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Abstract

Objective—Circadian rhythms are intrinsic timekeeping mechanisms that allow for adaptation to
cyclic environmental changes. Increasing evidence suggests that circadian rhythms may influence
progression of a variety of diseases as well as effectiveness and toxicity of drugs commonly used
in the intensive care unit. In this perspective, we provide a brief review of the molecular
mechanisms of circadian rhythms and its relevance to critical care.

Data Sources, Study Selection, Data Extraction, and Data Synthesis—Articles related
to circadian rhythms and organ systems in normal and disease conditions were searched through
the PubMed library with the goal of providing a concise review.

Conclusions—-<Critically ill patients may be highly vulnerable to disruption of circadian rhythms
as a result of the severity of their underlying diseases as well as the intensive care unit
environment where noise and frequent therapeutic/diagnostic interventions take place. Further
basic and clinical research addressing the importance of circadian rhythms in the context of critical
care is warranted to develop a better understanding of the complex pathophysiology of critically ill
patients as well as to identify novel therapeutic approaches for these patients.
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During evolution, organisms have adapted to the external environment. A major universal
external environmental factor is the cyclic changes in light and darkness occurring with a
period of 24 hrs as a consequence of the earth’s rotation around the sun (1). To cope with
these changes, plants and animals developed a universal intrinsic timekeeping system with a
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period close to 24 hrs, called circadian rhythms (from the Latin term circa, around, and
diem, day). This system allows the organism to “anticipate” upcoming environmental
changes and hence has inherent advantages. It is known that numerous vital physiological,
biochemical, and behavioral processes, including body temperature, feeding behavior,
hormone secretion, and glucose homeostasis, are influenced by circadian rhythms in
humans.

The hypothalamus—pituitary—adrenal axis, primarily responsible for the regulation of stress
responses, exhibits a diurnal variation in healthy subjects (2, 3), and impairment of this
variation has biological implications (4-6). Animal studies have demonstrated that mice
exposed to chronic jet lag have increased tumor progression (7). Animals with a point
mutation in casein kinase-1e, a gene involved in circadian rhythms, have a shortened
lifespan and develop extensive fibrosis, impaired myocardial contractility, and severe renal
dysfunction in association with massive cellular apoptosis (8). There are also implications in
humans; for example, epidemiologic studies suggest that shift workers may have an
increased risk of developing breast cancer (9).

In this critical care perspective, we provide a brief review of the fundamental mechanisms
underlying circadian rhythms and highlight its relevance in critically ill patients.

The Circadian Rhythm Network

The circadian rhythms are part of a hierarchical network with a “master clock” located in the
suprachiasmatic nucleus (SCN) of the anterior hypothalamus, controlling the day/night
rhythm of the organism’s physiological and behavioral functions. The central clock is
synchronized with geophysical time mainly through photic cues perceived by the retina and
transmitted by electrical signals to neurons in the SCN. The synchronization mechanism
known as Zeitgeber (German for “time giver”) is defined as an environmental cue that
entrains an organism’s internal timekeeping system. A fundamental Zeitgeber is light. There
are also nonphotic regulators of circadian rhythms, including eating/drinking patterns,
environmental temperature, pharmacologic manipulations, or social interactions (10, 11).
Circadian physiology and behavior act through neuronal and humoral cues that entrain the
central pacemaker to a 24-hr period and local oscillators in peripheral organs and tissues
(10). As a result of altered light/dark cycles, eating and drinking patterns, social interactions,
and pharmacologic treatments, the entrainment of circadian processes by different
Zeitgebers may be hindered or absent in the intensive care unit (ICU) environment. The
rhythmicity of the sleep—wake cycle and locomotor and adrenocortical activity are lost in
animals with lesions in the SCN (12). The SCN integrates the light/dark cycles from the
environment and sends both neuronal and humoral signals to other brain regions and the
periphery (12). The SCN is therefore responsible for appropriate timing of various
physiological functions. Although it may be the central hub for coordinating circadian
rhythms, other centers located in peripheral organs such as the liver, spleen, lung, and heart
act as “peripheral clocks” controlling further cyclic biologic functions. The relationships
between central and peripheral clocks are not yet clearly understood (13-15). Using a
luciferase period 2 (PER2) fusion protein as a real-time reporter of dynamic circadian
rhythms in mice, it has been demonstrated that peripheral tissues express self-sustained
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circadian oscillations, suggesting the existence of organ-specific synchronizers of circadian
rhythms at the cellular and tissue levels (16).

