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Abstract

As populations worldwide show increasing levels of stress, understanding emerging links among stress, inflammation, cognition, and behavior is vital to human and planetary health. We hypothesize that inflammation is a multiscale driver connecting stressors that affect individuals to large-scale societal dysfunction and, ultimately, to planetary-scale environmental impacts. We propose a “central inflammation map” hypothesis to explain how the brain regulates inflammation and how inflammation impairs cognition, emotion, and action. According to our hypothesis, these interdependent inflammatory and neural processes, and the inter-individual transmission of environmental, infectious, and behavioral stressors—amplified via high-throughput digital global communications—can culminate in a multiscale, runaway, feed-forward process that could detrimentally affect human decision-making and behavior at scale, ultimately impairing the ability to address these same stressors. This perspective could provide non-intuitive explanations for behaviors and relationships among cells, organisms, and communities of organisms, potentially including population-level responses to stressors as diverse as global climate change, conflicts, and the COVID-19 pandemic. To illustrate our hypothesis and elucidate its mechanistic underpinnings, we present a mathematical model applicable to the individual and societal levels to test the links among stress, inflammation, control, and healing, including the implications of transmission, intervention (e.g., via lifestyle modification or medication), and resilience. Future research is needed to validate the model’s assumptions and conclusions against empirical benchmarks and to expand the factors/variables employed. Our model illustrates the need for multilayered, multiscale stress mitigation interventions, including lifestyle measures, precision therapeutics, and human ecosystem design. Our analysis shows the need for a coordinated, interdisciplinary, international research effort to understand the multiscale nature of stress. Doing so would inform the creation of interventions that improve individuals’ lives; enhance communities’ resilience to stress; and mitigate the adverse effects of stress on the world.
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Key points


 

	Understanding the links among stress, inflammation, mental state, and behavior is vitally important to human and planetary health.

	According to our hypothesis, inflammation acts as a multiscale driver connecting stressors that affect individuals to large-scale societal dysfunction and ultimately to planetary-scale impacts on the environment, which in turn drive inflammatory stress via a positive feedback loop.

	We propose a “central inflammation map” hypothesis to explain how the brain regulates inflammation and how inflammation impairs perception, emotion, cognition, consciousness, and behavior.

	The interdependent inflammatory and neural processes, and the inter-individual transmission of environmental and infectious stressors—amplified via high-throughput digital global communications—culminate in a multiscale, runaway, feed-forward process that could detrimentally affect human decision-making and behavior at scale, ultimately impairing our ability to address these same stressors at both the individual and population levels.

	We propose a mathematical model that can be used to elucidate and test the links between stress, inflammation, neural control/cognition, and healing, with resultant implications on stress transmission, possible intervention (e.g., via lifestyle modification or medication), and resilience.

	A coordinated, interdisciplinary, international research effort is needed to define interventions that would improve the lives of individuals and the resilience of communities to stress—involving multilayered, multiscale stress mitigation interventions covering lifestyle measures, precision therapeutics, and human ecosystem design.









Introduction: living in a state of inflammation

Inflammation is a biological process that has evolved to allow organisms to sense and respond to both beneficial and excessive stress caused by internal or external stimuli (1–5). It is a highly conserved process regulated by complex immunological, neural, and hormonal mechanisms (6). Perturbations in these mechanisms underlie a variety of acute and chronic inflammatory diseases (e.g., infectious diseases, critical illness, cardiovascular disease, cancer, and autoimmune diseases) that collectively are a major global health burden (7).

Today, most people are living in what is arguably a relatively peaceful era compared with much of the 20th century and before. Nevertheless, there is a sense that much is amiss at the individual, community, national, and global levels. Recent reports suggest that the global population is under more stress than ever (8–11). This process is worsening, given common exposure to concerns about climate change and planetary health (12), social upheaval, economic uncertainty, food insecurity, war, and—to many people—the impression of seemingly endless waves of disease affecting the planet (13–16). The ever-increasing delineation of stressors has led to the term “exposome,” used to define the sum of harmful environmental exposures (17). These issues are amplified by disparities and marked variations in the social determinants of health (18, 19). These cumulative stressors have been referred to as a “polycrisis”, with initial attempts to begin to define this term and its societal manifestations (20).

The sense of dread stemming from the “polycrisis” further escalates stress and its somatic expression. Exposure to cumulative stressors is not a new phenomenon, of course. What is unprecedented, however, is the rate and density of the transfer of stress within and between populations globally via the Internet. For example, the rise in adolescent depression (a co-morbidity of stress) correlates closely with the rise in social media use (21). While the impact of social media recommendation algorithms is complex, and social media use can stave off stress by allowing users to express their feelings, these algorithms can also trigger radicalization pathways driven by negative narratives, heighten a sense of danger, and thus increase stress (22). These pathways are shaped algorithmically and emerge because of the exploitation of the causal coupling of stressors, emotions, and choice behavior in the service of economics (23).

We suggest that this increased sense of constant and ubiquitous danger is itself perhaps as insidious a stressor as the events being communicated through social media, and further suggest a direct link of inflammation to this pervasive sense of stress. Many studies suggest that all stress, whether “real” or virtual, induces an inflammatory response, impacting organs, neural pathways, experience, and behavior throughout life (24, 25). The converse is also true: neural mechanisms that evolved to regulate inflammation (26–28) may become overwhelmed when stress is constant and omnipresent, thereby impairing cognition (29, 30) and augmenting the perception and experience of stress. Indeed, as the mind is built around self-constructed world models, constant exposure to stressors will bias these internal models that shape our perception, experience, and behavior (29). This raises the question of whether the notion of inflammation should be expanded beyond the biological substrate and symptom networks. Notably, the network approach to psychopathology posits that mental disorders can be conceptualized and studied as causal systems of mutually reinforcing symptoms (31).

