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Introduction

Chronic kidney disease (CKD) is a global public health problem. In 2007, it was estimated 

that 9.6% of adults suffered from CKD. It is associated with other chronic illnesses, such 

as hypertension and diabetes. Patients with CKD have a reduced life expectancy and are 

especially at risk for cardiovascular morbidity and mortality.(1) In addition, their quality 

of life is severely decreased.(2) One of the aspects that affects quality of life negatively, 

is the frequent occurrence of sleep problems in this population, especially in patients 

with end-stage renal disease (ESRD).(3,4) Sleep disturbances have different etiologies. In 

this thesis, we question whether a disturbance in circadian timekeeping, i.e. maintaining 

stable 24-hour rhythms of bodily functions, is one of the underlying causes of sleep 

complaints in ESRD patients. Research has shown that patients with end-stage renal 

disease suffer from disturbances in circadian rhythms. For example, the normal 24-hour 

rhythm in blood pressure with higher daytime values and lower nighttime values often 

is disrupted in kidney patients.(5) Also the involvement of the circadian clock within the 

kidney in generating 24-hour renal rhythms, such as urine formation and excretion, has 

received research attention.(6,7) In this thesis, different aspects of disturbed circadian 

rhythmicity in kidney patients are discussed: the origin, the association with renal function 

and targets for treatment. This first chapter provides background information on these 

aspects and a general outline of the contents of this thesis. 

Definition of chronic kidney disease

The National Kidney Foundation Disease Outcomes Quality Initiative (NKF-K/DOQI) 

workgroup has defined chronic kidney disease (CKD) as follows: abnormalities of kidney 

structure or function which have been present for at least 3 months and have implications 

for health. Examples of kidney damage are persistent albuminuria, urine sediment or 

electrolyte abnormalities, abnormalities visible with histology or imaging of the kidney or 

a history of kidney transplantation. Decreased glomerular filtration rate (GFR) may or may 

not be present. Without other signs of kidney damage, CKD can be defined by a GFR <60 

ml/min/1.73m2 for three or more months.

Classification of CKD is based on Cause, GFR category and Albuminuria (CGA staging). 

As to the cause of CKD, primary kidney disease, in which the disease is restricted to 

the kidney, is distinguished from systemic disease. Hypertension, diabetes mellitus and 

vascular disease are examples of the latter type of cause of CKD. In addition, if known, 
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the location of the disease within the kidney should be listed. Concerning GFR, five 

categories are specified, ranging from G1 (normal or high GFR >90 ml/min/1.73m2) to G5 

(GFR <15 ml/min/1.73m2) In case of stage G5, kidney failure, often some form of renal 

replacement therapy, i.e. dialysis or kidney transplantation, is required. Albuminuria is 

categorized in three levels: A1 (normal to mildly increased, urine albumin-to-creatinine 

ratio (ACR) <30 mg/g) to A3 (severely increased, ACR >300 mg/g). 

CKD can be an irreversible progressive loss of renal function with a life-long course, 

especially in hypertensive patients and persistent proteinuria >1 g/day, but progression 

of CKD can also be halted either spontaneously or with treatment. The prognosis of CKD 

is associated with CGA stage, other risk factors and comorbid conditions. Patients with 

CKD are at higher risk to develop cardiovascular disease, end-stage renal disease, acute 

kidney injury and progression of CKD. Patients with severe loss of kidney function (CKD 

stages 4 and 5) develop anemia, bone and mineral disorders and acid-base disorders.(8) 

 Sleep disturbances in chronic kidney disease

Previous research has shown that between 30% and 80% of individuals with ESRD report 

subjective sleep-related problems, ranging from insomnia to periodic limb movement 

disorder.(9–12) It is unknown to what extent circadian rhythm disorders are the underlying 

cause of the sleep problems in ESRD patients.

Patients on daytime hemodialysis and patients with CKD both have reduced total sleep 

time and reduced sleep efficiency in comparison with healthy subjects.(13) Total sleep 

time indicates the total number of minutes that a person actually sleeps during the night. 

