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Summary

Introduction: The cardio-renal syndrome (CRS) is an umbrella term for life-threatening diseases
in which cardiac and renal dysfunction occur simultaneously. It has been shown that heart failure
patients with an increase in intra-abdominal and central venous pressure (CVP), indicating the
presence of abdominal and venous congestion, have a higher risk to develop CRS due to worsening
renal function. However, it is unclear how abdominal venous congestion in itself contributes to CRS.
It is hypothesized that abdominal venous congestion impairs heart and kidney function by causing
damage to the heart and kidneys.

Materials and methods: Male Sprague-Dawley rats were subjected to sham-operation (n = 6) or
thoracic vena cava inferior (VCI)-constriction (n = 7). Bodyweight, plasma and urine samples and
echocardiographic data were acquired at baseline and during a twelve-week follow-up period.
Plasma and urine samples were investigated for different standard clinical parameters to evaluate
heart, kidney and liver function. Hemodynamic measurements and organ weights were obtained at
the end of the study in week 12. Heart, kidney and liver tissues were used to measure
morphological changes including cardiac wall thickness, width of Bowman’s space and hepatocyte
hypertrophy, respectively. The percentage fibrosis was also determined in these tissues.

Results: The hemodynamic measurements showed an increase in abdominal CVP after VCI
constriction. This increase had no effect on bodyweight and organ weight normalized to tibia
length, except for an increase in spleen weight. The hemodynamic measurements in the left
ventricle, echocardiographic parameters and creatine kinase activity levels showed no change in
cardiac function after VCI constriction. On the other hand, kidney function was minimally affected
by VCI constriction as plasma creatinine, cystatin C, chloride and sodium levels were increased in
the VCI group, but urinary creatinine, creatinine clearance, urinary chloride, sodium and total
protein levels were not influenced by VCI constriction. Liver function deteriorated as plasma
bilirubin levels were increased after VCI constriction. However, only the kidney showed
morphological changes after VCI constriction as the width of Bowman’s space was increased while
cardiac wall thickness and hepatocyte hypertrophy were unchanged in the VCI group. The
percentage fibrosis was only increased in liver tissue sections after VCI constriction and not in the
heart and kidneys.

Discussion and conclusions: The rat model is validated as abdominal venous congestion was
induced via constriction of the VCI. As the effect of the VCI constriction on heart and kidney
function was limited, the presence of abdominal venous congestion was insufficient to induce CRS.
Consequently, in future CRS research, the role of abdominal venous congestion in CRS
development and progression can be further explored by combining this rat model with other

models of heart or kidney failure.



Samenvatting

Introductie: Het cardio-renaal syndroom (CRS) is een overkoepelende term voor
levensbedreigende ziektes waarin hart- en nierfalen simultaan aanwezig zijn. Het is aangetoond dat
hartfalen patiénten met een verhoogde intra-abdominale druk en centraal veneuze druk (CVD), wat
duidt op de aanwezigheid van abdominale en veneuze congestie, een verhoogde kans hebben om
CRS te ontwikkelen doordat de nierfunctie verslechtert. Het is echter niet duidelijk hoe abdominale
veneuze congestie bijdraagt tot CRS. De hypothese is dat abdominale veneuze congestie de hart-
en nierfunctie verslechtert door het hart en de nieren te beschadigen.

Materiaal en methoden: Mannelijke Srague-Dawley ratten werden onderworpen aan éénzelfde
operatie met (n = 7) of zonder (n = 6) thoracale vena cava inferior (VCI)-constrictie.
Lichaamsgewicht, plasma en urine stalen en echocardiografie data werden verzameld voor de
operatie en gedurende een periode van twaalf weken na de operatie. Plasma en urine stalen
werden onderzocht voor verschillende standaard klinische parameters om hart-, nier- en
leverfunctie te onderzoeken. Hemodynamische metingen en orgaangewichten werden verkregen
aan het einde van de studie in week 12. Morfologische veranderingen werden gemeten in hart-,
nier- en leverweefsel: hartwanddikte, de grootte van de ruimte van Bowman en levercel

hypertrofie, respectievelijk. Het percentage fibrose werd ook bepaald in deze weefsels.

Resultaten: De hemodynamische metingen toonden een verhoging in CVD na VCI constrictie.
Lichaamsgewicht en orgaangewichten genormaliseerd ten opzichte van tibialengte waren
onveranderd, met uitzondering van een zwaardere milt in de VCI groep. De hemodynamische
metingen, echocardiografie parameters en creatine kinase activiteit toonden geen verandering in
hartfunctie na VCI constrictie. Aan de andere kant, nierfunctie werd minimaal beinvioed door VCI
constrictie aangezien plasma creatinine, cystatin C, natrium en chloor levels verhoogd waren.
Urinair creatinine, creatinine klaring, urinair chloor, natrium en totaal protein waren echter
onveranderd in de VCI groep. Leverfunctie verslechterde na VCI constrictie wat weerspiegeld werd
in verhoogde plasma bilirubine levels. Alleen de nier vertoonde morfologische veranderingen
aangezien de grootte van de ruimte van Bowman verhoogd was, terwijl hartwanddikte en levercel
hypertrofie niet beinvioed waren door de VCI constrictie. Het percentage fibrose was enkel

verhoogd in leverweefsel na VCI constrictie en niet in hart- en nierweefsel.

Discussie en conclusies: Het rat model is gevalideerd omdat abdominale veneuze congestie werd
geinduceerd via VCI constrictie. De aanwezigheid van abdominale veneuze congestie was niet
voldoende om CRS te induceren aangezien het effect van VCI constrictie gelimiteerd was op hart-
en nierfunctie. Bijgevolg kan toekomstig onderzoek de rol van abdominale veneuze congestie in de
ontwikkeling en progressie van CRS verder onderzoeken door dit rat model te combineren met

andere modellen van hart- of nierfalen.
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1 Introduction

Heart failure (HF) and kidney dysfunction often occur simultaneously in patients because of an
interdependence between heart and kidney function. This interdependence increases the
complexity of heart and kidney pathologies and leads to adverse outcomes for patients, which has
major health and economic implications for society worldwide (1, 2). The Acute Decompensated
Heart Failure National Registry (ADHERE) showed that 30% of HF patients have worsening renal
function (3). The American Heart Association (AHA) estimated in 2015 that 5.7 million Americans
were confronted with HF and it was predicted that this number will increase to more than 8 million
people in 2030. This corresponds with a total cost of 30,7 billion dollars (or 23 billion euros) for HF
patients in 2012 and an increase to 69,7 billion dollars (or 52,2 billion euros) by 2030 in America
(4). Similar numbers were obtained by the European Society of Cardiology (ESC) for Europe in
2008 (5). As 30% of these numerous HF patients are also diagnosed with kidney dysfunction, the
costs for the society increases because of a more complex treatment of these patients.
Consequently, a better knowledge of the interdependence between heart and kidney function is
essential to improve patient outcomes by developing new therapeutic strategies. This will also lead

to a reduction in medical costs associated with the treatment of these patients.

1.1 The cardio-renal syndrome

The interaction between the heart and kidneys in a dysfunctional state is assembled in one unifying
term: the cardio-renal syndrome (CRS) (1). The cardio-renal syndrome is an umbrella term for life-
threatening disorders in which cardiac and renal dysfunctions occur simultaneously. This group of
conditions is more precisely defined by the Acute Dialysis Quality Initiative (ADQI) as ‘disorders of
the heart and kidneys whereby acute or chronic dysfunction in one organ may induce acute or
chronic dysfunction in the other’ (6).

Five different subtypes of CRS are established in order to include all possible disorders that are
defined by CRS. This subdivision is based on whether the heart or kidneys are primarily
dysfunctional and whether this dysfunction is acute, chronic or secondary (Table 1). Type 1 CRS is
described as an acute cardio-renal syndrome in which sudden deterioration of cardiac function
leads to acute kidney injury. Type 2 CRS is characterized by chronic dysfunction of the heart
causing chronic kidney disease and is defined as a chronic cardio-renal syndrome. In contrast, type
3 CRS is outlined as an acute reno-cardiac syndrome in which abrupt impairment of renal function
leads to acute cardiac disorders. Type 4 CRS is manifested by chronic kidney disease causing a
chronic decline in heart function and is described as a chronic reno-cardiac syndrome. Finally, type
5 CRS is delineated as a secondary cardio-renal syndrome in which a systemic condition (e.g.
sepsis, diabetes mellitus,...) causes both cardiac and renal dysfunction (6). It is hard to distinguish
the five different subtypes of CRS because the classification does not depend on pathophysiologic
characteristics, but on etiologic and chronologic interactions between the heart and kidneys (7).
Another challenge is the possibility that patients may transit from one type of CRS to another (e.g.
a transition between type 1 and 2) (6).



Table 1: Different subtypes of the cardio-renal syndrome.

CRS Syndrome Primary dysfunction Secondary dysfunction Time frame
Type 1 Cardio-renal Heart Kidney Acute
Type 2 Cardio-renal Heart Kidney Chronic
Type 3 Reno-cardiac Kidney Heart Acute
Type 4 Reno-cardiac Kidney Heart Chronic
Type 5 Secondary Systemic condition Heart and kidney Acute or chronic

The cardio-renal syndrome is divided in five different subtypes in order to include all possible disorders defined
by CRS. This subdivision is based on the primary dysfunctional organ (heart or kidney) and the time frame of
this dysfunction (acute or chronic). In exception, in type 5 CRS the primary dysfunction is a systemic condition
(e.g. sepsis) the cause of heart and kidney failure. Adapted from Ronco C. et al., 2009 (6).

1.2 Pathogenesis of CRS

The bi-directional relationship between the heart and kidneys is determined by different regulatory
mechanisms, including hemodynamic, (neuro)hormonal and biochemical components. More
specifically, renin-angiotensin-aldosterone system (RAAS) and sympathetic nervous system (SNS)
activation and oxidative stress play a role in the pathogenesis of CRS (7). These cause structural
and functional damage to the heart and kidneys and lead to heart and kidney dysfunction

contributing to CRS development and progression (8).

1.2.1 Hemodynamic alterations

It is suggested that several hemodynamic alterations can contribute to CRS: a decrease in cardiac
output (CO), venous congestion and an increase in intra-abdominal pressure (IAP) (8). Initially, it
was thought that CRS was the consequence of a reduced CO, which impaired renal function due to
a lowered perfusion of the kidneys. However, a decrease in CO can not be the sole contributor to
CRS because only a small number of CRS patients show a reduction in CO (7, 8). Another possible
culprit in CRS pathogenesis is venous congestion, which is caused by overfilling or distention of the
veins by blood. This is measured as an increase in the pressure of the thoracic vena cava near the
right atrium, also called the central venous pressure (CVP) (9). As shown by Winton F.R. et al.
(1931), elevated CVP leads to kidney dysfunction by diminishing renal perfusion and glomerular
filtration rate (GFR) (10). Data of HF patients demonstrated that venous congestion (rather than
decreased CO) is the most important hemodynamic factor in CRS development and progression by
worsening renal function (9). Finally, an increase in IAP could contribute to CRS as approximately
60% of HF patients with an increase in IAP have a deteriorating renal function (11, 12). In
addition, it is demonstrated that a reduction in IAP by mechanical fluid removal in these patients
improves renal function (13). Intra-abdominal pressure is the steady state pressure in the
abdominal cavity and is used as a measure for abdominal congestion (14). This implies a role for
abdominal congestion in the development and progression of CRS. Abdominal congestion is more
precisely defined as congestion in the spleen, the veins and interstitium (15).

