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Abstract 

Renal fibrosis (scarring) is a hallmark of chronic kidney disease and is characterised by aberrant 

collagen production over dysregulated collagen degradation. The failure to resolve fibrosis 

induces severe organ dysfunction leading to end-stage renal failure. Currently-used 

pharmacological therapies that target the vasoconstricting effects of angiotensin II mainly offer 

symptomatic (anti-hypertensive) management of disease progression, but slow-acting tissue 

remodelling effects. Eventually, dialysis or kidney transplantation are often required to maintain 

renal function, both of which are financially exhausting and impact significantly on quality of life. 

The limited anti-fibrotic efficacy of currently-used treatments suggests a need for alternative 

treatments that directly target collagen turnover. This thesis aimed to compare and combine the 

anti-fibrotic effects of various novel and existing therapies in high salt diet (HS)- or unilateral 

ureteric obstructed (UUO)-induced murine models of normotensive kidney disease.  

In Chapter 3, the renoprotective effects of the RXFP1 peptide hormone-agonist, relaxin (RLX; 

0.5mg/kg/day), were compared and combined with either an AT2R agonist, (CGP; 1.44 mg/kg/d), 

or AT1 receptor blocker, candesartan cilexetil (CAND; 2mg/kg/day), in an 8-week model of HS (5% 

NaCl)-induced renal damage in male FVB/N mice. All treatments were administered from weeks 

5-8 of the 8-week model, either by osmotic mini-pump (RLX, CGP) or drinking water (CAND) (n=8 

mice/group). HS diet-fed mice underwent increased renal inflammation, glomerulosclerosis, 

interstitial and total collagen deposition, TGF-β1 expression, myofibroblast differentiation, 

vascular rarefaction and  plasma urea levels (renal dysfunction), compared to mice fed a  normal 

salt (0.5% NaCl) diet (all P<0.05 vs NS group). The kidney fibrosis in these mice was reduced to 

the greatest extent by RLX, while CGP had a greater effect in reducing renal inflammation and 

the contribution of inflammation to fibrosis; and both drugs demonstrated improved anti-fibrotic 

efficacy over CAND. Combining CAND with RLX compromised the renoprotective effects of RLX 

alone, while combining CGP with RLX retained the anti-inflammatory effect of CGP and anti-

fibrotic effects of RLX; with RLX or CGP alone and both drugs combined being able to normalise 

plasma urea levels in the model studied. 

Using the same 8-week HS model and treatment period employed in Chapter 3, in Chapter 4 the  



10 
 

renoprotective effects of RLX (0.5mg/kg/day) were compared to the IRAP inhibitor, HFI-419 (HFI; 

0.72mg/kg/day), CAND (2mg/kg/day) or the ACE inhibitor, perindopril (PERIN; 4mg/kg/day) in 

male C57B6J mice. The effects of HFI were also combined with CAND, PERIN or RLX at the doses 

used individually; with all treatments being administered either by osmotic mini-pump (RLX, HFI) 

or drinking water (CAND, PERIN) (n=5-8 mice/group). Once again, HS-fed mice underwent 

significantly increased renal inflammation, fibrosis, vascular rarefaction and plasma urea levels 

compared to mice fed a normal salt (0.5% NaCl) diet (all P<0.05 vs NS group). The renal fibrosis 

in this model was equivalently reduced by RLX or HFI alone or both combined, and to a greater 

extent than PERIN, and then over CAND. However, at the dose of PERIN administered, it induced 

hypotension and exacerbated renal failure. Combining HFI with CAND also compromised the 

renoprotective effects of HFI alone; whereas combining HFI with PERIN or RLX maintained the 

anti-fibrotic effects of either drug administered alone, respectively. 

In Chapter 5, the preventative effects of RLX (0.5mg/kg/day), its single-chain derivative, B7-33 

(0.25mg/kg/day; equivalent dose to RLX when corrected for molecular weight), HFI 

(0.72mg/kg/day), the AT2R agonist, β-pro7-Ang III (BPRO; 0.1mg/kg/day), human amnion 

epithelial cells (hAECs; 1x106 cells) combined with RLX, hAEC-derived exosomes (EXO; 25μg), 

EXO+RLX were compared to that of PERIN (1mg/kg/day), in male C57B6J mice (n=6 mice/group). 

When the same end-point measures were performed (as per the HS model), UUO-injured mice 

had significantly increased renal damage, inflammation, fibrosis and vascular rarefaction by day 

7 post-injury compared to their SHAM-control counterparts (all P<0.05 vs SHAM group). The 

combined effects of EXO+RLX demonstrated optimal renoprotection over the other individual 

and combination therapies investigated, all of which demonstrated improved anti-fibrotic 

efficacy over the effects of PERIN.  

In conclusion, this thesis has identified more effective anti-fibrotic therapies that can be used to 

treat fibrosis-induced CKD, including agonists that target the RXFP1 or AT2 receptors, inhibitors 

of IRAP or the combined effects of EXO+RLX. In comparison, this thesis has confirmed the limited 

anti-fibrotic efficacy offered by ARBs or ACEi that can lower blood pressure. 
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TNF-α  tumour necrosis factor-alpha 

TβR-I  TGF-β receptor type I 

TβR-II  TGF-β receptor type II 

UUO  unilateral ureteral/ureteric obstruction 

VEGF  vascular endothelial growth factor 

WB  western blot 

α-SMA  alpha-smooth muscle actin 
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1.0 Introduction 

Chronic kidney disease (CKD) is increasingly being recognized as a global health issue. Worldwide, 

the number of deaths caused by CKD had increased by 82% from 1990 to 2010, ranking CKD from 

27th to 18th place on the leading disease mortality list within the 2010 Global Burden of Disease 

study (Lozano et al., 2012). Taking the degree of tissue injury to disease mortality into 

consideration, CKD was ranked second only to HIV and AIDS, with life lost due to premature 

mortality (82%) being the third highest behind HIV and AIDS (96%) and diabetes (93%) (Lozano 

et al., 2012; Jha et al., 2013). In Australia alone, CKD contributes to 14% of all deaths and 1 in 10 

adults have CKD symptoms (Australian Bureau of Statistics, 2013, Chadban et al., 2003). 

Financially, in 2004-2005, the total healthcare expenditure for CKD in Australia exceeded $900 

million – 1.7% of the healthcare budget with patients in Victoria paying an average of $1,300 in 

out-of pocket expenses annually excluding substantial costs associated with self-management 

(Essue et al., 2013). The progression of CKD ultimately results in the deterioration of kidney 

function and an increased risk of developing cardiovascular disease (CVD). Both CKD and CVD 

share a common hallmark, fibrosis, the accumulation of extracellular matrix (ECM), and in 

particular, collagen deposition eventually leading to end-stage renal failure (ESRF) (Weber, 2000; 

Edwards et al., 2015; Longo et al., 2015). 

 

Fibrosis refers to the organ scarring that results from an aberrant wound healing response to 

kidney injury and is a significant contributor to renal dysfunction and failure. It is characterized 

by excessive extracellular matrix (ECM), and in particular, collagen accumulation is a pathological 

feature of CKD (Hewitson, 2009) and CVD (Kong et al., 2014), irrespective of etiology. Numerous 

studies have shown that fibroblasts and other phenotypically similar mesenchymal cells are the 

predominant source of ECM, with de novo expression of -smooth muscle actin (-SMA) in these 

cells indicative of their differentiation into activated myofibroblasts (Darby and Hewitson, 2007). 

Despite fibrosis representing a significant health burden, there are currently no effective 

strategies that directly ameliorate its progression.    
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Current therapies for renal fibrosis offer symptomatic management of disease progression rather 

than effective treatment of kidney scarring. For example, angiotensin converting enzyme 

inhibitors (ACEi) and angiotensin receptor blockers (ARB) mainly lower blood pressure (BP) in 

treated patients by blocking the vasoconstricting effects of angiotensin II (Ang II) (Boor et al., 

2007), aldosterone receptor blockers mainly lower the increased blood volume and BP that is 

caused by abnormal levels of aldosterone (Coats, 2001), while statins act to lower cholesterol 

levels in the blood (Balakumar et al., 2012). Although these therapies have been reported to 

demonstrate modest anti-fibrotic actions, they only delay end-stage organ failure by a couple of 

months (Schelbert et al., 2014). Furthermore, these therapies can be associated with several 

side-effects when chronically administered. Hence, patients who progress to CKD and ESRF often 

require intensive medical support by dialysis or kidney transplantation, which places an 

enormous economic burden upon the patient and the healthcare system (Essue et al., 2013). 

Therefore, novel pharmacological treatments that effectively attenuate fibrosis are greatly 

needed. This thesis aims to investigate the anti-fibrotic actions of several peptides- and stem cell-

based therapies in experimental models of kidney disease that are associated with renal fibrosis.  

 

Before detailing the various novel anti-fibrotic treatments and strategies that will be investigated 

in this thesis, an understanding of how the kidney functions normally and after it has been 

affected by fibrosis will initially be outlined. 

1.1 The anatomy and physiology of the kidneys 

The kidneys are bean-shaped organs located retroperitoneally in the lower ribs of mammals. 

Kidneys are tasked to maintain body fluid balance and filter out toxic metabolic waste products 

from the blood by independent units known as nephrons (Bennett and Grunfeld, 1995; Sherwood, 

2007). Each nephron is the structural and functional unit of the kidney and is made up of vascular 

components (including the afferent arteriole, glomerulus, efferent arteriole, peritubular 

capillaries) and tubular components (including the Bowman’s capsule, loop of Henle, proximal 

tubule, distal tubule and the collecting duct) (Lemley and Kriz, 1991; Sherwood, 2007). Situated 

within the spaces between the vascular and tubular components are the interstitial compartment 



23 
 

that facilitates intrarenal fluid exchange, structural scaffolding and microvasculature compliance 

(Figure 1.1). Together, thousands of nephrons are interlinked by connective tissue that is located 

from the renal cortex to the renal medulla to maintain several kidney functions (Lemley and Kriz, 

1991). It is estimated that an adult human kidney contains between 300,000 to 1.8 million 

nephrons, however, once nephrons are formed during birth, no new nephrons are created 

(Hartman et al., 2007). Aside from disease states, ageing alone can cause progressive nephron 

loss, however, should be considered as separate to nephron loss from pathological conditions 

(Denic et al., 2017). Due to filtration being highly energy demanding when any reduction in the 

supply of oxygen to the kidney is compromised, nephron loss can be predicted (Yang et al., 2011). 

While nephrons do have some capacity for regeneration in acute experimental injury models and 

clinical settings of ischemia reperfusion injury, once a threshold is reached, the kidney undergoes 

irreversible damage and can progress into chronic kidney disease (Hoffmann et al., 2002; 

Cochrane, 2005).
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Figure 1.1: 

 

The anatomy of the kidney – (A) the kidneys are located retroperitoneally in mammals. At the 

cortex of the kidneys is where thousands of nephrons are interlinked. (B) Nephrons are the 

individual units responsible for proper kidney function. Each nephron has vascular components 

(highlighted in red and blue) and tubular components (highlighted in yellow). Reproduced from 

https://www.nlm.nih.gov/medlineplus/ency/imagepages/1101.htm
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1.1.1 Function of the renin-angiotensin system (RAS) and Ang II 

One key function of the kidneys is to maintain blood pressure by a central feedback system 

known as the pressure-natriuresis, whereby increasing renal perfusion pressure leads to 

increased sodium excretion with decreased sodium reabsorption (Granger et al., 2002; Crowley 

and Coffman, 2014). The specific mechanism for tubular reabsorption and response to the renal 

perfusion pressure relies on the regulation of medullary blood flow, renal interstitial hydrostatic 

pressure and modulation of renal autocoids such as nitric oxide, prostaglandins, kinins and mostly 

Ang II (Granger et al., 2002). 

 

The renin-angiotensin system (RAS) is a multistep cascade which plays an integral role in 

maintaining pressure-natriuresis via the vasoconstricting peptide hormone, Ang II (Mezzano et 

al., 2001; Crowley et al., 2006). When renal injury results in a drop in blood pressure and reduced 

renal flow, renin, an aspartyl protease produced from the juxtaglomerular granular cells within 

the nephrons act on angiotensinogen secreted by the liver to undergo proteolytic cleavage to 

form angiotensin I (Ang I) (Silverthorn et al., 2013). Subsequently, Ang I then stimulates 

angiotensin converting enzyme (ACE) from the surface of the renal endothelium to bind and 

convert Ang I into Ang II (Silverthorn et al., 2013). Once upregulated, Ang II can stimulate various 

factors for sodium retention and increase arterial pressure (Figure 1.2). The RAS is often activated 

in response to pathological conditions associated with CVDs with decreased cardiac output, and 

to CKDs with renal injury that results in the stimulation of Ang II production to counteract the 

decreased blood pressure associated with injury (Silverthorn et al., 2013).  

 

Ang II is, however, a pleiotropic hormone (Mehta and Griendling, 2007). Studies have shown that  

during pathological conditions, Ang II binds to angiotensin type 1 (AT1) receptors to promote 

renal growth factor in activating inflammatory cells, stimulating fibroblast proliferation and up-

regulating the production of TGF-β1 during tissue injury, which can result in further organ 

damage (Mezzano et al., 2001; Sayeski and Bernstein, 2001).  
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Figure 1.2: 

 

Schematic illustration of the Renin-angiotensin system (RAS). RAS, also known as the renin-

angiotensin-aldosterone system, is a multistep cascade which plays an integral role in salt 

retention and blood pressure regulation via the peptide hormone, angiotensin II which is 

converted from angiotensin I and its precursor angiotensinogen.  Ang II promotes vasoconstriction, 

cell proliferation and inflammation, hypertrophy, oxidative stress and fibrosis by acting through 

the AT1 receptor. Reproduced from (Rad, 2006).
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1.2 Kidney response to injury and disease  

1.2.1 Normal tissue repair after injury 

Following injury to the kidney, the body’s innate immune system triggers a wound-healing 

response to counteract the insult (Wynn and Ramalingam, 2013). This initially results in an 

inflammatory reaction occurring within the tissue, which in turn, results in an influx of 

inflammatory cells to the site of damage. These inflammatory cells secrete and release various 

pro-inflammatory cytokines such as tumour necrosis factor (TNF)-α, interleukin (IL)-1, IL-4 and IL-

13 (Becker and Hewitson, 2000; Atkins, 2002) as well as pro-fibrotic factors such as transforming 

growth factor (TGF)-1, connective tissue growth factor (CTGF) and platelet-derived growth 

factor (PDGF). The pro-inflammatory cytokines signal the recruitment and migration of matrix-

producing fibroblasts to the site of injury to further the wound healing process. The pro-fibrotic 

factors, most notably TGF-1, then stimulate the differentiation of fibroblasts (which are 

normally low producers of ECM proteins, which act to maintain a slow and steady state of tissue 

turnover) into activated myofibroblasts, which (in contrast to fibroblasts) synthesize prodigious 

amounts of matrix proteins, such as collagen and fibronectin. Myofibroblasts can also produce 

matrix metalloproteinases (MMPs) and their natural inhibitors, the tissue inhibitors of 

metalloproteinases (TIMPs), which regulate the extent of matrix degradation (Angelica and Fong, 

2013). Collagen aids in tissue repair as it provides a structural scaffold to accelerate wound 

healing. MMPs and TIMPs work together to maintain collagen homeostasis where MMPs 

breakdown collagen/fibronectin, while TIMPs regulate the activity of the MMPs. This balance of 

collagen production vs elimination keeps the structural scaffold of the organ during healing. After 

tissue repair is completed, myofibroblasts usually undergo apoptosis (Visse and Nagase, 2003) 

and are cleared from the repaired organ.  

1.2.2 Chronic or severe injury leads to loss of kidney function  

Although the kidneys are able to restore their structure and function in response to acute or 

minor injuries, the reparative effects of the organ are diminished when it is subjected to chronic 
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or severe injuries (Sherwood, 2007). Thus, repetitive insults, as in disease states, will cause 

structural damage and eventually, a loss of renal function (when that damage cannot be restored).  

 
In the aftermath of a chronic renal injury via metabolic (diabetes), immunological 

(glomerulonephritis) and/or mechanical (hypertension) disease, aberrant wound healing occurs 

and persists (Edgley et al., 2012). An excessive amount of the local pro-fibrotic mediator, TGF-β1, 

is up-regulated after prolonged injury, consequently causing excessive collagen synthesis by 

activation of SMAD 2/3 signalling, which also down-regulates MMP activity (Derynck and Zhang, 

2003; Liu, 2006). Thus, the prolonged stimulation of TGF-β1 results in the continued activation of 

myofibroblasts (which instead of undergoing apoptosis, continue to secrete large amounts of 

ECM proteins), with a disrupted equilibrium of ECM homeostasis leading to extensive collagen 

accumulation and collagen-induced tissue scarring (fibrosis) (Eddy et al., 2012). If the resulting 

fibrosis remains untreated or is poorly controlled, the progressive damage to the affected organ 

(such as the kidneys) becomes irreversible; and as a result, the organ will progressively 

deteriorate and ultimately fail to function (Liu, 2006).  

1.2.3 Mediators involved in tissue repair and fibrosis 

Tissue repair involves the coordination between various proteins and cytokines. In particular, 

collagen, MMPs, TIMPs and TGF-β1 are critical for normal tissue repair. The following section will 

go over these four key elements in detail.  

1.2.3.1 Collagen 

Collagen is the most common protein-framework for all multi-cellular organisms, and is a rigid 

triple-stranded helical protein produced by myofibroblasts containing three alpha (α)-

polypeptide chains composed of three amino acids: glycine, proline and hydroxyproline (Brodsky 

and Ramshaw, 1997) (Figure 1.3). Hydroxyproline is a unique amino acid found in collagen, 

making up 12-20% of its protein structure and is seldom detected in other protein compositions 

within mammals (Brodsky and Persikov, 2005; Ricard-Blum, 2011). To date, there are eight major 

collagen families (Table 1.1) with the fibril-forming and basement membrane families often 

associated with the pathogenesis of fibrosis in the kidneys (Gelse et al., 2003; Ricard-Blum, 2011). 
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Specifically, 70% of the kidneys are composed of components containing collagen IV while 

collagen types I and III are also found in CKDs accompanying renal tubulointerstitial fibrosis 

(Samuel et al., 2005; Samuel and Hewitson, 2009). 

Figure 1.3:  

 

Collagen triple helix structure - the collagen protein is composed of 3 intertwined helices with 

two identical chains (α1) and one chain with a slightly different composition (α2). Each chain has 

a common motif in amino acid sequence, commonly including glycine, proline and hydroxyproline-

repeats. The helices are stabilized by steric repulsion between proline rings and further stabilized 

by hydrogen bonding and covalent cross links of other chains. Adapted from (Berillis, 2015).

https://www.researchgate.net/figure/Collagen-triple-helix-formation_fig1_281232381
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Table 1.1: Major collagen family and their distribution. Adapted from (Gelse et al., 2003). 

Collagen Family Collagen 
Types 

Distribution 

Fibril-forming I 
 

II 
 

III 
 

V 
 

XI 

Bone, dermis, tendon, ligaments, cornea, lungs, kidney, 
heart, nerves, uterus, liver, spleen 
Cartilage, vitreous body, nucleus pulposus 
 
Skin, vessel wall, reticular fibers of most tissues (lungs, 
liver, spleen etc.) 
Lung, cornea, bone, fetal membranes; together with 
type I collagen 
Cartilage, vitreous body 

Basement 
membrane 

IV Basement membranes 

Microfibrillar VI Widespread: dermis, cartilage, placenta, lungs, vessel 
wall, intervertebral disc 

Anchoring fibrils VII Skin, dermal- epidermal junctions; oral mucosa, cervix 

Network-forming VIII 
 

X 

Endothelial cells, Descemet’s membrane 
 
Hypertrophic cartilage 

Fibril-associated 
(FACIT) 

IX 
 

XII 
 

XIV 
 

XIX 
 

XX 
 

XXI 

Cartilage, vitreous humor, cornea 
 
Perichondrium, ligaments, tendon 
 
Dermis, tendon, vessel wall, placenta, lungs, liver 
 
Human rhabdomyosarcoma 
 
Corneal epithelium, embryonic skin, sternal cartilage, 
tendon 
 
Blood vessel wall 

Transmembrane XIII 
 

XVII 

Epidermis, hair follicle, endomysium, intestine, 
chondrocytes, lungs, liver 
Dermal- epidermal junctions 

Multiplexins XV 
 

XVI 
 

XVIII 

Fibroblasts, smooth muscle cells, kidney, pancreas 
 
Fibroblasts, amnion, keratinocytes 
 
Lungs, liver 
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1.2.3.2 Matrix metalloproteinases (MMPs) & Tissue inhibitor of MMPs (TIMPs) 

As mentioned previously (in section 1.2.1), both MMPs and TIMPs are important regulators of 

collagen degradation, especially in the context of fibrosis. MMPs act as rate-limiting enzymes for 

ECM molecules which are important for creating cellular environments in development and 

tissue repair, particularly involving collagen (Visse and Nagase, 2003). MMPs are categorised into 

six families (Table 1.2) based on their substrate specificities. However, all MMPs have similar 

structures (Figure 1.4), including: i) a N-terminal signalling peptide which directs the secretion of 

MMPs into the extracellular space, ii) a pro-domain which contains a highly conserved cysteine 

switch motif that controls the activation state of the MMP and leaves it in an inactive 

conformation until removed, and iii) a catalytic centre which controls the proteolytic activity of 

the enzyme (Nagase et al., 2006; Loffek et al., 2010). From the six families, two main families of 

MMPs contribute to collagen degradation in the kidneys. These include the collagenases (MMP-

1, MMP-8, MMP-13) , which function to cleave interstitial collagens I, III and V at specific sites 

within the -chains that constitute the collagen triple helix, into 3/4 and 1/4 fragments; and the 

gelatinases (consisting of gelatinase A (MMP-2) and gelatinase B (MMP-9), respectively), which 

readily digest the collagenase-digested collagen fragments into gelatin (denatured collagen) 

(Allan et al., 1995; Visse and Nagase, 2003). In the kidneys, macrophages, fibroblasts, as well as 

tubular, mesangial, endothelial and epithelial cells contribute to MMP synthesis by activating 

serine proteases which cleave MMP pre-cursors, zymogens in to its active form (Nagase, 1997). 

Once activated, MMPs function to aid in the angiogenesis, morphogenesis and removal of 

necrotic tissues during injury repair (Visse and Nagase, 2003; Nagase et al., 2006). During kidney 

repair, renal fibroblasts promote the generation of collagenases and gelatinases. Both 

collagenases and gelatinases aid in the degradation of excessive collagen during inflammation 

and recovery to prevent further disease states (Nagase et al., 2006; Ahmed, 2009).  
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Figure 1.4:  

 

Structural features of matrix metalloproteinases (MMPs) – all MMPs contain a i) N-terminal 

signal peptide which directs the secretion of MMPs into the extracellular space, ii) a pro-domain 

which controls the activation state of the enzyme, and iii) a catalytic centre which controls the 

proteolytic activity of the enzyme.  MMPs -7, -26 and -23 lack a C-terminal haemopexin domain 

which facilitates the binding to their inhibitors (TIMPs). Outside these common structural domains, 

different MMP subgroups have characteristics features. For example, MMP-2 and -9 uniquely 

contain 3 fibronectin repeats within their catalytic domain. Others have furin recognition site 

before their catalytic domain. Reproduced from (Loffek et al., 2010).
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Table 1.2: Classification of matrix metalloproteinases (MMPs), substrate and renal distribution. 

Adapted from (Visse and Nagase, 2003; Ahmed, 2009). 

Family MMP Substrate Renal Distribution 

Collagenases MMP-1 
 
MMP-8 
 
MMP-13 

Collagen I, II, III, V, VII, VIII, X, XI, 
aggrecan, fibronectin gelatin, non-
ECM proteins 
 
Collagen I, II, III, V, VII, VIII, X, XI, 
aggrecan, fibronectin gelatin, non-
ECM proteins 
 
Collagen I, II, III, IV, V, IX, X, XI, XIV 
aggrecan, fibronectin gelatin, non-
ECM proteins 

Mesangial, 
endothelial, 
fibroblasts, 
macrophages 
 
Neutrophils 
 
Fibroblasts 

Gelatinases MMP-2 
 
MMP-9 

Collagen I, II, III, V, VII, VIII, X, XI, 
aggrecan, fibronectin gelatin, 
laminin 
 
Collagen IV, V, VII, XI, XIV, aggrecan, 
gelatin 

Mesangial, 
glomerular, 
epithelial, 
endothelial, 
fibroblasts, 
macrophages 
Same as MMP-2 

Stromelysins MMP-3 
 
MMP-10 
 
MMP-11 

Collagen II, III, IV, V, VII, X, XI, 
fibronectin, gelatin, laminin 
Collagen IV, aggrecan, fibronectin, 
laminin, elastin 
Collagen IV, aggrecan, fibronectin, 
gelatin, laminin 

Mesangial, 
fibroblasts 
 
Fibroblasts 
 
N.D. 

Matrilysins MMP-7 
 
MMP-26 

Collagen IV, aggrecan, fibronectin, 
gelatin, laminin, elastin 
 
Collagen IV, fibronectin, gelatin 

Mesangial, uterine, 
macrophages 
 
N.D. 

Membrane-
type 

Transmembrane: 
MMP-14 
 
MMP-15 
 
MMP-16 
 
MMP-24 
 
GPI anchor: 
MMP-17 
 

 
Collagen I, II, III, fibronectin, 
gelatin, laminin 
 
Collagen I, II, III, fibronectin, 
gelatin, laminin 
 
Fibronectin, gelatin, laminin 
 
Collagen III, fibronectin, gelatin, 
laminin 
 

 
Mesangial, 
fibroblasts 
 
N.D. 
 
N.D. 
 
N.D. 
 
 
N.D. 
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MMP-25  
Fibrin 
 
Gelatin 

 
N.D. 

Others MMP-12 
 
MMP-19 
 
MMP-20 
 
MMP-21 
 
MMP-23 
 
MMP-27 
 
MMP-28 

Collagen IV, fibronectin, elastin 
 
Collagen IV, gelatin, elastin, fibrillin, 
aggrecan 
 
Aggrecan 
 
Aggrecan 
 
Gelatin, casein, fibronectin 
 
Gelatin 
 
Unknown  

N.D. 
 
N.D. 
 
N.D. 
 
N.D. 
 
N.D. 
 
N.D. 
 
N.D. 

N.D. denotes not determined 

On the other hand, TIMPs are the endogenous inhibitors of MMPs, and non-covalently bind onto 

the N-terminus domain of the specific MMPs that they inhibit (Visse and Nagase, 2003).  To date, 

there are four known TIMPs which have been identified in vertebrates and their 

expression/activity are influenced by the presence of various cytokines and growth factors 

(Loffek et al., 2010). Studies have extensively shown changes in TIMP levels directly influence the 

activity of all MMPs and are highly implicated in renal fibrosis (Eddy, 1996). Specifically, TIMP-1 

inhibits MMP-1, MMP-13 and MMP-9 (and can also weakly inhibit MMP-2), while TIMP-2 is the 

primary inhibitor of MMP-2. Under normal physiological conditions, MMP activation is regulated 

via TIMPs with a ratio that favours ECM degradation. However, in pathological states such as 

fibrosis, a decrease in the activation of MMPs and higher TIMP levels leads to less degradation of 

ECM components (Visse and Nagase, 2003). 

 

1.2.3.3 Transforming growth factor (TGF)-β1 

In CKD, numerous cytokines and growth factors are upregulated and involved in disease 

progression, including Ang II, interleukin-1 (IL-1), tumour necrosis factor (TNF)-α, platelet-derived 

growth factor (PDGF) and TGF-β1 (Borthwick et al., 2013). Of these cytokines, TGF-β1 plays a 



35 
 

predominant role in promoting collagen accumulation in renal fibrosis. Thus, all the treatments 

assessed in this thesis will examine their effects against TGF-β1 in relation to fibrosis.  

 

TGF-β1 is part of a large family of cytokines that have been thoroughly studied as the most 

influential inducers of fibrogenesis following organ injury and disease (Liu, 2006; Farris and Colvin, 

2012). The pro-fibrotic effects of TGF-β1 include: promoting the differentiation of fibroblasts into 

activated myofibroblasts, stimulating myofibroblast-induced synthesis of ECM components and 

inhibiting MMP activity while upregulating TIMP activity, thereby reducing ECM degradation via 

Smad 2/3 signalling (Figure 1.5)(Cheng and Grande, 2002; Liu, 2006; Hewitson et al., 2007). TGF-

β1 can also promote epithelial cell (EMT)- and endothelial cell (EndMT)-to-mesenchymal cell 

transition. Although TGF-β has 3 isoforms: TGF-β1, TGF-β2 and TGF-β3; TGF-β1 is largely 

implicated as the primary pro-fibrotic stimulus with increased expression of its type I and II 

receptors being reported during chronic renal injury (Cheng and Grande, 2002). Even though TGF-

β1 is associated with fibrosis, it also serves as a pleiotropic cytokine for several normal 

physiological functions. It has been shown to be an anti-inflammatory mediator, promote growth 

and wound healing, neuron and ganglion cell protection as well as regulate other cytokines for 

the proliferation of epithelial cells (Cheng and Grande, 2002; Derynck and Zhang, 2003; Liu, 2006; 

Walshe et al., 2011). Thus, if TGF-β1 is completely inhibited, it can result in severe inflammatory 

responses and possible cancer growth due to unregulated cell proliferation.  

 

Nevertheless, the overexpression of TGF-β1 and its receptors has been associated with the 

progression of fibrosis and related organ damage (Cheng and Grande, 2002). TGF-β1 can be 

produced by inflammatory macrophages, mesangial cells and myofibroblasts, and is often 

accompanied by the presence of other cytokines, in particularly Ang II which has also been shown 

to promote pro-fibrotic effects through TGF-1-dependent and independent pathways (Cheng 

and Grande, 2002; Farris and Colvin, 2012).  

  

TGF-β1 can contribute to renal fibrosis through several signalling pathways. TGF-β1 signal 

transduction first occurs after it binds to its receptors, which are composed of two distinct 
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transmembrane proteins, type I (TβR-I) and type 2 (TβR-II), which form a heteromeric receptor 

complex (Attisano and Wrana, 2002; Derynck and Zhang, 2003). If TGF-β1 is absent, each receptor 

exists as a homodimer in an inactive state (Attisano and Wrana, 2002; Zhang, 2009). Only when 

TGF-β1 binds to the TβR-II receptor does it stimulate the dimerization of TβR-II with TβR-I to form 

a functional receptor complex to initiate downstream signalling (Attisano and Wrana, 2002; 

Derynck and Zhang, 2003; Zhang, 2009). 

 

TGF-β1 signalling primarily occurs through Smad-dependent signalling, but can also occur 

through mitogen-activated protein kinases (MAPK) (Derynck and Zhang, 2003), which will be 

discussed later. The former signalling pathway involves the intracellular proteins, Smads 2, 3 and 

4 mediating the matrix remodelling effects of TGF-β1 in the kidneys (Zhang, 2009). As illustrated 

in Figure 1.5, once TGF-β1 binds to its receptor complex, it stimulates the phosphorylation of 

Smad2 and Smad3 which complex together and translocate towards the cell nucleus, to activate 

transcription factors that stimulate collagen and fibronectin production: which forms the basis 

of fibrosis (Liu, 2006; Samuel and Hewitson, 2009). On their translocation towards the nucleus, 

phosphorylated Smad2/3 oligomerizes with Smad4 to form a Smad2/3/4 complex, which then 

translocates and interacts with nuclear factor kappa B (NF-κB) and activated protein (AP)-1 to 

promote the differentiation of fibroblasts into myofibroblasts as well as the synthesis and 

deposition of collagen and fibronectin (Li et al., 2015). On the other hand, Smad7 within the 

pathway acts as an inhibitory protein to prevent phosphorylation and activation of Smad2 at TGF-

β1 receptors and also recruits ubiquitin ligases (Smurf 1 and 2) to induce proteasomal 

degradation of Smad complexes when there is an overexpression and/or activity of TGF-β1 

(Derynck and Zhang, 2003). However, in disease states during fibrogenesis, Smad7 and related 

endogenous inhibitors are often down-regulated, resulting in a further increase in TGF-

β1/Smad2/3/4-mediated rise in gene transcription of various ECM proteins (Derynck and Zhang, 

2003; Li et al., 2015). 

 

Outside Smad2/3/4, TGF-β1 can signal through a number of MAPK, including P38 MAPK, 

extracellular signal-regulated kinase (ERK) and/or cJun N-terminal kinase (JNK), which have also 
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been implicated in promoting ECM production (Derynck and Zhang, 2003). In particular, p38 

MAPK has been shown to be involved in the promotion of various collagens, while JNK has been 

shown to be involved in the promotion of fibronectin (Choi et al., 2012). MAPK activation has 

also been shown to result in the activation/phosphoralytion of Smads suggesting possible 

crosstalk of these pathways to increase TGF-β1 responses (Derynck and Zhang, 2003; Zhang, 2009; 

Li et al., 2015). Furthermore, the inclusion of MAPK activity contributes to regulating TGF-β1-

induced EMT and/or EndMT, which is essentially tubular cells acquiring a mesenchymal 

phenotype and re-differentiate into myofibroblasts to increase collagen production (Zhang, 

2009). In addition, accumulating literature has also found that the pro-fibrotic properties of TGF-

β1 can also be regulated by other factors including Ang II. Hence treatments that target the 

involvement of Ang II will also be examined and discussed in this thesis (Kagami et al., 1994; 

Mezzano et al., 2001; Widdop et al., 2003; Rodrigues Díez et al., 2010; Wang et al., 2017b)
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Figure 1.5:  

 

Schematic illustration of TGF-β1 signal transduction in myofibroblasts. Once TGF-β1 binds to 

the TβR-II and TβR-I heteromeric receptors, intracellular Smad 2/3 become phosphorylated and 

subsequently form a heteromeric complex with Smad4, which translocates to the cell nucleus to 

regulate various transcription factors (ie. Nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-kB), activator protein-1) and promotion of myofibroblast differentiation (which can be 

detected by α-SMA) leading to collagen production and inhibit MMP production. Other Smads 

such as Smad7, can negate TGF-β1 signalling by inhibiting the phosphorylation of Smad2. In 

addition, several non-Smad pathways may also be activated, including p38 MAPK, JNK and ERK; 

which contribute to fibrosis independently or through cross-talk with the Smad2/3/4 complex. 

Adapted from (Chow et al., 2014; Li et al., 2015). 

 

1.2.4 Ang II receptors and implications for fibrosis 

As mentioned above in Section 1.1.1, Ang II is also a pleiotropic hormone in which its activity is 

dependent on the type of receptor it stimulates. Aside from its up-regulation and activation in 
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response to a drop in blood pressure or organ damage, Ang II has also been shown to be a potent 

growth factor during pathological conditions, promoting fibrogenesis via acting on AT1 receptors 

(De Gasparo et al., 2000). In contrast, Ang II can also bind to AT2 receptors with similar affinity, 

which elicits opposing and beneficial effects (Figure 1.6)(De Gasparo et al., 2000; Mezzano et al., 

2001). To date, there are currently four known Ang II receptor subtypes within the RAS, with AT1 

and AT2 receptors being the most widely studied in relation to the actions of Ang II in pathological 

conditions (De Gasparo et al., 2000). Only the relevance of the AT1, AT2 and AT4 receptors will be 

discussed further, as this thesis will compare various drugs that specifically target these receptors. 
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Figure 1.6: 

 

Schematic illustration of the RAS and receptors that Ang II and its metabolites can target. Ang 

II mainly acts on AT1 receptors to mediate various actions that eventually contribute to the 

pathogenesis of CKDs and CVDs. During diseased states, Ang II can also bind to up-regulated AT2 

receptors, which provides counter regulatory effects and suppression of its actions at AT1 

receptors. Ang II can also be broken down to Ang III and Ang IV, the latter of which can interact 

with AT4 receptors, now recognised as the enzyme, IRAP. Adapted from (Guimond and Gallo-Payet, 

2012). 

1.2.4.1 AT1 receptors and fibrosis 

AT1 receptors are G-protein coupled receptors (GPCRs) which mainly mediate the 

vasoconstricting, pro-inflammatory, hypertrophic and pro-fibrotic actions of Ang II. In humans, 

AT1 receptors are encoded by a single gene, whereas in rodents there are two homologous AT1 

receptor genes which encode for AT1A and AT1B subtypes of AT1 receptors (Sayeski et al., 1998). 

Nevertheless, both subtypes only differ in their tissue localization with their binding and 

signalling being identical to their human counterpart (Sayeski et al., 1998). In the kidneys, AT1 



41 
 

receptors are expressed abundantly within the glomerulus, proximal tubule, cortex and 

intersitium (De Gasparo et al., 2000). During renal injury, AT1 receptors activate the inflammatory 

process by direct chemotaxis and production of pro-inflammatory and pro-fibrotic mediators 

such as MCP-1 and TGF-β1, respectively (De Gasparo et al., 2000; Mezzano et al., 2001). Upon 

activation of AT1 receptors, the receptor triggers a signalling sequence involving the increased 

production of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-mediated reactive 

oxygen species (ROS), transactivation of epidermal-growth factor receptor (EGFR) and the 

activation of MAPK signaling to promote the actions of TGF-β1 (De Gasparo et al., 2000). From 

there, TGF-β1 can continue to act as a positive feedback to Ang II activity and follow through to 

increase collagen production, which forms the basis of renal fibrosis. 

  

1.2.4.2 AT2 receptors and its anti-fibrotic role. 

On the other hand, although AT2 receptors are GPCRs and are structurally similar to other GPCRs, 

the signalling pathways associated with its activation are not fully understood (Mezzano et al., 

2001; Jones et al., 2008) (Figure 1.7). Moreover, unlike the abundance of AT1 receptor expression 

within adult kidneys, AT2 receptors are consistently detected in low abundance within glomerular 

mesangial cells, preglomerular arteries and tubular interstitium in adults (from being highly 

expressed in embryonic and fetal tissues), but significantly up-regulated during tissue injury or 

diseased states (De Gasparo et al., 2000). Nevertheless, activation of AT2 receptors have been 

shown to elicit organ-protection through anti-inflammatory, anti-hypertrophic, anti-fibrotic, 

vasodilatory, and pro-apoptotic properties (Arima and Ito, 2000; De Gasparo et al., 2000).  

 

Studies have shown that activation of AT2 receptor can initiate at least three classical signalling 

pathways, involving nitric oxide (NO)/cGMP, protein phosphatases and phospholipase A2 

signalling (Mezzano et al., 2001). By signalling through nitric oxide and increased cGMP 

production, activation of the AT2 receptor attenuates the vasoconstrictor and hypertrophic 

effects produced by the AT1 receptor (Morrissey and Klahr, 1999; Mezzano et al., 2001). 

Furthermore, as NO/cGMP have been found to supress Smad2/3 phosphorylation (Saura et al., 

2005), AT2 receptor-dependent NO/cGMP signalling can also inhibit the pro-fibrotic actions of the 
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AT1 receptor/TGF-1 axis. This implicates a regulatory role of AT2 receptors acting to antagonize 

the effects mediated by AT1 receptors (Yang et al., 2012). This was further confirmed by 

additional studies conducted on AT2 receptor knockout mice which showed increased AT1 

receptor activity associated with elevated blood pressure and collagen deposition (fibrosis). 

Similar findings were obtained when AT2 receptor activity was pharmacologically blocked with a 

specific AT2 receptor antagonist, PD123319 (Morrissey and Klahr, 1999). Taken together, these 

findings demonstrate both AT1 and AT2 receptors elicit opposing responses from Ang II activation. 

It is likely that Ang II binds to the higher levels of AT1 receptors that are normally expressed in 

adult tissues (compared to that of AT2 receptor expression), but that following tissue 

injury/disease, can also bind to AT2 receptors, following their up-regulation. Studies have shown 

that these up-regulated AT2 receptors may bind to AT1 receptors to form a heterodimer complex 

to inhibit AT1 receptor signalling (AbdAlla et al., 2001). 
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Figure 1.7: 

 

Schematic illustration of the actions of angiotensin II binding to either the AT1R and AT2R. Upon 

binding of Ang II to AT1 receptors, this can result in increased extracellular matrix production via 

multiple intracellular signalling pathways including promotion of the TGF-1/TGF-R/Smad2/3 

pathway, increased growth factor signalling and the activation of MAPKs through the increase in 

NADPH-mediated ROS production. In contrast, upon binding of Ang II to AT2 receptors, this acts 

as a counter-regulatory action to AT1 receptor activation, resulting in vasorelaxation and reduced 

matrix accumulation via inhibition of MAPK, and increased nitric oxide/cGMP signalling. Adapted 

from (Te Riet et al., 2015; Yu and Jeremy, 2018). 

 

1.2.4.3 AT4 receptor (IRAP) and its disease role. 

In addition to targeting the AT2 receptor, recent attention has also turned to therapeutically 

targeting the AT4 receptor for fibrosis regression, which is also known as the insulin regulated 

aminopeptidase (IRAP) as its co-localization with glucose transport GLUT4 and plays an important 
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role in insulin action (Albiston et al., 2001; Keller, 2004). This receptor, which is now recognized 

as an enzyme, is a single transmembrane integral protein made up of 916 amino acids with an 

extracellular catalytic site (Albiston et al., 2001). It was found to have high binding affinity to 

angiotensin IV (Ang IV), a fragment generated from Ang II being cleaved by Aminopeptidase A to 

form Ang III which is further cleaved by Aminopeptidase B and N (De Gasparo et al., 2000). 

Although first discovered in adipocytes, IRAP has now been identified in several organ tissues 

including the brain, heart, kidney, adrenal glands and placenta (Keller et al., 1995; Chai et al., 

2004). Within the kidneys, the distribution of IRAP receptors are in the proximal tubules, 

glomerulus, loop of Henle, collecting ducts and renal fibroblasts (Harding et al., 1994; Chai et al., 

2004). IRAP expression was found to be increasingly expressed in the aged heart and kidneys of 

2 year-old mice, in mice with various form of heart and kidney disease, and specifically localised 

on myofibroblasts (unpublished findings; reported in the PhD Thesis of Huey Wen Lee, Monash 

Pharmacology). IRAP has been shown to regulate blood flow, increase hypertrophy and increase 

sodium reabsorption in the kidneys analogous to AT1 receptors (De Gasparo et al., 2000). It has 

also been implicated with possible roles in regulating the inflammatory process as it can be found 

in macrophages, dendritic cells, B and T cells (Saveanu and Van Endert, 2012). In the past, studies 

conducted in the heart reported upregulation of IRAP during CVDs and inhibition of the enzyme 

leads to vaso-protective effects via inhibition of IRAP’s catalytic site and increasing the 

bioavailability of cardio protective IRAP substrates including lys-bradykinin, vasopressin and 

oxytocin (Moeller et al., 1999; Wallis et al., 2007; Vinh et al., 2008; Vanderheyden, 2009). One of 

IRAP’s substrate, lys-bradykinin (lys-Bk) has been shown to decrease TGF-β1 levels and promote 

nitric oxide (NO) levels in several disease states including renal ischemia (Hartman, 1995; Kakoki 

et al., 2007; Vanderheyden, 2009). Thus, potential inhibition of IRAP may be a promising anti-

fibrotic lead. 

1.3 Current anti-fibrotic treatments 

The current intervention for CKD patients with chronic fibrosis-related disease pathology is 

dialysis or organ transplant (Liu, 2006; Amer and Griffin, 2014; Tromp et al., 2015). Not only are 

both procedures invasive and expensive, neither target the factors that drive fibrosis. Aside from 
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organ support and transplantation, there have been use of pharmacological interventions in the 

market to prevent organ failure from fibrosis (Liu, 2006) (Table 1.3). Most target the angiotensin 

(Ang) II and/or aldosterone pathway, which is involved in the activation of AT1 receptors to 

promote gene expression of TGF-1 and reduce MMP levels, as mentioned previously. The two 

classes of drugs that have been frequently used are ACEi and ARBs. ARBs bind selectively and 

non-competitively to block the activation of AT1 receptors, while ACEi act up-stream of ARBs by 

inhibiting the conversion of angiotensin I to Ang II (Crowley et al., 2006). Both have beneficial 

effects as ARBs have been found to be more tolerable for patients with angioedema than using 

ACEi, while ACEi are hypothesized to be more effective than ARBs with the additional benefit of 

increasing the retention of renal protective mediators such as prostaglandins, bradykinin and NO 

(Liu, 2006; Kakoki et al., 2007). Despite the current use of both ARBs and ACEis, both treatments 

have only shown moderate changes in reversing fibrosis through clinical studies over a 10 month 

period (Schelbert et al., 2014), but can exacerbate cardiac and renal failure when administered 

together (Chan et al., 2011). Thus, the limited efficacy of such therapeutics for long-term 

treatment raises the need to find new effective alternatives to reverse kidney fibrosis.  

 

Table 1.3: Current treatments used for CKD. 

Class of drug Examples of clinical agents used 
Angiotensin converting 
enzyme (ACE) inhibitors 

Perindopril / Enalapril / Ramipril / Lisinopril / Captopril 
(Strippoli et al., 2012) 
 

Angiotensin receptor 
blockers (ARBs) 

Candesartan / Telmisartan / Losartan / Irbesartan / 
Olmesartan / Valsartan (Strippoli et al., 2012) 
 

Mineralocorticoid receptor 
blockers (MRBs) 

Cyclophosphamide / Spironolactone / Eplerenone (Davide et 
al., 2014) 
 

Statins Atorvastatin / Lovastatin / Pitavastatin / Pravastatin / 
Rosuvastatin (Hart and Bakris, 2007) 
 

TGF-β1 inhibitors Tranilast / Pirfenidone (Klinkhammer et al., 2017) 
 

Loop and thiazide diuretics  Furosemide / Torsemide (Vasavada et al., 2003) 
Chlorthalidone / Hydrochlorothiazide / Bendroflumethiazide 
(Sinha and Agarwal, 2015) 



46 
 

 
Beta blockers Atenolol / Metoprolol / Carvedilol (Hart and Bakris, 2007) 

 
 

1.3.1 Other treatments for CKD 

Aside from drugs that are used to target the vasoconstricting, pro-inflammatory and pro-fibrotic 

effects of Ang II, statins, are a class of lipid-lowering drugs that are used to lower high cholesterol 

levels in patients with CVD and diabetes, which often accompany CKD. Patients with diabetes-

induced CKD frequently exhibit elevated low-density lipoprotein cholesterol (LDL-C), which when 

built-up, can result in atherosclerosis. In regards to fibrosis, statins have been shown to inhibit 

Ang II-mediated Smad activation, thereby reducing vascular damage (Rodrigues Díez et al., 2010) 

and having PPAR-activating properties that reduce inflammation, oxidative stress and fibrosis 

(Balakumar et al., 2012). However, studies have shown conflicting effects of statins within the 

kidneys. In regards to the early stages of CKD, statins are able to reduce risks of CVD progression 

and eventual fibrosis (Palmer et al., 2012). On the other hand, studies have shown that high-dose 

of statins can lead to further progression of CKD within the first 120 days of treatment (Dormuth 

et al., 2013). Thus, statins are not currently-used as effective anti-fibrotics for CKD patients, but 

are used more for preventing and treating the development of CVDs. 

 

Another class of treatment for CKD is the use of mineralocorticoid receptor blockers (MRBs), 

which have anti-proteinuric actions most suitable for diabetic nephropathy (Volk et al., 2011), as 

well as moderate anti-hypertensive properties (Jain et al., 2009). MRBs, especially spironolactone 

and eplerenone have shown success at reducing mortality and managing complications in CVDs 

(Coats, 2001). Within the kidneys, studies have shown that MRBs can reverse established renal 

fibrosis and vascular inflammation (Lam et al., 2006). The effects of these drugs, however, are 

mostly conducted as an adjunct therapy to ACEi and ARBs, while the direct mechanisms involved 

with their protective effects are yet to be fully elucidated (Mavrakanas et al., 2014). Of all the 

current treatments being used, the African-American Study on Kidney Disease and Hypertension 

(AASK), a clinical trial conducted in 2002 which used various antihypertensive drugs including 
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MRBs to treat hypertensive kidney disease (Wright et al., 2002) found no additional benefit of 

slowing the progression of nephrosclerosis by reducing of blood pressure alone. Furthermore, 

this study found that MRBs were not as effective as the ACEi examined in slowing the decline of 

kidney function (Wright et al., 2002). Hence, novel treatments or strategies are needed to 

provide a more effective means of reducing or reversing the fibrosis associated with CKD. 

1.4 Novel treatments that will be investigated in this thesis 

1.4.1 AT2 receptor agonists as novel anti-fibrotic treatments 

As mentioned in section 1.2.4.2, AT2 receptors are detected in low abundance during normal 

kidney function in adults, however, they are significantly upregulated during tissue injury and 

disease states (De Gasparo et al., 2000). This receptor thus, provides a therapeutic target for 

potential anti-fibrotic treatments strategy that can bind and activate it during kidney injury, to 

promote AT2 receptor-mediated renal protection. Aside from the endogenous ligand Ang II, other 

agonists have been developed and used for their vasodilatory, anti-inflammatory, anti-fibrotic, 

anti-hypertrophic properties (Namsolleck et al., 2014). Currently, the two AT2 receptor agonists 

used in research are CGP42112 (CGP) and its non-peptide counterpart, compound 21 (C21). 

