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1. Introduction

In recent years, the relationship between the heart and the kidneys in disease has received
increasing attention from the clinical and scientific medical community. This was initiated
by epidemiological observations in the late 1990’s of increasing patient numbers with
concurrent heart and kidney problems, and the association with a significantly higher
mortality ratio. This has led to intense discussions about the value of the recognition of
cardiorenal disease on the one hand, and the existence of a specific “cardiorenal syndrome”
on the other hand.1-10

The idea of specific interaction between heart and kidneys is not new. There are numerous
examples and anecdotes that show that people in the past from various societies considered
the heart and the kidneys to have a special relationship.

1.1 Heart and kidneys in ancient times

The Egyptian “Book of the Dead” (1600-1240 B.C.), which served as a reference work to
assist the deceased in the afterlife, is one of the first known texts that mentions the heart and
kidneys in parallel:

"Homage to thee, O my heart! Homage to you, O my kidneys!".11

The heart and the kidneys were the only organs left inside the body during the process of
mummification. The heart was weighed against the feather of truth by the jackal-headed
Anubis (Figure 1), but the exact role of the kidneys for the passage into afterlife is uncertain.
Blood vessels are well preserved in mummies, and there is evidence that cardiovascular
disease affecting both the heart and the kidneys were not uncommon.12

Eknoyan!3 researched the Bible and found that:

“[T]he kidneys are mentioned five times in the Bible as the organs examined by God to
pass judgment on a person. They are mentioned either before or after but always in
parallel with the heart, as for example, "I, the Lord, search the heart, I try the reins, even to
give every man according to his ways, and according to the fruit of his doings" (Jer. 17:10), and,
"Examine me, O Lord, and prove me; try my reins and my heart" (Psalms 26:2).”
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Fig. 1. The weighing of the heart against the feather of truth. This papyrus was found in the
tomb of the scribe Hunefer in Thebes. It dates from the 19th Dynasty, about 1285 BC. It can
be seen in the British Museum.

In Hebrew lore the kidneys owned the status as the organs which give the heart advice and
counsel, and which symbolize the innermost sources of thought and desire, those hardly
accessible to man but tested by God.14

1.2 Heart and kidneys in Traditional Chinese Medicine

No less lyrical, albeit more clinical descriptions are found in China, where the heart and the
kidneys are described in various medical texts. In Traditional Chinese Medicine (TCM), the
kidney represents water and is considered a “yin’ organ whereas the heart represents fire
and is a “yang’ organ.!> In TCM, the kidney not only regulates the urinary system, but also
controls the reproductive, endocrine and nervous system. It stores Jing, which is considered
a vital life force responsible for development and reproduction. The heart rules the blood
vessels and blood supply to the organs, but also stores the “spirit”, reflected in a person’s
mental, cognitive and intellectual abilities.

Dr. Shen Jin'ao writes in his book “Dr. Shen's Compendium of Honoring Life (Shen Shi
Zunsheng Shu)” from 1773:

“The heart resides in the vessels. It rules the kidney network, not via a controlling
position in the restraining circle of relationship between the organ networks [where the
kidney actually restrains the heart], but simply because it is the general master of all
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organ networks. Before the heart fire can harmoniously blend with the kidney water,
however, the kidney water must be sufficient. Otherwise the heart fire will flare out of
control, and all kinds of heart and kidney ailments will arise.”

In the 5 Elements network of Chinese medicine (Figure 2) a disorder called “heart and
kidney failing to link” (xin shen bu jiao) is presented, resulting in a variety of symptoms
ranging from restlessness and palpitations to dizziness, and dark, scanty urination or
nocturia.l¢ If both kidneys and heart are weakened, there may be palpitations, shortness of
breath, dizziness, darken complexion, purple lips and nails, sensitivity to low temperatures,
urinary difficulty, edema that is more apparent in the lower limbs, and a bulky tongue. If
the kidneys and heart are in disharmony, there may be palpitations, dream-disturbed sleep,
forgetfulness, dizziness, thirst, red cheeks, night sweats, lumbar and knee soreness,
nocturnal emission, and a red tongue.
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Fig. 2. The Five Elements theory of TCM and the relationships between the organs, with
generation (solid arrows) and restriction cycles (dashed arrows).

Another piece of traditional Chinese Medicine text gives a pretty accurate description of the
symptoms of cardiorenal failure:

“When the kidney fails to evaporate fluid which then floods and ascends to depress the
function of heart ‘yang’ there may be clinical manifestations such as oedema, chills and
cold limbs, accompanied by palpitations, shortness of breath and stuffiness in the chest,
indicating retained water affecting the heart.”1”

