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A B S T R A C T   

Circadian rhythms are responsible for governing various physiological processes, including hor-
mone secretion, immune responses, metabolism, and the sleep/wake cycle. In critical illnesses 
such as acute pancreatitis (AP), circadian rhythms can become dysregulated due to disease. Ev-
idence suggests that time of onset of disease, coupled with peripheral inflammation brought about 
by AP will impact on the circadian rhythms generated in the central pacemaker and peripheral 
tissues. Cells of the innate and adaptive immune system are governed by circadian rhythms and 
the diurnal pattern of expression can be disrupted during disease. Peak circadian immune cell 
release and gene expression can coincide with AP onset, that may increase pancreatic injury, 
tissue damage and the potential for systemic inflammation and multiple organ failure to develop. 
Here, we provide an overview of the role of circadian rhythms in AP and the underpinning in-
flammatory mechanisms to contextualise ongoing research into the chronobiology and chro-
notherapeutics of AP.   

1. Introduction 

In recent years the incidence of critical illnesses has risen dramatically. Increasing knowledge of circadian rhythms (CRs) and the 
relationship with critical illness has provided potential new avenues to improve our understanding and treatment of critical illness. 
There are two linked unknown problems in this field of research, namely 1) how does critical illness disrupt normal CRs, and 2) what is 
the effect of CRs on the pathobiology and severity of critical illness. This focussed review aims to summarise existing knowledge and 
draw these two fields together, using acute pancreatitis (AP) as a paradigm of critical illness. AP is a globally important disease, which 
is increasing in incidence, has a lack of standardised treatments and the chronopathology of AP is largely understudied. 

AP is a common inflammatory condition with a high global incidence rate of 34 per 100,000 individuals per year [1]. Over the last 
50 years, the global incidence rate has increased by 3.07% across America and Europe, whilst estimates suggest that is has remained 
stable in Asia. Current studies suggest that this trend is mainly due to biliary disease [2]. AP can be characterised as acute inflammation 
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of the pancreas gland which results in extreme gastrointestinal pain and, in most cases, emergency hospital admission [3]. AP can be 
caused by many different factors, with gallstone migration and excessive alcohol consumption cited as the two most common causes 
(Fig. 1). Other identifiable causes include certain prescription medications, viruses, trauma to the pancreas, abdominal surgery, and 
neurotoxins (scorpion venom). Approximately 10% of cases are idiopathic [4,5]. AP severity is determined using the revised Atlanta 
classification [6]. This enables clinicians to stratify AP severity into mild, moderate, or severe based on the degree of physiological 
disruption caused by inflammation. Most (~80%) AP cases are mild, resulting in minimal damage to the pancreas and with a relatively 
short recovery period [7]. Following recovery from the acute episode, AP is associated with an increased likelihood of developing 
comorbid diseases, including diabetes, exocrine pancreatic insufficiency and chronic pancreatitis [8]. In some individuals AP is severe, 
associated with multiple organ dysfunction syndrome (MODS), organ failure and premature death [9,10]. AP onset, regardless of 
severity, begins with localised inflammation and pancreatic injury which activates an inflammatory cascade and frequently induces 
systemic inflammatory response syndrome (SIRS) (Fig. 1) [1]. To date, the pathophysiology which underpins AP is complex and the 
role that the immune system plays in AP disease progression is not clear. Given the clear link between CRs and regulation of 
inflammation, and the likely impact of inflammation on CRs, exploration of the chronobiology of AP may lead to a better under-
standing of AP pathophysiology and guide the development of chronotherapeutics [5]. 

2. The circadian rhythms 

Since the start of life on earth, all living organisms follow an approximate 24-hr rhythm, driven by the daily rotation of the Earth’s 
axis [11]. Each axial rotation exposes organisms to daily variation in both temperature and natural light, with the latter known as the 
light-dark cycle [12]. Additionally, all organisms possess an internal time keeping system, a transcriptional translational feedback loop 
mechanism referred to as the circadian clock (Fig. 2). The circadian clock’s function is to align and adapt internal physiological 
processes with the external environment [12,13,14]. This aspect of circadian rhythmicity is essential for the survival of many species, 
given that changes in the external environment influence the availability of food and light resources. CRs are entrained by the external 
environment to match the light-dark cycle through cues known as zeitgebers or ‘timekeepers’ [13,14,15]. Established zeitgebers 
include cues such as light (natural and artificial), nutrient availability, temperature, feeding habits and social interactions, all of which 