This project will focus on the role of abdominal CVP in CRS development and progression. It has
been shown in other disease settings (intra-abdominal hypertension in pigs and rats and burn
victims) that CVP is positively correlated to IAP (16, 17). This correlation will be referred to as
abdominal CVP and the congestion following from this increase in abdominal CVP is termed

abdominal venous congestion. The following paragraphs will give an literature overview on how an



increase in CVP and IAP contribute to renal and other derangements, which will clarify the possible

role of increased abdominal CVP in CRS development and progression.

1.2.1.1 Renal derangements

It is postulated that renal function deteriorates as a consequence of an increase in CVP caused by
compression of the vena cava inferior (VCI) in case of abdominal congestion. The increased CVP is
transmitted back to the renal veins and causes an increase in renal venous pressure. Additionally,
the kidneys are directly compressed by an increase in IAP (18, 19). These effects lead to worsening
renal function by development of renal ischemia because of a decreased renal perfusion (12). The
increase in CVP also results in distention of the venules surrounding the distal end tubules, which
leads to compression of the tubule lumen. This is in turn the cause for a decrease in GFR and urine
production (10). Via these mechanisms, it is thought that renal function declines in the presence of

increased abdominal CVP.

1.2.1.2 Other derangements

In the literature, some assumptions are being made on how abdominal congestion is supported by
derangements in the abdominal compartment. Abdominal congestion might be the result of
malfunctioning splanchnic capacitance veins, which normally store and release blood to regulate
the effective circulatory volume (20). When these veins malfunction, there is an undesired shift in
blood from the effective circulatory volume to the splanchnic vasculature, supporting splanchnic
congestion (15, 21).

Additionally, alterations in liver, spleen and gut function due to abdominal congestion could further
promote abdominal congestion. First, blood flow to the liver is decreased because of hepatic portal
vasoconstriction and excessive vasodilation of the splanchnic vascular system, which leads to
perceived hypovolemia. This triggers a reflex in which activation of hepatic nerves leads to
stimulation of renal nerves (the hepato-renal reflex). As a result, renal vasoconstriction and sodium
retention is promoted (15, 22). Second, the spleen is part of the splanchnic vasculature and helps
in alleviating splanchnic congestion by increasing lymph efflux. However, continuous lymph efflux
also leads to perceived hypovolemia, which in turn causes an increase in fluid retention due to
neurohumoral stimulation (15, 23). Third, abdominal congestion causes an increase in secretion of
gut-derived hormones and changes in intestinal morphology and function (15, 24). These gut-
derived hormones influence sodium homeostasis, while toxins (mainly from micro-organisms, e.g.
lipopolysaccharides) escape from the gut into the circulation and further contribute to cardiac and
renal dysfunction by stimulating systemic inflammation (15, 25).

Outside the abdominal compartment, an increase in IAP is transdiaphragmatically transmitted back
to the thorax, which leads to increased intrathoracic pressures. This causes a decrease in venous
return by compression of the VCI further exacerbating abdominal congestion (13, 26). It should be
noted that these are only assumptions. More research is necessary to elucidate the precise
mechanisms contributing to these derangements and their role in the development and progression
of CRS due to abdominal congestion.



1.2.2 (Neuro)hormonal changes

The RAAS and SNS both play a role in maintaining cardiac and renal function in balance. A
decrease in arterial filling pressure leads to a decrease in renal perfusion and delivery of sodium
and chloride. These changes are sensed by baroreceptors, macula densa cells and juxtaglomerular
cells. Next, the RAAS and SNS are activated, which stimulates vasoconstriction and sodium and
water retention as a compensation for the decrease in arterial filling pressure. The disadvantage of
this compensation is the development of congestion because of a volume overload or volume
misdistribution (1, 7, 12). The SNS also enhances RAAS activation via stimulation of renin release
from glomerular cells. Chronic activation of these systems leads to inflammation, fibrosis, increased
oxidative stress and endothelial dysfunction in the heart and kidneys, which all contribute to CRS
(7, 27).

1.2.3 Oxidative stress

There is ever growing evidence indicating a role for oxidative stress in CRS. Activation of previously
mentioned (neuro)hormonal systems are strong stimulators for oxidative injury leading to
endothelial dysfunction, inflammation and cell death in the heart and kidneys (12). Especially,
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase seems to play an important role in
these processes. Nicotinamide adenine dinucleotide phosphate oxidase is activated via angiotensin
IT of the RAAS and is involved in cardiac and renal dysfunction by increasing reactive oxygen
species (ROS) production (28, 29). These mechanisms are mainly demonstrated in heart and
kidney failure separately. Consequently, it is reasoned that oxidative stress also plays a role in CRS

via these mechanisms (30). However, research focusing on this particular part is limited in CRS.

1.3 Diagnosis and biomarkers

Diagnosis of deteriorating heart and kidney function is essential in the prevention and treatment of
CRS. Currently, HF diagnosis is based on signs and symptoms displayed by the patient (e.g.
breathlessness, fatigue,...), which are mostly the consequence of sodium and water retention. The
presence of congestion is checked by distention of the jugular vein (increased CVP), ankle swelling
(peripheral edema), organ enlargement, etc. Additionally, cardiac dysfunction in HF patients is
investigated by electrocardiography and laboratory tests including natriuretic peptides (discussed in
1.3.2). Finally, concomitant renal dysfunction is assessed by measuring serum creatinine levels

(>1,7 mg/dl) and creatinine clearance (<60 ml/min) (31).

The current strategy delays diagnosis of CRS and thereby limits prevention and treatment of CRS.
Consequently, the possibility for early diagnosis is of great importance. This can be achieved by
measuring a panel of cardiac and renal biomarkers since heart and kidney dysfunction occur
simultaneously in CRS. A biomarker should be clinically measurable, add new information and help
the clinician to manage patients (32).

1.3.1 Renal biomarkers
Currently available tests are unable to timely diagnose renal injury. Serum creatinine, as a marker
of GFR, is not suitable to diagnose renal tubular injury when there is no immediate reduction in

GFR after injury. Therefore, other biomarkers are necessary to confirm kidney damage (33).



First, neutrophil gelatinase-associated lipocalin (NGAL) is one of the most promising biomarkers for
acute kidney injury (AKI) and can be measured in blood and urine (34). It is normally expressed at
very low levels but expression is markedly increased after epithelial injury (35). Increased blood
NGAL levels have been shown to be a sensitive biomarker of renal dysfunction in chronic HF
patients with normal serum creatinine levels but reduced GFR (36). Second, cystatin C (cys C) is
freely filtered by the glomerulus, reabsorbed and catabolized completely by proximal convoluted
tubule (PCT) and not actively secreted in the urine. It can be measured in the serum and in the
urine to predict AKI. Cystatin C levels rise in the urine as cys C is less reabsorbed after damage to
the PCT, but also increase in the serum as GFR is decreased (35, 37). As cys C and NGAL can both
be measured in urine and blood, these biomarkers have the advantage that fractional excretion can
be calculated. If only the urinary concentration of these biomarkers could be measured, the
concentration would vary with water reabsorption while fractional excretion takes GFR into account
via creatinine clearance. Third, IL-18 is a pro-inflammatory cytokine overexpressed in the PCT after
renal injury. However, there are non-conclusive results for urinary IL-18 predicting AKI (33). Last,
kidney injury molecule 1 (KIM-1) is also overexpressed in PCT after AKI and increased levels of
KIM-1 can be measured in the urine (38). Elevated urinary KIM-1 can be detected before a rise in
serum creatinine and has significant prognostic value for patients with AKI (33, 39).

1.3.2 Cardiac biomarkers

Cardiac biomarkers are measured as an indication of heart injury. The main focus of cardiac
biomarkers is directed at the natriuretic peptides (NP). These are released by cardiomyocytes in
response to wall stress from intravascular volume expansion, increased atrial and systemic
pressure and increased ventricular mass. Natriuretic peptides compensate for an imbalance in
hemodynamic parameters by promotion of natriuresis, vascular smooth muscle cell relaxation and
direct myocardial effects (e.g. inhibition of cardiac cell death and reduction of hypertrophy and
fibrosis) (33, 40, 41). There are three types of NPs: A-type, B-type and C-type. A-type natriuretic
peptide (ANP) and B-type natriuretic peptide (BNP) are synthesized and secreted in response to
increased wall stress. On the other hand, C-type natriuretic peptide (CNP) is only released by
cardiac tissue in minimal amounts (33). B-type natriuretic peptide levels are included in laboratory
tests for the diagnosis and exclusion of HF. B-type natriuretic peptide can also be used as
predictors of mortality and non-fatal cardiac events, but also to give an indication on the
effectiveness of the therapeutic approach (42). However, it should be kept in mind that NP levels
could also be elevated in other clinical situations than HF (e.g. asthma, acute ischemia,...) (33).

Cardiac troponins (cTns) are also cardiac biomarkers and are released by the heart in response to
myocardial injury (43). Troponins are involved in the contraction of striated muscle and are
composed of three different subunits; cardiac troponin C (cTnC), cardiac troponin I (cTnI) and
cardiac troponin T (cTnT). Troponin T stabilizes the cTnC/cTnI complex and subsequent binding of
Ca’* to cTnC causes cTnl to be released from actin, which allows binding of myosin to actin and
results in contraction (44). For diagnostic use, there are two main troponins investigated as
possible biomarkers, i.e. cTnT and cTnIl. Although there still is some controversy, cTns could be
used in the prediction of cardiac events and mortality stratification in patients with renal
dysfunction (43, 45).



1.3.3 Panel of biomarkers
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Figure 1: Schematic representation of the changes in urinary or serum biomarkers levels for the
detection of AKI after cardiac surgery. After cardiac surgery, urinary NGAL levels rapidly increase and peak
at six hours, while urinary KIM-1 gradually increases and peaks at 24 hours after surgery. On the other hand,
serum cystatin C and creatinine only steadily increase after 24 hours after surgery. AKI, acute kidney injury;
NGAL, neutrophil gelatinase-associated lipocalin; KIM-1, kidney injury molecule-1. Adapted from Lee et al.,
2012 (43).

Biomarkers have varying expression levels at different time points after an insult (Figure 1). For
renal biomarkers, it seems that urinary NGAL and KIM-1 are early biomarkers, while serum cys C
and creatinine levels only increase after 24h. On the other hand, cardiac biomarkers are
continuously expressed after cardiac surgery and can be measured as an indication of injury but
also as an approach to assess treatment strategies. Therefore, it is necessary to include multiple
renal and cardiac biomarkers in clinical tests for optimal evaluation of heart and kidney damage
(33). By measuring these biomarkers, an early diagnosis can be made and a preventive or more

specific therapy can be started, which is beneficial for the patient.