Studies on rat isolated mesenteric arteries have shown CGP to evoke vasodilatory actions 

through possible crosstalk of AT2 receptors with AT1 receptors, as seen in combination with the 

AT1 receptor blocker, candesartan, to preserve long term vasorelaxation (Barber et al., 1999; 

Widdop et al., 2002). The key molecular mechanisms involved in the anti-inflammatory actions 

of AT2 agonists appear to associated with their ability to inhibit of NF-kB activity and reduce 

oxidative stress (Namsolleck et al., 2014). This was also seen using C21, which dose-dependently 

reduced TNF-α-induced IL-6 levels, while also inhibiting the pro-inflammatory effects mediated 

by AT1 receptors on NF-kB activation (Rompe et al., 2010). These anti-inflammatory properties of 

C21 have also been concomitantly shown with anti-fibrotic actions in a model of renal disease 

using clipped kidneys which caused inflammation, generation of reactive oxygen species (ROS) 

and kidney fibrosis, whereby it reduced infiltration of inflammatory markers and TGF-β1 levels, 

while enhancing the production of NO and cGMP (Matavelli et al., 2011). Furthermore, in 

experimental models of myocardial infarction (MI) the use of C21 was shown to be protective, 
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counteracting the contribution of the AT1 receptor to tissue injury, inflammation and adverse 

remodelling, which resulted in decreased infarct collagen content and improved atrial stiffness 

(Kaschina et al., 2008; Lauer et al., 2013). Outside the several studies mentioned above, Table 

1.4 collectively details other studies documenting the organ protective roles of AT2 receptors 

agonists. As seen, there is widely more research conducted on C21 and its anti-fibrotic or related 

actions over that of CGP. Hence, the lack of studies on the antifibrotic effects of CGP prompted 

further examination and assessment of its properties in Chapter 3 in comparison to other 

investigated novel treatments. 

 

Table 1.4: Summary of various organ protective effects evoked by treatments with AT2 receptor 

agonists. Adapted from (Wang et al., 2017b). 

Models used  Effects of AT2R stimulation  Reference 

Spontaneously hypertensive 
rats (SHR) 

CGP42112 was examined over 4 days: no 
effect on mean arterial pressure (MAP); 
however, coadministration with candesartan 
↓ MAP; CGP4212 effects were blocked by 
PD123319 

(Barber et 
al., 1999) 

Atherosclerosis model using 
Apolipoprotein E-deficient 
(ApoE−/−) mice 

CGP42112 for 4 weeks: ↑endothelial function; 
↓atherosclerotic lesion progression and 
mediated plaque stability partly due to an 
↑nitric oxide bioavailability. 

(Kljajic et 
al., 2013) 

Myocardial infarction (MI) in 
Wistar rats 
 
 
 
MI in Wistar rats: MI  

C21 for 7 days post-MI: Improved MI-impaired 
cardiac dysfunction; ↓ fibrosis; 
↓inflammation (mRNA cytokines); and 
apoptosis (caspase 3, Fas ligand) in the peri-
infarct zone; C21 effects were blocked by 
PD123319. 
 
C21 for 6 weeks post-MI: Improved MI-
impaired cardiac dysfunction 
(echocardiography); ↓cardiac interstitial 
fibrosis and LV TGF-β1 expression 

(Kaschina et 
al., 2008) 
 
 
 
 
(Lauer et al., 
2014) 

Stroke-prone SHR (SP-SHR) 
rats 

C21 for 6 weeks: Prevented vascular fibrosis 
(coronary and aorta) and stiffness 
(mesenteric); ↓ vascular inflammation and 
oxidative stress (aorta); ↓ cardiac interstitial 
and perivascular myocardial collagen; 

(Rehman et 
al., 2012) 
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unchanged cardiac MMP2/9; ↓ renal 
inflammatory/T cell infiltration. 

L-NAME-treated Wistar rats C21 for 6 weeks with L-NAME: Partially 
prevented vascular wall stiffening and fibrosis. 

(Paulis et 
al., 2015) 

Pulmonary hypertension via 
monocrotaline (MCT) in 
Sprague Dawley rats 

C21 for 2 weeks; started 2 weeks after MCT: 
Improved MCT-impaired RV function; ↓ lung 
and RV fibrosis; ↓ pro-fibrotic and pro-
inflammatory cytokines in lungs (mRNA); C21 
effects were blocked by PD123319 or MasR 
antagonist 

(Bruce et 
al., 2015) 

SP-SHR rats on a high salt 
diet 

C21 for the duration of 8-weeks high salt: 
delayed brain lesions and delayed proteinuria; 
↓ glomerulosclerosis, renal fibrosis, and 
macrophage infiltration; ↓ epithelium/ 
mesenchymal differentiation 

(Gelosa et 
al., 2009) 

Doxorubicin-induced renal 
toxicity in Wistar rats 

C21 for 4 weeks post-doxorubicin: Renal 
fibrosis unchanged; ↓ oxidative stress and 
restored glomerular density 

(Hrenák et 
al., 2013) 

Streptozotocin (STZ) in 
ApoE−/− mice with diabetic 
nephropathy 

C21 for 20 weeks post-STZ;  
↓glomerulosclerosis, mesangial expansion, 
albuminuria; inhibited many markers of 
oxidative stress, inflammation, and fibrosis; 
↑MMP2/9 

(Koulis et 
al., 2015) 

Human proximal tubular 
cells 

CGP42112 ↓ TGF-βRII protein expression; 
effects were blocked by PD123319 and L-
NAME. 

(Guo et al., 
2016) 

 

Based on the studies conducted with CGP and C21, additional AT2 receptor agonists with 

improved selectivity for the receptor, such as β-Pro7Ang III have been developed (Del Borgo et 

al., 2015). Although Ang II is widely acknowledged as the major peptide which exerts its effect on 

AT1 and AT2 receptors, the heptapeptide Ang III exerts similar effects to that of Ang II, however, 

is less potent at AT1 receptors and has shown favourable selectivity to AT2 receptor binding 

(Bouley et al., 1998; Cesari et al., 2002; Bosnyak et al., 2011). Furthermore, a few studies 

published by Padia et. al, have shown that Ang III, not Ang II, was the preferred AT2 receptor 

ligand in terms of the kidney’s natriuretic response (Padia et al., 2006, 2008). In the past, it had 

been shown by Jones et al., that a single β-amino acid substitution to the peptide sequence of 

Ang II conferred a shift in AT2 receptor over AT1 receptor binding (Jones et al., 2011). As such, β-

amino acid substitutions were also conducted on each of the Ang III residues, where it was found 
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that β-Pro7Ang III had greater than 20,000-fold selective binding to the AT2 receptor over the AT1 

receptor, and to a greater extent than CGP42112, which was at 18,000-fold selective for the AT2R 

(Del Borgo et al., 2015). Additionally, the use of β-Pro7Ang III evoked similar AT2 receptor-

mediated cardioprotective effects such as vasorelaxation in mouse thoracic aortae and lowered 

mean arterial pressure in SHR during AT1 receptor blockade in vivo (Del Borgo et al., 2015). Seeing 

as AT2 receptor agonists are cardio-protective, this thesis aims to compare the reno-protective 

effects of CGP42112 and β-Pro7Ang III, to a number of other anti-fibrotics, in experimental 

models of CKD.  

1.5 IRAP as a novel anti-fibrotic target  

Although Ang IV is a fragment of Ang II, it has been shown to act like a pleiotropic peptide as well, 

with its primary function residing in the brain and being associated with memory acquisition and 

recall (De Gasparo et al., 2000). The Ang IV/IRAP system is also associated with blood flow 

regulation, mediated by an increase in endothelial nitric oxide synthase (eNOS) and improved NO 

bioavailability to promote vasodilation (Patel et al., 1998; Vinh et al., 2008). Furthermore, Ang IV 

can inhibit sodium reabsorption and hence, promotes natriuresis which is beneficial to reduce 

hypervolemia that accompanies hypertension and CKD (Hamilton et al., 2001). In addition, Ang 

IV also has anti-hypertrophic effects. Studies have reported that Ang IV blocks increases in RNA 

and protein synthesis associated with Ang II binding to AT1 receptors within chick cardiocytes 

(Baker et al., 1992). Also, the application of an AT4 receptor antagonist (divalinal-Ang IV) to rats 

resulted in significantly increased collagen accumulation and left ventricular hypertrophy. These 

results point to a protective role of Ang IV against collagen accumulation in hypertrophied hearts 

(Baker et al., 1992; De Gasparo et al., 2000). Taken together, the beneficial properties of Ang IV 

make it an ideal candidate for treating fibrosis within the injured kidneys. 

 

1.5.1 Mechanistic actions of Ang IV 

The exact mechanisms of how Ang IV mediates its effects after binding to IRAP are still unclear.  

Briefly, there are three general IRAP-mediated mechanisms which are hypothesized: 1) binding 

of AT4 receptor ligands cause the accumulation of IRAP substrates by preventing their 
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degradation by IRAP; 2) IRAP is co-localized with glucose transporter GLUT4, and binding by AT4 

receptor ligands may prolong the cell surface localisation of IRAP as well as GLUT4 thereby 

resulting in increased glucose uptake which may mediate the biological effects of Ang IV; and 3) 

If the cellular effects are mediated via binding of Ang IV to IRAP, it can be considered a classical 

receptor (Vanderheyden, 2009). With respect to a classical receptor function, studies have shown 

that AT4 receptor ligands are capable of activating several signalling pathways including calcium, 

MAPK kinases, NF-kB and cGMP production (Vanderheyden, 2009). The main hypothesis 

regarding Ang IV and IRAP ligand-mechanisms of action appear to be associated with the 

inhibition of IRAP’s catalytic activity leading to the increase in availability of IRAP substrates 

including lys-Bk, vasopressin, Ang III and oxytocin (Figure 1.8).  

 

By inhibiting the breakdown of lys-Bk (as mentioned in section 1.2.4.3), the substrate decreases 

TGF-β1 levels and promote nitric oxide (NO) levels (Hartman, 1995; Kakoki et al., 2007; 

Vanderheyden, 2009). While vasopressin can act on its receptor V2R, it plays a crucial role in the 

regulation of water reabsorption in the renal collecting ducts and hence, inhibition of IRAP may 

impact on renal functional outcomes (Masuda et al., 2003). In the kidneys, Ang II can be 

metabolised by aminopeptidase A (APA) to form angiotensin III (Ang III) (Wright et al., 1990), 

which is also a substrate of IRAP that can bind to AT2 receptors and elicit organ protective effects 

as discussed in section 1.2.4.2 and 1.4.1, while also controlling vasopressin release (Zini et al., 

1996; Chen and Huang, 2000). Lastly, another major IRAP substrate is oxytocin which is known 

for its uterine contractile effects and anti-diuretic effects (Li et al., 2008; Borrow and Cameron, 

2012). Oxytocin additionally has been found to also decrease fibrosis and inflammation via the 

reduction of NADPH-dependent IL-6 activity (Plante et al., 2015). Administration of oxytocin has 

been found to increase IRAP translocation and alleviate renal injury against 

ischemia/reperfusion-induced oxidative damage (Tugtepe et al., 2007; Plante et al., 2015).  

 

Hence by inhibiting the breakdown of IRAP activity, the bioavailability of these substrates 

increases, where they act on their receptor targets to produce their protective effects. However, 

a limitation of Ang IV is that is has a short half-life. 
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Figure 1.8: 

 

The possible mechanisms by which Ang IV and IRAP ligands mediate their organ protective 

effects. Ang IV and IRAP ligands inhibits the catalytic activity of IRAP thereby promoting the 

accumulation of IRAP substrates such as vasopressin, angiotensin III and oxytocin, which in turn 

bind on their respective receptors each contributing to various organ protective functions. 

Adapted from (Master Thesis of Sharenya Chelvaretnam). 

 

1.5.2 Synthetic IRAP inhibitors 

As Ang IV has a short half-life due to its degradation by aminopeptidases (Chai et al., 2004), this 

likely limits the clinical potential of Ang IV peptide-based therapeutics. Attention has thus, turned 

to chemically-produced IRAP inhibitors to inhibit the detrimental effects of IRAP activity (Sardinia 

et al., 1994; Chai et al., 2004; Albiston et al., 2008). The initial development of IRAP inhibitors 

were based on the homology model of the IRAP catalytic domain via in silico screening, 

modifications and characterisation, which led to the development of HFI-142 analogues from the 

Howard Florey Institute, Australia (Albiston et al., 2008). Following chemical modifications of its 

side-chains, three lead synthetic IRAP inhibitors were developed: HFI-419, HFI-435 and HFI-437 

(Albiston et al., 2008), all with Ki values within the nanomolar range (see Table 1.5A). 
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Subsequently around a similar time, two classes of IRAP inhibitors were also developed involving: 

i) β-homo-amino acid substitution of Ang IV resulting in AL-11, AL-40 and IVDE77 (Lukaszuk et al., 

2008, 2009; Nikolaou et al., 2013) (see Table 1.5B); and ii) based on the N-terminal amino acid of 

the cyclic substrates oxytocin and vasopressin, contributing to the synthesis of 13-membered 

macrocyclic compounds termed HA08 and HA09 (Andersson et al., 2010) (see Table 1.5C), with 

HA08 documented as the highest affinity IRAP inhibitor to date (Diwakarla et al., 2016). Of note, 

the Ki of the HFI series are comparable to that of the HA series since both inhibition of IRAP 

catalytic activity were performed in the presence of Zn2+. On the other hand, the Ki values for the 

AL and IVDE series were determined by radioligand binding assays performed in the absence of 

the co-factor Zn2+, hence a direct comparison between the various classes of IRAP inhibitors 

developed to date cannot be made (Lukaszuk et al., 2008, 2009; Nikolaou et al., 2013). Lastly, 

using the same in silico screening process as the HFI series, a second series of IRAP inhibitors have 

been developed by Professor Phillip Thompson at the Monash Institute of Pharmaceutical 

Sciences. SJM-4-164, although having a lower affinity for IRAP compared to HFI-419 (see Table 

1.5D), offers better solubility (>1mg/ml) and similar renal protective effects as HFI-419 in 

reversing age-induced cardiac fibrosis in mice when administered at an equivalent dose of 

0.72mg/kg/day (unpublished findings; reported in the Master Thesis of Sharenya Chelvaretnam, 

Monash Pharmacology). 
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Table 1.5: Developed synthetic IRAP inhibitors from different classes and their respective Ki. 

A

 
HFI-142 
Ki=2μM 

 
HFI-419 

Ki=0.48μM 

 
HFI-435 

Ki=0.36μM 

 
HFI-437 

Ki=0.02μM 

B 
 

 
AL-11 

Ki=16.6nM 

 
 

 
AL-40 

Ki=8.5nM 

 
 

 
IVDE77 

Ki=1.71nM 
 

C 
 

 
HA08 

Ki=3.3nM 

 
 

 
HA09 

Ki=0.242 μM 

D 

 
Where R1, R2, R3, RA, RB and 
A represent various 
sidechains. 

SJM-4-164 
Ki=1.0μM 

 

1.5.3 HFI-419 

Of the available synthetic IRAP inhibitors, HFI-419 was found to optimally inhibit IRAP activity. It 

has relatively high affinity, a good solubility profile and is more stable than other peptide 

inhibitors of IRAP (Albiston et al., 2008). Its Ki value of 0.48μM, determined by its ability to inhibit 

IRAP from cleaving the IRAP substrate Leu-4-methylcoumaryl 7-amide (25uM of Leu-MCA) is 

comparable to the Ki value of 0.11 µM for Ang IV to inhibit IRAP (Lew et al., 2003).  Furthermore, 

an additional advantage of HFI-419 is its high specificity for IRAP, with no affinity for glucose-6-

phosphatase, aminopeptidase N, ACE1, leukotriene A4 hydrolase, ER-associated 
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aminopeptidases (ERAP)-1 and 2 or other ATR subtypes (Albiston et al., 2008). HFI-419 was first 

modified from its synthetic precursor molecule, HFI-142, by altering the 2-amino terminal end 

via acetylation resulting in enhanced stability (Albiston et al., 2008). Studies utilising HFI-419 

demonstrated similar effects to Ang IV within the brain in improving memory (Albiston et al., 

2008). In a study published on the effects of HFI-419 within the brain, although intravenous (I.V.) 

administration of HFI-419 resulted in its disappearance 30 minutes post-administration, it 

immediately increased the active metabolite HFI-142, its precursor, in the plasma (Mountford et 

al., 2014). Further neurological assessment showed I.V. administration of HFI-419 resulted in 

greater plasma concentrations of HFI-142 which were detectable up to 240 minutes post- 

administration, which implied a longer-term benefit of using HFI-419 to treat neurological 

disorders (Mountford et al., 2014). In the hope of translating the therapeutic potential of HFI-

419 for organ protection, preliminary studies have indicated that HFI-419 can effectively reverse 

cardiac fibrosis and vascular remodelling in aged (2-year-old) and Ang II-injured mice where it 

reduced LV TGF-β1 expression levels, myofibroblast differentiation and aberrant ECM 

degradation (unpublished findings; reported in the PhD Thesis of Huey Wen Lee, Monash 

Pharmacology).  Thus, in this PhD project, HFI-419 was selected to be evaluated for its anti-

fibrotic potential against experimental kidney disease, as it was readily available and had been 

studied in other disease settings (so the findings from this thesis could be compared to previously 

conducted studies by others). 

1.6 Relaxin as a novel anti-fibrotic treatment strategy 

1.6.1 History of relaxin 

Relaxin is an endogenous peptide hormone that was first identified by Fredrick Hisaw in 1926, 

for its ability to play an important role in relaxing the pelvic ligaments of female mammals during 

pregnancy to facilitate parturition (Hisaw, 1926). Relaxin is predominantly produced in the corpus 

luteum (ovary) of pregnant mammals and is also produced in smaller concentrations within the 

prostate and/or testes of the male reproductive tract (Weiss et al., 1976) and the heart of both 

genders (Dschietzig et al., 2001). In the late 1950s, studies that exploited the use of relaxin as a 

therapeutic agent for treating human patients used impure preparations of porcine relaxin 
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(Releasin). Releasin was found to be able to prevent premature birth by inhibiting uterine 

contractility, soften the cervix to reduce the duration of childbirth and also increased skin 

elasticity in patients with progressive systemic sclerosis (as reviewed in (Sherwood, 2004)). 

However, clinical studies with Releasin in the mid-1960s were discontinued due to the lack of its 

consistency, safety and failure to meet the requirements of the United States Food and Drug 

Administration (FDA) (Evans, 1959; Erikson and Unemori, 2001). Over the years, research on 

relaxin has significantly improved its synthesis (by chemical or recombinant means) and 

purification (Sherwood and O’Byrne, 1974), the discovery of additional forms of relaxin (Bathgate 

et al., 2002, 2003) and the identification of GPCRs that serve as relaxin receptors (Hsu et al., 2002). 

Over time, studies have demonstrated the consistent pleotropic actions of relaxin that serve to 

reverse several pathological conditions in various organs to highlight its therapeutic potential 

(reviewed in (Bathgate et al., 2013, 2018; Samuel et al., 2017; Sarwar et al., 2017; Jelinic et al., 

2018)). 

 

Relaxin belongs to a family of seven peptide hormones in humans, consisting of three relaxin 

peptides: human gene-1 (H1), gene-2 (H2) and gene-3 (H3) relaxin, and four insulin-like (INSL) 

peptides: INSL-3, -4, -5, -6. These two-chain peptide hormones, linked by disulphide bonds (Figure 

1.9), share structural similarity to insulin and the insulin-like growth factors (IGFs) (Wilkinson et 

al., 2005; Samuel et al., 2007). The A chain of relaxin contains two α-helical segments that play 

an important role in ensuring peptide stability (Hossain et al., 2008), while the B chain contains a 

receptor binding motif Arg-X-X-X-Arg-X-X-Ille/Val in the middle of its structure which is essential 

for relaxin-receptor binding and bioactivity (Sherwood, 2004; Bathgate et al., 2006a). However, 

unlike insulin and IGFs which bind and activate tyrosine kinase receptors, the relaxin peptides 

bind and act through GPCRs (Bathgate et al., 2006a). Most other mammals including rodents only 

have two relaxin peptides: relaxin-1 and relaxin-3 (equivalent to H2 and H3 relaxin, respectively) 

and INSL-3, -5 and -6. H2 relaxin is the major stored and circulating form of human relaxin 

(Bathgate et al., 2006a), is bioactive in mice (Bathgate et al., 2006; Samuel et al., 2007), and will 

be the form of relaxin studied in this PhD project.  
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Figure 1.9: 

 

Structure of relaxin. Crystal structure of a mature relaxin, with its constituent A (blue) and B 

(green) chains linked together by 2 inter-chain and 1 intra-chain disulphide (yellow) bonds. The A 

chain is responsible for peptide stability, while the B chain is made up of several conserved 

residues with receptor-binding motif. Reproduced from (Samuel and Hewitson, 2007). 

 

H2 relaxin is composed of a 24-25 amino acid long A-chain and 29 amino acid long B-chain 

connected by 3 disulphide bonds and has been shown to bind to the class A GPCR, Relaxin Family 

Peptide Receptor 1 (RXFP1). This occurs between a conserved arginine-arginine-isoleucine 

binding domain on the B-chain of relaxin and the extracellular loops of RXFP1. RXFP1 has been 

identified in several reproductive tissues, brain, heart, kidneys and lungs (Hsu et al., 2002; 

Bathgate et al., 2006a; Hossain et al., 2016). Through this receptor, H2 relaxin has demonstrated 

rapidly-occurring anti-fibrotic actions in several organs including the kidneys (Samuel et al., 2003). 

Consistent with this, relaxin- (Samuel et al., 2003) and RXFP1- (Samuel et al., 2009) deficient mice 

undergo an age-related progression of fibrosis, suggesting that relaxin-RXFP1 axis is an important 

endogenous regulator of collagen accumulation (the basis of fibrosis).  
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1.6.2 Relaxin family peptide receptors (RXFPs) 

In contrast to relaxin being discovered in 1926, the relaxin receptors were not discovered until 

75 years later (Hsu et al., 2002). Prior to their finding, relaxin was thought to bind and activate 

tyrosine kinase receptors that were similarly bound and activated by insulin and the insulin-like 

growth factors (IGFs); given the structural similarity of relaxin and insulin/IGFs. It was the 

advancement of genome sequencing that led to the identification of GPRCs as receptors that 

could be bound by relaxin family peptides. This in turn, led to the de-orphanisation of four 

receptors (RXFP1-4) belonging to two distinct subclasses of the family A of GPCRs; leucine-rich 

repeat (LRR)-containing GPCRs  (RXFP1 and RXFP2) and small peptide receptor-like GPCRs (RXFP3 

and RXFP4) (Hsu et al., 2002; Liu et al., 2003; Bathgate et al., 2006b; Van Der Westhuizen et al., 

2007) (Figure 1.10). 

Of relevance to this thesis, the cognate receptor for H2 relaxin is RXFP1 as previously mentioned 

which is widely found in rodent and human heart and kidneys. Although relaxin does weakly bind 

and activate RXFP2 receptors, its organ-protective effects are primarily mediated via RXFP1 (Hsu 

et al., 2002; Mookerjee et al., 2009). In terms of receptor structure, RXFP1 (and RXFP2) are 

different compared to RXFP3 and RXFP4 (Figure 1.10). In addition to containing the seven 

transmembrane-spanning domain which is typically associated with GPCRs, RXFP1 contains a ten 

extracellular repeats (which has now been recognised as the main site of relaxin binding to RXFP1) 

and an N-terminal low-density lipoprotein A (LDLa) module (which directs RXFP1 signaling upon 

relaxin binding to the receptor) (Bathgate et al., 2006b). 
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Figure 1.10: 

 

Relaxin family peptide receptors. This diagram illustrates the structural differences between 

RXFP1 (and RXFP2) compared to RXFP3 and RXFP4. All four known relaxin receptors contain the 

seven transmembrane spanning domains that are typical of GPCRs, however RXFP1 (and RXFP2) 

are distinguished from other GPCRs by having several extracellular LRRs and an LDLa module 

which regulates relaxin signalling upon binding to its receptor. Adapted from (Bathgate et al., 

2013). 

 

1.6.3 Relaxin as a drug-based therapy 

Although relaxin was initially discovered for its pregnancy-associated actions, these actions were 

primarily found to be associated with its ability to regulate collagen turnover. As aberrant 

collagen accumulation forms the basis of fibrosis, it has since been extensively studied for its 

potential anti-fibrotic properties. Numerous studies to date, have shown the anti-fibrotic effects 

of human recombinant relaxin also known as Serelaxin (RLX; based on the H2 relaxin sequence) 

in the heart, kidney, liver, lungs, skin and tendons amongst other tissues, and against several 

etiologies. Male relaxin knockout (RLX-KO) mice undergo an age-related increase in kidney 

collagen deposition, proteinuria and creatine levels, which could be reversed by exogenous 
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administration of RLX (Samuel et al., 2004b). RLX was also seen to improve glomerular filtration 

rate and renal plasma flow while reducing renal vascular resistance in Munich Wistar rats with 

chronic nephrosis (Danielson, 2006). As seen in Table 1.6 (below), several studies have 

demonstrated numerous beneficial effects of RLX within models of CKD. Among relaxin’s 

recognized therapeutic actions during pathological renal conditions by reducing fibrosis, 

countless studies have also shown relaxin is also able promote angiogenesis, vasodilation and 

protect against inflammation resulting in a promising treatment with broad organ protection  

capabilities (Sherwood, 2004; Samuel et al., 2007; Samuel and Hewitson, 2009; Beiert et al., 

2017).  While these actions of relaxin will be further discussed, its anti-fibrotic properties in 

particular will be discussed in greater detail as it is the main feature of relaxin that will be 

examined in the thesis. Additionally, our lab has recently shown relaxin to having more rapidly-

occurring anti-fibrotic efficacy compared to the ACEi, enalapril, in an experimental model of heart 

disease (Samuel et al., 2014); and the corticosteroid, methylprednisolone in the airways/lung of 

a chronic allergic airways disease model  (Royce et al., 2013). Hence this thesis will investigate 

and compare the anti-fibrotic effects of serelaxin to a number of other therapies.
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Table 1.6: Effects of relaxin-deficiency and RLX on kidney disease models. 

CKD models Effect References 

Aging  Male RLX-KO mice had ↑collagen 

deposition, ↑proteinuria, ↑creatine; 

which was reversed with RLX treatment. 

In Munich Wistar rats with chronic 

nephrosis, RLX ↑glomerular filtration 

rate, ↑effective renal plasma flow, ↓ 

effective renal vascular resistance, 

↑MMPs, ↓collagen deposition 

(Samuel et al., 2004b)  

 

(Danielson, 2006) 

Hypertension In 10 month-old male SHRs,  RLX 

↓collagen deposition, ↓α-SMA 

expression (myofibroblast 

differentiation), ↑MMPs 

Ang II-injected SD rats administered with 

RLX via minipump ↓blood pressure, ↓NO 

metabolite, ↓ROS, ↑albumin excretion 

(Lekgabe et al., 2005) 

 

(Sasser et al., 2011) 

Salt diet In Dahl salt sensitive/resistant rats given 

8% NaCl diet, RLX ↓TGF-β levels, ↑nNOS 

and ↑eNOS expression, ↓Blood 

pressure, ↓α-SMA expression 

(myofibroblast differentiation) 

(Yoshida et al., 2012) 

Unilateral 

ureteral 

obstruction 

(UUO) 

In UUO-injured mice, RLX 

↓tubulointerstitial fibrosis, ↓Collagen I, 

III, IV deposition, ↑MMPs, ↓α-SMA 

expression (myofibroblast differentiation) 

RLX ↓collagen deposition, ↓TGF-β1 

expression, ↑MMPs, ↓α-SMA expression 

(myofibroblast differentiation),↑stem cell 

proliferation and migration 

(Hewitson et al., 2007)  

 

 

 (Huuskes et al., 2015) 
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1.6.4 Angiogenic effects of relaxin 

In the event of kidney injury, the kidneys themselves will undergo various events endogenously 

to attempt to recover from the insult. However, this process requires a sufficient blood supply 

that may be lost during injury. Consistent with the renal reparative functions of relaxin, studies 

to date have demonstrated that continuous infusion of relaxin promotes the formation of new 

blood vessels and the reversal of vascular rarefaction. This occurs through a relaxin-induced up-

regulation of factors such as basic fibroblast growth factor (bFGF) (Lewis et al., 2001) and vascular 

endothelial growth factor (VEGF) (Unemori et al., 2000). Of note, a loss of capillaries associated 

with the pathology of renal fibrosis was reversed upon the administration of exogenous VEGF 

administration (Kang et al., 2001), suggesting that a relaxin-induced increase in VEGF plays an 

important role during tissue repair. Relaxin was also found to stimulate -SMA-stained smooth 

muscle blood vessel density and Glut-1-stained endothelial blood vessel density in the setting of 

myocardial infarction-induced heart failure (Samuel et al., 2011).  

Renal toxicity In bromoethylamine-injured rats, RLX 

↓TGF-β1 levels, ↓interstitial fibrosis, 

↓creatine, ↑glomerular filtration rate 

(Garber et al., 2001a) 

Acute 

inflammation 

In Anti-GBM diseased rats, RLX ↓TGF-β1 

levels, ↑fibronectin degradation, ↓focal 

glomerulosclerosis, ↓interstitial fibrosis 

(McDonald et al., 2003) 

Renal mass 

reduction 

In rats with sub-total renal ablation, RLX 

↓glomerulosclerosis, ↓collagen IV 

deposition, ↑creatinine clearance  

In rats with sub-total renal infarction, RLX 

↓systolic blood pressure, 

↓glomerulosclerosis, ↓collagen IV 

deposition, ↑creatinine clearance  

(Garber et al., 2003) 

 

(Garber et al., 2003) 
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1.6.5 Vasodilator effects of relaxin 

Aside from its angiogenic effects, relaxin has also been shown to promote renal vasodilation and 

hyperfiltration to ensure that sufficient blood facilitates the wound healing process following 

injury to the kidney (Conrad, 2010). It has been shown that chronic administration of porcine or 

recombinant human relaxin increase GFR, renal plasma flow and decreases vascular resistance 

(Conrad and Novak, 2004; Conrad et al., 2004). The likely mechanisms of relaxin’s vasodilator 

properties are thought to involve the NO-dependent pathway, whereby relaxin can breakdown 

endothelin-1, a potent vasoconstrictor, into its inactive precursor, ET1-32 via upregulating matrix 

metalloproteinases (MMP)-2 and -9 (will be discussed later). This subsequently activates 

endothelin type-B (ETB) receptors and iNOS-mediated NO production (Fernandez-Patron et al., 

1999; Conrad, 2010) to promote vasodilation. The vasodilatory effects of relaxin have been 

demonstrated in various organs, where in the kidney it has been found to reduce myogenic 

reactivity in an endothelium-dependent manner in rodent small renal arteries  (McGuane et al., 

2011; Novak et al., 2015) and human subcutaneous arteries (McGuane et al., 2011). Relaxin has 

also been found to promote vasodilation in the renal arteries of rats with hypertension (Van 

Drongelen et al., 2013). 

1.6.6 Anti-inflammatory effects of relaxin 

Excerpt from Appendix. 

Several studies have shown that relaxin inhibits the infiltration of various immune cells into 

injured/damaged organs, which produce various pro-inflammatory and pro-fibrotic factors to 

initiate the wound-healing response to injury, but which over prolonged periods contribute to 

the stimulation of excess extracellular matrix (ECM) secretion (Wynn and Ramalingam, 2012). 

Unresolved inflammation followed by dysregulated wound healing can lead to fibrosis-induced 

organ failure. Relaxin has been shown to i) reduce the cellular content of inflammatory cells 

within several tissues including neutrophils, basophils, mast cells, endothelial cells and 

macrophages (Bani et al., 1997, 2002; Garber et al., 2001b; Nistri et al., 2003, 2008; Beiert et al., 

2018), the latter of which being a source of TGF-β1. Furthermore, relaxin ii) decreases granule 

exocytosis and mast cell degranulation to reduce pro-inflammatory and allergic cytokines such 

as histamine, leukotrienes and serotonin (Masini et al., 1997). Relaxin can also iii) inhibit the 
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endothelial adhesiveness to neutrophils and the infiltration of macrophages which are crucial for 

the recruitment and migration of inflammatory cells to the site of injury (Nistri et al., 2003; 

Hewitson et al., 2007; Martin et al., 2018), and iv) inhibit toll-like receptor (TLR)4 signalling and 

promote tissue-repairing M2 macrophage polarization (Chen et al., 2017).  Moreover, relaxin v) 

inhibits NL3P3 inflammasome activity, which is known to produce interleukin (IL)-1β activity 

(Raleigh et al., 2017) and also plays a role in vi) inhibiting NF-kB signalling, crucial in regulating 

many inflammatory genes (Martin et al., 2018). Aside from its effects on inflammatory cell 

infiltration H2 relaxin has additionally been shown to vii) reduce the pro-fibrotic influence of 

cytokines or mediators such as TGF-β1 (Unemori and Amento, 1990; Unemori et al., 1996; Samuel 

et al., 2004a; Heeg et al., 2005; Mookerjee et al., 2009; Bennett et al., 2013; Wang et al., 2016, 

2017a; Martina et al., 2017), IL-1β (Unemori and Amento, 1990; Pini et al., 2016; Beiert et al., 

2017), IL-6 (Yoshida et al., 2014; Beiert et al., 2017, 2018; Wang et al., 2017a), monocyte 

chemoattractant protein (MCP)-1 (Brecht et al., 2011; Wang et al., 2017a), and tumour necrosis 

factor α (TNFα)(Brecht et al., 2011; Yoshida et al., 2013, 2014), amongst others. 

1.6.7 Anti-fibrotic actions of relaxin 

Excerpt from Appendix. 

Following injury, inflammatory cells recruit ECM-producing fibroblasts to the site of injury, to 

synthesize various ECM proteins (such as collagens I, III, IV, V, fibronectin, laminin etc). In their 

resting state, these fibroblasts produce vary low levels of ECM proteins to maintain a slow and 

steady state of tissue turnover. However, when they are activated by factors such as TGF-β1, IL-

1β and angiotensin II (Ang II), which is derived from activation of the renin-angiotensin system 

(Weber et al., 1993; Suzuki et al., 2003; Bataller et al., 2005), they undergo proliferation and 

activation into activated myofibroblasts, which produce large amounts of ECM components. 

Prolonged and/or chronic injury can then lead to continuous myofibroblast-induced fibrosis 

progression (Wynn and Ramalingam, 2012). In conjunction with the increased ECM accumulation 

during fibrosis, factors such as TGF-β1 and Ang II suppress ECM-degrading enzymes such as 

matrix metalloproteinases (MMPs) to facilitate the breakdown of this increased ECM, by 

promoting the ability of tissue inhibitors of metalloproteinases (TIMPs) to inhibit MMP activity. 
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Relaxin has been found to i) consistently inhibit TGF-β1, IL-1β and/or Ang II-mediated fibroblast 

proliferation and/or differentiation into myofibroblasts, regardless of etiology (Unemori and 

Amento, 1990; Unemori et al., 1996; Bennett et al., 2003; Samuel et al., 2004a, 2011; Heeg et al., 

2005; Lekgabe et al., 2005; Mookerjee et al., 2009; Hewitson et al., 2010; Sassoli et al., 2013; 

Fallowfield et al., 2014; Huuskes et al., 2015). Furthermore, relaxin has also been found to ii) 

inhibit myofibroblast contractility as part of its anti-fibrotic actions (Huang et al., 2011). These 

combined actions of relaxin lead to iii) reduced myofibroblast-induced ECM (primarily collagen 

and fibronectin) synthesis and deposition (Unemori and Amento, 1990; Unemori et al., 1996; 

Bennett et al., 2003; Samuel et al., 2004a, 2011; Heeg et al., 2005; Lekgabe et al., 2005; Hewitson 

et al., 2010; Lee et al., 2011; Sassoli et al., 2013; Royce et al., 2015; Cernaro et al., 2017). 

Furthermore, relaxin has been found to iv) promote MMP expression and activity and/or inhibit 

v) TIMP activity to induce the degradation of aberrant ECM protein accumulation (Unemori and 

Amento, 1990; Unemori et al., 1996; Williams et al., 2001; Heeg et al., 2005; Lekgabe et al., 2005; 

Hewitson et al., 2010; Samuel et al., 2011; Huuskes et al., 2012; Sassoli et al., 2013; Royce et al., 

2015; Kang et al., 2017).  

1.6.8 Endothelial-to-mesenchymal transition-inhibitory effects of relaxin 

Excerpt from Appendix. 

In addition to directly stimulating the differentiation of fibroblasts into myofibroblasts, TGF-β1 

can stimulate epithelial and endothelial cells to acquire a mesenchymal phenotype in which they 

de-differentiate, migrate and subsequently re-differentiate into myofibroblasts to secrete large 

amounts of matrix proteins to promote wound healing; commonly known as EMT and EndMT, 

respectively (Klahr and Morrissey, 2002; Barnes and Gorin, 2011; Du et al., 2012). During an 

aberrant wound healing process, however, these transitioned epithelial and endothelial cells 

remain as myofibroblasts and continue to produce ECM components such as collagen and 

fibronectin. In the murine kidney, it was shown that 10% of endothelial cells undergo EndMT and 

5% of epithelial cells undergo EMT, contributing to myofibroblast-induced renal fibrosis (LeBleu 

et al., 2013). Moreover, in a murine model of cardiac fibrosis, it was revealed that 27-33% of all 

cardiac fibroblasts were of endothelial origin using a Cre-lox genetic marking system to identify 
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cells that express Tie1 (an endothelial marker) (Zeisberg et al., 2007). Furthermore, in EndMT, 

phenotypes of endothelial cells, such as CD31 and VE-cadherin expression are often replaced by 

specific properties of mesenchymal cells like vimentin and α-SMA expression (Kovacic et al., 

2012). Evidence over the years have demonstrated that EndMT contributes to a critical role in 

pressure overload-induced pathological fibrosis.  

Recent studies have shown that relaxin can inhibit EndMT within the heart and kidney of 

isoprenalin-induced cardiomyopathy in rodents (Cai et al., 2017; Zheng et al., 2017). Zhou et al. 

found that relaxin could improve cardiac function in rats with myocardial fibrosis, by reducing 

EndMT and interstitial collagens I and III, while increasing the microvascular density of the heart 

(Zhou et al., 2015). It was also found that relaxin could inhibit TGF-β1-induced mobility of 

endothelial cells through a Notch-1-dependent pathway, and increasing expression of CD31 while 

decreasing vimentin content of human umbilical vein endothelial cells (HUVECs) in vitro (Zhou et 

al., 2015). In a separate study, relaxin was found to reduce cardiac fibrosis in vivo via the 

inhibition of EndMT, and by increasing vascular endothelial cadherin and CD31 levels while 

suppressing vimentin and α-sma levels in HUVECs (Cai et al., 2017) in vitro. These combined 

findings suggest that relaxin can inhibit myofibroblast-mediated aberrant ECM synthesis and 

deposition at multiple levels. 

1.6.9 Anti-fibrotic mechanism of relaxin 

Excerpt from Appendix. 

Mechanistically, relaxin has been shown to signal through RXFP1 on myofibroblasts to stimulate 

Gs and GOB proteins (Mookerjee et al., 2009), and through an extracellular signal-regulated kinase 

phosphorylation p-ERK1/2 and neuronal nitric oxide (NO) synthase (nNOS)-mediated NO-soluble 

guanylate cyclase (sGC)-cyclic guanosine monophosphate (cGMP)-dependent pathway to 

suppress TGF-β1 signal transduction and activity at the level of Smad2 phosphorylation 

(Mookerjee et al., 2009; Chow et al., 2014; Sarwar et al., 2015; Wang et al., 2016). This then 

results in a decrease in TGF-β1-induced myofibroblast differentiation and hence, myofibroblast-

mediated ECM/collagen synthesis; a decrease in TGF-β1-induced suppression of MMP (MMP-2, 

MMP-9, MMP-1/-13) activity (Chow et al., 2012); and a decrease in TGF-β1-induced TIMP activity 
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and inhibition of ECM degradation. In cardiac myofibroblasts, relaxin has also been found to 

signal through Notch-1 and suppress Smad3 phosphorylation to inhibit the pro-fibrotic actions of 

TGF-β1 (Sassoli et al., 2013; Martina et al., 2017). Interestingly, these signal transduction 

mechanisms of relaxin in myofibroblasts appears to require the presence of the AT2 receptors, 

which could occur through an interaction between RXFP1 and the AT2R (Chow et al., 2014) [see 

Figure 1.11]. As a result of this interaction, the anti-fibrotic effects of relaxin can be abrogated by 

co-administration of an AT2R antagonist (PD123319) or when relaxin is administered to AT2R 

knockout mice (Chow et al., 2014). As the AT2R can inhibit both the expression and activation of 

the AT1R, relaxin may also signal through the RXFP1:AT2R axis to indirectly inhibit the pro-fibrotic 

effects of Ang II via the Ang II–AT1R–TGF-β1 interaction (Nakajima et al., 1995; Yang et al., 2012). 
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Figure 1.11: 

 

Schematic illustration of relaxin’s signal transduction mechanisms to inhibit TGF-β1. Once H2 relaxin 

(RLX) binds to RXFP1 on myofibroblasts, it can signal through RXFP1 and possible heterodimers that can 

form between RXFP1 and AT2 receptors and through a pERK1/2-nNOS-NO-cGMP-dependent pathway to 

inhibit intracellular Smad2 phosphorylation and translocation. This disrupts the ability of Smad2 to interact 

with pSmad3 and eventually Smad4, resulting in the disruption of TGF-β1 signal transduction.  In turn, this 

affects TGF-β1-induced myofibroblast differentiation and myofibroblast-mediated collagen deposition 

(the basis of fibrosis). Reproduced from (Chow et al., 2014).  

 

Overall, the widely studied organ-protective effects of relaxin as described above, places relaxin 

and/or other RXFP1-agonists as promising novel therapies to be investigated and compared 

against current and other novel treatments in this thesis. 
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1.6.10 B7-33, a single-chain derivative of relaxin 

Although various studies have demonstrated the efficacy of relaxin as a rapidly-acting anti-

fibrotic and vasodilator, there are certain limitations to its use as a long-term clinical therapy. 

Aside from its short half-life, relaxin is costly to chemically or recombinantly produce, owing to 

its two chain structure that requires appropriate linking by disulphide bonds (Hossain and Wade, 

2014). Another potential limitation of relaxin is associated with its ability to activate cAMP-in 

many cells, which can promote increased heart rate, tumour progression (Silvertown et al., 2007; 

Feng et al., 2009) and mortality (Teerlink, 2009). To overcome these limitations, Hossain and 

colleagues (Hossain et al., 2016) developed a cost-effective single B-chain relaxin derivative, B7-

33 which retained  the anti-fibrotic effects of relaxin  without its  tumorigenic potential. B7-33 

was created by truncating the first 6 residues from the N-terminus of the relaxin B-chain, and 

elongating the C-terminus of the native relaxin B-chain (B1-29) with the residues lysine-arginine-

serine and leucine (Hossain et al., 2016). This led to B7-33 being highly positively charged 

(compared to the native B-chain of relaxin), which made it more water soluble for ease of in vivo 

delivery. It specifically bound to RXFP1 and stimulated pERK1/2 activity to a similar extent as H2 

relaxin, but only weakly activated cAMP in comparison. Subsequent studies comparing the 

effects of B7-33 to H2 relaxin demonstrated that at equimolar concentrations to relaxin in heart 

and lung disease murine models of fibrosis-induced disease, B7-33 decreased interstitial and total 

collagen deposition (fibrosis) to a similar extent as H2 relaxin and also promoted MMP expression 

and activity to its two-chained precursor (Hossain et al., 2016). Furthermore, in the same study, 

using a mouse model of prostate tumour growth, B7-33 administration was found not to 

exacerbate RM1 cell-induced tumour growth whereas H2 relaxin did (Hossain et al., 2016). In 

terms of the vasoprotective effects of B7-33, a separate study examined B7-33 in an ex vivo 

model of preeclampsia and found that equimolar doses of B7-33 replicated the same vascular 

benefits as H2 relaxin in rat mesenteric arteries and prevented endothelial dysfunction in mouse 

mesenteric arteries (Marshall et al., 2017). Thus, B7-33 has emerged as a new relaxin-like 

peptidomimetic that is cheaper to produce, but without promoting tumour growth (so is 

potentially safer as a therapy), and offers equivalent anti-fibrotic effects to that of relaxin in the 
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heart and lungs. Hence, this thesis examined the effects of B7-33, in comparison to relaxin in 

treating CKD in a UUO-induced model of interstitial renal disease (Chapter 5).  

1.7 Stem cells as treatments for CKD 

Stem cells are biological undifferentiated cells characterized by their self-renewal capabilities and 

their ability to differentiate into various specialized cell lineages to contribute to the 

reconstruction and homeostasis of tissues (Moore and Lemischka, 2006). Stem cells can be either 

classified as multipotent, stem cells (ie. mesenchymal stem cells (MSCs)) which are semi-

differentiated found within adult tissues (Moore and Lemischka, 2006). Alternatively, pluripotent 

stem cells, exist in the form of (but not exclusive to) embryonic stem cells (ESCs) and induced 

pluripotent cells (iPSCs) (Takahashi and Yamanaka, 2006). Pluripotent stem cells have the 

capability to differentiate into any cell-type of all three germ layers (ectoderm, endoderm and 

mesoderm) while multipotent stem cells are restricted in their differentiation to either one or 

two germ layers as they are obtained from adult tissue (Kolios and Moodley, 2013). Although 

pluripotent stem cells like ESCs have an advantage over adult stem cells in being able to 

differentiate into more cell types, major ethical concerns and political controversies revolve 

around the extraction and use of ESCs as therapy. This is due to the extraction of these cells 

occurring at a time when babies are being born and in some cases involving the destruction of 

human embryos (Lo and Parham, 2009). One method around the ethical problem is 

reprogramming somatic cells to becoming iPSCs for stem cell research. However like ESCs, iPSCs 

may have tumorigenic potential, limiting their use as a safe treatment for kidney disorders that 

eventuate to CKD (Thomson et al., 1998; Lo and Parham, 2009). On the other hand, adult stem 

cells are more easily isolated from relevant tissue sources, are non-tumorigenic and in several 

cases are non-immunogenic (hence, do not provoke an immune response when administered to 

other species including rodents). Bone marrow-derived MSCs contain all these characteristics, 

contributing to their wide use in experimental studies and clinical trials (Wise and Ricardo, 2012). 

These MSC have been used in several registered MSC-based clinical trials (Polymeri et al., 2016). 

 

Aside from the differentiation capacity of MSCs, these cells have also been shown to act via 
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paracrine signalling to regulate and promote a number of different cellular responses including 

cell survival, proliferation, migration and gene expression (Hocking and Gibran, 2010). It is the 

differentiation capabilities of stem cells that contributes to regeneration of damaged tissue while 

the paracrine signalling of these cells contributes to regulation of local cellular responses to tissue 

injury. These combined attributes make the use of stem cells, particularly MSCs, an attractive 

therapy in regenerative medicine. Numerous studies using MSCs have already shown these stem 

cells to being effective at ameliorating tissue damage in major organs including the heart, brain, 

kidney, lung, liver, eye and skin (Morigi et al., 2004; Amado et al., 2005; Ma et al., 2006; Sasaki 

et al., 2008; Honmou et al., 2011; Royce et al., 2015). With such promising data demonstrating 

broad applicability and efficacy, this had led to the rapid development of numerous stem cell-

based therapies in pre-clinical and clinical trials aimed at treating various acute and chronic 

diseases including diabetes mellitus, cirrhosis, myeloid leukaemia, hearth failure, pulmonary 

fibrosis etc. (Kolios and Moodley, 2013). The main reparative paracrine properties of MSCs, 

although not limited to, include their anti-inflammatory, anti-apoptotic and angiogenic effects, 

which will be discussed further below. 

1.7.1 Immunomodulatory effects of stem cells 

A consistently reported paracrine effect of stem cells is their anti-inflammatory properties. Upon 

kidney injury, macrophages and neutrophils migrate to the site of injury and release various pro-

inflammatory cytokines, chemokines and reactive oxygen species (ROS) in addition to the 

recruitment of adaptive immune cells ie. mast cells, natural killer cells, B and T lymphocytes. 