Fig. 1. Schematic of Acute Pancreatitis (AP) mechanisms which involve the immune system. 
AP is a common inflammatory disease which normally occurs as a result of gallstones, alcohol abuse and in rare cases medication, viruses, and 
scorpion venom. AP disease onset begins with injury to the pancreatic acinar cells, which in turn give rise to the release of chemokines (specialised 
cytokines), cytokines and damage associated molecular patterns (DAMPs). This activates the immune response which responds by sending innate 
and adaptive cell types to the site of injury to promote tissue repair and necrotic cell clearance. These immune cells include neutrophils, macro-
phages, natural killer cells, mast cells and dendritic cells. Neutrophil and macrophages make up most of the immune cells recruited, which then 
permeate through into the pancreas to aid in recovery. Created with BioRender.com. 
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play a key role in the successful circadian entrainment of an organism to its surroundings [16]. 
The powerhouse of the circadian rhythms, or master clock, is situated within the suprachiasmatic nuclei (SCN) of the brain, which 

acts to regulate CRs overall by synchronising peripheral circadian clocks [12,15]. Each circadian clock, whether in the SCN or tissues of 
the body, oscillates autonomously across a 24-hr period, driven by the transcriptional and translational feedback loops (TTFLs), that 
involve core clock genes [17]. In mammals, the primary circadian clock genes are controlled by the transcription factors CLOCK and 
BMAL1 that promote the expression of Period (PER 1/2) and Cryptochrome (CRY 1/2) genes [13,16]. Protein complexes produced 
from this interaction then inhibit the production of CLOCK and BMAL1 via negative feedback through the activation of PER and CRY 
[18,19,20]. PER and CRY complete the negative aspect of the feedback loop by repressing further production of themselves, moderated 

Fig. 2. Schematic showing the molecular circadian clock in mammalian cells. 
Transcription and Translation feedback loop begins with CLOCK:BMAL1 transcription factors binding to E-box elements to activate Per1, Per2, Per3, 
Cry1 and Cry2 genes. Protein products produced from this, then work to inhibit their own transcription in the first part of the loop and repress their 
counterparts. Casein kinase 1 (CK1) is known to phosphorylate PER, resulting in degradation and reduction in PER levels at the start of the day. 
CLOCK:BMAL1 also mediate the expression of NR1D1 gene as shown above, through binding with E-box elements. NR1D1 is then involved in 
encoding both REV-ERBα/β, which in turn inhibit the production of BMAL1 within the loop. DPB transcription is activated through CLOCK:BMAL1 
and E-box elements. This cycle begins at the start of each day spanning across an approximate 24-h period, dependent on the repression of specific 
core circadian genes from the day before. Created with BioRender.com. 

Fig. 3. Schematic showing the pathway, from the intrinsically photosensitive retinal ganglion cells (ipRGCs) to the core SCN. 
Light is the primary zeitgeber which provides input signals that the ipRGCs detect, due to the presence of melanopsin. This information is then 
innervated along the retinohypothalamic tract (RHT) where glutamate and pituitary adenylyl-cyclase activating peptide (PACAP) are activated and 
increase cellular concentrations of calcium. Transcription of core circadian genes can then be activated by the binding of cyclic adenosine 
monophosphate (cAMP) response element-binding protein (CREB). The core SCN communicates with the shell SCN through neurotransmitters, 
vasoactive intestinal polypeptide (VIP), gastrin-releasing peptide (GRP), Substance P(SP) and γ-Amino-Butyric-Acid (GABA). This synchronises the 
core and shell SCN with the external environment, resulting in a successfully entrained organism with an appropriate period length. Created with 
BioRender.com. 
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by PER-timed degradation via casein kinase 1 epsilon. Fine-tuning of the primary loop is achieved by other important circadian genes, 
including REV-ERBα, RORα, DBP and DEC [19,21]. These core clock genes within the SCN are responsible for the downstream rhythmic 
expression of several thousand genes in most organs, tissues, and cells throughout the body (Fig. 2) [17,20]. 

2.1. SCN core and shell organisation 

The SCN can be split into two regions, the ventrolateral core, and the dorsomedial shell which differ in that the ventrolateral core 
clock gene expression is dependent on external stimuli relevant to entrainment, whilst the dorsomedial shell gene expression maintains 
a robust 24-h rhythm even in constant darkness. For the SCN core to become coupled with the light-dark cycle, it receives photic input 
from intrinsically photosensitive retinal ganglion cells (ipRGCs) found in the inner retina which express a photopigment called 
melanopsin (Fig. 3) [22,23]. Photic information is transmitted from ipRGCs to the core SCN by the retinohypothalamic tract (RHT). 
Retinal terminals release signalling molecules including the amino acid glutamate and pituitary adenylyl-cyclase activating peptide 
(PACAP), which activates ionotropic glutamate receptor N-methyl-D-aspartate (NMDA). This in turn causes intracellular calcium ion 
concentrations to rise, leading to the phosphorylation of cyclic adenosine monophosphate (cAMP) response element-binding protein 
(CREB) via protein kinase A (PKA). Transcription of core circadian genes is then initiated through the binding of CREB and cAMP 
response elements within the Period promoter regions of PER 1 and PER 2 [24]. 