1.4 Therapies

Since congestion is one of the most frequent reasons for expensive hospital admissions with HF
patients, efficient management and relieve of congestion is of great importance (3, 46). However,
CRS is a multifaceted disorder, which complicates therapy. Current therapeutic approaches use a
combination of different drugs to relieve congestion while it is suggested that in the future more

patient specific treatments could prove beneficial (46).

1.4.1 Current therapies

In HF patients, the main goal is to maintain a neutral sodium balance and to avoid volume overload
or misdistribution. Current treatment regimens contain RAAS blockers, B-blockers (SNS blockers)
and mineralocorticoid receptor antagonists (aldosterone inhibitor) because of the evidence
indicating a role for these neurohumoral players in developing congestion (as described in 1.2.2)
(27, 31). Additionally, congestion could be relieved by dietary salt restriction as congestion is

accompanied by an increased sodium retention (46).

Furthermore, diuretics are used to reduce volume overload by stimulating diuresis or natriuresis.
First, loop diuretics work by directly inhibiting the Na*/K*/2Cl"-symporter on the luminal membrane

of tubule cells at the loop of Henle to decrease chloride reabsorption resulting in natriuresis.
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However, this decreased chloride reabsorption is also sensed by macula densa cells, which leads to
distal tubular cell hypertrophy and RAAS and SNS activation (46, 47). In other words, the use of
loop diuretics is associated with adverse outcomes (e.g. worsening renal function) but also loop
diuretic resistance (48). This can be avoided by the combinatorial use of loop and thiazide diuretics
(49). Thiazide diuretics decrease salt reabsorption by inhibiting the Na-Cl cotransporter in the distal
convoluted tubule of the kidney (47). Other frequently used diuretics are carbonic anhydrase
inhibitors that block sodium bicarbonate reabsorption in the proximal tubules, which results in a
higher delivery of sodium and chloride to the macula densa cells. This leads to a reduction in
neurohumoral activation and thereby water and salt retention (46, 50). Additionally, diuresis can
also be stimulated by administrating vasopressin antagonists. Normally, vasopressin is secreted as
a response to angiotensin II release due to RAAS activation and stimulates water reabsorption by
the incorporation of aquaporin-2 in collecting duct cells of the nephron. By inhibiting aquaporin-2
incorporation with vasopressin antagonists, diuresis is stimulated without influencing sodium

excretion (46).

On the other hand, it has been shown in different clinical trials that abdominal congestion can be
relieved by mechanical fluid removal, resulting in improved renal function. This is mostly applied
when patients do not respond to or are resistant for diuretics (31). First, congestion of the
interstitium can be diminished by paracentesis, in which fluid is removed from the abdomen via a
drain to a container (13). Second, mechanical fluid removal through ultrafiltration reduces
interstitial congestion more efficiently compared to diuretics. Ultrafiltration is a process in which
solutes are exchanged from the blood to a solution with known solute concentrations through a
semi-permeable membrane. However, the need for central venous access is associated with severe
complications (e.g. hemorrhage and bacterial infections) (51, 52). As an alternative, continuous
ambulatory peritoneal dialysis can be performed in HF patients with renal dysfunction, which is
ultrafiltration of peritoneal fluid. This has the advantage of slow ultrafiltration, which has minimal
impact on hemodynamics and thereby neurohumoral activation (15, 53).

1.4.2 Future therapies

New therapies to avoid volume overload and to maintain a normal sodium balance are already
being tested in clinical trials. First, it may be possible to regulate sodium balance by the use of
natriuretic agents or sodium binders. These natriuretic agents have been shown to stimulate
natriuresis by decreasing renal sodium avidity (46, 54). On the other hand, sodium binders prevent
both sodium and water retention. Clinical trials showed that oral sodium binders trap water and
sodium in the gut and eliminate water through the feces without causing electrolyte imbalances. As
a result, hemodynamics are unaffected, which makes sodium binders advantageous to natriuretic
agents as they do not further activate neurohumoral pathways. This may provide an alternative
route in the presence of renal dysfunction to control volume overload that does not involve the
kidney (46, 55, 56). Second, vasodilator therapy can lower the need for diuretics to treat volume
overload. This may be the result of improved systemic and renal hemodynamics, which causes
better renal perfusion. In other words, vasodilator therapy helps in a redistribution of volume by
recruiting venous capacitance veins or by increasing the effective circulatory volume filtrated by

the kidneys. Additionally, vasodilation relaxes the peripheral arteries reducing left ventricular



afterload, which results in lowered ventricular wall stress. This therapy can prove useful in patients
with a high systemic vascular resistance and low CO (46). Finally, renal sympathetic denervation
could be a new therapeutic strategy because sympathetic up-regulation is one of the drivers of
increased sodium retention (15, 27). However, future research is necessary to investigate the

efficacy of these therapies in CRS patients.

1.5 Research plan

As stated previously, this project will focus on the involvement of abdominal venous congestion in
the development and progression of CRS. However, patients first present with heart or kidney
failure before developing abdominal venous congestion. This impedes our understanding on how
abdominal venous congestion in itself contributes to CRS development and progression. It is
hypothesized that abdominal venous congestion affects heart and kidney function by causing
damage to these organs. Therefore, a new animal model of abdominal venous congestion will be

used to investigate the effects of abdominal venous congestion on heart and kidney function.

For the moment, animal models of heart and kidney failure are available for CRS research.
However, induction of failure in one organ does not always induce reproducible dysfunction in the
other. To solve this problem researchers combine animal models of heart and kidney failure to
investigate CRS pathology. This combination is unable to show that combined renal and cardiac
injury causes additive damage to both organs (57). Additionally, patients first present with
dysfunction in one organ before developing dysfunction in the other. In other words, heart and
kidney dysfunction rarely develops simultaneously. Therefore, the combination of these different

models is not representative for the human situation.

Consequently, during this project, a rat model of abdominal venous congestion will be developed.
In the future, this model can be used in combination with other models of heart or kidney failure.
This will create a more realistic analogy with the human situation. Abdominal venous congestion is
achieved in rats by constricting the thoracic VCI, which will lead to an increase in the pressure
below this constriction. In this project, the constriction will be made cranial of the confluence of the
vena hepatica and above the diaphragm. The rats will also be studied in a follow-up period of
twelve weeks in order to assess short and long term effects of VCI constriction on heart and kidney
function.

To investigate these effects, the first objective is the validation of the rat model for abdominal
venous congestion by performing hemodynamic measurements above and below the constriction.
Next, the effects of abdominal venous congestion on heart and kidney function will be investigated
in vivo. After sacrifice of the rats, heart and kidney tissue will be evaluated by different in vitro
experiments. It is expected that these data will give an indication on how abdominal venous
congestion influences heart and kidney function.



2 Materials and methods

2.1 Animals

All experiments were approved by the local ethical committee of Hasselt University and were
performed according to the guidelines described in directive 2010/63/EU on the protection of
animals used for scientific purposes. Rats were housed in a conventional animal facility at Hasselt
University under controlled conditions; room temperature at £ 22°C, a light-dark schedule of
12/12h and food and water ad libitum. In every cage, two or three rats were group-housed with
bedding material and cage enrichment. Before the start of the study, rats were allowed to
acclimatize for several days after arrival and were handled daily for two weeks to reduce handling-

induced stress.

2.2 Experimental planning

First, ten rats were subjected to sham operation (n = 3) or VCI constriction (n = 4) in a pilot study,
resulting in a mortality rate of 30%. These rats were followed up for six weeks (Table 2). Before
surgery, bodyweight and blood and urine samples were obtained as baseline measurements.
During the following six-week evaluation, bodyweight was monitored consistently every week. In
order to provide a recovery period for the rats after surgery, blood samples were obtained in week
2, 4 and 6 and urine samples were obtained in week 5 for further analysis. Afterwards (week 6),
hemodynamic measurements were performed and rats were sacrificed due to the invasiveness of
this procedure. After organ retrieval, heart, kidney and liver tissues were used for the in vitro
experiments as explained in the following paragraphs. This pilot study provided some first
indications on the validation of the rat model for abdominal congestion and how abdominal
congestion influences heart and kidney function. In addition, this pilot study was used to optimize

experimental procedures.

Table 2: Planning for the in vivo experiments of the pilot study during six weeks.

Week| 0 | 1 | 2 | 3 | 4|5 |6

Surgery

Bodyweight

Blood samples

Urine samples

Hemodynamic measurements

Sacrifice

In the pilot study, rats were followed up for six weeks after surgery. During the six-week evaluation,
bodyweight was followed up and urine and blood samples were collected. At the end of week 6, hemodynamic
measurements were performed and after this invasive procedure, rats were sacrificed.

Second, a new in vivo study was started with twenty rats and an evaluation period of twelve weeks
(Table 3). A mortality rate of 35% was achieved with seven rats VCI-constricted and six rats sham-
operated. Bodyweight, blood and urine samples and echocardiography were obtained as baseline
measurements before surgery. Thereafter, bodyweight was followed up every week and urine and

blood samples were obtained in week 3, 6, 9 and 12. Echocardiography was repeated in week 6



and 12. Similar to the pilot study, hemodynamic measurements were performed at the end of the

study period and rats were sacrificed.

Table 3: Planning for the in vivo experiments during twelve weeks.

Week| 0 1 2| 3| 4 5,67 | 8|9 (10|11 |12

Surgery

Bodyweight

Echocardiography

Urine and blood samples

Hemodynamic measurements

Sacrifice

The surgery of the rats is the start of the in vivo experiments lasting for twelve weeks. During these twelve
weeks, the rats were subjected to echocardiography and urine and blood samples were collected. At the end of
week 12, hemodynamic measurements were performed and the rats were sacrificed.

2.3 Constriction of the thoracic vena cava inferior

Sprague-Dawley rats (200 - 250g, Charles River, France) were randomly subjected to VCI
constriction or sham surgery. For both groups, anesthesia was induced with 3% isoflurane and O,
at a flow rate of 2 L/min in an induction chamber. Anesthesia was maintained by intubation via a
respiratory pump (Inspira asv, Harvard Apparatus, Massachutes) with 1-2% isoflurane. Rats were
placed on a heating pad during the entire procedure. Subsequently, a right anterolateral
thoracotomy was performed and the VCI was dissected free from the surrounding tissues. A
permanent ligature was applied around the VCI with a 6-0 prolene suture (Ethicon, Switzerland)
against a 20G needle, which was removed instantly after constriction. The intercostal muscles were
joined via interrupted sutures with a 3-0 vicryl suture (Ethicon, Switzerland) and the superficial
muscles and skin were closed with a 4-0 ethilon continuous suture (Ethicon, Switzerland).
Mechanical ventilation was sustained until full recovery of independent respiration and initiation of
spontaneous movement. To further support recovery, the rats were placed on a heating pad with
0O, supply via a face mask. Sham operated rats were subjected to the same procedure except no
constriction was applied around the VCI. Metacam (1 mg/kg, Boehringer, Germany) was applied
subcutaneously as analgesia 12 - 24h after surgery. As some wounds festered, antibiotics (10
mg/kg/day, Baytril, Bayer, Belgium) were administered via the drinking water for five days.
Antibiotics were given to all rats in order to avoid variation between groups due to these
antibiotics.