Under normal physiological conditions, intravenous (i.v.) administration of MSCs, will migrate 

towards the lungs and then into bone marrow where they can reside for an extended duration 

of time (Devine et al., 2001). However, upon injury, the i.v-administered stem cell immediately 

migrate to the lungs and then migrate towards injured tissues driven by chemokines released 

from the inflamed injured site (Honczarenko et al., 2006). Although the homing properties of 

stem cells are yet to be fully elucidated, current studies show whole repertoires of chemokine 

receptors present on stem cells including C-C chemokine receptor type 1 (CCR1), CCR4, CCR7 C-

X-X chemokine receptor type 5 (CXCR5), stromal cell-derived factor-1/CXCR4 and CD44 

(Honczarenko et al., 2006; Zhu et al., 2006; Ponte et al., 2007; Ringe et al., 2007; Panja et al., 
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2017). The fact that stem cells can express a variety of chemokine receptors suggests they can 

home to an assortment of inflamed tissues during injury. Once at the site of injury, stem cells 

shift pro-inflammatory cells (ie. monocytes, macrophages) to an anti-inflammatory state by 

decreasing TNF-α, IL-1β and/or interferon-γ, which subsequently reduce inflammatory responses 

(Ortiz et al., 2003; Togel et al., 2005). This in turn, decreases T-cell-induced responses via 

communication with dendritic cells, suppressing the activity of natural killer cells, and 

suppressing dendritic cell function for immunosuppression to allow administered stem cells to 

evade the immune system (Wu et al., 2005).  The latter is likely aided by the reduction of antigen 

presentation to naïve T-cells which also allows for a reduction in host rejection of introduced 

stem cells (Wu et al., 2005). In addition, stem cells also promote a Th-2 dominant immune 

response, which is generally anti-inflammatory in nature (Aggarwal and Pittenger, 2005; Wise 

and Ricardo, 2012). Furthermore, they also additionally secrete soluble factors including IL-1, IL-

10 and prostaglandin E2 (PGE2) which diminish the effects of neutrophils and monocytes in being 

able to release chemokines and cytokines that contribute to tissue inflammation (Bouffi et al., 

2010).  

1.7.2 Anti-apoptotic effects of stem cells 

Another property of stem cells are their anti-apoptotic effects. In the kidneys, insults to tissues 

such as exposure to toxins, sepsis or ischemia can lead to ROS accumulation, also referred to as 

oxidative stress (Bussolati et al., 2008). These elevated levels of free radicals coupled with 

apoptotic proteins cause apoptotic cell death and/or necrosis of tubular cells and podocytes 

(Wise and Ricardo, 2012). MSC administration has been found to reduce oxidative stress and 

apoptosis in animal models following both ischemia-reperfusion and cisplatin-induced injury 

(Chen et al., 2011; Wise and Ricardo, 2012).  The latter studies induced acute kidney injury by 

increasing apoptotic proteins such as Bax and decreasing anti-apoptotic proteins such as Bcl-2. 

Administration of MSCs downregulated Bax and upregulated Bcl-2, leading to an anti-apoptotic 

response (Cao et al., 2010; Qi and Wu, 2013).  
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1.7.3 Angiogenic effects of stem cells 

Thirdly, stem cells can stimulate angiogenesis and limit vascular rarefaction. Revascularization 

plays a critical role in wound healing as it provides nutrient delivery (King et al., 2014). Some stem 

cells have been shown to differentiate into endothelial cells, stimulate the activity of endothelial 

progenitor cells, and increase gene expression of proangiogenic factors such as VEGF and 

angiopoietin. Furthermore, stem cells can up-regulate expression and activity of CXCR4, a 

receptor that is correlated with angiogenesis and which acts as a chemoattractant as mentioned 

earlier (Leu et al., 2010; Zacharek et al., 2010). In humans following acute myocardial infarct, 

administration of stem cells in the heart followed by nine days of revascularization was 

associated with improvements in ejection fraction, infarct size and myocardial perfusion which 

were attributed to myocardial regeneration and neovascularization by administered stem cells 

(Strauer et al., 2002). Within the kidneys, a study using COL4A3-deficient mice injected with MSCs 

showed the prevention of perivascular capillaries loss and improved recovery of the damaged 

kidney (Ninichuk et al., 2006).  

1.7.4 Stem cells alone and in combination in treating chronic diseases 

Amidst the favourable outcomes following the use of stem cells in acute kidney injury and other 

short-term animal disease models (Wise and Ricardo, 2012), the therapeutic efficacy of stem cells 

has been less promising in long-term exacerbated/chronic diseases (Dolgachev et al., 2009). This 

potentially is attributed to the extensive fibrosis that occurs within chronically-damaged tissues 

which has been shown to impair stem cell survival, migration, proliferation and integration with 

resident tissue cells (Knight et al., 2010; Eun et al., 2011; Van Dijk et al., 2011). In this setting, 

kidney studies have shown that the glomerular reparative capacity of MSCs are less impressive 

and hence, ongoing damage to glomerular cells can result in the progressive loss of nephrons, 

leading to the expansion of the interstitium and further development of fibrosis (Wise and 

Ricardo, 2012). Thus, this drove the idea of using a combination therapy with an anti-fibrotic 

treatment to reduce fibrosis associated with CKD, thereby creating a more favourable 

environment for stem cell-based therapies to elicit their organ-protective effects. Recent efforts 

involved the combination of MSCs with relaxin in a mouse model of obstructive nephropathy 

which showed significantly improved anti-fibrotic and tissue-reparative effects over the effects 
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of MSCs alone (Huuskes et al., 2015). This combination therapy was further supported by results 

investigated in chronic lung disease models with established fibrosis, where again the combined 

effects of MSCs with relaxin, or human amnion epithelial cells with relaxin, reduced established 

fibrosis and associated airway reactivity  to a greater extent than either therapy alone (Royce et 

al., 2015, 2016).  

1.7.5 Human amniotic epithelial cells (hAECs) 

While all stem cell lineages have some promise as therapeutics, recent studies into human 

amniotic epithelial cells (hAECs) have shown that these cells contain several important 

advantages over other stem cells (Table 1.7). As gestational tissue such as the placenta and 

amniotic fluid are often discarded upon birth, placental stem cells including hAECs can be easily 

and non-invasively isolated from discarded placental tissue (Murphy and Atala, 2013). Like MSCs, 

they share comparable paracrine properties and effects without the need for invasive procedures 

for extraction (Broughton et al., 2013; Mehanni et al., 2013). Furthermore, they are pluripotent 

and avoid the ethical concerns, immunogenic and tumorigenic effects seen with ESCs or iPSCs 

(Broughton et al., 2013; Yang et al., 2018). Recently our lab and colleagues tested the reparative 

efficacy of MSCs, hAECs and their combined effects with relaxin in a mouse model of chronic 

allergic airway disease (Royce et al., 2016). The results obtained showed synergistic 

improvements using hAECs with relaxin over that of the either treatment alone in being able to  

reduce established airway inflammation, fibrosis and reactivity (Royce et al., 2016). This 

demonstrated the feasibility and improved efficacy of co-administering hAECs with relaxin in 

respiratory disease models. However, the effects of hAECs and relaxin have not been evaluated 

in experimental kidney disease.  
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Table 1.7: Beneficial characteristics of hAECs over four major cell lineages. Adapted from 

(Broughton et al., 2013). 

 

1.7.5 Limitation of stem cell-based therapies 

Despite the promising findings of this combination therapeutic approach, there are still some 

drawbacks to using combination therapies involving stem cells. Stem cells can exhibit donor-

dependent variability and require cell culture maintenance to achieve sufficient amounts of cells 

for therapeutic use. Furthermore, they cannot be frozen and thawed for immediate use and again 

require cell culture maintenance and expansion, thereby prolonging the amount of time taken 

for their therapeutic administration, which can also involve the risk of freeze/thawing and cell 

cultured-induced loss of function (Moll et al., 2014). The number of stem cells that can physically 

be injected into murine models needs to be capped at 1-2 million cells/mouse; as administration 
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of >2 million cells/mouse can induce respiratory problems leading to death, due to the clumping 

and accumulation of cells that get trapped within the lung, which can induce the risk of embolism 

formation and/or prevent the migration of cells to injured tissue sites (Kikuchi et al., 2002; 

Kyriakou et al., 2008; Moodley et al., 2010). This, however, is less of a problem for the use of 

stem cells in treating human disease, as the human airways are much larger and deeper than 

their murine counterparts. Moreover, studies have shown that stem cells are rapidly cleared from 

the damaged organ within 3-7 days of administration (Huuskes et al., 2015). Interestingly, as their 

protective effects remain active long after they have been eliminated, it has been proposed that 

microvesicles derived from stem cells, known as exosomes are likely released and mediate the 

therapeutic and reparative properties of stem cell well after the cells are cleared from the 

damaged organs they are administered into (Ng et al., 2015). 

1.8 Exosomes 

Recently exosomes have been identified as new paracrine factors released by various cell types 

including dendritic cells, B-lymphocytes, various epithelial, endothelial and stem cells (Van 

Balkom et al., 2011). They can be isolated by cell culture supernatant and collected from a variety 

of sources including the amnion (Keller et al., 2007; Motedayyen et al., 2017).  Stem cell-derived 

exosomes are microvesicles that have the diameter of ~50-100nm (1-300th-1/500th the size of 

their parental stem cells) and contain various lipids, proteins and non-coding RNAs all of which 

hold the same reparative properties of their parent cell (Valadi et al., 2007; Urbanelli et al., 2015). 

This shift in direction from stem cells to their secretory vesicles was first spurred by studies 

demonstrating that culture medium conditioned by MSCs produced similar therapeutic benefits 

when administered in rodent models of myocardial infarction, lung injury and later, kidney injury 

(Gnecci et al., 2005; Bruno et al., 2009; Goolaerts et al., 2014). Subsequently, homogenous 

preparations of exosomes which were equivalent to ~10% of the conditioned medium dosage 

was shown to reduce infarct size of an ex vivo mouse model of myocardial ischemia/reperfusion 

(Lai et al., 2010). Thus, this prompted further research and application of stem cell-derived 

exosomes for their therapeutic capabilities. 
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Currently, there are 3 main theories on the possible mechanisms of how exosomes elicit their 

effects on target cells: 1) they adhere to the target cell surface through adhesion molecules and 

receptors present leading to downstream signalling; 2) the exosomes may directly fuse into the 

target cell to release its contents; or 3) the exosomes may incorporate into target cells after 

endocytosis and then be processed in an endosomal pathway which is better supported in the 

literature (Valadi et al., 2007; Van Balkom et al., 2011). 

In terms of benefits over stem cells, exosomes have significant advantages including 1) they are 

non-tumorigenic as they lack intrinsic self-renewal mechanisms (Lener et al., 2015); 2) because 

of their smaller size, they are less likely to form an embolism and become trapped in the lungs, 

and as a result, the therapeutic impact of several million cells (that can’t be physically 

administered to mice) can be delivered in the form of exosomes (Kordelas et al., 2014).  3) Once 

isolated and stored frozen, they can be thawed for immediate use without the need for cell 

culture maintenance  (Kordelas et al., 2014). Moreover, exosomes exert their protective effects 

through similar mechanisms as the parent stem cell from which they are released, suggesting 

that exosomes potentially mediate the cell-to-cell signalling between stem cells and target cells 

(Xin et al., 2013). 

Regarding CKD, whereas the viability and survivability of stem cells are reduced in the presence 

of fibrosis in chronic disease models (Eun et al., 2011), exosomes are not as sensitive towards 

environmental factors as they inherently lack cellular activity (Lener et al., 2015). However, the 

ability for exosomes to migrate to sites of tissue injury could potentially be inhibited by fibrosis. 

Hence, the addition of an anti-fibrotic agent such as relaxin could also improve the migration of 

and therapeutic potential of exosomes – which will be investigated in this thesis. 

1.9 Aims and Hypothesis 

 

Recent studies have started to compare the anti-fibrotic effects of RLX to the clinically used ACEi, 

enalapril, in an experimental model of cardiac fibrosis (Samuel et al., 2014); and to bone marrow-

derived mesenchymal stem cells (MSCs) in an experimental model of tubulointerstitial renal 

fibrosis (Huuskes et al., 2015). In both studies, relaxin demonstrated improved anti-fibrotic 
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efficacy over enalapril or MSCs alone and augmented the actions of both therapies to reduce 

fibrosis, when added in combination with either of them. These projects aim to extend those 

studies, by comparing and combining the anti-fibrotic effects of RLX to other front-line 

treatments (ARB and ACEi), as well other emerging anti-fibrotic (AT2 receptor agonists; IRAP 

inhibitor; hAEC derived exosomes) – in high salt or unilateral ureteric obstruction-induced 

experimental kidney disease models in mice. 

 

Hypotheses: That 1) relaxin will demonstrate at least similar, if not improved anti-fibrotic efficacy 

over a clinically-used ARB (candesartan cilexetil); ACE inhibitor (perindopril); AT2 receptor agonist 

(CGP42112 or β-Pro7Ang III); IRAP inhibitor (HFI-419); and hAEC derived exosomes; further 

confirming its potential as an anti-fibrotic therapy of the future. 2) The combined effects of 

relaxin and the various therapies it is combined with will offer greater anti-fibrotic efficacy 

compared to either therapy alone. 

 

Aims: The following aims will be addressed in this PhD thesis: 

Aim 1: To compare and combine the anti-fibrotic effects of relaxin to an ARB (candesartan 

cilexetil) and an AT2 receptor agonist (CGP42112) in a high salt (5% NaCl)-induced murine model 

of kidney disease;  

Aim 2: To compare and combine the anti-fibrotic effects of relaxin to an ACEi (perindopril) and 

an IRAP inhibitor (HFI-419) in the high salt (5% NaCl)-induced murine model of kidney disease; 

and 

Aim 3: To compare and combine the anti-fibrotic effects of relaxin to various peptide- and cell-

based treatments in a UUO-induced murine model of interstitial kidney disease. 

 

Completion of these studies should lead to the identification of mono- or combination therapies 

that have improved anti-fibrotic efficacy over current standard of care medications. 
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2.0 Materials & Methods 

General reagents and materials used in this thesis are detailed in this Chapter, unless otherwise 

specified. The methodologies described in this Chapter are methods which have been utilized in 

Chapters 3-5. More specific details of specialized methods are discussed in the appropriate 

individual Chapters. 

2.1 Relaxin 

Recombinant H2 relaxin (now known as serelaxin; RLX) was generously provided by Corthera Inc 

(San Carlos, CA, USA; a subsidiary of Novartis International AG, Basel, Switzerland). For all 

subsequent experiments, 0.5mg/kg/day of serelaxin was administered via osmotic mini-pump 

infusion (further described in section 1.4) based on previous studies showing that this 

concentration, at the rate infused (0.5-1l/hour), produces 20ng/ml of circulating hormone 

after 5-7 days of administration in mice (Samuel et al., 2003); a level which is known to prevent 

and reduce tissue fibrosis in numerous diseased models regardless of etiology (Garber et al., 2001; 

Hewitson et al., 2010; Huuskes et al., 2015; Royce et al., 2015; Samuel et al., 2017).  

As RLX is used across all Chapters, other treatments used will be addressed independently in the 

appropriate Chapters. 

2.2 Animals 

All mice used in this thesis were obtained from Monash Animal Services (Monash University, 

Clayton, Victoria, Australia) and contained within a controlled environment, in the Department 

of Pharmacology’s holding facility (Monash University, Clayton, Victoria, Australia). Animals were 

maintained at a temperature of 21±5oC, and on a fixed lighting (12 hours light and 12 hours dark) 

schedule with access to normal rodent or high salt (5% NaCl)-containing lab chow (Barastock 

Stockfeeds, Pakenham, Victoria, Australia) and water ad libitum dependent on the study detailed 

in Chapters 3-5. All mice were provided an acclimatization period of 4-5 days before 

commencement of experiments. All experiments and procedures were approved by the Monash 
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University Animal Ethics Committee, which adheres to the Australian Guidelines for Care and Use 

of Laboratory Animal for Scientific Purposes.  

2.3 High salt model 

Within Chapter 3 and 4, a high-salt diet (5% NaCl) model was implemented to replicate the 

clinically relevant increasing problem with western diet, a consistent high salt intake leads to 

changes within the kidneys and heart to induce organ remodelling and fibrosis. Populations with 

higher salt consumption have been linked with increased hypertension and the development of 

CKD (Ha, 2014). Thus, sub-groups of mice had their normal rodent chow replaced with high salt 

(5% NaCl)-containing lab chow (Barastock Stockfeeds, Pakenham, Victoria, Australia). The use of 

this model allowed for significant increase in fibrotic development in organs within 4 weeks inside 

the mice, therefore the treatments were administered thereafter and their ability to reverse 

renal fibrosis were compared.  

2.4 Unilateral ureteric obstruction (UUO) model 

In Chapter 5, UUO was chosen as a more severe model compared with high salt diet and for its 

reproducibility of primary tubulointerstitial disease-like the pathology of human progressive 

renal disease that leads to progressive interstitial fibrosis independently of species and strain 

(Chevalier et al., 2010). UUO surgery was performed under anaesthesia of 3% isoflurane (Baxter 

Healthcare Pty Ltd; NSW, Australia) via inhalation and maintained by a nose cone. Subsequently 

mice were placed over a heat pad, shaved on their left flank and cleansed with 70% ethanol. The 

left ureter was located by a 2 cm wide flank incision and ligated using 5.0 surgical silk (Johnson & 

Johnson, NJ, USA). The right contralateral unobstructed kidney served as biological control. In 

sham-operated animals, the left ureter was isolated without ligation. After the flank incision 

and/or ligation, mice were sutured closed with suture silk and monitored until they were fully 

recovered within 10-15 minutes (Figure 2.1). By ligating the left ureter, within several days 

hydronephrosis accompanied with inflammatory infiltration, tubular cell death and fibrosis 

develops to mimic the pathology of CKD.  
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Figure 2.1 UUO surgery 

Once the mouse is under anaesthesia, a 2 cm wide incision was made on the left flank. The left 

ureter is then located and ligated. Afterwards, mice were sutured closed and monitored once a 

day for 7-days. By day 7, the mouse was culled, and kidneys were dissected out. When compared 

to the right contralateral kidney, the obstructed kidney was significantly bigger due to build-up of 

fluids and paler. k: kidney; u: ureter. 

2.5 Body weight & blood pressure measurements 

The body weight of mice was recorded in grams fortnightly (for studies involving the high salt 

model) or weekly (for studies involving the obstructive nephropathy model); before the 

commencement of any experimentation and any blood pressure measurements; or prior to, and 

after drug treatment; or prior to animals being culled. Systolic blood pressure (SBP) was 

measured every 2 weeks (for studies involving the high salt model) using non-invasive tail-cuff 

plethysmography apparatus (MC400 Blood Pressure Analysis System, Hatteras Instrument Inc). 

At least 15 to 20 measurements per time point were pooled to obtain a mean for each animal.  

2.6 Osmotic mini-pump implantation 

Prior to mini-pump implantation, mice were administered 3% isoflurane (Baxter Healthcare Pty Ltd; 

NSW, Australia) via an anaesthetic induction chamber. Once anaesthetized, mice were shaved at 

the back of the neck and cleansed with 70% ethanol. A small incision was made between the 

scapulae on the dorsal surface of each mouse. A pocket was then created by spreading the 

Day 7 



113 
 

subcutaneous connective tissue apart by blunt dissection. A 7-day osmotic mini-pump (model 

1007D; Alzet, Cupertino, CA, USA) was filled with the appropriate treatment, and subcutaneously 

inserted into the pocket and closed by Michel suture clips.  

2.7 Animal cull and tissue collection 

Once mice were weighed, they were culled by an overdose of isoflurane anaesthesia (5% in 

oxygen). An incision was rapidly made from the abdomen to the top of the thorax when the mice 

were placed in a supine position. The sternum was then lifted and both sides of the lower rib 

cage and diaphragm were removed to expose the heart. Blood was then drawn for plasma 

collection via cardiac puncture into the apex of the left ventricle with a 27 gauge (20mm) 

hypodermic needle (Terumo, Leuven, Belgium) and collected with a 1ml syringe (Terumo, Leuven, 

Belgium). The blood was then transferred to a heparinised-tube (0.5 ml; LH Lithium Heparin 

Minicollect© Tube, Greiner Bio-One GmbH, Austria) to prevent coagulation and spun with a 

centrifuge at 10,000 rpm, 4oC, 10min. Plasma was then extracted and transferred into 1.5ml 

Eppendorf tubes and stored at -80oC (until required for analysis). An incision was then made in 

the abdomen moving laterally towards the left and right flanks. Both kidneys were dissected from 

each mouse, decapsulated and weighed. The kidneys were cut and divided into equal portions 

containing the cortex, medulla and papilla or stored at -80oC as a whole organ depending on the 

experiment. The tissue portions were either fixed in 10% formalin or embedded in a cryomold 

containing optimum cutting temperature (OCT) compound (Tissue Tek, Tokyo, Japan) and frozen 

with methylbutane (Uvasol, Merk Millipore, Darmstadt, Germany) and then with liquid nitrogen, 

or snap frozen immediately in liquid nitrogen before being stored in -80oC (Figure 2.2).   
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Figure 2.2 Kidney collection and allocation for analysis 

Once kidneys were dissected out of each mouse, they were subsequently weighed and further 

divided into even sections for: protein analysis (by Western blotting and gelatin zymography), 

immunofluorescence staining, hydroxyproline analysis and immunohistochemistry. A) For the first 

two studies involving mice fed on a high salt diet, both kidneys were equally divided in half, 

whereas, B) for the third aim, only the UUO-obstructed left kidney was divided into quarters, for 

the respective analyses detailed above. 

 

A 

B 
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2.8 Tissue sectioning and morphometry 

Kidney tissues fixed in 10% formalin were sent to Monash Histology Services (Monash University) 

for processing. Kidneys were then embedded using molten paraffin into a metal mould and 

solidified into blocks with a cold plate. The tissue blocks were then cut at 5μm using a microtome 

(Leica Microsystems Ltd, Wetzlar, Germany) to achieve 6-8 serial-sections, which were 

transferred into a 37oC water bath before being mounted on Superfrost© Plus slides (Thermo 

Scientific, Rockford, IL, USA) and dried overnight before use.  

One set of these paraffin-embedded kidney sections from each treatment group was also given 

to Monash Histology Services to stain for extracellular matrix deposition (primarily collagen in 

blue) using Masson’s Trichrome, where interstitial and glomerulosclerosis score was able to be 

imaged and analysed. 

2.9 Immunohistochemistry 

Immunohistochemistry was used to detect various markers of ECM remodelling, fibrosis and 

tissue injury, inclusive of transforming growth factor 1 (TGFβ1), alphasmooth muscle actin (α

SMA; a marker of myofibroblast differentiation), and CD31 (a marker of endothelial cells used 

here to measure vascular rarefaction), amongst others (see Table 2.1 for full list of markers 

analysed). One serial section per slide from each animal/treatment group was used to evaluate 

each marker detailed above, while one additional slide from a high salt or UUOinjured mouse 

kidney was used as the negative control (for each antibody used). Serial sections on each slide 

were first dewaxed twice in xylene (15 minutes each), then twice in absolute ethanol (10 minutes 

each), rehydrated in 70% ethanol and washed in deionized water before the serial sections were 

transferred and submerged into 3% hydrogen peroxide for 10 minutes (Ajax Finechem, NSW, 

Australia) to inhibit endogenous peroxidase activity. The slides were then washed and placed in 

preheated citrate buffer (pH 6) for antigen retrieval by incubating for 5 minutes and then cooling 

to room temperature in a water bath for 25 minutes. Each section was then circled with a Dako 

hydrophobic pen and incubated in 50µl of Dako Diluent (Dako North America Inc., CA, USA) for 

10 minutes to block nonspecific protein binding. Diluent was then removed and 50µl of a 

selected primary antibody (see Table 2.1 with appropriate dilution), with/without biotinylation 
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(using Dako ARKTM biotinylating kit, K3964, CA, USA) if a primary mouse antibody was used, was 

then added to corresponding sections and left covered overnight at room temperature in a 

humidification box.  

 

The following day, the sections were washed and placed in tris buffer for 14 minutes to remove 

excess primary antibody residue. Appropriate sections were then treated with a Dako enVision+ 

system-HRP labelled polymer anti-rabbit secondary antibody (for detection of markers that were 

stained with polyclonal antibodies) or Dako enVision+ streptavidin-HRP labelled polymer anti-

mouse secondary antibody (for detection of markers that were stained with monoclonal 

antibodies) for 30 minutes. Subsequently, the slides were rinsed in tris buffer for 14 minutes and 

incubated in DAB chromagen (Dako liquid DAB+ substrate chromogen system, K3468, CA, USA) 

for 5 minutes before being soaked in distilled water to stop any further reaction. The slides were 

then counter-stained with haematoxylin for 1 minute, rinsed in distilled water and then washed 

with Scott’s tap water for a further 1 minute. Following staining, the slides were dehydrated in 

70% ethanol and absolute ethanol and were cleared with xylene prior to being mounted with a 

coverslip with DPX (VWR International, PA, USA). Positive DAB staining was visualized and 

scanned by Monash Histology Services for morphometric analysis.  

Table 2.1. Primary antibody details of the various markers of ECM remodelling, fibrosis and 

tissue injury that were analysed by Western blotting (WB), immunohistochemistry (IHC) and/or 

immunofluorescence (IF). 

Antibody Species Dilution Company Product number 

α-SMA Mouse monoclonal IHC: 1:500 Dako M0851 

CD31 Rabbit polyclonal IHC: 1:100 Abcam Ab28364 

F4/80 Rat monoclonal IHC: 1:200 

IMF: 1:100 

Bio-Rad  MCA497R 

IRAP (D7C5) Rabbit monoclonal IMF: 1:500 Cell signalling #6918S 

KIM-1 (TIM-1) Mouse monoclonal IHC: 1:100 R&D systems MAB1817 

p-IKβ Rabbit polyclonal IMF: 1:50 Cell Signalling #28595S 

TGF-β1 Rabbit polyclonal IHC: 1:1000 Abcam Ab92486 
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TIMP-1 Rabbit polyclonal IHC: 1:1000 

WB: 1:2500 

Abcam Ab38978 

2.10 Immunofluorescence 

Immunofluorescence was used to detect markers of renal inflammation. Frozen tissue blocks 

were sectioned at 5μm on a cryostat (Leica) and mounted on Superfrost© Plus slides (Thermo 

Scientific, Rockford, IL, USA). The frozen tissue slides were then air dried and fixed in cold acetone 

for 10 minutes at room temperature. Subsequently, the slides were washed in 0.01M PBS buffer 

containing: NaCl 5.84M, KCl 7.46M, NA2HPO4 14.19M and KH2PO4 13.61M for 10 minutes, 3 times. 

Sections were then incubated with 10% goat serum in 0.01M PBS for 30 minutes, which was used 

as a blocking solution to reduce non-specific binding. At the same time, primary antibodies were 

prepared using antibody diluent (DAKO) to reach optimized concentration (see Table 2.1). 

Following the 30 minutes of blocking, the goat serum was removed and 50μl of primary antibody 

was added onto each slide before being left to incubate overnight in a humidification slide box 

at room temperature.  

The following day after >16 hours of incubation, sections were washed again with cold 0.01M 

PBS, 3 times per wash for 10 minutes each. The secondary antibody was prepared similarly to the 

primary except in the dark and applied on each slide for 2-3 hours at room temperature with goat 

anti-rat Alexa Fluor 488 IgG (A11006, Life technologies, CA, USA) diluted in diluent at a 1:500 

ratio. Finally, sections were washed 3 times again with 0.01M PBS, mounted with mounting 

medium (VectaShield H-1000, Vector), and cover slipped for imaging.  

2.11 Imaging and analysis 

All kidney sections were scanned, captured and viewed under Monash Histology Service’s Aperio 

Scanscope AT Turbo (Leica Microsystems Pty Ltd, VIC, Australia) or with a confocal microscope at 

x20-x40 magnification for morphometric analysis of immunohistochemically- or 

immunofluorescently-labelled tissue images. Images were blinded and quantified with ImageJ 

1.48 software (Java, NIH) (Figure 2.3).  
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Figure 2.3 morphometric analysis using ImageJ  

A) Once image is imported into ImageJ, select “Plugins” tab → Colour Deconvolution and a pop-

up menu would appear. Select the appropriate vector filter for Masson’s Trichrome or DAB 

staining via a dropdown menu. For IMF, instead, select “Image” tab → “Type” → RGB stack. B) 

Subsequently 3 colour filters appear, select the filter which enhances the target staining. C) Under 

“Image” tab → “Adjust” → Threshold. A pop-up menu would appear for the selected staining to 

be overlayed by red pixels. All images are adjusted to the appropriate amount of target staining 

seen when compared to the original image via “Auto” threshold tab or by manual slider 

adjustment. D) To analyse % staining/field, select “Analyze” tab → Measure to display % area of 

red pixel count within the given field. 
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2.12 Protein analysis 

2.12.1 Protein extraction  

The portion of each collected kidney sample that was allocated for protein extraction, was 

homogenized in a buffer containing 0.25% (w/v) Triton X-100 and 10mM CaCl2 (at a ratio of 20ml 

of homogenization buffer/gram of wet tissue weight); using a Ulta-Turrax T8 homogenizer (IKA 

Labortechnik, Germany).  Once samples were homogenized, they were stored in ice until all 

samples had been homogenized, before all samples were centrifuged (Eppendorf Centrifuge 

5810 R, Hamburg, Germany) at 3000g for 20 minutes at 4oC. The supernatant (containing 5-10% 

of total protein) from each centrifuged sample was then subsequently separated from the pellets 

and discarded. The remaining pellets (containing 90-95% of the total protein) was then re-

suspended in 0.1M CaCl2 (at a ratio of 20ml of solution/gram of wet weight tissue), before 

samples were vortexed and heated in a shaking water bath at 60oC for 4min. The heated samples 

were then cooled down and centrifuged again at 3000g for 20 minutes at 4oC. This time the 

separated supernatants were transferred into Millipore concentrators with a 10kDa cut-off (Merk 

Millipore, Darmstadt, Germany; which elute proteins smaller than 10kDa, but retain and 

concentrate proteins larger than 10kDa when centrifuged). The supernatants were concentrated 

to 100-200l in volume by centrifugation (at 3,000g) before 1ml of 0.5M Tris-HCl, pH 6.8 buffer 

was added to each sample (to equilibrate each sample in Tris-HCl buffer. Samples were then 

further centrifuged until they were concentrated down to approximately 100μl in volume, before 

being stored at -20oC. 

2.12.2 Protein assay 

To determine the protein content of each sample, a Bradford protein assay was completed by 

adding 2x5µl of each sample to 795µl of distilled water in duplicate Eppendorf tubes. 

Subsequently, a bovine serum albumin (BSA) standard curve was established (0µg, 5µg, 10µg, 

15µg, 20µg and 25 µg) by diluting a 0.5mg/ml BSA stock in TrisHCl, Ph 6.8 buffer in appropriate 

amounts of distilled water, totalling 800µl in separate Eppendorf tubes. 200µl of Protein Assay 

Dye Reagent (BioRad Laboratories, Richmond, CA, USA) was then added into standard and 

duplicate sample tube. All samples were then incubated and vortexed at room temperature for 
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10 minutes before being decanted into disposable cuvettes. The absorbance values of each 

standard and sample was then measured at 595nm using the Beckman DU64 spectrophotometer 

(Beckman Instruments, CA, USA) and levels of BSAequivalent protein present in each sample 

were extrapolated from the BSA standard curve constructed from the respective absorbance 

values from each standard concentration (which was performed in Microsoft Excel). 

2.13 Gelatin zymography 

Gelatin zymography was performed to determine the effects of each treatment in each study on 

either or both gelatinase A (MMP2) and/or gelatinase B (MMP9) expression and activity. 

Depending on the study, a fixed (510g) amount of BSAequivalent protein from each sample 

was selected and made up to 69l with distilled water. A sample loading buffer (which contained 

62.5mM TrisHCl, Ph 6.8, 2% sodium dodecyl sulphate (SDS), 10% glycerol and 0.001% 

bromophenol blue) was then added to each sample at a sampletoloading buffer ratio of 3:1. 

Samples were then vortexed and incubated for an hour at room temperature to allow the SDS to 

block the gelatinases from undergoing proper folding (and hence, any proteolytic activity). 7.5% 

polyacrylamide gels contained 1mg/ml of gelatin were first made and solidified with 10% 

ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) for 30 minutes on the gel 

caster. A 3.5% stacking gel with 15 well dividers was placed on top of the separating gel and 

solidified with 10% APS and TEMED for a further 20 minutes. Samples (812l in volume) were 

then dry loaded into the gel wells before the sample wells were filled with running buffer and 

samples then electrophoresed at 120V until they reached the bottom of the gel cast. During 

electrophoresis, the samples migrated to fixed positions on the gel depending on their molecular 

weight (with MMP9 and MMP2 being approximately 92kDa and 72kDa in size, respectively). 

Once the dye front had reached the bottom of the gel casts, each gel was removed and washed 

twice in 0.25% Triton X100 (15 min each wash) on a shaking incubator to remove excess SDS from 

the gel and allowed MMPs to refold. Gels were then incubated at 37oC in incubation buffer 

(containing 50mM TrisHCl, Ph 7.5, 10mM CaCl2, 1µM ZnCl2 and 1% Triton X100) overnight; as 

the presence of calcium and zinc promotes the activation of MMPs, allowing them to cleave the 

gelatin substrate on the positions of the gel to which that they migrate.  
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The following day, the incubation buffer was removed, and gels were stained with 0.1% (w/v) 

Coomassie blue containing 40% (v/v) isopropanol for an hour on a shaking incubator at room 

temperature. The gels were then destained with 7% (v/v) acetic acid to reveal clear bands, 

associated with MMP2 and MMP9 activity. Densitometry of the gel bands was performed using 

the BioRad ChemiDoc MP imaging system and ImageLab software (BioRad).  

2.14 Western blotting 

Equal amounts of each sample (containing 10-20g of total protein) were mixed with sample 

loading buffer (containing 0.5M Tris-HCl pH 6.8, 10% (w/v) glycerol, 2% (w/v) SDS and 0.01% (w/v) 

bromophenol blue) in a volumetric ratio of 3:1 (sample:loading buffer), vortexed and heated for 

3 minutes at 95oC before being stored in an ice box. Before samples were analysed, 10% 

acrylamide gels (containing 3.5% acrylamide stacking gels with 15 wells) were made up using a 

TGX Stain-Free FastCast Acrylamide starter kit (#161-0183, Bio-Rad, Hercules, CA, USA). The 

bottom (separating) gel required Resolver A, Resolver B (provided in kit), TEMED and 10% APS 

(diluted with DH2O) to be mixed and solidified in 30 minutes, before the top (stacking) gel layer 

(consisting of Stacker A and Stacker B with TEMED and 10% APS) containing 15 wells required a 

further 30 minutes to be solidified. The gels were then loaded into a vertical gel electrophoresis 

cell (Bio-Rad, Hercules, CA, USA) filled with premade Bio-Rad 1X running buffer (diluted from 10x 

buffer, #161-0732). Protein samples were then transferred into the individual wells and gel 

electrophoresis was maintained at 200V for 40-60 minutes. Once the desired protein bands 

were separated, the gel electrophoresis was stopped. Trans-Blot Turbo mini-size LF PVDF 

membranes (#170-4272, Bio-Rad) were soaked in methanol for 10 seconds and the gels were 

sandwiched accordingly between two transfer stacks saturated with Trans-Blot Turbo Transfer 

Buffer (#170-4272, Bio-Rad). The sandwich stacks were placed into a cassette box and proteins 

were transferred from the gel onto the membrane using the Trans-Turbo Transfer System, which 

took 7 minutes to complete. Upon completion, each membrane was washed in Tris-buffered 

saline-tween (TBS-T) (0.1% Tween-20 in 1x TBS) for 5 minutes. Ponceau S was then used for rapid 

reversible detection of protein bands on the membrane before membranes were washed again 

in TBS-T until the red stain was removed. Membranes were then exposed to a blocking buffer 
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(TBS-T/5% skim milk; 5g/100ml) for 1 hour at room temperature, on a mechanical shaker set at 

70rpm (to block any non-specific binding from occurring). Primary antibodies were then 

appropriately diluted in the same blocking buffer (see Table 2.1) before being added to each 

respective membrane, before membranes were incubated in primary antibody at 4oC overnight 

on a mechanical shaker. 

On the following day, membranes were washed 3 times (15 minutes per wash) using TBS-T. 

Subsequently, the membranes were then incubated with either conjugated anti-rabbit or anti-

mouse secondary antibodies diluted in blocking buffer on the mechanical shaker at room 

temperature for 1 hour. After a series of another 3 washes (15 minutes per wash) in TBS-T, 

membranes were incubated with ECL reagent (ClarityTM Western ECL Blotting Substrate, Bio-Rad) 

for 5 minutes before transferred and imaged with the Bio-Rad ChemiDoc MP imaging system. 

Individual bands were quantified by measuring the optical density (OD) per unit area of each 

corresponding antibody-stained band and corrected for any differences in protein loaded by 

normalising with the OD of alpha-tubulin (a house-keeping protein) for each sample using 

ImageLab software. Depending on sample amount, the membranes were kept in TBS if needed 

to be stripped and reprobed using another primary antibody.  

2.14.1 PVDF Membrane stripping for reprobing 

If required, membranes stored in TBS were washed with TBS-T 3 times (15 minutes per wash) at 

room temperature on a mechanical shaker. During this washing period, 100ml of stripping buffer 

was prepared by mixing 6.25ml of 1M Tris-HCl pH 6.8, 10ml of 20% SDS and 700μl of β-

mercaptoethanol and 83.05ml of distilled H2O. Once membranes are washed, they were 

incubated in the stripping buffer at room temperature (on the mechanical shaker), at 20rpm for 

30 minutes.  Afterwards, membranes were washed with TBS-T 3 times (15 minutes per wash), 

before being subjected to the Western blotting protocol described in section 2.13) with the 

addition of a separate primary antibody. 
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2.15 Hydroxyproline assay 

To assess changes in total kidney collagen concentration, hydroxyproline analysis was conducted 

on one half or one quarter of each kidney collected, as hydroxproline is an amino acid that is 

almost unique to collagen and usually represents 14.4% of the amino acid composition of 

collagen (Neuman and Logan, 1950). Appropriate kidney portions (which had been stored at 

80oC) were first lyophilized to dry weight in a Labcono FreeZone freezedryer (VWR International; 

Brisbane, QLD, Australia) overnight and measured. The samples were then rehydrated in a buffer 

containing sodium chloride (0.15M), TrisHCl (0.05M, pH 7.5) and the protease inhibitors, N

ethylmaleimind (10mM), phenylmethylsulfonyl fluoride (0.1mM), benzamidine hydrochloride 

(1mM) and EDTA (10mM) (for 23 hours at 4oC). Afterwards, the rehydrated samples were 

transferred to KimaxTM screwcapped glass tubes (Kimble/Kontes), submerged in 0.5ml of 6M HCl 

and hydrolysed for 1824 hours at 110oC (during which time the collagen triple helix within kidney 

tissues is broken down into individual amino acids).  

 

The following day, the hydrolysed samples were cooled at 4oC before being lyophilized overnight 

(to remove the HCl). The dried samples were then dissolved in 1ml of 0.1M HCl, before duplicate 

(10µl) aliquots assayed for their hydroxyproline content and compared against a standard curve 

of purified trans4hydroxyLproline (SigmaAldrich, MO, USA). Briefly, duplicate 10µl aliquots of 

each sample were added with 90µl distilled water, 200µl isopropanol and 100µl of oxidation 

buffer containing 7% chloramineT immediately before they were vortexed and incubated at room 

temperature for 4min (±30sec). 1.3ml of Erlich’s reagent was then added to each sample, 

vortexed and incubated at 60oC on a shaking water bath for 25min. The samples were then cooled 

for 23min at 4oC before 3.3ml of isopropanol was added (to make a final volume of 5.0ml), 

vortexed and then decanted into disposable cuvettes (Lake Charles Manufacturing, LA, USA). 

Purified hydroxyproline standards (05µg) were made up to 100µl with water and were treated in 

the same way as the samples, described above. The absorbance of each standard and sample was 

then measured at 558nm in a DU64 spectrophotometer (Beckman Coulter Inc., CA, USA). The 

levels of hydroxyproline present in each sample were then extrapolated from the standard curve 

constructed from the absorbance values of each standard (in Microsoft Excel). Hydroxyproline 
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values from each sample were then multiplied by 6.94 to determine total collagen content and 

divided by the dry weight of each corresponding kidney section to yield collagen concentration 

(%). 

2.16 Plasma urea 

For Chapter 3 and 4, frozen plasma was collected during tissue collection (Section 2.7) and 

thawed. 100 μl of plasma was transferred into Chem8+ cartridges (Abbott Laboratories, Illinois, 

USA) and inserted into the i-STAT point-of-care handheld device (Abbott Laboratories, Illinois, 

USA). The device then produces plasma urea levels recorded as mmol/L. 

2.17 Statistical analysis 

All comparative data were analysed using a one-way analysis of variance (ANOVA), with 

Newman-Keuls post hoc testing used to make multiple comparisons between groups (GraphPad 

Prism 7; San Diego, CA, USA), unless otherwise stated. All graphs in this thesis were plotted via 

GraphPad Prism 7 and expressed as the mean± standard error of the mean (SEM) unless 

otherwise specified, with p<0.05 considered as statistically significant.
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Chapter 3 

 

 

 

 

TO COMPARE AND COMBINE THE ANTI-FIBROTIC EFFECTS OF 

SERELAXIN TO CANDESARTAN AND CGP42112 IN A HIGH SALT-

INDUCED MURINE MODEL OF KIDNEY DISEASE. 
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3.1 Introduction 

High dietary salt intake can lead to the risk of developing CVDs alongside CKDs. The National 

Health and Medical Research Council (NHMRC) of Australia advises the consumption of 5g of salt 

per day to avoid developing chronic diseases (National Health and Medical Research Council, 

2017), whereas adults generally consume 9-12g of salt per day on average (Ha, 2014). 

Populations with higher average salt intake have been linked with increases in hypertension and 

the development of CKD. If left untreated, injury-induced renal dysfunction accompanied by 

fibrosis can lead to ESRD (Hill et al., 2016).  Current pharmacological treatments to combat CKD 

include ARBs, however, their primary effect alleviates CKD symptoms rather than eliminating the 

underlying fibrosis (Shihab, 2007). Furthermore, chronic administration of ARBs or their 

administration at high doses can result in a number of side-effects including the exacerbation of 

renal failure (Dézsi, 2014; Schelbert et al., 2014). Henceforth, more direct and rapidly-acting anti-

fibrotic therapies that can reduce and even reverse established fibrosis associated with CKD, is 

needed. In this study the effects of the ARB, candesartan cilexitil (CAND), were compared and 

combined against two pre-clinically established treatments that target the organ-protective 

effects of the AT2 receptor (CGP42112/CGP) or RXFP1 receptor (serelaxin/RLX). The long-term (4 

week) application of these treatments were investigated in a 8 week high salt (HS; 5% NaCl)-

induced model of kidney disease.  

It is widely known that ARBs inhibit the binding of Ang II to AT1 receptors, thereby impeding the 

prolonged contribution of Ang II to the progression of tissue damage (Crowley et al., 2006). 

However, ARBs are primarily known for their blood-pressure lowering and anti-inflammatory 

effects (Imig and Ryan, 2013), and have slow-acting anti-fibrotic efficacy (Nishiyama et al., 2004; 

Ecelbarger et al., 2010). On the other hand, AT2 receptors have been shown to provide a counter-

regulatory role on tissue remodelling, where the activation of these receptors oppose the actions 

of  AT1 receptor activation (Arima and Ito, 2000; De Gasparo et al., 2000). Hence, an agonist to 

this receptor may provide anti-fibrotic efficacy outside blockade of AT1 receptor activity. In 

normal adult kidneys, AT2 receptors are detected in low abundance within glomerular mesangial 

cells, preglomerular arteries and the tubular interstitium. In disease states, however, these 

receptors become significantly upregulated and contribute towards their organ-protective 
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properties (De Gasparo et al., 2000). This provides a potential opportunity to target AT2 receptor 

with agonists, specifically during kidney injury to elicit renal protection. Thus, more recent 

attention has been turned to finding therapies that can specifically activate AT2 receptors. 

Currently, there are two main AT2 receptors agonists used as pharmacological tools in preclinical 

studies: the peptide-agonist, CGP (Whitebread, 1989) and its non-peptide counterpart, C21 (Wan 

et al., 2004). Both compounds have been used in various rodent models of CVD and shown to 

have effective anti-inflammatory effects that are mediated by their ability to inhibit TNFα-

induced IL-6, NF-kB activity and oxidative stress (Rompe et al., 2010; Namsolleck et al., 2014). 

Furthermore, C21 can also reduce collagen deposition leading to reduced myocardial and 

vascular fibrosis in stroke-prone spontaneously hypertensive rats (Rehman et al., 2012). In rodent 

models of diabetic nephropathy and renovascular hypertension, similar anti-inflammatory and 

anti-fibrotic benefits were observed following C21-treatment (Matavelli et al., 2011; Castoldi et 

al., 2014). Hence, as the anti-fibrotic effects of CGP have been less investigated, an objective of 

this study was to compare the renal protective properties of CGP to CAND against HS-induced 

kidney disease. 

Another experimental therapy that can consistently reduce established fibrosis is RLX, the 

recombinant form of the H2 relaxin hormone, which is the major stored and circulating form of 

human relaxin (Samuel and Hewitson, 2007).  RLX’s anti-fibrotic actions have been tested in 

various cell culture and animal models and within the heart, lungs, liver, skin and kidneys of these 

experimental models (Unemori and Amento, 1990; Heeg et al., 2005; Hewitson et al., 2007; Tang 

et al., 2009; Bennett et al., 2013; Fallowfield et al., 2014; Samuel et al., 2014). In various in vitro 

and in vivo models of disease, RLX consistently inhibits the pro-fibrotic actions of TGF-β1 (Samuel 

et al., 2007) and other pro-fibrotic cytokines, without affecting basal matrix turnover (i.e in the 

absence of any pro-fibrotic stimulation). At the signal transduction level, RLX has been shown to 

act through RXFP1 and an RXFP1-ERK1/2-nNOS-NO-sGC-cGMP-dependent pathway to inhibit the 

phosphorylation of intracellular Smad2, a regulatory protein that promotes TGF-β1 signal 

transduction (Heeg et al., 2005; Mookerjee et al., 2009; Wang et al., 2016). This in turn results in 

the inhibition of TGF-1-induced myofibroblast activation and myofibroblast-mediated 

ECM/collagen production (Heeg et al., 2005; Mookerjee et al., 2009), and reversal of the TGF-1-
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induced suppression of matrix metalloproteinase (MMPs) activity and inhibition of TIMP-1 

activity to induce the degradation of excessive collagen accumulation (Chow et al., 2012). In 

addition, RLX also has other organ protective effects including anti-inflammatory, anti-apoptotic, 

vasodilatory, angiogenic which may aid in reducing kidney damage (reviewed in Samuel et al., 

2007). Thus, the reno-protective effects of serelaxin will be compared and combined with CGP or 

CAND against established HS-induced kidney disease. 

3.2 Materials and methods 

Materials 

Recombinant H2 Relaxin (serelaxin; was kindly provided by Corthera Inc (San Carlos, CA, USA; a 

subsidiary of Novartis AG, Basel, Switzerland); candesartan cilexetil was purchased from 

AstraZeneca (Södertälje, Sweden); CGP42112 was purchased from GL Biochem (Shanghai) Ltd 

(Shanghai, China). 

3.2.1 Animals 

6 to 8-week-old male FVB/N mice were obtained from Monash Animal Services (Monash 

University, Clayton, Victoria, Australia) and housed under a controlled environment, on a 12 hour 

light/12 hour dark lighting cycle with tap water provided ad libitum throughout the experiment 

and diet initially maintained on normal lab chow (Barastock Stockfeeds, Pakenham, Victoria, 

Australia). All mice were provided an acclimatization period of at least 5 days before any 

experimentation and procedures were performed. All animal use and procedures were approved 

by a Monash University Animal Ethics Committee (Ethics number: MARP/2013/118), which 

complies with the Australian Guidelines for the Care and Use of Laboratory Animals for Scientific 

Purposes.  

