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ABSTRACT

Diabetic foot ulcer (DFU) is a problematic, costly, long-term complication associated with
Diabetes mellitus (DM), with an annual cost of treatment to the Australian public of $1.6
billion. Current treatment for these chronic wounds involves surgical debridement, wound
offloading, moist dressing application, disease control, vascular assessment, and infection
control. A third of DM patients are at risk of developing DFU and, even when treated, 40%
of DFU cases can reoccur within a year. Growth factor signalling, a component of the wound
healing response, is one of the many biological processes that are altered by
hyperglycaemia. The transforming growth factor-f (TGF-[3) family of growth factors
participate in normal pancreatic function and diabetic pathology. Both DFU and the causal
pathology show changes in TGF-f signalling, indicating a strong role for the growth factor in
DFU pathology. This study aimed to determine the levels of TGF-B1 and bone
morphogenetic protein-7 (BMP-7), a member of the TGF-3 family, in DFU patients, and then
determine if these levels were related to ulcer healing, diabetes improvement, or other
laboratory parameters involved with DM and DFU. To investigate this, serum from 10
patients that participated in the Galvus Anti-Inflammatory Effects in Diabetic Foot Ulcer
(GIED) trial were analysed for TGF-B1 and BMP-7 using enzyme-linked immunosorbent
assays (ELISA). Serum TGF-B1 increased from 7686 pg/mL to 11226 pg/mL and levels of
BMP-7 improved from 42.37 pg/mL to 49.23 pg/mL. This improvement in growth factors
levels was independent of Galvus treatment. However, no relationship was observed
between surrogate markers of ulcer healing, diabetes improvement, and normalised values
for either growth factor. Analysis of covariance found a relationship between DFU patients
without diabetic neuropathy, microvascular complications, dyslipidaemia, or hypertension
and TGF-B1 values at the end of the trial period. Additionally, 12 week BMP-7 levels were
higher in patients receiving insulin than those who were not, an effect that was not seen
with oral anti-hyperglycaemics or co-treatment with insulin and oral anti-hyperglycaemics.
Correlation analysis showed a potential relationship between intake values for both proteins
and inflammation, both pro- and anti-inflammatory actions. Furthermore, correlations were
observed between 12 week values and laboratory values that suggest wound normalisation

and anti-inflammatory effects. This work is the first study to look at BMP-7 in DFU. Despite



the small size of the study, there appears to be a role for the TGF-3 family in DFU recovery,

particularly around the regulation of inflammation and possibly treatment response.
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CHAPTER 1: INTRODUCTION

1.1 Diabetes: Epidemiology, Pathology and Complications

Diabetes mellitus (DM) is a medical condition that has become a health and financial burden
of global proportions (Zimmet et al., 2016, Tan et al., 2019a). The global population of DM
patients was 451-476 million in 2017, doubling from 211.2 million in 1990 (Cho et al., 2018,
Lin et al., 2020). This number is set to increase with 570.9 million patients anticipated to
suffer from DM by 2025 and a predicted 693 million DM patients by 2045 (Cho et al., 2018,
Lin et al., 2020). Furthermore the global incidence of DM was 22.9 million in 2017, a rate
which is set to increase with an estimated 26.6 million people to develop DM by 2025 (Lin et
al., 2020). Approximately 4.9% (1.2 million) of Australians self-reported suffering from
diabetes in 2017-2018, with DM contributing 10.5% of total deaths for Australia in 2018
(AIHW, 2020). In 2005, the total annual cost of diabetes was $10.6 billion AUD, adjusted to
$14.6 billion AUD in 2010 to account for inflation (Lee et al., 2013). Moreover,
approximately $2.7 billion AUD of total healthcare expenditure in 2015-2016 was spent on
diabetes (AIHW, 2020).

Characterised by chronically elevated blood glucose (hyperglycaemia), DM is a complex
clinical syndrome that can be divided into multiple types, but two of those types are more
common: Type 1 (TIDM) and Type 2 (T2DM) (Zimmet et al., 2016, Tan et al., 2019a). TIDM
is an autoimmune disease caused by the body destroying insulin-secreting [3-cells, whereas
T2DM is marked by insulin resistance and subsequent reduction in plasma insulin levels
(Tuomi et al., 2014, Tan et al., 2019a). Treatment of DM differs depending on the type of
diabetes. Exogenous insulin administration is used in TIDM intervention (Katsarou et al.,
2017). Lifestyle intervention is the most efficacious; however, several pharmacological
agents have been developed to treat hyperglycaemia in T2DM (Table 1.1) (Artasensi et al.,
2020). DM patients can also develop complications involving other organ systems such as
the kidneys (nephropathy), eyes (retinopathy), nervous system (neuropathy), cardiovascular
dysfunction, and diabetic foot complications including ulcers (Tan et al., 2019a, Ahmad,

2016).



Table 1.1: Broad classes of anti-hyperglycaemic agents used in T2DM and their mechanisms of action. Modified

from Artasensi et al. (2020).

Drug Type Example Mechanism of Action

Insulin or Insulin analogues Glargine Restoration of glycaemic
control through administration

of exogenous insulin.

Biguanides Metformin Inhibits hepatic

gluconeogenesis

Sulphonylureas Gliclazide Stimulates pancreatic insulin
production

Thiazolidinediones Pioglitazone Improves peripheral sensitivity
to insulin

Incretin-Based Drugs
*GLP1a Semaglutide Postprandial glucose-mediated

**DPP4i Vildagliptin insulin release

*Glucagon-like peptide-1 agonists
**Dipeptidyl peptidase-4 (DPP4) inhibitors

1.2 Diabetic Foot Ulcers and their Relationship to other diabetic

complications

DFU is a chronic, recurrent, and costly complication for diabetic patients. DFU shows an
increased prevalence in male (4.5%) compared to female (3.5%) patients and in T2DM
(6.4%) than T1IDM (5.5%) patients (Zhang et al., 2017). The global prevalence is 6.3%;
however, the prevalence of DFU in Australia has been estimated to be 5.4% which is low
when compared to other developed nations such as the United States of America (13%) or
Belgium (16.6%) (Zhang et al., 2017, Ahmed et al., 2021). Of concern is the higher risk of
developing diabetic foot complications, such as an ulcer or amputation, in Aboriginal and
Torres Strait Islander Australians compared to Non-Indigenous Australians; which can be
three to six times more likely in Aboriginal and Torres Strait Islander Australians (West et al.,
2017, Steffen and O'Rourke, 1998, O'Rourke et al., 2013, Ewald et al., 2001). Diabetic foot
disease, which incorporates DFU, has been estimated to cost annually $1.6 billion dollars in

Australia (Lazzarini et al., 2018). Moreover, DFU history is associated with more



complications compared to patients with no-ulcer history (Zhang et al., 2017, Iversen et al.,
2009). The risk of DFU development in DM patients ranges from 15-34%, with a
reoccurrence rate of 40% within one year and 65% within five years (Reiber, 1996,
Armstrong et al., 2017). Amputation rates of the lower extremities for DFU patients can vary
from 3.6% to 47.7% (Moulik et al., 2003, Costa et al., 2017, Bondor et al., 2016, Jeffcoate
and Harding, 2003). Additionally, all-cause mortality is increased 1.8-2.5 times in DFU
compared to non-ulcerated DM; an effect that may be due to an increase in cardiovascular
disease burden (Brownrigg et al., 2012, Saluja et al., 2020). Diabetic neuropathy and
peripheral arterial disease (PAD), combined with foot injury, increased weight bearing, and
deformities, can initiate the formation of DFU (Primadhi and Herman, 2021, Bandyk, 2018).
Diabetic peripheral neuropathy leads to anatomical changes in the foot, such as hammer
toe deformities or Charcot’s neuropathic osteoarthropathy (also known as rocker bottom
foot), through loss of nervous function with subsequent muscular atrophy and dysfunction
(Rogers et al., 2011, Bandyk, 2018, Holmes and Hastings, 2021, Primadhi and Herman,
2021). In addition, high pressure zones on the bottom of the foot and callus formation are
precipitated by this widespread nervous dysfunction (Boulton et al., 2004). Improper
skincare and trauma can lead to infection, which can infiltrate deep foot structures,
resulting in amputation of the affected limb (Bandyk, 2018). DFU is currently managed using
surgical debridement, offloading, appropriate wound dressing, assessment of underlying
vasculature, controlling blood sugar levels, and infection control (Everett and Mathioudakis,
2018). Considering the rates of DFU reoccurrence and the increased risk of death associated
with DFU, suggests that the current treatment methods are ineffective. These observations
indicate a better understanding of DFU pathology is needed to treat the condition

effectively.

1.3 Growth Factors and their role in wound healing

DFU can be defined as ulcers or abrasions that involve epithelial loss, sometimes
incorporating deeper layers of tissues, muscle and bone (Zubair and Ahmad, 2019). Wound
healing, a complex process that is initiated in response to tissue trauma, consists of cellular

and molecular pathways involved in haemostasis, inflammation, proliferation, and



remodelling (Jimi et al., 2020, Rodrigues et al., 2019). Abnormalities in haemostasis,
inflammation, cellular proliferation, and remodelling have been observed in diabetic
patients (Fattah et al., 2004, Li et al., 2021, Tsalamandris et al., 2019, Garcia et al., 2010,
Loots et al., 1999, Usui et al., 2008, McLennan et al., 2006). Moreover, associated cellular
and molecular processes are altered in wound healing in DM, one of which is levels of
growth factors (Zubair and Ahmad, 2019, Brem and Tomic-Canic, 2007). Wound healing
involves growth factors from several different pathways and levels of said growth factors,
such as TGF-f3, are increased in acute wound healing (Barrientos et al., 2008, Ramirez et al.,
2014). In chronic wounds, such as DFU, the levels of the growth factors are decreased
(Barrientos et al., 2008, Zubair and Ahmad, 2019). Dysregulation of growth factor levels has
been seen in TIDM and T2DM, with and without diabetic complications (Ambinathan et al.,
2021, Zhang et al., 2020a). Growth factors offer a potential therapeutic target for DFU
pathology. Therapies used in the treatment of DFU, such as hyperbaric oxygen, and negative
pressure wound therapy have been shown to improve expression of growth factors and
their receptors in vitro and in vivo (Huang et al., 2020, Yang et al., 2017, Dhamodharan et al.,
2019). Topical application of growth factors has also seen success in treating DFU,
accelerating healing and lowering amputation rates (Gilligan et al., 2015, Park et al., 2018,
Sridharan and Sivaramakrishnan, 2018). Growth factors also participate in a majority of the
wound resolution processes that are altered in chronic wounds (Barrientos et al., 2008);

therefore the targeting growth factors in DFU resolution is a viable concept.

1.4 Transforming growth factor-beta (TGF-B) family of growth factors in

diabetic complications.

The transforming growth factor-3 (TGF-[3) family of growth factors participate in the onset
of diabetic complications including DFU. Composed of over 40 members, signalling by the
TGF-B family contributes to cell proliferation, recognition, apoptosis, differentiation, and
specification in mature and embryonic tissues (Brown and Schneyer, 2010, Shi and
Massagué, 2003). A simplified model of the signalling pathways involved is outlined in Figure
1.1. Members of the TGF-3 family include the bone morphogenetic proteins (BMPs),

activins, myostatin, growth and differentiation factors, glial-derived neurotrophic factor,



anti-mdallerian hormone (also known as millerian inhibitory substance), lefty, and nodal
(Brown and Schneyer, 2021, Worby et al., 1996, Cate et al., 1986, Chen and Shen, 2004). At
the level of the pancreas, this superfamily is involved in growth, cell specialisation, and
development (Oliver-Krasinski and Stoffers, 2008). Furthermore, these growth factors have
a physiological role in glucose homeostasis including regulation of fat, insulin sensitivity and

signalling, and glucose tolerance (Brown and Schneyer, 2021, Brown and Schneyer, 2010).

TGF-$3 Family
Protein
TGF-B Receptor .
Supressor of Mothers SMAD-Independant Signalling (Other
Against Decapentaplegic Intercellular Messengers, Non-Canonical
[ (SMAD)-Dependant Pathway)
f‘ Signalling (Canonical

Pathway)

CellularEffects (Growth, Differentiation,
Apoptosis)

Figure 1.1: A simplified model of the TGF-f signalling pathways. TGF- or TGF-f3 group members bind to Type 1
and Type 2 receptors with certain members, such as BMP-2,-10, Inhibin A and Myostatin B, interacting with
the BMP receptors and Type 2 Activin receptor (Sorensen and van Berlo, 2020). Two intracellular pathways are
activated in response to receptor-ligand binding, the canonical and non-canonical pathways (Finnson et al.,
2020). SMADs 2 and 3 are the principal signal transducers in the canonical pathway (Sorensen and van Berlo,
2020). Signalling via the non-canonical pathway involves SMADs 1 and 5, in addition to other secondary
messenger pathways such as ERK, JNK, p38, PI3K-Akt, and JAK2/STAT3 (Finnson et al., 2020). These other
secondary messengers can further interact with SMAD signalling to either promote or diminish its effects

(Finnson et al., 2020).

Medication used in the treatment of DM has also been observed to interact with the TGF-
[ family, with DPP-4 inhibitor/metformin combination having the lowest basal level of
active TGF-f3 in DM patients (Pscherer et al., 2013). Exenatide, a glucagon-like peptide-1

(GLP-1) mimetic, was shown to affect TGF-B1 secretion in humans (Zhang et al., 2012).



Members of the TGF-f3 family also contribute to the development of diabetic complications
such as fibrosis, retinopathy, nephropathy, and neuropathy; both experimentally and in
patients (Tuleta and Frangogiannis, 2021, Bonfiglio et al., 2020, Perez-Gomez et al., 2021,
Hussain et al., 2016, Ybarra et al., 2010, lwano et al., 1996, Perera et al., 2020, Herman-
Edelstein et al., 2011, John and Yadla, 2019, Bian et al., 2019, Chung et al., 2021). Other
members of this growth factor family, such as BMP-7, can be beneficial in such conditions.
BMP-7 plays a role in the development of insulin secreting cells and insulin sensitivity
(Casana et al., 2021, Ghani et al., 2020, Cun et al., 2021, Chattopadhyay et al., 2017). In
addition to possessing anti-inflammatory and anti-fibrotic properties, BMP-7 can antagonise
TGF-B (Kim et al., 2020, Aluganti Narasimhulu and Singla, 2020). Human studies show that
there is a loss of BMP-7 in diabetic nephropathy patients (Korbut et al., 2023, John and
Yadla, 2019, Wong et al., 2013). Several DM mediated pathologies including nephropathy,
bone degeneration, sarcopenia, and cardiomyopathy respond favourably to BMP-7
treatment (Peng et al., 2022, Yu et al., 2023, Liu et al., 2019, Narasimhulu and Singla, 2023,
Ouyang et al., 2022, Xiao et al., 2022, Tate et al., 2021, Han et al., 2022). Currently, there is
no known effect of BMP-7 in DFU.

The literature shows that TGF-f3 is involved in DFU pathology. Serum TGF-$1 levels were
increased in a South Indian population of DFU patients compared to non-ulcerated T2DM
patients, this difference was more pronounced with DFU patients with chronic kidney
disease (Smina et al., 2019). DFU-derived fibroblasts responded abnormally to TGF-3
stimulation in vitro, failing to produce fibronectin, an essential protein involved in wound
healing (Maione et al., 2016). Conversely, enhanced levels of TGF-B1 and the type 1 TGF-f3
receptor (TGF-BR1) were increased in keratinocytes isolated from DFU margins (Galkowska
et al., 2006). Earlier work found a difference in isoform levels, with TGF-B1 being expressed
less in DFU than TGF-B2 and TGF-B3 (Jude et al., 2002). However, TGF-B2 and TGF-B3 levels
were increased in DFU compared to controls, but TGF-1 level were decreased in DFU (Jude
et al., 2002). Expression of TGF-BR1 and the type 2 receptor (TGF-BR2) were reduced in DFU
compared to normal skin (Jude et al., 2002, Jude et al., 1999). Unhealed DFU expressed
lower levels of TGF-f3 in wound exudate compared to healed DFU (Liu et al., 2009). DFU
treatments, such as continuous oxygen diffusion, negative pressure wound therapy, maggot

debridement therapy and ozone therapy, have been shown to increase TGF-f3 gene, mRNA,



and protein expression in DFU patients (Lavery et al., 2020, Yang et al., 2017, Karam et al.,
2018, Zhang et al., 2014, Zhang et al., 2022a). Experimental therapies that ameliorate DFU,
such angiotensin Il inhibition, flavonoids, plant alkaloids, cold atmospheric plasma, and
argon, have been shown to enhance TGF-f signalling in rodent models (El-Salamouni et al.,
2021, Mao et al., 2021, Sun et al., 2020, Li et al., 2020, Kandhare et al., 2014, He et al., 2020,
Ning et al., 2019, Tan et al., 2019b, Li et al., 2018). The literature indicates a role for the TGF-
[ family in diabetic pathologies, including DFU, particularly a substantial role for TGF-p3. As
previously mentioned, DFU is a secondary pathology to PAD, diabetic neuropathy, and
impaired wound healing. The TGF-[3 family has been shown to participate in these primary

pathologies.

