masi and Brandi, 2007; Silverman, 2010). Therefore, calitonin plays an important role in
skeletal homeostasis, being an important regulator of bone resorption, and therefore its

therapeutic use in the treatment of osteoporosis (Masi and Brandi, 2007).

Calcitonin acts directly on calcitonin receptors (CTR) to inhibit bone resorption (Pondel, 2000).
Calcitonin has also been proven to interfere with osteoclast differentiation from precursor cells
(pre-osteoclasts) to form multinucleated bone-resorbing osteoclasts in the bone marrow
(Pondel, 2000; Masi and Brandi, 2007). Calcitonin enhances Ca?* excretion by inhibiting renal
tubular reabsorption of Ca?* by the kidney, and therefore Calcitonin can maintain normal plasma
calcium concentration in individuals (Pondel, 2000; Silverman, 2010).
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2.15 Bone regulation by cytokines

Transforming growth factor beta-1 (TGF- 61)

One of the most abundant multifunctional osteogenic cytokines in the bone matrix is TGF-B1
(Bismar et al., 1999; Janssens et al., 2005; Tang et al., 2009) which plays an important role in
bone remodelling by regulating the migration, proliferation, survival, and differentiation of
osteoprogenitors cells, as well as production of ECM (Janssens et al., 2005; Tang et al., 2009).
TGF-1 bone formation occurs by TGF-B1 is through stimulating osteoblast proliferation by

chemotactic attraction of osteoblasts ((Janssens et al., 2005; Tang et al., 2009; Wu et al., 2016).

TGF-B exists as a latent protein stored in the ECM, its activation by proteases depends on
osteoclastic bone resorption, activated TGF-B subsequently binds to TGF-B type | receptor
(TGFBRI), also known as activin receptor-like kinases (ALK5) and type Il (TGFBRII) receptors
(TGFRII) to trigger the intracellular signaling cascade (Ehnert et al., 2010; Yang et al., 2014; Wu et

al., 2016; Chen et al., 2021) (Fig. 2.4).

TGFBRII induces the phosphorylation of TGFBRI which then phosphorylates receptor-mediated
(R-Smad) Smad 2 and 3 specific proteins, and other non-Smad receptors specific proteins within
the cytoplasm (Horbelt et al., 2012). On the contrary, inhibitory (1) Smads 6 and 7 compete with
R-Smads for receptors and negatively regulate R-Smad signalling by inhibiting the
phosphorylation of specific R-Smad proteins as well as the translocation of Smad complexes into
the nucleus, therefore inhibiting signal transduction (Yang et al., 2014; Wu et al., 2016; Chen et
al., 2021). Phosphorylated R-Smads2 and 3 bind to their common (Co) mediator Smad4, or bind
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to other non-Smad receptors, for example, the CREB-binding protein (CBP) or p300, to form Smad

complexes that translocate to the nucleus.

In the nucleus, Smad complexes bind to the deoxyribonucleic acid (DNA), where the Smad

complexes together with several transcriptional cofactors, coactivators, corepressors to regulate

gene transcription and promote osteoprogenitor cell differentiation, proliferation, chemotaxis,

and subsequent osteoblast bone deposition (Janssens et al., 2005; Ehnert et al., 2010; Horbelt et

al., 2012; Yang et al., 2014; Wu et al., 2023). Smads 6 and 7 regulate the Smad signaling cascade

by blocking the translocation of co-Smad complexes into the nucleus (Wu et al., 2016). Smad 6

is an inhibitor of BMP signaling, while Smad7 inhibits both TGF-B1/activin and BMP signaling

(Janssens et al., 2005). The mechanisms through which TGF-B1 may influence bone remodelling

in type 2 diabetes mellitus with alcohol and cART are unknown, and this study may shed light.

(a) TGF-B1 (b) BMS
‘u’ BMP receptor Il
Cell surface receptors g
.f TFGBRII &I BMP receptor |
X Cytoplasm phosphorylation of Smad
l: h horylat| f
\ Cytoplasm p 052"&";” ion of Smad Smad6 &7 1,5 & 8 combined with Smad 4
Inhibit formation of Y
P Moo
P == | (smad 1,5 & 8 combined with Smad 4)
ﬂ :) ﬂ
|L> Nucleus
Co-Smad 2,3 and 4 complexes
and transcriptional cofactors,
co-activators and co- Nucleus
repressors Co-Smad complexes and

Jl

Regulates gene transcription and bone
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transcriptional co-factors, co-
activators and co-repressors

4

Regulates gene transcription and
osteoblast differentiation

Figure 2.4: Bone regulation by cytokine pathways. (a) TGF-B and (b) BMP receptor-Smad signal
pathway. lllustration by Dr. | Eguavoen.
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Anti-osteogenic cytokine BMP-3

BMP-3 also known as osteogenin is an antiosteogenic cytokine produced mainly by osteoblasts
and osteocytes (Wu et al., 2016; Kokabu and Rosen, 2018). It is the most abundant BMP within
the bone matrix, accounting for approximately 65% of the total BMP content in demineralised
adult bone (Daluiski et al., 2001; Kokabu and Rosen, 2018). BMP-3 is a nonsignalling molecule,
which competes via the TGFB-Activin-like pathway, leading to antagonism of BMP-2-induced
osteogenic cell commitment; hence, BMP-3 is a negative regulator of osteoblastogenesis and
bone mass (Bahamonde and Lyons, 2001; Daluiski et al., 2001; Kokabu and Rosen, 2018). It binds
competitively to the activin receptor 112b (ActRIIB) and suppresses BMP-R-Smads 2 and 3 (Wu et
al., 2016; Kokabu and Rosen, 2018). It suppresses bone formation by suppressing BMP-Smad
signaling (Wu et al., 2016; Kokabu and Rosen, 2018) and therefore it is a negative determinant
of BMD (Daluiski et al., 2001). The effects of BMP manifest as reduced volume of BMD, reduced
trabecula, and thinner cortical bone, resulting in increased bone fragility (Gamer et al., 2009;

Horbelt et al., 2012; Wu et al., 2016; Kokabu and Rosen, 2018).

2.16 Effects of Type 2 diabetes mellitus on bone

Type 2 diabetes mellitus reduces bone strength and increases the risk of fracture. This bone
weakness is believed to be due to a reduction in the volume, thickness, and number of trabeculae
(Hamann et al., 2011). In chronic cases that remain untreated, reduced insulin secretion can lead
to a reduction or inhibition in osteoblastic cell proliferation and collagen production (bone matrix
synthesis), leading to diminished mechanical properties and poor bone strength (Sun et al.,
2015). Other researchers suggested that type 2 diabetes mellitus promotes osteoblast apoptosis
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(He et al., 2004). In the mandible, type 2 diabetes mellitus negatively affects bone mineralisation

and new bone formation surrounding dental implants (von Wilmowsky et al., 2011).

Diabetes mellitus that exists singularly or occurring as comorbidity can occur together with
osteoporosis being more prevalent in type 1 compared to type 2 diabetes mellitus (Starup-Linde
and Vestergaard, 2016). However, fractures are common in both types. Bones are reported to be
narrower despite increased cortical bone thickness in type 2 diabetes mellitus (Oei et al., 2013).
This indicates a decrease in biomechanical competence. It is suggested that there may be an
imbalance in the interactions of bone cells, such as osteoclasts, osteocytes, and osteoblasts,

resulting in poor bone integrity (Starup-Linde and Vestergaard, 2016).

2.16 Alcohol effects on bone remodelling and biomechanical properties

Alcohol consumption during adolescence is a risk factor for trabecular bone loss, which could be
a significant factor contributing to bone loss, osteoporosis, and susceptibility to fracture (Lauing
et al., 2008). Biomechanical properties such as bone strength, stiffness, toughness, and ductility
are significantly decreased in experimental rats exposed to alcohol (Kusy et al., 1989; Lauing et
al., 2008). This makes bone more vulnerable to fatigue and fracture due to poor bone quality
(Molina et al., 2014). Alcohol exposure significantly reduces the volume, thickness, and number
of trabeculae (Maurel et al., 2012). All these are thought to be caused by alcohol exposure, which
significantly reduces bone turnover, expressed by the low levels of osteoblasts and osteoclasts
on the bone surface, affecting the rate of bone formation and resorption. (Leung et al., 1993;
Diez et al., 1997).
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2.17 Bone mechanical properties

The parameters that reflect the different properties of bone are computed or derived from the

load-displacement curve and represent the structural property of bone. These whole bone or

structural properties characterise bone tissue in its original intact form (Oksztulska-Kolanek et

al., 2016). The three-point bend test (Leppanen et al., 2006) is a widely used method for assessing

the biomechanical properties of long bones. This is done by placing a whole bone on a material

testing machine that is slowly loaded until it breaks. Several parameters are derived from the

force displacement curve (Fig. 2.5), and describes the following:

v)

vi)

Displacement (Deflection) — the amount of vertical deviation from the horizontal
plane required to fracture the bone.

Maximum force - the amount of force required to cause deformation.

Break Force — the amount of force required to fracture the bone.

Time - the duration that the bone withstands the force until a fracture. v) Work to
fracture (Energy-to-fracture) is defined as the total area under the curve. It represents
the work that must be done to fracture the bone. A tough bone requires more work
to fracture (Jepsen et al., 2015).

Stiffness (bending stiffness) (N/mm) - The amount of vertical deviation from the
horizontal plane required to fracture the bone. This is the extent to which the bone
can resist deformation in response to an applied load or force (resistance to
deformation)

Yield point indicates the load value at the yield point where the load displacement
diagram is deviating from linearity.
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Maximum force

Break force
Yield Point

Stiffness

Force (stress)

< PYD >

Energy-to-fracture

Displacement

Figure 2.5: Force-displacement curve. A graphical illustration of the properties of compact bone. PYD
(post-reward displacement). Illustration by D Pillay.
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Diabetic model and study rat grouping

3.0 INTRODUCTION

3.1 Various disease models of diabetes mellitus

Diabetes can be studied by cell culture (Russell et al., 1999; Green et al., 2018) or animal models
(King, 2012; Kottaisamy et al., 2021). The use of animal diabetes models is more effective in
understanding its complexity aetiology and the body multi-system interactions (Kottaisamy et al.,
2021). Therefore, various diabetic animal models are currently used to evaluate specific aspects
of diabetes. These are rodent diabetes models and non-rodent diabetes models. Non-rodent-
diabetic models include the invertebrates (Kottaisamy et al., 2021), the cat (King, 2012), the

diabetic pig model and the dog (King, 2012; Kleinert et al., 2018; Zakaria et al., 2021).

3.1.1 Rodent models of diabetes mellitus

In rodent type 2 diabetic model, many of the diabetic rats are obese which reflects the human
condition in which obesity has a strong connection with the development of T2DM (Fang et al.,
2019). This preclinical rodent type 2 diabetic model has helped researchers to understand how
type 2 diabetes can be prevented and their extrapolation to human condition. The rodent
diabetic model can be developed by two major mechanisms: genetic manipulation or
experimental diabetic disease induction with specific drugs or diets or using both combinations

(King, 2012; Green et al., 2018; Kottaisamy et al., 2021).

Diet-induced rodent model of diabetes.

The main diet-induced models of diabetes mellitus in rodents include a high-fat diet, a high-

carbohydrate diet, or the combination of high-fat and high-carbohydrate diet (Angelova and
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Boyadjiev, 2013), or the combination of high-fat and fructose in drinking water (Mahmoud and

Elshazly, 2014).

High fat diets induce obesity and accumulation of fats in the liver (hepatic fat accumulations),
which induces hyperinsulinaemia (Alwahsh et al., 2017). Hyperinsulinaemia causes increased
insulin production and decrease insulin signalling (insulin resistance) leading to hyperglycaemia
(Alwahsh et al., 2017), and also free fatty acid (FFA) accumulated in the insulin-sensitive tissues
disrupts insulin action (Morigny et al., 2016). High-fat diets (HFD) are useful for studying human
metabolic disorders, such as obesity and type 2 diabetes. The disadvantage the disruption of lipid
metabolism and insulin resistance caused by long-term HFD consumption can lead to serious
health problems, including hyperlipidemia, cardiovascular diseases, and non-alcoholic fatty liver
disease. High fructose diets facilitates the increased production of FFA accumulation in plasma
and adipose cells as a result of the conversion of excess fructose to lipid in the liver cells leading

to obesity and insulin resistance (Zakaria et al., 2021).

The diet-induced model is assumed to be better than genetic diabetes induction because it is
caused by environmental manipulation rather than genetic manipulation (King, 2012). This is
because diet-induced diabetes is accompanied by a progressive weight gain in rats associated
with insulin resistance and abnormal glucose metabolism as observed in humans (King and Bowe,
2016; Kleinert et al., 2018). However, the diet-induced model requires special diet formulations.

In most developing countries, it is difficult to obtain all the necessary food ingredients.

Chemical (drugs) induction (diabetogenic agents)
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The chemical induction model appears to be the most popular method of inducing diabetes
mellitus (Etuk, 2010; Singh et al., 2024). Glucocorticoids and corticosterone have been used to
induce diabetes in animal models (Zakaria et al., 2021). Mice treated with corticosterone in
drinking water develop metabolic syndrome, including glucose intolerance, insulin resistance,
high plasma cholesterol and triglycerides, hyperinsulinemia, obesity, and type 2 diabetes mellitus
(Zakaria et al., 2021). Streptozotocin (STZ) can be used alone or in combination with nicotinamide
to induce diabetes mellitus (Masiello et al., 1998; Islam and Wilson, 2012; Ghasemi et al., 2014;
Chao et al., 2018). Alloxan is also used to induce diabetes, including type 1 and type 2 diabetes
mellitus. Alloxan and STZ are the most used diabetic drugs to induce diabetes (Etuk, 2010;
Kottaisamy et al., 2021). STZ is useful because it targets pancreatic B-cells allowing researchers
to study diabetes and its complications. The administration can be manipulated to produce
models of both type 1 and type 2 diabetes. The disadvantage is that STZ has complications as low

doses can cause inflammation.

Dietary and chemical induction

A combination of dietary modifications and STZ can be used to induce diabetes. This includes a
high fat diet with a single high dose of STZ (Reed et al., 2000; Islam and Wilson, 2012), a high fat
diet with multiple low doses of STZ (Vatandoust et al., 2018; Furman, 2021), a fruit diet with a
single low dose of STZ (Kumar and Sandhya, 2018). In addition, a combination of high fat and high
fructose with several low doses of STZ (Tchoubou et al., 2023) and low doses of fructose in
drinking water with low doses of STZ can be used (Sadeghi et al., 2017).

Spontaneous, obese, and genetic induction
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The Zucker Diabetic Fatty (ZDF fa/fa) rat (King, 2012; Green et al., 2018; Zakaria et al., 2021),
Zucker Diabetic Sprague-Dawley (ZDSD) rat (Zakaria et al., 2021; Dlamini and Ndou, 2023),
diabetic mouse (db/db) rat (King, 2012; Green et al., 2018; Zakaria et al., 2021), Goto-Kakizaki
(GK) (Fajardo et al., 2014) are spontaneous obese rats that have been genetically modified to

induce type 2 diabetes.

The ZDF rat is most widely used for the study of type 2 diabetes mellitus. It originated from a
colony of outbred Zucker rats in Walter Shaw’s laboratory in Indianapolis in 1991, and it reflects
a typical type 2 diabetes mellitus (Kottaisamy et al., 2021). The disease progresses from
prediabetic to diabetic states, and with its characteristics such as insulin resistance and
hyperphagia to a leptin receptor gene defect (King, 2012). The leptin receptor gene (fa/fa) defect
on chromosome 5 makes the rat diabetic before maturity (Peterson et al., 2015; Kottaisamy et
al., 2021). Leptin is a hormone produced by adipocytes to inhibit hunger. Mutations in the gene

or its receptor in rats can lead to obesity or hyperglycaemia (Zakaria et al., 2021).

The ZDF rat model is the most used leptin-deficient rat model for obesity and type 2 diabetes
mellitus (Peterson et al., 2015). This model of diabetes induction is characterised by an
abnormality in insulin release but with lack of complete destruction of B-cells indicating that the
diabetes is often not as severe as observed in human type 2 diabetes mellitus (King, 2012). The
ZDF may not display all human features of diabetes (King, 2012; Peterson et al., 2015; Zakaria et
al., 2021). Additionally, the aetiology of type 2 diabetes mellitus in humans is hardly caused by a

monogenetic or single gene-based mutation (King, 2012; Zakaria et al., 2021).
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The ZDSD rat was bred to overcome the challenges of the ZDF rat and was created by cross-
breeding the ZDF lean homozygous wild-type (+/+) rats which do not carry the leptin receptor
mutation (fa) (Reinwald et al., 2009; Peterson et al., 2015). This created a polygenetic model of
obesity and diabetes that develops type 2 diabetes mellitus at an older age than the ZDF
(Yagihashi, 2023). This is good for bone studies as the ZDSD develops type 2 diabetes mellitus at

skeletal maturity, and at older age than the ZDF rats.

The phenotypic and genotypic characteristics of ZDSD rats may be more advantageous
adaptation of the preclinical to the clinical compared to the ZDF (Wang et al., 2022). This is
because the ZDSD rat does not carry the leptin receptors mutations (fa/fa), therefore the
mechanism of type 2 diabetes mellitus in the ZDSD rats may be similar to those in humans since
the leptin receptors mutations are rare in humans (Wang et al., 2022). Furthermore, although
sex, age and diet contributed to the differences in ZDSD rats, its phenotype and type 2 diabetes
mellitus disease progression model the characteristics of humans who develop pre-diabetes and

diabetes including co-morbidities (Wang et al., 2022).

Genetically engineered diabetic rats

These are transgenic, knock-out, and tissue-specific knock-out models used to induce type 2
diabetes mellitus (Chandrasekera and Pippin, 2014; Zakaria et al., 2021). Rats can be produced
to express proteins that play an important role in glucose metabolism (Etuk, 2010). This model

enables researchers to understand insulin resistance and pancreatic cell functions (King and
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Bowe, 2016). Transgenic mice have contributed to explaining important genes in insulin signaling,
such as insulin receptor substrate 1 (IRS-1), insulin receptor 2 (IRS-2), and glucose transporters
(GLUT2, GLUT4) (King and Bowe, 2016). Furthermore, many important genes for normal
pancreatic cell function and maintenance of pancreatic cell mass have been discovered in re-
expressed mice. KK mice (polygen model) and obese hyperglycaemic rats (Wistar) are examples

of genetically modified diabetic rats (Kottaisamy et al., 2021).