3.2.2 Experimental design 

Mice were divided into 7 treatment groups with n=8 animals per group. These groups consisted 

of i) mice fed a  normal salt (NS; 0.5% NaCl) diet (negative control) for 8 weeks; ii) high salt (HS; 

5% NaCl) diet (positive control; Barastock Stockfeeds, Pakenham, Victoria, Australia) for 8 weeks; 

iii) HS+CAND-treated group; iv) HS+CGP-treated group; v) HS+RLX-treated group; vi) 
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HS+CAND+RLX-treated group; and vii) HS+ CGP+RLX-treated group. All HS-diet fed groups were 

provided with NaCl lab chow containing 5% NaCl after the acclimatization period ended; which 

was expected to induce renal injury in the absence of any overt changes in blood pressure. After 

the completion of 4 weeks on the HS diet one sub-group of mice were given candesartan cilexetil 

(2mg/kg/d), which was delivered to each mouse via drinking water and adjusted to daily body 

weight from weeks 5-8. This dose of the ARB was chosen based on previous study showing that 

CAND (at 1mg/kg/day) could inhibit renal fibrosis after 4 weeks of treatment, albeit in rats (Noda 

et al., 1999). Separate sub-groups of HS-fed mice were administered CGP ((1.44 mg/kg/d; a dose 

that had demonstrated protective effects against atherosclerosis in mice; (Kljajic et al., 2013)) or 

RLX ((0.5mg/kg/d; a dose that had consistently demonstrated anti-fibrotic effects in other murine 

models of renal fibrosis; (Hewitson et al., 2010; Chow et al., 2014; Wetzl et al., 2016)). Both CGP 

or RLX were administered via subcutaneously implanted osmotic mini-pumps (model 2004, Alzet, 

Cupertino, CA, USA; which continuously infused each drug into the circulation of treated mice at 

a flow rate of 0.25l/hour, from weeks 5-8) (see Figure 3.2.2.1). Two additional sub-groups of 

mice were administered CAND (2mg/kg/day; via drinking water) and RLX (0.5mg/kg/day; via 

osmotic mini-pumps); or CGP (1.44mg/kg/day) and RLX (0.5mg/kg/day; both via osmotic mini-

pumps (see Figure 2.2.1). Systolic blood pressure (SBP) was measured via tail-cuff 

plethysmography every 2 weeks from week 0 until week 8. 
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Figure 3.2.2.1. Experimental design for the 8-week high salt diet model 

Mice were randomized into 7 treatment groups. Group 1 was fed normal lab chow containing 0.5% 

NaCl for the 8-week duration. The remaining groups received high salt lab chow containing 5% 

NaCl for the 8-week duration. Group 2 remained on a constant high salt diet for 8 weeks, while 

groups 3 to 7 were provided selected treatments from weeks 5-8. By week 8, mice were culled, 

and kidneys were taken for analysis. 

3.2.3 Tissue collection 

After 8 weeks of NS or HS feeding, all mice were killed by anaesthetic overdose, and blood was 

collected by cardiac puncture and spun down for plasma collection, which was subsequently 

stored at -80oC. Each kidney was then isolated and divided in half to obtain a total of 4 portions 

(2 from each kidney). One half was fixed in 10% neutral buffered formaldehyde overnight and 

processed by Monash Histology Services to be cut and embedded in paraffin wax. Another half 

was embedded in a cryomold filled with OCT, frozen in liquid nitrogen and stored at -80oC, until 

required. The other 2 portions were snap-frozen in liquid nitrogen and stored at -80oC for 

hydroxyproline analysis and extraction of proteins for gelatin zymography and Western blotting. 
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3.2.4 Kidney histopathology 

Serial paraffin-embedded kidney sections (5μm thickness) from each mouse were placed on 

Superfrost© Plus slides (Thermo Scientific, Rockford, IL, USA) for histological and 

immunohistochemical staining. To assess glomerulosclerosis and interstitial collagen deposition, 

one section from each mouse was sent to Monash Histology Services and underwent Masson’s 

trichrome staining.  

3.2.5 Immunohistochemistry and Immunofluorescence 

Immunohistochemistry (IHC) and immunofluorescence (IF) was used to detect markers of renal 

inflammation and fibrosis, inclusive of macrophage infiltration, NF-κB activity, α-smooth muscle 

actin (α-SMA; a marker of myofibroblast differentiation and vascular rarefaction), TGF-β1 and 

TIMP-1 levels. In each case, frozen serial sections from each mouse were subjected to either a 

monoclonal anti-rat F4/80 (1:200 dilution; MCA497R, Bio-Rad Laboratories, Richmond, CA, USA), 

biotinylated monoclonal anti-human SMA (1:200 dilution; M0851, DAKO Corp., Carpinteria, CA, 

USA), polyclonal anti-rabbit TGF-β1 (1:1000 dilution; Ab92486, Abcam, Cambridge, UK) or  

polyclonal anti-rabbit TIMP-1 (1:1000; Ab38978, Abcam, Cambridge, UK) primary antibody for 

IHC-staining of these markers and DAKO anti-mouse or anti-rabbit HRP kits containing 

appropriate secondary antibodies. IHC-stained sections were visualized with the avidin–biotin 

complex (ABC Elite; Vector, Burlingame, CA, USA) and 3,30-diaminobenzidine (DAB; Sigma-

Aldrich). Frozen sections from each mouse were subjected to a polyclonal anti-rabbit p-IκB 

primary antibody (1:50; #28595S, Cell Signalling, Massachusetts, USA) and goat anti-rat Alexa 

Fluor 488 IgG secondary antibody (A11006, Life Technologies, CA, USA) for IF-staining of this 

marker.  

3.2.6 Morphometric analysis 

All kidney sections were scanned, captured and viewed under Monash Histology Service’s Aperio 

Scanscope AT Turbo (Leica Microsystems Pty Ltd, VIC, Australia) or with a confocal microscope 

(Olympus, BX51, USA) at x20-x40 magnification for morphometric analysis of Masson’s trichrome, 

IHC or IF-labelled tissue images. For each tissue section, 6-8 non-overlapping sections per mice 

were single-blinded and randomly selected. For each image, aside from glomerulosclerosis score, 

the percentage of positively-stained areas was quantified with ImageJ 1.48 software (Java, NIH).  
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3.2.7 Hydroxyproline assay 

One half of the frozen kidney from each mouse was lyophilized to dry weight, hydrolysed in 

6mmol/l hydrochloric acid as described previously (Mookerjee et al., 2009; Samuel, 2009) for the 

measurement of hydroxyproline content, which was determined from a standard curve of 

purified trans-4-hydroxy-L-proline (Sigma-Aldrich). Hydroxyproline values were multiplied by a 

factor of 6.94 based on hydroxyproline representing ~14.4% of the amino acid composition of 

collagen in most mammalian tissues to extrapolate total collagen content (Gallop and Paz, 1975), 

which in turn was divided by the dry weight of each corresponding tissue to yield collagen 

concentration (expressed as a percentage). 

3.2.8 Gelatin zymography 

To determine if the treatment-induced effects on collagen expression were mediated via 

regulation by collagen-degrading gelatinases, gelatin zymography was performed on kidney 

protein extracts, which were isolated using the method of Woessner (Woessner Jr, 1995) and 

assessed for changes in expression and activity of MMP-2 (gelatinase-A). Equal aliquots of the 

protein extracts (containing 5g of protein) were analysed on zymogram gels consisting of 7.5% 

acrylamide and 1 mg/ml gelatin. The gels were subsequently treated as previously detailed 

(Woessner, 1995). Gelatinolytic activity was identified by clear bands at the appropriate 

molecular weight, quantitated by densitometry and the relative optical density (OD) of MMP-2 

in each group, and expressed as the respective ratio to that in the NS-fed mouse group, which 

was expressed as 1. 

3.2.9 Plasma urea 

Plasma samples from each mouse, obtained from the cardiac puncture of mice were thawed 

before 100μl of each sample was transferred onto Chem8+ cartridges to be inserted and rapidly 

measured by the i-STAT point-of-care handheld device (Abbott Laboratories, Illinois, USA). 

Plasma urea was then recorded as mmol/L. 

3.2.10 Statistical analysis  

All statistical analysis was performed using GraphPad Prism v7.0 (Graphpad Software Inc., CA, 

USA) and expressed as the mean ± SEM. Data were analysed via a one-way ANOVA with Neuman-
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Keuls post-hoc test for multiple comparisons between groups. In each case, data were considered 

significant with a p-value less than 0.05. 

3.3 Results 

3.3.1 The effects of HS and the treatments investigated on systolic blood pressure. 

SBP was measured fortnightly via tail-cuff plethysmography in each sub-group of mice, from 

weeks 0-8 (Figure 3.3.1). Mice fed a HS diet had similar SBP measurements (of around 107-

115mmHg) throughout the 8 week experimental period, to that measured from mice fed a NS 

diet, confirming that mice fed a diet of 5% NaCl did not undergo hypertension in this strain. Mice 

that received CGP alone, RLX alone or the combined effects of CGP and RLX also maintained 

normotensive SBP levels, whereas CAND alone or in combination with RLX significantly lowered 

SBP 98mmHg and 104mmHg after 4 weeks of treatment (both p<0.05 vs NS group; Figure 

3.3.1). These findings suggested that CAND administration was inducing hypotension when 

administered to normotensive mice.



135 
 

S
y

s
to

li
c

 B
lo

o
d

 P
r
e

s
s

u
r
e

 (
m

m
H

g
)

0 4 6 8

9 0

1 0 0

1 1 0

1 2 0

1 3 0

C A N D

C A N D + R L X

C G P

C G P + R L X

H S

N S

R L X

W e e k s

*

*

 

Figure 3.3.1. The effects of HS and the treatments investigated on systolic blood pressure (SBP). 

Shown are fortnightly mean ± SEM SBP measurements from mice fed a NS (0.5% NaCl) or HS (5% 

NaCl) diet over 8 weeks, and from HS-fed mice treated with CAND, CGP or RLX alone, CAND+RLX 

or CGP+RLX over the final 4 weeks of the 8 week model; as determined by tail cuff 

plethysmography. Neither HS alone or HS+CGP, HS+RLX or HS+CGP+RLX significantly altered SBP 

compared to that obtained from NS-fed mice. However, only mice treated with CAND or 

CAND+RLX significantly lowered SBP over 2-4 weeks of treatment; suggesting that the ARB was 

inducing hypotension when administered to a normotensive model. *P<0.05 vs NS group at week 

8. 
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3.3.2 The effects of HS and the treatments investigated on measures of renal inflammation. 

F4/80-stained macrophage infiltration (Figure 3.3.2) and P-iκB staining (used as a surrogate 

marker of NF-κB activity; Figure 3.3.3) were both significantly increased in HS-fed mice (by 3-

fold and 4.8-fold, respectively; both P<0.001 vs NS group) compared to respective 

measurements obtained from NS-fed controls. This indicated that HS (5% NaCl)-feeding led to 

renal inflammation after 8 weeks. Whereas neither CAND treatment alone, RLX treatment alone, 

or the combined effects of CAND+RLX affected the HS-increased macrophage infiltration (Figure 

3.3.2), these treatments alone or in combination attenuated the HS-induced P-iκB staining after 

4 weeks of treatment (all by 16-58%; all p<0.05 vs HS group; Figure 3.3.3). 

In comparison, CGP alone or in combination with RLX significantly reduced the HS-induced 

increase in F4/80 staining (by 60-70%; both P<0.001 vs HS group; Figure 3.3.2), as well as P-iκB 

staining (by 76-86%; both P<0.001 vs HS group; Figure 3.3.3) after 4 weeks of treatment. CGP 

or CGP+RLX treatment also significantly reduced both measures of renal inflammation to a 

greater extent than CAND alone, RLX alone or the combined effects of CAND+RLX (both p<0.01 

vs CAND, RLX or CAND+RLX). 

However, neither of the individual or combined treatments investigated fully reduced 

macrophage infiltration (Figure 3.3.2) or P-iκB staining (Figure 3.3.3) to levels that were measured 

from mice on the NS diet (all p<0.05 vs respective measurements from NS group)
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Figure 3.3.2. The effects of HS and the treatments investigated on F4/80 macrophage 

infiltration. 

A) Representative images of IHC-stained kidney sections from each group studied for F4/80, a 

marker for macrophage infiltration. Scale bar = 50 μm.  B) Also shown is the mean ± SEM % F4/80 

stained per section (per total area stained), which was averaged from the measurements of 8 

fields per section, n=8 mice/group. *P<0.05, ***P<0.001 vs NS group; ###P<0.001 vs HS group; 
¶¶¶P<0.001 vs HS+CAND group; ΔΔΔP<0.001 vs HS+CAND+RLX group (one-way ANOVA).
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Figure 3.3.3. The effects of HS and the treatments investigated on P-iκB staining. 

A) Representative images of IF-stained kidney sections from each group studied for P-ikB, a 

marker for NF-kB activity. Scale bar = 50 μm.  B) Also shown is the mean± SEM % P-ikB stained 

per section (per total area stained), which was averaged from the measurements of 8 fields per 

section, n=8 mice/group. *P<0.05, **P<0.01, ***P<0.001 vs NS group; ##P<0.01, ###P<0.001 vs HS 

group; ¶¶¶P<0.001 vs HS+CAND group; §§§P<0.001 vs HS+CGP group; ++P<0.01, +++P<0.001 vs 

HS+RLX group; ΔΔΔP<0.001 vs HS+CAND+RLX group (one-way ANOVA). 

A 

B 
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3.3.3 The effects of HS and the treatments investigated on glomerulosclerosis. 

Masson’s trichrome-stained images were used to assess glomerulosclerosis score (Figure 3.3.4) 

from each mouse kidney (from 8 glomeruli per kidney section). This score was arbitrarily assigned 

where 0 represented no collagen staining inside the glomeruli, 1 represented mild (1-33%) 

collagen staining, 2 represented medium (33-67%) collagen staining and 3 represented severe 

(67-100%) collagen staining within the glomeruli which was adapted from the glomerulosclerotic 

index (Maric et al., 2004) and scoring of respiratory inflammatory cell aggregates (Royce et al., 

2015). HS-fed mice had a greater glomerulosclerosis score (by 1.5-fold increase, P<0.001 vs NS 

group) compared to that measured from NS-fed controls. This HS-induced increase in 

glomerulosclerosis score was unaffected by CAND, CGP or CAND+RLX treatment (all P<0.001 vs 

NS group; no different to HS alone) but was partially and equivalently reduced by RLX or CGP+RLX 

treatment (by 40%; both P<0.01 vs HS group; Figure 3.3.4). 

However, RLX and CGP+RLX treatment did not reduce the HS-induced glomerulosclerosis score 

down to levels seen in NS-fed mice (both p<0.01 vs NS group).
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Figure 3.3.4. The effects of HS and the treatments investigated on glomerulosclerosis score.  

A) Representative images of Masson’s trichrome-stained kidney sections from each group studied 

of glomerusclerosis. Scale bar = 100 μm.  B) Also shown is the mean± SEM glomerulosclerosis 

score, which was averaged from the measurements of 25 glomeruli per section, n=8 mice/group. 

Glomeruli were scored from a scale ranging from 0 to 3 for normal (0), 1 = mild (1-33%) collagen 

staining within glomeruli, 2 = medium (33-67%) collagen staining within glomeruli, and 3 = severe 

(67-100%) collagen staining within glomeruli. ***P<0.001 vs NS group; ##P<0.01 vs HS group; 
¶¶P<0.01 vs HS+CAND group; ΔΔP<0.01 vs HS+CAND+RLX group (one-way ANOVA). 

B 

A 
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3.3.4 The effects of HS and the treatments investigated on interstitial and total renal 

collagen (fibrosis). 

Six randomly selected fields per section from Masson’s trichrome-stained images were also 

analysed for interstitial kidney collagen deposition (Figure 3.3.5). A significant increase in 

interstitial renal collagen staining was observed in HS-fed mice (by 4.8-fold, P<0.001 vs NS group) 

compared to that measured from NS-fed control. This HS-induced increase in interstitial fibrosis 

was unaffected by CAND, CGP or CAND+RLX treatment (all p<0.001 vs NS group; no different to 

HS group; Figure 3.3.5) but was significantly reduced by RLX and CGP+RLX treatment (by 27%; 

both P<0.01 vs HS group). However, neither RLX or CGP-RLX treatment fully reduced the HS-

induced interstitial renal collagen staining back to levels seen in NS-fed controls (both p<0.01 vs 

measurements from NS group; Figure 3.3.5B). 

Total kidney collagen concentration was also examined using the hydroxyproline assay (Figure 

3.3.5C) and was found to be significantly increased in HS-fed mice (by 30%; p<0.01 vs NS group) 

compared to respective measurements from NS-fed counterparts. This increase in HS-induced 

collagen concentration was unaffected by CAND or CAND+RLX treatment but was significantly 

reduced by CGP treatment (by 70%) and normalised by RLX or CGP+RLX treatment (all p<0.05 

vs HS alone; all no different to NS alone; Figure 3.3.5C).  

In general, RLX and the combined effects of CGP+RLX demonstrated greater anti-fibrotic effects 

over that of CAND alone or CAND+RLX treatment (both p<0.01 vs CAND or CAND+RLX for each 

measure of fibrosis determined) 
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Figure 3.3.5. The effects of HS and the treatments investigated on interstitial collagen and total 

kidney collagen concentration. 

A) Representative images of Masson’s trichrome-stained kidney sections from each group studied 

of interstitial ECM/collagen deposition. Scale bar = 100 μm.  B) Also shown is the mean± SEM % 

interstitial ECM/collagen staining per section (per total area stained), which was averaged from 

the measurements of 8 fields per section, n=8 mice/group. C) Additionally shown is the mean± 

SEM % total kidney collagen concentration (which was extrapolated from dividing the collagen 

content of each kidney portion analysed by the dry weight of that portion); obtained from 

hydroxyproline analysis of n=6-8 mice/group. **P<0.01, ***P<0.001 vs NS group; #P<0.05, 
##P<0.01 vs HS group; ¶¶P<0.01 vs HS+CAND group; ΔΔP<0.01 vs HS+CAND+RLX group (one-way 

ANOVA).

B C 
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3.3.5 The effects of HS and the treatments investigated on TGF-β1 staining. 

TGF-1 immunostaining was then carried out to determine the impact of the HS-fed diet and the 

treatments investigated on renal expression of the pro-fibrotic cytokine (Figure 3.3.6). As 

expected, the HS-fed mice had significant increased interstitial renal TGF-β1 staining (by 6-fold, 

P<0.001 vs NS group) compared to that measured from NS-fed controls (Figure 3.3.6B). The HS-

induced increase in kidney TGF-β1 staining was unaffected by CAND or CAND+RLX treatment, but 

reduced by CGP (by 50%; P<0.01 vs HS group) and to a further extent by RLX or CGP+RLX 

treatment (by 70-77%; both p<0.01 vs HS group; Figure 3.3.6B). However, neither CGP, RLX or 

CGP+RLX treatment fully reduced renal TGF-β1 staining back to that measured from mice on the 

NS diet (all p<0.05 vs measurements from NS group).
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Figure 3.3.6. The effects of HS and the treatments investigated on renal TGF-β1 expression 

levels. 

A) Representative images of IHC-stained kidney sections from each group studied for interstitial 

expression of the pro-fibrotic cytokine, TGF-1. Scale bar = 100 μm. B) Also shown is the mean ± 

SEM % TGF-1 stained per section (per total area stained), which was averaged from the 

measurements of 8 fields per section, n=8 mice/group.*P<0.05, **P<0.01, ***P<0.001 vs NS 

group; ##P<0.01, ###P<0.001 vs HS group; ¶¶¶P<0.001 vs HS+CAND group; ΔΔΔP<0.001 vs 

HS+CAND+RLX group (one-way ANOVA).

A 

B 
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3.3.6 The effects of HS and the treatments investigated on myofibroblast differentiation and 

vascular rarefaction. 

α-SMA-stained tissue sections (Figure 3.3.7) were used to detect the impact of the HS-fed diet 

and the treatments investigated on interstitial myofibroblast accumulation (Figure 3.3.7B) and 

vascular rarefaction (blood vessel loss; Figure 3.3.7C). Interstitial renal myofibroblast 

accumulation was significantly increased in HS-fed mice (by 3.2-fold; P<0.001 vs NS group) 

compared to that measured from NS-fed controls. While this HS-induced increase in interstitial 

myofibroblast accumulation was unaffected by CAND, CGP or CAND+RLX treatment, it was 

significantly reduced by RLX or CGP+RLX treatment (by 85% and 65%, respectively; both P<0.01 

vs HS group). As a result, RLX treatment alone was found to reduce interstitial myofibroblast 

accumulation to a significantly greater extent compared to CAND (by 65%; P<0.01 vs CAND 

group), CGP (by 43%; P<0.01 vs CGP group) or CAND+RLX (by 60%; P<0.001 vs CAND+RLX group) 

treatment (Figure 3.3.7B). However, neither RLX or CGP+RLX treatment fully reduced interstitial 

myofibroblast accumulation back to that measured in NS-fed mice (both p<0.05 vs 

measurements from NS-fed mice). 

HS-fed mice were also found to be associated with increased vascular rarefaction (50% loss of 

blood vessel density; p<0.001 vs NS group; Figure 3.3.7C) compared to that measured from NS-

fed counterparts. This HS-induced loss of blood vessel density was unaffected by CAND, CGP or 

CAND+RLX treatment, but was restored by RLX or CGP+RLX (by 57% and 41%, respectively; 

both P<0.01 vs HS group). Furthermore, both RLX and CGP+RLX treatment restored vascular 

rarefaction to a greater extent than CAND (by 58% and 42%, respectively; both P<0.001 vs 

CAND group) or CAND+RLX (48% and 32%, respectively; both P<0.05 vs CAND+RLX group) 

treatment. However, neither RLX or CGP+RLX treatment fully restored the HS-induced loss of 

blood vessel density back to that measured in NS-fed mice (both p<0.01 vs NS group; Figure 

3.3.7C). 

The findings presented in Figures 3.3.6-3.3.7 were consistent with those presented in Figure 3.3.5 

in demonstrating that RLX or the combined effects of CGP+RLX demonstrated greater anti-

fibrotic effects over that of CAND or CAND+RLX treatment; and also over CGP treatment in 
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reducing interstitial renal myofibroblast accumulation. RLX or its combined effects with CGP also 

restored vascular rarefaction to a greater extent than CAND, CGP or CAND+RLX treatment.
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Figure 3.3.7. The effects of HS and the treatments investigated on renal myofibroblast 

accumulation and vascular rarefaction. 

A) Representative images of IHC-stained kidney sections from each group studied for -SMA-

associated interstitial myofibroblast accumulation and vascular rarefaction. Scale bar= 100 μm. 

Also shown is the mean ± SEM B) % -SMA-stained myofibroblast accumulation per section (per 

total area stained) or C) number of blood vessel counts per section stained; which in each case 

was averaged from the measurements of 8 fields per section, n=8 mice/group. **P<0.01, 

***P<0.001 vs NS group; ##P<0.01, ###P<0.001 vs HS group. ¶P<0.05, ¶¶P<0.01 vs HS+CAND group; 
§§P<0.01 vs HS+CGP, +++P<0.001 vs HS+RLX group; ΔP<0.05, ΔΔP<0.01 vs HS+CAND+RLX group (one-

way ANOVA).
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3.3.7 The effects of HS and the treatments investigated on gelatinase expression. 

Gelatin zymography was then completed to determine the impact of the HS-fed diet and the 

treatments investigated on mediators of ECM degradation, namely MMP-2 and MMP-9 

expression and activity (Figure 3.3.8). Mice fed a HS-diet did not present with significantly altered 

MMP-9 (Figure 3.3.8B) or MMP-2 (Figure 3.3.8C) expression levels compared to that measured 

from NS-fed mice. Likewise, neither CAND or CAND+RLX-treatment of HS-fed mice affected the 

expression levels of these gelatinases compared to mice fed a NS-diet. CGP treatment of HS-fed 

mice did not affect MMP-9 levels, but modestly increased MMP-2 levels (by 30%; p<0.05 vs HS 

alone; Figure 3.3.8C). On the other hand, RLX or CGP+RLX treatment of HS-fed mice significantly 

increased MMP-9 expression levels (by 2.2-fold and 1.25-fold, respectively; both P<0.05 vs NS 

group; P<0.05 vs HS group; Figure 3.3.8B) and MMP-2 expression levels (by 76-88%; both P<0.001 

vs NS group; P<0.001 vs HS group; Figure 3.3.8C). RLX alone or in combination with CGP was also 

able to promote MMP-9 levels to a greater extent than CAND or CGP treatment; and MMP-2 

levels to a greater extent than CAND or CAND+RLX-treatment.
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Figure 3.3.8. The effects of HS and the treatments investigated on renal gelatinase expression 

levels. 

A) A representative gelatin zymography which shows latent MMP-9 (92kDa) and MMP-2 (72kDa) 

expression levels from the kidneys of the control and treatment groups studied. Also shown is 

mean ± SEM relative OD B) MMP-9 expression and C) MMP-2 expression (as determined by 

densitometry of the bands shown), which in each case was expressed as the relative value to the 

value from NS control group, which was expressed as 1 in each case; from n=6 mice per group 

studied. The remaining four samples per group were analysed on separate gelatin zymographs. 

*P<0.05, **P<0.01, ***P<0.001 vs NS group; #P<0.05, ##P<0.01, ###P<0.001 vs HS group; ¶P<0.05, 
¶¶P<0.01, ¶¶¶P<0.001 vs HS+CAND group; ΔΔΔP<0.001 vs HS+CAND+RLX group (one-way ANOVA). 

 

A 

B C 
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3.3.8 The effects of HS and the treatments investigated on TIMP-1 expression. 

Subsequently, changes in the expression levels of the endogenous inhibitor of the above-detailed 

MMPs, TIMP-1, was examined by immunohistochemistry (Figure 3.3.9). HS-fed mice had an 

approximate doubling of renal TIMP-1 staining compared to that seen in the kidneys of NS-fed 

mice (P<0.001 vs NS group). This increase in HS-induced TIMP-1 levels was unaffected by CAND, 

CGP or CAND+RLX treatment, fully reduced by RLX treatment alone (p<0.001 vs HS group; no 

different to NS group), and partially reduced by CGP+RLX treatment (by 55% P<0.001 vs HS 

group; P<0.01 vs NS group). Hence, RLX alone and its combined effects with CGP significantly 

reduced TIMP-1 levels to a greater extent than CAND, CGP or CAND+RLX treatment (Figure 

3.3.9B).
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Figure 3.3.9. The effects of HS and the treatments investigated on renal TIMP-1 expression. 

Representative images of IHC-stained kidney sections from each group studied for TIMP-1 

expression. Scale bar = 100 μm. B) Also shown is the mean ± SEM % TIMP-1 stained per section 

(per total area stained), which was averaged from the measurements of 8 fields per section, n=8 

mice/group.**P<0.01, ***P<0.001 vs NS group; ###P<0.001 vs HS; ¶¶P<0.01, ¶¶¶P<0.001 vs 

HS+CAND group; §§§P<0.001 vs HS+CGP group, +++P<0.001 vs HS+RLX group; ΔΔP<0.01 vs 

HS+CAND+RLX group (one-way ANOVA). 

 

A 
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3.3.9 The effects of HS and the treatments investigated on plasma urea levels. 

Plasma urea levels were used as a surrogate marker of renal dysfunction (Figure 3.3.10). It was 

found that mice fed a HS (5% NaCl)-diet for 8 weeks had significantly increase plasma urea levels 

(9.2±0.4 mmol/L) over that measured from mice fed a NS-diet (7.7±0.3 mmol/L; p<0.05 vs HS 

group), indicating that mice fed the HS diet had a significant lowering of renal function. This HS-

induced increase in plasma urea levels was normalised by CGP, RLX or CGP+RLX treatment (all 

p<0.05 vs HS group; all no different to NS group), but not by CAND or CAND+RLX treatment (both 

no different to HS group; both p<0.05 vs NS group; Figure 3.3.10). 

These findings suggested that only CGP alone, RLX alone or the combined effects of CGP+RLX 

could abrogate the HS-induced renal dysfunction that was associated with the model studied.
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Figure 3.3.10. The effects of HS and the treatments investigated on plasma urea levels. 

Shown is the mean ± SEM plasma urea levels from each of the control and treatment groups 

studied, which was evaluated from the i-STAT device using 100l of plasma from each animal; 

n=6-8 mice per group.*P<0.05 vs NS group;  #P<0.05 vs HS group; ¶P<0.05 vs HS+CAND group 

(one-way ANOVA). 
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3.4 Discussion 

This study compared the anti-fibrotic effects of the current standard-of-care medication, 

candesartan cilexetil (CAND), to the RXFP1 agonist, serelaxin (RLX) and AT2 receptor agonist, 

CGP42112 (CGP). This was the first study to make a head-to-head comparison between these 

treatments in a high salt-induced model of kidney damage, using doses of each drug that had 

previously demonstrated anti-fibrotic efficacy in other models of disease. As the high-salt diet (5% 

NaCl) utilised, induced renal damage and related fibrosis in the absence of any overt changes in 

blood pressure, the model allowed for the evaluation of the direct anti-fibrotic efficacy of each 

drug studied in a normotensive setting, when administered over a 4-week period to established 

disease.  

CAND (2mg/kg/day) was able to reduce SBP and induce some anti-inflammatory effects (on HS-

induced P-iKB levels) when therapeutically administered over 4 weeks to the normotensive 

model, demonstrating that it was biologically active at the dose administered. However, at this 

same dose, it failed to affect renal macrophage infiltration, TGF-1 expression levels, 

myofibroblast accumulation, vascular rarefaction, interstitial and total collagen concentration 

(fibrosis), and gelatinase and TIMP-1 levels, which resulted in its inability to affect the HS-induced 

increase in plasma urea levels, despite being added at double the dose that was found to 

suppress 5/6 nephrectomy-induced renal fibrosis in rats (Noda et al., 1999). Similarly, CAND (at 

1 or 10mg/kg/day) also failed to affect glomerulosclerosis when therapeutically administered to 

Dahl-sensitive rats over a 4 week treatment period (Yao et al., 2004). These findings are 

consistent with the slow-acting anti-fibrotic efficacy of ARBs in general (Noda et al., 1999; De las 

Heras et al., 2006), where CAND (when administered at 1-2mg/kg/day to rat models of renal 

injury) required 10-16 weeks of treatment to therapeutically attenuate renal inflammation and 

fibrosis. CAND (1mg/kg/day) was only effective at preventing renal fibrosis over 4 weeks of 

treatment, which suggested that the dose administered to the HS model, over the time-frame 

studied, may have been too low to induce any effects as an intervention. However, ARBs are 

known to induce various side-effects when administered at higher concentrations (Hou and Zhou, 

2010; Ahmed et al., 2016).  
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Contrary to the findings reported in this study, a recently published study found that 4 weeks of 

CAND administration (at 1mg/kg/day) to diabetic db/db mice did reduce the renal damage, 

glomerulosclerosis and albuminuria associated with the model (Callera et al., 2016). However, 

the drug was administered to mice at 7 weeks of age, suggesting that it was only able to limit the 

early onset of renal damage and associated fibrosis over 4 weeks of treatment. Other studies 

have additionally shown that CAND (at 1 or 3mg/kg/day) and other ARBs can demonstrate 

modest anti-fibrotic effects in 8% HS-diet induced models of disease (Ina et al., 2004; Liang and 

Leenen, 2008; Rafiq et al., 2014). These combined studies suggest that while ARBs can 

demonstrate mild anti-fibrotic effects, there are many factors that can impact on these effects, 

including the degree of injury-induced fibrosis that is generated by the model studied; the 

efficacy of the drug at the dose administered; and the length of time the drug is administered for. 

These variables in the studies reported to date may account for the various discrepancies 

associated with the use of ARBs as anti-fibrotic; which are still better known for their anti-

hypertensive and anti-inflammatory effects. 

In comparison, CGP (1.44mg/kg/day) appeared to demonstrate marked anti-inflammatory 

effects in the model studied, being the only drug to be able to reduce both the HS-induced 

increase in macrophage infiltration and P-iKB levels by 70-86%. Of note, CGP was able to reduce 

macrophage infiltration to a greater extent than CAND or RLX treatment, suggesting that it was 

able to inhibit the infiltration of a major source of TGF-1 in the absence of any effects on SBP. 

Consistent with this, CGP treatment was able to partially reduce the HS-induced increase in renal 

TGF-1 expression levels and total kidney collagen concentration but did not markedly affect the 

HS-induced glomerulosclerosis, interstitial renal fibrosis or vascular rarefaction. These findings 

suggested then that CGP was more likely inhibiting basement membrane collagen IV, which is the 

major collagenous constituent of the kidney (Yu et al., 1998; Hewitson et al., 2010), without 

affecting collagen I and/or III-induced interstitial renal fibrosis; and through its ability to suppress 

TGF-1-induced fibrosis progression while promoting MMP-2 collagen degradation. Although the 

effects of CGP42112 have not been investigated in other models of kidney disease, a study by 

Gelosa and colleagues (Gelosa et al., 2009) demonstrated that C21 needed to be administered at 

10mg/kg/day over 6 weeks, to SHRs fed a HS diet, to be able to reduce inflammatory cell 



156 
 

infiltration, glomerulosclerosis and renal collagen accumulation in general. These findings 

suggest that the therapeutic effects of AT2 receptor agonists, like ARBs, are dose- and time-

dependent (Sumners et al., 2019).     

RLX (0.5mg/kg/day) did not demonstrate any marked effects on SBP or macrophage infiltration 

but was able to partially reduce the HS-induced increase in P-ikB levels. A previous study had 

shown that RLX could inhibit M2 macrophage accumulation in a DOCA salt-induced model of 

hypertensive kidney (Wang et al., 2017), although at 16mg/kg/day (which was a 32-fold higher 

dose than that administered in this study); and had also been shown to inhibit M1 to M2 

macrophage polarisation (Chen et al., 2017). RLX is also known to inhibit neutrophil (Masini et al., 

2004) and mast cell infiltration (Nistri et al., 2008), which was not investigated in this study. 

Noteworthy was the finding that RLX demonstrated greater anti-fibrotic efficacy compared to the 

effects of CAND (2mg/kg/day) or CGP (1.44mg/kg/day), and was the only drug evaluated to be 

able to effectively reduce the HS-induced glomerulosclerosis, interstitial/total renal collagen 

deposition, TGF-β1 expression and myofibroblast accumulation. These findings are consistent 

with its known anti-fibrotic properties in other models of kidney disease at the 0.5mg/kg/day 

dose administered in this study (Samuel et al., 2016, 2017; Ng et al., 2019). Furthermore, RLX had 

a greater effect in promoting MMP-9 and MMP-2 levels and reducing TIMP-1 levels compared to 

the other two other drugs studied, which would have likely contributed to its ability to stimulate 

MMP-induced collagen degradation. 

In disease states, vascular rarefaction coupled with fibrosis, leads to reduced oxygen and 

nutrients being delivered to the kidney, resulting in a loss of function due to the kidney’s inability 

to facilitate repair via angiogenesis (Afsar et al., 2018). When vascular rarefaction was examined, 

only RLX alone restored the number of blood vessels back to that measured in NS-fed mice.  This 

coincides with the ability of RLX to promote angiogenesis via its ability to promote factors such 

as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) (Uneimori 

et al., 2000; Samuel et al., 2011). Despite CAND not affecting the HS-induced vascular rarefaction 

and CGP only demonstrating mild angiogenic effects, ARBs and AT2 receptor agonists have 

previously been shown to possess pro-angiogenic properties that are mediated via their ability 

to stimulate bradykinin and VEGF-driven vascular responses (Battegay et al., 2007). Blocking AT1 
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receptors with Iosartan (30mg/kg/day) attenuated peritubular capillary rarefaction in a rat model 

of tubulointerstitial injury (Kitayama et al., 2006), but again at a 15-fold higher dose than that 

used in the current study. It has been speculated that ARB administration leads to an increase in 

circulating Ang II, which can act on unopposed AT2 receptors (which are up-regulated following 

injury) to release kinins and promote NO bioavailability, which contribute to the promotion of 

angiogenesis and restoration of blood vessel density (Seyedi et al., 1995).  

Finally, changes in plasma urea were determined as a measure of renal function, as urea is the 

principal nitrogenous metabolic waste product cleared by the kidneys. An increase in urea 

content within the plasma indicates that kidney function has been compromised as it is unable 

to eliminate waste products. Interestingly, the potent anti-inflammatory effects of CGP and 

potent anti-fibrotic effects of RLX were able to normalise the modest HS-induced increase in 

plasma urea levels measured. Although CGP and RLX appeared to be working through different 

modes of action to reduce renal fibrosis, it could be proposed that the ability of each drug to 

reduce total kidney collagen concentration (although not fully) resulted in their ability to 

abrogate the renal dysfunction associated with the HS model studied. This is based on findings 

from a chronic allergic airways disease model, where it was found that the ability of various 

treatments to reduce airway reactivity (airway dysfunction induced by chronic allergic airways 

disease) correlated with how effectively they reduced total lung collagen concentration (Patel et 

al., 2016; Royce et al., 2016, 2019). In line with this theory, CAND did not affect the HS-induced 

increase in renal dysfunction measured, as it was not able to affect the HS-induced increase in 

total kidney collagen concentration.  

Regarding the effectiveness of the combination treatments investigated, the combined effects of 

CGP and RLX appeared to retain the anti-inflammatory effects of CGP alone which had greater 

effects compared to RLX alone and retained the anti-fibrotic effects to that of RLX which have 

greater effects compared to CGP alone. However, it did not offer any further additive synergistic 

effects over either therapy alone. Certainly though, CGP+RLX treatment reduced the HS-induced 

increase in renal inflammation (specifically macrophage infiltration) to a greater extent than RLX 

alone, and renal fibrosis to a greater extent than CGP alone, demonstrating the feasibility and 

efficacy of combining both drugs. By being able to effectively reduce the HS-induced increase in 
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renal collagen concentration, CGP+RLX treatment also effectively promoted angiogenesis and 

normalised the HS-induced renal dysfunction. As this is the first time both drugs have been 

combined together, there is no other literature to which the findings from this study (combining 

CGP and RLX) can be compared. 

Of interest, however, when CAND was combined with RLX, CAND appeared to consistently block 

the renoprotective effects of RLX on all endpoints measured. Whereas RLX alone demonstrated 

marked anti-fibrotic effects and modest anti-inflammatory effects when administered alone, its 

co-administration with CAND resulted in all end-points measured resembling respective 

measurements obtained from HS-injured mice. Similar unpublished findings from our Lab also 

found that co-administration of CAND+RLX inhibited the anti-fibrotic effects of RLX in 

isoproterenol-and ureteric obstruction-induced models of interstitial heart and kidney disease in 

vivo, respectively. One possible theory as to how this could possibly occur has emerged from 

unpublished findings from our lab showing that AT1 receptors can form heterodimers with RXFP1 

receptors. As it was also previously shown that RXFP1 could form heterodimer with AT2 receptors, 

which RLX could signal through to abrogate renal fibrosis (Chow et al., 2014); and 

heterodimerization can also occur between AT1 receptors and AT2 receptors (AbdAlla et al., 2001; 

Miura et al., 2010), it may be possible then that all three receptors interact in some way, either 

directly or through crosstalk. Whether these receptors interact through heterodimer crosstalk or 

through direct heterodimer interactions (Figure 3.4.1) it is proposed that this would allow AT1 

receptor antagonists such as CAND to allosterically inhibit the actions of agonists acting at the 

RXFP1 (RLX) or AT2 (CGP) receptors. Although the combined effects of CAND and CGP were not 

detailed in this study, unreported studies from our Lab have found that the cGMP-promoting 

effects of C21 in human cardiac myofibroblasts, and the ability of C21 to inhibit renal 

myofibroblast differentiation and collagen-I deposition in rat renal myofibroblasts in vitro, was 

abrogated by CAND treatment, which fits with the above-detailed theory. 
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Figure 4.1. Possible interactions between RXFP1, AT1 and AT2 receptors.  

The crosstalk between RXFP1-AT1, RXFP1-AT2 and AT1-AT2 receptors (A) or the direct interaction 

of these three receptors via heterodimerisation (B) is likely to allow for ARBs (such as CAND) to 

allosterically block the actions of agonists acting at the RXFP1 (RLX) or AT2 (CGP) receptors. Hence, 

combining RLX with ARBs has been found to abrogate the anti-fibrotic actions of RLX alone, 

suggesting that it would not be clinically be useful to combine RLX with ARBs as treatments for 

fibrotic diseases. 

 

In conclusion, this study compared and combined the effects of the currently-used ARB, CAND, 

to emerging therapies such as CGP and RLX. The results obtained demonstrated that both CGP 

and RLX offered greater renoprotective properties compared to that of CAND alone (at each drug 

dose administered) in the absence of any effects on blood pressure, with CGP demonstrating 

marked anti-inflammatory effects and more modest anti-remodelling effects, while RLX 

demonstrated weak anti-inflammatory effects but strong anti-fibrotic effects. Either way, the 

ability of either CGP or RLX to reduce total kidney collagen concentration appeared to correlate 

with their effective ability to normalise HS-induced renal dysfunction. Combining CGP and RLX 

appeared to feasibly maintain the anti-inflammatory effects of CGP and anti-fibrotic effects of 

A B 
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RLX when added together, and offered greater anti-inflammatory effects to that of RLX alone and 

greater anti-fibrotic efficacy to that of CGP alone, and also normalised the HS-induced increase 

in renal dysfunction. However, combining RLX with CAND (or other ARBs for that matter) may 

not be ideally suited to treating fibrotic disease due to the ability of CAND to allosterically 

antagonise the anti-fibrotic effects of RLX alone (as outlined in Figure 3.4.1) suggesting no clinical 

feasibility in combining RLX with ARBs. These studies have provided further insights into the 

therapeutic potential of CGP and RLX as treatments for kidney disorders and suggest that 

agonists targeting AT2 or RXFP receptors may offer greater renoprotection and direct anti-

fibrotic efficacy compared to drugs that block AT1 receptor activity. 
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Chapter 4 

 

 

 

 

 

TO COMPARE AND COMBINE THE ANTI-FIBROTIC EFFECTS OF RELAXIN 

TO AN ACEI (PERINDOPRIL) AND AN IRAP INHIBITOR (HFI-419) IN THE 

HIGH SALT-INDUCED MURINE MODEL OF KIDNEY DISEASE. 
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4.1. Introduction 

Chronic kidney disease (CKD) is a widespread clinical problem which encompasses various 

aetiologies that can progress to end-stage renal failure (ESRF). Globally, CKD has had an 82% 

increase in incident rates within the past two decades and is primarily attributed to the rise in 

our population that are affected by diabetes and hypertension (Lozano et al., 2012). Aside from 

the aforementioned risk factors, dietary factors especially involving the increase in sodium 

chloride consumption within the Western diet has also contributed to the significant rise in CKD 

(Weir and Fink, 2005). Often CKD results from the establishment of fibrosis with accompanied 

cardiovascular complications leading to renal dysfunction and eventually, ESRF if left untreated 

(Hill et al., 2016). Histologically, CKD exhibits as glomerulosclerosis, vascular sclerosis, and 

tubulointerstitial fibrosis caused by an excessive accumulation of extracellular matrix (ECM) 

components, mainly consisting of collagen (Anders et al., 2003). This increase in ECM deposition 

followed by inhibited breakdown ultimately leads to glomerular loss, tubular atrophy, capillary 

reduction and podocyte depletion; subsequently resulting in reduced renal function and eventual 

renal failure (Bohle et al., 1987; Edwards et al., 2015; Longo et al., 2015). Despite CKD being 

prevalent, therapeutic options for the treatment of the fibrosis that contributes to disease 

progression are limited. As discussed in Chapter 3, currently-available treatments target the 

symptoms associated with CKD rather than ECM accumulation itself. For example, angiotensin-

converting enzyme inhibitors (ACEi) and angiotensin receptor blockers (ARBs) mainly act to lower 

hypertension and the impact of hypertension on aberrant ECM accumulation, while growth 

factor inhibitors such as pirfenidone, act to block the actions of specific factors that promote 

ECM-producing cells to secrete ECM molecules (Shihab, 2007). However, due to the indirect 

nature of these therapies, their chronic use or administration at high doses often results in 

reduced efficacy and several side-effects (Dézsi, 2014; Schelbert et al., 2014). Therefore, novel 

treatments that more directly target ECM/collagen accumulation or stimulate the rapid 

degradation of existing ECM compoments contributing to fibrosis are urgently required. 

One novel treatment that meets the above-mentioned criteria is serelaxin (RLX), the drug-based 

form of the major stored and circulating form of the peptide hormone, H2 relaxin (as investigated 

in Chapter 3). RLX mediates rapidly-occuring anti-fibrotic actions through its cognate G protein-
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coupled receptor, RXFP1, to inhibit TGF-β1-, IL-1β- and/or angiotensin (Ang) II-induced fibroblast 

proliferation and differentiation into myofibroblasts which results in the reduction of 

myofibroblast-induced collagen production (reviewed in (Samuel et al., 2017)).  RLX limits fibrosis 

in two ways: 1) it reduces myofibroblast-induced ECM synthesis via RXFP1-ERK1/2 

phosphorylation-nNOS-NO-sGC-cGMP-dependent pathway to inhibit TGF-β1 signal transduction 

at the level of intracellular Smad2 phosphorylation (Mookerjee et al., 2009; Chow et al., 2012, 

2014; Wang et al., 2016).  2) The ability of RLX to inhibit the TGF-β1/Smad2 axis also results in its 

ability to up-regulate various collagen-degrading MMPs (such as MMP-1/-13, MMP-2 and MMP-

9) to facilitate the breakdown of existing ECM components (Chow et al., 2012). Given that RLX 

demonstrated greater anti-fibrotic efficacy to the ARB, Candesartan and broader anti-fibrotic 

efficacy to the AT2R agonist, CGP42112, against HS-induced renal pathology, its anti-fibrotic 

effects were further evaluated against a recently-developed inhibitor of insulin-regulated 

aminopeptidase (IRAP) activity in this Chapter. 

IRAP is a single transmembrane integral protein comprising of 916 amino acids, and contains an 

extracellular aminopeptidase catalytic site (Albiston et al., 2001). IRAP is expressed on 

inflammatory cells and in organs including kidneys, adrenal glands, cardiac muscle and the 

placenta (Chai et al., 2004; Saveanu and Van Endert, 2012). More recently, unpublished findings 

have determined that IRAP is also expressed on myofibroblasts and up-regulated in the ageing 

and diseased murine heart and kidney (personal communication; Huey Wen Lee, Tracey Gaspari 

and Robert Widdop, Monash Pharmacology); suggesting that IRAP may be a previously 

unrecognised contributor to disease-induced fibrosis and end-organ damage. IRAP is known to 

break down several substrates including lys-bradykinin, vasopressin, oxytocin, and Ang III, all of 

which have some form of organ-protective and anti-fibrotic properties (Kakoki et al., 2007; 

Albiston et al., 2010; Plante et al., 2015). The endogenous inhibitor of IRAP is Ang IV, which 

prevents the degradation of these substrates. However, due to its low specificity and stability, 

Ang IV is limited in its therapeutic use. Thus, the synthetic small molecule non-peptide IRAP 

inhibitor, HFI-419 was developed (Albiston et al., 2008). Unsurprisingly, HFI-419 showed similar 

results to those following Ang IV treatment, and demonstrated significant effects in reducing 

cardiac, renal and hepatic fibrosis (Chai et al., 2017). Specifically, the patent highlights the 
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reduction in fibrosis in ageing- and Ang II-induced mouse models of kidney damage (Chai et al., 

2017). Hence, these findings highlight the therapeutic potential of using HFI-419 to treat CKD. 

In this Chapter, the anti-fibrotic effects of RLX were compared to that of HFI-419 (HFI), 

candesartan cilexetil (CAND), and the clinically-used ACE-inhibitor, perindopril (PERIN), in the HS-

induced model of renal disease; but using a different strain of mice. To further evaluate the 

therapeutic potential of HFI, its anti-fibrotic and reno-protective effects were also combined with 

RLX, CAND and PERIN in the model studied.  
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4.2. Materials and methods 

Materials 

Recombinant H2 Relaxin (serelaxin; was kindly provided by Corthera Inc (San Carlos, CA, USA; a 

subsidiary of Novartis AG, Basel, Switzerland); candesartan cilexetil was a gift from AstraZeneca 

(Södertälje, Sweden); Perindopril was purchased from LabChem Express (Zelienople, Pam USA); 

while HFI-419 was kindly provided by A/Prof. Siew Yeen Chai (Department of Physiology, Monash 

University).  

4.2.1 Animals 

6 to 8-week-old male C57BL/6J mice were obtained from Monash Animal Services (Monash 

University, Clayton, Victoria, Australia) and housed under a controlled environment, on a 12 hour 

light/12 hour dark lighting cycle with tap water provided ad libitum throughout the experiment 

and diet initially maintained on normal lab chow (Barastock Stockfeeds, Pakenham, Victoria, 

Australia). FVB/N mice were used in Chapter 3, as they are the background that AT2R knockout 

mice were established on (to further validate the effects of CGP42112 if required). However, as 

AT2R agonists were not studied in this Chapter, C57B6J mice were used instead. All mice were 

provided an acclimatisation period of at least 5 days before any experimentation and procedures 

were performed. All animal use and procedures were approved by a Monash University Animal 

Ethics Committee (Ethics number: MARP/2013/118), which complies with the Australian 

Guidelines for the Care and Use of Laboratory Animals for Scientific Purposes.  