1.5 TGF-f family in Peripheral Arterial Disease

PAD is a common vascular comorbidity in DFU. Approximately 50% of DFU patients are
comorbid with PAD, which difficult to diagnose due to the presence of other comorbidities
(Morbach et al., 2012, Prompers et al., 2007, Fejfarova et al., 2021). Additionally, comorbid
PAD and DM results in prolonged hospitalisation, critical lower limb ischaemia, and
increased cardiovascular and cerebrovascular diseases (extensively reviewed by Thiruvoipati
et al. (2015). As PAD is DFU aggravating pathology, there could be a role for the TGF-f3
family in PAD. Serum levels of TGF-1 did not differ between patients with PAD and patients
with normal vasculature, however, serum TGF-[3 was associated with 40% increased risk of
PAD development (Agarwal et al., 2015, McDermott et al., 2005). Moreover, plasma TGF-

[ levels were increased in PAD patients (Corréa et al., 2011) suggesting that more recent
studies have developed better detection methods. Short and long term increases in serum
levels of TGF-P1, post intervention, was observed in PAD patients who developed restenosis
(Wildgruber et al., 2007). At the cellular level, restenotic PAD plaques showed increased
levels of TGF-3 and associated signalling molecules (Krishnan et al., 2016, Edlin et al., 2009).
Additionally, TGF-B1 and TGF-f3 receptor type 2 levels were increased in the skeletal and
vascular smooth muscle of PAD patients (Ismaeel et al., 2022, Ha et al., 2016). TGF-B1 levels
in the vascular smooth muscle was correlated to collagen deposition in the gastrocnemius of

PAD patients (Ha et al., 2016). Endothelial cell derived Platelet-Derived Growth Factor



(PDGF) and Connective Tissue Growth Factor (CTGF) increased TGF-1 and TGF-3 signalling
in smooth muscle cells (Ismaeel et al., 2022). This research shows that TGF-3 and associated
signalling molecules participate in PAD pathology particularly restenotic plaques. It is
unknown if this increase in TGF-3 signalling is observed DFU with PAD comorbidity or if it an
attempt to re-establish vascular homeostasis using pro-angiogenic growth factors such as

PDGF and CTGF.

1.6 TGF- family in Diabetic Neuropathy and associated complications

Diabetic neuropathy (DN) presents a problem for DFU prevention. The prevalence of DN has
been estimated to be anywhere from 7-50%, depending on the number of years since
diabetes has been diagnosed (Yagihashi et al., 2011, Yang et al., 2020a). However, if
subclinical cases are considered, the prevalence of DN could exceed 90% (Yagihashi et al.,
2011). Asymptomatic presentation occurs in nearly 50% of diabetic neuropathy cases,
contributing to pedal injuries through failing to implement appropriate footcare (Draznin et
al., 2022). Furthermore, the anatomical changes observed in DFU are driven by neuropathy
associated muscle atrophy (Bandyk, 2018). TGF-3 has a complex role in nerve function and
development (Skundric and Lisak, 2003). Recently, decreased serum TGF-f3 levels were
reported in an Emirati cohort of DN patients (Mussa et al., 2021). However, total serum TGF-
1 levels were higher in Spanish patients with diabetic neuropathy (Ybarra et al., 2010). It is
unknown if this inconsistency is due to cohort differences or laboratory protocols. The role
of TGF-B3 in animal models of diabetes is more consistent with elevated levels of TGF-3 and
decreased levels of SMAD-7, an inhibitor of TGF-f3 signalling, in nervous tissues being
reported in several studies (Anjaneyulu et al., 2008, El-Sawaf et al., 2021, Calabrese et al.,
2014, Cho et al., 2014). In addition, TGF-B1 and TGF-B2 isoforms were also shown to
exacerbate neuronal injury under high glucose conditions (Anjaneyulu et al., 2008). All TGF-
[ isoforms inhibited neurite outgrowth, however, this effect was greater with TGF-

B3 (Anjaneyulu et al., 2008). Additionally, TGF-B1 has been shown to induce muscular
atrophy through the generation of reactive oxygen species (ROS) (Abrigo et al., 2016).
Ameliorated muscular atrophy observed in treated type 1 diabetic mice was partially due to

suppression of TGF-B1 signalling (Guo et al., 2019). Human studies have been inconsistent



around the levels of TGF-3 family members in DN. Nervous tissues isolated from animal
models have shown increases in TGF-f3 and decreased negative regulators of TGF-
[ signalling. Moreover, these animal models have partially revealed the mechanisms of how

TGF- can affect nervous tissue and subsequent muscle atrophy.

1.7 Summary

Diabetes and its associated complications are medical issues of global concern, due to the
number of patients and associated costs. Treatment resistance, increased co-morbidity and
mortality, and high rates of reoccurrence indicate that DFU is a diabetic complication that
requires better understanding and potential therapies. Growth factors and their signalling
can become dysfunctional in diabetes, which makes them a suitable target for investigation.
One such growth factor family is TGF-3, which consists of over 40 members. Pancreatic
growth and differentiation in addition to insulin signalling and function are driven in part by
this family of growth factors. Furthermore, changes in TGF-3 family signalling has been
observed in diabetes or diabetic complications. Other members of the TGF-f3 family have
not been studied in DFU, however, there is a body of work that has investigated the titular
growth factor in DFU. Figure 1.2 summarises the role of TGF-f3 in DFU precipitating
pathologies. Circulating levels of TGF-f are elevated in DFU patients, with TGF-J3 signalling
being altered in DFU compared to controls. Conversely, response to treatment was
consistently associated with increased TGF-f3, indicating that signalling by the said growth
factor is required for DFU recovery. It is currently unknown if other members of the TGF-

[ family participate in DFU pathology or recovery.
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Figure 1.2: The role of TGF-f in DFU causal pathologies. Animal model of diabetic nerve damage show
increased levels of TGF-f which further damages nerves. PAD studies show increased levels of TGF-f3 in
circulation and in tissues surrounding affected vessels. This increased TGF-f increases the risk of PAD
development and increased collagen deposition in the gastrocnemius. TGF-f is a ROS generator which drives
muscle wastage, an end effect of DN and partial cause of foot deformities in diabetes. Partial suppression of

TGF-B leads to reduced muscle atrophy in diabetic animal models.

1.8 Thesis Questions

In a clinical setting, preventing DFU formation by treating the underlying DM and associated
complications would be ideal. The current treatment regime for DFU does manage the
condition, however, the high rates of reoccurrence and associated mortality indicate a
better understanding of the underlying pathophysiology is required. Growth factor
signalling, along with other cellular processes, are disturbed in the diabetic state. The
function of the TGF-3 superfamily of growth factors, proteins which regulate insulin
signalling and pancreas function, are altered in several diabetic complications including DFU.
The titular growth factor has been studied in DFU and its precipitating pathologies, revealing

that TGF-f signalling drives the formation of DFU and possible recovery of DFU. It is
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currently unknown if other members of the TGF-[3 family, such as BMP-7, are changed in

response to DFU.

From the evidence above, it could be hypothesised that there is a negative change in TGF-

[ family signalling observed in DFU which is corrected with intervention. The following work
aims to determine the levels of TGF-B1 and BMP-7, a natural antagonist of TGF-f1 and
member of the TGF-f growth factor family, in the serum of DFU patients. Moreover, by
measuring the changes in these growth factors in recovered and active DFU, a possible role
for these growth factors in DFU recovery may be elucidated. A secondary aim of this work is
to investigate the relationship between TGF-1, BMP-7, and various biochemical and
physiological measures associated with DFU and DM. Additionally, relationships between
ulcer ratio, HbAlc ratio and growth factors will be investigated to determine if the is a

correlation between growth factors and ulcer healing or disease response.
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CHAPTER 2: SYSTEMATIC REVIEW

2.1 Abstract

Background: The TGF-f3 family of growth factors has been shown to participate in diabetic
pathology including diabetic foot ulcer (DFU). However, there is no research to determine if
the TGF-B3 growth factor family has value in DFU prognostics or as a therapeutic target in

human DFU.

Objective: The aim of this systematic review was to review the current literature to examine

the role of the TGF-3 family in DFU, both as a prognostic or therapeutic marker.

Method: Databases (PubMed, Medline, Scopus, and Web of Science) were searched for
studies that investigated TGF-3 family members in human DFU. Sixteen records were
included for study. Due to the overall heterogeneity of the study data, no meta-analysis was

performed.

Results: Biochemical studies showed a perturbation in TGF-B1, -B2, and -3 signalling in DFU
patients. Growth and Differentiation Factor-15 (GDF-15) was increased in DFU patients
compared to controls. One population study found increased circulating TGF-1 in DFU
patients compared to DM patients. Therapeutic intervention studies revealed an increase in

TGF-B1 in response to interventions compared to standard care.

Conclusion: These studies indicate a strong role for TGF-3 family signalling in DFU,
particularly in pathology formation and recovery. However, the small sample sizes and
cohort ethnicity potentially limit the application of data obtained from the trials. Larger,
ethnically heterogenous, trials are needed to determine the applicability of the TGF-3 family

in DFU therapy and management.
2.2 Introduction

DFU is one of the top 10 causes of disability globally, especially when combined with other
diabetes mellitus (DM) related lower extremity complications, such as diabetic neuropathy
and amputation (Zhang et al., 2020b). The global prevalence of DFU is 6.3%, with DFU being
more common in male patients and Type 2 DM (Zhang et al., 2017). The risk of developing

DFU has been estimated to be between 15%-34% for patients, with a reoccurence rate of
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40% within one year and 65% within five years (Reiber, 1996, Armstrong et al., 2017). DFU is
co-morbid with more medical complications, and is more likely to cause death than non-
ulcerated DM (Zhang et al., 2017, Brownrigg et al., 2012, Saluja et al., 2020, Iversen et al.,
2009). Currently, treatment of DFU involves a multifactorial approach of wound
debridement, wound off-loading, correct wound dressing, vascular assessment, diabetes
control, and controlling infection where required (Everett and Mathioudakis, 2018). DFU is a
life threatening and recurrent pathology, and given the rates of DFU reoccurrence with
current treatment regimes, a better understanding of the cellular mechanisms involved with

DFU are required.

Haemostasis, inflammation, proliferation, and remodelling are the key pathways involved in
wound healing; deviation in these molecular pathways are observed in DM (Jimi et al., 2020,
Rodrigues et al., 2019, Zubair and Ahmad, 2019). Growth factors, compounds that control
the growth and differentiation of cells, participate in wound healing by interacting with
cellular receptors; perturbation of growth factor function has been reported in DM (Stone et
al., 2022, Steed, 1997, Ambinathan et al., 2021). Wound healing involves growth factors
from several different pathways and levels of said growth factors are increased in acute
wound healing (Barrientos et al., 2008). Conversely, the levels of the growth factors are
decreased in chronic wounds, such as DFU (Barrientos et al., 2008, Zubair and Ahmad,
2019). Key aspects of wound healing are regulated by all three isoforms of transforming
growth factor-f3 (TGF-1,2,3) (Ramirez et al., 2014, Barrientos et al., 2008). Conversely,
changes in signalling by TGF-3 and its associated family of growth factors has been
implicated in a number of diabetic complications (Tuleta and Frangogiannis, 2021, Bonfiglio
et al., 2020, Perez-Gomez et al., 2021, Hussain et al., 2016, Ybarra et al., 2010, lwano et al.,
1996, Perera et al., 2020, Herman-Edelstein et al., 2011, John and Yadla, 2019, Bian et al.,
2019, Chung et al., 2021). TGF-B has been studied to some extent in DFU pathology,
revealing that serum TGF-f3 is increased; however wound exudate levels of TGF-3 were
decreased in unhealed DFU (Smina et al., 2019, Liu et al., 2009). Furthermore changes in
both TGF-f3 protein and receptor expression, in addition to changes in molecular signalling,

have also been observed in DFU (Galkowska et al., 2006, Jude et al., 2002, Jude et al., 1999).
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However, therapies targeting DFU increase TGF-3 gene, mRNA, and protein levels (Lavery et

al., 2020, Yang et al., 2017, Karam et al., 2018, Zhang et al., 2014).

DFU is a chronic and recurrent health problem that can cause disability and increased
mortality in diabetic patients, indicating that the underlying wound pathology is poorly
understood. Wound healing is partially driven by growth factor effects across an number of
molecular pathways, which are altered in the diabetic state. Wound healing and recovery is
managed by TGF-f3 isoforms. TGF-f3 levels and signalling are altered in DFU patients, and
TGF-B levels are increased by therapies that address DFU. This points to TGF-, or the family
of growth factors, being a protein of interest as either a therapeutic target or risk
biomarker. This systematic review aims to look at available human studies to determine the

value of TGF-f3 and the associated family of growth factors as a target in DFU intervention.

2.3 Methods
2.3.1 Eligibility

Inclusion criteria was for therapeutic studies of human DFU studies where TGF-3 was
measured at least twice. Other studies were included that compared DFU to a control or
another group and where TGF-3 was measured at least twice. Exclusion criteria were Non-

English language, animal studies, human studies where TGF-3 was only measured once.

2.3.2 Information Sources and Search Strategy

Four databases (Medline, Pubmed, Scopus, and Web of Science) were searched to source
literature for this review. Databases were accessed from 28/2/2023 to the 17/3/2023. The
search terms used were TGF-beta, TGF-betal, TGF-beta2, TGF-beta3, Transforming Growth
Factor-Beta, BMP, Bone Morphogenetic Protein, Activin, Activin A, Activin B, MSTN,

Myostatin, Nodal, Anti-Mullerian Hormone, Lefty, and DFU or diabetic foot ulcer.
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2.3.3 Selection Process

Individual database results were downloaded into EndNote (version 9.3.3) where duplicates
were removed. These duplicate-free results were then combined, and subsequent
duplicates were deleted. Titles and abstracts from this new list were then scrutinised
according to the eligibility criteria mentioned in section 2.1. This process is outlined in Figure
2.3.1. This method was completed by one author independently and studies generated were

scrutinised by two other authors.

2.3.4 Data Collection

A table outlining key study characteristics was used to extract data by one author. These key
characteristics were: Country, Study Year, Study Category, Study Type, Study Duration,
Sample Size, Intervention, Control/s, TGF- measured/method, and Endpoints. Study
category classifies the selected studies into broad categories: biochemical study, population
study, or therapeutic intervention. Study design describes if the studies fit into a cross
sectional, cohort, case-control, or randomised control trial. The category of TGF-3 family
measured/ method describes what kind of TGF-3 was measured (mRNA, gene, or Protein)
and how the TGF-f3 levels were measured. This table was then sent to two other authors to

verify that the extracted data was correct.

2.3.5 Study Risk of Bias Assessment

The Appraisal tool for Cross-Sectional Studies (AXIS) tool was used to assess the risk of bias
within the selected studies (Downes et al., 2016). A table was developed from the AXIS tool
to record the answers to the AXIS questionnaire (Table 2.2). The included studies were

assessed according to this table by one author and verified by two other authors.

2.3.6 Synthesis Methodology

The Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) checklist

was used in the synthesis of this systematic review (Page et al., 2021). A qualitative
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assessment of the included studies is mentioned in section 2.4 and is tabulated in the

Results section (Table 2.1).

2.4 Results

2.4.1 Study Selection

[ Identification of studies via databases and registers
)

.5 Records identified from: ngzrrﬂzégmoved before
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Figure 2.1: PRISMA Flowchart of the process used to isolate the studies used in this review. Adapted from Page

et al. (2021).
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2.4.2 Study Characteristics

16 trials were included in the final analysis, and their key characteristics are described in
Table 2.1. Seven out of the 16 studies were therapeutic intervention trials where TGF-§ was
analysed as a growth factor of interest, three of these studies were conducted in China. The
other studies coming from Mexico, Egypt, Turkey, and the United States of America. One
population study involved TGF-f3, this study investigated the development of kidney disease
pre- and post- DFU onset in India. The remaining nine studies were laboratory studies that
investigated TGF-f in DFU. Three of these laboratory studies came from the United
Kingdom, two from England and one from Wales, two studies were from Poland, one study
was from the United States of America, one study was from Turkey, two studies originated

from China and one study was of Australian origin.

2.4.3 Risk of Bias

Risk of bias assessment on the included was done by using the AXIS tool and the results
were collected in Table 2.2 (Downes et al., 2016). A lack of sample size justification was
observed across all of the included studies. Additionally, study limitations were not
discussed in seven out of the 16 studies. Conflicts of interest or funding sources were not

reported in two studies. Basic patient data was not listed in one study.