Here, we present the hypothesis that inflammation acts as an embedded, multiscale driver connecting most or all stressors affecting individuals to large-scale societal dysfunction and, ultimately, to planetary-scale impacts on the environment, which in turn drive inflammatory stress via a positive feedback loop. Our framework is based on the intertwined nature of the inflammation of organ systems, neural processes, cognition, experience, behavior, and inter-individual stress transmission, and the application of the principles of inflammatory stress in cells and individuals to populations of individuals acting in concert. As the central nervous system (CNS) regulates inflammation, and inflammatory mediators affect neurotransmission, we hypothesize that pro-inflammatory stress impairs human mental processes at multiple levels. We argue that these interdependent inflammatory and neural processes, and the inter-individual transmission of environmental, microbial, and informational stressors—amplified via high-throughput digital global communications (i.e., the Internet and social media)—culminate in a multiscale, runaway, feed-forward process that could detrimentally affect human decision-making and behavior, ultimately impairing our ability to address these very same individual and global stressors. At scale, this could have far-reaching societal and environmental consequences, potentially contributing to the chaotic and counter-intuitive responses of large swathes of the global population to stressors as diverse as global climate change, conflict, and the COVID-19 pandemic. As noted above, stress-impaired judgment may propagate a self-fulfilling sense of pervasive danger, causing further stress and establishing a runaway positive feedback loop of stress through behavioral feedback (32). Inflammation is thereby recast as a multi-scale process linking molecular interactions to global societal and planetary outcomes.

After detailing this hypothesis, we test its qualitative implications using a mathematical model linking the relevant processes and use insights from this exercise to inform multi-scale, multi-layered mitigation strategies and areas for further interdisciplinary research.





Stress and inflammation: from cell to globe




A working definition of stress

“Stress” generally refers to stimuli that evoke a defensive response—encapsulated famously for humans as “fight or flight.” While fight or flight most vividly pertains to the actions of an autonomous, individual animal, we suggest that this concept may be adapted to the defensive actions of cells, cell communities, organs, organ systems, individuals, and communities of individuals. As such, we hypothesize that when stress is sustained beyond certain individual resilience parameters, one enters a regime of learned helplessness (33), which has been connected with societally adverse behaviors such as the adherence to conspiracy theories (34).

Generally, an organism that interprets stress as an “action” occurring against it reacts in a manner analogous to fight, flight, or surrender. Given a suitable provocation (i.e., stressor), cells and unicellular organisms may express a range of defensive biochemical and biological responses, including the synthesis of various molecular compounds, structural alterations (such as encystment), and, at the extreme, apoptosis or other modes of programmed cell death (35). Below, we present a working definition of inflammation and detail the interrelationships between inflammation and stress.





A working definition of inflammation

In multicellular organisms, stress is transmitted and amplified by inflammatory cells and their products. Indeed, given an appropriate and sufficient stress signal, most cells of the body will mount a reaction that qualifies as inflammatory (36–38). White blood cells, for instance, are deployed en masse within the body to counter an immunogenic provocation. Whereas the chemicals generated by unicellular organisms are directed almost exclusively “outward” (compounds that alter gene expression, i.e., epigenetic actions, being an exception), those produced by multicellular organisms may exert effects directed both outward and inward. Examples of inward effects include those mediated by compounds that bind to receptors within the same body to amplify, reduce, or otherwise alter the choreography of cells or the cascade of other chemical mediators and any chemotactic effects that alter the targeted actions of dedicated immune cells (2). In higher organisms, cells initiate alarm/danger signals—also known as damage-associated molecular pattern (DAMP) molecules—that activate tissue-resident inflammatory cells to secrete inflammatory chemokines and cytokines (4, 39), which in turn stimulate the production of oxygen and nitrogen radicals and other cell toxins (35). This cascade leads to the creation of more DAMPs by the inflammatory cells as well as damage to additional parenchymal, i.e., organ-specific, cells, driving a feed-forward loop of damage → inflammation → damage at the cell/microbiota, tissue, organ, and, ultimately, whole-organism level (2, 40) (Figure 1). External stressors can also trigger epigenetic effects, i.e., producing stable changes in the genome (41). For example, depression-related, stress-associated epigenetic changes have been reported in various genes, including those involved in glucocorticoid signaling, serotonergic signaling, and neurotrophins (30).




Figure 1 | The inflammatory response in individuals feeds forward via its impact on physiologic damage/dysfunction. This damage impairs neurological and epigenetic function and the ability of the nervous system to regulate inflammation (i.e., distress), although we argue that within a certain range (i.e., eustress) stress can improve central control via enhanced resilience. Given ubiquitous exposure to infectious diseases, acute and chronic inflammatory disease factors, and the transmission of stress via the Internet/social media communication, this process scales to the population level. In this paradigm, chronic, stress-induced inflammation adversely impacts societal function if one views societal norms and processes as the analogue of biological allostatic/homeostatic mechanisms. We propose that the positive feedback loop between damage and inflammation can be generalized to the cognitive and population domains. Forward arrows indicate activation or promotion of a particular interaction, while blunted arrows indicate inhibition.