2.4 Echocardiography

To perform transthoracic echocardiography, rats were anesthetized as previously described. Rats
were placed on a heating pad and anesthesia was maintained for the entire procedure with 2 - 4%
isoflurane. Two dimensional (2D) images (B-mode) were obtained using a 10MHz probe connected
to an ultrasound computer (Vivid i, GE Healthcare, Diegem, Belgium). The transducer was placed
at mid-ventricular level to obtain parasternal long and short axis images. The short axis 2D-images
at the mid-papillary level were used to determine the left ventricle (LV) end-diastolic and end-

systolic diameter (LVEDD and LVESD) and mean posterior and anterior wall thicknesses (PWT and
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AWT) of systole and diastole. Percentage LV fractional shortening (FS%) was calculated with the
aid of these parameters: [(LVEDD - LVESD) / LVEDD] x 100. Left ventricle end-systolic and end-
diastolic volume (ESV and EDV) was calculated with the following formula n * Dy? « B / 6. Dy was
provided by the LVEDD or LVESD, while B is determined by LV length in the long-axis view.
Percentage LV ejection fraction (EF%) was calculated by [(EDV - ESV) / EDV] x 100 and stroke
volume (SV) via EDV - ESV. Last, M-mode in the short-axis view were used to determine heart
rate (HR). Cardiac output was then calculated via the formula (SV * HR) / 1000.

2.5 Plasma and urine samples

Blood was collected via the tail artery in ethylenediaminetetraacetic acid (EDTA) tripotassium salt
plasma tubes (Multivette 600 K3E, Sarstedt, Germany) under isoflurane anesthesia as previously
explained. Plasma tubes were centrifuged at 2000 rpm for 10 minutes (Micro Star 17R, VWR,

United Kingdom). Thereafter, plasma was collected and stored at -20°C until further analysis.

Urine samples were obtained by placing the rats for 24h in a metabolic cage. Urine collections were
centrifuged at 1500 rpm for 5 minutes (Centrifuge 5804R, Eppendorf, Belgium) to remove food
particles and supernatants were stored at -20°C until further analysis.

2.6 Standard clinical tests

Standard clinical tests of plasma and urine samples were performed in the clinical laboratory of the
hospital Ziekenhuis Oost-Limburg (ZOL) in Genk by using an automated analyzer (Cobas 8000
modular analyzer with P 800 and ISE 900 modules, Roche/Hitachi, Mannheim, Germany). In
plasma samples, bilirubin, creatinine kinase (CK), creatinine (Jaffe’s reaction), cys C, sodium and
chloride were measured to investigate heart, kidney and liver damage (Table 4). On the other
hand, the following clinical parameters were measured in urine samples as an indication for kidney
function: creatinine (Jaffe’s reaction), total protein, chloride and sodium. Based on the levels of
creatinine in plasma and urine (24 hours collection), creatinine clearance was calculated via the
formula: [urinecreatinine (Mg/dl) X urinevoume (MI)]/[plasmaceatinine (Mg/dl) x 1440 (min) x
bodyweight (kg)]. Additionally, the percentage fractional sodium excretion (FENa) was calculated
as follows: 100 x [(urinesegium (Mmol/l) x plasmacreatinine (Mg/dD]/[plasmasedivm (Mmol/l) x

urin€creatinine (Mg/dl)]).

Table 4: Overview of the clinical parameters measured in urine and plasma samples.

Heart Kidney Liver

Urinary parameters / Creatinine /
Total protein
Chloride
Sodium
Plasma parameters CK Creatinine Bilirubin
Cys C
Chloride
Sodium

Heart, kidneys and liver function are assessed via measuring different clinical parameters in plasma and urine
samples. CK, creatinine kinase; Cys C, cystatin C.
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2.7 Hemodynamic measurements

Rats were anesthetized with 2 - 4% isoflurane as previously explained. Incisions were made in the
right side of the neck and left groin in order to reach the VCI via the vena jugularis dextra (Figure
2) and vena femoralis sinistra, respectively. Additionally, the LV pressure (LVP) was measured in
the LV via the arteria carotis dextra. The blood vessels were isolated and dissected free from the
surrounding tissues. Subsequently, the blood vessel was held under tension with forceps in order to
facilitate puncture with a 24G needle. Before insertion, the catheter (SPR-320, Millar Instruments,
AD Instruments, Germany) was calibrated to 0 mmHg in water of 37°C. Measurements were
performed with LabChart 7 software (ADinstruments, Germany) and were continued for
approximately five minutes to obtain stable measurements above and below the constriction. When
all measurements were performed, heparin (1,000 I.U., LEO Pharma, Belgium) and an overdose of
Nembutal (60 mg/ml, Ceva, Belgium) were injected intraperitoneally. The measurements in the
VCI via the vena jugularis and vena femoralis provided CVP above and below the constriction, from
which also the difference of these two was calculated. Arteria carotis measurements revealed
systolic LVP and LV contractility/relaxation via dP/dt max/min. It should be noted that in contrary
to the measurements above and below the constriction, the measurements via the arteria carotis

were not completed in all rats (sham n = 5, VCI n = 3) due to practical limitations.

Figure 2: Hemodynamic measurement with catheter inserted via the vena jugularis dextra. The rat is
anesthetized via a mouth mask (2 - 4% isoflurane) and is kept on a heating pad during the entire procedure.
Paws are secured with tape in order to avoid movement.

2.8 Organ retrieval and histological analysis

After sacrifice, organs were retrieved from the rats in order to determine the weight of the heart,
left ventricle, lungs, liver, kidneys, digestive system (stomach, spleen and small and large
intestine) and spleen. Organ weight was normalized to tibia length. The heart was perfused with a
Tyrode NT buffer (137 mM NaCl; 5,4 mM KCI; 0,5 mM MgCl,; 1 mM CaCl,; 11,8mM (Na)HEPES
(Sigma-Aldrich, Belgium); and pH between 7,35 and 7,40) and a 540 mM KCI solution in order to
preserve cardiomyocytes in a diastolic state. The heart, kidneys and liver were cut in transverse
slices of 5 mm and were preserved in 4% paraformaldehyde (PFA) for 24h at 4°C. Next, 4% PFA
was replaced by 70% ethanol in which tissues were preserved at 4°C until paraffination. Tissue
sections of 5 - 6 pm were made with a microtome (Leica, Leitz 1512, Germany) and were stained
with hematoxylin and eosin (H&E) to study tissue morphology and with Masson’s trichrome or
Sirius Red/Fast Green to evaluate fibrosis.
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2.8.1 Hematoxylin and eosin staining

Paraffin sections were deparaffined and rehydrated in 100% xylene and an ethanol gradient from
100% to 70%. Additionally, sections were washed in distilled water and 1x phosphate buffered
saline (PBS) before staining in hematoxylin. After a wash step in flowing tab water, sections were
stained with eosin. Dehydration was performed by placing the sections in graded ethanol bathes
from 70% to 100% and in 100% xylene. Finally, coverslips were mounted on the microscope slides
with distyrene plasticizer xylene (DPX) mounting medium (Leica, Belgium). Tissue section were
imaged by scanning with a Mirax Desk via Mirax scan and viewer software (Zeiss, Germany).
Cardiac tissue was analyzed for myocardial wall thickness and renal tissue was analyzed for the
width of Bowman’s space with Pannoramic Viewer software 1.15.4 (3DHISTECH, Hungary). Mean
cardiac wall thickness is determined by measuring eight randomly selected regions of the cardiac
wall (as indicated in Figure 3A). In renal tissues, the mean width of bowman’s space was calculated
of ten glomeruli in which the width of Bowman’s space was determined by measuring five randomly
selected regions (as demonstrated for one glomerulus in Figure 3B). On the other hand, liver tissue
was investigated for hepatocyte hypertrophy via analysis with AxioVision Rel. 4.6 software (Zeiss,
Germany). Four randomly selected pictures at a 20x magnification were analyzed for nuclear and
total cell surface (Figure 3C-E). The mean percentage hypertrophy for each tissue section was
calculated with the percentage hypertrophy for each picture; (areanuygeus/areatotal cen) X 100.

: RN M@ ‘ g
Figure 3: Examples of analysis performed to evaluate cardiac wall thickness (A), width of Bowman’s space
(green) (B) and hepatocyte hypertrophy after H&E staining on paraffin-embedded tissues (C-E). Comparison of
original picture at a 20x magnification (C), nuclei represented by a blue surface (D) and total cell area by a red
surface (E) via AxioVision Rel. 4.6 software. Scale bar = 2000 pm (A), 100 um (B-E).

2.8.2 Masson’s trichrome staining

Paraffin sections were deparaffined and rehydrated as previously described, but only washed in

MilliQ. Thereafter, staining was initiated by placing the tissue sections in hematoxylin mayer
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solution followed by a wash step in flowing tab water. Next, the following bathes were included:
Ponceau/Fuchsine staining, 1% phosphomolybdeen acid, aniline blue staining, phosphomolybdeen
acid and 1% acetic acid. After every step, a wash step in MilliQ was included. Finally, the tissue
sections were rehydrated, mounted and imaged as previously described. Fibrosis analysis was
performed with the aid of AxioVision Rel. 4.6 software by quantifying the amount of red and blue
colored tissue pixels in four random pictures at a 20x magnification for every tissue section. Mean
percentage of fibrosis for each tissue section was determined by calculating the percentage fibrosis

for every picture; (areape / (areareq + areapue)) X 100. The red area is total cell surface, while blue

represents connective tissue as a measure of fibrosis (Figure 4A-C).

Figure 4: Example of analysis performed to measure the percentage fibrosis in paraffin-embedded tissue
sections after Masson’s trichrome staining. Comparison of original picture at a 20x magnification (A), fibrotic
tissue represented by a blue surface (B) and total cell area by a red surface (C) via AxioVision Rel. 4.6
software. Scale bar = 100 um (A-C).

2.9 Statistical analysis

All data are presented as mean £ SEM and analyzed with GraphPad Prism software (version 5.01,
GraphPad software, USA). Normal distribution of data was tested with the Kolmogorov-Smirnov
test. Statistical analyses were performed with an unpaired t-test or two-way repeated measures
(RM) ANOVA test when data passed the normality test but were unpaired and paired, respectively.
In case of paired not normally distributed data, a Mann-Whitney test was performed for every
time-point as for unpaired data. Correlation analysis between variables was achieved via a Pearson

test.
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3 Results

3.1 Echocardiography

To assess cardiac morphology and functioning, echocardiographic analysis were performed at
baseline and week 6 and 12 after sham-operation or VCI-constriction. No statistically significant
changes in echocardiographic parameters were demonstrated in VCI-constricted rats (n = 7)

compared to sham-operated rats (n = 6) after twelve weeks (Table 5).