Surgical induction of diabetes

This model uses the regenerative capacity of the pancreatic cells or their precursors and involves
partial or total elimination of the pancreas (Kottaisamy et al., 2021). In mice, about 60—-90% of
the pancreas is removed and diabetes occurs within 3 months (King and Bowe, 2016). This is a
very invasive model that causes damage to other healthy tissues than the pancreas, so it is
considered technically insignificant (Kottaisamy et al., 2021). This model allows researchers to

study the effects of the reduction of cell mass and pancreatic regeneration mechanisms.

Sprague-Dawley rat model

The male Sprague-Dawley rats were used in this study because they are more susceptible to STZ induced
diabetes mellitus than the females (Deeds et al., 2011). The protective effect of oestradiol (a type of
oestrogen) on pancreatic B cell apoptosis may be responsible for this decreased susceptibility;
furthermore, oestrogen plays a role in the maintenance of energy and glucose homeostasis (Alemany,

2021).
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3.2 MATERIALS AND METHODS
3.2.1 Ethics
Ethics approval for the study has been granted by the University of the Witwatersrand Animal

Ethics Committee (2018/011/58/C) (Appendix A).

3.2.2 Animal husbandry

A total of 71 male Sprague-Dawley rats (ten-week-old) weighing approximately 250-300g were
used for the study. All animals were bred and kept at the Central Animal Services (CAS) of the
University of the Witwatersrand (Wits), Johannesburg, Republic of South Africa under standard
experimental conditions as approved by the ethics committee. These animals were housed in
individual well-ventilated plastic cages of L43mm long, W220mm wide and H200 height with free
movement within the cages. Food and water intake was unlimited. The animal house was kept
at a regulated temperature (23+ 22C), humidity (40-60%), and day a 12h light and 12h dark cycle.

The rats were weighed weekly.

3.2.3 Group allocation

The rats were allowed to acclimatize to their environment for 2 weeks before they were
randomly distributed into 10 groups consisting of 3 control groups, 3 non-diabetic groups and 4
diabetic groups. The animals were placed in the following groups: (i) Untreated control group
which received no treatment (n=8); (ii) Citrate buffer controls (CB), received a once of injection
of citrate buffer (n=6); (iii) Gelatine group (GEL), received gelatine (n=8); (iv) Alcohol (ALC),

consumed alcohol (n=8); (v) received combination antiretroviral treatment (cART) (n=8); (vi)
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ALC+cART, received alcohol and cART (n=7); (vii) DBT, diabetic group (n=7). The study included
additional diabetic groups that received alcohol or cART or both as follows; (viii) diabetic animals
treated with alcohol (DBT+ALC) (n=6); (ix) diabetic animals treated with cART (DBT+cART) (n=7);

and (x) diabetic animals treated with both alcohol and cART (DBT+ALC+cART) (n=6).

3.2.4 Treatment of animals

Diabetes induction

This research adopted a type 2 diabetes mellitus model described by Wilson and Islam (2012),
which incorporated a formulated fructose-enriched diet (Appendix B1) and an STZ injection. The
enriched-fructose diet is an effective dietary means of inducing obesity, insulin resistance,
increased hypertension and hyperglycaemia in laboratory rats and mimics symptoms of type 2
diabetes mellitus in humans(Bell and Polonsky, 2001; Ang and Yu, 2018; Chao et al., 2018). The
rats in the diabetic groups (DBT, DBT+ALC, DBT+cART and DBT+ALC+cART) were fed rat chow
modified with 20% fructose (Nature’s Choice™) Whole Food Specialists, Randvaal, South Africa)
for two weeks before receiving a single injection of 40 mg/kg streptozotocin (STZ) (Appendix B2)

(Sigma, St. Louis, MO, USA) in freshly prepared citrate buffer at 0.05 M (pH 4.5).

After 72 hours following the STZ administration, the non-fasting blood glucose (NFBG) level were
measured and values above >200mg/dL (>11.1mmol/L) were considered diabetic (Deeds et al.,
2011). Once the type 2 diabetes mellitus was confirmed, the STZ-induced type 2 diabetes
mellitus rats were withdrawn from the 20% fructose diet and placed on the standard rat chow

diet.
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Alcohol administration

The rats were given 10% v/v alcohol daily in drinking water for 12 weeks.

Combination antiretroviral therapy (cART)
Rats were treated with an extrapolated adult dose of 0.023mg/g body weight of cART (ATRIPLA®
Bristol-Myers Squibb and Gilead Sciences Foster City, CA, USA) in gelatine cubes daily

(Appendices B3 and B4).

3.2.5 Blood tests

Blood glucose tests

Fasting blood glucose tests were conducted bi-weekly using a hand-held AccuCheck compact
glucometer (Roche Diagnostics, South Africa. Blood samples were obtained by pricking the tail

vein. Non fasting blood glucose tests were conducted bi-weekly using the same glucometer.

Oral glucose tolerance tests (OGTTs)

Oral glucose tolerance tests were conducted once every four weeks throughout the experimental
period. Rats were fasted for 12hours overnight before administering a single dose of 2g/kg body
weight of glucose solution 0.5g/ml by oral gavage. Blood glucose (glycaemic response) levels
were measured at 4 different times within 2 hours; 0 (prior to glucose load), 15, 30, 60 and 120

min after the glucose load (Abeeleh et al., 2009).
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Control groups

Nondiabetic groups

Diabetic groups

Untreated Citrate Gelatine Alcohol cART Alcohol+cART Diabetic Diabetic+alcohol Diabetic+cART Diabetic+Alcohol+cART
(n=8) (n=8) (DBT)
(CB) (GEL) (n=8) (ALC+ cART) (DBT+ALC) (DBT+CART) (DBT+ALC+cART)

Untreated - received no treatment.

Measurements:

1. body mass (weekly).

2. fasting blood glucose (weekly) . . .
Citrate - received once off citrate buffer.

Termination

1.

Blood sample collection

Laboratory analysis

1. Serum hormones levels

insulin, parathyroid hormone, calcitonin, osteocalcin,
sclerostin and catenin

2. Routine haematoxylin and eosin bone tissue processing for

morphological analysis and the counting of adipocytes
3. Mandibular osteometry parameters in all groups

4.  MicroCT

Gelatine - normal chow and plain gel alone daily

ALC; Alcohol - daily 10% v/v alcohol

cART; combination antiretroviral treatment - plain gelatin cubes alone and

daily 0.023mg/g BW Atripla®

Figure 3.1: Study design. CB, citrate buffter; Gel, Gelatine; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol

and cART; DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART, diabetes, alcohol and cART
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3.3 RESULTS

3.3.1 Body mass

The rats in the citrate, gelatine, alcohol, and cART groups exhibited similar mass to the untreated
group. From week 5 onwards, all the diabetic groups (DBT, DBT+ALC, DBT+cART and
DBT+ALC+cART) had significantly lower mass than the untreated control group (p<0.001 for all

comparisons).

Mass
600
—e— UNTREATED
= CB
5007 —+ GEL
‘é —+ ALC
g 4007 cART
—8— ALC+CART
300+ = DBT
—a— DBT+ALC
200~ —%— DBT+CART
—— DBT+ALC+cART

Figure 3.2: Changes in the body mass from weeks 1-12. The diabetic groups had significantly
lower mass than non-untreated from week 5 to 12 (p<0.001 for all comparisons)

CB, citrate buffter; Gel, Gelatine; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART,
alcohol and cART; DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART;
DBT+ALC+cART, diabetes, alcohol and cART.
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3.3.2 Fasting blood glucose

The FBG level of the diabetic groups was significantly higher compared to the untreated, control
and non-diabetic groups from the 2" to the 12" week (p<0.001 for all comparisons with the
untreated). The highest FBG level was observed in the DBT+cART group followed by the DBT,

DBT+ALC and the DBT+cART+ALC respectively.

Fasting blood glucose

—-0—- UNTREATED
600 = -~ CB
- GEL
500 = - ALC
400 = cART
3 —¥— ALC+cART
D) 300 —
£ _ —— DBT
200 =
—-— DBT+ALC
100 = -~ DBT+cART
0= —— DBT+ALC+cART

Figure 3.3: Fasting blood glucose level from 1 to 12 weeks.

CB, citrate buffter; Gel, Gelatine; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART,
alcohol and cART; DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART;
DBT+ALC+cART, diabetes, alcohol and cART.
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3.3.3 Non-fasting blood glucose

All the rats in the diabetic groups had non-fasting blood glucose levels above 250mg/dL (13.9mmol/L).The
rats in the non-diabetic group had non-fasting blood glucose levels of less than 150mg/dL (8.3mmol/L).

The diabetic groups had significantly higher blood glucose than the untreated in all weeks

(p<0.001 for all comparisons)

Non-fasting blood glucose

—-@— UNTREATED
700-
—<©—- CB
600 - GEL
_ 500 = ALC
T 400-
= —4— CART
£ 3007 —%- ALC+CART
200-
DBT
100-
0 —-e— DBT+ALC
- DBT+cART
| | | | |
3 5 7 9 11 —4— DBT+ALC+cART
Week

Figure 3.4: Non-fasting blood glucose from 3 to 11 weeks.

CB, citrate buffter; Gel, Gelatine; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART,
alcohol and cART; DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART;
DBT+ALC+cART, diabetes, alcohol and cART.3.3.4 Oral glucose tolerance test
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3.3.4 Oral glucose tolerance test

The diabetic groups had higher blood glucose readings at 0 and at 120 minutes compared to the
untreated, control, and non-diabetic groups. The DBT+ALC had the highest blood glucose levels
at 15 minutes, while the DBT and DBT+cART had the highest blood glucose levels at both 60 and
120 minutes. There are significant differences in the blood glucose levels between the groups. At
the 120™ minutes of OGTT, all the diabetic rats blood glucose levels above 250mg/dL

(13.9mmol/L)

OGTT
600-
550 -o- UNTREATED
500- —- CB
288' —e- GEL
§ 350- & ALC
2  300- —& CART
- 2507 ’ ~¥- ALC+cART
200-
1504 ¥ DBT
1282 -@ DBT+ALC
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Figure 3.5: Oral glucose tolerance test

CB, citrate buffter; Gel, Gelatine; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART,
alcohol and cART; DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART;
DBT+ALC+cART, diabetes, alcohol and cART.
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3.3.5 Serum insulin concentration

Serum insulin levels detected in the ALC+cART (1290pg/mL+146.6), ALC (1152pg/mL+150.3), and
cART (1050pg/mL+18.83), were similar compared to the untreated control group
(1251pg/mL47.2) (p=0.998, p=0.760 and 0.080, respectively) (Fig. 3.6). On the contrary,
DBT+cART (813.8pg/mL+92.2), DBT+ALC+cART (801.1pg/mL+85.59), DBT (771.2pg/mL+146.2)
and the DBT+ALC (693pg/mL+52.87) groups had significantly lower insulin levels than the

untreated control group (p<0.001 for all comparisons) (Fig. 3.6).

Serum insulin concentration
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Fig. 3.6 Serum insulin concentration at 12 weeks.

Box-and-whisker plots of adipocyte quantity in various study groups. The line inside the box represents
the mean, whereas the bottom and top lines of the box show the 25th and 75th percentiles, respectively.
The whiskers below and above the box show the minimum and maximum values, respectively. Untreated
control; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART; DBT,
diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART, diabetes, alcohol
and cART.
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3.4. DISCUSSION

The rats assigned to diabetic groups developed signs that are typical of type 2 diabetes such as
loss of body mass, low insulin levels, high blood glucose levels and abnormal OGTTs. The citrate
buffer and gelatine groups did not have any effect on either the non-diabetic parameters or the
diabetic parameters (insulin, blood glucose levels and OGTT) as there was no significant
difference found in these parameters compared with the untreated group. This demonstrates
that the citrate buffer and gelatine cubes used as the experimental vehicles for administration of
STZ and cART respectively did not have any diabetogenic effect on the induction of type 2

diabetes mellitus.

In rodent diabetic studies, rats with a basal blood glucose level 2200mg/dL (=11mmol/L) have
been considered to be diabetic (Deeds eta al., 2011; Qinna and Badwin, 2015). In this present
study, rats in the diabetic groups with the basal glucose level of >250mg/dL (213.9mmol/L) are
considered to be diabetic. All the rats in the diabetic groups had blood glucose levels of
>250mg/dL (213.9mmol/L) in FBG, NFBG and OGTT at 120" minutes and maintained this level of
diabetic blood glucose levels throughout the experiments confirming the induction of the type 2

diabetes, and also the diabetic states were maintained.

The diabetic state as confirmed by FBG and NFBG levels, and monitored by OGTTs , low blood

insulin levels and the loss of body mass are well-defined characteristic of type 2 diabetes mellitus.

Lipolysis and sarcopenia seen in diabetic cases are responsible for the gradual loss of body mass.
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Diabetic model and study rat grouping

The cART is associated with metabolic dyregulations characterised by dyslipidaemia, insulin
resistance and obesity (increased gain in body mass), these metabolic dysregulations exacerbate
type 2 diabetes mellitus due prolong use of cART. This explains the highest blood glucose levels
in the FBG, NFBG and OGTT (at 60™ and 120" minutes) in the DBT+cART group. All the above
results confirm that type 2 diabetes has been successfully induced in rats that received a modified

20% fructose diet together with a single dose of IP 40mg/kg BW Streptozotocin.

The induction of diabetes led to development of hypoinsulinemia in the diabetic rat groups.
Deficiencies in the function and quantity of the beta cell pancreas play an important role in
diabetes development and progression. Increased beta cell deficit and apoptosis have been
observed in patients with type 2 diabetes. In the early stages, the cells adapt to insulin resistance
and insulin secretion increases, but ultimately becomes exhausting, and the pancreatic number
of beta cells decreases (Khin et al., 2023). Hypoinsulinemia in the diabetic groups suggests beta

cell failure.

3.4.1 Conclusions

This study successfully induced diabetes in Sprague Dawley ratsT2D, as shown by various markers
confirming the presence of diabetes. There have been body mass losses, abnormal OGTTs as well
as high fasting and random non-fasting blood glucose that are consistent with WHO definitions
of type 2 diabetes. There was a reduction in insulin levels in diabetic rats, a feature that is a

pancreatic beta cell failure symptom due to long-term hyperglycemia.
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Chapter 4

Influence of alcohol and combination antiretroviral
treatment on bone regulating hormones in diabetic
Sprague Dawley rats



4.0 INTRODUCGTION ....ceittitietit ittt e e sttt e e e s e s et e e e s s s sns b e et e e e e e s e nbr et e reeesesnnneaeeees 59

4.1 MATERIALS AND METHODS ....cuiiiiiiiiiieeee ettt se s e e e e e e ta e se s e e e e e eeaab e e s aeeseseasbaanesaaaanees 61
I R AU Lo LV T 110 0 = £ PSP SRPPRNS 61
T Y= V1o o [ PP U P UPPPPPPPPRORt 61

4.2.3 Enzyme-linked immunoassay (ELISA) for the concentration of calcitonin, parathyroid hormone,

sclerostin, 0steocalCin aNd CAtENIN .......iiiiii it e e e 61
A - L a F a ot | I Y 1 1Y 2 L3PPSR 62
A.2.0 RESUIES .ttt et e s bt s h e s h e s ae e st et et et e e bt e sh e e e he e e ae e e ae e e a et ettt e et e e b e e nreenaeenaes 63
4.2.1 Calcitonin CONCENTIAtION ....iiiiiiiiieeieee et s s e s s e e s e sneeenee 63
4.2.2 Parathyroid NOIMONE..........uiiiieei ettt e et e e e e e e e et ra e e e e e e e e asbteeeeaeeesanssseeseaseeannnns 65
4.2.3 SClerostin CONCENTIATION .....cocuiiiiiiieieee ettt e st e e sat e e s e s b e s seeesareeereeennes 67
4.2.4 OsteoCalCin CONCENTIALION ..c.viiiiiieiieeete ettt ettt e st e st e st e sbeeesabeesabeeebeeenee 69
4.2.5 B-Catenin CONCENTIATION ..uuviiiiiiiee ettt e e e erttre e e st te e e e ebaee e sentaeeessntaeeesseneesensaneesnns 71
A.3 DISCUSSION.... .ttt ettt ettt ettt et e st e bt e sat e s et st e bt et e et e e s b e e sb e e sbeesaeesateemt e emn e et e e beenbeesaeesnnennes 73
Calcitonin and parathyroid hOrmMONE..........oooi i e e e e e e e e arnnes 73

Yol [T o ] 4 1o D PP U UPTOUSPPR 75

(O (=To Tor= | [o11 o FETTTTT TN 75



Hormonal influence

4.0 INTRODUCTION

Several hormones are involved in the regulation of bone health and homeostasis such as
parathyroid hormone, calcitonin, osteocalcin, sclerostin and B-catenin. These hormones may
have anabolic or catabolic actions and may be antagonistic to each other. For example, the
anabolic action of parathyroid hormone involves the suppression of sclerostin (Vasiliadis et
al., 2022). Sclerostin inhibits the proliferation, function, and differentiation, resulting in a
decrease in bone mass (Dreyer et al., 2023). Conversely, osteocytes are the target cells of
parathyroid hormone in bone where it inhibits the expression of the sclerostin, thereby

increasing bone formation (Vasiliadis et al., 2022).

Calcitonin protects the skeleton from calcium loss by inhibiting osteoclast activity (Keller et
al., 2014). In contrast to the action of parathyroid hormone, calcitonin increases the
deposition of calcium in bone and lowers the level of calcium in the blood. The major target

site for calcitonin is bone, where it inhibits osteoclastic bone resorption (Duan et al., 2018).

Total serum osteocalcin concentrations in humans are either carboxylated or uncarboxylated
and are inversely associated with the measures of glucose metabolism (Booth et al., 2013).
Though both the carboxylated and the uncarboxylated have been detected in serum; studies
have indicated that the endocrine function of osteocalcin is in its uncarboxylated form (Ferron
and Lacombe, 2014). The carboxylated form is the most important component of the bone
extracellular matrix and the most abundant non-collagenous protein in the bone extracellular

matrix (Li et al., 2016; Mizokami et al., 2017).
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B-catenin is an important component of the Wnt signaling pathway and plays an important
role in the proliferation of osteoblasts (Huang et al., 2022). The Wnt/B-catenin pathway,
involves the nuclear translocation of B-catenin and activation of target genes through
transcription factors. Switching off the Wnt/B-catenin signalling pathway causes inhibition of

the B-catenin in the cytoplasm (Liu et al., 2022).

This chapter sought to evaluate the influence of alcohol and combination antiretroviral

treatment on bone regulating hormones in diabetic Sprague Dawley rats through assessing

the serum hormone levels by ELISA.
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4.1 MATERIALS AND METHODS

4.1.1 Study animals.

Animal husbandry was as described under section 3.2.2 (Animal husbandry) The animal
animals were assigned into various groups as described in section 3.2.3 (group allocation).
The induction of diabetes, administration of alcohol and cART are all described under section

3.2.4.(treatment of animals).

