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Zusammenfassung 

Die Cholesterinkristallembolie (CCE) ist eine häufige Komplikation der fortgeschrittenen 

Atherosklerose bei Patienten mit multiplen Begleiterkrankungen. Die CCE kann unter 

Umständen zu einer thrombotischen (Mikro-)Angiopathie führen und letztlich einen akuten 

Nierenschaden (AKI) mit ischämischer Nekrose verursachen. Das Ziel dieser Arbeit war es, 

die Pathomechanismen des CCE-induzierten AKI genauer zu untersuchen und inwiefern 

metabolische Begleiterkrankungen, wie Diabetes (Hyperglykämie) oder Hyperurikämie, den 

Nierenschaden, die Entzündung, Infiltration von Immunzellen, sowie den Verschluss von 

Arterien und Infarkt beeinflussen. 

 

Um dies zu untersuchen, haben wir ein Tiermodell zur CCE etabliert. Hierbei wurden 

Cholesterinkristalle (CC) in die Nierenarterie von Mäusen injiziert und die CC-induzierte 

Niereninfarktgröße, Nierenfunktion, entzündliche Biomarker und Leukozyteninfiltration zu 

verschiedenen Zeitpunkten analysiert und quantifiziert. Diese Parameter wurden mit denen von 

Mäusen mit und ohne Hyperglykämie (Serumglukosespiegel ≈500 mg/dl) oder Hyperurikämie 

(Serumharnsäurespiegel ≈9 mg/dl) verglichen. Tubuläre Epithelzellen, Endothelzellen und 

gewaschene Thrombozyten wurden für mechanistische in vitro Studien unter erhöhten 

Glukose- oder Harnsäurebedingungen stimuliert. 

 

Unsere Daten zeigten, dass die Hyperglykämie die Nierenfunktion nach CC Injektion sehr stark 

bei den Mäusen beeinträchtigt und vermehrt Niereninfarkte und -verschlüsse sowie 

Entzündung auftreten, was sich letztlich in erhöhten Entzündungsbiomarkern, vermehrte 

Leukozyteninfiltration, und beschleunigten Zelltod von Tubulusepithelzellen und 

Endothelzellen widerspiegelte. In in vitro Studien konnten wir zeigen, dass eine hohe 

Glukosekonzentration die Thrombozytenaggregation und -aktivierung im Vergleich zu 

normalen Bedingungen signifikant erhöht. Im Gegensatz dazu stehen die gefäßverengenden 

und antioxidativen Effekte der Hyperurikämie, welche zur Verbesserung der Nierenfunktion 

beitragen und die Niere vor ischämischen Infarkt und Gewebeschaden im Vergleich zu Tieren 

ohne Hyperurikämie nach CC-induzierten AKI schützt. Dies deutet auf einen 

kompensatorischen und autoregulatorischen physiologischen Mechanismus der 

Hyperurikämie zum Schutz der Niere hin. 
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Zusammenfassend lässt sich sagen, dass sowohl eine Hyperglykämie als auch eine 

Hyperurikämie einen AKI verschlimmern können, obwohl sie entgegengesetzte Auswirkungen 

auf den Niereninfarkt haben. Während die Hyperglykämie die Outcomes insbesondere bei 

Gewebsinfarkten in Mäusen nach CCE verschlechtert, vermindert die Hyperurikämie die 

Infarktgröße möglicherweise durch eine antioxidative Wirkung der löslichen Harnsäure und 

zeigt vasoaktive Effekte auf die Nierenfunktion in der kontralateralen Niere. Daher spiegelt der 

Grad der akuten Nierenfunktionsstörung möglicherweise nicht vollständig den Grad der 

Nierenschädigung bei der Hyperurikämie wieder. Insgesamt tragen die weit verbreiteten 

Komorbiditäten unabhängig voneinander zum Schweregrad der AKI und zum Ausmaß des 

Niereninfarkts bei CCE bei. 
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Summary 

Cholesterol crystal embolism (CCE) is a commen complication of advanced atherosclerosis in 

patients with multiple comorbidities. CCE induces thrombotic (micro)angiopathy when 

affecting the kidney, causes acute kidney injury (AKI) and ischemic necrosis. We speculated 

that common metabolic comorbidities such as diabetes (hyperglycemia) or hyperuricemia 

would independently modulate pathomechanisms and affect the outcomes of CCE-induced 

AKI, e.g. kidney injury, inflammation, infiltration of immune cells, occlusion and infarction. 

 

To investigate this, we induced experimentally CCE through injection of cholesterol crystal 

(CC) into the kidney artery of mice and analyzed CC-induced kidney infarct size, kidney 

function, inflammatory biomarkers and leukocyte infiltration at different timepoints. The 

parameters were compared with those from mice with and without hyperglycemia (serum 

glucose levels ≈500 mg/dl) or hyperuricemia (serum uric acid levels ≈9 mg/dl). Tubular 

epithelial cells, endothelial cells and washed platelets were stimulated under high glucose or 

high uric acid conditions in vitro for mechanistic studies. 

 

Hyperglycemia contributed to impaired kidney function, increased kidney infarction and 

occlusion and inflammation as evidenced by elevated inflammatory biomarkers, leukocyte 

infiltration, accelerated cell death of tubular epithelial cells and endothelial cells as well as 

enhanced platelet aggregation and activation during CCE formation in a high glucose 

environment. In contrast, hyperuricemia had vasoconstrictive effects in the contralateral kidney 

by reducing kidney function, while at the same time protected mice from kidney infarction and 

tissue injury via anti-oxidative effects compared to non-hyperuricemic mice after CC-induced 

AKI. This suggests a compensatory and autoregulatory physiological mechanism of to protect 

the kidney. 

 

In summary, both concomitant hyperglycemia and hyperuricemia can aggravate AKI despite 

having oppositive effects on kidney infarction. While hyperglycemia worsens the outcome in 

particular tissue infarction in mice after CCE, hyperuricemia limits infarct size potentially via 

an anti-oxidative effect of soluble uric acid and shows vasoactive effects on kidney function in 

the contralateral kidney. Thus, the degree of acute kidney dysfunction may not fully reflect the 
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degree of kidney injury in hyperuricemia. Altogether, highly prevalent comorbidities 

independently contribute to the severity of AKI and the extent of kidney infarction in CCE. 
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1. Introduction 

1.1 Cholesterol crystal embolism 

Cholesterol crystal embolism (CCE) is a type of crystallopathy that occurs as a complication 

of severe atherosclerosis [1]. CCE may develop as a result of endovascular surgery, 

angiography or the use of anticoagulants, but may also develop spontaneously [2]. Whenever 

a large atherosclerotic plaque ruptures, the core material of the plaque containing CC may 

dislocate into the bloodstream. When entering smaller arteries and getting stuck in a certain 

location it may cause mechanical blockage of the artery and damage to the endothelium. 

Endothelial damage can trigger vascular obstruction, tissue ischemia and organ failure [3]. As 

a multi-system disease, CCE can affect a number of organs including the kidneys, skin, 

gastrointestinal tract, eyes, and muscles. The clinical features of CCE are diverse, which are 

mainly associated with the location of the atheromatous plaque and the obstructed arterial beds. 

CCE can present clinically as purple toes and in the kidneys as acute kidney injury (AKI).  

 

1.1.1 Clinical studies of cholesterol crystal embolism 

That CCE can cause kidney disease was first described by Flory in 1945 [4]. With the 

development of medical technology, especially the popularity of kidney biopsy and the 

application of interventional cardiovascular therapies, cholesterol-induced multiple embolism 

has been found to be an increasingly important type of crystallopathies [1]. Because the disease 

generally requires a biopsy to confirm the diagnosis, patients who have not undergone biopsy 

or are asymptomatic are often not correctly diagnosed, indicating that the incidence of CCE to 

cause AKI is most likely underestimated. 

 

Epidemiology and incidence 

Due to the diversity of symptoms, CCE is underdiagnosed [3, 5]. Flory performed autopsies on 

267 patients with advanced atherosclerosis of which nine had CCE, and four cases of nine 

presented with CCE in the kidney arteries [4]. In a study of patients with thoracic aortic 

atherosclerotic plaques, 16 of the 519 patients (3%) were found peripheral CCE during follow-

up of 34 ± 26 months [6]. Yoshihiro Fukumoto and colleagues prospectively evaluated 1,789 

patients after cardiac catheterization and 1.4% of them were diagnosed with CCE [7]. 19 of the 

660 patients (2.9%) with abdominal aortic aneurysm were reported CCE in a mean of 15 
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months follow-up [8]. In a kidney biopsy study of AKI patients aged over 60, 7.5% of 259 

cases revealed CCE [9]. 

 

Usually, CCE develops in people older than 60 years of age, often with clinical evidence of 

advanced atherosclerotic disease [5]. In a study of 354 renal CCE patients, 60% of them were 

older than 70 years of age and 90% had cardiovascular diseases [10]. CCE was reported to be 

a male-dominant disease with a sex ratio of 3.4:1 [11] or 83% [10]. Other risk factors for CCE 

include hypertension, tobacco usage, diabetes, angiographic procedures, anticoagulant 

treatment, and cardiovascular surgery [5, 12].  

 

Symptoms in the kidney 

The kidney is a common target organ for CC emboli, but only approximately 50% of patients 

present with clinical symptoms [13]. The time of presenting symptoms of AKI varies, for 

example, some patients develop symptoms shortly after CCE, while others show a delay of 

several weeks to months [12-14]. Kidney CCE manifests mostly in the following three 

conditions: 1) AKI that is often accompanied by symptoms from multiple sites or organs, 

resulting either from larger arteries or many emboli; 2) Subacute kidney injury that might be 

associated with an inflammatory response induced by CC emboli or successive lodging of new 

CC emboli; and 3) Chronic kidney disease (CKD) with renal vascular sclerosis or ischemic 

kidney disease that is often asymptomatic because CC emboli are only found in kidney biopsy 

or autopsy [3, 14]. Kidney ischemic injury and infarction, focal segmental necrotizing 

glomerulonephritis, and crescentic glomerulonephritis were observed in biopsies of patients 

with CCE of the kidney [15]. However, evaluating the role of CCE in CKD is rather difficult 

because patients often already have atherosclerotic kidney damage and urine analysis is often 

abnormal due to the underling kidney disease. It is possible that CKD patients may have mild 

proteinuria and red and white blood cells or eosinophils in the urine sediment [14, 16]. 

 

CCE in other organs 

Many factors influence the clinical features of kidney CCE, which involve the size and location 

of atherosclerotic plaques, lodging locations, the amount of CCs and the rupture frequency of 

plaques. CCE can occur in cerebral and retinal arteries, mainly derived from the ascending 

aorta and proximal aortic arch. It often presents with psychological disturbance, headaches, 

localized neurological deficits and amaurosis fugax, acute cerebrovascular disease, mild 

paralysis of the lower extremities, and mononeuropathy [17]. Arterial obstruction of the retina 
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can lead to retinal infarction, also known as Hollenhorst plaque, which is an additional 

diagnostic feature of CCE [18]. Emboli that mobilize to arteries of the kidneys and arteries 

below the abdomen such as in leg and feet are usually derived from the descending thoracic 

and abdominal aorta [17, 19]. Approximately 18% to 48% of CCE patients have 

gastrointestinal problems [20, 21]. Mucosal ulceration or infarction leading to gastrointestinal 

bleeding is more common and can also manifest as diarrhea, intestinal obstruction, stomach 

pain after eating and small intestine perforation. Moreover, skin lesions caused by CCE can be 

found in 35% to 96% of patients based on 6 case series [22]. Typical skin lesions include livedo 

reticularis (lower extremities and belly), cyanosis, infarction of the nail bed, toe gangrene, 

ulcers, and the appearance of blue-purple lesions (blue toe syndrome). In severe cases, penile 

and scrotal necrosis may occur [23]. In addition, hemoptysis, dyspnea, rhabdomyolysis, and 

femoral head necrosis can occur [24].  

 

Diagnosis of kidney CCE 

Histopathological confirmation of CC in kidney biopsies is the only option to confirm the 

diagnosis of CCE in the kidney [25]. CC emboli in the retina support the diagnosis and is more 

convenient to examine compared to kidney biopsy [26]. Kidney CC emboli can affect a variety 

of intrarenal arteries. Typical CCE occurs in medium-sized arteries, such as the arcuate and 

interlobular arteries, but can also occur in terminal capillaries [5]. The pathological 

morphology of CCE is a flat, convex needle shape. In paraffin-embedded tissue sections, CCs 

dissolve during tissue processing with alcohols leaving behind an empty cleft. If the tissue is 

treated with liquid nitrogen, CCs may appear birefingent under polarized light [3]. In the acute 

phase of CCE, CCs are often surrounded by eosinophils and accompanied by an inflammatory 

response in the surrounding interstitium. Fibrosis may develop around the arterial wall in the 

later stage. Usually, the vascular wall is inflamed without fibrinoid necrosis. It is also possible 

that CCs can be present in the glomerular capillaries, and complete obstruction of small arteries 

can lead to infarction or necrosis of the adjacent tissue, and incomplete obstruction can lead to 

localized ischemic atrophy of the kidney occurring distally [5]. 

 

The clinical manifestation of CCE does not only relate to organ damage  but also to systemic 

inflammation. Inflammatory signs such as fever, weight loss, anorexia, fatigue, and myalgia 

are common in CCE patients [22]. Laboratory tests include abnormal inflammatory markers, 

such as increased white blood cells, erythrocyte sedimentation rate and C-reactive protein or 
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decreased serum complement levels. Patients may also have the potential to present anemia, 

thrombocytopenia and hypereosinophilia [22, 27, 28].  

 

1.1.2 Pathophysiology of cholesterol crystal embolism 

Atherosclerotic plaque formation 

CCE occurs when small atheromas from major arteries including the aorta break and flush CC 

emboli into small arteries [1]. The atheromatous plaque or fibrofatty plaque is the central 

pathology of atherosclerosis. The atheromatous plaque forms in the intima layer. Low-density 

lipoprotein (LDL) particles are rich in cholesterol, covered by phospholipid with 

apolipoprotein B transport cholesterol through the bloodstream (Figure 1A). Barrier 

dysfunction of the endothelium favours LDL-C deposition in the intimal layer of arteries [29, 

30]. LDL accumulates and aggregates with intimal proteoglycans and extracellular matrix 

macromolecules, and can enter smooth muscle cells through receptors [31, 32]. Cytokines 

released by endothelial cells and smooth muscle cells promote monocytes to migrate to 

endothelium lesions where they differentiate into macrophages. These macrophages for 

example express scavenger receptors that permit them from overloading cholesteryl ester and 

become foam cells, a hallmark of the early atherosclerotic lesion [33, 34]. Meanwhile, smooth 

muscle cells migrate from the tunica media layer into the intima by mediators released from 

leukocytes [35, 36]. Once atherosclerotic plaques are established they keep growing through 

the accumulation of lipid and lipid­filled cells such as macrophage foam cells.  

 

Atherosclerotic plaques appear most commonly in the large arteries, especially in the ascending 

and abdominal aorta, arteria carotis and iliofemoral arteries [30]. Their formation and severity 

are strongly related to the lifestyle and dietary habits of individuals. For example, a high-fat 

and high-cholesterol diet as well as a sedentary office lifestyle are closely associated with 

advanced atherosclerosis. Other risk factors include monogenic disorders such as familial 

hypercholesterolaemia, diabetes, chronic inflammatory diseases and chronic kidney disease 

[37-40]. 

 

Atherosclerotic plaques rupture 

Usually atherosclerotic plaques remain stable for many years. However, they can gradually 

increase in size and ruptured plaques can damage the wall of arteries leading to coagulation 

and local thrombus formation(Figure 1B) [41]. Compared with ‘stable plaques’, which have 
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less lipid accumulation and thicker fibrous caps, ‘vulnerable plaques’ usually refer to lesions 

with large lipid cores covered by a thin fibrous cap (< 65 μm) [42]. Numerous factors contribute 

to atherosclerotic plaques rupture including inflammation, sheering forces from blood flow 

(especially in hypertension), neovascularization around plaques, aneurysm, infection, anti-

coagulation, surgery and vascular procedures [43]. 

 

Lodging of  the cholesterol crystal emboli  

CCE also referred to as atheromatous embolism is characterized by rupture of atherosclerotic 

plaques and multiple microemboli that contain CC fragments (Figure 1C). The material debris 

are released into the bloodstream and mobilize distally until they stuck in small arterioles that 

range from 100 μm to 200 μm in size [44, 45]. Compared with thromboemboli, CC emboli are 

smaller in size and occlude mainly end-organ arteries; thus, CC emboli are not easy to detect 

in the clinic. CCE can occur in brain and retinal arteries mainly derived from the ascending 

aorta and proximal aortic arch [18, 46]. Emboli that mobilize to arteries of the kidneys and 

arteries below the abdomen such as in leg and feet are usually derived from the descending 

thoracic and abdominal aorta [47]. 



Introduction                                                                                                                            6 

 

Figure 1 Pathophysiology of cholesterol crystal embolism. (A) Atherosclerotic plaque formation. In 

the early stages of lesion initiation, low-density lipoprotein (LDL) particles accumulate in the intima, 

which is composed of smooth muscle cells and elastin and collagen. In response to the pro-inflammatory 

effect of LDL, circulating monocytes migrate to the arterial wall and mature into macrophages. 

Macrophages in turn phagocytose LDL to become foam cells in the intima. Together with foam cells, 

smooth muscle cells migrate to the intima and form atherosclerotic plaque with lipid core eventually. 

(B) Atherosclerotic plaque rupture. With the expansion of the atherosclerotic plaque, the endothelium 

becomes thinner and eventually the plaque detaches from the arterial wall and enter the blood circulation. 

