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Introduction

1. The kidney
The kidney is vital to maintain body homeostasis through regulation of multiple 
important functions. First, waste products produced in the body are taken up 
in the bloodstream and subsequently removed by the kidney. Second, volume 
and electrolyte homeostasis are maintained within strict boundaries by sensing 
osmolality, reabsorption of water and secretion of hormones by the renin-
angiotensin-aldosterone system. And third, filtered molecules important to the 
body, are reabsorbed such as glucose.
The kidney consists of 1.2 million nephrons, the smallest unit of which a kidney 
consists. A nephron consists of a glomerulus, the proximal tubule which transfers 
to the loop of Henle and the distal tubule. The juxtaglomerular apparatus senses 
osmolality and adjusts reabsorption of ions and proteins if necessary. The last 
unit of the nephron is the collecting duct which connects to the urethra and 
finally to the bladder. 
Blood enters the glomerulus via the afferent artery where molecules are 
filtered based on charge and size. The endothelial glycocalyx together with the 
glomerular basement membrane are negatively charged leading to the retention 
of negatively-charged molecules. Slits created by foot processes of podocytes 
create a size-based filter. The kidney filters 180 litres of blood daily. Filtered 
molecules, electrolytes and water create the ultrafiltrate or pro-urine. Larger 
molecules such as albumin, glucose and β2-microglobuline and also salts, urea 
and uric acid are actively reabsorbed from the ultrafiltrate in the proximal 
tubule. Water is also reabsorbed in the proximal tubule to achieve iso-osmolality. 
Using the counterflow principle, water and salts are reabsorbed in the loop 
of Henle and distal tubule. The juxtaglomerular apparatus senses osmolality 
and regulates filtration and osmolality through restriction or dilatation of 
the afferent and efferent artery. Finally, ‘fine-tuning’ of water and electrolyte 
transport is achieved by the collecting duct cells: principal and intercalated cells. 
Principal cells are under the influence of aldosterone and resorb sodium, chloride 
and potassium. Intercalated cells secrete hydrogen ions. Water permeability is 
regulated by vasopressin or anti-diuretic hormone. 



12

CHAPTER 1

2. Renal disease relevant for this thesis
Renal disease can be characterised by disease progression: acute or chronic. 
Acute renal failure is characterised by a sudden loss of renal function whereas 
chronic  renal disease is a slow, gradual loss of renal function. Acute renal disease, 
if treated accordingly, is a reversible disease whereas chronic renal failure is not. 
Treatment is aimed at preventing lasting damage to the body. In contrast, chronic 
renal disease slowly progresses and is often advanced when clinical symptoms 
appear. Treatment is aimed at stopping progression to preserve renal function. 
An important cause of acute renal disease is ischemia reperfusion (IR)-induced 
acute kidney injury (AKI) whereas with the epidemic rise in obesity, metabolic 
syndrome-associated chronic kidney disease (CKD) poses a challenge to 
healthcare and society.

2.1 Acute kidney injury
Acute kidney injury is the sudden loss of kidney function, measured by serum 
creatinine and urine output, occurring within 48 hours and resulting in the 
retention of metabolic waste products and dysregulation of fluid, electrolyte, 
and acid-base homeostasis. A recent study using multiple large cohort studies 
showed pooled incidence rates for AKI of 21.6% in adults and 33.7% in children 
in a hospital setting. The AKI-associated mortality rates were 23.9% and 13.8% 
respectively and declined over time (1). This translates to 1 in 5 adults and 1 in 
3 children that experience AKI during a hospital stay.
Causes of AKI can be divided into three categories: pre-renal, intrinsic or post-
renal. In case of pre-renal causes, glomerular and tubular function is intact 
however renal function is decreased due to factors limiting blood flow to the 
kidney. Examples of pre-renal causes are shock, diarrhoea or poor fluid intake 
resulting in hypovolemia and subsequent reduced renal perfusion. Renal 
dysfunction due to obstruction of the urinary outflow tract is categorised as 
post-renal which can occur due to cancer or prostatic hypertrophy. Often renal 
dysfunction is reduced due to processes that occur within the kidney itself and 
are termed intrinsic causes. The intrinsic cause can be localised to a specific 
compartment: the interstitium, glomeruli or tubules. Tubular damage is often 
ischemic or nephrotoxic. Here, we will focus on ischemic AKI.
Ischemia is the restriction of blood supply to an organ causing oxygen and glucose 
shortage. This is followed by restoration of the blood supply and concomitant 
re-oxygenation (2). Tissue re-oxygenation is accompanied by an increase in tissue 
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injury and a profound inflammatory response termed ‘reperfusion injury’. Ischemia 
reperfusion-induced injury is not limited to the ischemic organ since ischemia in 
the liver can also induce intestinal and kidney tissue injury leading finally to multi 
organ failure (3). Ischemia-reperfusion (IR)-induced AKI can be characterised by 
two phases (Fig 1): i) renal injury where cell death and inflammation are profound 
to clear any invading pathogen and ii) renal repair where fibrosis and proliferation 
are dominant processes in order to restore renal function.

Figure 1. Renal injury and repair. Following IR-induced injury, tubular epithelial cells lose their polarity 
and brush border. With increasing time/severity of ischemia, there is cell death by necrosis or apoptosis. 
Necrotic debris is released into the lumen where it obstructs the lumen. Repair is initiated when viable 
epithelial cells dedifferentiate and migrate. These cells undergo division and replace lost cells. Ultimately, 
cells go on to differentiate and re-establish the normal polarity of the epithelium. [Figure adapted from (4)]
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2.1.1 Renal injury
Characteristic morphological changes upon ischemia reperfusion injury are loss 
of brush border of proximal tubular epithelial cells (PTEC) and detachment of 
tubular cells exposing the basement membrane resulting in tubular dilatation. 
Cast formation is frequently observed due to detached tubular cells or cellular 
debris. ATP depletion also leads to disruption of the cytoskeleton which r 
esults in loss of cellular polarity and tight junctions. Tight junctions are 
important in preventing back leak, cellular polarity and form a trafficking and 
signalling platform. 
Tissue injury is dominated by epithelial and endothelial cellular injury. 
Ischemic epithelial cells deplete intracellular ATP levels leading to cell injury 
and finally cell death. All tubular cells are subject to ischemia however the 
PTEC is most vulnerable because of its function and position. PTECs have 
a high metabolic rate due to the many transport functions it has. Second, 
PTECs are located at the S3 segment of the tubule and here relative hypoxia is  
present increasing their vulnerability to ischemia. PTECs damage leads to luminal 
obstruction and backleak of filtrate across injured epithelial cells resulting in 
ineffective glomerular filtration and thereby a decreased glomerular filtration 
rate (GFR). 
IR-induced tubular necrosis leads to the release of pro-inflammatory ligands 
which will trigger i) tubular apoptosis, ii) the secretion of chemokines such 
as keratinocyte chemo-attractant (KC or CXCL1) and monocyte chemotactic 
protein-1 (MCP-1 or CCL2) by epithelial cells and iii) upregulation of adhesion 
molecules such as intercellular adhesion molecule-1 (ICAM-1 or CD54) by 
endothelial and mesangial cells. In addition, ischemia leads to stabilisation of 
hypoxia-inducible factor (HIF) which will amplify inflammation (5).
Subsequently, chemokine release in combination with upregulation of adhesion 
molecules will induce granulocyte and macrophage extravasation into the renal 
tissue. Granulocytes will infiltrate the tissue and release reactive oxygen species 
(ROS) thereby damaging surrounding tissue. Infiltrating macrophages have a 
pro-inflammatory M1 phenotype and release pro-inflammatory cytokines such 
as TNF-α which stimulates tubular necrosis and apoptosis. Summarised, the 
initial IR-induced tubular injury triggers a positive feedback loop where cell death 
leads to inflammation and subsequently enhances cell death (6). If the original 
IR-induced insult is limited, the kidney is able to recover however if the extent 
of IR-induced injury is major, the resulting inflammation and accompanying 
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cell death will damage the entire kidney thereby inducing renal dysfunction and 
eliminating the potential for recovery.
 
2.1.2 Renal repair
In contrast to the heart and brain, renal function can completely recover from 
IR-induced AKI on the short-term. In contrast, long-term effects of AKI are an 
increased risk to develop CKD (7–9) which suggests an unresolved pathology 
following AKI. Renal tubular epithelium proliferates slowly under normal 
conditions but upon injury, proliferation increases dramatically as indicated 
by the proliferation marker Ki67. A specific subpopulation of tubular cells is 
responsible for proliferation (termed progenitor or scattered tubular cells) and 
a transcriptional program is initiated upon injury to dedifferentiate surviving 
tubular cells into proliferating cells (10). This mechanism was confirmed using 
irreversible genetic tagging and cell-fate tracking, and shown to be not present 
under physiological growth (11, 12). 
Macrophages play a dual role following IR since early M1 macrophages are 
detrimental to the kidney whereas M1 macrophages are replaced by the anti-
inflammatory, M2 macrophages to stimulate proliferation (13). The same article 
showed that both in vitro  and in vivo, pro-inflammatory macrophages convert 
into M2 macrophages in the presence of renal tubular cells.
Finally, fibrosis is often observed in IR-induced AKI however not too such 
an extent as in the unilateral ureteral obstruction (UUO)-induced model of 
CKD. Fibrosis is characterised by an accumulation of α-smooth muscle actin 
(α-SMA)+ myofibroblasts, fibronectin, collagen type I and the growth factors 
connective tissue growth factor (CTGF), transforming growth factor-β (TGF-β). 
Myofibroblasts originate from local proliferating fibroblasts, endothelium and 
epithelium through a process termed endothelial- or epithelial-to-mesenchymal 
transition (EMT) (14). Fibrosis is the adaptive process to injury to maintain 
organ integrity however it can become maladaptive when fibrosis induces an 
abnormal accumulation of extracellular matrix, tubular atrophy and renal 
dysfunction. Fibrosis is limited in a model of IR-induced AKI and seen as an 
contributor to long-term development of CKD (15).
Summarised, IR-induced injury is followed by renal repair which consists of 
proliferation of surviving epithelial cells to restore renal function combined 
with the initiation of fibrosis to replace degraded extracellular matrix and 
maintain organ integrity. 
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2.2 Chronic kidney injury
CKD is defined as the presence of kidney damage for more than 3 months, i.e. 
structural or functional abnormalities which manifests itself either by markers 
of kidney damage or a GFR of less than 60 ml/min/1.73m2 (16). Individuals with 
established kidney damage and a GFR >60 ml/min/1.73m2 are at an increased 
risk of two major outcomes of CKD: loss of kidney function and cardiovascular 
disease. The prevalence of CKD (stages 1-4) increased from 10.0% in 1988-1994 
to 13.1% in 1999-2004 (17). Stage 1-2 CKD is present in 38% of CKD patients 
(5% of 13.1%) however these individuals don’t experience renal dysfunction. 
Currently, there is an emphasis on early diagnosis and prevention to reduce risks 
of cardiovascular events, kidney failure and death (18). Therefore, biomarkers are 
developed to diagnose CKD at an early stage and prevent progression towards 
stage 3, 4 and finally end-stage renal disease (ESRD) (19).
CKD is a common term for a range of heterogeneous disorders which affect 
renal function and structure. CKD is generally associated with old age, diabetes, 
hypertension or obesity however the exact diagnosis is often difficult except 
in case of exposure to nephrotoxic drugs. In addition, AKI can lead to the 
development of CKD (15). Diabetes, hypertension and obesity are traits of 
the metabolic syndrome together with dyslipidemia. Indeed, more traits of 
the metabolic syndrome associate with an increasing incidence of CKD (20). 
Also, all traits by itself associate significantly with the development of an 
estimated GFR (eGFR) of <60 ml/min/1.73m2 such as impaired fasting glucose 
and abdominal obesity (21). Due to its heterogeneous nature, the pathology 
can be diverse but several hallmarks can be identified: a systemic, low-grade 
inflammation in combination with glomerulosclerosis and tubular atrophy. In 
addition, proteinuria by itself is a strong predictor for CKD or in combination 
with other markers an indicator of CKD
The mechanisms through which metabolic syndrome induces CKD are diverse. 
Hemodynamic factors, inflammation and metabolic effects are important for 
the development of metabolic syndrome-associated CKD. Type of diet is also 
important in the initiation and progression of metabolic syndrome-associated 
CKD. In a prospective study with 9514 participants, it was established that 
the consumption of a western dietary pattern, meat and fried foods promotes 
the incidence of metabolic syndrome (22). Similarly, a meta-analysis of 11 
prospective cohort studies showed that sugar-sweetened beverages increased 
the relative risk for developing type 2 diabetes or metabolic syndrome (23). In 
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line with the association between metabolic syndrome and CKD, a western diet 
was found to increase the risk for CKD (24). High fructose corn syrup is often 
used as a sweetener in beverages and is has steadily increased in parallel with 
the growth of the metabolic syndrome incidence. Fructose induces renal injury, 
inflammation and CKD (25–27). In case of fructose, uric acid, an important 
metabolite of fructose, is thought to contribute to renal injury (28–30). In this 
thesis, either fructose- or Western diet-induced CKD will be investigated.

2.2.1 Dyslipidemia
Several studies have documented a relation between dyslipidemia and the 
progression of CKD: men with low high density lipoprotein (HDL) levels and 
increased non-HDL cholesterol levels were at an increased risk to develop a 
reduced GFR (31). Vice versa, increased HDL levels associated with a decreased 
risk to progress towards CKD (32).
The association with lipids and renal disease was already proposed in 1858 by 
Virchow. Observations about dyslipidemia in CKD were unified in the ‘lipid 
nephrotoxicity hypothesis’ in 1982 (33) and updated in 2009 (34) which states 
that several pathophysiological changes drive disease progression: inflammation, 
oxidative stress, endoplasmatic reticulum stress, endothelial dysfunction and 
activation of the renin-angiotensin system (Fig 2). Inflammation can modify renal 
lipid homeostasis through changes in i) lipoprotein composition and ii) cholesterol 
distribution leading to cellular stress and enhanced inflammation. This positive 
feedback loop will stimulate disease progression and ultimately lead to ESRD.
Cholesterol is needed for basic physiological functions as can be seen by cholesterol 

Figure 2. Proposed mechanisms by which dyslipidemia drives renal pathophysiological changes. 
Cardiovascular disease (CVD), endoplasmic reticulum (ER). [Adapted from (34)]
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accumulation following IR-induced AKI in the renal cortex which contributed 
to repair of damaged cell membranes (35, 36). SREBP-2 was shown to regulate 
repair of damaged plasma membranes (37) and both SREBP-2 activation and 
cholesterol accumulation were observed in kidneys in a model of type 2 diabetes 
(38) and diet-induced obesity (39) indicating both a beneficial and detrimental 
role for cholesterol in renal disease.
The detrimental role of cholesterol was expanded through studies where 
cholesterol accumulation led to the accumulation of foam cells and lipid-
mediated changes in kidney cells, glomerulosclerosis and interstitial fibrosis (40) 
possibly through alteration of lipid rafts and subsequent protein signalling (41, 
42). Furthermore, studies of patients with renal disease using statins to inhibit 
cholesterol synthesis showed a reduced loss of kidney function and reduced 
proteinuria (43).

3. The immune system
The immune system is a diverse set of physiological mechanisms that humans 
and other animals use to protect us from a variety of detrimental causes such as 
pathogenic organisms, harmful substances or tumour cells. Cells and proteins 
dedicated to orchestrate this defence system are collectively called the immune 
system. The immune system protects us from infections such as influenza 
which would be lethal to us without an immune system. 

3.1 Innate and adaptive immunity
When faced with an infection, the body generates a response aimed at specifically 
targeting and deleting the invading pathogens. This response involves T cells, 
B cells and antibodies and generally takes days to weeks. We call this part of 
the immune system the adaptive immune system and it is characterised by its 
specificity and memory. During development of the adaptive immune response, 
the body is exposed to the infection and a response is needed to control this 
outbreak of pathogens while the adaptive immune response is formulated. The 
answer to bridge this period is the innate immune response: a rapid response 
that recognises conserved motifs of pathogens. Conserved motifs found on 
pathogens are called pathogen-associated molecular patterns (PAMP) which are 
detected by pattern recognition receptors (PRR). 
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3.2 Pattern recognition receptors and the Danger model
The body uses PRRs in combination with the detection of PAMPs to detect 
invading pathogens. However, no progressive inflammatory disorder is present 
in the intestine where around two kilograms of bacteria are present. A new 
conceptual framework for immune regulation was proposed by Polly Matzinger 
in 2002 to reconcile various unexplained observations with the role of PRRs and 
PAMPs which is called the Danger model (44). Shortly, it states that not ‘self’ 
vs. ‘non-self’ discrimination is important in initiating an immune response but 
rather the presence of danger, defined as alarm signals released by injured tissue. 
PRRs were first proposed by Janeway to allow antigen-presenting cells (APC) to 
detect infectious non-self from non-infectious non-self. The extra layer added by 
Matzinger tells us that PRRs can also detect danger signals derived from injured 
cells exposed to pathogens, toxins and mechanical damage. This indicates an 
additional function for PRRs in detecting ‘self’ proteins (derived from injured 
cells) next to ‘non-self’ (bacteria). The main message here is that healthy cells 
or cells dying by regulated cell death (apoptosis) do not send danger signals. 
Nowadays, we designate these danger or alarm signals as damage-associated 
molecular patterns (DAMP).

3.2.1 The PRR family: Toll-like receptors
PRRs are currently categorised into four classes: i) Toll-like receptors (TLR), ii) C-type 
lectin receptors (CLR), iii) retinoic acid-inducible gene-I (RIG-I)-like receptor (RLR) 
known as RIG-I helicases (RLH) and iv) the nucleotide binding and oligomerisation 
domain (NOD)-like receptors (NLR) (45). Within the TLR sub-family, ten human 
and twelve murine TLRs have been discovered which bind a wide range of PAMPs 
and DAMPs and will be discussed later on. Toll and its receptor (Toll receptor) were 
first identified as an essential molecule in the development of Drosophila and later 
in antifungal immunity (46). A homologous family was later found in humans and 
termed Toll-like receptors (47). TLR family members are differentially expressed 
among immune cells and are also present on renal epithelial cells (48). TLRs are 
characterised by their leucine-rich repeats and share a similar downstream activation 
cascade as the IL-1 receptor: these include MyD88, IL-1R-associated protein kinase 
(IRAK) and tumour necrosis factor receptor-activated factor 6 (TRAF6). TLRs are 
located either at the cell surface (TLR1, TLR2, TLR4 -6)  or in endosomes (TLR3, 
TLR7-9) (49). 
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3.2.1a The TLR sub-family: Toll-like receptor 9
Endosomal TLRs (TLR3,7,9) recognise nucleic acids whereas TLRs found at the 
cell surface detect a wide range of ligands. TLR9 is located in the endolysosome 
where it detects bacterial DNA and oligonucleotides containing unmethylated 
CpG motifs whereas eukaryotic DNA and methylated oligonucleotides do not 
activate TLR9 (50). In a sterile inflammatory setting, mitochondrial DNA  can 
activate TLR9 (51). Inappropriate TLR9 activation is limited through autophagy 
of ‘self’ nucleic acids (52) and receptor compartmentalization (53). Carrier 
proteins are needed to guide TLR9 ligands towards the designated compartment, 
i.e. phagosome. Examples of carrier proteins are antibodies (54), histones (55) or 
HMGB1 (56) which can also act as DAMPs in sterile inflammatory disease.
The role of TLR9 in renal disease is diverse. TLR9 deficiency was protective 
in case of sepsis-induced AKI (57) and activation of TLR9 worsened renal 
disease in systemic lupus erythematosus (58) or immune complex-driven 
glomerulonephritis (58). TLR9 inhibition conferred protection following 
ischemia reperfusion in the liver (59) but not in de kidney (60). Similarly, TLR9 
did not regulate fibrosis following UUO (61). We explored the role of TLR9 
further following moderate and severe IR-induced AKI in this thesis.
 
3.2.2 The PRR family: NOD-like receptors
NLRs together with RLRs make up the cytoplasmic part of the PRR family. 
NLRs share partly the same structure as TLRs since both members possess one 
or multiple leucine-rich repeats. NLRs in addition have a nucleotide-binding 
domain and a ATPase domain dubbed the NACHT domain. The N-terminal 
effector domain of the NLR family is heterogeneous and can generally be divided 
into one that has a caspase recruitment domain (CARD) termed NLRC or a 
pyrin domain (PYD) termed NLRP. The CARD domain facilitates binding to 
RIP2 whereas the PYD domain binds to caspase-1 (62). 

3.2.2a The NLR sub-family: NOD-like receptor protein 3
A well-studied NLR protein is the Nod-like receptor protein 3 (NLRP3). NLRP3 
connects to caspase-1 via apoptosis-associated speck-like protein containing a 
caspase recruitment domain (ASC). ASC interacts with NLRP3 through the 
pyrin domain (63). Using its CARD, it brings monomers of caspase-1 into close 
proximity which leads to self-cleavage and subsequent activation of caspase-1. 
Active caspase-1 proteolytically cleaves a number of proteins such as pro-IL-1β 
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and pro-IL-18 (64). Release is through a non-classical secretion pathway (65).
NLRP3 is regulated through a two-step mechanism, i.e. gene expression alone is 
not sufficient (66). NLRP3 needs to be primed first followed by inflammasome 
formation. Caspase-1 activation is in case of live Gram-negative bacteria also 
dependent on caspase-11 and leads to pyroptosis (inflammatory cell death) 
(67). Three main activating mechanisms have been proposed for NLRP3 
inflammasome formation: i) K+ efflux, ii) mitochondrial dysfunction and 
generation of mitochondria-derived reactive-oxygen species (ROS), and iii) 
phagolysosomal destabilization in response to particulates (68). A recent 
study aimed to provide an explanation for these diverse NLRP3-activating 
mechanisms, by demonstrating that all tested NLRP3-activating stimuli act 
through promoting K+ efflux and subsequent Na+ influx (69). Ligands able 
to activate NLRP3 are ATP (70), uric acid crystals (71), cholesterol crystals (72), 
pore-forming toxins such as nigericin or oxidized mitochondrial DNA (73) and 
saturated fatty acids (74).
Other factors regulate down-stream effects of NLRP3 inflammasome activation. 
Autophagy limits IL-1β activation or release as shown by increased IL-1β 
levels in mice that were deficient for autophagy (ATG16L1 -/- mice) (75). In 
addition, in vivo data shows that caspase-1 is dispensable for IL-1β activation 
(76). Non-caspase proteases such as proteinase 3 have the ability to activate 
IL-1β in an inflammasome-independent manner (65). In addition, IL-1α is partly 
regulated through the NLRP3 inflammasome but is able to signal through the 
same receptor as IL-1β does, i.e. IL-1 receptor (IL-1R) (77, 78).
NLRP3 is intensely investigated in the context of obesity and insulin resistance 
(74, 79–82). With respect to renal disease, it was shown that NLRP3 is 
detrimental in case of IR-induced AKI (70, 83), unilateral ureteral obstruction 
(84, 85), oxalate nephropathy (86) and diet-induced CKD (87). In addition, it 
was shown that NLRP3 reduces the responsiveness to TGF-β induced α-SMA, 
MMP2 and MMP9 expression (88). We explored the tissue-specific role of NLRP3 
following IR-induced AKI and determined the role on renal homeostasis in a 
model of diet-associated CKD.
 
3.2.2b The NLR sub-family: NOD-like receptor X 1
Nod-like receptor X-1 (NLRX1) has an unique N-terminal domain, which 
accounts for the ‘X’ in its acronym. The ‘X’ was found to contain a mitochondrial 
addressing sequence (89, 90) which localizes NLRX1 to the mitochondrial 
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matrix (91). NLRX1 was linked to the production of ROS and amplification of 
NF-κB (90). It has an interaction with UQCRC2, a matrix-facing protein of the 
mitochondrial respiratory chain complex III which suggests a possible route to 
produce ROS (91). NLRX1 was also found to interact with the mitochondrial 
antiviral signalling adaptor (MAVS) on the outside of mitochondria (89) and 
to negatively regulates the virus-induced RIG-I MAVS interaction and type I 
interferon production (92). In addition, NLRX1 targets the IκB kinase (IKK) 
complex resulting in impaired downstream NF-κB activation (93). These data 
point towards a role of NLRX1 as a negative regulator of cytokine responses 
while enhancing ROS production. A unifying hypothesis stated that NLRX1 
suppresses spontaneous antiviral signalling in unstimulated cells but on 
activation of a RIG-I-like helicase, NLRX1 turns into a ROS enhancer (94). Its 
ligand is thought to be intracellular viral RNA since it interacts directly with 
RNA (95). Since no studies have been performed on the role of NLRX1 with 
respect to kidney disease, we set out to determine the effect of NLRX1 deficiency 
in a model of IR-induced AKI.

4. The role of the innate immune system in sterile inflammatory 
kidney disease 
Originally, the role of the innate immune system is to detect invading pathogens 
and initiate an immune response to combat the infection. However, PRRs do 
not only detect PAMPs but also DAMPs which expands their function from 
pathogen detection towards surveillance of cellular homeostasis (Fig 3). Sterile 
inflammation is characterised by activation of the immune system without the 
presence of pathogens. Evaluating the innate immune system and specifically the 
PRRs NLRP3, NLRX1 and TLR9 in this thesis, will tell us more about the role of 
these receptors on the induction and resolution of general cellular homeostatic 
pathways such as inflammation, fibrosis, proliferation and cell death. We use 
two models of sterile inflammation in this thesis: a model of IR-induced AKI and 
of diet-associated CKD. A prerequisite for innate immune activation in these 
models is the presence of PRRs different cellular subsets and the availability of 
DAMPs to these PRRs. 
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4.1 Danger-associated molecular patterns in sterile inflammatory 
kidney disease
DAMPs are a heterogeneous group of ligands which are expressed constitutively in 
different biological compartments. They are normally hidden from the immune 
system and, upon injury or stress, are passively exposed. DAMPs can be derived 
from several sources which influences the DAMP repertoire to be released and 
subsequent immune activation. The extracellular space can release biglycan, 
fibrinogen, hyaluronan, heparan sulphate, oxalate crystals or uromodulin (6). 
Here, we will discuss cell death and dietary intake as a the source for DAMPs in 
respectively IR-induced AKI and diet-associated CKD.

4.1.1 Cell death
The fate of the epithelial cell is dependent on the extent of ischemia (97). Limited 
ischemia results in injury of which a tubular cell can recover whereas severe 
ischemia induces lethal injury leading to cell death. Traditionally, cells die through 

Figure 3. Role of PRRs on inflammatory kidney disease. Either PAMPs and DAMPs (non-sterile) or 
DAMPs (sterile) activate PRRs on renal parenchymal cells which subsequently lead to recruitment and 
activation of leukocytes. The combination of insult, parenchymal cells and leukocytes result in either a 
controlled or maladaptive response. Renal disease is characterised by a vicious cycle of DAMP release, 
inflammation followed by increased DAMP release. The contribution of renal parenchymal PRRs to renal 
disease is under investigation and explored in chapter 2 and 3. [Figure adapted from (96)]
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either apoptosis or necrosis. Apoptosis is regarded a ‘silent’ mode of cell death and 
characterised by cellular and nuclear shrinkage whereas necrotic cells show swelling 
of the cell and organelles. Plasma membrane integrity is quickly lost in necrotic 
cells which allows the efflux of intracellular proteins into the extracellular space 
and trigger inflammation whereas in apoptotic cells plasma membrane integrity is 
preserved until late in the apoptotic process. Apoptosis is considered a regulated mode 
of cell death but only recently, necrosis is now also considered a regulated form of 
cell death (6, 98). Pyroptosis, necroptosis and ferroptosis are three newly discovered 
regulated forms of necrosis which occur following renal IR (99–101). Research on 
the precise role of these modes of cell death and their contribution to inflammation 
is still ongoing but involves the release of IL-1β (101). Ligands released following 
tubular necrosis are HMGB1 (102), histones (103), ATP (70), mitochondrial DNA 
(51) and uric acid (71). TLR2, TLR4, NLRP3 and TLR9 mediate the detection and 
effector mechanism upon detection of these DAMPs.

4.1.2 Nutrients
Lipids are also able to active the innate immune system in addition to previously 
mentioned proteins (e.g. HMGB1), crystals (e.g. uric acid crystals) and nucleic 
acids (e.g. mitochondrial DNA). A diet rich in free fatty acids (FFA), cholesterol or 
fructose is able to activate the immune system. Dietary FFAs are able to activate 
TLR2, TLR4 (104, 105) and NLRP3 (74). NLRP3 can also be activated by a variety 
of ligands such as cholesterol crystals (72), the free fatty acid palmitate (74), 
ceramide (79) and the oxysterol 7-ketocholesterol (106). A positive feedback loop 
can be created by initial cholesterol accumulation which enhances the secretion 
of inflammatory cytokines (40). Subsequently, pro-inflammatory cytokines 
disrupt LDL receptor (LDLR)  feedback causing unrestrained LDLR-mediated 
cholesterol uptake (107). Fructose can also be detrimental to the kidney through 
the induction of MCP-1 in renal tubular epithelial cells (27) and ICAM-1 on 
endothelial cells (108). 

4.2 PRR expression and function in sterile inflammatory kidney disease
The original role of PRRs was to detect invading pathogens and therefore, PRR 
expression and function was investigated primarily in leukocytes. Previous work done 
in our group and by others shows that renal parenchymal cells and more specifically 
tubular epithelial cells express PRRs and are contributors rather than simple bystanders 
in the innate immune response following IR or a Western diet (96).
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4.2.1 Ischemia reperfusion-induced acute kidney injury
The kidney expresses PRRs such as TLR2 (109), TLR4 (110, 111), NLRP3 (70, 
83, 88) and expression is increased following IR indicating a role during disease. 
TLR2 was shown to be most prominently expressed in renal epithelium and 
increased upon renal ischemia (48). Corresponding to this observation, Leemans 
and colleagues showed a detrimental role for renal-associated TLR2 (109). Here, 
TLR2KO mice showed reduced tubular injury, less apoptotic tubuli, reduced 
inflammation and an improved renal function. Mice lacking TLR2 in the renal 
parenchymal compartment showed improved renal function compared to mice 
with TLR2 deficiency in the bone marrow compartment and wild type mice. 
This indicates that the effects of TLR2 are solely mediated by renal parenchymal 
cells. The mechanism of action behind TLR2 was later discovered by Allam 
and colleagues (103). TLR2/4 deficiency prevented histone-induced tubular 
necrosis and granulocyte influx in vivo. Similarly, histone neutralisation reduced 
IR-induced injury and inflammation. Using in vitro experiments, they showed 
that histones from dying renal epithelial cells activate NF-κB in leukocytes and 
decreased viability of endothelial and epithelial cells. In contrast, TLR2 also 
mediates regenerative effects. Renal progenitor cells were shown to increase 
proliferation, branching morphogenesis and differentiation into renal epithelial 
cells upon TLR2 activation (112). TLR2 therefore functions both as a mediator 
of repair, inflammation and cell viability depending on the stage of disease and 
localisation.
TLR4 is also strongly expressed by renal tubular epithelium and increased upon 
renal ischemia (48). Wu and colleagues showed that TLR4 was predominantly 
expressed by infiltrating cells after one day of reperfusion whereas tubules 
expressed TLR4 mostly after three days (111). Similar to TLR2, TLR4 deficiency 
protected against IR-induced tubular injury, renal dysfunction and inflammation. 
TLR4KO tubular epithelium secreted less cytokines and chemokines and 
decreased apoptosis in vitro following ischemia. Both leukocyte- and renal-
associated TLR4 mediated tubular injury and renal dysfunction after one day 
of reperfusion. These results were confirmed by Pulskens et al. (110). Histones 
contributed to NF-κB activation in leukocytes and decreased cellular viability in 
renal tubular epithelium via TLR2/TLR4 (103). In addition to histones, HMGB1 
induces renal dysfunction, inflammation and tubular injury through TLR4 (102). 
These data support a detrimental role for TLR4 however it also plays a beneficial 
role during the regenerative phase of IR (113). Necrotic cells released TLR4 
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ligands which activated TLR4 on bone marrow-derived DCs triggering IL-22 
release. IL-22 blockade significantly decreased tubular proliferation indicating a 
protective role for TLR4 on intrarenal leukocytes through IL-22. TLR4 therefore 
plays a dual role following IR as TLR2 does.
The first observation on NLRP3 in a model of IR-induced AKI was made by our 
group in cooperation with Iyer et al. (70). Here, NLRP3 deficiency improved 
survival following lethal IR. In addition, NLRP3 deficiency improved renal 
function and reduced inflammation after one day of reperfusion. Shigeoka and 
colleauges showed subsequently that NLRP3 mediated IL-18 and IL-1β secretion 
after one day of reperfusion however IL-1R- and IL-18-deficient mice showed no 
improved renal function thereby suggesting non-canonical (NLRP3-dependent, 
IL-1β-, IL-18-independent) effects (83). Indirectly, renal-associated NLRP3 was 
shown to mediate the detrimental effects of NLRP3 after one day of reperfusion 
through reduced tubular cell death. Extending this hypothesis, the NLRP3 ligands 
nigericin and ATP were shown to induce necrosis in tubular epithelium in vitro 
(114). Thus, NLRP3 also has a direct effect on tubular epithelium through the 
regulation of cell viability.
Besides a role during the injury phase, NLRP3 was also shown to play a role 
during EMT, a process linked to tubular repair after IR. Injured tubular epithelium 
contributes to fibrosis through the release of TGF-β mRNA-containing exosomes 
which stimulate fibroblast proliferation and collagen type 1 expression (115). 
NLRP3 deficiency decreased the responsiveness to TGF-β and subsequent EMT 
in primary tubular epithelial cells, independent of IL-1β, IL-18 or caspase-1 (88). 
Summarised, PRRs such as TLR2, TLR4 and NLRP3 play an important role during 
both injury and repair and their detrimental or beneficial role is dependent on 
the cellular subset and time of reperfusion. We set out to expand the knowledge 
on NLRP3 and investigate the role of NLRX1 and TLR9 on renal injury and 
repair with respect to their localisation and time of disease.