2.4.4 Synthesis of Results
Biochemical Investigations

Nine of the 16 studies investigated changes in TGF-3 biochemistry in relation to DFU. Two
studies investigated changes in TGF-3 isoform and TGF-f receptor expression in DFU skin
compared to diabetic and normal skin (Jude et al., 2002, Jude et al., 1999).
Immunohistochemistry (IHC) and immunofluorescence (IF) found that there was a
decreased expression of TGF-1 protein in DFU skin sections when compared diabetic and
normal samples, this decreased expression was significant when compared to TGF-2 and

TGF-B3 expression in DFU (P < 0.001) (Jude et al., 2002, Jude et al., 1999). Western blot
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studies confirmed this decreased expression of TGF-B1 (Jude et al., 2002, Jude et al., 1999).
Additionally, IF revealed an increased TGF-2 and TGF-B3 protein expression in DFU that
was significant when compared to normal and diabetic skin (P < 0.05) (Jude et al., 2002). The
increased expression of TGF-B2 and TGF-B3 was also observed with IHC and Western blots
(Jude et al., 2002). IHC showed decreased expression of TGF-[3 receptor type | and the type I
in DFU skin (Jude et al., 2002). A significant decrease in IHC staining for both TGF-f1 and
TGF-BRI was observed in both the suprabasal and basal keratinocytes of DFU patients (p <
0.05 compared to non-diabetic controls) (Galkowska et al., 2006). Vascular endothelium
expressed decreased TGF-1 intensity but increased TGF-BRI intensity in DFU samples (p <
0.05 compared to non-diabetic controls) (Galkowska et al., 2006). Another study found an
increased expression of TGF-B1 mRNA in the serum and dorsalis pedis arteries of DFU
patients compared to controls (P < 0.01)(Zhang et al., 2016). Conversely, decreased TGF-1
mRNA was observed in the ulcerated muscles compared to controls (p < 0.01) (Zhang et al.,
2016). The expression of TGF-B1 protein followed the same trend in DFU patients compared
to controls (p < 0.05 for serum samples, p < 0.01 for arterial and muscle samples) (Zhang et
al., 2016). Work by Xu et al. (2019) found an increase in relative expression of TGF-f mRNA
in DFU compared to control, but this was not significant; there were no significant changes
in TGF-P expression with Western blot analysis. Wound exudate concentrations of TGF-31
protein were significantly (P < 0.01) decreased on clinic presentation in DFU patients who
did not recover after 12 weeks compared to patients who healed in the same time period
(Liu et al., 2009). Serum concentration of TGF-B1, -B2, and -3 were observed to be
significantly lower in DFU patients compared to non-ulcerated controls (p = 0.005, 0.035,
and 0.012 for B1, B2, and B3 isoforms, respectively) (Kupczyk et al., 2021). Growth
differentiation factor-15 (GDF-15), a member of the TGF-[3 family, was significantly (p <
0.001) elevated in DFU patients compared to DM or healthy controls (Sendur et al., 2022).
Moreover, increasing ulcer severity was associated with increased serum GDF-15 (p = 0.006)
(Sendur et al., 2022). Expression of the TGF-B1 gene was increased in T-cells isolated from
patients where DFU that failed to heal compared to responsive ulcers (Theocharidis et al.,
2022). These studies point to a change in the expression of TGF-§3 in DFU, particularly TGF-
B1. There has been a consistent decrease in the expression of TGF-1 protein and mRNA in

DFU which may be localised to the ulcer area. Furthermore, protein expression of TGF-[32
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and TGF-B3 is increased and the type | and |l receptors are decreased in DFU. One study has
shown that GDF-15, a member of the TGF-3 family, was increased in DFU and was
associated with increased ulcer severity. There appears to be evidence that TGF-f1 may be
predictive for DFU recovery or required as a part of said recovery. Additionally, new
evidence suggests that other members of the TGF-3 family may participate in DFU

pathology.

Population Studies

One study investigated TGF-f3 in larger populations of DFU patients. An ambispective study
was conducted on a South Indian population of Type 2 DM (T2DM), diabetic kidney disease
(CKD), DFU, and DFU with co-morbid diabetic kidney disease (CKDDFU) (Smina et al., 2019).
Serum concentrations of TGF-31 were increased in DFU, CKD, and CKDDFU when compared
to T2DM patients (p < 0.001 for CKD, DFU, CKDDFU compared to T2DM, p < 0.001 for
CKDDFU versus CKD, P<0.001 for CKDDFU compared to DFU) (Smina et al., 2019). This study

shows that there is a change in TGF-f signalling that is observable in some populations.

Therapeutic Intervention

The remaining six studies addressed therapeutic intervention in DFU. Two of these studies
investigated pharmaceuticals and the other studies investigated post operative care
methods (Gasca-Lozano et al., 2017, Li et al., 2015, Zhang et al., 2014, Lavery et al., 2020,
Karam et al., 2018). Pirfenidone (PFD), an anti-fibrogenic drug and extracellular matrix
modulator, and modified diallyl disulfide oxide (M-DDO), a compound with germicidal
properties, were tested in DFU (Gasca-Lozano et al., 2017). These agents was compared
against ketanserin (KTS), a serotonin antagonist of the 5-hydroxytryptamine receptor type 2
(Gasca-Lozano et al., 2017). Mean relative ulcer volume, a marker of DFU healing, in
addition to ulcer count was improved with the PFD+M-DDO compared to KTS (Gasca-Lozano
et al., 2017). Gene expression of TGF-B1 and TGF-33 was increased two months post
treatment for both groups, however, gene expression was higher in PFD+M-DDO (p < 0.05

compared to baseline, p < 0.05 compared to two month KTS group value) (Gasca-Lozano et
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al., 2017). Autologous platelet-rich gel was tested in another trial and both mRNA and IHC
density for TGF-B1 increased in response to treatment (P = 0.004 for the mRNA, p =0.0134
for protein) (Li et al., 2015). Advanced moist wound therapy acted as an control for negative
pressure wound therapy in DFU treatment (Karam et al., 2018). Negative pressure wound
therapy significantly (p = 0.0001) increased the mRNA of TGF-B1 at day 10 post treatment;
an effect that was not seen with the advanced moist wound care (Karam et al., 2018). A
significant (P < 0.001) improvement in the average dressing changes to 100% granulation
tissue was also observed with negative pressure wound therapy (Karam et al., 2018).
Negative pressure wound therapy significantly improved fibronectin and TGF-f1 mRNA and
protein expression in DFU granulation tissue compared to control patients (p < 0.01 for both
fibronectin and TGF-B1) (Yang et al., 2017). Continuous diffusion of oxygen, where oxygen is
continously delivered through the dressing, and ozone therapy was trialled in DFU patients
(Lavery et al., 2020, Zhang et al., 2014). TGF-3 mRNA increased post treatment and
remained elevated upto 3 weeks post treatment, however, there was no difference in
MRNA expression between patients who responded to continous diffusion of oxygen
therapy and non reponders (Lavery et al., 2020). Ozone therapy increased the protein levels
of TGF-B3 in wound exudate and in tissue samples post treatment, which was more
pronounced than the control treatment (Zhang et al., 2014). An increase in TGF-3 mRNA and
protein is consistently reported across all of the above mentioned studies. However, only a
few of the studies used current standards of DFU treatment as a control which can obscure

the value of the TGF-3 as a therapeutic target.



Table 2.1: Characteristics of the studies included in the systematic review.

Reference Country Study Study Design | Study Sample Intervention Control/s TGF-f family Endpoints
Category Duration Size measured/method
Jude et al. (1999) England Biochemical Cross N/A 58 N/A Healthy skin, Protein, Expression of nitric oxide
Investigation | Sectional Diabetic, skin Immunohistochemistry, | synthases, arginase, and TGF-§
Western blot in DFU
Jude et al. (2002) England Biochemical Cross N/A 32 N/A Normal skin, Protein, TGF-B expression in DFU and
Investigation | Sectional Diabetic skin, Immunohistochemistry, | Chronic Venous Ulcer
Chronic Venous Immunofluorescence
Ulcer Western blot
Zhang et al. (2016) China Biochemical Cross N/A 41 N/A Trauma mRNA, Protein, RT- Expression of TGF-B1 and
Investigation | Sectional Amputation gPCR, Western blot regulatory pathways in DFU
Xu et al. (2019) China Biochemical Cross- N/A 6 N/A Trauma mRNA, Protein, RT- Long, non-coding RNAs and
Investigation | Sectional debridement qPCR, Western blot their regulation of the immune
system in DFU.
Liu et al. (2009) Australia Biochemical Cohort 3 months 56 N/A Healed ulcers Protein, ELISA TGF-1, MMP-9, MMP-2, and
Investigation TIMP-1 in wound fluid from
DFU
(Galkowska et al., Poland Biochemical Cross N/A 17 N/A Non-diabetic Protein, IHC TGF-B1 in DFU affected cells
2006) Investigation | Sectional orthopedic and tissues
patients
(Kupczyk et al., Poland Biochemical Cross N/A 38 N/A Healthy controls Protein, ELISA Cytokine and growth factor
2021) Investigation | Sectional concentrations in serum
(Sendur et al., 2022) Turkey Biochemical Cross N/A 54 N/A Healthy Controls, | Protein, ELISA Relationship between Serum
Investigation Sectional DM patients GDF-15 and DFU severity
(Theocharidis et al., United Biochemical Cross 3 Months 27 Surgery Non-DM RNA, scRNASeq Molecular differences of DFU
2022) States of Investigation | Sectional controls, DM healers versus non-healers
America patients
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Table 2.1: Characteristics of the studies included in the systematic review continued.

Reference

Country

Study Category

Study Design

Study Duration

Sample Size

Intervention

Control/s

TGF-f family

measured/method

Endpoints

Smina et al. (2019)

India

Population Study

Cohort

N/A

428

N/A

Type 2

Diabetes

Protein, ELISA

Levels of TGF-
B1, CCN2 and
CCN3 in DFU,
Diabetics with
chronic kidney
disease, and
DFU patients
with chronic

kidney disease

Gasca-Lozano et al.

(2017)

Mexico

Therapeutic

Intervention

Randomized,

controlled trial

6 months

37

Ketanserin,
Pirfenidone +
modified diallyl
disulfide oxide

(PFD+M-DDO)

PFD+M-DDO

mRNA, RT-PCR

Relative Ulcer
Volume,
Wound
Healing, wound
healing
histopathology,
molecular
assessment of
genes involved,
safety,

tolerability

Karam et al. (2018)

Egypt

Therapeutic

Intervention

Cohort

Not Stated

40

Advanced
moist wound
care, Negative
pressure

wound therapy

Advanced
Moist Wound

Care

mRNA, RT-qPCR

100%
granulation
tissue, Levels of
mRNA for
wound healing

proteins




Table 2.1: Characteristics of the studies included in the systematic review continued.

Reference Country Study Category | Study Design Study Duration | Sample Size Intervention Control/s TGF-f family Endpoints
measured/method
Lavery et al. United States Therapeutic Cross-Sectional | 3 weeks 23 Continuous Non-healers mRNA, gPCR Percent wound
(2020) of America Intervention Diffusion of area reduction
Oxygen (50% considered
healed), mRNA of
growth factors and
cytokines.
Li et al. (2015) China Therapeutic Cohort 12 weeks 25 Autologous Pre mRNA, Protein, Wound healing,
Intervention Platelet-Rich intervention IHC, g RT-PCR mRNA and protein
Gel levels of signalling
molecules involved
Zhang et al. China Therapeutic Cohort 20 Days 50 Oxygen-Ozone Surgical Protein, IHC, ELISA | Wound Healing,
(2014) Intervention Therapy Debridement Levels of growth
and wound factors associated
care. with healing
(Yang et al., China Therapeutic Cohort 7 days 40 Negative Advanced Protein, IHC, NPWT induced
2017) Intervention Pressure Moist Wound Western Blot, fibronectin
Wound Therapy mRNA, RT-PCR production and
Therapy expression of TGF-

B1in granulation

tissue
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Table 2.2: Critical assessment answers used to determine study bias. Adapted from Downes et al. (2016).

Assessment Criteria (Jude et al., 1999) (Jude et (Zhang et al., (Xuetal., (Liu et al., (Galkowska (Kupczyk et | (Sendur et al., 2022) (Theocharidis et al., 2022)
al., 2002) 2016) 2019) 2009) etal., 2006) | al., 2021)
Aims/Objectives Y Y Y Y Y Y Y Y Y
Study Design Y Y Y Y Y Y Y Y Y
Sample Size Justification Not Given Not Given Not Given Not Given Not Given Not Given Not Given Not Given Not Given
Target population Y Y Y Y Y Y Y Y Y
Sample frame Y Y Y Y Y Y Y Y Y
Selection Process Not given Not given Y Y Y Y Y Y Y
Non-responders N/A N/A N/A N/A Y N/A N/A N/A Y
Risk Factors and Outcomes Y Y Y Y Y Y Y Y Y
Risk factor Measurement Y Y Y Y Y Y Y Y Y
Statistical Significance Y Y Y Y Y Y Y Y Y
Methodology Y Y Y Y Y Y Y Y Y
Basic Data description Y Y Minimal Minimal Y Y Minimal Y Y
Response Rate N/A N/A N/A N/A N/A N/A N/A N/A N/A
Non-responders described N/A N/A N/A N/A Y N/A N/A N/A Y
Results N/A N/A N/A Partial Y N/A Y N/A Y
Results for all analyses Y Y Y Y Y Y Y Y Y
Discussion and Conclusion Y Y Y Y Y Y Y Y Y
Limitations N N N Y N N Y Y Y
Conflict of Interest/Funding N Y N Y Y Y Y Y Y
Ethics Y Y Y Y Y Y Y Y Y
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Table 2.2: Critical assessment answers used to determine study bias continued. Adapted from Downes et al. (2016).

Assessment Criteria (Smina et al., (Gasca-Lozano et | (Karametal., (Lavery et al., (Li et al., 2015) (Zhang et al., (Yang et al.,
2019) al., 2017) 2018) 2020) 2014) 2017)
Aims/Objectives Y Y Y Y Y Y Y
Study Design Y Y Y Y Y Y Y
Sample Size Justification Not Given Not Given Not Given Not Given Not Given Not Given Not Given
Target population Y Y Y Y N N N
Sample frame Y Y N Y Y Y Y
Selection Process Y Y Y Y Y Y Y
Non-responders N/A Y N/A Y Y N/A N/A
Risk Factors and Outcomes Y Y Y Y Y Y Y
Risk factor Measurement Y Y Y Y Y Y Y
Statistical Significance Y Y Y Y Y Y Y
Methodology Y Y Y Y Y Y Y
Basic Data description Y Y Y Minimal N Y Y
Response Rate N/A N N/A N N Y N/A
Non-responders described N/A Y N/A Y Y N/A N/A
Results N/A Y N/A N Y N/A Y
Results for all analyses Y Y Y Y Y Y Y
Discussion and Conclusion Y Y Y Y Y Y Y
Limitations Y N Y Y Y N N
Conflict of interest/Funding Y Y Y Y Y Y Y
Ethics Y Y Y Y Y Y Y
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2.5 Discussion

This review revealed that whilst there is little evidence of involvement for other members of
the TGF-P3 family in DFU, there is a role for TGF-f in DFU particularly for recovery. Generally,
TGF- signalling is increased in response to therapeutic intervention for DFU (Gasca-Lozano
et al., 2017, Karam et al., 2018, Li et al., 2015, Lavery et al., 2020, Zhang et al., 2014). The
most consistent response is seen with TGF-B1. Decreases in TGF-B1 protein and mRNA are
reported by a number of biochemical studies; therapeutic interventions resulted in an
increase in TGF-B1 (Jude et al., 2002, Jude et al., 1999, Liu et al., 2009, Zhang et al., 2016,
Karam et al., 2018, Li et al., 2015, Gasca-Lozano et al., 2017). Changes in isoform expression
was also observed, TGF-$2 and TGF-[33 proteins was increased in DFU and the mRNA for
TGF-B3 was increased in response to intervention (Jude et al., 2002, Gasca-Lozano et al.,
2017). However, expression of the type | and type |l TGF-P receptor was decreased in DFU
(Jude et al., 2002). The selected studies did investigate TGF-f3 in DFU, in either a therapeutic
or pathological scope, and found an overall negative change in TGF-3 function in relation to

DFU related to possible loss of receptors.

The studies analysed in this review show a dysfunction in TGF-f signalling which offers an
attractive, yet problematic, clinical target. A number of growth factors including
recombinant human epidermal growth factor (rhEGF) and platelet-rich plasma, a source of
multiple growth factors, have shown efficacy and little side effects in the treatment of DFU
according to a number of meta-analysis (Zhao et al., 2020, Yang et al., 2020b, Bui et al.,
2019, Sridharan and Sivaramakrishnan, 2018, del Pino-Sedefio et al., 2019). The TGF-f
isoforms are key mediators in wound healing, however, the TGF-B1 and TGF-$2 isoforms
also exhibit pathological properties in diabetes (Ramirez et al., 2014, Barrientos et al., 2008,
Du et al., 2017, Popescu et al., 2018, Wang et al., 2021, Conedera et al., 2021). The reviewed
studies largely investigated TGF-1 with only a few looking at the other two isoforms or
receptor expression, future works should also probe the levels of TGF-B2, TGF-$3, or the
TGF receptors to determine their role in DFU. Moreover, attempts to increase TGF-31
through pharmaceutical interventions or exogenous TGF-B1 should focus on the ulcer area
to reduce systemic complications. Conversely, the increase in TGF-B1 reported by some

could be used as a prognostic marker for DFU development; assuming an increase in serum



27

TGF-B1 is consistent across populations and non-invasive sampling can be developed to

quantify TGF-B1 (Smina et al., 2019, Xu et al., 2019, Zhang et al., 2016).

There are limitations in the currently reviewed studies. Firstly, several studies use
homogenous, ethnic populations. Genetics vary between patient cohorts, as such, the
changes in growth factor signalling observed in these studies may not apply to the wider
DFU population (Huang et al., 2015). However, given the prevalence of DFU in these
countries, these results may be more applicable to these populations (Zhang et al., 2017).
Larger studies that incorporate multiple ethnicities may address whether these growth

factor alterations are applicable to the DFU population as a whole.

Cohort size and cohort selection was also a limitation for a number of the included studies.
Inaccurate and underpowered conclusions may be drawn from small cohort sizes, leading to
either false positives or false negatives (Downes et al., 2016). Some of the studies also
selected patients presenting to a hospital or clinic; this introduces a selection bias which can
make interpreting the overall results more difficult. Larger cohort sizes and randomised

selection may lead to more consistent outcomes in future work.