(C) Lodging and the inflammatory response of the cholesterol crystal emboli. Atherosclerotic plaque 

follows the blood flow and lodges in the arterial wall causing endothelial cells damage, collagen 

exposure, platelet activation, NET release, fibrin, etc., and eventually forming CCE. 
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The inflammatory response in cholesterol crystal embolism 

When CC emboli obstruct the lumen of arterioles they promote a cascade of inflammatory 

responses including endothelium dysfunction, the release of cytokines, foreign body reaction, 

and intravascular thrombus formation that subsequently contribute to intimal fibrosis [41, 45]. 

Polymorphonuclear cells and eosinophils are the first cells that infiltrate the affected arterioles 

within the first 24 hours. Afterwards, monocytes infiltrate the affected lesion, differentiate into 

macrophages and form foreign body giant cells to phagocytose large CCs [45]. In addition, CC 

has been reported to activate the complement system though the lectin pathway in the 

inflammatory response [48]. In a recently established animal model of CCE in the kidney, 

extracellular traps were shown to have an important role during emboli formation [41]. 

 

End-organ damage of cholesterol crystal emboli 

CC emboli are quite resistant to the breakdown efforts of macrophages and can remain in 

arterioles for up to 9 months [49]. Ultimately, the different extent of occlusion in the arterial 

lumen cause the tissue ischemic injury. End-organ damage can occur in any organ represented 

as skin necrosis, intestinal injury and acute kidney injury [5]. Clinical symptoms of CCE mostly 

relate to the location of the atheromatous plaque and the affected arterial beds. CC emboli 

released from the descending thoracic aorta may cause kidney failure, kidney infarction, 

mesenteric ischemia, while plaque rupture in the ascending aorta may also affect the brain and 

cause stroke-like symptoms [22].  

 

1.2 Metabolic disorders and cholesterol crystal embolism 

1.2.1 Metabolic syndrome 

Metabolic syndrome is a series of metabolic disturbances caused for example by insulin 

resistance, obesity and hyperlipidemia [50, 51]. The concept was first proposed one hundred 

years ago by Kylin, a Swedish physician, who defined hypertension, diabetes mellitus and gout 

as metabolic syndrome [52]. Over the past few decades, the prevalence of metabolic syndrome 

has strikingly increased worldwide due to the intake of high-calorie foods and the changing 

working patterns, which ranges from 20% to 25% in adults depending on different criteria [53, 

54]. The Center of Disease Control (CDC) reported that 34.2% US adults had metabolic 

syndrome by 2012 [53]. In the general population, it increases the risks of cardiovascular 

disease. For example, people with metabolic syndrome have a 1.5 to 2-fold higher 
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cardiovascular risk than those without [55, 56]. As a hallmark of metabolic syndrome, insulin 

resistance promotes the development of type 2 diabetes. Other risk factors include stroke, 

hyperuricemia, hyperlipidemia and cardiovascular mortality [57, 58]. A better understanding 

of the pathomechanisms and treatment approaches are needed to prevent this global clinical 

problem.  

 

Since diabetes mellitus, hyperuricemia and hyperlipidemia are complex comorbidities of an 

underlying disease or causally linked with each other, it is difficult to dissect the 

interrelationship and influence of different metabolic diseases in patients. Therefore, animal 

models are needed to explore the mechanistic changes between different metabolic diseases.  

 

1.2.2 Diabetes  

Diabetes is a chronic metabolic disease with high blood glucose levels (hyperglycemia), 

leading over time to severe multi-organ injuries in the eyes, kidneys, nerves etc. According to 

the World Health Organization (WHO), about 422 million people all over the world suffer from 

diabetes and cause about 1.6 million deaths each year [59]. Diabetes usually results from 

insufficient production of the hormone insulin (type 1 diabetes, T1D) or an ineffective response 

of cells to insulin (type 2 diabetes, T2D). Other forms include gestational diabetes mellitus and 

specific types of diabetes such as drug- or chemical-induced diabetes. Diabetes can lead to 

various metabolic abnormalities in proteins, lipids and carbohydrates that eventually contribute 

to atherosclerosis [60]. 

 

Diabetes and atherosclerosis  

Diabetes is related to an increased risk of the development of atherosclerosis [61]. For example, 

studies reported an early development of atherosclerosis in T1D patients below 18 years old 

due to dyslipidemia, increased atherosclerotic LDL, hyperglycemia, oxidative stress and 

increased inflammation (Figure 2) [62]. Both large-scale clinical trials in T2D (the United 

Kingdom Prospective Diabetes Study) and T1D (the Diabetes Control and Complications) 

showed that patients without intensive blood glucose control had more risks of vascular 

complications [63].  

 

Mechanistically, small dense LDL (sdLDL) particles play a pivotal role in atherosclerosis and 

studies have demonstrated that diabetes affects the levels of sdLDL. Although LDL is currently 
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considered a major source of intracellular lipid accumulation in atherosclerotic plaques, no 

significant lipid accumulation in cultured macrophages stimulated with native LDL particles 

has been observed [64]. Only alterations in the physical and chemical properties of LDL may 

trigger atherogenic lipid accumulation such as desialylation, which increases the particle 

density of LDL and reduces its volume followed by changes in the negative charge [64, 65]. 

After atherosclerotic low-density LDL accumulation in arterial lesions occurred, proteoglycans 

and LDL particles will be internalized mainly by macrophages in the lesion.  The lower binding 

affinity of low-density LDL to the LDL receptor results in the accumulation of intracellular 

cholesterol in macrophages to form foam cells instead of degrading lipoprotein particles. Mette 

K Hagensen and colleagues illustrated that LDL from T1D patients showed increased 

subendothelial retention at atherosclerosis-prone sites in the arterial wall of mice [66]. A cross-

sectional study reported that both T1D and T2D adolescents present a higher apolipoprotein B 

compared with the healthy control group [67]. Taken together, diabetes is an important 

comorbidity and risk factor of atherosclerosis.  

 

Diabetes in thrombosis and infarction 

Hyperglycemia can affect platelet reactivity, and consequently causes a hypercoagulable state 

in patients. Hyperglycemia can increase intracellular calcium mobilization and P-selectin 

exposure on the platelet surface, also increase the levels of circulating tissue factor in the blood, 

and inhibits platelet membrane fluidity and endothelial nitric oxide production [68-73]. 

Upregulation of systemic procoagulant factors increases the risk of arterial thrombosis such as 

coronary artery disease and cerebrovascular disease in diabetes. It was reported that  20%-40% 

of patients with T2D could finally develop cerebral blood vessel diseases [74]. Accordingly, 

mortality from ischemic infarction in patients with T1D or T2D is higher than in non-diabetic 

patients [75, 76]. In a retrospective cohort study based on 9 million adults, myocardial 

infarction was two to four times higher in diabetes than in those without diabetes [76]. Another 

study followed patients with diabetes for up to 9 years and reported that the risk of ischemic 

stroke was 3 times higher than in non-diabetic patients [77]. 

 

Currently, epidemiological studies between diabetes and CCE are missing. However, it is 

generally agreed that the risk factors for atherosclerosis including diabetes are also major risk 

factors for CCE [5, 13, 78]. In a prospective study of renal-CCE within 354 patients, diabetes 

was one of the significant predictors for death with an average of two years follow-up [10]. In 

diabetic db/db mice, treatment to prevent CC formation or to dissolve CC can markedly reduce 
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the progression of diabetic retinopathy [79]. Clinical and mechanistic studies between diabetes 

and CCE remain of utmost need.  

 

Figure 2 Pathophysiology between diabetes and atherosclerosis. Hyperglycemia, insulin resistance 

and dyslipidemia caused by diabetes can generate advanced glycation end products (AGE), activation 

of inflammatory pathways and lipoprotein particles atherogenic modification. In a hyperglycemic 

environment, many cellular activities promote atherosclerosis, such as endothelial cell dysfunction, 

migration of smooth muscle cells and macrophages, platelet activation and thrombosis formation. 

 

 
Diabetes and acute kidney injury 

AKI refers to a rapid decline in kidney function within a few hours or days. Several human and 

animal studies demonstrate that diabetes contributes to the severity of AKI [80]. In a clinical 

trial in the UK with a median follow-up of 8.2 years, patients with T2D were more likely to 

develop AKI compared to non-T2D patients (48.6% versus 17.2%, respectively), and the 

prevalence of AKI was five times as high as in T2D patients who already had CKD as compared 

to patients without CKD [81]. A meta-analysis of cohort studies concluded that patients with 

diabetes in any level of estimated GFR and urine albumin-creatinine ratio (ACR) were at a 

higher risk of developing AKI [82]. Thus, diabetes is an independent risk factor for AKI.   
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Similarly, studies on the pathomechanisms of diabetes and AKI showed many similarities. For 

example, the hyperglycemic condition can upregulate Na/K ATPase activity and cause 

metabolic/hypoxic stress, which eventually results in impaired proximal tubular reabsorption 

and progression of kidney disease [83-85]. In addition, diabetes has many risk factors for AKI 

such as volume depletion caused by osmotic diuresis, potential nephrotoxic medications 

including inhibitors of the renin-angiotensin system and sodium-glucose cotransporter-2 

(SGLT2) [86-88]. This is also evident by secondary immunodeficiencies related to kidney 

disease — for example glucosuria increases the risk for AKI from ascending urinary tract 

infection [89]. Furthermore, the kidney is a common target organ for CCE in patients with 

advanced atherosclerosis, which is an important comorbidity in diabetes. However, whether 

diabetes affects the outcomes after CC-induced AKI is currently unknown. 

 

 

1.2.3 Hyperuricemia  

Uric acid (UA) is the end product of purine metabolism in humans. In contrast, to rodents, 

humans lost the enzyme uricase during evolution, which degrades UA into the more water-

soluble allantoin. Therefore, humans have higher serum UA levels compared to other species. 

Approximately 70% of UA is excreted by the kidney and 30% by the gut. Genetic variants in 

urate transporters and kidney disease can cause an increase in serum UA levels, i.e., 

hyperuricemia. Hyperuricemia is defined as serum UA concentration of >7 mg/dL (>420 μM) 

in men and >6 mg/dL (>360 μM) in women. The definition threshold is chosen at 6.5 mg/dL 

because it is an approximation of the solubility of urate in water. However, in the plasma UA 

is more soluble and concentrations can increase up to >10 mg/dl (>600 μm) without forming 

crystals. 

 

The association between hyperuricemia and cardiovascular disease 

Whether hyperuricemia is causally related to metabolic comorbidities in humans has been of 

interest for many decades [90]. Epidemiological studies show that hyperuricemia associates 

with cardiovascular diseases. Indeed, serum UA concentrations are higher in individuals with 

coronary artery disease compared to healthy controls [91, 92]. In addition, several studies have 

shown that higher serum triglycerides, cholesterol and hyperglycemia are also associated with 

hyperuricemia [93-95].  
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However, a causal relationship between hyperuricemia and cardiovascular disease remains 

controversial. Data from animal studies and clinical trials are rather confounded because of the 

lack of a suitable animal model with clinically relevant serum UA concentrations or the 

outcome definitions in clinical trials. For example, a prospective cohort study in China 

investigated 2644 adults aged over 40 with a two-year follow-up. All participants with vascular 

stenosis were excluded. The results showed that individuals with hyperuricemia (serum UA 

levels >6 and >7 mg/dL for males and females, respectively) had a significantly higher 

cumulative incidence of stenosis compared with non-hyperuricemic patients, therefore 

increasing the risk for atherosclerosis [91]. Another single-center cross-sectional study 

included 4188 individuals without prior coronary artery disease or hyperuricemia-related 

disease. They found that serum UA levels were independently associated with the severity of 

coronary calcification measured by multidetector computed tomography [96]. In vivo studies 

using Glut9 intestinal-specific knockout mice found that higher serum UA levels (175 μM) 

were associated with early-onset metabolic syndrome and that treatment with urate-lowering 

therapy with allopurinol mitigated hypertension and dyslipidemia situation in knockout mice 

[97]. In contrast, Frederic Preitner et al. did not observe hypertension in liver-specific Glut9 

knockout hyperuricemic mice with serum UA levels of 300 μM [98].  

 

The association of hyperuricemia and kidney disease 

Recent studies have demonstrated that asymptomatic hyperuricemia does not induce kidney 

injury nor contribute to the progression of CKD. Sellmayr et al. used a model of asymptomatic 

hyperuricemia with aristolochic acid I-induced CKD and showed no difference in kidney 

function between asymptomatic hyperuricemic mice with CKD (serum UA level: 15 mg/dL) 

and non-hyperuricemic mice with CKD after 42 days [99]. This is consistent with large multi-

centre randomized control trials with urate-lowering therapy showing no benefit of allopurinol 

treatment in hyperuricemic patients with CKD [100, 101]. Only hyperuricemia with UA 

crystalluria causes tubular injury, inflammation and interstitial fibrosis that ultimately drives 

CKD progression [99, 102].  

 

In addition, evidence now suggests that asymptomatic hyperuricemia with serum UA levels of  

7–10 mg/dL can diminish tubular injury and inflammation, thus accelerating the recovery after 

acute kidney injury on day 14 suggesting an anti-inflammatory role of asymptomatic 
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hyperuricemia in AKI [103]. However, whether asymptomatic hyperuricemia exhibits similar 

effects also in CCE and improves the outcomes after CC-induced AKI is currently unknown. 

 

1.3 The role of the immune system in cholesterol crystal embolism  

Upon tissue damage and injury, several danger response programs are involved such as 

inflammation, clotting, epithelial healing and mesenchymal healing [104]. These protective 

response programs are necessary for humans to survive acute tissue injuries. For example 

during infections, clotting and inflammation occur rapidly to prevent further exacerbation of 

the injury. Although coagulation plays an important role in host defense against pathogenes, 

the release of pro-inflammatory mediators and the activation of danger associated molecular 

patterns (DAMPs) contribute to thrombosis and tissue ischemia in the vasculature. The 

complex interplay between platelets, immune cells and CCs during CCE facilitates the closure 

of ruptured atherosclerotic plaques. 

1.3.1 From Vascular injury to thrombosis 

Platelet interaction with activated endothelium  

Under physiological conditions, pro and anti-thrombotic processes are kept in a balanced to 

maintain hemostasis, arresting bleeding in the accidentally opened vessel. The healthy 

endothelium limits platelet activation and adhesion by releasing NO and prostaglandin I2 

(PGI2) [105, 106]. Endothelial cells also express CD39 and CD73, which hydrolyse ADP to 

AMP and converts AMP to adenosine, and ADP to AMP, thereby inhibiting platelet 

aggregation to maintain vascular homeostasis [105].  

 

Injured endothelium appears to diminish NO bioavailability and increases the adhesion of 

platelets as well as leukocytes [107]. Upon vessel injury, subendothelial matrix and von 

Willebrand factor (vWF) are exposed to the blood flow, that capture circulating platelets via 

vWF-collagen and glycoprotein Ib (GPIb)-IX-V—vWF interactions. Firm platelet adhesion to 

the injured endothelium is ensured by collagen interactions with platelet glycoprotein VI and 

integrin α2β1 [106]. Platelets also express several other integrins, such as αIIbβ3, αvβ3, α5β1 

and α6β1 which can interact with various extracellular matrix proteins (mainly fibrinogen, 

vitronectin, fibronectin, laminin) and also mediate platelet attachment to the vessel wall [107]. 

Activated platelets release a variety of biologically active molecules, including adhesion 
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molecules (P-selectin, FGN, vWF), growth factors, chemokines, cytokines and coagulation 

factors from α granules and ATP/ADP and serotonin from their dense (delta δ) granules along 

with thromboxane A2 production [108]. These secondary mediators also contribute to the 

recruitment of platelets by increasing the affinity of integrin αIIbβ3 for fibrinogen and vWF, 

thereby inducing clot formation.  

 

In the presence of CC, the hemostatic balance is disturbed by the rupture of endothelial layer. 

The vascular extracellular matrix is exposed, which  further trigger platelet adhesion and 

thrombin induce platelet activation, thereby inducing glycoprotein VI (GPVI) and protease-

activated receptor-Gαq (PAR-Gq) signalings, resulting in inside out activation of integrin 

αIIbβ3 [109, 110]. CC can also enhance platelet attachment to the endothelial cells, thereby 

amplifying platelet reactivity through P-selectin exposure, fibrinogen and ATP release from 

activated platelets, increasing the attachment of circulating platelets to the CC-induced thrombi 

[111]. 

 

Activation of the coagulation cascade 

Following the process of blood clot formation, the second wave of a hemostatic process 

initiated by activated platelet mediators, induces the coagulation cascade. Activation of Factor 

XII caused by exposed collagen can trigger intrinsic coagulation pathways [112]. Injured 

endothelial cells also release tissue factors, which trigger extrinsic coagulation pathways [113]. 

The conversion of prothrombin to thrombin by prothrombinase complex is located on the 

activated platelet surface. Once thrombin is formed, conversion of fibrinogen to fibrin occurs 

immediately [114]. The fibrin network entraps circulating platelets, red blood cells and plasma 

proteins, thereby consolidating fibrin rich-thrombi. Upon CC-induced thrombus formation, 

activated platelets can release high amount of fibrinogen from α granules, thereby inducing a 

fibrin-rich blood clot.  

 

 

 

1.3.2 Thrombo-inflammation: interplay between immune cells and platelets 

Platelet interaction with immune cells 

Clotting and inflammation are intimately linked and induce and amplify each other to limit 

fatal bleeding and pathogen invasion upon traumatic injuries [109-111]. Recent studies have 
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shown that platelets are not only involved in coagulation but also have an immune function and 

are actively involved in the inflammatory process [112]. Once immune cells are recruited to 

the site of injury, the interaction between activated platelets and immune cells is strongly 

influenced by interactions of surface receptors. First, neutrophils adhere to the exposed 

endothelial matrix through selectins and their ligands, e.g. β2 integrins and intercellular 

adhesion molecule 1 [113]. Activated platelets release P-selectin from α-granules and transfer 

them to the cell surface. P-selectin glycoprotein ligand-1 (PSGL-1) is expressed on the 

membrane of leukocytes such as neutrophils, monocytes, dendritic cells and subclasses of 

lymphocytes [114]. The efficient association/dissociation interactions between P-selectin and 

PSGL-1 mediate physical interactions between platelets and leukocytes, which are crucial for 

the initial tethering and rolling of leukocytes to the vascular injuries. Afterward, the mixed 

platelet-leukocyte conjugates form in the blood [114]. 