4.2.2 Diet-associated chronic kidney disease
Few studies have been published to date on the role of PRRs in diet-associated 
CKD (96). One study reports increased NLRP3 expression in fructose-fed rats 
however no NLRP3 inhibition was studied here (116). A second study by 
Kuwabara and colleagues used a high-fat diet (HFD) to induce nephropathy 
in WT and TLR4KO mice (117). Here, TLR4 deficiency reduced high fat diet-
induced glomerular macrophage accumulation.
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Diabetes is a risk factor for the development of metabolic syndrome and secondary 
CKD. The renal pathological manifestation of diabetes is diabetic nephropathy 
(DN) which is characterised by high plasma glucose levels, hypertension, 
glomerulosclerosis and tubulointerstitial inflammation. TLR4 was upregulated 
in biopsies of human DN patients and correlated with infiltrating macrophages 
(118). The authors show that high glucose induced TLR4 expression and 
subsequent TLR4-dependent IL-6 and MCP-1 secretion in tubular epithelium. 
Finally, TLR4 deficiency reduced renal dysfunction, albuminuria and renal 
inflammation in a mouse model of DN (118). The detrimental role of TLR4 was 
confirmed in a type 2 diabetes model using db/db mice (120). TLR2 also played 
a detrimental role in a model of streptozotocin-induced DN (119). Here, TLR2 
deficiency reduced renal inflammation, TGF-β levels and the expression of the 
slit membrane proteins nephrin and podocin. In addition, ICAM-1 was found 
to mediate renal dysfunction in db/db mice indicating a role for infiltrating 
leukocytes in diabetic nephropathy (121). The NLR-family member NLRP3 was 
also studied in the context of DN. ATP was found to signal through the P2X4 
receptor in HK2 cells to induce IL-1β and IL-18 (122). In addition, P2X4 expression 
was increased in tubules of diabetic nephropathy patients and correlated with 
urinary IL-1β and IL-18 levels (122). NLRP3 was also found to be increased 
in streptozotocin-treated rats together with IL-1β, IL-18 and increased renal 
cholesterol levels (123). Overall, we can conclude that PRRs play a detrimental 
role in models of DN through the induction of inflammation.
Proteinuria is a hallmark for CKD development and is believed to contribute to 
the pathology of CKD. Only low molecular weight proteins such as albumin are 
selectively filtered by the glomerulus and subsequently reabsorbed by the proximal 
tubules. Evidence of proteinuria therefore indicates a decreased glomerular 
filtration barrier or a decreased capacity of tubular epithelium to reabsorb proteins. 
Albumin overload in WT mice induced loss of the renal cellular tight junctions 
ZO-1 and claudin-1 which was dependent on NLRP3 and caspase-1 (124). A similar 
observation was made by in the model of unilateral ureteral obstruction-induced 
CKD by Pulskens et al. indicating a conserved mechanism (85). The mechanism 
behind albumin-induced NLRP3 activation was discovered to be mediated by 
megalin and cubilin (125). Both receptors endocytosed albumin which triggered 
NF-κB activation and induced lysosomal rupture, indicative for NLRP3 activation. 
The role of IL-1β or IL-18 was not investigated here. 



28

CHAPTER 1

In conclusion, the PRRs TLR2, TLR4 and NLRP3 show a pro-inflammatory role 
in models of metabolic syndrome-associated CKD, i.e. diabetic nephropathy 
and albumin overlead. We investigated the role of NLRP3 in a model of diet-
associated CKD with respect to inflammation, fibrosis and lipid homeostasis 
in this thesis.
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5. Outline of this thesis
In this thesis, the role of PRRs in sterile inflammatory kidney disease is investigated 
in models of either IR-induced AKI or diet-associated CKD. Leukocytes 
infiltrating the kidney upon tissue damage and renal parenchymal cells express 
TLRs and NLRs. In both models, DAMPs are present either released by necrotic 
cells or through dietary intake. In line with the acknowledged role of PRRs, 
TLRs and NLRs were found to be pro-inflammatory and thus detrimental to the 
kidney. However, research into the role of PRRs on other physiological processes 
such as cell death, proliferation and fibrosis revealed novel non-inflammatory, 
tissue-specific effects. Here, we investigated the tissue-specific role of PRRs on 
inflammation, fibrosis, proliferation, lipid homeostasis and cell death using the 
model of IR-induced AKI and diet-associated CKD.
In chapter 2, we investigated the role of the Nod-like receptor NLRP3 on the 
development of fructose water- or Western diet-induced metabolic syndrome 
and subsequent CKD characterised by albuminuria, renal inflammation and 
fibrosis. Furthermore, we analysed renal lipid homeostasis as a detrimental factor 
linked to NLRP3 and diet-associated nephropathy. We continued in chapter 3 by 
investigating the role of the same receptor NLRP3 but here in a model of acute 
kidney injury (AKI), i.e. ischemia reperfusion (IR)-induced injury. We performed 
bone marrow transplantations and applied ischemia to the kidneys of these 
chimeric mice to investigate the contribution of leukocyte- versus renal-associated 
NLRP3 on renal function, repair and injury. In chapter 4, we examined the role 
of the mitochondrial-associated NLRX1 on renal dysfunction, cell death and 
inflammation. In addition, the contribution of leukocyte- versus renal-associated 
NLRX1 on renal dysfunction and tubular apoptosis and necrosis was analysed. 
Finally, the role of Toll-like receptor TLR9 was studied following moderate 
and severe renal ischemia reperfusion in relation to the release of its ligand, 
mitochondrial DNA and the induction of remote liver injury in chapter 5.
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Abstract
Metabolic Syndrome (MetSyn) is a major health concern nowadays and 
associates with the development of kidney disease. The mechanisms linking 
MetSyn to renal disease have not yet been fully elucidated but are known to 
involve hyperuricemia, inflammation and fibrosis. As the innate immune receptor 
Nlrp3 is an important mediator of obesity and inflammation, we investigated 
the role of Nlrp3 on the development of MetSyn-associated nephropathy by 
administering wild-type or Nlrp3-deficient mice a Western-style diet or fructose 
water. Here, we show that Nlrp3 is crucial for the development of Western-
style diet-induced renal pathology as reflected by the prevention of renal 
inflammation, fibrosis, steatosis, micro-albuminuria and hyperuricemia in the 
absence of Nlrp3. A plausible driver of pathology, the Nlrp3-dependent cytokine 
IL-1β was not increased in the kidney. Interestingly, we found enhanced renal 
cholesterol accumulation, a well-known driver of renal pathology, during 
MetSyn which was Nlrp3-dependent. Furthermore, we investigated the role of 
Nlrp3 and fructose water on the development of MetSyn and kidney function 
since fructose is an important driver of obesity and kidney disease. Surprisingly, 
we observed that fructose did not induce MetSyn but irrespective of this, did 
induce renal inflammation which was Nlrp3-dependent. In conclusion, we 
show a crucial role for Nlrp3 in mediating renal pathology in the context of 
diet-induced MetSyn.
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Introduction
Metabolic Syndrome (MetSyn) is defined as the presence of any three of the 
following five traits: abdominal obesity, hypertriglyceridemia, low HDL 
cholesterol, insulin resistance and increased blood pressure. MetSyn is a major 
risk factor for the development of cardiovascular disease (1), type 2 diabetes 
(2) and renal disease (3–5). In addition, a Western diet, rich in cholesterol and 
fatty acids, and fructose consumption closely correlates with the epidemic rise 
in obesity and MetSyn (6,7) and both are able to induce renal disease albeit 
via different mechanisms (8–11). Recently, a meta-analysis confirmed that 
MetSyn imposes an increased relative risk on the development of chronic 
kidney disease (CKD) (12). CKD is a largely irreversible disease characterized by 
tubulo-interstitial inflammation, fibrosis and glomerulosclerosis and associates 
with hyperuricemia. It is important to delay or halt these characteristics at an 
early stage to prevent the development of CKD. In this light it is important to 
elucidate the molecular mechanisms linking MetSyn and renal disease. 
MetSyn is characterized by a state of systemic low grade chronic inflammation 
(13). The innate immune receptor Nod-like receptor protein 3 (Nlrp3) is 
a cytosolic protein important in inducing inflammation (14–16) through 
activation of Caspase-1 and maturation of  the pro-inflammatory cytokine 
interleukin-1β (IL-1β). Nlrp3 deficiency protects against the development of 
obesity, insulin resistance and associated inflammation after high-fat diet feeding 
(17–20). We and others have found that Nlrp3 deficiency is able to prevent renal 
inflammation (15) or fibrosis in a model for respectively ischemia reperfusion 
injury and unilateral urethral obstruction. Furthermore, circumstantial evidence 
links the Nlrp3-inflammasome upregulation to MetSyn-associated nephropathy 
as well (21,22). The role of Nlrp3 on the development of MetSyn-associated 
renal pathology remains however unclear. 
Therefore, the aim of our study was to investigate the potential of fructose 
versus a Western diet to induce MetSyn-associated nephropathy and to elucidate 
the role of Nlrp3 during development of MetSyn-associated nephropathy. For 
this purpose, we exposed wild-type and Nlrp3-deficient (Nlrp3KO) mice to 
a Western-style diet with control water (Western diet) or a control diet with 
fructose water (Fructose water). Next, we analyzed metabolic parameters and 
focused on renal pathology and underlying mechanisms. 
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Material & Methods
Mice
The generation of Nlrp3-deficient mice was described previously (57). Nlrp3-
deficient mice were backcrossed onto the C57BL/6 genetic background for 
nine generations. Male Nlrp3KO and wild-type C57BL/6 (Charles River) were 
subjected ad libitum to either a control diet (#4021.84, AB Diets, providing 11 
energy-% in the form of fat), a western diet (#4021.84, AB Diets; a 43 energy-% 
high fat diet containing 0,15% cholesterol) (see Supplementary Table 1) or 
to plain water or water enriched with 15% fructose (w/vol) (Sigma Aldrich) 
(58,59). Dietary intervention continued for 16 weeks after which mice were 
anaesthetized and sacrificed by cardiac puncture. Prior to sacrifice, mice were 
starved for 4 hours to obtain fasting blood glucose levels (Bayer Contour glucose 
meter). Blood was collected by heart puncture. Organs were harvested, weighed, 
dissected and both formalin-fixed for 24h or snap frozen using liquid nitrogen. 
All procedures were approved by the Institutional Animal Welfare Committee 
of the Academical Medical Center Amsterdam.

Organ Homogenates
Organ homogenates were prepared by dissolving organs in Greenberger Lysis 
buffer (75 mM NaCl, 7.5 mM Tris, 0.5 mM MgCl.H2O, 0.5 mM CaCl2, 0.5% 
Triton X-100) supplemented with protease inhibitor cocktail (Sigma Aldrich) 
and mechanically disrupted using a tissue homogenizer (Polytron PT1200E).

ELISA
Cytokines were measured using an enzyme-linked immunosorbent assay 
for MCP-1, KC, IL-1β, IL-6 and TNF-a (R&D Systems) according to the 
manufacturers’ instructions. Samples were normalized for the amount of 
protein using a Bradford assay (Bio-Rad) with bovine serum albumine as a 
reference. Plasma insulin was determined using the ultra-sensitive mouse insulin 
kit (Crystal Chem Inc) following manufacturers’ instructions.

Immunohistochemistry
As described previously, formalin-fixed paraffin-embedded kidney sections 
were stained for macrophages and granulocytes (60) or T cells (61). ICAM-1 
and collagen type 1 expression was visualized using the following antibodies, 
respectively goat α-mouse ICAM-1 (R&D Systems) and rabbit α-mouse collagen 
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type 1 (GeneTex Inc). Briefly, sections were boiled in 0,01 M citrate buffer (pH 6) 
for collagen type 1 or in 10 mM Tris, 1 mM EDTA pH 9 for ICAM-1. Secondary 
antibodies used for collagen type 1 were power rabbit poly-HRP (Dako) or swine 
α-goat HRP (Dako) for ICAM-1. Staining was visualized using DAB (Sigma 
Aldrich) and counterstained using Methyl Green (Sigma Aldrich). 

Quantification of immunohistochemistry
Vacuolated tubuli were quantified in 10 randomly chosen medium power fields 
(MPF) (200x) of the cortex. Tubuli which contained >75% vacuoles and were fully 
visual in the MPF were counted. Peri-glomerular collagen type 1 accumulation 
was quantified in 10 randomly chosen MPFs (200x) in the renal cortex. Glomeruli 
which peri-glomerular border was >50% collagen type 1-positive were counted. 
Quantification of F4/80 immunohistochemistry was performed by scanning 
whole sections using the Dotpro Slidescanner and subsequently quantifying 
pixels that had spectra specific for positive pixels using the processing software 
ImageJ version 1.43u.

Biochemical analysis 
Plasma urea, creatinine, uric acid, sodium and chloride and urinary creatinine 
were measured using standardized clinical diagnostic protocols of the Academical 
Medical Center Amsterdam. Albumin (Bethyl Laboratories) was measured 
following manufacturers’ instructions in urine. Non-esterified fatty acids 
(DiaSys Diagnostics Systems), triglycerids (Biolabo Reagents), phospholipids 
(Biolabo Reagents) and cholesterol (Biolabo Reagents) were measured following 
manufacturers’ instructions in plasma and kidney homogenates.

Histochemistry 
For visualization of phospholipids, frozen sections of 8 µm were cut and fixed 
with 1% glutaraldehyde and stained with Nile Red (1 ug/ml) (Sigma Aldrich). 
Fluorescence for Nile Red was observed with a K3 filter (Leica DM500B). 
Spectral unmixing was achieved using Nuance software. Presence of cholesterol 
crystals was investigated using electron microscopy (EM) and polarizing light 
microscopy. For EM, frozen kidney material was fixed in Karnovski and post-
fixed with 1% osmiumtetroxide. The tissue samples were block-stained with 1% 
uranyl acetate, dehydrated in dimethoxypropane and embedded in epoxyresin 
LX-112. Sections were stained with tannic acid, uranyl acetate and lead citrate 
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and examined using a Philips CM10 transmission electron microscope. Frozen 
kidney sections of 8µm were used for polarizing light microscopy.

Quantitative real time-PCR
Total RNA was isolated from frozen sections using Trizol (Life Technologies) 
following the recommended manufacturers’ protocol. Complementary DNA 
(cDNA) was made by ligation of oligo-dT primers and subsequent polymerization 
using Taq DNA polymerase (Invitrogen). Finally, cDNA was quantified in real-
time on a Roche LightCycler 480 (Roche Diagnostics) using LightCycler 480 
DNA SYBR Green (Roche Diagnostics). To quantify gene expression, TATA-
binding protein expression (TBP) was used as an endogenous reference.

Immunoprecipitation of IL-1ß
To detect IL-1β, we immuno-precipitated 1 mg of protein derived from snap-
frozen kidneys by lysis of renal tissue with isolation buffer (20 mM Tris-Cl pH 7.4, 
135 mM NaCl, 1.5 mM MgCl2, 10% Glycerol, 1% Triton X100). Subsequently, all 
IL-1β was isolated using an anti-IL-1β rat IgG1 monoclonal antibody (MAB401, 
R&D Systems) followed by precipitation using Protein G-Sepharose beads 
(Biovision). Subsequently, all precipitated IL-1β was visualized with Western blot 
using pre-cast Tris-HEPES-SDS 4-20% gradient gels (Thermo Scientific) followed 
by anti-IL-1β polyclonal goat IgG (BAF401, R&D Systems) and streptavidin-
poly HRP (Sanquin). As a positive control for immuno-precipitation or Western 
blot, we added 100 pg of recombinant IL-1β (R&D Systems) to 1 mg of protein 
or 50 pg of recombinant IL-1β (R&D Systems) respectively. A band at 18 kDa 
was interpreted as active IL-1β.

Statistics
All data are presented as mean ± standard error of the mean (SEM). Statistical 
analyses were performed using the non-parametric Kruskal-Wallis test with 
Dunn’s correction to test for multiple group comparison. The non-parametric 
Mann Whitney test was used for two group comparisons. Correlation between 
variables was determined using Spearman. For all analyses, p<0.05 was 
considered significant.
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Results
Metabolic Syndrome traits in Wild type and Nlrp3KO mice
We found that Nlrp3KO mice given Fructose water or a Western diet showed 
increased caloric intake versus corresponding wild-type mice (Fig 1A) due to 
altered food and water intake (Supplemental Figure 1A,B). Accordingly, weight 
gain was significantly increased in these mice (Fig 1B). Weight gain relative 
to a control diet was calculated to correct for differential weight gain in mice 
fed a control diet. Nlrp3KO mice fed Fructose water and not Western diet-fed 
Nlrp3KO mice showed increased relative weight gain compared to corresponding 
wild-type mice (Fig 1C). Examination of several other organ and tissue weights  
(Supplemental Figure 1 C-F) revealed that a Western diet induces adiposity in 
both strains whereas only Nlrp3KO mice fed Fructose water show increased 
epididymal white adipose tissue (WAT) (Fig 1D). Plasma triglycerides were 
reduced in all three dietary groups of Nlrp3KO versus wild-type mice (Fig 1E). 
Finally, insulin resistance was increased in both strains after feeding a Western 
diet (Fig 1F). In summary, a Western diet induces MetSyn in both strains whereas 
Fructose water induces it only in Nlrp3KO mice.

Nlrp3 deficiency reduces MetSyn-associated nephropathy
We next investigated the effect of the different diets on Nlrp3 and Caspase-1 
gene expression in kidney. Renal Nlrp3 gene expression was profoundly induced 
in wild-type mice by a Western diet but not Fructose water versus a control 
diet (Fig 2A). Caspase-1 renal gene expression was similar in all groups (Fig 2B). 
Although Fructose water and a Western diet did not induce elevated urea or 
creatinine levels in both mouse strains (Fig 2C,D), hyperuricemia was strongly 
induced in wild-type mice after Fructose water and a Western diet (Fig 2D). 
Nlrp3 deficiency profoundly prevented the development of hyperuricemia (Fig 
2D) and in addition led to lower urea levels in all dietary groups (Fig 2C). 
Micro-albuminuria predisposes to CKD (23). We observed that Nlrp3 deficiency 
prevented micro-albuminuria development in Western diet-fed mice compared 
to control diet-fed mice (Fig 2F). Fructose water did not alter albumin leakage in 
both strains. Furthermore, Fructose water and a Western diet induced decreased 
plasma sodium (Fig 2G) and chloride levels (Fig 2H) compared to a control diet 
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Figure 1. Metabolic Syndrome traits following fructose water or a Western-style diet in wild-type 
and Nlrp3KO mice. Average caloric intake (A) and weight gain (B) was calculated following 16 weeks 
of a Western-style diet or fructose water. Fold increase in weight gain in Wt or Nlrp3KO mice relative 
to its corresponding control diet (C). Weight of epididymal white adipose tissue (WAT) as a marker for 
abdominal obesity (D). Dyslipidemia was monitored with respect to plasma triglycerids (E). To evaluate 
insulin resistance, HOMA-IR (homeostatic model of insulin resistance) was calculated based on fasting 
blood glucose and insulin levels (F). Results are expressed as mean with SEM (n = 8 animals/group). Wild-
type and Nlrp3KO mice are shown in respectively black and white bars. Control: control diet, control water; 
Fructose: control diet, fructose water, Western: western diet, control water. Statistics were performed using 
Kruskal Wallis with Dunn’s correction to assess dietary influence (* = p < 0,05, ** = p < 0,01, *** = p 
< 0,001 versus corresponding Control group) and Mann-Whitney to assess influence of Nlrp3 deficiency 
(# = p < 0,05, ## = p < 0,01, ### = p < 0,001 versus corresponding Wt group).
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in wild-type mice within the narrow existing physiological range of plasma 
sodium and chloride. Nlrp3 deficiency partly restored plasma sodium and 
chloride levels in Western diet-fed mice. We next examined renal tissue sections 
and found that glomeruli, tubuli and capillaries showed a normal morphology 
in both control diet- and Fructose water-fed strains. In contrast, tubules of both 
wild-type and Nlrp3KO mice fed a Western diet showed extensive vacuolization 
(Fig 2J). Interestingly, quantification of vacuolated tubuli showed a decrease in 
Nlrp3KO versus wild-type mice fed a Western diet (Fig 2I).

Figure 2. Renal function and morphology of wild-type and Nlrp3KO mice fed fructose water or a 
Western-style diet. Renal gene expression of Nlrp3 (A) and Caspase-1 (B). Levels of urea (C), creatinine 
(D), uric acid (E) in plasma. Urinary albumin to creatinine ratio (ACR) (F). Plasma electrolyte levels of 
sodium (G) and chloride (H). Quantification of vacuolated tubuli per medium power field (MPF) (200x) 
scored by assessing 10 randomly selected non-overlapping MPFs in the renal cortex (I). PAS-D stained 
sections (400x) showing extensive vacuolization of proximal tubules (J). ND = not detectable. Results 
are expressed as mean with SEM (n = 8 animals/group). Wild-type and Nlrp3KO mice are shown in 
respectively black and white bars. Control: control diet, control water; Fructose: control diet, fructose 
water, Western: western diet, control water. Statistics were performed using Kruskal Wallis with 
Dunn’s correction to assess dietary influence (* = p < 0,05, ** = p < 0,01, *** = p < 0,001 versus 
corresponding Control group) and Mann-Whitney to assess influence of Nlrp3 deficiency (# = p < 
0,05, ## = p < 0,01, ### = p < 0,001 versus corresponding Wt group).
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Nlrp3 deficiency protects against a renal macrophage influx
As inflammation is an important contributor to renal nephropathy, we next 
investigated renal leukocyte infiltration. Both Fructose water and a Western 
diet induced a Nlrp3-dependent macrophage influx in kidneys as seen by F4/80 
immunohistochemistry (Fig 3A) and corresponding quantification (Fig 3B). 
No differences could be observed in the amount of granulocytes or T cells in 
all groups (data not shown). A Western diet induced MCP-1 in both wild-type 
and Nlrp3KO strains but did not correspond to macrophage influx (Fig 3C). 
Moreover, no difference in the inflammatory cytokines KC, TNF-α or IL-6 
was detected (Supplemental Figure 2). We next investigated whether Nlrp3-
dependent cytokine expression coincided with previously observed pathology. 
A Western diet induced IL-1β gene expression in wild-type mice but not in 
corresponding Nlrp3KO mice (Fig 3D). Protein expression showed no differential 
renal expression of IL-1β (Fig 3E). Immunoprecipitation of IL-1β in homogenates 
showed no discrete presence of active IL-1β in wild-type mice fed Fructose 
water or a Western diet (Fig 3F). In addition, neither ATP nor silica were able 
to induce IL-1β secretion in tubular epithelial cells in contrast to macrophages 
(data not shown). Since MCP-1 expression did not correlate with macrophage 
influx, we investigated intercellular adhesion molecule-1 (ICAM-1), a regulator 
of mononuclear cell infiltration in the renal interstitium24,25. ICAM-1 protein 
expression was strongly enhanced in the tubulointerstitial compartment of wild-
type mice fed Fructose water or a Western diet compared to a control diet (Fig 
3G). Both Fructose water and a Western diet upregulated ICAM-1 expression in 
the tubulointerstitial compartment which was prevented by Nlrp3 deficiency 
(Fig 3H). More specifically, endothelial ICAM-1 expression was increased in 
groups experiencing an increased macrophage influx (Supplemental Figure 3), 
i.e. wild-type mice fed Fructose water or a Western diet.

Nlrp3 deficiency protects against MetSyn-associated renal fibrosis
Renal fibrosis is a hallmark of MetSyn-driven renal pathology. We therefore 
investigated the role of Nlrp3 in the development of fibrosis by examining 
gene expression of three fibrotic markers in kidney. A significant difference 
was observed in connective tissue growth factor (CTGF) (Fig 4A), collagen 
type 1 (Fig 4B) and fibronectin (Fig 4C) gene expression in wild-type mice 
versus Nlrp3KO mice fed a Western diet. In line with increased collagen type 
1 gene expression, we observed increased collagen type 1 protein expression by 
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Figure 3. Renal inflammation in wild-type and Nlrp3KO mice fed fructose water or a Western-style 
diet. Macrophage F4/80 immunohistochemistry of corticomedullary region (200x) (A). Quantification 
of F4/80+ pixels in whole kidney sections (B). Renal MCP-1 protein expression normalized for total 
protein content (C). Renal gene expression of interleukin-1β (IL-1β) as determined by quantitative PCR, 
normalized for gene expression of TATA-box binding protein (TBP) (D). Protein expression as determined 
by ELISA of IL-1β normalized for total protein content (E). Immunoprecipitation and Western blot of 
IL-1β including a negative control (-) and positive control (+) control for immunoprecipitation and in 
addition 50 pg of IL-1β (IL-1b) as a positive control for Western blotting (F). Quantification of ICAM-1+ 
pixels in whole kidney sections (G). ICAM-1 immunohistochemistry of corticomedullary region (200x) 
(H). Results are expressed as mean with SEM (n = 8 animals/group). Wild-type and Nlrp3KO mice are 
shown in respectively black and white bars. Control: control diet, control water; Fructose: control diet, 
fructose water, Western: western diet, control water. Statistics were performed using Kruskal Wallis with 
Dunn’s correction to assess dietary influence (* = p < 0,05, ** = p < 0,01, *** = p < 0,001 versus 
corresponding Control group) and Mann-Whitney to assess influence of Nlrp3 deficiency (# = p < 
0,05, ## = p < 0,01, ### = p < 0,001 versus corresponding Wt group).
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immunohistochemistry (Fig 4E). Collagen type 1 accumulation was present in 
the tubulointerstitium and most pronounced peri-glomerular. Nlrp3 deficiency 
prevented Western diet-induced peri-glomerular collagen type 1 accumulation. 
Quantification of peri-glomerular collagen type 1 accumulation revealed a 
Western diet-induced Nlrp3-dependent effect (Fig 4D). Fructose water did not 
induce any of the three fibrotic markers (Fig 4D).

Nlrp3 deficiency protects against MetSyn-associated renal steatosis
Since we observed extensive tubular vacuolization in wild-type mice fed a Western 
diet, we speculated that vacuolization may underlie related nephropathy. As 
tubular vacuoles exhibited the morphology of lipid-loaded vesicles, we investigated 
renal lipid content. Non-esterified fatty acids (Fig 5A) and triglyceride levels (Fig 
5B) remained however unchanged. In contrast, both cholesterol (Fig 5C) and 

Figure 4. Renal fibrosis in wild-type mice and Nlrp3KO mice fed a Western-style diet or fructose 
water. Renal gene expression of fibrotic markers as determined by quantitative PCR: connective tissue 
growth factor (CTGF) (A), collagen type 1 (B) and fibronectin (C) normalized for gene expression of 
TBP. Quantification of glomeruli with >50% peri-glomerular collagen type 1 accumulation per medium 
power field (MPF) (200x) scored by assessing 10 randomly chosen renal cortical MPFs (D). Collagen type 
1 immunohisto-chemistry of cortical region (400x) (E). Results are expressed as mean with SEM (n = 8 
animals/group). Wild-type and Nlrp3KO mice are shown in respectively black and white bars. Control: 
control diet, control water; Fructose: control diet, fructose water, Western: western diet, control water. 
Statistics were performed using Kruskal Wallis with Dunn’s correction to assess dietary influence (* = 
p < 0,05, ** = p < 0,01, *** = p < 0,001 versus corresponding Control group) and Mann-Whitney 
to assess influence of Nlrp3 deficiency (# = p < 0,05, ## = p < 0,01, ### = p < 0,001 versus 
corresponding Wt group).
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Figure 5. Renal lipid homeostasis in wild-type and Nlrp3KO mice fed fructose water or a Western-
style diet. Non-esterified fatty acids (NEFA) (A), triglycerids (B), total cholesterol (C) and phospholipids 
(D), measured in kidney homogenates and normalized for protein content. Correlation between the 
average amount of vacuoles per medium power field (200x) in PAS-D sections and the amount of total 
cholesterol (E) or phospholipids (F) present in kidney homogenates. Results are expressed as mean with 
SEM (n = 8 animals/group). Wild-type and Nlrp3KO mice are shown in respectively black and white 
bars. Control: control diet, control water; Fructose: control diet, fructose water, Western: western diet, 
control water. Statistics were performed using Kruskal Wallis with Dunn’s correction to assess dietary 
influence (* = p < 0,05, ** = p < 0,01, *** = p < 0,001 versus corresponding Control group) and 
Mann-Whitney to assess influence of Nlrp3 deficiency (# = p < 0,05, ## = p < 0,01, ### = p 
< 0,001 versus corresponding Wt group) (A-D) and Spearman (E,F).
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phospholipid (Fig 5D) content was increased in wild-type mice fed a Western diet 
versus a control diet which was prevented by Nlrp3 deficiency. When correlating 
the amount of vacuoles present in PAS-D sections with renal cholesterol (Fig 5E) 
or phospholipid (Fig 5F) levels, we found a highly significant correlation for both 
lipids. These findings were compatible with the observation that tubular vacuoles 
were positive for the lipophilic compound Nile Red (Fig 6A-D). Observed orange 
fluorescence indicated the presence of phospholipids rather than cholesterol since 
cholesterol will experience a blue shift towards yellow-gold fluorescence (26). 
Spectral imaging revealed increased numbers of Nile Red-positive vacuoles in wild-
type mice but not in Nlrp3KO mice fed a Western diet compared to corresponding 
control diet-fed mice (Fig 6E-H). Glycogen deposits and cholesterol crystals were 
not observed using PAS-staining and electron microscopy or polarizing light 
microscopy, respectively (data not shown).