4.1.2 Serum

Intracardiac blood was aspirated at termination and collected into serum separating tubes,
then centrifuged at relative centrifugal force (RFC) of 1409 for 10 minutes. Serum was
decanted into aliquots that were stored at minus 80°C for serum analysis of the concentration

of calcitonin, parathyroid hormone, sclerostin, osteocalcin and catenin.

4.2.3 Enzyme-linked immunoassay (ELISA) for the concentration of calcitonin, parathyroid

hormone, sclerostin, osteocalcin and catenin

All the ELISA kits were sourced from Elabscience® Houston Texas USA. as follows: Rat CT
(Calcitonin) ELISA Kit (E-EL-R0047), Rat I-PTH (Intact Parathormone) ELISA KitE-EL-RO535Rat
SOST (Sclerostin) ELISA Kit (E-EL-R3032), Rat OC/BGP(Osteocalcin) ELISA Kit (E-EL-R0243), and
Catenin Beta 1 (CTNNb1) E-AB-36471.The Standard working solution was added to the first
two columns, the micro-ELISA 96 well plate provided with the kit. Each concentration of the
solution was added in duplicate, to one well each, side by side (100 uL in each well). Then the
serum samples were added to the other wells (100 uL for each well). The plate was then
covered with the sealer provided in the kit before incubating for 90 min at 37°C. Care was
taken to ensure the solutions were added to the bottom of the micro-ELISA plate well,
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avoiding touching the inside wall. The liquid was then removed from each well and 100 pL of
Biotinylated Detection Ab working solution was added to each well. The plate was then
covered with the sealer and gently mixed before incubating for 1 hour at 37°C. The solution
was then decanted from each well and 350 uL of wash buffer was added to each well. After
soaking for 2 minutes, the solution was decanted from each well and dried by gently patting
against a clean absorbent paper. This wash step was performed thrice using a microplate
washer (ELx50 Microplate Strip Washer, BioTek Instruments, Inc). The HRP Conjugate working
solution was then added (100 pL) to each well and covered with the plate sealer before
incubating for 30 min at 37°C. The solution was then decanted from each well, and the wash
process was repeated five times. The Substrate Reagent (90 plL) was then added to each well
and covered with a new plate sealer before incubating for about 15 min at 37°. Care was taken
to protect the plate from light. The Stop Solution (50 pL) was then added to each well taking
care to the stop solution the same order as the substrate solution. The optical density (OD
value) of each well was then determined at with a micro-plate reader (ELx800 Absorbance

Microplate Reader, BioTek Instruments, Inc) set to 450 nm.

4.2 .4 Statistical analysis

The data were managed in Microsoft Excel Office 365 (Microsoft Corporation) and
analysed using GraphPad Prism version 10. ANOVA with Tukey post-hoc was used for
multiple group comparisons of means. The data was presented as means and standard

deviation. Significance level was set at p <0.05.
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4.2.0 RESULTS

4.2.1 Calcitonin concentration

While the cART group (=1473pg/mL+89.6) had the highest serum calcitonin concentration,
this did not show a significant difference compared to the untreated group
(1438pg/mL+80.33) (p=0.999) (Fig. 4.1). No difference in serum calcitonin concentration
levels were detected in the DBT (=1233pg/mL+187.7) and DBT+ALC (1211pg/mL+152.5)
(p=0.128, and p=0.062) respectively compared to the untreated group) (Fig. 4.1) The serum
calcitonin level was lowest in the DBT+cART group (753.9pg/mL+110.3), followed by the
ALC=1107pg/mL+46.82), DBT+ALC+cART (1124pg/mL+34.52), ALC+cART
(=1146pg/mL+127.2) groups, respectively. All these groups had significantly lower serum
calcitonin levels when compared to the untreated group (p<0.001, p=0.001, p=0.003 and

p<0.001, respectively) (Fig. 4.1).

The ALC group had a serum calcitonin concentration similar to that detected in the ALC+cART,
DBT+ALC and DBT+cART+ALC (p=0.999, p=0,8294 and p>0,9999, respectively) (Fig. 4.1). In
contrast, the concentration was higher in the cART compared to the ALC group (p<0.001). The
DBT group serum calcitonin level was similar to the DBT+ALC and DBT+ALC+cART (p=0.999,
p=0.799) (Fig. 4.1). However, the concentration in the ALC alone was similar to the DBT group
(p=0,657). Additionally, the DBT+cART had significantly lower calcitonin levels than the DBT
group (p<0.001) (Fig. 4.1). In contrast, the cART alone had higher serum calcitonin

concentration than the DBT group (p=0,041) (Fig. 4.1).
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Calcitonin concentration
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10Figure 4.1: Calcitonin concentration. Box-and-whisker plots show calcitonin concentration
in various study groups. The line inside the box represents the mean, whereas the bottom
and top lines of the box show the 25th and 75th percentiles, respectively. The whiskers below
and above the box show the minimum and maximum values, respectively.

ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p<0,001, p=,999, p=0,8294 and p>0,9999,
respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p<0.001 for all); DBT vs ALC,
CART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0,657, p=0,041,p>0,999,p<0,001, p=0,799 and
p<0.001, respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p<0.001, p=0,925,
respectively).

ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART; DBT,

diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART,
diabetes, alcohol and cART
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4.2.2 Parathyroid hormone

The highest serum parathyroid hormone concentration was detected in the DBT+cART
(94425pg/mL+3292) and ALC+cART (=64952pg/mL+630.2) group compared to the untreated
group (47575pg/mL+3292) (p<0.001 for both comparisons) (Fig. 4.2). The ALC
(46279pg/mL%3166) and the cART group (47121pg/mL%3166) had similar serum parathyroid
hormone concentration to the untreated group (=0.999) for both comparisons. The DBT
(18718pg/mL+1784), DBT+ALC (28130pg/mL+5708) and the DBT+ALC+cART
(20667pg/mL%3057) groups had lower serum parathyroid hormone concentration than the

untreated group (p<0.001 for all comparisons) (Fig. 4.2).

The ALC alone and cART group had similar serum parathyroid hormone concentration
(p=0.999) (Fig. 4.2). On the contrary, the ALC+cART group had higher in the ALC alone or cART
group (p<0.001, for both). ALC alone and cART group had significant higher values than the
ALC+cART, DBT+ALC and DBT+cART+ALC (p<0.001 for all comparisons with the ALC or cART

group) (Fig. 4.2).

The DBT group exhibited lower serum parathyroid hormone concentration than the DBT+ALC

and the DBT+cART groups (p=0.025 and p<0.001). In contrast, the DBT and DBT+ALC+cART

had similar values (p=0.995) (Fig. 4.2).
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PTH concentration

120000- p<0.001
_ 1000004 | 5
%, 0<0.001
o 80000 0>0.999 ‘
C
£ 60000~ p0999 -
= =
§ 40000 = - =
C
[}
O 200004 ‘
!- p<0.001
0 T T T T T T T T
Q0 ¢ A < < ¢] AL
o N »»v&t@%
0\(\ % \9) 0%«(?\\/
9%

11Figure 4.2: Parathyroid hormone concentration

Box-and-whisker plots show parathyroid hormone concentration in various study groups. The
line inside the box represents the mean, whereas the bottom and top lines of the box show
the 25th and 75th percentiles, respectively. The whiskers below and above the box show the
minimum and maximum values, respectively.

ALC vs cART, (p>0,999), ALC vs ALC+cART, DBT+ALC, DBT+cART+ALC (p<0,001, for all); cART vs
ALC+cART, DBT+cART, DBT+cART+ALC (p<0,0010or all comparisons); DBT vs ALC, cART,
DBT+ALC, DBT+cART, DBT+cART+ALC (p<0,001, p<0,001, p<0,001, p=0,025 and p=0,995,
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p<0,001, p=0,133, respectively).

ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol, and cART; DBT,
diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes, and cART; DBT+ALC+cART,
diabetes, alcohol and cART.
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4.2.3 Sclerostin concentration

The ALC+cART (11,869pg/mL+1,946) group had the highest concentration of sclerostin than
the untreated (3,914pg/mL+481.5) group (p<0.001) (Fig. 4.3). The was followed by the
DBT+cART (9,568pg/mL+958.4), DBT+ALC (7,309pg/mL+1,827) and cART (6315pg/mL+333.6),
groups which also displayed significantly higher concentrations compared to the untreated

group (p<0.001 for DBT+cART and DBT+ALC and p=0.033 for cART, all vs untreated) (Fig. 4.3).

The ALC (4,011pg/mL+806.9), and DBT+ALC+cART (3,971pg/mL+769.8) groups did not display
any significant difference in sclerostin concentration compared to the untreated group
(p=0.999 vs untreated ALC and DBT+ALC+cART, respectively) (Fig. 4.3). While the DBT group
(2,139pg/mL+520.8) had the lowest concentration of sclerostin, no statistical significance was

detectable against the untreated group (p=0.222) (Fig. 4.3).

The ALC group had a significantly lower serum sclerostin concentration than the cART or
ALC+cART group (p=0,046, and p<0.001, respectively) (Fig. 4.3). The DBT had a lower
concentration than the DBT+ALC and DBT+cART groups (p<0.001 for both comparisons).

However, it was similar to the DBT+ALC+cART group (p=0,191) (Fig. 4.3).
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Figure 4.3: Sclerostin concentration

Box-and-whisker plots show sclerostin concentration in various study groups. The line inside
the box represents the mean, whereas the bottom and top lines of the box show the 25th and
75th percentiles, respectively. The whiskers below and above the box show the minimum and
maximum values, respectively.

ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0,046, p<0,001, p=0,001 and p>0,999,
respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p<0,001, p=0,001, p=0,040,
respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0,171, p<0,001
p<0,001, p<0,001and p=0,191, respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.339,
p=0.380, respectively).

ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol, and cART; DBT,
diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART,
diabetes, alcohol and cART.
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4.2.4 Osteocalcin concentration

Although not statistically significant, the mean osteocalcin concentration was lower in the ALC
(13.77pg/mL%0.94), DBT+cART (16.39pg/mL +2.58), DBT+ALC+cART group (16.71pg/mL+1.59)
compared to the untreated (25.92pg/mL%4.27) (Fig. 4.4). On the contrary, the highest
concentration was detected in the DBT (78.19pg/mL+15.28) and the DBT+ALC group
(72.93pg/mL%14.55) (p<0.001 compared to the untreated group). The ALC+cART serum
osteocalcin concentration (34.75pg/mL%6.01) was not significantly higher than the untreated

group (p=0.663) (Fig. 4.4).

There were no significant differences detected between the ALC and the cART group
(p=0.791) whereas the ALC+cART had significantly larger values than the ALC alone group or

the cART group (p=0.005 and p<0.001, respectively) (Fig. 4.4).

The DBT group serum osteocalcin concentration was similar to the DBT+ALC group (p=0.964)
(Fig. 4). In contrast, it was lower in the DBT+cART and DBT+cART+ALC (p<0.001 for both
comparisons). The DBT+ALC group also had lower serum osteocalcin concentration than the

DBT+cART and DBT+cART+ALC (p<0.001 for both comparisons) (Fig. 4.4).
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Osteocalcin concentration
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Figure 4.4: Osteocalcin concentration. Box-and-whisker plots show osteocalcin
concentration in various study groups. The line inside the box represents the mean, whereas
the bottom and top lines of the box show the 25th and 75th percentiles, respectively. The
whiskers below and above the box show the minimum and maximum values, respectively.

ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0,7913, p=0,005, p<0,001 and p=0,998,
respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p<0,0001, p=0,475, p=0,436,
respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p<0,001, <0,001, p=0,9648,
p<0,001 and p<0,001, respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p<0,001, p<0,001,
respectively).

ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART; DBT,
diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART,
diabetes, alcohol and cART.
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4.2.5 B-catenin concentration
The DBT+ALC+cART (2.17pg/mL+0.24) and ALC+cART (1.88pg/mL+0.47) group had the highest
serum [B-catenin concentration although not significantly different from the untreated group

(2.06pg/mL+0.18) group (Fig. 4.5).

The ALC (0.51pg/mL+0.00) group, the DBT (0.36pg/mL+0.209), the DBT+ALC
(mean=0.86pg/mL+0.05) and the DBT+cART group (0.50pg/mL+0.16) displayed a significantly

lower concentration than the untreated group (p<0.001) (Fig. 4.5).

While the ALC and cART groups had similar serum B-catenin concentrations, it was higher in
the ALC+cART group (p=0.985 and p<0.001, respectively) (Fig. 4.5). The concentration was
similar when comparing the DBT with the DBT+ALC or DBT+cART group (p=0.498, p =0.999,
respectively). However, it was significantly lower when the DBT was compared to the

DBT+ALC+cART (p<0.001) (Fig. 4.5).
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Figure 4.5: B-catenin concentration.Box-and-whisker plots show B-catenin concentration
in various study groups. The line inside the box represents the mean, whereas the bottom
and top lines of the box show the 25th and 75th percentiles, respectively. The whiskers below
and above the box show the minimum and maximum values, respectively.

ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0,985, p<0,001, p=0,998and p<0,001,
respectively);cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p<0,001, p=0,987, p<0,001,
respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0,998, p=0,998,
p=0,498, p=0,999 and p<0,001, respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0,835,
p<0,001, respectively).

ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART; DBT,
diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART,
diabetes, alcohol and cART.
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4.3 DISCUSSION
This chapter evaluates the influence of alcohol and combination antiretroviral treatment on

bone regulating hormones in diabetic Sprague Dawley rats.

Calcitonin and parathyroid hormone

Calcitonin protects the skeleton from calcium loss by inhibiting osteoclast activity (Keller et
al., 2014). In contrast to the action of parathyroid hormone, calcitonin increases the
deposition of calcium in bone and lowers the level of calcium in the blood. Calcitonin levels
increase only briefly during acute and short-term alcohol consumption (Sampson, 1998). In
the present study, a low dose alcohol (10% v/v), alcohol ALC alone or with antiretroviral
treatment (ALC+cART) had low calcitonin concentration. The low calcitonin concentration
was due low alcohol which did not have any harmful effect on bone, hence a low calcium
deposition in bone and in the serum. The fact that antiretroviral treatment alone (cART) did
not influence calcitonin concentration in the present study suggests that the low
concentration of calcitonin in the ALC+cART was due to alcohol. Alcohol had interfered with

action of cART.

Diabetes (DBT) did not change serum calcitonin concentrations in the current study. This is
like the report of (Lunati et al., 2016) who also found no change in calcium among diabetic
patients. However, in the present study, calcitonin concentration was low in rats that were
diabetic and receiving cART (DBT+cART) or among diabetic rats that received both ALC and
CART (DBT+ALC+cART). Since the ALC+cART group in the present study showed low serum
calcitonin concentration, these low levels detected in the diabetic rats that received both ALC

and cART (DBT+ALC+cART) can be attributed to the effects of combining alcohol and cART.
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The liver metabolizes both alcohol and antiretroviral drugs, and when these two compounds
combine, liver function is compromised, and the antiretroviral does not work well, and the

risk of serious toxicity from antiviral therapy increases (Yu et al., 2021).

Studies investigating the influence of alcohol on parathyroid hormone levels have yielded
conflicting results. Some studies have found a decrease in parathyroid hormone levels in
alcoholics (llich et al., 2002), while most studies have not reported a significant change in
parathyroid hormone levels due to alcohol consumption (Andersen et al., 2018). In the
present study, parathyroid hormone remained unchanged in the ALC group. This is consistent
with the findings of (Andersen et al., 2018) who reported that alcohol did not impair
parathyroid hormone secretion. Although alcohol alone (ALC) or cART alone did not alter the
serum parathyroid hormone concentration, a combination of the two (ALC+cART) resulted in
elevated parathyroid hormone concentration. This group had low calcitonin concentration.
Parathyroid hormone increases calcium levels, while calcitonin decreases calcium levels.
Parathyroid hormone increases serum calcium levels by activating osteoclastic cells and
absorbing calcium into the kidneys. Calcitonin reduces calcium levels by inhibiting osteoclasts

(Babi¢ Leko et al., 2021).

In the present study, the diabetic rats (DBT), diabetic rats taking alcohol (DBT+ALC) or taking
both alcohol and combination antiretroviral therapy (DBT+ALC+cART) all had lower serum
parathyroid hormone concentration than the untreated group. This may be attributed to
parathyroid hormone secretion impairment in untreated diabetes mellitus (Paula et al.,
2001). While it is not fully comprehended how diabetes affects parathyroid hormone, other

researchers rule out the idea that glucose itself directly regulates parathyroid hormone
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secretion (Sass et al., 2020). It remains unclear why cART in diabetics (DBT+cART) or when

taken with alcohol (ALC+cART) caused an elevation in parathyroid hormone concentration.

Sclerostin

Sclerostin acts as inhibitor of bone formation by inhibiting the Wnt signaling pathway.
Mechanical loading in rats and mice reduces sclerostin levels leading to greater bone
formation (Shaw and Hogler, 2012). Sclerostin remained unchanged in the alcohol (ACL)
group. This is contrary to previous research in humans which showed elevated sclerostin
concentration among heavy drinkers (Martin-Gonzalez et al., 2023). These authors attribute
the high elevated sclerostin concentration among heavy drinkers to liver damage. While no
liver tests were performed in the present that, it is likely that the alcohol intake was below

the threshold for heavy drinking, hence no increase in sclerostin.

The present study detected a significantly higher levels of serum sclerostin in rats subjected
to various combinations of alcohol, CART or diabates (ALC+cART, DBT+cART and DBT+ALC).
Antiretroviral therapy (Chwiki et al., 2017) and diabetes (Mohamed et al.,, 2016;
Dangarembizi et al., 2020), individually, adversely affect the liver. Therefore, it is possible
that, like the case with alcohol, the elevated serum concentration could be a result of liver
damage. However, the diabatic rats that received both alcohol and cART (DBT+ALC+cART) had
normal sclerostin levels. This aspect requires further investigation.

Osteocalcin

In the present study, the diabetic only (DBT) and the diabetic rats taking alcohol (DBT+ALC)
were the only 2 groups that showed elevated osteocalcin concentration.Circulating

undercarboxylated osteocalcin is a predictor of type 2 diabetes (Riquelme-Gallego et al.,
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2020). Osteocalcin has shown that it can improve the functioning of pancreatic and fatty
tissue and the metabolic, inflammatory, and oxidative parameters that all are affected with

diabetes (Desentis-Desentis et al., 2020).

Alcohol decreases the serum levels of osteocalcin (Watt et al., 2019). In contrast, the present
study showed no significant lowering of serum osteocalcin concentration in groups receiving
alcohol. cART is reported to increase osteocalcin levels (Ofotokun et al., 2016). In this study,
cART alone, with alcohol (cART+ALC), in diabetic rats (DBT+cART) and in diabetic rats taking

alcohol (DBT+ALC+cART) did not significantly change the serum concentration of osteocalcin.

