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Abstract 

Background: Acute kidney injury (AKI) is a common medical condition that significantly 

increases the risk of developing chronic kidney disease (CKD), involving epithelial-

mesenchymal transition (EMT), fibrosis and impaired kidney function. 

Necroinflammation and necroptosis play key roles in AKI. My project evaluates their 

impact in AKI to CKD/renal fibrosis progression across AKI models, identifying 

potential therapeutics to mitigate AKI and CKD/renal fibrosis risk. 

Methods: Nephrotoxic agents (cisplatin [CDDP], pemetrexed [PEM], gentamicin [GM], 

and aristolochic acid-I [AA-I]) were used on HK2 cells for nephrotoxicity-AKI simulation. 

Ischaemia-reperfusion injury (IRI) induced-AKI was created in mice through renal 

clamping and in HK2 cells using oxygen-glucose deprivation (OGD). Sepsis associated-

AKI (S-AKI) was induced by lipopolysaccharide (LPS). To demonstrate the participation 

of necroptosis, toll-like receptor (TLR), receptor for advanced glycation end products 

(RAGE), and c-Jun N-terminal Kinase (JNK), respective inhibitors or antagonists were 

applied to in vitro and in vivo experiments. The anti-EMT properties of 

Dexmedetomidine (Dex), an α2-adrenoceptor (α2-AR) agonist with renal-protective 

properties, were also investigated. 

Results: CDDP, PEM, and AA-I significantly inducing necroptosis and EMT through TLR-

4. The necroptosis inhibitor Necrostatin-1 (Nec-1) was able to alleviate these effects. 

GM, in contrast, induced apoptosis without significant EMT induction. 
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IRI triggered necroptosis and EMT both in vitro and in vivo, with Nec-1 showing 

protection. High mobility group box-1 protein (HMGB-1) was found to trigger EMT via 

TLR/JNK signalling. 

In the S-AKI model, Dex attenuated LPS-induced renal injury and EMT via α2-

adrenoceptor activation, inhibited necroinflammation, and showed protective effects 

against transforming growth factor-β1 (TGF-β1)-induced EMT, associated with JNK 

inhibition. 

Conclusion: Necroptosis-associated necroinflammation is involved in AKI and 

subsequent EMT through TLR4/JNK cellular signalling pathways. These can be 

therapeutic targets for further development and potentially translate into clinical 

practice. Dex prevented necroinflammation and EMT, indicating its great value for 

clinical use but subjected further clinical studies. 
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Chronic kidney disease (CKD), a condition in which a gradual loss of kidney function 

occurs over time, has become a heavy health burden worldwide. Recently, a strong 

association between acute kidney injury (AKI) and chronic kidney disease (CKD) has 

been demonstrated (1). Many patients develop CKD towards renal fibrosis despite a 

complete clinical recovery of AKI. However, the precise mechanisms underlying 

remains to be elucidated and hence there is a no treatment strategy available to 

prevent or slow down the transition from AKI to CKD.  

Renal fibrosis, characterised by excessive extracellular matrix (ECM) accumulation, is 

the most typical manifestation of CKD (2). ECM is predominantly synthesised and 

released from myofibroblasts, an activated form of fibroblasts (3). Upon persistent 

inflammation, tubular epithelial cells (TECs) can dedifferentiate into myofibroblasts via 

epithelial-mesenchymal transition (EMT) which is an important mechanism 

contributing to the production of ECM and subsequent CKD. 

Necroinflammation, an auto-amplification loop caused by mutually enhanced necrosis 

and danger-associated molecular patterns (DAMPs)-associated inflammation (4), is 

believed to be a key element of sustained inflammation. Necroptosis, a type of 

programmed necrosis, involves in various types of AKI. The present study aims to 

evaluate the role of necroptosis and necroinflammation in AKI to CKD and/or kidney 

fibrosis progression and uncover potential therapeutics in attenuating acute injury and 

hence decreasing the risk for CKD or renal fibrosis development. 
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Surgical bilateral renal pedicle clamping, or intraperitoneal lipopolysaccharide (LPS) 

injection was performed on C57BL/6 mice to establish an ischemia-reperfusion injury 

(IRI) or sepsis model, respectively. In vitro, human renal proximal tubular cells (HK2) 

were cultured and treated with nephrotoxic agents (Cisplatin [CDDP], Pemetrexed 

[PEM], Gentamicin [GM] or Aristolochic acid-I [AA-I]), oxygen-glucose deprivation 

(OGD), LPS, to mimic nephrotoxicity-, IRI-, or sepsis-induced AKI, respectively. To 

investigate the underlying molecular mechanisms, respective pharmacological 

inhibitors or antagonists of necroptosis, toll-like receptor-4 (TLR-4), receptor for 

advanced glycation end products (RAGE), α2-adrenoceptor (α2-AR), and c-Jun N-

terminal Kinase (JNK), were applied to in vitro and in vivo experiments. An overview of 

this study is illustrated in Figure 1.1. 

First, we investigated the role of necroptosis on EMT in response to nephrotoxic agents 

(CDDP, PEM, GM or AA-I). CDDP, PEM and AA-I induced necroptosis and EMT via TLR-

4, which was alleviated by necrostatin-1 (Nec-1, an inhibitor of necroptosis). 

Next, we investigate the role of necroptosis on EMT in IRI models. We found that IRI 

promoted necroptosis and EMT. Inhibition of necroptosis suppressed EMT. 

Necroptosis-released molecules induced further necroptosis and EMT, as evidenced 

by conditioned medium collected from OGD-treated cells caused necroptosis and EMT. 

We then evaluated the effects of DAMPs on EMT, including high mobility group box 1 
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(HMGB-1) and histones. It was found that HMGB-1 induced EMT via TLR4/JNK 

signalling pathways. 

Finally, we examined that if Dexmedetomidine (Dex) reduces necroinflammation and 

EMT in an LPS-induced sepsis model. Our data showed Dex significantly alleviated LPS-

induced AKI, myofibroblast activation, NLRP3 inflammasome activation, and 

necroptosis in mice. Atipamezole, an antagonist of α2-AR, counteracted its protective 

effects. Dex attenuated LPS or TGF-β1-induced EMT and prevented necroinflammation 

in response to LPS stimulation in vitro. The anti-EMT effects of Dex were associated 

with JNK inhibition. 
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Figure 1. 1 Study overview 

The effects of necroptosis-associated necroinflammation were examined in different 

AKI models, including nephrotoxicity (chapter 4)-, IRI (chapter 5)-, and sepsis-induced 

AKI models (chapter 6), as well as the underlying molecular mechanisms. The 

protective effect of Dex and its mechanisms were also evaluated in LPS-induced sepsis 

models (chapter 6).  

AKI: acute kidney injury; EMT: epithelial-mesenchymal transition; IRI: ischaemia-

reperfusion injury; DAMPs: danger-associated molecular patterns; Dex: 

Dexmedetomidine; AAI: aristolochic acid I; OGD: oxygen-glucose deprivation; HMGB-

1: high mobility group box 1 
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Chapter Two 

Background 
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2.1 Chronic kidney disease 

2.1.1 The disease and its impact  

Chronic kidney disease (CKD) is a medical condition characterised by a gradual 

decrease in kidney function over time (5). It has become a significant global public 

health concern due to its increasing prevalence and unfavourable outcome, affecting 

more than 9% of the world's population and leading to over 1 million deaths annually 

(6). According to a simulation model based on 1999 to 2010 US National Health and 

Nutrition Examination Surveys, CKD prevalence in adults over 30 is estimated to 

increase from 13.2% in 2010 to 16.7% in 2030 (7).  CKD-associated mortality has also 

climbed dramatically (increased by 41.5% between 1990 and 2017) and now accounts 

for 4.6% of all-cause death (8).  

Individually, CKD significantly impairs patients’ quality of life (QOL). CKD patients suffer 

from risks of premature death and high medical costs, and as the disease progresses, 

many unpleasant symptoms often manifest, such as fatigue and weakness, nausea and 

vomiting, mental illness, and pain (9), where pain is the most frequent complaint (10), 

with a prevalence of over 60% (11, 12). Besides, QOL can be substantially reduced 

when patients experience mental disorders, such as anxiety and depression, which are 

common among CKD patients (13, 14). Some studies showed that 38-54% of CKD 

patients had anxiety and depression (15, 16). CKD is associated with many 

complications, including fluid and electrolyte abnormalities, cardiovascular disease 
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(CVD), mineral bone disorder, and anaemia, which also contribute to reduced QOL and 

even cause death (10, 17, 18). The incidence and severity of symptoms and 

complications are substantially increased when the disease progresses to end-stage 

renal disease (ESRD) (19-21), at which stage kidney cease functioning and patients 

need renal replacement therapy (RRT) to support their life. 

In addition to the impact on individuals, the financial impact is also significant. CKD 

costs over £1.4 billion in England and $110 billion in the USA annually and is continually 

increasing alongside its prevalence(22, 23). Most of the expenditure is for RRT and CVD 

complications, accounting for more than half of the total costs (22). Given the impact 

of ESRD on QOL and the high expenditure on RRT, it is important to uncover effective 

therapeutic methods to prevent CKD progression.  

2.1.2 Definition and diagnosis 

The latest clinical guideline from The Kidney Disease: Improving Global Outcomes 

(KDIGO) defines CKD as “abnormalities of kidney function present for > 3 months with 

health implications” (24). A diagnosis of CKD can be made when at least one of the 

following criteria is present for more than three months: decreased glomerular 

filtration rate (GFR), with a value less than 60 ml/min/1.73 m2; the presence of 

albuminuria, defined as a urine albumin level of 30 mg or more per 24 hours or a urine 

albumin-to-creatinine ratio (ACR) of 30 mg/g or higher; evidence of kidney damage, as 

demonstrated by imaging or histological findings, abnormalities in urine sediment, 
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electrolyte imbalances due to renal tubular disorders, or a history of kidney 

transplantation (24). Patients with CKD can be classified according to their GFR, ACR 

and cause, which confirms the CKD staging and determines disease management and 

prognosis (24) (Table 2.1). 

  

Table 1. Categories of CKD based on GFR, ACR, and cause 

CKD: chronic kidney disease; GFR: glomerular filtration rate; ACR: urine albumin-to-

creatinine ratio; HIV: human immunodeficiency virus; APOL1: Apolipoprotein L1 
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2.1.3 Prognosis and treatment 

CKD is often asymptomatic at early-stage until the disease progresses to G4 and above 

(25). Progression to ESRD takes between months to decades (26), and the rate of CKD 

progression varies by cause, age, and interventions. Some life-threatening 

complications, including cardiovascular disease, volume and electrolyte disorders, 

kidney failure, infections, and uraemia, may occur during the development. A meta-

analysis based on categorical data showed that GFR and ACR are strong predictors of 

various clinical outcomes, including kidney failure, progressive CKD, mortality from 

cardiovascular disease, acute kidney injury, and death. Based on these findings, a heat 

map was created to reflect the prognosis of CKD (27) (Figure 2.1).  
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Figure 2. 1 CKD prognosis based on GRF and ACR categories (KDIGO) 

Prognosis here refers to clinical outcomes including cardiovascular mortality, kidney 

failure, AKI, progressive CKD, and death. Colours reflect the ranking relative risk. 

Green: low risk; yellow: moderate risk; orange: High risk; red: very high risk. The figure 

is reproduced with permission from KDIGO. 

GFR: glomerular filtration rates; ACR: albumin-to-creatinine ratio; CKD: chronic kidney 

disease; KDIGO: the Kidney Disease Improving Global Outcomes organisation 

 

 

Conservative management is the primary and preferable treatment for CKD (10), that 

includes interventions on lifestyle and dietary, root causes, complications and 

comorbidities (24). Physical activity, smoking cessation, and weight reduction (for 

overweight and obese individuals) are recommended as they can improve 

cardiovascular health and potentially slower the decline of renal function (28-30). 

Protein and sodium intake restrictions are associated with benefits on GFR and 
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albuminuria, therefore have been adapted clinically (31-33). For CKD caused by 

systematic diseases and genetic disorders, interventions targeting on the root cause is 

often effective. For example, the treatment for diabetic CKD and hypertension, mostly 

through glycaemic and blood pressure control, has been shown to slower CKD 

development (24, 34, 35). However, for CKD patients caused by a history of AKI, 

effective medication is still not available, which is due to an incomplete understanding 

of the AKI-CKD transition.  

2.1.4 Renal Fibrosis 

Renal fibrosis, characterised by glomerulosclerosis, vascular sclerosis, and 

tubulointerstitial fibrosis, is the ultimate pathological manifestation of CKD (36). The 

signature histological appearance of it is the excessive accumulation of extracellular 

matrix (ECM) (37). Regardless of the cause, the development of renal fibrosis is a 

dynamic process that encompasses four interrelated phases: initiation, activation, 

execution, and advancement (38). 

Following a prolonged injury, inflammation acts as a primer, establishing the fibrogenic 

stage and initiating tissue fibrogenesis. Inflammation is a crucial component of the 

repairing processes; excessive inflammation, however, can be detrimental and result 

in further damage (39). Tissue injuries trigger inflammation by creating 

proinflammatory environments where gradient chemokines attract immune cells to 

the site of injury (40). Once the immune cells have infiltrated the site of injury, they 
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become activated and produce proinflammatory molecule, which leads to an increase 

in fibrogenic cytokines, resulting in the activation and proliferation of ECM-producing 

cells, such as fibroblasts, pericytes, tubular epithelial cells, endothelial cells, and 

circulating fibrocytes (41-43).  These cells then assemble a multicomponent, integrin-

linked protein complex that manages the formation of ECM via interpreting fibrogenic 

signals, eventually leading to development of renal fibrosis (44, 45). 

2.2 Acute kidney injury 

2.2.1 The disease 

Acute kidney injury is a condition charactesized by a sudden decrease in renal function, 

as indicated by elevated levels of creatinine in the blood and decreased urine output 

(46). The currently clinical guideline by KDIGO diagnoses AKI as “an increase in the 

serum creatinine (SCr) level to at least 0.3 mg/dL within 48 hrs, an increase of SCr to 

more than 1.5 times of the baseline (which is known or presumed to have occurred 

within the prior 7 days), or a urine output (UO) is decreased to less than 0.5 mL/kg/h 

for 6 hrs” (47).  AKI is a prevalent condition, occurring in 5-7% of hospitalised patients 

and 50-60% of critically ill patients (48-50), leading to prolonged hospital stays, high 

medical costs, and increased in-hospital mortality, as well as elevated risks of 

cardiovascular disease, CKD development, and long-term mortality (51).  

AKI can be classified into three categories based on the underlying causes, including 

pre-renal, post-renal, and intra-renal. Pre-renal causes are typically related to 
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decreased blood flow to the kidneys, such as in the case of cardiac failure. Post-renal 

causes can result from a blockage in the urinary tract, while intra-renal causes are 

related to direct damage to the kidneys, such as nephrotoxicity caused by certain 

medications (47).  

2.2.2 Nephrotoxicity induced AKI 

2.2.2.1 Mechanisms of nephrotoxicity 

Nephrotoxic medications are common causes for AKI, especially in hospitalised 

patients (52). Due to their continuous exposure to medications and their byproducts, 

glomerular, interstitial, and tubular cells are vulnerable to the effects of various drugs.  

(53). In addition, due to their ability to concentrate and reabsorb glomerular filtrate, 

which is linked to high levels of circulating toxins, renal tubular cells are especially 

susceptible to nephrotoxicity (54).  

Kellum et.al summarised and categorised nephrotoxic medicines into six broad classes 

(55). First, certain medications exhibit direct chemical nephrotoxicity, including 

chemotherapeutics (e.g., cisplatin and pemetrexed) and antimicrobials (e.g., 

gentamicin and amphotericin). These drugs, which are eliminated through the kidneys, 

can become particularly harmful if renal function decreases, leading to accumulation 

of drugs and their metabolites (56). The second category encompasses substances that 

cause harm to the kidneys through immune-mediated mechanisms, leading to allergic 

tubulointerstitial nephritis, a condition that can be challenging to identify because of 
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its subtle symptoms (57). Another category involves medications, such as angiotensin 

receptor blockers, that affect the intrarenal haemodynamic and reduce GFR (58). The 

fourth category involves drugs that crystallize within the kidney tubules, causing 

intrarenal blockage of urine flow and kidney damage, referred to as crystal-induced 

kidney injury (59). Another category involves drugs that cause AKI through their 

pharmacological effects, such as uricosuric pharmaceuticals that can cause acute urate 

nephropathy. Lastly, the elimination of certain drugs or their by-products can compete 

with creatinine transporters, giving the appearance of AKI, even though other kidney 

functions remain unaffected.(60). 

2.2.2.2 Chemotherapy drug nephrotoxicity 

Chemotherapy drugs have the potential to cause kidney damage and negatively 

impact cancer treatment outcomes and patient survival (61). These drugs can harm 

various components of the kidney, such as the glomerulus, tubules, interstitium, and 

microvasculature, leading to a variety of clinical manifestations, including electrolyte 

imbalance, AKI, and potentially CKD (62). Chemotherapeutic agents can cause 

nephrotoxicity in many different ways, which are all listed in Table 2.2.  
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Table 2. Major classes of chemotherapy drugs and their nephrotoxicity 

AKI: acute kidney injury; CKD: chronic kidney disease; TMA: Thrombotic 

Microangiopathy 

 

2.2.2.3 Antimicrobials 

Among hospital patients, nephrotoxicity caused by antimicrobials is one of the leading 

causes of AKI (63). Antimicrobials can lead to both structural and functional damage 

to the kidney, resulting in varying degrees of kidney injury, from minor tubular injury 

to the need for renal replacement therapy. The most prevalent mechanisms are direct 

nephrotoxicity on tubular cells and crystallisations (64). The most frequent causes of 

antibiotic-associated AKI are aminoglycosides, such as gentamicin, and beta-lactams, 

such as cephaloridine (65-67). 
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2.2.2.4 Herbal ingredients 

Herbal medicines and nutrient supplements have been used widely across the world, 

with an increasing number of people turning to these products to treat a variety of 

healthy issues in various national healthcare settings (68-70).  Although some herbal 

medicines have promising potential and are widely used, most of them have not been 

tested and their use is not monitored. In fact, many of them have negative side effects, 

such as nephrotoxicity. Herbal ingredient nephrotoxicity can cause acute kidney injury, 

nephrolithiasis, chronic interstitial fibrosis, and other kidney pathological syndromes, 

namely herbal nephropathy (71).  Herbal nephropathy can be caused by multiple ways, 

including direct nephrotoxicity on renal cells, toxicity of additive compounds (e.g., 

heavy metals), crystal deposition within the kidney, interaction with co-administrated 

medications, and alterations on homeostasis that result in nephrotoxic circumstances, 

such as nephrolithiasis (70). 
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2.2.3 Ischaemic-reperfusion injury (IRI)-induced AKI 

2.2.3.1 Pathophysiology of IRI-AKI 

Ischemia-reperfusion injury (IRI) a condition where blood flow to a particular area is 

temporarily reduced and then restored, is a major cause of AKI in clinical practice (72).  

The underlying mechanisms behind the development of AKI caused by IRI are intricate 

and involve a range of interactions between various cell types (Figure 2.2). In brief, IRI 

triggers ATP depletion and hypoxia, leading to damage in the endothelial and epithelial 

cells, as well as the recruitment and activation of immune cells (73). The injury to the 

endothelial cells results in vasoconstriction, increased permeability, infiltration of 

leukocytes, release of cytokines, endoplasmic reticulum stress (ER stress), and 

production of reactive oxygen species (ROS) (74). The epithelial cells, on the other 

hand, experience loss of cell polarity, disruption of cellular junctions, disarray of the 

cytoskeleton, accumulation of cellular debris, and increased ROS production, along 

with the release of damage-associated molecular patterns (DAMPs) and cytokines (75). 

These ROS, cytokines, and DAMPs further activate immune cells, creating an ongoing 

cycle of injury and inflammation (76).  
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Figure 2. 2 Pathophysiology of IRI-AKI 

IRI causes ATP depletion and hypoxia, which lead to endothelial injury, epithelial 

injury, and recruitment and activation of immune cells. Endothelial injury is 

characterised of vasoconstriction, increased permeability, leukocyte infiltration, 

cytokine release and ROS production. Epithelial injury can cause loss of cell polarity 

and cellular junctions, cytoskeleton disorders, increased cell debris, cellular shedding, 

ROS production, and release of DAMPs and cytokines. ROS, cytokines, and DAMPs can 

further activate immune cells. Injured endothelial and epithelial cells and activated 

immune cells together cause inflammation and AKI. 