Figure 6. Phospholipid localization under the influence of a Western-style diet. Nile Red-stained frozen 
sections show vacuoles containing phospholipids of wild type mice fed a control diet (A) or Western-
style diet (B) or Nlrp3KO mice fed a control diet (C) or Western-style diet (D). Spectra for Nile Red and 
background were determined, unmixed and composed showing only Nile Red positivity (green) (E-H).
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Renal SREBP-2 and LDLR expression associates with cholesterol 
accumulation
As cellular cholesterol accumulation is cytotoxic and stimulates an adaptive 
phospholipid biosynthesis response (27–29), we next focused on the mechanism 
by which Nlrp3 deficiency prevents renal cholesterol accumulation by analysing 
genes of the cholesterol biosynthesis pathway. Expression of cholesterol import-
associated genes CD36, scavenger receptor B1 and the cholesterol synthesis 

Figure 7. Cholesterol traffic-related gene profiling in wild-type and Nlrp3KO mice fed fructose water or 
a Western-style diet.  Renal gene expression of the cholesterol import-associated low density lipoprotein 
receptor (LDLR) (A), the transcription factor sterol regulatory element binding protein-2 (SREBP-2) (B) and 
SREBP-1c (C) was determined together with plasma cholesterol content (D). Results are expressed as 
mean with SEM (n = 8 animals/group). Wild-type and Nlrp3KO mice are shown in respectively black and 
white bars. Control: control diet, control water; Fructose: control diet, fructose water, Western: western 
diet, control water. Statistics were performed using Kruskal Wallis with Dunn’s correction to assess 
dietary influence (* = p < 0,05, ** = p < 0,01, *** = p < 0,001 versus corresponding Control group) 
and Mann-Whitney to assess influence of Nlrp3 deficiency (# = p < 0,05, ## = p < 0,01, ### = 
p < 0,001 versus corresponding Wt group).
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gene HMG CoA Reductase remained unaltered (data not shown). In addition, 
expression of the cholesterol export-associated gene ABCA-1 was similar 
between Wt and Nlrp3KO mice fed a Western diet (data not shown). In contrast, 
import-associated low density lipoprotein receptor (LDLR) was highly increased 
in Fructose water- or Western diet-fed wild-type mice versus a control diet but 
absent in corresponding Nlrp3KO mice (Fig 7A). In line with LDLR expression, 
gene expression of the master transcriptional regulator of cholesterol synthesis 
sterol regulatory element binding protein-2 (SREBP-2) (30) is enhanced after 
Fructose water and a Western diet (Fig 7B). This diet-induced response was 
significantly prevented in kidneys of Nlrp3KO mice.  Similarly, SREBP-1c was 
also upregulated in wild-type mice fed Fructose water or a Western diet which 
was prevented in Nlrp3KO mice fed a Western diet (Fig 7C). Finally, we observed 
a shift in total body cholesterol distribution between wild-type and Nlrp3KO 
mice fed a Western diet (Fig 7D). Cholesterol accumulated in kidneys of wild-
type mice fed a Western diet (Fig 5C) whereas corresponding Nlrp3KO mice 
instead displayed hypercholesterolemia (Fig 7C), in line with increased renal 
LDLR expression in wild-type mice (Fig 7A).

Discussion
MetSyn is a growing worldwide health problem with genetic and environmental 
causes, which is related to the development of renal disease and a state of chronic, 
low-grade inflammation. The potential link between MetSyn, inflammation, 
and renal disease is largely unknown. Here, we investigated the role of Nlrp3 
on the development of MetSyn and associated renal disease and inflammation 
using two different diets. We show that Fructose water induces Nlrp3-dependent 
nephropathy without development of MetSyn. A Western diet induced MetSyn 
to a similar extent in wild-type and Nlrp3KO mice. Despite this, subsequent 
renal injury was prevented by Nlrp3 deficiency as characterized by the absence 
of renal inflammation, fibrosis, micro-albuminuria and hyperuricemia. MetSyn-
associated pathology was accompanied by a profound Nlrp3-dependent renal 
cholesterol and phospholipid accumulation. 
Fructose is increasingly consumed in modern Western-style diets (e.g. beverages) 
and has been associated with the high prevalence of the metabolic syndrome 
in humans (31,32). However, current data on the role of fructose on MetSyn 
are inconclusive and somewhat contradictory. Here we show that the chronic 
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consumption of 15% fructose-rich water, the highest amount of fructose in 
U.S. brands of fructose-sweetened soft drinks, does not induce MetSyn. In 
spite of this, renal inflammation and plasma sodium and chloride levels were 
negatively affected after fructose consumption, a response that was prevented 
in mice lacking Nlrp3. No effect of fructose consumption and the role of Nlrp3 
herein were found on the development of renal fibrosis, and steatosis. Next to 
fructose, a Western diet rich in cholesterol is known to be involved in MetSyn 
development. In line we found increased adiposity and insulin resistance after 
a Western diet in both wild-type and Nlrp3KO mice. Given that the relative 
weight gain of wild-type and Nlrp3KO mice was equal after a Western diet 
despite an increased caloric intake in Nlrp3KO mice suggests that 1) Nlrp3 
deficiency increases caloric intake from a Western diet and 2) Nlrp3 deficiency 
protects against Western diet-induced relative weight gain. These data are in 
concordance with literature showing that Nlrp3 deficiency protects against 
obesity after a high-fat diet (17–19) although the outcome after a Western diet 
was much less pronounced. The effect we found of Nlrp3 deficiency on caloric 
intake mimicks the observation that deficiency of Caspase-1, part of the Nlrp3 
inflammasome, interfered with resistin secretion, a satiety signal (17). 
Of particular interest is the observation that Nlrp3 deficiency prevented 
hyperuricemia, micro-albuminuria and a drop in plasma sodium and chloride 
after a Western diet. Decreasing plasma sodium and chloride levels together 
with decreased plasma urea in Western diet-fed mice suggests that more water 
is being retained. Increased co-peptin levels, a marker for antidiuretic hormone 
(ADH), have been observed in patients with micro-albuminuria and MetSyn 
(33) which stimulates water retention. To explore the mechanism by which 
Nlrp3 deficiency protects against diet-induced nephropathy we analysed renal 
inflammation, fibrosis and steatosis. The Nlrp3 inflammasome-dependent 
cytokine IL-1β was not upregulated and no discrete presence of active IL-1β 
was observed indicating an inflammasome-independent phenotype similar to 
observations made by Shigeoka et al.(34). However, we did observe a Nlrp3-
dependent renal macrophage influx after Fructose water or a Western diet. 
This agrees with previous studies showing that macrophage depletion protects 
against loss of kidney function and fibrosis during experimental renal disease 
(35,36). Furthermore, macrophage accumulation was linked to the development 
of diabetic nephropathy (37). Renal KC and IL-6 levels were increased in 
Nlrp3KO groups whereas no inflammatory cell influx could be observed in 
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these groups. We speculate that this discordance is derived from the fact that 
Nlrp3KO mice show increased weight gain which associates with an increased 
state of systemic inflammation. Therefore, increased renal chemokines levels 
are rather a reflection of increased systemic inflammation rather than increased 
renal inflammation. In addition, locally regulated proteins such as adhesion 
molecules play a role in inflammatory cell influx. ICAM-1 expression is crucial for 
leukocyte-endothelium adhesion in the renal interstitium (24,25). Interestingly, 
Nlrp3 deficiency strongly prevented tubulointerstitial and endothelial ICAM-1 
upregulation by Fructose water or Western diet, possibly limiting macrophage 
influx. The prevention of ICAM-1 upregulation in the absence of Nlrp3 can 
be explained by the lower renal cholesterol levels or fructose intake we found 
in respectively Nlrp3KO mice fed a Western diet or Fructose water. Indeed, 
endothelial cells upregulate ICAM-1 when stimulated with either cholesterol 
(38) or fructose (39).
In addition, we observed enhanced renal fibrosis after consumption of a 
Western diet which was not observed after drinking fructose water. The former 
observation is in line with data showing that a high cholesterol diet induces 
liver fibrosis (40,41). The induction of a renal fibrogenic and pro-inflammatory 
response in the kidney after feeding a Western diet is associated with a local 
CTGF induction. Indeed, CTGF is an important pro-fibrotic factor in kidney 
(42,43) that can promote leukocyte infiltration in the renal interstitium (44). 
We found that Nlrp3KO mice were protected against Western diet-induced renal 
fibrosis possibly because the upregulation of local CTGF is prevented. The reason 
for this remains elusive but could involve differences in cellular stress (reflected 
by absent hyperuricemia, and a better preserved plasma sodium and chloride 
level) that is known to induce CTGF (45).
Based on renal inflammation, fibrosis, morphology and functional parameters, we 
conclude that a Western diet is much more detrimental to the kidney compared 
to Fructose water when administered in physiological amounts. Therefore, we 
focused on understanding the mechanism by which Nlrp3 deficiency protects 
against Western diet-induced nephropathy by analyzing renal steatosis. We 
found significant increases in renal phospolipid and cholesterol levels and 
intratubular lipid droplets after a Western diet, which was prevented when 
Nlrp3 was absent.  Following the lipid nephrotoxicity hypothesis postulated 
by John Moorhead in 1982 (46) and updated in 2009 (47), we speculated that 
this cholesterol accumulation is able to cause tubular dysfunction. Tubuli are 
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responsible for resorption of electrolytes within a narrow range in order to induce 
an osmotic gradient and control water retention as well as for the excretion 
of uric acid into urine. Consistent with this notion, we found hyperuricemia, 
reduced plasma sodium and chloride retention and enhanced renal cholesterol 
levels after a Western diet. Responses that were all prevented in Nlrp3KO mice 
after consuming a Western diet. Besides being a consequence of renal disease, 
hyperuricemia in wild-type mice can also be the cause of MetSyn-associated 
renal diseases (48).   
Interestingly, we demonstrate that cholesterol and phospholipid accumulation 
in kidneys coincides with increased renal SREBP-2, LDLR and SREBP-1c 
expression in wild-type mice whereas Nlrp3 deficiency prevented this response 
and confined cholesterol accumulation to plasma. Nlrp3-dependent renal 
cholesterol accumulation can be explained by a study of Gurcel and colleagues 
that showed that the Nlrp3 inflammasome is able to interfere with cholesterol 
homeostasis through modulation of SREBP-2 in a bacterial infection model 
(49).  In line with our results SREBP-2 can activate the LDLR gene30 and induce 
cholesterol accumulation. SREBP-1c is activated by insulin and oxysterols50 
and activation leads to SREBP-1c transcription and phospholipid synthesis 
(30). We speculate that cholesterol accumulation drives oxysterol-mediated 
SREBP-1c activation and downstream phospholipid accumulation. However, 
recent literature showed that SREBP-2 is able to activate Nlrp3 (51) suggesting a 
role for SREBP-2 upstream of Nlrp3 without the need for Caspase-1 activation. 
The role of Caspase-1 in our study is unclear and deserves additional attention. 
Upregulated LDLR expression in wild-type fed Fructose water mice did not 
induce cholesterol accumulation which suggests that LDLR upregulation is only 
deleterious combined with a cholesterol-containing diet. 
Nlrp3 can be activated by uric acid crystals (52), cholesterol crystals (53), 
7-ketocholesterol (54), ceramide (19) and saturated fatty acid palmitate (55), 
all  metabolites of fructose or a Western diet. Although we found higher renal 
cholesterol levels and hyperuricemia in wild-type mice after both diets, the 
presence of an obvious Nlrp3 activator, such as cholesterol and uric acid crystals 
could not be observed using electron and polarized light microscopy. Further 
studies will be necessary to investigate the presence and role of other Nlrp3 
activators in our model such as the oxysterol 7-ketocholesterol and ceramide 
(19,54,55) that can be formed respectively during cholesterol catabolism, or 
degradation of diet-derived fatty acids.
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Here, we show that Nlrp3 is a link between a Western diet or fructose 
consumption and the development of renal disease. We speculate that Nlrp3 
drives diet-induced nephropathy through macrophage infiltration and SREBP2- 
and LDLR-mediated cholesterol accumulation. Our study reveals a novel role for 
Nlrp3 in regulating cholesterol accumulation, upstream of its current role as a 
detector of cholesterol accumulation during atherosclerosis56. More research is 
needed to investigate the therapeutic potential of inhibiting Nlrp3 in cholesterol-
associated disease.

Supplemental figures
Supplemental figures and tables can be found online.
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Abstract
Ischemia/reperfusion injury is a major cause of acute kidney injury. Improving 
renal repair would represent a therapeutic strategy to prevent renal dysfunction. 
The innate immune receptor Nlrp3 is involved in tissue injury, inflammation 
and fibrosis however its role in repair following ischemia/reperfusion is 
unknown. The current study addresses the role of Nlrp3 in the repair phase 
of renal ischemia/reperfusion and investigates the relative contribution of 
leukocyte- versus renal-associated Nlrp3 by studying bone marrow chimeric 
mice. We found that Nlrp3 expression was most profound during the repair 
phase. Although Nlrp3 expression was primarily expressed by leukocytes, 
both leukocyte- and renal-associated Nlrp3 was detrimental to renal function 
following ischemia/reperfusion. The Nlrp3-dependent cytokine IL-1β remained 
unchanged in kidneys of all mice. Leukocyte-associated Nlrp3 negatively affected 
tubular apoptosis in mice which lacked Nlrp3 expression on leukocytes which 
correlated with reduced macrophage influx. Nlrp3 deficient mice (Nlrp3KO) 
mice with wild-type bone marrow showed an improved repair response as seen 
by a profound increase in proliferating tubular epithelium which coincided with 
increased hepatocyte growth factor expression. In addition, Nlrp3KO tubular 
epithelial cells had an increased repair response in vitro as seen by an increased 
ability of an epithelial monolayer to restore its structural integrity. In conclusion, 
Nlrp3 shows a tissue-specific role where leukocyte-associated Nlrp3 is associated 
with tubular apoptosis whereas renal-associated Nlrp3 impaired wound healing. 
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Introduction
Ischemia reperfusion (IR) injury is a major cause of acute kidney injury (1) and 
increases the risk to develop chronic kidney disease (CKD) (2). Following injury, 
wounded tissue organizes an efficient response that aims to combat infections, 
clear cell debris, re-establish cell number and reorganize tissue architecture. 
First, necrotic tissue releases danger-associated molecular patterns (DAMP) 
such as high mobility group box-1 (3) or mitochondrial DNA (4) which leads to 
chemokine secretion (5) and subsequent influx of leukocytes. Neutrophils and 
macrophages clear cellular debris but also increase renal damage since depletion 
of neutrophils (6) or macrophages within 48 hours of IR will reduce renal damage 
(7). Around 72 hours of reperfusion, the inflammatory phase transforms into 
the repair phase and is characterized by surviving tubular epithelial cells (TEC) 
that dedifferentiate, migrate and proliferate to restore renal function (8). 
Previously, we have shown that TLR2 and TLR4 play a detrimental role following 
acute renal IR injury (9–11). In addition, TLR2 appeared also pivotal in mediating 
tubular repair in vitro following cisplatin-induced injury (12) indicating a dual 
role for TLR2. The cytosolic innate immune receptor Nlrp3 is able to sense 
cellular damage (13) and mediates renal inflammation and pathology following 
IR (14–16) or nephrocalcinosis (17). Next to the detrimental role of Nlrp3 in 
different renal diseases models and in line with the dual role of TLR2, Nlrp3 was 
shown to protect against loss of colonic epithelial integrity (18). We therefore 
speculate that Nlrp3 which contributes to sterile renal inflammation during 
acute renal IR injury might also drive subsequent tubular repair. 
To test this hypothesis, we investigated the role of leukocyte- versus renal-
associated Nlrp3 with respect to tissue repair following renal IR. We observed 
that both renal- and leukocyte-associated Nlrp3 is detrimental to renal function 
following renal IR injury however through different mechanisms. Leukocyte-
associated Nlrp3 is related to increased tubular epithelial apoptosis whereas 
renal-associated Nlrp3 impairs the tubular epithelial repair response. Our data 
suggest Nlrp3 as a negative regulator of resident tubular cell proliferation in 
addition to its detrimental role in renal fibrosis and inflammation (14,19).
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Material & Methods
Mice
Pathogen-free 8–12 week-old male wild type C57BL/6 mice were purchased from 
Charles River Laboratories. The generation of Nlrp3-deficient mice was described 
previously (20). Nlrp3-deficient mice were backcrossed onto a C57BL/6 genetic 
background for nine generations and bred in the animal facility of the Academic 
Medical Center in Amsterdam, The Netherlands. The CD45.1 positive allotype 
wild type mice used to create chimeric mice were purchased from Charles River 
Laboratories (B6.SJL-PtprcaPepcb/ BoyCrl strain). Only age- and sex-matched 
mice were used in all experiments. The Animal Care and Use Committee of the 
University of Amsterdam approved all experiments.

Bone marrow transplantation
Transplantation was carried out as described previously (10). Briefly, tibia, 
femur and spleen were harvested of wild-type CD45.1 or Nlrp3KO CD45.2 
donor mice. Bone marrow was isolated from tibia and femur. Subsequently, 
a mixture of bone marrow and splenocytes was intravenously injected into 
lethally irradiated (2 pulses of 4.5 Gy) wild-type CD45.1 or Nlrp3KO CD45.2 
recipient mice. Recipient mice received neomycin-containing water 1 week 
prior to transplantation up to 4 weeks after transplantation. Six weeks after 
transplantation renal ischemia was applied followed by five days of reperfusion. 
Blood collected via heart puncture prior to centrifugation was used to assess 
bone marrow transplantation efficiency. Erythrocytes were lysed and cells 
were stained using anti-CD45.1 PE (BD Pharmingen) and anti-CD45.2 FITC 
(BD Pharmingen). Expression was assessed using flow cytometry. Cut-off for a 
successful transplantation was set at >75% positivity.

Renal ischemia reperfusion
Renal IR injury was induced as described previously (9). Briefly, both renal 
pedicles were clamped for 35 minutes using microaneurysm clamps through a 
midline abdominal incision under general anesthesia (1.25 mg/ml midazolam 
(Actavis), 0.08 mg/ml fentanyl citrate and 2.5 mg/ml fluanisone (VetaPharma 
Limited)). After clamp removal, kidneys were inspected for restoration of blood 
flow. The abdomen was closed in 2 layers and all mice received a subcutaneous 
injection of 0.1 mg/kg buprenorphin (Temgesic, Schering-Plough). To maintain 
fluid balance, mice were supplemented with a few drops of sterile 0.9% NaCl 
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intraperitoneal before closing the abdomen. Mice were sacrificed five days after 
surgery. Mice were sacrificed and blood was collected by heart puncture and 
plasma was collected by centrifugation. Kidneys were snap-frozen in liquid 
nitrogen or formalin-fixed followed by paraffin embedding.

Biochemical analysis 
Plasma urea and creatinine were measured using standardized clinical diagnostic 
protocols of the Academical Medical Center Amsterdam. 

Quantitative PCR
Total RNA was isolated from frozen sections using Trizol (Life Technologies) 
following the recommended manufacturers’ protocol. Complementary DNA 
was made by ligation of oligo-dT primers and subsequent polymerization using 
Taq DNA polymerase (Invitrogen). Finally, cDNA was quantified in real-time 
on a Roche LightCycler 480 (Roche Diagnostics) using LightCycler 480 DNA 
SYBR Green (Roche Diagnostics). To quantify gene expression, cyclophilin G 
was used as an endogenous reference. The following primer sequences were 
used: Nlrp3 forward -ccacagtgtaacttgcagaagc-, reverse -ggtgtgtgaagttctggttgg-; 
KIM-1 forward -tggttgccttccgtgtctct-, reverse -tcagctcgggaatgcacaa-; NGAL 
forward-gcctcaaggacgacaacatc-, reverse -ctgaaccattgggtctctgc-; HGF forward 
-cccaagtgtgacgtgtcaagtgg-, reverse -tggctcccagaacatatgacggtgt-.

Cytokine expression
Snap-frozen kidneys were lysed using Greenberg Lysis Buffer (75 mM NaCl, 7.5 
mM Tris, 0.5 mM MgCl.H2O, 0.5 mM CaCl2, 0,5% Triton X-100) supplemented 
with protease inhibitor cocktail (Sigma Aldrich) according to weight of the 
kidney and subsequently, homogenates were used to determine cytokine levels 
for IL-1β, IL-6, KC and MCP-1 according to manufacturers’ instructions (R&D 
Systems).

Immunohistochemistry
For PAS-D, paraffin-embedded tissue sections were deparaffinized and incubated 
with 0.25% amylase solution (Sigma Aldrich). Subsequently, slides were 
incubated with 1% periodic acid (Merck) followed by Schiff reagens (Merck). 
Counterstaining was carried out using heamatoxyline (Sigma Aldrich). For 
cleaved caspase 3, Ki67 and F4/80, sections were boiled in 0.01M pH 6.0 citrate 
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buffer and subsequently exposed to a rabbit anti-mouse cleaved caspase 3 
(Asp175) (Cell Signalling), rabbit anti-mouse Ki67 (Neomarkers) or rat IgG2b 
anti-mouse F4/80 (Serotec) respectively. Staining was visualized using a power 
anti-rabbit poly HRP (Dako) and additionally a rabbit anti-rat antibody (Dako) 
in case of F4/80.

Quantification of immunohistochemistry
Tubular necrosis was assessed on PAS-D sections by a renal pathologist using 
a semi-quantitative score as follows: 0: 0% , 1: 1-10%, 2: 10-25%, 3: 25-50%, 
4: 50-75% and 5: 75-100% per high power field (400x magnification) (HPF). 
Cleaved caspase-3 and Ki67 positive tubular epithelial cells were counted in 10 
randomly selected high power fields (400x magnification). F4/80 staining was 
quantified using a Dotpro Slidescanner to obtain digital images followed by 
ImageJ software to quantify the amount of positive pixels.

Immunoprecipitation of IL-1β
To detect IL-1β, we immuno-precipitated 1 mg of protein derived from snap-frozen 
kidneys by lysis of renal tissue with isolation buffer (20 mM Tris-Cl pH 7.4, 135 
mM NaCl, 1.5 mM MgCl2, 10% Glycerol, 1% Triton X100). Subsequently, all IL-1β 
was isolated using an anti-IL-1β rat IgG1 monoclonal antibody (MAB401, R&D 
Systems) followed by precipitation using Protein G-Sepharose beads (Biovision). 
Subsequently, all precipitated IL-1β was visualized with Western blot using an 
anti-IL-1β polyclonal goat IgG (BAF401, R&D Systems) and streptavidin-poly 
HRP (Sanquin). As a positive control for immuno-precipitation or Western blot, 
we added 100 pg of recombinant IL-1β (R&D Systems) to 1 mg of protein or 
50 pg of recombinant IL-1β (R&D Systems) respectively. A band at 18 kDa was 
interpreted as active IL-1β.

In vitro hypoxia assay
Proximal tubular epithelial cells were isolated from kidneys as described 
previously 9 and cultured using HK2 medium supplemented with 10% FCS, 2 
mM L-glutamine, 100 IU/ml penicillin, 100 µg/ml streptomycin (Invitrogen) 
until cells became 70-80% confluent. Hypoxia was induced following a 
protocol described previously (21). Ringer Ischemia solution (NaHCO3 4.5 mM, 
Na2HPO4 0.8 mM, NaH2PO4 0.2 mM, NaCl 106.0 mM, KCl 5.4 mM, CaCl2 1.2 
mM, MgCl2 0.8 mM, morpholinoethanesulfonic acid 20 mM; pH 6.6) was made 
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anoxic by mixing 100% N2 gas with Ringer Ischemia solution for 5 minutes. 
Subsequently, HK2 medium was replaced by Ringer Ischemia solution and cells 
were transferred to a hypoxic chamber which was flushed for 1 minute with 
100% N2 gas. Subsequently, cells were incubated for 4 hours at 37C.

In vitro wound healing assay
Proximal tubular epithelial cells were cultured using HK2 medium supplemented 
with 10% FCS, 2 mM L-glutamine, 100 IU/ml penicillin, 100 µg/ml streptomycin 
(Invitrogen) for 8 days. Subsequently, cells were harvested and seeded at 2*105 

cells/ml and cultured for an additional 2 days to obtain a confluent epithelial 
monolayer. Finally, a scratch was made using a p1000 pipette tip and cells were 
monitored for the following 72 hours using in-house designed software and a 
phase-contrast microscope. Recovery was assessed by measuring non-recovered 
wound area at marked points where the scratched area at t=0 was set at 100%. 

Statistics 
All data are presented as mean ± standard error of the mean (SEM). Statistical 
analyses were performed using the non-parametric Kruskal-Wallis test with 
Dunn’s correction or the parametric oneway ANOVA with Bonferroni’s multiple 
comparison test in case of equal variances to test for multiple group comparison. 
The non-parametric Mann Whitney test was used for two group comparisons. 
For all analyses, p < 0.05 was considered significant. 

Results
Nlrp3 gene expression associates with renal repair phase
We first investigated Nlrp3 gene expression in ischemic kidneys after one, five and 
ten days of reperfusion. Nlrp3 gene expression peaked after five days reperfusion 
with a five-fold increase compared to sham levels (Fig 1A). Similar to Nlrp3 
expression in macrophages upon LPS stimulation (20), TECs upregulated Nlrp3 
gene expression following hypoxia or upon LPS stimulation (Fig 1B). In order to 
determine the role of renal- versus leukocyte-associated Nlrp3 during the repair 
phase, i.e. after five days of reperfusion, we generated bone marrow chimeric 
mice made by reconstituting sub-lethally irradiated wild-type or Nlrp3KO mice 
with bone marrow taken from either wild-type or Nlrp3KO mice. After five 
days of reperfusion, we found that Nlrp3 is primarily expressed by infiltrating 
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leukocytes as seen by almost similar Nlrp3 gene expression in Nlrp3KO mice 
transplanted with wild-type bone marrow (Wt->KO)  compared to wild-type 
mice transplanted with wild-type bone marrow (Wt->Wt) (Fig 1C). Next, we 
found renal parenchymal Nlrp3 expression as seen by an increased expression in 
wild-type mice transplanted with Nlrp3KO bone marrow (KO->Wt) compared 
to Nlrp3KO mice transplanted with Nlrp3KO bone marrow (KO->KO) (Fig 
1C). In conclusion, Nlrp3 is expressed both by leukocytes and renal parenchymal 
cells after five days of reperfusion although leukocyte-associated Nlrp3 gene 
expression is dominant.

Both renal- and leukocyte-associated Nlrp3 mediates renal 
dysfunction
Since Nlrp3 is expressed in both compartments, we investigated the role of 
leukocyte- versus renal-associated Nlrp3 expression on renal function following 
IR. Both renal-associated Nlrp3 as leukocyte-associated Nlrp3 mediated loss of 
renal function as seen by decreased levels of plasma urea (Fig 2A) or plasma 
creatinin (Fig 2B) in Wt->KO, KO->Wt and KO->KO mice compared to 
Wt->Wt mice after five days of reperfusion. Bone marrow chimeras were also 
subjected to ischemia followed by one day of reperfusion to investigate the 
early contribution of renal- versus leukocyte Nlrp3 on renal function. Here, we 
observed that only renal Nlrp3 mediates renal dysfunction based on plasma 
creatinine levels (Sup Fig 1A,B). We next investigated the renal damage markers 
KIM-1 (22) and NGAL (23) to investigate proximal versus distal damage. Both 

Figure 1. Nlrp3 gene expression following ischemia reperfusion. Nlrp3 gene expression following 
ischemia in wild-type mice that were sham operated or after 1, 5 or 10 days of reperfusion (A), renal 
tubular epithelium (n=3-7) following hypoxia (4h) or stimulated with LPS (18h) (B) or wild-type/Nlrp3KO 
chimeras after 5 days reperfusion (C). Results are expressed as mean with SEM (n = 7-11 animals/
group). Statistics were performed using one-way ANOVA with Dunnett’s multiple comparison test (* = 
p < 0.05, ** = p < 0.01, *** = p < 0.001 versus sham or Wt->Wt mice) or Mann-Whitney (# = p 
< 0.05, ## = p < 0.01, ### = p < 0.001 versus Ko->Ko mice).
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chimeras showed an expression pattern similar to plasma urea and creatinin 
with respect to KIM-1 (Fig 2C) and NGAL (Fig 2D) confirming that both 
leukocyte- and renal-associated Nlrp3 is detrimental following renal IR injury 
and indicating that distinct Nlrp3 expression has no differential effect on 
proximal versus distal tubular damage.

Nlrp3 does not lead to a differential pro-inflammatory cytokine 
production
To determine if the beneficial effect of Nlrp3 deficiency following renal IR 
injury was due to inhibition of cytokines and chemokines, we additionally 
investigated renal levels of KC, MCP-1, IL-1β and IL-6. The renal chemokines KC 
and MCP-1 remained unchanged in Wt->KO, KO->KO mice but were decreased 
in KO->Wt mice compared to Wt->Wt animals (Fig 3A,B). We observed that 
the pro-inflammatory cytokines IL-1β and IL-6 were not differentially expressed 
in kidneys of chimeras after five days of reperfusion (Fig 3C,D). To differentiate 

Figure 2. Both renal- and leukocyte-associated Nlrp3 deficiency protects against renal dysfunction. 
Renal function was assessed after five days of reperfusion using the markers plasma urea (A) and 
creatinin (B). Proximal and distal tubular damage was investigated using the proximal marker KIM-1 
(C) and distal marker NGAL (D). Results are expressed as mean with SEM (n = 7-11 animals/group). 
Statistics were performed using Kruskal Wallis with Dunn’s multiple comparison test (* = p < 0.05, ** 
= p < 0.01, *** = p < 0.001 versus Wt->Wt mice).
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pro- versus active IL-1β, we performed immunoprecipitation followed by 
blotting of kidney homogenates for active IL-1β. Although levels are overall low, 
we observed that Wt->KO mice had an increase in active IL-1β versus Wt->Wt 
mice whereas KO->KO and KO->Wt show a heterogenous amount of active 
IL-1β in homogenates (Fig 3E).

Leukocyte-associated Nlrp3 mediates tubular apoptosis
As the Nlrp3 inflammasome is also implicated in the induction of cell death 
(15,24), we next investigated tubular necrosis and apoptosis as an underlying 
cause for renal dysfunction using PAS-D and cleaved caspase-3 stained sections 
(Fig 4A,C). KO->Wt mice showed a strong reduction in the amount of tubular 

Figure 3. Nlrp3 does not regulate pro-inflammatory cytokine production. Renal cytokine levels of KC 
(A), MCP-1 (B), interleukin-1β (IL-1β) (C) and interleukin-6 (IL-6) (D) were measured. Active IL-1β was 
analysed by immune-precipitation and Western blotting of three representative mice per group (E). 
Results are expressed as mean with SEM (n = 7-11 animals/group). Statistics were performed using 
one-way ANOVA with Dunnett’s multiple comparison test (* = p < 0.05, ** = p < 0.01, *** = p < 
0.001 versus Wt->Wt mice).
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necrosis (Fig 4B) which was in line with improved renal function. Unexpectedly, 
we observed a similar degree of tubular necrosis in Wt->KO mice as compared to 
Wt->Wt mice which did not correlate with improved renal function suggesting 
a different underlying cause (Fig 4B). Cleaved caspase-3 staining of renal sections 
(Fig 4C) showed a pattern similar to necrosis however here, all mice which lacked 
Nlrp3 expression on leukocytes showed a reduction in apoptotic TECs (Fig 4D). 

Macrophage influx correlates with tubular cell death
Depletion of macrophages following IR reduces renal damage (25). In this 
light, we examined the presence of macrophages using the macrophage marker 
F4/80 (Fig 5A). Macrophage numbers were decreased in KO->KO and KO->Wt 
groups compared to Wt->Wt mice (Fig 5B). Wt->KO mice had similar numbers 
of macrophages as Wt->Wt mice. Finally, we correlated macrophage influx to 
tubular necrosis (Fig 5C) and apoptosis (Fig 5D) and observed that macrophage 
influx was highly significantly related to tubular cell death.