The embedded, multiscale, feed-forward character of inflammation is necessary to respond rapidly to threat or injury, possibly across generations, but is also a key driver of pathology across all scales of organization (42–44). This is coupled with pre-existing causes of inflammation in the form of acute and chronic diseases (7). The enhanced state of alarm in our society means that a large proportion of the human population is potentially predisposed to stress-induced inflammation at any given moment. Importantly, stress may be either constructive (i.e., eustress) or destructive (i.e., distress), and inflammation may be either well-regulated and enhance function or dysregulated and promote dysfunction. This realization, in turn, offers an initial basis to prioritize and manage stress responses and to differentiate between essential, constructive inflammatory responses versus dysfunctional inflammation. The aforementioned “inward versus outward” paradigm can be elaborated further inward, given that individuals can be thought of as complex “communities of the self” (45), especially when considering the microbiome (46) in addition to our diverse cells and tissues. Similarly, given the newly gained access to information broadcasting through social networks, humans have strongly amplified their ability for outward action.





Multiscale interactions between stress and inflammation propagate within and across individuals

We consider biological agents as comprising embedded networks, from genes and neurons to thoughts and behaviors (47). Our cells are subject to nearly constant stress, and the imperative to maintain homeostasis is thought to have led to the evolution of multiple mechanisms for sensing, responding, and adapting to both exogenous (e.g., due to microbial infection, injury, or noxious stimuli) and endogenous (metabolic) stressors throughout our lifetime; indeed, the induction of stress response mechanisms is an important feature of aging (43, 48–50). Moreover, when stressed, our commensal microbiota can become virulent and promote further pro-inflammatory stress (51). Homeostasis itself is regulated through allostatic processes (52) that adapt homeostatic control loops to internal needs and external opportunities, finding organismic stability through continuous homeostatic change. However, these regulatory loops can go awry when perturbed, such as in settings of sepsis (51, 53) or trauma/hemorrhage (54).

We propose that these same principles of stress and inflammation pertain to communities, or populations, of individuals acting in concert (Figure 1). In support of this idea, the constellation of stressors, including climate change and environmental pollution, has been linked to a significant reduction in growth, survival, and microbiome diversity of plant communities (55). In the human context, a key example of a community-wide acute stress response is any version of civil strife or warfare, while a chronic one is a reduction of birth rates and life expectancy. As we extend this paradigm to the population level, we note that a stress or provocation (e.g., war or pandemic) incites a coordinated response among the component parts (e.g., civilians, politicians, individual soldiers, or healthcare workers) of a superorganism engaging with the same, small suite of response options (i.e., fight, flight, or surrender). At the biological level, individuals communicate stress to other individuals in a process called “stress contagion” (56, 57)—e.g., via pheromones (58)—and thereby likely exacerbate their inflammatory responses. We hypothesize that this is a further cause of community-wide, and possibly global, stress communication, in addition to shared exposure to infectious stressors and highly prevalent chronic inflammatory diseases (Figure 1). Indeed, the hypothesis that psychopathology can be understood in terms of symptom networks provides a direct causal link between biological substrates and pathways of stress and psychological, social, and cultural pathways (47). We advance that these pathways have become perturbed pathologically not only through the aggregate effects of the modern exposome (12, 59) but also through the potential amplification of such effects via high-throughput information channels in the Internet age (60, 61).

We hypothesize that dysregulated inflammation ensues when multiscale stress response mechanisms are no longer sufficient to mitigate stress, and when the combination of internal and external stress exceeds our individual or collective stress resilience (Figure 1). At baseline, the inflammatory state is constrained via multiple points of control (36) because the inflammatory response has evolved to ramp up vigorously through positive feedback to deal rapidly with relatively non-specific threats (2). In contrast, the resolution of inflammation occurs more slowly (62), suggesting that inflammatory responses are regulated by a race between the feed-forward processes that propagate self-sustaining inflammation versus inflammation resolution processes with fewer positive-feedback loops (40).

These multiscale induction and resolution feedback loops manifest within individuals both spatially and temporally (63). While inflammation is at some level inherently local (i.e., occurring in a tissue or organ), the inflammatory response can propagate across multiple tissues and manifest systemically (2, 42, 53, 54, 63), for example, in the pathology of critical illness (63–65) and other diseases. Notably, negative feedback on inflammation can manifest locally, systemically (if the inflammatory response spills over into the systemic circulation), and centrally (via neural regulatory mechanisms; see below) (6, 66, 67) (Figure 1). We propose that this type of propagation—with the aforementioned causes and consequences—also applies to populations of humans responding to stress signals from other individuals and their natural and human-made environment.

We suggest that the rapid ramp-up of inflammation is the Achilles’ heel of this generally beneficial process, i.e., that the flow of inflammatory stress from the individual to the population and back is at the root of global-scale stress and its associated pathologies, including cognitive and thus behavioral dysfunction (Figure 1). In complex biological systems, robustness and functional flexibility are realized through a paradoxical fragility in the so-called “constraints that deconstrain” (68, 69). In our paradigm, the tissue-embedded and inherent feed-forward nature of the inflammatory response—coupled with close interactions with the control systems of the CNS—creates both robustness and fragility. Robustness occurs via the multilayered, multiscale, dynamic, and reciprocal control mechanisms that link stress, inflammation, and neural control and behavioral function. Simultaneously, fragility occurs via dysregulated inflammation rippling rapidly throughout multiple tissues in a multiscale fashion, leading to dysfunction in multiple organs as well as dysregulated emotion, cognition, experience, and behavior—which can be transmitted between individuals.