1.3 Cardiorenal disease in the European Middle Ages

In Western society, during the Middle Ages, heart disease per sé was not very well
described in medical doctrines, although the heart was considered the source of the spiritus
vitalis. Medieval doctors viewed the outward appearance and excretions of the whole body
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or body parts as a reflection of one’s state of health, and as such the symptoms of congestive
heart failure were approached as separate clinical entities.’8 The examination of urine was
however a widely used diagnostic tool. As one of the first Western “cardio-nephrologists”,
Gentile da Foligno (Gentilis de Fulgineo; 1272? - 1348) considered heart disease as one of the
major inflictions modulating the color and output of urine in his commentary on De pulsibus
(About Pulses) composed by Aegidius Corboliensis (Figure 3).19
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Fig. 3. First page of De pulsibus. Town Library, Foligno. Reproduced from ref. 19,

1.4 Heart-kidney interactions in the late 19" and early 20" century

During the Industrial Revolution the medical sciences expanded and scientific methods
became more and more reliant on experiments and observation. Richard Bright (1789-1858)
and Ludwig Traube (1818-1876) both documented that cardiac hypertrophy was a common
anomaly resulting from chronic renal disease.? 2 Traube refers in his writings to William
Senhouse Kirkes (1822 - 1864) who reviewed 14 autopsy cases of with apoplexy and diseased
kidneys, of which only one did not have an enlarged heart (Figure 4).22 He concludes that:

"... I believe that the affection of the kidneys is the primary disease... [it] has among its
most frequent and permanent accompaniments an hypertrophied condition of the left
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ventricle ... of the various explanations of this pathological fact the most probable
perhaps is that which regards the blood as so far altered from its normal constitution ...
as to move with less facility through the systemic capillaries, and thus to require
increased pressure, and consequently increased growth of the left ventricle, to effect its
transmission."
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Fig. 4. Beginning of Kirkes” publication in the Medical Times & Gazette, 1855.

In a lecture delivered at the University College in London in 1913, Thomas Lewis?? speaks
about “paroxysmal dyspnoea in cardio-renal patients” and after a very interesting review of
the clinical and pathological findings of multiple cases, he concludes:

“We come to this standpoint-that the clinical or anatomical distinction between cardiac
and renal asthma, is no certain one. Asthma occurring, in patients who show on the one
hand prominent cardiac lesions, on the other hand prominent renal lesions, may or may
not be due to a single cause.”

Alfred Stengel?* proposed a definition of “cardio-renal disease” (Figure 5) when he wrote in
1914:

“The clinician encounters many cases, mainly in persons of middle age or older, in
which evidences of cardiac weakness and other circulatory disturbances, such as high
pressure, are associated with signs of failure of renal function or urinary indications of
renal disease. When this combination of symptoms is of such character that the observer
cannot readily assign to either the cardiovascular system or to the kidneys the
preponderance of responsibility, the term "cardio-renal disease" is often employed. The
term, therefore, comprises cases of combined cardiovascular and renal disease without
such manifest predominance of either as to justify a prompt determination of the one
element as primary and important and the other as secondary and unimportant.”
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Fig. 5. Example from a 1915 Death Certificate from Massachusetts. From Rudy’s List of
Archaic Medical Terms at http:/ /www.antiquusmorbus.com/English/Heart Stroke.htm

The observations on the cardiac consequences of chronic kidney disease were later
expanded, and Gouley? was coined the term “uremic myocardiopathy” in 1940 and in 1944
Raab2 proposed that cardiotoxic substances accumulate in uremia. Rossle,?” and
Langendorf and Pirani?® later showed that interstitial widening and fibrosis were common
in hearts of patients dying from uremia.

1.5 The Cardiorenal Syndrome in modern times

The advent of the Cimino-shunt and the development of hemodialysis (HD) as the mainstay
treatment for end-stage renal disease (ESRD) resulted in further increasing interest in the
structural and functional cardiac status of HD patients.29-32 The full extent of the problem of
cardiovascular disease in chronic kidney disease (CKD) and ESRD patients was then charted
in the 1990’s, showing that a large proportion of patients starting dialysis already suffers
from cardiac abnormalities and dysfunction and that survival of these patients after a
myocardial infarction (MI) was dismal.?3-35 In 2003, a statement from several councils from
the American Heart Association (AHA) was published in Hypertension and Circulation
underscoring the problem of increased cardiovascular risk in CKD, and the lack of
knowledge on pathophysiology.? This was followed by two seminal papers published in
the New England Journal of Medicine showing the exponentially increased risk for adverse
outcome with decreasing kidney function, in “normal” patients but even more so after they
had experienced a myocardial infarction.?”. 3 At the same time, the scientific and clinical
community became increasingly aware of the effect of decreased kidney function or kidney
damage on the prognosis of patients with heart failure.3%-4! Interestingly, in a study on the
predictive value of 10 different biomarkers in over 3000 patients from the Framingham
Heart Study, levels of brain natriuretic peptide and urinary albumin-to-creatinine ratio most
strongly predicted major cardiovascular events.*2 One patient study even suggested that the
decline of renal function is accelerated after an acute MI4 These epidemiological
associations resulted in a strong clinical suspicion that the combination of heart and kidney
disease is associated with accelerated disease progression and adverse outcome.