 

In addition, activated platelets release biological molecules with hemostatic and non-

hemostatic functions from α-granules, dense granules, and lysosomes. Of these three, α-

granules are most important. During platelet activation, α-granules fuse with the cell membrane 

and therefore increase the expression of inflammatory proteins and coagulation mediators on 

the surface as well as the release of soluble molecules. For example, platelet factor-4 released 

from α-granules can induce neutrophil activation and phagocytosis as well as respiratory burst 

in monocyte [115]. Chemokine (C-X-C motif) ligand 1 (CXCL1) mediates monocyte 

recruitment along the endothelium under flow in vitro and this can be inhibited by blocking C-

X-C motif chemokine receptor 2 (CXCR2) function [116]. ADP and ATP released from 

platelet dense granules may modulate oxygen respiratory burst in neutrophils by leukocyte 

purinergic receptors [117, 118].  

 

Release of extracellular traps  

A breakthrough in the field of immunothrombosis was the discovery of immune cells releasing 

extracellular traps during infection, i.e., neutrophil extracellular traps (NETs). Extracellular 

traps are composed of DNA, histones and granules from injured immune cells that act as pro-

thrombotic DAMPs and provoke coagulation and fibrin formation [119]. These structures are 

formed by chromatin trapped red blood cells, platelets and coagulation factors including tissue 

factor and fibrin. These processes trigger platelet activation and induce procoagulant and 

prothrombotic effects on the vasculature that ultimately cause the release of extracellular DNA, 

MPO, neutrophil elastase and histones in neutrophils or monocytes [120]. Studies indicate that 
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extracellular traps from neutrophils and monocytes induce endothelial dysfunction and drive 

clotting, which contributes to organ failure [121]. Injecting anti-histone antibodies and 

activated protein C in mice prevented acute tissue injury, while platelets stimulated with 

thrombin receptor agonists induced NETosis, a form of cell death, in neutrophils suggesting a 

direct contribution of activated platelets and their mediators in this process [122].  

 

In addition to immune cells, apoptotic platelets and damaged endothelial cells can also release 

extracellular DNA, therefore the provenance of extracellular traps remains controversial in 

vivo [111, 123]. Indeed, neutrophils, circulating extracellular DNA and neutrophil elastase are 

elevated in stroke patients implying that neutrophils play an important role in extracellular trap 

formation. Similarly, our published data showed that neutrophil depletion by anti-Ly6G 

antibody protects from ischemic tissue infarction during CCE-induced AKI in mice. However, 

this had no significant effect on the glomerular filtration rate (GFR) decline or arterial 

obstructions [111]. While recombinant DNase I inhibited clot formation and protected from 

GFR loss during CCE suggesting that extracellular DNA is not only released from neutrophils 

but also from other cells. Therefore, more studies are needed to unravel the contribution of 

immune cells, endothelial cells and platelets during CCE formation. 
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Figure 3. Central paradigms of immunothrombosis. Damaged vessel walls and injured endothelial 

cells release tissue factor (TF) and extracellular matrix molecules, inducing functional crosstalk 

between platelets and leading to platelet aggregation. Activated platelets promote thrombin formation 

thereby enhancing platelet degranulation and fibrin formation. Activated platelets release 

proinflammatory cytokines from α-granules, which promotes platelet-neutrophil interaction and 

triggers the release of the NETs. vWF, von Willebrand Factor; GPIb, glycoprotein Ib; GPVI, 

glycoprotein VI; TLR, toll-like receptor; LPS, lipopolysaccharides; NO, nitric oxide; GMP, guanosine 

monophosphate; NF-κβ, nuclear factor-κ beta; IL-6, interleukin 6; MPO, myeloperoxidase; NETs, 

neutrophil extracellular traps; MAC-1, macrophage antigen 1. Figure is reprinted and adapted by 

permission from Frontiers. Reprinted from Front Immunol. 2020 Oct 7. Shi C, Yang L, Braun A, Anders 

HJ. Extracellular DNA-A Danger Signal Triggering Immunothrombosis.  

 

1.4 Animal models in metabolic disorders and cholesterol crystal embolism 

1.4.1 Animal models of arterial thrombosis 

Photothrombosis model of cerebral stroke. The cerebral infarct model was induced by a 

photochemical reaction after injecting photosensitive dyes such as rose Bengal into rats [124, 

125]. The photochemical reaction caused the formation of oxygen and superoxide radicals, 

which can damage the surrounding endothelium, promote platelet degranulation and 

aggregation, lead to occlusion and ischemic infarction in the cerebral arteries by platelet-rich 

thrombi. The modification includes targeting the specific individual brain arteries or implanting 

optical fibers to induce infarction in the desired brain area. The benefits of this model is that 
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the animals are freely moving without anesthesia before the acute stroke occurs. This makes it 

possible to observe the brain function and behavior of animals in real-time [126, 127].  

 

Thromboembolic stroke model. This model, which can be induced by injecting thrombus-like 

material into cerebral vessels and internal carotid arteries, is the most popular model for 

studying thromboembolic stroke [128-130]. According to the diameter and quantity of injected 

material, this model leads to the occlusion of one or more arteries followed by ischemic 

infarction in the corresponding area. This model induces a well-defined penumbra around the 

cerebral infarct with a large variation in infarct size and is suitable for studying the pathogenesis 

of arterial immune thrombosis and the role of thrombolytic drugs during this process [131].  

 

Microsphere/macrosphere embolic stroke model. Embolic stroke can be triggered by injecting 

synthetic microsphere/macrospheres spheres (between 20 and 400 μm in diameter) into 

cerebral arteries. Various materials such as silicone, collagen and titanium dioxide have been 

utilized to provoke embolic stroke in vivo [131]. This model leads to permanent ischemia due 

to the artificial spheres that may not be dissolved by the fibrinolytic system. In contrast to 

thrombosis, microspheres can suddenly obstruct arteries leading to a rapid development of 

edema and redistribution of blood flow [132]. However, the disadvantage is the unavailability 

to study thrombolytic drugs. 

 

Cholesterol embolism model. We recently established a novel CCE model by injecting 100 µL 

of CCs into the artery of the kidney in mice [41]. Depending on the amount of CCs, 

intravascular injection causes occlusion of multiple microvascular emboli and subsequent 

ischemic tissue infarction. Histological analysis revealed that not the CCs themselves but the 

clots surrounding the crystals cause vascular occlusion, tissue ischemia and kidney failure. The 

advantage of this model is the kidney function is sensitively associated with the amount of 

crystals injected, although the size of kidney infarction was highly variable in the injured 

kidney. 

 

1.4.2 Animal models of hyperuricemia 

Developing mouse models of asymptomatic hyperuricemia with clinically relevant serum UA 

levels has been challenging because rodents express the enzyme uricase. However, several 

mouse models of hyperuricemia have been developed including genetically modified mouse 

models and environmentally induced mouse models that are described below [133].  
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Environmentally induced and surgical mouse models 

To induce increased serum UA levels, rodent diets can be modified with supplements such as 

UA precursor substances including drugs or diets containing xanthine, hypoxanthine, yeast and 

sardines. Other approaches that have been described are injection of rodents with exogenous 

UA or oral administration of potassium oxonate. Although injecting intraperitoneally 250 

mg/kg UA for 7 days increased serum UA levels from 3 mg/dL to 7 mg/dL in mice 1 hour after 

the final administration [134] or applying potassium oxonate orally increased serum UA levels 

by 1.5 to 2.1 fold within 7 days [135-138], both approaches can only maintain elevated serum 

UA levels for a very short period of time or don’t reach serum levels similar to those observed 

in hyperuricemic patients. In addition, surgical animal models have also been described that 

induce serum UA levels between 2-5 mg/dL including unilateral ureteral obstruction, ischemia 

reperfusion injury and uninephrectomy with diabetes-induced kidney disease[139, 140]. Thus, 

in vivo studies investigating the role of hyperuricemia are impossible with such models.  

 

Genetically induced mouse models. 

Uricase-related models. In 1994, Wu et al. first reported a uricase-knockout mouse Uox-/-, 

which was developed with embryonic stem cells (ESC)-targeting technology [141]. In these 

mice, the activity of uricase was knocked out, which resulted in high serum UA levels (11.0 ± 

1.7 mg/dL) and the development of a sever phenotype. Approximately 65% of mice died by 4 

weeks of age due to UA crystal nephropathy, urolithiasis and/or hyperuricosuria. Lu et al. set 

up another Uox-knockout mouse model based on deleting 28 base pairs in exon 3 of the Uox 

gene [142]. These mice had serum UA levels of 7-9 mg/dL but also developed a strong 

phenotype with 40% of mice dying at 5 weeks of age.  

 

ABCG2-related models. In humans, ABCG2 encodes a secretory urate transporter that regulates 

urate excretion primarily in the gut. Ichida K. et al. generated ABCG2-knockout mice where 

the gut excretion of urate was reduced with only caused a very low increase in serum UA levels 

from 2.8 mg/dL in ABCG2-knockout mice compared with 2.2 mg/dL in healthy control mice 

[143]. 

 

SLC2A9-related models. SLC2A9, also known as GLUT9, is a urate transporter protein 

expressed primarily in the liver but also kidney. Preitner et al. generated whole body Slc2a9-

knockout mice (G9KO) as well as liver-specific Slc2a9-knockout mice (LG9KO, Alb-
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creERT2;Glut9lox/lox) and showed that LG9KO mice had higher serum UA levels (2.0 mg/dL 

in male and 3.1 mg/dL in female) but did not develop kidney disease compared with G9KO 

mice [144]. However, feeding LG9KO mice a purine-rich diet with inosine for 3 days caused 

an increase in serum UA to 300 uM, while feeding a combination of high-fat diet with inosine 

further increased serum UA levels to 500 uM and caused acute UA crystal-induced 

nephropathy [145].  

 

Taken together, developing a mouse model of asymptomatic hyperuricemia with serum UA 

concentrations that mimic human hyperuricemia has been a vast challenge for scientists in the 

past decades. To overcome this issue, a novel mouse model has been established within our 

institute in which LG9KO mice when placed on a standard chow diet with inosine developed 

asymptomatic hyperuricemia with serum UA levels that can reach up to 15 mg/dl dependent 

on the length of the feeding time without causing kidney dysfuntion [99]. This mouse model 

opened up new evenues to finally study the role of asymptomatic hyperuricemia in CCE-

induced kidney injury. 

 

1.4.3 Animal models of diabetes 

Several rodent models to study diabetes and its complications have been established and are 

widely used. Leptin-deficient mice (ob/ob, C57BL/6J genetic background) and leptin receptor-

deficient mice (db/db, C57BLKS/J genetic background) are the most common models to study 

T2D [146-148]. Ob/ob mice develop mild diabetes but severe obesity, while db/db mice 

develop moderate obesity with severe diabetes (hyperglycemia). Of note, if both mouse strains 

are on the same genetic background, they develop an identical phenotype [149]. Db/db mice 

are hyperphagic, hypothermic and have less energy expenditure as a result of reduced brown 

adipose tissue [149]. Serum leptin levels are extremely high in db/db mice and they show 

limitations in linear growth due to insufficient growth hormone [150].  

 

To study the pathogenesis of T1D, most animal models are based on inducing T1D by chemical 

approaches, such as streptozotocin (STZ) or alloxan, which target the insulin-secreting β-cells. 

Both drugs are cytotoxic glucose analogues with high affinity for the GLUT2 transporter. STZ 

is mostly used compared to alloxan due to its stability and lower toxicity. STZ induces T1D 

and other complications including diabetic nephropathy. STZ is cheap, has a short gestation 

time and high genetic homology with humans [151, 152]. However, the disadvantage of this 
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model is that STZ is also toxic to renal tubular epithelial cells, so it is possible that kidney 

damage may occur due to STZ toxicity [153, 154].  

 

It is essential to select appropriate animal models for scientific questions, to explore specific 

pathological mechanisms and to identify potential adverse effects and toxicity. To further 

investigate the effect of metabolic disorders on kidney injury after atherosclerotic plaque 

rupture, we finally choose the STZ-induced T1D model and the asymptomatic hyperuricemic 

model using Alb-creERT2;Glut9lox/lox mice and performed surgery to induce CCE.  
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2. Hypotheses 

Numerous observational studies have reported an association between  metabolic disorders and 

cardiovascular disease where atherosclerosis is a leading cause [30, 155, 156]. In advanced 

atherosclerosis, CCE is a life-threatening complication with an average mortality of 62.8% 

[157]. In a new model of CCE-induced AKI, we recently found that fibrin clots form around 

CCs, obstruct peripheral arteries and cause tissue infarction and organ failure. However, 

metabolic disorders such as diabetes and hyperuricemia are common comorbidities and their 

role in modulating CCE-induced AKI is currently unknown. We hypothesized that metabolic 

disorders would have an impact on the outcomes of CC-induced AKI. 

 

Accordingly, the specific aims of this thesis were: 

  

1. To investigate whether hyperglycemia affects CC-induced AKI in vivo during 

experimental T1D and CC-induced AKI, e.g. kidney injury, inflammation, infiltration 

of immune cells, occlusion and infarction. 

 

2. To investigate whether asymptomatic hyperuricemia affects the outcomes of CC-

induced AKI by exerting anti-inflammatory and vasoactive effects on kidney injury, 

inflammation, infiltration of immune cells, occlusion and infarction. 
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3. Materials and Methods 

3.1 Materials 

3.1.1 Instruments 

Balance:  

Analytic Balance, BP 110 S Sartorius 

Mettler PJ 3000 Mettler-Toledo 

 

Cell Incubator: 

 

Heracell Type B5060 EC-CO2 Heraeus Sepatech 

 

Centrifuges: 

 

Heraeus, Minifuge T VWR International 

Centrifuge 5424 Eppendorf 

Centrifuge 5810R Eppendorf 

Heraeus, Sepatech Biofuge A Heraeus Sepatech 

 

ELISA-Reader: 

 

Tecan, GENios Plus Tecan 

 

Microscopes: 

 

Light microscope Leitz DM II Leica Microsystems 

CCD-Camera Tröndle 

Libra 120 Carl-Zeiss 

Light microscope Zeiss AxioPlan 2 Carl-Zeiss 
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Axiocam HR 

 

Aggregometer: 

Carl-Zeiss 

APACT 4004 Semi-automated  

4-channel platelet aggregometer 

LABiTec 

 

TaqMan Sequence Detection 

System: 

 

ABI prism ™ 7700 sequence 

detector                                                       

Beckman Coulter 

qRT-PCR syber green  LC-480 PE Biosystems 

 

Flow cytometer 
 

FACS Calibur Becton Dickinson 

FACS Canto II Becton Dickinson 

  

Other Equipments:  

Microtome HM 340E IKA GmbH 

Nanodrop  Roche 

pH meter WTW Microm 

Thermomixer 5436 WTW GmbH 

Vortex Genie 2™ Eppendorf 

Water bath HI 1210 Bender & Hobein AG 

Miniaturized imager device Mannheim Pharma & Diagnostics GmbH 

Miniaturized battery Mannheim Pharma & Diagnostics GmbH 
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3.1.2 Chemicals and reagents 

 

Chemicals and reagents Source 

DMEM-medium Biochrom KG 

RT-PCR primers Metabion 

RNeasy Mini Kit Qiagen GmbH 

Fetal calf serum Biochrom KG 

Trypsine PAN Laboratories GmbH 

Penicillin Streptomycin PAN Laboratories GmbH 

Activated form of integrin αIIbβ3 

 (JON/A-PE) 

Emfret Analytics 

P-selectin antibodies conjugated to 

fluorescein isothiocyanate (FITC) 

Emfret Analytics 

Fibrinogen (ab27913) Abcam 

Rat anti-mouse neutrophils Serotec 

CD31 (DIA-310, Dianova) Abcam 

Alpha smooth muscle actin (α-SMA) 

(M0852) 

Ly6B2+ (MCA771G) 

Dako Deutschland  

 

Bio-Rad AbD Serotec Limited 

Blood urea nitrogen (BUN) kit DiaSys Diagnositic System 

Mouse albumin Bethyl Laboratories 

Uric acid assay kit 

LDH cytotoxicity assay 

BioAssay systems 

Roche 

Creatinine FS DiaSys Diagnostic System 

Urea FS DiaSys Diagnostic System 

TMB Substrate Reagent Set Becton Dickinson 

Mouse IL-6 ELISA kit Becton Dickinson 
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AEC Substrate Packing 

Apyrase (grade III) 

Biogenex 

Sigma 

Bovines Serum Albumin 

Collagen  

Collagen suspension 

Roche Diagnostics 

Kollagenreagent Horm 

Takeda 

Collagen-related peptide (CRP) Sigma 

DMSO Merck 

EDTA Calbiochem 

30% Acrylamide Carl Roth 

Eosin Sigma 

Ethanol Merck 

FITC-sinistrin Medi Beacon 

Formalin 

Glucose 

Merck 

Roth 

Prostacyclin(PGI2) Calbiochem 

Streptomycin Sigma, Deisenhofen 

Thrombin Roche Diagnostics 

Uric acid Invivogen 

Water, nuclease free Roth 

Xylol Merck 

Microbeads Miltenyl Biotech 

Cell Titer 96 Proliferation Assay  Promega 

Needles Becton Dickinson 

Pipette’s tip 1-1000μL Eppendorf 

Syringes Becton Dickinson 

Cell culture dishes  Techno Plastic Products AG 
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Tubes 1.5, 2, 15 and 50 mL Techno Plastic Products AG 

Buffers 

Tyrode´s buffer (pH 7.3)  

NaCl 137 mM 

KCl    2.7 mM 

NaHCO3 12 mM  

NaH2PO4 0.43 mM 

Glucose 0.1 % 

Hepes 5 mM 

BSA 0.35 % 

CaCl2   2 mM 

MgCl2 1 mM 

ELISA coating buffer for mouse albumin (pH 9.6)  

Na2CO3 0.0157 M 

NaHCO3 0.3430 M 

ELISA wash buffer for mouse albumin (pH 8.0)  

Tris 50 mM 

NaCl 0.14 M 

Tween20 0.05 % 

ELISA sample diluent buffer for mouse albumin (pH 7.0)  

Tris 50 mM 

NaCl 0.14 M 

BSA 1 % 

Tween20 0.05 % 

ELISA blocking buffer for mouse albumin (pH 8.0)  

Tris 50 mM 
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NaCl 0.14 M 

BSA 1 % 

ELISA coating buffer for mouse IL-6 (pH 9.5)  

Na2CO3 1.59 g to 1 L 

NaHCO3 7.13 g to 1 L 

Phosphate-Buffered Saline (PBS) 1L (pH 7.0)  

NaCl 8 g  

Na2HPO4 1.16 g  

KH2PO4 0.2 g  

KCL 0.2 g 

Assay diluent for mouse IL-6 (pH 7.0)  

PBS   

FBS 10 % 

Wash buffer for mouse IL-6 (pH 7.0)  

PBS  

Tween20 0.05 % 

Citrate buffer 0.1M pH 7.0 

Sodium citrate 0.1 M 40 % 

Citrate 0.1 M 60 % 

3.2 Mouse model procedures 

3.2.1 Housing conditions and ethical approvals 

C57BL/6N background wild type mice were ordered from Charles River (Sulzfeld, Germany), 

and Alb-creERT2;Glut9lox/lox mice and Glut9lox/lox control mice were kindly provided by 

Frédéric Preitner and Bernhard Thorens (University of Lausanne, Center for Integrative 

Genomics, Lausanne, Switzerland).  