The brain is a key substrate in this stress, inflammation, and dysfunction cascade. On one hand, the hypothalamic–pituitary–adrenal (HPA) and sympathetic–adrenal–medullary (SAM) axes link stress to brain function, including executive control (70) and the immune system (71). Indeed, there are indications of a direct link between mood disorders and elevated levels of inflammatory markers in the blood (72). In addition, the brain will drive the actions that act as stressors on the outside world, potentially setting in motion collective stress cascades in the population.

Our paradigm extends beyond a purely bottom-up perspective on stress and inflammation and includes a top-down component. For instance, alarm in the form of interpersonal threats—whether direct (73) or over long distances via digital media (22, 61, 74)—along with anxiety over the state of society, climate change, infectious disease, socioeconomic status, etc. (8, 13–15, 75), can be considered just as pro-inflammatory as explicitly biological stimuli such as severe infections or chronic illness. These interpersonal stresses propagate among individuals within and between populations, rippling inward and outward to impact global processes in multiple ways (Figure 1). As in biological settings of inflammation, the repeated re-initiation of relatively low-level inflammatory responses can lower the activation threshold for positive feedback in multiple individuals within a community or society. This phenomenon, called “priming” in the cellular/molecular context of inflammation, is part of a broader preconditioning phenomenon that also includes the negative feedback process of tolerance/desensitization. At the population level, we suggest that priming leads to a state in which stress can explode across a society, even in the (apparent) absence of a single, defined pro-inflammatory stimulus, due to a diminished resolution response. The parallel process of tolerance/desensitization to ever-increasing personal and societal harm is driven by excess negative feedback (76, 77). Both processes comprise the phenomenon of preconditioning, can be modeled mathematically (78, 79), and are a key aspect of the global inflammatory paradigm advanced here.

According to our paradigm, the current intensity of stress and its multiscale transmission might be expected to translate into a comparable concentration of societal disorder and violence amplifying stress and inflammation. That this apparently does not occur (80) suggests a commensurate amplification of “controller” functions in modern societies, from the authority of science and medicine and trust in our institutions, to multinational organizations such as the United Nations and the North Atlantic Treaty Organization (NATO), to the interdependence fostered by global commerce (81). Yet all these control functions are currently being questioned and have arguably degraded. The challenge now is how humans can best prepare themselves for the emerging negative scenario: a new adversarial era of instability due to a combination of global stress and ecological collapse.






The brain and inflammatory stress




The “central inflammation map” hypothesis

We propose that the nervous system and cognition in individuals and the forms of symbolic exchange it affords—and the conceptually parallel role that societal rules play in communities of individuals—link stress, inflammation, and individual and societal dysfunction. As noted above, higher organisms have evolved a multiscale negative feedback architecture to control inflammation, in part involving neural mechanisms. A key neural mechanism that regulates inflammation both locally and systemically involves the vagus nerve (26), with neural circuits acting to limit the degree to which inflammatory mediators are expressed following a pro-inflammatory stimulus (27, 28). Recent evidence suggests that the vagus nerve not only regulates the degree to which inflammation is induced, but also limits the spread of inflammation across tissues and organs (82). We extend this paradigm by hypothesizing that, under physiologic conditions, neural control of inflammation occurs in part via a type of “hardware abstraction layer,” a term we borrow from computer science and that refers to the logical division of code in which computer hardware is controlled through software (83). Another way to think about this is in terms of the “constraints that deconstrain”: by having evolved specific protocols and substrates (i.e., constraints), biological systems afford a broad set of a priori unknown adaptations (i.e., de-constrained) in functional expression (84, 85). We hypothesize that the neural-immunological architecture builds on central neural regulation, invoking and involving the same inflammatory cytokines that drive inflammation in peripheral tissues. By this we mean that the brain can express the same inflammatory mediators expressed in inflamed distal organs to build a whole-body map of inflammation; we hypothesize that this “central inflammation map” is a mechanism for central regulation of the inflammatory response. As an example, this hypothesis is supported by research in rodent models showing that intrabronchial administration of a bacterial-derived immunostimulant (Gram-negative endotoxin) in a manner that does not result in the systemic manifestation of inflammatory mediators results in both lung and brain expression of the key inflammatory mediator interleukin (IL)-1β (86). Conversely, injection of IL-1β into the nucleus tractus solitarius in the brainstem is sufficient to replicate the functional derangements in lung physiology induced by endotoxins (87) and the toxin bleomycin (88). Another example is the putative causal link among stress, inflammation, and hippocampus and medial prefrontal cortex dysfunction, which can be seen as the result of multiple neurotoxic processes (89). One of these processes is HPA axis dysfunction, caused by chronic stress and enhanced production of cell-mediated immune cytokines, leading to serotonin depletion, increased glutamate and oxidative stress, and reduced inhibitory control mediated by gamma-amino butyric acid (GABA), in turn resulting in cellular damage and volume reductions (90, 91).