IRI: ischaemia-reperfusion injury; ATP: adenosine triphosphate; ROS: reactive oxygen 

species; DAMPs: danger-associated molecular patterns 
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2.2.3.2 Energy depletion 

The initial metabolic change of ischaemic AKI is energy depletion. Blood blow is 

reduced or disrupted during ischaemic period, leading to inadequate supply of glucose 

and oxygen, which greatly suppress adenosine triphosphate (ATP) production (77). 

Insufficient oxygen supply shifts glucose metabolism from oxidative phosphorylation 

to anaerobic glycolysis, which declines the efficiency of ATP synthesis and causes 

intracellular lactic acidosis (78). The depletion of ATP can result in the ineffectiveness 

of important ion pumps on the cell membrane, causing imbalances in sodium and 

potassium levels (79). An increase in intracellular sodium disrupts the functioning of 

Na+-H+ exchangers. Additionally, the inactivity of the Ca2+-ATPase pumps located in 

the endoplasmic reticulum results in a decreased capacity of reabsorbing calcium ions. 

(80). These lead to an imbalance in ion and fluid levels, which causes cellular swelling 

(81). Deficient Oxygen can also cause malfunctions of mitochondrial electron transport 

chain, leading to activation of caspase cascades, oxidative stress, membrane 

permeabilization, and subsequent cell death (82). 

2.2.3.3 Oxidative stress 

Oxidative stress refers to a state where there is an imbalance between the generation 

and removal of reactive oxygen species (ROS), leading to both non-regulated or 

regulated cell death (73). This can worsen the harm caused by IRI and is often a result 

of mitochondrial dysfunction (83). There are various forms of ROS, such as peroxides 



43 

 

and superoxide. (84). These reactive species react with biological macromolecules, 

such as lipids and DNA, leading to cellular dysfunction or death. ROS can attack cell 

membranes and blood vessels, causing lipid peroxidation and affecting membrane 

permeability and ion transport (85). Besides, ROS can cause the production of 

cytokines, which stimulates inflammation and immune response (86).  

2.2.3.4 Structural Alterations  

During IRI, the brush border of proximal tubular cells undergoes structural changes 

(87). This brush border, made up of microvilli, plays a role in the reabsorption of small 

molecules (e.g., peptides) (88). During IRI, a lack of ATP leads to a breakdown in 

microfilaments, altering the structure of microvilli and disrupting the orientation of 

cells, resulting in the creation of protuberances and irregularities on the plasma 

membrane, which eventually break off and are discharged into the tubular lumen (89). 

Additionally, in response to IRI, integrins, which are transmembrane receptors that 

mediate cellular adhesion, may move to the apical side of epithelial cell membrane 

and cause cell detachment, leading to obstruction within tubules and kidney damage 

(90, 91).  
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2.2.3.5 Apoptosis 

Apoptosis is a form of cell death that involves shrinkage of cells, fragmentation, 

nuclear condensation, and rapid phagocytosis by phagocytes (92). It is a critical 

component in homeostasis and facilitates quick removal of the dying or injured cells 

without causing significant damage to the surrounding tissue (93, 94). Apoptosis can 

be initiated either by the damaged cell itself through the intrinsic pathway or by 

interaction with extracellular pro-apoptotic molecules via the extrinsic pathway (94, 

95). Apoptosis is initiated via a group of cysteine-aspartic proteases termed caspases, 

which can be divided into two categories: the initiator caspases, which include 

caspases 8 and 9, and the executioner caspases consisting of caspases 3, 6, and 7 (95). 

Once apoptotic signals are detected, the initiator caspases become active, triggering 

the activation of executioner caspases, leading to a series of events, including DNA 

fragmentation, nuclear condensation, and the release of phagocytotic signals (96, 97).  

2.2.3.6 Necrosis and programmed necrosis 

Necrosis is a different type of cell death that is characterised by disorganised 

chromatin clustering and cell membrane disruption. The release of cytoplasmic 

content into extracellular space can cause an immune response and trigger 

inflammation, leading to further tissue damage and potentially exacerbating the 

underlying injury (98). The understanding of necrosis has been greatly evolved recently. 

In the past, necrosis was perceived as an uncontrolled, energy-independent cell death 
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that is induced by severe and sudden damage, such as hypoxia or inflammation (99). 

Recently, genetic evidence (100-102) and the identification of necrosis inhibitors (103, 

104) have uncovered various types of regulated necrosis, a form of cell death that 

involves disruption of cell membrane in a controlled manner (105). Multiple modes of 

cell death have been demonstrated to share the concept, including necroptosis, 

pyroptosis, ferroptosis, and NETosis (106). 

2. 3 The transition from AKI to CKD 

2.3.1 The involvement of AKI in CKD development 

In the past, it was commonly held that patients who survived AKI would experience a 

full recovery of kidney function to normal levels without any long-term consequences. 

Recently, however, this has been proven to be false. A meta-analysis by Coca et al. 

showed that the risk of developing CKD or ESRD was significantly high for AKI patients, 

with a 9-fold higher risk of CKD and a 3-fold higher risk of ESRD than normal population  

(107). This increased risk was found to be related to the severity, duration, and 

frequency of the AKI episode (108-110). Animal and in vitro experiments also observed 

that following an episode of AKI, maladaptive repair processes can occur (111-116). 

These processes are characterised by the development of fibrosis, reduction in the 

number of tubules, and chronic inflammation within the interstitial space, ultimately 

leading to the acceleration of aging in the kidneys and a decline in renal function (117). 
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The potential underlying mechanisms are shown in Figure 2.3 and discussed in the 

following sections. 

 

Figure 2. 3 Potential mechanisms of AKI-CKD transition 

Acute kidney, featured inflammation and vascular dysregulation, can cause chronic 

kidney disease via multiple mechanisms. AKI can direct damage nephrons and cause 

decompensation of nephron hypertrophy, leading to irreversible nephron loss. It can 

also cause cellular senescence, persistent inflammation, and maladaptive repair. 

Epithelial and endothelial cells can be supplementary resources of fibrogenic cells via 

EMT and EndMT, respectively.  

EMT: epithelial-mesenchymal transition; EndMT: endothelial-mesenchymal 

transition; AKI: cute kidney injury; CKD: chronic kidney disease 
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2.3.2 Nephron loss and hypertrophy 

In humans, nephrons are generated between weeks 12 and 36 of gestation, with an 

average of 950,000 nephrons per kidney ranging from 200,000 to >2.5 million 

(118).   After this time, new nephrons cannot be generated, and their number 

decreases with age (10). During growth, nephrons expand their size to meet increased 

demands. Physiologically, nephrons can resist increased filtration load via increasing 

the single-nephron GFR temporarily without undergoing any structural changes as a 

reserve mechanism (119, 120). Besides, the kidney has regeneration capacity, but this 

is limited to a small group of immature tubular cells that can replace single epithelial 

cells (121). If these immature tubular cells are lost, the ability of tubule segment 

regeneration is disrupted, causing irreversible nephron loss (122). 

Nephron hypertrophy is a compensation mechanism to contend glomerular 

hyperfiltration by increase the filtration surface (123). A characteristic feature of it is 

the enlargement of key structures, including the glomerular tuft, Bowman's capsule, 

and the proximal tubule (124). Glomerular hyperfiltration induces the production of 

various growth factors, most notably transforming growth factor-α (TGF-α), which 

cause nephron hypertrophy (125). As a compensation mechanism, nephron 

hypertrophy can maintain a relatively renal function despite a significant loss of 

nephrons (123). However, when nephron hypertrophy reaches a certain threshold, the 

increased shear stress on podocytes can lead to damage to the glomerular filtration 
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barrier, causing glomerulosclerosis and subsequent deterioration on renal function 

(124). 

2.3.3 Cell cycle, cell cycle arrest, and cellular senescence 

Cell division is a highly controlled process that leads to the formation of two new cells. 

Cell division involves five distinct phases: G0, G1, S, G2, and M. G0 is a quiescent phase 

in which the cell has exited the cell cycle and is no longer dividing (126). The G1 phase, 

which occurs after cells leave the G0 phase and begin the process of cell division, is 

characterised by cell size growth and the production of the mRNA and proteins needed 

for DNA duplication. Then, in the S phase, DNA replication takes place. Following the 

S phase, the cell advances to the G2 phase, a preparatory stage prior to the M phase. 

The G2 phase is marked by an acceleration of cell growth and an increased protein 

production. Cell growth ceases during the M phase, and cell division proceeds in an 

orderly fashion. Data has shown that tubular epithelial cells are in the G0 phase and 

poised to G1 under normal circumstances (127, 128). 

Cell cycle arrest is a point in the cycle where the cell is no longer engaged in the 

procedures of cell duplication and division. Irreversible cell cycle arrest at G1 or G2 

indicates cellular senescence,  a condition where cells stop dividing and growth, with 

changes in transcription, metabolism, and secretion, along with altered cellular 

morphology and chromatin organization (129). Cellular senescence, a phenomenon in 

which cells cease to divide and function properly, can occur both during embryonic 
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development and aging, as well as in response to cellular damage (130). The 

dysregulation of the cell cycle in tubular epithelial cells following AKI has been 

demonstrated by many pre-clinical research (130).  

Senescence is a condition where the cell cycle stop cell dividing and growth, with 

changes in transcription, metabolism, and secretion. Owing to AKI, both cortex and 

medulla tissues can be senescent, and renal tubular epithelial cells (TECs) are the most 

frequently senescent cells (131). In fact, senescence of TECs is a key mechanism that 

accumulates senescent cells and causes progression of kidney damage (132). It has 

been demonstrated that TECs can exhibit a G2/M cell cycle arrest following severe or 

persistent injury, instead of the typical G1/0 arrest under normal circumstances (133). 

Through the activation of c-jun N-terminal kinase (JNK) signalling, this cellular 

senescence increases the production of pro-fibrotic factors, such as transforming 

growth factor-β (TGF-β), which leads to renal fibrosis and CKD (133). Pharmacological 

interventions that reverse G2/M arrest slowed down the development from AKI to CKD, 

indicating the vital role of senescence in AKI-CKD transition (116). Besides, it has been 

shown that severe AKI can activate tubular epithelial cells (TECs) to a senescence-

associated secretory phenotype (SASP) where TECs have intensive signalling activities 

on multiple profibrotic pathways that leads to overproduction of pro-fibrotic factors, 

resulting in activation of fibroblasts, accumulation of ECM, and ultimately CKD (126, 

133). 
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2.3.4 Maladaptive repair 

At the tissue level, the outcome of AKI is determined by the interplay between 

adaptive and maladaptive repair processes. Maladaptive repair is characterised by 

accumulation of extracellular matrix (ECM), increased level of profibrotic factors, and 

persistent inflammation. ECM is predominantly synthesised by myofibroblasts, an 

activated form of fibroblasts (134, 135). Myofibroblasts can arise from residential 

fibroblasts, bone marrow-derived fibroblasts, tubular endothelial cells via endothelial-

mesenchymal transition (EndoMT), and tubular epithelial cells (TECs) via epithelial-

mesenchymal transition (EMT) (136).  

EndoMT is a genetic controlled activity where the distinctive properties of endothelial 

cells are lost and a mesenchymal-like phenotype is acquired (137). Endothelial cells 

are one of the major targets in AKI, leading to decreased nitric oxide synthesis, 

dysregulation of blood flow, impaired vascular permeability, and subsequent renal 

hypoxia (138). various animal studies have revealed that EndoMT has a role in 

maladaptive repair following AKI (74, 139, 140). After AKI, endothelial cells may 

change their features and migrate into the interstitial space where they dedifferentiate 

into myofibroblast and contribute to the progression of CKD. 

Similarly, EMT refers to a process where tubule epithelial cells lose their phenotype 

and acquire features of mesenchymal cells (141). The plasticity of epithelial cells is 

essential during embryonic development, since it allows reestablishment in anchored 
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epithelial cells during a developing organism (142). In adults, EMT enables epithelial 

cells to be an additional source of fibroblasts, which are crucial for repair processes. 

However, enhanced EMT during renal fibrosis is an unfavourable process, since it leads 

to overproduced fibrotic scars which breaks the polarised renal tubular epithelial 

layers (143) and results in reduced renal function. Under normal circumstances, 

tubular epithelial are tightly connected to each other by intracellular adhesion 

molecules like E-cadherin, and they attach to the tubular basement membrane (TBM) 

on their basal side (143). During EMT, tubular epithelial cells lose their connections 

because of reduced E-cadherin. Meanwhile, activated matrix metalloproteinases 

(MMPs) disrupt the TBM via enzymatic degradation (144). The loss of intercellular 

connections and the disruption of TBM enable epithelial cells to migrate into the 

interstitial space where epithelial cells transform to fibroblasts (2), leading to elevated 

quantity of myofibroblasts and the overproduction of extracellular matrix which 

eventually cause fibrosis on kidneys.  
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Figure 2. 4 The process of EMT in renal tubules and its contribution to ECM 

In a normal renal tubule, TECs are tightly connected to each other by intracellular 

adhesion molecules like E-cadherin, and they attach to the TBM on their basal side. 

Upon the stimulation of inflammation, TECs lose their connections because of the loss 

of E-cadherin via the regulation of profibrotic factors. Meanwhile, activated matrix 

MMPs disrupt the TBM via enzymatic degradation. These allow TECs to migrate into 

the interstitial space where epithelial cells transform to fibroblasts resulting in 

decompensated, irregular tubules that cause a decline in renal function. On the other 

hand, elevated counts of fibroblasts overproduce ECM that result in renal fibrosis. 

EMT: epithelial-mesenchymal transition; TEC: tubular epithelial cells; TBM: tubular 

basement membrane; MMP: metalloproteinases; ECM: extracellular matrix. 
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2.3.5 The transforming growth factor-beta 1 signalling pathways 

Transforming growth factor-beta 1 (TGF-β1), a member of the TGF-β superfamily, has 

been identified as a potent inducer of the EMT process (145). TGF-β1 interacts with 

two types of serine/threonine kinase receptors, known as TGF-β receptor I and II (TβR1 

and TβR2). Upon binding of TGF-β1 to TβR2, it generates a heteromeric complex with 

TβR1, which then proceeds to transmit the TGF-β1 signal via smad-independent or 

smad-dependent TGF-β signalling pathways (146). Smad-independent TGF-β signalling 

pathways signal through the mitogen-activated protein kinases (MAPKs) pathways, 

and the effects of these pathways have not been well elucidated (147). On the other 

hand, smad-dependent TGF-β signalling pathways have been well studied and are 

considered as major pathways mediating EMT and fibrosis (148). Smads are a group of 

structural similar proteins functioning as intracellular signal transducers (149, 150). 

They can be categorised into three groups, the receptor regulatory group (including 

smad1, 2, 3, 5 and 8), the common smad (smad4) and the inhibitory group (smad6 and 

7). Upon the stimulation of TGF-β1, the TβR2 recruits the TβR1, forming a heteromeric 

complex which subsequently phosphorylated smad2 and/or smad3. The 

Phosphorylated smad2/3 bind to smad4 and form a DNA-binding smad complex. The 

smad complex then translocate into the nucleus targeting genes including profibrotic 

genes such as snail, α-SMA and twist. The smad complex also induces the transcription 

of smad7 which can inhibit the phosphorylation of smad2 and 3 (151). Besides, the 

angiotensin II receptors and the receptor for advanced glycation end products (RAGE) 
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can activate smad2/3 via extracellular signal–regulated kinase (ERK)/p38 mitogen-

activated protein kinase independent of TGF-β (152) (Figure 2.5). 

 

 

Figure 2. 5 Smad-dependent signalling pathways 

Upon the stimulation of TGF-β1, the TβR2 recruits the TβR1, forming a heteromeric 

complex which subsequently phosphorylated smad2 and/or smad3. The 

Phosphorylated smad2/3 bind to smad4 and form a DNA-binding smad complex. The 

smad complex then translocate into the nucleus targeting genes including profibrotic 

genes such as snail, α-SMA and twist. The smad complex also induces the transcription 

of smad7 which can inhibit the phosphorylation of smad2 and 3. Besides, the 

angiotensin II receptors and the receptor for RAGE can activate smad2/3 via ERK/p38 

independent of TGF-β. 

TGF- β1: transforming growth factor- β1; TβR: TGF-β receptor; α-SMA: α-smooth 

muscle actin; RAGE: receptor for advanced glycation end products; ERK: extracellular 

signal–regulated kinase 
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2.3.6 Persistent inflammation and necroinflammation 

Despite a clinical recovery from AKI, chronic inflammation persists in the kidney after 

AKI, as evidenced by persistent elevations of pro-inflammatory cytokines and 

biomarkers of renal injury (153), indicating that chronic inflammation caused by AKI 

may have an important role to promote CKD. Inflammation is a physiological defensive 

response of immune system to harmful stimuli. In fact, inflammation is a key physio-

pathological hallmark of both AKI and CKD. During AKI, the occurrence of inflammation 

is characterised by massive release of cytokine, increased vascular permeability, and 

immune cell infiltration. Increased level of inflammation markers, including C-reactive 

protein, interleukins, and tumour necrosis factor-α (TNF-α) can be detected in the 

plasma and renal biopsy of patients with CKD and are clinically used to indicate 

prognosis (154).  

Necroinflammation, an auto-amplification loop caused by mutually enhanced necrosis 

and inflammation (155), may be responsible for the persist inflammation after AKI 

(Figure 2.6). Upon the stimulation of insults, normal cells develop necrosis which 

causes massive release of danger-associated molecular patterns (DAMPs) including 

ATP, HMGB-1, HSP, and DNA (156). By interacting with pattern recognition receptors 

(PRRs), DAMPs not only induce necrosis on neighbouring cells but also recruit and 

activate immune cells that amplify the inflammation and drive further necrosis (157). 
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This vicious cycle is termed necroinflammation, and under certain circumstances, it 

may persist despite the recovery of renal function, leading to the development of CKD. 

  

Figure 2. 6 Conceptual model of necroinflammation 

Upon the stimulation of insults, normal cells develop necrosis which causes massive 

release of DAMPs. DAMPs not only induce necrosis on surrounding cells but also 

recruit and activate immune cells that amplify the inflammation and drive further 

necrosis on normal cells. 

PRRs: pattern recognition receptors; DAMPs: danger-associated molecular patterns 
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2.3.7 Damage-associated molecular patterns (DAMPs) 

DAMPs are endogenous danger molecules within cells that are released from injured 

or necrotic cells and promote sterile inflammatory response by interacting with 

pattern PRRs. Despite DAMPs are component of defensive mechanism, they are 

responsible of many pathological conditions. A considerable number of DAMPs are 

proteins that naturally occur in the nucleus or cytosol and have a specific intracellular 

role. When they are released to the extracellular space, they shift from a reducing to 

an oxidizing environment, resulting in the loss of their biological functions (158).  In 

addition to nuclear and cytosolic DAMPs, other sources of DAMPs include 

mitochondria, endoplasmic reticulum, and plasma membrane (156).  

A variety of DAMPs, such as histones, high-mobility group box 1 (HMGB1), and heat 

shock proteins (HSPs), have association with renal fibrosis, and their receptors and 

roles of development of CKD are summarised in Table 2.3 (159-161). 
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Table 3. Role of DAMPs in the development of CKD 

DAMPs: danger-associated molecular patterns; CKD: chronic kidney disease; TLR: toll-

like receptor; HMGB-1: high mobility group box 1; RAGE: receptor for advanced 

glycation end products; ATP: adenosine triphosphate; IL-1β: interleukin-1β 

 

2.3.8 Necroptosis 

Necroptosis is a type of programmed cell death with a necrotic death-like appearance 

(162). Factors that can induce necroptosis include toll-like receptor ligands, tumour 

necrosis factor-α (TNF-α), DNA-damaging agents and T-cell receptor ligation (163). 

Signalling pathways of necroptosis remain partially understood. However, the major 

steps of TNF-α-induced necroptosis has been clarified (Figure 2.7). Following the 

interaction with TNF-α, the TNF receptor (TNFR) gets activated and then recruits 

receptor-interacting protein kinase 1 (RIP1), transforming growth factor-β-activated 
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kinase 1 (TAK1), and tumour necrosis factor receptor associated death domain 

(TRADD) , which binds to the Fas-associated death domain (FADD) (164-166). Normally, 

when FADD binds to FADD-like interleukin 1β-converting enzyme-like inhibitory 

protein (FLIP), cells initiate an inflammatory pathway induced by nuclear factor of 

kappa-light-chain-enhancer of activated B cells (NF-κB) (167). However, if FLIP is 

degraded, FADD binds to caspase 8, which sets off the apoptotic pathway. If both FLIP 

and caspase 8 are lost, cells undergo necroptosis, a process that involves the 

recruitment of RIP3 by RIP1 and subsequent phosphorylation of both proteins. Then 

the high-energy phosphate bonds are transferred to mixed lineage kinase domain-like 

protein (MLKL), which subsequently causes cell membrane permeabilization (168, 

169). It has been demonstrated that necroptosis have vital roles in various AKI models 

(170-173), and necroptosis is related to an increase of profibrotic factors, such as TGF-

β (174) and IL-1β (175), suggesting that necroptosis may implicate in the development 

of renal fibrosis.  
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Figure 2. 7 TNF-α induced necroptosis pathway 

Upon the stimulation of TNF-α, TNFR forms complex 1, containing RIP1, TAK1 and 

TRADD, binding with FADD. FADD preferentially binds with FLIP, which causes cells to 

undergo NF-κB induced inflammation. FADD binds to caspase 8 when FLIP is absent 

which results in apoptosis. If both FLIP and caspase 8 are lost, MLKL is phosphorylated 

by the complex 2, causing necroptosis. 