Figure 4. Leukocyte-associated Nlrp3 regulates tubular apoptosis. PAS-D stained renal sections (A) 
were semi-quantitatively scored for tubular necrosis (B). Renal sections were stained for the apoptosis 
marker cleaved caspase-3 (C) and positive tubular cells were quantified (D). Results are expressed as 
mean with SEM (n = 7-11 animals/group). Statistics were performed using Kruskal Wallis with Dunn’s 
correction (* = p < 0.05, ** = p < 0.01, *** = p < 0.001 versus Wt->Wt mice).
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Increased tubular epithelial proliferation in Nlrp3KO mice 
transplanted with wild-type bone marrow
As the amount of tubular cell death and renal inflammation in Wt->KO mice 
did not correlate with improved renal function, we next investigated the tubular 
repair response using the proliferation marker Ki67 (Fig 6A). Remarkably, we 
observed a 2-fold increase in proliferating TECs in Wt->KO mice suggesting an 
improved repair response. In line with tubular necrosis, we observed a decrease 
in KO->Wt mice and a trend in KO->KO mice compared to Wt->Wt (Fig 6B). 
Although growth factors contribute to renal repair (26), we did not observe an 
increase in gene expression of IGF-1, FGF-1 or FGF-7 in Wt->KO mice compared 
to Wt->Wt mice (data not shown). In contrast, renal hepatocyte growth factor 
(HGF) gene expression was profoundly upregulated in Wt->KO mice (Fig 6C). 

Figure 5. Macrophage accumulation correlates with tubular cell death. Immunohistochemistry of the 
murine macrophage marker F4/80 (A) and quantification of renal sections (B). Correlation of F4/80+ 
area with semi-quantitatively scored necrosis (C) or amount of cleaved caspase-3+  tubular epithelial 
cells (D). Results are expressed as mean with SEM (n = 7-11 animals/group). Statistics were performed 
using an one-way ANOVA with Dunnett’s multiple comparison test (B) or Spearman’s test for correlation 
(C,D) (* = p < 0.05, ** = p < 0.01, *** = p < 0.001 versus Wt->Wt mice).
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Nlrp3KO tubular epithelium shows an increased repair response
In addition to extrinsic factors such as HGF, we also investigated whether 
intrinsic differences in repair exist between wild-type versus Nlrp3KO tubular 
epithelium. Using an in vitro wound healing assay, we observed that Nlrp3KO 
tubular epithelium had an increased capacity to restore integrity of an epithelial 
monolayer after an insult (Fig 7A). Time to initiate a repair response was 
decreased in Nlrp3KO tubular epithelium (Fig 7B). During repair, few cells lost 
cell-cell contact and migrated as single cells into the damaged area (Supplemental 
Movie 1,2). We quantified migrating single cells and observed increased numbers 
in wild-type tubular epithelium after 20 hours compared to Nlrp3KO tubular 
epithelium (Fig 7C). In conclusion, Nlrp3KO tubular epithelium showed a 
better repair response following an insult which correlates with the increased 
proliferation of TECs we found in Wt->KO mice.  

Figure 6. Increased proliferating tubular epithelium in Nlrp3KO mice transplanted with wild-type 
bonemarrow. Renal sections stained for the proliferation marker Ki67 (A) and the amount of Ki67+ 
tubular epithelial cells quantified (B). Renal gene expression of hepatocyte growth factor (HGF) (C). 
Results are expressed as mean with SEM (n = 7-11 animals/group). Statistics were performed using an 
one-way ANOVA with Dunnett’s correction (* = p < 0.05, ** = p < 0.01, *** = p < 0.001 versus 
Wt->Wt mice).

Figure 7. Nlrp3 deficient tubular epithelial cells show an increased regenerative response. An 
epithelial monolayer was damaged by a scratch. The damaged area was measured up to 72 hours 
post-scratch (A). Every 10 minutes, up to 1 hour, the damaged area was measured (B). Single, migratory 
cells appearing in the damaged area were counted (C). Results are expressed as mean with SEM (n = 
5). Statistics were performed using Mann-Whitney (* = p < 0.05, ** = p < 0.01, *** = p < 0.001 
versus wild-type tubular epithelium).
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Discussion
Improving repair following renal IR would represent a therapeutic strategy to 
reduce renal dysfunction. The innate immune receptor Nlrp3 is involved in 
the induction of renal damage, inflammation (14) and fibrosis (19) however its 
role on repair following IR is unknown. Here, we show that both renal- and 
leukocyte-associated Nlrp3 mediates loss of renal function although through 
different mechanisms. Leukocyte-associated Nlrp3 mediates tubular apoptosis 
whereas renal-associated Nlrp3 diminishes the repair response as seen by 
increased numbers of proliferating TECs in vivo and the ability to restore the 
integrity of an epithelial monolayer in vitro. 
Nlrp3 has been shown to be detrimental to renal function after one day of 
reperfusion (14,15). However a role for Nlrp3 at the repair phase of renal IR injury 
was not investigated. We found that Nlrp3 gene expression (this study) and 
tubular proliferation (10) was highest after five days of reperfusion suggesting an 
important role for Nlrp3 during the repair phase. We therefore investigated the 
role of Nlrp3 on renal repair. We show that TECs express Nlrp3 (this study) as 
macrophages do (20). Current research shows a pro-fibrotic role for Nlrp3 in renal 
epithelium (27) and a pro-inflammatory role in macrophages (20), indicating cell 
type-specific effects of Nlrp3 on cellular function. To differentiate leukocyte- 
from renal-associated Nlrp3, we generated Nlrp3KO chimeras. Leukocyte-
associated Nlrp3 gene expression is dominant over renal-associated Nlrp3 after 
five days of reperfusion which is in line with the observation that renal function 
is least impaired in wild-type mice which lack Nlrp3 expression on leukocytes. 
This protective effect seems dependent on the stage of disease as Shigeoka et 
al. and we found that leukocyte-associated Nlrp3 expression does not mediate 
renal dysfunction after one day of renal IR (15) (this study). To extent the study 
of Shigeoka et al., we created bone marrow chimeras to investigate the early 
contribution of renal-associated Nlrp3 to renal dysfunction after one day of 
ischemia-reperfusion. Here, renal-associated Nlrp3 mediated renal dysfunction. 
The observed protection became more clear in the repair phase (day 5) despite 
low renal-associated Nlrp3 gene expression. Our data indicates that the role of 
Nlrp3 is dependent on the stage of disease and Nlrp3 has a tissue-specific role. 
To understand why Nlrp3 deficiency of leukocytes and renal parenchymal cells 
results in less impaired renal function in the late phase of renal IR injury we next 
analysed inflammation and tubular cell death. The first consequence of renal IR is 
tubular cell death leading to renal dysfunction and cytokine release (28). Indeed, 
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we observed that KC and MCP-1 were reduced in wild-type mice transplanted 
with Nlrp3KO bone marrow which also experienced low levels of necrosis. 
Since Nlrp3 is able to form the Nlrp3 inflammasome and subsequently activate 
the pro-inflammatory cytokine IL-1β (canonical pathway), we speculated that 
a reduction in a pro-inflammatory response might underlie improved renal 
function in chimeric mice. However, we did not find differential expression of 
the pro-inflammatory cytokines IL-1β or IL-6, nor decreased levels of active IL-1β 
in Nlrp3 KO mice transplanted with wild-type or Nlrp3 KO bone marrow. This 
suggests that alternative mechanisms might be involved in IL-1β maturation 
upon renal ischemia reperfusion injury. These results are consistent with other 
reports showing non-canonical effects of Nlrp3 in the kidney (15,16,27,29).  
Next to cytokines, renal function is influenced by tubular damage and repair. 
Interestingly, we observed that renal apoptosis was reduced in mice lacking 
Nlrp3 expression in leukocytes suggesting that leukocyte-associated Nlrp3 
influences tubular epithelial apoptosis and thereby renal dysfunction. 
One day after reperfusion, the time point at which neutrophil influx peaks (5), 
chimeric mice which leukocytes are Nlrp3 deficient did not show reduced renal 
damage (15) and function (this study). Therefore, we speculated that Nlrp3 in 
macrophages, of which influx peaks at day 5 (10),  rather than neutrophils is 
important for differences in renal damage in the late phase of renal IR injury. 
Indeed, macrophages can induce tubular cell apoptosis in models of tubulo-
interstitial inflammation. Here, polarization status of the macrophage and the 
production of pro-inflammatory cytokines and cytotoxic products is linked to 
tubular injury. In line, we observed that the level of renal macrophage influx 
and the amount of apoptotic TECs were both reduced in mice without Nlrp3 
on their leukocytes. Additional analysis showed that macrophage influx indeed 
correlated with the amount of tubular epithelial apoptosis.
Conversely, deficiency of Nlrp3 on renal parenchymal cells did not lead to 
differences in tubular epithelial apoptosis or necrosis five days after renal IR. 
It was therefore of particular interest that despite similar levels of necrosis and 
apoptosis, mice deficient for renal parenchymal Nlrp3 with wild-type bone 
marrow showed an increased repair response as seen by a two-fold increase in 
proliferating TECs compared to control Wt->Wt mice. This suggests that renal-
associated Nlrp3 is detrimental to renal repair, an observation that was supported 
by our in vitro wound healing assay. Apparently, Nlrp3 does not drive tubular 
repair after an insult as TLR2 does in vitro following cisplatin-induced injury (12).  



78

CHAPTER 3

We speculate that KO->KO mice did not show increased numbers of proliferating 
TECs due to reduced tubular damage needs to be repaired. We additionally 
observed reduced levels of proliferating TECs in wild-type mice which lacked 
Nlrp3 expression on leukocytes which probably reflects the severely reduced level 
of tubular necrosis that was found in these mice. 
Several factors might explain the increased tubular epithelial proliferation in 
Wt->KO mice. The observed increased renal HGF expression could account for 
increased tubular epithelial proliferation. Indeed, in a model of HgCl2-induced 
renal injury, infused HGF increased tubular epithelial proliferation (30). The 
HGF gene is regulated by IL-6 (31). However, IL-6 levels remained unchanged. 
Nlrp3 regulates IL-1β (32) and it was shown that addition of IL-1β enhances HGF 
secretion of epithelial cells (33). Given that active IL-1β was elevated in kidneys 
of Wt->KO mice that show increased proliferation might suggest a role for IL-1β 
in renal HGF expression. In addition, epithelial Nlrp3 can have intracellular 
effects on proliferation. Indeed, wild-type tubular epithelium has a decreased 
capacity to restore integrity of a monolayer after an insult. Repair in both wild-
type and Nlrp3KO epithelium initiated in a similar fashion however Nlrp3KO 
epithelium showed faster closure of the scratched area. The pattern of migration 
can be used to distinguish fibroblast-like cells as loosely connected migrating cells 
from epithelial cells which migrate as a sheet (34). We observed two patterns of 
migration where wild-type epithelium showed increased numbers of fibroblast-
like cells after 20 hours whereas Nlrp3KO epithelium maintained epithelial-like 
behaviour. This observation is in line with papers demonstrating that Nlrp3 
enhances renal epithelial-mesenchymal transition (EMT) (27) and fibrosis in a 
model of unilateral ureteral obstruction (19). In addition, mice that lack Nlrp3 
in renal cells show increased levels of KC and MCP-1 suggesting a prolonged 
inflammatory phase which could be introduced by a reduced responsiveness to 
TGF-β (27). Based on these findings and the results of our study, we speculate that 
epithelial Nlrp3 is an important regulator of proliferation versus fibrosis during 
repair. Whether enhanced epithelial proliferation diminishes fibrosis following 
long-term IR remains to be investigated. However, a recent report showed that 
Nlrp3 deficiency does not regulate fibrosis following UUO (35). More research is 
warranted to investigate the role of Nlrp3 on ischemia-induced fibrosis. 
In conclusion, our research extends the role of Nlrp3 in non-canonical pathways 
in the diseased kidney. We show here using Nlrp3KO chimeras that leukocyte-
associated Nlrp3 negatively affects tubular epithelial apoptosis during the 
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repair phase of renal IR injury. Renal-associated Nlrp3 is detrimental to the 
repair response as reflected by enhanced HGF levels, an increased amount of 
proliferating TECs and an enhanced ability of epithelium to restore structural 
integrity in the absence of Nlrp3. Since acute kidney injury is associated with 
increased CKD incidence (36–39), we speculate that increasing renal repair 
following IR through modulation of renal Nlrp3 might offer therapeutic 
potential in reducing IR-induced CKD.

Acknowledgements 
We would like to thank Jan Stap for assistance with the in vitro scratch assay 
and Onno de Boer for help with digitalization of renal sections. This study was 
supported by a grant from the Dutch Kidney Foundation to PJB (C06.6023) and 
the Dutch Organization for Scientific Research to LMB and JCL (91712386).

Supplemental figures
Supplemental figures and movies can be found online.



80

CHAPTER 3

References

1. Thadhani R, Pascual M, Bonventre J V: Acute renal failure. N Engl J Med 1996, 334:1448–1460. 

2. Ko GJ, Grigoryev DN, Linfert D, Jang HR, Watkins T, Cheadle C, Racusen L, Rabb H: Transcriptional 
analysis of kidneys during repair from AKI reveals possible roles for NGAL and KIM-1 as biomarkers 
of AKI-to-CKD transition. Am J Physiol Renal Physiol 2010, 298:F1472–83.

3. Wu H, Ma J, Wang P, Corpuz TM, Panchapakesan U, Wyburn KR, Chadban SJ: HMGB1 contributes to 
kidney ischemia reperfusion injury. J Am Soc Nephrol 2010, 21:1878–1890. 

4. Zhang Q, Raoof M, Chen Y, Sumi Y, Sursal T, Junger W, Brohi K, Itagaki K, Hauser CJ: Circulating 
mitochondrial DAMPs cause inflammatory responses to injury. Nature (Internet), Nature Publishing 
Group, 2010, 464:104–107.

5. Stroo I, Stokman G, Teske GJD, Raven A, Butter LM, Florquin S, Leemans JC: Chemokine expression in 
renal ischemia/reperfusion injury is most profound during the reparative phase. Int Immunol 2010, 
22:433–442.

6. Grenz A, Kim J-H, Bauerle JD, Tak E, Eltzschig HK, Clambey ET: Adora2b adenosine receptor signaling 
protects during acute kidney injury via inhibition of neutrophil-dependent TNF-α release. J Immunol 
2012, 189:4566–4573. 

7. Lee S, Huen S, Nishio H, Nishio S, Lee HK, Choi BS, Ruhrberg C, Cantley LG: Distinct macrophage phenotypes 
contribute to kidney injury and repair. J Am Soc Nephrol 2011/02/04 ed. 2011, 22:317–326. 

8. Bonventre J V.: Dedifferentiation and Proliferation of Surviving Epithelial Cells in Acute Renal Failure. J 
Am Soc Nephrol 2003, 14:55S–61.

9. Pulskens WP, Teske GJ, Butter LM, Roelofs JJ, Van Der Poll T, Florquin S, Leemans JC: Toll-Like Receptor-4 
Coordinates the Innate Immune Response of the Kidney to Renal Ischemia/Reperfusion Injury. Zimmer 
J, editor. PLoS One, Public Library of Science, 2008, 3:9.

10. Leemans JC, Stokman G, Claessen N, Rouschop KM, Teske GJD, Kirschning CJ, Akira S, Van Der Poll 
T, Weening JJ, Florquin S: Renal-associated TLR2 mediates ischemia/reperfusion injury in the kidney. J 
Clin Invest, American Society for Clinical Investigation, 2005, 115:2894–2903.

11. Wu H, Chen G, Wyburn KR, Yin J, Bertolino P, Eris JM, Alexander SI, Sharland AF, Chadban SJ: TLR4 
activation mediates kidney ischemia/reperfusion injury. J Clin Invest 2007, 117:2847–2859. 

12. Sallustio F, Costantino V, Cox SN, Loverre A, Divella C, Rizzi M, Schena FP: Human renal stem/
progenitor cells repair tubular epithelial cell injury through TLR2-driven inhibin-A and microvesicle-
shuttled decorin. Kidney Int, Nature Publishing Group, 2013, 83:392–403.

13. Leemans JC, Cassel SL, Sutterwala FS: Sensing damage by the NLRP3 inflammasome. Immunol Rev 
2011, 243:152–162.

14. Iyer SS, Pulskens WP, Sadler JJ, Butter LM, Teske GJ, Ulland TK, Eisenbarth SC, Florquin S, Flavell R a, 
Leemans JC, Sutterwala FS: Necrotic cells trigger a sterile inflammatory response through the Nlrp3 
inflammasome. Proc Natl Acad Sci U S A 2009, 106:20388–20393.

15. Shigeoka A a, Mueller JL, Kambo A, Mathison JC, King AJ, Hall WF, Correia JDS, Ulevitch RJ, Hoffman 
HM, McKay DB: An inflammasome-independent role for epithelial-expressed Nlrp3 in renal ischemia-
reperfusion injury. J Immunol 2010, 185:6277–6285.

16. Bakker PJ, Butter LM, Kors L, Teske GJD, Aten J, Sutterwala FS, Florquin S, Leemans JC: Nlrp3 is a 
key modulator of diet-induced nephropathy and renal cholesterol accumulation. Kidney Int, Nature 
Publishing Group, 2013, 1–11.



81

Nlrp3 in IR-induced AKI

17. Mulay SR, Kulkarni OP, Rupanagudi K V, Migliorini A, Darisipudi MN, Vilaysane A, Muruve D, Shi Y, 
Munro F, Liapis H, Anders H-J: Calcium oxalate crystals induce renal inflammation by NLRP3-mediated 
IL-1β secretion. J Clin Invest 2013, 123:236–246.

18. Zaki MH, Boyd KL, Vogel P, Kastan MB, Lamkanfi M, Kanneganti T-D: The NLRP3 inflammasome 
protects against loss of epithelial integrity and mortality during experimental colitis. Immunity, 
Elsevier Ltd, 2010, 32:379–391.

19. Vilaysane A, Chun J, Seamone ME, Wang W, Chin R, Hirota S, Li Y, Clark S a, Tschopp J, Trpkov K, 
Hemmelgarn BR, Beck PL, Muruve D a: The NLRP3 inflammasome promotes renal inflammation and 
contributes to CKD. J Am Soc Nephrol 2010, 21:1732–1744.

20. Sutterwala FS, Ogura Y, Szczepanik M, Lara-Tejero M, Lichtenberger GS, Grant EP, Bertin J, Coyle AJ, 
Galán JE, Askenase PW, Flavell RA: Critical role for NALP3/CIAS1/Cryopyrin in innate and adaptive 
immunity through its regulation of caspase-1. Immunity , Elsevier, 2006, 24:317-327.

21. Sauvant C, Schneider R: Implementation of an in vitro model system for investigation of reperfusion 
damage after renal ischemia. Cell Physiol … 2009

22. Han WK, Bailly V, Abichandani R, Thadhani R, Bonventre J V: Kidney Injury Molecule-1 (KIM-1): a 
novel biomarker for human renal proximal tubule injury. Kidney Int  2002, 62:237–244. 

23. Paragas N, Qiu A, Zhang Q, Samstein B, Deng S-X, Schmidt-Ott KM, Viltard M, Yu W, Forster CS, 
Gong G, Liu Y, Kulkarni R, Mori K, Kalandadze A, Ratner AJ, Devarajan P, Landry DW, D’Agati V, Lin 
C-S, Barasch J: The Ngal reporter mouse detects the response of the kidney to injury in real time. Nat 
Med 2011 , 17:216–222. 

24. Sagulenko V, Thygesen SJ, Sester DP, Idris a, Cridland J a, Vajjhala PR, Roberts TL, Schroder K, Vince 
JE, Hill JM, Silke J, Stacey KJ: AIM2 and NLRP3 inflammasomes activate both apoptotic and pyroptotic 
death pathways via ASC. Cell Death Differ, Nature Publishing Group, 2013, 20:1149–1160. 

25. Ricardo SD, van Goor H, Eddy AA: Macrophage diversity in renal injury and repair. J Clin Invest 2008, 
118:3522–3530. 

26. Toback FG: Regeneration after acute tubular necrosis. Kidney Int 1992, 41:226–246.

27. Wang W, Wang X, Chun J, Vilaysane A, Clark S, French G, Bracey N a, Trpkov K, Bonni S, Duff HJ, Beck 
PL, Muruve D a: Inflammasome-independent NLRP3 augments TGF-β signaling in kidney epithelium. 
J Immunol  2013, 190:1239–1249.

28. Bonventre J, Yang L: Cellular pathophysiology of ischemic acute kidney injury. J Clin Invest 2011, 121. 

29. Lorenz G, Darisipudi MN, Anders H-J: Canonical and non-canonical effects of the NLRP3 inflammasome 
in kidney inflammation and fibrosis. Nephrol Dial Transplant 2013, 1–8. 

30. Kawaida K, Matsumoto K, Shimazu H, Nakamura T: Hepatocyte growth factor prevents acute renal 
failure and accelerates renal regeneration in mice. Proc Natl Acad Sci U S A 1994, 91:4357–4361.

31. Liu Y, Michalopoulos GK, Zarnegar R: Structural and functional characterization of the mouse 
hepatocyte growth factor gene promoter. J Biol Chem 1994, 269:4152–4160.

32. Martinon F, Pétrilli V, Mayor A, Tardivel A, Tschopp J: Gout-associated uric acid crystals activate the 
NALP3 inflammasome. Nature, Nature Publishing Group, 2006, 440:237-241.

33. Paduch R, Jakubowicz-Gil J, Niedziela P: Hepatocyte growth factor (HGF), heat shock proteins (HSPs) 
and multidrug resistance protein (MRP) expression in co-culture of colon tumor spheroids with 
normal cells after incubation with interleukin-1beta (IL-1beta) and/or camptothecin (CPT-11). Indian 
J Exp Biol 2010, 48:354–364.

34. Liang C-C, Park AY, Guan J-L: In vitro scratch assay: a convenient and inexpensive method for analysis 
of cell migration in vitro. Nat Protoc 2007, 2:329–333.



82

CHAPTER 3

35. Pulskens WP, Butter LM, Teske GJ, Claessen N, Dessing MC, Flavell R a, Sutterwala FS, Florquin S, 
Leemans JC: Nlrp3 prevents early renal interstitial edema and vascular permeability in unilateral 
ureteral obstruction. PLoS One 2014, 9:e85775. 

36. Venkatachalam MA, Griffin KA, Lan R, Geng H, Saikumar P, Bidani AK: Acute kidney injury: a springboard 
for progression in chronic kidney disease. Am J Physiol Renal Physiol 2010, 298:F1078–94. 

37. Hsu C: Yes, AKI truly leads to CKD. J Am Soc Nephrol 2012, 23:967–969. 

38. Leung KCW, Tonelli M, James MT: Chronic kidney disease following acute kidney injury-risk and 
outcomes. Nat Rev Nephrol, Nature Publishing Group, 2013, 9:77–85.

39. Coca SG, Singanamala S, Parikh CR: Chronic kidney disease after acute kidney injury: a systematic 
review and meta-analysis. Kidney Int 2012 81:442–448. 



83

Nlrp3 in IR-induced AKI





Chapter 4
Renal-associated Nlrx1 Suppresses Ischemia  

Reperfusion-Induced Tubular Cell Death

Pieter J. Bakker1, Geurt Stokman1, Loes M. Butter1, Nike Claessen1, Gwendoline J.D. 
Teske1, Stephen Girardin PhD2, Sandrine Florquin MD PhD1,3 and Jaklien C. Leemans PhD1

1Dept. of Pathology, Academic Medical Centre, Amsterdam, Netherlands
2Dept. of Medicine and Pathobiology, University of Toronto, Toronto, Canada 

3Dept. of Pathology, Radboud University Nijmegen Medical Centre, Nijmegen, Netherlands

Manuscript in preparation 



86

CHAPTER 4

Abstract
Ischemia reperfusion injury is an important contributor to acute graft failure 
after kidney transplantation and causes inflammation via toll-like receptor-
dependent pathways. The nucleotide-binding leucine-rich repeat (NLR) family 
member Nlrx1 is involved in the negative regulation of toll-like receptor-
mediated NF-κB activation however its role during ischemia reperfusion injury 
has not yet been investigated. Here, we studied the effect of Nlrx1 deficiency 
on renal function and pathology after one and five days of reperfusion. In 
addition, we assessed the contribution of Nlrx1 on renal- versus bone marrow-
derived cells in the pathogenesis of renal ischemia reperfusion injury by creating 
bone marrow chimeras. We observed that Nlrx1 is expressed by bone marrow-
derived cells and renal epithelial cells and is down regulated in the kidney after 
ischemia reperfusion injury. Nlrx1 deficiency is detrimental in ischemic acute 
kidney injury and led to increased mortality, tubular necrosis, apoptosis and 
renal KC, MCP-1 and TNF-α levels. Differences in tubular cell death between 
mice with or without Nlrx1 could not be explained by differences in leukocyte 
accumulation. Bone marrow chimeric mice revealed that renal-associated Nlrx1, 
rather than myeloid Nlrx1, suppressed tubular epithelial necrosis and apoptosis 
and consequently plasma LDH levels. These data show that, in contrast to other 
TLR and NLR family members, renal-associated Nlrx1 is crucial in conferring 
renal protection after ischemia reperfusion injury primarily through its anti-
apoptotic and anti-necrotic effects in tubular epithelial cells. 
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Introduction
Ischemia reperfusion injury (IRI) is an important contributor to acute graft 
failure after kidney transplantation (1). Following ischemia reperfusion of the 
kidney intracellular reactive oxygen species (ROS) are generated which can 
damage renal epithelium (2). Subsequently, necrotic cells release intracellular 
components among which damage-associated molecular patterns (DAMP) 
(3). These DAMPs can induce local inflammation and damage during renal 
IRI through signalling via pattern recognition receptors (PRRs) such as TLR2 
(4) and TLR4 (5,6) which results in the release of cytokines and chemokines 
through NF-κB (7). Released chemokines facilitate  neutrophil and macrophage 
influx which can enhance tubular damage (8,9).  In line with TLR2 and TLR4, 
Nlrp3, a member of the NLR family of PRRs, plays a detrimental role following 
renal IRI as well (10). 
Nlrx1 is a mitochondrial NLR family member whose function remains elusive. It 
is involved in the negative regulation of cytokine expression after viral infection 
and LPS challenge (11–13), and controls apoptotic cell death sensitivity in 
transformed fibroblast cells (14). Upon LPS stimulation, Nlrx1 dissociates 
from TRAF6 and binds to IKK complex thereby preventing IKKα/IKKβ 
phosphorylation and subsequent downstream NF-κB activation (13). Contrary 
to previous findings, it was also shown that Nlrx1 does not inhibit (15) but 
enhances NF-κB activity through the induction of reactive oxygen species (ROS) 
(16). Both mechanisms play a role following renal IRI and seem contradictory 
at first glance but can be unified into one mechanistic overview where first, 
Nlrx1 is suppressing cytokine signalling to prevent hyper-inflammation when 
only few pathogens or damaged cells are present. Second, in case of a more 
severe infection or injurious insult Nlrx1 becomes an inducer of ROS which kills 
pathogens (17) or induces cell death in damaged cells. 
Given the importance of ROS and inflammatory mediators at different phases 
of renal ischemia and the role of Nlrx1 in these processes, we investigated the 
effect of Nlrx1 deficiency on renal function and pathology both after one and 
five days of reperfusion. In addition, we created bone marrow chimeras to 
differentiate the role of renal- versus bone marrow-associated Nlrx1 on renal 
pathology following IR.
In this study, we found that Nlrx1 is down regulated in the kidney following 
renal IR. Nlrx1 deficiency has a detrimental impact on renal IRI as it leads to 
increased mortality, cytokine expression, plasma LDH levels and tubular necrosis 
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and apoptosis. Using bone marrow chimeras, we established that Nlrx1 of renal 
parenchymal cells, rather than of bone marrow-derived infiltrating immune cells, 
is responsible for protection against ischemia reperfusion-induced cell death.

Material & Methods
Mice
The generation of Nlrx1 deficient mice was described previously(15). Male 
Nlrx1KO and wild-type C57BL/6 (Charles River), age 8-12 weeks, were used 
to apply bilateral and unilateral ischemia-reperfusion. CD45.1 positive allotype 
male wild type mice used to create chimeric mice were purchased from 
Charles River Laboratories (B6.SJL-PtprcaPepcb/ BoyCrl strain). Only age- and 
sex-matched mice were used in all experiments. All procedures were approved by 
the Institutional Animal Welfare Committee of the Academic Medical Centre 
Amsterdam.

Bone marrow transplantation
Transplantation was carried out as described previously (4). Briefly, tibia, 
femur and spleen were harvested of wild-type CD45.1 or Nlrx1KO CD45.2 
donor mice. Bone marrow was isolated from tibia and femur. Subsequently, 
a mixture of bone marrow and splenocytes was intravenously injected into 
lethally irradiated (2 pulses of 4.5 Gy) wild-type CD45.1 or Nlrx1KO CD45.2 
recipient mice. Recipient mice received neomycin-containing water 1 week 
prior to transplantation up to 4 weeks after transplantation. Six weeks after 
transplantation renal ischemia was applied followed by one day of reperfusion. 
Blood collected via heart puncture prior to centrifugation was used to assess 
bone marrow transplantation efficiency. Erythrocytes were lysed and cells 
were stained using anti-CD45.1 PE (BD Pharmingen) and anti-CD45.2 FITC 
(BD Pharmingen). Expression was assessed using flow cytometry. Cut-off for a 
successful transplantation was set at >75% positivity.

Ischemia Reperfusion
Renal IR injury was induced as described previously (6). Briefly, both renal 
pedicles were clamped for 20 minutes or 25 minutes in case of bone marrow-
transplanted mice using microaneurysm clamps through a midline abdominal 
incision under general anaesthesia (1.25 mg/ml midazolam (Actavis), 0.08 mg/
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ml fentanyl citrate and 2.5 mg/ml fluanisone (VetaPharma Limited)). After clamp 
removal, kidneys were inspected for restoration of blood flow. The abdomen 
was closed in 2 layers and all mice received a subcutaneous injection of 0.1 mg/
kg buprenorphin (Temgesic, Schering-Plough). To maintain fluid balance, mice 
were supplemented with a few drops of sterile 0.9% NaCl intraperitoneal before 
closing the abdomen. Mice were sacrificed after one or five days after surgery. 
Mice were sacrificed and blood was collected by heart puncture and plasma 
was collected by centrifugation. Kidneys were snap-frozen in liquid nitrogen or 
formalin-fixed followed by paraffin embedding.

Cytokine Expression
Snap-frozen kidneys were lysed using Greenberg Lysis Buffer (75 mM NaCl, 7.5 
mM Tris, 0.5 mM MgCl.H2O, 0.5 mM CaCl2, 0,5% Triton X-100) supplemented 
with protease inhibitor cocktail (Sigma Aldrich) and subsequently, homogenates 
were used to determine cytokine levels for KC, MCP-1, TNF-α and IL-6 according 
to manufacturers’ instructions (R&D Systems).