Thus, our hypothesis integrates inflammation into how we sense and appraise reality and shape it through our actions, closing a continuous behavioral feedback loop between the individual and their physical and social world (29). Further, we suggest that this paradigm offers a mechanism whereby stress and chronic inflammation could result in dysregulated cognition and action, which unchecked could, in turn, drive psychological dysfunction at the individual level and, ultimately, drive societal dysfunction. Initial support for this hypothesis comes from the finding that individuals with neuroimmune disorders often experience “brain fog” (92) that can impair their decision-making (93). Additional support comes from the known associations of cognitive derangements with immune dysregulation (29, 30) and the direct relation between stress and memory (94)—which, however, seems robust against “everyday” stress (95).

A related point is that the cytokines expressed in the brain putatively communicate inflammation in distal organs and positively regulate their expression. Continuing with the example of IL-1β, this cytokine can induce further expression of itself (96). We can speculate that repeated bouts of inflammation, coupled with the constant activation of neural sensing and regulatory pathways in response to real or perceived stress, might underlie the reported role of IL-1β in the pathobiology of neurodegenerative conditions such as Alzheimer’s disease (97) and other aspects of cognition (29, 30), and also lead to increased sensitization to stress and inflammation pathways. Once these effects affect action control, they can spill out into the outside world.

Below, we discuss additional factors that impact stress, inflammation, and neural function, how they link individuals to their environment, and how these factors might scale from the individual to the population and back.





Sleep disturbance exacerbates inflammatory stress

Sleep disturbance is one key factor that contributes to the ongoing cycle of inflammation and potential degradation of well-being and cognition. At the individual level, sleep is affected adversely by inflammation, which in turn impairs cognitive function both in the short and long term (98). Restorative sleep is highly dependent upon hormonal cycles, known generally as circadian rhythms. From a global perspective, these cycles represent an alignment of biorhythms with planetary cycles of light and darkness (99); notably, circadian rhythms have been implicated in allostasis and resilience to stress (100). While the pineal hormone, melatonin, is most prominently associated with variations in alertness and somnolence (101), its effects extend to influences on other hormones, including cortisol, catecholamines, growth hormone, leptin, and ghrelin (102, 103). Chronic inflammation is both a cause and effect of hormonal perturbations, notably persistent elevations in cortisol and catecholamines. In turn, these disturbances can foster insulin insensitivity and elevate insulin levels, thereby further impairing endocrine homeostasis (104, 105). Importantly, the disruption of circadian rhythms in the context of the lifestyle noted above is associated with further adverse impacts on metabolism (106). Finally, recent studies also connect cognitive dysfunction induced by sleep deprivation to disturbances of the gut microbiome (107), supporting the aforementioned impact of cumulative stress on communities of organisms (55) through the adverse effects of sleep dysregulation on cognition and action.

Over time, the hormonal repercussions of inflammation tend to disrupt appetite signaling and favor overconsumption of food and the growth (in both size and number) of adipocytes (108). Fatty infiltration of other cells (notably hepatocytes) also occurs, resulting in metabolic dysfunction and further inflammation (109, 110). These pathways sabotage circadian rhythmicity, impairing sleep via a hormonal mechanism (111). Excessive weight gain and adiposity may also impair sleep via a mechanical pathway, since these are linked to laxity in the posterior palate, snoring, and sleep apnea (112). Cumulatively, these factors increase stress on the organism.

The stressful effects of inflammation on sleep are reciprocal. Impaired sleep further disrupts circadian patterns, exacerbating hormonal disturbances. Increased chronic pain and psychological duress impair sleep and increase inflammatory responses, while sleep deprivation is associated with reductions in pain tolerance and psychological stress tolerance that potentiate the effects of both pain and stress. The result of these interactions is an adverse feedback loop, with inflammation disturbing sleep and sleep deprivation amplifying inflammation (104, 105, 113), setting in motion coupled multi-scale symptom pathways that amplify stress.






Resource competition drives inflammatory stress

Competition for survival essentials—water, food, shelter, and a mate—is a primordial and universal source of stress on individuals and populations. This can be further complemented with social survival essentials underlying flourishing such as bonding, affirmation, and recognition. The degree of stress varies with the intensity of such competition and the urgency of the unmet need. Competition for limited resources varies directly with population density, which translates into a fundamental trigger of stress-associated inflammation and impacts on cognition and behavior, as described above. Animal studies consistently demonstrate adverse effects of crowding on stress and inflammatory responses (114–116). Human studies of the impact of crowding, and related phenomena such as socioeconomically related violence (117–119) and work-related stress (120–122), suggest the same, though it is difficult to tease apart the impacts of chronic disease and other factors from that of work stress (123, 124). Both animal and human research have implicated various pathways, including disruptions of the HPA and microbiome (114, 125).

The potential for these environmental factors to trigger inflammatory responses within communities acquires greater importance in the context of population growth—the global human population has increased four-fold over the past century (126). As suggested earlier, the inflammatory responses of populations may be considered analogous to those of individuals: i.e., fight, flight, or surrender. In the case of survival essentials such as food and water, surrender is potentially suicidal. As global pressures on such resources increase, options for “flight” to safety become ever more limited. The inevitable result is more recourse to the “fight” response, whether between individuals within a population or between populations. The population density that intensifies competition and stress also serves to (a) deplete critical resources and engender shortages that aggravate the urgencies of competition and (b) situate competitors increasingly closer to one another in ever greater numbers. Importantly, contemporary competition-driven stress need not be caused by proximal stimuli alone: with the Internet and various forms of nearly instantaneous communication, the stress of competition for resources has become more intense and shifted to the social domain by the algorithmic exploitation of psychological needs. Competition is dissociated from spatial locations (i.e., it can now appear from any corner of the planet owing to globalization), compressed in time, and focused on new qualities, proxies, and currencies, such as social affirmation. This scaling and intensification of competition through digital means will, directly and indirectly, increase stress levels, further exacerbating inflammation. This is illustrated by the relationship between social media use and adolescent depression and suicide (21). Effectively, these digital means can now become a social and cultural substrate of inflammation, which continuously drives further stress.