Basis of Circadian Rhythms

The period of the underlying molecular mechanisms generating circadian rhythms is
approximately 24 hrs in the absence of synchronizing input; the network can adapt to a
limited range of day lengths (17-19). There are a number of well-studied genes that appear
to be important for initiating and sustaining circadian rhythms, including circadian
locomotor output cycles kaput (CLOCK), a gene encoding proteins that affect the
persistence and length of a circadian cycle (20); brain and muscle aryl hydrocarbon receptor
nuclear translocator-like (BMAL 1), a basic-helix—loop-helix transcription factor; period
(PER1, PER2, PERS3), a negative element in the circadian transcriptional loop by interacting
with other circadian regulatory proteins and transporting them to the nucleus; cryptochrome
(CRY1and CRY2), a negative element inhibiting CL OCK-mediated transcription in
maintaining period length and circadian rhythmicity; and orphan nuclear receptor (Rev-
ErbA), an a-thyroid hormone receptor splice variant (21, 22) playing an important role in
the regulation of CLOCK and BMAL 1 gene expression (23, 24). Oscillation of expression of
these genes (25) (Fig. 1) can result in circadian variations of organ functions (Table 1).

Melatonin, secreted by the pineal gland in the brain, is another important element that helps
to regulate other hormones and maintains the body’s circadian rhythms. Melatonin has both
hypnotic and sleep/wake control properties (26). It is secreted into the systemic circulation
in response to signals from the SCN and provides a feedback mechanism to the central clock
that regulates circadian rhythms (27). Melatonin is part of a complex multilayered system of
interactions between central and peripheral clocks and is one of the best known examples of
how the SCN acts on peripheral clocks to regulate the circadian rhythms (19).

Circadian Rhythms and the Immune System

The number of circulating immune cells such as monocytes, natural killer cells, and
lymphocytes are different during the day than at night. Nighttime sleep reduces circulating
monocytes, natural Killer cells, and all phenotypes of lymphocytes compared with nights
when sleep is disturbed. However, counts of natural killer cells and lymphocytes are
significantly higher in the afternoon and evening of the day after sleep than after a night of
interrupted sleep (28, 29). The circadian rhythm of the immune system is regulated both by
central and local intrinsic circadian clocks that operate autonomously; specific examples of
clock genes include PER1, PERZ, BMAL 1, CLOCK, and the D site of the albumin promoter
binding protein (30). A study by Keller et al (31) recently reported that the local circadian
clock operating in splenic macrophages of mice regulates cytokine production in response to
endotoxin stimulation. In addition, disruption of rhythm clock genes in natural killer cells
using RNA interference resulted in a decrease in the levels of the cytolytic factors such as
granzyme B and perforin and an increase in interferon-vy in rats (32), but the overall
biologic/clinical implications of this phenomenon are yet to be determined.
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Cytokines are important signaling molecules and biomarkers whose expression demonstrates
a day/night rhythm (33). Interferon-ry and tumor necrosis factor-a. have been shown to be
regulated by CLOCK genes in a circadian fashion (30). Mice with impaired circadian
rhythms resulting from a point mutation of the PER2 gene do not have diurnal variations of
interferon-vy at both the gene and protein levels (32). Mice deficient in PERZ gene
(PER2_/ ) are more resistant to lipopolysaccharide-induced endotoxic shock than wild-type
mice (34). The levels of serum proinflammatory cytokines interferon-y and interleukin- 1_
are dramatically decreased in those mice and a defective natural killer cell function may be
responsible for the depressed cytokine profile (34). Serum interleukin-6, an important
molecule in relation to host defense mechanisms and acute phase reactions, exhibits a day/
night variation in healthy subjects (35). In rheumatoid arthritis, interleukin-6 levels peak in
the morning and decline in the afternoon, corresponding to the clinical manifestations of the
disease (36). In patients with obstructive sleep apnea, serum interleukin-6 concentration is
elevated and its diurnal variation is lost when compared with healthy subjects (37).
Interestingly, the diurnal variation is resumed after treatment with continuous positive
airway pressure ventilation (37).