2.6 Conclusion

This review has found there is a change in TGF-3 function in DFU, both at a pathological
level and in response to intervention. Signalling by TGF-f3, particularly TGF-1, was
decreased in DFU patients through a loss of gene, mRNA, and protein expression of TGF-f31
and corresponding receptors. This effect was antagonised with therapeutic interventions.
Conversely, expression of the other TGF-f3 isoforms was increased in DFU; an effect that
needs to be investigated further. Interpretation of these results should be done with
caution. The overall heterogenous nature of the studies and small number of included
studies reduces the applicability of the results. Furthermore, the selection of ethnic cohorts
and the size and selection of cohort potentially interferes with the interpretation of the
results from the current studies. Larger studies that incorporate multiple nationalities may
prove useful in determining if TGF-P participates DFU in the broader population or if it only

applies to select ethnicities.
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CHAPTER 3: METHODOLOGY

3.1 Patient samples

Twenty matched serum samples (10 patients sampled at zero and 12 weeks) were selected
from the Galvus Anti-Inflammatory Effects in Diabetic Foot Ulcer (GIED) study to conduct
the current study. The GIED study was a prospective, randomized, double blind, placebo
controlled, single center study to determine the wound healing effects of Galvus
(Vildagliptin) (Vangaveti et al., 2022). The study was conducted in accordance with
CPMP/GCP/135/95 (Note for Guidance on Good Clinical Practice), CPMP/GCP/135/95 (Note
for Guidance on Good Clinical Practice annotated with Therapeutic Goods Administration
comments [DSEB, July 2000]), The NHMRC National Statement on Ethical Conduct in Human
Research (2007), and the Declaration of Helsinki. Written, informed consent of all

participants was obtained prior to the start of the study.

Patients were randomised into either placebo plus standard wound care or Vildagliptin
(100mg/day) plus standard wound care by a hospital trial pharmacist to ensure a split of
insulin users (80%) to non-insulin users (20%). The study lasted 12 weeks, with clinic visits at
0, 6, and 12 weeks and podiatry visits at 0, 2, 4, 6, 8, 10, and 12 weeks. Blood samples
(collected at 0,6, and 12 weeks) and laboratory parameters were collected during clinic
visits. Laboratory parameters collected were: Total Protein, Albumin, Globulin, Fibrinogen,
Urea/Creatinine, Estimated glomerular filtration rate (eGFR), White blood cell count (WBC),
Neutrophils, Haematocrit, Haemoglobin (Hb), Platelets, Cholesterol, Triglycerides, High
density lipoprotein (HDL), Low density lipoprotein (LDL) cholesterol, Very low density
lipoprotein (VLDL) cholesterol, Urine Creatinine, Urine Albumin, and Glycated haemoglobin
(HbA1c). Ulcer measurements were collected at podiatry appointments, with blood samples

being stored for further analysis.
3.1.1 Inclusion Criteria
Patients were included if they met the following criteria:

e T2DM patients > 18 years on diet only intervention or any diabetic medication were
included in the study.

e A HbAlc27.0% within 12 weeks prior to, or on the day of, study inclusion.
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e An existing foot ulcer of grade Al (University of Texas Wound Classification System)
on day of inclusion. In the case of multiple ulcers, the ulcer with the largest wound

bed was used for study.
3.1.2 Exclusion Criteria
Patients were excluded if:

e T1DM was present

e Current foot ulcer due to non-diabetic pathophysiology

e Major surgery prior to day of enrolment (< 6 months) or planned surgery prior to
study completion.

e Sensitivity to Vildagliptin or contraindications against Vildagliptin

e Lactic acidosis history

e Current treatment with GLP-1 analogues or DPP4 inhibitors

e Pathologies that can inhibit wound healing or alter serum immune markers, chronic
inflammatory diseases, or active malignancies in the ulcer area.

e Acute infections on the day of enrolment and baseline measurements except
diabetic foot ulcer infections.

e Medications that could alter the serum concentration of immune markers including
systemic corticosteroids, immunosuppressants, growth factor products, and
chemotherapeutic agents.

e Hyperbaric or normothermic oxygen therapy treatment.

e Treatment with skin or dermal substitutes within 30 days prior to enrolment.

e Enzymatic debridement.

e Active Charcot’s foot

e Renal impairment (eGFR < 30mL/min)

e Child-bearing potential, pregnancy or lactation

e Participation in any other clinical trial

e Inability to comply with the current study protocol

e Current or new warnings, precautions, or contraindications relevant to the patient at

the time of study enrolment as listed in the current Galvus product information.
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3.2 Ethics Approval

This work was approved under Human Research Ethics Committee (HREC) number:

HREC/13/QTHS/65, Project ID: 19925 and James Cook University Approval: C14.

3.3 ELISA

This study used sandwich enzyme linked immunosorbent assays (ELISA)s which works by

“sandwiching” the antigen of interest between two layers of antibodies (Alhajj and Farhana,

2022). Optimisation of ELISAs and subsequent analysis was done according to

manufacturer’s instructions. A brief synopsis is provided below:

3.3.1 TGF-p1 (Invitrogen: #BMS249-4)

1.

(9]

° ®» =2

10.
1.

12.

External standards were prepared by serial dilution of a 4 ng/mL TGF-f1 standard,
generating standard values between 2 ng/mL to 31 pg/mL.

Serum samples were diluted 1:10 with 1X assay buffer. 1M HCl was added to the
sample and incubated at room temperature for one hour.

Incubated samples were neutralised with 1M NaOH.

The microwell plate was washed twice with wash buffer.

External standards were added to the plate, with 1X assay buffer acting as a zero
standard.

40 pL of sample was added to sample wells along with 60 pL of assay buffer.

The plate was incubated at room temperature for 2 hours using a microplate shaker.
The plate was emptied and washed multiple times.

Prepared Biotin-conjugate was added to each well, and the plate was incubated,
with shaking, for a further hour at room temperature.

Step eight was repeated.

Prepared Streptavidin-Horseradish Peroxidase (HRP) was added to each well and
incubated, with shaking, at room temperature for one hour.

Step eight was repeated.
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14.

15.
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Tetramethyl-benzidene(TMB)-Substrate solution was added to each well and the
plate was incubated, with shaking for approximately 30 mins at room temperature in
the dark.

Stop solution was added to stop the reaction when the most concentrated standard
had reached a dark blue colouration.

Results were read on a spectrophotometer (BMG POLARstar Omega) at 450nm.

3.3.2 BMP-7 (Invitrogen: EHBMP7)

1.

10.
1.

12.

13.

External standards were prepared by serial dilution of a 50 ng/mL BMP-7 standard,
generating standard values between 6000 pg/mL to 8.23 pg/mL.

Serum samples were diluted 1:2 with assay diluent A.

External standards were added to the plate, with assay diluent A acted as a zero
standard.

100 pL of sample was added to sample wells.

The plate was incubated at room temperature for 2.5 hours using a microplate
shaker.

The plate was emptied and washed multiple times

Prepared Biotin-conjugate was added to each well, and the plate was incubated,
with shaking, for a further hour at room temperature.

Step six was repeated.

Prepared Streptavidin-HRP was added to each well and incubated, with shaking, at
room temperature for 45 minutes.

Step six was repeated.

TMB-Substrate solution was added to each well and the plate was incubated, with
shaking for approximately 30 mins at room temperature in the dark.

Stop solution was added to stop the reaction when the most concentrated standard
had reached a dark blue colouration.

Results were read on a spectrophotometer (BMG POLARstar Omega) at 450nm.
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3.4 Software and Data Management

Standards and samples were run in duplicate to obtain an average serum value for the
growth factors of interest. ELISA absorbance values were obtained using OMEGA software
(BMG, Ver. 5.50 R4) then exported to MARS software (BMG, Ver. 3.32). From the MARS
software, the absorbance values were then exported in Excel (Microsoft, Ver. 2202, Build
14931.20764) which were the copied into Prism (GraphPad, Ver. 13). Prism was used to
determine the standard curves for each ELISA. Patient values were determined from the
standard curve or extrapolated from the curve using Prism (GraphPad, Ver. 13). Statistical
comparisons between ELISA levels and study parameters was calculated using SPSS (IBM,
Ver. 27). Paired Student’s t test was used to compare ELISA results. Regression analysis was
used to compare Ulcer and HbA1c ratios were compared to ELISA values. The ELISA results
were compared to nominal data using analysis of covariance (ANCOVA) with Bonferroni
correction. A p <0.05 was determined to be statistically significant. Statistical power was

calculated using G*Power (RRID:SCR_013726, Ver. 3.1.9.4).
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CHAPTER 4: RESULTS

4.1 Patient Data

Table 4.1 shows the demographic and clinical data for the patient samples used in this

study. The demographic data shows that of the 10 T2DM patients sampled, nine were

Caucasians and the majority were male patients. Three co-morbidities were common in the

patients: neuropathy, dyslipidaemia and hypertension. Four patients experienced complete

ulcer healing, however, the surface areas of the ulcers decreased from an average of 197

mm?to 49 mmZ.

Table 4.1: Demographic and health data for patient samples. M:Male, F: Female, ATSI: Aboriginal and Torres

Strait Islander.

Demographic Data n

Total number 10
Gender M:F 8:2
Ethnicity ATSI: Non-ATSI 1:9

Average Age (Range)

65.7 years (43-80 years)

Average Weight (Range)

96.6 kg (62-135 kg)

Diabetes status and Interventions

Type 2 Diabetes

10

Treatment Placebo: Vildagliptin

5:5

Average Years with Diabetes (Range)

19.3 years (3-26 years)

Antihyperglycaemics

Treatment with Insulin 6
Treatment with Oral Antihyperglycaemics 6
Cotreatment with Insulin and Oral 4
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Table 4.1: Demographic and health data for patient samples continued.

Risk Factors and Comorbidities

Current Alcohol

Current Smoking

Diabetic Retinopathy

Diabetic Nephropathy/Chronic Kidney Disease

Diabetic Neuropathy

Microvascular Complications

Dyslipidaemia

Coronary Arterial Disease

Peripheral Vascular Disease

Peripheral Vascular Disease Surgery

Non-Traumatic Amputation

Hypertension

N| W Wl ] W N N N W w

Ulcer status

Complete Ulcer Healing

4

Average Initial Surface Area (Range)

197.6 mm? (8-750 mm?)

Average Final Surface Area (Range)

49 mm?(0-300 mm?)

4.2 ELISA Results

The changes in serum TGF-B1 and BMP-7 in DFU patients over the 12 week trial period are

shown in Figures 4.1 and 4.2, respectively. An increase in serum TGF-B1 was observed, with

an average initial value of 7686 pg/mL and increasing to 11226 pg/mL by the end of the

study. Additionally, BMP-7 also increased from 42.37 pg/mL, initially, to 49.23pg/mL by the

end of the trial. The improvement in BMP-7 levels was significant (p < 0.01) according to a

paired Student’s t test.
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Figure 4.1: Serum TGF-B1 levels at the initial visit (Dark Grey) and final visit (Light Grey) as measured by
sandwich ELISA. n = 10 per visit.
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Figure 4.2: Serum BMP-7 levels at the initial visit (Dark Grey) and final visit (Light Grey) as measured by

sandwich ELISA. **: p < 0.01 (Student’s t test). n = 10 per visit.
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4.3 Analysis of Covariance (ANCOVA) Results

Table 4.2 shows the results of ANCOVA test, with Bonferroni correction to test for
significance, between TGF-B1 values and nominal data categories. No effect was seen at
week 12 for TGF-B1 between control and treatment groups (p = 0.202). Moreover, no
relationship was seen between TGF-1 at week 12 and ulcer healing (p = 0.771). Significant
(p <0.05) increases in serum TGF-B1 at week 12 were observed DFU patients without

neuropathy, microvascular complications, dyslipidaemia or hypertension (Figures 4.3-4.6).

Table 4.2: ANCOVA results for TGF-B1. A significant effect was only observed with neuropathy, microvascular
complications, dyslipidaemia, and hypertension; all other factors had moderate to no effect on 12 week TGF-

B1 levels.*: p < 0.05 with Bonferroni comparison. OHG: Oral Anti-hyperglycaemics, PVD: Peripheral vascular

disease.

Dependent variable Covariate Fixed Factor Significance
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Treatment Group 0.202
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Gender 0.215
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | ATSI 0.956
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Alcohol Status 0.677
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Smoking Status 0.294
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Insulin Treatment 0.951
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | OHG 0.677
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Insulin OHG Co-treatment 0.435
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Retinopathy 0.477
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Kidney Disease 0.379
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Neuropathy 0.043*
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Microvascular complications | 0.043*
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Dyslipidemia 0.043*
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Coronary Arterial Disease 0.811
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Peripheral Vascular Disease 0.520
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | PVD Surgery 0.309
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Amputation 0.477
TGF-B1 (12 Weeks) TGF-1 (0 Weeks) | Hypertension 0.043*
TGF-B1 (12 Weeks) TGF-B1 (0 Weeks) | Ulcer Healing 0.771
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Figure 4.3: ANCOVA graph showing that 12 week TGF-f1 values were higher in DFU patients without diabetic

neuropathy compared to those with DFU.
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Figure 4.4: ANCOVA graph indicating higher 12 week TGF-B1 values in patients without microvascular

complications compared to those with complications.
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Figure 4.5: ANCOVA analysis indicating that the presence of dyslipidaemia effects 12 week TGF-B1 values in
DFU patients.

30000.00

20000.00

10000.00 —

12 Week TGFBetal concentration (pg/mL)

oo

Yes Mo
Hypertension

Figure 4.6: The absence of hypertension leads to increases in 12 week serum TGF-1 values compared to DFU

patients with hypertension according to ANCOVA analysis.



The results of the ANCOVA analysis for BMP-7 is shown in Table 4.3. No significant

relationship was observed between BMP-7 and treatment group or ulcer healing (p = 0.881
and 0.282, respectively). A significant (p < 0.05) relationship was observed between insulin

treatment and BMP-7 levels; an effect not observed with oral antihyperglycemics or co-

treatment (p = 0.918 for oral antihyperglycaemics and p = 0.231 for co-treatment).

Additionally, the relationship between alcohol consumption and BMP-7 approached

significance (p = 0.082).

Table 4.3: ANCOVA results for BMP-7. A significant effect was only observed with insulin treatment, all other

factors had moderate to no effect on 12 week BMP-7 values. *: p < 0.05 with Bonferroni comparison.

Dependent variable | Covariate Fixed Factor Significance
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Treatment Group 0.881
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Gender 0.997
BMP-7 (12 Weeks) BMP-7 (0 Weeks) ATSI 0.415
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Alcohol Status 0.082
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Smoking Status 0.343
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Insulin Treatment 0.032*
BMP-7 (12 Weeks) BMP-7 (0 Weeks) OHG 0.918
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Insulin OHG Co-treatment 0.231
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Retinopathy 0.710
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Kidney Disease 0.077
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Neuropathy 0.915
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Microvascular complications 0.915
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Dyslipidaemia 0.915
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Coronary Arterial Disease 0.794
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Peripheral Vascular Disease 0.992
BMP-7 (12 Weeks) BMP-7 (0 Weeks) PVD Surgery 0.470
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Amputation 0.710
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Hypertension 0.915
BMP-7 (12 Weeks) BMP-7 (0 Weeks) Ulcer Healing 0.282
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Figure 4.7: Insulin treatment improved 12 week BMP-7 levels compared to those receiving oral anti-

hyperglycaemics alone or combination therapy with both agents according to ANCOVA analysis.

4.4 Spearman’s Correlation Analysis

Tables 4.4 and 4.5 show correlation values between intake values for the serum growth
factors and intake values for other variables. No correlation was observed between growth
factor concentrations and ulcer surface area (SA) or HbA1lc values at either time point. A
significant, negative correlation (p < 0.05) was observed between intake TGF-1 and
globulins. A negative correlation was observed between intake interleukin (IL)-6 levels and
TGF-B1 that was non-significant (p = 0.071). Furthermore, a significant (p < 0.05) positive
correlation occurred between intake BMP-7 levels and serum albumin. A negative
correlation was also observed between intake IL-6 and BMP-7 that was also significant (p <
0.05). Tables 4.6 and 4.7 show the correlations between 12 week serum growth factor levels
and 12 week values for other variables. A significant (p < 0.05), positive relationship was
observed between 12 week TGF-B1 values and corresponding hypoxia inducible factor (HIF)-
o values. A negative correlation between 12 week TGF-B1 values and 12 week white blood

cell count (WBC) was non significant (p = 0.09). Two significant (p < 0.05) correlations were
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observed for 12 week BMP-7 values; a positive relationship with 12 week globulin values,
and a negative relationship with 12 week WBC. A negative relationship between 12 week

BMP-7 and 12 week neutrophil was close to significance (p < 0.052).

Table 4.4: Correlation data for intake TGF-f1. A relationship was observed between initial globulin values and
intake TGF-B1, no relationship was observed with other data categories. *: p < 0.05 Spearman’s rho (2-tail).

n.s.: non significant. BP: Blood Pressure, CRP: C-reactive protein, TNF-o.: Tumour necrosis factor-a

Variable Correlation Coefficient | Significance (2-Tailed)
Age -0.073 n.s.
Years with Diabetes -0.160 n.s.
Height -0.146 n.s.
Weight -0.365 n.s.
Systolic BP 0.226 n.s.
Diastolic BP -0.166 n.s.
Ulcer SA -0.134 n.s.
Total Protein -0.561 n.s.
Albumin 0.598 n.s.
Globulin -0.716 0.02*
Urea/Creatinine 0.268 n.s.
eGFR 0.472 n.s.
WBC 0.357 n.s.
Neutrophils 0.452 n.s.
Haematocrit -0.507 n.s.
Hb -0.228 n.s.
Platelets 0.357 n.s.
Cholesterol 0.273 n.s.
Triglyceride -0.103 n.s.