Immunohistochemistry
To detect granulocytes, formalin-fixed renal sections were digested with 0,25% 
pepsin in 0.1 M HCl (Sigma Aldrich) followed by incubation with FITC labelled 
anti-mouse Ly6G (BD Biosciences), rabbit anti-FITC (Dako) and finally horse 
radish peroxidase-conjugated goat anti-rabbit IgG. To detect macrophages, 
formalin-fixed renal sections were boiled in 0.01M pH 6.0 citrate buffer 
subsequently exposed to a rat IgG2b anti-mouse F4/80 (Serotec). Staining was 
visualized using a power anti-rabbit poly horse radish peroxidase (Dako) and 
additionally a rabbit anti-rat antibody (Dako). Apoptotic tubuli were visualised 
through boiling formalin-fixed renal sections in 0.01M pH 6.0 citrate buffer and 
subsequently exposed to a rabbit anti-mouse cleaved caspase 3 (Asp175) (Cell 
Signalling). Staining was visualized using a power anti-rabbit poly HRP (Dako). 
Ly6G-positive cells and caspase-3-positive tubuli were counted in 10 randomly 
selected non-overlapping high power fields with a 400x magnification. F4/80 
staining was quantified using a Dotpro Slidescanner to obtain digital images 
followed by ImageJ software to quantify the amount of positive pixels.
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Biochemical analysis 
Plasma urea, creatinine and lactate dehydrogenase (LDH) were measured using 
standardized clinical diagnostic protocols of the Academic Medical Centre 
Amsterdam. 

Real time and RT-PCR
Total RNA was isolated from frozen sections using Trizol (Life Technologies) 
following the recommended manufacturers’ protocol. Complementary DNA 
was made by ligation of oligo-dT primers and subsequent polymerization 
using Taq DNA polymerase (Invitrogen). Finally, cDNA was investigated 
with electrophorese and an agarose gel or quantified in real-time on a Roche 
LightCycler 480 (Roche Diagnostics) using LightCycler 480 DNA SYBR 
Green (Roche Diagnostics). To quantify gene expression, PPIA was used as an 
endogenous reference. 

Histochemistry
Periodic acid Schiff-diastase (PAS-D) stain was performed as follows. Paraffin-
embedded sections were deparaffinized and incubated with 0.25% amylase 
solution (Sigma Aldrich). Subsequently, slides were incubated with 1% periodic 
acid (Merck) followed by Schiff reagens (Merck). Counterstaining was carried 
out using heamatoxyline (Sigma Aldrich). Necrosis was assessed on PAS-D 
sections by a qualified pathologist using a semi-quantitative score where 0: 0%, 
1: 1-10%, 2: 11-25%, 3: 26-50%, 4: 51-75% and 5: 76-100% of tubules are necrotic.

Statistics
All data are presented as mean ± standard error of the mean (SEM). Statistical 
analyses were performed using the non-parametric Kruskal-Wallis test with 
Dunn’s correction to test for multiple group comparison. The non-parametric 
Mann Whitney test was used for two group comparisons. Correlation between 
variables was determined using Spearman. For all analyses, p<0.05 was 
considered significant.
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Results
Nlrx1 is down regulated following ischemia reperfusion
Following IRI, we analysed mRNA expression of Nlrx1, the adaptor protein 
mitochondrial antiviral signalling (MAVS) and two genes of which transcription 
is regulated by Nlrx1: the matrix-facing protein of the respiratory chain complex 
III, UQCRC2(15,18) and the pro-inflammatory cytokine IL-6(11,13). Nlrx1 is 
down regulated after one and five days of reperfusion (Fig 1A). The mitochondrial 
antiviral signalling (MAVS) mRNA transcript is downregulated after five days 
of reperfusion (Fig 1B). Expression of the downstream effector cytokine IL-6 
was increased after one and five days of reperfusion (Fig 1C) whereas UQCRC2 
expression was decreased one day after reperfusion (Fig 1D).

Figure 1. Nlrx1 is downregulated following ischemia/reperfusion. Ischemia reperfusion was applied to 
wild-type mice (n=4-9) and the mRNA expression of Nlrx1 (A), the adaptor molecule, mitochondrial antiviral 
signalling (MAVS) protein (B), the cytokine interleukin-6 (IL-6) (C) and ROS-regulating protein UQCRC2 (D). 
Expression is relative to the household gene PPIA. AU = arbitrary units. Statistics were performed using 
Kruskal Wallis with Dunn’s multiple comparison test where * = p < 0.05 and ** = p , 0.01
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Nlrx1 deficiency is detrimental following renal ischemia 
reperfusion after five days
Plasma urea and creatinine levels did not significantly differ between wild-type 
and Nlrx1KO mice following bilateral ischemia and one day of reperfusion (Fig 
2A,B). KIM-1 expression was also not different  (Fig 2C). Following bilateral 
ischemia, Nlrx1 deficiency reduced survival at five days of reperfusion since 5 out 
of 8 Nlrx1KO mice died while all 8 wild-type mice survived (data not shown). 
To ensure survival at five days post-IR, we performed unilateral ischemia. 
We observed no difference in plasma urea levels after five days of reperfusion 
between wild-type and Nlrx1KO mice(Fig 2E). Plasma creatinine levels showed 
a significant increase after five days of reperfusion in Nlrx1KO mice versus 
wild-type mice (Fig 2E). In concordance with plasma creatinine, we observed 
a significant increase in KIM-1 expression in Nlrx1KO versus wild-type kidneys 
subjected to IR after five days (Fig 2F). We conclude that Nlrx1 deficiency has a 
detrimental impact on renal IRI after five days. 

Figure 2. Nlrx1 deficiency is detrimental following five days of renal IR. Renal function as seen by 
plasma urea (A), creatinine (B) or KIM-1 expression (C) in case of sham-operated mice (n=4) or bilateral 
ischemia followed by one day of reperfusion (IR) (n=6-8). Renal function as seen by plasma urea (D), 
creatinine (E) or KIM-1 expression (F) of mice subjected to unilateral ischemia following five days of 
reperfusion (n=8). Statistics were performed using Mann-Whitney where * = p < 0.05
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Nlrx1 deficiency reduces granulocyte numbers after five days
As granulocytes are able to cause renal injury following IRI (19), we next analysed 
the amount of granulocytes that were present in the kidney and observed no 
difference after one day of reperfusion in case of bilateral ischemia (Fig 3A,C) in 
Nlrx1KO mice versus wild-type mice. After five days of reperfusion, we found 
significantly reduced granulocyte numbers in the ischemic kidney of Nlrx1KO 
mice after unilateral ischemia compared to wild-type mice (Fig 3B,D). 

Nlrx1 deficiency induces a mild increase in macrophage 
accumulation after five days
Macrophages are important mediators of injury during the inflammatory phase 
but also contribute to cellular repair during the regenerative phase (9). Macrophage 

Figure 3. Nlrx1 deficiency reduces granulocyte numbers.  Renal sections were stained for the 
granulocyte marker Ly6 (A,B) of mice subjected to sham surgery (n=2) or bilateral ischemia followed 
by one day of reperfusion (n=7) (A,C) or unilateral ischemia followed by five days of reperfusion (n=8) 
(B,D) and subsequently quantified in 10 randomly selected high power fields (HPF) (400x) (C,D). Statistics 
were performed using Mann Whitney where ** = p < 0.01
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accumulation was similar in both mouse strains during the inflammatory phase, 
i.e. after one day of reperfusion (Fig 4 A,C) whereas during the repair phase, 
Nlrx1KO mice showed an increased macrophage accumulation after five days of 
reperfusion (Fig 4B,D). 

Nlrx1 deficiency increases cytokine levels
Since Nlrx1 regulates NF-κB activation following RIG-I or TLR4 stimulation 
(11,13) and NF-κB regulates an inflammatory signalling pathway, we investigated 
renal cytokine levels downstream of NF-κB. KC expression was enhanced in 
Nlrx1KO versus wild-type mice after one day of reperfusion. KC expression 
was also increased in contralateral kidneys of Nlrx1KO mice and not in the 
ischemic kidney after five days (Fig 5A). MCP-1 is enhanced in ischemic kidneys 
of Nlrx1KO mice versus wild-type mice after five days of reperfusion (Fig 5B). 

Figure 4. Nlrx1 deficiency induces a mild increase in macrophage accumulation. Renal sections were 
stained for the macrophage marker F4-80 (A,B) of mice subjected to sham surgery (n=2) or bilateral 
ischemia followed by one day of reperfusion (n=7) (A,C) or unilateral ischemia followed by five days of 
reperfusion (n=8) (B,D) and subsequently quantified in 10 randomly selected high power fields (HPF) 
(400x) (C,D). Statistics were performed using Mann Whitney where ** = p < 0.01
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TNF-α strongly increased in Nlrx1KO mice after one day of reperfusion whereas 
no differences were observed after five days of reperfusion (Fig 5C). Although 
IL-6 protein expression showed a small increase in kidneys of Nlrx1KO mice after 
one day of reperfusion, levels did not exceed those of sham mice which is, for 
unknown reason, in discrepancy with the difference in IL-6 transcripts (Fig. 1C).   
Remarkably was the increase in the control kidneys of Nlrx1KO mice after 
five days of reperfusion, of which levels in both strains were higher than in the 
ischemic kidneys (Fig 5D). 

Figure 5. Nlrx1 deficiency increases cytokine levels. Cytokine levels in the kidneys of KC (A), MCP-1 
(B), TNF-α (C) and IL-6 (D) of mice subjected to sham surgery (n=4) or bilateral ischemia and one 
day of reperfusion (n=7-8) or unilateral ischemia and five days of reperfusion (n=8). Statistics were 
performed using Mann Whitney where * = p < 0.05 and ** = p < 0.01
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Nlrx1 deficiency causes increased tubular apoptosis and necrosis
Quantitative scoring of tubular apoptosis showed that Nlrx1KO mice have 
more caspase-3+ tubuli following 1 day of bilateral IRI (Fig 6A,C) and also after 
five days of IRI (Fig 6B,D). In addition, we observed using semi-quantitative 
scoring of PAS-D stained sections, an increase in tubular necrosis after both one 
and five days of reperfusion in Nlrx1KO mice as compared to wild-type mice 
following IRI (Fig 6E-H). Increases in tubular necrosis related to an increase in 
plasma LDH levels, a marker for cellular damage. Nlrx1KO mice showed a trend 
towards higher LDH levels after one day and a significant increase after five days 
of reperfusion in Nlrx1KO mice versus wild-type mice (Fig 6I). 

Figure 6. Nlrx1 deficiency causes increased tubular apoptosis and necrosis. Caspase-3 (A-D)- and 
PAS-D (E-H) stained sections of mice subjected to bilateral ischemia followed by one day of reperfusion 
(A,E) or unilateral ischemia followed by five days of reperfusion (B,F). Tubular apoptosis was scored 
quantitatively in caspase-3+ tubuli per high-power field (400x magnification) (C,D). Tubular necrosis was 
scored in a semi-quantitative manner (G,H). To assess overall cellular damage, plasma LDH levels were 
obtained (I). AU = arbitrary units. Statistics were performed using Mann Whitney where * = p < 0.05, 
** = p < 0.01 and *** = p < 0.001
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Renal-associated Nlrx1 deficiency increases cellular damage
Wild-type bone marrow or bone marrow-derived cells such as macrophages 
and neutrophils show Nlrx1 gene expression. Interestingly, proximal tubular 
epithelial cells, which are most susceptible to ischemic injury, also express Nlrx1 
(Fig 7A). To determine the role of renal- versus bone marrow-associated Nlrx1, 
we created bone marrow chimeras and applied bilateral ischemia followed by 
one day of reperfusion. Plasma urea and creatinine levels did not differ (Fig 7B,C). 
Cellular damage was investigated using plasma LDH levels. Here, Wt->KO but 
not KO->Wt levels were increased versus Wt->Wt mice (Fig 7D).

Figure 7. Renal-associated Nlrx1 deficiency increases cellular damage. Nlrx1 and TBP mRNA expression 
in several hematopoietic cells, bone marrow and renal primary tubular epithelial cells (A). Renal function 
of bone marrow-transplanted mice (n=7/group) as seen by plasma urea (B) and creatinine (C). Plasma 
LDH levels were measured as an indication of cellular damage (D). Statistics were performed using 
Kruskal Wallis with Dunn’s multiple comparison test where * = p < 0.05
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Renal-associated Nlrx1 deficiency increases tubular necrosis  
and apoptosis
Both wild-type and Nlrx1KO chimeric mice showed extensive tubular damage 
in the cortico-medullary region which extended into the cortex. As tubular 
necrosis in the cortico-medullary region reached maximal injury values, we 
investigated cortical tubular necrosis and observed that Wt->KO mice showed 
significantly increased levels of tubular necrosis whereas necrosis in KO->Wt, 
although also higher, did not differ significantly from Wt->Wt mice (Fig 8A,B). 
We next investigated apoptosis to explore the effect of Nlrx1 on another type 
of cell death by staining for cleaved caspase 3. Similar to tubular necrosis we 
observed a sharp increase in Wt->KO mice whereas KO->Wt did not differ 
significantly from Wt->Wt mice (Fig 8C,D). TNF-α, KC and MCP-1 levels did 
not differ between groups (data not shown). Overall, we conclude that Nlrx1 
of renal parenchymal cells, rather than of bone marrow-derived infiltrating 
immune cells, is responsible for protection against ischemia reperfusion-induced 
tubular cell death.

Figure 8. Renal-associated Nlrx1 deficiency increases tubular necrosis and apoptosis. Using PAS-D stained 
renal sections (A), cortical tubular necrosis was assessed in a semi-quantitative manner (B). In addition, tubular 
apoptosis was investigated using an antibody directed against cleaved Caspase 3 (C) and apoptotic tubuli 
were counted in the cortex (D). AU = arbitrary units, n=7/group. Statistics were performed using Kruskal 
Wallis with Dunn’s multiple comparison test where * = p < 0.05 and ** = p < 0.01
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Discussion
Preventing IR-induced renal injury and related pathology is an effective way to 
reduce graft loss following kidney transplantation. Nlrx1 regulates TLR-induced 
NF-κB signalling and the production of ROS (11,13,16), two important processes 
following IR, suggesting a potential role for Nlrx1. We showed here that Nlrx1 
expression is down regulated in the kidney following IR. Nlrx1 deficiency 
has detrimental effects on renal IRI which associates with increased cytokine 
levels, macrophage accumulation, plasma LDH levels and tubular necrosis and 
apoptosis. Nlrx1 deficiency reduced granulocyte numbers at the late phase. Using 
bone marrow chimeras, we showed that Nlrx1 deficiency in renal parenchymal 
cells leads to increased tubular necrosis, apoptosis and plasma LDH levels. In 
contrast to other TLR and NLR family members (20), we now show that Nlrx1 
plays a protective role in experimental renal ischemia reperfusion injury.
We observed that Nlrx1 mRNA is expressed by both hematopoietic cells and 
tubular epithelial cells and is down regulated in the kidney after IR suggesting 
that Nlrx1 plays a role following IR. IL-6 is a key protein regulated by Nlrx1 
as shown by Allen et al. (11) and Xia et al. (13). In line we found an inverse 
correlation between Nlrx1 and IL-6 mRNA during renal IR. However, for 
unknown reasons IL-6 protein seems only marginally influenced by Nlrx1 
deficiency at the time points we studied. IR furthermore led to a down regulation 
of the Nlrx1-associated molecules MAVS and UQCRC2. 
Nlrx1KO mice showed a survival disadvantage when subjected to bilateral IR. 
This finding is in concordance with an increase in tubular cell death and plasma 
LDH levels, but not with a rise in urea and creatinine levels. Apparently urea 
and creatinine values are not necessarily specific for detecting tubular cell death. 
The most striking finding was that tubular necrosis and apoptosis was greatly 
enhanced in Nlrx1KO mice following either one or five days of reperfusion. 
Plasma LDH levels correlated with the observed increase in tubular necrosis 
suggesting that plasma LDH is derived from the kidney. In line with our data, a 
recent paper was published that showed convincingly that Nlrx1 protects SV40-
transformed murine embryonic fibroblast cells from extrinsic apoptosis (14). 
An increase in necrosis is accompanied by increased levels of DAMPs, such as 
HMGB1 (21), mitochondrial DNA (22) or ATP (10) that are able to activate 
pattern recognition receptors and induce cytokine expression. In line with this, 
we observed increased cytokine levels for KC, MCP-1 and TNF-α. In addition, 
Nlrx1KO mice showed higher IL-6 levels in kidneys of IR-operated mice after 
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one day of reperfusion and in contralateral kidneys after five days of reperfusion. 
IL-6 levels were also greatly enhanced in Nlrx1KO mice in a model of septic 
shock (11) or influenza virus infection (13).
Leukocyte influx is mainly determined by the expression of adhesion molecules 
and chemokines. Macrophage accumulation was greatly higher after five days of 
reperfusion compared to control kidneys which is consistent with the kinetics of 
macrophage influx following ischemia/reperfusion (7,9). Increased macrophage 
accumulation in Nlrx1KO mice after five days of reperfusion matches the 
increased expression of MCP-1 but is not in line with observed tubular damage. 
This suggest that macrophages are not critical for Nlrx1-associated tubular 
damage. Granulocyte numbers do not associate with KC expression nor with 
tubular cell death at day one. More research is warranted to investigate the role 
of Nlrx1 on granulocyte function and factors facilitating granulocyte influx. 
Possibly, the low amount of granulocyte influx in kidneys from Nlrx1KO mice 
after five days contributes to tubular damage through a reduced capacity to clear 
cellular debris (23). In summary, the differences in tubular cell death we found 
between mice with or without Nlrx1 at both time points can probably not be 
explained by differences in leukocyte numbers. 
To further investigate the role of Nlrx1 in renal IRI, we created bone marrow 
chimeras to discriminate between the effect of renal- versus bone marrow-
associated Nlrx1. Renal function parameters, i.e. plasma urea and creatinine, 
were again not significantly different at day one. However, mice that lack Nlrx1 
on renal parenchymal cells show increased tubular necrosis, increased plasma 
LDH and in addition increased levels of cleaved caspase 3-positive tubular 
epithelial cells, a marker for apoptosis. These data suggest that Nlrx1 in renal 
parenchymal cells is responsible for suppressing cell death. 
Nlrx1 is able to regulate cell death through intrinsic or extrinsic processes (14). 
Given that Nlrx1 deficient mice had enhanced TNF-α expression (this study) 
and TNF-α mediates renal injury following IR (19), we speculate that increased 
tubular cell death in Nlrx1KO mice could also be due to enhanced expression of 
TNF-α. We are currently investigating ROS in our model but based on previous 
observations which show that Nlrx1 could amplify ROS (16), one could expect 
that Nlrx1KO would have less ROS and as a consequence reduced IR-related 
pathology. We however observed increased IR-related pathology in Nlrx1KO 
mice suggesting that this Nlrx1-ROS linkage is not decisive for the outcome of 
renal IRI. Further research is needed to clarify the mechanisms behind Nlrx1-
associated tubular cell death.
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Collectively, we show that renal-associated Nlrx1 is important in conferring renal 
protection after ischemia reperfusion injury, primarily by its anti-apoptotic and 
anti-necrotic effects in tubular epithelial cells. Nlrx1 may therefore be an interesting 
therapeutic target in diseases where cell death contributes to pathology (24).
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Abstract
Ischemia reperfusion injury is a common cause of acute kidney injury and is 
characterized by tubular damage. Mitochondrial DNA is released upon severe 
tissue injury and can act as a damage-associated molecular pattern via the innate 
immune receptor TLR9. Here, we investigated the role of TLR9 in the context of 
moderate or severe renal ischemia reperfusion injury using wild-type C57BL/6 
mice or TLR9KO mice. Moderate renal ischemia induced renal dysfunction 
but did not decrease animal well-being and was not regulated by TLR9. In 
contrast, severe renal ischemia decreased animal well-being and survival in wild-
type mice after respectively one or five days of reperfusion. TLR9 deficiency 
improved animal well-being and survival. TLR9 deficiency did not reduce renal 
inflammation or tubular necrosis. Rather, severe renal ischemia induced hepatic 
injury as seen by increased plasma ALAT and ASAT levels and focal hepatic 
necrosis which was prevented by TLR9 deficiency and correlated with reduced 
circulating mitochondrial DNA levels and plasma LDH. We conclude that TLR9 
does not mediate renal dysfunction following either moderate or severe renal 
ischemia. In contrast, our data indicates that TLR9 is an important mediator of 
hepatic injury secondary to ischemic acute kidney injury.
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Introduction
Ischemia reperfusion injury (IRI) is a common cause for the development of 
acute kidney injury (AKI) (1) and is characterized by renal tissue damage and 
inflammation. Necrosis leads to the release of damage-associated molecular 
patterns  which subsequently activate the innate immune system and trigger 
an immune response (2).
Toll-like receptors (TLR) are a family of pattern recognition receptors of the 
innate immune system that are involved in sensing pathogen-associated or 
damage-associated molecular patterns. In the kidney, TLR2 and TLR4 have 
been shown to mediate renal inflammation (3–5) and fibrosis (6) following acute 
renal IRI and chronic obstructive nephropathy. In addition to TLR2 and TLR4, 
several studies show that TLR9 is expressed in kidney (7,8) and can drive renal 
pathology in several disease models. Yasadu et al. showed that TLR9 deficiency 
protected against sepsis-induced AKI (9). In addition, the TLR9 ligand CpG was 
shown to increase macrophage accumulation and albuminuria in a model for 
immune complex glomerulonephritis (10) and to worsen renal pathology in a 
mouse model for lupus nephritis (11). 
TLR9 is located in intracellular endosomes of the endoplasmic reticulum and 
can recognize bacterial and mitochondrial DNA rich in CpG motifs (12–14). 
Mitochondrial DNA is released into the circulation upon severe tissue injury 
and is able to induce systemic inflammation and organ dysfunction through 
TLR9 (13). 
A recent report showed that TLR9 is not involved in renal dysfunction after 
moderate renal ischemia (15). However, its role in severe renal ischemia where 
potentially more and different damage-associated molecular patterns are present 
remains unclear. Given the expression of TLR9 in the kidney (7,8) and the release 
of mitochondrial DNA upon severe tissue injury (13), we investigated the role of 
TLR9 in severe renal ischemia compared to moderate renal ischemia.
We show that TLR9 deficiency resulted in an improved survival of mice and 
animal well-being in case of severe renal ischemia. These differences did not 
associate with differences in renal function and tubular necrosis. Improved 
survival and animal well-being however correlated with reduced plasma 
mitochondrial DNA content and decreased hepatic injury indicating that TLR9 
deficiency reduced remote hepatic injury induced by renal IRI.
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Material & Methods
Ischemia Reperfusion
Wild-type C57BL/6 male mice age 8-12 weeks were obtained from Charles 
River. TLR9 deficient (TLR9KO) mice were generated as described previously 
(16) and subsequently backcrossed for six generations. TLR9 deficiency was 
confirmed in randomly selected TLR9KO mice (S1 Fig). Renal IR injury was 
induced as described previously (5). Briefly, both renal pedicles were clamped for 
20 or 30 minutes using microaneurysm clamps through a midline abdominal 
incision under general anesthesia (1.25 mg/ml midazolam (Actavis), 0.08 mg/ml 
fentanyl citrate and 2.5 mg/ml fluanisone (VetaPharma Limited)). After clamp 
removal, kidneys were inspected for restoration of blood flow. The abdomen 
was closed in 2 layers and all mice received a subcutaneous injection of 0.1 mg/
kg buprenorphin (Temgesic, Schering-Plough). To maintain fluid balance, mice 
were supplemented with a few drops of sterile 0.9% NaCl intraperitoneal before 
closing the abdomen. Mice were monitored every twelve hours the first day and 
daily one day post-IR. Mice were euthanized according to humane endpoints 
set by the institutional Animal Care Committee (>10% weight loss and 
immobility). Mice were anesthetized with 2% isofluorane and in case of sacrifice, 
blood was collected by heart puncture in heparin-coated tubes. No mice died 
without euthanasia. Euthanized animals were anesthetized followed by cervical 
dislocation. Kidneys were either snap-frozen in liquid nitrogen or formalin-fixed 
followed by paraffin embedment. The Animal Care and Use Committee of the 
University of Amsterdam approved all experiments.

Animal Discomfort Score
Mice were monitored every 2 hours up to 24 hours after ischemia/reperfusion. 
Each experimental group was divided into three sub-groups and scores were 
assigned per sub-group. No heterogeneous behaviour was observed within a 
sub-group. Each time point, three different scores were assigned per sub-group 
for appearance, behaviour and reactivity based on literature (17,18) and 
standardized protocols used by animal caretakers. The following scores were 
assigned for appearance; 0: normal, 1: mild pilo-erection, 2: moderate pilo-
erection, mild hunched back, 3: severe pilo-erection, hunched back. Behaviour; 
0: normal, 1: mildly reduced activity, 2: severely reduced activity, 3: no activity. 
Reactivity; 0: normal, 1: moves when stimulated, 2: reluctant to move, 3: no 
movement. An overall animal discomfort score was calculated per sub-group by 
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adding up scores for appearance, behaviour and reactivity. The overall average 
score per time point per experimental group was calculated by averaging the 
overall score of the three sub-groups.
 
Biochemical analysis 
Plasma urea, creatinine, alanine aminotransferase (ALAT), alanine aminotransferase 
(ASAT) and lactate dehydrogenase (LDH) were measured using standardized 
clinical diagnostic protocols of the Academic Medical Center Amsterdam. 

Immunohistochemistry
To detect granulocytes, formalin-fixed renal or liver sections were digested 
with 0,25% pepsin in 0.1 M HCl (Sigma Aldrich) followed by incubation with 
FITC labelled anti-mouse Ly6G (BD Biosciences), rabbit anti-FITC (Dako) 
and finally horse radish peroxidase-conjugated goat anti-rabbit IgG. To detect 
macrophages, formalin-fixed renal sections were boiled in 0.01M pH 6.0 citrate 
buffer subsequently exposed to a rat IgG2b anti-mouse F4/80 (Serotec). Staining 
was visualized using a power anti-rabbit poly horse radish peroxidase (Dako) 
and additionally a rabbit anti-rat antibody (Dako). Ly6G-positive cells were 
counted in 10 randomly selected non-overlapping high power fields with a 400x 
magnification. F4/80 staining was quantified using a Dotpro Slidescanner to 
obtain digital images followed by ImageJ software to quantify the amount of 
positive pixels.

Histochemistry
Periodic acid Schiff-diastase (PAS-D) stain was performed as follows. Paraffin-
embedded sections were deparaffinized and incubated with 0.25% amylase 

Supplemental Figure 1. TLR9 deficiency of wild-type and TLR9KO mice. We randomly selected 
wild-type (Wt) and TLR9-deficient mice (TLR9KO) and analysed genomic DNA for the presence of the 
deletion in TLR9. SOCS was used as an endogenous reference.
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solution (Sigma Aldrich). Subsequently, slides were incubated with 1% periodic 
acid (Merck) followed by Schiff reagents (Merck). Counterstaining was carried 
out using heamatoxyline (Sigma Aldrich). Necrosis was assessed on PAS-D 
sections by a qualified pathologist using a semi-quantitative score where 0: 0%, 
1: 1-10%, 2: 11-25%, 3: 26-50%, 4: 51-75% and 5: more than 75% of tubules 
are necrotic. Formalin-fixed hepatic sections were deparaffinized, washed in tap 
water and distilled water and stained in 50% hematoxyline followed by 0.5% 
eosin for a hemotoxylin and eosin stain.

DNA electrophoresis
Fifteen sections (20 µm) of a frozen kidney were dissolved in 50 µl of lysis 
buffer (50 mM Tris-HCl pH 8.0, 20 mM NaCl, 1mM EDTA, 1% SDS, 1 mg/ml 
proteinase K) and boiled at 55 °C for 1.5 hours. Subsequently, 150 µl TE buffer 
was added and the chromosomal DNA (cDNA)  concentrations were measured 
using a spectrophotometer (Nanodrop). Finally, cDNA was added to the PCR 
mix (forward and reverse primer, Taq polymerase, MgCl2, dNTPs) and the run 
for 45 consecutive cycles. The end product was visualized on a 1.5% agarose 
gel with a  Proxima 10Phi (Isogen Life Science). The SOCS gene was used as an 
endogenous reference gene.

Quantitative PCR
Total RNA was isolated from frozen sections using Trizol (Life Technologies) 
following the recommended manufacturers’ protocol. Complementary DNA was 
made by ligation of oligo-dT primers and subsequent polymerization using Taq 
DNA polymerase (Invitrogen). Finally, cDNA or plasma DNA was quantified in 
real-time on a Roche LightCycler 480 (Roche Diagnostics) using LightCycler 480 
DNA SYBR Green (Roche Diagnostics). To quantify gene expression, cyclophilin 
G or HPRT was used as an endogenous reference.

Mitochondrial DNA Measurement
Cell-free plasma was obtained from whole-blood after spinning down for 
10 minutes at 10,000 rpm. All DNA present in this plasma was isolated 
using the QIAiamp Blood Midi Kit following manufacturers’ protocol. 
Subsequently, genes only present in the mitochondrial DNA were analysed 
similarly to a quantitative PCR. Primers used were: murine NADH 
dehydrogenase subunit 1, forward -CAAACCGGGCCCCCTTCGAC-, 
reverse – CGAATGGGCCGGCTGCGTAT-; murine Cytochrome C 
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oxidase subunit 1, forward – CCAGTGCTAGCCGCAGGCAT-, reverse – 
TTGGGTCCCCTCCTCCAGCG-. Gene expression of β2-microglobulin was 
used to correct for cellular lysis in plasma.

Cytokine expression
Snap-frozen kidneys were lysed in a fixed weight/volume ratio using Greenberg 
Lysis Buffer (75 mM NaCl, 7.5 mM Tris, 0.5 mM MgCl.H2O, 0.5 mM CaCl2, 
0,5% Triton X-100) supplemented with protease inhibitor cocktail (Sigma 
Aldrich) and subsequently, homogenates were used to determine cytokine levels 
for KC, MCP-1, TNF-α and IL-1β according to manufacturers’ instructions (R&D 
Systems).

Isolation of mitochondrial DNA 
Donor wild type male C57Bl/6N mice (Charles River laboratories) were sacrificed 
under general anaesthesia and whole liver tissue was isolated. Mitochondrial 
fractions were extracted using cold Isolation Buffer (50mM Sucrose, 200mM 
Mannitol, 5mM KH2PO4, 5mM MOPS, 1mM EGTA and 0.1% BSA (all Sigma), 
pH 7.15) as described before (19). The obtained mitochondrial fraction was 
subsequently processed using the QIAamp DNA mini kit (Qiagen) according to 
the manufacturers’ instructions in order to obtain purified mtDNA and eluted 
in the appropriate elution buffer. DNA concentrations were determined by 
spectrophotometer after which samples were stored at -20°C.

In vitro stimulation of cell lines
All cell lines were cultured in media containing 10% FCS, 2 mM L-glutamine, 
100 IU/ml penicillin and 100 µg/ml streptomycin (Invitrogen). In addition, the 
following media and supplements were used: DMEM/HAM -F12 supplemented 
with 0.005 mg/ml insulin, 0.005 mg/ml transferrin, 5 ng/ml selenium (Invitrogen) 
(AML-12), DMEM media (Invitrogen) (RAW 264.7 macrophages). Proximal 
tubular epithelial cells were isolated from kidneys as described previously (5) and 
immortalized and primary proximal tubular epithelial cells were cultured using 
HK2 medium supplemented with 0.005 mg/ml insulin, 0.005 mg/ml transferrin, 
5 ng/ml selenium and 1% S1 hormone mixture (Invitrogen). When cells were 
confluent, they were incubated for 24 hours with either 25 µM CpG-DNA 
oligonucleotides (Hycult Biotech) or isolated mitochondrial DNA. Supernatants 
were analysed for KC and TNF-α according to manufacturers’ instructions 
(R&D Systems).
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Statistics
All data are presented as mean ± standard error of the mean (SEM). Statistical 
analyses were performed using the non-parametric Mann Whitney test for 
two group comparisons (in vivo analysis) or the unpaired students t-test (in 
vitro analysis). Correlation between variables was determined using the 
non-parametric Spearman test. For all analyses, p < 0.05 was considered 
significant.

