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Abstract  

(1) Background: The daily rhythms of life on earth are governed by a central clock located in 

the hypothalamus and entrained primarily by light. By virtue of its connections to a myriad 

of other clocks located both in the brain and in peripheral organs and cells, this clock 

provides a timing signal based on the light/dark cycle by which organismal physiology and 

behaviour are governed. Disturbances of these natural rhythms have multiple downstream 

effects, frequently resulting in dysregulations of sleep and wake cycles, energy homeostatic 

signalling and decreased stability of the gut microbiome. With increasing age, changes in 

these natural rhythms are common, and distinguishing changes associated with healthy 

aging from those associated with pathological aging is an important and growing avenue of 

investigation in which the recognition of the interdependence of these systems is critical. 

(2) Aims: In this review, we focus on the importance of better understanding the integration 

of these signals and their physiological and behavioural outputs in an aging population in 

which sleep durations are frequently shortened and dietary choices highly varied and 

frequently nutritionally poor. 

(3) Conclusions: The gut-brain-microbiome axis is a critical regulator of health across the 

lifespan such that dysregulation at any point along this axis impacts organismal function. As 

yet, the impact of age alone on this system is not fully understood. However, it is clear that 

age-related dysfunctions including the development of frailty and the increased risk for 

neurological disease are intertwined with the health of the gut-brain-microbiome axis.  
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Introduction 

Life on earth is organized rhythmically; from the rhythmic alteration of the seasons to the 

cycling of day and night. From the organismal level down to the clock-like rhythms generated by 

single cells and cellular networks, timing is important. These rhythms pervade the lives of all 

organisms and, when disrupted, can lead to adverse consequences ranging from increased desire 

for sleep to significantly reduced physical and mental health, or even, in the extreme case, to 

premature death. 

In mammals, daily rhythms are tied to exposure to light and dark. These circadian (from ‘circa’ 

approximately, and ‘dies’ day) cycles follow the intrinsically generated rhythms of a central clock 

located in the suprachiasmatic nucleus (SCN) of the hypothalamus (Figure 1). The timing of this 

central clock, known as the circadian oscillator (CO), is synchronised by light (intensity, wavelength, 

timing and duration), sensed by the retina and signalled to the brain via the retino-hypothalamic 

tract [1]. The ‘default setting’ of the SCN clock is slightly more than 24 hours, which is reset to 

match the Earth’s day and night by exposure to light, in particular to morning light [2]. Apart from 

this input, the SCN clock is fine-tuned (or disturbed) by regular feeding/fasting patterns, and to a 

lesser extent by temperature fluctuations and other external factors.  
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Figure 1 Hypothalamic control of sleep and feeding. (A) The suprachiasmatic nucleus 

(SCN, indicated in red) contains the circadian oscillator (CO) and provides signals to 

hypothalamic nuclei involved in the regulation of sleep/wake rhythms and energy 

homeostasis. (B) Hypothalamic nuclei under control of the SCN include the arcuate 

nucleus (ARC) and ventromedial hypothalamus (VMH) as primary feeding centers. The 

lateral hypothalamic area (LHA) and the ventrolateral preoptic nucleus (VLPO) 

comprise regulatory centers for wake and sleep respectively and receive indirect SCN 

input via the dorsomedial hypothalamic nucleus (DMH). The DMH provides a central 

integrating center for many biological rhythms, including those of sleep/wake and 

energy homeostasis, as does the LHA. The paraventricular nucleus (PVN) also receives 

direct SCN input and provides signalling important in sleep and feeding behaviours via 

both sympathetic and parasympathetic afferent limbs. Inputs to the system include 

hormonal, peptidergic and neural information on nutrient status, energy utilization 

and sleep need while system outputs link to higher order cognitive centers, limbic 

centers and brainstem as well as to peripheral organ systems. 