Defensins are a family of antimicrobial peptides contributing to host defense mechanisms
and play a role in modulating the innate immune system to infections (38-41). Human a-
defensins are stored in the primary granules of immune cells, including neutrophils,
monocytes, natural killer cells, and dendritic cells. Beta-defensins are constitutively
expressed in epithelial cells and are important in controlling host defense and immune
responses (38—40). Increased expression of a-defensin-1 has been shown to be mediated by
CLOCK-BMALIbut is depressed when CRYZ was coexpressed in the cells (42). Pattern
recognition molecules are receptors expressed on the cell surface; they are capable of
binding to micro-organisms through bacterial carbohydrates (e.g., lipopolysaccharide or
mannose), nucleic acids (bacterial or viral DNA/RNA), bacterial peptides (flagellin),
peptidoglycans and lipoteichoic acids from Gram-positive bacteria, N-formylmethionine,
lipoproteins as well as fungal glucans. The digestive tract is one of the major ports of entry
for pathogens and consequently expresses a variety of pattern recognition receptors as part
of the host defense mechanisms. In mouse jejunum and Paneth-enriched crypt cells,
messenger RNA levels of pattern recognition molecules such as Tolllike receptors and
nucleotide-binding oligomerization domains demonstrate circadian oscillations (43). These
findings suggest that the expression of pattern recognition molecules exhibit a circadian
rhythm controlling the immune host defense mechanisms in response to gastrointestinal
pathogens.

Circadian Rhythms in the Coagulation System

Inflammation and coagulation play an important role in the pathogenesis of cardiovascular
events and sepsis. The increased risk of cardiovascular events in the morning may be
explained by circadian changes in hemostasis (44, 45). The number of circulating platelets
and their ability to aggregate has been shown to follow a circadian rhythm. For example, the
highest number of platelets is found in the afternoon, but an increase in platelet aggregation
largely occurs in the morning (46-48). These fluctuations in hemostatic activity related to
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variation in platelet aggregability appear to be governed by the endogenous circadian clock,
because they are abolished in Clock mutant mice (46).

Components of the coagulation system, including factor Vlla and fibrinogen, are higher in
the morning, but so are components of coagulation inhibitors such as protein C,
antithrombin 111, and tissue factor inhibitors. Plasminogen activator inhibitor type 1, a major
physiological regulator of fibrinolysis, exhibits circadian variations in its expression with a
peak in the early morning. Rev-ErbA suppresses plasminogen activator inhibitor type 1 gene
expression and is therefore a major determinant of the circadian plasminogen activator
inhibitor type 1 variation and may influence the susceptibility to myocardial infarction in the
early morning (49). Experimental findings in mice suggest that ketogenic status increases
hypofibrinolytic risk by inducing abnormal circadian expression of plasminogen activator
inhibitor type 1 (50).

Circadian Rhythms in the Cardiovascular and Respiratory System

Under normal conditions, approximately 13% of genes exhibit significant differences in
temporal expression patterns in murine heart (51). Some of these genes are rhythmically
expressed between day and night, whereas others show abrupt changes from light-to-dark or
dark-to-light transitions. Many of these genes play an important role in cardiac remodeling
(51), both the diurnal variations of heart rate and the episodes of bradycardia decrease,
whereas myocardial oxygen consumption and fatty acid oxidation rate increase in mice with
mutation of the cardiomyocyte CLOCK gene (52). Disruption of circadian rhythms in
rhythm disruptive cycles (10 hr light/10 hr darkness vs. 12 hr light/12 hr darkness) leads to
decreased cardiac compensation in a murine model of pressure overload cardiac hypertrophy
(53). The circadian rhythm disturbance is associated with altered expression of PERZand
BMAL and down regulation of some crucial genes regulating hypertrophic pathways.
Restoration of the normal 24-hr circadian rhythms reverses or attenuates the abnormal
pathology (53). Furthermore, oscillations in myocardial triglyceride levels, net triglyceride
synthesis, and lipolysis have been shown to be decreased in mice with impaired expression
of CLOCK protein (54). It has been suggested that CL OCK inactivates lipase during the
active/awake phase at both the transcriptional and posttranslational levels suggesting that the
peripheral circadian rhythm clock can directly regulate triglyceride turnover (54).