Table 5: Echocardiographic parameters at baseline (week 0) and twelve weeks after sham operation
or VCI constriction.

Parameter Week Sham (n = 6) VCI (n = 7)
LVEDD (mm) 0 4.7 £0.2 5.3+0.1
12 7.3 £0.5 7904 *
LVESD (mm) 0 2.7+0.2 2.9 +0.1
12 4.1 £0.5 5.1 £0.2
PWT (mm) 0 0.85 % 0.07 0.78 + 0.05
12 0.80 = 0.05 0.78 £ 0.04
AWT (mm) 0 1.20 + 0.06 1.17 + 0.07
12 1.04 £ 0.05 1.04 + 0.06
HR (bpm) 0 396 + 6 400 + 12 *
12 367 £ 14 361 £22
EDV (ul) 0 111 + 10 140 £ 6
12 409 £ 52 460 £ 56
ESV () 0 25+ 4 30+ 3
12 98 + 24 132+ 15
SV (ul) 0 86 + 11 110 £ 8
12 311 £ 36 329 £ 45
CO (ml/min) 0 34+5 44 + 3
12 113 £ 13 116 £ 16
EF (%) 0 76 £ 5 78 £ 3
12 78 £ 4 78 £ 3
FS (%) 0 30 + 4 31+ 3
12 30+ 4 29 £ 2

Echocardiographic parameters compared between sham-operated (n = 6) and VCI-constricted (n = 7) rats.
LVEDD, left ventricle end-diastolic diameter; LVESD, left ventricle end-systolic diameter; PWT, posterior wall
thickness; AWT, anterior wall thickness; HR, heart rate; EDV, end-diastolic volume; ESV, end-systolic volume;
SV, stroke volume; CO, cardiac output; EF, ejection fraction; FS, fractional shortening. Data are presented as
mean = SEM. * p < 0.05 between week 0 and 12 (Mann-whitney or unpaired t-test).
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3.2 Standard clinical parameters

Different clinical parameters were investigated in urine and plasma samples obtained every three
weeks during the follow-up period of twelve weeks. In the urine samples, only parameters of
kidney function were measured. On the other hand, parameters of heart, kidney and liver function

were assessed in plasma samples.

3.2.1 Heart function

To investigate cardiac injury, CK levels were measured in plasma samples. No statistically
significant changes in CK levels were demonstrated in VCI-constricted rats (n = 7) compared to
sham-operated rats (n = 6) (Figure 5). The pilot study demonstrated similar results (data not

shown).
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Figure 5: Creatine kinase (CK) levels in plasma samples compared between sham-operated (n = 6) and VCI-
constricted (n = 7) rats. Data are presented as mean £ SEM. * p < 0.05 (two way RM ANOVA).

3.2.2 Kidney function

In urine and blood samples, different clinical parameters were measured in order to investigate
different aspects of kidney function. Glomerular filtration rate was determined via creatinine
clearance and assessed via plasma cys C levels. Electrolyte handling was investigated by
measuring chloride and sodium levels in urine and plasma samples. Fractional sodium excretion

was also calculated. Last, urinary total protein was measured to investigate glomerular damage.

3.2.2.1 Glomerular filtration rate

Urinary and plasma creatinine levels were measured to investigate and calculate creatinine
clearance. No statistically significant changes were detected in urinary creatinine levels between
sham-operated (n = 6) and VCI-constricted (n = 7) rats (Figure 6A). On the other hand, creatinine
levels in plasma samples of VCI-constricted rats were significantly increased in week 9 and 12
(Figure 6B). Glomerular filtration rate was based on creatinine clearance and calculated via plasma
and urinary creatinine levels of an 24 hours urine output; GFR = [urin€creatinine (Mg/dl) X urineyoume
(ml)]1/[plasmacreatinine (Mg/dl) x 1440 (min)]. However, creatinine clearance showed no significant
change after VCI constriction (Figure 7). On the other hand, plasma cys C was significantly
increased in week 9 and 12 after VCI constriction (Figure 8). The pilot study showed similar results
(data not shown).
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Figure 6: Urinary (A) and plasma (B) creatinine levels compared between sham-operated (n = 6) and VCI-
constricted (n = 7) rats. Data are presented as mean = SEM. * p < 0.01; *** p < 0.001 (unpaired t-test (A);
two way RM ANOVA (B)).
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Figure 7: Creatinine clearance of sham-operated (n = 6) and VCI-constricted (n = 7) rats was calculated as
follows: GFR = [urinecreatinine (Mg/dl) x urineyvoume (MI)]1/[plasmacreatinine (Mg/dl) x 1440 (min)] (two way RM
ANOVA). Data are presented as mean £ SEM.
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Figure 8: Plasma cystatin C levels of sham-operated (n = 6) and VCI-constricted (n = 7) rats. Data are
presented as mean £ SEM. * p < 0.05; ** p < 0.01 (two way RM ANOVA).

3.2.2.2 Electrolyte handling

Chloride and sodium handling of the kidney was investigated by measuring urine and plasma levels
of these electrolytes. Urinary electrolyte levels were normalized to urinary creatinine levels. No
significant changes in urinary chloride (Figure 9A) and sodium (Figure 9B) were detected after VCI
constriction. On the other hand, plasma chloride (Figure 10A) and sodium (Figure 10B) levels were
significantly increased in VCI-constricted rats (n = 7) compared to sham-operated rats (n = 6) in
week 9 and 12. Last, FENa was calculated via FENa% = 100 x ([urinesegium (mmol/l) x
plasmacreatinine (Mg/d)]/[plasmasedium (MmMol/l) X urin€creatinine (Mg/dl)]). However, FENa was not
significantly changed after VCI constriction (Figure 11). Similar results were obtained in the pilot

study (data not shown).
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Figure 9: Urinary chloride (A) and sodium (B) levels compared between sham-operated (n = 6) and VCI-
constricted (n = 7) rats. Urinary chloride and sodium levels are normalized to urinary creatinine levels. Data are
presented as mean £ SEM. * p < 0.05; *** p < 0.001 (two way RM ANOVA).
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Figure 10: Plasma chloride (A) and sodium (B) levels compared between sham-operated (n = 6) and VCI-
constricted (n = 7) rats. Data are presented as mean £ SEM. * p < 0.05; *** p < 0.001 (two way RM ANOVA).
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Figure 11: Fractional sodium excretion (FENa) of sham-operated (n = 6) and VCI-constricted (n = 7) rats.
Fractional sodium excretion was calculated via the following formula: FENa% = 100 x ([urin€segium (mMmmol/l) x
plasmacreatinine (Mg/dl)]/[plasmascdium (MmMol/l) X urinecreatinine (Mg/dl)]). Data are presented as mean + SEM.
3.2.2.3 Glomerular damage

Urinary total protein levels were measured as a marker of glomerular damage. No statistically
significant changes were detected in urinary total protein levels normalized to creatinine levels
between sham-operated (n = 6) and VCI-constricted (n = 7) rats (Figure 12). Similar results were
observed in the pilot study (data not shown).
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Figure 12: Urinary total protein levels compared between sham-operated (n = 6) and VCI-constricted (n = 7)
rats (unpaired t-test). Urinary total protein is normalized to urinary creatinine levels. Data are presented as
mean + SEM.

3.2.3 Liver function

To investigate the influence of VCI constriction on liver function, plasma bilirubin levels were
compared between sham-operated (n = 6) and VCI-constricted (n = 7) rats. The bilirubin levels
were increased significantly by VCI constriction in week 6, 9 and 12 (Figure 13). Similar results

were demonstrated in the pilot study, although not statistically significant (data not shown).
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Figure 13: Plasma bilirubin in sham-operated (n = 6) and VCI-constricted (n = 7) rats. Data are presented as
mean = SEM. * p < 0.05; ** p < 0.01 (two way RM ANOVA).

3.3 Hemodynamic measurements in the vena cava inferior and left ventricle
Hemodynamic measurements were performed at the end of the follow-up period in week 12. The
CVP was measured in the VCI above the constriction via the vena jugularis dextra and below the
constriction via the vena femoralis sinistra. The CVP measured via the vena jugularis was not
influenced by VCI constriction, while the CVP measured via the vena femoralis was significantly
increased compared between sham-operated (n = 6) and VCI-constricted rats (n = 7) (Figure
14A). The difference between the CVP measured above and below the constriction was calculated
by subtracting the CVP measured via the vena jugularis from the CVP measured via the vena
femoralis. This difference was significantly higher in VCI-constricted rats (Figure 14B). The pilot
study provided similar results, although not statistically significant (data not shown).
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Figure 14: Central venous pressure (CVP, mmHg) in the VCI reached via the vena femoralis and vena jugularis
(A) of sham-operated (n = 6) and VCI-ligated (n = 7) rats. The difference between the CVP above and below
the constriction measured via the vena femoralis and vena jugularis (CVPem - CVPjy4) (B) in sham-operated
and VCI-ligated rats. Data are presented as mean £ SEM. * p < 0.05 (unpaired t-test).

Additionally, the LVP at systole was measured and the dP/dt max and min were calculated in the
LV. No statistically significant changes was demonstrated in LVP and dP/dt max and min between

sham-operated and VCI-ligated rats (Table 6).

Table 6: Hemodynamic measurements in left ventricle.

Measurement Sham (n = 5) VCI (n = 3)
LVP (mmHg) 105.7 £ 6.6 118.5 + 10.4
dP/dt max (mmHg/s) 5311.4 £+ 405.0 7041.2 +£ 1145.4
dP/dt min (mmHg/s) -4391.9 + 347.4 -5246.5 £ 920.4

Left ventricular pressure (LVP) and dP/dt max and min compared between sham-operated (n = 5) and VCI-
constricted (n = 3) rats. Data are presented as mean £ SEM.

3.4 Physical parameters

Bodyweight was evaluated every week during the twelve week follow-up period. No statistically
significant difference was shown in bodyweight between sham-operated (n = 6) and VCI-
constricted (n = 7) rats (Figure 15). When rats were sacrificed, organs were retrieved in order to
investigate differences in organ weight between sham-operated and VCI-constricted rats. Organ
weight was normalized to tibia length. Heart, left ventricle, lungs, kidneys, digestive system and
liver weight showed no statistically significant differences in VCI-constricted rats compared to
sham-operated rats. However, the spleen showed a significant increase in weight after VCI
constriction (Table 7). These results confirm the data regarding the physical parameters of the pilot

study (data not shown).
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Figure 15: Bodyweight at weekly intervals during the twelve-week follow-up of sham-operated (n = 6) and
VCI-constricted (n = 7) rats (two-way RM ANOVA). Data are presented as mean = SEM.

Table 7: Organ weight normalized to tibia length (mg/mm).