Given that the SCN is comprised of a core and shell, neurons within each are known to communicate to entrain the CRs with the 
external environment [25,26]. The primary direction of communication has been determined to occur from core to shell, via various 
neurotransmitters, including vasoactive intestinal polypeptide (VIP), gastrin-releasing peptide (GRP), substance P (SP) and γ-Ami-
no-Butyric-Acid (GABA) located in the core region (Fig. 3) [27,28]. In addition to these neurotransmitters, most neurons found within 
the SCN (specifically the shell) demonstrate autonomous oscillations which are controlled by the core circadian genes involved in the 
TTFL [26,29]. This autoregulatory property was first substantiated by Welsh et al., 1995 who identified that SCN neurons dispersed in 
culture continued rhythmic expression of core circadian genes with a period distribution of 20 to 30-h. In comparison, SCN neurons 
cultured using organotypic coronal slices, exhibit a shorter period duration of between 22 and 27-h [30]. Collectively, these findings 
suggest that communication is necessary to ensure that the core SCN, synchronised mainly by light signals, relays this information to 
the shell SCN. Without this, the period of the core clock genes and their rhythmic expression would not align with the external 
environment to phase at the correct time. Therefore, coupling of SCN neurons, within the core and shell, is essential for organisms to 
optimally express core circadian genes at the correct time of day, following the light-dark cycle, and cascading to control thousands of 
genes in peripheral tissues [24,29]. 

2.2. SCN and communication with other brain regions 

The two-component structure of the SCN is the primary mechanism which gives rise to CRs. Subsequent research has elucidated 
that the SCN not only connects the core and shell but innervates other areas of the hypothalamus and brain via efferent nerve pro-
jections, which in turn control physiological processes occurring in the periphery e.g., insulin secretion and metabolism [31]. Clear 
patterns of projection from the SCN can be observed to connect with the medial hypothalamus, medial preoptic area, paraventricular 
nucleus (PVN), arcuate nucleus, pituitary gland, and dorsomedial hypothalamus [32]. These regions of the brain are involved in the 
control of downstream homeostatic processes for of most organs of the body, through the secretion of hormones, regulation of the 
autonomic nervous system and by increasing the sensitivity of peripheral tissues prior to hormonal activation [33]. 

The areas of the brain which receive projections from the SCN contain specialised neuroendocrine cell populations responsible for 
the secretion of multiple hormones that are fundamental for health and wellbeing [32]. A key example is the hypothalamic pituitary 
adrenal (HPA) axis, formed by the interaction between the hypothalamus, pituitary, and adrenal glands. This multifunctional system is 
directly involved in i) regulating an organism’s response to external stressors, ii) impacts on the digestion of food (with dysregulation 
linked to increased colonic motility), iii) regulation of mood, iv) energy storage and v) immune responses to inflammation [34,35]. The 
connection between the SCN and HPA axis is not solely anatomical, with the SCN also indirectly controlling the rhythmic expression of 
a class of steroidal hormones known as glucocorticoids (GCs) produced by the adrenal glands under control of the HPA axis in response 
to circadian cues and stress [36]. 

Another key SCN-mediated hormone is corticotrophin realising hormone (CRH) produced within the paraventricular nucleus and 
partly activated by arginine vasopressin secreted by the shell SCN [37,38]. CRH is synthesised by a group of specialised cells, par-
vocellular neurosecretory cells, which then are released by the hypophyseal portal system, after passing through the median eminence 
located at the base of the hypothalamus [34]. Basophils present within the anterior portion of the pituitary, are stimulated to secrete 
adrenocorticotrophic hormone (ACTH) leading to the production of cortisol, GCs, and adrenal mineralocorticoids [36,39]. Numerous 
other important hormones, such as somatotrophin (human growth hormone), thyroxine and triiodothyronine (thyroid hormones) are 
also controlled in part by the SCN. SCN ablation and tracing techniques have shown these hormones to have clear diurnal rhythmicity 
[34,40]. Collectively, these hormones are necessary for proper organism function, and therefore, when circadian control of these 
hormone levels becomes abnormal, health declines [41]. 

2.3. Melatonin and the sleep-wake cycle 

The sleep-wake cycle is an important physiological process synchronised to the external light-dark cycle by the hormone melatonin 
[42]. Melatonin exhibits a clear CR which is controlled by external light signals transmitted along the RHT to the core SCN [43,44]. 
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From this the SCN innervates the pineal gland via an efferent pathway initially from the SCN to the PVN and then to the superior 
cervical ganglia [45,46,47]. The superior cervical ganglia produce norepinephrine which binds to adrenergic receptors in pine-
alocytes, stimulating N-acetyltransferase to control the rate of melatonin synthesis [45,46]. Melatonin is then released from the pineal 
gland into the blood stream to be distributed throughout the body. Melatonin secretion is light controlled, peaking during the night 
when light levels are diminished and troughing when external light is abundant during the day [42]. As well as controlling the 
sleep-wake cycle, melatonin has also been identified to play a role in insulin secretion, regulating blood glucose levels, and adapting to 
seasonal variations in daylight during transition from summer to winter [48]. 