4.2.2 Experimental design 

Mice were divided into 9 treatment groups with n=6 animals per group. These groups consisted 

of i) mice fed a  normal salt (NS; 0.5% NaCl) diet (negative control) for 8 weeks; ii) mice fed a high 

salt (HS; 5% NaCl) diet (positive control; Barastock Stockfeeds, Pakenham, Victoria, Australia) for 

8 weeks; iii) HS+CAND-treated group; iv) HS+PERIN-treated group; v) HS+RLX-treated group; vi) 

HS+HFI-treated group; vii) HS+ HFI+CAND-treated group; viii) HS+HFI+PERIN-treated group; and 

ix) HS+HFI+RLX-treated group. All HS-diet fed groups were provided with NaCl lab chow 

containing 5% NaCl after the acclimatisation period ended; which was expected to induce renal 

injury in the absence of any overt changes in blood pressure. After the completion of 4 weeks on 
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the HS diet, two sub-group of mice were given either candesartan cilexetil (2mg/kg/d) or 

perindopril (4mg/kg/d), which was delivered to each mouse via drinking water and adjusted to 

daily body weight from weeks 5-8. This dose of the ARB was chosen based on results obtained 

on Chapter 3, also noting that a previous study showed that CAND (at 1mg/kg/day) could inhibit 

renal fibrosis after 4 weeks of treatment, in rats (Noda et al., 1999). The dose of the ACEi used 

was chosen based on  previous study showing 4mg/kg/d demonstrated protective effects in the 

brain and kidneys of stroke-prone spontaneously hypertensive rats (Wang et al., 1997). Separate 

sub-group of mice were administered RLX as per Chapter 3 ((0.5mg/kg/d; a dose that had 

consistently demonstrated anti-fibrotic effects in other murine models of renal fibrosis; 

(Hewitson et al., 2010; Chow et al., 2014; Wetzl et al., 2016)) or HFI (0.72 mg/kg/d; a dose that 

demonstrated reduced heart fibrosis in aged mice (Chai et al., 2017)). RLX or HFI were 

administered via subcutaneously implanted osmotic mini-pumps (model 2004, Alzet, Cupertino, 

CA, USA; which continuously infused each drug into the circulation of treated mice at a flow rate 

of 0.25l/hour, from weeks 5-8) (see Figure 4.2.2.1). Three additional sub-groups of mice were 

administered HFI (0.72mg/kg/day; via osmotic mini-pumps) with CAND (2mg/kg/day; via drinking 

water), HFI with PERIN (4mg/kg/day; via drinking water); or HFI with RLX (0.5mg/kg/day; both via 

osmotic mini-pumps (see Figure 4.2.2.1). Systolic blood pressure (SBP) was measured via tail-cuff 

plethysmography every 2 weeks from week 0 until week 8. 
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Figure 4.2.2.1. Experimental design for the 8-week high salt diet model 

Mice were randomised into 9 treatment groups. Group 1 was fed 0.5% NaCl normal lab chow for 

the 8-week duration. The remaining groups received 5% NaCl high salt lab chow for the 8-week 

duration. Group 2 remained on a constant high salt diet for 8 weeks. While groups 3 to 9 were 

provided with the selected treatments at the end of week 4. By week 8, mice were culled, and 

kidneys were taken for analysis. 

4.2.3 Tissue collection 

After 8 weeks of NS or HS feeding, all mice were killed by anaesthetic overdose, and blood was 

collected by cardiac puncture and spun down for plasma collection, which was subsequently 

stored at -80oC. Each kidney was then isolated and divided in half to obtain a total of 4 portions 

(2 from each kidney). One half was fixed in 10% neutral buffered formaldehyde overnight and 

processed by Monash Histology Services to be cut and embedded in paraffin wax. Another half 

was embedded in a cryomold filled with OCT, frozen in liquid nitrogen and stored at -80oC, until 

required. The other 2 portions were snap-frozen in liquid nitrogen and stored at -80oC for 

hydroxyproline analysis and extraction of proteins for gelatin zymography and Western blotting. 
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4.2.4 Kidney histopathology 

Serial paraffin-embedded kidney sections (5μm thickness) from each mouse were placed on 

Superfrost© Plus slides (Thermo Scientific, Rockford, IL, USA) for histological and 

immunohistochemical staining. To assess glomerulosclerosis and interstitial collagen deposition, 

one section from each mouse was sent to Monash Histology Services and underwent Masson’s 

trichrome staining.  

4.2.5 Immunohistochemistry and Immunofluorescence 

Immunohistochemistry (IHC) and immunofluorescence (IF) were used to detect markers of renal 

inflammation and fibrosis, inclusive of macrophage infiltration, NF-κB activity, α-smooth muscle 

actin (α-SMA; a marker of myofibroblast differentiation) CD31 (a marker for vascular rarefaction 

of the peritubular capillaries), and TIMP-1 levels. In each case, serial sections from each mouse 

were subjected to either a biotinylated monoclonal anti-human SMA (1:200 dilution; M0851, 

DAKO Corp., Carpinteria, CA, USA), polyclonal anti-rabbit CD31 (1:100 dilution; ab28364, Abcam, 

Cambridge, UK) or  polyclonal anti-rabbit TIMP-1 (1:1000; Ab38978, Abcam, Cambridge, UK) 

primary antibody for IHC-staining of these markers and DAKO anti-mouse or anti-rabbit HRP kits 

containing appropriate secondary antibodies. IHC-stained sections were visualised with the 

avidin-biotin complex (ABC Elite; Vector, Burlingame, CA, USA) and 3,30-diaminobenzidine (DAB; 

Sigma-Aldrich). Frozen sections from each mouse were subjected to either a monoclonal anti-rat 

F4/80 (1:200 dilution; MCA497R, Bio-Rad Laboratories, Richmond, CA, USA),  or a polyclonal anti-

rabbit p-IκB primary antibody (1:50; #28595S, Cell Signalling, Massachusetts, USA) and goat anti-

rat Alexa Fluor 488 IgG secondary antibody (A11006, Life Technologies, CA, USA) for IF-staining 

of the two markers.  

4.2.6 Morphometric analysis 

All kidney sections were scanned, captured and viewed under Monash Histology Service’s Aperio 

Scanscope AT Turbo (Leica Microsystems Pty Ltd, VIC, Australia) or with a confocal microscope 

(Olympus, BX51, USA) at x20-x40 magnification for morphometric analysis of Masson’s trichrome, 

IHC or IF-labelled tissue images. For each tissue section, 6-8 non-overlapping sections per mice 

were single-blinded and randomly selected. For each image, aside from glomerulosclerosis score, 
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the percentage of positively-stained areas was quantified with ImageJ 1.48 software (Java, NIH); 

and expressed as the % staining per field analysed.  

4.2.7 Hydroxyproline assay 

One half of the frozen kidney from each mouse was lyophilized to dry weight, hydrolysed in 

6mmol/l hydrochloric acid as described previously (Mookerjee et al., 2009; Samuel, 2009) for the 

measurement of hydroxyproline content, which was determined from a standard curve of 

purified trans-4-hydroxy-L-proline (Sigma-Aldrich). Hydroxyproline values were multiplied by a 

factor of 6.94 based on hydroxyproline representing ~14.4% of the amino acid composition of 

collagen in most mammalian tissues to extrapolate total collagen content (Gallop and Paz, 1975), 

which in turn was divided by the dry weight of each corresponding tissue to yield collagen 

concentration (expressed as a percentage). 

4.2.8 Gelatin zymography 

To determine if the treatment-induced effects on collagen deposition were mediated via their 

ability to regulate MMPs/gelatinases that are known to induce collagen degradation, gelatin 

zymography was performed on kidney protein extracts, which were isolated using the method of 

Woessner (Woessner Jr, 1995) and assessed for changes in expression and activity of MMP-2 

(gelatinase-A). Equal aliquots of the protein extracts were analysed on zymogram gels consisting 

of 7.5% acrylamide and 1 mg/ml gelatin. The gels were subsequently treated as previously 

detailed (Woessner, 1995). Gelatinolytic activity was identified by clear bands at the appropriate 

molecular weight, quantitated by densitometry and the relative optical density (OD) of MMP-2 

in each group expressed as the respective ratio to that in the NS-fed control group, which was 

expressed as 1. 

4.2.9 Western blotting  

Using the protein extracts obtained for gelatin zymography, equivalent sample proteins (10μg) 

were separated on pre-cast 10% SDS-polyacrylamide separating gels (Bio-Rad, Philadelphia, PA, 

USA) and transferred to PVDF membranes using the Bio-Rad Trans-Blot Turbo transfer system 

(Bio-Rad, Philadelphia, PA, USA). Membranes were then blocked for 1 hour with 5% (w/v) skim 

milk powder and then probed with primary rabbit TIMP-1 (1:1000 dilution; ab38978, Abcam) or 
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TGF-β1 (1:1000 dilution; ab92486, Abcam) for at least 16 hours at 4°C. Subsequently, the 

membranes were then probed with a conjugated anti-rabbit secondary antibody (1:2500 dilution; 

DAKO). Membranes were then developed with the Bio-Rad Clarity Western ECL substrate kit (Bio-

Rad) for 5 min according to the manufacturer’s protocol followed by visualisation and imaging 

using the Bio-rad ChemicDoc MP. The optical density (OD) of the appropriate bands were then 

quantified and analysed using Image Lab software (Bio-Rad). The measured density of TIMP-1 

and TGF-β1 bands were then corrected to the density of alpha-tubulin in each sample and was 

then expressed as the relative ratio from the NS-fed control group, which was expressed as 1. 

4.2.10 Plasma urea 

Plasma samples from each mouse, obtained from the cardiac puncture of mice were thawed 

before 100μl of each sample was transferred onto Chem8+ cartridges to be inserted and rapidly 

measured by the i-STAT point-of-care handheld device (Abbott Laboratories, Illinois, USA). 

Plasma urea was then recorded as mmol/L. 

4.2.11 Statistical analysis  

All statistical analysis was performed using GraphPad Prism v7.0 (Graphpad Software Inc., CA, 

USA) and expressed as mean ± SEM. Data were analysed via one-way ANOVA with Neuman-Kuels 

post-hoc test for multiple comparisons between groups. In each case, data were considered 

significant with a p-value less than 0.05. 
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4.3. Results 

4.3.1 The effects of HS and the treatments investigated on systolic blood pressure and body 

weight. 

Blood pressure was measured fortnightly via tail-cuff plethysmography in each sub-group of mice, 

from weeks 0-8 (Figure 4.3.1). Mice fed a HS diet had similar SBP measurements (of around 100-

120mmHg) throughout the 8 week experimental period, to that measured from mice fed a NS 

diet, confirming that mice fed a diet of 5% NaCl did not undergo hypertension in this strain. Mice 

that received CAND alone, RLX alone, HFI alone or the three combination therapies also 

maintained normotensive SBP levels. In contrast, PERIN treatment alone significantly lowered 

SBP  to around 85mmHg after 4 weeks of treatment (P<0.01 vs NS group; Figure 4.3.1A). Body 

weight was measured before the introduction of diet at week 0, pre-treatment at week 4 and at 

the end of treatment at week 8. Mice fed a NS or HS diet maintained similar body weights of 32-

35g throughout the 8 week experimental period (Figure 4.3.1B). Although some treatments such 

as CAND alone or the combined effects of HFI+PERIN induced a trend towards mice having lower 

body weights after 4 weeks of treatment (at week 8), in general there were no significant 

differences in the body weights of NS- and HS-fed mice and HS-fed mice treated with CAND alone, 

RLX alone, HFI alone, HFI+CAND, HFI+PERIN and HFI+RLX; which maintained body weight of 29-

35g from weeks 5-8. Once again, only PERIN-treatment alone significantly lowered the body 

weight of treated mice to around 22g after 4 weeks of treatment, which was significantly lower 

than mice receiving the HS diet alone (P<0.01 vs HS group; Figure 4.3.1.B). These findings 

suggested that PERIN administration was inducing hypotension and weight loss at the dose 

studied, when administered to normotensive mice. Interestingly though, the data presented 

suggested that combining PERIN with HFI ameliorated the PERIN-induced reduction of SBP and 

loss of body weight; indicating that HFI could counteract the detrimental effects of PERIN 

administration alone.
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Figure 4.3.1. The effects of HS and the treatments investigated on systolic blood pressure (SBP) 

and body weight. 

A) Fortnightly mean ± SEM SBP measurements from mice fed a NS (0.5% NaCl) or HS (5% NaCl) 

fed diet over 8 weeks, and from HS-fed mice treated with CAND, PERIN, RLX or HFI alone, 

HFI+CAND, HFI+PERIN or HFI+RLX over the final 4 weeks of the 8-week model; as determined by 

tail cuff plethysmography. Only mice treated with PERIN alone significantly lowered SBP over the 

4 weeks of treatment; suggesting that the ACEi was inducing hypotension when administered to 

a normotensive model. B) Mean ± SEM body weight (g) measurements from each group measured 

before diet at week 0, before treatment at week 4, and after treatment at week 8. Only mice 

treated with PERIN alone significantly lowered body weight by the end of treatment period. 

**P<0.01 vs NS group.  
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4.3.2 The effects of HS and the treatments investigated on measures of renal inflammation. 

F4/80-stained macrophage infiltration (Figure 4.3.2) and P-iκB staining (used as a surrogate 

marker of NF-κB activity; Figure 4.3.3) were both significantly increased in HS-fed mice (by ~3.9-

fold and ~3.6-fold, respectively; both P<0.001 vs NS group) compared to respective 

measurements obtained from NS-fed controls. This indicated that HS (5% NaCl)-feeding led to 

renal inflammation after 8 weeks. Whereas neither CAND, PERIN nor RLX treatment alone 

affected the HS-increased macrophage infiltration (Figure 4.3.2), CAND was able to partially 

reduce P-iKB expression levels (by 54%; p<0.01 vs HS group, p<0.01 vs NS group), while PERIN 

and RLX were able to almost fully reduce the HS-increase in P-ikB levels (by 80-85%; both p<0.001 

vs HS group, no different to NS group; Figure 4.3.3) after 4 weeks of treatment. 

In comparison, HFI alone or in combination with all other treatments (HFI+CAND, HFI+PERIN, 

HFI+RLX) significantly reduced both F4/80 staining (by 56-88%; all P<0.001 vs HS group; only 

HFI+CAND was p<0.05 vs NS group; Figure 4.3.2), as well as P-iκB staining (by 73-92%; all 

P<0.001 vs HS group; both HFI+CAND and HFI+PERIN p<0.05 vs NS group; Figure 4.3.3) after 4 

weeks of treatment. HFI or HFI+RLX treatment also significantly reduced macrophage infiltration 

to a greater extent than HFI+CAND (by an additional 20-30%; both P<0.05 vs HFI+CAND group) 

to measurements that were seen from mice fed a NS-diet. In addition, PERIN, RLX, HFI, and 

HFI+RLX treatment of HS-fed mice fully reduced P-iκB staining levels back to that measured from 

mice on the NS diet. These findings suggested that HFI alone or its combined effects with RLX 

offered optimal protection against HS-induced macrophage infiltration and i-pkB expression.



181 
 

 

N
S

H
S

C
A

N
D

P
E

R
IN

R
L

X

H
F

I

H
F

I+
C

A
N

D

H
F

I+
P

E
R

IN

H
F

I+
R

L
X

0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

%
 F

4
/8

0
 s

t
a

in
in

g
/f

ie
ld

* * *
* * *

* * * * * *

# # #
# # #

* * # # #

# # #

¶ ¶ ¶
¶ ¶ ¶

¶ ¶ ¶

¶ ¶ ¶

H S

§ § §
§ § §

§ §

§

+

+

  
  





 

Figure 4.3.2. The effects of HS and the treatments investigated on F4/80 macrophage 

infiltration. 

A) Representative images of IHC-stained kidney sections from each group studied for F4/80, a 

marker for macrophage infiltration. Scale bar = 50 μm.  B) Also shown is the mean ± SEM % F4/80 

stained per section (per total area stained), which was averaged from the measurements of 8 

fields per section, n=4-8 mice/group. **P<0.01, ***P<0.001 vs NS; ###P<0.001 vs HS; ¶¶¶P<0.001 

vs CAND; ΦP<0.05, ΦΦΦP<0.001 vs PERIN; §P<0.05, §§P<0.01, §§§P<0.001 vs RLX; +P<0.05 vs 

HFI+CAND (one-way ANOVA). 
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Figure 4.3.3. The effects of HS and the treatments investigated on P-iκB staining. 

A) Representative images of IF-stained kidney sections from each group studied for P-ikB, a 

marker for NF-kB activity. Scale bar = 50 μm.  B) Also shown is the mean± SEM % P-ikB stained 

per section (per total area stained), which was averaged from the measurements of 8 fields per 

section, n=4-8 mice/group. *P<0.05, ***P<0.001 vs NS; ###P<0.001 vs HS; ¶<P0.05, ¶¶<P.0.01, 
¶¶¶P<0.001 vs CAND (one-way ANOVA). 
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4.3.3 The effects of HS and the treatments investigated on glomerulosclerosis. 

Masson’s trichrome-stained images were used to assess glomerulosclerosis score (Figure 4.3.4) 

from each mouse kidney. Eight glomeruli per kidney section at 40x magnification was assigned a 

score from 0-3 where 0 represented no collagen staining inside the glomeruli, 1 represented mild 

(1-33%) collagen staining, 2 represented medium (33-67%) collagen staining and 3 represented 

severe (67-100%) collagen staining within the glomeruli which was adapted from the 

glomerulosclerotic index (Maric et al., 2004) and scoring of respiratory inflammatory cell 

aggregates (Royce et al., 2015). As expected, NS-fed mice had minimal collagen within the 

glomeruli, whereas the HS-fed mice had an increased glomerulosclerosis score (by 2.7-fold; 

P<0.001 vs NS group). This HS-induced increase in glomerulosclerosis score was unaffected by 

CAND, PERIN, HFI+CAND or HFI+PERIN treatment over 4 weeks. However, the HS-induced 

increase in glomerulosclerosis score was restored to similar levels measured from NS-fed mice 

by RLX, HFI or HFI+RLX treatment after 4 weeks (by 81-100%; all P<0.01 vs HS group; no different 

to NS group; Figure 4.3.4).
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Figure 4.3.4. The effects of HS and the treatments investigated on glomerulosclerosis score. 

A) Representative images of Masson’s trichrome-stained kidney sections from each group studied 

of glomerulosclerosis. Scale bar = 100 μm.  B) Also shown is the mean± SEM glomerulosclerosis 

score, which was averaged from the measurements of 6-8 glomeruli per section, n=4-8 

mice/group. Glomeruli were scored from a scale ranging from 0 to 3 for normal (0), 1 = mild (1-

33%) collagen staining within glomeruli, 2 = medium (33-67%) collagen staining within glomeruli, 

and 3 = severe (67-100%) collagen staining within glomeruli.***P<0.001 vs NS; ##P<0.01 vs HS; 

¶P<0.5, ¶¶P<0.01 vs CAND (one-way ANOVA). 
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4.3.4 The effects of HS and the treatments investigated on interstitial and total renal 

collagen (fibrosis). 

Another six randomly selected fields per section from Masson’s trichrome-stained images were 

also analysed for interstitial kidney collagen deposition (Figure 4.3.5A). HS-fed mice were 

observed to have a significant increase in interstitial collagen staining (by 3.2-fold, P<0.001 vs 

NS group; Figure 4.3.5B) compared to that measured from NS-fed control mice. This increase was 

unaffected by CAND treatment alone but was abrogated by PERIN, RLX, HFI, HFI+PERIN and 

HFI+RLX treatment after 4 weeks(all P<0.001 vs HS group; no different to NS group; Figure 4.3.5B). 

On the other hand, while HFI+CAND treatment partially lowered the HS-induced interstitial 

collagen deposition (by 48%, p<0.01 vs HS group; p<0.01 vs NS group), it did not fully restore 

interstitial fibrosis back to levels measured in NS-fed mice.  

Using hydroxyproline analysis as another measure of fibrosis (Figure 4.3.5C), total kidney collagen 

concentration was examined and expressed as % collagen content/dry weight of the kidney tissue. 

Expectedly, HS-fed mice had significantly increased kidney collagen concentration (by 1.4-fold; 

P<0.05 vs NS group) compared to that measured from their NS-fed counterparts. This HS-induced 

increase in collagen concentration was unaffected by CAND, PERIN, HFI, HFI+CAND or HFI+PERIN 

treatment. However, PERIN, HFI or HFI+CAND treatment induced a trend towards reduced 

hydroxyproline levels such that these levels were no longer different to that measured from the 

NS group. Only RLX treatment alone or its combination with HFI significantly reduced total 

collagen (both by 73%; both P<0.05 vs HS group). Additionally, RLX or HFI+RLX treatment were 

able to reduce total kidney collagen concentration levels to that which was not statistically 

different to measurements obtained from mice on a NS diet (Figure 4.3.5C).  

These findings suggested that RLX, HFI and the combined effects of HFI+RLX demonstrated 

greater and broader anti-fibrotic efficacy over that of CAND, PERIN. CAND did not demonstrate 

any anti-fibrotic efficacy at the dose studied, while PERIN or HFI were only able to significantly 

reduce interstitial renal collagen but not total collagen (likely collagen IV in the kidney) at the 

doses studied. Curiously, it was found that combining HFI with RLX or PERIN was able to maintain 

the effects of HFI alone, whereas the therapeutic effects of HFI alone on glomerulosclerosis score 

(Figure 4.3.4B), interstitial renal collagen deposition (Figure 4.3.5B) and total kidney collagen 
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concentration (Figure 4.3.5C) were lost when it was combined with CAND (as per what was seen 

with RLX in Chapter 3).
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Figure 4.3.5. The effects of HS and the treatments investigated on interstitial collagen and total 

kidney collagen concentration. 

A) Representative images of Masson’s trichrome-stained kidney sections from each group studied 

of interstitial ECM/collagen deposition. Scale bar = 100 μm.  B) Also shown is the mean± SEM % 

interstitial ECM/collagen staining per section (per total area stained), which was averaged from 

the measurements of 8 fields per section, n=4-8 mice/group. C) Additionally, shown is the mean± 

SEM % total kidney collagen concentration (which was extrapolated from dividing the collagen 

content of each kidney portion analysed by the dry weight of that portion); obtained from 

hydroxyproline analysis of n=4-6 mice/group. **P<0.01, ***P<0.001 vs NS; #P<0.05, ##P<0.01, 
###P<0.001 vs HS; ¶P<0.05, ¶¶P<0.01, ¶¶¶P<0.001 vs CAND; ++P<0.01 vs HFI+CAND (one-way 

ANOVA). 
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4.3.5 The effects of HS and the treatments investigated on vascular rarefaction of 

peritubular capillaries. 

Changes in CD31-stained peritubular capillary (Figure 4.3.6) density was evaluated as a measure 

of vascular rarefaction. Randomly selected images per kidney section were overlayed with a fixed 

grid (highlighted in blue with 10,000pixel2 point intersections). Individual peritubular capillaries 

beneath grid intersections were counted using the grid method modified from (Yamaguchi et al., 

2012). As expected, mice fed the HS diet were associated with a loss of renal capillary density (by 

1.8-fold; P<0.01 vs NS group) compared to measurements obtained from mice fed the NS diet. 

This HS-induced vascular rarefaction within the kidney was unaffected by CAND, PERIN, 

HFI+CAND or HFI+PERIN treatment. While HFI treatment induced a trend towards restoring 

peritubular capillary density (by 45%), only RLX treatment alone or the combination of HFI+RLX 

significantly restored peritubular capillary density over that measured in HS-fed mice (by 80% 

and 60% respectively; P<0.01 and P<0.05 vs HS group, respectively), and to levels that were no 

longer different to that measured from NS-fed mice (Figure 4.3.6). 
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Figure 4.3.6. The effects of HS and the treatments investigated on vascular rarefraction of 

peritubular capillaries. 

A) Representative photomicrographs of CD31-stained IHC kidney sections of NS and HS overlayed 

by a blue grid. Scale bar= 100 μm. B) Also shown is the mean± SEM of the number of peritubular 

capillaries counted per field which was laying under each blue point below the grid of n=4-8 

mice/group. *P<0.05, **P<0.01, ***P<0.001 vs NS; #P<0.05, ##P<0.01 vs HS; ¶P<0.05, ¶¶P<0.01 vs 

CAND, ΦP<0.05, ΦΦP<0.01 vs PERIN;  §§P<0.01 vs RLX (one-way ANOVA).

A B NS 
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4.3.6 The effects of HS and the treatments investigated on TGF-β1 staining. 

Renal TGF-1 (expressed as a dimer sized at 25kDa) levels were examined via Western blotting 

to determine the impact of HS and the treatments investigated on expression of the profibrotic 

cytokine (Figure 4.3.7). Compared to mice fed the NS-diet, HS-fed mice had significantly increased 

TGF-1 expression (by 1-fold; P<0.01 vs NS group). This HS-induced increase was unaffected by 

CAND treatment alone, partially but significantly reduced by PERIN treatment alone (by 70%),  

and further reduced by RLX alone, HFI alone and the combination treatments (all P<0.05 vs HS 

group) to levels that were similar to that measured from NS-fed mice (all no different to NS group; 

Figure 4.3.7B). Additionally, RLX treatment alone, HFI treatment alone and HFI+RLX treatment 

more effectively reduced renal TGF-1 expression levels compared to the effects of CAND 

treatment alone (all P<0.01 vs CAND group).
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Figure 4.3.7. The effects of HS and the treatments investigated on renal TGF-β1 expression 

levels. 

A) Representative Western blot images showing renal TGF-1 (25kDa) expression from duplicate 

samples from each treatment group studied. Corresponding representative Western blots for α-

tubulin are included to demonstrate the quality and equivalent loading of protein samples. B) Also 

shown is the mean± SEM levels of TGF-1 (corrected for -tubulin expression) which was 

determined by densitometry, from n=4-6 mice per group; and expressed as the relative ratio to 

the mean value of the NS group, which was expressed as 1. The four remaining samples per group 

were analysed in duplicates on separate membranes. *P<0.05, **P<0.01 vs NS; #P<0.05, 
###P<0.001 vs HS; ¶¶P<0.01 vs CAND (one-way ANOVA). 
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4.3.7 The effects of HS and the treatments investigated on renal myofibroblast 

accumulation. 

α-SMA-stained tissue sections were used to distinguish the impact of HS and the treatments 

investigated on interstitial myofibroblast accumulation (Figure 4.3.8). HS-fed mice had 

significantly increased interstitial renal myofibroblast accumulation (by 2.5-fold; P<0.001 vs NS 

group) compared to that measured in NS-fed mice. This HS-induced increase in renal 

myofibroblast accumulation was unaffected by CAND, PERIN or HFI+CAND treatment; while it 

was significantly reduced by RLX, HFI, HFI+PERIN or HFI+RLX (by 56-90%; all P<0.01 vs HS group) 

with levels returned to those seen in NS-fed mice. RLX, HFI and HFI+RLX treatment also 

significantly reduced renal myofibroblast accumulation compared to the effects of CAND alone 

(all P<0.001 vs CAND group), PERIN alone (all P<0.01 vs PERIN group) or HFI+CAND treatment 

(all<0.01 vs HFI+CAND group).  

The findings presented in Figures 4.3.6-4.3.8 were consistent with those shown in Figure 4.3.5 in 

demonstrating that RLX or the combination of HFI+RLX demonstrated more rapid-occurring anti-

fibrotic efficacy over that of CAND or in some cases over both CAND or PERIN treatment. 

Furthermore, RLX alone, HFI alone or the combination of HFI+RLX, also restored vascular 

rarefaction to a greater extent than the current treatments, CAND or PERIN.
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Figure 4.3.8. The effects of HS and the treatments investigated on renal myofibroblast 

accumulation. 

A) Representative images of IHC-stained kidney sections from each group studied for -SMA-

associated interstitial myofibroblast accumulation enhanced with red colour threshold. Scale bar= 

100 μm. B) Also shown is the % -SMA-stained myofibroblast accumulation per section (per total 

area stained), from n=4-8mice/group. ***P<0.001 vs NS; ##P<0.01, ###P<0.001 vs HS. ¶¶P<0.01, 

¶¶¶P<0.001 vs CAND; ΦΦP<0.01 vs PERIN; ++P<0.01 vs HFI+CAND (one-way ANOVA).

A 

B 
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4.3.8. The effects of HS and the treatments investigated on renal gelatinase expression 

levels. 

Gelatin zymography was then completed to determine the impact of the HS-fed diet and the 

treatments investigated on MMP-2 expression and activity, a known inducer of ECM/collagen 

degradation (Figure 4.3.9). Mice fed a HS-diet did not present with significantly altered MMP-2 

expression levels compared to that measured from NS-fed mice (Figure 4.3.9B). Furthermore, 

MMP-2 expression and activity were not altered by CAND, PERIN, HFI+CAND or HFI+PERIN 

treatment of HS-fed mice. Only the novel treatments, RLX alone, HFI alone and the combination 

of HFI+RLX significantly increased MMP-2 expression and activity (by 0.8-1.5-fold; all P<0.05 vs 

NS group; all p<0.05 vs HS group) compared to that measured from mice fed a NS or HS diet.
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Figure 4.3.9. The effects of HS and the treatments investigated on renal gelatinase expression 

levels. 

A) A representative gelatin zymography shows renal latent (L) and active (A) MMP-2 levels from 

duplicate samples from each of the treatment groups studied. B) Also shown is mean ± SEM 

relative OD of MMP-2 expression (as determined by densitometry of the bands shown), which was 

expressed relative to the value from NS control group, which was expressed as 1 in each case; 

from n=4-6 mice per group studied. The four remaining samples per group were analysed in 

duplicates on separate gelatin zymographs. *P<0.05, **P<0.01 vs NS; #P<0.05, ##P<0.01 vs HS, 
¶¶P<0.01 vs CAND (one-way ANOVA). 
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4.3.9 The effects of HS and the treatments investigated on TIMP-1 expression. 

Changes in the expression levels of the endogenous inhibitor of MMPs (collagenases and 

gelatinases), TIMP-1, was examined via Western blotting (Figure 4.3.10). Renal TIMP-1 levels 

were significantly increased (by 2.4-fold; P<0.001 vs NS group) in HS-fed mice compared to 

measurements seen in NS-fed mice. These increased TIMP-1 levels were unaffected by CAND, 

PERIN, HFI+CAND and HFI+PERIN, but significantly reduced by RLX treatment alone, HFI 

treatment alone or HFI+RLX treatment (by 70-80%; all P<0.01 vs HS group); to levels that were 

no longer different to that measured in NS-fed mice (all no different to NS-fed mice). Additionally, 

RLX, HFI and HFI+RLX treatment more effectively reduced the HS-induced increase in renal TIMP-

1 expression levels compared to the effects of CAND or PERIN treatment (all P<0.01 vs CAND 

group; all P<0.01 vs PERIN group), further demonstrating how effective these novel therapies 

were in regulating mediators involved in ECM/collagen degradation, compared to the two 

current standard of care treatments.



197 
 

 

N
S

H
S

C
A

N
D

P
E

R
IN

R
L

X

H
F

I

H
F

I+
C

A
N

D

H
F

I+
P

E
R

IN

H
F

I+
R

L
X

0

1

2

3

4

5

R
e

la
t
iv

e
 O

D
 T

IM
P

-
1

* * * * * * * * *

* *

*

# # ## # #

# #¶ ¶ ¶
¶ ¶ ¶

¶

¶ ¶

H S

+ +
+ +

+ +

  

Figure 4.3.10. All treatments aside from candesartan reduce TIMP-1 expression. 

A) Representative Western blot images showing renal TIMP-1 (29kDa) expression levels from 

duplicate samples from each treatment group studied. Corresponding representative Western 

blots for α-tubulin are included to demonstrate the quality and equivalent loading of protein 

samples. The four remaining samples per group were analysed in duplicates on separate western 

blots.  B) Also shown are the mean± SEM levels of TIMP-1 (corrected for -tubulin expression) 

which were determined by densitometry, from n=4-6 mice per group; and expressed as the 

relative ratio to the mean value of the NS group, which was expressed as 1. *P<0.05, **P<0.01, 

***P<0.001 vs NS; ##P<0.01, ###P<0.001 vs HS; ¶¶P<0.01, ¶¶¶P<0.001 vs CAND; ++P<0.01 vs 

HFI+CAND (one-way ANOVA).

A 

B 



198 
 

4.3.10 The effects of HS and the treatments investigated on plasma urea levels. 

Plasma urea levels were used as a surrogate marker of renal dysfunction (Figure 4.3.11). HS-fed 

mice had significantly increased plasma urea levels (by 1.6-fold; P<0.05 vs NS group) over that 

measured from mice fed a NS-diet, indicating that mice fed the HS diet had significantly reduced 

renal function. This HS-induced increase in plasma urea levels was unaffected by CAND treatment; 

attenuated to an extent by HFI, HFI+CAND and HFI+PERIN treatment (as plasma urea levels in 

these three groups were no longer significantly different to that measured from HS or NS-fed 

mice); but significantly reduced by RLX treatment alone and HFI+RLX treatment (all p<0.05 vs HS 

group; Figure 4.3.11). Interestingly, PERIN treatment significant exacerbated plasma urea levels, 

by 1.9-fold over that measured in HS-fed mice (P<0.001 vs HS group and all other groups 

studied).  

These findings suggested 1) that the consistent and superior anti-fibrotic efficacy offered by  RLX 

alone or the combined effects of HFI+RLX correlated with these treatments significantly reducing 

a measure of renal dysfunction. However, 2) although the dose of PERIN (4mg/kg/day) 

administered offered some ECM remodelling, it was found to exacerbate renal failure 

(compounded by its ability to significantly lower SBP and animal body weight).
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Figure 4.3.11. The effects of HS and the treatments investigated on plasma urea levels. 

Shown are the mean ± SEM plasma urea levels from each of the control and treatment groups 

studied, which were evaluated from the i-STAT device using 100l of plasma from each animal; 

n=4-8 mice per group. **P<0.01 vs NS; #P<0.05, ##P<0.01 vs HS; ¶P<0.05 vs PERIN; ΔΔΔP<0.001 vs 

all treatment groups (one-way ANOVA). 
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4.4. Discussion 

This study aimed to compare current standard-of-care medication such as the ARB, candesartan 

cilexitil (CAND) and ACE inhibitor, perindopril (PERIN), to experimentally-investigated therapies, 

serelaxin (RLX), HFI-419 (HFI) and their combination in reversing established salt-induced kidney 

fibrosis. This was the first study to make a direct comparison between HFI and its combinations 

with CAND, PERIN or RLX, as treatments for HS-induced kidney disease, using doses of each drug 

that had previously demonstrated anti-fibrotic efficacy in other models of disease. Consistent 

with the data demonstrated in Chapter 3 (utilizing mice on an FVB/N background), the HS (5% 

NaCl) fed mice on the C57B6J background used in this study underwent significant renal damage, 

inflammation, remodelling, fibrosis and dysfunction after 8 weeks, in the absence of any marked 

BP changes. Using this model thus, allowed for the evaluation of the direct renoprotective effects 

of each treatment/combination administered in the absence of elevated BP as a confounding 

variable.   

4.4.1 Renoprotective effects of the current standard of care treatments against HS-induced 

pathology. 

At the dose administered, CAND (2mg/kg/day) was only found to partially reduce the HS-induced 

increase in P-iKB levels when administered over 4 weeks to C57B6J mice with established disease, 

demonstrating that it was biologically active and able to induce modest anti-inflammatory effects, 

as seen in Chapter 3 and in previous in vivo  and in vitro models of kidney disease (Chen et al., 

2008; Ma et al., 2011). However, similar to what was reported in Chapter 3, CAND failed to reduce 

HS-induced increases in renal macrophage infiltration, glomerulosclerosis, collagen 

concentration, vascular rarefaction, myofibroblast differentiation, TGF-1 expression levels, 

MMP-2 and TIMP-1 levels, which led to its inability to improve renal dysfunction (as measured 

by elevated plasma urea levels). These findings again were contrary to previously published 

findings which showed that CAND, when administered at 1mg/kg/day (half the dose of that used 

in the current study) to diabetic db/db mice (Callera et al., 2016) or at 1 or 3mg/kg/day to 8% HS-

diet-fed mice (Ina et al., 2004; Liang and Leenen, 2008; Rafiq et al., 2014), reduced renal damage 

and related dysfunction. Additionally, previous findings from our lab showed that 2mg/kg/day of 

CAND significantly reduced aberrant collagen deposition (fibrosis) in the heart  of hypertensive 
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rats (Jones et al., 2012). As db/db mice (Senador et al., 2009) and mice fed an 8% HS diet (Huang et 

al., 2019) are known to undergo hypertension, the discrepancy between the current study and those 

previously reported findings may be explained by the fact that CAND (at 1-3mg/kg/day) can exert 

therapeutic effects in hypertensive models (oweing to its BP-lowering effects), but cannot 

maintain these effects in normotensive models that are not associated with an up-regulation of 

BP. This in turn perhaps confirms that CAND mainly acts to reduce the impact of BP on kidney 

remodelling and fibrosis, rather than having any direct anti-remodelling effects.  

On the other hand, PERIN (4mg/kg/day) significantly decreased the HS-induced P-iKB levels, TGF-

1 expression levels, interstitial collagen content and TIMP-1 levels, at the cost of inducing 

hypotension when administered to a normotensive model, significantly reducing animal body 

weight, and significantly exacerbating renal dysfunction when administered to HS-fed mice. 

These findings highlight that although ACEi can induce anti-inflammatory and anti-fibrotic effects, 

they also promote unwanted side-effects (on SBP, BW and renal function) at doses that are 

capable of inducing collagen remodelling. In terms of body weight changes, ACEi have been 

known to decrease body weight as a side effect over long-term use, in a similar fashion to that of 

ARBs when administered to patients with hypertension (Santos et al., 2009). The findings of this 

study though, suggested that perindopril was able to inhibit the pro-fibrotic influence of TGF-1 

on interstitial collagen deposition, although not necessarily through regulation of myofibroblast 

differentiation since α-SMA was unchanged. This may be consistent with the findings that ACEi 

may inhibit the contribution of the RAS in promoting epithelial to mesenchymal cell transition 

(EMT) (Wontanatawatot et al., 2011; Chen et al., 2018). Furthermore, although not having a 

direct effect on MMP-2 activity, the finding that perindopril was able to reduce renal TIMP-1 

levels suggests that it was able to increase the MMP-2/TIMP-1 ratio, which could facilitate a 

moderate level of collagen degradation. These findings are consistent with that of others in 

showing that compared to ARBs, ACEi are believed to have better anti-fibrotic efficacy owing to 

their ability to reduce Ang II production and promote the increase of prostaglandins, bradykinin 

and the bioavailability of nitric oxide; all of which have been shown to mediate some form of 

organ protection (Chen et al., 2002). However, the findings that perindopril did not significantly 

affect glomerulosclerosis or total collagen concentration suggests that it was only able to reduce 
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interstitial types I and III collagen without affecting basement membrane collagen IV, the 

predominant collagen isotype in the kidney (as inferred from the hydroxyproline analysis). 

4.4.2 Effects of novel treatments. 

In comparison to the current treatments evaluated, RLX (0.5mg/kg/day) alone significantly 

improved all endpoints measured except for SBP, body weight or macrophage infiltration. When 

observing markers of collagen synthesis, relaxin decreased both TGF-β1 and -SMA-stained 

myofibroblast differentiation. RLX also promoted collagen breakdown by stimulating an increase 

in MMP-2 activity and decreasing TIMP-1 levels, that would favour collagen degradation. These 

renoprotective effects of  RLX were somewhat expected as they are consistent with the findings 

presented in Chapter 3 and upon RLX administration to other models of kidney damage where it 

was administered at the same dose (0.5mg/kg/day) (Garber et al., 2001; Lekgabe et al., 2005; 

Samuel and Hewitson, 2009; Hewitson et al., 2010; Chow et al., 2014).  

In terms of the anti-inflammatory properties of RLX, it is known to reduce the recruitment and 

migration of inflammatory cells into the site of injury (Nistri et al., 2003; Hewitson et al., 2007; 

Martin et al., 2018), as well as the pro-inflammatory and pro-fibrotic factors that are secreted by 

inflammatory cells (Bani et al., 1997; Masini et al., 1997, 2004; Nistri et al., 2003). The ability of 

RLX to reduce P-IκB levels is consistent with its ability to inhibit NF-kB signalling, a crucial 

transcription factor for regulating many inflammatory genes (Martin et al., 2018). Although RLX 

did not directly affect macrophage infiltration, a previous study suggested that RLX was more 

likely to promote M1 to M2 macrophage polarisation to inhibit renal fibrosis via a TLR4-NF-κB 

pathway (Chen et al., 2017), rather than inhibit macrophage numbers per se.  Hence, the 

evaluation of specific M1 and M2 macrophage markers should be evaluated in future studies to 

address this more specifically. 

Furthermore, RLX restored peritubular capillary density, which was ablated by HS-induced kidney 

damage. This is consistent with the angiogenic properties of RLX, where studies to date have 

demonstrated that its continuous infusion promotes the formation of new blood vessels and the 

reversal of vascular rarefaction (Bani et al., 1997; Cai et al., 2017; Sanchez-Mas et al., 2017). This 

recovery in peritubular capillary density is likely due to its ability to up-regulate factors such as 
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basic fibroblast growth factor (Lewis et al., 2001) and vascular endothelial growth factor (VEGF) 

(Unemori et al., 2000), which contribute to its angiogenic actions.  

These combined anti-inflammatory, angiogenic and anti-fibrotic properties of RLX were found to 

provide close to optimal protection against HS-induced renal damage (compared to the other 

individual and combination treatments evaluated), which resulted in a significant improvement 

of HS-induced renal dysfunction (as measured by plasma urea levels). This decrease in HS-

induced plasma urea levels indicated that the kidneys were able to more efficiently eliminate 

waste products after RLX treatment, which is consistent with the ability of RLX to improve 

effective renal plasma flow (ERPF) and glomerular filtration rate (GFR) when administered to 

conscious rats (Danielson et al., 1999) and age-induced kidney disease (Danielson, 2006) in rats. 

Although the expression of IRAP in the ageing/injured kidney and the renoprotective effects of 

IRAP inhibition have only been recently examined, and there are very limited published reports 

on the therapeutic effects of HFI and other IRAP inhibitors, our results showed significant benefits 

of using HFI (0.72mg/kg/day) in the kidneys of HS-fed mice. Consistent with data presented in a 

published patent on the effects of HFI in models of ageing, cardiovascular and hepatic disease 

(Chai et al., 2017), HFI (0.72mg/kg/day) significantly reduced renal p-IκB and macrophage 

infiltration (F4/80) in the kidneys of HS-fed mice, confirming that it offered effective anti-

inflammatory properties. The current theory in regard to its mechanisms of action, suggests that 

HFI prevents the breakdown of IRAP substrates such as oxytocin and vasopressin, which have 

been known to reduce renal injury through the reduction of inflammatory cell recruitment and 

protection against oxidative damage (Biyikli et al., 2006; Tugtepe et al., 2007). Not only was HFI 

treatment alone able to decrease the HS-induced macrophage infiltration, it also maintained 

similar anti-fibrotic effects to that of RLX in inhibiting TGF-1 and myofibroblast-induced collagen 

synthesis while increasing collagen-degrading MMP-2 activity/decreasing TIMP-1 levels. 

However, while HFI also significantly reduced the HS-induced increase in glomerulosclerosis and 

interstitial renal fibrosis to the same extent as RLX, it did not quite reduce total renal collagen 

concentration to the same extent as the RXFP1-agonist, suggesting that it may not have been 

able to affect collagen IV to the same extent as its ability to affect interstitial collagens. 

Furthermore, despite its potent anti-inflammatory actions, the reduced efficacy of HFI in 
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reducing both the HS-induced increase in renal collagen concentration and vascular rarefaction 

may provide a reason as to why the IRAP inhibitor did not significantly effect HS-induced renal 

dysfunction. These findings may suggest that additional dose-ranging studies should be 

conducted to find an optimal dose of HFI that can maintain the renoprotective effects of RLX. 

However, it is important to note that these were only subtle differences in the ability of either 

HFI or RLX to inhibit the pathological effects of HS, since there was generally no significant 

difference between either therapy alone for any analysis. Additional functional assays or 

increased number of animals tested, could possibly further distinguish any significant differences. 

Overall, when compared to the current standard of care treatments evaluated, CAND and PERIN 

(which act to suppress the Ang II/AT1R axis), RLX alone (acting at the RXFP1 receptor) and HFI 

alone (acting at the AT4R/IRAP) were found to provide enhanced renoprotective and anti-fibrotic 

efficacy against HS-induced kidney damage; owing to the ability of these drugs to inhibit TGF-1 

and myofibroblast-induced collagen synthesis while promoting MMP-induced collagen 

degradation. Furthermore, targeting RXFP1 or IRAP appeared to provide safer protection against 

HS-induced kidney damage, as the drugs that targeted these receptors did not affect SBP nor BW, 

and ameliorated the renal dysfunction associated with the model studied.  

4.4.3 Effects of combination treatments. 

When examining the combination therapies administered (involving HFI with CAND, PERIN or 

RLX), neither of these combination treatments significantly affected SBP or body weight, 

demonstrating the feasibility and safety of combining such drugs. Interestingly though, for the 

most part, adding CAND with HFI appeared to inhibit the renoprotective effects of HFI alone on 

macrophage infiltration, glomerulosclerosis, interstitial and total renal collagen concentration 

(fibrosis), angiogenesis, TGF-1 expression levels, myofibroblast differentiation, MMP-2 levels 

and TIMP-1 levels; to a similar extent as what CAND did to RLX when added in combination (as 

reported in Chapter 3). The explanation for this inhibitory effect of CAND is unknown as there 

are no other publications that have combined ARBs with IRAP inhibitors previously. It is unlikely 

that AT1 receptors form dimers to interact with AT4 receptors, as the AT4R is an enzyme. Although 

the initial screening of HFI-419 and related IRAP inhibitors (Mountford et al., 2014) revealed that 

they do not bind to AT1 receptors (unpublished findings from Prof. Siew Yeen Chai, Dept. of 
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Physiology, Monash University), studies have shown that high doses of Ang IV can promote AT1R 

activity (De Bundel et al., 2010); and in a model of abdominal aortic aneurysm, the anti-fibrotic 

effects of a moderate dose of Ang IV (1.44mg/kg/day) which provided anti-fibrotic effects, were 

subsequently abolished by co-administration of losartan, another AT1 receptor antagonist (Kong 

et al., 2015). These findings may suggest then that high enough concentrations IRAP inhibitors 

such as HFI-419 may activate the AT1R, allowing ARBs such as CAND to inhibit the protective 

effects of these IRAP inhibitors. Clearly though, further studies are warranted to determine the 

concentrations at which HFI-419 binds to AT1 receptors, if at all; and in the setting of kidney 

disease as opposed to the brain where most of the initial studies on these IRAP inhibitors were 

conducted (Albiston et al., 2001, 2008, 2010; Mountford et al., 2014). Nevertheless, the findings 

of this study suggested that combining IRAP inhibitors with ARBs would not ideally provide 

renoprotection in a clinical setting. 

When comparing the combined effects of HFI and PERIN to the individual treatments alone, the 

addition of PERIN to HFI did not demonstrate any additive effects over HFI alone, but reduced 

the HS-induced macrophage infiltration to a greater extent than PERIN alone. This may have 

reflected the superior and broader anti-inflammatory effects of HFI, when added in combination 

with PERIN. Most importantly, the combined effects of HFI+PERIN did not exacerbate renal 

dysfunction to the same extent as PERIN alone. Despite this beneficial effect of the combination 

therapy (of HFI and PERIN) on renal dysfunction, the overall findings that this combination 

therapy did not offer any improved renoprotection over the effects of HFI alone nor affect the 

HS-induced renal dysfunction in the model studied suggested that it did not offer any added value 

over the use of HFI alone. 

Finally, when comparing the renoprotective effects of HFI+RLX to the individual treatments 

administered, it was determined that the combined effects of HFI+RLX maintained the anti-

inflammatory and anti-remodelling effects of HFI and the anti-remodelling and anti-fibrotic 

effects of RLX; which contributed to the significant abrogation of HS-induced renal dysfunction.  

Thus, although the combined effects of HFI+RLX did not offer any added efficacy over the 

individual treatments investigated, it provided broader anti-inflammatory effects compared to 

RLX alone and broader anti-fibrotic effects compared to HFI alone; thus, providing maximal 
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protection against HS-induced kidney disease pathogenesis. This study showed for the first time 

the feasibility of combining an IRAP inhibitor with an RXFP1 agonist, as the combination of 

HFI+RLX did not inhibit or compromise the therapeutic effects of each drug administered. Further 

validation of this combination therapy in other experimental models of fibrosis-induced disease 

may eventually lead to the clinical evaluation of this combination therapy approach.  

4.4.4 Conclusion 

In summary, this study compared and combined the effects of a currently-used ARB (CAND) and 

ACEi (PERIN) to emerging therapies that activate the RXFP1 receptor (RLX) or inhibit IRAP (HFI). 

The results obtained demonstrated the greater and broader renoprotection offered by these 

emerging therapies alone or in combination in the setting of HS-induced kidney disease; where 

the anti-inflammatory and anti-remodelling effects of HFI, when combined with the anti-

remodelling and anti-fibrotic effects of RLX, offered optimal protection against the various end-

points measured. As targeting the RXFP1 receptor and/or IRAP appeared to offer improved 

renoprotection over blockade of the Ang II/AT1R axis, these findings may lead to additional dose-

response studies of HFI and RLX, and/or the development of new RXFP1 agonists and IRAP 

inhibitors (with improved affinity and selectivity for these receptors) that can be evaluated as 

new treatments for CKDs characterised by fibrosis. Of note, this study also demonstrated that 

ARBs such as CAND do not appear to have direct anti-fibrotic effects, hence, are less effective as 

therapies when applied to normotensive models. On the other hand, ACEi such as PERIN offer 

some anti-inflammatory effects, but are likely to induce adverse side-effects at doses that 

promote collagen remodelling. 