2. The Severe Cardiorenal Syndrome and the Cardiorenal Connection

The epidemiological data, the AHA statement, and our own clinical observations of
cardiorenal failure in patients led us to propose the “Severe Cardiorenal Syndrome” (SCRS)
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as a separate disease entity with the “Cardiorenal Connection” (CRC) as the putative
pathophysiological model.4 We defined the SCRS as a condition in which combined cardiac
and renal dysfunction amplifies progression of failure of the individual organ, leading to
grossly increased cardiovascular morbidity and mortality. The CRC works in conjunction
with the hemodynamic control model of heart-kidney interactions as stipulated by the late

professor Guyton (Figure 6).

Fig. 6. The cardiorenal connection works extensive to Guyton’s model to drive accelerated
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The “cardiorenal connectors” that we put forward were:

We envisioned that both heart and renal failure lead to derangement of the Guytonian
model of hemodynamic control, but also results in activation/disturbance of the connectors
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of the CRC. The connectors have a modulating effect on hemodynamic control but can also
induce cardiovascular damage, thereby mediating further functional deterioration.* We
proposed that activation of the CRC leads to a vicious cycle in which all the connectors
become disturbed, synergize and further activate each other. This ultimately results in
worsening of both cardiac and renal damage and failure.

2.1 Summary of the Cardiorenal Connection

A shift in the balance between NO and ROS towards ROS is a central event in many
cardiovascular diseases.4> In the SCRS, the balance between NO and the ROS is skewed
towards the latter by increased production of ROS, a low anti-oxidant status, and lower
availability of NO.#¢ In the cardiorenal connection, this imbalance may influence
sympathetic nervous activity,#” release of renin and angiotensin,* and promote
inflammation by oxidative modification of substances.4

Sympathetic nervous activity is also increased in both renal and heart failure. By affecting
the other cardiorenal connectors it can play a significant role in the SCRS. It stimulates renin
release from the kidneys,50 generates ROS which induces vascular wall growth,5! and
induces inflammation.52

The RAS is activated in both renal and heart failure 5.5 and angiotensin II affects the other
cardiorenal connectors in different ways. It activates the SNS in both heart and kidney
failure,>> % it generates ROS via nicotinamide adenine dinucleotide phosphate (NADPH)-
oxidase,”” and activates pro-inflammatory gene expression via nuclear factor-xB.58

Persistent inflammation has been found in both renal and heart failure. By altering the
functioning of the RAS and promoting ROS® and noradrenaline formation,®!
inflammation can contribute to the positive feedback loops in the cardiorenal connection.
The Severe Cardiorenal Syndrome is thus not a syndrome in which cardiac and renal failure
simply co-exist side-by-side. Cardiac and renal failure are intimately linked by the
cardiorenal connectors, because failure of either organ can excite the cardiorenal connectors,
but the connectors themselves also affect the structure and function of both organs.
Logically, the cardiorenal connectors become more pronounced in combined failure.6

3. Previous research on the cardiorenal interactions
In a recent comprehensive review in Circulation, Bock and Gottlieb!0 state that:

“...each dysfunctional organ has the ability to initiate and perpetuate disease in the
other organ through common hemodynamic, neurohormonal, and immunological/
biochemical pathways.” They also write: “...our understanding of the complex
physiological, biochemical, and hormonal derangements that encompass the CRS is
woefully deficient...”.

Despite general acknowledgement of the adverse prognosis of concurrent cardiac and renal
disease, many clinicians and researchers are skeptical about the true existence of a specific
heart-kidney interaction that goes beyond known physiological interactions. Thus the
question was raised whether kidney disease and heart disease simply co-exist or that they
indeed worsen each others progression. Clinical studies can not provide the answer to this
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question because they are observational, lack histological end-points, and are confounded
by selection bias, inconsistent definition of end-points, and medication use. Therefore,
further exploration of the mechanisms of cardiorenal interactions must rely on animal
studies, in which timing and severity of the disease are controlled, progression of disease
can be followed, and histological end-points are assessed.

Much of what we know today on the structural cardiac consequences of chronic kidney
disease results from the extensive research in rats with CKD by the group of Kerstin Amann
and Eberhard Ritz in the late 80’s and early 90’s.62 Despite numerous cardiac changes, in the
rat CKD model of subtotal (5/6th) nephrectomy (SNX) cardiac systolic function is generally
maintained.®3 ¢ Conversely, after MI by ligation of the left coronary artery in rats, renal
histological damage or proteinuria is absent although glomerular filtration rate (GFR) may
be decreased.®> ¢ Thus, it appears that both organs need to be affected to cause acceleration
of damage and failure typical for the CRS. Only two animal studies investigated the effect
of ‘dual damage’ to heart and kidneys, with MI following shortly after a renal insult in rats,
with conflicting results.6> ¢7 Different models of nephrectomy exist in mice, but these are not
as robust as those in rats, with variable changes in renal function and cardiac
abnormalities.68-72

The renal hemodynamic response to heart failure (HF) induced by pacing in dogs has also
been investigated,”3-7> but whether there is histological damage is unknown. Furthermore,
there is no proven model of CKD in dogs. Taken together, there is still a paucity of models
that investigate the interaction between kidney and heart failure in a chronic set-up with
integrated physiological and histological assessment. From the available data, combining
the SNX model of CKD and the coronary ligation model of HF appears to be the most robust
option to investigate the SCRS.