Organ weight/tibia length (mg/mm) Sham (n = 6) VCI (n = 7)
Heart weight/tibia length (mg/mm) 39.3+1.2 42.9 £ 3.3
Left ventricle weight/tibia length (mg/mm) 21.7 £ 1.1 234 £ 1.2
Kidneys weight/tibia length (mg/mm) 40.1 £ 1.7 39.7 £ 3.7
Lung weight/tibia length (mg/mm) 74.1 £ 6.1 75.7 £4.0
Digestive system weight/tibia length (mg/mm) 813.0 £ 79.6 807.3 £ 37.1
Spleen weight/tibia length (mg/mm) 19.8 £ 1.0 26.6 £ 1.4**
Liver weight/tibia length (mg/mm) 419.3 £ 47.0 497.6 £ 34.1

The weight of the heart, left ventricle, kidneys, lungs, digestive system, spleen and liver compared between
sham-operated (n = 6) and VCI-constricted rats (n = 7). Data are presented as mean * SEM. ** p < 0.01
(unpaired t-test).

3.5 Morphological parameters

Heart, kidney and liver tissue sections were evaluated on morphological changes via a H&E
staining. These tissue sections were analyzed for myocardial wall thickness, the width of Bowman'’s
space and hepatocyte hypertrophy, respectively. No statistically significant difference between
sham-operated (n = 6) and VCI-constricted (n = 7) rats was demonstrated in cardiac wall
thickness (Figure 16A-C) and hepatocyte hypertrophy (Figure 16G-I). On the other hand, there
was a statistically significant increase in the width of Bowman's space after VCI constriction (Figure
16D-F). Similar results were obtained in the pilot study, although no statistically significant

difference was observed in the width of Bowman'’s space (data not shown).
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Figure 16: H&E staining of paraffin-embedded heart, kidney and liver tissue sections. Morphological
parameters (cardiac wall thickness (A-C), width of bowman’s space (D-F) and hepatocyte hypertrophy (G-I),
respectively) compared between sham-operated (n = 6) and VCI-constricted (n = 7) rats. Data presented as
mean + SEM. Scale bar = 2000 um (B-C), 100 um (E-F, H-I). * p < 0.05 (unpaired t-test).

3.6 Fibrosis

Masson’s trichrome staining of heart, kidney and liver tissue was used to investigate the
percentage of fibrosis present in these tissue sections. There were no statistically significant
changes found in the percentage fibrosis of heart (Figure 17A-C) and kidney (Figure 17D-F)
tissues, however, the percentage fibrosis in the liver (Figure 17G-I) was statistically significant
higher in the VCI-constricted rats (n = 7) compared to sham-operated (n = 6) rats.
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Figure 17: Masson'’s trichrome staining of paraffin-embedded heart (A-C), kidney (D-F) and liver (G-I) tissue
sections compared between sham-operated (n = 6) and VCI-constricted (n = 7) rats. Data are presented as
mean = SEM. Scale bar = 100 um (B, C, E, F, H, I). *** p < 0.001 (unpaired t-test).

Both the liver function test based on plasma bilirubin levels and the percentage hepatic fibrosis
showed significant liver damage in the VCI-constricted rats. Therefore, a correlation analysis was
performed and a positive correlation was demonstrated between these two variables (R2 = 0.6; p
= 0.002) (Figure 18).
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Figure 18: Correlation between the percentage hepatic fibrosis and plasma bilirubin levels. R2 = 0.6; p =
0.002 (Pearson).
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4 Discussion and outlook

The presented results provide the basis for the validation of the rat model for abdominal venous
congestion. These also indicate how heart, kidney and liver function are influenced by VCI
constriction. Moreover, it is possible to indicate which organ is targeted first.

4.1 Pressure in the vena cava inferior and left ventricle

The CVP measured in the VCI via the vena femoralis (i.e. below the constriction) was increased in
VCI-constricted rats. This was expected as VCI constriction causes an accumulation of blood below
the constriction, leading to an increase in abdominal CVP. Consequently, a decrease in CVP
measured via the vena jugularis was predicted since blood is blocked below the constriction, which
lowers blood flow in the VCI above the constriction. However, this decrease in CVP measured via
the vena jugularis was not confirmed in the presented project. This could be explained by the
activation of compensatory mechanisms that mask a decrease in CVP above the constriction.
Activation of the RAAS and SNS could have led to vasoconstriction of the VCI and fluid retention to
increase CVP to normal values. Meier et al. (2006) measured a CVP via the vena jugularis of 3
mmHg in healthy male Sprague-Dawley rats, which corresponds with the data of the presented
study (Figure 14A) (58). On the other hand, the presented project showed an increase in CVP
below the constriction to 14.5 mmHg, which is in accordance with results of Paganelli et al. (1988)
investigating VCI constriction in dogs. The exact location of VCI constriction was not specified in
this study but the duration of VCI constriction was acute (hours to days), which is in contrast with
the chronic constriction (12 weeks) induced during the presented project. Still, this study showed
an increase in CVP below the constriction from 3 mmHg to 14 mmHg, which corresponds with the
elevated CVP from 4 mmHg to 14.5 mmHg in the presented study (59). It should be noted that this
study was performed in dogs, but to our knowledge no similar data are available in rats.

As absolute values can mask changes in CVP due to inter-individual variation between the rats, the
difference between the CVP above and below the constriction was calculated. This difference was
significantly higher in VCI-constricted rats, which confirms the increase in abdominal CVP due to
VCI constriction (Figure 14B). To conclude, these data give a first validation on the development of
abdominal venous congestion after VCI constriction. Additionally, a CVP of 15 mmHg was also
demonstrated in acute decompensated HF patients and CVP increased further with increasing IAP
(11). This underlines the positive correlation between CVP and IAP, but also the biological
relevance of the increase in abdominal CVP achieved in this rat model compared to the increased
CVP in HF patients.

Additionally, the systolic LVP and LV dP/dt max and min measured via the arteria carotis dextra
were unchanged after VCI constriction, although an increase in all measurements could be
suggested after VCI constriction (Table 6). In this rat model of abdominal venous congestion, it is
expected that (neuro)humoral systems are activated due to VCI constriction (as described in
1.2.2), which results in increased myocardial contraction and relaxation to maintain CO (60). The
increase in contraction potential as part of the systolic phase was reflected in the increased systolic
LVP. The measures of sham-operated rats correspond with results of other studies investigating

cardiac function in male Sprague-Dawley rats. For example, systolic LVP was 100 mmHg and dP/dt
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max and min were between 4500-5000 mmHg/s for control rats in a study of Huang et al. (2007),
who investigated a new therapeutic strategy to improve cardiac function in diabetic rats (61).
Huang et al. (2007) also showed that these measures decrease in the failing heart. Taken together,
this may indicate that the presented project showed the first effects of VCI constriction on heart
function by increasing contraction and relaxation, rather than chronic effects associated with
deteriorating heart function. Still, these effects were statistically not significant between sham-
operated and VCI-constricted rats. This could be explained by the limited number of animals in
which these measurements could be performed (sham n = 5, VCI n = 3), but still provides a first
rationale that the follow-up period was too limited in order to impair heart function.

4.2 Congestion in the abdomen and organs

Bodyweight was monitored weekly during the follow-up period and VCI-constricted rats showed a
lower increase in bodyweight after surgery compared to sham-operated rats but both groups
showed an equal bodyweight by week 5 (Figure 15). No statistically significant difference in
bodyweight was demonstrated between sham-operated and VCI-constricted rats. It was expected
that bodyweight would increase after VCI constriction due to activation of (neuro)humoral
pathways leading to increased fluid retention. Lala et al. (2015) showed via a post hoc analysis of
the Diuretic Optimization Strategy Evaluation in Acute Decompensated Heart Failure (DOSE-AHF)
and Cardiorenal Rescue Study in Acute Decompensated Heart Failure (CARRESS-HF) trials that
patients hospitalized with acute HF and treated for congestion display a decrease in bodyweight
after treatment. This decrease in bodyweight was also related to the severity of congestion but this
pattern was not consistent and decongestion could not be predicted based on bodyweight. This
showed that there could also be other factors contributing to bodyweight loss with decongestive
therapy including inter-individual variation in the amount of fluid retention (62). Similarly, an
increase in bodyweight after VCI constriction may be masked due to a variation between rats,
which is demonstrated in the presented project. Moreover, the results suggest that VCI constricted
rats had a lower average bodyweight by week 12. This may indicate that VCI constriction had an
effect on overall health and appetite of these rats. Taken together, as there was no effect on
bodyweight by VCI constriction, this suggests that VCI constriction did not lead to overt clinical
signs (e.g. ascites) of abdominal congestion due to a fluid buildup in the abdomen. However,
ascites is only demonstrated in a small number of patients with increased IAP in congestive HF
(15). Therefore, bodyweight is not the most important determinant for the validation of this rat
model for abdominal venous congestion.

On the other hand, an increase in organ weight was expected since abdominal congestion also
influences other organs as described in 1.2.1.2. An increase in heart weight, however, is expected
to be the consequence of myocardial hypertrophy. The presented project demonstrated no effect of
VCI constriction on normalized weight of the heart, left ventricle, lungs, liver, kidneys and digestive
system. Only spleen weight was increased in the VCI group (Table 7). This can be explained by the
function of the spleen to store blood in its vasculature to avoid volume overload and misdistribution
throughout the body, which leads to an increase in spleen weight due to fluid buildup (15, 23). To
conclude, the increase in spleen weight gives an indication that abdominal venous congestion was

being developed in VCI-constricted rats. These data together with the increase in abdominal CVP
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validate the rat model of abdominal venous congestion. The increase in abdominal CVP validates
the hemodynamic changes after VCI constriction, while the increased spleen weight confirms the
effect of VCI constriction in the abdomen.

4.3 Echocardiography

Echocardiographic analysis were performed in order to follow-up cardiac function after VCI
constriction. It was expected that hemodynamic changes induced via VCI constriction would
activate compensatory mechanisms in the heart to maintain CO. However, no significant changes
were observed in the echocardiographic parameters after twelve weeks of VCI constriction (Table
5). The follow-up period of twelve weeks may be insufficient to develop functional changes in the
heart. This notion is supported by the results of the hemodynamic measurements in the LV, which
showed an increase in contraction and relaxation after VCI constriction. It could be speculated that
the increase in relaxation is reflected in a suggestive increased EDV after VCI constriction, which
could be seen as a compensation to increase CO. However, ESV is also higher in the VCI group,
indicating that absolute values can differ between both groups but that cardiac performance is
maintained in both groups as CO is comparable. Nevertheless, the data obtained in the presented
project are similar to the results presented by Watson et al. (2004), who investigated baseline
echocardiographic values in male Sprague-Dawley rats (63). This shows the validity of the methods
used to determine these echocardiographic parameters.

4.4 Effect of abdominal congestion on organ function

The effects of VCI constriction on heart, kidney and liver function were determined via standard
clinical tests on urine and plasma samples. Liver function parameters were included as the pilot
study showed a trend in increased liver weight normalized to tibia length, which was not confirmed
by the presented project (data not shown).

It should be noted that plasma samples were hemolytic, which is the release of hemoglobin and
other intracellular components from red blood cells into the plasma due to damage of the cell
membrane. This is probably attributed to a turbid blood withdrawal via the tail vein of the rat.
Different clinical parameters (i.e. sodium, chloride, total protein, bilirubin and CK) are influenced by
hemolysis and results should be interpreted with caution (64). Therefore, baseline measurements
are compared with data of other studies to confirm the results despite of hemolysis.