TNF-α: tumour necrosis factor-α; TNFR: tumour necrosis factor receptor; RIP1: 

receptor-interacting serine/threonine-protein kinase 1; TAK1: transforming growth 

factor-β (TGF-β)-activated kinase 1; TRADD: tumour necrosis factor receptor type 1-

associated DEATH domain; FADD: Fas-associated via death domain; FLIP: FADD-like 

interleukin 1β-converting enzyme-like inhibitory protein; NF-κB: nuclear factor kappa 

B; RIP3: receptor-interacting serine/threonine-protein kinase 3; MLKL: mixed lineage 

kinase domain-like protein; zVAD: z-VAD-FMK 

  



61 

 

2. 4 Hypothesis 

It is currently unclear why acute inflammation progresses into chronic, persistent 

inflammation. Due to the persistent, cyclic nature of necroinflammation, where 

necrosis and inflammation promote each other, we pose that necroinflammation 

would be a contributing factor to the progression of acute inflammation into chronic 

inflammation. Moreover, since necroptosis has been proven to play a key pathogenic 

role in many models of acute kidney injury (176-179), this form of programmed 

necrosis is the focus of our research. We hypothesed that in response to various 

damage, TECs develop necroptosis. These dead cells release DAMPs, resulting in 

persistent necroinflammation, which leads to nephron loss, maladaptive repair 

processes such as EMT, and eventually a fibrotic kidney. Therefore, inhibiting 

necroptosis may attenuate the development of renal fibrosis resulting from AKI. 

Furthermore, Dexmedetomidine (Dex), a potent cytoprotective anaesthetic, may have 

the potential to suppress fibrosis development after AKI. 

The study aims to investigate the roles of necroptosis, DAMPs, and necroinflammation 

in EMT and fibrogenesis across various AKI models (nephrotoxicity, IRI, and sepsis), as 

well as the underlying mechanisms, such as signaling pathways. The ultimate goal is to 

identify treatments that can prevent the progression of AKI to renal fibrosis by 

targeting specific molecular pathways.  
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Figure 2. 8 A hypothetical model of the progression of AKI towards CKD 

Following injury, TECs are stimulated and experience a variety of stressors, including 

ER stress, oxidative stress, DNA damage, and/or extrinsic death ligands like TNF-α, 

leading to necrosis (necroptosis) during the early phase of injury. These dead cells 

release DAMPs, resulting in persistent necroinflammation, which leads to nephron 

loss, maladaptive repair processes such as EMT, cell cycle arrest, and eventually a 

fibrotic kidney. 

IRI: ischaemia-reperfusion injury; ER stress: endoplasmic reticulum stress; AKI: acute 

kidney injury; Dex: Dexmedetomidine; EMT; epithelial-mesenchymal transition  
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Chapter Three 

Methodology 
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3.1 Cell culture  

Human kidney 2 (HK2) cells were purchased from the European Collection of 

Authenticated Cell Cultures (ECACC, Salisbury, UK). It is a renal proximal tubular 

epithelial cell line derived from normal adult kidney, and human papilloma virus type 

16 (HPV-16) E6/E7 genes were transduced to immortalised the cells. HK2 cells were 

cultured in Roswell Park Memorial Institute 1640 medium (RPMI 1640 medium; Gibco, 

Billings, USA) (180-182), supplemented with 10% foetal bovine serum (Invitrogen, 

Paisley, UK) and 1% penicillin-streptomycin (Invitrogen) and incubated in a humidified 

incubator at 37 °C with air balanced with 5% CO2. The medium was changed every 

three days. After cells reached 70% confluency, they were dissociated with Trypsin 

(Thermo Fisher Scientific, Waltham, USA) and then centrifuged for subculturing. 

Biological replicates were conducted for data analysis.  

3.2 Nephrotoxicity treatment 

The following nephrotoxic substances were used in the present study. 

Cisplatin: Cisplatin (CDDP) is a platinum-based alkylating chemotherapy agent. In our 

study, CDDP (Sigma-Aldrich, Poole, UK) was dissolved in 0.9% NaCl. For the toxicity 

study, cells were treated with cisplatin at 3μM, 20μM and 100μM respectively. The 

first concentration is an expected clinical plasma concentration (183), the other two 

are referred from the research use of cisplatin (184).  
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Pemetrexed: Pemetrexed (PEM) is a new generation antifolate agent used to treat 

mesothelioma and non-small cell lung cancer (NSCLC) (185). PEM (Sigma-Aldrich) was 

dissolved phosphate-buffered saline (PBS) and diluted at 3μM, 20μM and 100μM. 

Similarly, the first concentration relates to clinical use of pemetrexed (186), while the 

other two pertain to the usage of pemetrexed in research (187). 

Gentamicin: Gentamicin (GM) is an aminoglycoside class of bactericidal antibiotic 

(188). GM solution (10mg/ml; Gibco) was diluted to 10μM, 20μM and 100μM with 

distilled water. The first two are therapeutic concentrations of gentamicin (189). The 

last one is referred from gentamicin in vitro studies (190, 191). 

AA-I: AA-I are compounds found in plants from the Aristolochiaceae family (192) and 

have been used for therapeutic purposes. It was dissolved in dimethyl sulfoxide 

(DMSO). In in vitro studies, AAI mainly ranges from 1 to 200μM (193-196), and thus 

AA-I was diluted to 1μM, 10μM and 100μM for the toxicity study. 

3.3 Oxygen-glucose deprivation (OGD) and reperfusion 

OGD is the most common method to induce ischaemic injury in vitro (197). The OGD 

medium used in this study was RPMI 1640 without glucose (Gibco) supplemented with 

10% foetal bovine serum and 1% penicillin-streptomycin. After the confluency of cells 

was confirmed, cells were washed with pre-warmed sterile PBS for twice. Then cells 

were incubated with pre-warmed OGD medium bubbled with 95% N2 and 5% CO2 and 

moved into a chamber flushed with the same gas combination. The chamber was then 
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quickly sealed and transferred into an incubator at 37 °C for 1 hour. Cells were then 

incubated in RPMI 1640 medium supplemented with 10% foetal bovine serum and 1% 

penicillin-streptomycin at 37 °C with air balanced with 5% CO2 to mimic the reperfusion 

state (Figure 3.1).  

 

Figure 3. 1 Procedures of OGD 

Cells were incubated with pre-warmed OGD medium bubbled with 95% N2 and 5% 

CO2 and moved into a chamber flushed with the same gas combination. The chamber 

was then quickly sealed and transferred into an incubator at 37 °C for 1 hour. 

OGD: oxygen-glucose deprivation; HK2 cells: human kidney 2 cells; RPMI: Roswell Park 

Memorial Institute 1640 medium 

 

3.4 Cell Counting Kit-8 (CCK-8) assay 

CCK-8 assay is a highly sensitive colorimetric test for determining cell viability. The kit 

employs water-soluble tetrazolium salt-8 (WST-8). WST-8 produces an orange 

formazan dye upon bio-reduction through cellular dehydrogenases. The amount of the 
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orange formazan is directly proportional to the number of live cells. Its optical density 

(OD) can be measured at 460nm (Figure 3.2). 

 

Cell suspension was seeded in a 96-well plate and received treatment when reaching 

confluency. After treatment, cell medium was replaced (90μl/well), and 10μl of CCK-8 

kit (Sigma-Aldrich) was added into each well. Wells with 90μl medium and 10μl CCK-8 

kit without cells were set as blank. After 4 hours of incubation, the OD value of each 

well was measured at 460nm using a microplate reader. The survival rate was 

calculated as (OD sample-OD blank) / (OD naive control-OD blank) *100%. 
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Figure 3. 2 Illustration of CCK8 assay 

WST-8 produces an orange formazan via reaction of cellular dehydrogenases. After 

applying CCK-8 kit into each well, cells were incubated in a humidified incubator at 37 

°C with air balanced with 5% CO2 for 4 hours. Then the OD values were examined by a 

microplate reader at 460nm. 

CCK-8: Cell Counting Kit-8; WST-8: water-soluble tetrazolium salt-8; NAD: 

nicotinamide adenine dinucleotide; NADH: NAD + hydrogen 

 

3.5 Annexin V/Propidium Iodide (PI) flow cytometry  

Annexin V/PI flow cytometry was used to distinguish apoptotic and necrotic cells. 

Annexin V has a high affinity for phosphatidylserine (PS), which is located on the inner 

side of cell membrane in normal cells. During apoptosis, cells lose membrane 

asymmetry that leads to exposure of PS. Therefore, fluorescence labelled Annexin V 
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can be used to determine apoptosis. PI is a fluorescent agent that attachs to double 

stranded DNA. PI cannot permeant into healthy live cells, thus PI is utilised to label 

dead cells. The principle of Annexin V/PI flow cytometry is illustrated in Figure 3.3. 

In practice, HK-2 cells were cultured in 35mm cell Petri dishes (Costar, Washington, 

D.C., USA) with 2ml of culture medium in each dish. Following treatment, cells were 

washed with ice-cold PBS for twice and then dissociated by cell dissociation buffer 

(Gibco) for 10 minutes at room temperature. Cells were then carefully transferred into 

5ml test tubes and washed with Annexin V binding buffer (BioLegend, San Diego, USA) 

by centrifuging at 1,500rpm for 5 minutes. Then, Cells were resuspension at a 

concentration of 1 x 106 cells/ml with 400μl Annexin V binding buffer. Samples were 

incubated with FITC Annexin V (BioLegend) for 15 minutes at room temperature. After 

washing with Annexin V binding buffer via centrifuging, cells were incubated with PI 

solution (BioLegend) for 5 minutes. Samples were then tested on a flow cytometer 

(Figure 3.4). Data were analysed by a flow cytometry data analysis software, FlowJo 

(Ashland, USA). 
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Figure 3. 3 Principle of Annexin V/Propidium Iodide (PI) flow cytometry 

Annexin V has high affinity for PS. PS may translocate from cytoplasmic to extracellular 

side. PI is a fluorescent agent that binds to double stranded DNA. PI cannot permeant 

into healthy live cells, thus PI can be used to stain dead cells. Ideally, Annexin V-/PI- 

cells are healthy cells, Annexin V+/PI- cells are cells undergoing early apoptotic cells, 

Annexin V+/PI+ cells are late apoptotic cells, and Annexin V-/PI+ cells are necrotic cells. 

PS: phosphatidylserine; PI: propidium iodide; Q: quadrant. 
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Figure 3. 4 Procedures of flow cytometry 

Following treatment, cells were washed with ice-cold PBS for twice and then 

dissociated by cell dissociation buffer for 10min at room temperature. Cells were then 

carefully transferred into 5ml test tubes and washed with Annexin V binding buffer by 

centrifuging at 1,500rpm for 5 minutes. Then, Cells were resuspension at a 

concentration of 1 x 106 cells/ml with 400μl Annexin V binding buffer. Samples were 

incubated with FITC Annexin V for 15 minutes at room temperature. After washing 

with Annexin V binding buffer via centrifuging, cells were incubated with PI solution 

for 5 minutes. Samples were then analysed by a flow cytometer.  

PBS: phosphate buffered solution 
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3.6 Animals and treatment 

C57BL/6J mice were purchased from Charles River Laboratories (Wilmington, USA). 

Mice were kept in temperature and humidity-controlled cages in a specific pathogen-

free (SPF) animal research facility at Chelsea & Westminster Hospital, Imperial College 

London. All experimental procedures in the current study strictly followed the United 

Kingdom Animals Act 1986. 

3.7 Ischaemia-reperfusion injury model in vivo 

Mice (n=3) were randomly assigned in untreated group, sham control group, ischemia-

reperfusion group, and necrostatin-1 (Nec-1, an inhibitor of necroptosis; Calbiochem, 

Darmstadt, Germany) treated IRI group. Mice were anaesthetised by 1.5% isoflurane 

(Sigma-Aldrich). In the IRI and NEC group, mice received bilateral renal pedicle 

clamping for 30 minutes. In the NEC group, mice were injected 1.65 mg Nec-1/kg body 

weight intraperitoneally at 15 minutes before the onset of ischemia. A temperature 

controller (Omega Engineering Inc., Stamford, USA) was utilized to maintain the intra-

abdominal temperature at 36.0 ± 0.1 °C for the duration of the experiment. All mice 

were sacrificed 24 hours after treatment with an overdose pentobarbitone i.p. 

injection (P010, Sigma-Aldrich) and their kidneys were then harvested (Figure 3.5). The 

in vivo experiments were conducted by Dr. Hailin Zhao, a research associate in Imperial 

College London. 
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Figure 3. 5 Procedure of ischaemia-reperfusion in vivo model 

Adult C57BL/6J mice weighing 20 to 25g were randomly assigned in four groups. NC: 

untreated; SH: laparotomy without biliteral pedicle; IRI: biliteral pedicle clamping for 

30min; NEC: biliteral pedicle clamping for 30min and i.p. injection of Nec-1 15min 

before ischaemia. Mice were anaesthetised by 1.5% isoflurane. All mice were 

sacrificed 24 hours after treatment with an overdose pentobarbitone i.p. injection and 

their kidneys were harvested. 

NC: naïve control; SH: sham control; IRI: ischaemic-reperfusion injury; Nec-1: 

necrostatin-1; i.p.: intraperitoneally. 
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3.8 Sepsis model in vivo 

This part study was collaborated with Prof. Dongxin Wang and Dr. Yibing Sun, Peking 

University First Hospital, Beijing, China. The research protocol was approved by the 

Ethics Committee of Animal Use for Scientific Research of Peking University First 

Hospital, and the in vivo experiments were conducted by Dr. Yibing Sun. Adult male 

C57BL/6J mice (aged 10 weeks and weighing 20 to 25g), were randomly administered 

intraperitoneally with lipopolysaccharides (LPS) alone, LPS with Dexmedetomidine 

(Dex) or LPS, Dex and α2-adrenoreceptor (α2-AR) antagonist Atipamezole (Atip, 

n=5/group).  Mice of the LPS alone group received 10mg/kg LPS from Escherichia Coli-

O111:B4 (L2630, Sigma-Aldrich). Mice in the LPS+DEX groups received 25g/kg Dex 

(SML0956, Sigma-Aldrich) intraperitoneally every two hours for a total of three times 

immediately after LPS administration whilst mice in the LPS+DEX+ATIP group, after LPS 

administration, ATIP mice were given Atip (A9611, Sigma-Aldrich) intraperitoneally at 

a dose of 500 g/kg every two hours for a total of three times followed by Dex as above. 

Mice in the control group received comparable volumes of saline (n=5). All mice were 

sacrificed 24 hours after treatment with an overdose pentobarbitone i.p. injection and 

their kidneys were then harvested. 

3.9 Haematoxylin and eosin (H&E) staining  

H&E staining is one of the principal methods to study histology. Cell nuclei are stained 

purple-blue by haematoxylin, while the cytoplasmatic substances are stained pink by 
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eosin, and other structures are stained different mixtures of these colours (198). Thus, 

H&E staining can be used to study cell nuclei, cytoplasm, and an overview of 

histological structure. 

  In our study, the kidney sections were fixed with 5% formalin (Sigma-Aldrich) and 

imbedded in wax, and then sectioned (5μm) and subsequently stained with 

haematoxylin and eosin (Sigma-Aldrich). For each sample, 5 fields (20x magnification) 

were evaluated under an Olympus BX4 microscope (Watford, UK). The level of cell 

necrosis and loss of epithelial brush border were blindly assessed and scored by a <20% 

(0), 20% (1), 50% (2) and ≥80% (3) loss of nuclei and brush border to generate a 

glomerular injury score (GIS) and a tubular injury score (TIS) respectively (199).  

3.10 Immunofluorescent staining 

Immunofluorescent staining is a technique that uses fluorophore-conjugated 

antibodies to label a specific antigen. It can be classified as direct IF and indirect IF. 

Direct IF employs antibodies directly labelled with a fluorophore; indirect IF uses a 

primary antibody that targets the antigen of interest, and a fluorophore-conjugated 

secondary antibody that binds to the primary antibody. IF can be used to stain both 

tissues (immunohistochemistry; IHC) and cells (immunocytochemistry; ICC). 
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3.10.1 IHC preparation 

Paraffin Wax Embedding and Sectioning: Kidneys were fixed in 4% paraformaldehyde 

(Santa Cruz, Dallas, USA) for 24 hours. Then kidneys were dehydrated by graded 

ethanol (Sigma-Aldrich) and xylene (Sigma-Aldrich). After embedding in paraffin at 

56 °C for 1 hour, kidneys were sectioned into 10μm slices and mounted onto slides 

(Sigma-Aldrich) (Figure 3.6). Being dried overnight, slides were stored in a slide storage 

box and ready for use.  

  



77 

 

 

Figure 3. 6 Procedures of tissue paraffin embedding and sectioning 

Kidneys were fixed in 4% paraformaldehyde for 24 hours at room temperature. Then 

they were dehydrated in graded ethanol and xylene by the following steps: 1. 70% 

ethanol for 30 minutes 3 times; 2. 90% ethanol for 30 minutes 2 times; 3. 100% ethanol 

for 30 minutes 3 times; 4. Xylene for 20 minutes 3 times. Kidneys were then embedded 

in paraffin at 56 °C for 1 hour and sectioned into 10μm. After floating the kidney 

sections in distilled water at 56°C, sections were mounted onto gelatine-coated slides. 

 

Antigen-retrieval: Sections were deparaffinised by xylene and rehydrated by graded 

ethanol and deionised water. Slides were then moved to boiling antigen-retrieval 

buffer (Santa Cruz) in a pressure cooker. Slides were cooled down with cold tap water 

after 3 minutes of full pressure boiling (Figure 3.7). Before the staining processes, circle 

the tissues with a hydrophobic pen. 
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Figure 3. 7 Antigen-retrieval protocol 

Slides were immersed in xylene for 20 minutes 2 times for deparaffinisation. Then 

slides were rehydrated in graded ethanol and water by the following steps: 1. 100% 

ethanol for 10 minutes 2 times; 95% ethanol for 5 minutes; 70% ethanol for 5 minutes; 

50% ethanol for 5 minutes; deionised water for 10 minutes. Slides were then 

immersed in boiling citrate antigen-retrieval buffer at full pressure for 3 minutes. After 

that, slides were cooled down by cold tap water. 
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3.10.2 ICC preparation 

Cells were seeded on coverslips (Thermo Fisher Scientific). After treatment, medium 

was removed, and coverslips were gently washed with ice-cold PBS. Then cells were 

fixed by 4% paraformaldehyde for 10 minutes. After being washed with PBS for three 

times, cells were ready for the following steps. 

3.10.3 IHC and ICC Shared procedures 

Tissues or cells were blocked and permeabilised in 5% normal donkey serum (NDS) in 

PBS with 0.05% Triton-X (PBST; Sigma-Aldrich) for 30 minutes. They were then 

incubated with primary antibodies at 4 °C overnight, followed by incubation with 

fluorescently conjugated secondary antibodies for 1 hour. They were then stained with 

4′,6-diamidino-2-phenylindole (DAPI) mounting solution (Vector Laboratories, 

Burlingame, USA) and prepared for examination (Figure 3.8). Antibodies used in IF 

were summarised in Table 3.1. 
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Figure 3. 8 An overview of IF 

Tissues or cells were blocked and permeabilised in 5% NDS in PBST for 30 minutes. 

They were then incubated with primary antibodies at 4 °C overnight. After being 

washed with PBS for 3 times, slides were incubated with fluorescently conjugated 

secondary antibodies for 1 hour. Then slices were washed with PBS for 3 times and 

stained with DAPI mounting solution and prepared for examination. 