Results
TLR9 deficiency improves animal well-being and survival after 
severe renal ischemia 
We observed that TLR9 mRNA expression is induced in the kidney after five 
days of reperfusion (Fig 1A). Therefore, we induced 30 minutes of renal ischemia  
followed by five days of reperfusion to study the role of TLR9 on renal pathology. 
Unexpectedly, 7 out of 8 wild-type mice died on day three to five after reperfusion 
resulting in 12.5% survival at five days of reperfusion. In contrast, we observed 
that TLR9 deficiency increased the survival rate after five days of reperfusion 
(Fig 1B). We reduced the clamping time until all mice survived (20 minutes) 
however no difference in renal dysfunction after one or five days of reperfusion 
could be observed between Wt and TLR9KO mice based on plasma urea (Fig 1C) 
and creatinine (Fig 1D). Therefore, we exposed wild-type and TLR9KO mice to 
moderate (20 minutes) or severe (30 minutes) ischemia and sacrificed mice at 
one day of reperfusion to investigate the pathological processes preceding TLR9-
mediated death. Following reperfusion, animal discomfort was monitored. This 
revealed that whereas moderate ischemia did not induce animal discomfort in 
wild-type and TLR9KO mice (Fig 1E), severe ischemia led to increased animal 
discomfort only in wild-type but not in TLR9KO mice (Fig 1F). This indicates 
that TLR9 plays a systemic role following renal ischemia reperfusion which is 
dependent on the extent of renal ischemia. 

TLR9 deficiency does not reduce renal dysfunction
We investigated renal function as a potential cause for improved animal well-
being and survival. Plasma urea and creatinine levels were increased both after 
moderate and severe ischemia but did not differ between wild-type and TLR9KO 
mice (Fig 2A,B). Plasma LDH, a general marker of cellular injury, showed a sharp 
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Figure 1. TLR9 deficiency improves survival and animal well-being in case of severe renal ischemia. 
Renal TLR9 gene expression in wild-type mice at five days following sham operation (sham) (n=4) or 
moderate ischemia/reperfusion (IR) (n=9) (A). Survival of wild-type (Wt) and TLR9 deficient (TLR9KO) 
mice after five days of severe ischemia/reperfusion (B) (n=8/group). Wild-type and TLR9KO mice 
were subjected to sham (n=7/group) or moderate (20 minutes ischemia) renal injury and assessed 
for renal function after one day (n=5-7) and five days (n=8-9), indicated by plasma urea (C) and 
plasma creatinine (D). Wild-type and TLR9KO mice were subjected to moderate ischemia (20 minutes) 
(E) or severe ischemia (30 minutes) (F) followed by one day of reperfusion (n=7-13/group). During 
reperfusion, mice were monitored the first 24 hours, every two hours with respect to appearance, 
behaviour, reactivity and anomalies on a scale of 1 to 5. For every time point, the median is shown. AU 
= arbitrary units. Statistics were performed using Mann-Whitney where p < 0.01 = **.
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increase in wild-type mice following severe ischemia whereas this was absent 
in TLR9KO mice subjected to severe ischemia (Fig 2C). These results indicate 
that plasma LDH levels are dependent on TLR9 and the extent of renal ischemia 
whereas renal dysfunction is not affected by TLR9 deficiency.

TLR9 deficiency reduces renal IL-1β levels and granulocyte 
accumulation
As LDH is released by necrotic tissue, we investigated tubular necrosis as a source 
of increased plasma LDH levels. Kidneys subjected to severe ischemia showed 
extensive tubular necrosis which was similar between wild-type and TLR9KO 
mice (Fig 3A,B). We did not observe a difference in renal KC, MCP-1 or TNF-α 
levels (data not shown). TLR9 deficiency did reduce the amount of renal IL-1β 
(Fig 3C). Macrophages are able to secrete high amounts of IL-1β (20) and are 
linked to renal dysfunction (21). No differences were observed with respect to 
macrophage accumulation (data not shown) between wild-type and TLR9KO 
mice in case of severe ischemia. We found that TLR9 deficiency reduced the 
accumulation of granulocytes in the kidney in case of severe ischemia (Fig 3D,E).

TLR9 deficiency prevents hepatic injury following severe renal ischemia
AKI associates with high morbidity and mortality, in part because of extra-
renal complications such as liver dysfunction (22,23). Therefore, we assessed 
plasma ALAT and ASAT to assess liver damage. We observed that both plasma 
ALAT (Fig 4A) and ASAT (Fig 4B) increased in wild-type mice following severe 
renal ischemia demonstrating that renal IRI can cause remote hepatic injury. 
Interestingly, we observed that TLR9 deficiency prevents hepatic injury as seen 

Figure 2. TLR9 deficiency does not reduce renal dysfunction. Wild-type (Wt) and TLR9 deficient 
(TLR9KO) mice subjected to moderate (20 minutes ischemia) or severe (30 minutes ischemia) renal 
injury and assessed for renal function after one day, indicated by plasma urea (A) and plasma creatinine 
(B). In addition, the cellular damage marker lactate dehydrogenase (LDH) was measured in plasma (C) 
(n=7-13/group). Statistics were performed using Mann-Whitney where p < 0.01 = **.
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by decreased plasma ALAT and ASAT levels in case of severe renal ischemia. 
Plasma ALAT and ASAT levels in wild-type and TLR9KO mice correlated highly 
significantly with plasma LDH levels (Fig 4C,D). Furthermore, we assessed liver 
histology and found that wild-type mice showed necrotic foci (Fig 4E) which 
corresponded to 1-4% of the total liver area whereas TLR9KO did not show 
necrosis (Fig 4F). Immunohistochemistry revealed a marginal neutrophil influx 
in Wt and TLR9KO mice (0.37 ± 0.09 and 2.24 ± 0.62 granulocytes per high 
power field) (S2 Fig). This indicates that increased plasma LDH levels are related 
to hepatic injury, and that renal IR-induced remote hepatic injury is affected by 
TLR9.

Severe renal ischemia increases plasma mitochondrial NA content in a 
TLR9-dependent fashion
Since TLR9 deficiency reduced remote hepatic injury following severe renal 
ischemia, we finally focused on a soluble mediator which may connect renal 
ischemic injury with remote hepatic injury. TLR9 is able to sense mitochondrial 
DNA which is released following severe tissue injury (13). We observed that 
TLR9 expression is induced in the liver but not in the kidney one day post-IR 
(Fig 5A). Proximal tubular epithelium expresses TLR9 to a similar extent as 

Figure 3. TLR9 deficiency reduces renal IL-1β levels and granulocyte accumulation.PAS-D stained renal 
sections of wild-type (Wt) and TLR9 deficient (TLR9KO) mice subjected severe ischemia (30 minutes) after 
one day (A). Semi-quantitative score of tubular necrosis using PAS-D stained renal sections (B). Renal 
cytokine expression of IL-1β (C) of mice subjected to severe ischemia after one day. Immunohistochemistry 
using the granulocyte marker Ly6 on sections of mice subjected to severe ischemia after one day (D). 
Quantification of Ly6-stained sections of mice subjected to severe ischemia after one day (E). For all 
figures, n=12-13/group. AU = arbitrary units. Statistics were performed using Mann-Whitney where 
p < 0.01 = **.
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whole kidney whereas hepatocytes have low TLR9 expression compared to 
whole liver. In contrast, macrophages express very high levels of TLR9 (S3 Fig). 
Therefore, we speculated that mitochondrial DNA mediates remote hepatic 
injury through hepatic TLR9 after severe renal ischemia. Using a method to 
detect mitochondrial DNA in the circulation as described previously (13), we 
observed that DNA isolated from plasma contained mitochondrial DNA as 

Figure 4. TLR9 deficiency prevents hepatic injury. Liver damage was assessed using plasma alanine 
aminotransferase (ALAT) (A) and aspartate aminotransferase (ASAT) (B) in wild-type (Wt) and TLR9 
deficient (TLR9KO) mice subjected to moderate (20 minutes ischemia) or severe (30 minutes ischemia) 
renal injury after one day. Plasma LDH levels were correlated to plasma ALAT (C) or plasma ASAT 
(D) levels (n=7-13/group). Haematoxylin-eosin staining of liver sections (200x) of wild-type (E) and 
TLR9KO (F) mice subjected to severe renal ischemia after one day. Correlations were performed using 
the non-parametric Spearman test. Two group comparisons were performed using Mann-Whitney 
where p < 0.05 = *.
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Supplemental Figure 2. Granulocyte accumulation in mice subjected to severe AKI. Liver sections 
of wild-type (Wt) and TLR9 deficient (TLR9KO) mice subjected to severe (30 minutes) ischemia and one 
day of reperfusion were analysed for Ly6G+ granulocyte accumulation at 400x magnification (high 
power field).

Figure 5. Renal ischemia reperfusion leads to TLR9-dependent release of mitochondrial DNA. 
Renal and hepatic TLR9 expression in sham-operated mice and in mice after one day of ischemia/
reperfusion (IR) (A) (n=4-9/group). Expression of the mitochondrial genes NADH subunit 1 (NADH1) (B) 
and mitochondrial Cytochrome C (C) as markers for circulating mitochondrial DNA in wild-type (Wt) or 
TLR9 deficient (TLR9KO) mice subjected to moderate (20 minutes) or severe (30 minutes) ischemia after 
one day (n=7-13/group). AU = arbitrary units. Two group comparisons were performed using Mann-
Whitney where p < 0.05 = *, p < 0.01 = **.

Supplemental Figure 3. Tissue-specific TLR9 expression in liver and kidney. TLR9 gene expression 
was measured in whole kidney, whole liver, primary proximal tubulus epithelial cells (PTEC), immortalized 
proximal tubulus epithelial cells (IM-PTEC), RAW 264.7 macrophages and AML12 hepatocytes.
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shown by the expression of the mitochondrial genes NADH subunit 1 (Fig 5B) 
and cytochrome C (Fig 5C) and showed a tendency towards increased levels 
in case of moderate ischemia. Interestingly, a sharp increase in mitochondrial 
NADH1 and Cytochrome C was observed in case of severe ischemia in wild-
type but not in TLR9KO mice. Gene expression of β2-microglobulin was used to 
assess cellular lysis but similar between all groups (data not shown).

TLR9 ligands CpG and mitochondrial DNA activate hepatocytes 
and macrophages
To elucidate which cell types could respond to mitochondrial DNA, we performed 
an in vitro stimulation with CpG oligonucleotides or isolated mitochondrial 
DNA. We observed that CpG (Fig 6A) and mitochondrial DNA (Fig 6B) are able 
to activate hepatocytes and release the chemokine KC compared to unstimulated 
cells. Furthermore, we observed that both CpG (Fig 6C) and isolated mitochondrial 

Figure 6. CpG and mitochondrial DNA activate hepatocytes and macrophages. The hepatocyte cell 
line AML12 (A,B) (n=3) and macrophage cell line RAW 264.7 (C,D) (n=3) were stimulated with 25 
uM CpG-oligonucleotides (CpG) (A,C) or 50 ng/ul mitochondrial DNA (mtDNA) (B,D) for 24 hours and 
subsequently KC or TNF-α was measured in the supernatants of respectively AML12 hepatocytes or RAW 
264.7 macrophages. Two group comparisons were performed using unpaired students t-test where p < 
0.05 = *, p < 0.01 = ** and p < 0.001 = ***.
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DNA (Fig 6D) are able to activate macrophages and significantly induce the release 
of the pro-inflammatory cytokine TNF-α compared to unstimulated macrophages. 
Proximal tubular epithelial cells did not secrete KC nor TNF- α in response to either 
CpG or mitochondrial DNA (data not shown).

Discussion
Here, we show that TLR9 deficiency improved animal well-being and survival 
following severe renal ischemia. Renal dysfunction, inflammation and tubular 
necrosis was not dependent on TLR9 suggesting an extra-renal cause. We show 
that renal IR induced hepatic injury only following severe ischemia which 
correlated with increased plasma LDH levels and hepatic necrosis. Furthermore, 
we found that TLR9 deficiency reduced remote hepatic injury. Severe renal 
ischemia increased plasma mitochondrial DNA levels and this increase was 
dependent on TLR9. Together, our results indicate that circulating mitochondrial 
DNA and TLR9 are detrimental mediators between injured kidney and remote 
hepatic injury. We therefore propose that TLR9-mitochondrial DNA interaction 
is a potential mechanism of kidney-liver crosstalk during ischemic AKI.
The role of TLRs in renal disease is complex. Although TLR9 deficiency protects 
against sepsis-induced AKI (9), no role for TLR9 could be established in a model 
of renal IRI (15) or moderate renal IRI (this study). We showed that TLR9 
expression was increased after five days of reperfusion. TLR9 gene expression is 
linked to protein localisation in the kidney (7). In line with gene expression data, 
we observed that in mice subjected to severe renal ischemia, TLR9 deficiency 
improved survival after five days of reperfusion. Furthermore, TLR9 deficiency 
improved animal well-being after one day of reperfusion only in case of severe 
renal ischemia and not in case of moderate renal ischemia. This indicates that 
the detrimental role of TLR9 is dependent on the extent of renal injury. This 
observation is in line with the paper of Li et al. where TLR9 deficiency did not 
reduce renal dysfunction in a model of moderate renal ischemia based on plasma 
creatinine levels (15). In contrast to TLR9, TLR2 and TLR4 were shown to play 
a detrimental role following renal IRI (3–5) indicating that the pathological 
mechanism of renal IR injury is mediated by specific TLR family members.
Renal KC, MCP-1 or TNF-α levels were not changed in TLR9KO mice compared 
to wild-type mice after severe renal IRI which was in line with previous 
observations (15) and coincided with similar renal function. In contrast, TLR9 
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deficiency reduced renal IL-1β levels. Macrophages are potent induces of IL-1β 
(20) however macrophage influx was similar between wild-type and TLR9KO 
mice. Reduced renal IL-1β levels were in concordance with a previous study where 
TLR9 deficiency reduced the expression of IL-1β in a model of acetaminophen-
induced liver injury (24). 
Although renal KC and tubular necrosis were similar in both mice strains, 
granulocyte influx in kidneys was reduced in TLR9KO mice. A report published 
by Itagaki et al. shows that bacterial DNA which is rich in CpG motifs and a 
TLR9 ligand, is able to change endothelial permeability and facilitate neutrophil 
extravasation (25). A similar phenomenon might take place via mitochondrial 
DNA which is also rich in CpG motifs, released upon severe tissue injury 
and known to activate TLR9 (13). Indeed, we observed that in case of severe 
ischemia, TLR9KO mice have less renal granulocytes and less circulating 
mitochondrial DNA suggesting granulocyte influx is rather a reflection of 
circulating mitochondrial DNA instead of KC expression or renal injury. 
Renal function was to a similar extent impaired in wild-type and TLR9KO 
mice when subjected to moderate or severe ischemia and was therefore not 
responsible for differences in animal well-being and survival. Instead, differences 
in plasma LDH levels after severe renal IR indicated that cellular necrosis could 
underlie this phenotypic difference. Since tubular necrosis was similar in both 
mice strains, we subsequently investigated extra-renal sources of circulating 
LDH. AKI is despite renal replacement therapy still an important cause for 
morbidity largely due to extra-renal complications. As AKI has an effect on 
liver function (23,26,27) and hepatic IRI is dependent on TLR9 (28), we next 
analysed circulating hepatic injury parameters and hepatic necrosis. We found 
that TLR9 deficiency prevented hepatic injury as seen by reduced plasma ALAT 
and ASAT and reduced hepatic necrosis in case of severe renal injury. Moderate 
renal ischemia did not induce hepatic injury indicating a delicate balance 
between renal ischemia and hepatic injury. Our data is in concordance with 
previous data where renal IR leads to hepatic injury as indicated by increased 
plasma LDH, ALAT and ASAT levels (29). We extend this paradigm by including 
TLR9 as a mediator of hepatic injury secondary to ischemic AKI. Similarly, it 
was shown that TLR9 functioned as a bridge between the release of damage-
associated molecular patterns from the intestine and hepatic dysfunction (30). 
This suggests that TLR9 is a crucial mediator of hepatic injury independent of 
the origin of damage-associated molecular patterns. Other sources of plasma 
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LDH than liver cannot be excluded.
Mitochondrial DNA can activate TLR9 (14) and is released upon severe 
tissue injury (13). Moderate renal ischemia showed a trend towards increased 
circulating mitochondrial DNA whereas severe renal ischemia induced high 
levels of circulating mitochondrial DNA. TLR9 deficiency prevented an increase 
in hepatic injury, circulating LDH and mitochondrial DNA content secondary 
to AKI. The increased hepatic expression of TLR9 is in line with the observation 
that TLR9 deficiency alleviates hepatic dysfunction but not renal dysfunction 
where there is no increased TLR9 expression after one day of reperfusion. 
Granulocytes were virtually absent in damaged livers of Wt mice therefore 
hepatocytes and resident macrophages are of further interest. In vitro data 
supports a role for mitochondrial DNA upstream of TLR9 activation through the 
induction of chemokines by hepatocytes and TNF-α by resident macrophages. 
TNF-α is a well-known inducer of hepatic injury (32). However, this could not 
be definitely demonstrated in vivo. Whether mitochondrial DNA release is also 
the result of TLR9 activation remains unknown. Our data point towards a 
role of mitochondrial DNA upstream of TLR9 activation in hepatocytes and 
Kupfer cells without excluding the possibility that TLR9 activation also leads to 
mitochondrial DNA release. We speculate that in case of moderate renal ischemia, 
mitochondrial DNA is released by the kidney at levels that are not sufficient to 
cause hepatic injury. In case of severe renal ischemia, mitochondrial DNA is 
released in high amounts in the circulation by the kidney and causes TLR9-
dependent hepatic injury. Subsequently, hepatic injury will lead to increased 
levels of circulating mitochondrial DNA creating a vicious inflammatory cycle.
Hepatocytes are able to respond to the TLR9 ligands CpG and mitochondrial 
DNA where proximal tubular epithelial cells are not despite increased TLR9 
expression. TLR9 activation is regulated through receptor compartmentalization 
(31). Here, carrier proteins can differentiate ‘self’ from ‘non self’ and direct ‘non 
self’ nucleic acids towards TLR9. Furthermore, the full-length TLR9 protein is 
cleaved by proteases in the endolysosome to form the functional truncated TLR9 
protein indicating that merely TLR9 gene expression is not sufficient to have a 
functional receptor (34). Therefore, the local presence of carrier proteins and 
tissue-specific post-translational processing can induce tissue-specific differences 
in TLR9 responsiveness and might play a role in liver- versus kidney-specific 
TLR9 responsiveness. Circulating mitochondrial DNA might be an interesting 
link between TLR9 following renal IR and remote hepatic injury however other 
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ligands may be involved. It was shown that circulating levels of histones are 
increased following hepatic IR and neutralization of these histones alleviated 
hepatic injury (32). It was concluded that histones similar to HMGB1 (33), 
can bind DNA which subsequently activates TLR9. This observation supports 
the detrimental role for DNA in TLR9 activation in the context of renal IR 
but also suggests that a scaffold protein is necessary to direct a TLR9 ligand 
to the receptor. An additional mechanism capable of activating TLR9 is via 
autoantibody production and the formation of immune complexes. It was also 
shown that TLR9 controls autoantibody formation (35) and that bacterial DNA 
worsens immune complex glomerulonephritis (10). Antibodies could therefore 
also play a role here. More research is needed to investigate other mechanisms 
that could lead to TLR9 activation. 
Here, we show that TLR9 deficiency improves animal well-being and survival 
following severe renal ischemia. This could not be attributed to an effect of TLR9 
deficiency on renal function, inflammation or tubular necrosis. Rather, TLR9 
deficiency prevented renal ischemia-induced hepatic injury which correlated 
with reduced circulating LDH and mitochondrial DNA levels. Together, we 
speculate that the TLR9-mitochondrial DNA axis is an important mediator of 
liver injury secondary to ischemic AKI.
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Summary and discussion
End stage renal disease (ESRD) is defined by an insufficient renal function to 
maintain body homeostasis and dialysis or a kidney transplantation is required 
to stay alive. ESRD will diminish the expected remaining lifetime with one-third 
for patients on dialysis whereas patients with a transplantation have an expected 
life expectancy of 83-87% compared to the general population (1). Based on 
statistics of the United States Renal Data System (1), there are 1.6 million ESRD 
patients in the EU and US. This number is steadily increasing each year, with 
roughly 290,000 new cases emphasizing the pressing medical need to prevent 
ESRD from occurring. In addition, ESRD is associated with increasing costs. In 
the US, ESRD costs take up 5.6% of the total Medicare budget which translates 
to USD 28.6 billion annually (1) indicating also economic reasons to develop 
novel methods to detect and treat causes in order to prevent ESRD.
When left untreated, CKD will ultimately progress towards ESRD. AKI can 
immediately result in ESRD or thanks to advances in medicine, be treated in 
order to maintain renal function. However, the occurrence of AKI is also linked 
to CKD development (2–5). In this thesis, we studied the role of three different 
members of the PRR family, i.e. NLRP3, NLRX1 and TLR9 in a mouse model 
of AKI or CKD in order to elucidate pathological mechanisms that lead to renal 
dysfunction and ultimately ESRD.
Both AKI and CKD are characterised as sterile inflammatory diseases indicating 
inflammation as an important hallmark without the presence of pathogens. The 
degree and length of inflammation determines tubular injury and subsequent 
repair and fibrosis in both AKI and CKD (6, 7). PRRs on both leukocytes and 
renal parenchymal cells play a prominent role in sterile inflammatory diseases 
through the detection of DAMPs and subsequent induction of inflammation (8). 
We have already established that TLR2 (9, 10), TLR4 (11, 12) and NLRP3 (13, 14) 
play a detrimental role following IR-induced AKI or UUO-induced CKD. In this 
thesis ,we set out to gather how PRRs and their localisation contribute to renal 
dysfunction. Specifically, we examined the role of NLRP3, NLRX1 and TLR9 on 
renal dysfunction  in models of IR-induced AKI and diet-associated CKD.

The non-canonical effects of NLRP3 in sterile inflammatory disease 
NLRP3 was discovered in 2001 by Hoffman and colleagues in a landmark study 
published in Nature Genetics (15). Here, the NLRP3 gene was identified as a prime 
source for the set of autosomal dominantly inherited inflammatory diseases, 
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combined known as cryopyrin associated periodic syndrome, and represented 
a breakthrough in the clinical execution of these diseases. Subsequently, the 
NLRP3 inflammasome, ligands and its mechanism of action was discovered 
simultaneously by four groups in 2006 (16–19). Here, it was shown that NLRP3 
induces inflammation through the formation of the NLRP3 inflammasome, 
consisting of NLRP3, ASC and caspase-1 and subsequent maturation of IL-1β. 
Additional research also indicated that the maturation of IL-18 is controlled by 
the NLRP3 inflammasome (20).
The primary function of NLRP3 within the current dogma is to detect PAMPs 
and DAMPs and induce inflammation through IL-1β and IL-18. A similar 
role was ascribed to TLR2 when it was discovered. TLR2 was classified as a 
pro-inflammatory receptor in IR-induced AKI following a report by Leemans 
et al. (9). Additional research indicated a novel, non-canonical role for TLR2 
as a mediator of repair through increased proliferation and differentiation of 
progenitor cells into tubular epithelial cells (21). TLR4 was also found to be 
detrimental in initial studies (11, 22) but later a protective role for renal 
DC-associated TLR4 was discovered through IL-22 secretion (23). Based on the 
dual roles of TLRs, it can be expected that NLRP3 also has non-canonical, IL-1β- 
and IL-18-independent functions during sterile inflammatory diseases. Evidence 
for other non-canonical effector mechanisms of the NLRP3 inflammasome are 
reviewed in detail in (24) and consist of e.g. caspase-1-independent, caspase-11-
dependent cell death (25), cleavage of glycolysis enzymes (26) and the activation 
of caspase-7 (27). We studied the canonical and non-canonical effects of NLRP3 
in two models of sterile inflammatory kidney disease, i.e. a model of diet-induced 
CKD (chapter 2) and IR-induced AKI (chapter 3).
In chapter 2, we observed that only a Western diet induced metabolic syndrome 
(MetSyn) and subsequent CKD as indicated by proteinuria, inflammation and 
fibrosis. NLRP3 deficiency did not alter MetSyn traits in Western diet-fed mice 
relative to control mice. This is an important message in itself as it indicates that 
systemic conditions were similar between WT and NLRP3KO mice. A Western 
diet induced NLRP3-dependent macrophage accumulation, IL-1β mRNA and 
ICAM-1 protein expression. Active IL-1β could not be detected in kidneys of any 
mice. Similarly, a Western diet induced NLRP3-dependent fibrosis as indicated 
by enhanced CTGF, collagen type 1 fibronectin mRNA levels and increased 
glomerular collagen type 1 depositions. Remarkably, the Western diet also induced 
vacuolization in tubular epithelial cells of WT but not NLRP3KO mice which 
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co-localized with phospholipid accumulation. Phospholipid accumulation can 
be attributed to cholesterol accumulation to maintain membrane fluidity (28). 
Indeed, renal cholesterol levels were increased together with the LDL receptor for 
cholesterol import and the transcription factors regulating cholesterol (SREPB-2) 
and phospholipid (SREBP-1c) levels. This finding corresponded with increased 
plasma cholesterol levels in NLRP3KO mice. The Western diet increased systemic 
cholesterol levels and which accumulated in the kidney in a NLRP3-dependent 
fashion. Increased cholesterol levels could be explained by a finding of Gurcel 
and colleagues where NLRP3 regulated SREBP-2 activation upon stimulation 
with pore-forming toxins (29). This represents a novel, non-canonical NLRP3 
effector mechanism in renal tubular epithelial cells which could account for 
dyslipidemia frequently observed in CKD patients (30, 31). Other studies also 
reported lipid accumulation together with NLRP3 activation(32, 33). Possibly, 
NADPH oxidase 2 (NOX2) is a mediator between NLRP3 and SREBP-2 as NLRP3 
regulates phagosome pH through NOX2 (34) and NLRP3, NOX2 and SREBP-2 
were also indicated as crucial players in a model of atherosclerosis (35).
A similar non-canonical NLRP3 effect was observed in chapter 3, where we 
identified a NLRP3-dependent mechanism which regulates renal epithelial 
cells proliferation and migration. In this study, we investigated the renal repair 
response after five days of IR, the time point where NLRP3 expression is highest. 
Using bone marrow chimeras, we identified a detrimental role for leukocyte-
associated NLRP3 through the induction of increased injury. Remarkably, 
the increased injury caused by wild type leukocytes was counteracted by 
NLRP3-deficient renal parenchymal cells through increased numbers of Ki67+ 
cells. This was confirmed through an in vitro scratch assay where NLRP3KO 
renal epithelial cells migrated faster and showed an epithelial-like phenotype 
compared to fibroblast-like wild type epithelium. Our research extended a 
previous observation on the presence of NLRP3 inflammasome-independent 
effects during IR-induced AKI (36) and UUO-induced CKD(37). NLRP3 was 
shown to interfere with TGF-β signalling thereby dampening the epithelial-to-
mesenchymal transition (EMT) (38). 
Not all studies investigated the levels of NLRP3-dependent mature IL-1β or 
IL-18. However, the presence of non-canonical NLRP3 effects following ischemic 
AKI were also confirmed by studies showing that IL-1 blockade with anakinra 
or IL-1R- or IL-18-deficient mice did not have different outcome following 
IR-induced AKI (36, 39).  A study by Daemen et al. showed that caspase-1KO 
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mice or blocking of IL-1β or IL-18 did not alter the course of IR-induced AKI (40). 
These studies and our data clearly suggest the presence of non-canonical NLRP3 
effector mechanisms in renal epithelium.
Recently, more attention is spend on non-canonical effects of NLRP3 in models 
of renal sterile inflammatory disease. In an article by Zhuang et al., albumin 
activated NLRP3 in isolated mouse tubular epithelial cells and led to loss 
of cellular tight junction proteins. NLRP3 knockdown prevented the down 
regulation of tight junction proteins both in vitro and in vivo (41). A short 
communication by Kasimsetty et al, showed NLRP3 induced tubular epithelial 
cell death following stimulation with a TLR2 ligand (42). Furthermore, it was 
shown that renal tubule pyroptotis occurs via C/EBP homologous protein 
(CHOP)-caspase 11 (43).
These new studies emphasize a new direction within renal research where 
NLRP3 is not solely a mediator of IL-1β activation but also plays a non-canonical 
role within the renal parenchymal compartment.
The role of NLRP3 within sterile inflammatory diseases in general has been 
studied with respect to several diseases: stroke, type 1 diabetes, obesity, 
bipolar disorder, age-related macular degeneration, gout, Alzheimer disease 
and rheumatoid arthritis. NLRP3 also has non-canonical effects outside renal 
inflammatory disease: the activation of NLRP3 and caspase-1 regulates the 
NADPH oxidase NOX2 to control phagosome function (34). Furthermore, 
NLRP3 and caspase-1 regulate cholesterol metabolism following bacterial toxins 
(29). Cardiac ischemic preconditioning was also dependent on NLRP3 and a 
trend was observed towards lower IL-1β levels but blocking with anakinra could 
not rescue the NLRP3-dependent phenotype (44).

Novel effects of PRRs in acute kidney injury
PRRs are able to detect both PAMPs and DAMPS according to the Danger 
model formulated by Polly Matzinger (45). Early articles observed activation 
of immune cells through TLR2 and TLR4 by heat-shock proteins, fibrinogen, 
lung surfactant protein-A, fibronectin, soluble heparan sulphate, hyaluronan, 
high mobility group box-1 and β-defensin (46). Our group published the first 
article where we show a detrimental role for TLR2 in IR-induced AKI (9). This 
observation was expanded towards TLR4 by work of Wu and colleagues (22) 
and our group, showing that both renal parenchymal and leukocyte-associated 
TLR4 contributes to renal dysfunction (11). In addition, other TLR members 
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TLR3, TLR5 and TLR9 were investigated in a model of IR-induced AKI and 
were shown to be respectively detrimental (47), protective (48) or not crucial 
with respect to renal inflammation or fibrosis (49). We set out in chapter 3 to 
further characterise the role of TLR9 following IR-induced AKI. TLR9 plays 
a role in renal pathologies such as lupus nephritis (50) or sepsis-induced AKI 
(51). Recently, an article by Li et al. showed no role for TLR9 during IR-induced 
AKI (49). Remarkably, TLR9 does play a role in the liver following IR-induced 
hepatic dysfunction (52). 
In chapter 4, we identified TLR9 as a contributor to hepatic injury following 
renal AKI although no role for TLR9 could be established for renal inflammation 
or dysfunction itself. This is in line with current reports of TLR9 where only 
leukocyte-associated TLR9 influences renal function, i.e. only models where 
there is an extrinsic cause of renal dysfunction (50, 51, 53). The reduced levels 
of IL-1β and granulocytes in kidneys of TLR9KO mice reflect therefore a reduced 
inflammatory state of circulating leukocytes, similar as to sepsis-induced AKI. 
The reduced inflammatory state was associated with decreased LDH, ALAT 
and ASAT levels and reduced hepatic necrosis, an indication that the liver is 
probably an origin of increased systemic inflammation. One must keep in 
mind that additional organs such as the lung or spleen can also play a role in 
systemic inflammation following AKI (54). Following recent ground-breaking 
research by Zhang (55), Oka (56), Shimada (57) and colleagues, mitochondrial 
DNA showed its capacity to induce inflammation through NLRP3 and TLR9. 
We observed increased levels of mitochondrial genes NADH1 and cytochrome 
C suggesting mitochondrial DNA is released from damaged kidney cells upon 
which it enters the circulation and causes hepatic injury leading to enhanced 
systemic inflammation creating a positive feedback loop.
In chapter 5, we studied the NLRX1 receptor, part of the family of NOD-like 
receptors. We previously studied the role of the NOD-like receptor NOD1 and 
NOD2 in a model of sepsis-induced AKI (58). Here, NOD1/2 double knockout 
mice had a partly preserved renal function and less tubular epithelial cell damage. 
The NLRX1 receptor was first described as a negative regulator of mitochondrial 
antiviral immunity by Moore and colleagues (59). Subsequently, discussion arose 
within the scientific community on the role of NLRX1 as a) a negative regulator 
of RIG-I/MAVS and NF-κB signalling or b) as an enhancer of mitochondrial ROS 
production (60). More effects are now contributed to NLRX1, i.e. as a positive 
regulator of autophagy (61) and apoptosis (62). A recent article on NLRX1 
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showed that NLRX1 was suppressed in chronic obstructive pulmonary disease 
patients and this correlated with disease severity and prognosis (63). NLRX1 
was a negative regulator of cigarette smoke-induced inflammation, apoptosis 
and inflammasome activation in vivo.
Currently, only 23 articles are published on NLRX1 receptor and our data will 
add to the scientific discussion of the function of NLRX1. We show in a model 
of IR-induced AKI that NLRX1 deficiency is detrimental to renal function, 
inflammation and tubular cell death. We observed both increased levels of TNF-α 
and tubular apoptosis supporting a role for NLRX1 as a suppressor of NF-κB-
induced TNF-α secretion or regulator of cellular apoptosis. Our experiments 
with bone marrow chimeras support a role for NLRX1 as a regulator of tubular 
apoptosis. After one day of reperfusion, mice with NLRX1-deficient renal 
parenchymal cells showed increased renal dysfunction together with increased 
tubular cell apoptosis. This supports a role for NLRX1-mediated apoptosis in 
renal parenchymal cells thereby supporting the observations by Soares and 
colleagues (62).