 



Materials and Methods                                                                                                                           

 

29 

The provisions of the German Animal Welfare Act (Tierschutzgesetz) were always applied 

during the experiments. All animal experiments used were approved by the local government 

(Regierung von Oberbayern) prior to the study (AZ: ROB ROB-55.2Vet-2532.Vet_02-19-79) 

based on the EU directive for the Protection of Animals Used for Scientific Purposes 

(2010/63/EU) and reported according to the ARRIVE guidelines [158]. 

 

Mice were k e p t in g r o u p s of up to 5 mice inside clean cages with a red mouse house and a s  p e  

n wood litter. Under S  P  F standard conditions, the temperature of the mouse facility was kept 

at 22 ± 2 °C with a 12 hour light/ dark cycle. All mice had unlimited access to water and 

standard chow diet (Sniff, Soest, Germany) ad libitum. The mice cages were changed once a 

week by a t r a i n  e d laboratory animal care keeper. Cages, lids, bedding, houses, nestle, food, 

and water were sterilized by autoclaving before use.  

 

3.2.2 Animal models  

Mouse model of cholesterol crystal embolism  

To induce CCE, 9 weeks old mice were given injection of CCs into the left kidney artery 

according to a procedure as recently reported [41]. In brief, male and female mice were 

anesthetized by injecting medetomidine (0.5 mg/kg), midazolam (5 mg/kg), and fentanyl (0.05 

mg/kg) i.p.. To maintain the body temperature, in a heating chamber was employed. After a 

laparotomy, the left kidney artery was cannulated from across the aorta using a 34-Gauge 

needle and 100 µL CC stock solution or normal saline was injected. The successful CC 

injection was visually verified by the color change of the injured kidney (Figure 4). Afterwards, 

the needle was removed and a cotton swab was immediately placed on the wound with a light 

local pressure for 3 to 5 minutes. A small sponge made from pig gelatine was gently stick on 

the wound to close the artery. Finally, standard absorbable sutures were used to close the 

abdominal wall and skin, followed by subcutaneous injection of atipamezole (2.5 mg/kg) and 

flumazenil (0.5 mg/kg) to antagonize the anesthesia. For pain management, buprenorphine 

(0.05 mg/kg) was subcutaneously injected every 8 hours. 
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Figure 4. Mouse model of cholesterol crystal embolism. (Left image) Before CC injection, the 

kidney was red. (Right image) The successful CC injection was visually verified by the color change.  

 
 

Type 1 diabetic mouse model with cholesterol crystal embolism 

Six-week old wild type C57BL/6N mice were injected intraperitoneally (i.p.) with 

streptozotocin (S  T Z) dissolved in 0. 1 M citrate buffer to induce T1D [127] (Figure 5). Mice 

were administrated with 50 mg/kg STZ i.p. for five consecutive days (final dose per mouse 250 

mg/kg). Blood glucose levels as well as body weight were determined before every injection 

because it was essential to adjust the quantity of STZ if necessary. T1D was established when 

blood glucose levels were > 400 mg/dL, afterwards CC-induced AKI was induced. Control 

mice without T1D were injected 5 times with citrate buffer. Afterwards, mice with and without 

T1D were injected with CC solution as described above. The experiment groups were as follow: 

T1D+CC and WT+CC. 

 

 

All mice were sacrificed 24 hours after CC-induced AKI. Urine and plasma were collected and 

GFR was measured before and 24 hours after surgery. After sacrifice, the injured and 
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contralateral kidney were harvested and one half of the kidney fixed in 4% formalin for 

histological analysis and the other half of the kidney used for TTC staining. 

 

Mouse model of asymptomatic hyperuricemia 

Six-weeks old Alb-creERT2;Glut9lox/lox mice and Glut9lox/lox control mice (on a C57BL/6N 

background) were injected i.p. with tamoxifen every alternative day for one week to 

knockdown Glut9 expression in hepatocytes in the liver [145]. Both groups of mice received a 

standard chow diet enriched with 25.6 g/kg inosine (Ssniff, Soest, Germany) to induce 

asymptomatic hyperuricemia without any renal impairment for two weeks (Figure 6) [99]. 

Glut9lox/lox mice did not develop hyperuricemia and served as control group. Afterward, mice 

with and without asymptomatic hyperuricemia were injected with CC solution or PBS (control), 

as described above. The experiment groups were as follow: Healthy+CC and HU+CC. 

 

 

Figure 6. Schematic of study design for hyperuricemia with cholesterol crystal embolism.  

 

Mice were sacrificed after 24 hours or 14 days after surgery. Urine and plasma were collected 

and GFR measured before and after (1 or 14 days) surgery. After sacrifice, the injured and 

contralateral kidney were harvested and one half of the kidney was fixed in 4% formalin for 

histological analysis and the other half of the kidney was used for TTC staining. 

 

3.3 Assessment of mouse kidney injury  

3.3.1  Primary endpoint  

As primary endpoint, the GFR was measured in conscious mice to assess kidney function as 

previously described [159]. Briefly, the exogenous GFR tracer sinistrin conjugated with 

fluorescein-isothiocyanate (FITC) was used to measure the kidney excretion kinetics. FITC-

sinistrin was prepared at 30 mg/mL in 0.9% sodium chloride. Mice were anesthetized in a 

isoflurane chamber with 20% oxygen. The light sensor device (Medibeacon, Germany) with 
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battery was attached on the back of the mouse and the baseline was recorded when the light 

began flashing (Figure 7A). After waiting for 10 minutes for baseline recording, FITC-sinistrin 

solution was administrated intravenously at a dose of 0.15 mg/g mouse of body weight. The 

measurement period was approximately 90 mintues. After removing the sensor device, the 

MPD Lab software (Medibeacon, Germany) was used to analyze the data (Figure 7B). The 

GFR was calculated using the formular reported previously [160].   

 

Figure 7. Transcutaneous glomerular filtration rate measurement method. (A) Kidney excretion 

kinetics measuring device with the light sensor and attached battery. (B) The sinistrin half-life data. 

 

3.3.2 Secondary endpoints 

TTC staining and infarct size 

At the end of the animal study, both injured and contralateral kidneys were harvested from 

mice and sagittally sectioned half of each kidney. Then the kidneys were labeled and incubated 

with 1% 2,3 , 5-triphenyl tetrazolium chloride (T  T C) for 15 minutes at 37°C. Subsequently, they 

were be fixed in 4  % formalin for 2 hours at room temperture. The infarct size (white color) 

was calculated via percentage of the kidney with Ima  ge J software. 

 

Serum BUN, creatinine, glucose and UACR 

Blood was collected before the experiment and at the end of the study prior to sacrifice. Mouse 

was placed into a mouse restrainer and a tail vein puncture performed (with a 30 G needle) 

without anesthesia. Five drops of blood were collected in a 1.5 mL Eppendorf tube containing 

ethylenediaminetetraacetic acid (EDTA) (10 μL of 0.5 M solution) to get plasma for aim 1 and 

blood were collected without EDTA to get serum for aim 2. After blood collection, the bleeding 

was stopped by applying pressure with a sterile gauze. Blood samples were centrifuged at 8000 

rpm for 8 minutes to get plasma. For serum collection, blood samples were put at 37°C for 2 
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hours and then at 4°C for 1 hour, centrifuged at 5000 rpm for 5 minutes. Supernatent was 

collected and stored at -20°C until further use.  

 

Blood glucose levels were measured before STZ injection, before CC injection and at the end 

of the study using an ACCU-CHEK device. 

 

Creatinine levels in the urine and plasma were detected using a Creatinine FS kit (DiaSys 

Diagnostic system, GmBH, Holzheim, Germany). Urine samples were diluted 4 - 20 times with 

distilled water and plasma samples were used undiluted. The calculation formula is the same 

as the published article [159]. 

  

Blood urea nitrogen (BUN) levels were detected via a Urea FS kit (DiaSys Diagnostic system, 

GmBH, Holzheim, Germany). The calculation formula is the same as the published article [99]. 

 

The urinary albumin to creatinine ratio (UACR) was calculated as follow: 

UACR = albumin content for each sample (mg/dL) / creatinine content (mg/dL) for the same 

sample [161] 

Urinary albumin levels were measured using an albumin ELISA kit from Bethyl Laboratories.  

 

Serum UA level 

To determine serum UA levels, blood was collected without EDTA because EDTA can 

influence the UA assay. Serum UA levels were detected using a QuantiChrom™ Uric Acid 

Assay kit from BioAssay Systems according to manufacturer’s instruction. 5 µL of sample, 

blank and standard were transferred in duplicates into 96-well plate and mixed with 200 µL 

working reagent. The plate was incubated for 30 minutes at room tempertature in the dark and 

optical density read at 590 nm using an ELISA reader (Tecan, GENios Plus). The serum UA 

concentrations were calculated as follow: 

UA (mg/dl) =(OD sample - OD bland) / (OD standard - OD bland) x 10 

 

Serum interleukin-6 levels  

Serum interleukin-6 (IL-6) levels were measured using an mouse-specific ELISA kit from 

RayBiotech according to manufacturer’s instructions. Serum samples were diluted 5 times with 

assay diluent. Capture antibody (goat anti-mouse IL-6, 1:100) was diluted in coating buffer 
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(carbonate-bicarbonate, pH 9.6) in a Nunc Maxisorb flat bottom 96-well plate and incubated 

overnight at 40C. Then aspirate the liquid and wash three times with wash buffer. 100 µL 

standard or sample was added to a 96-well plate and incubated 2 hours at room temperature. 

Afer washing 5 times with wash buffer, working detector, substrate solution and stop solution 

were added as the same method as before [162]. The data was read at 450 nm within 30 minutes 

using an ELISA reader (GENios Plus, Tecan). 

 

3.3.3 Immunohistochemisty  

For tissue analysis, one sagittal half was cut with a tissue slicer (HSMS001-2, Zivic Instr.) to 

obtain 1 μm slices. Infarct size planimetry upon staining with TTC that red staining indicates 

viable tissue [163]. The other half was processed for histology and immunostaining such as 

PAS staining for tissue injury, CD31 staining for vascular injury, α-SMA/fibrinogen co-

staining for quantifying vascular occlusions and vasoconstriction, Ly-6B2+ immunostaining 

staining for inflammation. 

 

For immunohistological analysis, the sagittal half of the tissue was fixed in 10% formalin over 

night, then paraffin blocks prepared using tissue processors (Leica). 2 µm thick paraffin-

embedded sections were cut with Microtome HM 340E. The de-paraffinization and staining 

method as previously described. The primary antibodies used in the study are mentioned above 

(section 3.1.2).   

 

Leukocyte staining: 

The percentage area of infiltrated leukocytes was quantified in each kidney stained with the 

Ly-6B2+ antibody (Serotec MCA771G, 1:200 diluted). Healthy kidneys without injury served 

as control. All quantifications were performed in Fiji software. 

 

CD31 staining:  

Kidney sections were stained with CD31 antibody (DIA-310, Dianova) to show the injury on 

endothelial cells. The percentage of the positive area in the injured kidney was quantified. 

Analysis and statistical method were the same as neutrophils staining. 

 

Alpha-smooth muscle actin (α-SMA) / fibrin staining  
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We performed α-SMA (M0852, Dako ) and fibrinogen (ab27913, Abcam) co-immunostaining 

to quantify the CC-induced occlusion and vasoconstriction ratio in renal artery. The total 

number of arteries in one kidney were quantified by α-SMA positive staining, thrombosis 

occlude arteries were quantified by fibrin positive indication.  

 

3.3.4 Periodic acid Schiff staining and kidney injury score 

For Periodic acid Schiff (PAS) staining, kidney in paraffin were cut to 2 μm sections via tissue 

processors. Then section slides were de-paraffinized in xylene (5 minutes each time with 3 

times) and re-hydrated in 100% ethanol (3 minutes each time with 3 times). Then sections were 

in 95% ethanol (3 minutes each time with 2 times), and 3 minutes in 70% ethanol. After 

washing with distilled water (5 minutes each time with 2 times), sections can be used for PAS 

staining. 

 

First, we incubated kidney sections in periodic acid (2%) for 5 minutes and washed with 

distilled water for 5 minutes. Next, sections were incubated with Schiff reagent for 20 minutes 

at room temperature. Then the sections were washed with distilled water for 6 minutes, 

counterstained with Hematoxylin solution for another 2 minutes, and washed with tap water 

for 5 minutes. In the end, sections were put in 90% ethanol, then dried and mounted with 

coverslips.  

 

Mice kidney injury was measured based on tubular and interstitial injury. The quantification 

includes four different parameters and each parameter has six levels, as follows (Table 1). 15-

20 pictures were taken per kidney with a light microscope Leica DII to cover the whole section, 

and scored 4 parameters about tissue injury in each photo according to injury percentage. The 

kidney injury score in one picture is the sum from these four parameters and the core for one 

mouse is the mean value from all pictures in this kidney. 
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Tubular 
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formation 
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edema 
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l 0         

1 (≤ 20%)         

2 (21% to 40%)         

3 (41% to 60%)         

4 (61% to 80%)         

5 (81% to 100%)         

Table 1. Kidney injury score system for one picture of the kidney section. 

 

3.3.5 Vasoconstriction ratio 

All kidney sections of α-SMA and fibrin co-immunostaining were taken pictures under a light 

microscope Leica DII. Then each cross-sectional artery area (artery area incude lumen) and the 

lumen area of this artery was quantified with Photoshop 21.0 software. For the formula, each 

artery lumen area was calculated as S1, and the cross-sectional artery area was calculated as 

S2. The ratio of lumen/artery area = S1/S2, as follows (Figure 8).  

 

 

 

 

 

 

 

 

3.3.6 Assessment of arterial occlusion 

All kidney sections of αSMA and fibrin co-immunostaining were taken pictures of under a 

light microscope Leica DII. Based on the different size of arteries in the kidney, they can be 

divided into interlobar, arcuate and interlobular (Figure 9). CC-induced clot formation was 

quantified according to three morphological abnormalities: no occlusion (0% of the lumen), 

Ratio of lumen/artery area = S1/S2  

Figure 8. Schematic of the vasoconstriction ratio calculation in the kidney artery.  
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partially occluded (1 - 80% of the lumen), completely occluded (81% - 100% of the lumen) 

(Table 2).  

 

 
 
Figure 9.  

 

 

  Interlobar artery 

(number) 

Arcuate artery 

(number) 

Interlobular 

artery 

(number) 

 

Artery 

conditions of 

occlusion 

Empty A D G  

Partially B E H  

Completely C F I  

Table 2. Schematic of the assessment of arterial occlusion. 

 

Mice were labled in one group as 1, 2, 3, 4…  So, A(total) = A1 + A2 + A3 + A4… 

Total number of the interlobar arteries is Sum(interlobar) = A(total) + B(total) + C(total)  

Finally, results of each group were showed as bellow: 

  Interlobar artery 

(Ratio) 

Arcuate artery 

(Ratio) 

Interlobular artery 

(Ratio) 
 

Artery 

conditions of 

occlusion 

Empty 
A(total)/ 

Sum(interlobar) 

D(total)/ 

Sum(arcuate) 

G(total)/ 

Sum(interlobular) 
 

Partially 
B(total)/ 

Sum(interlobar) 

E(total)/ 

Sum(arcuate) 

H(total)/ 

Sum(interlobular) 
 

Completely 
C(total)/ 

Sum(interlobar) 

F(total)/ 

Sum(arcuate) 

I(total)/ 
Sum(interlobular) 

 

Table 3. The caculation method of arterial occlusion. 
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3.4 Cell culture experiments 

 
3.4.1 Cell culture for mice endothelial cells and human proximal tubular cells. 

Mouse glomerular endothelial cells (GEnC) and human kidney proximal tubular epithelial cells 

(HK2)  were cultured with standard cell culture procedure. We used Dulbecco's Modified Eagle 

Medium (DMEM) with 10% fetal calf serum (FCS) and 1% penicillin‐streptomycin (PS). 

When cells reached 80-90% confluence in the plate, they were detached from the plate and 

used for the experiments like LDH assay, platelet adhesion assay etc. 