3.1 The role of nitric oxide in the Severe Cardiorenal Syndrome

We developed a model of the SCRS based on CKD and depletion of NO availability. The
rationale for these investigations was that the pathogenesis of CKD (in the presence of
hypertension, diabetes or aging) is associated with low NO availability,7677 while
experimental SNX induces nephron number reduction in a healthy animal. Furthermore, in
SNX, cardiac systolic function generally remains preserved, while in patients left ventricular
dysfunction (LVSD) develops during the course of CKD progression.”

Reduced NO availability is considered a hallmark of CKD.4 79 NO can function as an
effector of the CRC by way of its vasodilatory action. It also modulates GFR and tubulo-
glomerular feedback.80 Reduced NO availability will result in tissue damage by oxidative
stress. In extension to our proposal of the Cardiorenal Connection,* we postulated that the
balance between NO and ROS is a key modulator of the other cardiorenal connectors.s!
Many effects of the other CRCs may be mediated by changes in the redox-balance and NO
availability.82 8

Also, it has been shown that constitutive NO production supports basal cardiac function.s4
Apart from its role in endothelial dysfunction, NO availability also modulates cardiac
contractility, as NO synthase (NOS) inhibition reduces cardiac output, and causes cardiac
damage in high doses.85 86
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We thus hypothesized that a reduction in NO availability would accelerate the development
of cardiac dysfunction. Indeed, treatment with an oral NO synthase (NOS) inhibitor (L-
NNA), at a very low dose, induced NO depletion and severe cardiac dysfunction.s”
Furthermore, proteinuria, severe glomerulosclerosis and cardiac interstitial fibrosis were
worsened compared to rats with CKD without NOS inhibition. Another remarkable finding
was that the effects on cardiorenal dysfunction but also on systemic NO production were
irreversible after cessation of the NOS inhibitor, during a 7 week follow-up. A five times
higher dose of NOS inhibition in control rats, which caused a similar level of hypertension
and NO depletion, induced LVSD that was not as severe as in the CRS rats. Furthermore, all
effects on blood pressure, cardiac function and NO availability were completely reversible,
and had no effect on kidney structure and function. Combining NOS inhibition with SNX
also, worsened kidney injury. The more severe hypertension and direct effects of NOS
inhibition may have played a role in this.

We concluded that during CKD development the heart is very sensitive to depression of
systemic NO availability. Compared to the normal kidney, the damaged kidney is more
sensitive to alterations of NO availability as well, possibly because of a loss of
autoregulation.8® Thus, maintaining adequate NO availability appears to be very important
for progression of cardiorenal failure during progression of CKD, and the combination of
CKD and NO depletion appears to produce a functional model of the SCRS in which cardiac
function is further compromised.

That supplementation of NO is useful as a rescue therapy was shown in a subsequent study,
where treatment with the oral tolerance-free NO donor molsidomine (MOLS) significantly
improved cardiac diastolic and systolic function, abrogated mortality, and also slightly
improved kidney function and injury.8® The cardiac effect of MOLS appeared to be a
combination of reduced cardiac loading and improved contractility and relaxation. Systolic
blood pressure was only mildly reduced and GFR was even slightly improved. Thus, MOLS
appears to be an attractive and safe therapeutic option for CKD patients suffering from
cardiac dysfunction of non-ischemic origin. The pathophysiology of the continuing low NO
production in this model is likely very complex and may include low NOS expression or
activity, substrate deficiency, high oxidative stress levels, and increased amounts of
endogenous NOS inhibitors.”

In conclusion, the cardiorenal connection has intrigued scientists and physicians for
centuries. The existence of a specific cardiorenal syndrome has been suggested since the
start of the 20th century, but has recently gained widespread attention in the scientific
literature. We proposed the Severe Cardiorenal Syndrome, in which CKD and HF induce
derangements to cause a vicious cycle of cardiovascular damage and progression of failure
of both organs. Understanding of pathophysiological mechanisms is expanding and animal
models provide an invaluable tool to investigate the bidirectional nature of cardiorenal
interactions.

4. References

[1] Parfrey PS, Harnett JD, Barre PE. The natural history of myocardial disease in dialysis
patients. ] Am Soc Nephrol 1991;2:2-12.

www.intechopen.com



Origins of Cardiorenal Syndrome and the Cardiorenal Connection 117

[2] Parfrey PS, Foley RN, Harnett JD, Kent GM, Murray DC, Barre PE. Outcome and risk
factors for left ventricular disorders in chronic uraemia. Nephrol Dial Transplant
1996;11:1277-1285.

[3] Isles C. Cardiorenal failure: pathophysiology, recognition and treatment. Clin Med
2002;2:195-200.