This central clock provides timing information to a large network of clocks that are found in 

peripheral organs, tissues and cells that are themselves able to generate autonomous rhythms 

[3,4]. While many models of this system posit a hierarchical system in which the SCN provides the 

primary clock signal to which peripheral clocks are tightly entrained [5], recent evidence suggests a 

far more complicated network in which peripheral organs may independently entrain to external 

signals [4] and provide feedback information to both SCN and other peripheral clocks [3]. An 

overview of this circuit, which links sleep/wake and fasting/feeding rhythms in the hypothalamic 

circuitry, is illustrated in Figure 1B. Briefly, the SCN provides direct timing signals to the arcuate 

nucleus (ARC), a central regulator of energy homeostasis, the dorsomedial hypothalamic nucleus 

(DMH) and the paraventricular nucleus (PVN). The SCN further provides indirect timing via the 

DMH to central regulating centers for wake and feeding (lateral hypothalamic area, LHA) and sleep 
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(ventrolateral preoptic area, VLPO). Both ARC and DMH express their own molecular clocks, and 

the DMH acts to integrate circadian clock timing with neuroendocrine (via PVN), sleep (via LHA) 

and feeding (ARC and LHA) behaviours among others [6]. The role of ARC in energy regulation 

depends in large part on the balance between its two primary neuronal populations; those cells 

co-expressing neuropeptide-Y (NPY), agouti-related protein (AgRP) and GABA and those co-

expressing pro-opiomelanocortin (POMC) and cocaine-and-amphetamine-regulated transcript 

(CART). Together with the melanocortin receptors and their target systems, these comprise the 

melanocortin system, which is critical in energy homeostasis [7,8]. The role of the LHA in wake and 

feeding is largely through neuronal systems expressing orexin/hypocretin (ORX) and melanin-

concentrating hormone (MCH), with the ORX system playing a major role in both wake and 

feeding, and MCH-containing neurons acting to facilitate sleep [9,10]. Thus, the LHA and DMH are 

important integrators of the complex interplay of sleep, feeding and energy homeostasis in 

organismal function [8,10,11]. 

The daily routines of waking and sleeping, feeding and fasting regulate basic physiological 

processes of the body, including the digestive system and metabolism, the activity of the immune 

system and the reproductive system, the cardiovascular and endocrine systems, and various brain 

regions. By virtue of this complex network, the biological machinery of life resonates to the 

rhythms of the external world. This review is focused on the interdependent rhythms that tie the 

gut-brain axis and sleep-wake cycles and how they are altered during the aging process under the 

premise that, to promote the healthspan, biomedicine must look beyond single physiological 

systems to better understand the interactions and dependencies among them.  

General Patterns of Sleep, Wake and Feeding 

Embedded in the circadian rhythm are the shorter (ultradian) rhythms of sleep. In adult 

humans, this sleep rhythm is consolidated into the dark period and lasts between four and 10 

hours, with an average of 7–8 hours. The sleep period alternates rhythmically with waking, which 

is consolidated to the light period in normal circumstances (Figure 2).  

The sleep period consists of three defined periods that rhythmically alternate in 2–7 cycles over 

a single sleep bout in normal sleepers [12]. Those periods are defined based upon characteristic 

waveforms in the scalp-recorded electrical activity of the brain and consist of (1) N1 or sleep onset, 

(2) Non-rapid eye movement (NREM) sleep which consists of two electrographically distinct 

periods—light sleep (N2) and deep sleep (N3), from which sleepers are difficult to arouse, and (3) 

rapid eye movement (REM) sleep, named for the pattern of eye movements characteristic of the 

period. In the first sleep cycle of the night, there is a general progression from wake to N1, on to 

N2, followed by N3. There is frequently a brief arousal or movement as N3 transitions to REM 

sleep in this first cycle. In subsequent cycles, this pattern persists although sleepers no longer 

transition through the N1 stage, instead moving from REM directly into N2 to repeat the pattern. 

Over the course of the normal sleep period, the amount of time spent in N3 is greatest early in the 

cycle and decreases over the night, while REM sleep exhibits the opposite pattern and is of longest 

duration in the later cycles. 