B-catenin

In the present study the alcohol group had low serum B-catenin concentration. This is
consistent with the scientific literature which shows that chronic high-dose ethanol exposures
inhibit Wnt/B-catenin signalling pathway (Xu et al., 2015). Low serum B-catenin concentration
was also detected in the diabetic group (DBT). This finding is consistent with previous research
which report that serum concentrations of catenin in type 2 diabetes patients are lower than
those of control patients (Gaudio et al., 2012). A similar finding of low catenin concentration
was made when among diabetic rats taking alcohol (DBT+ALC). This shows that alcohol or
diabetes inhibit B-catenin among those taking alcohol individually or in diabetics, as well as
when diabetic rats consume alcohol. The present study also found low serum catenin
concentration catenin in the cART group. This finding is consistent with the previous research
reporting that the Wnt/B-catenin signalling pathway is supressed in antiretroviral treatment
(Modarresi et al., 2009). In the present study, cART used among diabetics also showed low

serum catenin concentration. However, using alcohol with cART (ALC+cART) or the
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comorbidity of diabetes, alcohol, and cART use (DBT+ALC+cART) did not change serum
catenin concentration, suggesting that this comorbidity may not influence this hormonal level

and therefore it function.

4.3.1 conclusions

This study found that serum parathyroid hormone and calcitonin concentrations were low in
rats that were diabetic and taking and cART (DBT+cART) or diabetic rats taking both alcohol
and cART (DBT+ALC+cART). This shows that the combined effects diabetes with concurrent
alcohol intake and while using cART causes derangement of the hormone profile parathyroid
hormone and calcitonin. However, sclerostin, osteocalcin and catenin levels were unaffected
by diabetes with concurrent alcohol intake and while using cART (DBT+ALC+cART). This is an
aspect that requires further investigation. It is possible that other mechanisms could be at

play to maintain homeostasis of theses hormones.
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Chapter 5

Mandibular microstructural alterations from
combination antiretroviral therapy and concurrent
alcohol intake in the diabetic Sprague Dawley rat

This chapter was published in the internation journal of morphology as:

“Mandibular trabecular morphometry and tensile strength assessment in the diabetic
Sprague Dawley rat mandible consuming alcohol”.

The article will be published in Int J Morph, issue 6, volume 42, 2024
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Mandibular microstructural alterations

5.0 INTRODUCTION

Lifestyle diseases such as diabetes are increasingly becoming common, and in countries such
as South Africa, high levels of human immunodeficiency virus (HIV) infection (Gutreuter et al.,
2019) and alcohol abuse (Parry, 2005) are common. In sub-Saharan Africa, the incidence of
these three conditions (diabetes, antiviral therapy, and alcohol abuse) among individuals is
on the rise and constitutes a serious health challenge. Individually, diabetes (Romero-Diaz et
al.,, 2021), cART (Delpino and Quarleri, 2020), and alcohol abuse (Godos et al., 2022) are
associated with skeletal pathology. Studies have linked diabetes to osteoporosis and

increased bone fracture risk (Lin et al., 2021).

Furthermore, chronic and excessive alcohol consumption has not only contributed to the
increase in HIV infections due to poor judgment, multiple sexual exposures and poor lifestyle
choices (Shuper et al., 2010), but also exacerbates type 2 diabetes (Kao et al., 2001; Kim and
Kim, 2012). Consequently, alcohol abuse is not only indirectly increasing enrollment in
antiretroviral therapy regimens, but also producing excess calories that promote
hyperglycemia and subsequently lead to obesity and disease of carbohydrate and glucose
metabolism (Shah and Hill, 2021). In the longer term, insulin secretion is impaired and insulin
sensitivity decreases (Kao et al., 2001; Kim and Kim, 2012). Furthermore, cART therapy is
associated with metabolic deregulation and is characterized by dyslipidemia and insulin
resistance (Molina et al., 2014; Honnapurmath and Patil, 2017). This exacerbates diabetes

and increases the risk of osteoporosis and bone fracture (Lin et al., 2021).
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Osteoporosis can lead to periodontal bone loss and eventual loss of teeth, which may require
dental implants as a treatment option (Esfahanian et al., 2012). The viability of dental
implants is dependent on the amount of cortical and trabecular bone present, and the
formation of new bone (Porter and von Fraunhofer, 2005a). The implant tends to fail due to
lack of osseointegration in individuals suffering from conditions that enhance bone
degeneration, such as osteoporosis (Beikler and Flemmig, 2003; Stevenson et al., 2007;

Hasegawa et al., 2008; Yarramsetty et al., 2023).

Alcohol, diabetes, and combination antiretrovirals (cART) have been shown to reduce bone
strength. It is not known how the multimorbidity of Type 2 diabetes; excessive alcohol intake
and cART therapy affect periodontal bone. Therefore, the current study sought to investigate
the combined effect of Type 2 diabetes, excessive alcohol intake, and cART therapy on the
mandible using Sprague-Dawley rats as a model. The study used Microfocus X-ray Computed
Tomography (MicroCT) to determine possible microstructural alterations and evaluated
mandibular trabeculae morphometry such as bone volume fraction (BV/TV), trabecular
thickness (TbTh), spacing (TbSP), and number (TbN) were evaluated. Additionally, the tensile
strength was tested using a universal tensile tester. Further, the parameters that are most

affected by this multimorbidity were identified using discriminant function analysis (DFA).
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5.1 MATERIALS AND METHODS
5.1.1 Animal housing

Animal husbandry was as described under section 3.2.2 (Animal husbandry)

5.1.2 Group allocation and treatment of animals
The animal animals were assigned into various groups as described in section 3.2.3 (group
allocation). The induction of diabetes, administration of alcohol and cART are all described

under section 3.2.4.(treatment of animals).

5.1.3 Termination procedures

At the end of 12 weeks, the animals were deeply anaesthetised with pentobarbitone, and
blood samples were collected by cardiac puncture in serum separating tubes (4ml). The
mandible was meticulously dissected, bisected into left and right hemimandibles, and fixed

in 10% buffered formalin for further analysis.

5.1.4 Three-Dimensional Microfocus X-ray Computed Tomography (MicroCT)

A Nikon XTH 225/320 LC X-ray microtomography was used to scan the mandibles for
computed tomography. To keep the samples steady during scanning, the bones were secured
in oasis floral foam and positioned on the 360° rotating sample manipulator. The X-ray
settings were standardised to a source voltage of 70kV and a source current of 400pA and
four-frame average were used to improve the signal to noise ratio. Both hemimandibles from
each rat were scanned at a resolution of 18um. The volume Graphics® 3.2 software was then

used for analysis of the following parameters: bone volume fraction (BV/TV), trabecular
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thickness (TbTh), spacing (TbSP) and number (TbN). The region of interest (ROI) chosen was
based on Lerouxel et al., 2004 report. Region of interest (ROI) was defined as the distance
from the start point set on the mesial surface of the first molar (M1) and the end point set at

the distal surface of the third molar (M3) (Fig. 5.1).

Fig. 5.1: Region of interest (ROI). A three-dimensional rendering of the rat hemimandible.
The boxed area shows a mediolateral view of the ROI. B: Cross-sectional anteroposterior view
of the mandible showing the ROI (red-bounded area). |, incisor tooth; IR, incisor root; M1 M2
M3, molar teeth.

5.1.5 Tensile strength test (3-point bending)

A Shimadzu universal test machine was used to measure mandibular tensile strength (EZ-X S
200V E SSM346-57320-44, Shimadzu, Honeydew, South Africa). To do this, the left hemi-
mandibles with the lingual side facing up, were placed on two rounded bars set at 15mm
apart and the load was applied. The load-displacement curves were then recorded at

3mm/min until failure.
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5.1.6 Data analysis

Data were managed in Microsoft Excel, Office 365 (Microsoft Corporation®) and analysed
using SPSS® version 28 (IBM®). ANOVA with Tuckey post hoc was used for multiple group
comparisons of means for the tensile strength and trabecular morphometric parameters. The
parameters that are the most disrupted in all groups were identified using discriminant
function analysis (DFA). The parameters that are most disrupted were identified using DFA.
The results were represented as means and standard deviation. The significance level was

established at a confidence interval of p <0.05.
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5.2 RESULTS

5.2.1 Trabecular bone morphometric parameters

Bone volume to fraction (BV/TV)

The ALC, DBT+cART+ALC, and DBT+cART groups had the smallest bone to total volume ratio
(BV/TV) which were significant compared to the untreated group (p<0.001, p=0.004 and
p=0.035, respectively). In contrast, the bone volume fraction (BV/TV) in the cART, ALC+cART,
DBT and DBT+ALC had similar values to the untreated group (p=0.433, p=0.621, p=0.474 and
p=0.548, respectively) (Table 5.1),bone volume fraction (BV/TV), trabecular thickness (TbTh),

spacing (TbSP) and number (TbN).

Regarding alcohol effects, the ALC group had the smallest BV/TV, which was significant
compared to cART, ALC+cART, DBT, DBT+ALC, DBT+cART (p < 0.001, for all comparisons,
except for DBT and cART (p=0.017). However, no significant differences were detected
between the ALC and DBT+cART+ALC group (p=0.147) (Table 5.1). Although the cART group
had a similar BV/TV to that of the DBT and DBT+ALC groups (p=0.142 and p=0.186,
respectively), it was significantly higher than the DBT+cART+ALC group (p=0.023). ALC + cART

had a higher BV/TV than the DBT+cART+ALC group (p=0.020).

There were differences between the treatment groups, with the DBT+cART and
DBT+cART+ALC groups having significantly lower BV/TV than the DBT group (p=0.007 and
p=0.001, respectively). On the contrary, DBT+ALC showed similarities with the DBT group

(p=0.934) (Table 5.1).
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Trabecular thickness (TbTh)

None of the study groups showed significant differences in comparison to the untreated
(p>0.05) (Table 5.1). ALC showed similar TbTh to all groups except the DBT group which had
higher values (p=0.022). The DBT group had significantly thicker trabeculae than the cART,
DBT+cART and DBT+cART + ALC groups (p=0,023, p=0.008 and p=0.013, respectively)
Trabecular number (TbN)

The DBT+cART+ALC and DBT+cART groups exhibited significantly more trabeculae (TbN) than
the untreated group (p<0.001, for both comparisons). No other groups showed significant
differences in comparison to the untreated group (p>0,05) (Table 5.1).

There were differences in TbN among the treatment groups, with the ALC group exhibiting
significantly less trabeculae than the DBT+cART and DBT+cART+ALC groups (p<0.001, for both
comparisons). Regarding the treatment with cART, this group showed fewer trabeculae than
the DBT+cART group and DBT+cART + ALC (p<0.001 and p=0.001, respectively). When
considering diabetes, the DBT group exhibited significantly fewer trabecula than the
DBT+cART and DBT+cART+ALC groups (p<0.01, for both comparisons) (Table 5.1). The
DBT+ALC group showed fewer trabeculae than the DBT+cART and DBT+cART+ALC groups

(p<0.001 and p=0.002, respectively) (Table 5.1).

Trabecular spacing (TbSp)

None of the study groups showed any significant differences in the trabecular spacing (TbSp)
when compared to the untreated group (p>0.05) (Table 5.1). Furthermore, all other group
comparisons showed similarities except for the smaller trabecular spacing (TbSp) exhibited in

the DBT group compared to the DBT+ALC and ALC groups (p=0.035, p=0.053, respectively).

86



Mandibular microstructural alterations

Table 5.1: Trabecular morphometric parameters.

Untreated | ALC cART ALC+cART DBT DBT+ALC DBT+cART DBT+CART+ALC
Parameter | Mean | SD Mean SD Mean | SD Mean SD Mean SD Mean SD Mean SD Mean SD
N 16 16 16 14 14 12 14 12
*BV/TV 58.13 | 4.96 | 67.50 | 4,89 [59.69 | 559 | 59.14 [8,08 | 56.65 |4,61[56.83 |7,28|6250 |547[6437 1,96
*p value p<0.001 0,433 0,621 0,474 0,548 0,035 0,004
"TbTh 045 [009]039 [006[039 |01 |043 029|067 [089]047 [017]033 [003[034 [0,02
*p value 0.615 0,610 0.634 0.068 0,925 0,352 0,398
TbN 200 [0,26|200 [026|209 [009[215 [o045[202 [027]209 049|258 019|247 [0,16
*p value 0.503 0,394 0,155 0,691 0,873 p<0.001 P=0.001
“ThSp 0.06 [002]010 [002|006 |003]006 003|005 002|011 [025]006 [002][007 [o001
*p value 0,142 0,969 0,932 0,602 0,091 0,924 0,682

3BV/TV: ALC vs cART, ALC+cART, DBT+ALC (p<0.001 for all ), DBT+cART+ALC (p=0.147); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.791, p=0.174 p=0.031,
respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p<0.001, p=0.142, p=0.934, p=0.012 and p=0.001, respectively); DBT+ALC vs DBT+cART,
DBT+cART+ALC (p=0.012, p=0.001, respectively).

bTbTh: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.978, p=0.657, p=0.575 and p=0.764, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.784,
p=0.637, p=0.686, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0.022, p=0.023, p=0.107, p=0.008 and p=0.013, respectively); DBT+ALC vs
DBT+cART, DBT+cART+ALC (p=0.339, p=0.380, respectively).

“TbN: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.854, p=0.436, 0.873 and p=0.001, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.992,
p<0.001, p=0.001, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0.802, p=0.669, p=0.698, p<0.001 and p<0.001, respectively); DBT+ALC vs
DBT+cART, DBT+cART+ALC (p<0.001, p=0.002, respectively).

9TbSp: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.159, p=0132, p=0.740 and p=0.338, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.903,

p=0.956, p=0.715, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0.053, p=0.581, p=0.035, p=0.0550 and p=0.379, respectively); DBT+ALC vs
DBT+cART, DBT+cART+ALC (p=0.120, p=0.228, respectively).

* Comparison of respective groups with the untreated group. ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART; DBT, diabetic;
DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART, diabetes, alcohol and cART.
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5.2.2 Tensile strength
Mean maximum force
The DBT, DBT+cART, DBT+CART+ALC and ALC+cART group showed the lowest values for
maximum force which were significant compared to the untreated group (p<0.001, p=0,001,
p=0,014 and p=0.013, respectively). No other groups exhibited significant differences from

the untreated group (p>0.05) (Table 5.2).

The ALC group had similar mean value to the cART and ALC+cART treated groups (p=0.702
and p=0.217, respectively) but showed a significantly higher value than the DBT and
DBT+cART groups (p<0.001 and p=0.034, respectively). The cART group had a significantly
higher maximum force than the DBT and DBT+cART group (p<0.001 and p=0.013,
respectively). DBT showed a lower significant value than the ALC+cART, the DBT+ALC and
DBT+cART+ALC groups (p=0.011, p<0.001 and p=0.017, respectively). The DBT+ALC group
exhibited a significantly higher maximum force than the DBT+cART treated group (p=0.039)

(Table 5.2).

Mean break force

DBT, DBT+cART and DBT+cART+ALC, ALC+cART treated groups exhibited lower breaking force
than the untreated group (p<0.001, p=0.001, 0.013, and p=0.010, respectively) (Table 2). On
the contrary, the ALC, cART, and DBT+ALC treated groups did not show statistical differences

from the untreated group (p=0.119, p=0.346, and p=0.256, respectively) (Table 2).

The ALC group was similar to the cART and ALC+cART groups (p=0.534 and p=0.278,

respectively). However, the ALC group had a significantly higher break force than the DBT
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(p<0.001). The cART group had a significantly higher breaking force than the DBT and

DBT+cART treated groups (p<0.001 and p=0.011, respectively) (Table 5.2).

The DBT group required significantly less force to fracture than the DBT+ALC or DBT+ALC+ALC
treated groups, and but DBT+ALC+ALC groups were similar (p<0.001 and p=0.014,
respectively. The DBT+ALC group exhibited a significantly higher break force than DBT+cART

(p=0.034) (Table 5.2).

Mean displacement

Lower displacement values were recorded among the DBT+cART+ALC, DBT+ALC and DBT
treated groups compared to the untreated group (p<0.001, p=0.001, p=0.001, p=0.007,
respectively) (Table 5.2). No other groups showed significant differences in comparison to the
untreated group. The ALC or ALC + cART groups only showed significantly higher
displacement compared to the DBT+ cART+ALC group (p=0.001, p=0.003, respectively).
Regarding cART, this group had a higher displacement than the DBT+cART+ALC, DBT+ALC,

DBT and DBT+cART groups (p<0.001, p=0.001, p=0.006 and p=0.045, respectively) (Table 5.2).

Differences in displacement between treatment groups were noted, with the DBT+cART+ALC
group which showed a significantly lower value than DBT+cART and DBT (p=0.006 and p

=0,031) (Table 5.2)

Mean time
The DBT+cART+ALC, DBT+ALC and DBT treated groups required the shortest time to fracture

the mandible which was significant compared with the untreated group (p<0.001, p=0.003
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and p=0.006, respectively). No other groups showed significant differences in comparison to

the untreated group (p<0.05) (Table 5.2).

The ALC group showed significantly more time to fracture than the DBT+cART+ALC group
(p=0.001). The cART group required more time to fracture than the DBT+CART+ALC, DBT+ALC,
DBT, DBT+cART, and ALC+cART groups (p<0.001, p=0.001 and p=0,002, p=0,041 and p=0,050,
respectively). The ALC+cART group and the DBT+cART groups had significantly more fracture

time than the DBT+cART+ALC group (p=0.003, p=0.006) (Table 5.2).

Mean stiffness

The mean stiffness among the treatment groups showed a varied pattern compared to the
untreated group, with the DBT group exhibiting less stiffness than the untreated group
(p=0.006). In contrast, the DBT+cART+ALC group showed a greater stiffness value compared
to the untreated group (p=0.009). No other groups showed significant differences in the were

detected in comparison with the untreated group (p<0.05) (Table 5.2).

Regarding alcohol administration, ALC treatment showed similar stiffness to cART, ALC+cART
groups (p=0.464 and p=0.290, respectively). On the contrary, the ALC group had respectively
significantly higher and lower stiffness than the DBT and DBT+cART+ALC groups (p= 0.008 and
p=0.006). When antiretroviral therapy was included, the ALC+cART group showed a lower
value than the DBT+cART + ALC group and the DBT+ALC groups (p<0.001 and 0.013) (Table).
Administration of cART alone exhibited a higher stiffness than the DBT and DBT+ALC groups
(p=0,049 and p=0,007. In contrast, cART had significantly higher stiffness than the

DBT+cART+ALC group (p=0.001) (Table 5.2).
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There were differences in stiffness observed between the treatment groups. With respect to
diabetes, the DBT group had significantly less stiffness than the DBT+ALC, DBT+cART+ALC and

DBT+cART groups (p<0.001, p<0.001 and 0,049, respectively) (Table 5.2).
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Table 5.2. Tensile strength parameters from 3-point bending tests.