Future therapeutic possibilities
In this thesis, we report tissue-specific, non-canonical effects of NLRP3 and 
NLRX1 in renal tubular epithelial cells on tubular lipid homeostasis, proliferation 
and cell death. Furthermore, we discovered a novel role for TLR9 in mediating 
remote, secondary hepatic injury following severe AKI. The publication on the 
role of TLR2 in IR-induced AKI (9) led to the production of a TLR2 antibody 
(OPN-305) able to preserve renal function following transplantation in mice 
(64) and myocardial IR injury in pigs (65). Currently, a phase II trial is ongoing 
to evaluate the efficacy of OPN-305 in human participants with delayed graft 
function. Ultimately, the goal is to use the findings in this thesis also to develop 
novel diagnostic tests and treatments for patients with AKI or CKD as well for 
general sterile inflammatory diseases.
Therapeutic approaches targeting the receptors studied in this thesis, i.e. NLRP3, 
NLRX1 and TLR9 are in various stages of clinical development. Several synthetic 
DNA antagonists for TLR9 are currently in development and are tested in 
clinical trials for B-cell lymphoma, HIV-1 infection, Hepatitis C and metastatic 
colorectal cancer (source: clinicaltrials.gov). Only anti-IL-1β antibodies are 
currently tested in clinical trials to suppress downstream effects of the NLRP3 
inflammasome. No clinical trials are currently enrolled which interfere with 
NLRX1 or downstream effects.
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Recently, a small-molecule inhibitor of NLRP3 was discovered(66) together with 
two ketone bodies which inhibit NLRP3 activation (67). The small-molecule 
inhibitor blocks both canonical and non-canonical inflammasome activation via 
respectively caspase-1 and caspase-11 whereas the ketone bodies only inhibit 
canonical caspase-1 activation. These compounds open up new avenues to 
investigate the function of NLRP3 in sterile inflammatory disease. One of the 
major questions in sterile inflammatory renal disease will be whether inhibiting 
NRLP3 results in a net positive or negative effect. It is expected that inhibiting 
NLRP3 will reduce inflammation and tubular injury but the effect on renal 
repair will also be diminished (chapter 3). A leukocyte-selective formulation will 
have the most beneficial effect through the use of antibody-drug conjugates or 
liposomes. Future research with NLRP3-selective inhibitors will provide more 
clues on the different canonical and non-canonical effects in sterile inflammatory 
disease.
Blocking TLR9 following severe AKI will represent a favourable optional 
treatment in order to prevent remote organ failure. We showed that TLR9 only 
plays a role upon severe AKI. One of the clinical questions now to be answered 
is whether TLR9 inhibition is more potent alone or in combination with current 
immunosuppressive treatments. 
NLRX1 is currently still under heavy investigation but the clinical relevance of 
altering cell death is highly relevant to sterile inflammatory diseases since cell 
death is the major culprit here together with inflammation (6). More research is 
needed before any conclusions can be drawn on the different NLRX1-targeted 
treatment options.
Overall, PRRs play an important tissue-specific role in IR-induced AKI and diet-
associated CKD, two models of sterile inflammatory kidney disease. Targeting 
these receptors will alter disease however it is important to distinguish the 
different roles a single receptor can have depending on its localization and phase 
of disease. Therefore, future therapeutic strategies must be designed and tested 
in a rigorous fashion evaluating not only inflammatory parameters but also 
fibrosis, proliferation and cell death as independent factors. The development 
of new, NLRP3-selective inhibitors will enable new directions of future research 
and shed more light on the role of this notorious receptor in many different 
diseases. 



136

CHAPTER 6

References

1. National Institutes of Health, N. I. of D. and D. and K. D. 2014. United States Renal Data System, 2014 
Annual Data Report: Epidemiology of Kidney Disease in the United States.

2. Hsu, C. 2012. Yes, AKI truly leads to CKD. J. Am. Soc. Nephrol. 23: 967–9.

3. Ko, G. J., D. N. Grigoryev, D. Linfert, H. R. Jang, T. Watkins, C. Cheadle, L. Racusen, and H. Rabb. 2010. 
Transcriptional analysis of kidneys during repair from AKI reveals possible roles for NGAL and KIM-1 
as biomarkers of AKI-to-CKD transition. Am. J. Physiol. Renal Physiol. 298: F1472–83.

4. Venkatachalam, M. A., K. A. Griffin, R. Lan, H. Geng, P. Saikumar, and A. K. Bidani. 2010. Acute kidney 
injury: a springboard for progression in chronic kidney disease. Am. J. Physiol. Renal Physiol. 298: 
F1078–94.

5. Leung, K. C. W., M. Tonelli, and M. T. James. 2013. Chronic kidney disease following acute kidney 
injury-risk and outcomes. Nat. Rev. Nephrol. 9: 77–85.

6. Linkermann, A., B. R. Stockwell, S. Krautwald, and H. Anders. 2014. Regulated cell death and 
inflammation: an auto-amplification loop causes organ failure. Nat. Rev. Immunol. 14: 759–767.

7. Anders, H.-J., and L. Schaefer. 2014. Beyond tissue injury-damage-associated molecular patterns, 
toll-like receptors, and inflammasomes also drive regeneration and fibrosis. J. Am. Soc. Nephrol. 25: 
1387–400.

8. Leemans, J. C., L. Kors, H.-J. Anders, and S. Florquin. 2014. Pattern recognition receptors and the 
inflammasome in kidney disease. Nat. Rev. Nephrol. 10: 398–414.

9. Leemans, J. C., G. Stokman, N. Claessen, K. M. Rouschop, G. J. D. Teske, C. J. Kirschning, S. Akira, 
T. Van Der Poll, J. J. Weening, and S. Florquin. 2005. Renal-associated TLR2 mediates ischemia/
reperfusion injury in the kidney. J. Clin. Invest. 115: 2894–2903.

10. Leemans, J. C., L. M. Butter, W. P. C. Pulskens, G. J. D. Teske, N. Claessen, T. van der Poll, and S. 
Florquin. 2009. The role of Toll-like receptor 2 in inflammation and fibrosis during progressive renal 
injury. PLoS One 4: e5704.

11. Pulskens, W. P., G. J. Teske, L. M. Butter, J. J. Roelofs, T. Van Der Poll, S. Florquin, and J. C. Leemans. 
2008. Toll-Like Receptor-4 Coordinates the Innate Immune Response of the Kidney to Renal Ischemia/
Reperfusion Injury. PLoS One 3: 9.

12. Pulskens, W. P., E. Rampanelli, G. J. Teske, L. M. Butter, N. Claessen, I. K. Luirink, T. van der Poll, 
S. Florquin, and J. C. Leemans. 2010. TLR4 promotes fibrosis but attenuates tubular damage in 
progressive renal injury. J. Am. Soc. Nephrol. 21: 1299–308.

13. Pulskens, W. P., L. M. Butter, G. J. Teske, N. Claessen, M. C. Dessing, R. a Flavell, F. S. Sutterwala, 
S. Florquin, and J. C. Leemans. 2014. Nlrp3 prevents early renal interstitial edema and vascular 
permeability in unilateral ureteral obstruction. PLoS One 9: e85775.

14. Iyer, S. S., W. P. Pulskens, J. J. Sadler, L. M. Butter, G. J. Teske, T. K. Ulland, S. C. Eisenbarth, S. Florquin, 
R. a Flavell, J. C. Leemans, and F. S. Sutterwala. 2009. Necrotic cells trigger a sterile inflammatory 
response through the Nlrp3 inflammasome. Proc. Natl. Acad. Sci. U. S. A. 106: 20388–93.

15. Hoffman, H. M., J. L. Mueller, D. H. Broide, A. A. Wanderer, and R. D. Kolodner. 2001. Mutation of 
a new gene encoding a putative pyrin-like protein causes familial cold autoinflammatory syndrome 
and Muckle-Wells syndrome. Nat. Genet. 29: 301–5.

16. Martinon, F., V. Pétrilli, A. Mayor, A. Tardivel, and J. Tschopp. 2006. Gout-associated uric acid crystals 
activate the NALP3 inflammasome. Nature 440: 237-241.



137

Summary and discussion

17. Mariathasan, S., D. S. Weiss, K. Newton, J. McBride, K. O’Rourke, M. Roose-Girma, W. P. Lee, Y. 
Weinrauch, D. M. Monack, and V. M. Dixit. 2006. Cryopyrin activates the inflammasome in response 
to toxins and ATP. Nature 440: 228–232.

18. Kanneganti, T.-D., N. Ozoren, M. Body-Malapel, A. Amer, J.-H. Park, L. Franchi, J. Whitfield, W. 
Barchet, M. Colonna, P. Vandenabeele, J. Bertin, A. Coyle, E. P. Grant, S. Akira, and G. Nunez. 2006. 
Bacterial RNA and small antiviral compounds activate caspase-1 through cryopyrin/Nalp3. Nature 
440: 233–236.

19. Sutterwala, F. S., Y. Ogura, M. Szczepanik, M. Lara-Tejero, G. S. Lichtenberger, E. P. Grant, J. Bertin, A. 
J. Coyle, J. E. Galán, P. W. Askenase, and R. A. Flavell. 2006. Critical role for NALP3/CIAS1/Cryopyrin in 
innate and adaptive immunity through its regulation of caspase-1. Immunity 24: 317�327.

20. Leemans, J. C., S. L. Cassel, and F. S. Sutterwala. 2011. Sensing damage by the NLRP3 inflammasome. 
Immunol. Rev. 243: 152–62.

21. Sallustio, F., L. De Benedictis, G. Castellano, G. Zaza, A. Loverre, V. Costantino, G. Grandaliano, and 
F. P. Schena. 2010. TLR2 plays a role in the activation of human resident renal stem/progenitor cells. 
FASEB J. 24: 514–25.

22. Wu, H., G. Chen, K. R. Wyburn, J. Yin, P. Bertolino, J. M. Eris, S. I. Alexander, A. F. Sharland, and S. 
J. Chadban. 2007. TLR4 activation mediates kidney ischemia/reperfusion injury. J. Clin. Invest. 117: 
2847–59.

23. Kulkarni, O. P., I. Hartter, S. R. Mulay, J. Hagemann, M. N. Darisipudi, S. Kumar Vr, S. Romoli, D. 
Thomasova, M. Ryu, S. Kobold, and H.-J. Anders. 2014. Toll-like receptor 4-induced IL-22 accelerates 
kidney regeneration. J. Am. Soc. Nephrol. 25: 978–89.

24. Lorenz, G., M. N. Darisipudi, and H.-J. Anders. 2013. Canonical and non-canonical effects of the 
NLRP3 inflammasome in kidney inflammation and fibrosis. Nephrol. Dial. Transplant. 1–8.

25. Kayagaki, N., S. Warming, M. Lamkanfi, L. V Walle, S. Louie, J. Dong, K. Newton, Y. Qu, J. Liu, S. 
Heldens, J. Zhang, W. P. Lee, M. Roose-Girma, and V. M. Dixit. 2011. Non-canonical inflammasome 
activation targets caspase-11. Nature .

26. Shao, W., G. Yeretssian, K. Doiron, S. N. Hussain, and M. Saleh. 2007. The caspase-1 digestome 
identifies the glycolysis pathway as a target during infection and septic shock. J Biol Chem 282: 
36321–36329.

27. Lamkanfi, M., T.-D. Kanneganti, P. Van Damme, T. Vanden Berghe, I. Vanoverberghe, J. Vandekerckhove, 
P. Vandenabeele, K. Gevaert, and G. Núñez. 2008. Targeted peptidecentric proteomics reveals 
caspase-7 as a substrate of the caspase-1 inflammasomes. Mol. Cell. Proteomics 7: 2350�63.

28. Tabas, I. 2002. Consequences of cellular cholesterol accumulation: basic concepts and physiological 
implications. J. Clin. Invest. 110: 905–912.

29. Gurcel, L., L. Abrami, S. Girardin, J. Tschopp, and F. G. van der Goot. 2006. Caspase-1 activation of 
lipid metabolic pathways in response to bacterial pore-forming toxins promotes cell survival. Cell 
126: 1135–45.

30. Abrass, C. K. 2004. Cellular lipid metabolism and the role of lipids in progressive renal disease. Am. 
J. Nephrol. 24: 46–53.

31. Vaziri, N. D., M. Navab, and A. M. Fogelman. 2010. HDL metabolism and activity in chronic kidney 
disease. Nat. Rev. Nephrol. 6: 287–296.

32. Hu, Q.-H., X. Zhang, Y. Pan, Y.-C. Li, and L.-D. Kong. 2012. Allopurinol, quercetin and rutin ameliorate 
renal NLRP3 inflammasome activation and lipid accumulation in fructose-fed rats. Biochem. 
Pharmacol. 84: 113–25.



138

CHAPTER 6

33. Wang, C., Y. Pan, Q.-Y. Zhang, F.-M. Wang, and L.-D. Kong. 2012. Quercetin and Allopurinol Ameliorate 
Kidney Injury in STZ-Treated Rats with Regulation of Renal NLRP3 Inflammasome Activation and Lipid 
Accumulation. PLoS One 7: e38285.

34. Sokolovska, A., C. E. Becker, W. K. E. Ip, V. A. K. Rathinam, M. Brudner, N. Paquette, A. Tanne, S. K. 
Vanaja, K. J. Moore, K. A. Fitzgerald, A. Lacy-Hulbert, and L. M. Stuart. 2013. Activation of caspase-1 
by the NLRP3 inflammasome regulates the NADPH oxidase NOX2 to control phagosome function. 
Nat. Immunol. 14: 543–53.

35. Xiao, H., M. Lu, T. Y. Lin, Z. Chen, G. Chen, W.-C. Wang, T. Marin, T.-P. Shentu, L. Wen, B. Gongol, 
W. Sun, X. Liang, J. Chen, H.-D. Huang, J. H. F. Pedra, D. a Johnson, and J. Y.-J. Shyy. 2013. SREBP2 
Activation of NLRP3 Inflammasome in Endothelium Mediates Hemodynamic-Induced Atherosclerosis 
Susceptibility. Circulation .

36. Shigeoka, A. a, J. L. Mueller, A. Kambo, J. C. Mathison, A. J. King, W. F. Hall, J. D. S. Correia, R. J. 
Ulevitch, H. M. Hoffman, and D. B. McKay. 2010. An inflammasome-independent role for epithelial-
expressed Nlrp3 in renal ischemia-reperfusion injury. J. Immunol. 185: 6277–85.

37. Vilaysane, A., J. Chun, M. E. Seamone, W. Wang, R. Chin, S. Hirota, Y. Li, S. a Clark, J. Tschopp, K. 
Trpkov, B. R. Hemmelgarn, P. L. Beck, and D. a Muruve. 2010. The NLRP3 inflammasome promotes 
renal inflammation and contributes to CKD. J. Am. Soc. Nephrol. 21: 1732–44.

38. Wang, W., X. Wang, J. Chun, A. Vilaysane, S. Clark, G. French, N. a Bracey, K. Trpkov, S. Bonni, 
H. J. Duff, P. L. Beck, and D. a Muruve. 2013. Inflammasome-independent NLRP3 augments TGF-� 
signaling in kidney epithelium. J. Immunol. 190: 1239–49.

39. Haq, M., J. Norman, S. R. Saba, G. Ramirez, and H. Rabb. 1998. Role of IL-1 in renal ischemic 
reperfusion injury. J. Am. Soc. Nephrol. 9: 614–9.

40. Daemen, M. a, G. Denecker, C. van’t Veer, T. G. Wolfs, P. Vandenabeele, and W. a Buurman. 2001. 
Activated caspase-1 is not a central mediator of inflammation in the course of ischemia-reperfusion. 
Transplantation 71: 778–84.

41. Zhuang, Y., C. Hu, G. Ding, Y. Zhang, S. Huang, Z. Jia, and A. Zhang. 2015. Albumin impairs renal 
tubular tight junctions via targeting the NLRP3 inflammasome. Am. J. Physiol. Renal Physiol. 308: 
F1012–9.

42. Kasimsetty, S. G., S. E. DeWolf, A. A. Shigeoka, and D. B. McKay. 2014. Regulation of TLR2 and NLRP3 
in primary murine renal tubular epithelial cells. Nephron. Clin. Pract. 127: 119–23.

43. Yang, J.-R., F.-H. Yao, J.-G. Zhang, Z.-Y. Ji, K.-L. Li, J. Zhan, Y.-N. Tong, L.-R. Lin, and Y.-N. He. 
2014. Ischemia-reperfusion induces renal tubule pyroptosis via the CHOP-caspase-11 pathway. Am. 
J. Physiol. Renal Physiol. 306: F75–84.

44. Zuurbier, C. J., W. M. C. Jong, O. Eerbeek, A. Koeman, W. P. Pulskens, L. M. Butter, J. C. Leemans, and 
M. W. Hollmann. 2012. Deletion of the innate immune NLRP3 receptor abolishes cardiac ischemic 
preconditioning and is associated with decreased Il-6/STAT3 signaling. PLoS One 7: e40643.

45. Matzinger, P. 2002. The danger model: a renewed sense of self. Science (80-. ). 296: 301–5.

46. Beg, A. A. 2002. Endogenous ligands of Toll-like receptors: implications for regulating inflammatory 
and immune responses. Trends Immunol. 23: 509–12.

47. Paulus, P., K. Rupprecht, P. Baer, N. Obermüller, D. Penzkofer, C. Reissig, B. Scheller, J. Holfeld, K. 
Zacharowski, S. Dimmeler, J. Schlammes, and A. Urbschat. 2014. The early activation of toll-like 
receptor (TLR)-3 initiates kidney injury after ischemia and reperfusion. PLoS One 9: e94366.

48. Fukuzawa, N., M. Petro, W. M. Baldwin, A. V Gudkov, and R. L. Fairchild. 2011. A TLR5 agonist 
inhibits acute renal ischemic failure. J. Immunol. 187: 3831–9.

49. Li, X., Z. Yun, Z. Tan, S. Li, D. Wang, K. Ma, N. Chi, J. Liu, F. Chen, and G. Gao. 2013. The Role of 
Toll-like Receptor (TLR) 2 and 9 in Renal Ischemia and Reperfusion Injury. Urology .



139

Summary and discussion

50. Christensen, S. R., M. Kashgarian, L. Alexopoulou, R. a Flavell, S. Akira, and M. J. Shlomchik. 2005. 
Toll-like receptor 9 controls anti-DNA autoantibody production in murine lupus. J. Exp. Med. 202: 
321–31.

51. Yasuda, H., A. Leelahavanichkul, S. Tsunoda, J. W. Dear, Y. Takahashi, S. Ito, X. Hu, H. Zhou, K. 
Doi, R. Childs, D. M. Klinman, P. S. T. Yuen, and R. a Star. 2008. Chloroquine and inhibition of Toll-
like receptor 9 protect from sepsis-induced acute kidney injury. Am. J. Physiol. Renal Physiol. 294: 
F1050–8.

52. Bamboat, Z. M., V. P. Balachandran, L. M. Ocuin, H. Obaid, G. Plitas, and R. P. DeMatteo. 2010. 
Toll-like receptor 9 inhibition confers protection from liver ischemia-reperfusion injury. Hepatology 
51: 621–32.

53. Anders, H.-J., V. Vielhauer, V. Eis, Y. Linde, M. Kretzler, G. Perez de Lema, F. Strutz, S. Bauer, M. 
Rutz, H. Wagner, H.-J. Gröne, and D. Schlöndorff. 2004. Activation of toll-like receptor-9 induces 
progression of renal disease in MRL-Fas(lpr) mice. FASEB J. 18: 534-6.

54. Grams, M. E., and H. Rabb. 2012. The distant organ effects of acute kidney injury. Kidney Int. 81: 942–8.

55. Zhang, Q., M. Raoof, Y. Chen, Y. Sumi, T. Sursal, W. Junger, K. Brohi, K. Itagaki, and C. J. Hauser. 
2010. Circulating mitochondrial DAMPs cause inflammatory responses to injury. Nature 464: 104–7.

56. Oka, T., S. Hikoso, O. Yamaguchi, M. Taneike, T. Takeda, T. Tamai, J. Oyabu, T. Murakawa, H. Nakayama, 
K. Nishida, S. Akira, A. Yamamoto, I. Komuro, and K. Otsu. 2012. Mitochondrial DNA that escapes 
from autophagy causes inflammation and heart failure. Nature 1–6.

57. Shimada, K., T. R. Crother, J. Karlin, J. Dagvadorj, N. Chiba, S. Chen, V. K. Ramanujan, A. J. Wolf, 
L. Vergnes, D. M. Ojcius, A. Rentsendorj, M. Vargas, C. Guerrero, Y. Wang, K. A. Fitzgerald, D. 
M. Underhill, T. Town, and M. Arditi. 2012. Oxidized mitochondrial DNA activates the NLRP3 
inflammasome during apoptosis. Immunity 36: 401–14.

58. Stroo, I., L. M. Butter, N. Claessen, G. J. Teske, S. J. Rubino, S. E. Girardin, S. Florquin, and J. C. 
Leemans. 2012. Phenotyping of Nod1/2 double deficient mice and characterization of Nod1/2 in 
systemic inflammation and associated renal disease. Biol. Open 1: 1239–47.

59. Moore, C. B., D. T. Bergstralh, J. A. Duncan, Y. Lei, T. E. Morrison, A. G. Zimmermann, M. A. Accavitti-
Loper, V. J. Madden, L. Sun, Z. Ye, J. D. Lich, M. T. Heise, Z. Chen, and J. P.-Y. Ting. 2008. NLRX1 is a 
regulator of mitochondrial antiviral immunity. Nature 451: 573–7.

60. Meylan, E., and J. Tschopp. 2008. NLRX1: friend or foe? EMBO Rep. 9: 243–5.

61. Lei, Y., H. Wen, Y. Yu, D. J. Taxman, L. Zhang, D. G. Widman, K. V Swanson, K.-W. Wen, B. Damania, 
C. B. Moore, P. M. Giguère, D. P. Siderovski, J. Hiscott, B. Razani, C. F. Semenkovich, X. Chen, and J. 
P.-Y. Ting. 2012. The mitochondrial proteins NLRX1 and TUFM form a complex that regulates type I 
interferon and autophagy. Immunity 36: 933-46.

62. Soares, F., I. Tattoli, M. a Rahman, S. J. Robertson, A. Belcheva, D. Liu, C. Streutker, S. Winer, D. a 
Winer, A. Martin, D. J. Philpott, D. Arnoult, and S. E. Girardin. 2014. The mitochondrial protein 
NLRX1 controls the balance between extrinsic and intrinsic apoptosis. J. Biol. Chem. 289: 19317–30.

63. Kang, M.-J., C. M. Yoon, B. H. Kim, C.-M. Lee, Y. Zhou, M. Sauler, R. Homer, A. Dhamija, D. Boffa, 
A. P. West, G. S. Shadel, J. P. Ting, J. R. Tedrow, N. Kaminski, W. J. Kim, C. G. Lee, Y.-M. Oh, and J. 
A. Elias. 2015. Suppression of NLRX1 in chronic obstructive pulmonary disease. J. Clin. Invest. 125: 
2458–62.

64. Farrar, C. A., B. Keogh, W. McCormack, A. O’Shaughnessy, A. Parker, M. Reilly, and S. H. Sacks. 
2012. Inhibition of TLR2 promotes graft function in a murine model of renal transplant ischemia-
reperfusion injury. FASEB J. 26: 799–807.



140

CHAPTER 6

65. Arslan, F., J. H. Houtgraaf, B. Keogh, K. Kazemi, R. de Jong, W. J. McCormack, L. A. J. O’Neill, P. 
McGuirk, L. Timmers, M. B. Smeets, L. Akeroyd, M. Reilly, G. Pasterkamp, and D. P. V de Kleijn. 
2012. Treatment with OPN-305, a humanized anti-Toll-Like receptor-2 antibody, reduces myocardial 
ischemia/reperfusion injury in pigs. Circ. Cardiovasc. Interv. 5: 279–87.

66. Coll, R. C., A. A. B. Robertson, J. J. Chae, S. C. Higgins, R. Muñoz-Planillo, M. C. Inserra, I. Vetter, L. 
S. Dungan, B. G. Monks, A. Stutz, D. E. Croker, M. S. Butler, M. Haneklaus, C. E. Sutton, G. Núñez, E. 
Latz, D. L. Kastner, K. H. G. Mills, S. L. Masters, K. Schroder, M. A. Cooper, and L. A. J. O’Neill. 2015. 
A small-molecule inhibitor of the NLRP3 inflammasome for the treatment of inflammatory diseases. 
Nat. Med. 21: 248-55.

67. Youm, Y.-H., K. Y. Nguyen, R. W. Grant, E. L. Goldberg, M. Bodogai, D. Kim, D. D’Agostino, N. 
Planavsky, C. Lupfer, T. D. Kanneganti, S. Kang, T. L. Horvath, T. M. Fahmy, P. A. Crawford, A. 
Biragyn, E. Alnemri, and V. D. Dixit. 2015. The ketone metabolite β-hydroxybutyrate blocks NLRP3 
inflammasome-mediated inflammatory disease. Nat. Med. 21: 263–9. 