[4] Zoccali C. Cardiorenal risk as a new frontier of nephrology: research needs and areas for
intervention. Nephrol Dial Transplant 2002;17 Suppl 11:50-54.

[5] Shlipak MG, Massie BM. The clinical challenge of cardiorenal syndrome. Circulation
2004;110:1514-1517.

[6] Bongartz LG, Cramer MJ, Doevendans PA, Joles JA, Braam B. The severe cardiorenal
syndrome: 'Guyton revisited'. Eur Heart | 2005;26:11-17.

[7] Schrier RW. Cardiorenal versus renocardiac syndrome: is there a difference? Nat Clin
Pract Nephrol 2007;3:637.

[8] Ronco C. Cardiorenal and renocardiac syndromes: clinical disorders in search of a
systematic definition. Int | Artif Organs 2008;31:1-2.

[9] van der Putten K, Bongartz LG, Braam B, Gaillard CA. The cardiorenal syndrome a
classification into 4 groups? ] Am Coll Cardiol 2009;53:1340; author reply 1340-1341.

[10] Bock JS, Gottlieb SS. Cardiorenal syndrome: new perspectives. Circulation
2010;121:2592-2600.

[11] Wallis Budge EA. The Egyptian Book of the Dead. The Papyrus of Ani. New York:
Dover Publications Inc., 1967.

[12] Salem ME, Eknoyan G. The kidney in ancient Egyptian medicine: where does it stand?
Am | Nephrol 1999;19:140-147.

[13] Eknoyan G. The kidneys in the Bible: what happened? | Am Soc Nephrol 2005;16:3464-
3471.

[14] Kottek SS. "The kidneys give advice": some thoughts on nephrology in the Talmud and
Midrash. Korot 1993;10:44-53.

[15] http:/ /www.shen-nong.com/eng/front/index.html

[16] http://www.itmonline.org/5organs/heart.htm

[17] Lajoie G, Laszik Z, Nadasdy T, Silva FG. The renal-cardiac connection: renal
parenchymal alterations in patients with heart disease. Semin Nephrol 1994;14:441-
463.

[18] Jarcho S. The Concept of Heart Failure from Avicenna to Albertini. Cambridge:
Harvard University Press, 1980.

[19] Timio M. Gentile da Foligno, a pioneer of cardionephrology: commentary on Carmina
de urinarum iudiciis and De pulsibus. Am | Nephrol 1999;19:189-192.

[20] Traube L. Uber den Zusammenhang von Herz- und Nierenkrankheiten. Berlin: August
Hirschwald, 1856.

[21] Bright R. Cases and observations, illustrative of renal disease accompanied with the
secretion of albuminous urine. Guy’s Hospital Reports 1836;1:338-379.

[22] Kirkes WS. On apoplexy in relation to chronic renal disease. Med Times Gaz
1855;24:515-517.

[23] Lewis T. A Clinical Lecture ON PAROXYSMAL DYSPNOEA IN CARDIORENAL
PATIENTS: WITH SPECIAL REFERENCE TO "CARDIAC" AND "URAEMIC"

www.intechopen.com



118

Chronic Kidney Disease

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[37]

[38]

ASTHMA: Delivered at University College Hospital, London, November 12th,
1913. Br Med ] 1913;2:1417-1420.

Stengel A. Cardiorenal disease: The clinical determination of cardiovascular and renal
responsibility, respectively, in its disturbances. | Am Med Assoc 1914;LXIII:1463-
1469.

Gouley BA. The Myocadial Degeneration Associated With Uremia in Advanced
Hypertensive Disease and Chrinic Glomerular Nephritis. Am | Med Sci 1940;200:39-
49.

Raab W. Cardiotoxic substances in the blood and heart muscle in uremia (their nature
and action). | Lab Clin Med 1944;29:715-734.

Rossle H. Uber die serose Entziindung der Organe. Virchows Archiv 1943; 311:252-284.

Langendorf R, Pirani CL. The heart in uremia , , : An electrocardiographic and
pathologic study. American Heart Journal 1947;33:282-307.

Lindner A, Charra B, Sherrard DJ, Scribner BH. Accelerated atherosclerosis in
prolonged maintenance hemodialysis. N Engl | Med 1974;290:697-701.

Drueke T, Le Pailleur C, Meilhac B, Koutoudis C, Zingraff J, Di Matteo ], et al.
Congestive cardiomyopathy in uraemic patients on long term haemodialysis. Br
Med ] 1977;1:350-353.

Mir MA, Hearn DC. Cardiac function in renal failure. Ann Intern Med 1977,87:495.

Hung ], Harris PJ, Uren RF, Tiller DJ, Kelly DT. Uremic Cardiomyopathy — Effect of
Hemodialysis on Left Ventricular Function in End-Stage Renal Failure. New
England Journal of Medicine 1980;302:547-551.

Foley RN, Parfrey PS, Harnett JD, Kent GM, Martin CJ, Murray DC, et al. Clinical and
echocardiographic disease in patients starting end-stage renal disease therapy.
Kidney Int 1995;47:186-192.