  



 
 

207 
 

4.5. References 

Albiston, AL, Fernando, RN, Yeatman, HR, Burns, P, Ng, L, Daswani, D, et al. (2010). Gene 

knockout of insulin-regulated aminopeptidase: Loss of the specific binding site for angiotensin 

IV and age-related deficit in spatial memory. Neurobiol. Learn. Mem. 93: 19–30. 

Albiston, AL, McDowall, SG, Matsacos, D, Sim, P, Clune, E, Mustafa, T, et al. (2001). Evidence 

That the Angiotensin IV (AT4) Receptor Is the Enzyme Insulin-regulated Aminopeptidase. J. Biol. 

Chem. 276: 48623–48626. 

Albiston, AL, Morton, CJ, Ng, HL, Pham, V, Yeatman, HR, Ye, S, et al. (2008). Identification and 

characterization of a new cognitive enhancer based on inhibition of insulin-regulated 

aminopeptidase. FASEB J. 22: 4209–17. 

Anders, HJ, Vielhauer, V, Schlöndorff, D (2003). Chemokines and chemokine receptors are 

involved in the resolution or progression of renal disease. Kidney Int. 63: 401–415. 

Bani, D, Ballati, L, Masini, E, Bigazzi, M, Sacchi, TB (1997). Relaxin counteracts asthma-like 

reaction induced by inhaled antigen in sensitized guinea pigs. Endocrinology 138: 1909–1915. 

Biyikli, N, Tugtepe, H, Sener, G, Velioglu-Ogunc, A, Cetinel, S, Midillioglu, S, et al. (2006). 

Oxytocin alleviates oxidative renal injury in pyelonephritic rats via a neutrophil-dependent 

mechanism. Peptides 27: 2249–2257. 

Bohle, A, Mackensen-Haen, S, Gise, H von (1987). Significance of Tubulointerstitial Changes in 

the Renal Cortex for the Excretory Function and Concentration Ability of the Kidney: A 

Morphometric Contribution. Am J Nephrol 7: 421–433. 

Bundel, D De, Demaegdt, H, Lahoutte, T, Caveliers, V, Kersemans, K, Ceulemans, AG, et al. 

(2010). Involvement of the AT 1 receptor subtype in the effects of angiotensin IV and LVV-

haemorphin 7 on hippocampal neurotransmitter levels and spatial working memory. J. 

Neurochem. 112: 1223–1234. 

Cai, J, Chen, X, Chen, X, Chen, L, Zheng, G, Zhou, H, et al. (2017). Anti-Fibrosis Effect of Relaxin 

and Spironolactone Combined on Isoprenaline-Induced Myocardial Fibrosis in Rats via Inhibition 



 
 

208 
 

of Endothelial-Mesenchymal Transition. Cell. Physiol. Biochem. 41: 1167–1178. 

Callera, GE, Antunes, TT, Correa, JW, Moorman, D, Gutsol, A, He, Y, et al. (2016). Differential 

renal effects of candesartan at high and ultra-high doses in diabetic mice-potential role of the 

ACE2/AT2R/Mas axis. Biosci. Rep. 36: e00398–e00398. 

Chai, SY, Fernando, R, Peck, G, Ye, SY, Mendelsohn, FAO, Jenkins, TA, et al. (2004). The 

angiotensin IV/AT4 receptor. Cell. Mol. Life Sci. 61: 2728–2737. 

Chai, SY, Widdop, RE, Gaspari, TA, Lee, HW (2017). WO2017015720A1 Fibrotic Treatment 

(Australia: FPA PATENT ATTORNEYS PTY LTD). 

Chen, H, Yang, T, Wang, MC, Chen, DQ, Yang, Y, Zhao, YY (2018). Novel RAS inhibitor 25-O-

methylalisol F attenuates epithelial-to-mesenchymal transition and tubulo-interstitial fibrosis by 

selectively inhibiting TGF-β-mediated Smad3 phosphorylation. Phytomedicine 42: 207–218. 

Chen, J-W, Hsu, N-W, Wu, T-C, Lin, S-J, Chang, M-S (2002). Asymmetric Dimethylarginine and 

Improves Endothelial Nitric Oxide Bioavailability and Coronary Microvascular Function in 

Patients With Syndrome X. Am. J. Cardiol. 90: 974–982. 

Chen, L, Sha, M, Li, D, Zhu, Y, Wang, X (2017). Relaxin abrogates renal interstitial fibrosis by 

regulating macrophage polarization via inhibition of Toll-like receptor 4 signaling. Oncotarget 8: 

21044–21053. 

Chen, S, Ge, Y, Si, J, Rifai, A, Dworkin, LD, Gong, R (2008). Candesartan suppresses chronic renal 

inflammation by a novel antioxidant action independent of AT1R blockade. Kidney Int. 74: 

1128–1138. 

Chow, BSM, Chew, EGY, Zhao, C, Bathgate, RAD, Hewitson, TD, Samuel, CS (2012). Relaxin 

signals through a RXFP1-pERK-nNOS-NO-cGMP-dependent pathway to up-regulate matrix 

metalloproteinases: The additional involvement of iNOS. PLoS One 7:. 

Chow, BSM, Kocan, M, Bosnyak, S, Sarwar, M, Wigg, B, Jones, ES, et al. (2014). Relaxin requires 

the angiotensin II type 2 receptor to abrogate renal interstitial fibrosis. Kidney Int. 86: 75–85. 

Danielson, LA (2006). Relaxin Improves Renal Function and Histology in Aging Munich Wistar 



 
 

209 
 

Rats. J. Am. Soc. Nephrol. 17: 1325–1333. 

Danielson, LA, Sherwood, OD, Conrad, KP (1999). Relaxin is a potent renal vasodilator in 

conscious rats. J. Clin. Invest. 103: 525–533. 

Dézsi, CA (2014). Differences in the clinical effects of angiotensin-converting enzyme inhibitors 

and angiotensin receptor blockers: A critical review of the evidence. Am. J. Cardiovasc. Drugs 

14: 167–173. 

Edwards, NC, Moody, WE, Yuan, M, Hayer, MK, Ferro, CJ, Townend, JN, et al. (2015). Diffuse 

interstitial fibrosis and myocardial dysfunction in early chronic kidney disease. Am. J. Cardiol. 

115: 1311–1317. 

Gallop, PM, Paz, MA (1975). Posttranslational protein modifications, with special attention to 

collagen and elastin. Physiol. Rev. 55: 418–487. 

Garber, SL, Mirochnik, Y, Brecklin, CS, Unemori, EN, Singh, AK, Slobodskoy, L, et al. (2001). 

Relaxin decreases renal interstitial fibrosis and slows progression of renal disease. Kidney Int. 

59: 876–882. 

Hewitson, TD, Ho, WY, Samuel, CS (2010). Antifibrotic Properties of Relaxin : In Vivo Mechanism 

of Action in Experimental Renal Tubulointerstitial. Endocrinology 151: 4938–4948. 

Hewitson, TD, Mookerjee, I, Masterson, R, Zhao, C, Tregear, GW, Becker, GJ, et al. (2007). 

Endogenous relaxin is a naturally occurring modulator of experimental renal tubulointerstitial 

fibrosis. Endocrinology 148: 660–669. 

Hill, NR, Fatoba, ST, Oke, JL, Hirst, JA, O’Callaghan, CA, Lasserson, DS, et al. (2016). Global 

Prevalence of Chronic Kidney Disease – A Systematic Review and Meta-Analysis. PLoS One 11: 

e0158765. 

Huang, G, Cheng, P, Ding, L, Wang, L, Hu, J, Zhang, Y, et al. (2019). Protective effect of 

Xin‑Ji‑Er‑Kang on cardiovascular remodeling in high salt‑induced hypertensive mice. Exp. Ther. 

Med. 17: 1551–1562. 

Ina, Y, Yao, K, Ohno, T, Suzuki, K, Sonoka, R, Sato, H (2004). Effects of Benidipine and 



 
 

210 
 

Candesartan on Kidney and Vascular Function in Hypertensive Dahl Rats. Hypertens. Res. 26: 

569–576. 

Jones, ES, Black, MJ, Widdop, RE (2012). Influence of angiotensin II subtype 2 receptor (AT 2R) 

antagonist, PD123319, on cardiovascular remodelling of aged spontaneously hypertensive rats 

during chronic angiotensin II subtype 1 receptor (AT 1R) blockade. Int. J. Hypertens. 2012:. 

Kakoki, M, McGarrah, RW, Kim, H-S, Smithies, O (2007). Bradykinin B1 and B2 receptors both 

have protective roles in renal ischemia/reperfusion injury. Proc. Natl. Acad. Sci. U. S. A. 104: 

7576–81. 

Kong, J, Zhang, K, Meng, X, Zhang, Y, Zhang, C (2015). Dose-Dependent Bidirectional Effect of 

Angiotensin IV on Abdominal Aortic Aneurysm via Variable Angiotensin Receptor Stimulation. 

Hypertension 66: 617–626. 

Lekgabe, ED, Kiriazis, H, Zhao, C, Xu, Q, Moore, XL, Su, Y, et al. (2005). Relaxin reverses cardiac 

and renal fibrosis in spontaneously hypertensive rats. Hypertension 46: 412–418. 

Lewis, M, Deshpande, U, Guzman, L, Grove, B, Huang, X, Erikson, M, et al. (2001). Systemic 

relaxin administration stimulates angiogenic cytokine expression and vessel formation in a rat 

myocardial infarct model. In Relaxin 2000, pp 159–167. 

Liang, B, Leenen, FHH (2008). Prevention of salt-induced hypertension and fibrosis by AT 1-

receptor blockers in Dahl S rats. J. Cardiovasc. Pharmacol. 51: 457–466. 

Longo, DL, Rockey, DC, Bell, PD, Hill, J a (2015). Fibrosis — A Common Pathway to Organ Injury 

and Failure. N. Engl. J. Med. 372: 1138–1149. 

Lozano, R, Naghavi, M, Foreman, K, Lim, S, Shibuya, K, Aboyans, V, et al. (2012). Global and 

regional mortality from 235 causes of death for 20 age groups in 1990 and 2010: A systematic 

analysis for the Global Burden of Disease Study 2010. Lancet 380: 2095–2128. 

Ma, L-J, Corsa, BA, Zhou, J, Yang, H, Li, H, Tang, Y-W, et al. (2011). Angiotensin type 1 receptor 

modulates macrophage polarization and renal injury in obesity. Am J Physiol Ren. Physiol 300: 

F1203–F1213. 



 
 

211 
 

Maric, C, Sandberg, K, Hinojosa-Laborde, C (2004). Glomerulosclerosis and tubulointerstitial 

fibrosis are attenuated with 17β-estradiol in the aging Dahl salt sensitive rat. J. Am. Soc. 

Nephrol. 15: 1546–1556. 

Martin, B, Gabris-Weber, BA, Reddy, R, Romero, G, Chattopadhyay, A, Salama, G (2018). Relaxin 

reverses inflammatory and immune signals in aged hearts. PLoS One 13: 1–17. 

Masini, E, Bani, D, Bello, MG, Bigazzi, M, Mannaioni, PF, Sacchi, TB (1997). Relaxin Counteracts 

Myocardial Damage Induced by Ischemia-Reperfusion in Isolated Guinea Pig Hearts: Evidence 

for an Involvement of Nitric Oxide 1. Endocrinology 138: 4713–4720. 

Masini, E, Nistri, S, Vannacci, A, Bani Sacchi, T, Novelli, A, Bani, D (2004). Relaxin inhibits the 

activation of human neutrophils: involvement of the nitric oxide pathway. Endocrinology 145: 

1106–12. 

Mookerjee, I, Hewitson, TD, Halls, ML, Summers, RJ, Mathai, ML, Bathgate, R a D, et al. (2009). 

Relaxin inhibits renal myofibroblast differentiation via RXFP1, the nitric oxide pathway, and 

Smad2. FASEB J. 23: 1219–29. 

Mountford, SJ, Albiston, AL, Charman, WN, Ng, L, Holien, JK, Parker, MW, et al. (2014). 

Synthesis, Structure − Activity Relationships and Brain Uptake of a Novel Series of Benzopyran 

Inhibitors of Insulin-Regulated Aminopeptidase. J. Med. Chem. 57: 1368–1377. 

Nistri, S, Chiappini, L, Sassoli, C, Bani, D, Medicine, F (2003). Relaxin inhibits lipopolysaccharide-

induced adhesion of neutrophils to coronary endothelial cells by a nitric oxide- mediated 

mechanism. FASEB J. 

Noda, M, Matsuo, T, Fukuda, R, Ohta, M, Nagano, H, Shibouta, Y, et al. (1999). Effect of 

candesartan cilexetil (TCV-116) in rats with chronic renal failure. Kidney Int. 56: 898–909. 

Plante, E, Menaouar, A, Danalache, BA, Yip, D, Broderick, TL, Chiasson, JL, et al. (2015). Oxytocin 

treatment prevents the cardiomyopathy observed in obese diabetic male db/db mice. 

Endocrinology 156: 1416–1428. 

Rafiq, K, Nishiyama, A, Konishi, Y, Morikawa, T, Kitabayashi, C, Kohno, M, et al. (2014). 



 
 

212 
 

Regression of glomerular and tubulointerstitial injuries by dietary salt reduction with 

combination therapy of angiotensin II receptor blocker and calcium channel blocker in Dahl 

salt-sensitive rats. PLoS One 9:. 

Royce, SG, Shen, M, Patel, KP, Huuskes, BM, Ricardo, SD, Samuel, CS (2015). Mesenchymal stem 

cells and serelaxin synergistically abrogate established airway fibrosis in an experimental model 

of chronic allergic airways disease. Stem Cell Res. 15: 495–505. 

Samuel, CS (2009). Determination of Collagen Content, Concentration, and Sub-types in Kidney 

Tissue. In Kidney Research. Methods in Molecular Biology (Methods and Protocols), G. Becker, 

and T.D. Hewitson, eds. (Humana Press), p. 

Samuel, CS, Hewitson, TD (2009). Relaxin and the progression of kidney disease. Curr. Opin. 

Nephrol. Hypertens. 18: 9–14. 

Samuel, CS, Royce, SG, Hewitson, TD, Denton, KM, Cooney, TE, Bennett, RG (2017). Anti-fibrotic 

actions of relaxin. Br. J. Pharmacol. 174: 962–976. 

Sanchez-Mas, J, Lax, A, Asensio-Lopez, MC, Lencina, M, Fernandez-del Palacio, MJ, Soriano-Filiu, 

A, et al. (2017). Early Anti-inflammatory and Pro-angiogenic Myocardial Effects of Intravenous 

Serelaxin Infusion for 72 H in an Experimental Rat Model of Acute Myocardial Infarction. J. 

Cardiovasc. Transl. Res. 10: 460–469. 

Santos, E, Picoli Souza, K de, Silva, E da, Batista, E, Martins, P, D’Almeida, V, et al. (2009). Long 

term treatment with ACE inhibitor enalapril decreases body weight gain and increases life span 

in rats. Biochem. Pharmacol. 78: 951–958. 

Saveanu, L, Endert, P Van (2012). The role of insulin-regulated aminopeptidase in MHC class I 

antigen presentation. Front. Immunol. 3: 1–13. 

Schelbert, EB, Fonarow, GC, Bonow, RO, Butler, J, Gheorghiade, M (2014). Therapeutic targets 

in heart failure: Refocusing on the myocardial interstitium. J. Am. Coll. Cardiol. 63: 2188–2198. 

Senador, D, Kanakamedala, K, Irigoyen, MC, Morris, M, Elased, KM (2009). Cardiovascular and 

autonomic phenotype of db/db diabetic mice. Exp. Physiol. 94: 648–658. 



 
 

213 
 

Shihab, FS (2007). Do we have a pill for renal fibrosis? Clin. J. Am. Soc. Nephrol. 2: 876–878. 

Tugtepe, H, Sener, G, Biyikli, N, Yuksel, M, Cetinel, S, Gedik, N, et al. (2007). The protective 

effect of oxytocin on renal ischemia/reperfusion injury in rats. Regul. Pept. 140: 101–108. 

Unemori, EN, Lewis, M, Constant, J, Arnold, G, Grove, BH, Normand, J, et al. (2000). Relaxin 

induces vascular endothelial growth factor expression and angiogenesis selectively at wound 

sites. Wound Repair Regen. 8: 361–370. 

Wang, C, Kemp-Harper, BK, Kocan, M, Ang, SY, Hewitson, TD, Samuel, CS (2016). The anti-

fibrotic actions of relaxin are mediated through a NO-sGC-cGMP-dependent pathway in renal 

myofibroblasts in vitro and enhanced by the NO donor, diethylamine NONOate. Front. 

Pharmacol. 7: 1–12. 

Wang, H, Delaney, K, Kwiecien, J, Smeda, J, Lee, R (1997). Prevention of stroke with perindopril 

treatment in stroke-prone spontaneously hypertensive rats. Clin Invest Med 20: 327–338. 

Weir, MR, Fink, JC (2005). Salt intake and progression of chronic kidney disease: An overlooked 

modifiable exposure? A commentary. Am. J. Kidney Dis. 45: 176–188. 

Wetzl, V, Schinner, E, Kees, F, Hofmann, F, Faerber, L, Schlossmann, J (2016). Involvement of 

cyclic guanosine monophosphate-dependent protein kinase I in renal antifibrotic effects of 

serelaxin. Front. Pharmacol. 7: 1–13. 

Woessner Jr, J (1995). Quantification of matrix metalloproteinases in tissue samples. Methods 

Enzym. 248: 510–52. 

Wontanatawatot, W, Eiam-Ong, S, Leelahavanichkul, A, Kanjanabuch, T (2011). An update on 

RAAS blockade and peritoneal membrane preservation: the ace of art. J Med Assoc Thai 94: 

S175-183. 

Yamaguchi, I, Tchao, BN, Burger, ML, Yamada, M, Hyodo, T, Giampietro, C, et al. (2012). 

Vascular endothelial cadherin modulates renal interstitial fibrosis. Nephron - Exp. Nephrol. 120: 

e20–e31. 

 



 
 

214 
 

Chapter 5 

 

 

 

 

TO COMPARE AND COMBINE THE ANTI-FIBROTIC ACTIONS OF 

SERELAXIN TO VARIOUS PEPTIDE- AND CELL-BASED TREATMENTS IN 

AN UUO-INDUCED MOUSE MODEL OF TUBULOINTERSTITIAL FIBROSIS. 
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5.1 Introduction 

Renal fibrosis is a hallmark of CKD and can present itself as glomerulosclerosis, vascular sclerosis 

and/or interstitial fibrosis surrounding the kidney tubules (Hewitson, 2009). While high salt 

consumption is a clinically relevant problem, can have detrimental effects on glomerular 

hemodynamics, and can induce renal inflammation, hypertrophy, glomerular damage/sclerosis 

and interstitial fibrosis independently of blood pressure changes (Boero et al., 2002), both 

experimentally (Weir and Fink, 2005) and clinically, it can take several weeks-to-months to induce 

CKD. Furthermore, the degree of experimental renal damage, hyperfiltration and dysfunction 

associated with salt-induced diets that do not induce hypertension is more moderate compared 

to hypertension-inducing salt-fed diets (Yoshida et al., 2012). This moderate degree of renal 

damage and fibrosis associated with the 5% NaCl salt diet-induced murine model utilised in 

Chapters 3 and 4 may have contributed to the striking and similar anti-fibrotic effects of RLX and 

HFI. Hence, to further validate the anti-fibrotic efficacy of these therapies, their effects in a more 

severe model of kidney injury needed to be investigated.  

Unilateral ureteric obstruction (UUO) of mice is well-established model of primary 

tubulointerstitial disease that is rapidly-occurring, reproducible and occurs independently of 

species, strain and sex (Chevalier et al., 2010). It is a surgically-induced injury model that results 

in hydronephrosis, inflammation and severe scarring (fibrosis) of the kidney. Importantly, the 

pathogenesis of UUO is comparable to the cascade of events seen in human progressive kidney 

disease associated with a range of genitourinary tract obstruction disorders (Chevalier et al., 

2010), albeit at an accelerated rate. Similar to what occurs following HS diet-induced kidney 

disease, post-UUO there is a significant influx of inflammatory cell infiltration into the renal 

parenchyma (as part of the wound healing response to injury), which eventually contributes to 

pro-fibrotic cytokine release, and fibroblast proliferation and differentiation leading to a 

progressive increase in interstitial ECM/collagen deposition (fibrosis) (Cochrane, 2005). In turn, 

this leads to tubular atrophy, podocyte depletion and capillary reduction which are all factors 

that decrease the ability of the obstructed kidney to eliminate waste products, and regulate 

blood pressure and fluid balance (Huuskes et al., 2015). For this reason the FDA considers this 
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model the ‘gold-standard’ to evaluate the anti-fibrotic and renoprotective efficacy of new 

therapies (Sasaki et al., 2014). 

The anti-fibrotic efficacy of RLX had already been evaluated in the UUO model (Hewitson et al., 

2010; Huuskes et al., 2015). However, as this thesis focused on comparing its anti-fibrotic efficacy 

to that of several other currently-used and emerging/newly-developed compounds, this Chapter 

aimed to compare the effects of RLX to various other peptide and cell-based therapies, as well as 

combination therapies involving RLX, in the UUO model. Of these other compounds that were 

investigated, B7-33, the single B-chain mimetic of RLX that contained residues 7-29 of the original 

B-chain of RLX in addition to the residues lysine-arginine-serine-leucine (KRSL) at the C-terminus 

(Hossain et al., 2016), was one of them. B7-33 retained the binding motif of the two-chained 

hormone, binds exclusively to RXFP1 and mimicked the anti-fibrotic efficacy of RLX in 

experimental mouse models of myocardial infarction-induced heart failure, isoproterenol-

induced cardiomyopathy and ovalbumin-induced chronic allergic airways disease (Hossain et al., 

2016). Like RLX, B7-33 promoted ERK1/2 and MMP activity to induce its anti-fibrotic effects 

(Hossain et al., 2016). Additionally, this Chapter aimed to compare the effects of RLX to 

compounds that targeted the RAS, including the IRAP inhibitor, HFI and a newly-developed 

compound, -pro7-Ang III (BPRO), that more selectively targeted the AT2R over the AT1R (Del 

Borgo et al., 2015). BPRO was developed by substituting the individual native amino acids of the 

angiotensin III (Ang III) sequence with -amino acids. This resulted in a compound that 

had >20,000-fold selectivity for the AT2R over the AT1R, when a -amino acid substitution was 

made at the proline amino acid, at position 7 of the Ang III sequence (Del Borgo et al., 2015). Not 

only was BPRO more selective for the AT2R compared to CGP, it evoked similar vasorelaxation to 

CGP in a concentration-dependent manner. However, neither the renoprotective and anti-

fibrotic efficacy of B7-33, HFI or BPRO had been evaluated in the UUO model. 

Additionally, as the anti-fibrotic effects of RLX were shown to either prevent (Huuskes et al., 2015) 

or reduce (Royce et al., 2015) fibrosis progression in the kidney and lung, respectively, to create 

an improved environment and enhance the therapeutic effects of stem cell-based therapies, the 

combined effects of RLX and human amnion epithelial cells (hAECs) were compared to the effects 

of RLX and the other drugs evaluated. hAECs can be easily isolated via non-invasive procedures 
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from the amniotic sac of the mature placenta (Miki et al., 2005), are non-immunogenic (Akle et 

al., 1981), and possess several therapeutic (anti-inflammatory and reparative) properties that 

have resulted in these cells inhibiting immune cell activation of pro-inflammatory cytokines and 

microRNAs in patients with acute kidney injury (Liu et al., 2017). However, the fibrosis associated 

with chronic disease settings was shown to hinder hAEC viability and function, resulting in these 

cells only having a partial ability to inhibit chronic allergic airways disease-induced airway/lung 

remodelling, fibrosis and function (Royce et al., 2016). As co-treatment of hAECs with RLX 

increased hAEC proliferation and normalisation of airway/lung fibrosis in the setting of chronic 

allergic airways disease (Royce et al., 2016), the combined effects of this combination therapy 

was compared to the other treatments evaluated in the setting of UUO-induced kidney disease. 

Furthermore, as there are other limitations to using stem cell-based therapies, attention has 

turned to determining if the vesicles (exosomes) that are secreted by stem cells such as hAECs, 

may offer advantages to mediating cell-induced therapeutic efficacy. Exosomes are 40-100nm 

in diameter and contain the reparative components of their parental cells (such as proteins, lipids 

and microRNAs) (Valadi et al., 2007; Urbanelli et al., 2015). It has been postulated that owing to 

their smaller size (compared to their parental cells), exosomes avoid recognition by the immune 

system and maintain the integrity of cell membrane to avoid degradation (Vader et al., 2016); 

and do not replicate as they lack a nucleus. Once isolated and purified, exosomes can be freeze-

thawed for immediate use, overcoming the need for cell culture-induced expansion of hAECs for 

therapeutic administration, which can lead to culture-induced loss of function. hAECs can also 

aggregate and become entrapped in the lungs (when administered at >2 million cells), increasing 

the risk of an embolism and prevention of their migration to sites of damage (Kikuchi et al., 2002; 

Kyriakou et al., 2008; Moodley et al., 2010; Moll et al., 2014). Exosomes on the other hand are 

less likely to clog pulmonary microvessels and hence, can offer the therapeutic impact of several 

million hAECs, which can more effectively migrate to sites of damage. However, a recent study 

showed that the fibrosis associated with established/chronic lung diseases also impaired the 

therapeutic efficacy of hAEC-derived exosomes (EXO) (like their parental cells)(Royce et al., 2016), 

which was effectively resolved by co-administration of RLX (Royce et al., 2019). Hence, this 

Chapter also aimed to evaluate the effects of EXO alone and in combination with RLX to the other 
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therapies evaluated against UUO-induced nephropathy, which included an ACE inhibitor (PERIN) 

as a current standard of care medication.  

5.2 Methods 

Materials 

Recombinant H2 Relaxin (RLX; was provided by Corthera Inc., San Carlos, CA, USA; a subsidiary of 

Novartis AG, Basel, Switzerland); and Perindopril was purchased from LabChem Express 

(Zelienople, Pam USA). HFI-419 was provided by A/Prof. Siew Yeen Chai (Department of 

Physiology, Monash University); B7-33 was provided by A/Prof. Akhter Hossain (Florey Institute 

of Neuroscience and Mental Health, University of Melbourne, Melbourne, Victoria, Australia); β-

Pro7Ang III was provided by Dr. Mark Del Borgo (Department of Biochemistry, Monash University, 

Clayton, Victoria, Australia); hAECs and hAEC-derived exosomes were provided by A/Prof. 

Rebecca Lim (Hudson Institute of Medical Research, Clayton, Victoria, Australia). 

5.2.1 Animals 

7 to 8-week-old male C57BL/6J mice weighing between 20-25g were obtained from Monash 

Animal Research Platform (Monash University, Clayton, Victoria, Australia) and housed under a 

controlled environment, on a 12 hour light/12 hour dark lighting cycle with access to standard 

rodent lab chow (Barastock Stockfeeds, Pakenham, Victoria, Australia) and tap water ad libitum 

throughout the experimental period. All mice were provided an acclimatisation period of at least 

5 days before any experimentation and procedures were performed. All animal use and 

procedures were approved by a Monash University Animal Ethics Committee (Ethics number: 

MARP/2017/034), which complies with the Australian Guidelines for the Care and Use of 

Laboratory Animals for Scientific Purposes.  

5.2.2 Experimental model and treatments 

The UUO model was utilised in this Chapter, as it recapitulates many of the primary mechanisms 

involved in human progressive renal disease within a short period (Chevalier et al., 2010). UUO 

surgery was performed on sub-groups of mice (n=6 per group) under inhalation anaesthesia (2-

3% isoflurane; Baxter Healthcare Pty Ltd; NSW, Australia). A 2 cm wide flank incision was made 
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to access the left ureter. Ligation of the ureter was completed with 5.0 surgical silk (Johnson & 

Johnson, NJ, USA). Once ligated, the ureter and corresponding kidney were placed back into their 

original positions within the body, before warm saline was applied to the wound site (to wash 

any blood associated with creating the 2cm flank incision). 

As hAECs and hAEC-derived exosomes were administered via intra-renal (i.r) injection (which had 

allowed for direct delivery of mesenchymal stem cells into the damaged kidney post-UUO) 

(Huuskes et al., 2015), it was recommended by the Monash Animal Ethics Committee, that this 

be completed while mice were anaesthetised for ligation of their left ureters (rather than 

undergo a separate period of anaesthesia post-surgery). Hence, for consistency, all treatments 

were administered at the time of UUO-induction. Over a period of 3 days, 22 mice (2 mice per 

group x 11 groups) were subjected to SHAM or UUO surgery and the various treatments 

administered. This was performed over a 3-week period so that n=6 mice per group could be 

achieved. Sub-groups of mice received 1) RLX (0.5 mg/kg/day; the same dose as that used in 

Chapters 3 and 4); 2) B7-33 (0.25mg/kg/day; an equivalent dose to that of RLX when corrected 

for molecular weight); 3) the vehicle (VEH) for HFI (which contained a 1:3 ratio of DMSO:30% 2-

hydroxypropyl--cyclodextrin solution); 4) HFI (0.72 mg/kg/day; the same dose as that used in 

Chapter 4); 5) BPRO (0.1 mg/kg/day; a dose that had demonstrated vasorelaxation (Del Borgo et 

al., 2015) and anti-fibrotic efficacy in experimental models of cardiovascular disease); 6) hAECs 

(1x106 cells/mouse) in combination with RLX (0.5mg/kg/day;  based on this amount of cells in 

combination with this dose of RLX being able to effectively normalise airway/lung fibrosis in an 

experimental model of chronic allergic airways disease) (Royce et al., 2016); 7) hAEC-derived 

exosomes (EXO; 25g/mouse; based on this amount of EXO demonstrating partial therapeutic 

efficacy in experimental models of lung disease) (Royce et al., 2019); 8) EXO (25g/mouse) in 

combination with RLX (0.5mg/kg/day); or 9) PERIN (1mg/kg/day; a dose that had demonstrated 

anti-fibrotic and anti-hypertensive efficacy in renovascular hypertensive rats (Nagai et al., 2004); 

and which was not expected to induce the adverse effects induced by 4mg/kg/day of the drug 

that was observed in Chapter 4). With the exception of hAECs or hAEC-EXO, all other treatments 

were delivered by subcutaneously administered 1007D osmotic mini-pumps (Alzet, CA, USA), 
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which continuously infused each drug into the circulation of treatment mice over a 7-day period, 

at a flow rate of 0.5l/hour.  

For mice receiving mini-pumps, the intraperitoneal muscle and skin overlaying the wound site 

was sutured (with 5.0 silk) prior to pump implantation. Pumps were administered on the dorsal 

surface of the mouse, via a 1cm incision that was undertaken to create a skin pocket for the pump 

to be placed into, which was closed with michelle clips (Becton & Dickinson, Sparks, MD, USA). 

For mice receiving i.r injections of hEACs or EXO, this was done into the renal vein immediately 

following UUO surgery using a 0.5mL syringe and 30-gauge needle (BD Ultra-Fine™ Insulin Syringe, 

BD Bioscience, Sparks, MD, USA) and before the intraperitoneal muscle and skin overlaying the 

wound site was sutured. Following i.r injection of cells, they were located within the kidneys and 

lungs of mice within 1 hour of injection, but were fully localised within the kidneys by 24-48 hours 

post-injection, as detected by bioluminescence scanning (Huuskes et al., 2015). Immediately 

after UUO surgery was completed, all mice were provided buprenorphine analgesia (Rickett 

Benckiser, NSW, Australia) as pain relief while being sutured and allowed to recover from 

anaesthesia. Mice were then monitored until recovery was made. Sham-operated mice (n=6) 

underwent similar procedures except for ligation of the ureter and were thereby used as the 

healthy control group. 
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9 sub-groups of UUO-injured mice were randomly selected to receive the following treatments:  

 

Figure 5.2.2.1. Experimental design for the UUO model 

Mice were randomized into 11 treatment groups. Group 1 mice underwent sham surgery and no 

treatment. The remaining groups underwent UUO surgery for tubulointerstitial fibrosis to develop 

by 7 days. Group 2 received no treatment to act as the injury alone group. All other groups 

received the various treatments described above, which were administered s.c via osmotic 

minipump and/or by i.r injection into the renal vein on the same day as UUO surgery. On day 7 

post-UUO, all mice were culled for kidney isolation and analysis. 

5.2.3 Tissue collection 

On day 7 post-UUO, all mice were killed for isolation of their obstructed and unobstructed 

kidneys, which were separately weighed. The unobstructed (right) kidney was snap frozen in 

liquid nitrogen and stored at -80oC. No further analysis was conducted on this kidney, as previous 

studies had demonstrated that although overworked, the pathology associated with the 

unobstructed kidney was similar to that observed in sham-operated control mice (Hewitson et 

al., 2007). The obstructed (left) kidney was divided into four portions, two poles and two mid-

portions. One mid-portion was fixed in 10% neutral buffered formaldehyde overnight, processed 

and embedded in paraffin wax. One pole was embedded in a cryomold filled with OCT, frozen in 

liquid nitrogen and stored at -80oC. The remaining mid-portion and pole were snap-frozen in 
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liquid nitrogen and stored at -80oC for hydroxyproline content analysis and protein extraction 

and analysis, respectively. 

5.2.4 Kidney histopathology 

Paraffin-embedded kidney sections from each mouse were serially sectioned (at 5μm thickness) 

and placed on Superfrost© Plus slides (Thermo Scientific, Rockford, IL, USA) for histological and 

immunohistochemical staining. To assess interstitial collagen deposition, one section from each 

mouse was sent to Monash Histology Services and underwent Masson’s trichrome staining.  

5.2.5 Immunohistochemistry and immunofluorescence 

Immunohistochemistry (IHC) was used to detect markers of collagen turnover, inclusive of the 

pro-fibrotic cytokine, TGF-β1; α-smooth muscle actin (α-SMA; a marker of myofibroblast 

differentiation) and CD31 (a marker for vascular rarefaction of the peritubular capillaries). In each 

case, de-waxed slides from each mouse were subjected to either a polyclonal anti-rabbit TGF-β1 

(Ab92486, 1:1000 dilution; Abcam, Cambridge, UK), monoclonal anti-human -SMA (M0851; 

1:200 dilution; DAKO Corp., Carpinteria, CA, USA) or polyclonal anti-rabbit CD31 (ab28364; 1:100 

dilution; Abcam, Cambridge, UK) primary antibody and DAKO anti-mouse or anti-rabbit HRP kits 

containing appropriate secondary antibodies. IHC-stained sections were visualised with the 

avidin-biotin complex (ABC Elite; Vector, Burlingame, CA, USA) and 3,30-diaminobenzidine (DAB; 

Sigma-Aldrich). Immunofluorescence (IF) was used to detect markers of inflammation, inclusive 

of F4/80 staining for macrophage infiltration and p-IκB staining for NF-κB activity. In each case, 

slides from each mouse were subjected to either a monoclonal anti-rat F4/80 (MCA497R; 1:200 

dilution; Bio-Rad Laboratories, Richmond, CA, USA) or polyclonal anti-rabbit p-IκB (#28595S; 1:50; 

Cell Signalling, Massachusetts, USA) primary antibody and a goat anti-rat Alexa Fluor 488 IgG 

secondary antibody (A11006, Life Technologies, CA, USA). 

5.2.6 Morphometric analysis 

All kidney sections were scanned, captured and viewed under Monash Histology Service’s Aperio 

Scanscope AT Turbo (Leica Microsystems Pty Ltd, VIC, Australia) or with a confocal microscope 

(Olympus, BX51, USA) at x20-x40 magnification for morphometric analysis of Masson’s trichrome, 

IHC or IF-labelled tissue images. For each tissue section, 6-8 non-overlapping sections per mouse 
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were single-blinded and randomly selected. For each image, aside from glomerulosclerosis score, 

the percentage of positively-stained areas was quantified with ImageJ 1.48 software (Java, NIH).  

5.2.7 Hydroxyproline assay 

One mid-portion (containing cortex and medulla) of the obstructed kidney from each mouse was 

lyophilised to dry weight and hydrolysed in 6mmol/l hydrochloric acid as described previously 

(Mookerjee et al., 2009; Samuel, 2009) for the measurement of hydroxyproline content, which 

was determined from a standard curve of purified trans-4-hydroxy-L-proline (Sigma-Aldrich). 

Hydroxyproline values were multiplied by a factor of 6.94, based on hydroxyproline representing 

14.4% of the amino acid composition of collagen in most mammalian tissues (Gallop and Paz, 

1975), to extrapolate total collagen content. The extrapolated collagen content in turn was 

divided by the dry weight of each corresponding tissue to yield collagen concentration (expressed 

as a percentage). 

5.2.8 Gelatin zymography 

To determine if the treatment-induced effects on collagen were associated with changes in the 

expression and activity of collagen-degrading gelatinases, gelatin zymography was performed on 

kidney protein extracts, which were isolated using the method of Woessner (Woessner Jr, 1995) 

and assessed for changes in the expression and activity of MMP-2 (gelatinase-A). Equal aliquots 

(5g) of the protein extracts were analysed on gelatin zymographs consisting of 7.5% acrylamide 

and 1 mg/ml gelatin. The gels were subsequently treated as previously detailed (Woessner, 1995). 

Gelatinolytic activity was identified by clear bands at the appropriate molecular weight, 

quantitated by densitometry and the relative optical density (OD) of MMP-2 in each group 

expressed as the respective value to that of the saline-treated mouse group, which was expressed 

as 1. Due to the number of treatment groups incorporated into this study, not all treatment 

groups could be compared in the same zymograph when two samples per group were loaded. 

Hence, all zymographs contained duplicate samples from the sham and UUO groups, so that 

duplicate samples from the various treatments could be compared between zymographs. 

Separate zymographs were also run so that n=6 samples per group could be analysed for MMP-

2 expression and activity. 
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5.2.9 Western blotting  

Using the same protein extracts obtained for gelatin zymography, equivalent aliquots (10μg) of 

protein extracts were run on pre-cast 10% SDS-polyacrylamide separating gels (Bio-Rad, 

Philadelphia, PA, USA), as described before (Chow et al., 2012) and transferred to PVDF 

membranes using the Bio-Rad Trans-Blot Turbo transfer system (Bio-Rad, Philadelphia, PA, USA). 

Membranes were then blocked for 1 hour with 5% (w/v) skim milk powder, and then probed with 

either a polyclonal antibody to TIMP-1 (ab38978; 1:1000 dilution; Abcam) or a monoclonal 

antibody for -tubulin (house-keeping protein; ab52866; 1:2500 dilution; Abcam) for at least 16 

hours at 4°C. Subsequently, the membranes were then probed with appropriate secondary anti-

rabbit or anti-mouse antibodies (1:2500 dilution in each case) using the DAKO anti-rabbit or anti-

mouse HRP kits, respectively. Membranes were then developed with the Bio-Rad Clarity Western 

ECL substrate kit (Bio-Rad) for 5 min according to the manufacturer’s protocol followed by 

visualisation and imaging using the Bio-rad ChemicDoc MP. The optical density (OD) of the 

appropriate bands were then quantified and analysed using Image Lab software (Bio-Rad). The 

measured density of TIMP-1 bands was then corrected to the density of corresponding -tubulin 

in each sample and was then expressed as the relative ratio to that from the sham-control group, 

which was expressed as 1. As per the analysis of samples by gelatin zymography, due to the 

number of treatment groups incorporated into this study, not all treatment groups could be 

compared in the same Western blot when two samples per group were loaded. Hence, all blots 

contained duplicate samples from the sham and UUO groups, so that duplicate samples from the 

various treatments could be compared between blots. Separate Westerns were also run so that 

n=6 samples per group could be analysed for changes in TIMP-1 expression levels. Based on 

densitometry measurements of MMP-2 (from gelatin zymography) and TIMP-1 (from Western 

blotting) for each sample analysed, the MMP-2/TIMP-1 ratio for each sample, and mean ± SEM 

MMP-2/TIMP-1 ratio from each treatment group, was determined. 

5.2.10 Statistical analysis  

All data were expressed as the mean ± SEM and statistically analysed using GraphPad Prism v7.0 

(Graphpad Software Inc., CA, USA). Data were analysed via a one-way ANOVA with Neuman-Kuels 
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post-hoc test for multiple comparisons between groups. In each case, data were considered 

significant with a p-value less than 0.05. 

5.3 Results 

5.3.1 The effects of UUO and the treatments investigated on measures of renal 

inflammation. 

F4/80-stained macrophage infiltration (Figure 5.3.1) and P-iκB staining (used as a surrogate 

marker of NF-κB activity; Figure 5.3.2) were used as markers of renal inflammation post-UUO and 

were both significantly increased in UUO-injured mice (by 4.5-fold and 4.8-fold, respectively; 

both P<0.001 vs SHAM group) compared to respective measurements obtained from sham-

operated (SHAM) controls. This indicated that renal inflammation was clearly evident 7 days after 

UUO injury. Whereas neither RLX nor B7-33 treatment alone affected the UUO-induced increase 

in macrophage infiltration (Figure 5.3.1), both RXP1 agonists were able to equivalently prevent 

the UUO-induced increase in P-iκB staining levels (by 60-70%; both P<0.001 vs UUO alone; both 

P<0.01 vs SHAM group; Figure 5.3.2). In comparison, the IRAP inhibitor, HFI (but not the vehicle 

it was reconstituted in), and AT2R agonist, BPRO, both significantly prevented macrophage 

infiltration (by 40-60%) and P-iκB staining (by 60-67%) (both P<0.001 vs UUO; P<0.01 vs SHAM 

group); suggesting that targeting the RAS offered broader protection against UUO-induced renal 

inflammation compared to the targeting of RXFP1. EXO alone also partially prevented the UUO-

induced macrophage and P-iκB infiltration (by 57-63%; both P<0.001 vs UUO; P<0.01 vs SHAM 

group); while the combined effects of RLX and hAECs similarly inhibited both measures of renal 

inflammation by 64-70% (both P<0.001 vs UUO; P<0.01 vs SHAM group). Of the treatment 

groups evaluated, the combined effects of RLX and EXO provided the greatest protection against 

UUO-induced macrophage and P-iκB infiltration (both by 80%; both <0.001 vs UUO; P<0.05 vs 

SHAM group); however neither treatment or combination strategy evaluated fully abrogated 

renal inflammation after 7 days of administration. In comparison, the ACEi, PERIN, only partially 

prevented UUO-induced macrophage infiltration (by 38%) and P-iκB staining (by 62%) (both 

P<0.001 vs UUO; P<0.01 vs SHAM group), suggesting that it demonstrated similar anti-

inflammatory efficacy to that of HFI alone, BPRO alone or EXO alone (Figure 5.3.1, Figure 5.3.2).
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Figure 5.3.1. The effects of UUO and the treatments investigated on F4/80 staining. 

A) Representative images of IF-stained kidney sections from each group studied showing F4/80 

staining (macrophage infiltration). Scale bar= 50 μm.  B) also mean± SEM % F4/80 stained kidney 

sections for macrophage infiltration of n=6 mice/group. *P<0.05, ** P<0.01, ***P<0.001 vs SHAM; 
#<P0.05, ###P<0.001 vs UUO; ¶¶ P<0.01, ¶¶¶P<0.001 vs VEH; §P<0.05, §§P<0.01, §§§P<0.001 vs RLX, 
ΔP<0.05, ΔΔΔP<0.001 vs B7-33; γP<0.05 vs EXO; +P<0.05, ++P<0.01, +++P<0.001 vs PERIN (one-way 

ANOVA).
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Figure 5.3.2. The effects of UUO and the treatments investigated on p-ikB staining. 

A) Representative images of IF-stained kidney sections from each group studied for P-ikB, a 

marker for NF-kB activity. Scale bar = 50 μm.  B) Also shown is the mean± SEM % P-ikB stained 

per section (per total area stained), which was averaged from the measurements of 8 fields per 

section, n=6 mice/group. *P<0.05, **P<0.01, ***P<0.001 vs SHAM; ###P<0.001 vs UUO; §§P<0.01 

vs RLX; ¶¶¶P<0.001 vs VEH; γP<0.05 vs EXO (one-way ANOVA). 
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5.3.2 The effects of UUO and the treatments investigated on interstitial and total renal 

collagen deposition (fibrosis). 

Masson’s trichrome-stained images were used to assess the effects of UUO and the treatments 

investigated on interstitial renal collagen deposition (as a measure of fibrosis). 6 randomly 

selected fields excluding glomeruli were analysed for interstitial collagen deposition in the 

cortical regions of the kidneys (Figure 5.3.3). Expectedly, UUO-injured mice had significantly 

increased interstitial renal collagen deposition (by 4.2-fold; P<0.001 vs SHAM group) compared 

to that measured in SHAM control mice (Figure 5.3.3B). This UUO-induced increase in interstitial 

renal fibrosis was similarly and most effectively prevented by RLX or B7-33 alone, HFI alone or by 

the combined effects of EXO and RLX (by 70-80%; all P<0.001 vs UUO alone; all no different to 

the SHAM group). In comparison, BPRO alone, EXO alone and the combined effects of hAECs and 

RLX only partially prevented the UUO-induced interstitial fibrosis (by 48-57%; all P<0.01 vs UUO 

alone; all P<0.01 vs the SHAM group). However, neither the VEH for HFI or PERIN affected the 

UUO-induced increase in interstitial renal collagen deposition (both no different to UUO alone; 

Figure 5.3.3B). 

Total kidney collagen concentration was also evaluated as another measure of fibrosis (Figure 

5.3.3C) and was also found to be significantly increased in UUO-injured mice (by 1-fold; p<0.001 

vs SHAM group) compared to respective measurements from their SHAM counterparts. This 

UUO-induced increase in renal collagen concentration was unaffected by VEH or PERIN treatment, 

but partially although significantly prevented by all other mono- and combination treatments 

evaluated (by 20-38%; all P<0.05 vs UUO; all P<0.001 vs SHAM group) compared to UUO-injured 

mice alone (Figure 5.3.3C). These findings suggested that all the treatments evaluated were more 

effective at preventing interstitial collagen deposition compared to their ability to inhibit 

basement membrane collagen IV, which is the major collagenous constituent of the kidney.



 
 

229 
 

 

S
H

A
M

U
U

O

R
L

X

 
B

7
-
3

3

V
E

H

H
F

I

B
P

R
O

h
A

E
C

s
+

R
L

X

E
X

O

E
X

O
+

R
L

X

P
E

R
I
N

0

2

4

6

8

%
C

o
l
la

g
e

n
 c

o
n

t
e

n
t
/f

ie
ld

* * *
* * *

* * *

* *

* *

* *

# #

U U O

¶ ¶ ¶

# # #

# # #

# # #

¶ ¶ ¶

¶ ¶ ¶

¶ ¶

+ + +

+ + +

+ + +

+ +

¶ ¶

# #

# #

# # #

+ +

+ +

+ + +



   

S
H

A
M

U
U

O

R
L

X

B
7

-
3

3

V
E

H

H
F

I

B
P

R
O

h
A

E
C

s
+

R
L

X

E
X

O

E
X

O
+

R
L

X

P
E

R
I
N

0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

K
i
d

n
e

y
 
c

o
l
l
a

g
e

n
 
c

o
n

c
e

n
t
r

a
t
i
o

n

(
%

 
c

o
l
l
a

g
e

n
 
c

o
n

t
e

n
t
 
p

e
r

d
r

y
 
w

e
i
g

h
t
 
t
i
s

s
u

e
)

U U O

#

¶* * *

* * * * * *

* * *

* * *

* * * * * * * * *

* * *

* * *
#

¶

#

¶

#

¶
#

¶

#

¶

#

¶

 

Figure 5.3.3. The effects of UUO and the treatments investigated on interstitial collagen and 

total kidney collagen concentration. 

A) Representative photomicrographs of Masson’s Trichrome stained kidney sections from each 

group studied showing interstitial space. Scale bar= 100 μm. B) mean± SEM % interstitial collagen 

per 8 fields of each kidney per mice per group (n=6mice/group). C) mean± SEM of total kidney 

collagen concentration (% collagen content/dry weight tissue) obtained from hydroxyproline 

assay of n=6 mice/group. ** P<0.01, ***P<0.001 vs SHAM; #P<0.05, ## P<0.01, ###P<0.001 vs UUO; 
¶P<0.05, ¶¶ P<0.01, ¶¶¶P<0.001 vs VEH; γP<0.05 vs EXO; ++P<0.01, +++P<0.001 vs PERIN (one-way 

ANOVA).
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5.3.3 The effects of UUO and the treatments investigated on KIM-1 staining. 

KIM-1-stained tissue sections (Figure 5.3.4) were used to detect the impact of the UUO injury and 

the treatments investigated on kidney damage. Consistent with the increased renal inflammation 

(Figures 5.3.1 and 5.3.2) and fibrosis (Figure 5.3.3) associated with UUO-injured mice, these mice 

had significantly increased KIM-1 stained renal damage (by 4.6-fold; P<0.001 vs SHAM group; 

Figure 5.3.4) compared to that measured in SHAM operated control mice. This UUO-induced 

increase in KIM-1 staining was again unaffected by VEH or PERIN treatment, partially prevented 

by HFI or BPRO treatment (by 36-48%; both P<0.05 vs UUO alone; both P<0.05 vs SHAM alone), 

and further prevented by all other mono- and combination therapies evaluated (by 70-97%; all 

P<0.01 vs UUO alone; no different to SHAM alone) to levels that were no longer different to that 

measured from the SHAM control group (Figure 5.3.4B).
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Figure 5.3.4. The effects of UUO and the treatments investigated on KIM-1 staining. 