NDS: normal donkey serum; PBS: phosphate buffered saline; PBST: PBS with 0.05% 

Triton-X; HRP: horseradish peroxidase; DAPI: 4′,6-diamidino-2-phenylindole. 
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Table 4. Immunofluorescence antibodies 

P-MLKL: phosphorylated-mixed lineage domain-like protein; α-SMA: α-smooth muscle 

actin; TGF-β1: transforming growth factor-β1; NLRP3: NLR family pyrin domain 

containing 3 

 

 

3.11 Western Blot 

Western blot is a common analytical method for identifying particular proteins in a 

tissue homogenate or extract sample. In addition to identifying proteins, this method 

can be used to view, separate, and quantify the various proteins in a complex protein 

combination. The Western blot approach separates a particular protein from a 

complex by utilising three components: size separation, protein transfer from gel to a 

membrane, and visualisation of the target protein with primary and secondary 

antibodies. 
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3.11.1 Protein extraction 

Tissues: Kidneys were dissected and immersed in ice-cold cell lysis solution which was 

made by cell lysis buffer (Cell Signalling Technology, Danvers, Massachusetts, USA), 

phosphatase inhibitor cocktail (Roche Holding AG, Basel, Switzerland), protease 

inhibitor cocktail (Roche Holding AG, Basel, Switzerland), and distilled water. Tissues 

were then homogenised by a manual homogeniser (Sigma-Aldrich) and a sonicator 

(Soniprep 150, Measuring and Scientific Equipment, Heathfield, UK) followed by 

constant agitation at 4 °C for two hours. The homogenates were then centrifuged at 

16,000 x g for 20 min at 4 °C, and supernatant was collected for blotting. 

Cells: After the removal of medium, cells were washed with ice-cold PBS for 3 times. 

Then cells were immersed in cell lysis solution and transferred into microcentrifuge 

tubes by scraping. Cell lysates were homogenised by a sonicator, followed by constant 

agitation at 4 °C for 20 minutes. The homogenates were then centrifuged at 16,000 x 

g for 20 min at 4 °C, and supernatant was collected for blotting (Figure 3.9). 
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Figure 3. 9 Procedures of protein extraction 

Dissected tissues or scrapped cells were immersed in ice-cold cell lysis solution which 

is composed of cell lysis buffer, protease inhibitors, and phosphatase inhibitors. They 

were homogenised, followed by constant agitation at 4 °C (2 hrs for tissues and 20 min 

for cells). The supernatant was then collected for blotting. 

 

3.11.2 Protein blotting 

Protein samples (80 g) were heated with NuPAGE lithium dodecyl sulphate (LDS) 

sample buffer (Invitrogen) at 95 °C for 5 minutes and then loaded onto a NuPAGE 10% 

Bis-Tris gel (1.5mm 10 well, Invitrogen) for electrophoresis. Proteins were then 

transferred onto a PVDF (polyvinylidene difluoride) membrane (Invitrogen) which was 

blocked in 5% non-fat milk in Tris-buffered saline with 0.1% Tween® 20 detergent (TBST, 

Sigma-Aldrich) for 1 hour, followed by incubation with primary antibodies in TBST at 
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4 °C overnight, followed by incubation with secondary antibodies for 1 hour. After 

incubation with antibodies, membranes were washed with TBST for 3 times. 

Membranes were developed in luminol agent (Santa Cruz) and visualised by GeneSnap 

Version 7.1 (Syngene, Cambridge, UK) (Figure 3.10). Protein band intensity was 

normalised with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and expressed 

as a ratio of control for data analysis. Antibodies used in western blot are summarised 

in Table 3.2. 
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Figure 3. 10 Procedures of western blot 

Protein samples were heated with LDS sample buffer at 95 °C for 5 minutes and then 

loaded onto a NuPAGE 10% Bis-Tris gel for electrophoresis. Proteins were then 

transferred onto a PVDF membrane which was blocked in 5% non-fat milk in TBST, 

followed by incubation with primary antibodies at 4 °C overnight. After incubating 

with secondary antibodies, membranes were developed in luminol agent and 

visualised. Membranes were washed with TBST after incubation with antibodies. 

LDS: lithium dodecyl sulphate; PVDF: polyvinylidene difluoride; HRP: horseradish 

peroxidase. TBST: Tris-buffered saline with 0.1% Tween® 20 



86 

 

 

Table 5. Western blot antibodies 

RIP: receptor-interacting protein kinases; p-MLKL: phosphorylated-mixed lineage 

domain-like protein; α-SMA: α-smooth muscle actin; TGF-β1: transforming growth 

factor-β1; JNK: c-Jun N-terminal kinases; GSDM-D: gasdermin-D; GAPDH: 

glyceraldehyde 3-phosphate dehydrogenase 

 

3.12 Data analysis 

The intensity of protein bands and immunofluorescent images were measured using 

Image J. All data were expressed as mean ± standard deviation (SD) and presented as 

dot plot and then analysed using a one-way ANOVA followed by post hoc Tukey's test 

with GraphPad Prism 8. A p-value of less than 0.05 was considered to be of a statistical 

significance. 
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Chapter Four 

Necroptosis and Toll-like receptor-4 Contribute to 

nephrotoxicity-Induced EMT Development in Renal Tubular 

Epithelial Cells 
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4.1 Introduction 

Drug-induced nephrotoxicity is a common and significant clinical problem that can 

cause acute kidney injury (AKI) and progression of chronic kidney disease (CKD). 

Nephrotoxic agents, such as certain drugs or herbal ingredients, may contribute to 

kidney injuries towards CKD development. In fact, studies have indicated that at least 

one nephrotoxic agent was applied in about 25% of cases of AKI (200-202). Cell death 

has a vital role in the development of nephrotoxic AKI and even CKD. The death of 

affected cells not only directly causes a renal function decline, but also initiates 

immune reactions, inflammation, haemodynamic alterations, and cellular senescence, 

making it a central component in the development of nephrotoxicity (203). It is 

important to understanding the underlying mechanisms of cell death in nephrotoxicity 

to prevent and treat this serious issue. In this chapter, the nephrotoxic effects of four 

agents, cisplatin (CDDP), pemetrexed (PEM), gentamicin (GM), and aristolochic acid-I 

(AA-I), were investigated in human tubular epithelial cells (HK2 cells). The aim was to 

understand the relationship between cell death and the potential development of 

epithelial-mesenchymal transition in response to these nephrotoxic agents. 

Cisplatin (CDDP) is a platinum-based alkylating agent that damages DNA. Despite its 

efficacy in treating various cancers, including ovarian, cervical, bladder, testicular, and 

lung cancer (204), its therapeutic use is limited due to its unpleasant side effects, 

including nephrotoxicity, which is the most common adverse effect (205). CDDP 
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nephrotoxicity can manifest as both AKI and CKD (206). Both apoptosis and regulated 

necrosis are involved in CDDP nephrotoxicity (207). However, detailed mechanisms 

remain to be elucidated. 

PEM, a new generation antifolate agent, is widely recognized for its potent 

antineoplastic implications in mesothelioma and non-small cell lung cancer (NSCLC) 

(185). It interferes with the synthesis of DNA and RNA by blocking multiple folate-

metabolizing enzymes (208). PEM has been approved as a first-line treatment for 

NSCLC (209) and is recommended for maintenance treatment for patients who have 

not experienced cancer progression (210).  However, PEM has been reported to cause 

acute kidney injury (AKI) and even permanent kidney damage (211). A study showed 

that 49% of patients with advanced NSCLC who were given PEM maintenance 

developed acute kidney disease (AKD), of which 55% progressed to chronic kidney 

disease (CKD) (212). Despite its potential therapeutic benefits, the nephrotoxicity of 

PEM poses a challenge to its clinical use. There is currently limited knowledge on the 

underlying mechanisms. 

Gentamicin is an antibiotic from the aminoglycoside family that is effective in the 

treatment of a diverse array of bacterial infections, such as Proteus and 

Staphylococcus (213, 214). Despite the availability of new generation antibiotics, 

gentamicin is still widely used due to its potent bactericidal activity, limited bacterial 

resistance, long-lasting effects, and cost-effectiveness. One major side effect of 
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gentamicin is nephrotoxicity (215), with estimates indicating that around 30% of 

patients taking gentamicin for a period exceeding seven days display signs of kidney 

injury (188, 216). The mechanisms behind gentamicin-induced nephrotoxicity include 

oxidative stress, production of reactive oxygen species, and induction of apoptosis and 

necrosis (217-220). 

Aristolochic acids (AAs) are compounds found in plants from the Aristolochiaceae 

family (192) and have been used for therapeutic purposes, such as anti-inflammatory 

and diuretic treatments, for many years (221, 222). However, it has been shown that 

consuming herbal remedies containing AAs can lead to a progressive kidney disease 

known as aristolochic acid nephropathy (223). AA-I has been identified as a primary 

component of AAs with nephrotoxicity (192, 224). Research has linked the 

nephrotoxicity of Aristolochic acids to DNA damage, oxidative stress, mitochondrial 

dysfunction, and apoptosis (225-227), but more research is needed to fully understand 

the mechanisms and find effective treatments. 

The mechanisms of cell death in nephrotoxicity are complex and involve various 

pathways, such as apoptosis, autophagy, and necrosis (228). Among these pathways, 

necroptosis, a newly recognised form of cell death, has attracted growing attention 

due to its unique characteristics and critical role in the progression of nephrotoxicity. 

Necroptosis is a type of regulated cell death characterised by cell membrane 

disruption and the release of intracellular contents, which trigger an immune response 
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and contribute to inflammation. Recent studies have revealed that necroptosis causes 

epithelial-mesenchymal transition (EMT) development in various cell types, such as 

nasopharyngeal carcinoma cells (229). EMT is a process in which epithelial cells lose 

their polarity and cellular adhesion and adopt a mesenchymal phenotype (141). EMT 

has been identified as a crucial factor in the development CKD, as it contributes to the 

loss of renal function and the formation of fibrosis (230). Therefore, this chapter aimed 

to investigate if nephrotoxic agents, including CDDP, PEM, GM, and AA-I, cause 

necroptosis and EMT, and study the correlations between necroptosis and EMT and 

the underlying molecular mechanisms. 

4.2 Experimental design 

4.2.1 Investigating the time course of EMT development in cultured human proximal 

tubular epithelial cells 

Human proximal tubular epithelial cells (HK2) were treated with transforming growth 

factor (TGF)-β1, a classic inducer of EMT, for 12, 24, 48, and 72 hrs. Then the 

expressions of EMT markers, including E-cadherin, vimentin, and α-smooth muscle 

actin (α-SMA) were assessed by western blot.  

4.2.2 Optimising the administration of CDDP, PEM, GM, and AA-I in HK2 cells 

HK2 cells were treated with CDDP, PEM, GM, AA-I, or their respective vehicles, at 

different concentrations. Then, cell viability was assessed by CCK-8 assay.  
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4.2.3. Investigating CDDP, PEM, GM, and AA-I-induced cell death in HK2 cells 

First, HK2 cells were either treated with CDDP, PEM, GM, or AA-I, or in combination 

with either a necroptosis inhibitor (Nec-1) or an apoptosis inhibitor (Z-VAD-FMK) at 

50µM for 48 hrs, followed by CCK-8 assay to examine the cell viability. In the next 

experiment, cells were treated CDDP, PEM, GM, AA-I, or dimethyl sulfoxide (DMSO). 

Cells were stained with phosphorylated-mixed lineage kinase domain-like protein (p-

MLKL), a specific necroptosis marker, and examined by immunocytochemistry (ICC). 

The ratio of phosphorylated-receptor-interacting protein kinase (RIP) to RIP and p-

MLKL to MLKL, as indicators of necroptosis, were assessed by western blot. 

4.2.4 Investigating if CDDP, PEM, GM, and AA-I causes EMT development in HK2 cells 

HK2 cells were either treated with CDDP, PEM, GM, or AA-I for 48 hrs. Cell morphology 

was evaluated by light microscopy. EMT markers, such as E-cadherin and α-SMA, were 

assessed by ICC and western blot. 

  



93 

 

4.2.5 Investigating the correlation between necroptosis and EMT 

HK2 cells were either treated with CDDP, PEM, GM, or AA-I, or in combination with 

Nec-1. EMT markers, such as E-cadherin and α-SMA, were assessed by ICC and western 

blot. 

4.2.6 Investigating the associated signalling pathways 

First, HK2 cells were either treated with CDDP, PEM, GM, or AA-I, or in combination 

with either a receptor for advanced glycation end products (RAGE) antagonist (RAGE 

antagonist peptide, RAP) or a Toll-like receptor (TLR)-4 antagonist (C34) for 48 hrs, 

followed by examination of necroptosis and EMT markers by western blot. 

4.3 Results 

4.3.1 Investigations on the time course of EMT development in HK2 cells 

EMT is critical in the pathogenesis of renal fibrosis, whereby renal tubular epithelial 

cells lose their phenotype and gain features of mesenchymal cells. Transforming 

growth factor (TGF)-β1 is a classic inducer of EMT. In this study, human recombinant 

TGF-β1 was used to treat HK2 cells to determine the time window of EMT 

development (Figure 4.1). E-cadherin, a cadherin protein maintaining cellular 

adhesion, is a marker of cells with an epithelial phenotype (231). Vimentin is a 

structural protein that is predominantly expressed in mesenchymal cells (232). Alpha-

smooth muscle action (α-SMA) is a marker of myofibroblasts. Theoretically, in the 
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process of EMT, E-cadherin expression is decreased, with increased expressions of 

vimentin and α-SMA.  

HK2 cells were treated with TGF-β1 (5ng/ml) for 12, 24, 48, and 72 hrs. Our data show 

that overall, E-cadherin and vimentin expressions did not change significantly in 

response to TGF-β1, despite a slight decrease at 12 hrs (E-cadherin, 12 hrs, 0.78 ± 0.05, 

p=0.07; vimentin, 12 hrs, 0.88 ± 0.10, p=0.35). The expression of α-SMA increased 

significantly at 48 (α-SMA, 48 hrs, 1.60 ± 0.18, p < 0.001) and 72 hrs (α-SMA, 72 hrs, 

1.63 ± 0.09, p < 0.001) of treatment, indicating that the signs of EMT development may 

require 48 hrs to manifest themselves in vitro. Therefore, cells were harvested 48 hrs 

after treatment in the following experiments.  
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Figure 4. 1 Investigations on the time course of EMT development in HK2 cells 

HK2 cells were treated with TGF-β1 (5ng/ml) for 12, 24, 48, and 72 hrs. (a) The 

representative blot of E-cadherin, vimentin, and α-SMA (n=4, each represent an 

independent experiment). (b-d) Quantitative analyses of α-SMA and E-cadherin. Data 

is presented as mean ± SD; * p < 0.05, ** p < 0.01 and *** p < 0.001. 

NC: naïve control; α-SMA: α-smooth muscle actin; GAPDH: glyceraldehyde 3-

phosphate dehydrogenase; HK2 cells: human kidney 2 cells; TGF-β1: transforming 

growth factor-1β. 
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4.3.2 Evaluation of the cytotoxicity of cisplatin, pemetrexed, gentamicin and 

aristolochic acid I on HK2 cells 

CDDP, PEM, GM, and AA-I were dissolved in 0.9% NaCl, PBS (phosphate-buffered 

saline), distilled water, and DMSO (dimethyl sulfoxide), respectively. Their cytotoxicity 

was evaluated on HK2 cells by CCK-8 assay after 48 hrs of exposure (Figure 4.2). CDDP 

decreased cell viability significantly at 20 (CDDP, 20µM, 0.61 ± 0.11, p < 0.01) and 

100µM (CDDP, 100µM, 0.46 ± 0.17, p < 0.001), while 3µM CDDP (CDDP, 3µM, 0.90 ± 

0.20, p = 0.75) and 100µM 0.9% NaCl (NaCl, 1.14 ± 0.11, p = 0.53) did not affect cell 

viability with statistical significance. Similarly, PEM decreased cell viability at 20 (PEM, 

20µM, 0.53 ± 0.10, p < 0.01) and 100µM (PEM, 100µM, 0.31 ± 0.11, p < 0.001), while 

3µM PEM (PEM, 3µM, 1.00 ± 0.24, p = 0.89) and 100µM PBS (PBS, 1.06 ± 0.15, p = 0.95) 

did not affect cell viability significantly. GM decreased cell viability at 10 (GM, 10µM, 

0.70 ± 0.08, p < 0.05), 20 (GM, 20µM, 0.52 ± 0.17, p < 0.001), and 100µM (GM, 100µM, 

0.33 ± 0.10, p < 0.001). AA-I decreased cell viability at 1 (AA-I, 1µM, 0.66 ± 0.13, p < 

0.05), 10 (AA-I, 10µM, 0.54 ± 0.17, p < 0.001), and 100µM (AA-I, 100µM, 0.38 ± 0.13, 

p < 0.001), while DMSO (DMSO, 0.94 ± 0.13, p = 0.92) did not have a significant effect. 

Cells therefore were treated with CDDP, PEM, GM, and AA-I at 20, 20, 10, 1µM in the 

following experiments, respectively. 
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Figure 4. 2 Evaluation of the cytotoxicity of CDDP, PEM, GM, and AA-I on HK2 cells 

HK2 cells were treated with CDDP, PEM, GM, and AA-I for 48 hrs at different 

concentrations. The cytotoxicity of CDDP (a), PEM (b), GM (c), and AA-I (d) were 

evaluated via CCK-8 assay. Data is presented as mean ± SD (n = 4, each represent an 

independent experiment); * p < 0.05, ** p < 0.01 and *** p < 0.001. 

NC: naïve control; HK2 cells: human kidney 2 cells; CDDP: cisplatin; PEM: pemetrexed; 

GM: gentamicin; AA-I: aristolochic acid I; PBS: phosphate-buffered saline; DMSO 

(dimethyl sulfoxide); CCK-8 assay: cell counting-8 kit assay. 
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4.3.3 CDDP, PEM, and AA-I induced necroptosis in HK2 cells 

Necroptosis inhibitor (Nec-1) and apoptosis inhibitor (Z-VAD-FMK) were applied in this 

study. Cells were either treated with CDDP, PEM, GM, AA-I or DMSO alone or in 

combination with either Nec-1 or Z-VAD-FMK for 48 hrs, followed by examinations by 

CCK-8 assay (Figure 4.3a). Results show that Nec-1 effectively alleviated CDDP, PEM 

and AA-I-induced cytotoxicity (CDDP vs. CDDP + Nec-1, 0.58 ± 0.09 vs. 0.79 ± 0.06, p < 

0.01; PEM vs. PEM + Nec-1, 0.60 ± 0.14 vs. 0.84 ± 0.08, p < 0.05; AA-I vs. AA-1 + Nec-1, 

0.50 ± 0.09 vs. 0.73 ± 0.08, p < 0.05), while Nec-1 did not significantly affect the 

cytotoxicity of GM and DMSO (GM vs. GM + Nec-1, 0.60 ± 0.11 vs. 0.64 ± 0.12, p = 0.66; 

DMSO vs. DMSO + Nec-1, 1.00 ± 0.15 vs. 1.02 ± 0.26, p =0.87), indicating that CDDP, 

PEM, and AA-I exert their cytotoxicity via necroptosis. Z-VAD-FMK, on the other hand, 

significantly alleviated GM-induced cytotoxicity (GM vs. GM + Z-VAD-FMK, 0.60 ± 0.11 

vs. 0.78 ± 0.06, p < 0.05), while it did not show significant cytotoxicity of CDDP, PEM, 

AA-I and DMSO, suggesting that GM decreased cell viability by inducing significant 

apoptosis. The presence of necroptosis was also demonstrated by ICC (Figure 4.3b). 

Phosphorylated-MLKL (p-MLKL) is the ultimate executioner of necroptosis. It was 

detected on the cell membrane and presented as a web-like feature (indicated by 

arrowheads). The percentage of p-MLKL increased significantly in CDDP, PEM, and AA-

I group (NC vs. CDDP, 1.00 ± 0.18 vs. 2.60 ± 0.55, p < 0.001; NC vs. PEM, 1.00 ± 0.18 vs. 

2.43 ± 0.10, p < 0.001; NC vs. AA-I, 1.00 ± 0.18 vs. 3.00 ± 0.07, p < 0.001). GM and 

DMSO failed to increase the percentage of p-MLKL in HK2 cells (NC vs. GM, 1.00 ± 0.18 
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vs. 1.30 ± 0.36, p = 0.77; NC vs. DMSO, 1.00 ± 0.18 vs. 1.34 ± 0.26, p = 0.67). This result 

was confirmed by western blot (Figure 4.3d). The ratios of phosphorylated-RIP (p-RIP) 

to RIP and p-MLKL to MLKL expressions were used as indicators of necroptosis. 