We hypothesize that, in combination, these factors turn the human population into an incubator of stress and inflammation, accompanied by cognitive and behavioral dysfunction and, consequently, conflict. Conflict and competition further tax the stress tolerance of individuals, potentially making each less rational and more volatile. Disparities in general conditions—social and environmental—and in the social determinants of health amplify these stressors (18, 19) and further amplify conflict. Such volatility among individuals further inflames the body politic, triggering a self-perpetuating stress-enhancing positive feedback loop.

One final consideration is that the removal of functional opportunities to express native tendencies—for cells, individuals, or populations—might invite dysfunctional expressions of the same tendencies. For example, it has been argued that the eradication of various parasites from select populations has resulted in dramatic increases in autoimmune disease (127). Whether an analogous eradication of physical exertion from the modern experience of survival has contributed to hostile dysfunctions is a matter of conjecture. Cultural tensions related to modern policing methods do suggest that, as with cells, the cultivated actions of individuals and groups can be misdirected from function to dysfunction rather readily (128).





Modeling individual to global transmission of multiscale inflammatory stress




Model interactions

Our hypothesis is based on the intertwined nature of stress, inflammation, and neural dysfunction, and the propagation of these individual stressors both directly and indirectly within a population to ultimately impact societal function (Figure 1). As a first step, we have designed a high-level mathematical model that incorporates the following key variables: stress (S), inflammation (M), neural control (C), healing/restoration of function (H), and intervention (I). We note that, at present, the model is not calibrated to data and is simulated using arbitrary units (AU), given that massive, multiscale data acquisition and computational analysis across all these processes is needed to test these hypotheses and understand the complex dynamics underlying this stress-inflammation system. Figure 2 depicts the basic interactions among these variables, which are translated into the mathematical model (detailed in the Appendix). Notably, this model is relevant to two different interpretations of the interplay of stress and inflammation: an individual interpretation and a societal interpretation. Further, this framework can account for both eustress and distress.




Figure 2 | Schematic for a mathematical model describing the interactions between stress (S), inflammation (M), controller (C), healing (H), and an intervention (I) benefitting each of these (dashed lines). Forward green arrows indicate activation or promotion of a particular interaction, while blunted red arrows indicate inhibition.



The stress variable can comprise an unlimited number of internal and external stresses on the system. For example, internal stressors could include an unhealthy diet, physical inactivity (i.e., sedentary lifestyle), sleep deficiency, addictions, chronic illness, dysbiosis, and mental health conditions (e.g., depression, anxiety, and associated medications), or a lack of positive psychology/social connection (i.e., social isolation) (44). External stressors could include microbial infection, climate and natural environment factors, political upheaval, overcrowding, socioeconomic status, direct and digital social interactions, or other sources of digital stress (e.g., constant and easily accessible social media feeds and the news cycle). The model allows for any combination of such stress inputs and their weighting according to empirical data.

In the model, exposure to stressors triggers a varying degree of inflammatory response. At the individual level, an increase in the body’s inflammatory response causes more stress on the body, yielding a self-sustaining cycle of stress → inflammation → stress (i.e., leading to distress). Applying a societal interpretation, societal stressors trigger unrest that leads to a state of alarm and panic (i.e., “inflamed state” of a population) where societal rules are not obeyed. Further, we would argue that societal inflammation causes increased environmental stress because stressed, inflamed, and consequently cognitively impaired humans are more likely to make harmful decisions that contribute to environmental degradation, yielding a similar self-sustaining stress and inflammation cycle as generated on an individual level.

Since the CNS partially regulates the inflammatory response, the controller variable in the model is conceived as neural control at the individual level. At the societal level, the controller is a proxy of acquired societal norms and the organizations and other mechanisms that sustain these norms. The controller works to reduce and prevent an overwhelming inflammatory state abstracted at the whole-person level, just as acquired norms help reduce societal unrest (Figure 2). A highly inflamed state degrades the ability of the CNS to further regulate stress and inflammation, just as citizen unrest leads to actions that degrade adherence to societal norms, rules, and laws. Inflammation promotes healing in the model, since the primary purpose of inflammation is to heal the body (e.g., from infection) and to re-establish stability that is within allostatic bounds. The process of healing provides feedback to reduce inflammation. The healing variable in the model can be interpreted as a measure of deviation from homeostatic balance. On an individual level, the healing variable in the model is linked to the level of damage or DAMPs in the system; at a societal level, as stability reemerges, the healing variable could be linked to the relaxation or removal of laws and regulations put in place to address societal disorder.

Finally, the model can also account for the effects of outside interventions that inhibit stress and inflammation, promote healing, and restore control in a healthy and sustainable range. For example, these could include changes in diet, exercise, sleep, or medication at the individual level and societal trends, governmental subsidies, and rules at the societal level.