 

3.4.2 Preparation of soluble uric acid solution  

50 mg of UA powder (Sigma-Aldrich) was added into 29.75 mL distilled water. Then 0.2 - 0.6 

mL of 1N NaOH was added and shaked until the solution became clear. Finally the PH of the 

solution was adjusted to 7.4 following that the solution was filtered sterile with a 0.22 μm filter. 

The UA concentration was checked by kit (around 100 mM) [164].  

 

3.4.3 Cholesterol crystal stock solution  

10 mg cholesterol powder was suspended in the 5 mL sterile PBS, sonicated them with 

ultrasonic destructor for 1 hour. After that, CC solution was filtered through a 34 Gauge needle 

and autoclaved. Finally the CC concentration was 2 mg/mL. Always shaked the solution before 

using for experiments. 

 

3.4.4 Stimulation assay of HK2 cells 

HK2  cells were incubated at 37°C for 90 minutes in the presence of 10 mg/dL UA or 30 mM 

glucose. Rasburicase (0.3 mg/dL, 1 mg/dL and 1.5 mg/dL) was added to deplete UA in the 

culture medium 1 hour prior to H2O2 stimulation. For UA experiments, cells were incubated 

with 10 mM H2O2 for 3 hours. For high glucose experiments, cells were incubated with 5 

mg/mL CC for 24 hours. 1% triton was used as a positive control. After stimulation, 

supernatants were transferred into a new 96 well plate and cell death was quantified according 

to lactate dehydrogenase (LDH) release using the LDH cytotoxicity assay kit (Cytotoxicity 

Detection Kit, Roche). Values from the triton group were set to 100% and the cytotoxicity in 

experimental groups was calculated and normalized to the percentage of the positive control.  
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3.5 Analysis of platelet function in vitro 

3.5.1 Purification of platelets from whole blood of mice 

Blood was collected from wild type mice in Eppendorf tubes containing 100 µL heparin (20 U) 

and 200 µL Tyrode´s buffer without Ca2+. Then bloods were centrifuged for 5 minutes at 1300 

rpm. Subsequently, the upper part containing erythrocytes was removes into a new Eppendorf 

tube and centrifuged for 6 minutes at 800 rpm. After centrifugation, supernatants were 

transferred and centrifuged again for 5 minutes at 2500 rpm to get platelet pellets. To further 

purify platelets, platelets were washed with Tyrode´s buffer without Ca2+ containing 5 μl/mL 

PGI2 (0.1 μg/mL) and 5 μl/mL apyrase (0.02 U/mL), and centrifuged for 5 minutes at 2500 

rpm. The samples were washed twice. After washing, the number of platelets was counted 

using a hemocytometer. The platelets were suspended at 1x10^6 platelets/μL in Tyrode´s buffer 

without Ca2+ containing 1 μl/mL apyrase (0.02 U/mL). Before further experiments, platelets 

rested for 10-20 minutes. Washed platelets from healthy mice were incubated with different 

UA concentrations (5 mg/dL and 10 mg/dL) or glucose (5.5 mM and 30 mM) at 37°C for 1.5 

hours [165]. Afterwards, platelets were stimulated with 2.5 mg/mL CC. FACS was used to 

quantify the effect of CC, UA and glucose on platelets activation and degranulation. A four-

channel aggregometer APACT 4004 aggregometer was used to test platelet aggregation. RT-

PCR data showed Glut9 expression in platelets from human and mice, murine megakaryocytes, 

kidney and liver. 

 

3.5.2 Platelet aggregation assay 

After incubating platelets with different glucose or UA concentrations for 90 minutes at 37°C, 

we added 40 μL platelets stock solution (1 x 10^6 platelets per μL in Tyrode´s buffer without 

Ca2+) into 160 μL Tyrode´s buffer with human fibrinogen (50 μg/mL) in the presence or 

absence of 2.5 mg/mL CC. A four-channel aggregometer (APACT 40004, Hamburg) 

calculated the suspension of washed platelets by light transmission for 10 minutes. After 55 

seconds, different agonists such as collagen, collagen-related peptide (CRP) and thrombin were 

added into the well. The light transmission of 200 μL Tyrode buffer with human fibrinogen 

was calculated as 100% aggregation.  

 

3.5.3 Platelet integrin activation and degranulation 

After incubating platelets with glucose and UA for 90 minutes at 37°C, 50 μL platelets stock 

solution (1 x 10^6 platelets per μl in Tyrode´s buffer without Ca2+) from each group was added 
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into 450 μL Tyrode´s buffer with Ca2+ in the presence or absence of 2.5mg/mL CC and 

stimulated for 15 minutes. Platelets from WT mice under normal conditions were incubated at 

the same time in the presence or absence of 2.5 mg/mL CC and served as control. Platelets 

were incubated with fluorophore-conjugated antibodies directed against activated αIIbβ3 

integrins (PE-conjugated JON/A) as well as P-selectin or CD62P (FITC-labeled WUG 1.9). 

Afterwards, different agonists such as CRP and thrombin were added in low or high dose 

concentrations. CRP activates platelets through Glycoprotein VI, while thrombin signals via G 

protein-coupled receptors (GPCR). After incubation for 7 minutes at 37°C and 7 minutes at 

room temperature in the dark, the reactions were stopped by adding 0.5 mL PBS to each tube. 

This experiment monitored the signaling-dependent activation of αIIbβ3 integrin and the 

process of degranulation (determined by P-selectin exposure). The samples were analyzed 

through flow cytometry using the BD FACSCanto II and data were analyzed with the FlowJo 

software. 

 

3.6 RNA analysis 

3.6.1 RNA isolation 

RNA isolation was conducded with the RNA isolation kit from Ambion (Ambion, CA, USA). 

Cells were transferred into 0.6 mL lysis buffer with 1% 2-mercaptoethanol. The samples were 

kept on ice all the time. 700 µL of the sample was taken to homogenate with the same amount 

of 70% ethanol and mixed thoroughly. Total RNA was isolated by using Qiagen mRNA 

extraction kit following instructions. Isolated RNA was quantified using Nano drop. The 

purified RNA was stored at -80°C for storage.  

 

3.6.2 RNA reverse transcription 

RNA samples were dissolved in RNase-free water and diluted to get a concentration of 2 µg 

total RNA in 22.45 µL reaction. Then, the prepared master mix was prepared as indicated 

below and added to the sample prior to incubation at 42°C for 90 minutes and 90°C for 5 

minutes. Samples were stored at 4°C. 

Preparation master mix: 
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Master mix: Volume (µL) 

5x buffer 4.5 

0.1M DTT 1 

25 mM dNTPs 0.45 

Rnasin and ribonuclease inhibitor (40 u/µL) 0.5 

Acrylamide (15 µg/mL) 0.25 

10x Hexanucleotide Mix 0.25 

Superscript II (200 u/µL) 0.5 

Sample (2 µg) 15 

Total 22.45 

 

3.6.3 Quantitative real-time PCR  

The mRNA was determined using quantitative real-time PCR (RT-qPCR) with the SYBR 

Green Dye Detection System on a Light Cycler 480. The cDNA samples were diluted at 1:100 

for real-time PCR. The prepared master mix was incubated at the following settings with Light 

Cycler 480: Pre-incubation: 95°C for 5 minutes. Amplification was as follow: 95°C for 15 

seconds, 60°C for 15 seconds and 68°C for 20 seconds by running 40 cycles. Melting curve: 

95°C for 5 seconds and 65°C for 60 seconds. Cooling: 40°C for 30 seconds. The CT values 

were calculated and the results normalized with the reference gene (18s rRNA) for each sample. 

Preparation master mix: 
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Master mix Volume (µL) 

Mix SybrGreen 10 

Taq polymerase (5000 u/mL) 0.16 

Forward primer (10 µM) 0.6 

Reverse primer (10 µM) 0.6 

cDNA 0.2 

ddH2O 8.44 

Total 20 

 

3.6.4 Oligonucleotide primers used for endpoint PCR and quantitative RT-PCR 

The following oligonucleotide primers were used in the study. 

Gene Sequence 

Mouse 18s Forward: GCAATTATTCCCCATGAACG 

 Reverse: AGGGCCTCACTAAACCATCC 

Mouse Slc2a9 1 Forward: TTCGGGTCCTTCCTTCCTCTA 

 Reverse: GGACACAGTCACAGACCAGA 

Mouse Slc2a9 2 Forward: TGCTTCCTCGTCTTCGCCACAATA 

Reverse: CTCTTGGCAAATGCCTGGCTGATT 

Human SLC2A9  Forward: GCTCTTGGAGAAGCACAACGAG 

 Reverse: ACACCAGGCGGATGCTCCTCT 

GAPDH Forward: GTCTCCTCTGACTTCAACAGCG 

 Reverse: ACCACCCTGTTGCTGTAGCCAA 
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3.7 Confocal microscopy imaging 

To determine whether glucose influences necrotic cell death in kidney tubular cells in the 

presence of CCs, cells were incubated in the presence of 0.1 μM Sytox Green dye prior to 

confocal microscopy. Sytox Green is an extracellular DNA dye. Thus, the release of 

extracellular DNA from dying cells can be identified in green using a LSM 510 microscope 

and LSM software. 

3.8 Statistical analysis  

All scientific analyses were completed with Prism 8 (GraphPad Software, San Diego, CA). 

Data were checked for normal distribution before every statistical analysis using the 

Kolmogorov-Smirnov test. Normally distributed data were used to compare two groups via 

unpaired Student’s t-test or via one-way ANOVA followed by Fisher’s LSD test for multiple 

comparisons. Not normally distributed data sets were compared by using the Mann-Whitney 

test for two groups comparisons. Data are presented as means ± SD or means ± SEM. A value 

of p < 0.05 was considered to indicate statistical significance. * p < 0.05, ** p < 0.01, *** p < 

0.001, # P < 0.05, ## P < 0.01, ### P < 0.001. 
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4. Results 

4.1 Type 1 diabetes worsens the outcomes in cholesterol crystal embolism 

To answer the question how hyperglycemia affects CCE-induced AKI and ischemic cortical 

necrosis, we induced experimental T1D and CCE-related AKI in vivo. As primary endpoint, 

the GFR was measured and showed that hyperglycemia aggravated the decline in kidney 

function. Kidney injury, inflammation, infiltration of immune cells, occlusion and infarction 

were evaluated to gain more insights into the pathomechanisms. 

 
4.1.1 Establishment of a mouse model of type 1 diabetes and cholesterol crystal embolism 

To investigate the impact of hyperglycemia in CC-induced AKI, we established a suitable 

mouse model by injecting 6 weeks old C57BL/6N mice either with streptozotocin (STZ) to 

induce T1D or citrate buffer as control, as described in section 3.2.2. At baseline, blood glucose 

levels ranged between 160-220 mg/dL (Figure 10A). After STZ injection, blood glucose levels 

significantly increased up to 500 mg/dL compared with the two groups at baseline and the 

citrate-injected group after 3 weeks (Healthy) indicating that these mice developed T1D 

(Figure 10A). Both groups of mice were then injected with CC. As shown in Figure 10B, the 

blood glucose levels remained low 24 hours after CC injection in non-diabetic mice 

(Healthy+CC) similar to levels found prior to surgery. However, blood glucose levels remained 

significantly high in mice with T1D 24 hours after CC injection (T1D+CC) (Figure 10B).  

 

Previous reports showed that STZ-induced T1D mice gain less body weight (T1D), which was 

consistent with our fundings [166] (Figure 10C), while CCE surgery did not significantly alter 

body weight (T1D+CC). Similarly, CC injection had a statistically negative effect on kidney 

weight, although injured kidneys were slightly heavier than the contralateral kidneys (Figure 

10D). 
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Figure 10. Induction of hyperglycemia and cholesterol crystal embolism in mice. (A) Blood glucose 

levels at baseline and diabetic (T1D) mice after STZ injecton. (B and C) Blood glucose levels (B) and 

body weight (C) before surgery and 24 hours after CC injection. (D) Kidney weight/body weight values 

from both injured and contralateral kidneys after CC injection. n = 8-19 per group. All quantitative data 

are means ± SD, ns = not significant, *** P < 0.001 by one-way ANOVA. 

 

4.1.2 Type 1 diabetes aggravates the decline of kidney excretory function after cholesterol 

crystal embolism 

In order to investigate the effect of hyperglycemia on kidney function after CCE, we measured 

the following functional kidney parameters: GFR, serum BUN, the urinary albumin to 

creatinine ratio (UACR) in diabetic and nondiabetic mice after CC injection. The data showed 

that the GFR significantly decreased in diabetic mice (T1D+CC) after CC injection compared 

with CC-injected non-diabetic mice (Healthy+CC) as indicated by a decrease in delta GFR 
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(Figure 11A and 11B). Consistent with a decline in GFR, CC injection induced an increase in 

urinary albumin/creatinine ratios (UACR) in both groups of mice on day 1 as a result of 

increasing hyperfiltration in the remnant nephrons, while T1D amplified proteinuria in mice 

after CCE (T1D+CC) (Figure 11C). Serum BUN levels increased in non-diabetic mice on day 

1 after CC injection (Healthy+CC) although not significant, while diabetic mice presented with 

significantly higher serum BUN levels following CC injection on day 1 (T1D+CC) (Figure 

11D). Our data indicate that hyperglycemia worsened kidney function, specifically GFR and 

UACR in CCE. 

 

 

Figure 11. Type 1 diabetes aggravates the decline of kidney excretory function after cholesterol 

crystal embolism. (A) the GFR values in different groups (n = 8-15 per group, one-way ANOVA). (B) 

the △GFR is the GFR values 24 hours after CCE subtract the values at the baseline (n = 8-13 per group, 

Student’s t-test). (C and D) The urinary albumin to creatinine ratio (UACR) (C) and serum BUN levels 

(D) in diabetic and non-diabetic mice (n = 7-14 per group, one-way ANOVA). All quantitative data are 

means ± SD, ns = not significant, * p < 0.05, ** p < 0.01. 
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4.1.3 Diabetic mice display increased kidney infarct size and artery occlusion after 

cholesterol crystal embolism  

After injecting diabetic and non-diabetic mice with CC, we collected kidneys to assess kidney 

infarct size after 24 hours via TTC staining as described in section 3.3.2. TTC staining showed 

that CC injection into the left kidney artery induced diffuse (Healthy+CC) or complete 

(T1D+CC) kidney infarction in mice as illustrated by a color change from red to white in the 

injured kidney but not in the contralateral kidney (Figure 12A). This suggests that CC injection 

impaired blood perfusion in the kidney and caused ischemic injury [167]. When quantifying 

kidney infarct size, we found that diabetic mice (T1D+CC) presented with an overall greater 

area of kidney infarct compared with non-diabetic mice (Healthy+CC) (Figure 12B). One 

should mention here that the kidney infarct size after CC injection varied between mice even 

within the same experimental group due to the difficult surgery; therefore, the number of mice 

per group was relatively large to be able to perform statistical analysis (Figure 12B). 

 

 

Figure 12. Diabetic mice display increased kidney infarct size after cholesterol crystal embolism. 

(A-B) Both injured and contralateral kidneys were collected from diabetic and non-diabetic mice at 24 

hours after CCE and stained with TTC for 15 minutes at 37°C. (A) Representative TTC stained kidneys 

from different groups on day 1. (B) Kidney infarct sizes from different groups were quantified by Fiji 

software ( n = 8-15 per group). All quantitative data are means ± SD, ns = not significant, * p < 0.05, 

** p < 0.01, *** P < 0.001 by one-way ANOVA. 
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To quantify the ratio of occluded arteries in diabetic and non-diabetic mice with CCE, kidney 

sections were stained with α-SMA and fibrin and the ratio of occluded interlobar, arcuate, and 

interlobular renal arteries was assessed as described in section 3.3.6. Co-immunostaining 

staining of α-SMA and fibrin showed that intrarenal arteries were either completely and 

partially occluded by CC clots or remained empty (Figure 13A). Interestingly, T1D mice 

presented with more completely and partially interlobar and arcuate kidney arteries after CC 

injection compared with non-diabetic mice with CCE (Healthy+CC) suggesting that T1D 

contributes to worsens immunothrombosis (Figure 13B). 

 

 

Figure 13. Quantification of CC-induced occlusion of intrarenal arteries from different sizes. (A) 

Illustration of the severity of CC-induced obstruction in the kidney arteries. (B) Ratio of CC-induced 

occluded arteris in diabetic and non-diabetic mice according to the size of arteries (n = 8-15 per group). 

Data analyzed with the formula described in 3.3.6. 
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4.1.4 Type 1 diabetes has no effect on vasoconstriction in cholesterol crystal embolism 

Recent studies indicate that diabetes mellitus can lead to constriction in vascular smooth muscle 

cells not only in the aortic tissue but also in the kidney [168, 169]. To investigate a potential 

contribution of T1D on vasoconstriction in CCE, we stained kidney sections with α-SMA and 

fibrin, and vasoconstriction (ratio of lumen/artery area, S1/S2) was verified as described in 

section 3.3.5. Representative images of renal arteries before (empty) and after (occluded) CCE 

are shown in Figure 14A. The ratio of lumen/artery area slighly increased although not 

significantly in the CC-injured kidney compared with the contralateral kidney in control mice 

(Healthy+CC) (Figure 14B). We found no difference in the ratio of lumen/artery area between 

the CC-injured and contralateral kidney in T1D+CC mice (Figure 14B). When looking at the 

interlobar and arcuate arteries in more detail, we did also not observe any differences in the 

ratio of lumen/artery area in the CC-injured kidney in all groups of mice (Figure 14C). The 

data indicated that T1D has no significant effect on vasoconstriction in CCE-induced 

thrombotic angiopathy. 