 



OBM Neurobiology 2017; 1(2), doi:10.21926/obm.neurobiol.1702003 

 

Page 5 of 18 

 

Figure 2 Sleep patterns in adults and elderly. (A) Diagram of the circadian timing of the 

drive for arousal in adults (black curve) and aging individuals (red curve). (B) Sleep 

histogram over a night of sleep in normal young adulthood. Note the prominence of 

N3 (also known as slow wave sleep, SWS, pink line) early in the night and the 

progressive increase in REM (green line) late in the sleep period. (C) Sleep histogram 

over a night’s sleep in aging, with shorter overall sleep duration due to frequent 

arousals that result in the fragmentation of sleep and reductions in both N3 and REM 

durations. 

The most widely accepted model of the relationship between circadian and sleep rhythms is 

known as the two-process model, and was first proposed by Borbely [13]. In this model, the 

circadian system comprises one arm (Process C) while the sleep homeostat comprises the second 

(Process S). The circadian arm of this model promotes preferred periods of wake and sleep, while 

the sleep homeostat tracks prior sleep history to control the need for sleep. A mismatch in timing 

between these two processes, such as occurs with jet lag, results in poor daytime function and 

disturbed sleep until the two rhythms become realigned. While originally posited to be 

independent processes, more recent work indicates that these two processes are integrated at the 

molecular level [14–16]. 

In concert with the daily rhythms of waking and sleeping are those of feeding and fasting, 

essential components of the energy regulation system of the organism. Feeding behaviour relies 

on the interactions of metabolic, endocrine, autonomic and cognitive factors and is generally 

timed for the active period [8,17]. At its core, energy homeostasis depends on the regulation of 

both energy intake via feeding and energy expenditure, and many of the organ systems associated 

with these processes exhibit their own clock gene rhythms including the liver, pancreas, 

gastrointestinal tract, adipose tissue and skeletal muscle [8,18,19]. Each of these peripheral organs 

produces metabolic signals that display circadian rhythmicity, including glucose (liver), insulin 
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(pancreas) and leptin (adipose tissue), and disruptions of these rhythms have been shown to result 

in impaired energy regulation [18,19]. To maintain energy balance, the intake of nutrients must be 

balanced by energy expenditures that include basal metabolic rates, thermogenesis and physical 

activity [20]. Thus, areas involved in energy homeostasis must receive information on the status of 

energy intake and storage as well as on energy usage and expenditure. To accomplish this, 

peripheral and central oscillators are regulated not only by the SCN, but also by nutrients that 

become available after a meal, and hormonal signals from both peripheral and central energy 

sensors. The effect of nutrients on these oscillators may be even stronger than that of the SCN, 

enabling shifts in cycle times that no longer match the circadian clock output timing. For example, 

whereas blood glucose levels are hormonally regulated by insulin and glucagon activity, whose 

production is again under regulation of the circadian clock (insulin blood levels typically peak 

around 1700 hr and are lowest around 0400 hr), these levels also respond to food intake, 

overriding the general background regulation. As a result, feeding at times not in phase with the 

circadian clock can upset synchronization [21]. 

Recent work has revealed the presence of an apparent clock for feeding that is termed the food 

entrainable oscillator (FEO) [6,22]. The existence of this oscillator was signalled by studies in which 

animals were observed to increase locomotor activity 2–3 hours prior to an established mealtime, 

a phenomenon that is known as food-anticipatory activity (FAA) [6,22]. Later studies, in which a 

restricted feeding schedule was introduced with feeding times shifted relative to the circadian 

clock, showed that FAA entrained to this shifted time and the timing of the sleep-wake cycle 

shifted with it, so that animals awoke a few hours before the re-scheduled feeding time 

[6,19,22,23]. Interestingly, a recent study in rodents reported that clear shifts in sleep architecture 

entrained to the FEO under a food entrainment protocol, indicating a close coupling between 

feeding and sleep rhythms [23]. Despite studies designed to locate the FEO, no clear region 

appears to generate this rhythm, which is currently speculated to be generated by a network of 

oscillators outside the light-entrained hypothalamic clock [6,23].  