Mandibular microstructural alterations

Untreated ALC cART ALC+cART DBT DBT+ALC DBT+cART DBT+cART+ALC
Parameter Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
N 16 16 16 14 14 12 14 12
"Max Force(N) 117,65 | 34,24 | 104,85 | 31,31 | 108,58 | 33,65 | 92,33 | 22,08 | 71,06 | 25,14 | 106,30 | 22,65 | 83,24 [ 24,39 | 91,47 | 2517
p value 0,191 0,353 0,013 <0,001 0,273 0,001 0,014
bBreak Force (N) 117,65 | 34,24 | 102,60 | 29,16 | 108,58 | 33,65 | 91,80 | 21,11 | 72,66 | 27,43 | 105,83 | 22,65 | 82,99 | 2461 | 9147 | 2517
p value 0.119 0.346 0.010 <0,001 0.256 0,001 0,013
“Displacement (mm) 208 | 043 | 184 | 022 ] 210 |05 | 1,81 | 022 | 169 | 029 | 158 [ 042 | 1,79 | 022 | 134 | 061l
p value 0,083 0,907 0,068 0,007 0,001 0,057 <0,001
4Time (sec) 4081 | 743 | 3670 | 445 | 41,97 [ 11,10 [ 36,26 | 431 | 33,02 | 640 | 3152 | 845 | 3576 | 447 | 2670 | 12,26
p value 0.143 0.678 0.118 0.006 0.003 0.096 p<0.001
eStiffness (N/mm) 59,61 | 19,08 | 58,79 [ 21,20 | 53,79 | 16,93 | 51,28 | 13,36 | 43,86 | 1561 | 7036 | 1877 | 49,71 | 14,03 | 79,33 | 33,10
p value 0,905 0,395 0,241 0,006 0,148 0,182 0,009

2Max force: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.702, p=0.217, p=0.890, p=0.206); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.110, p=0.013 p=0.106,
respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p<0,001, p=0.87, p<0,001, p=0.087 and p=0.017, respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC
(p=0.036, p=0.190, respectively).

bBreak force (N): ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.534, p=0.278, p=0.755 p=0.284, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.093,
p=0.011 p=0.101, respectively); DBT vs "ALC, *cART, ADBT+ALC, DBT+cART, DBT+cART+ALC (*p<0,001, p=0.078 and p=0.014, respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC
(p=0.036, p=0.190, respectively).

‘Displacement: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.064, p=0.880, p=0.092, p=0,001, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.053,
p=0.045 p<0.001, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0.286, p=0.005, p<0.515, p=0.482and p=0.031, respectively); DBT+ALC vs DBT+cART,
DBT+cART+ALC (p=0.193, p=0.142, respectively).

9Time: ALC vs cART, ALC+cART , DBT+ALC, DBT+cART+ALC (p=0.064, p=0.880, p=0.092, p=0.001, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.053,
p=0.045p<0.001, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=168, p=0.002, p=0.515, p=0482 and p=0.031, respectively); DBT+ALC vs DBT+cART,
DBT+cART+ALC (p=0.191, p=137, respectively).

eStiffness: ALC vs cART, ALC+cART , DBT+ALC, DBT+cART+ALC (p=0.464, p=0.290, p=0.119, p=0006, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.724,
p=0.581p=0.001, respectively); DBT vs ALC, cART, ~DBT+ALC, DBT+cART, "DBT+cART+ALC (p=0.008, p=0.049, *p<0,001, p=0.192, respectively); DBT+ALC vs DBT+cART,
DBT+cART+ALC (p=0.010, p=0.257, respectively).

* Comparison of respective groups with the untreated group; * identical value against the comparing group. ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART,
alcohol and cART; DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART, diabetes, alcohol and cART.
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5.2.3 Discriminant function analysis

A discriminant function analysis was performed to predict the correct study animal group
placement. The structure matrix indicated that displacement, break force, maximum force,
time, stiffness, TbN, and TbSp could distinguish the degree of effect of the treatment amongst

the study groups (Table 5.3).

Table 5.3: Discriminant function analysis of the mandible. The contributing variables are
arranged in descending order based on Function 1, with major contributors (> £0.3) in bold.

Structure Matrix
Function
Parameter 1 2 3
43.9% 28.2% 14.9%
TbN 0,592 | -0,151 0,6
Displacement -0,504 0,472 0,417
Time 0,485 | 0,492 | 0,412
Stiffness 0,472 0,384 | -0,539
ThSp 0,071 0,093 | -0,415
Breakforce -0,053 0,787 -0,203
Maximum force -0,058 0,767 -0,228
TbTh -0,185 | -0,259 ( -0,089

The discriminant analysis yielded seven functions, although the Wilk’s lambda results
exhibited a good fit for functions 1, 2 and 3, Wilk’s lambda = 0.218, 0.401 for Functions 1 and
2 (p<0.001) and 0.617 for function 3 (p=0.015). Functions 1 and 2 accounted for the greatest
variability (43.9% and 28.2%, respectively). The cross-validated classification showed that
overall, 35.1% of mandibles were correctly classified according to their groups (Table 5.4). The
model correctly classified 37% of the mandibles as belonging to the untreated group, ALC

(25%), CART (6.3%), ALC+CART (35.7%), DBT (42.9%), DBT+ALC (8.6%), DBT+CART (78.6%) and
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DBT+cART+ALC (50%). The centroids of the group for the untreated and cART were in

proximity, as well as the ALC and ALC+cART groups (Fig. 5.2).
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Table 5.4: Group membership classification

Predicted Group Membership
Group
UNTREATED ALC CART ALC+cART DBT DBT+ALC DBT+cART DBT+cART+ALC
UNTREATED 6 0 5 0 3 1 0 1
ALC 2 4 1 5 1 3 0 0
CART 7 0 1 6 1 1 0 0
Count ALC+cART 2 1 1 5 2 0 3 0
DBT 2 1 1 2 6 1 1 0
DBT+ALC 2 2 0 2 1 1 1 3
DBT+cART 0 0 0 1 0 0 11 2
Cross-validated DBT+cART+ALC 0 0 1 0 0 1 4 6
UNTREATED 37,5 ,0 31,3 ,0 18,8 6,3 0 6,3
ALC 12,5 25,0 6,3 31,3 6,3 18,8 0 0
CART 43,8 ,0 6,3 37,5 6,3 6,3 0 0
% ALC+cART 14,3 7,1 7,1 35,7 14,3 ,0 21,4 0
DBT 14,3 7,1 7,1 14,3 42,9 7,1 7,1 0
DBT+ALC 16,7 16,7 0 16,7 8,3 8,3 8,3 25,0
DBT+cART ,0 0 0 7,1 0 0 78,6 14,3
DBT+cART+ALC ,0 0 8,3 0 0 8,3 33,3 50,0

35,1% of cross-validated grouped cases correctly classified.
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5.3 DISCUSSION

The main objective of the study was to assess the effect of concurrent alcohol intake and cART
treatment on the trabecular morphology and tensile strength of the diabetic rat mandible. The
internal bone microarchitecture was assessed from the data obtained using MicroCT. The results
found that altered trabecular parameters and tensile strength were negatively impacted using 3-
point bending tests and confirmed by discriminant function analysis. This makes a first
contribution into how concurrent alcohol intake and cART treatment affect the mandible in

diabetic rats.

Aspects of bone trabecular morphometric parameters

In this study, we found that BV/TV and TbN in the DBT+cART and DBT+cART+ALC groups were
significantly higher than untreated controls. These groups had poor bone strength parameters,
suggesting weaker bones, and consistent with a previous report (Jindal et al., 2018)suggesting
that bone quality is a better predictor of bone strength than bone quantity. In the present study,
the ACL group had much more BV/TV. This is contrary to another study which have revealed that
trabecular morphological parameters have been changed by alcohol (Frazdo et al., 2020). It is
possible that the amount of alcohol used in this study was lower than the threshold. Low to
moderate alcohol consumption leads to increased bone mineral density, and heavy alcohol
consumption affects bone mineral density (Godos et al., 2022; LeBoff et al., 2022). Furthermore,
this study allowed unlimited access to rodent diets that could have provided adequate nutrition.

Alcohol addicts are known for poor diet (Mutuli et al., 2020).
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Factors most affected in diabetics with cART treatment and alcohol consumption

The DBT+cART group was correctly classified in more than 78% of the cases using the DFA model.
This was followed by the DBT+cART+ALC group, which was correctly classified in half the samples.
This means that the parameters considered in the present study differed distinctly for these two
groups compared to the rest of the study groups. Therefore, it can be deduced that cART among
diabetics as well as concomitant alcohol use had the most severe consequences. These two
groups had more TbN than the controls but performed poorly in the tensile test parameters. This
suggests that the number of trabeculae may have been high, but with poor bone quality or
strength. Therefore, trabeculae number may not be a good determinant of bone quality and/or

strength.

The cART group was largely similar to the untreated group, as shown by the group centroids
occupying the same spot in the DFA graph. Furthermore, 31% of cART mandibles were
misclassified as belonging to the untreated group. This suggests that cART alone may not have so
negatively impacted the bone structure as found in a previous report (Delpino and Quarleri,

2020).

Bone tensile strength

Both the maximum and breaking force were lower in the DBT, DBT+cART, ALC+cART, and
DBT+cART+ALC group than in the control. These parameters reflect how much load a bone can
take before weakening, and the amount of load or force that fractures the mandible once

weakened. These values were lowest in the DBT group suggesting the diabetes may have severer
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effect on tensile strength than its combination morbidities. This was unexpected, as we

hypothesised that ALC and cART could confound the diabetic effects on bone.

The lack of significant differences for the ALC and cART treated groups compared to the
untreated controls suggests that alcohol and cART had no adverse effect on maximum and
breaking force when used independently. Many studies report that alcohol is detrimental to bone
health, as it weakens bone through osteoporosis in a dose dependent manner (Godos et al., 2022;
Ke et al., 2023). Therefore, the alcohol dosage in the present study may have been below the
threshold for statistical detectable bone deterioration. These results imply that the dose of
alcohol did mask the disease drug interactions effects on bone strength indicating that alcohol
dosage in the present was invaluable. While no change was seen in the cART group compared to
the untreated control, others found a detrimental effect on bone (Delpino and Quarleri, 2020),
interestingly, a significant reduction in maximum and breaking force recorded in combined
administration of alcohol and antiretroviral therapy (ALC+cART) was observed in the present
study. This may imply detrimental effects following the interaction of both drugs concomitantly
present in the body. These findings corroborates a recent study in rat testes in which concurrent
use of alcohol and antiretroviral therapy were shown to disturb testicular structure and function

(Owembabazi et al., 2023).

The stiffness was highest among diabetic animals receiving both alcohol and antiretroviral
therapy (DBT+ALC+cART), as well as in the case of diabetic animals treated with ALC (DBT+ALC)

which is indicative of better ability to resist deflection under load as corroborated by the less
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displacement recorded for these groups. However, these groups showed less time to fracture.
This this is characteristic of bones that are both stiff and brittle, a feature observed in

osteoporotic bones (Turner, 2006).

5.3.1 Conclusions

While the DBT+cART+ALC group had the highest stiffness, it was characterised by lower values
for maximum force and break force, less displacement, and time to fracture, indicating stiff and
brittle bones. This finding supports the hypothesis that concomitant cART and alcohol use in
diabetes may result in weaker bones. The DFA plot also separated this group from the others,
which confirms that these parameters are crucial in diabetes with cART and alcohol use. The
high BV/TV and TbN in the DBT, DBT+cART and DBT+cART+ALC did not translate to stronger
bones, therefore, the bone was of lower quality. These findings form a foundation for future
research on future therapeutics and management of diabetic patients on cART, with regular

alcohol intake, and particularly in dental treatments and management.
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Chapter 6

Osteometry of the diabetic rat mandible treated with
alcohol and combination antiretroviral therapy
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Mandibular osteometry

6.0 INTRODUCTION

The mandible is an important bone in the facial skeleton. It is formed by both endochrondral
and intramembranous bone formation. The hyaline and fibrocartilage arises from the
endochrondral bone formation. The hyaline cartilage is associated with the primary growth
centre, while the fibrocartilage is associated with the secondary growth centre like the
mandibular condyle, both cartilages are associated with bone growth and fracture healing
(Chen et al., 2015).

The condylar process develops from the endochrondral bone formation. The endochrondral
bone formation begins with the formation of a cartilaginous template within the condylar
process region (Chen et al., 2015).

The undifferentiated mesenchyme cells within the cartilaginous process later differentiates
to chondrocytes, these chondrocytes undergoes proliferation and hypertrophy and starts to
produce type X collagen and mineralized matrix which are continuously being replaced by
osteoclasts, also, osteoblasts begins to deposit osteoid along with the invasion of the cartilage
by blood vessels and the mineralization of the osteoid promotes the replacement of the
cartilage by bone (Chen et al., 2015).

The osseous bone formed from the mineralization of the hyaline or fibrocartilage is the
cancellous or trabecular bone, the mandibular condylar bone which made up of cancellous
bone undergoes growth and remodelling (from woven or lamellar bone to cancellous bone)
postnatally and during early life phase leading to the development, increase in the size of the
mandible and the anteroinferior displacement (transposition) of the mandible (Smartt et al.,
2005; Mizoguchi et al., 2013; Chen et al., 2015).

The growth remodelling process receives supports from the primary growth centres within

the condylar region/cartilage and the response to the local changes in biomechanical/

102



Mandibular osteometry

masticatory forces produced by the surrounding soft tissues including muscles (Smartt et al.,
2005). The local factors includes local mediators like bone morphogenic proteins (BMP), Wnts,
fibroblast growth factors (FGFs), insulin-like growth factors and systemic factors like growth
hormones, thyroid hormones, androgen, vitamin D and glucocorticoids (Chen et al., 2015).

The intramembranous bone formation begins without a cartilaginous template. The
mesenchyme cells proliferate and differentiates to pre-osteoblast, which later differentiate to
osteoblasts (Chen et al., 2015). The osteoblasts begin to deposits osteoid which later becomes
mineralized, some osteoblasts became entrapped in the mineralized osteoid matrix to
become osteocytes. The mineralized bone forms the bones the body of the mandible and the
cortical bones (Chen et al., 2015) and also the ramus and the alveolar process (Smartt et al.,

2005).

Both the endochrondral and intramembranous bone formation including the growth of the
mandible during the prenatal, postnatal and into the early life phase, are disturbed by local
and systemic factors, the systemic factor include environment factors (mechanical) e.g.
gestational alcohol consumption (Chen et al., 2015; Thobane et al., 2024) and biological

(genetic factors) (Chen et al., 2015).

Studies have linked some systemic factors like type 2 diabetes mellitus, moderate chronic
alcohol use and cART to osteoporosis, the quantitative reduction in bone size and strength,
and increased bone fracture risk (Dyer et al., 1998; Maki et al., 2002; Hamann et al., 2011; Sun
et al., 2015; Maurel et al., 2012; Kusy et al., 1989; Molina et al., 2008; Castronuovo et al.,

2015; Hsu et al., 2016). Mandibular height, length, and general morphology are adversely
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affected in osteoporosis (Rehman et al., 2017). Ndou et al., 2024 reported that type 2 diabetes
affected both the osteometric and trabecular parameters of the Sprague Dawley rat femur.

In this study, measurements of the, linear length of the mandibular, and linear mandibular
height were made in other to detect any changes in the dimensions of the mandibles exposed

to conditions linked to osteoporosis.
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6.1 MATERIALS AND METHODS

6.1.1 Animals

The animal husbandry was as described under section 3.2.2 (Animal husbandry), group
allocation and the induction of diabetes, administration of alcohol and cART are all described

under section 3.2.3 (group allocation) and section 3.2.4(treatment of animals), respectively.

6.1.2 Bone harvesting

The mandibles were harvested and handled as described in section 5.1.3

6.1.3 Mandibular osteometry

The measurements of linear mandibular length and linear mandibular height were taken
using a digital vernier calliper (to the nearest 0.05mm), according to the method of (Maki et
al., 2002). Each measurement was taken 3 times, and the average (mean) was determined to

represent the value of each osteometric parameter (Tables 6.1 and 6.2) (Figs. 6.1 and 6.2).

Table 6.1: Measurements for the assessment of the linear mandibular length (mm)

3D Morphometric Description of the morphometric reference points
reference points

Cd-Id The length of the base of the mandible which is the distance between the
condyle to infradentale (labial side). This indicates the mandibular length

Go-Ild Mandibular body length is the distance between the gonion (Go) and the
infradentale (Id) on the labial side. This indicates mandibular body length

Al-1d' Length of lingual side of the alveolar bone. This is the distance between the

highest point of the mesial alveolar bone at the lower first molar and the
infradentale (1d') on the lingual side. This indicates the alveolar bone length
on the lingual side

M3-Id Length of the lower dental arch on the labial side. This is the distance
between the highest point of the central cusps of the lower third molar
(M3) and the infradentale (Id) on the labial side

Cd-B1 Distance from condylar head (Cd) to the alveolar base of the lower incisor
(B1). B1 indicates the alveolar base of the lower incisor
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17Figure 6.1: Morphometric reference points for the linear measurements for mandibular length.
Showing the ten morphological points from which five 3D measurements of the linear mandibular
length parameters were analysed. B1 indicates the alveolar base of the lower incisor; ®Cd-Id,
mandibular length; @Go-Id, mandibular body length;®Cd-B1, distance from condyle head to the
alveolar base of the lower incisor; ®M3-Id, length of the lower dental arch;®M3-I1d’, length of the
lower dental arch;@AI-Id; length of lingual side of alveolar bone; and @AI-Id'; length of lingual side
of the alveolar bone, this is the distance between the highest point of the mesial alveolar bone at the
lower first molar and the infradentale on the lingual side. This indicates the alveolar bone length on
the labial side (Maki, 2002). Cd= condyle, Id= infradentale, Go= gonoin, Al=deepest point of the outer
margin of the bone, Id’= infradentale, M3= the highest point of the central cusp, Bl= base of the lower
incisor. The definitions of the acronyms are given in the table (Image courtesy of Dr. | Eguavoen).