 

 
 

Figure 14. Type 1 diabetes has no effect on vasoconstriction in cholesterol crystal embolism. (A) 

Representative images of α-SMA/fibrin-stained renal arteries from different groups. (B) Ratio of 

lumen/artery area analyzed from both injured and contralateral kidneys on day 1. (C) Ratio of 

lumen/artery area analyzed of interlober and arcuate arteries from injured kidneys on day 1.  n = 7-14 

per group. All quantitative data are means ± SD, ns = not significant by one-way ANOVA. 
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4.1.5 Type 1 diabetes aggravates kidney injury during cholesterol crystal embolism  

Kidney injury was quantified on PAS-stained kidney section 24 hours after CC injection as 

described in section 3.3.4. The results showed that CC caused tubular injury in diabetic and 

non-diabetic mice on day 1 (Healthy+CC) compared with control mice (Healthy) on day 0 as 

illustrated and quantified by increased tubular necrosis, tubular dilation and cast formation 

respectively (Figure 15A and 15B). However, diabetic mice (T1D+CC) displayed severe 

tubular necrosis and tubular dilation as compared to non-diabetic mice after CC injection 

(Healthy+CC), while T1D+CC mice with similar tissue edema (Figure 15C) suggesting that 

T1D worsened CC-induced AKI.  

 
Figure 15. Type 1 diabetes induces more kidney injury in mice with cholesterol crystal embolism. 

(A) Representative images of PAS staining from different groups on day 0 and day 1. * is indicated 

tubular necrosis,  is tubular dilation,  is cast respectively. (B) Kidney injury analysis score from 

sum of the four evaluations including tubular necrosis, tubular dilation, cast formation and tissue edema. 

(C) Kidney injury analysis score in different parameters. n = 8-13 per group. All quantitative data are 

means ± SD, ns = not significant, * p < 0.05, ** p < 0.01, *** P < 0.001 by one-way ANOVA. 
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4.1.6 Type 1 diabetes aggravates necroinflammation in mice with cholesterol crystal 

embolism 

To investigate whether T1D could enhance the inflammatory response during CC-induced 

immunothrombosis, serum levels of the pro-inflammatory cytokine IL-6 were measured before 

and after CC injection. As shown in Figure 16A, serum IL-6 levels significantly increased 

following CC injection in diabetic and non-diabetic mice of which diabetic mice had 

significantly elevated IL-6 levels compared to the control group (Figure 16A).   

Neutrophils play an essential role during AKI and immunothrombosis [170, 171]. To look for 

a potential contribution of T1D on leukocytes infiltration, kidney sections were stained with 

the anti-Ly6B2+ antibody and the percentage of Ly6B2+ leukocytes in the kidney was 

quantified as described in section 3.3.3. As illustrated in Figure 16B, leukocytes infiltrated the 

kidney after CC injection on day 1 as compared to the control groups on day 0. Leukocytes 

were predominantly located near the renal arteries (Figure 16B). Quantification of kidney 

sections revealed a significant increase in the number of  leukocytes in mice with CCE of which 

diabetic mice had two-fold higher leucocyte numbers after 24 hours than non-diabetic mice 

(Figure 16C). Taken together, T1D aggravated necroinflammation in mice after CCE. 
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Figure 16. Type 1 diabetes aggravates necroinflammation in mice with cholesterol crystal 

embolism. (A) Serum IL-6 levels from different groups on day 0 and day 1 (n = 5-10 per group). (B) 

Representative images of Ly6B2+ stained kidney sections before and after CCE injury and zoom in 

images are shown below. (C) Quantified Ly6B2+ positive staining of the healthy or CCE-injured 

kidneys  (n = 6-12 per group). All quantitative data are means ± SD, ns = not significant,  ** p < 0.01, 

*** P < 0.001 by one-way ANOVA. 

 

 
4.1.7 Type 1 diabetes has no effect on endothelial injury in cholesterol crystal embolism 

Previous reports have shown that CC can destroy the integrity of the vasculature and cause 

endothelial injury during clot formation [41]. To determine whether T1D would aggravate 

endothelial injury during CCE, we performed CD31 immunostaining of kidney sections and 

confirmed that CC reduced the intensity of CD31 (Figure 17A) as well as the percentage (%) 

of CD31 positive area (Figure 17B) in the kidney from diabetic and non-diabetic mice as 

compared to the control groups without CC injection. However, there was no statistical 
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difference between diabetic (T1D) and non-diabetic (Healthy) mice after CCE (Figure 17B), 

indicating that T1D does not worsen endothelium injury in CC-induced AKI. 

 

 
Figure 17. Type 1 diabetes has no effect on endothelial injury in cholesterol crystal embolism. (A) 

Representative CD31 staining sections before and after CCE injury and the zoomed-in details are shown 

below. (B) Quantification of CD31 positive area of the healthy or CCE-injured kidneys (n = 7-16 per 

group). All quantitative data are means ± SD, ns = not significant, *** P < 0.001 by one-way ANOVA. 
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4.1.8 High glucose concentration promotes cholesterol crystal-induced platelet 

aggregation in vitro 

In CC embolism model, vascular collagen matrix is an important element inducing local 

platelet adhesion and thrombus growth. Furthermore, CC embolism induce fibrin accumulation 

and neutrophil recruitment, tthereby leading to the vascular occlusions [41]. Published articles 

showed that blood glucose can affect platelet function in multiple ways in vitro [172]. 

Similarly, diabetic patients have a higher risk to suffer from coronary artery disease [173]. To 

investigate whether T1D contributes to collagen-driven platelet activation and aggregation 

during crystal clot formation and to verify our in vivo findings, we isolated platelets from 

C57BL/6N wild type mice and stimulated them with glucose and/or CC in vitro as described 

in section 3.5.2. Afterward, collagen, a GPVI-selective agonist was added to all four groups 

and platelet aggregation responses were recorded. As shown in Figure 18A, incubating platelets 

with CC increased collagen-induced platelet aggregation compared to untreated platelets 

(control). However, stimulating platelets with glucose also induced platelet aggregation (HG) 

that was even more pronounced in platelets stimulated with glucose and CC (CC+HG) in the 

presence of collagen (Figure 18B) indicating that combined CC+HG treatment can amplify 

CC-induced platelet aggregation in response to collagen. 

 

Next, we studied platelet activation and degranulation in the presence of glucose with or 

without CC. For this, washed mouse platelets were pre-incubated with or without glucose 

and/or CC, and stimulated with collagen-related peptide (CRP), which only activates 

glycoprotein VI-immunoreceptor tyrosine-based activation motif (GPVI-ITAM) pathway in 

platelets. In resting platelets, αIIbβ3 integrin is constrained in inactive confirmation. Upon 

stimulation with agonists, transduction of inside-out signaling, resulted in αIIbβ3 integrin 

activation, to adopt a high affinity conformation, and leads to platelet activation. In this study, 

the JON/A-PE antibody was used to detect only the active form of αIIbβ3 integrin in murine 

platelets. Flow cytometric analysis showed that CC or glucose treatment increased inside-out 

activation of αIIbβ3 integrin compared to resting platelets, that was further increased in 

platelets stimulated with both glucose and CC (HG+CC)  (Figure 18C).  

 

We also investigated the effect of CC and glucose on P-selectin exposure, recognized marker 

of platelet α-degranulation. Flow cytometric analysis showed that CC induced degranulation 
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in platelets as indicated by an increase in P-selectin levels (Figure 18D). Similar results were 

obtained in the presence of glucose alone (HG) and platelet degranulation was further enhanced 

in response to glucose plus CC (HG+CC) (Figure 18D). Taken these results together, our in 

vitro findings support the in vivo results showing that hyperglycemia promotes CC-induced 

clot formation and infarct size in the kidney due to multiple functional changes in platelets 

including aggregation, αIIbβ3 integrin activation and platelet degranulation. 

 

Figure 18. Glucose promotes cholesterol crystal-induced platelet aggregation in vitro. (A and B) 

Washed platelets from BL6N WT mice were stimulated with glucose and/or CC in vitro as described 

in section 3.5.2. Platelets aggregation was quantified by light transmission. Platelet-poor-plasma in 

Tyrode´s buffer with human fibrinogen was set as 0% aggregation and 200 μL Tyrode buffer with 

human fibrinogen was set as 100%. (A) Platelet aggregation curves in represent light transmission over 

time with adding collagen 2.5 μg/mL at 60 seconds. (B) Maximal platelet aggregation in different 

groups with adding collagen 2.5 μg/mL at 60 seconds (n = 5-10 per group) . (C and D) Platelet αIIbβ3 

integrin activation (C) and P-selectin exposure (D) serving as measure for α-granule release and were 

determined by flow cytometry (n = 4-5 per group). All quantitative data are means ± SD, ns = not 

significant, * p < 0.05, ** p < 0.01, *** P < 0.001 by one-way ANOVA. CRP: collagen-related peptide. 
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4.1.9 High glucose aggravates tubular and endothelial cells death caused by CC injury 

As previously shown on PAS-stained kidney sections, T1D mice (T1D+CC) presented with 

more necrosis in the kidney than the control group (Healthy+CC). To further explore whether 

hyperglycemia can increase necrosis in tubular epithelial and glomerular endothelial cells in 

the presence of CC in vitro, we pre-incubated HK2 cells and GEnC with or without glucose 

(30 mM) prior to CC stimulation (2.5 mg/mL). Images of extracellular DNA were taken and 

cell cytotoxicity analyzed as mentioned in section 3.4.4. As shown in Figure 19A, CC and 

glucose (HG) increased cytotoxicity in HK2 cells and GEnC. However, glucose further 

enhanced this effect in the presence of CC (HG+CC). Similarly, tubular epithelial and 

glomerular endothelial cells released significantly more extracellular DNA in the presence of 

glucose and CC (CC+HG) than the other groups in GEnC (Figure 19B). The data indicated that 

glucose aggravates cell death caused by CC, which was consistent with the in vivo results that 

hyperglycemia increased necrosis in tubular epithelial cells during CCE-induced kidney injury.  

 
Figure 19. High glucose aggravates tubular epithelial cells and glomerular endothelial cells death 

caused by CC injury. (A) Representative pictures of extracellular DNA in cultured GEnC stained by 

Sytox Green. (B) GEnC and HK2 cells cytotoxity in different conditons (n = 7 per group). All 

quantitative data are means ± SD, ** P < 0.01, *** P < 0.001 by one-way ANOVA. 
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4.2 Hyperuricemia has vasoactive properties in cholesterol crystal embolism 

To investigate whether asymptomatic hyperuricemia, an important metabolic disorder, would 

affect the outcomes of CC-induced AKI, the CCE experiments were performed in 

hyperuricemic mice model in vivo. We observed anti-inflammatory and vasoactive effects of 

asymptomatic hyperuricemia in this context. The occlusion in kidney arteries and ischemic 

tissue infarction were quantified. In addition, the effects of soluble UA in response to CC were 

also evaluated in washed platelets from BL6N WT mice and human tubular cells in vitro. 

 
4.2.1 Establishment of a mouse model of asymptomatic hyperuricemia and cholesterol 

crystal embolism  

To generate a model of asymptomatic hyperuricemia with CCE, we first checked whether 

asymptomatic hyperuricemia had an impact on body weight and kidney function in male and 

female Alb-creERT2;Glut9lox/lox mice. Alb-creERT2;Glut9lox/lox and Glut9lox/lox control mice 

were injected with tamoxifen and placed on a standard chow diet enriched with inosine for two 

weeks as described in section 3.2.2. As shown in Figure 20A, Alb-creERT2;Glut9lox/lox mice 

(HU) developed hyperuricemia as indicated by a significant increase in serum UA levels (7-12 

mg/dL) in both female and male mice, while the serum UA levels remained normal in 

Glut9lox/lox control mice (Healthy). No difference in body weight between healthy and 

hyperuricemic female mice was observed (Figure 20B). Similar results were noticed in male 

mice. Of note, female mice were in general smaller than male mice. Importantly, hyperuricemia 

did not induce a decrease in GFR in male and female Alb-creERT2;Glut9lox/lox mice as 

compared to healthy Glut9lox/lox mice (Figure 20C) indicating that asymptomatic hyperuricemia 

did not induce kidney injury independent of the sex. Therefore, both female and male mice 

were used throughout the study. 
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Figure 20. Establishment of a mouse model of asymptomatic hyperuricemia. Alb-

creERT2;Glut9lox/lox (HU) and Glut9lox/lox control mice (Healthy) were injected with tamoxifen and 

placed on a standard chow diet enriched with inosine for two weeks as described in section 3.2.2. After 

that serum uric acid levels (A), body weight (B) and GFR (C) were tested in both male and female mice 

before CCE surgery. n = 6-28 per group. All quantitative data are means ± SD, ns = not significant, ** 

p < 0.01, *** P < 0.001 by one-way ANOVA. 

 

 

Next, we injected hyperuricemic and healthy mice with CC. Our results showed that 

hyperuricemia nor CCE induced a drop in body weight in mice (Figure 21A). After CC 

injection into the left kidney artery, the kidney weight slightly increased on day 1 compared 

with healthy and hyperuricemic (HU) mice on day 0 (Figure 21B), while kidney weights 

significantly decreased on day 14 after CC surgery in both groups of mice (Figure 21B). We 

did not observe differences in the weight of the contralateral kidneys between both groups 

indicating that hyperuricemia may not promote hypertrophy (Figure 21B). 

 

Figure 21. Body and kidney weight in different groups. (A) No loss of body weight occurred during 

the experiments in both groups of mice. (B) CC-injured kidney atrophy occurred in both groups only 

on day 14. n = 8-25 per group. All quantitative data are means ± SD, ns = not significant, *** P < 0.001 

by one-way ANOVA. 

 

After injecting mice with CC, serum UA levels increased in hyperuricemic mice from 9 to 15 

mg/dL and in the healthy (non-hyperuricemic) from 5 to 7 mg/dL on day 1 compared to day 0 
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due to the impaired urinary UA clearance as a result of kidney injury (Figure 22). However, 

serum UA levels returned to baseline after 14 days.   

 

 
Figure 22. Serum uric acid level before and after cholesterol crystal injection. Serum UA levels on 

day 0，1 and day 14 after CCE in both HU and control mice. n = 8-16 per group. All quantitative data 

are means ± SD, *** P < 0.001 compared between two groups at the same time points, ### P < 0.001 

compared with day 0 baseline, by one-way ANOVA. 

 

 

4.2.2 Hyperuricemia contributes to a greater decline in kidney excretory function after 

cholesterol crystal embolism 

Next, we looked at the effect of asymptomatic hyperuricemia on kidney function after CCE. 

As shown in Figure 23A, GFR and delta-GFR significantly decreased in control mice (Healthy) 

and even more than 60% in hyperuricemic mice (HU+CC) after CC injection on day 1 (Figure 

23A and 23B). After 14 days, the kidney function fully recovered in control mice 

(Healthy+CC), while the GFR remained low in hyperuricemic mice (HU+CC) (Figure 23A and 

23B). Consistent with the GFR measurement, serum BUN levels were higher in hyperuricemic 

mice compared to control mice after CC injection on day 1 and 14 (Figure 23C). Taken together, 

the data suggested that asymptomatic hyperuricemia contributes to a greater reduction in 

kidney function after CCE possibly due to a compensatory vasoactive effect. 
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Figure 23. Hyperuricemia contributes to a greater reduction in kidney excretory function after 

CC-induced AKI. (A) GFR values on day 0, 1 and 14 after CCE in both hyperuricemic HU and control 

mice (n = 8-17 per group, * compared between two groups at the same days, #  compared with day 0 

baseline, by one-way ANOVA). (B) the △GFR is the GFR values on day 1 or day 14 after CCE subtract 

the values on day 0 from each mice (n = 6-17 per group, Student’s t-test). (C) Serum BUN levels from 

different groups (n = 7-8 per group, one-way ANOVA). All quantitative data are means ± SD, ns = not 

significant, * p < 0.05, ** p < 0.01, *** P < 0.001, ### P < 0.001. 

 

4.2.3 Hyperuricemia decreases kidney infarction and artery occlusion in the early but not 

the late phase after cholesterol crystal embolism 

After injecting hyperuricemic (HU) and control (Healthy) mice with CC, we collected kidneys 

to assess kidney infarction on day 1 and day 14 using TTC staining as previously described in 

section 3.3.2. TTC staining showed that CC injection into the left kidney artery induced diffuse 

or complete kidney infarction in mice as illustrated by a color change from red to white in the 

injured kidneys but not in the contralateral kidney (Figure 24A). When quantifying kidney 

infarct size, we found that hyperuricemic mice (HU+CC) had significantly less kidney infarct 

size than healthy mice on day 1, an effect that disappeared on day 14. This suggests that CC 

injection reduced renal blood flow more in healthy mice (Healthy+CC) than in hyperuricemic 

mice and that hyperuricemia diminished ischemic tissue infarction on day 1 (Figure 24B).  
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Figure 24. Hyperuricemia decreases kidney infarction in the early but not the late phase after 

cholesterol crystal embolism. (A and B) Both injured and contralateral kidneys were collected from 

HU and control (Healthy) mice on day 1 and day 14 after CCE and stained with TTC for 15 minutes at 

37°C. (A) Representative TTC stained kidneys from different groups. (B) Kidney infarct size from 

different groups were quantified by Fiji software ( n = 8-16 per group). All quantitative data are means 

± SD, ns = not significant, * p < 0.05 by one-way ANOVA. 

 

 
To quantify the ratio of occluded arteries in hyperuricemic and control mice after CCE, kidney 

sections were stained with α-SMA and fibrin and the ratio of occluded interlobar, arcuate and 

interlobular renal arteries was assessed as described in section 3.3.6. Co-immunostaining 

staining of α-SMA and fibrin showed that intrarenal arteries were either completely and 

partially occluded by CC clots or remained empty (Figure 25A). The mean values of the artery 

conditions from each groups were quantified and are shown in Figure 25B for day 1 and Figure 

25C for day 14. The results displayed that CC caused occlusion in renal arteries in both groups 

of mice. However, hyperuricemic mice (HU+CC) had less completely occluded interlobar and 

arcuate arteries but more partially arcuate arteries and completely interlobular arteries than 

control mice (Healthy+CC) on day 1 (Figure 25B) suggesting that in hyperuricemic mice the 

CC clots may obstruct deeper the kidney arteries. In addition, both hyperuricemic and healthy 

mice presented with a similar ratio of occluded interlobar renal arteries, while hyperuricemic 

mice had more occluded arcuate and interlobular arteries compared with healthy mice on day 

14 after CCE (Figure 25C).  