Although the body is well equipped to adjust sleep and feeding patterns to the phases of day 

and night, modern lifestyles and exposure to artificial light has led to a continuous override of this 

rhythm, resulting on average in less sleep than was common in the pre-electricity era [24]. Chronic 

sleep reduction results in poorer health outcomes, including an increased risk of obesity and 

metabolic syndrome that appear largely due to increases in food intake [25–28]. Shift work, which 

represents a misalignment of the circadian clock and the day/night cycle, is also associated with 

significant health risks, including obesity [29,30]. These data point to the importance of 

considering the interactions between sleep, energy homeostasis and the circadian timing cycle in 

health and disease. 

Sleep, Wake and Feeding in Aging 

The patterns of both sleeping and feeding change with increasing age, in part due to shifts in 

the output of the circadian oscillator of the SCN. Although aging is accompanied by changes in 

most rest-activity oscillations, the neurons of the SCN maintain their clock function with aging 

[31,32]. Thus, the age-related changes in clock function are due to deterioration of SCN network 

function that dampens the clock signal passed to downstream oscillators [31–34]. In addition, 

there is a shift in circadian timing, expressed largely in preferred sleep and wake timing, with a 
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phase advance leading to early preferred sleep times and wake times (Figure 2A) [35,36]. 

Significant changes in the patterning and duration of nocturnal sleep are also seen with increasing 

age [32,36,37]; including reductions in total sleep duration, increased sleep latency, increased 

waking during the night leading to fragmented sleep and reduced sleep efficiency (Figure 2C). 

These changes in sleep duration and patterning are likely to underlie changes in cognitive function 

that can accompany both normal and pathological aging [38,39]. In addition, the ability to 

accommodate sudden shifts in the circadian phase, such as those introduced by jet lag or shift 

work, decreases with increased age and may be related to a blunted response of the SCN to light 

[34,35]. Although sleep disturbances are common, they are not ubiquitous. For many older adults 

medical, psychiatric or psychosocial factors also contribute to age-related changes in sleep 

patterns that together can result in increased morbidity and mortality [36].  

In general, aging is associated with a reduction in physical activity and skeletal muscle mass, 

resulting in a decline in energy requirements [19] that often corresponds to a decrease in caloric 

intake [40,41]. While there is a recent trend among older adults toward increasing levels of 

obesity due to increased ingestion of high caloric value foods [19,42], the more common pattern 

has been a reduction in caloric intake with aging. A frequent concomitant to this pattern is an 

extreme reduction in food intake that leads to caloric intake insufficient to meet energy needs 

[40,41,43] termed anorexia of aging. Physiological changes such as reductions in response to 

orexigenic hormones like ghrelin and cholecystokinin have been suggested to play a role, as have 

reductions in hedonic aspects of feeding, but it is clear that social and environmental factors also 

play a major role in the loss of appetite that can be exacerbated by disease, economic status and 

mental health [40,42,43]. Among these, heart failure affects over 10% of the older population and 

is the leading cause of morbidity and mortality in this demographic. Advanced heart failure results 

in unintentional weight loss, muscle weakness and a syndrome of cardiac cachexia. Right heart 

failure in particular directly affects the gut by causing mucosal edema leading to gut ischemia 

(leaky gut syndrome) with disturbances of nutrient absorption and abnormal bacterial 

translocation [44,45]. The outcome of this feeding pattern is reduced mobility and physical activity 

levels, either sarcopenic obesity or frailty, a worsening nutritional status and an increased risk of 

all-cause mortality [41–43,46,47].  