Compared to naïve controls, p-RIP/RIP and p-MLKL/MLKL significantly increased in 

response to CDDP (p-RIP/RIP, 2.14 ± 0.26, p < 0.001; p-MLKL/MLKL, 1.82 ± 0.25, p < 

0.01), PEM (p-RIP/RIP, 2.00 ± 0.42, p < 0.01; p-MLKL/MLKL, 1.88 ± 0.23, p < 0.01), and 

AA-I (p-RIP/RIP, 1.99 ± 0.28, p < 0.01; p-MLKL/MLKL, 1.89 ± 0.28, p < 0.01), respectively. 

GM and DMSO did not have a significant effect on p-RIP/RIP (GM, 1.40 ± 0.38, p = 0.29; 

DMSO, 1.21 ± 0.23, p = 0.81) and p-MLKL/MLKL (GM, 1.18 ± 0.35, p = 0.81; DMSO, 1.14 

± 0.31, p = 0.93).  
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Figure 4. 3 CDDP, PEM, and AA-I induced necroptosis in HK2 cells 

Cell death was demonstrated by CCK-8 assay, IF, and western blot. (a) Quantitative 

analysis of CCK8-assay results. (b) ICC of p-MLKL (red) in HK2 cells. Each dot represents 

an average value from four images of one sample. (c) Quantitative analysis of ICC 

results. (d) The representative western blot of p-RIP, RIP, p-MLKL, and MLKL (n=4, each 

represent an independent experiment). (e-f) Quantitative analysis of the expression 

of p-RIP/RIP and p-MLKL/MLKL, respectively. Data is presented as mean ± SD; * p < 

0.05, ** p < 0.01 and *** p < 0.001. Scale bar = 50µm. 

NC: naïve control; HK2 cells: human kidney 2 cells; CDDP: cisplatin; PEM: pemetrexed; 

GM: gentamicin; AA-I: aristolochic acid I; DMSO (dimethyl sulfoxide); CCK-8 assay: cell 

counting-8 kit assay; ICC: immunocytochemistry; RIP: receptor-interacting protein 

kinase; MLKL: mixed lineage kinase domain-like. 
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4.3.4 CDDP, PEM, and AA-I induced EMT in HK2 cells 

Then we investigated if these nephrotoxic chemicals could induce EMT in vitro. HK2 

cells were treated with CDDP, PEM, GM, and AA-I for 48 hrs. Cell morphology was 

assessed by light microscopy. In the naïve control group, cells were compact and 

adhesive with a rounded shape, while cells in the CDDP, PEM and AA-I groups 

transformed into an elongated, dispersed phenotype. In the GM group, no significant 

morphology change was observed, despite a noticeable decrease in cell density 

(Figure 4.4a). Then cells were double-stained with E-cadherin (green) and α-SMA (red) 

for ICC (Figure 4.4b) to examine EMT development. In theory, during EMT, the 

expression of E-cadherin decreased, with an increase in α-SMA expression. ICC results 

show that compared to naïve control,  the level of E-cadherin did not markedly change 

(CDDP, 1.13 ± 0.16, p =0.88; PEM, 1.10 ± 0.25, p = 0.94; GM, 1.10 ± 0.22, p = 0.97; AA-

I, 1.11 ± 0.37, p = 0.91), while α-SMA expression significantly increased by the 

administration of CDDP (2.10 ± 0.35, p < 0.01), PEM (2.00 ± 0.29, p < 0.01), and AA-I 

(1.95 ± 0.48, p < 0.01) but not GM (1.29 ± 0.38, p = 0.61). EMT development was also 

evaluated by western blot (Figure 4.4e). Similarly, α-SMA expression significantly 

increased by CDDP (1.40 ± 0.16, p < 0.05), PEM (1.41 ± 0.19, p < 0.05), and AA-I (1.62 

± 0.27, p < 0.001) but not GM (1.12 ± 0.13, p = 0.80) and DMSO (0.89 ± 0.11, p = 0.83). 

The expressions of E-cadherin and vimentin had no significant differences. 
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Figure 4. 4 CDDP, PEM, and AA-I induced EMT in HK2 cells 

HK2 cells were treated with CDDP, PEM, GM, and AA-I for 48 hrs. (a) Cell morphology 

by light microscopy.  (b) ICC of E-cadherin and α-SMA. (c-d) Quantitative analysis of 

ICC results (n=4, each represent an independent experiment). (e) The representative 

western blot of E-cadherin, vimentin and α-SMA (n=4, each represent an independent 

experiment). (f-h) Quantitative analysis of western blot. Data is presented as mean ± 

SD; * p < 0.05, ** p < 0.01 and *** p < 0.001. Scale bar = 50µm. 

NC: naïve control; HK2 cells: human kidney 2 cells; CDDP: cisplatin; PEM: pemetrexed; 

GM: gentamicin; AA-I: aristolochic acid I; DMSO (dimethyl sulfoxide); ICC: 

immunocytochemistry; α-SMA: α-smooth muscle actin. 
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4.3.5 Inhibiting necroptosis by Nec-1 suppressed nephrotoxicity-induced EMT 

Cells were either treated with CDDP, PEM or AAI alone, or in combination with Nec-1, 

respectively. ICC results suggest that Nec-1 effectively inhibited necroptosis, and 

inhibiting necroptosis by Nec-1 decreased α-SMA levels in response to CDDP, PEM, or 

AAI (Figure 4.5a). Western blot confirmed ICC results, as the expression of p-MLKL 

decreased significantly in Nec-1 treated group (CDDP vs. CDDP + Nec-1, 1.50 ± 0.12 vs. 

1.12 ± 0.08, p < 0.05; PEM vs. PEM + Nec-1, 1.39 ± 0.19 vs. 1.03 ± 0.15, p < 0.05; AA-I 

vs. AA-I + Nec-1, 1.60 ± 0.18 vs. 1.09 ± 0.20, p < 0.01), along with a decrease in α-SMA 

expression (CDDP vs. CDDP + Nec-1, 1.28 ± 0.13 vs. 0.94 ± 0.11, p < 0.05; PEM vs. PEM 

+ Nec-1, 1.29 ± 0.23 vs. 1.05 ± 0.07, p < 0.05; AA-I vs. AA-I + Nec-1, 1.53 ± 0.15 vs. 0.97 

± 0.16, p < 0.01) (Figure 4.5b).   
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Figure 4. 5 CDDP, PEM, and AA-I induced EMT in HK2 cells 

HK2 cells were treated with CDDP, PEM or AAI alone, or in combination with Nec-1, 

respectively. (a) ICC of p-MLKL and α-SMA (representative images, n=4, each 

represent an independent experiment). (b) The representative western blot of E-

cadherin, p-MLKL, and α-SMA (n=4, each represent an independent experiment). (c-

e) Quantitative analysis of western blot. Data is presented as mean ± SD; * p < 0.05, 

** p < 0.01 and *** p < 0.001. Scale bar = 50µm. 

NC: naïve control; HK2 cells: human kidney 2 cells; CDDP: cisplatin; PEM: pemetrexed; 

AA-I: aristolochic acid I; ICC: immunocytochemistry; MLKL: mixed lineage kinase 

domain-like; α-SMA: α-smooth muscle actin.   
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4.3.6 TLR-4, but not RAGE, was involved in CDDP, PEM, and AA-I-induced EMT 

Receptor for Advanced Glycation End Products (RAGE) and Toll-like receptor-4 (TLR-4) 

are two receptors associated with necroptosis, DAMPs, and EMT (233-238). RAGE 

antagonist peptide (RAP) and a TLR4 inhibitor, C34, were applied to evaluate the 

involvement of RAGE and TLR-4 in CDDP, PEM, and AA-I-induced nephrotoxicity. HK2 

cells were either treated with CDDP, PEM or AAI alone, or in combination either with 

RAGE or C34, respectively. Results show that RAP did not significantly change the ratio 

of p-MLKL to MLKL and α-SMA expression, while compared with administrating CDDP, 

PEM, and AA-I alone, co-administration with C34 significantly decreased p-MLKL/MLKL 

(CDDP vs. CDDP + Nec-1, 1.27 ± 0.11 vs. 1.04 ± 0.08, p < 0.01; PEM vs. PEM + Nec-1, 

1.27 ± 0.09 vs. 1.05 ± 0.05, p < 0.05; AA-I vs. AA-I + Nec-1, 1.24 ± 0.11 vs. 1.02 ± 0.04, 

p < 0.05) and α-SMA expression (CDDP vs. CDDP + Nec-1, 1.19 ± 0.08 vs. 1.00 ± 0.10, p 

< 0.05; PEM vs. PEM + Nec-1, 1.23 ± 0.05 vs. 0.98 ± 0.08, p < 0.05; AA-I vs. AA-I + Nec-

1, 1.31 ± 0.07 vs. 1.07 ± 0.14, p < 0.05), respectively. 
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Figure 4. 6 TLR-4, but not RAGE, was involved in CDDP, PEM, and AA-I-induced EMT 

HK2 cells were treated with CDDP, PEM or AAI alone, or in combination either with 

RAP or C34, respectively. (a and d) The representative western blot of p-MLKL, MLKL, 

and α-SMA (n=4, each represent an independent experiment). (b, c, e, and f) 

Quantitative analysis of western blot. Data is presented as mean ± SD; * p < 0.05 and 

** p < 0.01. 

NC: naïve control; HK2 cells: human kidney 2 cells; CDDP: cisplatin; PEM: pemetrexed; 

AA-I: aristolochic acid I; MLKL: mixed lineage kinase domain-like; α-SMA: α-smooth 

muscle actin. 
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4.4 Discussion 

This chapter focuses on nephrotoxicity-induced tubular cell death and potential EMT 

development. Our data show EMT development, induced by TGF-β1, required 48 hrs 

in HK2 cells. CDDP, PEM, GM, and AA-I have cytotoxicity and decreased cell viability in 

a dose-dependent manner. In HK2 cells, CDDP, PEM, and AA-I caused significant 

necroptosis, while GM induced apoptosis-dominant cell death. CDDP, PEM, and AA-I 

increased α-SMA expression, which was attenuated by Nec-1. The RAGE antagonist, 

RAP, did not show any significant effects on p-MLKL/MLKL and α-SMA expressions, 

while C34, a TLR-4 antagonist, reversed the increase of p-MLKL/MLKL and α-SMA in 

response to CDDP, PEM, and AA-I. Our results suggest necroptosis, a highly pro-

inflammatory form of cell death, contributes to EMT development, and TLR-4 is 

involved in CDDP, PEM, and AA-I-caused necroptosis and subsequent EMT. 

Cell death has a critical role in nephrotoxic AKI and its associated CKD. It not only 

directly causes loss of the function of the affected cells but also leads to immune 

responses, inflammation, vascular dysfunction, and senescence, serving as a central 

hub in the pathogenesis of nephrotoxicity. Our findings demonstrate that in HK2 cells, 

CDDP, PEM, and AA-I induced significant necroptosis, whereas GM led to apoptosis as 

the dominant form of cell death. In fact, multiple types of cell death have been 

reported to be associated with these chemical’s nephrotoxicity, as nephrotoxicity 

generally involves various complicated and overlapping mechanisms, including DNA 
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damage, mitochondrial pathology, oxidative stress, endoplasmic reticulum (ER) stress, 

and subsequent cell death and inflammation (67, 207, 218, 222, 239).  

Apoptosis, a controlled form of cell death characterised by fragmentation, apoptotic 

bodies, and rapid phagocytosis by phagocytes, has an active role in CDDP, GM, and AA-

I-induced nephrotoxicity, evidenced by the facts that pharmacological or genetically 

inhibiting apoptosis alleviated CDDP, GM and AA-I-induced nephrotoxicity in vivo and 

in vitro (217, 226, 240-244). Apoptosis can be induced by intrinsic, extrinsic and ER 

stress-related pathways. Intrinsically, CDDP, GM, and AA-I can trigger the tumour 

suppressor protein P53 (TP53), which leads to the transcriptional activation of Bcl-2-

associated X protein (BAX) (245-249). Following activation, BAX is transported to the 

mitochondria and merges with BCL2 Antagonist/Killer 1 (BAK1) on the outer 

membrane. This interaction leads to the mitochondrial outer membrane 

permeabilisation (MOMP) and subsequent release of pro-apoptotic factors, such as 

cytochrome c, into the cytoplasm (247), resulting in the formation of apoptosomes 

which activates caspase 9, 3, and 7 and eventually apoptosis (250).  Also, exposure to 

CDDP increased the expression of pro-apoptotic cytokines, such as tumour necrosis 

factor (TNF), leading to extrinsic apoptosis (251-253). ER stress can cause apoptosis in 

addition to intrinsic and extrinsic pathways. In response to severe ER stress, the C/EBP 

Homologous Protein (CHOP) is triggered, leading to BAX/BAK1 oligomerisation, MOMP, 

and apoptosis (254).  It has been shown that pharmacologically inhibiting ER stress 
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decreased CDDP-induced apoptosis (243, 255-257). However, the involvement of 

apoptosis in PEM’s nephrotoxicity is questionable due to limited research data that 

needs further studies. 

Regulated necrosis, including necroptosis, ferroptosis, and pyroptosis, is a  controlled 

cell death characterised by cell membrane disruption and release of danger-associated 

molecular patterns (DAMPs). Recently, it has been recognised that regulated necrosis 

also contributes to CDDP and GM-induced nephrotoxicity. Necroptosis, a RIP1-RIP3-

MLKL-dependent regulated necrosis, is associated with various infectious and non-

infectious kidney diseases (179). It was found that either genetic or pharmacological 

inhibition of necroptosis attenuated CDDP and GM-induced AKI (258-260), confirming 

the vital role of necroptosis in CDDP and GM-induced nephrotoxicity. In general, 

necroptosis can be caused intrinsically via ROS production (261) and DNA damage (262) 

or extrinsically via TNF superfamily receptors, TLRs, and interferon receptors (263). 

Applying TNF-α and deleting the TLR-4 gene showed protective effects against CDDP-

induced AKI (264). However, the underlying signalling pathways, especially the intrinsic 

necroptosis in CDDP-induced AKI, remain unclear and require investigation in the 

future. To our knowledge, it is the first time to demonstrate that PEM and AA-I induce 

necroptosis in cultured proximal tubular epithelial cells, and Nec-1 effectively reverse 

PEM and AA-I’s cytotoxicity. Our findings indicate that preventing necroptosis could be 
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a therapeutic strategy against PEM and AA-I-associated kidney injury, which is worth 

to be examined in animal studies. 

Epithelial-mesenchymal transition (EMT) is a process in which epithelial cells lose their 

polarity and acquire mesenchymal characteristics such as increased migration, 

invasiveness, and resistance to apoptosis (141). EMT engages in various physiological 

and pathological processes, including tissue repair, cancer, and fibrosis (265). In the 

kidney, EMT allows epithelial cells to transform into fibroblasts, which are necessary 

for tissue repair. However, increased EMT during renal fibrosis is unfavourable 

because it can result in the overproduction of fibrotic scars, causing decreased renal 

function (143).  We observed EMT development in response to CDDP, PEM, and AA-I, 

along with significant necroptosis. GM caused significant apoptosis and did not induce 

EMT in HK2 cells. In addition, inhibiting necroptosis by Nec-1 effectively suppressed 

EMT development. Collective findings suggest that necroptosis, rather than apoptosis, 

contributes to the progression of EMT and, potentially, AKI to CKD transition. Current 

literature demonstrated that inhibiting necroptosis can reduce EMT in various fibrosis 

models (266). For example, by comparing young and old mice livers, S. Mohammed et 

al. found an increased level of necroptosis marker in the livers of old mice, and short-

term administration of Nec-1 decreased necroptosis, cell senescence, as well as 

fibrosis markers in the livers of aged mice (267).  The mechanisms by which inhibiting 

necroptosis reduces EMT are not fully understood, but several theories have been 
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proposed. One theory is that necroptosis contributes to EMT by releasing DAMPs that 

trigger inflammation and oxidative stress, which in turn promote the EMT process 

(268). Inhibiting necroptosis can reduce the release of DAMPs and prevent the 

activation of pro-inflammatory signalling pathways, thereby reducing EMT. It has been 

well-documented that necroptotic cell death results in the massive release of DAMPs 

(269). However, the mechanisms of DAMPs-induced EMT remains partially 

understood and will be investigated in the next chapter.  

TLR-4 is a member of the group of receptors known as pattern recognition receptors 

(PRRs). These receptors are widely conserved and are capable of identifying exogenous 

pathogens (pathogen-associated molecular patterns, PAMPs), making them the first 

line of defence against infection (270). Besides, these receptors are responsible for 

recognising endogenous molecules DAMPs, mediating a wide range of pro-

inflammatory responses (271). Similar to TNFR, TLR-4 can initiate necroptosis 

signalling pathways (234, 272). By interacting with its corresponding ligands, TLR-4 

recruits Toll-interleukin 1 receptor domain (TIR)-containing adaptor molecule (TICAM)-

1 which activates TIR-domain-containing adapter-inducing interferon-β (TRIF) (273). 

Activated TRIF can stimulate RIP3 oligomerisation and phosphorylation, leading to 

phosphorylation of MLKL and subsequent membrane disruption (274, 275). TLR-4 is 

also associated with EMT and fibrosis in various in vitro models. For example, it was 

found that TLR4 signalling is required for lipopolysaccharide (LPS)-induced EMT in 
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human hepatocellular carcinoma cells (276). Our data demonstrate for the first time 

that the TLR-4 signalling is necessary for CDDP, PEM, and AA-I-induced necroptosis and 

EMT, indicating that TLR-4 signalling pathways can be therapeutic targets for their 

nephrotoxicity. 

In conclusion, the results of this part of study provide valuable insights into the 

mechanisms of cell death in response to different drugs/chemicals and their potential 

impacts on epithelial- EMT development. The findings suggest that CDDP, PEM, and 

AA-I have cytotoxicity and decreased cell viability in a dose-dependent manner in HK2 

cells, inducing significant necroptosis, while GM induced apoptosis-dominant cell 

death. The increased expression of α-SMA in response to CDDP, PEM, and AA-I was 

attenuated by the necroptosis inhibitor Nec-1, providing evidence for the role of 

necroptosis in EMT development. The results also suggest that TLR-4 is involved in 

CDDP, PEM, and AA-I-caused necroptosis and subsequent EMT, as the TLR-4 antagonist 

C34 reversed the increase of p-MLKL/MLKL and α-SMA expressions. These findings 

provide insights into the mechanisms of AKI to CKD progression. However, it is 

important to note that these results are based on in vitro experiments, and further 

research is needed to confirm these findings in vivo and to fully understand the 

underlying mechanisms and the translational value. 
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Chapter Five 

Exploring the Interplay among Necroptosis, DAMPs, and EMT 

during Ischemia-Reperfusion Injury 
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5.1 Introduction 

Ischemia-reperfusion injury (IRI) is a condition where blood flow to a particular area is 

temporarily cut off and then restored. The kidneys are particularly vulnerable to this 

injury, which can occur due to a range of medical conditions such as organ 

transplantation, trauma, heart attacks, and sepsis (277) . IRI is a frequent trigger AKI 

and has been linked to its progression into CKD (278-281). However, the mechanisms 

behind the progression from AKI to CKD are still not fully understood and an effective 

treatment for this progression is yet to be found. 

Necroptosis is a controlled form of cell death that shares similar characteristics to 

necrosis but is regulated at the molecular level (282). Necroptosis can be triggered by 

various factors, such as death receptors, toll-like receptors (TLRs), interferons, and 

DNA-dependent activator of interferon regulatory factors in response to viruses and is 

executed by receptor-interacting protein kinase 3 (RIP3) and the mixed lineage kinase 

domain-like protein (MLKL) (162, 283). Recent studies have shown that necroptosis 

plays a significant role in IRI-induced AKI, as demonstrated by the protective effects of 

blocking necroptosis through pharmacological inhibitors or genetic deletion (171, 284, 

285). Additionally, the role of necroptosis in chronic inflammation has been recognized 

(267, 286-288), making it reasonable to investigate the involvement of necroptosis and 

its associated necroinflammation in the progression from AKI to CKD. 
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DAMPs (danger-associated molecular patterns) are a group of endogenous molecules 

that function in preserving cell homeostasis (289). They are also recognised as danger 

signals when released into the extracellular space, mediating a series of cellular 

responses to eliminate pathogens and activate repair mechanisms (289, 290). In some 

cases, however, DAMPs can contribute to unfavourable outcomes, including CKD (156, 

289, 291). Despite the recent advancements in understanding the role of DAMPs in 

various kidney disease models, few specific and effective therapies exist. Studying the 

effects of extracellular DAMPs has the potential to unveil new therapeutic targets for 

AKI and potential CKD. 