A) Representative images of IHC-stained kidney sections for KIM-1 from each group studied 

showing the extent of renal damage. Scale bar= 100 μm. B) Also shown is the mean± SEM % KIM-

1 staining per field, which was averaged from the measurements of 8 fields per section, n=6 

mice/group.*P<0.05, ** P<0.01, ***P<0.001 vs SHAM; #<P0.05, ##P<0.01, ###P<0.001 vs UUO; 
¶P<0.05, ¶¶ P<0.01, ¶¶¶P<0.001 vs VEH; ++P<0.01, +++P<0.001 vs PERIN; ΦΦP<0.01 vs HFI (one-way 

ANOVA). 

A

 

B

 



 
 

232 
 

5.3.4 The effects of UUO and the treatments investigated on renal peritubular capillary 

density. 

CD31-stained peritubular capillary density (Figure 5.3.5) was measured as a marker of vascular 

rarefaction, from randomly selected images per kidney section that were overlayed with a fixed 

grid (with 10,000pixel2 point intersections). Individual peritubular capillaries beneath grid 

intersections were counted using the grid method modified by Yamaguchi and colleagues 

(Yamaguchi et al., 2012). Consistent with the renal damage associated with UUO-injured mice 

(Figure 5.3.4), these mice had a 50% reduction in renal peritubular capillary density (P<0.001 vs 

SHAM group) compared to that measured from SHAM operated control mice. This UUO-induced 

loss of renal peritubular capillary density was unaffected by VEH or PERIN treatment; partially 

restored by HFI or EXO alone treatment (by 67%; both P<0.05 vs UUO alone; both P<0.05 vs 

SHAM alone), and further restored by all other mono- and combination therapies evaluated (by 

75-90%; all P<0.01 vs UUO alone; no different to SHAM alone) to levels that were no longer 

different to those measured from the SHAM control group (Figure 5.3.5B).
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Figure 5.3.5. The effects of UUO and the treatments investigated on peritubular capillaries 

A) Representative photomicrographs of CD31-stained IHC kidney sections of SHAM and UUO 

overlayed by a grid. Scale bar= 100 μm. B) Also shown is the mean± SEM of the number of 

peritubular capillaries counted per field which was laying under each intersection below the grid 

of n=6 mice/group. *P<0.05, ***P<0.001 vs SHAM; #P<0.05, ##P<0.01 vs UUO; ¶P<0.05, ¶¶¶P<0.001 

vs VEH; +P<0.05, ++P<0.01 vs PERIN (one-way ANOVA).
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5.3.5 The effects of UUO and the treatments investigated on renal TGF-β1 staining. 

TGF-β1-stained kidney sections (Figure 5.3.6) were used to examine the impact of UUO-induced 

injury and the treatments investigated on the expression levels of this pro-fibrotic cytokine. 

Consistent with the increased renal inflammation (Figures 5.3.1 and 5.3.2), fibrosis (Figure 5.3.3) 

and damage (Figure 5.3.4) associated with UUO-injured mice, these animals had significantly 

increased renal cortical TGF-β1-staining levels (by 2-fold; P<0.001 vs SHAM) compared to that 

measured from SHAM control mice. This UUO-induced renal cortical TGF-1 staining was 

unaffected by the VEH treatment, partially but significantly prevented by PERIN treatment (by 

35%; P<0.05 vs UUO alone; P<0.01 vs SHAM group), and further prevented by all other mono- 

and combination therapies evaluated (all P<0.001 vs UUO alone; no different to SHAM alone) to 

levels that were no longer different to that measured from the SHAM control group (Figure 

5.3.6B). Of further note, the combined effects of RLX and hAECs or EXO were able to prevent the 

UUO-induced increase in renal cortical TGF-β1 staining to a greater extent than PERIN treatment 

alone (by 52% and 56%, respectively; both P<0.05 vs UUO+PERIN group; Figure 5.3.6B).
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Figure 5.3.6. The effects of UUO and the treatments investigated on TGF-β1 staining. 

A) Representative images of kidney sections for renal TGF-1 expression from each group studied 

showing interstitial expression of the pro-fibrotic cytokine. Scale bar = 100 μm. B) Also shown is 

the mean ± SEM % TGF-1 stained per field analysed, which was averaged from the 

measurements of 8 fields per section, n=6 mice/group.**P<0.01, ***P<0.001 vs SHAM; #P<0.05, 
###P<0.001 vs UUO; ¶P<0.05, ¶¶¶P<0.001 vs VEH; +P<0.05, ++P<0.01 vs PERIN (one-way ANOVA).
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5.3.6 The effects of UUO and the treatments investigated on renal myofibroblast 

differentiation. 

α-SMA-stained tissue sections (Figure 5.3.7) were used to detect the impact of UUO injury and 

the treatments studied on interstitial myofibroblast accumulation. Consistent with the increased 

renal fibrosis (Figure 5.3.3) and renal cortical TGF-1 expression levels (Figure 5.3.6) that were 

measured in UUO-injured mice, these mice also had significant interstitial renal myofibroblast 

accumulation (by 19-fold; P<0.001 vs SHAM group) compared to that measured in SHAM control 

mice. This UUO-induced increase in renal myofibroblast accumulation was unaffected by VEH or 

PERIN treatment, partially and equivalent prevented by RLX, B7-33, HFI or BPRO alone treatment 

(by 48-55%; all P<0.001 vs UUO alone; all P<0.001 vs SHAM alone), and to a slightly greater 

extent by EXO alone, hAECs+RLX or EXO+RLX (by 70-80%; all P<0.001 vs UUO alone; all P<0.001 

vs SHAM alone). In addition, EXO+RLX had a greater effect (p<0.01 vs RLX alone) at reducing α-

SMA-staining of tissues compared to RLX treatment alone, suggesting an additive effect of EXO 

and RLX. However, none of these treatments fully prevented the UUO-induced increase in 

interstitial renal myofibroblast accumulation (Figure 5.3.7). 

In general, all individual and combination therapies evaluated demonstrated greater 

renoprotection compared to the effects of PERIN, which induced some anti-inflammatory but 

limited anti-fibrotic efficacy in the model studied. The findings that PERIN, however, was able to 

prevent measures of UUO-induced inflammation indicated that it was bioactive at the dose 

(1mg/kg/day) administered.
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Figure 5.3.7. The effects of UUO and the treatments investigated on renal myofibroblast 

accumulation. 

A) Representative photomicrographs of IHC stained α-SMA kidney sections from each group. 

Scale bar= 100 μm. B) mean± SEM % α-SMA staining/field of 8 fields each kidney per mice per 

group (n= 6mice/group). ***P<0.001 vs SHAM; ###P<0.001 vs UUO; §§P<0.01 vs RLX;  ¶¶¶P<0.001 

vs VEH; +++P<0.001 vs PERIN (one-way ANOVA).
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5.3.7 The effects of UUO and the treatments investigated on MMP-2 expression. 

Gelatin zymography was then used to determine the impact of UUO injury and the treatments 

investigated on MMP-2 expression and activity (Figure 5.3.8), which facilitates ECM/collagen 

degradation when activated. UUO-injured mice had significantly increased renal MMP-2 

expression and activity levels compared to that measured in SHAM control mice (by 4-5-fold; 

P<0.001 vs SHAM group; Figures 5.3.8B, D and F); consistent with what was previously reported 

in this model (Hewitson et al., 2010; Huuskes et al., 2015). Renal MMP-2 expression/activity 

levels were further promoted by RLX alone, EXO alone, hAECs+RLX or EXO+RLX treatment (all by 

45-65%; all P<0.05 vs UUO alone), but were not significantly altered by the other treatments 

evaluated over the effects of UUO alone (Figure 5.3.8).  
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Figure 5.3.8. The effects of UUO and the treatments investigated on MMP-2 expression levels. 

A, C, E) Representative gelatin zymographs from each group studied showing renal latent (L; 

72kDa) and active (A) MMP-2 levels. B, D, F) Also shown is the mean± SEM levels of MMP-2 

expression and activity as determined by densitometry, from n=6 mice per group and expressed 

as the relative ratio to the mean value of the SHAM group, which was expressed as 1 in each case. 

*P<0.05, ** P<0.01, ***P<0.001 vs SHAM; #P<0.05, ##P<0.01, ###P<0.001 vs UUO (one-way 

ANOVA). 
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5.3.8 The effects of UUO and the treatments investigated on TIMP-1 expression. 

Subsequently, changes in the expression levels of the endogenous inhibitor of several MMPs, 

TIMP-1, was examined by Western blotting (Figure 5.3.9). Renal TIMP-1 levels were significantly 

increased in UUO-injured mice (by 1.6-2.5-fold; all P<0.001 vs SHAM group) compared to that 

measured in SHAM control mice. This UUO-induced increase in renal TIMP-1 levels was 

unaffected by VEH or PERIN treatment, but was normalised by all other treatments and 

combination strategies evaluated (all P<0.001 vs UUO; all no different to values from SHAM 

control mice; Figure 5.3.9C). 
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Figure 5.3.9. The effects of UUO and the treatments investigated on renal TIMP-1 expression.  

Shown is the mean ± SEM levels of TIMP-1 expression, which was determined by densitometry of 

Western blot bands (29kDa), from n=6 mice per group and expressed as the relative ratio to the 

mean value of the SHAM group, which was expressed as 1 in each case. *P<0.05, ** P<0.01 vs 

SHAM; #P<0.05, ##P<0.01, ###P<0.001 vs UUO (one-way ANOVA). 
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5.3.9 The effects of UUO and the treatments investigated on MMP-2/TIMP-1 ratio. 

From the results shown in Figure 5.3.8 and Figure 5.3.9, the MMP-2/TIMP-1 ratio from each 

sample was derived from the relative OD MMP-2 over the corresponding relative OD TIMP-1, 

respectively. The mean ± SEM of MMP-2/TIMP-1 ratio from each group was then obtained from 

the n=4-6 MMP-2/TIMP-1 ratios per group. All groups with the exception of the UUO alone and 

UUO+VEH-treated groups demonstrated significantly higher MMP-2/TIMP-1 ratios compared to 

that measured from the SHAM control group (all P<0.001 vs SHAM group). Furthermore, all 

treatment groups aside from VEH-treated group had significantly higher MMP-2/TIMP-1 ratios 

compared to the UUO alone group (all P<0.05 vs UUO group) (Table 5.3.1) 
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Table 5.3.1: MMP-2/TIMP-1 ratio from each of the groups studied 

 

Groups Mean ± SEM N 

SHAM 1.1 ± 0.1 6 

UUO 1.8 ± 0.2 6 

RLX 7.2 ± 0.6***, ## 6 

B7-33 5.9 ± 1.1***,## 6 

VEH 2.0 ± 0.4 6 

HFI 8.0 ± 1.3***, ###,¶¶¶,+++ 6 

BPRO 4.8 ± 1.2***, # 6 

hAEC+RLX 6.8 ± 0.8***,### 6 

EXO 7.3 ± 0.8***,### 6 

EXO+RLX 8.3 ± 0.7***,### 6 

PERIN 3.4 ± 0.5*,# 6 

 

In each case, statistical comparisons were made between the sub-groups evaluated in Figs 5.3.8B 
and 5.3.9A; 5.3.8D and 5.3.9B; and 5.3.8F and 5.3.9C, respectively.  *P<0.05, *** P<0.001 vs 
SHAM; #P<0.05, ##P<0.01, ###P< 0.001 vs UUO; ¶¶¶P<0.001 vs VEH; +++P<0.001 vs PERIN (one-way 
ANOVA). 
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5.4. Discussion 

This study compared the renoprotective effects of the clinically-used anti-hypertensive drug, 

perindopril (PERIN), to the RXFP1 agonists, serelaxin (RLX) and B7-33, the IRAP inhibitor, HFI and 

the AT2R agonist, BPRO in a murine model of UUO-induced tubulointerstitial renal disease. The 

combined effects of RLX with hAECs or hAEC-derived EXO were also compared to the effects of 

EXO alone and to the above-mentioned therapies in the model utilised. This was the first study 

to compare the head-to-head renoprotective effects of these various treatments in a model of 

obstructive nephropathy. The anti-inflammatory, anti-fibrotic and tissue-reparative efficacy of 

each treatment was assessed for its ability to prevent disease progression (due to Monash Animal 

Ethics Committee recommendations of avoiding animals having to undergo multiple anaesthesia 

following UUO-induced injury); which allowed investigation of how effectively each treatment 

inhibited established disease progression after 7 days of injury. Like the HS-induced model of 

renal injury used in Chapters 3 and 4, UUO-injured mice were normotensive; which allowed for 

the direct evaluation of the renoprotective effects of the various therapies/combination 

strategies investigated in the absence of alterations in blood pressure as a confounding variable.   

5.4.1 Therapies targeting the RAS in the setting of obstructive nephropathy. 

At the dose administered, PERIN (1mg/kg/day) partially prevented the UUO-induced macrophage 

infiltration (by 38%), P-ikB infiltration (by 62%) and renal cortical TGF-β1 expression levels (by 

35%) after 7 days of treatment, confirming that the ACEi was bioactive and demonstrated rapid-

occurring anti-inflammatory effects. However, at this same concentration, PERIN failed to 

prevent the UUO-induced loss of peritubular capillaries, nor UUO-induced increase in 

myofibroblast accumulation, interstitial and total kidney collagen deposition or MMP-2/TIMP-1 

ratio (Table 5.3.1). These findings demonstrating that PERIN failed to induce rapid-occurring anti-

fibrotic efficacy post-UUO are consistent with the slow-acting and perhaps indirect anti-fibrotic 

actions of ACEi such as PERIN, which are unlikely to regulate collagen turnover in such a short 

period of 7 days at doses that are safe. In line with this, daily oral administration of PERIN 

(1mg/kg/day) over 8 weeks was required for systolic blood pressure, glomerulosclerosis, renal 

hypertrophy and proteinuria to be reduced in obese Zucker rats that were hypertensive 

(Šebeková et al., 2009). Similarly, PERIN (1mg/kg/day) treatment over 5 weeks was required for 
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blood pressure, cardiac hypertrophy and fibrosis to be reduced in hypertensive Goldblatt rats 

(Nagai et al., 2004). Even at 2mg/kg/day, 14 weeks of PERIN treatment were required for renal 

inflammation, fibrosis and albuminuria to be reduced in STZ-induced diabetic mice (Barutta et al., 

2018). Although the effects of PERIN do not appear to have previously been investigated in the 

UUO model, another ACEi, captopril, had to be administered at a much higher dose (30mg/kg/day) 

for myofibroblast differentiation and collagen I/III mRNA to be prevented after 7 days of UUO 

(Chan et al., 2015). Collectively, the findings from these studies suggest that 1) the dose and 2) 

treatment period of PERIN used was not sufficient enough for its anti-remodelling effects to be 

demonstrated post-UUO or 3) that it was unable to directly induce any anti-remodelling and anti-

fibrotic effects in the absence of being able to regulate blood pressure in the normotensive model 

studied. However, as seen in Chapter 4, when administered at a higher dose (4mg/kg/day), PERIN 

affected animal body weight and induced hypotension and renal dysfunction in mice, while being 

able to reduce renal fibrosis after 4 weeks of treatment. These findings highlight the limited and 

slow-acting therapeutic efficacy that ACEi offer when administered at doses that do not induce 

any major side-effects. 

In comparison, the AT4R/IRAP inhibitor, HFI (0.72mg/kg/day), not only prevented the UUO-

induced increase in renal inflammation and vascular rarefaction, but also significantly prevented 

the UUO-induced increase in renal fibrosis. Noteworthy was the finding that HFI almost fully 

prevented the UUO-induced increase in interstitial renal collagen deposition, renal cortical TGF-

1 expression and renal TIMP-1 expression (to levels that were not different to that measured in 

SHAM control mice), while also being to significantly promote MMP-2 activity over the effects of 

UUO alone. These findings suggested that HFI was able to inhibit the UUO-induced increase in 

TGF-1-induced myofibroblast differentiation and ECM/collagen production, while also 

increasing the MMP-2/TIMP-1 ratio which would facilitate MMP-2-induced collagen degradation. 

Similar therapeutic effects of HFI (0.72mg/kg/day) were observed when it was administered to 

established HS-induced kidney disease in mice (which are presented in Chapter 4). Additionally, 

in a patent filed by Chai and colleagues (Chai et al., 2017), HFI (0.72mg/kg/day) was shown to 

significantly reduce established F4/80-stained macrophage infiltration (F4/80), p-IκB expression 

and collagen deposition in aged mice and mice with CVD. This suggests that HFI can mediate its 
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protective effects independently of etiology by targeting elevated levels of IRAP in aged and 

injured organs. Although not investigated in this study, as detailed in Chapter 4, it has been 

suggested that HFI mediates its therapeutic effects by preventing the breakdown of IRAP 

substrates such as oxytocin and vasopressin. As these substrates mediate tissue-protection, the 

prevention of their breakdown is likely to contribute to reduced renal injury via the inhibition of 

inflammatory cell infiltration and oxidative stress-induced kidney damage (Biyikli et al., 2006; 

Tugtepe et al., 2007). Although the UUO-induced vascular rarefaction, which has also been 

reported by others (Ohashi et al., 2002), was significantly prevented by HFI treatment, it is 

unclear whether HFI was simply suppressing the contribution of IRAP to tissue damage-induced 

blood vessel and capillary loss, or whether it actually had angiogenic properties. As IRAP is highly 

expressed in damaged blood vessels (Zulli et al., 2008), this may suggest that HFI was simply 

suppressing IRAP activity when administered as a preventative therapy. However, as endogenous 

inhibition of IRAP by Ang IV has been shown to increase eNOS-dependent NO bioavailability (Vinh 

et al., 2008b), this may suggest that targeting IRAP can elicit angiogenic and vasoprotective 

effects to facilitate tissue repair. This requires further investigation by evaluating the therapeutic 

effects of HFI. 

Promoting AT2 receptor activity with BPRO (0.1 mg/kg/day) appeared to demonstrate similar 

anti-inflammatory efficacy to that of PERIN and HFI in the model studied, and similar anti-fibrotic 

efficacy to that of HFI but improved anti-fibrotic efficacy over the effects of PERIN after 7 days of 

treatment. BPRO also prevented the UUO-induced loss of peritubular capillary density and 

increased the MMP-2/TIMP-1 ratio, suggesting that it was also able to prevent TGF-1-induced 

myofibroblast differentiation and ECM/collagen production while augmenting MMP-2-induced 

collagen degradation. Taken together with the acute vasoprotection offered by BPRO in 

hypertensive rats (Del Borgo et al., 2015), these collective findings suggest that enhancing AT2R 

activity offers similar renoprotection to that mediated by inhibition of AT4R/IRAP activity and 

more rapid-occurring anti-fibrotic efficacy over the targeting of the ACE/AT1R axis. Although 

there are no published in vivo studies evaluating the effects of BPRO in other fibrosis-induced 

models of disease, other AT2R agonists such as Compound 21 (C21) have exerted similar tissue-

protective properties within the kidneys of various models of kidney disease (Gelosa et al., 2009; 
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Castoldi et al., 2014; Koulis et al., 2015). C21 (0.3mg/kg/day) significantly reduced pro-

inflammatory (TNF-, IL-6) and pro-fibrotic (TGF-1) cytokine levels, and promoted NO 

bioavailability, in the kidneys of hypertensive rats subjected to a clipped kidney of 2-kidney, 1-

clip (2K1C) (Matavelli et al., 2011) over a 4 day-treatment period. C21 (1mg/kg/day) also reduced 

vascular injury and fibrosis when administered over longer periods (Rehman et al., 2012). These 

findings further support the rapid-occurring renoprotection offered by agonists that promote 

AT2R activity. Although no head-to-head comparisons have been conducted between AT2R 

agonists (such as BPRO vs C21), the findings from this study suggest that lower doses of BPRO 

(0.1 mg/kg/day) may induce similar effects to that of higher doses of C21 (0.3-1mg/kg/day), due 

to the higher selectivity of BPRO for the AT2R receptor. Again though, further studies are 

warranted to evaluate the dose-dependent effects of BPRO as an intervention therapy, to further 

validate its therapeutic efficacy as a treatment for fibrosis-induced kidney diseases.  

In general, it was found that inhibiting AT4R/IRAP activity or promoting AT2R activity was able to 

exert rapid and equivalent renoprotection in a normotensive model; suggesting that the IRAP 

inhibitor (HFI) or AT2R agonist (BPRO) evaluated exerted direct anti-inflammatory, anti-

remodelling and anti-fibrotic effects without having to regulate blood pressure to protect the 

injured kidney from injury-induced fibrosis. Additionally noteworthy, is that both HFI (Patel et al., 

1998; Vinh et al., 2008a) and C21 at least (acting as an AT2R agonist; Matavelli et al., 2011) 

increased NO bioavailability, which along with cGMP are known suppressors of pro-fibrotic TGF-

1 signal transduction and activity (Saura et al., 2005). On the other hand, ACE blockade (by 

PERIN) demonstrated similar anti-inflammatory but not anti-remodelling nor anti-fibrotic efficacy, 

to that induced by inhibition of IRAP activity or augmentation of AT2R activity. This lack of an anti-

fibrotic effect by PERIN administration was likely attributed to the fact that PERIN (at the dose 

administered) did not induce any direct collagen remodelling effects over the short time-period 

of treatment studied, particular when administered to a normotensive model. As discussed in 

Chapters 3 and 4, ACEi and ARBs appear to predominantly regulate collagen remodelling in 

hypertensive disease settings, where they ameliorate the impact of elevated blood pressure on 

tissue remodelling and dysfunction. 
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5.4.2 Therapies targeting RXFP1 in the setting of obstructive nephropathy. 

Compared to the broader anti-inflammatory effects offered by HFI and BPRO post-UUO, the 

RXFP1 agonists, RLX (0.5mg/kg/day) and B7-33 (0.25mg/kg/day), were able to only suppress P-

iKB expression levels without affecting macrophage infiltration. These findings are inconsistent 

with a previous study which showed that RLX (2mg/kg/day) was able to inhibit ED-1-associated 

macrophage infiltration in rats subjected to bromoethylamine-induced interstitial renal fibrosis 

after 4 weeks of treatment (Garber et al., 2001). However, they are consistent with a separate 

report showed that macrophage infiltration was unaltered in relaxin-deficient mice (compared 

to that measured in wild-type animals) up to 10 days post-UUO (Hewitson et al., 2007). Thus, it 

may be suggested that RLX (and B7-33) may indirectly inhibit macrophage infiltration when 

administered over longer periods of time, while being able to directly promote M1 to M2 

macrophage infiltration as part of their anti-fibrotic actions in the kidney (Chen et al., 2017).  

Consistent with this, the RLX- and B7-33-induced prevention of P-iKB (and NF-κB) activity may 

eventually result in the inhibition of monocyte/macrophage infiltration into the kidney, as NF-κB 

promotes macrophage relocalisation (Baker et al., 2011). Furthermore, a previous report showed 

that the RLX-induced prevention of NF-κB activity was associated with its ability to reduce TGF-

β, MCP-1, IL-1, IL-6, ICAM-1 and VCAM-1 in the kidney to suppress renal inflammation (Wang et 

al., 2017). This suggests that RLX and B7-33 may have a greater ability to suppress pro-

inflammatory cytokine activity over their ability to inhibit inflammatory cell infiltration into 

damaged organs. As RXFP1 can form heterodimers with AT2 receptors (Chow et al., 2014), and 

antagonism of AT2 receptors has also been found to partially reduce NF-κB activity, monocyte 

recruitment/ infiltration and renal inflammation post-UUO (Esteban et al., 2004), future studies 

could investigate the whether the combined effects of RLX or B7-33 with BPRO will more broadly 

suppress renal inflammation following injury or insult. 

Expectedly, RLX and B7-33 demonstrated marked anti-fibrotic effects in the obstructed kidney of 

UUO-injured mice, which were found to be equivalent to that of HFI or EXO treatment alone, and 

more rapid-occurring compared to the effects of PERIN. This data extend previous findings 

(Hossain et al., 2016), which showed that B7-33 could mimic the anti-fibrotic efficacy of RLX in 

experimental models of heart and lung disease, to now showing for the first time that it also 
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retained the anti-fibrotic effects of RLX in the injured kidney. This in turn confirmed that the 

targeting of RXFP1 also offered more rapid-occurring anti-fibrotic efficacy over the targeting of 

ACE/AT1R axis. Consistent with previous reports on the renoprotective effects of RLX (Hewitson 

et al., 2010; Chow et al., 2014; Chen et al., 2017), this study confirmed that both RLX and B7-33 

mediated their anti-fibrotic effects in the obstructed kidney by suppressing the effects of TGF-β1 

on myofibroblast differentiation and ECM/collagen deposition, while also being able to promote 

MMP-2-induced collagen degradation. RLX at least, was shown to mediate its anti-fibrotic effects 

via an RXFP1-pERK1/2-nNOS-NO-soluble guanylate cyclase (sGC)-cGMP-dependent pathway on 

renal myofibroblasts to inhibit TGF-1 signal transduction at the level of intracellular Smad2 

phosphorylation (activation) (Mookerjee et al., 2009; Chow et al., 2014; Wang et al., 2016b), and 

also signalled through this pathway to promote MMP-2 activity by renal myofibroblasts isolated 

from UUO-injured rat kidneys (Chow et al., 2012). Although B7-33 was shown to retain the 

pERK1/2-promoting effects of RLX (Hossain et al., 2016), its ability to act through a nNOS-NO-

sGC-cGMP-dependent pathway on myofibroblasts to inhibit TGF-1 signal transduction still 

needs to be confirmed. 

Of note, RLX and B7-33 were also able to inhibit KIM-1-associated kidney damage post-UUO to a 

greater extent than, HFI, BPRO or PERIN. Together with their ability to protect the kidney from 

vascular rarefaction, this suggested that both RLX and B7-33 were able to induce concomitant 

anti-fibrotic and tissue-reparative effects. Consistent with this, RLX is known to have angiogenic 

properties, which have been shown to be mediated via its ability to promote the production of 

angiogenic factors such as VEGF and bFGF (Uneimori et al., 2000; Samuel et al., 2011). Similarly, 

RLX at least was shown to prevent tubular epithelial cell injury by supressing UUO-induced KIM-

1 expression (Huuskes et al., 2015). Collectively, these findings suggested that the targeting of 

RXFP1 offered improved tissue-reparative effects, similar anti-fibrotic effects, and perhaps less 

broader anti-inflammatory effects to that of targeting IRAP or the AT2R; but clearly offered more 

rapid-occurring and broader renoprotection over the targeting of ACE in a normotensive setting. 
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5.4.3 The therapeutic effects of exosomes and combination treatments in the setting of 

obstructive nephropathy. 

The combined effects of RLX and hAECs reduced established chronic allergic airways disease 

(AAD)-induced airway fibrosis and airway reactivity to a greater extent than either therapy alone 

(Royce et al., 2016). RLX also enhanced the therapeutic effects of EXO in experimental models of 

chronic AAD and pulmonary fibrosis (over the effects of EXO alone) (Royce et al., 2019). In this 

study, the combined effects of hAECs (1x106/mouse) or EXO (25g/mouse; equivalent to 

12.5x106 AECs/mouse) together with RLX were evaluated in the UUO model, and compared to 

the effects of RLX or EXO alone. Strikingly, the combined effects of EXO+RLX provided the optimal 

protection against UUO-induced pathology compared to the other mono- and combination 

treatments evaluated. This was evidenced by the combined effects of EXO+RLX being able to 

prevent UUO-induced renal inflammation (macrophage infiltration and P-iKB expression levels) 

by 80%, almost completely prevent the UUO-induced increase in renal damage, interstitial 

collagen deposition and TGF-1 expression levels, fully restore the UUO-induced vascular 

rarefaction and have the greatest impact in promoting the MMP-2/TIMP-1 ratio. Furthermore, 

the combined effects of EXO+RLX offered enhanced anti-inflammatory and to a lesser extent, 

anti-fibrotic efficacy (interstitial myofibroblast accumulation and collagen deposition) over the 

effects of EXO or RLX alone, and similar or slightly improved therapeutic efficacy over the 

combined effects of hAECs+RLX. As the administration of EXO alone, hAECs+RLX or EXO+RLX 

promoted the MMP-2/TIMP-1 ratio to a similar extent, this suggested that the combined effects 

of EXO+RLX offered greater synergistic effects (over the individual treatments) in preventing 

measures of renal inflammation leading to ECM/collagen synthesis and deposition, rather than 

on MMP-facilitated collagen degradation. However, as only one MMP was investigated, further 

studies need to be carried out on additional facilitators of collagen breakdown before any further 

conclusions can be drawn.   

RLX can prevent the contribution of renal inflammation to fibrosis progression by inhibiting the 

infiltration of neutrophils (Masini et al., 2004) and mast cells (Bani et al., 1998) to the injured 

kidney, and suppressing the pro-inflammatory and pro-fibrotic actions of factors such as TGF-1 

(Heeg et al., 2005; Mookerjee et al., 2009; Yoshida et al., 2012), TNF- (Brecht et al., 2011; 
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Yoshida et al., 2013, 2014), NF-kB (Halls et al., 2006; Wang et al., 2017), IL-1/IL-6 (Wang et al., 

2017; Giam et al., 2018), ICAM-1 and VCAM-1 (Brecht et al., 2011; Wang et al., 2017). As 

discussed above, RLX can also promote M1 to M2 macrophage polarisation which is anti-

inflammatory and eventually inhibit the influence of NF-kB on macrophage infiltration (Chen et 

al., 2017). These RLX-induced events likely lead to its ability to inhibit fibroblast proliferation and 

differentiation into myofibroblasts, and hence, myofibroblast-induced ECM/collagen deposition 

(Hewitson et al., 2010). On the other hand, in addition to being able to directly inhibit renal 

macrophage infiltration, studies conducted in experimental models of lung disease have shown 

that EXO are more involved in regulating cytokine signalling associated with the innate immune 

system, toll-like receptor (TLR) signalling and cell junction signalling (Tan et al., 2018). EXO can 

also inhibit fibroblast migration, proliferation and differentiation, and the ability of 

myofibroblasts to deposit increased ECM components (Zhao et al., 2017). Additionally, EXO 

contain microRNAs (such as miR-23a and miR-150) that can negatively impact on fibrosis (Tan et 

al., 2018). For example, studies conducted in mice have shown that over-expression of miR-23a 

in conjunction with miR-27a inhibited diabetes-induced TGF-1 signal transduction, 

myofibroblast differentiation and related renal fibrosis (Zhang et al., 2018). These synergistic 

actions of RLX and EXO may explain why the combined effects of both together had a greater 

impact on preventing renal damage, inflammation and fibrosis post-UUO, compared to the 

effects of either therapy alone.   

It was estimated that the therapeutic impact of 12.5 million hAECs were administered in the 

form of 25g of EXO. Hence, the improved renoprotection offered by the combined effects 

EXO+RLX over that of hAECs+RLX post-UUO may simply be explained by the greater amount of  

hAECs that were delivered in the form of EXO in comparison to the 1 million hAECs that were 

used for comparison, and then combined with RLX. Nevertheless, the findings of this study 

confirmed recently published work from experimental models of lung disease (Royce et al., 2019) 

in showing that 1) EXO retain the therapeutic efficacy of hAECs and can offer the impact and 

safety of a greater amount of cells (than what can physically be administered to mice); and 2) the 

anti-fibrotic effects of RLX can create an improved environment for the renoprotective effects of 

EXO. Given the manufacturing and regulatory advantages of EXO over their parental stem cells, 
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and the reduced likelihood of EXO inducing respiratory problems from aggregating within 

microvessels of the lungs, the findings of this study demonstrated the feasibility and advantages 

to combining EXO with RLX for treating kidney disorders associated with fibrosis. Furthermore, 

as EXO are likely to induce tissue regeneration and can be engineered to over-express factors 

that can aid in reducing fibrosis and augmenting tissue repair (Wang et al., 2016a; Aghajani 

Nargesi et al., 2017), there may be additional benefits to employing this combination therapy, 

which offered far superior and rapid-occurring renoprotection to that of the ACEi, PERIN. Further 

studies investigating the therapeutic efficacy of this combination therapy in different models of 

kidney disease may contribute to its eventual clinical evaluation as a treatment for patients with 

CKD.  

4.4 Limitations and conclusion. 

This was the first study to demonstrate the renoprotective impact of B7-33, HFI, BPRO, EXO and 

the combined effects of hAECs or EXO with RLX in a model of UUO-induced nephropathy, in 

comparison to the effects of the ACEi, PERIN. However, there were some limitations to this study 

in that each of these treatments investigated were administered at the time of injury onset and 

hence, only their preventative effects were examined post-UUO. Furthermore, only one dose of 

each drug or cell/combination-based therapy was evaluated based on previous studies, which 

had demonstrated the efficacy of each therapy investigated (at the doses administered) in other 

models of organ disease. The significance between the renoprotective effects of the therapies 

evaluated may have been better differentiated if fewer groups were compared in this head-to-

head study, which may have increased the power to identify clearer differences between the 

efficacy of each treatment studied. The safety of each drug or cell/combination-based therapy 

alone was also not investigated following their administration to uninjured mice. Having said that, 

it appeared that most of these therapies induced their anti-fibrotic effects by inhibiting renal 

inflammation and the impact of pro-inflammatory cytokines on myofibroblast-differentiation 

and myofibroblast-induced ECM/collagen deposition; while also being able to promote MMP-2-

induced collagen degradation rather than directly affecting collagen per se. In other words, these 

therapies are unlikely to alter normal collagen levels which are not stimulated by factors such as 

TGF-β1 or Ang II, and hence, are likely to be safe therapies that would not induce any side-effects 
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when administered to uninjured mice. Finally, the impact of each treatment evaluated on renal 

function could not be measured, as the contralateral (unobstructed) kidney is known to 

compensate for the loss of renal function associated with the obstructed kidney.  

Although working through different mechanisms of action, the findings from this study validated 

the anti-fibrotic and broader renoprotective efficacy offered by both RLX and HFI in a rapidly-

occurring and more severe model of UUO-induced kidney injury. Combined with the data 

presented in Chapters 3 and 4 and previous studies investigating the renoprotective effects of 

RLX (Garber et al., 2001; Lekgabe et al., 2005; Hewitson et al., 2010; Huuskes et al., 2015), it is 

suggested that the anti-fibrotic efficacy of these therapies can be maintained independently of 

etiology. This study also highlighted that compounds that targeted RXFP1 (RXL, B7-33), IRAP (HFI) 

or the AT2R (BPRO) demonstrated more direct and rapid-occurring renoprotective efficacy 

compared to a clinically-used ACEi, which did not induce any marked effects when applied to a 

normotensive model. Of greater note, this study also demonstrated that combining RLX with 

hAECs or EXO offered even greater protection compared to the effects of RLX or EXO alone, 

suggesting that combining the synergistic impact of two therapies would result in even greater 

renoprotection compared to that offered by either therapy alone.   

In addition to the various future directions detailed above, additional studies are required to 

validate the optimal dose and delivery route of each therapy studied for treating various renal 

disorders, and whether they are best delivered as stand-alone or adjunct therapies. However, it 

should be noted that several studies have already shown that B7-33 (Hossain et al., 2016), EXO 

(Royce et al., 2019) and the combined effects of hAECs+RLX (Royce et al., 2016) or EXO+RLX 

(Royce et al., 2019) can reduce established fibrosis albeit in other disease settings. Thus, it is likely 

that these therapies would also reduce established renal fibrosis when administered as 

intervention therapies. As hAEC-derived EXO (ClinicalTrials.gov Identifier NCT02138331; 

NCT03384433) and RLX (Teerlink et al., 2013) have separately been evaluated in clinical trials, 

novel strategies incorporating this combination therapy can be fast-tracked for human trials. 

Additional work is also being conducted to identifying clinical targets for the therapeutic 

administration of B7-33, HFI and AT2R agonists such as BPRO, which should also be combined 

with EXO as possible future therapies for CKD patients. 
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6.0 General discussion 

Fibrosis is a hallmark of CKD, which is caused by a surfeit of conditions including genetic, immune, 

toxin, diet and/or injury to the kidney, and results in a slow and progressive loss of essential 

kidney function over time (i.e taking several years to manifest in humans). It is well-recognised 

that a number of risk factors can contribute to and accelerate disease progression, including 

ageing, diabetes, obesity and hypertension amongst others (Hill et al., 2016). CKD is a major 

health concern affecting 13.4% of the global population and is defined by a reduced glomerular 

filtration rate and an increase in albumin excretion that persists in a patient for more than 3 

months (Jha et al., 2013; Hill et al., 2016). With prolonged damage to the kidneys, this can lead 

to ESRF with patients often requiring lifestyle changes, dialysis or transplantation to maintain 

some quality of life (Stevens and Farmer, 2012). Although a number of medications are also 

available, most commonly being ACEi, ARBs, TGF-1-, aldosterone- or endothelin-1 receptor-

blockers or statins, these therapies largely offer symptomatic management of disease 

progression without  having the capacity to directly reverse kidney damage and related 

dysfunction (Boor et al., 2007). This is most likely due to the fact that most of these therapies 

only block one contributing factor to disease progression, which is unlikely to have overall 

efficacy in attempting to treat a multi-factorial process; while also inducing several side-effects 

when administered at high concentrations. Hence, new therapies that can more directly reverse 

established chronic kidney injury and offer broader suppression of the pathways that contribute 

to disease progression, but also provide safe therapeutic efficacy, are still urgently required. 

Whilst fibrogenesis is required for wound healing to occur following injury or insult to the kidney, 

dysregulated collagen-induced wound repair and/or persistent inflammation induces CKD, by 

creating a cycle of inflammatory cell recruitment, pro-inflammatory and pro-fibrotic cytokine 

release and activation, myofibroblast activation and excessive ECM deposition. This aberrant 

increase in ECM components, primarily collagen, in turn lengthens the distance between tubular 

cells causing hypoxia and eventual apoptosis of kidney cells, cascading into loss of kidney function 

(Tanaka, 2017). Currently-used anti-hypertensive treatments such as candesartan (CAND; an ARB) 

and perindopril (PERIN; an ACEi) are able to provide symptomatic relief by decreasing the impact 
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of blood pressure on kidney remodeling leading to fibrosis (Shihab, 2007; Dézsi, 2014; Schelbert et 

al., 2014). However, whether these drugs offer any direct therapeutic efficacy in the absence of 

blood pressure regulation, when administered to normotensive settings remains poorly 

understood. 

6.1 Summary of thesis 

This thesis compared and combined current pharmacological treatments for kidney disease 

(CAND, PERIN) that target the ACE/AT1R axis, to several other experimentally and clinically 

studied or newly-developed treatments that target other receptors such as RXFP1, IRAP or the 

AT2R. Additionally, it investigated recently conceived combination therapies involving hAECs+RLX 

or EXO+RLX (Royce et al., 2019), in the setting of normotensive kidney disease. The central focus 

of this thesis was the RXFP1 agonist, serelaxin (RLX), which has demonstrated rapid-occurring 

anti-fibrotic efficacy in several organs including the kidney and independently of disease etiology 

(reviewed in (Samuel et al., 2016, 2017)), but which has been compared to current standard of 

care medication in very few studies (Samuel et al., 2014). Chapter 3 compared and combined the 

ability of RLX to reverse established HS-induced kidney inflammation, fibrosis and related 

dysfunction with CAND or the AT2R agonist, CGP42112 (CGP). Chapter 4 compared the ability of 

RLX to reverse established HS-induced kidney inflammation, fibrosis and related dysfunction to 

CAND, PERIN and the IRAP inhibitor, HFI-419 (HFI); and also evaluated the combined effects of 

HFI with CAND, PERIN or RLX. Chapter 5 compared the ability of RLX to prevent rapidly-occurring 

tubulointerstitial fibrosis to PERIN, the single chain derivative of RLX, B7-33, HFI, the AT2R agonist, 

-pro7-Ang III (BPRO), EXO, hAECs+RLX and EXO+RLX.  

The key findings from this thesis were: 1) that currently-used anti-hypertensive therapies such as 

CAND and PERIN (at 1-2mg/kg/day) offered some anti-inflammatory effects in the models 

studied, while inducing hypotension when administered to normotensive models. However, in 

the absence of any overt HS- or UUO-induced increases in blood pressure, these therapies failed 

to exert any marked anti-fibrotic effects, indicating that they more likely ameliorate the impact 

of high blood pressure on kidney remodeling and fibrosis. Furthermore, when administered at 

higher concentrations that did induce some anti-remodelling effects in the kidney (i.e 
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4mg/kg/day of PERIN; Chapter 4), ACE inhibition induced a loss of body weight and exacerbated 

renal failure. This confirmed the limitations of using ACEi or ARBs as treatments for fibrosis-

induced CKD; 

2) Therapies that targeted alternative receptors to the AT1R, including RXFP1, AT2R or IRAP 

provide equivalent or greater anti-inflammatory efficacy to that of CAND or PERIN, and more 

direct anti-fibrotic efficacy compared to these anti-hypertensive medications, when 

administered to normotensive kidney disease models. While these therapies were able to inhibit 

mediators of collagen synthesis and augment a mediator of collagen degradation (MMP-2), they 

were able to induce these effects and alleviate renal dysfunction in the absence of having to 

regulate blood pressure; 

3) Combining RLX with CGP (Chapter 3) or HFI (Chapter 4) did not offer any additive anti-fibrotic 

effects over either therapy alone, although the combined effects of CGP+RLX or HFI+RLX retained 

the anti-inflammatory effects of CGP/HFI and the anti-fibrotic effects of HFI/RLX. To a large extent, 

the therapeutic efficacy of RLX or HFI was diminished when these drugs were co-administered 

with CAND; but maintained when they were co-administered with PERIN (Chapter 4); 

4) On the other hand, combining the anti-fibrotic effects of RLX with the anti-inflammatory and 

tissue-reparative effects of hAECs or EXO appeared to offer improved anti-inflammatory and anti-

fibrotic efficacy over the effects of either treatment alone; and also synergistically inhibited 

mediators of collagen synthesis while promoting the MMP-2/TIMP-1 ratio to a greater extent 

than the individual treatments investigated (Chapter 5). 

Taken together, this thesis has demonstrated the anti-fibrotic efficacy of a number of treatments 

that may be further developed and evaluated to replace the effects of ACEi/ARBs as treatments 

for normotensive kidney disease or that can act as adjunct therapies to ACEi to more broadly 

treat hypertensive kidney diseases. 
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6.2 The limited renoprotection offered by candesartan or perindopril in normotensive 

disease settings. 

Although the 5% NaCl (HS)- and UUO-induced models of kidney disease utilised in this thesis 

undergo an up-regulation of the intrinsic RAS within the kidney (HS) (Yu et al., 1998) and plasma 

renin (UUO), they fail to undergo large increases in blood pressure in mice. Hence, these models 

are known to be associated with normotensive disease in mice; with higher levels (8-10%) of HS 

being required to induce hypertensive kidney disease (Mozaffari and Wyss, 1999; Yoshida et al., 

2012). ACEi and ARBs are well known to inhibit specific components of the RAS (ACE and the AT1R, 

respectively), resulting in their ability to primarily inhibit the vasoconstricting effects of Ang II, 

and to a lesser extent, the pro-inflammatory and tissue remodelling effects of the hormone 

(Nagai et al., 2004; Dézsi, 2014). Interestingly, even in the absence of an elevation in blood 

pressure in 5% NaCl-fed mice, the ability of CAND or PERIN to supress Ang II activity or production, 

respectively, presumably resulted in their ability to induce hypotension after 4 weeks of 

treatment. Although the effects of CAND were strain-dependent (inducing significant 

hypotension in the FVB/N mice studied in Chapter 3, but not in the C57B6J mice studied in 

Chapter 4), these findings highlighted the potential side-effects that can be induced by ACEi and 

ARBs. At doses of 1-2mg/kg/day (which are commonly-used to induce their anti-hypertensive 

effects in hypertensive models), both CAND and PERIN were also able to suppress or reduce p-

iKB expression levels, which was used as a surrogate marker of NF-κB activity, confirming that 

these drugs were biologically active at the doses administered. Consistent with this, Yu and 

colleagues showed in nephrectomised spontaneously hypertensive rats that CAND could dose-

dependently ameliorate inflammation (Yu et al., 2007). In humans, CAND also exhibited anti-

inflammatory effects when administered to diabetic and non-diabetic hypertensive patients 

(Derosa et al., 2010).  

As demonstrated in Chapters 3 and 5, however, when administered at this same dose range (of 

1-2mg/kg/day), neither CAND nor PERIN administration to normotensive models of kidney 

disease affected renal remodelling or fibrosis. Interestingly, there is not much published on the 

effects of these drugs in other normotensive models of nephropathy, likely because they are 

largely known and used for their anti-hypertensive effects. In line with this, a plethora of studies 
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have shown that CAND (Noda et al., 1999; Brown et al., 2001; Nagai et al., 2004; Jones et al., 

2012) or PERIN (Ina et al., 2004; Nagai et al., 2004; Liang and Leenen, 2008; Rafiq et al., 2014) 

administration can reduce the impact of Ang II on high blood pressure-induced renal remodelling 

after several weeks of treatment (i.e 4-16 weeks), when administered to hypertensive rodent 

models of kidney disease. When then administered at high doses (4mg/kg/day of PERIN used in 

Chapter 4) that do mediate some anti-remodelling and anti-fibrotic effects, PERIN was found to 

lower body weight, induce hypotension and exacerbate renal failure; suggesting that ACEi at least 

can induce ECM remodelling within the normotensive kidney, but at doses which induce adverse 

side-effects. On the other hand, when administered at lower/safer doses that do not induce 

these side-effects, they do not appear to be able to induce ECM remodelling within the damaged 

kidney, at least within the 1-4 week treatment period investigated in this thesis. 

Even at the in vitro level, studies have shown that ARBs and ACEi can induce ECM remodelling, 

but only by blocking the contribution of the Ang II/AT1R axis to aberrant remodelling and fibrosis 

progression. For example, CAND was found to prevent the Ang II-induced increase in fibronectin 

and collagen I in mouse collecting duct cells, which can undergo mesenchymal cell transition 

contributing to interstitial renal fibrosis (Cuevas et al., 2014). In rat cardiac myofibroblasts, both 

CAND and the ACEi, enalapril, were found to abrogate the contribution of hydrogen peroxide to 

Ang II production that in turn enhanced AT1R expression in these cells (Anupama et al., 2016). An 

up-regulation of Ang II can lead to increased IL-6 and ERK phosphorylation/MAP kinase activity 

(Anupama et al., 2016; Ohkura et al., 2017) in cardiac myofibroblasts, where the promotion of IL-

6 can induce cardiac hypertrophy. Taken together, these studies confirm that ARBs and ACEi can 

safely prevent or reduce aberrant ECM remodelling only in the presence of an elevated Ang 

II/AT1R axis. Likewise, several studies have shown that ARBs and ACEi can reduce fibrosis when 

applied to hypertensive models (Wright et al., 2002; Nagai et al., 2004; Yu et al., 2007; Santos et 

al., 2009; Jones et al., 2012), which are associated with elevated tissue and/or circulating Ang II 

levels. Alternatively, it has been suggested that ARBs and ACEi may not have direct anti-fibrotic 

effects, because some pathways involved in interstitial renal fibrosis may be independent of RAS 

activity (Debelle et al., 2004). 
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Although ARBs and ACEi are used as frontline treatments for heart failure, diabetic nephropathy 

and other metabolic diseases, the findings of this thesis suggest that these drugs are likely to only 

provide symptomatic management of disease progression, rather than direct anti-fibrotic effects 

at doses that do not induce any side-effects. As a result of this, clinical evaluation of these drugs 

such as the ACEi, Ramipril, in hypertensive patients, found that the drug was able to decrease 

blood pressure but did not slow the progression of sclerotic kidney damage in these patients 

(Wright et al., 2002). Furthermore, due to their indirect actions on tissue-remodelling, these 

drugs are likely to be slow-acting, mainly offering anti-hypertensive and anti-inflammatory 

efficacy. If administered at high doses (that induce side-effects) to normotensive patients who 

are not overweight, these drugs may induce hypotension and worsen renal function in treated 

patients. Hence, the need to identify new/other types of drug- or cell-based therapies that can 

more effectively reduce renal remodelling leading to reduced fibrosis progression. 

6.3 Novel treatments with alternative receptor targets provide better anti-fibrotic 

efficacy. 