Table 4.4: Correlation data for intake TGF-f1 continued. *: p < 0.05 Spearman’s rho (2-tail). n.s.: non

significant.

Variable Correlation Coefficient Significance (2-Tailed)
HDL 0.355 n.s.
Total/HDL ratio 0.150 n.s.
LDL Chol 0.370 n.s.
VLDL Chol -0.091 n.s.
Urine Creatinine -0.233 n.s.
Urine Albumin -0.033 n.s.
Urine Albumin/Creatinine ratio 0.050 n.s.
HbAlc -0.317 n.s.
IL-6 -0.667 0.071
IL-1B -0.273 n.s.
TNF-a -0.418 n.s.
Adiponectin -0.491 n.s.
CRP -0.261 n.s.
HIF-a -0.048 n.s.
BMP-7 0.115 n.s.
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Table 4.5: Correlation data for intake BMP-7. Relationships were observed between initial albumin and initial

IL-6 values and intake BMP-7, no relationship was observed with other data categories. *: p < 0.05 Spearman’s

rho (2-tail). n.s.: non significant.

Variable Correlation Coefficient | Significance (2-Tailed)
Age -0.182 n.s.
Years with -0.068 n.s.
Diabetes

Height 0.480 n.s.
Weight 0.413 n.s.
Systolic BP 0.506 n.s.
Diastolic BP 0.320 n.s.
Ulcer SA 0.298 n.s.
Total Protein 0.439 n.s.
Albumin 0.762 0.010*
Globulin -0.606 n.s.
Urea/Creatinine 0.201 n.s.
eGFR 0.032 n.s.
WBC 0.548 n.s.
Neutrophils 0.310 n.s.
Haematocrit 0.127 n.s.
Hb -0.012 n.s.
Platelets 0.214 n.s.
Cholesterol 0.515 n.s.
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Table 4.5: Correlation data for intake BMP-7 continued. *: p < 0.05 Spearman’s rho (2-tail). n.s.: non significant.

Variable Correlation Coefficient Significance (2-Tailed)
Triglyceride -0.426 n.s.
HDL 0.440 n.s.
Total/HDL ratio 0.275 n.s.
LDL Chol 0.503 n.s.
VLDL Chol -0.415 n.s.
Urine Creatinine 0.367 n.s.
Urine Albumin -0.200 n.s.
Urine Albumin/Creatinine ratio | -0.200 n.s.
HbAlc -0.171 n.s.
IL-6 -0.786 0.021*
IL-1B 0.176 n.s.
TNF-a -0.479 n.s.
Adiponectin 0.236 n.s.
CRP -0.042 n.s.
HIF-o 0.619 n.s.
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Table 4.6: Correlation data for 12 Week TGF-[31. A strong relationship was observed between HIF-a and TGF-

B1 at 12 weeks, no significant relationships were observed with other data categories. *: p < 0.05 Spearman’s

rho (2-tail). n.s.: non significant.

Variable Correlation Coefficient | Significance (2-Tailed)
Ulcer SA -0.131 n.s.
Total Protein 0.228 n.s.
Albumin -0.253 n.s.
Globulin 0.299 n.s.
Urea/Creatinine 0.299 n.s.
eGFR -0.409 n.s.
WBC -0.685 0.09
Neutrophils -0.571 n.s.
Haematocrit 0.036 n.s.
Hb 0.072 n.s.
Platelets -0.071 n.s.
Cholesterol -0.018 n.s.
Triglyceride -0.108 n.s.
HDL 0.074 n.s.
Total/HDL ratio -0.090 n.s.
LDL Chol -0.288 n.s.
VLDL Chol -0.075 n.s.
Urine Creatinine 0.257 n.s.
Urine Albumin 0.314 n.s.




Table 4.6: Correlation data for 12 Week TGF-B1 continued. *: p < 0.05 Spearman’s rho (2-tail). n.s.: non

significant.

Variable Correlation Coefficient Significance (2-Tailed)
Urine Albumin/Creatinine ratio 0.486 n.s.
HbAl1c -0.024 n.s.
IL-6 -0.467 n.s.
IL-1B 0.467 n.s.
TNF-a 0.127 n.s.
Adiponectin 0.309 n.s.
CRP 0.236 n.s.
HIF-a 0.886 0.019
BMP-7 0.207 n.s.
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Table 4.7: Correlation data for 12 week BMP-7. Relationships were observed between Globulin, WBC and BMP-

7 at 12 weeks, with a strong relationship between neutrophils and BMP-7. No other interactions were

observed with data categories. *: p < 0.05 Spearman’s rho (2-tail). n.s.: non significant.

Variable Correlation Coefficient | Significance (2-Tailed)
Ulcer SA -0.041 n.s.
Total Protein 0.060 n.s.
Albumin -0.566 n.s.
Globulin 0.731 0.04
Urea/Creatinine -0.263 n.s.
eGFR 0.136 n.s.
WBC -0.847 0.016
Neutrophils -0.750 0.052
Haematocrit 0.143 n.s.
Hb 0.126 n.s.
Platelets -0.321 n.s.
Cholesterol 0.162 n.s.
Triglyceride -0.306 n.s.
HDL -0.111 n.s.
Total/HDL ratio 0.180 n.s.
LDL Chol 0.270 n.s.
VLDL Chol -0.112 n.s.
Urine Creatinine -0.486 n.s.
Urine Albumin -0.371 n.s.




Table 4.7: Correlation data for 12 week BMP-7 continued. *: p < 0.05 Spearman’s rho (2-tail). n.s.: non

significant.
Variable Correlation Coefficient Significance (2-Tailed)
Urine Albumin/Creatinine ratio -0.314 n.s.
HbAlc 0.055 n.s.
IL-6 -0.050 n.s.
IL-1B 0.176 n.s.
TNF-a -0.201 n.s.
Adiponectin 0.280 n.s.
CRP -0.316 n.s.
HIF-o -0.086 n.s.

4.5 Regression Analysis
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Regression analysis was performed on the ulcer and HbAlc ratios and ratios of TGF-1 and

BMP-7. Additional regression analysis was conducted on the ulcer ratios, HbAlc and intake

or 12 week TGF-B1 and BMP-7 values. Tables 4.8 and 4.9 showed no significant interactions

between any of the measured ratios. Further regression analysis showed no interactions

between intake growth factors and either ulcer or HbAlc ratios (Tables 4.8 and 4.9). The

same analysis found no relationship between final growth factor concentrations and either

of the ratios used (Table 4.8 and 4.9).

Table 4.8: Regression analysis comparing the ulcer ratio to growth factors ratios, intake or final concentrations.

No interactions were observed. n.s: non significant. Ratios were calculated as the 12 week value for the growth

factor divided by the intake value for the same growth factor.

Ratio/Value Pearson Correlation Significance
TGF-B1 ratio -0.085 n.s
BMP-7 ratio -0.104 n.s
Intake TGF-B1 0.154 n.s
Intake BMP-7 0.324 n.s.
12 week TGF-B1 -0.249 n.s
12 week BMP-7 0.126 n.s




Table 4.9: Regression analysis comparing the Hb1Ac ratio to growth factors ratios, intake or final

concentrations. No interactions were observed. n.s: non significant.

Ratio Pearson Correlation Significance
TGF-B1 ratio -0.293 n.s
BMP-7 ratio -0.227 n.s
Intake TGF-B1 0.198 n.s
Intake BMP-7 0.476 n.s
12 week TGF-B1 0.029 n.s
12 week BMP-7 -0.319 n.s
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CHAPTER 5: DISCUSSION

5.1 General Discussion

This work tested the levels of TGF-B1 and BMP-7 in the serum of DFU patients who
participated in the GIED trial, and compared the levels to other physiological and laboratory
parameters. This study found an increase in the serum concentrations of both TGF-1 and
BMP-7 at the end of 12 weeks. A significant effect was observed for BMP-7. Further analysis
found a significant interaction between 12 week TGF-1 values and diabetic neuropathy,
microvascular complications, dyslipidaemia, and hypertension. The same analysis found a
significant relationship between insulin treatment and 12 week BMP-7 values. Correlation
analysis found further relationships. Intake TGF-B1 had a negative correlation with intake
globulin concentrations. BMP-7 levels at week zero were positively correlated with albumin
levels and negatively correlated to IL-6. 12 week HIF-o values were positively correlated to
TGF-B1 values from the same time point. BMP-7 levels at the 12 week timepoint were

positively correlated 12 week globulin values and negatively correlated with 12 week WBC.

Regression analysis was conducted between the growth factor ratios and the ulcer and
HbA1c ratios. The latter two ratios are used as surrogate markers for ulcer and disease
improvement, respectively. These tables show that there is no relationship between any of
the ratios selected. This is consistent with other analysis conducted in this study which did
not find any relationship between ulcer recovery, HbAlc and TGF-B1 or BMP-7. However,
this result is contrary to the literature. Correlations between HbAlc and TGF-1 have been
reported by others (Gao et al., 2022, Shaker and Sadik, 2013). In vivo work has shown no
effect for BMP-7 on HbAlc (Tate et al., 2021). Liu et al. (2009) found that patients with non-
responsive ulcers initially presented with lower levels of circulating TGF-B1. This conflict
with the established literature may be explained by the small sample size which may have

resulted in a false negative (see Section 5.3).
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5.1.1 TGF-f31

We also found a non-significant increase in the levels of TGF-3 in DFU, an effect that is
consistent with the literature. Human studies have shown that TGF-f3 signalling is increased,
in response to intervention, in DFU (Zhang et al., 2022a, Karam et al., 2018, Lavery et al.,
2020, Yang et al., 2017, Zhang et al., 2014). Circulating TGF-B1 is elevated in DFU patients
however, at the ulcer bed, TGF-B1 signalling is decreased (Zhang et al., 2016, Smina et al.,
2019, Jude et al., 2002, Jude et al., 1999). Furthermore, patients with non-healing ulcers
present with lower levels of TGF-1 in the wound fluid compared to patients with
responsive ulcers (Liu et al., 2009). Maggot debridement treatment resulted in an increase
in tissue TGF-P and an increase in Treg cells (Zhang et al., 2022a). Whether or not this
increase in serum TGF-B1 is related to changes in regulatory T-cells (Treg) cell activity is

unknown, which may be a point of further study.

ANCOVA analysis revealed significant increases in 12-week TGF-B1 in patients without
diabetic neuropathy, microvascular complications, dyslipidaemia, or hypertension. Diabetic
neuropathy was placed under the category of microvascular complications, which
comprised the bulk of that data category, explaining why there was an effect observed with
diabetic neuropathy or microvascular complications and 12-week TGF-31 as opposed to
diabetic retinopathy or diabetic nephropathy and 12-week TGF-1 (Figures 4.3 and 4.4,
Appendix 2 Figures A11 and A12). TGF-3 signalling is dysfunctional in diabetic neuropathy,
additionally, hyperlipidaemia has been shown to activate TGF-f3 signalling (Mussa et al.,
2021, Hussain et al., 2016, Alvarado-Vazquez et al., 2019, Ybarra et al., 2010, Su et al., 2020,
Wang et al., 2021, Mihlfeld et al., 2004, Li et al., 2016). Hypertension can also upregulate
TGF- signalling through activity of the Renin-Angiotensin-Aldosterone system, increasing
TGF-B through transcriptional and post transcriptional mechanisms (reviewed by Matsuki et
al. (2014)). The ANCOVA result for diabetic neuropathy adds to the contradictory role of
TGF-B signalling. This relationship suggests that enhanced TGF-f3 signalling required for DFU
recovery may be attenuated in patients with co-morbid diabetic neuropathy. The ANCOVA
results for dyslipidaemia and hypertension are logical in terms of the literature, suggesting

that diminished TGF-3 production might occur in DFU patients with dyslipidaemia or
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hypertension. These results suggest that uncomplicated DFU produces more TGF-B1 in

response to intervention compared to DFU with co-morbidities.

Correlation analysis showed a significant, negative relationship between control TGF-3 and
globulin levels. Globulin is a fraction of the serum that contains hundreds of proteins, this
fraction is divided into four categories: a, a2, B and y (Busher, 1990). Globulins, particularly
immunoglobulins, are decreased in diabetic patients and depressed o globulin levels were
associated with duration of diabetes (Sulaiman et al., 2022, Guo et al., 2016, Mazer et al.,
2011, McMillan, 1970). Additionally, peripheral globulin levels were observed to be a risk
factor for the progression of DFU to minor or major amputation (Jiang et al., 2015). TGF-3
has a modulating effect on globulins; inhibiting immunoglobulin production in some cases in
addition to regulating cellular response to select immunoglobulins (Letterio and Roberts,
1998, Cazac and Roes, 2000, Stavnezer, 1995). The inhibitory effects of TGF-f3 on
immunoglobulin production may explain the negative correlation between control TGF-

[ and control globulins.

A significant positive relationship was observed between 12 week TGF-f1 and 12 week HIF-
o.. Nerve regeneration via vascular endothelial growth factor A (VEGF-A), as well as
enhanced production of the TGF-33 gene, is driven by HIF-a in damaged nerve tissue(Cho et
al., 2015). Additionally, HIF-a is a regulator of TGF-f3 under hypoxic conditions (Distler et al.,
2007). Hyperglycaemic conditions decreased HIF-a activation in vitro and diabetic tissues
failed to produce VEGF in response to hypoxic challenge (Thangarajah et al., 2009). Serum
levels of HIF-o. and VEGF levels are decreased in DFU patients and rodents (Lin et al., 2019).
Conversely, TGF-f3 stimulates VEGF production in vitro, promoting angiogenesis (Kaminska
et al., 2005, Jin et al., 2018, Cho et al., 2015). This positive relationship between 12 week
values for TGF-B1 and HIF-a in this study suggests improved angiogenesis and possible

nerve regeneration in DFU.

5.1.2 BMP-7

We have found serum levels of BMP-7 significantly (p < 0.01) increased over the 12-week

period. The increase in serum BMP-7 in DFU has not been reported previously. Increases in
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BMP-7 in response to treatment have been reported in an animal model of hypertrophic
scarring (Zhang et al., 2022b). BMP-7 is known to have beneficial effects in bone repair, but
also possess beneficial actions in soft tissue repair leading to reduced scarring (Mathavan et
al., 2020, Guo et al., 2017, Kowtharapu et al., 2018, Kabuto et al., 2015). BMP-7 has been
shown to promote the conversion of naive T-cells to Treg cells in vitro and in vivo (Sconocchia
et al., 2021). Considering the reduction in ulcer surface area, the increases in BMP-7 may be
an attempt to correct wound healing, possibly through the effects of Treg cells at the ulcer

bed.

ANCOVA analysis found that 12-week BMP-7 levels were significantly increased in patients
who were receiving insulin treatment compared to patients who were not using insulin. This
relationship was not observed in patients using oral anti-hyperglycaemics or in patients
receiving co-treatment (Appendix 2, Figures 23,24). This result is partially confirmed by the
available literature. The TGF-B3 family of growth factors signal using two pathways, the
canonical and non-canonical pathways (Finnson et al., 2020). SMAD 2/3 is the main
intracellular messenger of the canonical pathway whereas SMAD 1/5 or other intracellular
messenger pathways, such as the phosphatidylinositol 3-kinase (P13K) /protein kinase B
(Akt) pathway, are the signalling molecules used in the non-canonical pathway (Finnson et
al., 2020, Cecchi et al., 2016). Insulin signals through the PI3K-Akt pathway to coordinate
nutrients with cellular processes such as proliferation and growth (Hopkins et al., 2020). One
human study found positive correlations between serum BMP-7 and fasting insulin levels
and HOMA2-%B, a measure of insulin secretion, in healthy patients (Zeng et al., 2011).
Furthermore, in murine models of diabetes, BMP-7 was found to improve glucose uptake
and insulin tolerance (Chattopadhyay et al., 2017). Co-administration of BMP-7 with insulin
improved glucose uptake in vitro, an effect which was lost when BMP-7 was administered
alone (Chattopadhyay et al., 2017). In vitro work from the same group showed activation of
the PI3K-PDK-Akt pathway and increase in GLUT4 expression on the cell membrane
(Chattopadhyay et al., 2017). Medication has been shown to affect BMP-7 production.
Liraglutide, a glucagon-like peptide-1 analogue, improved the expression of BMP-7 in the
kidneys of TIDM rodents (Ramzy et al., 2019). Enalapril, an ACE inhibitor, has been reported

to improve renal BMP-7 expression in TIDM rodents compared to controls (Wang et al.,
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2003). Pitavastatin, a lipid controlling medication, has a similar positive effect on BMP-7
function in models of diabetic kidney damage, although the positive effects on BMP-7 were
from maintenance of levels as opposed to increased production (Ohigashi et al., 2017,
Ohigashi et al., 2016). The current results reveal that exogenous insulin could improve BMP-
7 production; a similar effect seen in DM rodents treated with liraglutide or enalapril.
Mechanistically, the upregulation observed in this work could occur through insulin
mediated PI3K-Akt signalling, a different intracellular pathway, or through a different

mechanism entirely.