The levels of circulating lipoprotein a, cholesterol, triglycerides, high-density lipoprotein
cholesterol, and low-density lipoprotein cholesterol display a significant circadian rhythm.
Interestingly, the peak levels of lipoprotein and fibrinogen that occur in the morning
coincide with the peak frequency of myocardial infarction and stroke, whereas the peak in
platelet count appears to coincide with late afternoon peak in sudden cardiac death and fatal
stroke (55).

Respiratory control, lung mechanics, and gas exchange also appear to fluctuate in a
circadian fashion, independent of daily activity (56). Healthy adults have small daily
variations in tidal volume, minute ventilation, and mean inspiratory flow (57). Under
pathologic conditions, the diurnal variations become more apparent. For example, hypoxia
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or hypercapnia induces significant hyperventilatory responses that vary throughout 24-hr
cycles (58).

Surfactant protein D, synthesized by alveolar epithelial type 2 cells and Clara cells, plays an
important role in innate host defense (59). Surfactant protein D secretion varies significantly
with peaks occurring at 10 AM and decreasing to its nadir at 10 PM (60). However, the
relationship between diurnal variations of surfactant protein D levels and the susceptibility
of developing acute lung injury has not been addressed.

Circadian Rhythms in the Hepatic and Renal Systems and Metabolism

Investigators have reported that peak serum levels of bilirubin occurred 10.6 hrs after falling
asleep during nighttime in healthy volunteers. The intraindividual diurnal variation was
higher during the day compared with the night sleep condition, suggesting that bilirubin
sampling should be restricted to the morning after a normal night’s sleep to minimize
diurnal variations (61). In disease conditions, the peak plasma melatonin/cortisol times can
be further delayed in patients with cirrhosis compared with healthy control subjects (62).
Hepatic gluconeogenesis and glucose metabolism is regulated by the circadian rhythms
through changes in circulating glucagon and epinephrine that trigger CAMP-mediated
phosphorylation of cAMP response element-binding protein and dephosphorylation of the
cAMP response element-binding protein-regulated transcription coactivator-2 (63). cCAMP
response element-binding protein activity is modulated by Cry1 and Cry2 in the liver (64).
Elevation of Cry1 expression lowers blood glucose concentrations and improves insulin
sensitivity by blocking glucagon-mediated increases in intracellular CAMP concentrations
(63). Circadian modulation of renal function was first described in the 19th century, and
glomerular filtration rate, renal blood flow, tubular resorption, tubular secretion, and
electrolyte excretion exhibit robust circadian oscillations (65, 66). Disturbance of the renal
circadian rhythms is associated with a high risk of hypertension and renal fibrosis (67-69).
A number of studies provide increasing evidence of the involvement of a molecular clock in
the generation of renal excretory rhythms in renal epithelial cells (68). As a result of space
limitations, we do not discuss this issue in detail, but there are several recent excellent
review articles that provide mechanistic insights linking the circadian clock to kidney
function (67, 70). The impact of circadian rhythms on liver and kidney function is associated
with changes in metabolism of endogenous and exogenous biologic substances. For
example, erythropoietin, a hematopoietic growth factor, is produced primarily in the kidneys
(71) and shows important circadian rhythms (67). Noteworthy, the effects of erythropoietin
therapy can be influenced by the time of the day at which it is administered (72).
Furthermore, the endogenous secretion of glucocorticoids is governed by circadian rhythms
in men (73, 74). There is a growing body of evidence showing that both pharmacokinetics
and pharmacodynamics of drugs are influenced by the circadian rhythms (75). The timing of
drug administration, including corticosteroids (76, 77), antibiotics (76), and medications for
hypertension (78), can significantly alter the drugs’ effectiveness and toxicity (79).
Significant differences in pharmacokinetics are observed when a single dose of gentamicin
is administered at different times of the day (80). A lower total body clearance and higher
serum gentamicin concentration are observed when the gentamicin is given at 10 PM rather
than at 9 AM, suggesting that circadian rhythms and rest—activity routine should be taken
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into account to minimize toxicity and enhance effectiveness (80). These findings may also
be relevant to other drugs that demonstrate circadian pharmacokinetic rhythms and narrow
therapeutic windows. A study by Decousus et al (81) demonstrated a circadian variation in
various coagulation tests, including activated partial thromboplastin time, thrombin time,
and coagulation factor Xa inhibition. Maximum values of these tests were found at night and
minimum values in the morning. Therefore, the metabolism and effectiveness of heparin
therapy in patients with venous thromboembolism largely depends on the circadian clock.
The time of the day at which hypertension medications are administered not only influences
the effectiveness of blood pressure control, but also cardiovascular disease morbidity (78).