Sleep efficiency is the total sleep time divided by the time spent in bed. Compared 

with patients with CKD, hemodialysis patients have in addition to reduced total sleep 

time, less rapid eye movement sleep, a higher brief arousal index, a higher respiratory 

disturbance index, less total sleep time, increased number of wake minutes after initial 

sleep onset, lower sleep efficiency, a higher periodic limb movement index and longer 

sleep onset latencies, which means their sleep is even more affected.(13) These findings 

might also suggest that there are additional factors that have a negative influence on 

sleep in hemodialysis patients. Functional and psychological factors might have a role in 

patients with CKD, in addition hemodialysis patients suffer from intrinsic sleep disruption 

(e.g. arousal, apnea and limb movements) secondary to the effects of intermittent daytime 

hemodialysis treatment.(13)
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 Factors that might cause sleep disturbances  
in chronic kidney disease

In patients with ESRD, sleep can be disturbed by both intrinsic factors, e.g. metabolic 

changes, and extrinsic factors, e.g. dialysis treatment, and the use of medications 

(reviewed in (14)). 

The hemodialysis treatment procedure

Daytime hemodialysis can increase daytime sleep propensity and daytime napping, 

which might lead to delayed sleep onset at night and decreased nighttime sleep. Several 

possible causes for this dialysis-associated sleepiness exist. 

Firstly, body temperature often rises during HD treatment. Although mechanisms are 

still not completely elucidated, one of the causes could be cytokine production by 

mononuclear cells (interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)) influenced by 

complement activation, interaction with the dialyzer and/or exposure to bacterial wall 

fragments.(15–17) Cytokines are recognized as a pyrogenic signal within the central 

nervous system, leading to a rise in body temperature. Intra-dialytic changes in body 

temperature also appear to follow the endogenous diurnal temperature rhythm, which 

provides an additional explanation for the increase in body temperature during dialysis. 

A higher rise is seen in morning hemodialysis shifts than in afternoon shifts.(18)

In reaction to the hemodialysis-associated elevations in body temperature, the body 

might activate cooling mechanisms. There is a known association between internal body 

cooling and sleep onset.(19,20) This might enhance daytime sleep propensity, particularly 

during the post-hemodialysis period. Chronic, episodic elevations in body temperature 

in association with recurrent hemodialysis treatments might therefore alter the sleep 

propensity rhythm.(21)

Also, the hemodialysis procedure is a significant physical and psychological stressor. The 

stress response triggered by emotional arousal can lead to reactions such as anxiety, 

depression and increased daytime sleepiness.(22,23)

Finally, hemodialysis may also affect the sleep–wake cycle by altering exposure to 

Zeitgebers (time cues) that help set or entrain the circadian system. The time of day that 

treatment is given can affect an individual’s wake-up time, time for physical activity, meal 

times, light exposure and social activities.(24)



General introduction

13

1

Medication

Because of the high prevalence of sleep problems, 39% of hemodialysis patients use 

sleep inducing medications, such as benzodiazepines, benzodiazepine receptor agonists 

zolpidem and zopiclon, the neuroleptic antihistamine promethazine, antidepressant 

mirtazapine and melatonin. Of these, benzodiazepines are most commonly prescribed. 

About one third of hemodialysis patients are prescribed benzodiazepines, compared 

to 15% of the general Dutch population.(25) The advantage of benzodiazepine use in 

treating insomnia is their increasing effect on total sleep time and reduction of sleep onset 

latency. Sleep quality, however, is not improved since benzodiazepines suppress rapid 

eye movement (REM) and slow-wave sleep.(26) Benzodiazepines can reduce sleep quality 

since they worsen sleep apnea by reducing tension of the upper respiratory muscles 

and dampening the physiological reaction to hypercapnia.(27,28) Benzodiazepines may 

also decrease nocturnal melatonin production.(29) The role of decreased melatonin levels 

in ESRD is discussed later in this chapter. Benzodiazepines have been shown to have 

minimal efficacy in the general older population with sleep problems.(30)

Other medications can influence sleep as well. Examples of drug classes are anti-

depressants, anti-epileptic drugs and medication against Parkinson’s Disease. Most 

notably hemodialysis patients use more antihypertensive β-adrenergic-receptor antago-

nists (beta-blockers) than the general Dutch population. Fifty-six percent of hemodialysis 

patients use beta-blockers compared with 12 percent of the general Dutch population.