4.4.1 Heart function

Heart function was assessed by measuring plasma CK activity. It was expected that CK activity
would increase after VCI constriction, since CK is released from the heart into the blood when the
myocardium is damaged. However, the presented data suggest a decline of CK activity levels in
VCI constricted rats compared to baseline measurements (Figure 5). Baseline CK values of 600 U/I
are confirmed by Du et al. (2016) investigating myocardial ischemia-reperfusion injury in male
Sprague-Dawley rats, but this study also showed an increase in CK activity after myocardial
damage (65). This demonstrates that increased plasma CK activity levels are observed after acute
cardiac injury, but VCI constriction did not cause an acute deteriorating condition of the heart.

29



The decreased CK activity can be explained by a reduced metabolic efficiency of cardiomyocytes as
occurs in heart failure and cardiac remodeling due to phenotypic changes. Normal fatty acid
oxidation involves creatine kinase, while less efficient ATP-producing pathways do not use CK,
which results in lower CK activity (66). Another possible explanation for decreased CK activity after
VCI constriction can be found in the relation between glutathione and CK. Gunst et al. (1998)
showed that in case of organ failure CK activity levels should be assessed with caution since the
loss of CK activity can be explained by a depletion of extracellular glutathione (67). This notion can
be supported by the finding that glutathione levels are decreased in chronic heart failure patients
as demonstrated by Radovanovic, et al. (2012) (68). Glutathione normally aids in the protection
against ROS. Therefore, decreased CK activity may be explained by an increase in oxidative stress,
which targets enzymes and proteins including CK (67). Taken together, other parameters should be
tested to confirm to assumption that there is shift in energy metabolism of the heart or that

glutathione levels could influence CK levels after VCI constriction.

It can be concluded that there was no direct cardiac damage caused by VCI constriction. This is not
only suggested by decreased CK activity, but also by the results of the hemodynamic
measurements in the LV and the echocardiographic analyses as these also did not show a

significant decline in cardiac function by VCI constriction.

4.4.2 Kidney function

In urine and blood samples, different clinical parameters were measured in order to investigate
different aspects of kidney function after VCI constriction. Glomerular filtration rate was
determined via creatinine clearance and assessed via plasma cys C levels, while electrolyte levels
(chloride and sodium) together with FENa were assessed to investigate salt retention. Finally,

urinary total protein was measured as an indication for glomerular damage.

4.4.2.1 Glomerular filtration rate

Glomerular filtration rate based on creatinine clearance was expected to decrease after VCI
constriction as explained in paragraph 1.2.1.1. In the presented project, there was a significant
increase visible in plasma creatinine levels after VCI constriction (Figure 6A). However, no
significant differences were found in urinary creatinine levels and creatinine clearance between
sham-operated and VCI-constricted rats (Figure 6B, Figure 7). In a study of Ashtiyani et al. (2013)
investigating renal reperfusion injury, a creatinine clearance of 6 ml/min/kg was observed in sham-
operated male Sprague-Dawley rats, which is similar to the values of the presented study (69).
This supports the reliability of the presented results despite hemolysis. It is speculated that
creatinine clearance first increases and then declines after VCI constriction. This shift takes place
around week 6 and a similar observation has been reported by Damman et al. (2009) in patients
with cardiovascular diseases. This study showed that GFR gradually rises with increasing CVP until
CVP increases above 6 mmHg after which GFR declines. The initial increase may be a reflection of
hemodynamic changes leading to increased renal perfusion, while later the increased CVP results in
backward failure and decreased renal perfusion (70). It is possible that these mechanisms also

caused the shift in GFR after VCI constriction during the follow-up period of the presented study.

30



On the other hand, cys C levels showed a significant increase from week 9 in VCI-constricted rats
(Figure 8). The increased plasma cys C levels could indicate a decrease in GFR although creatinine
clearance was not significantly decreased. As shown by a meta-analysis of Dhamidharka et al.
(2002), cys C is considered to be a better marker of GFR then creatinine clearance. This is
evidenced by better correlation coefficients and greater receiver operating characteristic (ROC)-plot
area under the curve (AUC) values (71). Additionally, creatinine has several limitations as an
endogenous marker of GFR since plasma creatinine levels are influenced by body mass, gender,
age, protein intake, inflammation and other routes of clearance can be addressed besides filtration
(72). If cys C is considered to be a better marker of GFR, the presented data could indicate a
reduction in GFR after VCI constriction. However, cys C values of the presented project are in
contrast with a study of Efrati et al. (2011), who investigated AKI via unilateral nephrectomy in
male Sprague-Dawley rats. Efrati et al. (2011) showed a cys C value in the sham group of 0.6 mg/I
and of 1.1 mg/I after unilateral nephrectomy (73). The presented project showed a baseline value
of 1.5 mg/l. This difference could be explained by the presence of hemolysis in blood samples,
although other parameters were not influenced by hemolysis. It could also be that a difference in
technique to measure cys C levels (ELISA vs. automatic analyzer) may influence the absolute levels
of cys C due to a difference in sensitivity for cys C. Additionally, Efrati et al. (2011) obtained blood
samples only 24-168 hours after surgery, while the presented project sampled blood every three
weeks. Taken together, it is still valuable to compare cys C values between sham-operated and
VCI-constricted rats. Therefore, it is concluded that GFR is decreased based on plasma cys C levels,

but creatinine clearance only suggests a decrease in GFR.

4.4.2.2 Electrolyte handling

No statistically significant effect of VCI constriction on urinary electrolyte levels was demonstrated
(Figure 9), but an increase in plasma chloride and sodium levels was observed in week 9 and 12
after surgery (Figure 10). The increase in plasma electrolyte levels was expected due to the
activation of hemodynamic and (neuro)humoral mechanisms leading to salt retention (as described
in 1.2.1 and 1.2.2). However, the presented data did not show a decrease in urinary electrolyte
levels. Additionally, FENa was not significantly different between VCI constricted and sham-
operated rats. This was also expected to decrease due to salt retention. As previously explained,
the hemolytic factor of plasma samples could influence the results of electrolyte levels in the blood.
However, when comparing baseline data of the presented project to control experimental rats in
other studies investigating kidney injury in Sprague-Dawley rats, results are similar with blood
sodium levels of 140 mmol/I, blood chloride levels of 100 mmol/l and FENa of 0.40% (74).

4.4.2.3 Glomerular damage

Urinary total protein level was measured to investigate glomerular damage, but no significant
difference in total protein level normalized to urinary creatinine levels was observed after VCI
constriction (Figure 12). It was expected that total protein in the urine would increase because of
damage to the glomerular membrane, which is mostly seen in hypertensive nephropathies. First,
Doty et al. (1999) showed that increased renal venous pressure leads to proteinuria in a swine
model of renal vein constriction combined with unilateral nephrectomy (19). Similar, VCI

constriction was expected to cause leakage of proteins to the urine due to increased
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intraglomerular pressure. As renal vein constriction has a more direct effect on renal venous
pressure then VCI constriction, VCI constriction may not be sufficient to increase the total protein
level. Additionally, blood samples in the presented project were obtained three weeks after VCI
constriction, while Doty et al. (1999) assessed total protein levels two hours after renal vein
constriction. Second, it should be noted that urinary total protein normalized to urinary creatinine
is a less accurate method to measure proteinuria, especially in the case of low relative molecular
mass proteinuria. This could contribute to false lower total protein levels. By including specific

microglobulins into the test panel, a specific classification of proteinuria can be made (75).

In conclusion, VCI constriction seems to have a limited effect on kidney function as creatinine, cys
C, chloride and sodium levels were increased in the plasma, but no changes were detected in
urinary creatinine, chloride and sodium levels, creatinine clearance and FENa. This could be
explained by the enormous reserve capacity of the kidney. The kidney can maintain normal
creatinine levels and GFR even when the kidney is damaged until 50% of nephrons are lost (76).
This reserve capacity could mask the effects of VCI constriction on kidney function. Therefore, it
could be that the follow-up period was too short in order to induce overt kidney damage.

4.4.3 Liver function

Bilirubin levels were measured to investigate liver function. Bilirubin is the end-product of heme
breakdown and is transported to the liver bound to albumin. In the liver, it is removed from the
plasma and is conjugated with glucuronic acid, which is excreted in via the bile (77). The presented
data showed a significant increase in bilirubin levels from week 6 after VCI constriction (Figure 13).
These results were expected as it was shown by Van Deursen et al. (2010) that in HF patients
there is a correlation between elevated CVP and total bilirubin. Bilirubin levels are suggested to be
increased due to reduced hepatic perfusion and congestion of the liver, which leads to hepatocyte
necrosis resulting in impaired heme breakdown and accumulation of bilirubin in the plasma (78). In
a study of Meier et al. (2006) investigating a new model of the abdominal compartment syndrome,
bilirubin levels of control Sprague-Dawley rats were around 0.09 mg/dl (58). These control
measurements are not in accordance with the results of the presented project as the bilirubin levels
of sham-operated rats stay around 0.3 mg/dl during the follow-up period. This difference in results
can be explained by the fact that Meier used female and male rats and sampled blood six hours
after induction of the abdominal compartment syndrome. This is in contrast with the male rats and
three-weekly blood sampling in the presented project. Still, it can be concluded that VCI

constriction caused an increase in bilirubin level, which indicates a deterioration of liver function.

4.5 Morphological changes induced by abdominal venous congestion

Morphological changes in the heart, kidneys and liver were assessed to give a more complete
understanding on the effects of abdominal venous congestion besides functional changes (Figure
16). First, in HF there are different compensatory mechanisms present to preserve CO. Changes in
myocardial wall thickness is one of these mechanisms (79). After VCI constriction, cardiac wall
thickness was expected to be increased as a consequence of myocardial hypertrophy to increase
contractility. A cardiac wall thickness of 2500 um is confirmed by Sunagawa et al. (2014), who

observed LV cardiac wall thickness in rats with and without myocardial infarction. This study
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showed a doubling of cardiac wall thickness in the non-infarcted area after induction of myocardial
infarction (80). These overt changes were not observed in the presented project. This can be
explained by the fact that VCI constriction also had no significant effect on LV contractility as
demonstrated by the hemodynamic measurements in the LV. Additionally, the echocardiographic
data supported the notion that cardiac function was not affected by VCI constriction. Therefore, no
increase in cardiac wall thickness via hypertrophy was required as CO was maintained after VCI

constriction.