Table 6.2: Measurements for the assessment of the linear mandibular height (mm)

3D Morphometric | Description of the reference points

reference

Cd-Go Indicates mandibular ramus height which is the distance between the
condyle (Cd) and the Gonion (Go). This indicates the mandibular height

Cd-Ag Height of condylar head which is the distance between the Condylar head
(Cd) and the Ante-gonion (Ag). This indicates the height of the condylar
process

Cr- Ag Height of coronoid which is the distance between the Coronoid (Cr) and
Ante-gonion (Ag). This indicates the height of the coronoid process

Al'-Me Height of the central portion of alveolar bone which is the distance between
the deepest point of the outer margin of bone (Al') that connects Menton
(Me) and the Ante-gonion (Ag) to the Menton (Me). This indicates the
height of the central portion of the alveolar
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Figure 6.2: Morphometric reference points for the linear measurements of rat mandibular height.
Showing the six landmarks from which four 3D measurements of the linear mandibular height
parameters were analysed, ®Cd-Go indicates mandibular ramus height; @Cd-Ag, the height of
condylar head; @Cr-Ag, height of coronoid; and @AI’-Me, height of the central portion of alveolar
bone (Maki, 2002) (Image courtesy of Dr. | Eguavoen). Cd- Condyle, Go- Gonion, Cd- Condyle, Ag- Ante-
gonion, Cr- Coronoid process, Ag- Ante-gonion,Me- Menton, Al’- Deepest point of the outer margin of
the bone.
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6.2 RESULTS

6.2.1 Length of the mandible

Mandibular length (Cd-Id)

The DBT, DBT+cART and DBT+cART+ALC groups exhibited a significantly smaller distance
between the posterior point of the condylar head and infradentale on the labial side (Cd-1d)
compared to the untreated control (p<0,001, p=0,003 and p=0,013, respectively) (Table 6.3).
In contrast, the mandibular length in the ALC, cART, ALC+cART and DBT+ALC, had similar

values to the untreated control group (p=0,363 p=0,067, p=0,541 p=0,067, respectively).

Regarding alcohol effects, the ALC group had a significantly lower mandibular length in
comparison to the cART group (p=0,007), however, exhibited significantly higher mandibular
length than the DBT and DBT+cART group (p= 0.004 and p=0,037, respectively). Conversely, a
similar mandibular length was observed between the ALC group than the ALC+cART, DBT+ALC

and DBT+cART+ALC (p>0,05, for all comparisons) (Table 6.3).

The cART group exhibited significantly higher mandibular length than the ALC+cART, DBT+ALC,
DBT, DBT+cART and DBT+cART+ALC groups (p<0.001, for all comparisons, except p=0,018, for
ALC+cART and p=0,001, for DBT+ALC) (Table 6.3). When considering the DBT group exhibited
similar mandibular length than the DBT+ALC, DBT+cART and DBT+cART+ALC (p>0,05, for all
comparisons). Conversely, a significantly lower mandibular length was observed in the

ALC+cART group (p=0,002) (Table 6.3).
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Mandibular body length (Go-Id)

The DBT, DBT+ALC, DBT+cART and DBT+cART+ALC groups exhibited a significantly lower
distance between the the gonion to the infradentale (labial side) (Cd-Id) compared to the
untreated control (p<0,001, p=0,011 and p=0,003, p=0,005 respectively) (Table 6.3). In
contrast, the mandibular body length in the ALC, cART, and ALC+cART had similar values to

the untreated control group (p=0,950, p=0,210, and p=0,053, respectively).

Considering, the alcohol effects, ALC group exhibited significantly higher mandibular body
length than the DBT, DBT+ALC, DBT+cART and DBT+cART+ALC groups (p<0,001, p= 0.011,
p=0,003 and p=0,005, respectively). Conversely, a similar mandibular body length was
observed between the ALC group than the cART and ALC+cART (p=0,188 and p=0,060,
respectively. Regarding cART effects, the cART group showed a higher mandibular body length
in the ALC+cART, DBT, DBT+ALC, DBT+cART and DBT+cART+ALC groups (p<0,001, for all
comparisons, except, p=0,002, for ALC+cART) (Table 6.3). When considering the diabetes
group similar mandibular body lengths were observed among treatment groups (p>0,05)

(Table 6.3).

Lingual side of the alveolar bone length (Al-Id)

The DBT+cART group exhibited the lowest alveolar bone length in the lingual side than the
untreated control control group, significance was detected (p<0,001. Again, significantly lower
values were also observed between the DBT and DBT+ALC groups than the untreated control

controls (p<0,001 and p=0,003, respectively). Similarities was observed between the ALC,
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CART, ALC+cART and DBT+cART+ALC groups when compared to the untreated control

(p=0,887, p=0,677, p=0,512 and p=0,311, respectively) (Table 6.3).

With respect the the alcohol effects, the ALC group exhibited significantly higher alveolar bone
length (lingual side) than the DBT, DBT+ALC, DBT+cART (p<0,001, for both DBT and DBT+cART,
p=0,005, for DBT+ALC). Similarities of the Al-Id was observed between the ALC in comparison
to cART, ALC+cART, DBT+cART+ALC (p=0,783, p=0,604 and p=0,377, respectively). Regarding
CART effects, the cART group showed a higher alveolar bone length in the DBT, DBT+ALC,
DBT+cART and DBT+cART+ALC groups (p<0,001, for both DBT and DBT+cART and, p=0,011, for
DBT+ALC). Similarities of Al-ID was found between cART and the other treatment groups

(p>0,05) (Table 6.3).

Considering diabetes, the DBT, DBT+cART and DBT+ALC, had significantly lower alveolar length
than ALC+ cART. However, similarities were observed between ALC+cART and DBT+cART+ALC

group (Table 6.3).

Distance from condyle to base of the lower incisor (Cd-Bl)
Only the DBT group exhibited significantly lower length of the lower incisor than the untreated
control control (p=0,017). Similarities were observed between all other treatment groups

compared with the untreated control control (p>0,05) (Table 6.3).
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Considering alcohol effects, the length of the lower incisor was significantly lower in the DBT
group than the ALC group (p=0,029). Similarities were observed between all other treatment
groups compared with the ALC group (p>0,05). The cART group exhibited significantly higher
length of the lower incisor than the DBT, DBT+ALC, DBT+cART and DBT+cART+ALC groups
(p=0,001, p=0,007, p=0,034 and p=0,031, respectively). Similarities were observed between

all other treatment groups compared with the cART group (p>0,05) (Table 6.3).

Considering diabetes, the DBT group exhibited lower length of the lower incisor than the

ALC+cART group (p=0,008) (Table 6.3).

Length of the lower dental arch (M3-Id)

The DBT+cART and DBT+cART+ALC groups when compared to the untreated control control
exhibited a significantly lesser length of the lower dental arch (p=0,003 and p=0,050,
respectively). Similarities were observed between all other treatment groups compared with

the untreated control control (p>0,05) (Table 6.3).

Regarding the alcohol effects, DBT+ALC, DBT+cART and DBT+cART+ALC groups exhibited a
lower M3-Id than the ALC group (p=0,040, p<0,001, p=0,014, respectively). Similarities were
observed between all other treatment groups compared with the ALC group (p>0,05). With
regards to cART, a similar pattern seen in the ALC group continued, where DBT+ALC, DBT+cART
and DBT+cART+ALC groups exhibited a lower M3-Id than the cART group (p=0,003, p<0,001,

p=0,001, respectively). Similarities were observed between all other treatment groups
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compared with the cART group (p>0,05) (Table 6.3). When considering diabetes, only the

DBT+cART group exhibited a shorter length of the lower dental arch (p=0.012) (Table 6.3).
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Table 6.3: Linear mandibular length (mm)

UNTREATED ALC CART ALC+cART DBT DBT+ALC DBT+CART | DBT+CART+ALC
N 16 16 16 14 14 12 14 12
Parameters Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
°Cd-Id (mm) | 27,19 | 0,92 | 26,82 | 1,71 | 27,96 | 0,54 | 26,93 | 0,54 | 2554 | 1,43 | 2637 | 08 | 2591 | 1,41 | 26,06 | 1,37
*p value 0.363 0.067 0.541 0.000 0.067 0.003 0.013
"Go-id(mm) | 26,57 | 0,6 | 2654 | 09 | 27,06 | 068 | 2578 | 1,75 | 2504 | 1,26 | 2546 | 0,85 | 2531 | 0,95 | 2535 | 145
*p value 0.950 0.210 0.053 0.000 0.010 0.002 0.005
“Al-ld'(mm) | 87 | 037 | 868 |o021| 864 | 02 | 861 | 04 | 78 | 04 | 826 |026] 795 | o066 | 855 | o041
*p value 0.887 0.677 0.512 0.000 0.003 0.000 0.311
‘cd-81(mm) | 11,71 | 0,89 | 11,64 | 1,62 | 12,11 [ 036 | 11,84 | 05 | 1089 | 1,04 | 11,12 | 1 | 1237 | 035 | 11,32 | 095
*p value 0.833 0.240 0.718 0.017 0.100 0.316 0.276
“M3-Id (mm) | 14,02 | 0,33 | 14,14 | 042 | 1435 | 048 | 13,94 | 042 | 1406 | 042 | 1369 | 018 | 134 | 107 | 136 | 07
*p value 0.563 0.102 0.680 0.841 0.126 0.003 0.051

3Cd-Id: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.007,p=0.787, p=0.318, p=0.094 respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC
(p=0.018, p<0.001, p<0.001 respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0.004, p<0.001, p=0.076, p=0.405, and p=0.262
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.325,p= 0.523 respectively).

Go-Id: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.188, p=0.060, p=0.011, p=0.005, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC
(p=0.002, p<0.001, p<0.001, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p<0,001, p<0.001, p=0.333, p=0.524 and p=0.474,
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.721, p=0.808, respectively).

°Al-I1d": ALC vs cART, ALC+cART , DBT+ALC, DBT+cART+ALC (p=0.783, p=0.604, p=0.005, p=0.377, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC
(p=0.800, p<0.011, p=0.529, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p<0.001, p<0.001, p=0.003, p=0.304 and p<0.001,
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.042, p=0.068 respectively).

dCd-B1: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.167, p=0.572, p=0.147, p=0.371, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC
(p=0.437, p=0.034, p=0.031, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0.029, p=0.001, p=0.526, p=0.176 and p=0.239
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.503, p=0.599, respectively).
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¢M3-Id: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.288, p=0.332, p=0.040, p=0.014, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC
(p=0.047, p<0.001, p=0.001, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0.721, p=0.167, p=0.095, p=0.002 and p=0.038,

respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.182, p=0.691, respectively).
*Comparison of respective groups with the untreated group. ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART; DBT;

diabetes; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+cART+ALC, diabetes, cART+alcohol.
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6.2.2 Height of the Mandible

Mandibular Ramus Height (Cd-Go)

All the treatment groups exhibited a smaller mandibular ramus height (Cd-Go) compared to
the untreated control, however, significance was only detected for DBT+cART+ALC versus the

untreated control (p >0,05 and p=0,001, respectively) (Table).

Regarding alcohol effects, the ALC group had a significantly higher mandibular ramus height
than the DBT+cART+ALC group (p=0,002). Conversely, a similar mandibular ramus height was
observed between all other treatment groups (p>0,05, for all comparisons). The cART group
exhibited significantly higher mandibular ramus height than the DBT+cART+ALC (p=0.014).
Similarities were observed between all other treatment groups compared with the cART group

(p>0,05).

When considering diabetes, the DBT group exhibited similar mandibular ramus height than
the DBT+ALC, DBT+cART, however, a significantly higher mandibular ramus height was
observed between the DBT+cART+ALC (p>0,05, for DBT+ALC, DBT+cART and p=0.004). Also, a
significantly higher mandibular ramus height was exhibited between the ALC+cART and

DBT+cART groups than the DBT+cART+ALC group (p=0,018 and p=0.001).
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Height of condylar process (Cd-Ag)
The DBT+cART+ALC group exhibited a significantly lower height of the condylar process than
the untreated control (p=0,003) (Table). In contrast, the height of the condylar process was

similar amongst all other treatment groups to the untreated control group (p>0,05).

Considering, the alcohol effects, the ALC group had a significantly higher height of the condylar
process than the DBT+cART+ALC group (p=0,004). Conversely, a similar height of the conylar
process was observed between all other treatment groups (p>0,05, for all comparisons).
Regarding cART effects, the cART group showed a higher height of the condylar process than
the DBT+cART+ALC group (p=0.046). Similarities were observed between all other treatment
groups compared with the cART group (p>0,05). However, when considering ALC+cART group
with the DBT+cART+ALC group a significantly higher height of the condylar process was

observed (p=0,009)

Regarding the diabetes group similar height of the condylar process were observed among all
treatment groups (p>0,05) except between the DBT and DBT+cART+ALC group (p=0,020)

(Table).

Height of the coronoid process (Cr-Ag)
All treatment groups exhibited significantly lower height of the coronoid process than the

untreated control group (p<0,001 for DBT, DBT+cART and DBT+cART+ALC, p=0,001 for
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DBT+ALC, p=0,005 for ALC+cART, p=0,003 for ALC). Conversely, similarities were observed

between the cART group than the untreated control (p=0,741) (Table).

With respect the alcohol effects, the ALC group exhibited significantly lower height of the
coronoid process than the cART group(p=0,008). Similarities of the Cr-Ag was observed
between the ALC in comparison to all other treatment groups (p>0,05). Regarding cART
effects, the cART group showed a higher height of the coronoid process in the ALC+cART, DBT,
DBT+ALC, DBT+cART and DBT+cART+ALC groups (p<0,001, for DBT, DBT+cART and

DBT+cART+ALC, p=0,003, for DBT+ALC, p=0,013, for ALC+cART) (Table).

Considering diabetes, the DBT+cART had a significantly lower height of the coronoid process
than ALC+cART (p=0,020). However, similarities were observed between ALC+cART and all

other diabetic groups (p>0,05) (Table).

Height of the central portion of the alveolar bone (Al-Me)

Most of the treatment groups exhibited significantly lower height of the central portion of the
alveolar bone than the untreated control group (p<0,001 for DBT, DBT+cART and DBT+ALC,
p=0,001 for DBT+cART+ALC, p=0,005 for ALC+cART, p=0,003 for ALC). Conversely, similarities
were observed between the ALC and cART groups in comparison to the untreated control

(p=0,084 and p=0,346, respectively) (Table).
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Considering alcohol effects, the height of the central portion of the alveolar bone was
significantly lower in the DBT, DBT+ALC and DBT+cART groups than the ALC group (p<0,001,
for both DBT and DBT+cART, p=0,015 for DBT+ALC). Similarities were observed between all
other treatment groups compared with the ALC group (p>0,05). The cART group exhibited
significantly lower height of the central portion of the alveolar bone in the ALC+cART, DBT,
DBT+ALC, DBT+cART and DBT+cART+ALC groups (p=0.034 for ALC+cART, p<0,001 for both DBT
and DBT+cART, p=0,002 for ALC, and p=0,018, DBT+cART+ALC). Similarities were observed

between ALC than cART group (p=0,424) (Table).

Considering diabetes, the DBT and DBT+cART groups exhibited significantly lower height of
the central portion of the alveolar bone than the ALC+cART group (p=0,005 and p<0.001,
respectively). The DBT+cART exhibited significantly lower height of the central portion of the
alveolar bone than the DBT+ALC and DBT+cART+ALC group (p=0.009 and p=0.001,
respectively). The DBT group showed a significantly higher height of the central portion of the

alveolar bone than the DBT+cART+ALC group (p=0.017) (Table).
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Groups UNTREATED | ALC cART ALC+cART DBT DBT+ALC DBT+cART | DBT+cART+ALC
N 16 16 16 14 14 12 14 12
Parameters Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
2Cd-Go (mm) 9,66 | 0,73 96 | 1,15 9,39 | 0,61 9,39 | 0,91 9,57 | 1,17 9,03| 0,5 9,06 | 0,46 856 | 1,1
*p value 0.838 0.390 0.401 0.777 0.061 0.064 0.001
bCd-Ag (mm) 1251 1,21 1246 1,84 1204 07| 1236 1| 12,23] 1,07 11,7 1,06 | 11,91] 071 11,13 1,34
*p value 0.906 0.262 0.740 0.516 0.075 0.170 0.003
°Cr-Ag(mm) 1593 | 035| 1526 0,82 1586 027 1529| o61| 1487] 065| 1514 047| 1474| o8] 1497] 076
*p value 0.003 0.741 0.005 <0.001 0.001 <0.001 <0.001
IAI'-Me(mm) 549 | 0,17 537 | 0,23 543 | 0,17 528 | 0,11 507 | 0,19 59| 0,14 499] 0,28 525| 0,19
*p value 0.084 0.348 0.003 <0.001 <0.001 <0.001 0.001

3Cd-Go: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.511,p=0.520, p=0.091, p=0.002 respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC
(p=0.993, p=0.302, p=0.014 respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0.932, p=0.583, p=0.118, p=0.127, and p=0.004
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.992,p=0.195 respectively).

bCd-Ag: ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.315, p=0.827, p=0.094, p=0.004, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC,
p=0.451,p=0.771, p=0.046, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0.592, p=0.663, p=0.258, p=0.482, and p=0.020,
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.646, p=0.240, respectively).

“Cr-Ag: ALC vs cART, ALC+cART , DBT+ALC , DBT+cART+ALC (p=0.008, p=0.920, p=0.609, p=0.211, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC
(p=0.013, p<0.001, p<0.001, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p=0.085, p<0.001, p=0.265, p=0.565 and p=0.692,
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.097, p=0.488 respectively).

dAl'-Me : ALC vs cART, ALC+cART, DBT+ALC,DBT+cART+ALC (p=0.424, p=0.172, p=0.015, p=0.098, respectively); cART vs ALC+cART, DBT+cART, DBT+cART+ALC
(p=0.034, p<0.001, p=0.018, respectively); DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p<0.001, p<0.001, p=0.104, p=0.289 and p=0.017
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.009, p=0.451, respectively).

*Comparison of respective groups with the untreated group. ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART; DBT;
diabetes; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+cART+ALC, diabetes, cART+alcohol
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6.3 DISCUSSION

The intention of this chapter was to assess the proposition that diabetic rats that take both alcohol
and cART have a worse outcome for the mandibular external dimensions. This study is the first to
test this proposition. The findings showed that diabetes alone (DBT) as well as when diabetic rats
had alcohol (DBT+ALC) or cART (DBT+cART) or both (DBT+cART+ALC) resulted in smaller
mandibular dimensions. In contrast, among the rats given alcohol or cART or alcohol combined
with cART (ALC+cART), the mandibular dimensions did not change significantly compared to the

untreated controls rats.