Model simulations: stress transmission, control, and intervention

When assessing the outcomes of all model simulations, comparing the steady state levels of stress, inflammation, controller, and healing levels with their respective baseline levels (dark blue) at time 0 will provide insight into whether stress added to the system causes detrimental outcomes (e.g., uncontrolled inflammation) in the system or if baseline is reestablished, regardless of all model variables being simulated in AUs. Once a dataset becomes available, inflammatory mediator levels and neurological function biomarkers could be used to calibrate the baseline initial conditions used in the system for a moderate level of input stress; those specific variables would be represented in appropriate units.

For this in silico exercise, the model is tested with six abstract stress factor inputs (which could correspond to any of the factors listed above) that are equally weighted concerning their impact on the overall system. Simulating the model shows how rising stress increases inflammation while impairing neural control of inflammation (Figure 3). When all stress input factors are set at their reference level (fi = 0.5), the system is considered to be in a baseline state with moderate stress and inflammation levels (see dark blue curves; units are arbitrary). Figure 3 simulates the upper and lower bounds of the six stress inputs: the red curves correspond to all high stress (all fi = 1) and the teal curves to low stress (all fi = 0). Here, the system is simulated in the absence of any intervention.




Figure 3 | 
  Model predictions for stress, inflammation, controller, and healing levels as a function of time given six equally weighted stress factor inputs of low (all fi = 0, teal), baseline (all fi = 0.5, dark blue), or high (all fi = 1, red) stress in the absence of intervention (i.e., I = 0 in all model equations).



Combinations of varying degrees of stress factors can also be simulated. For example, an input of f1 = 1, with all other factors f2 = f3 = f4 = f5 = f6 = 0.5, would show a substantial increase in stress and inflammation to the system (compared with baseline), illustrating how a single component of lifestyle stress could cause severe harm to the body. However, the model is currently predicated on the assumption that high stress in one aspect of a lifestyle or moderate stress in multiple areas will yield a similar inflammatory response. Such a model outcome could be used to show why diet and sleep habits that are perceived as relatively harmless could, in fact, be highly detrimental to an individual (or community) in a highly inflamed state, since these factors interact synergistically to induce high levels of stress.

Crucially, this modelling framework is scalable from the individual to the population. In Figure 4, the model is used to simulate the effect of stress transmitted by others. The vertical axis plots an individual’s stress level (here varied from 0–10); the horizontal axis shows an additional model input corresponding to the stress transmitted to an individual by others. Since this is a model stress input, it varies from 0 to 1: 0 corresponds to the absence of stress transmission (shown as the region to the left of the dotted lines) and 1 denotes the greatest level of stress that can be induced by a population. In Figure 4A, total stress in the system is indicated by the color map, where red indicates the highest stress levels. The color map in Figure 4B shows the level of controller function in the system; as expected, regions of high-stress lead to regions of controller dysfunction.




Figure 4 | The impact of stress transmitted by others is quantified by total stress experienced by an individual (A) and controller function (B). As total stress (A) increases (red region), controller function (B) decreases (blue region). Regions to the left of the vertical dashed line indicate stress and controller levels felt by an individual in the absence of stress transmitted to that individual by others. A baseline level of stress (solid blue line), corresponding to all stress inputs fi = 0.5, is provided for comparison. The labels in panel B provide the societal interpretation of the impact of stress transmitted by others. Specifically, an increase in “individual stress level” corresponds to a higher level of citizen unrest, and a higher level of “stress transmitted by others” corresponds to increased societal dysfunction.



An emergent feature of this model is that the controller, which acts to stabilize the individual and population, can transition to a state in which it is not only incapable of dealing with stress, but where, in fact, it drives dysfunction. We interpret negative values for the controller function as indicating a scenario in which the controller is causing a deregulation of the system, which would be manifested in harmful decision-making. The boundary of the blue region in Figure 4B corresponds to the tipping point from reversible to irreversible societal dysfunction. From here, the model can be used to estimate the number of individuals necessary to cause a system to collapse.

The modeling framework can also assess the potential impact of interventions. Currently, the intervention (variable “I”) is modelled in a way that inhibits stress and inflammation and promotes the controller and healing function. This formalism was chosen to test the broad impact of interventions, but we envision modifying this so that a specific intervention only alters one function (e.g., only the controller versus only the inflammatory response). Two different individual-level interventions are introduced in Figure 5 and Figure 6. In Figure 5, a lifestyle intervention—e.g., exercising moderately/vigorously a few days per week (44, 129) or cognitive behavioral therapies (24, 44), known to reduce mortality in large epidemiological studies (130)—is included on the assumption that its efficacy is approximately 30%. Figure 6 simulates a medical drug intervention assumed to be 100% effective (a clear over-estimation used merely to test the model) with an onset of therapeutic benefit observed a short time after administration, which would be consistent with the time needed for an antidepressant drug to take full effect (131, 132); other relevant types of drugs (or devices) could also be modeled with differences in kinetics. In these simulations, the drug has a faster and greater effect than the single lifestyle intervention and shows a particularly greater benefit at high baseline stress levels. However, this gap is probably too narrow if one assumes much lower (and more realistic) drug efficacy.




Figure 5 | 
  Model predictions for stress, inflammation, controller, and healing levels as a function of time given inputs of low (all fi = 0, teal), baseline (all fi = 0.5, dark blue), or high (all fi = 1, red) stress in the presence of a periodic intervention with 30% efficacy (e.g., exercise).