(25) Beta-blockers have been associated with tiredness, insomnia, nightmares and vivid 

dreams, depression, mental confusion and psychomotor impairment.(31,32) The severity 

of adverse effects is affected by the age of the patient and the administered dose: older 

patients are more sensitive to medication because of altered absorption and metabolism 

of drugs in older age. In general, sleep disturbances seem to be more common with 

lipophilic beta-blockers, e.g. metoprolol than with hydrophilic beta-blockers, e.g. atenolol. 

However, even atenolol, the most hydrophilic beta-blocker available, has been shown 

to increase total wake time at night.(32) In addition, beta-blockers decrease nocturnal 

melatonin release via inhibition of adrenergic beta1-receptors.(33) 

Another class of antihypertensive drugs, the calcium channel antagonists, may also 

lower nocturnal melatonin secretion. In vitro research has shown that nifedipine reduced 

melatonin production in rat pineal cells.(34) However, this effect of nifedipine could not 

be shown in a human in vivo study.(35)

Finally, glucocorticosteroids influence sleep negatively. They are often used, e.g. after 

kidney transplantation. Sleep disturbances are a frequently reported side-effect. This 

seems to be dose-related.(36) 
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Metabolic changes

Excessive daytime sleepiness in patients with ESRD might be related to, amongst others, 

uremia. The blood urea nitrogen level is significantly higher in patients on conventional 

hemodialysis with pathological daytime sleepiness than in ‘alert’ patients.(37,38) In 

addition, sleep onset latency is negatively correlated with blood urea nitrogen level.(38) 

In a study on subjective sleep efficiency within hemodialysis patients, Koch et al. found an 

association between decreased sleep efficiency and increased phosphate and urea.(39) 

However, the results of earlier studies in patients on hemodialysis investigating possible 

associations between biochemical parameters and sleep disturbances show conflicting 

results. One study showed serum phosphate levels to correlate inversely with sleep 

disturbances (40), but another study showed that only urea had a significant relationship 

with sleep disturbances.(9) Other researchers found no correlations at all between 

biochemical markers and sleep disturbances.(10)

Hemoglobin levels between 10 and 12 g/dl were associated with better sleep efficiency.

(39) Erythropoietin deficiency seems to play a role in dysregulation of melatonin 

metabolism in chronic renal failure.(41) However, the precise role of erythropoietin in 

melatonin metabolism in renal failure, the existence of its circadian rhythm (42–45) and its 

relationship with melatonin needs further investigation. 

Melatonin and chronic kidney disease

The neurochemical agent melatonin (N-acetyl-5-methoxytryptamine) is synthesized from 

tryptophan, transformed to serotonin and then converted to melatonin, principally by the 

pineal gland (figure 1). 

Its secretion shows a clear rhythm with low daytime levels and high nighttime levels with 

maximum plasma levels around 03:00-04:00 a.m.. The liver, which clears more than 90% 

of circulating melatonin, is the primary site for metabolism. Melatonin is first hydroxylated, 

then sulphated or to a lesser extent glucuronidated and excreted in the urine.(46)
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FIGURE 1. Synthesis pathway of melatonin
The two rate-limiting enzymes in melatonin synthesis are Serotonin-N-acetyltransferase (NAT) and 
Hydroxyindol-O-methyltransferase (HIOMT) 

The rhythm of melatonin secretion is recognized as the most robust signal available for 

studying circadian rhythms in humans.(47) Its rhythm is generated under the influence 

of the light/dark cycle by the endogenous clock located in the suprachiasmatic nuclei 