The DBT group had smaller mandibular length measurements (Cd-Id), mandibular body length
(Go-Id) and length of the lower incisor (Cd-Bl). When diabetic rats took cART (DBT+cART), the
mandibular length (Cd-Id), mandibular body length (Go-Id), lingual side of the alveolar bone
length (Al-Id) and length of the lower dental arch (M3-Id) were all smaller than control rats. Only
one measurement of length, the mandibular body length (Go-Id) was affected among diabetic
rats that took alcohol (DBT+ALC). Among diabetic rats that were given both alcohol and cART
(DBT+cART+ALC), mandibular length (Cd-Id), mandibular body length (Go-Id) and length of the
lower dental arch (M3-Id) were smaller than the untreated control rats. These results show that
diabetes has the most role on mandibular measurement that are a proxy for the mandibular
length. This seems to be exacerbated by alcohol and cART. Studies have shown that diabetes
alone affects the bones including the mandible (Dyer et al., 1998; Maurel et al., 2012). This is the
first study to show that the negative effects of diabetes on the mandible may be exacerbated by

concurrent alcohol use and treatment with cART.
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The DBT group or when diabetic rats received cART treatment (DBT+cART) had smaller Height of
the coronoid process (Cr-Ag) and height of the central portion of the alveolar bone (Al-Me) than
the untreated controls. In addition to these measurements, the mandibular ramus height (Cd-Go)
and height of the ccondylar process (Cd-Ag) were smaller among diabetic rats given both alcohol
and cART (DBT+cART+ALC). This means that all measurements that served as a proxy for
mandibular height parameters where smaller than untreated controls when diabetic rats were
given both alcohol and cART (DBT+cART+ALC). Again, this further supports the proposition that
diabetes is worse for the bone in cases of concurrent alcohol and cART use. This study is the first
to test this proposition and report on this finding of a poor mandibular outcome in diabetics

taking alcohol with cART use (DBT+cART+ALC).

In the present study, no significant differences were detected in all the linear mandibular length
and height parameters among the rats given alcohol or cART or alcohol combined with cART
(ALC+cART) compared to the untreated rats. These findings contrast with our expectations as
literature reports that alcohol or cART adversely affects bone (Natukunda et al., 2023). This
finding in the present study may mean that, the external dimensions of the mandible remain
unaffected whereas the internal structure of the mandible is adversely affected. Tensile strength
tests show lower break force and maximum force (See 5.2.2) in the ALC+cART. This supports the
idea that external dimensions may remain the same while the bone is weaker. This is further
supported by the observation that BV/TV was lower than untreated controls in the ALC group

although the external mandibular dimensions were unaffected.
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6.3.1 Conclusion

Diabetes adversely affected mandibular dimensions and was worsened by concurrent alcohol and
CART. The findings support existing literature on the detrimental effects of diabetes on bone but
add new knowledge on the combined effects of alcohol and cART among diabetics. It is important
to consider external bone dimensions together with internal structurer and bone strength as
alcohol or cART or alcohol combined with cART (ALC+cART) did not show osteometric changes

although the bones were weaker.
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7.0 INTRODUCTION

Transforming growth factor beta 1 (TGFB1) is an extracellular complex that is translocated into
the intracellular domain to regulate bone cell differentiation and maintains skeletal integrity
(Ehnert et al., 2010; Yang et al., 2014; Wu et al., 2016). Conversely, bone morphogenic protein 3
(BMP-3) is an anti-osteogenic cytokine that is secreted by osteoblasts and osteocytes, and it
negatively regulates osteoblastogenesis by inhibiting osteoblast differentiation (Rosen, 2009; Wu
et al., 2016; Kokabu and Rosen, 2018). The anti-osteogenic effects of BMP-3 manifest as reduced
bone mineralization, smaller and thinner trabeculae volume, and thinner cortical bone(Gamer et
al., 2009; Horbelt et al., 2012), therefore, increased bone fragility. Increase BMP-3 expression as
reported in the diabetic bone may affect osteoblast numbers and function, leading to increased

fracture risk associated with T2D (Wang et al., 2022).

In the process of endochrondral and intramembranous bone formation and remodeling, many
osteoblasts become entrapped into the mineralized bone matrix which they secrete and
differentiate into osteocytes (Picke et al., 2019).

Tartrate resistant acid phosphate (TRAP) is typically used as a reliable immunohistochemical
marker for osteocytes andosteoctyes-precursors (Nakano et al., 2004).

The TRAP-positive osteocytes in the cytoplasmic granular structure on the resorption surface of
bone is a valuable functional proof of the involvement of osteocytes in the analysis of cellular

interaction taking place during bone resorption and bone remodeling (Nakano et al., 2004).
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The ability to express TRAP enables osteocytes to participate in bone remodeling through a
network of canaliculi and gap junctions of their cytoplasmic process. The osteocytes (former
osteoblasts embedded in matrix bone) form functional units with osteoblasts to carry out the
work of bone remodeling (Nakano et al., 2004). This network is reduced in T2DM due to an
increased rate of apoptosis of osteocytes leading to reduced bone turnover, osteoblast number,

osteoclast function, and increased susceptibility to fracture (Kaya et al., 2017; Picke et al., 2019).

The aim of the study was to evaluate whether alcohol intake and combination antiretroviral

treatment use would adversely affect the number of osteocytes and the expression of TGF1 and

BMP3 in the mandible of diabetic rats.
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7.1 MATERIAL AND METHODS

7.1.1 Animals
The animal husbandry was as described under section 3.2.2 (Animal husbandry), group allocation
and the induction of diabetes, administration of alcohol and cART are all described under section

3.2.3 (group allocation) and section 3.2.4 (treatment of animals), respectively.

7.1.2 Bone harvesting

The mandibles were harvested and handled as described in section 5.1.3

7.1.3 Tissue processing for immunohistochemical techniques

Bone samples were fixed in 10% buffered formalin for a minimum of 14 days, then decalcified in
20% w/v ethylenediaminetetraacetic acid (EDTA, pH 7.4) for 10 days in an incubator with regular
gentle shaking at 45°C. The bones were then rinsed, immersed in 10% buffered formalin for 24
hours before processing for histology. An automatic processor (Citadel 2000, Thermo Fischer
Scientific) was used to take the samples through ascending grades of ethanol prior to embedding
in paraffin wax. During embedding, bone samples were orientated to enable section in the
anteroposterior direction. Bone sections were cut at 5um thickness using a microtome (Leica
RM2125 RTS, Leica Biosystems, USA) and mounted on silane-coated glass slides. Section
sequences were mounted in order for specific stains, namely, Hematoxylin and Eosin to assess
morphology, and to quantify adipocyte number as well as immunolocalization of TRAP, TGFB1

and BMP3 for the same regions.
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7.1.4 Haematoxylin and Eosin (H&E) stain

This method is also used to determine normal tissue structure (Totty, 2002). Sections were
dewaxed in xylene for 10 minutes and hydrated by passing through 3 changes (1 minute each) of
absolute alcohol followed by 90% and 70% alcohol (1 minute each) and eventually into running
tap water for 1 minute. The sections were then stained for 10 min in haematoxylin, differentiated
in periodic acid for 10 seconds, rinsed in tap water for a minute, blued in Scott’s tap water for 2
minutes, and rinsed again in tap water. The cytoplasm was stained with eosin by immersing the
sections in 70% alcohol followed by eosin for 2 minutes. The sections were then dehydrated in

increasing concentrations of alcohol before they were mounted in entellen.

7.1.5 Immunohistochemistry for TRAP, TGFB1 and BMP3 in the mandible.

Immunohistochemistry was performed using anti-TRAP antibody (ab185716) for osteocyte
detection, anti-BMP3 antibody (ab134724), and anti-TGFB 1 antibody (ab92486). All antibodies
came from Abcam. The sections were placed for 30 minutes in a 40°C incubator, then
deparaffinized, and rehydrated in a series of graded alcohols. Subsequently, they were immersed
in citrate buffers (pH=6) and placed in a 60°C water bath for 24 hours to facilitate the extraction
of antigens. After 24 hours, the sections were cooled at room temperature for 20 minutes and

rinsed in PBS 3x5 minutes (pH=7.4).

Endogenous peroxidase was blocked by 1% hydrogen peroxide (H,02), which was followed by a
wash in PBS (3x5 minutes). The sections were, incubated with primary antibodies at appropriate

dilution (TRAP, 1: 100, TGFB1, 1:400, BMP3, 1: 75) and placed overnight at 4°C. After 24 hours,
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the slides were left on the bench for 20 minutes to reach room temperature, then washed with
PBS (3x5 minutes). The slides were incubated for 10 minutes with a secondary biotinylated
antibody (Biotinylated Goat Anti-Rabbit 1gG (H+L) (ab64256)) and washed again PBS (3x5

minutes).

The sections were then incubated for 10 minutes in streptavidin HRP (ab64269) to detect and
improve the antibody binding. After washing inPBS (pH=7.4) PBS (3x5 minutes), the slides were
then incubated for 5 minutes in a 3-3' di-aminobenzidine (DAB) working solution. Once the best
color was achieved, the sections are washed in running tap water for 5 minutes, then dehydrated

by grade alcohol, cleared with xylene and finally installed with entellen

Photography, quantification, and staining intensity of ROI (region of interest)

A light microscope (Zeiss Axioscope 2 plus) fitted with an axiocam HRC digital camera (Zeiss,
Germany) connected to a PC (Hewlett-Packard, South Africa) was used to take photomicrographs
of the stained slides. Photomicrographs were taken from the region of encircled region of interest
(Fig 7.1). Anatomical landmarks were determined using the H&E stained slides, to create
consistency in quantification and staining analysis. Nonadjacent fields were selected in the
encircled area. Photomicrographs were imported into Fiji Image-J software (National Institute of
Health USA) for further analysis. TRAP positive osteocytes (Nakano et al., 2004; Dole et al., 2017),
and adipocytes were identified as specified in previous literature (Ferland-McCollough et al.,

2018). Cells were counted manually by the investigator at different times in the same region to
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check for consistency. Immunolocalization anti-BMP3 antibody, and anti-TGFB1 antibody was

performed. These were graded as no stain, mild, moderate and intense staining.

Figure 7.1 Region of interest. Photomicrographs were taken from the encircled region.
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7.2 RESULTS

7.2.1 General histological appearance

The trabecular network was more extensive in the untreated controls (Fig. 7.2). The highest
number of adipocytes was observed in the ALC+cART (38.33+4.80), cART (31.67+4.80), ALC
(28.5+6.06), (11.67+1.86), DBT+ALC (26.17+5.88), DBT (25.67+2.58), and DBT+cART (23.8314.17)
DBT+ALC+cART (21.67+4.63) groups which was significantly more than the untreated controls
(11.67 £ 1,86) (p<0.001 for all the comparisons except p=0.034 for DBT+ALC+cART) (Figs. 7.2 and

7.3).

The ALC group had similar values to the cART group (p=0.960) (Figs. 7.2 and 7.3). However, the
ALC+cART group had significantly more adipocytes that the ACL but not the cART group (p=0.038
and p=0.350). The ALC+cART group also had significantly more adipocytes than the DBT,
DBT+ALC, DBT+CART and DBT+ALC+cART (P=0,002, P= 0,004, P= 0,001 and p<0,001). The cART
group showed more adipocytes only when compared to the DBT+ALC+cART (p=0.033) (Figs. 7.2

and 7.3).
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Figure 7.2: Number of adipocytes in the mandible. Box-and-whisker plots of adipocyte quantity in various
study groups. The line inside the box represents the mean, whereas the bottom and top lines of the box
show the 25th and 75th percentiles, respectively. The whiskers below and above the box show the
minimum and maximum values, respectively.

Untreated control; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART;
DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART, diabetes,
alcohol and cART

ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.960, p>0.038, p=0.993, p=0.322); cART vs
ALC+cART, DBT+CART, DBT+CART+ALC (p=0.352, p=0.175, p=0.033, respectively); DBT vs ALC, cART,
DBT+ALC, DBT+cART, DBT+cART+ALC (p<0.978, p=0.486, p>0.999, p=0.998 and p>0.999, respectively);
DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.993, p>0.797, respectively).  *p<0.001 vs untreated;
#p=0.033 vs untreated

132



Immunohistochemistry
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20Figure 7.3: General histology and relative adipocyte infiltration in the mandible. Adipocytes are the
large round cells with a clear cytoplasm Scale bar represents 40um and applies all photomicrographs

Untreated control; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART;

DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART, diabetes,
alcohol and cART
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7.2.2 Cells expressing TRAP (Osteocytes)

The DBT+ALC+cART (16.67+2.07), DBT+ALC (17.33+4.45), DBT (18.17£2.64) and ALC (17.67+2.25)
had the least number of TRAP immunopositive cells compared to the untreated controls
(25.6743.67 (p=0.012, p=0.026, p=0.022, p=0.037) (Figs. 7.4 and 7.5). These other groups:
DBT+cART (18.83+1.84), ALC+cART (23.00£7.34), cART (30.33+6.02) groups were similar to the

untreated group (p=0.114, p=0.952, p=0.538) (Figs. 7.4 and 7.5).

The cART group had significantly more TRAP immunopositive cells than the ALC, DBT, DBT+ALC
and DBT+cART, DBT+ALC+cART groups (p<0.001) (Figs. 7.4 and 7.5). There was no significant
difference between the cART and the ALC+cART group (p=0.073). The DBT was similar to all other

groups (Figs. 7.4 and 7.5).
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Figure 7.4: TRAP immunopositive cells quantity in the mandible. Box-and-whisker plots of TRAP
immunopositive cells in various study groups. The line inside the box represents the mean, whereas the
bottom and top lines of the box show the 25th and 75th percentiles, respectively. The whiskers below and
above the box show the minimum and maximum values, respectively.

ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p<0.001, p=0.369, p>0.999, p>0.999); cART vs
ALC+cART, DBT+cART, DBT+cART+ALC (p=0.073, p<0.001, p<0.001, respectively); DBT vs ALC, cART,
DBT+ALC, DBT+cART, DBT+cART+ALC (p>0.999, p<0.001, p>0.999, p>0.999 and p=0.984, respectively);
DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.998, for both comparisons).

Untreated control; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART;

DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART, diabetes,
alcohol and cART
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Figure 7.5: TRAP Immunopositive osteocytes in the mandible. Osteocytes are embedded in the bone
matrix as depicted by the arrows and are found throughout a-h. Scale bar represents 40um and applies
all photomicrographs

Untreated control; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART;
DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART, diabetes,
alcohol and cART
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7.2.3 TGFB1

None of the study group exhibited no staining for TGFB1 (Table 7.1 and Fig 7.6). Half of the
samples in the untreated control group showed mild staining while the other half moderately
stained for TGFB1 (Table 7.1 and Fig 7.6). The ALC group showed that half the samples stained
moderately for TGFB1, and one third showed intense staining but was not significantly deferent
from the untreated control group (p=0.052). In contrast, the cART group, significant differences
compared to the untreated group were detected as half the samples had intense staining while
one third showed moderate staining for TGFB1 (p=0.017) (Table 7.1 and Fig 7.6). Although two-
thirds of the samples in the ALC+cART groups showed moderate staining for TGFB1, this was not
significantly different from the untreated control group (0.052). Majority of the samples in the
DBT, DBT+ALC, DBT+cART and DBT+cART+ALC groups showed mild staining, but no significant
differences were detected compared to the untreated control group (p=0.620 for all except 0.323

for DBT+cART+ALC) (Table 7.1 and Fig 7.6).

7.2.4 BMP-3

None of the study group exhibited no staining for BMP3 (Table 7.2 and Fig 7.7). The untreated
group had half the samples showing mild staining whereas the other half had moderate staining
for BMP3. Two thirds of the samples in the ALC and ALC+cART groups had moderate staining
whereas only 1 sample in the cART group had moderate staining, with the other being mild.
However, all these groups (ALC, cART, ALC+cART did not significantly differ from the untreated

group (p=0.657, p=0.376 and p=0.657, respectively) (Table 7.2 and Fig 7.7).
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One-third of the samples in the DBT group exhibited intense BMP3 immunostaining which was
high compares to the intreated controls (p=0.011). Half of the samples in the DBT+ALC, DBT+cART
and DBT+cART+ALC had intense BMP3 immunostaining (Table 7.2 and Fig 7.7). A third of the
samples in the DBT+ALC, DBT+cART showed moderate staining and half of the DBT+cART+ALC
samples had moderate staining (p=0.031, p=0.031 and p=0.011, respectively compared to the

untreated control) (Table 7.2 and Fig 7.7).

The ALC group was significantly different from the DBT or DBT+cART+ALC which had more

samples in the intense staining category (p=0.031 for both comparisons) (Table 7.2 and Fig 7.7).

Table 7.1: TGFB1 Immunopositivity

Groups No stain Mild Moderate Intense P value
N

Count | % | Count % Count % Count %
Untreated 6 0 0 3 50.00 3 50.00 0 0
ALC 6 0 0 1 16.70 3 50.00 2 33.30 | 0.052
cART 6 0 0 1 16.70 2 33.30 3 50.00 | 0.017
ALC+cART 6 0 0 0 0 4 66.70 2 33.30 | 0.052
DBT 6 0 0 4 66.70 2 33.30 0 0 0.620
DBT+ALC 6 0 0 4 66.70 2 33.30 0 0 0.620
DBT+cART 6 0 0 4 66.70 2 33.30 0 0 0.620
DBT+cART+ALC 6 0 0 5 83.30 1 16.70 0 0 0.323

ALC vs cART, ALC+cART, DBT+ALC, DBT+cART+ALC (p=0.620, p>0.999, p0.017, p=0.005);

CART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.620, p=0.005, p=0.005, respectively);

DBT vs ALC, cART, DBT+ALC, DBT+cART, DBT+cART+ALC (p<0.017, p=0.005, p>0.999, p>0.999 and p>0.999,
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.017, p>0.999, respectively).

Untreated control; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART;

DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART, diabetes,
alcohol and cART
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Figure 7.6: Mandibular TGFB1 Immunopositivity graded. The grading was based on staining

intensity

Table 7.2: BMP3 Immunopositivity

Groups No stain Mild Moderate Intense
(N) | Coun % Count % Coun % Count % P value
t t

Untreated 6 0 0 3 50.00 3 50.00 0 0

ALC 6 0 0 2 33.30 4 66.70 0 0 0.657
CART 6 0 0 5 83.30 1 16.70 0 0 0.376
ALC+cART 6 0 0 2 33.30 4 66.70 0 0 0.657
DBT 6 0 0 1 16.70 1 16.70 4 66.70 | 0.011
DBT+ALC 6 0 0 1 16.70 2 33.30 3 50.00 | 0.031
DBT+ALC 6 0 0 1 16.70 2 33.30 3 50.00 | 0.031
DBT+cART+ALC 6 0 0 0 0 3 50.00 3 50.00 | 0.011

ALC vs cART, ALC+CART, DBT+ALC, DBT+cART+ALC (p=0.187, p>0.999, p0.081, p=0.0031);

CART vs ALC+cART, DBT+cART, DBT+cART+ALC (p=0.187, p=0.003, p=0.001, respectively);
DBT vs ALC, cART, DBT+ALC, DBT+CART, DBT+CART+ALC (p<0.031, p=0.001, p=0.657, p=0.657 and p>0.999,
respectively); DBT+ALC vs DBT+cART, DBT+cART+ALC (p=0.031, p=657, respectively).