Harnett JD, Foley RN, Kent GM, Barre PE, Murray D, Parfrey PS. Congestive heart
failure in dialysis patients: prevalence, incidence, prognosis and risk factors. Kidney
Int 1995;47:884-890.

Herzog CA, Ma JZ, Collins AJ. Poor long-term survival after acute myocardial
infarction among patients on long-term dialysis. N Engl | Med 1998;339:799-805.
Sarnak MJ, Levey AS, Schoolwerth AC, Coresh J, Culleton B, Hamm LL, et al. Kidney
disease as a risk factor for development of cardiovascular disease: a statement from
the American Heart Association Councils on Kidney in Cardiovascular Disease,
High Blood Pressure Research, Clinical Cardiology, and Epidemiology and

Prevention. Circulation 2003;108:2154-2169.

Anavekar NS, McMurray JJ, Velazquez EJ, Solomon SD, Kober L, Rouleau JL, et al.
Relation between renal dysfunction and cardiovascular outcomes after myocardial
infarction. N Engl | Med 2004;351:1285-1295.

Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY. Chronic kidney disease and the
risks of death, cardiovascular events, and hospitalization. N Engl | Med
2004;351:1296-1305.

Dries DL, Exner DV, Domanski MJ, Greenberg B, Stevenson LW. The prognostic
implications of renal insufficiency in asymptomatic and symptomatic patients with
left ventricular systolic dysfunction. | Am Coll Cardiol 2000;35:681-689.

www.intechopen.com



Origins of Cardiorenal Syndrome and the Cardiorenal Connection 119

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]
[54]

[55]

Hillege HL, Girbes AR, de Kam PJ, Boomsma F, de Zeeuw D, Charlesworth A, et al.
Renal function, neurohormonal activation, and survival in patients with chronic
heart failure. Circulation 2000;102:203-210.

McAlister FA, Ezekowitz J, Tonelli M, Armstrong PW. Renal insufficiency and heart
failure: prognostic and therapeutic implications from a prospective cohort study.
Circulation 2004;109:1004-1009.

Wang TJ, Gona P, Larson MG, Tofler GH, Levy D, Newton-Cheh C, et al. Multiple
biomarkers for the prediction of first major cardiovascular events and death. N Engl
] Med 2006;355:2631-2639.

Hillege HL, van Gilst WH, van Veldhuisen D], Navis G, Grobbee DE, de Graeff PA, et
al. Accelerated decline and prognostic impact of renal function after myocardial
infarction and the benefits of ACE inhibition: the CATS randomized trial. Eur Heart
] 2003,24:412-420.

Bongartz LG, Cramer M]J, Braam B. The cardiorenal connection. Hypertension
2004;43:e14.

Cai H, Harrison DG. Endothelial dysfunction in cardiovascular diseases: the role of
oxidant stress. Circ Res 2000;87:840-844.

Himmelfarb ], Stenvinkel P, Ikizler TA, Hakim RM. The elephant in uremia: oxidant
stress as a unifying concept of cardiovascular disease in uremia. Kidney Int
2002;62:1524-1538.

Lin HH, Chen CH, Hsieh WK, Chiu TH, Lai CC. Hydrogen peroxide increases the
activity of rat sympathetic preganglionic neurons in vivo and in vitro. Neuroscience
2003;121:641-647.

Katoh M, Egashira K, Usui M, Ichiki T, Tomita H, Shimokawa H, et al. Cardiac
angiotensin II receptors are upregulated by long-term inhibition of nitric oxide
synthesis in rats. Circ Res 1998;83:743-751.

Witko-Sarsat V, Friedlander M, Nguyen Khoa T, Capeillere-Blandin C, Nguyen AT,
Canteloup S, et al. Advanced oxidation protein products as novel mediators of
inflammation and monocyte activation in chronic renal failure. | Immunol
1998;161:2524-2532.

Reid IA. Interactions between ANG II, sympathetic nervous system, and baroreceptor
reflexes in regulation of blood pressure. Am | Physiol 1992;262:E763-778.

Bleeke T, Zhang H, Madamanchi N, Patterson C, Faber JE. Catecholamine-induced
vascular wall growth is dependent on generation of reactive oxygen species. Circ
Res 2004;94:37-45.

Prabhu SD, Chandrasekar B, Murray DR, Freeman GL. beta-adrenergic blockade in
developing heart failure: effects on myocardial inflammatory cytokines, nitric
oxide, and remodeling. Circulation 2000;101:2103-2109.

Brewster UC, Perazella MA. The renin-angiotensin-aldosterone system and the kidney:
effects on kidney disease. Am | Med 2004;116:263-272.

Schrier RW, Abraham WT. Hormones and hemodynamics in heart failure. N Engl |
Med 1999;341:577-585.