Throughout this thesis, the one major common finding identified was that those treatments 

which targeted alternative receptors (RXFP1, AT2R) or enzymes (IRAP) provided more direct anti-

fibrotic efficacy compared to those that targeted the ACE/AT1R axis. This was evidenced by the 

lack of anti-fibrotic efficacy offered by CAND or PERIN when administered to normotensive 

models, at doses that were able to reduce blood pressure and renal inflammation; whereas the 

anti-fibrotic efficacy of RLX, HFI and CGP at least were shown to be independent of blood 

pressure regulation. The following additional observations were made: 

Although the RXFP1 agonists evaluated (RLX, B7-33) did not inhibit macrophage infiltration to a 

similar extent as the other treatments evaluated, they significantly lowered P-iKB levels, which 

was used as a surrogate marker of NF-kB activity. It may be that targeting RXFP1 has an 

immediate effect on other cells such as neutrophils (Masini et al., 2004) and/or mast cells (Bani 

et al., 1998), or that targeting RXFP1 has a greater effect on the inhibition of pro-inflammatory 

cytokine activity. This is evidenced by previous studies showing that RLX inhibits the expression 

and/or activity of factors such as TGF-1 (Heeg et al., 2005; Mookerjee et al., 2009; Yoshida et 
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al., 2012), TNF- (Brecht et al., 2011; Yoshida et al., 2013, 2014), IL-1/IL-6 (Wang et al., 2017; 

Giam et al., 2018) as well as ICAM-1 and VCAM-1 (Brecht et al., 2011; Wang et al., 2017). As RLX 

does not affect basal matrix turnover when administered to unstimulated myofibroblasts 

(Samuel et al., 2004), it has been well-documented that RLX mediates its anti-fibrotic actions by 

inhibiting TGF-β1 and/or Ang II activity and the pro-fibrotic influence of these factors on 

fibroblast proliferation and differentiation into myofibroblasts, and hence, myofibroblast-

induced ECM production. RLX has also been found to inhibit endothelial cell to mesenchymal cell 

transition(Zhou et al., 2015; Zheng et al., 2017), which may contribute to its ECM-inhibitory 

actions.   

The ability of RLX to disrupt TGF-1 signal transduction was shown to be mediated by its ability 

to signal through a RXFP1-pERK1/2-nNOS-NO-sGC-cGMP-dependent pathway in rat and human 

renal fibroblasts, to inhibit the phosphorylation of Smad2 (Heeg et al., 2005; Mookerjee et al., 

2009); where Smad2 is an intracellular protein that promotes TGF-1 signal transduction. In 

addition to suppressing the pro-fibrotic influence of TGF-1 on ECM/collagen deposition, RLX has 

also been found to promote collagen-degrading MMPs (collagenases and gelatinases) through 

the above-mentioned signal transduction pathway (Chow et al., 2012). This is thought to also be 

achieved via the TGF-1-inhibitory actions of RLX, as TGF-1 contributes to renal fibrosis by 

suppressing MMP activity and inducing TIMP activity (Meng et al., 2015).  Although B7-33 has 

only recently been developed (Hossain et al., 2016) and hence, many of the signal transduction 

mechanisms by which it mediates its anti-fibrotic effects have not been evaluated, it was 

expected (as demonstrated in Chapter 5) that B7-33 would mimic the anti-fibrotic effects of RLX, 

given its specificity for the RXFP1 receptor. Although not evaluated in this thesis, RXFP1 activation 

offers broader renal protection as it also includes anti-hypertrophic (Lekgabe et al., 2005; Moore 

et al., 2007; Parikh et al., 2013), vasodilatory (Conrad, 2011; Van Drongelen et al., 2013), and 

anti-oxidant (Sasser et al., 2011; Ng et al., 2018) effects which may have contributed to tissue 

remodelling. 

In comparison to the RXFP1 agonists evaluated, the AT2 receptor agonists CGP and BRPO both 

appeared to significantly reduce infiltrating macrophage and P-iKB levels, and hence, it may be 



 

270 
 

suggested that by activating the AT2R, these drugs primarily suppressed the contribution of 

inflammation to fibrosis progression. On the other hand, CGP did not reduce glomerosclerosis, 

interstitial fibrosis, renal TGF-1 expression levels or myofibroblast accumulation to the same 

extent as RLX, nor affect the MMP-9/TIMP-1 and MMP-2/TIMP-1 ratio to the same extent as the 

RXFP1 agonist (Chapter 3). BPRO also did not prevent interstitial fibrosis nor KIM-1 associated 

renal damage to the same extent as RLX or B7-33; suggesting that these AT2R agonists did not 

suppress measures of ECM/collagen synthesis or promote measures of ECM/collagen 

degradation to the same extent as drugs targeting RXFP1. Consistent with this theory, studies 

investigating the therapeutic effects of CGP or its non-peptide counterpart, C21, have shown that 

these AT2R agonists can broadly inhibit TNF-, IL-6, and oxidative stress (Rompe et al., 2010; 

Namsolleck et al., 2014). There is evidence though to suggest that AT2R activation can inhibit pro-

fibrotic TGF-1 signal transduction via Smad and MAPK signalling, particularly by 

dephosphorylating (activating) ERK via the actions of tyrosine phosphatases (Widdop et al., 2003; 

Murphy et al., 2015). Similar to RXFP1 activation, AT2R activation also promotes NO 

bioavailability and NO-cGMP signalling, which are known suppressors of Smad signalling (Widdop 

et al., 2003; Koulis et al., 2015; Sumners et al., 2019).  Hence, taken together with the data shown 

in Chapters 3 and 5, it can be suggested that stimulating AT2R activity can consistently lead to 

suppression of the pro-inflammatory and pro-fibrotic influence of TGF-1; resulting in a greater 

inhibition of inflammation over collagen turnover. Regardless of this, targeting the AT2R offered 

similar protection against HS-induced renal dysfunction, to that of targeting RXFP1. Although 

BPRO demonstrated stronger collagen-inhibitory efficacy to that of CGP, it is unclear whether 

this was due to the fact that BPRO was evaluated as a preventative therapy (against UUO) 

whereas CGP was evaluated for its ability to reduce established fibrosis (due to HS), or whether 

this was due to the higher affinity of BPRO for the AT2R.   

Targeting IRAP with HFI had similar anti-inflammatory efficacy to that of CGP and BPRO, and 

similar anti-fibrotic efficacy to that of RLX and B7-33, suggesting that the targeting of IRAP offered 

more broader renoprotection compared to the targeting of RXFP1 or AT2R. HFI was shown to 

mediate its anti-fibrotic effects by inhibiting TGF-1-induced myofibroblast differentiation and 

myofibroblast-induced ECM/collagen deposition, while promoting the MMP-2/TIMP-1 ratio that 
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would likely lead to augmentation of MMP-2-induced ECM/collagen degradation. Due to HFI also 

being relatively recently developed and several patents being filed on its potential use as a 

therapy, there is limited information on its anti-fibrotic potential in kidney disease or on other 

organ disease. Although the mechanistic actions of IRAP inhibition are still to be fully elucidated, 

it is proposed that IRAP substrates such as lys-bradykinin, vasopressin, oxytocin and Ang III are 

increased by HFI contributing to its renoprotection (Kakoki et al., 2007; Tugtepe et al., 2007; 

Albiston et al., 2010; Plante et al., 2015). In particular, oxytocin receptors have been shown to 

increase in expression during inflammation and once bound with oxytocin, reduce macrophage 

infiltration and IL-6 (Szeto et al., 2017). Furthermore, oxytocin has been shown to reduce NADPH-

dependent and TGF-β1 P38 MAPK/Smad signalling (Rashed et al., 2011; Jiang et al., 2014). Ang III 

is a partial agonist for AT2 receptors and can induce similar inhibition of TGF-β1 to that of other 

AT2 receptor agonists (De Gasparo et al., 2000). Consistent with these data and unpublished 

findings from our group, to which I contributed, we have demonstrated that the anti-fibrotic 

effects of HFI in the same UUO model was abrogated by co-administration of oxytocin receptor 

blockade or AT2R blockade. 

Given the regulatory and manufacturing advantages to using EXO over their parental cells, the 

effects of hAEC-derived EXO were also evaluated in the UUO model alone. As a preventative 

therapy, EXO (administered at 25g/mouse; which is thought to provide the therapeutic 

equivalence of 12.5 million AECs) had a striking ability to suppress renal damage, inflammation 

and fibrosis to a similar extent as the other mono-therapies (RLX, B7-33, HFI, BPRO) investigated. 

However, when administered to established fibrosis-induced disease, at least in experimental 

models of lung disease, this same dose of EXO only had a partial effect in reducing airway/lung 

inflammation and fibrosis (Royce et al., 2019). This would suggest then that the fibrosis 

associated with established/chronic disease can hinder the viability and therapeutic efficacy of 

EXO (as has been found in the case of fibrosis hindering stem cell survival and function) (Lu et al., 

2004; Eun et al., 2011). 

It has been suggested that exosomes in general can mediate their therapeutic effects by 

suppressing immune cell infiltration and the pro-inflammatory cytokines (such as TNF- and IL-

6) that are secreted by infiltrating cells into damaged tissues (Urbanelli et al., 2015). Other studies 
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have shown that exosomes also possess proteasome, glycolytic enzyme, anti-oxidant and ECM-

modifying activity once secreted from their parental cells (reviewed in Urbanelli et al., 2015). 

Consistent with the latter, the findings presented in Chapter 5 demonstrated that hAEC-derived 

EXO can partially prevent TGF-1-induced myofibroblast differentiation and interstitial collagen 

deposition, while also being able to promote collagen-degrading MMP-2 activity. Bypassing the 

limitations of stem cells that were discussed in Chapter 1 (Section 1.7.5), exosomes in general 

have been shown to produce similar if not superior organ-protective effects compared to their 

parental cells (Lai et al., 2011; Van Balkom et al., 2011; Urbanelli et al., 2015; Wang et al., 2016).  

Interestingly, exosomes appear to contain tissue-reparative microRNAs or can be engineered to 

over-express specific microRNAs that can enhance their therapeutic potential (Wang et al., 2016; 

Ferguson et al., 2018).  

In terms of the combination therapies evaluated, mixed results were observed, suggesting that 

not all drugs/cell-based therapies can be feasibly combined to produce greater outcomes over 

either therapy alone. Studies had shown that the combined effects of RLX with the 

corticosteroids, methylprednisolone (Royce et al., 2013) or dexamethasone (Patel et al., 2016), 

offered enhanced anti-inflammatory effects over that of RLX alone and enhanced anti-

remodelling effects over that of the corticosteroids alone in an experimental model of chronic 

AAD. This resulted in greater protection against chronic AAD-induced airway reactivity over the 

effects of the corticosteroids alone. Combining RLX with the ACEi, enalapril also demonstrated 

greater protection of cardiac fibrosis over the effects of enalapril alone, but similar protection to 

that of RLX alone in an isoproterenol-induced model of cardiomyopathy (Samuel et al., 2014), 

while combining RLX with hAECs or hAEC-derived EXO offered improved protection over either 

therapy alone against experimental models of established lung disease (Royce et al., 2016, 2019). 

These previously published studies offered the encouraging basis for combining RLX or HFI with 

various other therapies in this thesis. 

However, as observed in HS models (Chapters 3 and 4), combining RLX or HFI with CAND resulted 

in the inhibition or compromisation of the renoprotective effects of RLX or HFI alone. In the case 

of RLX, this was thought to be due to the direct interaction or crosstalk  that can occur between 

RXFP1 and the AT1R, as RXFP1 has been shown to form heterodimer with AT2 receptors (Chow et 
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al., 2014). Heterodimerization can also occur between AT1 receptors and AT2 receptors (AbdAlla 

et al., 2001; Miura et al., 2010)which would allow AT1R blockers such as CAND to inhibit the 

RXFP1-agonist actions of RLX. In the case of HFI, however, this was thought to be able to occur 

due to high enough concentrations of the IRAP inhibitor possibly being able to activate the AT1R, 

which would allow CAND to then block the renoprotective effects of HFI acting through the AT1R. 

Further work is required to validate these theories, and to also determine if other ARBs can 

achieve similar inhibitory effects when combined with RLX or HFI or with other RXFP1 agonists or 

IRAP inhibitors, respectively. Based on the findings demonstrated in this thesis, however, it would 

be suggested not to combine the effects of ARBs with RXFP1 agonists or IRAP inhibitors in a 

clinical setting. 

In the HS model, combining HFI with PERIN appeared to maintain the renoprotective effects of 

either therapy alone, and somewhat protect from HS-induced renal macrophage infiltration to a 

greater extent than PERIN alone. As HFI alone offered broader renoprotection over the effects of 

PERIN alone without regulating blood pressure, it could be suggested that the efficacy of this 

combination therapy could be further evaluated in hypertensive models of kidney disease, in 

which the blood pressure-lowering effects of PERIN could be combined with the anti-remodelling 

and anti-fibrotic effects of HFI. Further work by other members of our Labs is also determining if 

the combined effects of RLX and PERIN offer greater cardiovascular protection over either 

therapy alone; as combining RLX with ACEi may be more clinically suited as a combination therapy 

to retaining (but not compromising) the broader tissue remodelling and blood-pressure lowering 

effects of these therapies when combined.  

Most excitingly, the findings presented in Chapter 5 demonstrated that combining the 

therapeutic effects of RLX and EXO offered almost full protection (as a preventative therapy) 

against UUO-induced tubulointerstitial renal disease, which was to a greater extent than either 

therapy alone. Combining EXO with RLX offered enhanced anti-inflammatory effects over that of 

RLX alone, enhanced protection against UUO-induced tissue damage compared to EXO alone, 

and fully prevented the UUO-induced vascular rarefaction. These findings suggest that as a 

preventative therapy, the anti-remodelling and anti-fibrotic effects of RLX can be effectively 

combined with the immunomodulatory and tissue-reparative effects of EXO to ablate the 
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progression of renal injury-induced fibrosis. It is also likely that the effects of this combination 

therapy are mediated independently of blood-pressure regulation. Further work is now required 

to validate the therapeutic efficacy of this combination therapy as an intervention strategy, in 

both normotensive and hypertensive models of renal disease associated with established fibrosis; 

in which the therapeutic effects of EXO alone may be compromised. In the latter setting, it needs 

to be determined if RLX can be administered at the same time as EXO (which may be feasible as 

a preventative therapy administered at the time of injury onset, before fibrosis is established), 

or whether RLX pre-treatment would further enhance the therapeutic effects of EXO when 

combined together. Evaluation of the reparative components that are released by these EXO and 

the mechanisms of action that contribute to the synergistic effects of this combination therapy 

also require further investigation.  

In summary, this thesis has shown that there are several therapies that can effectively inhibit 

renal injury-induced tissue remodelling, fibrosis and dysfunction without the need to regulate 

blood pressure. The RXFP1 agonists RLX and B7-33 as well as the IRAP inhibitor, HFI were found 

to have broad renoprotective effects (which were associated with their ability to inhibit measures 

of collagen synthesis while promoting measures of collagen degradation), which were mediated 

via the anti-inflammatory, anti-fibrotic and angiogenic actions of these drugs. Even the AT2R 

agonists, CGP and BPRO were found to effectively inhibit the contribution of renal inflammation 

to fibrosis progression, and along with the RXFP1 agonists and IRAP inhibitor studied, offered 

greater renoprotection over the effects of the ARB (CAND) and ACEi (PERIN) evaluated. While 

EXO alone offered similar renoprotection to the above-mentioned therapies as a preventative 

therapy, it is likely that the anti-fibrotic effects of RLX would need to combined with EXO to offer 

some protection against CKD progression, when administered as an intervention therapy. Further 

evaluation of these therapies may lead to recognition of clinical conditions in which they may be 

used as stand-alone therapies, or where their tissue remodelling potential may serve as adjunct 

therapies to the blood pressure lowering effects of current standard of care medication. 
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6.5 Limitations and future directions 

As discussed in Chapters 3-5, there were some limitations to the studies conducted, which may 

have to be considered and addressed in future experiments. Firstly, for consistency, only two 

markers of renal inflammation (F4/80 and P-iKB) were measured throughout this thesis. Although 

macrophages (Tang et al., 2019) and NF-kB (Declèves and Sharma, 2014) are key contributors to 

the renal inflammation that eventually contributes to CKD, in reality however, several other cell 

types (such as neutrophils, leukocytes, T cells, etc) are known to infiltrate the damaged kidney 

post-injury, and several other factors (such as TNF-, IL-6, MCP-1, ICAM-1, VCAM-1, etc) are 

known to contribute to renal inflammation and remodelling (Mene et al., 2003; Sato and Yanagita, 

2018). Clearly, the impact of the therapies investigated on other infiltrating and resident cells 

(such as dendritic cells, epithelial cells, myofibroblasts, etc) as well as other pro-inflammatory 

and anti-inflammatory cytokines that regulate renal inflammation would need to be investigated 

in future studies. Secondly, this thesis focused on TGF-1 and myofibroblast-induced ECM 

production as measures of fibrosis, as the proliferation and differentiation of resident fibroblasts 

into activated myofibroblasts is considered the main contributor (50%) to renal fibrosis (Loeffler 

and Wolf, 2015). However, as bone-marrow-derived fibrocyte differentiation (35%) EndMT 

(10%) and EMT (5%) can also contribute to renal fibrosis (Loeffler and Wolf, 2015), it is clear 

that future studies should also investigate the extent to which the various therapies examined in 

this thesis, impact on these other contributors to kidney fibrosis. Thirdly, in terms of the current 

standard of care therapies studied (CAND, PERIN), dose-response studies evaluating the anti-

remodelling and anti-fibrotic effects of these drugs as well as other ARBs and ACEi should be 

performed over longer-periods of time; and perhaps in larger animals where renal remodelling 

takes longer than 1-4 weeks to occur. This is due to the fact that renal remodelling in humans 

take several months to years to occur. 

Ageing, sex differences, hypertension and/or diabetes are all risk factors that contribute to CKD, 

and should also be incorporated into future studies when evaluating the efficacy of the various 

drugs/treatment strategies studied in this thesis. AT1R expression is maintained from childhood 

to adulthood (providing a suitable target for ARBs), whereas AT2R expression decreases with age 

(De Gasparo et al., 2000). Only after injury, and in females over males is AT2R expression 
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dramatically increased (Carey, 2005), which would allow it to be more appropriately targeted by 

AT2R-agonists for the treatment of fibrosis. Female rats have been shown to have higher AT2 

receptor levels in their kidneys compared to their male counterparts, which may result in AT2R-

agonists having higher anti-fibrotic effects in the kidneys of females, which is thought to be 

estrogen-dependent (Baiardi et al., 2004). Similarly, high doses of estrogen were also found to 

contribute to higher RXFP1 receptor expression in rodent female organs (Du et al., 2003; 

Dehghan et al., 2015). Hence, as only male mice were used in this thesis, further examination 

into age and sex differences are needed to verify if the treatments investigated will have similar 

therapeutic efficacy in pre-menopausal vs post-menopausal females (the latter being associated 

with a loss of estrogen and relaxin). 

In terms of renal functional measurements, this could only be achieved in the HS model and not 

in the UUO model, as the unobstructed kidney, although overworked, is known to be able to 

maintain renal function in the latter model (Hewitson, 2009). Only plasma urea levels were used 

as a surrogate marker of renal dysfunction (Waikar and Bonventre, 2007). Additionally, other 

measures such as glomerular filtration rate (GFR) should be included as it is the current “gold 

standard” measurement (Sasaki et al., 2014) for the detection of renal dysfunction. Other 

measures such as albuminuria and/or creatine clearance can also be used to measure changes in 

disease- and treatment-induced changes in renal dysfunction. 

As discussed in Chapter 5, the various treatments investigated in the UUO model were all 

administered as preventative therapies, immediately after UUO was performed; and prior to 

fibrosis being established. This would not be clinically relevant, as almost all therapies are 

administered to patients with established disease (Mehta et al., 2015; Bouchard and Mehta, 2016; 

Hill et al., 2016), and usually when these patients have lost at least half their renal function. 

Nevertheless, the results provided in that Chapter did provide proof of principle findings, that 

can be further validated by administering the most efficacious treatments as intervention 

therapies to established disease.  
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6.4 Final remarks 

This thesis has contributed to evaluation of the direct anti-fibrotic efficacy of the various 

therapies/combination strategies evaluated in the setting of normotensive kidney disease, which 

lacked ageing, hypertension or diabetes as risk factors that often contribute to CKD. Although the 

anti-fibrotic and renoprotective effects, RLX had previously been investigated in rats fed a 8% 

NaCl diet (Yoshida et al., 2012), which led to elevated blood pressure in those animals; as well as 

the UUO model (Hewitson et al., 2007), this is the first time, its effects were evaluated in HS-fed 

mice that did not undergo elevated blood pressure. The findings of this thesis confirmed that RLX 

was able to maintain its anti-fibrotic effects in the kidney independently of etiology, as its effects 

are consistently mediated by its ability to inhibit the pro-fibrotic effects of TGF-1 and/or Ang II 

on myofibroblast differentiation and ECM/collagen production, independently of blood-pressure 

regulation. The findings of this thesis are the first reported on the effects of CGP and HFI in HS-

fed mice; and on the effects of B7-33, BPRO, hAECs+RLX, EXO or EXO+RLX in mice subjected to 

UUO. As previously mentioned, a lack of head-to-head comparisons between these therapies has 

often contributed to poor translation of their experimental effects to clinical potential. This thesis 

has demonstrated the rapid-occurring and superior anti-fibrotic efficacy offered by RLX, HFI, 

HFI+RLX and EXO+RLX, over the effects of CAND or PERIN, in experimental models of 

normotensive kidney disease. Not only are these therapies worthy of further examination as 

possible stand-alone treatments for kidneys diseases that are not associated with elevated blood 

pressure, but they are also worthy of examination for their potential ability to act as suitable 

adjunct therapies to that of ACEi. On the other hand, it is did not appear feasible to combine RLX 

or HFI with CAND, as the therapeutic effects of the RXFP1-agonist or IRAP inhibitor were 

compromised in the presence of the ARB. Further evaluation of these therapies/combination 

strategies may lead to new treatments for CKD, which are urgently needed, given that CAND and 

PERIN only appeared to inhibit the contribution of hypertension to renal remodelling. As many 

of these therapies are already being clinically evaluated for other indications, it is envisaged that 

they may be fast-tracked as treatments for CKD, but only when validation of their therapeutic 

efficacy over longer-term periods has been substantiated. 
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Fibrosis is associated with accumulation of excess fibrillar collagen, leading to tissue dysfunction. Numerous processes, 
including inflammation, myofibroblast activation, and endothelial-to-mesenchymal transition, play a role in the establishment 
and progression of fibrosis. Relaxin is a peptide hormone with well-known antifibrotic properties that result from its action 
on numerous cellular targets to reduce fibrosis. Relaxin activates multiple signal transduction pathways as a mechanism to 
suppress inflammation and myofibroblast activation in fibrosis. In this review, the general mechanisms underlying fibrotic 
diseases are described, along with the current state of knowledge regarding cellular targets of relaxin. Finally, an overview is 
presented summarizing the signaling pathways activated by relaxin and other relaxin family peptide receptor agonists to 
suppress fibrosis. 
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Introduction 

Throughout its history, the hormone relaxin has been closely associated with the process of extracellular matrix (ECM) remodeling. Indeed, 

the first description of the effects of relaxin by Hisaw in 1926, was of the softening and lengthening of the pubic ligament (Hisaw, 1926). This 

effect involved a dramatic change in the structure of collagen in the pubic ligament and other reproductive organs, including a decreased density 

of the collagen fibre bundles (Zhao et al., 2000), which in turn reduced the rigidity of the ligament whilst increasing its ability to expand and widen. 

Other early studies suggested that relaxin reduced fibrillar collagen in nonreproductive tissues, including the skin, leading to clinical studies using 

relaxin to target scleroderma, a painful disorder characterized by fibrosis of the skin and connective tissue (Casten and Boucek, 1958; Evans, 1959). 

These studies, using partially purified porcine relaxin, generally involved small numbers of subjects, and reported variable degrees of success. 

Progress on clinical studies of relaxin in fibrotic diseases was hampered until the availability of recombinant human relaxin (now known as 

serelaxin), leading to a more recent clinical trial of serelaxin for the treatment of scleroderma (Seibold et al., 2000). While this trial was largely 

unsuccessful, interest remains in targeting the various signaling pathways that are activated by relaxin as a therapeutic approach for the treatment 

of fibrotic diseases. 
Much of what is known about the antifibrotic effects of relaxin (predominantly involving the use of serelaxin) is the result of cell culture studies. 

Relaxin was shown to decrease pathological collagen production by inhibiting its synthesis and secretion from myofibroblasts (activated 

fibroblasts that are key fibrosis-producing cells) derived from numerous organs (Bennett et al., 2003; Samuel et al., 2004a; Unemori and Amento, 

1990; Unemori et al., 1996). At the same time, relaxin is able to promote the expression and activity of matrix metalloproteinases (MMPs), and/or 

decrease the levels of their endogenous inhibitors, the tissue inhibitors of metalloproteinases (TIMPs) to facilitate the degradation of aberrant 

collagen accumulation (Bennett et al., 2003; Heeg et al., 2005; Masterson et al., 2004; Samuel et al., 2004a; Unemori et al., 1996). Similar effects 

were observed using rodent models of renal, pulmonary, cardiac, and hepatic fibrosis (Bennett et al., 2014; Fallowfield et al., 2014; Garber et al., 

2001; Samuel et al., 2004a; Unemori et al., 1996). Finally, mice deficient in either endogenous relaxin or the relaxin receptor, RXFP1, develop age-

related fibrosis in numerous organs (Du et al., 2003; Hewitson et al., 2012; KrajncFranken et al., 2004; Samuel et al., 2003, 2004b, 2005, 2009). 

Therefore, there is considerable in vitro and in vivo evidence that relaxin is an important factor in the progression and treatment of fibrosis. In 

addition, there is emerging evidence that additional relaxin family peptides, such as relaxin-3, may also play a role in fibrosis (Hossain et al., 2011; 

Zhang et al., 2018). 
Early studies of the signaling pathways activated by relaxin were hampered by the fact that, until 2002, relaxin was an orphan hormone 

without an identified cognate receptor. However, it was known early that cellular cAMP and nitric oxide levels were increased in response to 

relaxin administration in some tissues (Braddon, 1978; Masini et al., 1994). Finally, the discovery in 2002 of the first two receptors capable of 

activation by relaxin family peptide members began the rapid elucidation of signaling pathways activated by relaxin (Hsu et al., 2002). It is now 

wellestablished that there are four relaxin family peptide receptors (RXFPs) that are differentially activated by relaxin family peptides, and often 

have complex signaling mechanisms (Bathgate et al., 2013). 

The purpose of this minireview is to present the current state of knowledge regarding the mechanism of the anti-fibrotic effects of relaxin, 

and the signaling pathways triggered by relaxin family peptides. The review begins with an overview of the general mechanisms common to the 

development and progression of fibrosis. This is followed by a summary of the mechanisms by which relaxin acts on the cellular and tissue level 

to impede fibrotic processes. The final section focuses on the established and emerging signaling pathways triggered by relaxin family peptides 

that may be involved in mediating their antifibrotic effects. 

General processes underlying fibrosis 

2.1. Inflammation and fibrogenesis 

Fibrosis is characterized by an accumulation of ECM proteins and increased collagen deposition in various organs, as a result of fibrogenesis, 

whereby a normal wound healing process is overactive in response to tissue injury in order to preserve the native tissue morphological and 

functional integrity (Lee and Kalluri, 2010; Wynn, 2008). Fibrosis can affect many tissue and organ systems, where it is most apparent in liver 

cirrhosis, atherosclerosis, scleroderma, vascular dysfunction, lung, kidney and heart diseases. Initiation of the fibrotic process is highly complex, 

which involves a vast array of stimulatory and inhibitory factors that are pivotal in modulating cells that are involved in regulating fibrosis. In the 

initial step, the affected organ is in an inflamed state where there is recruitment and activation of immune cells such as macrophages, eosinophils, 

CD8+ T cells, lymphocytes CD4+, mast cells and fibroblasts (Gieseck et al., 2018), leading to the secretion of growth factors, proteolytic enzymes 

and cytokines by these immune cells within the site of injury. These inflammatory products are responsible in the formation of connective tissues 

that replace normal physiological ones. Major fibrogenic mediators secreted during this process include transforming growth factor-β1 (TGF-β1), 

connective tissue growth factor (CTGF) and platelet-derived growth factor (PDGF) (Wynn, 2008). TGF-β1 is considered the central mediator of 
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fibrosis to regulate cellular processes and ECM proteins such as collagen, elastin and fibronectin. It is well known that TGF-β1 signaling pathway 

is upregulated in cardiac (Yue et al., 2017), liver (Katz et al., 2016), kidney (Chen et al., 2018) and lung fibrosis (Eser and Janne, 2018), through 

both canonical (Smad-dependent) and non-canonical (Smad-independent) pathways. These signaling pathways lead to the activation or 

recruitment of myofibroblasts and overproduction of ECM proteins, as well as impeding the degradation of ECM components (Meng et al., 2016). 

2.2. Myofibroblast activation and matrix remodeling 

The primary culprit in all fibrotic diseases is the activation of myofibroblasts (Hinz et al., 2012). Myofibroblasts are the main matrix-producing 

cells that generate ECM proteins such as fibronectin and collagen type I, III and IV (Kisseleva and Brenner, 2008), and remodel the neo-ECM 

components by producing contractile forces in response to the surroundings of the cells. Myofibroblasts are thought to be formed from a 

heterogeneous population derived from resident fibroblasts, as well as endothelial cells, epithelial cells, mesothelial cells, and circulating 

fibrocytes of bone marrow origin (Davis and Molkentin, 2014). Several cellular mechanisms have been proposed to describe the fibroblast-

myofibroblast transdifferentiation process. Upon activation of the process, fibroblasts migrate into the site of injury and attain a myofibroblast 

phenotype. Activated myofibroblasts are capable of producing substantial amounts of ECM proteins to trigger collagen accumulation. As discussed 

above, fibrogenic mediators such as TGF-β1 and PDGF produced by activated myofibroblasts and inflammatory cells, as well as angiotensin II (Ang 

II), which is derived from activation of the renin-angiotensin system (Bataller et al., 2005; Suzuki et al., 2003; Weber et al., 1993), further stimulate 

the proliferation of myofibroblasts and the production of collagen and fibronectin. The ECM serves as an important scaffold for cells and growth 

factors, and also provides biomechanical clues that guide myofibroblast activation and activity. The MMPs belong to a multi-gene family of zinc 

and calcium-dependent endopeptidases secreted by connective tissue cells and inflammatory phagocytes that play pivotal roles in ECM 

remodeling due to their ability to degrade many matrix components, growth factors and cytokines (Nagase and Woessner, 1999). Under 

physiological conditions, proteolytic activities of MMPs are tightly controlled by their endogenous protein inhibitors, TIMPs (Gomez et al., 1997). 

However, under fibrotic conditions, there is an imbalance between MMPs and TIMPs, with suppression of MMP activity and increased TIMP 

expression, resulting in the protection of ECM and decreased proteolysis. During this period, the synthesis of new collagen from myofibroblasts 

exceeds its degradation rate following the inflammatory cytokine-driven events at the site of injury (Van Linthout et al., 2014), thus resulting in 

aberrant collagen deposition over time. This cascade of events will eventually lead to a significant deposition of ECM proteins that outpaces its 

degradation, resulting in fibrosis and pathological remodeling of target organs. 2.3. Endothelial-to-mesenchymal transition 

In addition to directly stimulating the differentiation of fibroblasts into myofibroblasts, TGF-β1 can stimulate epithelial and endothelial cells 

to acquire a mesenchymal phenotype in which they de-differentiate, migrate and subsequently re-differentiate into myofibroblasts to secrete 

large amounts of matrix proteins to promote wound healing; commonly known as epithelial-to-mesenchymal cell transition (EMT) and endothelial 

cell-to-mesenchymal cell transition (EndMT), respectively (Barnes and Gorin, 2011; Du et al., 2012; Klahr and Morrissey, 2002). During an aberrant 

wound healing process, however, these transitioned epithelial and endothelial cells remain as myofibroblasts and continue to produce ECM 

components such as collagen and fibronectin. In the murine kidney, it was shown that 10% of endothelial cells undergo EndMT and 5% of epithelial 

cells undergo EMT, contributing to myofibroblast-induced renal fibrosis (LeBleu et al., 2013). Moreover, in a murine model of cardiac fibrosis, it 

was revealed that 27–33% of all cardiac fibroblasts were of endothelial origin using a Cre-recombinase genetic marking system to identify cells 

that express Tie1 (an endothelial marker) (Zeisberg et al., 2007). Furthermore in EndMT, phenotypes of endothelial cells, such as CD31 and 

vascular endothelial (VE)-cadherin expression are often replaced by specific properties of mesenchymal cells like vimentin and α-smooth muscle 

actin (α-SMA) expression (Kovacic et al., 2012). These studies collectively demonstrated that EndMT plays a critical role in regulating the 

pathological processes leading to fibrosis. 

The antifibrotic effects of relaxin 

3.1. Relaxin effects on inflammation and fibrogenesis 

Several studies have shown that relaxin inhibits the infiltration of various immune cells into injured/damaged organs, which produce various 

pro-inflammatory and pro-fibrotic factors to initiate the wound healing response to injury, but which over prolonged periods contribute to the 

stimulation of excess ECM secretion (Wynn, 2008). Unresolved inflammation, followed by dysregulated wound healing, can lead to fibrosis-

induced organ failure. Serelaxin and/or porcine relaxin has been shown to reduce the infiltration of inflammatory cells within several tissues 

including neutrophils, basophils, mast cells, endothelial cells and macrophages (Bani et al., 1997, 2002; Beiert et al., 2018; Garber et al., 2001; 

Nistri et al., 2003, 2008), the latter being a source of TGF-β1 production. Furthermore, relaxin decreases granule exocytosis and mast cell 

degranulation to reduce pro-inflammatory and allergic cytokines such as histamine, leukotrienes and serotonin (Masini et al., 1997). Relaxin can 

also inhibit the endothelial adhesiveness to neutrophils and the infiltration of macrophages which are crucial for the recruitment and migration 

of inflammatory cells to the site of injury (Hewitson et al., 2007; Martin et al., 2018; Nistri et al., 2003), inhibit toll-like receptor-4 signaling, and 

promote tissue-repairing M2 macrophage polarization (Chen et al., 2017). Moreover, relaxin inhibits NLRP3 inflammasome activity, which is 

known to increase interleukin (IL)-1β activity (Raleigh et al., 2017), and also plays a role in inhibiting NFkB signaling, a crucial transcription factor 

that regulates many inflammatory genes (Martin et al., 2018). Aside from its effects on inflammatory cell infiltration, relaxin has been shown to 

reduce the pro-fibrotic influence of cytokines or mediators such as TGF-β1 (Bennett et al., 2014; Heeg et al., 2005; Kocan et al., 2017; Mookerjee 

et al., 2009; Samuel et al., 2004a; Unemori and Amento, 1990; Unemori et al., 1996; Wang et al., 2016, 2017), IL-1β (Beiert et al., 2017; Pini et al., 

2016; Unemori and Amento, 1990), IL-6 (Beiert et al., 2017, 2018; Wang et al., 2017; Yoshida et al., 2014), monocyte chemoattractant protein-1 

(Brecht et al., 2011; Wang et al., 2017), and tumor necrosis factor-α (Brecht et al., 2011; Yoshida et al., 2013, 2014), amongst others. 
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3.2. Relaxin effects on myofibroblast activation and matrix remodeling 

Serelaxin has been found to consistently inhibit TGF-β1, IL-1β and/ or angiotensin (Ang) II-mediated fibroblast proliferation and/or 

differentiation into myofibroblasts, regardless of etiology (Bennett et al., 2003; Fallowfield et al., 2014; Heeg et al., 2005; Hewitson et al., 2010; 

Huuskes et al., 2015; Lekgabe et al., 2005; Mookerjee et al., 2009; Samuel et al., 2004a, 2011; Sassoli et al., 2013; Unemori and Amento, 1990; 

Unemori et al., 1996). Furthermore, serelaxin also inhibited myofibroblast contractility as part of its anti-fibrotic actions (Huang et al., 2011). 

These combined actions of serelaxin led to reduced myofibroblast-induced ECM (primarily collagen and fibronectin) synthesis and deposition 

(Bennett et al., 2003; Cernaro et al., 2017; Heeg et al., 2005; Hewitson et al., 2010; Lee et al., 2011; Lekgabe et al., 2005; Royce et al., 2015; 

Samuel et al., 2004a, 2011; Sassoli et al., 2013; Unemori and Amento, 1990; Unemori et al., 1996). Furthermore, serelaxin promoted MMP 

expression and activity and/or inhibited TIMP activity to induce the degradation of aberrant ECM protein accumulation (Heeg et al., 2005; 

Hewitson et al., 2010; Huuskes et al., 2015; Kang et al., 2017; Lekgabe et al., 2005; Royce et al., 2015; Samuel et al., 2011; Sassoli et al., 2013; 

Unemori and Amento, 1990; Unemori et al., 1996; Williams et al., 2001). 
Mechanistically, serelaxin has been shown to signal through RXFP1 on myofibroblasts to suppress TGF-β1 signal transduction and activity at 

the level of Smad2 phosphorylation (Chow et al., 2014; Kocan et al., 2017; Mookerjee et al., 2009; Sarwar et al., 2015; Wang et al., 2016). This 

then resulted in a decrease in TGF-β1-induced myofibroblast differentiation and hence, myofibroblast-mediated ECM/collagen synthesis; a 

decrease in TGF-β1-induced suppression of MMP (MMP-2, MMP9, MMP-1/-13) activity (Chow et al., 2012); and a decrease in TGF-β1induced 

TIMP activity and inhibition of ECM degradation. In cardiac myofibroblasts, serelaxin signaled through Notch-1 and suppressed Smad3 

phosphorylation to inhibit the pro-fibrotic actions of TGF-β1 (Kocan et al., 2017; Sassoli et al., 2013). 

3.3. Relaxin effects on endothelial-to-mesenchymal transition 

Recent studies showed that serelaxin inhibits EndMT within the heart and kidney of isoprenaline-induced cardiomyopathy in rodents (Cai et 

al., 2017; Zheng et al., 2017). Zhou et al. found that serelaxin improves cardiac function in rats with myocardial fibrosis, by reducing EndMT and 

interstitial collagens I and III, while increasing the microvascular density of the heart (Zhou et al., 2015). Similar to cardiac myofibroblasts, serelaxin 

also inhibited TGF-β1-induced mobility of endothelial cells through a Notch-1-dependent pathway, and increased expression of CD31 while 

decreasing vimentin content of human umbilical vein endothelial cells (HUVECs) in vitro (Zhou et al., 2015). In a separate study, serelaxin was 

capable of reducing cardiac fibrosis in vivo via the inhibition of EndMT, and by increasing VE-cadherin and CD31 levels while suppressing vimentin 

and α-SMA levels in HUVECs in vitro (Cai et al., 2017). While these combined findings suggest that relaxin inhibits myofibroblast-mediated aberrant 

ECM synthesis and deposition at multiple levels, further studies are required to fully understand the detailed mechanisms underlying its potent 

antifibrotic actions in various tissues and organs for future therapeutic applications. 

Relaxin family peptide signaling in fibrosis 

4.1. Relaxin family peptides and receptors 

The peptides of the relaxin/insulin-like super family exhibit a variety of functions, including antifibrotic activity in diverse organs, e.g. kidney, 

heart, lung and liver (Samuel et al., 2017). These peptides bind to the Gprotein coupled receptors RXFP1-4, which induce diverse signaling cascades 

(Bathgate et al., 2013). The most well-studied pathways activated by these receptors involve modulation of cAMP production. For example, RXFP1 

and RXFP2 activation initially leads to Gs stimulation and thereby enhanced cAMP synthesis. Depending on the cell type, RXFP1 can also couple 

to Go and Gi to promote a biphasic pattern of cAMP production. In contrast, RXFP3 and 4 are coupled to Gi/o, leading to a reduction in cAMP 

levels. Of the receptors, only RXFP1 has thus far demonstrated antifibrotic effects. However, as discussed below, most of the signaling pathways 

that have been tied to antifibrotic effects involve different signaling pathways (summarized in Table 1). 

4.2. RXFP1 signaling through the nitric oxide-cGMP and ERK pathways 

The most important receptor for the suppression of fibrosis in different organs is RXFP1. The physiological ligands that bind to this receptor 

are relaxin-2, its human recombinant form serelaxin, and relaxin-1 (in other species). In myofibroblasts, (se)relaxin binding to RXFP1 stimulates 

Gs and GOB proteins (Mookerjee et al., 2009), and through an extracellular signal-regulated kinase phosphorylation (pERK1/2) and neuronal NO 

synthase (nNOS)-mediated NO-soluble guanylate cyclase (sGC)-cyclic guanosine monophosphate (cGMP)-dependent pathway to suppress TGF-

β1 signal transduction and activity at the level of Smad2 phosphorylation (Chow et al., 2014; Kocan et al., 2017; Mookerjee et al., 2009; Sarwar 

et al., 2015; Wang et al., 2016) (Fig. 1). Relaxin also directly stimulated cGMP synthesis independent of ERK1/2 activation (Kocan et al., 2017). 

Furthermore, it was established that signaling via cGMP and the cGMP-activated protein kinase-1 (PKG1) mediates the suppressive effects of 

serelaxin in unilateral ureter obstruction (UUO)-induced interstitial renal fibrosis (Wetzl et al., 2016). In this model, serelaxin treatment strongly 

enhanced plasma cGMP. Using PKG1-deficient mice, it was observed that the reduction in pSmad2 and pERK1 in response to serelaxin treatment 

was dependent on PKG1 (Wetzl et al., 2016). In comparison, the phosphodiesterase-5 (PDE5) inhibitor, zaprinast, acts as an antifibrotic agent via 

suppression of ERK1/2 signaling, but this effect was independent from PKG1. The combination of serelaxin with this PDE5 inhibitor does not reveal 

additional benefits against kidney fibrosis (Wetzl et al., 2017). 



 

292 
 

In summary, the diverse effects of relaxin peptides on signaling systems upon cAMP, cGMP, ERK1/2 and Smad2/3 are important parameters 

to elucidate their (patho)physiological functions. Interestingly, these effects are also time-dependent. The level of cAMP can be enhanced upon 

short exposure with relaxin via GS signaling, but it is reduced upon chronic exposure via activation of GOB (Halls et al., 2006). These differential 

effects can be also observed in the ERK1/2-system which is activated in the short term to enhance NO and thereby cGMP synthesis (Chow et al., 

2012). However, ERK1/2 phosphorylation is reduced by serelaxin upon chronic treatment which might be important inter alia for suppression of 

kidney fibrosis (Schinner et al., 2017). 

4.3. Crosstalk and heterodimerization between RXFP1 and AT2R 

Many of the signal transduction pathways activated by serelaxin in myofibroblasts require the presence of the Ang II type 2 receptor (AT2R), 

which appears to occur through an interaction between RXFP1 and the AT2R (Chow et al., 2014). As a result of this interaction, the anti-fibrotic 

effects of serelaxin can be abrogated by co-administration of an AT2R antagonist (PD123319) or when serelaxin is administered to AT2R knockout 

mice (Chow et al., 2014). As the AT2R can inhibit both the expression and activation of the AT1R, serelaxin may also signal through the RXFP1:AT2R 

axis to indirectly inhibit the pro-fibrotic effects of Ang II via the Ang II–AT1R–TGF-β1 interaction (Nakajima et al., 1995; Yang et al., 2012). 

Table 1 
Selected signaling pathways activated by relaxin family peptides and their receptors in fibrosis. 

Agonist Receptor Cells/Disease Model Signaling Pathway Targets Reference 

Serelaxin RXFP1 
RXFP1/AT2R 

Renal, cardiac, dermal 

fibroblasts, 
Renal fibrosis 

pERK1/2-nNOSeNOesGCcGMP-
PKG1 

TGFβ pSmads 
SMA 
Collagen 
Fibronectin 
MMPs 
TIMPs 

(Chow et al., 2012, 2014; Mookerjee et al., 2009; Sarwar et al., 
2015; Wang et al., 2016; Wetzl et al., 2016, 2017) 

ML290 RXFP1 Cardiac and hepatic 
myofibroblasts 

NOSeNO-sGC-cGMP TGFβ pSmads 
SMA 
MMPs 

Kocan et al. (2017) 

B7-33 RXFP1 Renal myofibroblasts 
Cardiac and lung fibrosis 

pERK1/2 pSmads Collagen 
MMPs 

(Hossain et al., 2016; Praveen et al., 2017) 

Relaxin-3 RXFP1, RXFP3? Cardiac fibrosis unknown NLRP3-inflammasome 
Collagen 
MMPs 

(Hossain et al., 2011; Zhang et al., 2017, 2018) 

InsL6 unknown Cardiac fibrosis unknown TGFβ collagen Maruyama et al. (2018) 

Fig. 1. : Scheme for antifibrotic signaling of relaxin2. 
Relaxin-2 activates RXFP1, which stimulates NO/ 
cGMP/PKG1 signaling. Activation of the relaxinRXFP1 axis 
subsequently leads to the inhibition of pERK1/2 and 
pSmad2/3, which ultimately suppresses TGFβ-induced 
fibrosis. PKG1 – cGMP-dependent protein kinase 1, sGC – 
soluble guanylyl cyclase, cGMP – cyclic guanosine 
monophosphate, ERK – extracellular-signal regulated 
kinase, GMP – guanosine monophosphate, NOS – nitric 
oxide synthase, PDE5 – phosphodiesterase 5, RXFP1 – 
relaxin family peptide receptor 1, Smad – small mothers 
against decapentaplegic protein, TGFβ – transforming 
growth factor-β 
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4.4. Emerging potential relaxin-based antifibrotic therapies 

There is evidence that other relaxin family peptides may also have antifibrotic effects. Human relaxin-3 (also known as H3 relaxin) reduced 

the fibrotic properties of rat ventricular fibroblasts, acting through RXFP1, and decreased collagen expression in a mouse model of 

cardiomyopathy (Hossain et al., 2011). Relaxin-3 treatment in cardiac fibroblasts also inhibited reactive oxygen species- and 

inflammasomemediated collagen synthesis under high glucose conditions, and there was evidence of both RXFP1 and RXFP3 expression in cardiac 

tissue in a rat model of diabetic cardiomyopathy (Zhang et al., 2017, 2018). Hence, relaxin-3 (acting via RXFP1, and possibly via RXFP3) might be 

therapeutically relevant for the treatment of diabetic cardiomyopathy. A recent study showed that mice lacking insulin-like peptide 6 (Insl6), a 

member of the relaxin family, exhibit cardiac dysfunction and enhanced cardiac fibrosis, suggesting the role of Insl6 in suppressing cardiac fibrosis 

and its potential to be used for the treatment of heart failure (Maruyama et al., 2018). Further studies are needed to determine if relaxin-3 or 

Insl6 can be used to treat established models of tissue fibrosis. 
In addition to the endogenous ligands of RXFP1, a recently identified non-peptide agonist of the human relaxin receptor, ML290, shows 

promising effects in ameliorating fibrosis in cell culture studies. For example, ML290 treatment induces profound antifibrotic effects in human 

hepatic stellate cell line, LX-2, by down-regulating the gene expression of collagens, α-SMA, PDGF, and up-regulating MMP1 (McBride et al., 2017). 

In human cardiac fibroblasts, ML290 effectively suppresses TGF-β1-induced myofibroblast activation through a reduction in Smad2/3 

phosphorylation and up-regulation of MMP2 (Kocan et al., 2017). The biased signaling of ML290 compared to relaxin might be a powerful tool to 

evaluate the specific antifibrotic properties of relaxin. Another RXFP1 agonist, B7-33, is a peptide analogue of the B-chain of relaxin which reduces 

fibrosis in heart and kidney of rodent models (Hossain et al., 2016; Praveen et al., 2017). Its affinity for RXFP1 is lower, but its specificity for RXFP1 

is higher than that of (se)relaxin. The peptide mimetic B7-33 acts via preferential activation of pERK1/2 and cGMP in (myo)fibroblast cells 

compared to cAMP activation (Hossain et al., 2016; Praveen et al., 2017). 
One critical requirement for the development of new relaxin analogues/agonists is high throughput bioassay systems for screening potential 

compounds. One important readout for the activity of candidate compounds is cAMP measurement. Bioluminescence resonance energy transfer 

(BRET) biosensors provide dynamic real-time measurement of cAMP levels. One such system, the CAMYEL assay (cAMP sensor using YFP-Epac.Rlu) 

has been validated as an assay for all RXFPs in HEK cells (Valkovic et al., 2018). In addition, cGMP sensor mice might be valuable for cGMP 

measurements and for screening in vivo (Paolillo et al., 2018); the latter which is more relevant for investigating the anti-fibrotic effects of 

(se)relaxin in myofibroblasts. 

Conclusion 

Since the development of the relaxin and RXFP1 knockout mice, it has become clear that endogenous relaxin plays a critical role in the 

protection of organs from age-related fibrosis. As the cellular mechanisms and signaling pathways by which (se)relaxin exerts its antifibrotic 

effects become clearer, additional therapeutic options are expected to emerge. Furthermore, numerous studies utilizing preclinical in vivo models 

are underway that support the use of (se)relaxin and relaxin mimetics for the treatment of fibrotic diseases. However, clinical trials using 

(se)relaxin or mimetics are needed to determine if this pathway can be exploited to treat human fibrotic disease. 
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