Circadian Rhythms in the ICU

A study by Haimovich and colleagues (82) has recently demonstrated that intravenous
infusion of endotoxin in human volunteers results in dramatic alteration of circadian clock
gene expression in peripheral blood leukocytes. The authors pointed out that the realignment
of the central and peripheral clocks may be involved in the modulation of the course of the
systemic inflammatory response syndrome in human.

Critically ill patients in the ICU have more frequent sleep deprivation and sleep disturbances
than patients on a general ward (83-86). The normal rhythmic 24-hr profiles of
physiological parameters such as blood pressure, heart rate, body temperature, spontaneous
motor activity, and the levels of melatonin and cortisol are altered in ICU patients. Sleep
deprivation and the inability to sleep are described by survivors as major sources of anxiety
and stress during stays in the ICU (87-90). Furthermore, an impaired circadian rhythm of
melatonin secretion has been reported in sedated and mechanically ventilated patients in the
ICU (91). There are striking abnormalities in urinary 6-sulfatoxymelatonin excretion
observed in septic ICU patients but not in nonseptic ICU patients, suggesting a role of severe
sepsis per se and/or concomitant medication in the pathogenesis of the abolished circadian
rhythms of melatonin secretion (92).

Several factors can contribute to sleep disruption in critically patients such as noise, patient
care interactions, mechanical ventilation, pain, medications, artificial light, fatigue, stress,
delirium, impaired cognition, altered physiology, and critical illness (87-90). It has been
suggested that a reduction of plasma melatonin levels associated with the loss of circadian
rhythms in critically ill patients receiving mechanical ventilation may contribute to sleep
deprivation (91, 93-95). Patients with sepsis demonstrate loss of the circadian rhythms in
melatonin levels compared with nonseptic patients (92). Experimentally, survival of septic
animals is markedly decreased with an altered circadian light/dark cycle, providing further
evidence for the negative impact of disruption of circadian rhythms (96).

In a prospective, observational study involving 24 critically ill sedated patients, Paul and
Lemmer (97) showed that the 24-hr profiles of blood melatonin, cortisol, blood pressure,
heart rate, body temperature, and spontaneous motor activity were greatly disturbed/
abolished compared with the well-known rhythmic 24-hr patterns in healthy control
subjects. These alterations were more pronounced in patients with brain injury.
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In critically ill patients, blood glucose values and the incidence of hyperglycemia have a
circadian rhythm. Investigators have shown that morning blood glucose may not be an
accurate surrogate of blood glucose control over the daily cycle in the ICU (98, 99),
although there is still controversy surrounding the concept of tight glycemic control in
critically ill (98, 100, 101).