With aging, the biological processes controlling energy consumption and utilization become 

less efficient, leading to increased damage to the cells and tissues engaged in these critical 

functions [48,49]. The aging process extends to core metabolic functions as well, including 

glycolysis, fatty acid and amino acid oxidation, and lipogenesis [48–50]. Peripheral clocks located 

in the liver and pancreas that regulate metabolic rhythms such as glucose homeostasis and lipid 

metabolism also exhibit reduced amplitude with advancing age [35]. Overall, metabolic 

flexibility—the ability of cells and tissues to switch between metabolic functions of the fasting 

state to those involved in energy storage following feeding—is believed to be significantly reduced 

in older adults [50,51].  

In addition, nutritional state and sleep status affect metabolic and immune system functions 

such that aging is often accompanied by a gradual development of low-grade chronic systemic 

inflammation that increases the risk of age-associated disease [10,51–56]. Diet and feeding 

modulate immune function both directly and indirectly via actions on the gut microbiome, which 

is a key regulator of both immune and metabolic function [55–57]. Sleep restriction, whether 

alone or in combination with misalignment of circadian rhythms (e.g., shift work) often results in 
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reduced sleep quality and dysregulated glucose control [54,55]. Chronic reductions in sleep, 

whether from volitional changes in sleep patterning or age-related disruptions, lead to alterations 

in energy intake and expenditure, unstable weight regulation and an increase in pro-inflammatory 

cytokine levels [26,54,55,58]. Together, these data indicate the closeness of interactions between 

sleep, energy homeostasis, and the gut microbiome that can become dysregulated with advancing 

age and lead to increased risk for multi-system failure. 

The Gut Microbiome in Aging 

Bacterial communities are found on all surfaces in contact with the outside world. Not only skin 

and hair, but also the mucosal surface of oral and nasal cavities, airways, gastro-intestinal tract, 

and uro-genital tract are covered by bacteria, and to a lesser extent by archaea, viruses, fungi and 

other monocellular organisms. All these different body surfaces support the growth of microbial 

communities (microbiomes) of different, site-specific compositions [59]. Due to the next 

generation sequencing revolution, the gut microbiome is the best described, exhibiting a clear 

individual signature, though there is known variation over time and at different locations along the 

gut [60,61]. Despite some day-to-day variation in the presence or absence of individual bacterial 

species, the gut microbiome of an individual is roughly constant, as long as its composition is not 

disturbed by internal or external factors such as disease, changes in diet, or intake of antibiotics 

[59–61]. When comparing human populations, cultural differences can be reflected by differences 

in the gut microbiome, as when populations from the US or Europe are compared to rural Africa or 

South-America [62,63]. On an even larger scale, the human microbiome can be recognized and 

differentiated from that of other mammals, particularly those with different feeding patterns 

(ruminants, carnivores). At the individual level, the microbiome of siblings is more similar than 

that of non-related individuals [63,64]. A healthy gut microbiome (in which the majority of 

bacteria will be located in the colon) contains three prominent bacterial phyla: the Bacteroides, 

Firmicultes and Proteobacteria [65,66]. The composition of the gut microbiota changes with 

feeding as a function of the species-specific circadian cycle such that it functions in energy 

metabolism during the active phase and detoxification processes in rest phases [55].  

The human gut microbiome functions to extend the human genome by adding a variety of 

bioactive substances that are not coded for in the human genome. These function in the 

extraction of energy from ingested meals, fermentation of fiber, production of short-chain fatty 

acids, modulation of the immune system and vitamin synthesis [66,67]. The numerous variations 

in physical activity, dietary habits and cultural norms concerning feeding times and dietary 

composition have made it difficult to definitively identify the composition of a healthy microbiome, 

despite an increasing number of studies pointing to changes in the gut microbiome in disease 

[65,68,69], sleep restriction [28,70], inflammation [68,71], sedentary behaviours [72], and dietary 

composition [61,69].  