This chapter examined effects of two representative DAMPs, histones and high-

mobility group box-1 (HMGB-1), on cultured human tubular epithelial cells. Histones 

are nuclear proteins that are vital for chromosome structure. They form hetero-

octamers that wrap around double-stranded DNA into chromatin (292). They have 

been reported to worsen AKI by their direct toxicity on renal cells and their pro-

inflammatory actions (161). In addition, it has been demonstrated that the 

extracellular histone H4 contributes to chronic vascular inflammation (293). HMGB-1, 

on the other hand, is a protein that binds to DNA to stabilise chromosomes and 

involves transcription processes (294). It has been shown that extracellular HMGB-1 is 

a major pro-inflammatory mediator in several conditions, including IRI (295). In 

addition, the level of plasma HMGB-1 have been associated with renal function and 
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inflammatory biomarkers in CKD (296). These findings suggest that histones and 

HMGB-1 may play critical roles in the progression of renal fibrosis and subsequent CKD. 

In this chapter, the role of necroptosis in the development of epithelial-mesenchymal 

transition (EMT) and fibrosis in the context of IRI was evaluated. The pro-fibrotic 

effects of histones and HMGB-1, as well as their underlying molecular mechanisms, 

were also examined in cultured tubular epithelial cells. 

5.2 Experimental design 

5.2.1 Investigating if IRI by renal pedicle clamping induce necroptosis and fibrosis, 

and if inhibiting necroptosis has anti-fibrotic effects 

Mice were randomly assigned in untreated group (NC), sham surgery group (SH), IRI 

group (IRI), and necrostatin-1 treated IRI group (IRI + Nec-1) (n=3/group). The IRI and 

IRI + Nec-1 groups underwent bilateral renal pedicle clamping for 30 minutes. In the 

IRI + Nec-1 group, mice received Nec-1 intraperitoneally at 15 minutes before the 

onset of ischemia. The kidneys were collected 24 hours later for analysis of and α-SMA 

expression using immunohistochemistry (IHC) and western blot. 

5.2.2 Investigating if oxygen-glucose deprivation (OGD) induces necroptosis in 

cultured tubular epithelial cells  

OGD was used to mimic ischaemic injury in vitro. In brief, HK2 cells were incubated 

with pre-warmed OGD medium bubbled with 95% N2 and 5% CO2 and moved into a 

chamber flushed with the same gas combination. The chamber was then quickly 
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sealed and transferred into an incubator at 37 °C for 1 hour. After that, cells received 

2 hrs reperfusion under normal growth conditions, followed by assessed of 

necroptosis markers via immunocytochemistry (ICC) and western blot. 

5.2.3 Investigating if OGD induces EMT development in HK2 cells, and if inhibiting 

necroptosis reduces this EMT 

After confirming OGD can induce necroptosis, we tested if OGD can cause EMT in HK2 

cells. Cells received 48 hrs of recovery to allow EMT development (OGDR). For the 

OGDR+Nec-1 group, Nec-1 was added 30 min prior to the OGD treatment. After 48 hrs 

recovery, cells were collected for analysis of necroptosis markers and α-SMA 

expression using ICC and western blot. 

5.2.4 Investigating of cellular content released from necroptotic cells induces EMT 

Our hypothesis was that DAMPs released from necroptotic cells caused by OGD can 

lead to EMT. To eliminate the impact of IRI, we treated cells with OGD-conditioned 

medium. After OGD, the OGD-conditioned medium was collected, and the cells were 

treated with it, with (OGDM+Nec-1) or without Nec-1 (OGDM), for 48 hrs. ICC and 

western blot were used to examine necroptosis and EMT. 
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5.2.5 Investigating if histones and HMGB-1 induce EMT in HK2 cells 

Cells were treated with total histones or HMGB-1 at different concentrations, followed 

by examination of EMT via ICC and western blot.  

5.2.6 Investigating the molecular mechanisms of HMGB-1-induced EMT 

To assess if receptor for advanced glycation end products (RAGE), Toll-like receptor-4 

(TLR-4), and c-Jun N-terminal Kinase (JNK) signalling are involved in HMGB-1-indcued 

EMT development, HK2 cells were treated with HMGB-1 alone or in combination with 

either RAGE antagonist peptide (RAP), a TLR-4 inhibitor C34, or a JNK inhibitor SP-

600125, respectively. Then EMT markers were examined by western blot. 

5.3 Results 

5.3.1 Nec-1 suppressed fibroblast activation during IRI in mice 

IHC results show that IRI caused tubular oedema, vacuolisation, and immune 

infiltration, along with increased α-SMA fluorescence, which was attenuated by the 

administration of Nec-1 (Figure 5.1a). Western blots (Figure 5.1b-d) revealed that the 

IRI group had a significant increase in p-MLKL (1.52 ± 0.12, p < 0.01) and α-SMA (1.40 

± 0.14, p < 0.05) compared to the naïve controls (untreated, NC). Compared to the IRI 

group, IRI with Nec-1 had reduced p-MLKL (1.19 ± 0.13, p < 0.05) and α-SMA 

expressions (1.09 ± 0.12, p < 0.05). The results show that IRI triggered necroptosis and 

activation of fibroblasts, and that the inhibition of necroptosis diminished fibroblast 

activation in vivo. 
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Figure 5. 1 Nec-1 suppressed fibroblast activation during IRI in mice 

Mice were randomly assigned in the naïve control group (NC), sham surgery group 

(SH), IRI group (IRI), and necrostatin-1 treated IRI group (IRI + Nec-1). The IRI and IRI + 

Nec-1 groups underwent bilateral renal pedicle clamping for 30 minutes. In the IRI + 

Nec-1 group, mice received Nec-1 intraperitoneally at 15 minutes before the onset of 

ischemia. The kidneys were collected 24 hours later for analysis of P-MLKL and α-SMA 

expression using IHC and western blot.  (a) The representative images of 

immunofluorescence of α-SMA (n=3, each represent an independent animal). (b) The 

representative western blot of p-MLKL and α-SMA (n=3, each represent an 

independent animal). (c-d) Quantitative analysis of western blot results. Data is 

presented as mean ± SD; * p < 0.05 and ** p < 0.01. Scale bar = 200µm. 

NC: naïve control; SH: sham surgery control; IRI: ischaemic-reperfusion injury; Nec-1: 

necrostatin-1; IHC: immunohistochemistry; α-SMA: α-smooth muscle actin; p-MLKL: 

phosphorylated mixed lineage kinase domain-like. 
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5.3.2 OGD treatment induced necroptosis in HK2 cells 

ICC results show that OGD induced necroptosis in HK2 cells, as seen by the appearance 

of web-like fluorescent dots on cell membranes (Figure 5.2a, indicated by arrowheads). 

The quantitative analysis showed that OGD significantly increased the proportion of 

cells positive for p-MLKL (2.29 ± 0.16, p < 0.01). The results from western blot were 

consistent with the ICC results, showing a significant increase in the expressions of p-

RIP (1.69 ± 0.05, p < 0.01) and p-MLKL (2.18 ± 0.14, p < 0.001) (Figure 5.2b). 
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Figure 5. 2 OGD treatment induced necroptosis in HK2 cells 

HK2 cells were treated with OGD or NC. (a) The representative ICC of p-MLKL (n=3, 

each represent an independent experiment). (b) The representative western blot of 

p-RIP and p-MLKL (n=3, each represent an independent experiment). (c) Quantitative 

analysis of ICC results (d-e) Quantitative analysis of western blot results. Data is 

presented as mean ± SD; ** p < 0.01 and *** p < 0.001. Scale bar = 50µm. 

NC: naïve control; OGD: oxygen-glucose deprivation; ICC: immunocytochemistry; p-

RIP: phosphorylated receptor-interacting protein kinase; p-MLKL: phosphorylated 

mixed lineage kinase domain-like. 
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5.3.3 OGD followed by 48 hrs of recovery induced EMT development in HK2 cells, 

which was attenuated by Nec-1 

After confirming OGD can induce necroptosis, we tested if OGD can cause EMT in HK2 

cells. Cells received 48 hrs of recovery after OGD (the OGDR group) to allow EMT 

development. For the OGDR+Nec-1 group, Nec-1 was added 30 min prior to the OGD 

treatment. The study found that OGDR caused EMT in HK2 cells, as evidenced by 

increased intensity of α-SMA in ICC results (1.48 ± 0.14, p < 0.05, Figure 5.3a) and 

increased expression of α-SMA in western blot results (1.43 ± 0.06, p < 0.05, Figure 

5.3d). Nec-1 reduced this increase in α-SMA (1.17 ± 0.13 and 1.17 ± 0.08 in ICC and 

western blot, respectively). Different from the OGD treatment, OGDR had no 

significant effect on p-MLKL positive cells or p-RIP and p-MLKL expression, which may 

be because the necroptotic cells caused by OGD had died and were lost during the 

experiment. 

  



123 

 

 

Figure 5. 3 OGDR induced EMT in HK2 cells 

HK2 cells were either treated with OGD followed by 48 hrs of recovery (OGDR), OGDR 

with Nec-1 (OGDR+Nec-1), or naïve control (NC). (a) The representative ICC of p-MLKL 

and α-SMA (n=3, each represent an independent experiment). (b-c) Quantitative 

analysis of ICC results. (d) The representative western blot of p-RIP, p-MLKL, and α-

SMA (n=3, each represent an independent experiment). (e-g) Quantitative analysis of 

western blot results. Data is presented as mean ± SD; * p < 0.05 and ** p < 0.01. Scale 

bar = 50µm. 

NC: naïve control; OGD: oxygen-glucose deprivation; ICC: immunocytochemistry; p-

RIP: phosphorylated receptor-interacting protein kinase; p-MLKL: phosphorylated 

mixed lineage kinase domain-like; α-SMA: α-smooth muscle actin.  
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5.3.4 OGD-conditioned medium induced EMT, and this was reduced by Nec-1 

Our hypothesis was that DAMPs released from necroptotic cells caused by OGD can 

lead to EMT. To eliminate the impact of IRI, we treated cells with OGD-conditioned 

medium. After OGD, the OGD-conditioned medium was collected, and the cells were 

treated with it, with (OGDM+Nec-1) or without Nec-1 (OGDM), for 48 hrs. Results 

showed that OGDM caused EMT in HK2 cells, as seen by increased intensity of α-SMA 

in ICC (1.34 ± 0.07, p < 0.01, Figure 5.4a) and increased expression of α-SMA in western 

blot (4.07 ± 0.84, p < 0.01, Figure 5.4b). Nec-1 reduced this increase in α-SMA (1.12 ± 

0.08 in ICC and 2.34 ± 0.35 in WB). Our results indicate that the cytoplasmic content 

released from necroptotic cells can cause EMT in HK2 cells. 
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Figure 5. 4 OGDR induced EMT in HK2 cells, which was attenuated by Nec-1 

HK2 cells were treated with OGD-conditioned medium, with (OGDM+Nec-1), without 

Nec-1 (OGDM), or naïve control (NC). (a) Representative ICC of p-MLKL and α-SMA 

(n=3). (b) The representative western blot of α-SMA (n=3. each represent an 

independent experiment). (c-d) Quantitative analysis of ICC results. (e) Quantitative 

analysis of western blot results. Data is presented as mean ± SD; * p < 0.05 and ** p < 

0.01. Scale bar = 50µm. 

NC: naïve control; OGD: oxygen-glucose deprivation; ICC: immunocytochemistry; p-

MLKL: phosphorylated mixed lineage kinase domain-like; α-SMA: α-smooth muscle 

actin. 
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5.3.5 HMGB-1 induced EMT development in HK2 cells 

HMGB-1 and histones are two well-known types of DAMPs that can initiate a series of 

danger signals and activate immune responses. We studied whether HMGB-1 and total 

histones could cause EMT development in HK2 cells. Cells were treated with total 

histones or HMGB-1. Western blot results showed that histones did not increase α-

SMA expression, while HMGB-1 significantly increased α-SMA expression at 100µg/ml 

(1.45 ± 0.19, p < 0.05). The expressions of E-cadherin did not change significantly. ICC 

results showed similar results, with HMGB-1, but not histones, significantly increasing 

α-SMA intensity (1.51 ± 0.20, p < 0.05). 
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Figure 5. 5 HMGB-1 induced EMT development in HK2 cells 

HK2 cells were treated histones or HMGB-1 at different concentrations. (a-b) The 

representative western blot of E-cadherin and α-SMA (n=3, each represent an 

independent experiment). (c-d) Quantitative analysis of western blot results (e) The 

representative ICC of α-SMA (n=3, each represent an independent experiment). (f) 

Quantitative analysis of ICC results. Data is presented as mean ± SD; * p < 0.05. Scale 

bar = 50µm. 

NC: naïve control; ICC: immunocytochemistry; α-SMA: α-smooth muscle actin. 
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5.3.6 HMGB-1 induced EMT and production of TGF-β1 via TLR4/JNK signally 

pathways 

RAGE antagonist peptide (RAP) and a TLR4 inhibitor, C34, were applied to evaluate the 

involvement of RAGE and TLR-4 in HMGB-1-induced EMT in HK2 cells. The inhibitors 

were applied 30 minutes prior to the HMGB-1 treatment. The cells were treated with 

HMGB-1 alone or in combination with either RAP at 2, 4, or 6 µg/ml (IC50 = 2 µg/ml) 

or with C34 at 5, 10, or 15 µg/ml (297). Compared to HMGB-1 alone, RAP slightly 

decreased the expressions of p-JNK (HMGB-1 vs. RAP [6 µg/ml], 1.50 ± 0.13 vs. 1.17 ± 

0.11, p = 0.14), α-SMA (HMGB-1 vs. RAP [6 µg/ml], 1.35 ± 0.12 vs. 1.25 ± 0.08, p = 0.83), 

and TGF-β1 (HMGB-1 vs. RAP [6 µg/ml], 1.23 ± 0.03 vs. 1.14 ± 0.03, p = 0.70), but with 

no statistical significance. On the other hand, C34 significantly decreased the 

expressions of p-JNK (C34 [5 µg/ml], 0.84 ± 0.07, p < 0.001; C34 [10 µg/ml], 1.00 ± 0.34, 

p < 0.01; C34 [15 µg/ml], 0.88 ± 0.17, p < 0.01), α-SMA (C34 [5 µg/ml], 0.89 ± 0.09, p 

< 0.001; C34 [10 µg/ml], 0.90 ± 0.10, p < 0.001; C34 [15 µg/ml], 0.80 ± 0.07, p < 0.001), 

and TGF-β1 (C34 [5 µg/ml], 0.95 ± 0.04, p < 0.001; C34 [10 µg/ml], 1.08 ± 0.11, p = 

0.12; C34 [15 µg/ml], 1.03 ± 0.10, p < 0.01). To demonstrate the role of JNK in HMGB-

1-induced EMT, cells were treated with HMGB-1 alone or in combination with a 

selective JNK inhibitor SP-600125 at 40 or 90 nM (IC50 for JNK1/2 and JNK3, 

respectively). SP-600125 was applied 30 minutes prior to HMGB-1. Compared to 

HMGB-1 alone, treatment with SP-600125 effectively suppressed the phosphorylation 

of JNK (SP-600125 [40 nM], 0.73 ± 0.08, p < 0.001; SP-600125 [90 nM], 0.61 ± 0.06, p 
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< 0.001) and significantly decreased expressions of α-SMA (SP-600125 [40 nM], 0.95 ± 

0.12, p < 0.01; SP-600125 [90 nM], 0.97 ± 0.12, p < 0.05) and TGF-β1 (SP-600125 

[40nM], 0.89 ± 0.12, p < 0.01; SP-600125 [90nM], 0.99 ± 0.04, p < 0.05).  
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Figure 5. 6 HMGB-1 induced EMT and production of TGF-β1 via TLR4/JNK signally 

pathways 

HK2 cells were treated with HMGB-1 alone or in combination with either RAP, C34, or 

SP-600125, respectively. (a and e) Representative western blot of p-JNK, α-SMA, and 

TGF-β1 (n=3, each represent an independent experiment). (b-d and f-h) Quantitative 

analysis of western blot results. Data is presented as mean ± SD; * p < 0.05, ** p < 0.01 

and *** p < 0.001.  

NC: naïve control; RAP: RAGE antagonist peptide; p-JNK: phosphorylated c-Jun N-

terminal Kinase; α-SMA: α-smooth muscle actin; TGF-β1: transforming growth factor-

β1. 
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5.4 Discussion 

In this study, we demonstrated that IRI accomplished by bilateral pedicle clamping 

increased levels of α-SMA, which was attenuated by Nec-1. In vitro experiments 

showed that OGD treatment led to elevated expression of p-MLKL in HK2 cells and, 

after a 48-hour recovery period, the cells exhibited a significant increase in α-SMA 

expression. Nec-1 was effective in reducing both p-MLKL and α-SMA. Furthermore, 

OGD-conditioned medium induced EMT, which was decreased by Nec-1. In addition, 

we proved that HMGB-1, but not histones, led to the production of TGF-β1 and EMT 

in HK2 cells, and this was suppressed by blocking TLR-4 or JNK signalling. The lack of 

dose-dependence in the inhibition of C34 may be due to off-target effects and requires 

further investigation. Overall, these results suggest that necroptosis plays a role in 

promoting EMT development by releasing DAMPs, and HMGB-1 induces TGF-β1 

production and EMT development through TLR-4/JNK signalling pathways. 

Regulated cell death (RCD), accompanies the development of CKD, leading to 

persistent inflammation, progressive loss of tubular cells, cellular senescence, and 

fibrosis (155, 298-300). Therefore, investigating RCD in CKD is crucial for understanding 

the underlying mechanisms of disease progression and uncovering effective 

treatments. RCD can be divided into apoptosis and regulated necrosis based on their 

distinct morphological features and molecular mechanisms (301). Both types of RCD 
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have been found to be engaged in CKD progression (176, 302-312), which will be 

discussed in the following sections. 

Apoptosis functions in normal kidneys as a way to clear out aged and damaged cells 

without causing inflammation (313). However, during chronic kidney disease (CKD), 

the increase in apoptosis of tubular cells leads to tubular atrophy and renal fibrosis, 

which contributes to the progression of CKD (302-306). Furthermore, promoting 

apoptosis by long non-coding RNA Neat1_2 was found to contribute to the progression 

of AKI to CKD (314). These findings indicate the important role of apoptosis in the 

development of CKD. However, since apoptosis has a critical role in haemostasis, 

interfering apoptosis normally have universal effects and may lead to unintended 

consequences such as cancer and degenerative diseases (315). As a result, targeting 

apoptosis for therapeutic purposes may not be a promising approach. 

Recently, the contribution of regulated necrosis, including pyroptosis, ferroptosis, and 

necroptosis, to the development of CKD has been widely investigated. The 

upregulation of regulated necrosis-related genes has been found in various CKD 

models (287, 316, 317). The benefits of inhibiting regulated necrosis have also been 

investigated in vivo and in vitro. Deleting Gasdermin E (GSDME), an executor of 

pyroptosis, alleviated renal fibrosis and inflammation in CKD caused by unilateral 

ureteral ligation (UUO) and nephrectomy (318). Inhibition of ferroptosis by Ferrostatin-

1 also exhibited anti-fibrotic effects against UUO and IRI-CKD models (311). Moreover, 
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inhibiting necroptosis showed protective effects in UUO (307, 308), nephrectomy 

(176), and IRI-induced CKD models (286). Consistent to these results, our study 

demonstrated that blocking necroptosis with Nec-1 mitigated IRI-induced fibrosis in 

mice and prevented IRI-induced EMT development in tubular epithelial cells. 

Collective findings suggest that regulated necrosis may be a key target in the 

prevention and treatment of CKD. Further studies are needed to confirm these findings 

and to develop safe and effective inhibitors of regulated necrosis for use in clinical 

settings. 

It is believed that regulated necrosis contributes to chronic inflammation by releasing 

DAMPs into the extracellular space (156). In our study, OGD-conditioned medium 

caused EMT in tubular epithelial cells, and inhibiting necroptosis before the onset of 

OGD led to reduced EMT. It indicates that molecules that released from necroptotic 

cells, most likely DAMPs, can induce EMT development. Furthermore, our data 

demonstrated that extracellular HMGB-1 induces EMT and TGF-β1 production in 

tubular epithelial cells via TLR-4/JNK signalling pathways. These findings support the 

idea that regulated necrosis and the release of DAMPs play an important role in the 

development of CKD and suggest that targeting these processes may be a promising 

strategy for treating CKD. 

In conclusion, this study demonstrates the role of necroptosis in promoting EMT 

development in the context of renal IRI. Also, our results indicate that extracellular 
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HMGB-1 induces TGF-β1 production and EMT development through TLR-4/JNK. 