Second, an increase in renal venous pressure causes an elevation in the hydrostatic pressure in
Bowman’s space (81). Consequently, it is expected that this would lead to enlargement of
Bowman’s space. Kotyk et al. (2015) measured the width of Bowman’s space in Albino rats with
chronic kidney disease. This study showed that in healthy rats the width of Bowman’s space is 6
pm while in rats with chronic kidney disease this can double (82). The value of these healthy rats is
in the same range as sham-operated rats of the presented project, indicating the accuracy of the
method to measure the width of Bowman’s space. The width of Bowman’s space was significantly
increased after VCI constriction, which indirectly suggests that renal venous pressure was elevated.
This should lead to a decrease in GFR due to compression of the distal tubule by the surrounding
venules (as described in 1.2.1.1). However, GFR was not statistically significant decreased in both
parameters assessing GFR in the presented project (creatinine clearance and plasma cys C levels).
Total protein levels also did not show any damage to the glomerular membrane, while an increase
in the width of bowman’s space suggests damage of the glomerulus. These inconsistencies could be
explained by the high reserve capacity of the kidney before showing a deteriorating function, which
could already be visible in kidney tissue itself on the microscopic level (76).

Third, hepatocyte hypertrophy was assessed as it was expected that hepatic congestion causes cell
swelling, which results in a lower cell nucleus to cell surface ratio after VCI constriction as cell
surface increases. However, the presented project showed no difference in this ratio between
sham-operated and VCI-constricted rats. This could be explained by the observation that liver
congestion was limited after VCI constriction as normalized liver weight was not significantly
increased in VCI-constricted rats. On the other hand, as increased bilirubin levels could indicate
hepatocyte necrosis (as explained in 4.4.3), hepatocyte hypertrophy could be masked by a
shrinking of necrotic cells leading to a higher cell nucleus to cell surface ratio. Consequently, it
could be a next goal to specifically measure necrosis in liver tissue to confirm this theory.

4.6 Influence of abdominal congestion on fibrosis

As fibrogenesis in heart, kidney and liver tissues are detrimental for the functioning of these
organs, it was investigated how an increase in abdominal CVP affected the percentage fibrosis in
these organs (Figure 17). First, the heart was expected to have an increased level of fibrosis after
VCI constriction. In heart failure, compensatory mechanisms are activated to preserve CO, which
results in cardiac hypertrophy. This is accompanied by fibrosis and eventually impaired contractility
(79). However, no changes were demonstrated in the percentage cardiac fibrosis after VCI
constriction. This confirms the observation that VCI constriction had no effect on contractility as

determined via the hemodynamic measurements in the LV, CO as measured via echocardiographic
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parameters and cardiac wall thickness. This emphasizes the coherence of the presented results on

the microscopic and functional level that VCI constriction did not affect heart function.

Second, a transition of tubular epithelial to myofibroblast phenotype in the kidney was considered
as a response to RAAS activation. This can be seen as an adaptation to escape cell death, but with
the expense of a phenotypic change. It is mainly angiotensin II that stimulates fibrogenesis via
stimulation of extracellular matrix production in these myofibroblasts, but also via inhibition of
matrix degeneration proteins (83). Consequently, as VCI constriction was expected to stimulate
RAAS activation, an increase in the percentage renal fibrosis was predicted in VCI-constricted rats.
As shown by the standard clinical tests, the effect of VCI constriction on kidney function was
limited, but an increase in the width of Bowman’s space was demonstrated on microscopic level.
This difference in results was explained by the enormous reserve capacity of the kidney, which
leads to changes on the microscopic level but maintains kidney function. Still, the percentage
fibrosis was not increased, which may be the consequence of a too short follow-up period in order

to develop a myofibroblast phenotype in tubular epithelial cells.

Third, hepatic fibrosis was considered as a consequence of chronic passive congestion after VCI
constriction. Giallourakis et al. (2002) described the pattern of fibrosis generated by congestive
heart failure (cardiac fibrosis) as different from other liver diseases. In cardiac fibrosis, there are
stromal fibrotic bands of collagen that radiate outward from the blood vessels and eventually reach
adjacent blood vessels. This was also seen in the presented project (indicated by green arrows in
Figure 19) (84). It was already shown by Akiyoshi et al. (1998) that a VCI constriction of six weeks
in male Wister rats between the diaphragm and the liver leads to fibrosis in the congestive liver
(85). D’Amico et al. (2012) showed also in male Sprague-Dawley rats that the percentage fibrosis
increases from 3 to 7% fibrosis in a model of portal hypertension (86). Although there are
differences with these studies, similar results were obtained in the presented project after VCI
constriction.

Figure 19: This is an example of a paraffin-embedded liver tissue section stained with Masson’s trichrome of a
VCI-constricted rat with cardiac fibrosis. A fibrotic radiation pattern is visible from different blood vessels
(indicated with a green arrow).
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Moreover, a positive correlation was found between plasma bilirubin levels and the percentage
hepatic fibrosis (Figure 18). The increase in bilirubin levels is due to reduced hepatic excretion in
the bile. This is explained by a change in the composition of the extracellular matrix in the liver due
to fibrogenesis, contributing to a decreased exchange of bilirubin between hepatocytes, blood and
bile. Hepatic fibrogenesis is mostly a reaction to persistent hepatocyte damage and necrosis (87).
Therefore, it could be hypothesized that VCI constriction leads to hepatocyte necrosis (as
suggested by an absence of hepatocyte hypertrophy), resulting in fibrosis and eventually increased
bilirubin levels. Taken together, the liver is the only organ showing overt signs of deteriorating
function and change in morphology after VCI constriction and seems to be the first target of VCI
constriction. Although it may be suspected that also the spleen is one of the first targets as spleen
weight normalized to tibia length was increased in VCI-constricted rats. However, this organ was
not evaluated in the presented project, but could be included in future projects to complete the

analysis on the targets of VCI constriction in the abdomen.

4.7 Limitations

First, the major limitation of this study is the disadvantages accompanied with the use of an animal
model. There are interspecies differences, which complicates the extrapolation to human patients.
On the other hand, genetic and environmental variations are present in humans while animals
studies are completely standardized (57). Second, rat and human myocardium differ on several
levels: a shorter action potential, a higher resting heart rate and regulation of calcium removal
from the cytosol by the sarcoplasmic reticulum calcium pump (and not the sodium calcium
exchanger) are present in rat myocardium (88, 89). This is not of great importance in the
presented study as heart function was not affected by VCI constriction. Third, heart and kidney
failure develop slowly, while in the rat the onset is forced. In humans, these failures are frequently
encountered in the aging and older population, while young rats are used in studies (90). Fourth,
IAP was not measured in the rats. As previously explained, IAP positively correlates to CVP, but
directly measuring IAP in the rat would be advantageous to investigate the effect of IAP on heart
and kidney function. However, by measuring the abdominal CVP an approximation of IAP is
expected as a result. Last, the number of animals used in this project limits the power of the
presented results as great variations were encountered. Therefore, it would be beneficial if a higher
number of animals could be included, but this was limited in the presented studies due to practical

reasons (e.g. limited number of metabolic cages).

4.8 Future perspectives

In the current project, a rat model of abdominal venous congestion is validated, but the effects of
abdominal venous congestion on heart and kidney function were limited. As the short follow-up
period of twelve weeks could account for the limited effects of VCI constriction on heart and kidney
function, a longer study period will be included in following projects. The next goal will be to
investigate RAAS activation, as this could explain the increase in cardiac contractility, plasma
electrolytes and cys C levels. Moreover, cardiac and kidney biomarkers (as described in 1.3) will be
measured to assess heart and kidney function more specifically. On the other hand, as fibrosis is
already measured in heart, kidney and liver tissue sections, the precise pathways contributing to

fibrosis will also be investigated in future research. The specific constituents of fibrosis will be
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identified, including collagen I, III and IV. Moreover, transforming growth factor-p1 (TGF-B1) has
been shown to induce transition of resident cells in the heart, kidneys and liver to a-smooth muscle
actin (a-SMA)-expressing myofibrolast, which contribute to fibrosis (91-93). Therefore, the
expression levels of TGF-f1, a-SMA and collagen I, III and IV determined by
immunohistochemistry, western blotting and gqPCR will demonstrate the precise mechanism
through which fibrosis is induced in the heart, kidneys and liver. Additionally, spleen tissue could

also be added to these analysis as the spleen is also a target of VCI constriction.

In future CRS research, the rat model of abdominal venous congestion can be used in combination
with models of heart or kidney failure. This will clarify if abdominal venous congestion contributes
to CRS progression and development. This combination will also provide a realistic analogy with
CRS patients as they first present with heart or kidney failure before developing congestion. A next
step will be to determine which part of the kidney tubule is affected most by abdominal venous
congestion in the combined model. This objective will be investigated by administering different
types of diuretics acting at different sites of the kidney tubule, including carbonic anhydrase, loop
and thiazide diuretics directed at the proximal tubule, loop of Henle and distal tubule, respectively.
Consequently, it will be possible to determine the best working diuretic, which will lead to
treatment of CRS patients with more specific diuretics. This will maximize the reduction of
abdominal congestion while minimizing worsening of renal function. On the other hand, the role of
oxidative stress in heart and kidney damage can be investigated in CRS. It is expected that
oxidative stress is also involved in the development and progression of CRS, since it has been
shown that oxidative stress plays a role in heart and kidney failure separately (30). In this
objective, dysfunctional ROS production and breakdown will be investigated, while the effects of
ROS on DNA, proteins and lipids will be determined by measuring specific oxidative stress
biomarkers. This knowledge will further contribute to the understanding on how the heart and

kidneys are affected in CRS patients by oxidative stress.

To conclude, the knowledge obtained during the current and future projects can be further
explored by pharmaceutical companies to develop new drugs (e.g. anti-fibrotic, optimized diuretic,
anti-oxidant, etc.). This will result in more specific treatment regimens, shorter patients’ hospital
admission and less rehospitalization, which eventually will limit the costs for the patients and the

society.
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5 Conclusion

The objectives were to validate the rat model of abdominal venous congestion and to determine
the effects of abdominal venous congestion on heart and kidney function. First, an increase in
abdominal CVP and spleen weight was demonstrated, which are important determinants of
abdominal venous congestion. Second, there was no effect of VCI constriction on heart function,
which was confirmed by the echocardiographic analysis, CK activity levels, cardiac morphology and
fibrosis. On the other hand, kidney function started to show signs of deterioration after VCI
constriction. Plasma electrolytes and cys C levels and the width of Bowman’s space were increased
by the end of the follow-up period, but other clinical parameters (including GFR, FENa, urinary total
protein and electrolytes) and the percentage fibrosis were unchanged after VCI constriction. This
indicates that VCI constriction had an effect on kidney function, but the follow-up period limited the
induction of overt kidney impairment. Last, liver function was also influenced by VCI constriction as
bilirubin and the percentage fibrosis were increased after VCI constriction, which also showed a
positive correlation. This further confirms the effect of VCI constriction on the abdomen. Based on
the presented project, the liver was first targeted by abdominal venous congestion but the effect
on the spleen should be further investigated.

Taken together, the rat model is validated as it is confirmed that VCI constriction induced
abdominal venous congestion. However, the model in its present setup is not sufficient to induce
CRS as heart and kidney function were minimally influenced by VCI constriction. To further
investigate the role of abdominal venous congestion in CRS development and progression, it is
suggested that future research uses a combination of this rat model with a model of heart or

kidney failure. This combination has also the advantage of being in analogy with human patients.
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