(SCN) of the hypothalamus in the brain. Light information is transmitted to the SCN via 

retinohypothalamic fibers. The subsequent signal of the SCN travels onwards through 

the cervical sympathetic ganglia, then projects on the pineal gland where melatonin is 

synthesized. The presence of light inhibits melatonin production in the pineal during 

daytime (figure 2).
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FIGURE 2. Melatonin secretion by the pineal gland under the influence of the SCN

Melatonin itself plays an important role in giving time cues to the body. It is the ‘hormone 

of darkness’, it signals the ‘biological night’. When melatonin concentrations rise, this is 

interpreted by the body as the start of the ‘night phase’. Melatonin is sometimes falsely 

referred to as the ‘sleep hormone’. In humans, through indirect effects, melatonin is 

indeed involved in sleep-wake regulation. As for humans the biological night corresponds 

to the rest phase, an increase of melatonin correlates with sleep propensity and onset 

of sleep.(48) However, in nocturnal animals which are active during the night melatonin 

marks the start of the active phase. In that sense, melatonin does not appear as the 

universal hormone of sleep, but acts as an endogenous synchronizer able to stabilize 

circadian rhythms, to reinforce these rhythms and maintain phase relationships between 

different circadian rhythms.(46)

The onset of melatonin production, measured under dim-light conditions in serum or 

saliva (dim-light melatonin onset; DLMO), is used as a marker of an individual’s circadian 

phase. The DLMO can be calculated as the first interpolated point above 10 pg/ml in 

serum after which the melatonin concentration continues to rise.(49)

Remarkably, studies on patients with CKD, patients on daytime hemodialysis and 

animal models of CKD have shown that the nocturnal surge in melatonin above the 

DLMO is absent in CKD.(41,50–53) A relationship between decreasing renal function 

and decreased concentrations of melatonin was found. The cause of the decline 

in melatonin levels in patients with CKD is unknown, but could be the result of an 

impairment in beta-adrenoreceptor-mediated responsiveness.(51,54) Plasma from uremic 

hemodialysis patients decreases the number of ß1- and ß2-adrenoreceptors significantly 
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in vitro, compared with plasma from healthy controls.(55) The adrenergic system plays 

an important role in the synthesis of N-acetyltransferase (NAT) (56), a rate limiting and 

key enzyme in melatonin biosynthesis, see figure 1. Nocturnal levels of NAT activity are 

decreased at least in rats rendered uremic by partial nephrectomy.(57) Impairment in 

adrenergic function is associated with the decline in melatonin levels in patients with 

CKD.(52)

Although a direct correlation between nocturnal melatonin levels and sleep quality has not 

been established, it is known that melatonin reinforces the nocturnal decrease of central 

body temperature which facilitates sleep propensity. There is a clear relationship between 

the duration of sleep and melatonin secretion. Suppressed melatonin levels due to 

nighttime light exposure enhances alertness immediately.(46) Therefore the low melatonin 

levels in HD patients may lead to reduced sleep stimuli. Administration of exogenous 

melatonin to HD patients has shown short-term beneficial effects on sleep.(58) 

Circadian rhythms and the human circadian clock

An endogenous clock, known as the biological or circadian clock drives bodily functions 

that recur in a cycle of about 24 hours. ‘Circadian’ derives from the Latin circa dies, 

which roughly translates to ‘approximately a day’. These intrinsic rhythms stay present 

with a near-to-24-hour period even in constant conditions without time cues from the 

environment. Endogenous biological clocks are fundamental to all living organisms. They 

enable the organism to anticipate and adapt to daily recurring changes in the environment.

(6,59) A schematic representation of the circadian system has three components: an input 

pathway for time cues, the clock itself which generates 24-h oscillations and synchronizes 

rhythms to the input signals and an output pathway that translates the clock rhythms to 

time dependent biochemical, physiological and behavioral processes (see figure 3). 