Correlation analysis revealed significant relationships between serum BMP-7 levels and
physiological measurements. Control BMP-7 values were significantly correlated to control
albumin and IL-6. Albumin has been associated with insulin resistance in human studies and
insulin has been shown to increase the production of albumin in vivo and in vitro (Bae et al.,
2013, Ishizaka et al., 2007, Lloyd et al., 1987, Peavy et al., 1985). Moreover, albumin can
undergo glycation to become an advanced glycation end products (AGEs); glycated albumin
can then act as an auto antigen or through the receptor of AGE (RAGE) to drive oxidative
stress and inflammation (Bhat et al., 2017). Albumin has been shown to be a pro-
inflammatory compound in kidney disease, stimulating immune cells infiltration through the
production of chemokines (Lim et al., 2014). Control albumin was positively correlated to
control BMP-7 levels. Anti-inflammatory and anti-oxidant effects have been reported for
BMP-7 with diabetic and albumin-mediated inflammatory responses being antagonised by
BMP-7 in non-human models (Lim et al., 2014, Aluganti Narasimhulu and Singla, 2020,
Aluganti Narasimhulu and Singla, 2021, Elmadbouh and Singla, 2021, Li et al., 2014). This
observed relationship between BMP-7 and albumin in this study may be an attempt by the
body, at the time of admission, to control the inflammatory response required for wound

healing.

Spearson’s correlation showed a negative relationship between control IL-6 and control
BMP-7. A pro-inflammatory cytokine, IL-6 and its associated signalling is a driver of chronic

inflammation and is associated with a higher risk of T2DM (Bowker et al., 2020). Diabetic
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patients have increased circulating IL-6, an effect that is compounded with active cardiac
issues or hypertension (Lukic et al., 2014, Souza et al., 2008, Pradhan et al., 2001, Kreiner et
al., 2022). Positive and negative effects on energy metabolism are seen with IL-6. Improved
glycaemic control and anti-inflammatory effect with IL-6 being reported by several studies
and medication that inhibits IL-6 signalling improves insulin resistance (Qu et al., 2014,
Kreiner et al., 2022, Schultz et al., 2010). Conversely, IL-6 enhanced the breakdown of insulin
degrading enzyme (IDE) and anti-IL-6 treatment resulted in weight gain (Kurauti et al., 2017,
Patsalos et al., 2020). BMP-7 inhibited IL-6 expression in diabetic complications such as
cardiomyopathy, tubulopathy and myopathy; possibly through inhibition of TNF-a
(Elmadbouh and Singla, 2021, Aluganti Narasimhulu and Singla, 2021, Li et al., 2014, Gould
et al., 2002). The chronic nature of DFU would suggest an inflammatory, and possible
hyperglycaemic, profile for IL-6. This negative correlation indicates two scenarios, either
there is an attempt to decrease circulating IL-6 in DFU with BMP-7 or the chronic

inflammation leads to increased IL-6 which could down regulate BMP-7.

Significant and nearly significant (p = 0.052) negative correlations were seen between 12
week BMP-7 and 12 week WBC and 12 week neutrophils values, respectively. BMP-7 has an
overall anti-inflammatory effect on immune cells, however, BMP-7 signalling been observed
to increase inflammatory immune cells in other conditions such as psoriasis (Sconocchia et
al., 2021, Sconocchia and Sconocchia, 2021, Rocher and Singla, 2013, Rocher et al., 2012).
Furthermore, BMP-7 has been shown to act as a chemoattractant and increase monocyte
migration and adhesion in vitro (Sovershaev et al., 2016, Postlethwaite et al., 1994).
Conversely, in diabetic cardiomyopathy and atherosclerosis models, BMP-7 inhibited
infiltrating monocytes and inflammatory macrophages in cardiac and arterial tissue
(Elmadbouh and Singla, 2021, Singla et al., 2016). BMP-7 has also been observed to inhibit
monocyte-mediated TGF-B1 synthesis in vitro (Zhang et al., 2005). Additionally, in a rodent
model of ischaemic acute renal failure, BMP-7 treatment reduced neutrophil numbers and
activity in the kidney (Vukicevic et al., 1998). The inverse relationship observed between
WBC, neutrophils, and BMP-7 could be explained by the anti-inflammatory effects of BMP-7
in immune cells. Whilst BMP-7 can modify the profile of macrophages and T-cells; other
cells, such as B cells, can undergo apoptosis when exposed to BMP-7 (Bollum et al., 2017,

Sconocchia and Sconocchia, 2021). This, combined with the inhibitory effects of BMP-7 on
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neutrophil function, suggests that elevated BMP-7 reduced circulating WBCs. It is to be
determined if this reduction is an attempt to improve wound healing by signalling the
proliferation stage of wound healing or is pathological; aggravating DFU pathology through

a loss of WBC function and signalling.

Additionally, a positive correlation was observed between 12-week globulin and 12 week
BMP-7 values. The positive relationship between 12 week BMP-7 and 12 week globulin is
contrary to the literature as BMP-7 has been shown to inhibit immunoglobulin production in
B cells in vitro (Huse et al., 2011). However, it should be noted that in vitro studies provide
minimal insight to disease pathology and can lack translational ability to the human
condition (Ribitsch et al., 2020, Balon and Wiatrak, 2021). A possible explanation for this is
non-immunoglobulins such as az-macroglobulin. This globulin binds several cytokines and
growth factors, including TGF-f3, and inhibits neutrophil excreted proteases (Vandooren and
Itoh, 2021, Gonias et al., 2000, Huang et al., 1988). ax-macroglobulin acts as a carrier protein
for TGF-B3, forming a latent complex in serum and enhancing hepatic clearance of TGF-1
(O'Connor-McCourt and Wakefield, 1987, Huang et al., 1988, LaMarre et al., 1991).
Conversely, TGF-3 activity in some assays is inhibited by this protein complex but is
enhanced in others, the inhibitory effects were attributed to the complexing of TGF-f3
therefore preventing receptor substrate interaction (Webb et al., 1998, Stouffer et al.,
1993). Furthermore, the liver is the main site of az-macroglobulin production (Talamini et
al., 1998), which may not be subject to BMP-7 inhibition. The positive relationship between
BMP-7 and globulins may represent an increase in other globulin fractions as opposed to a
net increase in globulins, possibly through hepatic production. Additionally, if the
production of a-macroglobulin is associated with BMP-7 levels, this may represent a new

mechanism by which TGF-f3 is antagonised by BMP-7.

5.2 Strengths

This is the first study to investigate BMP-7 in DFU. BMP-7 is a member of the TGF-3 family of
growth factors that has anti-inflammatory properties and is associated with bone and
cartilage development (Cecchi et al., 2016, Aluganti Narasimhulu and Singla, 2020,

Sconocchia and Sconocchia, 2021). Animal models of DM and associated conditions such as
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diabetic myopathy, diabetic cardiomyopathy, and diabetic kidney disease, show

improvement with BMP-7 treatment (Narasimhulu and Singla, 2023, Aluganti Narasimhulu
and Singla, 2021, Xiao et al., 2022, Peng et al., 2022, Tate et al., 2021, Chattopadhyay et al.,
2017). Given the results observed in this trial, and the effects of BMP-7 in DM in vivo, there

is the potential for BMP-7 to a therapeutic target in DFU therapy.

One of the major strengths of this study is the use of human samples. Several in vitro and in
vivo models exist for DFU however, these models are unable to predict what can occur in
human patients and are limited in interpretative ability (van der Worp et al., 2010, Rai et al.,
2022, Sanapalli et al., 2021, Phang et al., 2021). Additionally, in vivo work suffers from
reproducibility issues which can reduce confidence in data obtained from such studies
(Landi et al., 2021). Whilst the study size is small (see chapters 5.3 and 6.2), these results are
an end product in the human condition, allowing for more direct interpretation of results

and further application.

The fact that this study investigates serum concentrations of growth factors is another
potential strength. Genes have a complex interaction with the environment and, in some
cases, only contribute an increased risk of disease development (Virolainen et al., 2023).
When combined with the high number of errors in transcription and translation (Carey,
2015), measuring the circulating growth factors give the best result for a small study size.
This is because ELISA measures the end product of the aforementioned biological processes,

giving a direct measure of changes in the growth factors and potential signalling in DFU.

5.3 Limitations

This study is limited by the small sample size used for analysis. A small sample size creates
issues surrounding false negatives and true, observable effects (Button et al., 2013).
However, overall limited sample size combined with external factors such as sample
availability inhibits the ability to improve the n value of this study. Potential ways to address
this issue are discussed in detail in the Future Directions section (Chapter 6.2). The major
way to correct this underpowered study would be to add more patient samples exposed to
the same treatment conditions. A different option would be to include DM patients to

broaden the number of samples obtained, however, this would increase the number of
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groups used and tend to elucidate the effects of TGF-f3 family signalling in DM. In vivo and in
vitro studies could be used to reinforce the results of this study; the limits of either type of
model are the lack of translatability and availability of specialist knowledge to use said

models.

Sample integrity is another potential issue associated with this study. The exact effect of
repeated freeze-thaw cycles on TGF-f activity is unknown, with some studies reporting
decreased activity and others showing no change (Grainger et al., 1995, Scholman et al.,
2018, Ueland et al., 2011, Simpson et al., 2020). Decreases in TGF-f activity ranging from
11% to 90% have been reported for three cycles (Grainger et al., 1995, Ueland et al., 2011);
considering the age of the samples, the samples may have been exposed to at least four
freeze-thaw cycles which may have altered TGF-3 levels. At the time of this study, there is a
lack of information regarding the thermal stability of BMP-7, however, there could be an
unknown effect of repeated freeze-thaw cycling on BMP-7 also. This could be easily
addressed by testing the levels of both growth factors using fresh serum and comparing it to

the levels found in this study.

One weakness of this study was the detection range of the ELISAs that were used. Section
3.2 shows the detection range of the ELISAs which ranged from nanograms/millilitre to
picograms/millilitre. ELISAs have been designed to detect analytes in the
femtograms/millilitre range and, given that these analysed values for BMP-7 were
extrapolated from the control curve, the use of a more sensitive ELISA could have given a
more accurate values for BMP-7. Additionally, the observation that BMP-7 decreases with
age in animal models of diabetes and low levels of circulating BMP-7 in healthy controls
(Chattopadhyay et al., 2017, Ali et al., 2021), indicates the use of a more sensitive ELISA if

possible.
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS

6.1 Conclusion

Diabetic foot ulcers are a costly and potentially lethal pathology caused by DM. DM patients
are at a high risk of developing DFU, even with current treatment regimes. Current best
practice for DFU is mostly supportive and involves managing causal or aggravating
pathologies, such as infection; even with this management, DFU patients are at a greater
risk of dying compared to DM patients without foot ulcers. The underlying pathology of DFU
is complex with several molecular processes being disturbed, including growth factor
signalling. The TGF-B3 family of growth factors is involved in key aspects of cellular function
including growth, differentiation, and apoptosis. In energy metabolism, the same family
participates in pancreatic growth and function, in addition to insulin signalling and glucose
metabolism. Only TGF-3 has been studied in DFU with human studies showing disrupted
TGF-B signalling. However, intervention has been shown to consistently improve circulating

levels of the growth factor.

This study analysed the circulating levels of TGF-3 and BMP-7, the latter being a member of
the same family and potential antagonist of TGF-3, in DFU patients participating in the
vildagliptin trial for DFU (GIED trial). Analysis found serum levels of both growth factors had
increased over the 12 weeks in the patient samples used. However, only the BMP-7 levels
had significantly increased over the trial period. No relationship was observed between
these increased growth factors and treatment group. Additionally, no interaction was
observed between circulating levels of the measured growth factors and ulcer surface area
or HbAlc. ANCOVA analysis found that there were significantly higher levels of TGF-f in
patients without DN, microvascular complications, dyslipidaemia or hypertension at the end
of the trial period. The same analysis found that patients treated with insulin monotherapy
had significantly increased BMP-7 at the end of 12 weeks, an effect that was absent in
patients receiving oral anti-hyperglycaemics or co-treatment with insulin. No correlation
was observed between levels of either growth factor at either zero or 12 week time points.
For the intake values, there was a negative correlation between TGF-3 and globulin values

and BMP-7 and IL-6 with a positive correlation between BMP-7 and Albumin. A positive
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correlation was observed between 12 week TGF-3 and HIF-a.. For 12 week BMP-7, a positive

correlation with globulins was observed and a negative correlation with WBC occurred.

This is the first study to report the levels of BMP-7 in DFU and the possible relationship to
biochemical parameters associated with the condition. The small sample size limits the
interpretation of results and corresponding effects. The results are consistent with literature
that shows an increase in TGF-B in response to intervention in DFU. An anti-inflammatory
and wound resolution effect for intervention is suggested given the relationships between
TGF-B, co-morbidities, and biochemical factors. Furthermore, the relationships observed
with BMP-7 reinforce this anti-inflammatory profile for intervention. This is the first time
BMP-7 has been investigated in DFU, revealing possible changes in antiflammatory signalling
mediated by the TGF-3 family. Whilst this study is small, the results suggest that the TGF-f

family are a potential new target for DFU therapy.

6.2 Future Directions

As previously mentioned, the overall small sample size for this study hampers the
interpretation and validity of the results (Button et al., 2013). There are a few ways to
address the shortcomings associated with this study. A priori power analysis suggests a
much larger sample size (n = 132) (Appendix 4) which could be addressed by including more
DFU patients in the analysis either as a separate study or from previous studies. A more
accurate treatment effect and ability to apply the results to a general population would
occur by including more patients (Biau et al., 2008); however, it may be difficult to obtain
this many patient samples when external factors such as attrition are considered. Moreover,
the addition of samples from different studies may confound interpretation of any potential
results through new variables such as treatment group or age. The addition of DM patients
in different stages of the disease would also allow for potential tracking of changes in TGF-

[3 family signalling over the progression of DM into DFU.

Considering the difficulty of obtaining human samples, in vivo models could be considered.
Both TIDM and T2DM have been modelled in rodents to using diabetogenic compounds or

high fat feeding respectively (Rai et al., 2022). DFU can be investigated by performing
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surgical incisions on the dorsal aspect of the foot of these models (Rai et al., 2022). Samples
would have to be pooled given the limited quantity of tissues that could be harvested from
individual animals. Additionally, wound physiology in rodents is not the same as in the
human (Sanapalli et al., 2021, Phang et al., 2021), which can limit the interpretation of
results. Porcine models of wound healing in DM are also an option as pig skin is very similar
to human skin (Sanapalli et al., 2021). However, the high costs associated with porcine work
and placement of wounds can also limit the potential use of the said model (Sanapalli et al.,
2021). These models could be used to study the TGF-3 family in DFU and test for other
relevant parameters, such as the effect of certain anti-diabetic medications of TGF-

[ signalling in DFU. Animal models of DFU would be best served to augment the results of

the study conducted in this thesis.

In vitro work could also serve to validate the results obtained in this study. Several wound
healing models exist that involve either cell culture or organ culture (Neves et al., 2023,
Phang et al., 2021). Culture conditions could be easily modified to replicate a high glucose
environment that would be observed in DM (Phang et al., 2021). This could be used to
investigate the response of the TGF-3 family to DM by damaging the different in vitro
models to simulate damage. Again, these models are hampered by cost and specialist

knowledge required to develop and maintain such models.

There are over 40 members of the TGF-3 growth factor family and only the titular growth
factor has been investigated in DFU. The use of a semi-quantitative ELISAs could allow for
the detection of several members of the TGF-f3 family from a smaller amount of serum.
Those results could then dictate the use of quantitative ELISAs for more accurate
determination of proteins. Analysis of wound histology and exudate would also be
recommended as few studies have looked at TGF-f signalling at the site of DFU. This could
elucidate further mechanisms surrounding TGF-[3 signalling in DFU, potentially uncovering

new therapeutic targets.
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APPENDICES

Appendix 1: Calibration data for TGF-1 and BMP-7 ELISAs
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Figure Al: Calibration curve for TGF-B1 ELISA.

Table Al: Calibration data for TGF-1 ELISA.

Standard (pg/mL) ABS 1 ABS 2
2000 2.377 2.882
1000 1.276 1.338
500 0.624 0.623
250 0.327 0.335
125 0.191 0.615
63 0.133 0.128
31 0.097 0.107
0 0.067 0.065




Table A2: Raw absorbance values for patient samples used in the TGF-31 ELISA.
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Patient Sample (Patient ID, ABS 1 ABS 2
time point (weeks))
2,0 0.075 0.107
6,0 0.633 0.695
11,0 0.086 0.867
14,0 0.615 0.674
20,0 0.074 0.07
22,0 0.265 0.061
30,0 0.061 0.061
39,0 0.645 0.059
43,0 0.245 0.381
49,0 0.563 0.667
2,12 0.444 0.455
6,12 0.674 0.774
11,12 1.575 1.486
14,12 0.468 0.433
20,12 0.575 0.414
22,12 0.088 0.201
30,12 0.869 0.841
39,12 0.066 0.074
43,12 0.388 0.078
49,12 0.066 0.067
BMP-7
2.5
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a
© 1.0
0.54
0.0 T
0 2000 4000 6000

BMP-7 (pg/mL)

Figure A2: Calibration curve for BMP-7 ELISA.



Table A3: Calibration data for BMP-7 ELISA.

Standard (pg/mL) ABS 1 ABS 2
6000 2.271 2.277
2000 1.6 1.704
666.7 0.977 0.926
222.2 0.659 0.488
74.07 0.203 0.224
24.69 0.112 0.117
8.23 0.077 0.082
0 0.069 0.072

Table A4: Raw absorbance values for patient samples used in the BMP-7 ELISA.