Ligtenberg G, Blankestijn PJ, Oey PL, Klein IH, Dijkhorst-Oei LT, Boomsma F, et al.
Reduction of sympathetic hyperactivity by enalapril in patients with chronic renal
failure. N Engl | Med 1999;340:1321-1328.

www.intechopen.com



120

Chronic Kidney Disease

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Zhang W, Huang BS, Leenen FH. Brain renin-angiotensin system and sympathetic
hyperactivity in rats after myocardial infarction. Am | Physiol 1999;276:H1608-1615.

Griendling KK, Minieri CA, Ollerenshaw JD, Alexander RW. Angiotensin II stimulates
NADH and NADPH oxidase activity in cultured vascular smooth muscle cells. Circ
Res 1994;74:1141-1148.

Pueyo ME, Gonzalez W, Nicoletti A, Savoie F, Arnal JF, Michel JB. Angiotensin II
stimulates endothelial vascular cell adhesion molecule-1 via nuclear factor-kappaB
activation induced by intracellular oxidative stress. Arterioscler Thromb Vasc Biol
2000;20:645-651.

Wassmann S, Stumpf M, Strehlow K, Schmid A, Schieffer B, Bohm M, et al. Interleukin-
6 induces oxidative stress and endothelial dysfunction by overexpression of the
angiotensin II type 1 receptor. Circ Res 2004;94:534-541.

Ward RA, McLeish KR. Polymorphonuclear leukocyte oxidative burst is enhanced in
patients with chronic renal insufficiency. ] Am Soc Nephrol 1995;5:1697-1702.

Niijima A, Hori T, Aou S, Oomura Y. The effects of interleukin-1 beta on the activity of
adrenal, splenic and renal sympathetic nerves in the rat. | Auton Nerv Syst
1991;36:183-192.

Amann K, Ritz E. Structural basis of cardiovascular dysfunction in uremia. In: Loscalzo
J, London GM, eds. Cardiovascular disease in end-stage renal failure, Oxford
clinical nephrology series. Oxford ; New York: Oxford University Press, 2000:xiii,
495 p.

Reddy V, Bhandari S, Seymour AM. Myocardial function, energy provision, and
carnitine deficiency in experimental uremia. | Am Soc Nephrol 2007;18:84-92.

Tian J, Shidyak A, Periyasamy SM, Haller S, Taleb M, El-Okdi N, et al. Spironolactone
attenuates  experimental =~ uremic  cardiomyopathy @ by  antagonizing
marinobufagenin. Hypertension 2009;54:1313-1320.

van Dokkum RP, Eijkelkamp WB, Kluppel AC, Henning RH, van Goor H, Citgez M, et
al. Myocardial infarction enhances progressive renal damage in an experimental
model for cardio-renal interaction. | Am Soc Nephrol 2004;15:3103-3110.

Bauersachs J, Braun C, Fraccarollo D, Widder ], Ertl G, Schilling L, et al. Improvement
of renal dysfunction in rats with chronic heart failure after myocardial infarction by
treatment with the endothelin A receptor antagonist, LU 135252. | Hypertens
2000;18:1507-1514.

Windt WA, Henning RH, Kluppel AC, Xu Y, de Zeeuw D, van Dokkum RP.
Myocardial infarction does not further impair renal damage in 5/6 nephrectomized
rats. Nephrol Dial Transplant 2008;23:3103-3110.

Kennedy D]J, Elkareh ], Shidyak A, Shapiro AP, Smaili S, Mutgi K, et al. Partial
nephrectomy as a model for uremic cardiomyopathy in the mouse. Am | Physiol
Renal Physiol 2008;294:F450-454.

Siedlecki AM, Jin X, Muslin AJ. Uremic cardiac hypertrophy is reversed by rapamycin
but not by lowering of blood pressure. Kidney Int 2009;75:800-808.

Li Y, Takemura G, Okada H, Miyata S, Maruyama R, Esaki M, et al. Molecular
signaling mediated by angiotensin II type 1A receptor blockade leading to
attenuation of renal dysfunction-associated heart failure. | Card Fail 2007;13:155-162.

www.intechopen.com



Origins of Cardiorenal Syndrome and the Cardiorenal Connection 121

[71]

[72]

[73]

[74]

[75]

Baumann M, Leineweber K, Tewiele M, Wu K, Turk TR, Su S, ef al. Imatinib
ameliorates fibrosis in uraemic cardiac disease in BALB/c without improving
cardiac function. Nephrol Dial Transplant 2010;25:1817-1824.

Bro S, Bollano E, Bruel A, Olgaard K, Nielsen LB. Cardiac structure and function in a
mouse model of uraemia without hypertension. Scand | Clin Lab Invest 2008;68:660-
666.

Chen HH, Schirger JA, Chau WL, Jougasaki M, Lisy O, Redfield MM, et al. Renal
response to acute neutral endopeptidase inhibition in mild and severe experimental
heart failure. Circulation 1999;100:2443-2448.

Martin FL, Stevens TL, Cataliotti A, Schirger JA, Borgeson DD, Redfield MM, et al.
Natriuretic and antialdosterone actions of chronic oral NEP inhibition during
progressive congestive heart failure. Kidney Int 2005;67:1723-1730.