Overall, these findings suggest that targeting necroptosis, HMGB-1, TLR4/JNK, and 

their downstream signalling pathways may be a promising strategy for preventing EMT 

and the development of CKD. 
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Chapter Six 

Dexmedetomidine attenuates lipopolysaccharide-induced 

renal cell fibrotic phenotypic changes by inhibiting 

necroinflammation via activating α2-adrenoceptor 

  



136 

 

6.1 Introduction 

Sepsis is one of the major causes of AKI (10), and over 6% patients with sepsis-

associated AKI (S-AKI) eventually develop CKD (319, 320). However, there is currently 

no effective treatment for this progression, and the precise mechanism underlying the 

transition from S-AKI to CKD remains to be elucidated. 

Dexmedetomidine (Dex), a highly selective α2-adrenoreceptor (α2-AR) agonist, is often 

used as an anaesthesia adjuvant or as a sedative for critically ill patients (321). Dex 

may be able to inhibit necroinflammation evidenced by its cytoprotective properties 

against several types of programmed necrosis (322-324). Dex treatment is also linked 

to lower DAMP levels (325, 326). Taken together, Dex may have anti-fibrotic properties 

in preventing renal fibrosis by suppressing necroinflammation which was investigated 

in the current study in LPS-induced sepsis models. 

6.2 Experimental design 

6.2.1 Investigating of Dex attenuates LPS-induced renal injury 

An LPS-induced sepsis model was adapted to the role of Dex in S-AKI. The detailed 

procedures were explained in Methodology. In brief, mice were assigned in untreated 

group (naïve control, NC), LPS alone group (LPS), LPS with Dex group (LPS+Dex), and 

LPS, Dex, and Atipamezole (Atip) group (ATIP) (n=5/group). Atip is a potent antagonist 

of α2-AR. Haematoxylin and eosin (H&E) staining was used here to evaluate the 

protective effects of Dex against LPS-induced renal injury. 
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6.2.2 Investigating if Dex reduces fibrosis after LPS challenge 

Kidney sections were stained with fibrotic markers collegen-1 and α-SMA, followed by 

assessment by immunohistochemistry (IHC). 

6.2.3 Investigating if Dex reduces LPS-induced necroinflammation 

Kidney sections were stained with necroptosis marker p-MLKL and pyroptosis-related 

marker NLR family pyrin domain containing 3 (NLRP3), followed by assessment by IHC. 

6.2.4 Investigating if LPS induces EMT in HK2 cells 

Cultured HK2 cells were treated either with LPS alone (LPS), LPS and Dex (LPS+DEX), 

LPS, Dex and Atip (ATIP), or naïve controls (NC) for 48 hours, followed by assessment 

of EMT markers by immunocytochemistry (ICC) and western blot. 

6.2.5 Investigating if necroptosis suppresses LPS-induced regulated necrosis 

Cultured HK2 cells were treated either with LPS alone (LPS), LPS and Dex (LPS+DEX), 

LPS, Dex and Atip (ATIP), or naïve controls (NC) for 48 hours. Cell necrosis were 

assessed by Annexin V/propidium iodide (PI) Flow cytometry. Then, necroptosis and 

pyroptosis markers were assessed by western blot. 
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6.2.6 Investigating if Dex attenuates transforming growth factor-β1 (TGF-β1) induced 

EMT in HK2 cells and the potential molecular mechanisms of Dex’s protective effects 

TGF-β1 is a classic inducer of EMT in vitro. Cultured HK2 cells were treated either with 

TGF-β1 alone (TGF-β1), TGF-β1 and Dex (TGF-β1 +DEX), TGF-β1, Dex and Atip (ATIP), 

or naïve controls (NC) for 48 hours, followed by assessment of EMT markers by ICC and 

western blot. The c-Jun N-terminal Kinase (JNK) signalling JNK is one of the 

downstream pathways of Toll like receptor-4 (TLR4), which mediates the inflammatory 

response induced by LPS.  In addition, the JNK signalling pathway is involved in TGF-

β1-induced EMT. The activation of the JNK signalling pathway was evaluated using 

western blot after stimulation with LPS, TGF-β1, or Dex. 
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6.3 Results 

6.3.1 Dex attenuated LPS-induced kidney injury 

LPS caused an increased interstitial oedema, brush border ablation, tubular and 

glomerular necrosis, and infiltration of leukocytes, attenuated by the administration 

of Dex (as indicated by arrow heads). The protective effects of Dex were abolished with 

Atip (Figure 1a). Histological injury score analysis revealed that the LPS group had a 

significant increase in both tubules (3.11 ± 0.49, p < 0.001, Figure 1b) and glomeruli 

(3.26 ± 0.32, p < 0.01, Figure 1c). Dex significantly reduced the injury scores in both 

the tubules (1.65 ± 0.29, p < 0.01) and the glomeruli (1.29 ± 0.48, p < 0.01), which were 

reversed by administering Atip to both the tubules (3.43 ± 0.38, p < 0.01) and glomeruli 

(3.34 ± 0.12, p < 0.01), indicating that Dex's organ protection was mediated through 

α2-AR activation.  
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Figure 6. 1 DEX attenuated LPS-induced kidney injury in vivo via an α2-AR 

mechanism 

C57BL/6 adult male mice were either injected with saline (NC), LPS alone (LPS), LPS 

with Dex (LPS+DEX) or LPS, DEX and Atip (ATIP). (a) The representative H&E staining 

of the mice kidney (renal cortex). (b-c) Quantitative analysis of injury scores (n=3, each 

represent an independent animal). Scale bar = 100µm. Data is presented as mean ± 

SD; ** p < 0.01 and *** p < 0.001.  

LPS: lipopolysaccharide; Dex: dexmedetomidine; Atip: atipamezole; NC: naïve control. 
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6.3.2 Dex reduced fibroblast activation within kidney tubules 

A-SMA and collagen-1 are classic markers that represent fibroblast activation and ECM 

formation, respectively, and are closely related to the degree of fibrosis (327, 328). The 

fluorescent intensity of α-SMA within the tubules (Figure 2b) was increased 

significantly in response to LPS injection (1.40 ± 0.09, p < 0.001). Furthermore, Dex 

ameliorated the increase in α-SMA (0.87 ± 0.14, p < 0.001), which was reversed by Atip 

administration (1.34 ± 0.09, p < 0.001). There were no significant differences observed 

in the expression of α-SMA in the glomeruli (Figure 2c) or in the expression of collagen-

I in both the tubules and glomeruli across the four groups (Figure 2d and e).  
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Figure 6. 2 Dex reduced myofibroblast activation within kidney tubules 

C57BL/6 adult male mice were either injected with saline (NC), LPS alone (LPS), LPS 

with Dex (LPS+DEX) or LPS, DEX and Atip (ATIP). (a) The representative fluorescent 

staining of α-SMA and collegen-1 (renal cortex, n=5, each represent an independent 

animal). (b-e) The fluorescent intensity of α-SMA and collagen-1 within tubules and 

glomeruli. Scale bar = 50µm. Data is presented as mean ± SD; *** p < 0.001.  

LPS: lipopolysaccharide; Dex: dexmedetomidine; Atip: atipamezole; NC: naïve control; 

α-SMA: α-smooth muscle actin. 
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6.3.3 Dex attenuated necroptosis and the formation of NLRP3 inflammasome 

To investigate whether Dex may attenuate necroinflammation following an LPS 

challenge, two representative forms of programmed cell death, necroptosis and 

pyroptosis, were assessed with p-MLKL, an executioner of the necroptotic process, and 

NLRP3 which is associated with pyroptosis, respectively (Figure 3a). Compared to NC, 

the fluorescent intensities of p-MLKL (1.65 ± 0.43, p < 0.01) and NLRP3 (1.48 ± 0.47, p 

< 0.05) within tubules were significantly increased following LPS injection, respectively 

(Figure 3b). The p-MLKL (1.15 ± 0.21, p < 0.05) and NLRP3 (0.97 ± 0.16, p < 0.05) 

expressions within tubules were markedly decreased in the LPS+DEX group when 

compared to the LPS group. Atip reversed the effect of Dex by increasing the level of 

p-MLKL (1.50 ± 0.19, p <0.05) and NLRP3 (1.52 ± 0.33, p < 0.05).  
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Figure 6. 3 Dex attenuated necroptosis and the formation of NLRP3 inflammasome 

C57BL/6 adult male mice were either injected with saline (NC), LPS alone (LPS), LPS 

with Dex (LPS+DEX) or LPS, DEX and Atip (ATIP). Mice in control group were injected 

with comparable volumes of saline (NC). (a) The representative fluorescent staining of 

p-MLKL and NLRP3 (renal cortex, n=5, each represent an independent animal). (b-e) 

The fluorescent intensity of p-MLKL and NLRP3 within tubules and glomeruli. Scale bar 

= 50µm. Data is presented as mean ± SD; * p < 0.05 and ** p < 0.01. Arrows indicate 

positive staining.  

LPS: lipopolysaccharide; Dex: dexmedetomidine; Atip: atipamezole; NC: naïve control; 

p-MLKL: phosphorylated mixed lineage kinase domain-like protein; NLRP3: NLR family 

pyrin domain containing 3. 
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6.3.4 Dex suppressed LPS-induced EMT in vitro 

EMT is critical in the pathogenesis of renal fibrosis, whereby renal tubular epithelial 

cells increase α-SMA expression and lose epithelial cell markers, such as E-cadherin. 

To confirm our in vivo findings, we examined whether Dex is able to attenuate LPS-

induced EMT in HK2 cells. Cultured HK2 cells were treated either with LPS alone (LPS), 

LPS and Dex (LPS+DEX), LPS, Dex and Atip (ATIP), or untreated naïve controls (NC) for 

48 hours (Figure 4a). LPS significantly increased of α-SMA expression (p < 0.01), which 

was reversed following the administration of Dex (p < 0.05), whilst Atip administration 

did not have any significant effect (Figure 4b). There was no treatment induced any 

significant changes of E-cadherin expression (Figure 4c). The similar pattern changes 

were found within western blot analysis (Figure 4d-f).  
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Figure 6. 4 Dex suppressed LPS-induced EMT in vitro 

HK2 cells were either treated with LPS alone (LPS), LPS and Dex (LPS+DEX), LPS, Dex 

and Atip (ATIP) or untreated (NC) for 48 hours. (a) The representative IF of α-SMA and 

E-cadherin in HK2 cells (n=4, each represent an independent experiment). (b, c) 

Fluorescent intensity analysis of α-SMA and E-cadherin. (d) The representative 

western blot of α-SMA and E-cadherin in HK2 cells (n=4, each represent an 

independent experiment). (d, e) Quantitative analyses of α-SMA and E-cadherin. Scale 

bar = 100µm. Data is presented as mean ± SD; * p < 0.05 and ** p < 0.01. Arrows 

indicate positive staining.  

HK2 cells: human kidney 2 cells, a proximal tubular epithelial cell line; LPS: 

lipopolysaccharide; Dex: dexmedetomidine; Atip: atipamezole; NC: naïve control; α-

SMA: α-smooth muscle actin. 
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6.3.5 Dex inhibited LPS-induced necroptosis and pyroptosis in vitro 

Flow cytometry was used to determine whether Dex has an anti-necrotic effect in 

response to LPS stimuli (Figure 6.5a). The treated cells and NC were stained with 

Annexin V and PI. The percentage of cells in Quadrant 3 (Q3, Annexin V-/PI+), which 

represents necrotic cells, was then compared between intervention groups. LPS 

challenge increased the percentage of cells in Q3 (p < 0.05), whereas Dex had an anti-

necrotic effect, decreasing the rate of cells in Q3 in comparison to the LPS stimuli (p < 

0.05) (Figure 6.5b). Western blotting was used to determine if Dex prevents 

necroptosis and pyroptosis (Figure 6.5c and e). P-MLKL and cleaved-GSDMD are 

executors of necroptosis and pyroptosis, respectively. LPS increased p-MLKL (p < 0.01), 

as well as cleaved-GSDMD expressions (p < 0.01), both of which were reduced 

following Dex treatment, respectively (p < 0.05) (Figure 6.5d and f).  
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Figure 6. 5 Dex inhibited LPS-induced necrosis in vitro 

HK2 cells were either treated with LPS alone (LPS), LPS and Dex (LPS+DEX), LPS, Dex 

and Atip (ATIP) or naïve control (NC) for 48 h. (a, b) The representative flowcytometry 

analysis of Annexin V and PI in HK2 cells (n=4, each represent an independent 

experiment). (c-f) The representative western blot of p-MLKL and GSDMD (full-length 

and cleaved) and their quantitative analyses (n=4, each represent an independent 

experiment). Data is presented as mean ± SD; * p < 0.05 and ** p < 0.01. 

HK2 cells: human kidney 2 cells, a proximal tubular epithelial cell line; LPS: 

lipopolysaccharide; Dex: dexmedetomidine; Atip: atipamezole; NC: naïve control; PI: 

propidium iodide; MLKL: mixed lineage kinase domain-like protein; FL-: full-length-; 

CL-: cleaved-; GSDMD: Gasdermin D.  
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6.3.6 Dex suppressed TGF-β1-induced EMT 

To demonstrate whether Dex directly inhibits EMT independent of its anti-necrotic 

properties, we administered TGF-β1 to induce EMT in HK2 cells. TGF-β1 is a classic EMT 

inducer, which helps to minimise the involvement of necrosis. Cells were either treated 

with TGF-β1 alone (TGF-β1), TGF-β1 and Dex (TGF-β1+DEX), TGF-β1, Dex and Atip (ATIP) 

or untreated naïve controls (NC) for 48 h. TGF-β1 significantly increases the fluorescent 

intensity of α-SMA, which was attenuated following Dex administration (p < 0.01 and 

p < 0.05, respectively; Figure 6.6a and b). Atip did not alter the fluorescent intensity 

of α-SMA relative to the Dex treatment. Western blot analysis revealed an increase of 

α-SMA expression induced by TGF-β1 (p < 0.05). TGF-β1-induced EMT was prevented 

by Dex, as evidenced by a decreased expression of α-SMA (p < 0.05; Figure 6.6c and 

d). Then we found that the anti-EMT effect of Dex is associated with phosphorylation 

of JNK (Figure 6.6e). The expressions of p-JNK were increased significantly after LPS (p 

< 0.001) and TGF-β1 (p < 0.01) administration, respectively. P-JNK expressions in the 

Dex groups were significantly lower than in the LPS or TGF-β1 groups (p < 0.01), 

consistent with lower α-SMA expression (Figure 6.6f and g), suggesting that the anti-

EMT effects of Dex is associated with JNK phosphorylation.  
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Figure 6. 6 Dex suppressed TGF-β1-induced necrosis in vitro 

 (a) IF of α-SMA in HK2 cells (n=4, each represent an independent experiment). (b) 

Fluorescent intensity analysis of α-SMA. (c) Western blot of α-SMA and E-cadherin in 

HK2 cells(n=4, each represent an independent experiment). (d) Quantitative analyses 

of α-SMA. (e) HK2 cells were either treated with LPS (LPS), LPS and Dex (LPS+DEX), 

TGF-β1 alone (TGF-β1), TGF-β1 and Dex (TGF-β1+DEX), or untreated (NC) for 48 h, 

respectively SMA (n=4, each represent an independent experiment). (f-g) Quantitative 

analyses of the p-JNK and α-SMA. Scale bar = 100µm. Data is presented as mean ± SD; 

* p < 0.05, ** p < 0.01 and *** p < 0.001.  

HK2 cells: human kidney 2 cells, a proximal tubular epithelial cell line; TGF-β1: 

transforming growth factor beta 1; Dex: dexmedetomidine; Atip: atipamezole; NC: 

naïve control; IF: immunofluorescence; α-SMA: α-smooth muscle actin; JNK: c-Jun N-

terminal Kinase. 
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6.4 Discussion 

In this study, we found that Dex reduced renal injury in response to LPS-induced AKI. 

Dex inhibited myofibroblast proliferation while also decreased NLRP3 inflammasome 

formation and necroptosis. A2-AR activation was at least partially responsible for the 

protective effects of Dex which was demonstrated in our in vivo experiments. In vitro, 

Dex also prevented EMT following LPS challenge. Dex significantly reduced two types 

of programmed cell death, necroptosis and pyroptosis suggesting that its anti-EMT 

effects were likely related to its cytoprotective properties. Dex also inhibited TGF-β1-

induced EMT, indicating that Dex has an anti-EMT effect in addition to its 

cytoprotective properties. Furthermore, it was found that the JNK signalling pathway 

was involved in Dex’s anti-EMT properties. Our findings suggest that Dex may be a 

promising treatment strategy to prevent renal fibrosis (Figure 8). 
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Figure 6. 7 The overall illustration of Dex-mediated protection against LPS-induced 

renal injury 

In a normal renal tubule, renal tubule epithelial cells are tightly connected to each 

other by intracellular adhesion molecules, such as E-cadherin, and they attach to the 

TBM on their basal side. Upon the stimulation of LPS, tubular epithelial cells undergo 

programmed necrosis including necroptosis and pyroptosis, releasing DAMPs which 

recruit and activate immune cells. The intensive inflammation can directly cause EMT. 

In addition, the activated immune cells produce TGF-β1 which can also cause EMT. In 

the present study, this study demonstrates that Dex reduces EMT following LPS 

stimulation whilst simultaneously inhibiting pyroptosis and necroptosis. Dex can 

inhibit TGF-β1-induced EMT, indicating that Dex has a direct anti-EMT effect in 

addition to its cytoprotective properties.  

TBM: tubular basement membrane; LPS: lipopolysaccharide; DAMPs: danger-

associated molecular patterns; EMT: epithelial-mesenchymal transition; TGF-β1: 

transforming growth factor beta 1; Dex: dexmedetomidine.  

  



153 

 

Significant evidence suggests that acute kidney injury can trigger renal fibrosis 

development (1, 329, 330). Inflammation (331-333), DNA damage (334, 335), 

senescence (336, 337) and mitochondrial dysfunction (338, 339) are all possible 

contributors to the AKI-to-CKD transition. Inflammation is one of the most important 

factors that contribute to the progression of AKI to CKD, as many pro-inflammatory 

factors, such as tumour necrosis factor-α (TNF-α), C-reactive protein, and interleukins, 

are predictors and promoters of CKD (340). In addition, most of these factors interact 

positively with inflammation (341, 342). As a result, inflammation plays an important 

role in renal fibrosis. The necroinflammation theory may explain why inflammation 

persists after the acute phase of an injury in the transition from AKI to CKD. Initial 

damage to the kidney that induces programmed necrosis leads to a massive release of 

DAMPs that can sustain or amplify the inflammatory response and drive further 

necrosis, which ultimately results in renal fibrosis. Various DAMPs have been found to 

increase in CKD (289). A cross-sectional study of 225 patients showed that high 

mobility group box 1 (HMGB-1) was significantly elevated in patients with CKD and its 

concentration was inversely proportional to patients’ renal function (343). In addition, 

heat shock proteins (HSPs) were reported to be higher in children and young adults 

with CKD (344). Hsp27, phospho-Hsp27, receptor for advanced glycation end-products 

(RAGE), and calreticulin expression were all increased in a unilateral ureteral 

obstruction (UUO) animal model (345-347). In addition to studies focusing on DAMPs, 

it has been reported that inhibiting programmed necrosis attenuates renal fibrosis 



154 

 

(348). Jiang et al. found that Coenzyme Q10 (CoQ10) prevented unilateral ureteral 

obstruction (UUO) induced necroptosis and renal fibrosis. Necrostatin-1 and GSK872, 

which are RIP inhibitors, had similar effects, indicating that the anti-fibrotic effect of 

CoQ10  may work through anti-RIP-mediated necroinflammation (348). Chen et al. 

demonstrated that the deletion of RIP3 or/and MLKL genes in mice reduced renal 

fibrosis in a model of ischemia-reperfusion injury (286). The evidence above clearly 

suggests an association between necroinflammation and CKD, indicating that 

necroinflammation may be a therapeutic target in tackling CKD. 

Dex is a sedative with analgesic property and commonly used in perioperative 

medicine. The main target of this drug is the α2-AR, which constitutes a family of 

guanine-nucleotide regulatory binding proteins (G proteins)–coupled receptors with 

at least three subtypes, α2A, α2B, and α2C (349). The α2A and α2B subtypes are mainly 

expressed in the central nervous system, while the α2c subtype is more commonly 

found peripherally. The α2-AR's biological effects are mediated by G proteins, which 

modulate ion channel activity or initiate the second messenger system.  Dex has 

recently been shown to have cytoprotective properties against several types of 

programmed necrosis. Dex, for example, has been shown to inhibit pyroptosis against 

myocardial ischemia-reperfusion injury (IRI) in rats (324).  In cardiomyocytes, 

dexmedetomidine has also been shown to inhibit IRI-induced necroptosis (323). In our 

study, Dex significantly inhibited both pyroptosis and necroptosis while attenuating 
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EMT in vivo via a α2-AR mechanism. Multiple studies have demonstrated that Dex 

exerts its organ-protective effects via α2-AR activation in the brain, liver, and kidney 

(289, 350, 351). However, the precise signalling pathways remain unknown. It is 

necessary to better understand how α2-AR interacts with necroptosis and pyroptosis 

signalling pathways. 