Patient Sample (Patient ID, ABS 1 ABS 2
time point (weeks))

2,0 0.049 0.042
6,0 0.051 0.05
11,0 0.056 0.057
14,0 0.054 0.043
20,0 0.049 0.049
22,0 0.045 0.043
30,0 0.051 0.057
39,0 0.048 0.051
43,0 0.057 0.061
49,0 0.051 0.054
2,12 0.062 0.053
6,12 0.064 0.052
11,12 0.052 0.048
14,12 0.061 0.054
20,12 0.06 0.077
22,12 0.067 0.069
30,12 0.065 0.068
39,12 0.056 0.054
43,12 0.058 0.055
49,12 0.055 0.049




Appendix 2: ANCOVA graphs for relationships between growth factors studied and
nominal data categories.
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Figure A3: ANCOVA graph showing the effects of treatment group on 12 week TGF-B1 values.
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Figure A4: ANCOVA graph showing the effects of gender on 12 week TGF-$1 values.
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Figure A5: ANCOVA graph showing the effects of race on 12 week TGF-B1 values.
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Figure A6: ANCOVA graph showing the effects of alcohol use on 12 week TGF-B1 values.
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Figure A7: ANCOVA graph showing the effects of smoking status on 12 week TGF-f1 values.
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Figure A8: ANCOVA graph showing the effects of insulin use on 12 week TGF-B1 values.
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Figure A9: ANCOVA graph showing the effects of oral anti-hyperglycaemic use on 12 week TGF-1 values.
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Figure A10: ANCOVA graph showing the effects of insulin and oral anti-hyperglycaemic co-treatment on 12
week TGF-B1 values.
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Figure A11: ANCOVA graph showing the effects of Diabetic retinopathy on 12 week TGF-f1 values.
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Figure A12: ANCOVA graph showing the effects of diabetic nephropathy/chronic kidney disease on 12 week
TGF-B1 values.
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Figure A13: ANCOVA graph showing the effects of Coronary Artery Disease on 12 week TGF-B1 values.
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Figure A14: ANCOVA graph showing the effects of Peripheral Vascular Disease on 12 week TGF-B1 values.
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Figure A15: ANCOVA graph showing the effects of Peripheral Vascular Disease Surgery on 12 week TGF-f1

values.
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Figure A16: ANCOVA graph showing the effects of non-traumatic amputation on 12 week TGF-1 values.
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Figure A17: ANCOVA graph showing the effects of ulcer status on 12 week TGF-f1 values.
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Figure A18: ANCOVA graph showing the effects of treatment group on 12 week BMP-7 values.
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Figure A19: ANCOVA graph showing the effects of race on 12 week BMP-7 values.
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Figure A20: ANCOVA graph showing the effects of gender on 12 week BMP-7 values.
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Figure A21: ANCOVA graph showing the effects of alcohol status on 12 week BMP-7 values.
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Figure A22: ANCOVA graph showing the effects of smoking status on 12 week BMP-7 values.
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Figure A23: ANCOVA graph showing the effects of Oral anti-hyperglycaemics on 12 week BMP-7 values.
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Figure A24: ANCOVA graph showing the effects of co-treatment with oral anti-hyperglycaemics and insulin on

12 week BMP-7 values.
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Figure A25: ANCOVA graph showing the effects of Diabetic Retinopathy on 12 week BMP-7 values.
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Figure A26: ANCOVA graph showing the effects of Diabetic Nephropathy/Chronic Kidney Disease on 12 week
BMP-7 values.
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Figure A27: ANCOVA graph showing the effects of Diabetic Neuropathy on 12 week BMP-7 values.
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Figure A28: ANCOVA graph showing the effects of microvascular complications on 12 week BMP-7 values.



60.00

55.00

50.00

Average BMP-7 (pg/mL)

4500

94

Yes Mo

Dyslipidaemia

Figure A29: ANCOVA graph showing the effects of dyslipidaemia on 12 week BMP-7 values.
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Figure A30: ANCOVA graph showing the effects of coronary artery disease on 12 week BMP-7 values.
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Figure A31: ANCOVA graph showing the effects of peripheral vascular disease on 12 week BMP-7 values.
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Figure A32: ANCOVA graph showing the effects of Peripheral Vascular Disease Surgery on 12 week BMP-7

values.
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Figure A33: ANCOVA graph showing the effects of Non-Traumatic Amputation on 12 week BMP-7 values.
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Figure A34: ANCOVA graph showing the effects of hypertension on 12 week BMP-7 values.
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Figure A35: ANCOVA graph showing the effects of ulcer status on 12 week BMP-7 values.



Appendix 3: Correlation tables for relationships between laboratory parameters.

Table A5: Spearman’s correlation analysis for intake data collected from the GIED trial. *: p <0.05, **: p <0.01 2 tailed test
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(Hb)

Categories TiDM Protein

years of | Vs Systolic | Diastolic | Ulcer (Total) Urea/

age diabetes | T2DM | Height | Weight | BP BP SA Albumin | Globulin | Fibrinogen | Creatinine
age 1.000 | 0.818™ -0.341 | 0.085 -0.220 | -0.414 -0.277 | -0.393 | -0.257 0.184 1.000 -0.097
years of 0.818" | 1.000 -0.194 | 0.426 |-0.409 |-0.669° |-0.117 | 0.000 -0.173 0.233 1.000 0.030
diabetes
TIDM Vs T2DM | . . . . . . . . . . . .
Height -0.341 | -0.194 1.000 | 0.680" | 0.492 0.512 0.183 | 0.464 0.330 -0.313 -1.000 0.050
Weight 0.085 | 0.426 0.680" | 1.000 | 0.052 -0.012 0.354 | 0.439 0.046 -0.064 -1.000 0.185
Systolic Blood -0.220 | -0.409 0.492 | 0.052 1.000 0.644" 0.450 | -0.098 | 0.561 -0.729" | -1.000 -0.097
Pressure (BP)
Diastolic BP -0.414 | -0.669" 0.512 |-0.012 | 0.644" | 1.000 0.105 | 0.025 0.077 -0.168 -1.000 0.201
Ulcer SA -0.277 | -0.117 0.183 | 0.354 | 0.450 0.105 1.000 | 0.110 0.190 -0.387 -1.000 0.328
Protein (Total) | -0.393 | 0.000 0.464 | 0.439 |-0.098 | 0.025 0.110 | 1.000 0.258 0.224 . -0.110
Albumin -0.257 | -0.173 0.330 | 0.046 | 0.561 0.077 0.190 | 0.258 1.000 -0.849™ | 1.000 0.097
Globulin 0.184 | 0.233 -0.313 | -0.064 | -0.729" | -0.168 -0.387 | 0.224 -0.849™ | 1.000 -1.000 -0.186
Fibrinogen 1.000™" | 1.000™ - - - -1.000™" | - 1.000” | -1.0007" | 1.000
1.000"" | 1.000™ | 1.000™" 1.000™

Urea/Creatinine | -0.097 | 0.030 0.050 | 0.185 -0.097 | 0.201 0.328 | -0.110 | 0.097 -0.186 . 1.000
Estimated -0.700" | -0.657" -0.162 | -0.597 | 0.117 0.098 0.052 | 0.000 0.436 -0.274 1.000™" 0.223
Glomerular
Filtration Rate
(eGFR)
White Blood -0.357 | -0.157 0.299 | 0.240 | 0.265 -0.233 0.381 |-0.037 |0.719° -0.651 -0.096
cells (WBC)
Neutrophils -0.167 | 0.012 0.371 | 0.359 | 0.361 -0.356 0.524 | -0.259 | 0.599 -0.699 -0.024
Haematocrit -0.152 | -0.032 0.530 | 0.332 -0.090 | -0.085 -0.292 | 0.769" | 0.006 0.250 -0.759"
Hemoglobin -0.515 | -0.491 0.693 | 0.036 | 0.018 0.327 -0.407 | 0.505 0.054 0.121 -0.524




Table A5: Spearman’s correlation analysis for intake data collected from the GIED trial continued. *: p< 0.05, **: p < 0.01 2 tailed test
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Categories TiDM Protein

years of | Vs Systolic | Diastolic | ulcer (Total) Urea/

age diabetes | T2DM | Height | Weight | BP BP SA Albumin | Globulin | Fibrinogen | Creatinine

Platelets 0.048 | 0.084 0.204 | 0.228 | 0.349 0.049 0.714" | -0.556 | 0.371 -0.542 . 0.707
Cholesterol -0.578 | -0.542 0.000 |-0.359 | 0.445 0.400 0.116 | 0.366 0.573 -0.385 1.000™ 0.126
(Chol)
Triglyceride 0.433 | 0.309 -0.445 | -0.116 | 0.067 -0.383 0.421 | -0.454 | -0.315 0.018 -1.000™ -0.315
High Density -0.521 | -0.559 -0.129 | -0.534 | 0.283 0.196 -0.052 | 0.272 0.637" -0.370 1.000™ -0.114
Lipoprotein
Total/ HDL -0.492 | -0.518 0.172 |-0.179 | 0.692° | 0.619 0.383 | 0.100 0.289 -0.379 -1.000™ 0.175
ratio
Low Density -0.626 | -0.652* 0.134 | -0.377 | 0.433 0.523 -0.067 | 0.268 0.598 -0.404 1.000** 0.218
Lipoprotein
Chol (LDL Chol)
Very LDL Chol | 0.422 | 0.279 -0.410 | -0.125 | 0.117 -0.347 0.404 | -0.457 | -0.291 -0.009 -1.000** -0.376
(VLDL Chol)
Urine 0.367 | 0.286 0.259 | 0.460 | 0.050 0.255 -0.333 | 0.037 -0.160 0.034 1.000** -0.228
Creatinine
Urine Albumin | 0.483 | 0.210 0.234 | 0.218 | 0.261 0.417 -0.100 | -0.556 | -0.370 0.067 -1.000** 0.359
Urine 0.533 | 0.261 0.075 | 0.126 | 0.176 0.315 -0.067 | -0.556 | -0.311 0.059 -1.000** 0.503
Albumin/
Creatinine
HbAlc -0.394 | -0.288 -0.309 | -0.260 | -0.595 | -0.204 -0.180 | 0.366 -0.255 0.498 1.000** -0.214
Interleukin 0.262 | 0.146 -0.144 | -0.060 | -0.096 | 0.048 0.036 | -0.086 | -0.862** | 0.807* -1.000** -0.786*
(IL)-6
IL1p -0.328 | -0.277 0.128 | 0.249 0.049 0.425 0.541 | -0.073 | -0.189 0.055 -1.000** 0.895**
Tumour 0.182 | 0.092 0.176 | 0.237 -0.274 | 0.265 -0.170 | -0.268 | -0.720* | 0.550 -1.000** 0.351
Necrosis
Factor -
o (TNF-a)
Adiponectin -0.170 | -0.222 0.498 | 0.298 | 0.085 0.474 -0.286 | 0.561 -0.152 0.239 -1.000** -0.536




Table A5: Spearman’s correlation analysis for intake data collected from the GIED trial continued. *: p< 0.05, **: p < 0.01 2 tailed test
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Categories Ti1DM Protein
years of | Vs Systolic | Diastolic | ulcer (Total) Urea/
Age diabetes | T2DM Height | Weight | BP BP SA Albumin | Globulin | Fibrinogen | Creatinine
C-Reactive | 0.523 | 0.160 -0.116 | -0.006 0.091 0.234 0.122 -0.439 -0.262 0.110 -1.000** 0.276
Protein
(CRP)
HIF-o. 0.048 | 0.024 0.623 0.500 0.671 0.464 0.671 0.116 0.395 -0.611 -1.000%** 0.286




Table A5: Spearman’s correlation analysis for intake data collected from the GIED trial continued. *: p<0.05, **: p < 0.01 2 tailed test

Categories Total/
eGFR WBC Neutrophils | Haematocrit | Hb Platelets | Chol Triglyceride | HDL HDL ratio

age -0.700* | -0.357 -0.167 -0.152 -0.515 | 0.048 -0.578 0.433 -0.521 -0.492
years of diabetes | -0.657* | -0.157 0.012 -0.032 -0.491 | 0.084 -0.542 0.309 -0.559 -0.518
TIDM Vs T2DM . . . . . . . . . .
Height -0.162 0.299 0.371 0.530 0.693 0.204 0.000 -0.445 -0.129 0.172
Weight -0.597 0.240 0.359 0.332 0.036 0.228 -0.359 -0.116 -0.534 -0.179
Systolic BP 0.117 0.265 0.361 -0.090 0.018 0.349 0.445 0.067 0.283 0.692*
Diastolic BP 0.098 -0.233 -0.356 -0.085 0.327 0.049 0.400 -0.383 0.196 0.619
ulcer SA 0.052 .0381 0.524 -0.292 -0.407 0.714* 0.116 0.421 -0.052 0.383
Protein (Total) 0.000 -0.037 -0.259 0.769* 0.505 -0.556 0.366 -0.454 0.272 0.100
Albumin 0.436 0.719* 0.599 0.006 0.054 0.371 0.573 -0.315 0.637* | 0.289
Globulin -0.274 -0.651 -0.699 0.250 0.121 -0.542 -0.385 0.018 -0.370 -0.379
Fibrinogen 1.000 . . . . . 1.000 -1.000 1.000 -1.000
Urea/Creat 0.223 -0.096 -0.024 -0.759* -0.524 | 0.707 0.126 -0.315 -0.114 0.175
eGFR 1.000 0.101 -0.025 -0.236 0.108 0.025 0.666* -0.318 0.757* | 0.414
WBC 0.101 1.000 0.905** 0.317 0.275 0.333 0.024 0.012 0.229 -0.419
Neutrophils -0.025 .0905** | 1.000 0.190 0.156 0.524 -0.262 0.275 -0.084 -0.419
Haematocrit -0.236 0.317 0.190 1.000 0.829* | -0.507 -0.203 -0.287 0.006 -0.500
Hb 0.108 0.275 0.156 0.829* 1.000 -0.347 -0.036 -0.560 0.164 -0.287
Platelets 0.025 0.333 0.524 -0.507 -0.347 | 1.000 -0.262 0.287 -0.277 -0.140
Cholesterol 0.666* 0.024 -0.262 -0.203 -0.036 | -0.262 1.000 -0.371 0.875** | 0.757*
Triglyceride -0.318 0.012 0.275 -0.287 -0.560 | 0.287 -0.371 1.000 -0.347 -0.078
HDL 0.757* 0.229 -0.084 0.006 0.164 -0.277 0.875** -0.347 1.000 0.410
Total/ HDL ratio 0.414 -0.419 -0.419 -0.500 -0.287 | -0.140 0.757* -0.078 0.410 1.000
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Table A5: Spearman’s correlation analysis for intake data collected from the GIED trial continued. *: p< 0.05, **: p < 0.01 2 tailed test

Categories Total/
HDL LDL

eGFR WBC Neutrophils | Haematocrit | Hb Platelets | Cholesterol | Triglyceride | HDL ratio Chol
LDL Chol 0.718* | 0.024 | -0.262 -0.203 0.108 | -0.167 0.939** -0.602 0.856** | 0.682* | 1.000
VLDL Chol -0.319 0.024 | 0.289 -0.244 -0.503 | 0.253 -0.354 0.997** -0.326 | -0.057 | -.0579
Urine -0.694* | -0.095 | -0.190 0.203 -0.048 | -0.405 -0.050 -0.218 -0.218 | -0.026 | -0.050
Creatinine
Urine -0.529 -0.643 | -0.405 -0.469 -0.323 | 0.238 -0.350 0.059 -0.597 | 0.279 |-0.233
Albumin
Urine -0.420 -0.667 | -0.429 -0.558 -0.443 | 0.310 -0.333 0.059 -0.563 | 0.235 |-0.217
Albumin/
Creatinine
ratio
HbAlc 0.299 0.240 | -0.072 0.472 0.494 | -0.443 0.085 -0.177 0.345 -0.359 | 0.067
IL-6 -0.406 -0.714 | -0.486 0.395 0.290 | -0.657 -0.476 0.647 -0.482 | -0.084 | -0.524
IL1p 0.071 -0.071 | -0.119 -0.469 -0.240 | 0.619 0.055 -0.176 -0.165 | 0.269 | 0.079
TNFo -0.407 -0.643 | -0.452 -0.203 -0.024 | 0.143 -0.600 -0.103 -0.752* | -0.181 | -0.442
Adiponectin -0.381 0.095 | -0.143 0.786* 0.707 | -0.667 0.030 -0.347 0.018 -0.050 | 0.091
CRP -0.369 -0.286 | -0.190 -0.469 -0.395 | 0.643 -0.418 0.231 -0.373 | -0.219 | -0.358
HIF-a -0.122 0.371 | 0.543 -0.030 -0.143 | 0.886* 0.000 -0.048 -0.060 | 0.122 | -0.048
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Table A5: Spearman’s correlation analysis for intake data collected from the GIED trial continued. *: p< 0.05, **: p < 0.01 2 tailed test