Resultes                                                                                                                             

 

62 

 
Figure 25. Quantification of CC-induced arterial occlusions from different groups. (A) Illustration 

of the severity of CC-induced obstruction in the kidney arteries. (B and C) Ratio of CC-induced 

occluded arteris in hyperuricemic (HU) and healthy mice according to the size of arteries on day 1 (B) 

and day 14 (C). n = 8-16 per group. Data analyzed with the formula described in 3.3.6. 
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4.2.4 Hyperuricemic mice display a higher vasoconstriction ratio on both kidneys after 

cholesterol crystal embolism 

To better understand why the kidney function (GFR) in hyperuricemic mice declined by more 

than 60% after CCE compared to baseline (before CCE) and the healthy group, we stained 

kidney sections with α-SMA and fibrin, and quantified the ratio of lumen/artery area (S1/S2) 

as described in section 3.3.5. Representative images of renal arteries from the injured and 

contralateral kidney on day 0, 1 and 14 after CCE are shown in Figure 26A. After CC injection, 

the ratio of lumen/artery area decreased in the contralateral kidney in healthy mice after CCE 

on day 1 compared with day 0 and returned to baseline on day 14 (Figure 26B and 26C). 

Interestingly, the ratio of lumen/artery area decreased in both injured and contralateral renal 

arteries in hyperuricemic mice compared with healthy mice on day 1 (Figure 26B and 26C). 

This was more pronounced in the contralateral arteries in hyperuricemic mice on day 1 as 

indicated by a 50% drop in the ratio of lumen/artery area compared with baseline values before 

surgery and a 30% drop compared with the injured kidneys. However, 14 days after CC 

injection, vasoconstriction of the contralateral kidney arteries returned to baseline ratios in 

hyperuricemic mice, while the ratio remained low in the CCE injured kidney (HU+CC injured). 

Taken together, the results suggested that hyperuricemia induced vasoconstriction of the 

arteries in the injured and even more in the contralateral kidney after CCE providing an 

explanation for the significant decline in kidney function.  
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Figure 26. Hyperuricemic mice display a higher vasoconstriction ratio in both kidneys after 

cholesterol crystal embolism. (A) Representative images of α-SMA/fibrin-stained renal arteries from 

different groups. (B and C) Ratio of lumen/artery area analyzed from both injured and contralateral 

kidneys on day 0, day 1 and day 14. n = 37-200 arteries per group. All quantitative data are means ± 

SD, ns = not significant, * p < 0.05, ** p < 0.01, *** P < 0.001, ### P < 0.001 by one-way ANOVA.  
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4.2.5 Hyperuricemia reduces kidney injury on day 1 but worsens on day 14 after 

cholesterol crystal embolism 

To investigate the contribution of hyperuricemia on kidney injury, we performed PAS staining 

of kidney sections and quantified tissue injury on day 1 and 14 after CC injection as described 

in section 3.3.4. As illustrated in Figure 27A and quantified in Figure 27B, PAS staining 

revealed less kidney injury in hyperuricemic (HU+CCE) mice compared to healthy mice 

(Healthy+CEE) after CCE on day 1. In particular, we observed significantly less tubular 

necrosis and renal interstitial edema in hyperuricemic mice (Figure 28A), while tubular dilation 

and cast formation were similarly affected between hyperuricemic and healthy mice at day 1 

after CCE. However, this was different on day 14 after CCE. Hyperuricemic mice presented 

with a higher kidney injury score than healthy mice after CCE, in particular cast formation 

significantly increased in kidneys from hyperuricemic mice as compared with healthy mice 

(Figure 28B). No difference was observed in interstitial edema, tubular necrosis and tubular 

dilation between both groups of mice on day 14. Taken together, hyperuricemia reduced CC-

induced acute kidney injury during the early phase but worsened kidney injury on day 14.  
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Figure 27. Hyperuricemia reduces kidney injury on day 1 but worsens the outcome on day 14 

after cholesterol crystal embolism. (A) Representative images of PAS-stained kidneys from healthy 

and hyperuricemic mice on day 0, 1 and 14 after CCE. * is indicated tubular necrosis,  is tubular 

dilation respectively. (B) Quantification of the total kidney injury score evaluated for tubular necrosis, 

tubular dilation, cast formation and tissue edema. n = 8-17 per group. All quantitative data are means ± 

SD, ns = not significant, * p < 0.05, ** p < 0.01, *** P < 0.001 by one-way ANOVA. 



Resultes                                                                                                                             

 

67 

 
Figure 28. Kidney injury score after cholesterol crystal embolism. (A) Kidney injury score 

evaluated according to tubular necrosis, tubular dilation, cast formation and tissue edema on day 1. (B) 

Kidney injury score on day 14. n = 8-17 per group. All quantitative data are means ± SD, ns = not 

significant, * p < 0.05 by one-way ANOVA. 

 

 
4.2.6 Hyperuricemia increases serum IL-6 levels but not leukocyte counts in mice after 

cholesterol crystal embolism 

To investigate whether asymptomatic hyperuricemia would affect the inflammatory response 

during CC-induced immunothrombosis, serum levels of the pro-inflammatory cytokine IL-6 

were measured before and after CC injection. As shown in Figure 29A, serum IL-6 levels 

increased in both hyperuricemic (HU+CCE) and healthy (Healthy+CCE) mice after CCE on 

day 1 and returned to baseline on Day 14 (Figure 29A). However, serum IL-6 levels were four-

times higher in hyperuricemic mice compared with healthy mice at day 1 after CCE (Figure 

29A).  

 

One hallmark of inflammation is the infiltration of immune cells to the site of tissue injury. To 

address whether asymptomatic hyperuricemia modulates leukocyte infiltration, we stained 

kidney sections with the anti-Ly6B2 antibody as described in section 3.3.3 and found that the 

percentage of Ly6B2+ leukocytes increased in hyperuricemic and healthy mice on day 1 after 

CC injection as illustrated in Figure 29B. Leukocytes were mainly observed in the areas of 

injured arteries and the surrounding ischemic tissue (Figure 29B). However, the percentage of 

infiltrating Ly6B2+ leukocytes decreased on 14 days compared to day 1, whereas no difference 

was found between hyperuricemic and healthy mice after CCE (Figure 29C). 
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Figure 29. Hyperuricemia increases serum IL-6 levels without affecting leukocyte infiltration in 

mice after cholesterol crystal embolism. (A) Serum IL-6 levels from different groups on day 0, day 1 

and day 14 (n = 8-11 per group). (B) Representative images of Ly6B2+ stained kidney sections before 

and after CCE injury and zoomed-in images are shown on the right. (C) Quantified Ly6B2+ positive 

area of the healthy or CCE-injured kidneys  (n = 6-16 per group). All quantitative data are means ± SD, 

ns = not significant,  * p < 0.05, *** P < 0.001 by one-way ANOVA. 
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4.2.7 Hyperuricemia did not affect endothelial injury in cholesterol crystal embolism 

To determine whether asymptomatic hyperuricemia contributes to endothelial injury during 

CCE, we performed CD31 immunostaining of kidney sections and found that CC caused a 

significant decrease in the intensity of CD31 (Figure 30A) as well as the percentage of CD31 

positive area in the kidney of both hyperuricemic and healthy mice 1 day after CCE (Figure 

30B). However, the percentage of CD31+ area increased again on day 14 in both groups of 

mice (Figure 30B), while no differences were observed between the groups after CCE 

indicating that hyperuricemia does not affect endothelial injury in CC-induced AKI. 
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Figure 30. Hyperuricemia is dispensable on endothelial injury in cholesterol crystal embolism. 

(A) Representative images of CD31-stained kidney sections before and after CCE injury and the 

zoomed-in details are shown on the right side. (B) Quantified CD31 positive staining of the CCE-injured 

kidneys at different time points (n = 6-16 per group). All quantitative data are means ± SD, ns = not 

significant, ** p < 0.01, *** P < 0.001 by one-way ANOVA. 
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4.2.8 Soluble uric acid has no effect on CC-induced platelet aggregation, activation and 

degranulation in vitro 

Platelets play an important role in the vascular occlusion after CCE [41]. Clinical evidence 

suggests that the concentration of serum UA serves as a negative predictor of platelet reactivity 

[174]. However, whether asymptomatic hyperuricemia and soluble UA  have effects on platelet 

function and activity in CCE is currently unknown. To investigate this and to verify our in vivo 

findings, we isolated platelets from BL6N WT mice and stimulated them in the presence or 

absence of soluble UA prior to stimulation with CC as described in section 3.5.2. Platelet 

agonists such as collagen, U46619 or CRP were also added to activate platelet aggregation. As 

shown in Figure 31A and 31B, CC included a significant increase in platelet aggregation in 

control and soluble UA-treated platelets over time compared with unstimulated platelets 

(control and UA) in the presence of 2.5 µg/mL collagen. However, no difference was observed 

in platelet aggregation between control and soluble UA-treated CC-activated platelets (Figure 

31A and 31B). Similar results were obtained in the presence of 5 µg/mL collagen (Figure 31C) 

and 1.5 µM U46619 (Figure 31D) over time compared to untreated platelets (Control), which 

comfirmed the association between platelet activation and CC thrombotic angiopathy. In 

addition, soluble UA did not enhance platelet aggregation under normouricemic (5 mg/dL UA) 

and hyperuricemic condition (10 mg/dL UA) in response to 0.025 µg/mL and 0.05 µg/mL CRP 

compared with control platelets (Figure 31E and 31F). This suggests that hyperuricemia does 

not affect platelet aggregation in response to CC activation in vitro as well as platelet 

aggregation and fibrin formation during CC-induced embolism in vivo. 
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Figure 31. Soluble uric acid has no effect on CC-induced platelet aggregation in vitro. (A-F) 

Washed platelets from BL6N WT mice were stimulated with soluble UA and/or CC in vitro as described 

in section 3.5.2. Platelet aggregation was quantified via light transmission in platelet-poor-plasma in 

Tyrode´s buffer with human fibrinogen that was set as 0% aggregation and 200 μL Tyrode buffer with 

human fibrinogen that was set as 100%. (A) Maximal platelet aggregation in different groups (n = 4-10 

per group). (B) Curves represent light transmission over time. (C-F) Platelet aggregation over time with 

different aggregation agonists under normouricemic (5 mg/dL UA) and hyperuricemic (10 mg/dL) 

condition. n = 3-7 per group). All quantitative data are means ± SD, ns = not significant, * p < 0.05, 

*** P < 0.001 by one-way ANOVA. 
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Next, we investigated platelet activation and degranulation in the presence of soluble UA with 

or without CC stimulation in response to CRP and thrombin. For this, platelets were isolated 

from BL6N WT mice, pre-incubated with or without soluble UA (10mg/dL) and/or CC (2.5 

mg/mL), and activated with CRP or thrombin as described in section 3.5.3. Platelets were 

stained with the P-selectin antibody, a α-granule marker, to verify the efficiency of platelet 

degranulation and the expression levels are determined as median fluorescence intensity (MFI) 

using flow cytometry. The results showed that CC-induced degranulation in platelets after 

stimulation with CRP and thrombin significantly increased P-selectin exposure on the platelet 

surface, compared to resting platelets (Figure 32A and 32C). Interestingly, soluble UA had no 

additional effect on P-selectin exposure in CC-activated or untreated platelets compared to the 

control group (Figure 32A and 32C). 

 

Next, αIIbβ3 integrin activation was measured in washed murine platelets in vitro using the 

JON/A-PE antibody. Flow cytometric analysis showed that CRP and thrombin could induce 

αIIbβ3 integrin activation, compared to resting platelets that were left untreated or treated with 

UA and/or CC (Figure 32B and 32D). However, we did not observe differences between  

soluble UA-treated or untreated platelets. These results indicate that soluble UA does not affect 

αIIbβ3 integrin activation and P-selectin exposure, triggered by PAR-Gq and GPVI-ITAM 

signalings. 
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Figure 32. Soluble uric acid has no effect on CC-induced platelet activation and degranulation in 

vitro. (A-D) Washed platelets from BL6N WT mice were stimulated with soluble uric acid and/or CC 

in vitro as described in section 3.5.2. Median fluorescence intensity (MFI) was determined by flow 

cytometry. (A) P-selectin exposure on platelets stimulated with CRP agonist. (B) Platelet αIIbβ3 

integrin activation stimulated with CRP agonist. (C) P-selectin exposure on platelets stimulated with 

thrombin. (D) Platelet αIIbβ3 integrin activation stimulated with thrombin. n = 3-5 per group. All 

quantitative data are means ± SD, ns = not significant, ** p < 0.01, *** P < 0.001 by one-way ANOVA. 

CRP: collagen-related peptide. 
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To investigate whether platelets similar to other immune cells including monocytes and 

neutrophils express the urate transporter Slc2a9 that is needed for the intracellular uptake of 

soluble UA, we isolated platelets from healthy individuals and incubated the cells in the 

presence or absence of souble UA and performed RT-PCR as described in section 3.6 [164]. 

As shown in Figure 33A, human platelets express SLC2A9 as indicated by the relative mRNA 

expression levels, while incubation with soluble UA did not change SLC2A9 mRNA expression 

levels. In addition, we also determined the relative mRNA expression of Slc2a9/Glut9 in 

platelets, megakaryocytes, liver and kidney isolated from healthy mice. As displayed in Figure 

33B, mRNA expression of Slc2a9/Glut9 was particulary low in murine platelets but also 

megakaryocytes compared with expression levels in the liver and kidney, tissues that are 

known to express Slc2a9 in hepatocytes and tubuar cells. Taken together, our in vitro findings 

support the in vivo results showing that asymptomatic hyperuricemia does not modulate platelet 

aggregation, αIIbβ3 integrin activation and α-granule degranulation during CCE.  

 

 
 
Figure 33. Relative mRNA expression of SLC2A9 and Slc2a9 in platelets. (A) Relative mRNA 

expression of SLC2A9 from human platelets determined by RT-PCR after incubation in medium or with 

soluble UA (10 mg/dL) for 90 minutes (n = 4 per group, Student’s t-test). (B) Relative mRNA 

expression of Slc2a9 from platelets, megakaryocytes, liver and kidney in C57BL/6N wild type mice ( n 

= 4 per group, one-way ANOVA). All quantitative data are means ± SD, ns = not significant, ** p < 

0.01, *** P < 0.001. PLT: platelets, MK: megakaryocytes. 
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4.2.9 Soluble uric acid protects HK2 cells from cell death during oxidative stress in vitro 

As previously shown, asymptomatic hyperuricemia diminished tubular injury after CCE as 

illustrated on PAS-stained kidney sections (Figure 27 and 28). To confirm this protective effect 

of hyperuricemic on tubular cells also in vitro, we pre-incubated HK2 cells in the presence or 

absence of soluble UA (10 mg/dL) for 1 hour prior to stimulation with 10 mM H2O2 for 3 hours 

to induce oxidative stress. Intracellular UA levels and cell cytotoxicity were analyzed as 

mentioned in section 3.3.2 and 3.4.4. As shown in Figure 34A, intracellular UA levels 

significantly increased in HK2 cells when cultured in the presence of soluble UA compared 

with untreated cells. Depleting UA from the medium with rasburicase decreased the 

intracellular UA levels in H2O2 treated HK2 cells (Figure 34A). Soluble UA and rasburicase 

had no cytotoxic effect in unstimulated HK2 cells (Figure 34B). Only stimulation with H2O2 

induced a significant increase in cytotoxicity as compared to unstimulated cells (Figure 34B). 

Interestingly, soluble UA inhibited the cytotoxic effect of H2O2 in HK2 cells, while rasburicase 

reversed this effect, confirming that soluble UA and asymptomatic hyperuricemia protect 

tubular cells from cell death in vitro and tubular injury in vivo.  

 

 
 
Figure 34. Soluble UA protects HK2 cells from cell death during oxidative stress in vitro. (A-B) 

HK2 cells were pre-incubated in presence or without soluble UA (10 mg/dL), and then rasburicase (0.3 

mg/dL, 1 mg/dL and 1.5 mg/dL) was added to treatment groups 1 hour before 10 mM H2O2 stimulation 

for 3 hours. (A) Intracellular uric acid in HK2 cells during oxidative stress in different groups (n = 4 

per group). (B) HK2 cells cytotoxicity during oxidative stress in different conditons (n = 6 per group). 

All quantitative data are means ± SEM, ns = not significant, *** P < 0.001 by one-way ANOVA.
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5. Discussion 

5.1 Overview 

In a new mouse model of CCE, we recently found that fibrin clots formed around obstructed 

peripheral arteries and cause ischemic tissue infarction, perilesional inflammation and organ 

failure [41]. However, the effect of metabolic disorders in CCE is currently unknown. The aim 

of this thesis was to investigate whether metabolic disorders such as T1D and asymptomatic 

hyperuricemia would impact on the outcomes of CC-induced AKI in mice. Our in vivo and in 

vitro data provide evidence that T1D and asymptomatic hyperuricemia altered kidney function, 

inflammation, occlusion and ischemic tissue infarction, albeit in different ways. While T1D 

worsens CC-induced AKI, asymptomatic hyperuricemia exhibited vasoactive and anti-

inflammatory properties by reducing kidney infarct size and injury during the acute phase. 

These findings provide new insights in the pathomechanisms of immunothrombosis. 