In mammals, the circadian clock is organized in a hierarchy of multiple oscillators. The 

central clock at the top of the hierarchy is located in the suprachiasmatic nuclei (SCN) 

in the hypothalamus in the brain. The SCN pacemaker provides a crucial link between 

the outside world and the internal circadian time-keeping mechanism. The SCN itself 

receives clock-resetting environmental information to keep synchronized, or entrained, 

with the earth’s 24-h light-dark cycle. The main environmental cue that serves as a 

Zeitgeber (‘time giver’) is light. Light information is send to the SCN from the eye via 

the retino-hypothalamic tract.(61) In addition to the SCN, there are peripheral clocks in 

virtually all other cells and tissues.(62) These peripheral oscillators have self-sustaining 
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circadian rhythmicity, but without central control they run out of phase. To keep them in 

phase, they are synchronized by timing cues (outputs) from the central SCN pacemaker 

through humoral and neuronal signals.(62,63) In addition, peripheral oscillators can be 

synchronized by food or metabolic cues, exercise or body temperature (reviewed in 

(60,64)).

FIGURE 3. The human circadian clock
The circadian clock can be divided in three components: the inputs, the 24-h clock and the outputs. 
The mammalian clock is organized in a hierarchy of multiple oscillators, in which de SCN is the central 
pacemaker at the top of the hierarchy. The SCN is synchronized by the external 24-h cycle and in turn 
coordinates the physiological outputs. The multi-oscillator network is synchronized through multiple 
lines of communication. For the SCN, light represents the primary input. Peripheral oscillators are 
reset by timing cues from the SCN (that is, SCN outputs), which regulate local circadian physiology 
(local outputs). Intercellular synchronization within the SCN is very important for the robust operation 
of the entire clock. Adapted from: Liu A, Lewis W, Kay S. Mammalian circadian signaling networks and 
therapeutic targets. Nat Chem Biol. 2007;3(10):630–9 (60) 

All species share common elements in the molecular design of the circadian oscillator. 

The core clock is composed of an intracellular molecular oscillator that operates via the 

basic process of molecular biology: DNA, transcribed to RNA, translated to protein. 

The oscillator is composed of positive and negative limbs, which form feedback loops 

(transcription-translation feedback loop, TTFL). In these loops, the positive elements 

activate the expression of clock genes. The clock genes, as well as driving rhythmic 

biological outputs, encode negative elements that inhibit the activities of the positive 

elements. Degradation of the negative elements allows the positive elements to restart 

the cycle.(65,66) One of the clock genes is Clock (circadian locomotor output cycles 

kaput), which codes for the CLOCK protein that is constitutively expressed. It forms a 

heterodimer with the BMAL1 protein (encoded by brain and muscle Arnt-like protein-1, 

Bmal1), together they form the ‘positive limb’ of the core clock. The CLOCK/BMAL1 

heterodimer activates expression of the Cry (Cryptochrome) and Per (Period) genes, 

increasing mRNA levels and consequently PER and CRY protein levels. The CRY and PER 

proteins in turn inhibit transcriptional activity of CLOCK/BMAL1, abolishing the activation 
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of Per and Cry expression and forming the ‘negative’ limb of the feedback loop. The PER 

and CRY proteins are then degraded by phosphorylation and so the inhibition of CLOCK/

BMAL1 heterodimers subsides, thus allowing the cycle to restart. In addition, there is a 

second negative feedback loop. CLOCK/BMAL1 also activates transcription of the genes 

Rev-Erbα, also known as nuclear receptor subfamily 1, group D, member 1 (Nr1d1) and 

Rora (retinoic acid receptor-related orphan receptor). REV-ERBα accumulates quickly and 

inhibits Bmal1 transcription, then RORA, which accumulates more slowly, activates Bmal1 

transcription (see figure 4). 

Other targets of the core clock proteins are clock controlled genes (CCGs). These are 

important for translating the core clock rhythms into biochemical, physiological or 

behavioral rhythms. They for example express humoral factors through which the SCN 

communicates with peripheral cells.(60) 

The circadian rhythm of peripheral cells can be investigated in vitro with a bioluminescence 

technique. A clock reporter-luciferase construct is built into the genome of cells after 

the promotor region of the reporter clock gene. By adding luciferin, the substrate of 

luciferase, to the culture medium fluorescence is generated at the moments of clock gene 

transcription. By recording fluorescence over time, cyclic transcription of the reporter 

clock gene is revealed. 