While a clear definition of the ‘healthy aged gut’ remains elusive, age-related spatio-temporal 

variations in the gut microbiota such as a decrease in Bifidobacteria and Firmicutes together with 

a decrease in overall microbiota diversity are commonly reported [61,73,74]. Age-related 

disruption of the gut microbiome plays an important role in pathological states associated with 

aging such as frailty [74]. As noted in the previous discussion of anorexia of aging, development of 

frailty in older adults is associated with impaired physiological functioning, reduced resistance to 
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stressors and adverse health outcomes. A recent study examining changes in the gut microbiome 

associated with frailty in community dwelling female twins reports a significant reduction in 

diversity together with changes in the abundance of specific taxa [75] although the directionality 

of these changes could not be assessed in this study. It is also the case that certain variants of the 

gut microbiome are associated with increased longevity, where the microbial composition is 

characterised by an increase in anti-inflammatory species and a loss of genes involved in short-

chain fatty acid synthesis [74]. Thus, while the microbiome in healthy aging as defined by an 

extended lifespan shows changes consistent with that of shorter lived elders, there are 

compensatory increases in taxa that were subdominant in adulthood that appear to provide 

health benefits, allowing us to envision microbiota-based health surveillance for older adults as an 

innovative strategy. 

In the developing organism, gut bacteria play an important role in shaping the gut-associated 

lymphatic tissue (GALT) and training the immune system in a critical bilateral communication 

system between the host immune system and its colonizing microorganisms [76,77]. With 

advancing age, the functionality of the immune system often declines, resulting in a chronic low-

grade inflammatory status in the gut that coincides with changes in gut microbiome composition 

and stability [57,78]. As noted previously, reductions in sleep duration and quality associated with 

older age can act to further exacerbate reductions in immune system function [26,55]. An increase 

in the abundance of gram-negative bacteria in the aging gut has been suggested to lead to 

secretion of lipopolysaccharides that can result in inflammation and leakiness of the gut, especially 

when coupled with a reduction in the level of short chain fatty acids such as butyrate in the 

intestine that may increase intestinal porosity [61]. 

The Gut-Brain-Microbiome Axis 

The relationship between human beings and their microbiota is symbiotic, with those 

microorganisms that act to promote overall health considered symbionts and those that induce 

pathological responses termed pathobionts [68]. The concept of the gut-brain axis recognizes the 

integrative functioning of the nervous and gastrointestinal systems, incorporating the neural 

afferent and efferent signals together with endocrine, nutrient and immunological signals that 

form the bidirectional communication portals between these organ systems [79]. In addition to its 

role in gut function, immune activation and energy homeostasis, the gut-brain axis links 

gastrointestinal function to emotional and cognitive centers of the brain [80], with an increasing 

number of studies indicating a significant role of the gut-brain axis in human pathologies, ranging 

from Irritable Bowel Disease to anxiety disorders [69,76,81,82]. 

The bidirectional communication network of the gut-brain axis includes components of the CNS 

(brain and spinal cord), autonomic nervous system (ANS), enteric nervous system (ENS), the intestinal 

microbiota and the hypothalamic pituitary adrenal (HPA) axis as well as hormonal signalling 

elements from the gut lumen [80,83,84]. The vagus nerve provides innervation to the muscular 

and mucosal layers of the gut, providing information on immune, microbial and nutrient information 

to the CNS, while stimulation of the efferent limb of the vagus nerve results in the release of  

pro-inflammatory cytokines [85]. While the vagus nerve provides an important conduit in the 

bidirectional information flow in the gut-brain axis, extra-vagal systems also play major roles. 
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The enteric nervous system, though in communication with the CNS via sympathetic and 

parasympathetic arms of the ANS, is an autonomous nervous system that controls the function of 

gastrointestinal tract (GIT). The ENS consists of a mesh-like system of neurons and fibers that 

encase the GIT from the level of the upper esophagus to the internal anal sphincter [86,87]. The 