It is clear that the above hormones are crucial in facilitating numerous biological processes, such as regulation of metabolism, 
immune system, blood pressure, sleep architecture and the stress response [34,49,50], together emphasising the importance of an 
entrained SCN for optimum physical and mental health [51,52]. Failure of SCN entrainment due to either intrinsic (disease and 
inflammation) or extrinsic (irregular light and feeding cues, administration of sedative medication, shift work and jetlag) factors, may 
exacerbate CR dysregulation and give rise to serious health consequences. For the remainder of this review, we aim to shed light on the 
impact of inflammation, specifically secondary to acute pancreatitis (AP) on CRs, the potential mechanistic links, and how the CRs may 
regulate the inflammatory and immunometabolic response to AP. 

3. The circadian rhythms and the immune system 

When CRs become dysregulated, through either internal or external mechanisms, overall physiological and mental health and well- 
being are affected [53,54]. Dysregulated CRs have been linked to the development of cancer, depression, diabetes, metabolic disorders, 
and an increased risk of obesity [55,56]. To date, a precise causality between dysregulated CRs and disease development is unclear. 
However, research into the mechanisms which link these two areas is addressing this gap in the scientific knowledge. One way in which 
this is currently being answered is through the investigation of the relationship between the immune system and CRs, given that the 
immune system is crucial in fighting off infection, by detecting and responding to disease [57]. 

CRs are increasingly recognised to control various aspects of the immune system in mammals. One key example is enabling or-
ganisms to predict changes in their periods of maximum activity, which affects the likelihood of coming into contact with antigens 
[57]. Additionally, CRs are involved in other aspects pertinent to immune system function, for example migration of immune cells to 
the site of injury or inflammation, T-cell activation through antigen presentation, proliferation of white blood cells and toll-like re-
ceptor (TLR) activation [57,58]. In diseases with an inflammatory basis, like asthma and rheumatoid arthritis, severity of disease varies 
across the circadian cycle, with the most severe symptoms experienced at night and in the early morning [59,60]. This has partially 
been attributed to the influence of CRs on the immune system and the timed secretion of rhythmic cellular components [59]. In 
experimental animals, CR dysregulation, via modelled shift work or jet lag over a long period of time leads to a dysfunctional immune 
system and susceptibility to disease. An inverted sleep/wake cycle affects the timing of cytokine secretion, and other immune cell 
function necessary to fend off disease [61]. 

Most innate and adaptive immune response components exhibit robust CRs [58]. This circadian oscillatory behaviour has been 
explicitly identified in dendritic cells, macrophages, B lymphocytes, T lymphocytes and natural killer cells, which all contain a mo-
lecular circadian clock [62,63]. The molecular clock within these immune cells is thought to regulate inflammatory responses through 
forming a transient blockade [64,65] by preventing synchronous activation of multiple components of the timed phases of the 
circadian clock [66]. A key example of clock gene control of inflammatory mediators is BMAL1 which regulates rhythmic expression of 
chemokines, specifically chemokine ligand 2 (CCL2) responsible for immune cell recruitment. BMAL1 impacts on CCL2 through a 
protein-protein interaction with polycomb repressive complex 2 (in most immune cells), which it utilises to inhibit CCL2 gene 
expression [67]. Genetic deletion of BMAL1 causes atypical gene expression of CCL2 in peripheral monocyte and macrophage pop-
ulations. Other core clock genes, such as REV-ERBα, are involved in immune regulation through transcriptional control of inflam-
matory genes, for example IL-6 and CCL2, via temporary inhibition of gene enhancer regions to prevent gene transcription [64,68]. 

In addition to clock genes, a second circadian intracellular mechanism exists that enables transient repression of inflammatory 
mediators, namely glucocorticoid receptors (GRs) [64]. GRs are located within all cell types, including immune cells and act to bind 
with endogenous GC’s secreted from the adrenal gland under the control of the HPA axis and SCN. GR ligation leads to suppression of 
glucocorticoid response elements located upstream from transcription sites and promote transrepression of numerous innate immune 
proteins, including key transcription factors such as nuclear factor kappa B (NF-κB) and activator protein 1 [69,70]. Recent studies 
have investigated this interaction in depth, focusing on the relationship between the molecular clock genes and GR to further elucidate 
circadian control of immune system components [64,70]. Despite the clock genes having a direct regulatory effect on inflammatory 
mediator expression, GRs are necessary to activate this temporary inhibitory mechanism which represses inflammatory gene 
expression. This has been extensively validated in bronchiolar exocrine cells, where genetic intracellular deletion of BMAL1 gives rise 
to increased and constant expression of chemokines including CXCL5 [71]. This is a result of the interaction between BMAL1 and GR, 
where the removal of BMAL1 diminishes GR presence at the genetic locus of CXCL5. Collectively, the above evidence suggests that 
clock genes are required to regulate immune responses, and that interaction between clock components and GRs is fundamental to the 
activation and suppression of immune cell secretion [70]. 