EMT is a process in which epithelial cells lose their adhesion characteristics and 

phenotype but gain mesenchymal cell characteristics (141). EMT allows epithelial cells 

to transform into fibroblasts, which are necessary for tissue repair. However, increased 

EMT during renal fibrosis is unfavourable because it can result in overproduction of 

fibrotic scars, resulting in decreased renal function (143). The role of EMT in CKD has 

recently been called into question, as Le Bleu et al. demonstrated using genetic mouse 

models and fate-mapping techniques that, despite having a phenotype change, TECs 

did not cross the basement membrane into the interstitial space, indicating a partial-

EMT status (352, 353). Surprisingly, S. Lovisa et al. discovered that this partial-EMT 

status also promoted renal fibrosis. Twist1 and Snai1, two transcriptional regulators of 

EMT, were conditionally deleted, which significantly reduced interstitial fibrosis (354). 

Our data demonstrate that Dex attenuates both LPS and TGF-β1-induced EMT via a 

mechanism related to JNK phosphorylation, indicating that Dex may have the potential 

to alleviate renal fibrosis in clinical practice. Multiple Dex studies further support this 

theory. For instance, Li et al. found that Dex attenuated renal fibrosis through the 
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inhibition of cellular senescence in an IRI model (355). An in vitro study found that Dex 

inhibited TGF-β1-induced ECM formation in airway smooth muscle cells by inhibiting 

MAPK signalling pathways (356). Collective findings suggest that Dex's anti-fibrotic 

effect might translate into clinical practice although it warrants further study. 

JNK is a key member of the MAPK family (357), mediating a variety of cellular processes 

including cell proliferation, inflammation, and differentiation (358). JNK is primarily 

activated by multiple extracellular stimuli such as LPS, leading to increased pro-

inflammatory transcriptional factors, chemokines, and cytokines, which potently 

activate host defensive mechanisms (359). Activation of the JNK signalling pathway is 

evident in various models of acute and chronic kidney injury (360). The JNK pathway 

also interacts with the TGF-1/Smad EMT pathway by phosphorylating mothers against 

decapentaplegic homolog 3 (Smad 3) directly (361). In this study, we found that Dex 

significantly inhibited JNK activation. The interaction between Dex and JNK can be 

found in various disease models. Dex, for example, has been shown to protect 

neonatal rats' hippocampus from isoflurane-induced neuro-apoptosis by inhibiting the 

JNK signalling pathway (362).  Zhu et al. demonstrated that Dex protected against 

autophagy in focal cerebral IRI by suppressing JNK phosphorylation (363). Similar 

findings have also been demonstrated in acute stress-induced kidney Injury (364) and 

lung sepsis models (365). However, the mechanisms underlying the interaction 

between Dex and JNK remain to be studied. 
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This study has some limitations. Firstly, we mimicked S-AKI using an LPS model, which 

has some inherent drawbacks. LPS is only a single type of toxin that is released by 

gram-negative organisms during infection. Furthermore, the LPS-model neglects host-

pathogen interactions as it essentially causes endotoxemia rather than a septic state. 

As a result, it may not result in actual inflammatory responses against infection. 

Secondly, the study course in both in vivo and in vitro is relatively short while renal 

fibrosis is chronic process, and the anti-fibrotic effect of Dex remains unknown. 

However, Dex inhibited pyroptosis and necroptosis induced by LPS stimulation 

reported here would no doubt protect kidney to be deteriorated pathologically and 

functionally. 

In summary, this study demonstrates that Dex attenuated EMT following LPS challenge 

whilst simultaneously inhibited pyroptosis and necroptosis via α2-AR activation in the 

kidney. Our findings suggest that Dex may have potential to reduce renal fibrosis 

through suppressing necroinflammation. Dex's anti-fibrotic properties may provide 

further justification of using Dex on patients have a risk of developing AKI towards CKD 

during perioperative period. 
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Chapter Seven 

Final discussion 
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7.1 Rationale of the study 

Chronic Kidney Disease (CKD) has become a major global health issue, with an 

estimated worldwide prevalence of over 9% (366). The disease is characterised by a 

gradual loss of kidney function over time, which can result in reduced quality of life, 

increased mortality, and various complications, such as hypertension, acute kidney 

injury (AKI), and cardiovascular disease  (10, 17, 18). A wide range of conditions can 

lead to the development of CKD and can be categorised as systematic diseases (e.g., 

diabetes), genetic disorders (e.g., polycystic kidney disease), and AKI (e.g., sepsis-

induced AKI) (24). Currently, treatment options are mainly focused on conservative 

management and addressing the underlying causes (24). However, there is no effective 

treatment to prevent or slow down CKD developed from AKI. This study aims to 

investigate the mechanisms behind the transition from AKI to CKD, with a particular 

focus on the role of necroptosis, as well as the potential therapeutic interventions. The 

findings from this study have the potential to provide new therapeutic targets for the 

AKI-CKD transition, which could be further developed and eventually translated into 

clinical practice. 

7.2 Summary of the findings 

In chapter 4, we explored the mechanisms of cell death triggered by various 

nephrotoxic agents, including cisplatin (CDDP), pemetrexed (PEM), gentamicin (GM), 

and aristolochic acid-I (AA-I), and their effect on the development of epithelial-
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mesenchymal transition (EMT) in human tubular epithelial cells (HK2). Our findings 

indicate that CDDP, PEM, and AA-I induce cytotoxicity and decreased cell viability in a 

dose-dependent manner in HK2 cells, leading to significant necroptosis. On the other 

hand, GM causes apoptosis-dominated cell death. The upregulation of α-smooth 

muscle actin (α-SMA) in response to CDDP, PEM, and AA-I was suppressed by the 

necroptosis inhibitor Necrostatin-1 (Nec-1), suggesting the involvement of necroptosis 

in the development of EMT. Furthermore, the results suggest that the Toll-like 

receptor-4 (TLR-4) is implicated in CDDP, PEM, and AA-I-induced necroptosis and 

subsequent EMT, as the TLR-4 antagonist C34 reversed the increase in p-MLKL/MLKL 

(MLKL, mixed lineage domine-like protein) and α-SMA expressions. 

In chapter 5, we studied the correlation between necroptosis and EMT in ischaemia-

reperfusion injury (IRI) settings. Our findings demonstrate that ischemia-reperfusion 

injury (IRI) caused by bilateral pedicle clamping led to an increase in the levels of p-

MLKL and α-SMA, which was mitigated by Nec-1. Our in vitro experiments reveal that 

oxygen-glucose deprivation (OGD) treatment resulted in increased expression of p-

MLKL in HK2 cells. After a 48-hour recovery period, the cells displayed a noticeable 

increase in α-SMA expression, which was reduced by Nec-1. Additionally, we found 

that OGD-conditioned medium induced EMT, and this effect was diminished by Nec-1. 

Furthermore, our results prove that high mobility group box 1 (HMGB-1) triggered 

transforming growth factor-β1 (TGF-β1) production and EMT in HK2 cells, but histones 
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did not. These effects were suppressed by blocking TLR-4 or c-Jun N-terminal kinase 

(JNK) signalling. Overall, these findings suggest that necroptosis contributes to the 

promotion of EMT development by releasing damage-associated molecular patterns 

(DAMPs), and HMGB-1-mediated EMT development occurs through TLR-4/JNK 

signalling pathways. 

In chapter 6, our study investigated the impact of Dexmedetomidine (Dex), an 

anaesthetic with cytoprotective properties, on fibrotic changes triggered by 

lipopolysaccharide (LPS). Results showed that Dex effectively reduced renal injury 

caused by LPS-induced AKI. The drug inhibited myofibroblast proliferation while also 

reducing the expression of the NLR family pyrin domain containing 3 (NLRP3) 

inflammasome and necroptosis. Our in vivo experiments revealed that the protective 

effects of Dex were at least partially due to activation of the α2-adrenoceptor (α2-AR). 

In vitro, Dex prevented EMT following LPS challenge. Dex significantly reduced two 

forms of programmed cell death, necroptosis and pyroptosis, suggesting that its anti-

EMT effects may be linked to its cytoprotective properties. Furthermore, Dex inhibited 

TGF-β1-induced EMT, indicating that it has both cytoprotective and anti-EMT 

properties. Our results showed that the JNK signalling pathway was involved in Dex's 

anti-EMT effects. Overall, our findings suggest that Dex may have potential to decrease 

renal fibrosis by suppressing necroinflammation and may provide further justification 
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for its use in patients at risk of developing AKI and progressing to CKD during the 

perioperative period. 

To summarise, necroptosis-associated necroinflammation plays a role in AKI and the 

subsequent development of EMT, which may be through activation of the TLR4/JNK 

cellular signalling pathways. These pathways can be therapeutic targets for future 

treatment of AKI and its progression to CKD. The results of our studies show that the 

use of Dex has a protective effect against necroptosis, pyroptosis, and EMT, making it 

a valuable option for clinical applications. 

7.3 Scientific and clinical implications 

7.3.1 Necroptosis and DNA damage 

Necroptosis is a type of cell death that is regulated by a complex pathway involving the 

RIP1, RIP3, and MLKL proteins (367). It can be triggered by various extrinsic pathways 

including tumour necrosis factor receptor (TNFR)-dependent pathways, TLR-

dependent pathways, and interferon receptor-dependent pathways (263). Recent 

studies have shown that DNA damage may lead to necroptosis as an intrinsic 

mechanism, as evidenced by the induction of necroptosis by DNA-damaging agents, 

such as cisplatin and etoposide (368). Our findings further support this conclusion, as 

PEM and AA-I, two compounds with DNA-damaging properties, induced significant 

necroptosis in HK2 cells. However, little is known about the molecular mechanisms 

underlying DNA damage-induced necroptosis. 
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Cells have developed intricate processes to handle DNA damage, which is commonly 

occurring due to sources such as ultraviolet (UV) light and reactive oxygen species (ROS) 

(262). While cells can repair mild DNA damage, severe and irreparable damage can 

lead to cell death via damage checkpoints Ataxia-Telangiectasia mutated (ATM) and 

ATM- and Rad3-related (ATR), which initiate signalling pathways leading to apoptosis 

(369). In certain situations, signals from ATM and ATR may also activate RIP1 and RIP3, 

resulting in the induction of necroptosis (370, 371). Further research is needed to fully 

understand the interactions between DNA damage and necroptosis, and how these 

processes can be manipulated or improved to prevent necroptosis, which may have 

important implications for a wide range of fields, including cancer research, aging, 

regenerative medicine, and CKD. 

7.3.2 Necroinflammation and chronic inflammation 

The development of CKD is accompanied by necroinflammation, a self-perpetuating 

cycle resulting from the mutually enhanced effects of necrosis and inflammation (155, 

298-300). Upon the stimulation of insults, normal cells develop necrosis which causes 

massive release of danger-associated molecular patterns (DAMPs) including ATP, 

HMGB-1, HSP, DNA, etc (156). By interacting with pattern recognition receptors (PRRs), 

DAMPs not only induce cell death on neighbouring cells but also recruit and activate 

immune cells that amplify the inflammation and drive further, persistent cell death 
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(157). This leads to sustained inflammation, the decline in tubular cells, aging of cells, 

and fibrosis (155, 298-300).  

The inhibition of necroptosis, pyroptosis, or ferroptosis has shown protective effects 

against CKD in various models, indicating the involvement of these forms of regulated 

necrosis in the development of CKD (176, 302-312). However, none of these findings 

have been translated into clinical practice. This may be due to the fundamental 

differences between experimental and clinical settings. In experimental settings, the 

inhibition of a specific type of cell death, either through pharmacological agents or 

genetic deletion, occurs prior to the injury, which does not occur in clinical settings. 

Additionally, in the case of the AKI-CKD transition, there may be a predominant type 

of cell death present in the early stages of injury. As the disease progresses, multiple 

types of cell death may coexist. Thus, inhibiting only one type of cell death may not be 

a promising approach for CKD. The effects of co-inhibiting regulated necrosis warrant 

further investigation. 

7.3.3 HMGB-1, TLR-4, and RAGE 

HMGB-1 is a nonhistone nuclear protein that has various functions based on its 

location within a cell (372). Within the nucleus, it acts as a DNA chaperone, preserving 

chromosome structure and function. In the cytoplasm, it can promote autophagy by 

binding to the Beclin-1 protein. Upon release, extracellular HMGB-1 acts as a DAMP 

molecule and regulates inflammation and immune responses through various 
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receptors (372). This molecule plays a role in several inflammatory conditions, such as 

sepsis, chronic inflammatory bowel diseases, and burns (373). 

HMGB-1 may also be a pro-inflammatory mediator in CKD, as its levels in the serum 

have been linked to pro-inflammatory markers and declining kidney function in CKD 

patients (296). Additionally, in vitro studies have shown that HMGB-1 promotes 

fibrotic phenotypes (374-376). Our research further confirms that HMGB-1 induces 

epithelial-mesenchymal transition (EMT) in tubular epithelial cells, making it a 

potential therapeutic target for preventing EMT and CKD. 

The classic HMGB1 receptors include RAGE, TLRs (TLR2, TLR4, and TLR9), CXCR4, and 

T cell immunoglobulin mucin-3 (TIM-3) (377). Currently, only RAGE and TLR4 have 

been confirmed as established HMGB1 receptors (372). Our study showed that HMGB-

1 induces EMT in HK2 cells via TLR-4, suggesting that the HMGB-1/TLR-4 system may 

be a therapeutic target for CKD treatment. Our data also showed that the RAGE 

antagonist peptide slightly reduced HMGB-1-induced EMT and TGF-β1 production, 

though this was statistically insignificant, possibly due to HMGB-1's relatively lower 

affinity for RAGE compared to TLR-4. Further investigation is necessary to fully 

understand the role of RAGE in HMGB-1-induced EMT. 

7.3.4 JNK signalling 

JNK, which is a member of the MAPK family (357), is responsible for regulating several 

cellular processes like cell growth, inflammation, and differentiation (358). It is 
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activated by various extrinsic stimuli, leading to an increase in pro-inflammatory 

factors, chemokines, and cytokines that activate the body's defence mechanisms (359). 

The activation of the JNK signalling pathway can be observed in multiple cell types, 

including glomerular cells, tubular epithelial cells and infiltrating leukocytes,  in various 

models of acute and chronic kidney injury (360). Inhibiting JNK has been shown to 

protect against kidney injury and prevent the UUO-induced renal fibrosis (378). JNK 

activation in tubular epithelial cells may be a pivotal mechanism in determining the 

outcome of both acute kidney injury and progression of chronic. Multiple studies, as 

well as our results, demonstrate that JNK mediates EMT in tubular epithelial cells (379, 

380). Tubular epithelial cells are also a major source of pro-fibrotic factors in 

tubulointerstitial fibrosis (381). In our study, JNK inhibitor SP-600125 significantly 

reduced HMGB-1-induced TGF-β1 production in tubular epithelial cells, suggesting an 

important role of JNK in the formation of fibrosis.  In summary, the JNK signalling 

pathway is an important contributor to fibrosis in the kidneys, and inhibiting JNK 

enzymes has the potential to become an effective treatment approach for CKD. 
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7.3.5 Dexmedetomidine and renal fibrosis 

Dex is a medication with sedative and pain-relieving effects commonly used in 

perioperative procedures. It primarily works by targeting α2-AR, which is activated by 

G proteins and can influence ion channel function or trigger the secondary messenger 

system (349).  Dex has recently been shown to have cytoprotective properties against 

several types of programmed necrosis (323, 324). Consistently, our results show that  

Dex significantly inhibited both pyroptosis and necroptosis against LPS-induced renal 

injury in vivo via an α2-AR mechanism, with significant anti-fibrotic effects. It is likely 

that Dex reduced fibrotic changes though its cytoprotective properties, indicating the 

potential anti-fibrotic effects of cytoprotective agents. Dex also directly suppressed 

TGF-β1-induced EMT, indicating that Dex has an anti-EMT effect in addition to its 

cytoprotective properties. The mechanisms of this, however, require further 

investigations. In addition, it was found in our study that the JNK signalling pathway 

was involved in Dex’s anti-EMT properties. Recently, it has been demonstrated that 

Dex can attenuate inflammation through downregulated TLR-4 expression via an α7 

nicotinic acetylcholine receptor-dependent pathway (67), which may explain how Dex 

interacts with JNK. Overall, our findings suggest that the use of Dex may have benefits 

for patients at risk of developing AKI and progressing to CKD during the perioperative 

period. Dex-associated anti-fibrotic mechanisms may provide novel therapeutic 

targets and warrant further study. 
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7.4 Limitations of the study 

The current study, while contributing some valuable insights into the mechanisms of 

AKI and its progression to renal fibrosis, has several limitations that have to be 

acknowledged. 

Primarily, the sample size in the study, particularly some experiments in Chapter 5, was 

relatively small due to the impact of the COVID-19 pandemic, which affected the 

validity of the findings. Future studies with larger sample sizes are necessary to confirm 

the reproducibility and applicability of these results. 

The methodological approach also has limitations. The study presents a limitation in 

its design due to the absence of negative controls in the in vivo experiments. This can 

lead to ambiguity when distinguishing between baseline expression levels and true 

positive signals. Without these controls, differentiating between inherent background 

activity and genuine experimental outcomes became challenging, potentially 

compromising the reliability of the study's findings.  

Furthermore, the absence of an in vivo model to corroborate the nephrotoxicity-

induced AKI findings leaves a gap in translational validity. The use of the LPS model, 

while informative and classic, does not simulate host-pathogen interactions, as it 

essentially causes endotoxemia rather than a septic state. As a result, it may not result 

in actual inflammatory responses against infection. Furthermore, the duration of the 

study was relatively short in comparison to the chronic nature of renal fibrosis, possibly 
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weakening the strength of the evidence. Besides, employing genetically modified 

animal models, such as RIP3-knockout mice, may also enhance the validity of the data. 

Future studies should validate these findings in a solid model of CKD.  

Moreover, the study did not include comprehensive measurements of renal function 

such as glomerular filtration rate (GFR) or serum creatinine levels, and other 

inflammation markers, which are critical for assessing kidney health and function. The 

absence of these assessment leaves the evaluation of AKI severity and the overall 

kidney function assessment incomplete. Comprehensive physiological assessments 

should be integrated into future studies. 
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7.5 Overall summary 

The present study focused on the role of necroptosis and its potential as a therapeutic 

target in the AKI to CKD transition. Through both in vitro and in vivo models, we have 

demonstrated that necroptosis contributes to EMT, a key process in kidney fibrosis and 

functional impairment, via the TLR4/JNK signalling pathway. 

Using nephrotoxic agents such as CDDP, PEM, GM, and AA-I, we induced 

nephrotoxicity-associated AKI in HK2 cells and observed a dose-dependent decrease 

in cell viability. CDDP, PEM, and AA-I significantly induced necroptosis and subsequent 

EMT through TLR-4 activation. The necroptosis pathway inhibitor Nec-1 effectively 

mitigated these effects, implicating necroptosis in the pathogenesis of EMT and 

suggesting its potential as an intervention point. 

Further investigations into IRI-induced AKI, both in murine models and HK2 cells 

subjected to renal pedicle clamping and OGD, respectively, confirmed the induction of 

necroptosis and EMT, with Nec-1 again providing protective effects. The involvement 

of high mobility group box-1 protein (HMGB-1) in inducing EMT via the TLR/JNK 

signalling pathway was also elucidated. 

Additionally, we explored the protective properties of Dex, an α2-adrenoceptor 

agonist, in a sepsis-AKI model. Dex demonstrated the capacity to attenuate LPS-

induced renal injury and EMT, inhibit necroinflammation, and protect against TGF-β1-

induced EMT, with these effects being associated with JNK pathway inhibition. 
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In summary, the research identified necroptosis-associated necroinflammation as a 

driving force in the AKI to CKD transition, mediated through TLR4/JNK cellular 

signalling pathways. The inhibition of necroptosis by Nec-1 provided a protective effect 

against EMT and renal cell impairment. Moreover, Dex was demonstrated potent anti-

EMT and renal protective effects, suggesting its therapeutic potential. These findings 

highlight novel therapeutic targets for AKI management and CKD prevention, 

warranting further investigation and development for clinical application.  
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