Unlike SCN cells, peripheral cells don’t communicate with each other with regard to 

circadian rhythm generation. Without centrally driven alignment, the peripheral cells will 

run out of phase. As a result, oscillations of populations of peripheral cells in vitro damp 

over time, ultimately showing nearly constant expression levels due to self-sustained, 

but dephased oscillators. An external signal that contains clock resetting factors, e.g. a 

‘serum shock’ (replacement of culture medium with serum), synchronizes these dephased 

individual oscillators. As a result a cyclic rhythm of fluorescence intensity can be read out 

(see figure 5).(67) The amplitude of the oscillation reflects the synchronizing capacity of 

the external signal. In this way, when patients’ serum is used, the synchronizing capacity, 

i.e. the presence of clock resetting factors, can be compared with the synchronizing 

capacity of healthy control serum by comparing both amplitudes.
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FIGURE 4. Molecular interactions in mammalian circadian-feedback loops
CLOCK and BMAL1 form heterodimers and activate transcription of the genes period (Per) and 
cryptochrome (Cry), the retinoic acid receptor-related orphan receptor gene Rora and the orphan 
nuclear receptor REV-ERB group member gene Rev-Erbα. PER and CRY proteins slowly accumulate 
as heterodimers and feed back to inhibit CLOCK-BMAL1 dependent transcription. REV-ERBα 
accumulates quickly and inhibits Bmal1 transcription. Then RORA, which accumulates more slowly, 
activates Bmal1 transcription. This oscillator is composed of interlocking feedback loops, that regu-
late the abundance and activity of transcription factors. These transcription factors are, in turn, 
thought to control the expression of genes in the output pathways from the oscillator, resulting in 
behavioural and physiological rhythms.
Adapted from: Bell-pedersen D, Cassone VM, Earnest DJ, Golden SS, Hardin E, Thomas TL, et al.  
Circadian rhythms from multiple oscillators: lessons from diverse organisms. Nat Rev Genet. 2005;6(7): 
544–56 (66)
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FIGURE 5. Graphical representation of circadian terms relating to cellular gene expression
Circadian rhythms have a cycle length (or period) of about 24 h (left panel). Gene expression oscillates 
in relation to a mean level and damps over time with decay of amplitudes as individual cells drift out of 
phase. External input can reset the clock, bringing the oscillators to a synchronous new phase (right).
Adapted from: Liu A, Lewis W, Kay S. Mammalian circadian signaling networks and therapeutic 
targets. Nat Chem Biol. 2007;3(10):630–9 (60)

Light

The circadian system is highly sensitive to environmental light and does not function 

optimally in the absence of its synchronizing effect. A lack of alternating exposure to bright 

light and darkness is associated with poor expression of circadian rhythms (reviewed in(68)).

Apart from image forming, light also has non-image-forming effects. Light influences 

timing of sleep and wakefulness when given at certain times of day. Circadian rhythms 

such as melatonin secretion and the sleep/wake cycle show a phase delay after light 

exposure early in the subjective night, and a phase advance after early morning exposure. 

These time dependent effects of light exposure have been expressed in a ‘phase response 

curve’ (PRC).(69) These chronotherapeutic effects of light are used in the treatment of 

psychiatric and certain sleep disorders.(70) However, changes in rhythms do not only 

result from phase shifts. Sleep improvements may occur without phase shifts. Rather than 

a phase correction, an increase in the amplitude (increased output of the SCN) appears to 

be involved. Daytime light has delayed effects during nocturnal sleep, including increased 

plasma melatonin levels and decreased core body temperature. Daytime light exposure 

has shown to positively affect nighttime sleep. Use of bright light can ameliorate sleep 

disturbances in the elderly population.(68) Whole-day bright light exposure improved 

sleep efficiency and total sleep time in dementia.(71) In younger individuals, bright light 

during working hours directly improved performance and alertness as well as perceived 

nighttime sleep quality.(72) The opposite, underexposure to natural light during working 
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hours correlated with nighttime insomnia and daytime sleepiness complaints.(73)