3.1. The circadian rhythms, the immune system, and disease 

It was first established in the 1960’s that the CRs regulate the immune system in response to invading pathogens and control the 
secretion of pro-inflammatory cytokines involved in the development of inflammation [72]. Since then, the involvement of the CRs in 
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the immune response has been investigated experimentally in mice using the bacterial endotoxin lipopolysaccharide (LPS) as a model 
of acute inflammation [72,73]. Mice show an increase in sensitivity to LPS when it is administered at the start of their active phase, and 
also report a significantly higher mortality rate of 80% compared to 20% mortality when challenged during the rest phase. This in-
dicates that the magnitude of the immune response is CR dependent [58,72]. To date, the precise circadian mechanisms which un-
derpin this observed difference in immune and likelihood of survival are unclear. However, it is reasonable to hypothesise that there is 
an interaction between several circadian controlled factors which will be discussed below, starting with leukocyte recruitment to 
peripheral tissues. 

Firstly, leukocyte migration into peripheral tissues, is under circadian control [74]. Leukocytes, like many other immune cells, 
exhibit diurnal variation in cell counts in within the blood stream from where they are available to extravasate to sites of immune 
recruitment, depending on the internal circadian phase [75,76]. Peak leukocyte migration into peripheral tissues can be observed in 
mice and other nocturnal species during the active phase [77]. Given that the risk of physical damage and pathogen exposure is 
increased during this time period, it is reasonable to propose that the ability to rapidly recruit a high leukocyte concentration within 
tissues will attenuate this by combatting tissue damage and controlling infection [58]. Conversely, high mortality rates in mice exposed 
to LPS at the start of the active phase may be a result of increased leukocyte infiltration within peripheral tissues. Given that both the 
expression of chemokines and adhesion molecules, such as intracellular adhesion molecule 1 (ICAM1), are greater during this period, 
enhanced leukocyte migration may exacerbate tissue damage by flooding peripheral tissues with active leukocytes [78]. 

Secondly, mice during their active phase demonstrate an increased sensitivity in the detection of and reactivity towards invading 
pathogens, attributable to an increase in the quantity of specific immune system components [58,79]. These include pattern recog-
nition receptors such as TLRs and other cellular proteins including CD14 and NF-κB [74,80]. Each of these are crucial for innate 
immune system activation in response to pathogen-associated molecular patterns [81]. Intracellular core clock genes also control 
rhythmic expression of pattern recognition receptors [82,83]. In mice with a mutated PER2 gene, when compared to wild-type control 
mice, PER2-mutants showed decreased reactivity and expression of TLR9 on antigen presenting cells [80]. Other TLRs have been 
shown to exhibit daily oscillations in mRNA expression (including TLR2 and TLR6), in macrophage populations within the spleen 
suggesting peripheral circadian clock involvement [82]. As well increased pathogenic sensitivity, time of disease onset is also thought 
to contribute towards disease development. 

Thirdly, an effect of time of disease onset similar to that observed by Halberg et al., 1960 in an LPS model is recapitulated in a more 
complex mouse model of sepsis induced by caecal ligation and puncture (CLP) [84,85]. In the CLP model the circadian PER2 gene was 
identified as a potential mechanism by which the severity of sepsis and increased risk of mortality was linked to specific times of the 
day. Mutation of the PER2 gene negated the time-of-day sepsis lethality effect exhibited by wild type mice [84,86]. Moreover, PER2 
knockout mice demonstrate greater survival rates and protection against endotoxic shock [87]. Similar effects have been observed in 
CLOCK mutant mice which have reduced overall sepsis mortality rates and a clear loss of the time dependent mortality rates compared 
to wild type mice [88]. Furthermore, interaction of PER2 and CLOCK proteins affects severity of sepsis. Together, these studies suggest 
that it is the timed interactions between the clock genes and the clock’s ability to function as a whole that dictates the time-of-day risk 
of mortality and resistance to disease [85]. 