Categories Urine Urine Urine Albumin/

LDL Chol | VLDL Chol | Creatinine | Albumin | Creatinine ratio HbAlc | IL-6 IL-1B TNF-a Adiponectin
age -0.626 0.422 0.367 0.483 0.533 -0.394 | 0.262 -0.328 0.182 -0.170
years of -0.652* 0.279 0.286 0.210 0.261 -0.288 | 0.146 -0.277 .092 -0.222
diabetes
TiIDM Vs
T2DM
Height 0.134 -0.410 0.259 0.234 0.075 -0.309 | -0.144 0.128 0.176 0.498
Weight -0.377 -0.125 0.460 0.218 0.126 -0.260 | -0.060 0.249 0.237 0.298
Systolic BP 0.433 0.117 0.050 0.261 0.176 -0.595 | -0.096 0.049 -0.274 0.085
DiastolicBP | 0.523 -0.347 0.255 0.417 0.315 -0.204 | 0.048 0.425 0.265 0.474
Ulcer SA -0.067 0.404 -0.333 -0.100 -0.067 -0.180 | 0.036 0.541 -0.170 -0.286
Protein 0.268 -0.457 0.037 -0.556 -0.556 0.366 | -0.086 -0.073 -0.268 0.561
(Total)
Albumin 0.598 -0.291 -0.160 -0.370 -0.311 -0.255 | - -0.189 -0.720* -0.152

0.862**

Globulin -0.404 -0.009 0.034 0.067 0.059 0.498 | 0.807* 0.055 0.550 0.239
Fibrinogen 1.000 -1.000 1.000 -1.000 -1.000 1.000 | -1.000 -1.000 -1.000 -1.000
Urea/Creat 0.218 -0.376 -0.228 0.359 0.503 -0.214 | -0.786* | 0.895** | 0.351 -0.536
eGFR 0.718* -0.319 -0.694* -0.529 -0.420 0.299 | -0.406 0.071 -0.407 -0.381
WBC 0.024 0.024 -0.095 -0.643 -0.667 0.240 | -0.714 -0.071 -0.643 0.095
Neutrophils | -0.262 0.289 -0.190 -0.405 -0.429 -0.072 | -0.486 -0.119 -0.452 -0.143
Haematocrit | -0.203 -0.244 0.203 -0.469 -0.558 0.472 | 0.395 -0.469 -0.203 0.786*
Hb 0.108 -0.503 -0.048 -0.323 -0.443 0.494 | 0.290 -0.240 -0.024 0.707
Platelets -0.167 0.253 -0.405 0.238 0.310 -0.443 | -0.657 0.619 0.143 -0.667
Cholesterol 0.939** -0.354 -0.050 -0.350 -0.333 0.085 | -0.476 0.055 -0.600 0.030
Triglyceride | -0.602 0.997** -0.218 0.059 0.059 -0.177 | 0.647 -0.176 -0.103 -0.347
HDL 0.856** -0.326 -0.218 -0.597 -0.563 0.345 | -0.482 -0.165 -0.752* 0.018
Total/ HDL 0.682* -0.057 -0.026 0.279 0.235 -0.359 | -0.084 0.269 -0.181 -0.050
ratio




Table A5: Spearman’s correlation analysis for intake data collected from the GIED trial continued. *: p< 0.05, **: p < 0.01 2 tailed test
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Categories Urine Urine HIF-a
Creatinine Albumin/

VLDL Urine Creatinine

Chol Albumin | ratio HbAlc IL-6 IL-1B TNF-a Adiponectin CRP
LDL Chol -0.579 -0.050 -0.233 -0.217 0.067 -0.524 | 0.079 -0.442 0.091 -0.358 -0.048
VLDL Chol 1.000 -0.193 0.067 0.050 -0.196 0.647 | -0.220 -0.122 -0.305 0.213 -0.048
Urine -0.193 1.000 0.333 0.183 -0.143 -0.036 | -0.117 0.100 0.717* -0.017 0.000
Creatinine
Urine Albumin | 0.067 0.333 1.000 0.967** -0.790* 0.214 | 0.200 0.700* 0.000 0.600 0.357
Urine 0.050 0.183 0.967** | 1.000 -0.798** | 0.071 | 0.267 0.683* -0.217 0.700* | 0.393
Albumin/
Creatinine
ratio
HbAlc -0.196 -0.143 -0.790* | -0.798** 1.000 0.048 | 0.037 -0.159 0.274 -0.256 -0.675
IL-6 0.647 -0.036 0.214 0.071 0.048 1.000 | -0.286 0.452 0.214 0.119 -0.200
IL-1P -0.220 -0.117 0.200 0.267 0.037 -0.286 | 1.000 0.442 -0.115 0.406 0.405
TNF-a -0.122 0.100 0.700* 0.683* -0.159 0.452 | 0.442 1.000 0.115 0.467 0.095
Adiponectin -0.305 0.717* 0.000 -0.217 0.274 0.214 | -0.115 0.115 1.000 -0.152 -0.024
CRP 0.213 -0.017 0.600 0.700* -0.256 0.119 | 0.406 0.467 -0.152 1.000 0.405
HIF-o -0.048 0.000 0.357 0.393 -0.675 -0.200 | 0.405 0.095 -0.024 0.405 1.000
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Table A5: Spearman’s correlation analysis for intake data collected from the GIED trial continued. *: p< 0.05, **: p < 0.01 2 tailed test

Categories CRP HIF-a
age 0.523 0.048
years of diabetes 0.160 0.024
T1IDM Vs T2DM . .
Height -0.116 0.623
Weight -0.006 0.500
Systolic BP 0.091 0.671
Diastolic BP 0.234 0.464
ulcer SA 0.122 0.671
Protein (Total) -0.439 0.116
Albumin -0.262 0.395
Globulin 0.110 -0.611
Fibrinogen -1.000 -1.000
Urea/Creat 0.276 0.286
eGFR -0.369 -0.122
WBC -0.286 0.371
Neutrophils -0.190 0.543
Haematocrit -0.469 -0.030
Hb -0.395 -0.143
Platelets 0.643 0.886*
Cholesterol -0.418 0.000
Triglyceride 0.231 -0.048
HDL -0.373 -0.060
Total/ HDL ratio -0.219 0.122




Table A6: Spearman’s correlation analysis for 12 week data collected from the GIED trial. *: p<0.05, **: p < 0.01 2 tailed test
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Categories Ulcer | Protein eGFR WBC Neutrophils | Haematocrit | Hb

SA (Total) | Albumin | Globulin | Fibrinogen | Urea/Creat
Ulcer SA 1.000 | -0.434 | -0.255 -0.223 -0.554 0.178 0.270 0.000 -0.143 -0.126
Protein -0.434 | 1.000 0.327 0.325 0.163 0.631 0.136 0.378 0.306 0.391
(Total)
Albumin -0.255 | 0.327 1.000 -0.600 -0.242 0.221 0.245 0.414 0.018 0.000
Globulin -0.223 | 0.325 -0.600 1.000 0.181 0.288 -0.396 -0.143 0.286 0.306
Fibrinogen . . . . . . . . . .
Urea/Creat | -0.554 | 0.163 -0.242 0.181 1.000 -0.082 0.164 0.144 -0.541 -0.482
eGFR 0.178 | 0.631 0.221 0.288 -0.082 1.000 0.472 0.802* 0.045 0.135
WBC 0.270 | 0.136 0.245 -0.396 0.164 0.472 1.000 0.793* 0.072 0.136
Neutrophils | 0.000 | 0.378 0.414 -0.143 0.144 0.802* 0.793* 1.000 0.179 0.234
Haematocrit | -0.143 | 0.306 0.018 0.286 -0.541 0.045 0.072 0.179 1.000 0.991**
Hb -0.126 | 0.391 0.000 0.306 -0.482 0.135 0.136 0.234 0.991** 1.000
Platelets -0.464 | 0.378 0.487 -0.214 0.559 0.535 0.126 0.286 -0.643 -0.613
Cholesterol | 0.173 | 0.018 -0.064 0.500 -0.391 0.249 -0.086 0.314 0.429 0.429
Triglyceride | 0.064 | 0.090 0.101 0.200 -0.264 0.119 0.174 0.493 0.638 0.638
HDL 0.449 | -0.037 | 0.359 -0.748 -0.168 0.123 0.174 -0.029 -0.493 -0.493
Total/ HDL 0.018 |-0.144 | -0.385 0.718 -0.091 0.109 -0.200 0.143 0.314 0.314
ratio
LDL Chol 0.173 | 0.126 -0.064 0.636 -0.336 0.517 0.000 0.377 0.406 0.406
VLDL Chol 0.255 | -0.225 | -0.219 0.293 -0.217 0.041 0.030 0.273 0.273 0.273
Urine 0.116 |-0.429 | -0.116 -0.348 -0.319 -0.638 0.100 0.000 0.700 0.700

Creatinine




Table A6: Spearman’s correlation analysis for 12 week data collected from the GIED trial continued. *: p< 0.05, **: p < 0.01 2 tailed test

Categories Protein eGFR WBC Neutrophils | Haematocrit
ulcer SA | (Total) Albumin | Globulin | Fibrinogen | Urea/Creat

Urine Albumin | 0.145 -0.829* | -0.609 -0.464 0.232 -0.880* | -0.100 -0.500 -0.200

Urine -0.319 -0.486 -0.493 -0.290 0.812* -0.698 -0.200 -0.500 -0.900*

Albumin/

Creatinine

ratio

HbA1c -0.034 0.240 -0.313 0.671 0.252 0.218 0.144 0.250 0.464

IL-6 0.479 0.541 -0.180 0.306 -0.054 0.802* 0.829* 0.657 0.143

IL-1P 0.119 -0.240 -0.759* 0.180 0.503 -0.355 -0.198 -0.429 -0.464

TNF-a -0.532 -0.192 -0.325 0.096 0.838** -0.273 0.162 0.250 -0.536

Adiponectin -0.300 -0.192 -0.241 0.228 -0.323 -0.518 -0.270 -0.143 0.786*

CRP -0.694* | 0.240 0.518 -0.455 0.527 -0.136 0.036 0.071 -0.643

HIF-o -0.759 0.000 0.000 0.316 0.800 -0.632 -1.000** | -0.500 -0.500
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Table A6: Spearman’s correlation analysis for 12 week data collected from the GIED trial continued. *: p< 0.05, **: p < 0.01 2 tailed test

Categories Urine
Albumin/
Total/ VLDL Urine Urine Creatinine
Platelets | Cholesterol | Triglyceride | HDL HDL ratio | LDL Chol | Chol Creatinine | Albumin ratio
Ulcer SA -0.464 0.173 0.064 0.449 0.018 0.173 0.255 0.116 0.145 -0.319
Protein 0.378 0.018 0.090 -0.037 -0.144 0.126 -0.225 -0.429 -0.829* -0.486
(Total)
Albumin 0.487 -0.064 0.101 0.359 -0.385 -0.064 -0.219 -0.116 -0.609 -0.493
Globulin -0.214 0.500 0.200 -0.748 0.718 0.636 0.293 -0.348 -0.464 -0.290
Fibrinogen . . . . . . . . . .
Urea/Creat 0.559 -0.391 -0.264 -0.168 -0.091 -0.336 -0.217 -0.319 0.232 0.812%*
eGFR 0.535 0.249 0.119 0.123 0.109 0.517 0.041 -0.638 -0.880* -0.698
WBC 0.126 -0.086 0.174 0.174 -0.200 0.000 0.030 0.100 -0.100 -0.200
Neutrophils | 0.286 0.314 0.493 -0.029 0.143 0.377 0.273 0.000 -0.500 -0.500
Haematocrit | -0.643 0.429 0.638 -0.493 0.314 0.406 0.273 0.700 -0.200 -0.900*
Hb -0.613 0.429 0.638 -0.493 0.314 0.406 0.273 0.700 -0.200 -0.900*
Platelets 1.000 -0.314 -0.406 0.203 -0.314 -0.290 -0.455 -0.900* -0.600 0.300
Cholesterol | -0.314 1.000 0.882** -0.337 0.882** 0.918** 0.916** | 0.551 -0.116 -0.667
Triglyceride | -0.406 0.882** 1.000 -0.337 0.773* 0.745 0.925** | 0.754 0.174 -0.319
HDL 0.203 -0.337 -0.337 1.000 -0.673 -0.449 -0.291 -0.058 0.058 0.116
Total/ HDL -0.314 0.882** 0.773* -0.673 1.000 0.882** 0.859* 0.406 0.029 -0.377
ratio
LDL Chol -0.290 0.918** 0.745 -0.449 0.882** 1.000 0.774* 0.116 -0.464 -0.841*
VLDL Chol -0.455 0.916** 0.925** -0.291 0.859* 0.774* 1.000 0.833* 0.339 -0.309
Urine -0.900* 0.551 0.754 -0.058 0.406 0.116 0.833* 1.000 0.714 0.143

Creatinine
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Table A6: Spearman’s correlation analysis for 12 week data collected from the GIED trial continued. *:

p< 0.05, **: p < 0.01 2 tailed test
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Categories Hb Total/ HDL VLDL | Urine Urine
Platelets | Cholesterol Triglyceride HDL ratio LDL Chol Chol Creatinine | Albumin

Urine Albumin | -0.200 -0.600 -0.116 0.174 0.058 0.029 -0.464 0.339 | 0.714 1.000
Urine -0.900* | 0.300 -0.667 -0.319 0.116 -0.377 -0.841* -0.309 | 0.143 0.714
Albumin/

Creatinine

ratio

HbAlc 0.450 -0.107 0.306 0.342 -0.927** | 0.613 0.523 0.243 | -0.143 -0.257
IL-6 0.290 0.086 0.203 0.261 0.030 0.145 0.551 0.177 | -0.400 -0.600
IL-1PB -.0414 -0.107 -0.360 -0.342 0.259 -0.198 -0.523 -0.075 | 0.143 0.771
TNF-a -0.505 0.321 -0.036 0.144 -0.185 0.216 -0.144 0.262 | 0.200 0.657
Adiponectin 0.757* -0.893** 0.595 0.613 -0.408 0.559 0.324 0.617 | 0.771 0.429
CRP -0.613 0.929** -0.523 -0.342 0.408 -0.613 -0.631 -0.487 | -0.029 0.029
HIF-a -0.500 1.000** -0.316 -0.200 -0.105 -0.200 -0.400 -0.316 | 0.200 0.400
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Table A6: Spearman’s correlation analysis for 12 week data collected from the GIED trial continued. *: p< 0.05, **: p < 0.01 2 tailed test

Categories HbAlc | IL-6 IL-1B TNF-a Adiponectin CRP HIF-a
ulcer SA -0.034 0.479 0.119 -0.532 -0.300 -0.694* -0.759
Protein 0.240 0.541 -0.240 -0.192 -0.192 0.240 0.000
(Total)
Albumin -0.313 -0.180 -0.759* -0.325 -0.241 0.518 0.000
Globulin 0.671 0.306 0.180 0.096 0.228 -0.455 0.316
Fibrinogen . . . . . . .
Urea/Creat | 0.252 -0.054 0.503 0.838** -0.323 0.527 0.800
eGFR 0.218 0.802* | -0.355 -0.273 -0.518 -0.136 -0.632
WBC 0.144 0.829* -0.198 0.162 -0.270 0.036 -1.000**
Neutrophils | 0.250 0.657 -0.429 0.250 -0.143 0.071 -0.500
Haematocrit | 0.464 0.143 -0.464 -0.536 0.786* -0.643 -0.500
Hb 0.450 0.290 -0.414 -0.505 0.757* -0.613 -0.500
Platelets -0.107 0.086 -0.107 0.321 -0.893** 0.929** 1.000**
Cholesterol | 0.306 0.203 -0.360 -0.036 0.595 -0.523 -0.316
Triglyceride | 0.342 0.261 -0.342 0.144 0.613 -0.342 -0.200
HDL - 0.030 0.259 -0.185 -0.408 0.408 -0.105
0.927**
Total/ HDL 0.613 0.145 -0.198 0.216 0.559 -0.613 -0.200
ratio
LDL Chol 0.523 0.551 -0.523 -0.144 0.324 -0.631 -0.400
VLDL Chol 0.243 0.177 -0.075 0.262 0.617 -0.487 -0.316
Urine -0.143 -0.400 0.143 0.200 0.771 -0.029 0.200
Creatinine




Table A6: Spearman’s correlation analysis for 12 week data collected from the GIED trial continued. *: p< 0.05, **: p < 0.01 2 tailed test.

Categories Urine

Albumin/

Creatinine

ratio HbAlc IL-6 IL-1B TNF-a Adiponectin | CRP HIF-a
Urine Albumin | 0.714 -0.257 -0.600 0.771 0.657 0.429 0.029 0.400
Urine 1.000 -0.200 -0.700 0.886* 0.886* -0.086 0.486 0.800
Albumin/
Creatinine
ratio
HbAlc -0.200 1.000 0.385 -0.195 -0.201 0.036 -0.559 -0.058
IL-6 -0.700 0.385 1.000 -0.067 -0.217 -0.550 -0.483 -0.900*
IL-1P 0.886* -0.195 -0.067 1.000 0.358 0.127 0.030 0.257
TNF-o 0.886* -0.201 -0.217 0.358 1.000 0.248 0.539 0.600
Adiponectin -0.086 0.036 -0.550 0.127 0.248 1.000 -0.006 0.600
CRP 0.486 -0.559 -0.483 0.030 0.539 -0.006 1.000 1.000%**
HIF-o. 0.800 -0.058 -0.900* 0.257 0.600 0.600 1.000** 1.000
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Appendix 4: Power analysis output from G*Power.

F tests - ANOVA: Repeated measures, between factors

Analysis: A priori: Compute required sample size
Input: Effect size f = 0.25
« err prob = 0.05
Power (1-B err prob) = 0.95
Number of groups = 2
Number of measurements = 4
Corr among rep measures = 0.5
Output: Noncentrality parameter A 13.2000000
Critical F 3.9139890
Numerator df = 1.0000000
Denominator df = 130
Total sample size = 132
Actual power = 0.9501436
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