ENS network is made up of primary sensory neurons, interneurons and motor neurons that 

control GIT motility, digestive enzyme secretions, fluid exchange, barrier function, immune 

responses and blood flow [88]. The ENS develops in concert with the enteric microenvironment, 

which thus exerts some control over the neuronal composition and function of this system based 

on variations in diet, microbial composition, disease, inflammation and medication [78,86]. The 

ENS neurons also utilize over 30 neuroactive substances that are similar to those of the CNS, 

including acetylcholine, serotonin, catecholamines (epinephrine, norepinephrine and dopamine) 

and gamma-butyric acid (GABA) [76,78,85,87–89]. There is direct hormonal communication 

between the gut-brain axis and the HPA axis, the primary stress response system, a relationship 

critical to normal functioning of both systems [68,78,90]. Stress exposure affects the gut 

microbiota and activates the HPA axis, which together can increase the risk of inflammation-

related diseases, and decrease the threshold for anxiety [69,86,90]. 

A number of studies have examined the role of the microbiota in behaviour and disease, finding 

intriguing connections that link the microbiome-gut-brain axis to both immune-related and non-

immune related diseases including multiple sclerosis, anxiety and depression, autism spectrum 

disorders and Parkinson’s Disease (PD) [69,82]. For the purposes of this review, PD represents a 

particularly intriguing linkage between sleep, energy homeostasis and the microbiome as 

prodromal symptoms now recognized to occur decades or years before the onset of clinical 

symptoms include autonomic dysfunctions, constipation, and sleep disorders. Further, according 

to the widely accepted Braak hypothesis of disease progression, early markers of disease onset 

occur in the olfactory bulbs and ENS, where the vagal nerve may act to facilitate the spread of 

alpha synuclein to medullary centers that are known to be affected early in the disease progress 

[82,91]. A role for the gut-brain axis in PD is suggested by studies showing a reduced risk of PD 

following truncal vagotomy and a reduced risk of PD-related pathophysiology in germ-free mice 

overexpressing α-synuclein [82].  

Dysbiosis, Aging and Desynchronized Cycles 

The term dysbiosis (also spelled disbiosis) was coined to describe a situation in which the gut 

microbiome is unbalanced in composition, thus deviating from what can be considered normal. 

The situation is common in the elderly, for a number of reasons, not in the least due to frequent 

antibiotic use. The longer individuals live in long-stay care facilities, the more gut bacterial 

diversity reduces, which results in a less resilient microbiome [92]. Enteric infections are more 

common in the elderly, in whom higher levels of Clostridium difficile may be present [93]. An early, 

polyphasic (though culture-dependent) study compared the faecal microbiota of elders to that of 

younger adults and children, identifying a decrease in Bifidobacteria species in the elderly [94]. 

These authors not only mention antibiotic intake and altered immune responses, but also 

decreased gastric acid secretion and increased gut mucosal permeability as underlying causes for 

dysbiosis. Antibiotic intake may be required for gastro-enteric and other infections (airways, 

urinary tract infections, etc.), resulting in reduced microbiome diversity [95]. Age-associated 



OBM Neurobiology 2017; 1(2), doi:10.21926/obm.neurobiol.1702003 

 

Page 11 of 18 

alterations in feeding patterns also occur in common co-morbid conditions of the elderly such as 

chronic heart failure, renal failure, chronic obstructive lung disease and cancer, all conditions that 

lead to weight loss, changes in immunity and an abnormal gut-microbiota muscle axis, with 

sarcopenia and progressive weakness [96]. This can create a vicious circle, as a less diverse 

microbiome is more susceptible to enteric pathogens. These and other factors affecting the gut 

microbiome are schematically shown in Figure 3A. For the elder population, the most frequent 

factors that influence the gut microbiome towards dysbiosis and an unhealthy status are 

antimicrobial intake, changes in diet and food habits, changes in immune function, and changes in 

sleeping patterns.  