Untreated control; ALC, alcohol; cART, combination antiretroviral treatment; ALC+cART, alcohol and cART;
DBT, diabetic; DBT+ALC, diabetes and alcohol; DBT+cART, diabetes and cART; DBT+ALC+cART, diabetes,

alcohol and cART
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Figure 7.7: Mandibular BMP3 Immunopositivity graded. The grading was based on staining

intensity
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7.3 DISCUSSION

The purpose of the study was to assess the influence of alcohol intake and combination
antiretroviral treatment use on osteocytes and the expression of TGFB1 and BMP3 in the
mandible of diabetic rats. The results showed that when diabetes was confounded by
combination antiretroviral treatment and alcohol consumption (DBT+ALC+cART), osteogenic

cells were negatively affected.

Anti-osteoblastogenic effects of adipocytes

Bone marrow adiposity contributes to skeletopathy through the development of adipogenic cell
lines and suppression of osteogenic cell lineages (Gillet et al., 2017; Ferland-McCollough et al.,
2018). In the present study all the treatments, either individually or in combinations exhibited
significantly increased adiposity than the untreated controls. This is consistent with previous
research which reports that alcohol consumption (Johnson et al., 2022), diabetes (Dlamini and
Ndou, 2023) and antiretroviral therapy (Couturier et al., 2018) increase bone marrow adiposity.
Adipocytes impair antiretroviral therapy through sequestration of the antiretroviral drugs

(Couturier et al., 2018).

These marrow adipocytes secrete the hormone adiponectin that is anti-osteoblastogenic, pro-
osteoclastogenic and promotes osteoblast apoptosis (Rharass and Lucas, 2018; Singh et al.,
2018). This could partially explain the susceptibility of bones to fracture in diabetes (Gillet et al.,
2017; Ferland-McCollough et al., 2018). This could possibly accentuate the increased risk to

fracture of the proximal humerus.

140



Immunohistochemistry

Osteolysis

Diabetic rats (DBT), rats receiving alcohol only (ALC), diabetic rats given alcohol (DBT+ALC) and
diabetic rats given alcohol and antiretroviral treatment (DBT+ALC+cART) had significantly fewer
TRAP immunopositive cells than the untreated controls. TRAP immunolabeling in bone can be
used to estimate the number of osteocytes in bone. Osteocytes are cells located within the bone
and are "entrapped" osteoblasts. They are post-proliferative and represent the most mature
differentiation state of the osteoblast lineage (Mohamed, 2008). The rate of osteogenic
differentiation reduced, with defects in proliferation, differentiation and survival of osteoblasts
among diabetic patients (Phimphilai et al., 2023) and long-term alcohol users (Sampson 1998).

Therefore, it is plausible to attribute the low number of osteocytes in this study to the purported
osteoblast disturbances as osteoblasts mature into osteocytes. Additionally, the observation that

diabetic rats given alcohol and antiretroviral treatment (DBT+ALC+cART) had the least TRAP
immunopositive cells suggest that the low osteocyte quantity was worsened when diabetes was

confounded by combination antiretroviral treatment and alcohol consumption.

TGF6B1 and its antagonist BMP3

All the groups with diabetes, (DBT, DBT+ALC, DBT+ALC and DBT+cART+ALC) had significantly
more BMP3 showing intense staining. BMP-3 is an anti-osteoblastgenesis cytokine as it inhibits
the differentiation of osteoblasts (Wu et al., 2016; Kokabu and Rosen, 2018). The high intensity
of BMP3 immunostaining observed in the present study corroborates the diminished TRAP
immunopositivity as BMP3 is antagonistic to osteoblasts. The anti-osteogenic effects of BMP-3

are evident in increased bone fragility (Gamer et al., 2009; Horbelt et al., 2012). Increased
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expression of BMP-3, as reported in diabetic bone, can affect the number and function of

osteoblasts, leading to an increased risk of fracture associated with T2D (Wang et al., 2022).

Only the cART group had significantly more samples exhibiting intense staining for TGFB1 while
all other groups did not show significant differences compared to the untreated control group.
Alcohol has been reported to increase plasma TGFf1 levels in alcoholic patients (Kim et al., 2009).
Diabetes is known to reduce the expresionTGFB1 in bone (Kum et al., 2022). In the present study,
both alcohol (ALC) and diabetes (DBT) or a combination of alcohol and diabetes did not change
(DBT+ALC) the expression of TGFB1. This lack of change in TGFB1 expression compared to the
untreated controls could be attributed to the method used to detect TGFB1 expression in the
present study. TGFB1 is an extracellular complex that is translocated into the intracellular domain
to regulate bone cell differentiation (Ehnert et al., 2010; Yang et al., 2014). If follows, therefore
that, for this cytokine to function, it must be translocated into the cytoplasm. The present study
assessed extracellular TGFB1. It is possible that a different finding could have been made had the

study evaluated the intracellular TGFB1 expression.

7.3.1 Conclusion

All groups had more adiposity than the untreated control as seen in previous diabetic studies.
Diabetes (DBT), alcohol (ALC), diabetes with alcohol (DBT+ALC) or diabetics consuming alcohol
and antiretroviral treatment (DBT+ALC+cART) significantly impaired osteocyte quantities. In

addition, this low osteocyte quantity was worsened when diabetes was confounded by
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combination antiretroviral treatment and alcohol consumption (DBT+ALC+cART) as this group
had the least TRAP immunopositive cells. The high intensity of BMP3 immunostaining observed
in the present study among the groups with diabetes, (DBT, DBT+ALC, DBT+ALC and
DBT+cART+ALC) corroborates the diminished TRAP immunopositivity as BMP3 is antagonistic to
osteoblasts. In the present study, both alcohol (ALC) and diabetes (DBT) or a combination of
alcohol and diabetes (DBT+ALC) did not change the expression of TGFB1, possibly because
extracellular expression of the cytokine was assessed. Evaluating the intracellular expression of
TGFB1 in a future study is recommended. Viewed altogether, these results show that when
diabetes was confounded by combination antiretroviral treatment and alcohol consumption
(DBT+ALC+cART), osteogenic cells were negatively impacted. Therefore, diabetic patients should
be advised to reduce alcohol intake and bone health should be monitored when combination

antiretroviral therapy is employed.
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General Discussion and Conclusion

8.0 GENERAL DISCUSSION AND CONCLUSIONS

The deleterious effects of alcohol, combination antiretroviral therapy (cART) or diabetes are well-
known. However, this knowledge is based on studies investigating each of these variables
(alcohol, combination antiretroviral therapy (cART) or diabetes) separately. The combined effect
of alcohol and cART on the mandible of diabetic rats has not been investigated previously.
Therefore, the aim of the present study was to determine the impact of the interaction of alcohol

and combination antiretroviral treatment (cART) on the diabetic Sprague Dawley rat mandible.

Diabetes was induced in the appropriate rat groups (DBT, DBT+ALC, DBT+cART and
DBT+ALC+cART). Confirmation of diabetes was achieved by monitoring the fasting blood glucose
levels, bone mass measurements, oral glucose tolerance tests (OGTT) and terminal serum insulin
levels. This was followed by the assessment of serum levels of hormones that regulate bone
health were. Afterwards, mandibular osteometry measurements were made. The trabecular
microstructure parameters were assessed from microfocus X-ray computed tomography (Micro
CT) to measure thickness (TbTh), spacing (TbSp), and number (TbN). The bones were tested for
strength with a universal tensile tester and histologically evaluated for normal morphology. The
expression of osteocytes, transforming growth factor beta-1 (TGF-1), and bone morphogenic

protein-3 (BMP-3) was evaluated by immunohistochemistry.
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We reported that over the duration of the study, there was hyporinsulinemia, hyperglycemia,
weight loss and poor glucose handling as shown by OGTT findings among the diabetic groups

(DBT, DBT+ALC, DBT+cART and DBT+ALC+cART) as a manifestation of diabetes.

Serum parathyroid hormone and calcitonin concentrations were low in rats that were diabetic
and taking and cART (DBT+cART) or diabetic rats taking both alcohol and cART (DBT+ALC+cART).
This may be attributed to parathyroid hormone secretion impairment in untreated diabetes
mellitus (Paula et al., 2001). Since the liver metabolises both alcohol and antiretroviral drugs, liver
function may be compromised (Yu et al., 2021). The poor regulation of parathyroid hormone and
calcitonin concentrations is corroborated by weaker bones in the present study based on the
bone strength tests. It remains unclear why in the present study, the diabatic rats that received
both alcohol and cART (DBT+ALC+cART) had normal sclerostin and catenin levels. This finding
suggests that this comorbidity of diabetes with alcohol intake and cART may not influence the

function and concentrations sclerostin and catenin.

Insulin has osteo-anabolic effects on bone that cause an increase in osteoblast number while
inhibiting osteoclast activity (Thrailkill et al., 2005; Huang et al., 2022). Therefore, in type 2
diabetes mellitus the bone exhibits a significant increase in trabecular and cortical bone mass and
decreased bone strength (Huang et al., 2022). Insulin works in synergy with oestrogen and

osteocalcin to regulate glucose metabolism, increase insulin sensitivity to tissues, increase
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pancreatic beta cell proliferation, and increase insulin secretion (Lee et al., 2007; Booth et al.,

2013; Kanazawa, 2015).

Carboxylated and non-carboxylated osteocalcin directly increase glucose transport in adipocytes
and muscle cells (Hill et al., 2014). In the present study, serum osteocalcin concentration in
diabetes alone (DBT), cART alone, and when diabetic rats received alcohol (DBT+ALC), these
groups also recorded high bone marrow adiposity. It is possible that the high osteocalcin
concentration in these groups (DBT, cART and DBT+ALC) could contribute to glucose transport in

the abundant adipocytes.

Regarding mandibular external dimensions, the present study found that diabetes adversely
affected mandibular osteometric dimensions and was worsened by concurrent alcohol and cART
use (DBT+cART+ALC). When linking this to bone strength, the study found that the DBT+cART+ALC
group was characterised by lower values for maximum force and break force, less displacement,
and time to fracture, indicating stiff and brittle bones. This finding supports the proposition that
concurrent use of alcohol and cART among diabetics produces a poor outcome for the bone,

particularly the mandible.

Diabetes (DBT), alcohol (ALC), diabetes with alcohol (DBT+ALC) or diabetics consuming alcohol
and antiretroviral treatment (DBT+ALC+cART) significantly impaired osteocyte quantities (TRAP
immunopositive cells). This finding of diminished TRAP immunopositivity largely corroborates the

high intensity of BMP3 immunostaining among the groups with diabetes, (DBT, DBT+ALC,
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DBT+ALC and DBT+cART+ALC) as BMP3 has an inhibitory effect on osteoblasts. Since osteocytes
originate from osteoblasts (Kierszenbaum and Tres, 2015) and BMP3 inhibits on
osteoblastogenesis (Kokabu and Rosen, 2018), it is plausible to deduce that the low osteocyte

guantities in the present study was due to the inhibitory effect BMP3.

While alcohol (ALC), diabetes (DBT) or a combination of alcohol and diabetes (DBT+ALC) did not
change the expression of TGFB1, we found that when diabetes was confounded by combination
antiretroviral treatment and alcohol consumption (DBT+ALC+cART), osteogenic cells were
negatively impacted. This is shown by the low quantity TRAP immunopositive cells. This finding
of low fewer TRAP immunopositive cells (without a change in the expression of TGFB1) suggests
that the inhibitory effect BMP3 may be adequate in lowering osteocyte numbers (TRAP
immunopositive cells) without impacting on the expression of TGFB1, which promotes

osteoblastogenesis.

The low osteocyte quantities coupled with high intensity of BMP3 immunostaining in diabetic rats
consuming alcohol and antiretroviral treatment (DBT+ALC+cART) are corroborated by the bone
strength test results. The bones in this group (DBT+ALC+cART) were also weaker as 3 point
bending tests showed the highest stiffness, with lower values for maximum force and break force,
less displacement, and time to fracture. This indicates stiff and brittle bones and also supports

our hypothesis that concomitant cART and alcohol use in diabetes may result in weaker bones.
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Furthermore, while there was high BV/TV and TbN recorded in the DBT, DBT+cART and
DBT+ALC+cART groups, this did not translate to stronger bones, therefore, these bones were of
lower quality. These findings form a foundation for future research on future therapeutics and
management of diabetic patients on cART, with regular alcohol intake, and particularly in dental

treatments and management.

The results of this study but be interpreted with cognizance of the use of cART without HIV
infection. It is recommended that dental practitioners consider the deleterious impact of alcohol

and cART among diabetics.

Translationability of the study findings

For diabetic patients receiving combination antiretroviral therapy (cART) who require dental
implant surgery, it's crucial to carefully manage their blood sugar levels (glycemic control) before
the procedure. This is because well-controlled blood sugar significantly improves the chances of
successful osseointegration, which is the process of the implant fusing with the surrounding bone.
Essentially, high blood sugar can impair bone healing, making implant failure more likely.
Therefore, optimizing blood sugar levels beforehand is a critical step. However, the lack of
adequate training on this area of diabetic skeletopathy remains a barrier translate these findings

into clinical interventions.
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8.1 Limitations

1. Only male rats were used, therefore the findings may not apply to females

2. Thisis a rat study; therefore, the results must be applied with caution to humans

3. The RAT-OC/BGP (osteocalcin) ELISA kit (E-EL-RO243) did not indicate whether it is in

the carboxylated or undercarboxylated form

4. Alager sample size may yield different results

5. The present study uses cART without HIV infection.

8.2 Conclusions

1. Diabetes induction and maintenance was successful in the present study as supported by
various markers of type 2 diabetes (loss of body mass, abnormal OGTTs and fasting blood
glucose, reduced insulin levels).

2. Rats taking both alcohol and cART (DBT+ALC+cART) had low serum parathyroid hormone
and calcitonin concentrations.

3. Osteocalcin, sclerostin and catenin levels remained unaffected by concurrent use of
alcohol and cART among diabetic rats.

4. Concurrent use of alcohol and cART among diabetics produces a poor outcome for the
bone for the mandibular osteometric dimensions as shown by the smaller dimensions of

the DBT+ALC+cART group.
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General Discussion and Conclusion

5. Alcohol intake (ALC) or cART or a combination (ALC) or cART) or diabetes alone (DBT) or
concurrent use of alcohol and cART among diabetics (DBT+ALC+cART) increased bone
marrow adiposity.

6. The inhibitory effect of BMP3 was coupled with a reduction in osteocyte quantities (TRAP
immunopositive cells) without a significant change in the expression of TGFB1.

7. Dental practitioners must be acquainted with the deleterious impact of alcohol and cART

among diabetics when planning and managing patients
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APPENDICES

APPENDIX A: ETHICAL CLEARANCE
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STRICTLY COMFIDENTIAL
ANIMAL RESEARCH ETHICS COMMITTEE (AREC)

CLEARANCE CERTIFICATE NO. 2018/011/58/C

APPLICANT: Dr | Eguavoen
SCHOOL: Anatomical Sciences
DEPARTMENT:

LOCATION;

PROJECT TITLE: Characterization of Streptozontocin induced diabetic male Sprague-
Dawley rats with chronic alcohol infake and antiretroviral therapy

Numbar i
120X 10 waeks/270-320g male Sprague-Dawiey rals

Approval was given for the use of animals for the project described above at an AREC mesting held on
2018/11/27. This approval remains valid until 2021/02/13.

Unreported changes to the application may invalidate the clearance given by the AREC
an annual progress report must be provided

The use of these animals Is subject to AREC guidelines for the use and care of animals, is Imlled to the
procedures described in the application farm and is subject to any additional conditions listed below:
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p— {BhHmE@AREE}

| am satisfied that the persons listed in this application are competant to perform the proceduras therein,
in termis of Section 23 {1} (c) of the Veterimary and Para-Velerinary Professions Act (19 of 1982)
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ce: Supervisor: Prof E Mbajirogu and Dr R Ndou
Director: CAS Waorks 2000/aind018AESCCart wps
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APPENDIX B1: FRUCTOSE DIET

High fructose diet preparation

Normal rodent chow was grounded into powder form

To make up 1 kilogram of high fructose diet, 800grams of ground normal rodent chow was

mixed with 200 grams of fructose (granulated fruit sugar, Nature’s choice).

Then, the powdered high fructose diet was combined and mixed with water to and placed in

pellet food moulds before dehydration in in an incubator.

APPENDIX B2: CITRATE BUFFER AND STZ

Citrate buffer and STZ preparation (4mg/ml of 40mg/Kg BW)

Citrate buffer

e 3 parts 0.05M citrate acid
e 2 parts 0.05m sodium citrate

e Adjust pHto 4.5

ST7Z

e 4mg STZ--1 ml citrate buffer (CB)

e For a40mg/Kg BW dose

e 40mg STZ in 10ml CB will be given to 1 Kg BW
e 10mlSTZin CB-1000g

e 1mlISTZinCB-100g

e Therefore, XmI STZin CB = X g BW x 1/100ml
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e XmlSTZin CB was administered to each animal according to their body weight

APPENDIX B3: Atripla®

Atripla® drug dose calculations

45kg body weight (BW) of average adolescent receives 1 tablet of Atripla per day and 1 tablet
=1045mg active ingredients (Al) per day Atripla (efavirenz 600mg+ emtricitabine 200mg+

tenofovir 245mg).

Therefore, 1kg BW = 1045/45 = 23.22 mg Al per day and 1 gram BW= 0.0232 mg Al per day

One Atripla® tablet with 1045mg Al weighs 1612mg.

Therefore, 1mg tablet = 1X1045/1612 =0.648mg Al/mg tablet

If 1 gram BW requires 0.0232 mg Al per day

Then 200 g BW required = 200g x0.0232 mg Al per day/ 0.648mg Al/mg tablet =7.16 mg tablet

per day (was administered to a rat weighing 200g)

APPENDIX B4: GELATINE CUBES

Gelatine cubes preparations

For each gelatine cube, 5ml | distilled water, 0.25g sugar, 2g gelatine and 0.1g beefy Bovril
was used, minimising the entire content of each gelatine cube to one calorie to ensure that

the gel administration does not contribute/ influence the diabetic condition.
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The required amount of water was heated in a sterile vessel. The rest of the ingredients were
added to the vessel while stirring with a mixer. When the mixture was cooled, the tablet
Atripla was crushed and the required amount per cube added, and the mixture was aliquoted
in gelatine tubes (5ml each) with a syringe. Atripla tablets were omitted in placebo gelatine

cubes. The rats received a gelatin cube every day.
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