Less is known about the mechanisms underpinning the involvement of the CRs in human disease, especially those which result in 
critical illness. However, as previously mentioned, it is widely accepted that numerous diseases of a chronic nature, such as rheumatoid 
arthritis, bronchial asthma, allergic rhinitis, and cardiovascular disease (myocardial infarction and ischaemic stroke) exhibit a clear 
exacerbation of symptoms in the early hours of the morning, potentially attributable to CRs [89,90,91]. Recently, this circadian aspect 
has been investigated in sepsis in human cohorts. Septic shock patients admitted to the intensive care unit exhibited disruption to daily 
rhythms and in many core clock genes expressed in CD14+ monocytes isolated from peripheral blood. Furthermore, the positive 
regulators of the intracellular monocyte clock, CLOCK and BMAL1, demonstrated arrhythmic behaviour in the septic patient subgroup, 
despite antiphase clock components (NR1D1, CRY1, NR1D2, DBP and PER2) continuing to have rhythmic expression. However, they 
are significantly dampened in comparison to the healthy control group [92]. This finding has since been validated in other sepsis-based 
studies in whole blood samples [86,93,94,95]. 

Overall, the CRs control the immune response through the regulation of immune cell expression, pattern recognition receptors and 
infiltration of immune cells into peripheral tissues. Dysregulation of the CRs, either globally or within the peripheral clocks, leads to 
aberrant immune responses which may predispose disease development and concurrently promote disease severity [54]. 

3.2. Effect of inflammation on CRs 

So far, this review has discussed the mechanisms by which the CRs exerts control over the immune system. Next, we discuss how an 
inflammatory response, especially a severe response as seen during critical illness, affects CRs, and introduce AP as a paradigm of 
critical illness in which to study CR disruption. 

In addition to the presented body of evidence which substantiates circadian regulation of the immune system, the immune system, 
in turn, also impacts on CRs [57]. This bidirectional relationship has been explored predominantly using LPS as a paradigm of critical 
illness which, mentioned previously, triggers an acute inflammatory response, and has been found to affect multiple CR components. 
Intraperitoneal administration of LPS in mice affected circadian regulated activity periods, exhibited by a marked phase delay in 
activity onset, compared to healthy mice [96]. In rats, intravenous LPS was able to induce temporary repression of core clock genes, 
such as PER2 and DBP, that are normally rhythmically expressed in the SCN control centre and peripherally within the liver [97]. This 
suggests that inflammatory diseases have the potential to transiently alter both the master and peripheral clocks during systemic 
inflammation. When LPS is administered to rat coronal SCN slices, irrespective of peak arginine vasopressin (AVP) expression time, an 
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increased AVP expression within SCN tissues results [98]. Tumor necrosis factor α (TNF), an essential pro-inflammatory cytokine, 
involved in the immune response has been identified to suppress DBP expression in the SCN by inhibiting the clock genes (CLOCK: 
BMAL1) from binding with E-box sites which prevents the initiation of DBP transcription [57,99]. Regardless of administration route, 
the above studies collectively demonstrate that the presence of inflammatory disease has the potential to impact on various aspects of 
the CRs, including both the master pacemaker and peripheral clocks, which in turn may lead to downstream disruption. 

3.3. Acute pancreatitis cellular mechanisms 

AP disease onset begins with injury to the pancreatic acinar cells which are located within the (usually sterile) pancreas [100]. 
Intracellular pancreatic enzymes such as amylase, lipase, and proteases contained within the acinar cells are released inappropriately 
in response to injury and initiate damage the surrounding healthy pancreatic tissue [6]. Moreover, this promotes the development of 
localised interstitial edema, impairment of pancreatic blood flow and varying degrees of necrosis of the pancreatic parenchyma [101]. 
During AP onset, calcium ion trafficking from the endoplasmic reticulum to the mitochondria becomes dysregulated which in turn 
affects mitochondrial ROS production [102]. Oxidative stress, caused by an overproduction of ROS, not only impacts on the endo-
plasmic reticulum’s ability to fold proteins but also impairs lysosomal functioning which results in the secretion of lysosomal proteins 
(cathepsin B and trypsin) which are fundamental to pancreatic acinar cell death [6,103]. Following this, the contents of the injured 
acinar cells are extricated, acting as damage-associated molecular patterns (DAMPs). Additionally, other intracellular components, e. 
g., ATP, chromatin proteins, high mobility group box 1 protein (HMGB1) and histones can trigger immune responses when patho-
logically displaced into the extracellular space [6,104]. 