Although much is known about the impact of circadian rhythms in the development of a
broad range of human diseases, relatively little attention has been paid to critically ill
patients in the ICU. It remains unclear if the circadian rhythm alterations observed in
critically ill patients represent a compensatory response or whether they are in and of
themselves pathologic. However, further studies are warranted to determine whether there is
any use in restoring the circadian rhythms in all critically ill patients, what therapeutic goals
should be targeted, and how it would be achieved. This is an exciting time for critical care
physicians to define the role of circadian rhythms in the management of critically illness. A
clinical trial is underway at the University of Chicago (http://clinicaltrials.gov/ct2/show/
NCT01276652) to determine whether the sleep and circadian rhythms of critically ill
patients undergoing mechanical ventilation can be improved through practical strategies that
can be used at the bedside.

CONCLUSION

Circadian rhythms are complex but important physiological phenomena that help
synchronize biologic functions with the external environment. In addition to being closely
related to the sleep/wake cycle, circadian rhythms are involved not only in inflammatory
responses, but also in modulation of therapeutic efficiency. More research is warranted to
determine the molecular mechanisms underlying circadian rhythms as well as the impact of
these rhythms on the use of therapeutic agents in the context of critical care medicine.
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Figurel.
Molecular mechanisms of circadian rhythms in critical illness. A variety of biologic

reactions are involved in the pathogenesis of critical illness, which are influenced by
circadian rhythm clock of cells. Circadian locomotor output cycles kaput (CLOCK)
dimerizes with brain and muscle aryl hydrocarbon receptor nuclear translocator-like
(BMALI) in the nucleus and transactivates gene expression of orphan nuclear receptor (Rev-
ErbA), period (PER), and cryptochrome (CRY), producing proteins that accomplish various
circadian physiological actions. PER and CRY reside in the cytoplasm and form a protein
complex that traffics back into the nucleus, downregulating CLOCK and BMAL/
expression, thus closing a negative feedback loop. Various external stimuli such as
environmental disturbances and lipopolysaccharide challenge can alter circadian rhythms in
critically ill patients, which may influence development and/or progression of various
diseases. The number of timing on the clock face (ie., 6 hrs coincides with the onset of the
light period) play a significant role in regulating the human cycle of the clock genes.
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Selected physiological and pathological aspects influenced by circadian rhythm.
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corticosteroids, antibiotics,
chemotherapeutics

System Aspect Circadian Rhythm-Associated | Clinical Implications References
Physiological Variations
Central nervous system | Sleep Sleep/wake cycles Sleep pattern is altered in patients 83-86
admitted to the intensive care unit,
which is related to environmental
factors as well as underlying
diseases
Mortality rate increased in septic 96
animals with altered circadian light/
dark cycle
Melatonin Secretion patterns Circadian profiles of melatonin in 26,19,91-95,97
circulation are altered in critically ill
patients
Immune Immune cells Circulating monocytes, natural Circadian rhythm of circulating 82
killer cells and lymphocytes leukocytes can be altered by
counts lipopolysaccharide in human
volunteers
Immune cell function 31,33
(production of cytolitic factors
and cytokines)
Gene expression of pattern 43
recognition molecules
Coagulation Platelets Number of circulating platelets 46-48
Platelet aggregration Number
of circulating platelets
Coagulation factors Plasma levels of Vlla, 50
fibrinogen, antithrombin 111,
protein C, tissue factor
inhibitors, plasminogen
activator inhibitor type 1
Cardiovascular Cardiovascular Blood pressure, heart rate, Profiles of blood pressure and heart 97
function, cardiac regulation on atrial fibrillation, rate are altered by disturbed
rhythm ventricular tachycardia/ circadian rhythm in intensive care
fibrillation unit patients
Decreased cardiac compensation by 53
altered circadian rhythm in murine
model of cardiac hypertrophy
Respiratory Lung Lung mechanics and gas 56-58,37
exchange
Surfactant protein D alveolar 60
levels
Metabolic Kidney Renal blood flow, glomerular Disturbance of renal circadian 65-67
filtration rate, tubular resorption | rhythms is a risk factor for
and secretion, erythropoietin hypertension, polyuria, contributing
secretion to renal fibrosis in humans and
animals
Liver Hepatic gluconeogenesis and 63,64
glucose metabolism
Metabolism of drugs such as 75-81
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