Martin FL, Supaporn T, Chen HH, Sandberg SM, Matsuda Y, Jougasaki M, et al.
Distinct roles for renal particulate and soluble guanylyl cyclases in preserving renal
function in experimental acute heart failure. Am | Physiol Regul Integr Comp Physiol
2007;293:R1580-1585.

Blum M, Yachnin T, Wollman Y, Chernihovsky T, Peer G, Grosskopf I, et al. Low nitric
oxide production in patients with chronic renal failure. Nephron 1998;79:265-268.
Wever R, Boer P, Hijmering M, Stroes E, Verhaar M, Kastelein ], et al. Nitric oxide
production is reduced in patients with chronic renal failure. Arterioscler Thromb

Vasc Biol 1999;19:1168-1172.

Kennedy DJ, Vetteth S, Periyasamy SM, Kanj M, Fedorova L, Khouri S, et al. Central
role for the cardiotonic steroid marinobufagenin in the pathogenesis of
experimental uremic cardiomyopathy. Hypertension 2006;47:488-495.

Baylis C. Nitric oxide deficiency in chronic kidney disease. Am | Physiol Renal Physiol
2008;294:F1-9.

Braam B. Renal endothelial and macula densa NOS: integrated response to changes in
extracellular fluid volume. Am | Physiol 1999;276:R1551-1561.

Jie KE, Verhaar MC, Cramer M]J, van der Putten K, Gaillard CA, Doevendans PA, et al.
Erythropoietin and the cardiorenal syndrome: cellular mechanisms on the
cardiorenal connectors. Am | Physiol Renal Physiol 2006;291:F932-944.

Toledano MB, Leonard WJ]. Modulation of transcription factor NF-kappa B binding
activity by oxidation-reduction in vitro. Proc Natl Acad Sci U S A 1991,88:4328-4332.

Cappola TP, Cope L, Cernetich A, Barouch LA, Minhas K, Irizarry RA, et al. Deficiency
of different nitric oxide synthase isoforms activates divergent transcriptional
programs in cardiac hypertrophy. Physiol Genomics 2003;14:25-34.

Kojda G, Kottenberg K. Regulation of basal myocardial function by NO. Cardiovasc Res
1999;41:514-523.

Klabunde RE, Ritger RC, Helgren MC. Cardiovascular actions of inhibitors of
endothelium-derived relaxing factor (nitric oxide) formation/release in
anesthetized dogs. Eur | Pharmacol 1991;199:51-59.

Matsubara BB, Matsubara LS, Zornoff LA, Franco M, Janicki JS. Left ventricular
adaptation to chronic pressure overload induced by inhibition of nitric oxide
synthase in rats. Basic Res Cardiol 1998;93:173-181.

www.intechopen.com



122 Chronic Kidney Disease

[87] Bongartz LG, Braam B, Verhaar MC, Cramer M], Goldschmeding R, Gaillard
CA,Doevendans PA, Joles JA. Transient nitric oxide reduction induces permanent
cardiac systolic dysfunction and worsens kidney damage in rats with chronic
kidney disease. Am | Physiol Regul Integr Comp Physiol 2010;298:R815-R823.

[88] Bidani AK, Schwartz MM, Lewis EJ. Renal autoregulation and vulnerability to
hypertensive injury in remnant kidney. Am | Physiol 1987;252:F1003-1010.

[89] Bongartz LG, Braam B, Verhaar MC, Cramer MJ, Goldschmeding R, Gaillard CA, et al.
The Nitric Oxide Donor Molsidomine Rescues Cardiac Function In Rats with
Chronic Kidney Disease and Cardiac Dysfunction. Am | Physiol Heart Circ Physiol
2010; 299:H2037-H2045.

www.intechopen.com



Chronic Kidney Disease

CHRONIC KIDNEY Edited by Prof. Monika G662z
DISEASE

ISBN 978-953-51-0171-0

Hard cover, 444 pages

Publisher InTech

Published online 16, March, 2012
Published in print edition March, 2012

Chronic kidney disease is an increasing health and economical problem in our world. Obesity and diabetes
mellitus, the two most common cause of CKD, are becoming epidemic in our societies. Education on healthy
lifestyle and diet is becoming more and more important for reducing the number of type 2 diabetics and
patients with hypertension. Education of our patients is also crucial for successful maintenance therapy. There
are, however, certain other factors leading to CKD, for instance the genetic predisposition in the case of
polycystic kidney disease or type 1 diabetes, where education alone is not enough.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

L. G. Bongartz, M. J. Cramer and J. A. Joles (2012). Origins of Cardiorenal Syndrome and the Cardiorenal
Connection, Chronic Kidney Disease, Prof. Monika G66z (Ed.), ISBN: 978-953-51-0171-0, InTech, Available
from: http://www.intechopen.com/books/chronic-kidney-disease/origins-of-cardiorenal-syndrome-and-the-
cardiorenal-connection

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE EBMIERFEK6SS LiEEPrREB ARG DA 4058 TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