141

Nederlandse samenvatting

Nederlandse samenvatting
De nieren bestaan uit twee organen ter grootte van een vuist die in de achterkant 
van de buikholte liggen. Ze hebben als voornaamste functie om vocht en 
afvalstoffen uit het bloed te filtreren. Echter, ze dragen ook bij aan de zoutbalans 
in het lichaam, houden de bloeddruk op peil en produceren verschillende 
hormonen.  Filtratie vindt plaats doordat er bloed door de nier wordt gepompt. De 
afferente arterie vertakt zich in kleine bloedvaten (capillairen) in de glomerulus 
waar vervolgens water, zouten en kleine eiwitten uit de capillairen gefilterd 
worden door kleine gaatjes in het capillair zelf. Het water met daarin de zouten 
en eiwitten komen terecht in de capsule van Bowman, dit heet de pro-urine. 
Vervolgens wordt de pro-urine vervoerd naar de blaas via de tubulus en de ureter. 
De tubulus is bekleedt met tubulus epitheel cellen die actief eiwitten en zouten 
terugwinnen. Deze cellen zullen nader bestudeerd worden in dit proefschrift. 
Vervolgens zal in het volgende segment water worden terug gewonnen. 
Uiteindelijk blijft alleen het overtollige water over met daarin de afvalstoffen 
die het lichaam niet meer nodig heeft. Dit komt terecht via de ureter in de blaas 
en noemen we de urine.
Wanneer er problemen optreden in de nier dan kan deze zijn werk niet meer goed 
doen en zullen of i) de afvalstoffen ophopen in het lichaam of ii) waardevolle zouten 
nodig voor het behouden van de bloeddruk verloren gaan. Problemen kunnen 
acuut optreden of zich heel geleidelijk ontwikkelen. Een van de problemen met 
een geleidelijke ontwikkeling van nierschade is dat men pas iets merkt wanneer 
bijna de gehele nier beschadigd is. Acute nierschade is vaak zeer heftig en leidt 
geregeld tot compleet verlies van de nier in een korte tijd. De gevaren bij acute 
nierschade zijn dan ook dat er i) beperkt herstel door de grote hoeveelheid schade 
optreedt of ii) een patient overlijdt door totaal nierfalen. De uitdaging voor acute 
nierschade is dus het beperken van schade en bevorderen van herstel waar echter 
de vroege detectie en stopzetten van ziekte voortgang belangrijk is bij chronische 
nierschade. Hiervoor zijn dus nieuwe behandelingen en indicatoren nodig om te 
voorkomen dat patienten compleet nierfalen ontwikkelen. 
Patienten zonder nierfunctie zijn aangewezen op dialyse waarbij een dialyse 
machine de functie van de nier overneemt. Dit is echter verre van ideaal voor 
de gezondheid van de patient en zodoende is een nier transplantatie een betere 
oplossing. Wanneer een nier getransplanteerd wordt, dan zal deze blootgesteld 
worden aan zuurstoftekort wanneer de bloedsomloop naar de nier stopt. Dit 
zuurstof tekort noemen we ischemie. Als we vervolgens de nier aansluiten op 
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de bloedsomloop van de ontvangende patient dan zal er reperfusie van de nier 
optreden. Dit proces van ischemie-reperfusie (IR) leidt ertoe dat tubules epitheel 
schade oploopt en vaak dood gaat. Deze schade leidt tot een ontstekingsreactie 
die vervolgens meer schade veroorzaakt en snel leidt tot een geheel niet-
functionerende nier oftewel acute nierschade. In dit proefschrift gebruiken wij 
een muis model van acute nierschade veroorzaakt door IR (IR-geinduceerde 
acute nierschade) om de mechanismes te bestuderen die plaatsvinden tussen 
ischemie en uiteindelijke acute nierschade.
Chronische nierschade heeft meerdere oorzaken die allemaal in meer of mindere 
mate een rol spelen bij het ziekteproces. Diabetes, een hoge bloeddruk en 
overgewicht zijn allemaal ziektes die bijdragen aan chronische nierschade. Veel 
van deze ziektes hebben als oorzaak een dieet rijk aan vetstoffen, cholesterol en 
suikers. Om de mechanismes te bestuderen die leiden van een slecht dieet tot 
chronische nierschade hebben wij een muis model gebruikt die of een normaal 
dieet kreeg met veel fructose suiker opgelost in het water of een dieet rijk aan 
vetstoffen en cholesterol met normaal water. In dit model bestuderen we dus 
dieet-geïnduceerde chronische nierschade.
In hoofdstuk 2 bestuderen we de rol van de NOD-like receptor protein 3 
(NLRP3) in een model van dieet-geïnduceerd chronische nierschade. NLRP3 is 
een eiwit dat betrokken is bij de afweerreactie op bacteriën en virussen. NLRP3 
zorgt ervoor dat interleukin-1β geactiveerd wordt wat ontsteking induceert en 
hierbij bijdraagt aan het verwijderen van de bacterie en/of virus. Wij zien dat 
muizen die een dieet krijgen met veel fructose water, geen tekenen vertonen 
van metabool syndroom (een verzameling van verschillende welvaarts ziektes 
bij elkaar) maar wel ontsteking vertonen in de nier. Als we muizen nemen die 
het NLRP3 eiwit missen (NLRP3KO) en hetzelfde dieet geven dan verdwijnt 
de ontsteking wat erop wijst dat NLRP3 dit mede veroorzaakt. Muizen met 
een dieet rijk aan vetstoffen en cholesterol ontwikkelen wel tekenen van het 
metabool syndroom en tegelijk ontwikkelen ontstekingen en litteken weefsel 
(fibrose) in de nier. Daarnaast vertonen de tubulus epitheel cellen ook vacuoles die 
gevuld zijn met fosfo-lipiden. We zien dat deze toename in fosfolipiden gepaard 
gaat met een toename van cholesterol in de nier en het eiwit verantwoordelijk 
voor het transport van LDL cholesterol. NLRP3KO muizen met hetzelfde 
dieet ontwikkelen wel metabool syndroom maar geen ontsteking, fibrose en 
cholesterol stapeling. Het suikerwater of vetstoffen dieet leidt niet tot een 
verlies van nierfunctie maar wel tot tekenen van vroege chronische schade.  
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Dit artikel laat zien dat NLRP3 in deze vroege fase van chronisch nierfalen al een 
rol speelt in de voortgang.
We onderzoeken NLRP3 verder in hoofdstuk 3 waar we echter een ander model 
gebruiken, namelijk het model van IR-geinduceerde acute nierschade. Van eerder 
onderzoek was al bekend dat NLRP3 ontstekingen veroorzaakt in de nier en dat 
NLRP3 direct bijdraagt aan weefselschade. Wij keken in ons model naar de periode 
waar weefselschade gerepareerd wordt. Verder komt NLRP3 voor op beenmerg 
cellen en niercellen en door gebruik te maken van beenmergtransplantaties 
konden wij de rol van NLRP3 op beenmerg onderscheiden van NLRP3 op nier 
cellen. We zien dat NLRP3 op beenmergcellen leidt tot extra schade en ontsteking 
in de nier wat overeenkomt met eerder gepubliceerde artikelen. Echter, NLRP3 
op niercellen vermindert de celdeling van tubulus epitheel cellen. Als we tubulus 
epitheel cellen nemen die NLRP3 missen dan zien we dat deze sneller groeien 
zodra deze beschadigt worden. Dit duidt dus op een nieuw effect van NLRP3 in 
niercellen en laat tegelijk zien dat de rol van NLRP3 afhankelijk is van het soort 
weefsel en de omgeving.
We gaan in hoofdstuk 4 verder met hetzelfde model maar hier zal nu de rol 
van de NOD-like receptor X-1 ofwel NLRX1 onderzocht worden. Dit is een 
familie lid van NLRP3 aangezien beide behoren tot de familie van NOD-like 
receptoren. NLRX1 expressie gaat omlaag in de nier na IR wat gepaard gaat met 
een verhoogde secretie van de pro-inflammatoire eiwitten KC, MCP-1 en TNF-α, 
een verhoogde accumulatie van macrofagen, een toename in tubulaire schade en 
verhoogde tubulaire apoptosis. De verhoogde celdood in NLRX1KO muizen is 
geassocieerd met een toename van lactaat dehydrogenase (LDH) in het plasma, 
een marker voor cel schade. Om de rol van nier- versus leukocyte-geassocieerd 
NLRX1 te bepalen, hebben wij beenmergtransplantaties uitgevoerd op wild-
type en NLRX1KO muizen. Hieruit bleek dat nier-geassocieerd NLRX1 tubulaire 
schade en apoptosis onderdrukt na een dag reperfusie.  Verder onderzoek naar de 
mechanistische rol van NLRX1 in IR-geinduceerde acute nierschade wordt op 
dit moment uitgevoerd.
Als laatste richten wij ons binnen de familie van Toll-like receptoren op Toll-
like receptor 9 (TLR9). Meerdere studies tonen aan dat TLR9 geen rol speelt bij 
IR-geinduceerde nierschade maar enkel bij immuun-gemedieerde extra-renale 
nefropathien zoals sepsis-geinduceerde acute nierschade of lupus nephritis. Wij 
observeerden in hoofdstuk 5 een verschil in overleving na vijf dagen reperfusie 
tussen wild-type en TLR9KO muizen wanneer zij werden blootgesteld aan 
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ernstige IR-geinduceerde acute nierschade. Dit experiment werd herhaald en na 
een dag reperfusie bleek het welzijn van TLR9KO muizen beter te zijn dan wild-
type muizen in het geval van ernstige schade. Dit verschil bleek echter afwezig bij 
gangbare IR-geinduceerde nierschade. In de nier zagen we gelijke hoeveelheden 
schade en nierfunctie was gelijk wat aanduidt dat TLR9 geen rol speelt in de nier 
zelf. Echter, LDH in het plasma was verhoogd wat duidt op schade aan organen 
buiten de nier. De enzymen alanine amino-transferase (ALAT) en aspartaat 
amino-transferase (ASAT) waren verhoogd in het plasma wat duidt op verhoogde 
lever schade. Histologie van de lever bleek verhoogde schade aan te duiden wat 
overeen komt met de verhoogde ALAT en ASAT waardes in wild type muizen. 
TLR9 deficientie bleek dit allemaal te verhinderen. Mitochondriaal DNA is een 
bekend ligand van TLR9 en dit was, overeenkomstig met de LDH waardes, ook 
verhoogd in de circulatie. Deze data suggereert dus dat ernstige nier schade leidt 
tot lever schade via TLR9 en dat mitochondriaal DNA een potentiele kandidaat is 
die de schade vanuit de nier overbrengt naar de lever.
Samengevat, in dit proefschrift tonen wij aan dat de receptoren NLRP3, 
NLRX1 en TLR9 een belangrijke rol spelen in modellen van IR-geinduceerde 
acute nierschade of dieet-geinduceerde chronische nierschade. Echter, deze 
desbetreffende rol is sterk afhankelijk de nierziekte die bestudeerd wordt, van het 
weefsel waarin de receptor tot expressie komt en de fase waarin de nierziekte zich 
bevindt. Daarnaast zien wij dat deze receptoren ook een belangrijke rol spelen in 
vet stapeling, celdood en celdeling buiten hun al bekende pro-inflammatoire rol .
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List of abbreviations

AKI  Acute kidney injury
CKD  Chronic kidney disease
IR  Ischemia-reperfusion
TLR  Toll-like receptor
NLR  Nucleotide-binding oligomerization domain-like receptor
DAMP  Damage-associated molecular pattern
PAMP  Pathogen-associated molecular pattern
UUO  Unilateral ureteral obstruction 
MetSyn Metabolic syndrome
NLRP3  NLR family, pyrin domain containing 3
ASC  Apoptosis-associated speck-like protein containing a CARD
IL-1β  Interleukin-1β
IL-18  Interleukin-18
NLRX1  NLR family member X1
TLR9  Toll-like receptor 9
CTGF  Connective tissue growth factor
ICAM-1 Intercellular adhesion molecule-1
SREBP-2 Sterol-regulatory element binding protein-2
SREBP-1c Sterol-regulatory element binding protein-1c
LDH  Lactate dehydrogenase
ALAT  Alanin aminotransferase
ASAT  Aspartate aminotransferase
DNA  Deoxyribonucleic acid
mRNA  messenger ribonucleic acid
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Publicaties

Publicaties

Nlrp3 is a key modulator of diet-induced nephropathy and renal  
cholesterol accumulation.
Bakker PJ, Butter LM, Kors L, Teske GJ, Aten J, Sutterwala FS, Florquin S, 
Leemans JC.
Kidney Int. 2014 May;85(5):1112-22

A tissue-specific role for Nlrp3 in tubular epithelial repair after renal ischemia/
reperfusion.
Bakker PJ, Butter LM, Claessen N, Teske GJ, Sutterwala FS, Florquin S, Leemans JC.
Am J Pathol. 2014 Jul;184(7):2013-22.

Measuring liver triglyceride content in mice: non-invasive magnetic resonance 
methods as an alternative to histopathology.
Runge JH, Bakker PJ, Gaemers IC, Verheij J, Hakvoort TB, Ottenhoff R, 
Nederveen AJ, Stoker J.
MAGMA. 2014 Aug;27(4):317-27. 

Quantitative determination of liver triglyceride levels with 3T ¹H-MR 
spectroscopy in mice with moderately elevated liver fat content.
Runge JH, Bakker PJ, Gaemers IC, Verheij J, Hakvoort TB, Ottenhoff R, Stoker J, 
Nederveen AJ.
Acad Radiol. 2014 Nov;21(11):1446-54.

TLR9 mediates remote liver injury following severe renal ischemia reperfusion.
Bakker PJ, Scantlebery AM, Butter LM, Claessen N, Teske GJD, van der Poll T,
Florquin S, Leemans JC
PLOS One, in press
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Naam:    P.J. Bakker
PhD period:   Sept. 2009 – Nov. 2015
PhD supervisor:  Prof. dr. S. Florquin
   Dr. J.C. Leemans

PhD training
The AMC World of Science     2009 0.7 ECTS
Infectious Diseases      2009 1.3 ECTS
PubMed Biomedical Sciences     2010 0.1 ECTS
Advanced Immunology     2010 2.9 ECTS
Anatomy of the mouse      2011 1.1 ECTS 
Radiation Protection      2011 1.7 ECTS
Project Management      2011 0.6 ECTS

Extra curriculaire activiteiten
Nierstichting Winterschool     2010
APROVE symposium ‘Science and Scams’   2012
Biobusiness Summerschool     2013

Congressen (internationaal)
American Society for Nephrology ‘Renal Week’   2010
Trauma, Shock, Inflammation and Sepsis   2010
Toll congress       2011
American Society for Nephrology ‘Kidney Week’  2012
European Congres on Immunology    2012
Congressen (nationaal)
Nederlandse Nefrologiedagen     2010-2013
Nederlandse Federatie voor Nefrologie Najaarsdagen  2010, 2011, 2013
Benelux Kidney Meeting     2012
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Posters

•ASN Renal Week 2010; “Renal-associated NALP3 mediates renal dysfunction 
following ischemia/reperfusion injury”

•ASN Renal Week 2012; “Nlrp3 is a Key Modulator of Metabolic Syndrome-
Induced Nephropathy”

•NfN Najaarsvergadering 2013; “TLR9 Mediates Liver Dysfunction Following 
Renal Ischemia Reperfusion Injury”

Presentaties

•NfN Najaarsvergadering 2010; “The renal-associated NLRP3 inflammasome 
mediates dysfunction of the kidney following ischemia/reperfusion 
injury.”

•Benelux Kidney Meeting 2012; “Nlrp3 mediates Renal Cholesterol 
Accumulation and Associated Salt Wasting in a model of Metabolic 
Syndrome-driven Nephropathy”

•European Congress on Immunology 2012; “Nlrp3 is a Key Modulator of 
Metabolic Syndrome-Induced Nephropathy”

•Nederlandse Lipoprotein Club Meeting, 15 Nov 2012; “Nlrp3 is a Key 
Modulator of Renal Cholesterol Accumulation and Associated Metabolic 
Syndrome-driven Chronic Kidney Disease”

•Nederlandse Nefrologie Dagen 2012; “A critical Role for Nlrp3 on Renal 
Inflammation and Fibrosis in a Model fo Diet-Induced Renal Failure”

•NfN Najaarsvergadering 2013; “A Tissue-specific Role for Nlrp3 in Regulating 
Cell Death and Proliferation following Ischemia Reperfusion Injury”

Prijzen

•Beste Basaal-wetenschappelijke Abstract, Nederlandse Nefrologie Dagen 
2012; “A critical Role for Nlrp3 on Renal Inflammation and Fibrosis in a 
Model fo Diet-Induced Renal Failure”

•1e prijs NfN Najaarsvergadering 2013; “A Tissue-specific Role for Nlrp3 in 
Regulating Cell Death and Proliferation following Ischemia Reperfusion 
Injury”
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Curriculum vitae
Pieter Jeroen Bakker werd geboren op 27 februari 1983 in Rockanje. Hij ging 
naar de middelbare school ‘Jacob van Liesveldt’ te Hellevoetsluis waar hij in 
2001 examen deed in de vakken Nederlands, Engels, wiskunde, natuurkunde, 
scheikunde, biologie en economie. Vervolgens startte hij in september 2001 met 
de studie Life Science & Technology aan de Technische Universiteit Delft en 
Universiteit Leiden. Hij onderbrak zijn studie van september 2004 tot en met 
augustus 2005 om plaats te nemen in het bestuur van de Delftse Studenten 
Vereniging Sint Jansbrug. In het volgende jaar maakte hij zijn Bachelor Life 
Science & Technology af om vervolgens in september 2006 over te stappen naar 
de Master Biomedische Wetenschappen aan de Universiteit Leiden. Tijdens zijn 
Master liep Jeroen stage bij het La Jolla Institute for Allergy and Immunology in 
San Diego, USA onder toezicht van prof. dr. Bart Roep en prof. dr. Matthias von 
Herrath. Hij onderzocht hier de effecten van vitamin D3 en dexamethasone op 
maturatie van dendritische cellen in een muis model van type 1 diabetes. Hij koos 
vervolgens voor de afstudeer richting Science-based business wat leidde tot een 
afstudeerstage bij het biotechnologie bedrijf Syntaxin Ltd. in Oxford, UK. Hier 
ontwierp hij een methode om eiwitten te indexeren die mogelijk van waarde 
waren voor de ontwikkeling van nieuwe medicijnen. Jeroen startte in september 
2009 als onderzoeker in opleiding onder toezicht van prof. dr. Sandrine Florquin 
en dr. Jaklien Leemans. De resultaten van dit onderzoek staan beschreven in 
dit proefschrift. Tijdens zijn onderzoek was hij zowel lid als voorzitter van het 
Platform Aio’s in de Nefrologie en organiseerde hij het AMC Symposium ‘Science 
and Scams’. In juni 2014 is hij gestart als subsidie consultant bij ttopstart B.V. 
waar hij meerdere toegekende internationale subsidie voorstellen schreef. Sinds 
september 2015 is hij werkzaam bij het venture capital fonds MS Ventures als 
analist waar hij zal ondersteunen bij investeringen in en portfolio management 
van biotechnologische bedrijven.
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Dit proefschrift is mede tot stand gekomen met de financiële steun van het 
Academisch Medisch Centrum Amsterdam en de Nederlandse Nierstichting.

Daar is hij dan, het is nu een maandag in juni en ik ben net begonnen met het 
schrijven van mijn dankwoord. Ik zit hier aan de eettafel in mijn huisje op de 
plek waar ik al vele uurtjes heb doorgebracht, werkende aan dit proefschrift. 
Tussen de eerste versie van het dankwoord en deze uiteindelijke versie is het 
alweer herfst, winter, lente en weer zomer geworden. Het moment is dan 
eindelijk daar waar ik de afgelopen jaren zo vaak aan heb gedacht en dan zal je 
net zien, geen idee wat je op moet schrijven. Ik denk dat het beste is om maar 
gewoon te beginnen met het begin.

Wat vond je nou van je promotie? Dat is denk ik de vraag die het meest gesteld 
zal worden en die ik ook hier dan wel gelijk wil beantwoorden. Ik denk dat 
het juiste woord hier uitdagend is. Bij aankomst lagen de plannen al klaar en 
enkele proeven waren al gedaan. Vol enthousiasme ging het eerste jaar snel 
voorbij echter daarna droogde de motivatie helaas op. Na mijn besluit om het 
af te maken, waren het nog een paar taaie jaren tot aan de eindstreep maar nu 
sta ik er en dat kon niet zonder de hulp van vele mensen. Hulp heb ik hier breed 
geïnterpreteerd want alle kleine beetjes helpen, of het nu wetenschappelijk, 
sociaal of totaal iets anders was. Daarom dit hoofdstuk voor jullie.

Wat beter om te beginnen met mijn promotor, Sandrine. Ik hield van discussiëren 
wat je denk ik wel heb gemerkt  aan mijn vele ‘Ja, maar…’ opmerkingen . Dit 
uitte zich altijd wel in een vraag tijdens een meeting of soms ook in iets langere 
overleggen over mijn proefschrift. Dank voor de maandelijkse sessies in het 
laatste jaar waar we de voortgang in de gaten hielden. Dat zorgde ervoor dat er 
ook dingen af werden gemaakt. Wat ik zeer waardeerde is het feit dat je ook oog 
hebt voor de niet-wetenschappelijke, sociale aspecten. Het etentje bij jou thuis 
en het uitje naar Castricum zijn daar mooie voorbeelden van. Om het dan maar 
af te sluiten in jouw woorden: bien!

Als tweede genoemd maar eigenlijk op een gedeelde eerste plaats in de dankwoord 
volgorde is Jaklien, mijn officieuze baas. Ik denk dat het woord ‘uitdagend’ ook 
voor jou van toepassing is voor dit gehele traject. Ik kan me voorstellen dat na 
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Wilco dit wel heel wat anders was. Het eerste jaar ging vol enthousiasme snel 
voorbij echter in het tweede jaar verzamelden zich enkele donkere wolken boven 
het AMC. Na enkele grote experimenten, zag ik door de bomen het bos niet 
meer. Mijn romantische idee van wetenschap viel vervolgens in stukjes uiteen. 
De uitdaging was om de komende jaren die stukjes weer op te pakken en bij 
elkaar te leggen. We hebben het uiteindelijk voor elkaar gekregen ook al was 
het niet altijd even makkelijk. Jaklien, ik denk dat jij van onschatbare waarde 
bent voor deze groep. Je bent een van de fundamenten waarop deze groep en 
het onderzoek is gebouwd. Je brengt naast wetenschap ook veel ‘karakter’ in 
de groep. Ik heb veel van je geleerd: volledige toewijding (het ritje naar huis om 
de email te versturen terwijl de ferry bijna vertrok), enthousiast en altijd aardig 
zijn. Bedankt dat je in mij bent blijven geloven en steunen al die tijd. Al het beste 
in je persoonlijke en werkzame leven! 

Het lab. Grappig om te zien dat je hele leven zich voor vier jaar afspeelt op 50 
m2 lab, een gang, een paar kamers en een brug met eettafel. Een klein wereldje 
maar veel verschillende mensen en verhalen. Laten we beginnen met de B-cel 
groep. Toen ik binnen kwam was het vooral een uitdaging om iedereen uit 
elkaar te houden. Qua namen was het lastig om Annemiek en Monique uit 
elkaar te houden en de twee-eiige tweeling Anneke en Leonie liepen ook weleens 
door elkaar. Monique en Esther, de B cel diagnostiek club, altijd vrolijk en 
enthousiast. Ik vond het vooral mooi om te zien dat jullie met elkaar ook zo’n 
lol hadden. Alex, Mireille, Jitske en Mirjam. Bedankt voor alle antwoorden 
op mijn vragen die ik hier en daar had voor jullie. Annemiek, (ik zie nu in 
de laatste versie dat ik eigenlijk Monique had opgeschreven… This proves my 
previous point) we hebben het veel over motors gehad toen ik aan het lessen 
was. Bedankt voor de tips en vooral het niet vertellen dat je was gevallen vlak 
voordat ik examen moest doen. Anneke en Leonie, met jullie had ik het altijd 
gezellig of het nou op borrels was of op de werkvloer. Het grappige is dat we het 
eigenlijk nooit over werk hebben gehad, best netjes dacht ik zo. Martin, ik ben 
je nog steeds een slaapplek schuldig voor al die keren dat je toch bij Elena, Lotte 
of Marcel belandt was. Martine, ik ben je net drie dagen voor. Succes vrijdag 
met je verdediging en geniet ervan! Katarina, aan het einde was het fijn om met 
iemand de carrière opties te bespreken buiten de wetenschap. Mooi dat jij ook 
iets hebt gevonden nu. Harmen, Zemin, Sander, Richard en Jeroen G, jullie 
ook dank voor de goede tijd op het lab.



157

Dankwoord

Nu op dan naar de nefro club! Laten we beginnen met de heilige drie-eenheid 
van het nier onderzoek: Nike, Loes en Gwen. Nike, jij verdient een standbeeld 
mijns inziens, altijd vrolijk, hardwerkend, iedereen helpend, lekker aan het 
sporten. Petje af voor hoe je dit voor elkaar krijgt. Ik hoop dat ik later ook zo 
in het leven sta.  Loes, mijn steun en toeverlaat tijdens de afgelopen jaren.  Ik 
kan je niet genoeg bedanken voor de vele keren dat je ELISA’s hebt gedaan of 
splenocyten geïsoleerd voor mijn vele beenmerg transplantaties. En dan vergeet 
ik nog al die RT-PCRs en immuno’s… Gwen, jij bent ook vertrokken maar ik ga 
er voor zorgen dat je dit boekje krijgt en op de borrel bent. De vele therapeutische 
gespreks-sessies op het ARIA waren fijn en goed dat je nu je eigen bedrijf hebt!

Dan op naar de post-docs, Mark, Peter en Geurt. Mark, mooi dat je een plek in 
het buitenland hebt gevonden. Ik hoop dat je cola verslaving een beetje in de 
hand te houden is in het land van ‘unlimited soda machines’. Peter, het was fijn 
samenwerken op het metabool syndroom project. Geurt, aan jou de taak om 
het NLRX1 stuk af te maken maar dat gaat helemaal goedkomen. Leuk dat je 
weer bent terug gekomen en ook waardevol voor discussies, je had veel handige 
tips en goede ideeën. 

Fayyaz, many thanks for providing me with the NLRP3KO mice which is 
the basis of 50% of my thesis. In addition, you hosted me for three months in 
Iowa City where I learned to perform the crucial IL-1β western blots. All other 
Sutterwala lab members, Shankar, Sophie, thanks for the great time!

Mijn voorgangers Wilco, Ingrid en Elena. Wilco en Ingrid, jullie waren mijn grote 
voorbeelden toen ik nog, groen als gras, op de Pathologie verscheen. Ik vond het 
een fijne tijd met jullie en dank voor alle protocollen die ik toen allemaal nodig 
had. Wilco, ik heb al eens verteld tijdens jouw eigen verdediging hoe ik jou heb 
gezien. Inhoudelijk sterk, gedisciplineerd en goed in schrijven. Terecht dat je een 
beurs hebt gekregen op het Radboud en nu je eigen plan kan trekken in je eigen 
omgeving. De jaarlijkse BBQ voor 2016 in Rosmalen  moeten we maar weer eens 
plannen. Ingrid, altijd gezellig om met jou te kletsen omdat je zo geïnteresseerd 
was. Het begon met roeien ging over in werk en eindigde met je gebroken vinger. 
Elena, je had het ook niet altijd makkelijk. Dapper en goed dat je het ook hebt 
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afgekregen en vervolgens ook nog aan een post-doc bent begonnen.

Dan zijn er nog twee goede mannen die zich niet kwalificeren als voorgangers 
en eigenlijk ook niet echt als de nieuwe lichting promovendi: Jesper en Marcel. 
Jesper, je liep al een tijdje rond op de Pathologie met je studentenbaantje. 
Bijna tegelijk begonnen met ons proefschrift en nu lijkt het erop dat ik toch ga 
winnen. Het waren mooie jaren met de slechtste grappen. Jammer dat je een 
jaartje naar Brussel vertrok. Jij blijft nu nog even op het fort als patholoog in 
opleiding. Misschien moeten we na mijn verdediging maar weer eens naar het 
Cooldown Cafe als beginnende traditie. Marcel, met jou was het altijd gezellig, 
of het nou maandagochtend was, zaterdagnacht of zondagochtend. Ik dacht 
dat ik een relaxte levenshouding had maar ik denk dat je deze toch gaat winnen 
van mij. Mooi dat je mijn paranimf wilt zijn bij de verdediging. Ik hoop dat we 
elkaar nog wel vaker gaan tegenkomen in Damsko.

The new PhD students, Alessandra, Diba and Lotte. Ale and Diba, you started 
simultaneously and it was good to have some new energy into the group. Diba, 
it’s really cool to see how you have grown from your first day where you had lots 
of questions and doubts to a seasoned PhD student. Ale, respect for arranging 
the whole USA internship. It’s good to have such a person as you with loads of 
smiles in the group. Lotte, already working together when you were still a MSc 
student. Now continued as a PhD student so I guess I feel a little bit responsible 
for that. At least I left one legacy. I understood that Italy brought you some 
good data so I’m looking forward to your papers!

Dan zijn er nog op de Pathologie vele mensen die mij op een of andere wijze 
wel geholpen hebben de afgelopen jaren. Jan ‘de lopende bibliotheek’ Aten, 
jouw toewijding en kennis van zaken zijn fascinerend. Je kan dit ook goed 
communiceren en daarom vond ik het altijd fijn om met jou te discussiëren 
over data en daarbij behorende conclusies. Bedankt dat je zitting wil nemen 
in mijn commissie en ik kijk nu al uit naar onze discussie. Onno, jij hebt me 
veel geholpen met de Slidescanner en de microscoop. Zonder de Slidescanner 
waren we nu nog bezig geweest met  fotootjes maken dus ook veel dank dat 
je mij hierbij hebt geholpen. Chris, postuum ook heel erg bedankt met de vele 
vragen die ik had omtrent immunohistochemie en spectrum analyses. Eelco, 
bedankt voor het lay-outen van mijn proefschrift. Niet van de Pathologie, maar 
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wel uiterst dankbaar ben ik Jelmer voor het ontwerp van de kaft.

Dan zijn er vele clubjes die niet direct bij hebben gedragen aan dit proefschrift 
maar door de leuke dingen die ik met ze heb gedaan, zijn zij zeker indirect 
betrokken bij dit proefschrift. Ik hou het eerst nog een beetje in de nefro hoek 
met PLAN: Niels, Claire, Ramon, Alexandra, Andrea, Edwin, Ferdau, 
Eva en Marc. We zagen elkaar een paar keer jaar en dit was altijd gezellig. 
Ik heb ook het idee dat we PLAN naar een hoger niveau hebben getild. Dan 
komen we nu toe aan de mensen die niet op het AMC werkten maar ik wel ook 
graag wil bedanken. Francois en Stefan, het was een mooi eerste jaar op het 
Olympiaplein en goed dat we elke paar maanden nog een BBQ of borrel plannen. 
Vele keren zijn mijn frustraties voorbij gekomen dus ik hoop dat de volgende 
borrel eindelijk een keer niet over promotie moeilijkheden gaat. George and 
Smaragda, thanks for all the dinners at your balcony. I’m really lucky to have 
you as neighbours. Annemiek, Adhy, Bjorn, Sjoerd, Manon, Vincent, 
Liselotte, Sander, Iris, Jeroen, Dian, Rienk, Mathieu, Roos en Jannet, dank 
allemaal voor de fijne feestjes (Melt was echt heel vet) en social events die ik echt 
even nodig had. Bjorn, jij bent de aanstichter van dit allemaal dus bedankt voor 
de introductie. Thieu, Roos en Jannet, altijd mooi om dating verhalen met jullie 
uit te wisselen. Ik kom graag weer eens langs op de Zomibeau! Liieve Dana, 
Peter, Thomas, Rosanne, Soren en Vera, onze leventjes lopen wel eens wat 
uit elkaar. Ter illustratie, ik herinner me een Whatsapp gesprek zondagochtend 
vroeg toen Bart en ik naar bed gingen en Vera alweer wakker was. Ik ben blij 
dat we nog steeds weekendjes weg doen of een etentje. Volgende bestemming is 
Cuba wat mij betreft! Cas, Thomas, Fedde, An, Jesper, Jonathan, Marcel, 
Doran en Viktor, we hadden een korte maar goede sportieve tijd als Rongo020. 
Eenmaal kampioen, eenmaal gedegradeerd als ik het goed heb. De foto van het 
scoreformulier met daarop mijn quadrupel-hattrick heb ik nog hoor. Mooi om 
met jullie mijn voetbal skills in de kleine ruimte wat op te vijzelen en Cas in 
toom te houden na elke verloren wedstrijd.

Dan zijn er nog enkele mensen die niet echt in een ‘hokje’ zijn in te delen en die 
de afgelopen jaren de promotie last wat lichter maakten: Ronald, Flint, Hessel, 
Edward en Bart. Ronald, mooi dat we de afgelopen jaren vanaf het prille begin 
tijdens het AMC World of Science tot en met de lasagne laatst in Zeist nog de 
voortgang van ons proefschrift (of gebrek daaraan) konden evalueren. Snel weer 
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fietsen en dan jouw borrel! Flint en Hessel, altijd goed om even met een van 
jullie een drankje te drinken en de situatie te analyseren. Edward, vanaf het 
begin zijn we al lekker aan het sporten in Amsterdam en ik hoop dat dit nog 
doorgaat. Roeien wordt hem niet maar er is nu een nieuwe hobby! Bart, ik 
dacht er een tijdje geleden aan dat we elkaar al sinds 2002 kennen, eigenlijk dus 
al dertien jaar. We zaten in aardig wat dezelfde clubjes gedurende die tijd (JC, 
huis, AK, Das Boot, etc.). Mooi dat je in Amsterdam bent komen wonen en nu 
ook buurman kan toevoegen aan dit lijstje. Dit opende dan ook weer nieuwe 
mogelijkheden zoals feesten en partijen of gewoon op zaterdag de krant halen 
op de Middenweg. Ik had je op Nachtdigital 2014 al gevraagd om paranimf te 
zijn en goed dat dit nu dus ook gaat gebeuren!

Daan en Sebas, lieve zus en broer, altijd fijn om bij jullie te zijn en dan het gevoel 
te hebben dat er niets moet. Geen stress alhoewel dat vroeger op de achterbank 
van de auto naar Frankrijk wel eens anders was. Daan, je had ook wel eens 
studie stress in het verleden wat ik mij niet kon voorstellen. Nou, nu dus wel. 
Heel fijn dat je nu doet waar je zin in hebt. Dat ga ik ook doen! Die reis naar 
Hawaii ging helaas niet door maar geloof me, die hou je nog tegoed! Sebas, die 
maand in Thailand en Laos nadat mijn contract afliep waren goud waard. Lekker 
veel gezien en gedaan en ook over van alles gehad. Bedankt voor die mooie tijd en 
we moeten maar eens vaker onze carriere doornemen. 

Paps en mams, ik kan hier heel veel voorbeelden geven van allerlei manieren hoe 
je mij de afgelopen jaren hebt geholpen maar ik denk dat we dit beide wel weten 
van elkaar. Ik denk dat het belangrijkste is dat jullie mij altijd vrij hebben gelaten 
in wat ik wilde doen en, ongeacht mijn keuze, mij gesteund hebben in wat ik 
dan deed. Het was niet altijd makkelijk voor mij en daarom ook niet voor jullie 
want geen van ons beide had dit soort dingen eerder meegemaakt. Maar we zijn 
er dan eindelijk en nu is het tijd voor een feestje. Nou ok, een voorbeeld van hoe 
jullie mij geholpen hebben: mij meeslepen naar de Arena woonboulevard om 
meubels te kopen omdat ik al drie maanden op een campingstoel in mijn nieuwe 
huis aan het wonen was. Dat was wel echt nodig.  

José, last but definitely not least, we tikken binnenkort het één jarig jubileum 
aan en eigenlijk is het wel een grappig verhaal hoe alles zo is gelopen. Geen 
dankwoorden zoals je soms wel eens ziet in proefschriften over stelletjes die al 



sinds de middelbare school bij elkaar zijn en elkaar door en door kennen. Wat ik 
wel weet is dat de moderne technologie ons bij elkaar heeft gebracht, en dat hoe 
meer ik je leer kennen, ik er meer van overtuigd ben dat we heel erg op elkaar 
lijken en bij elkaar horen. Het begon met een strand waar we zijn opgegroeid 
en een lab waar we werken totdat we nu bij elkaar wonen en elkaar precies 
begrijpen. We delen heel veel interesses, ik kan er eigenlijk maar een bedenken 
die we niet delen (paard rijden). De plannen om hierna Amsterdam te verlaten 
en een nieuw hoofdstuk te beginnen klinken mij heel goed in de oren. Laten we 
vooral ons hart volgen en er een klein beetje bij nadenken en dan komt alles wel 
goed. Hou van je! 