In addition to mitochondrial dysfunction, pro-inflammatory mediators, like TNF-α and interleukin (IL), IL-6 and IL-1 are released, 
and numerous innate and adaptive immune cells begin to infiltrate the pancreas in response to AP onset [5,10,105]. Known infiltrating 

Fig. 4. Schematic of hypothesised mechanism by which Acute Pancreatitis (AP) impacts on the circadian rhythms resulting in altered immune 
response. 
Time of disease onset has been identified, in other models of critical illness, as an underlying factor which can influence the circadian rhythms. In 
this schematic, we use AP as a paradigm of critical illness. AP onset begins with the resulting pancreatic acinar injury which is fed back to the 
circadian rhythms through peripheral circadian clocks. We predict that this peripheral inflammation, and in some severe AP cases systemic 
inflammation, gives rise to blunted circadian rhythm core gene expression, modelled previously in rodents. Research has shown that immune cells, 
neutrophils, monocytes, and lymphocytes are all expressed in a diurnal manner, dependent on the circadian rhythms. Therefore, if disease onset 
occurs at peak immune cell expression, for example in neutrophils, between 8:00pm and 2:00am, it may have the potential to cause greater immune 
cell permeation into the pancreas. Thus, resulting in greater pancreatic injury and healthy tissue damage which can incur systemic inflammation and 
in severe cases, cause multiple organ dysfunction syndrome (AP-MODS). AP-MODS affects the lungs, kidneys and liver and is associated with 
increased risk of mortality. Created with BioRender.com. 
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immune cells include macrophages [106], neutrophils [107,108], dendritic cells [109], natural killer cells [110], B and T lymphocytes 
[10]. Out of the aforementioned immune cells, it is predominantly neutrophils which infiltrate the pancreas at disease onset followed 
shortly by macrophage recruitment [111]. After the release of DAMPs, pattern recognition receptors located on the cell surface of 
various immune cells, such as macrophages, dendritic cells, and B lymphocytes, are activated [112]. This causes the infiltrating im-
mune cells to produce even more inflammatory mediators and in turn recruit other circulating immune cells to the pancreas [10]. The 
influx of immune cells into the pancreas and inability to sufficiently clear away dead or necrotic cells can, in certain cases, cause further 
aggravation to the site of injury. This allows accumulation of necrotic pancreatic tissue [108], resulting in persisting localised 
inflammation and promoting further tissue damage to the surrounding healthy tissue [108,113]. Infiltration of immune cells, including 
both adaptive and innate types, are therefore important in determining AP severity and disease progression [10]. 

If systemic inflammation develops secondary to the localised pancreatic inflammation, AP can begin to affect other internal organs. 
In most AP patients this does not occur, however, approximately 20% of patients will go on to develop organ failure of the liver, lungs, 
cardiovascular system, and kidneys [1,105]. This scenario warrants critical care and is strongly associated with a fatal outcome, with a 
20% mortality rate in severe AP patients admitted to intensive care and high dependency units [7]. Whilst AP has a high incidence and 
mortality rate, current treatment strategies are limited and focus mostly on supportive management [114]. 

3.4. Acute pancreatitis and the circadian rhythms 

To date, the relationship between AP and CRs is not well understood, with most studies within this area focused on chronic 
pancreatitis and pancreatic ductal adenocarcinoma [115,116]. Given that AP, induces acute inflammation and presents with a similar 
disease pathology to LPS and sepsis, it is reasonable to hypothesise that AP will dampen the circadian clock gene transcription and 
impair internal timekeeping, mediated through systemic inflammation (Fig. 4). The downstream effects of altered circadian core clock 
gene expression within the pancreas has been investigated. The deletion of both BMAL1 and CLOCK results in a significant depletion of 
islets of Langerhans, impaired glucose tolerance and a reduction in insulin secretion, which will reciprocally affect glucagon secretion 
[117]. These all increase the risk of developing diabetes mellitus type II [118,119]. This alteration in circadian gene expression in both 
the SCN and peripheral tissues may in turn feedback on AP by dysregulating the immune response. There is significant overlap between 
the pathological mechanisms in AP and those in systemic inflammation from other causes. 

Inflammation models e.g., LPS in rodents, alter the time of activity onset and transiently repress core clock gene expression within 
the SCN and peripheral tissues including the liver [84,86,96,97]. Similar disruptive effects have been observed in models of bacterial 
sepsis. Disruption to the core clock gene expression and the subsequent timed protein-protein interactions, between PER2 and CLOCK, 
within peripheral circadian clocks have been identified to increase the likelihood of mortality and severity of disease experienced in 
mice with sepsis [84,86]. This has not been established in humans, but it has been demonstrated that sepsis alters circadian gene 
expression within CD-14 positive monocytes. Moreover, septic patients exhibit dampened arrhythmic daily gene expression of the core 
circadian genes with peripheral blood samples, which is not found in healthy controls [92]. However, as these studies are in the initial 
stages, the potential widespread disruptive effects are yet to be explored and whether the above side effects of inflammatory diseases 
are temporary or not. 