 

5.2 Type 1 diabetes worsens the outcomes in cholesterol crystal embolism 

Using a mouse model of T1D with CCE, we showed for the first time that T1D contributes to 

a higher loss in GFR and a deteriorated pathology. Compared to the non-diabetic group (healthy 

control), mice with T1D had increased ischemic infarct lesions in the kidney and significantly 

more crystal clots in kidney arteries 24 hours after CCE. The number of Ly6B2+ leukocytes in 

the injured kidney and serum IL-6 levels increased 24 hours after CCE injury, suggesting that 

T1D drives leukocyte infiltration and exacerbates the inflammatory response to CC. Consistent 

with data from our group, fibrin positive crystal clots form inside the arteries after lodging of 

the CC emboli, while CC represent only a minor component of the crystal clot [41]. In fact, 

occlusion of kidney arteries occurs because of inflammation caused by crystals and the release 

of mediators from the surrounding injured tissue, which triggers immunothrombosis. Evidence 

suggested that hyperglycemia contributes to diffuse atherosclerosis and inflammatory immune 

cell infiltration including macrophages and neutrophils [175-177]. Especially advanced 

glycation endproducts can activate pro-inflammatory pathways by conjugating with its 

receptors on monocytes and macrophages [60]. Many inflammatory markers are increased 

during hyperglycemia such as IL-6, IL-1, TNF-α and C-reactive protein (CRP) in patients with 

diabetes [178, 179]. In addition, preclinical studies on SGLT2 inhibitors indicate a reduced 
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infarct size within one month after heart ischemia reperfusion and improved cardiac function 

during ischemic episodes [180]. A systematic review and meta-analysis showed that 

hyperglycemia increases infarct volume in middle cerebral artery occlusion models [181]. 

Consistent with this evidence diabetes exacerbates infarct size in tissue ischemia or occlusion 

primarily in the heart and brain [182, 183]. We now demonstrate that T1D has similar effects 

in CCE of the kidney, wherein T1D increases kidney infarct size leading to leukocyte 

infiltration and an exacerbated inflammatory response. 

 

Kidney function, i.e., filtration in the glomerular compartment, depends on perfusion via the 

afferent glomerular arterioles. Due to the diffuse occluded kidney arteries and the large infarct 

areas after CCE, we believe that mice with T1D have more dysfunctional kidney nephrons 

compared to the non-diabetic control group. Indeed, the GFR decreased about 30% in T1D 

mice compared to mice without diabetes after CC-induced AKI. In fact, diabetes contributes to 

glomerular hyperfiltration during the early stage of the disease, for example the GFR was 

elevated by 10%–67% in patients with T1D and 6%–73% in patients with T2D, respectively 

[184]. Although we did not observe a difference in GFR between T1D and control mice before 

surgery, it is possibly that STZ injection might be toxic and causes side effects in mice [185] 

because we noted a reduced body weight in mice with T1D. Thus, in humans with early diabetic 

kidney damage, it is still necessary to have more clinical data on the changes of GFR before 

and after CCE. Nevertheless, the outcomes depend primarily on the area and size of occlusion 

caused by CCE. 

 

Another factor that influences kidney function is the number of functional nephrons after 

kidney infarction. The decline in GFR after CCE was consistent with the degree of kidney 

injury in diabetic mice, indicating less functional nephrons compared to non-diabetic mice. 

Previous studies reported that impaired mitochondrial DNA, increased oxidative stress and 

increased reactive oxygen species (ROS) generation are characteristic features in DKD patients, 

and therefore more cell apoptosis and necrosis of tubular and glomerular cells occurs [186]. 

SGLT2 inhibition improves kidney injury and reduces proteinuria by protecting from oxidative 

stress [187]. In vitro studies indicate that a high glucose concentration of 30 mmol/L induces 

apoptotic cell death in HK2 cells via an increase in oxidative stress [188]. This is consistent 

with our in vitro and in vivo studies showing that high glucose concentrations further 
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aggravated CC-induced cell death in HK2 cells and that hyperglycemia drives tubular necrosis 

in CCE.  

 

Endothelium dysfunction is a major cause of vascular complications in patients with T2D such 

as ophthalmopathy, diabetic foot syndrome and renal vasculopathy [189]. Indeed, our cultured 

GEnC experiments demonstrated that high glucose concentrations enhance CC-induced GEnC 

cell death compared with normoglycemic condition. Similar results were reported in human 

retinal endothelial cells treated with CC (2mg/mL) for 24 hours and in retinal endothelium of 

db/db mice at 6 months of age [190]. However, we now show that T1D had no effect on CD31 

expression of endothelial cells. This could be due to differences in the animal model. For 

example, CCs primarily cause damage to the kidney arteries, which may diminish the effect of 

hyperglycemia on endothelial cells. However, further studies are needed address the 

contribution of T1D on endothelial cells in CC-induced AKI. 

 

Platelets, leukocytes and endothelial cells are all involved in immunothrombosis. In patients 

with diabetes, blood tests that measure coagulation factors such as fibrinogen and activated 

partial thromboplastin show often elevated levels [191]. Particular in T2D patients with 

comorbidities such as cardiovascular complications and diabetic nephropathy often have 

abnormal clot formation [192]. Hyperglycemia can promote clotting by stimulating the release 

of circulating inflammatory mediators in endothelial and immune cells that either can indirectly 

activate platelets or directly activate ADP and collagen-related signals in platelets to promote 

coagulation [193, 194]. Consistent with our previous study, CC can trigger integrin αIIbβ3 

activation and increase the expression of P-selectin in platelets, and thus promoting platelet 

aggregation, which ultimately contributes to clot formation [41]. We observed similar effects 

when platelets were stimulated with a high glucose concentration in vitro (Figure 18). However, 

stimulating platelets with both high glucose concentration and CC further enhanced collagen-

related platelet aggregation, CRP-related integrin αIIbβ3 activation and P-selectin expression 

in vitro. Our in vitro data are consistent with the in vivo data demonstrating that diabetic mice 

have more occluded kidney arteries due to rapid platelet activation, which accelerates platelet 

adhesion, release of tissue factors from injured endothelial cells and the recruitment of immune 

cells such as neutrophils compared with non-diabetic mice after CCE. This process of 

intraarterial CC thrombosis ultimately worsens ischemic tissue infarction and perilesional 

inflammation under hyperglycemic conditions (Figure 35). 
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Hyperglycemia also contributes to alterations in the balance between vasodilation and 

vasoconstriction. Many patients with T2D suffer from cardiovascular diseases including 

hypertension [195]. Mechanistic studies suggest that hyperglycemia activates the renin-

angiotensin-aldosterone system (RAAS), increases endothelin-1 expression but decreases NO 

production in the aorta of diabetic rats and in coronary microvessels in humans [196]. In 

addition, T2D can cause vasoconstriction in mouse arteries through the upregulation of 

TMEM16A mRMA [197]. Whether hyperglycemia, especially T1D, would induce 

vasoconstriction in CCE is currently unknown. We now found that T1D does not contribute to 

vasoconstriction in both the CC-injured and contralateral kidney in mice. Support for this 

comes from a study showing that rats with STZ-induced T1D were lacking signs of hypoxic 

pulmonary vasoconstriction [198]. Nevertheless, it is possible that T1D and T2D exhibit 

different effects on the vasculature and regulation of blood flow. Further studies are need to 

address changes in vasodilation and vasoconstriction after CCE. 

 

 

Figure 35. Type 1 diabetes worsens the outcomes in cholesterol crystal embolism. Hyperglycemia 

has more occlusion in the kidney arteries via increased platelet aggregation and activation, leukocyte 

accumulation and increased extracellular DNA. Increased ischemia tubular injury inducing infarction 

expands with obstruction in kidney arteries. 
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5.3 Hyperuricemia has vasoactive effects in cholesterol crystal-induced acute kidney 

injury 

The focus of my second aim was to investigate whether asymptomatic hyperuricemia affects 

the outcomes after CC-induced AKI. Interestingly, the data implied that hyperuricemia 

contributes to a vast reduction in GFR upon CC-induced AKI but diminished kidney infarct 

size and tissue injury in mice suggesting a compensatory physiological mechanism of 

autoregulation to protect nephrons.  

 

Evidence suggests that low serum UA levels (2-5 mg/dL) are associated with kidney vascular 

damage, vasoconstriction and tubulointerstitial injury in rats [199, 200]. We now found in a 

novel animal model of asymptomatic hyperuricemia with serum UA levels of 7-11 mg/dL [99] 

that hyperuricemia induced a rapid decline in GFR of more than 60% as compared to 30% in 

non-hyperuricemic mice after CC-induced kidney injury. This suggests that the strong GFR 

decline in hyperuricemic mice could be a consequence of vasoconstriction of the afferent 

arterioles of the non-injured nephrons in the CCE as well as the contralateral kidney. Indeed, 

the ratio of lumen versus artery area was significantly reduced in hyperuricemic compared with 

non-hyperuricemic mice upon CCE. Whether asymptomatic hyperuricemia is causally linked 

with cardiovascular diseases has been a matter of debate. Clinical studies suggest a strong 

association between hyperuricemia and hypertension. For example, longitudinal cohort studies 

showed that asymptomatic hyperuricemia without comorbidities predicts the development of 

hypertension [201]. Moreover, several randomized controlled trials reported that reducing 

hyperuricemia with allopurinol, a xanthine oxidase inhibitor, or probenecid, a uricosuric agent, 

reduced blood pressure in adolescents [202, 203]. In contrast, Preitner et al. found that low 

levels of serum UA (5 mg/dL) were not associated with hypertension in a mouse model of 

acute UA crystal-induced nephropathy [98] suggesting no direct role of hyperuricemia in the 

control of blood pressure. However, further studies are needed to investigate whether 

asymptomatic hyperuricemia related to vasoconstriction is associated with high blood pressure 

also in CCE.  

 

Although asymptomatic hyperuricemia contributed to the strong decline in GFR, we observed 

that hyperuricemic mice had less ischemic tissue infarction and kidney injury without affecting 

the number of infiltrating Ly6B2+ leukocytes and endothelial cell integrity compared with non-
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hyperuricemic mice at day 1 after CC-induced AKI. One possible explanation could be that 

due to the vasoactive effect of hyperuricemia, the increased blood flow flushed smaller CC into 

arcuate and interlobular arteries of the kidney and therefore reduced the kidney infarct area 

(Figure 25). Another reason could be the anti-inflammatory and anti-oxidative effects of 

soluble UA and asymptomatic hyperuricemia. Recent in vitro and in vivo evidence suggests 

that soluble UA inhibits the pro-inflammatory function of monocytes and macrophages through 

the intracellular uptake of UA via urate transporters including SLC2A9/Glut9 and therefore 

diminishes acute injury and inflammation [103, 164]. In addition, asymptomatic hyperuricemia 

improves the recovery after acute organ injury, which is associated with a better tubular 

integrity by enhancing tubular mitochondrial dynamics (mitochondria fusion) [103]. Consistent 

with this, we found that soluble UA protects tubular epithelial cells from cell death by reducing 

oxidative stress-related cytotoxicity suggesting an anti-oxidative effect of soluble UA. In 

contrast, many in vitro and in vivo studies indicate pro-inflammatory functions of UA and 

hyperuricemia. For example, it was reported that UA increased the level of interleukin-1β and 

activated the NLRP3 inflammasome in murine macrophages, which occurred due to 

microcrystal contaminants in the UA preparation solution [139, 140, 204]. While UA 

microcrystals are known to trigger a pro-inflammatory response [205], a microcrystal-free UA 

solution prepared with sodium hydroxide and adjusted pH of 7 rather reveals 

immunomodulatory (anti-inflammatory) effects in human CD14+ blood monocytes [164], 

which is in line with our data on HK2 cells. Consistent with other in vivo studies, asymptomatic 

hyperuricemia does not induce kidney injury [99, 141, 142] but rather promotes the recovery 

after AKI [103].  

 

Several in vitro studies in 1970s showed that stimulating platelets with high concentrations of 

UA crystals triggers platelet activation [206-208]. In a recent clinical study the authors 

demonstrated that the concentration of serum UA could serve a negative predictor of platelet 

reactivity [174]. However, whether asymptomatic hyperuricemia or soluble UA have effects 

on platelet function and activity is currently unknown. We now show for the first time that 

asymptomatic hyperuricemia and soluble UA do not directly alter platelet aggregation, αIIbβ3 

integrin activation and α-granule degranulation in response to CC in vitro and may not directly 

affect platelet-mediated CC clot formation in mice. Thus, treating kidney disease-related 

hyperuricemia should have no effect on immunotrombosis. 
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From an evolutionary perspective, some evidence suggests that high serum UA levels 

facilitated humans to maintain blood pressure in ancient times when salt intake was low, body 

fat was needed to protect from the cold and/or fruit were not available [209]. Other studies 

reported that UA acts as an antioxidant to improve human survival in a low-oxygen 

environment such as the nervous system and in the kidney after acute ischemic injury [103, 

143, 210]. Thus, the deletion of the uricase gene is favorably evolved in a hostile environment 

but causes metabolic abnormalities when humans have sufficient food and fat reserve capacity. 

Our results suggest that hyperuricemia contributes to a vast reduction in GFR due to vasoactive 

effects but diminished kidney infarct size and tissue injury in CC-induced AKI suggesting a 

compensatory physiological mechanism of autoregulation to protect nephrons. On the other 

hand, in patients with chronic kidney disease, hyperuricemia-related vasoconstriction might 

lead to increased arterial blood pressure, thus increasing the risk for cardiovascular 

complications. 

 

Figure 36. Asymptomatic hyperuricemia affects the outcomes of cholesterol crystal-induced acute 

kidney injury. Hyperuricemia does not affect either endothelial injury or alter platelet function, 

however, hyperuricemia exhibits vasoconstrictive effects in both contralateral and injured kidney 

together with a vast decline in GFR, as well as protects mice from ischemic tissue infarction via anti-

oxidative effects on tubular epithelial cells after CC-induced AKI. 

 

5.4 Limitations of this study 

One limitation of this project is that we manufactured a CCE-induced AKI model with CC 

injection into the kidney artery in mice, however, the synthetic CC might be different from the 

materials of detached atherosclerotic plaques. In aim 1, we observed only in STZ-induced T1D 
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mice but not in T2D mice such as db/db mice to detect hyperglycemia effects in CC-induced 

kidney injury. Regarding the phenotype, there may be changes between the different forms of 

diabetes. In addition, we did not collect data at later time points after CCE injury in T1D mice. 

For aim 2, we did not have enough serum to characterize the renin-angiotensin-aldosterone 

system and to collect more evidence for the vasoactive effects in HU mice. We also were not 

set-up to measure blood pressure. Therefore, whether the vasoconstrictive effects in HU mice 

were accompanied by systemic hypertension after CCE injury remains unknown. 

5.5 Summary and Conclusion 

In summary, the research presented within this thesis focused on the role of hyperglycemia and 

asymptomatic hyperuricemia in CCE-induced AKI in mice. Our findings clearly demonstrated 

that metabolic disorders can differentially affect the outcomes after CCE-induced AKI. In 

particular … 

1. Hyperglycemia impaired kidney function in CCE as demonstrated by a decline in 

GFR, an increase in UACR levels and aggravated CC clot formation (platelet 

activation and aggregation), ischemic tissue infarction (accelerated death of renal 

tubular and endothelial cells) and perilesional inflammation (leukocyte infiltration). 

2. In contrast, hyperuricemia exhibits vasoconstrictive effects in the contralateral and 

injured kidney as evidenced by a vast decline in GFR but protects mice from ischemic 

tissue infarction probably via anti-oxidative effects on tubular epithelial cells after 

CC-induced AKI suggesting a compensatory physiological mechanism of 

autoregulation to protect nephrons.  

Taken together, our research provides new insights on metabolic comorbidities effects on 

kidney CCE and gives clinical suggestions that highly prevalent comorbidities independently 

contribute to the severity of AKI and the extent of kidney infarction in CCE. Diabetes is a risk 

factor for extended immunothrombosis and ischemic infarction, thus, control of hyperglycemia 

is essential to minimize these consequences. For hyperuricemia, the degree of acute kidney 

dysfunction may not fully reflect the severity of kidney injury. And due to the tissue protective 

effects of hyperuricemia, patients may better keep a high serum uric acid level to protect the 

tissue from CCE injury in advanced atherosclerosis.
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7. Abbreviations 

ACR Albumin-creatinine ratio 

ADP Adenosine diphosphate 

AGE Advanced glycation end products 

AKI Acute kidney injury 

ATP Adenosine triphosphate 

α-SMA Alpha smooth muscle actin 

BUN Blood urea nitrogen 

CC Cholesterol crystal 

CCE Cholesterol crystal embolism 

CDC Center of Disease Control 

CKD Chronic kidney disease 

CRP Collagen-related peptide 

CXCL Chemokine (C-X-C motif) ligand 

CXCR C-X-C motif chemokine receptor 

DAMPs Damage-associated molecular patterns 

DKD Diabetic kidney disease 

DMEM Dulbecco's Modified Eagle Medium 

ELISA Enzyme linked immunosorbent assay 

FCS Fetal calf serum 

FITC Fluorescein-isothiocyanate 

GEnC Mouse glomerular endothelial cells 

GFR Glomerular filtration rate 

GPVI Glycoprotein VI 

GPIb Glycoprotein Ib 

HG High glucose 

HK2 Human renal proximal tubular epithelial cells 

HU Hyperuricemic mice 

ITAM Immunoreceptor tyrosine-based activation motif 

IL Interleukins 

LDL Low-density lipoprotein 

NETs Neutrophil extracellular traps 

OD Optical density 
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PAS Periodic acid Schiff staining  

PAR-Gq Protease-activated receptor-Gαq 

PGI2  Prostaglandin I2 

PS Penicillin‐streptomycin 

PSGL-1 P-selectin glycoprotein ligand-1 

sdLDL Small dense LDL 

SGLT2 Sodium-glucose cotransporter-2 

STZ Streptozotocin 

T1D Type 1 diabetes 

T2D Type 2 diabetes 

TF Tissue factor 

TTC 2,3,5-triphenyl tetrazolium chloride 

UA Uric acid 

UACR Urinary albumin to creatinine ratio 

vWF von Willebrand factor 

WHO World Health Organization 
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