 

 

Figure 3 Interplay of a dysbiose, aging and circadian cycles. (A) Schematic of the 

bidirectional interactions between the gut microbiome and the immune system (via 

immune modulators communicating with GALT), the endocrine system (via hormones 

acting through the hypothalamic-pituitary axis), the central nervous system (via 

neurotransmittors traveling through the vagal nerve) and colonocytes (via short-chain 

fatty acids). (B) Illustrates factors frequently affecting the gut microbiome of the 

elderly, indicating their mutual enforcement. (C) Combining the effect of these 

interactions with circadian cycles (symbolized by the clocks), with major effects shown 

in red, shows how desynchronization can disturb homeostasis and adversely impact 

physical and mental health. 
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Several of these factors enforce each other in feedback loops, schematically shown in Figure 3B. 

It is therefore no surprise that specific interventions affecting the gut microbiome are now 

considered for treatment of dysbiosis and its related diseases, in particular to improve health in 

the elderly [74]. After all, many of the chronic diseases associated with shifts in the gut 

microbiome, and by some considered to be the result of these shifts, are typically observed with 

increasing age, such as obesity, insulin resistance, type 2 diabetes, metabolic syndrome, 

Inflammatory Bowel Disease and non-alcoholic fatty liver diseases [97]. Microbiota-targeted 

interventions, such as intake of probiotics (live bacteria which confer a health benefit on the host) 

or prebiotics (nonviable food components that confer a health benefit on the host associated with 

modulation of the microbiota) are now becoming mainstream [98]. Although such interventions 

are considered by some as promising anti-aging options, cause and effect in the gut microbiome 

and associated pathologies is often not clear. In view of the intricate communication pathways 

between the gut microbiome and the host, this is not surprising. Understanding these complex 

systems requires a holistic [99] rather than a reductionist approach; it does not suffice to study 

simplified models in which the effects of one bacterial species only are examined. In view of the 

wide variety of microbiome composition between individuals (only one third of the gut bacteria is 

considered to be shared by most individuals sharing a geographic and cultural background, with 

two-third being variable), it is probably simplistic to assume significant effects as a result of 

deliberate intake of a single probiotic bacterial strain; to expect the same beneficial effect in all 

individuals, or for it to treat a variation of health problems, is even less realistic. 

To the complexity of interactions between gut microbiome and host, we can now add the 

effect of circadian rhythmicity of the gut bacteria [77]. An intimate relationship exists between the 

gut microbiome and the circadian regulators produced by the host’s intestinal epithelial cells, as 

was demonstrated in rodents [100]. The result is a circadian rhythm both in microbial activity and 

in nutrient uptake by the gut epithelial cells, in which Toll-like receptors (TLR) are involved [101]. 

The resulting diurnal microbial behaviour drives, in turn, the global programming of the host 

circadian oscillations [77]. Disruption of this microbiome rhythmicity has impact on the host 

physiology. Just as desynchronization of neural clocks can result in negative health effects, 

desynchronized circadian cycles of the gut can worsen health status, through the interactions 

shown in Figure 3C. 

Although the literature on this subject is still limited, one can envision that a desynchronization 

of one or more circadian cycles may affect gut activity, and vice versa. In this respect it may be 

relevant to note that constipation [102] and depression are relatively common in the elderly, both 

of which have been linked to shifts in the microbiome. However, the exact role of the microbiome 

in age-related health issues is still insufficiently explored [79]. 

Conclusion 

The processes in place to maintain system homeostasis and overall health are multiple, 

complex and interconnected. The neurobiological rhythms that collectively govern a host of 

cyclical behaviours in humans may have pervasive bidirectional relations with the bacterial 

communities that human’s host. Understanding how these complex bidirectional 

interdependencies are altered by daily sleep/wake and feeding cycles and in turn across an 

individual’s lifespan may prove critical for discovering how these factors influence the balancing of 
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fragility and resilience when confronted with pathological perturbations. Accordingly, research 

into the neurobiology of sleep, microbiomics, and aging is very likely to be instrumental in 

developing effective interventions for a wide range of human diseases and disorders. 
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