We speculate that CR dysregulation may impact on AP prognosis, increasing the risk of disease severity and mortality, which has 
been established in other models of critical illness with an acute inflammatory component [86,94]. Recurrent AP episodes are asso-
ciated with an increased risk of developing chronic pancreatitis (CP), with approximately 6–13% of AP cases progressing to CP [120]. 
As part of the CP pathophysiology, pancreatic fibrosis can develop whereby permanent lesions comprised of fibrotic tissue form within 
the pancreas and begin to disrupt pancreatic function, coupled with exocrine insufficiency. These lesions are the result of continual 
activation of pancreatic stellate cells [121]. Recently, circadian dysregulation of core circadian genes, BMAL1, within the pancreatic 
clock has been found to increase the likelihood of developing pancreatic fibrosis and exocrine insufficiency [122]. We therefore 
suggest that progression to CP, from AP, may in part be due to chronic circadian dysregulation of BMAL1 which has been brought about 
by the first AP episode. However, further research is justified to examine this novel association. 

It is well established that the onset of AP causes adaptive and innate immune cells to be recruited and migrate to the pancreas, 
where they infiltrate to promote disease recovery by clearing away dead acinar cells [5,6,123]. It is likely that cell infiltration at the 
start of AP disease onset is dependent on the phase of the CRs, given that CRs affect the availability of circulating immune cells, 
chemokines and adhesion molecules regulating immune cell trafficking [66,83]. Therefore, individuals who experience AP disease 
onset at the start of their active phase or at the end of the resting phase, are more likely to undergo greater immune cell infiltration 
when immune cell expression is at or just after its peak [58,76]. We predict that this will promote a more serious disease course due to 
the substantial evidence which demonstrates that immune cell infiltration dictates severity of AP, with high infiltration rates asso-
ciated with severe pancreatic injury, destruction of healthy tissue and increased likelihood of developing persistent systemic 
inflammation [108,113,123]. Conversely, those who experience AP onset during the active phase and at the start of the rest phase may 
be protected against severe AP due to lower levels of specific circulating immune cells (Fig. 4). 

Empirically, it has been demonstrated in rats that the severity of experimental caerulein acute pancreatitis is dependent on the time 
of day of induction [124,125]. This has been attributed to the levels of plasma melatonin, which under circadian control, are increased 
during the rest phase to promote sleep [126]. Melatonin has been established to protect peripheral tissues against damage caused by 
ROS generation and thus, oxidative stress, which plays a key role in acinar cell death and AP progression [127,128]. It has been re-
ported that melatonin regulates superoxide dismutase (SOD) activity, an intracellular defence mechanism which, under oxidative 
stress, converts superoxide into both oxygen and hydrogen peroxide [129,130]. Administration of melatonin during experimental AP, 
attenuates the depletion of SOD and reduces the risk of cellular damage caused by ROS [125,131]. Overall, there is a protective effect 
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of melatonin in experimental AP, although this has not been tested in naturally occurring clinical AP. 
Lastly, it has been well documented that mice in their active phase show increased sensitivity and response to pathogenic invasion, 

compared to mice in their rest phase, irrespective of the type of invading pathogen [57,132]. This time-of-day dependent immune 
response has been identified to be an adaptative evolutionary mechanism whereby the CRs have evolved to respond to infectious 
agents more readily when the risk of encountering a pathogen is at its highest during the active phase. This aligns with the peak 
temporal expression of numerous immune system components and their respective functions, which have been primed to occur several 
hours prior to activity onset [57,83]. This circadian control of host immune response has been validated within a multitude of bacterial 
and viral pathogens, including salmonella enterica, streptococcus pneumoniae, listeria monocytogenes, vesicular stomatitis virus, 
herpes, and influenza [66,133,134]. Whilst the pathogenesis of AP is different to that of LPS, we hypothesise that the time-of-day host 
immune response effects are also present in AP and have the potential to influence survival rates and the severity of AP as observed in 
similar diseases, like sepsis [84,86,135]. 

4. Conclusions 

Mounting evidence demonstrates that CRs are vital to many physiological processes, such as hormone secretion, sleep and 
wakefulness and the regulation of the immune system. In recent years, the development of many diseases has been associated with the 
dysregulation of the CRs, therefore, research into these biological rhythms has become a major focal point. It has become increasingly 
clear that CR dysregulation, via external or internal factors, perpetuates a dysfunctional immune system and predisposes an individual 
to disease. We propose here that AP is no exception, but this is yet to be supported by robust analysis of empirical data. This review has 
outlined several biological mechanisms which connect AP with circadian control of the immune system, time-of-day dependent im-
mune cell infiltration moderated by the CRs and CR adaptive evolutionary mechanisms in response to disease. In closing, the eluci-
dation of the reciprocal relationship between CR dysregulation and disease development is fundamental to generate new strategies and 
treatments for diseases like AP. 

5. Limitations of study 

This study does not have any limitations as it is a review article and does not contain data. 
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