Besides the delayed effects of light, light has some immediate activating effects. When 

administered either during day or night, it immediately decreases feelings of sleepiness 

and fatigue.(74,75) Since HD patients often doze off during HD treatment, bright light 

exposure could hypothetically raise alertness at the time of HD treatment, thereby 

increasing the build-up of sleep pressure during the day (70), which might facilitate falling 

asleep at night. Possibly as a result of a strong (circadian amplitude amplifying) light pulse 

during the day, nighttime sleep might improve as well. Daytime bright light has not been 

studied yet in patients with ESRD.

Aims and outline of this thesis

The research described in this thesis addresses the relationship between end-stage renal 

disease of CKD and disturbed circadian rhythms, and investigates possible treatment 

strategies. A high prevalence of sleep problems in hemodialysis patients, in combination 

with a demonstrated diminished nocturnal melatonin rise in many of these patients was 

the starting point of this project on sleep problems and a disturbed circadian clock. In 

Part I, chapter 2, a review of sleep problems in CKD, diminished melatonin concentrations 

in ESRD and the effects of short-term melatonin treatment on sleep is given. In addition, 

effects of melatonin on blood pressure rhythms and oxidative stress are discussed. 

The question remains if circadian misalignment really is the underlying mechanism that 

explains (part of) the sleep problems in ESRD patients. Therefore, we investigated not only 

the disturbed sleep/wake rhythm and melatonin concentrations in hemodialysis patients, 

but also focused on the basic molecular clock machinery within peripheral blood cells of 

these patients. In Part II, chapter 3, we measure circadian rhythms of sleep/wake, melatonin 

and cortisol and rhythm of clock gene expression in hemodialysis patients’ leukocytes. 

The rhythms of hemodialysis patients are compared with rhythms of healthy volunteers to 

assess if hemodialysis patients’ circadian rhythmicity is lost at three different levels. On the 

behavioral level, the sleep/wake rhythm is assessed, on the biochemical level the circadian 

rhythms of the hormones melatonin and cortisol are measured and on the molecular level, 

the expression of the clock genes Period 1, Period 3, Bmal1 and Rev-Erbα are measured. 

In Part III, chapters 4, 5 and 6, the effects of three possible treatment strategies are 

evaluated. The investigated treatment strategies include an improvement of kidney 

function with kidney transplantation, the long-term use of exogenous melatonin and light 

therapy during hemodialysis treatment. Since the incidence and severity of sleep problems 
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increase with deterioration of kidney function and nocturnal melatonin levels diminish with 

a decrease in kidney function, we question whether recovery of kidney function can reverse 

this and accomplish the opposite: improvement of sleep and/or melatonin concentrations. 

In chapter 4 the effects of kidney transplantation on the sleep/wake rhythm, melatonin 

levels and 24-h blood pressure rhythms are described. Also the opposite, the effects of 

a sudden drop in renal function due to unilateral nephrectomy in living kidney donors on 

circadian rhythms of sleep/wake, melatonin and blood pressure is observed. 

Short-term exogenous melatonin administration has shown objective and subjective 

beneficial effects on sleep onset latency, sleep efficiency and total sleep time in hemodia-

lysis patients.(58) In chapter 5 we study the effects of long-term melatonin treatment on 

sleep and quality of life in hemodialysis patients. A twelve month treatment of daily admi-

nistration of 3 mg exogenous melatonin is compared with placebo treatment. 

Melatonin and light are both important clock hands of the circadian clock. Melatonin 

provides important nighttime signals to the body. Light on the other hand, is the strongest 

daytime cue to the circadian clock. Since the effects of melatonin treatment on sleep have 

not yet been optimized and light has a substantial influence on circadian rhythmicity, in 

chapter 6 we explore the effect of bright light-treatment on sleep, daytime sleepiness, 

melatonin and depressive symptomatology in hemodialysis patients. An overview of the 

studied treatment strategies is given in figure 6.

FIGURE 6. Overview of treatment targets studied in this thesis
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