Figure 6 | 
  Model predictions for stress, inflammation, controller, and healing levels as a function of time given inputs of low (all fi = 0, teal), baseline (all fi = 0.5, dark blue), or high (all fi = 1, red) stress in the presence of a sustained intervention with 100% efficacy (e.g., medication) initiated at time = 25.



Inherent in our model is the concept of resilience. Figure 7 depicts the impact of increasing the resilience parameter, Scrit, slightly, in the absence of intervention. Model results are shown for the conditions of high stress, although the effect of increasing Scrit is evident at any level of stress. Increasing the resilience threshold from an arbitrary initial value of 6 to 7 reduced the system response from an extremely high level of inflammation to a much lower level (a little higher than baseline) while simultaneously increasing controller function and healing. This increased threshold corresponds to an individual or society that is sufficiently resilient to withstand a higher stress level.




Figure 7 | 
  Impact of the resilience parameter (Scrit). Model predictions for stress, inflammation, controller, and healing levels as a function of time given inputs of high stress (all fi = 1, red) in the absence of intervention for a baseline (Scrit = 6, solid) and elevated (Scrit = 7, dashed) level of Scrit.



The model is intended to illustrate the complex relationship among various endogenous and exogenous factors involved in stress and inflammation and its propagation in individuals and collectives. It aims to show that using a modeling approach can assist us further in analyzing, monitoring, and predicting the impact of interventions on individuals and the population at large. Given the urgent need to better understand the multi-scale nature of stress and inflammation, because of its large-scale impact on society, we argue that such models must become part of the stress and inflammation control toolbox to inform rational collective decision-making.






Conclusion: a multilayered, multiscale approach to mitigating global inflammatory stress

We have argued for the global pathophysiologic and cognitive implications of pervasive, overwhelming stress while also suggesting how lower stress levels could improve resilience. Notably, the scientific community has begun to acknowledge the “polycrisis” nature of the intertwined stressors we have described here, but the proposed solutions center on traditional reductionist pharmacological interventions (133). In contrast, the model we propose, by its very nature, manifests and is regulated at multiple scales. Thus, the challenge lies in structuring—and customizing, for the individual and society—a commensurate set of multiscale interventions to mitigate the harmful effects of distress while acknowledging the value of eustress. To identify and validate such multiscale interventions, we seek to leverage the power of mathematical modelling: our example here—linking stress, inflammation, and cognition—may reveal potentially non-intuitive explanations for the behavior and relationships among cells, organisms, and superorganisms (i.e., communities of organisms), such as the interplay of multiple individual stressors that can lead to a virtually irrecoverable, pro-inflammatory, forward-feedback loop. We are aware that the field of mathematical modeling is mature and has evolved in many domains. Yet, so far, these multi-scale effects have been too complex to fully master and represent a challenge for the field. Clearly, much more work is needed to advance models of multiscale stress and inflammation, to validate them, and to obtain consensus on their underlying assumptions; to incorporate additional factors/variables that are currently only implicit—e.g., factors such as circadian rhythms, the multifaceted impacts of which have been modeled mathematically (134); to obtain data to verify and validate core qualitative assumptions of this model at both the individual and population levels; and to make the model more quantitative by obtaining prospective data in large-scale studies. Encouraging, early efforts in this regard have been published, wherein aggregated datasets have supported a picture of stress-related immune dysfunction in the context of socioeconomic disadvantage (135). Furthermore, other modeling formalisms (e.g., machine learning, once sufficient data are obtained) should be explored in tandem. This multi-pronged process would require a coordinated, interdisciplinary, international effort that engages key stakeholders, and we hope this article stimulates the broader research community to provide input in this regard.

The goal of this large-scale effort would be to define interventions that would improve the lives of individuals and the resilience of communities to stress. Key insights from the modeling of stress-induced inflammation and its impact on cognitive/executive function at the individual level—and the extrapolation of these insights to the society level—suggest the need for multiscale interventions to mitigate the detrimental effects of stress. This is an important observation because it implies that, to control stress and inflammation, unitary interventions that target a single level of this multiscale etiology will not suffice and may even aggravate the control problem. As an example, we can consider the seemingly paradoxical symptomatology of sepsis, which at first glance appears both unstructured and uncontrollable. Recent simulation studies (136–138) and synthetic biology-based in vivo studies (139) raise the possibility of rational, model-based control of this seemingly intractable syndrome. In this context, stress mitigation means attenuating positive feedback within and across layers. The initial mathematical model presented here can be used to describe stress conditions under which the controller will successfully re-establish homeostasis, compared with a collapse of the system under strikingly high levels of inflammation. Interventions can be evaluated to determine optimal dose timing and efficacy needed to restore inflammation to baseline levels and which pathways should be targeted to yield most improvement. We suggest that, at the individual level, anti-inflammatory drugs are not the answer, or at least not the whole answer, because they reduce inflammation indiscriminately and thus may mitigate the beneficial effects of eustress. Instead, we suggest (not surprisingly) that improving lifestyle (nutrition, sleep, exercise, etc.) would be of benefit (44), as of course would reducing the exposure to stress (140), which would correspond to a lowering of fi values in the model. There may also be a role for “nutraceutical” interventions such as probiotics to modulate the microbiome (141). Based on the correlative evidence cited above and our model simulations, we suggest that a key aspect of stress relief involves reducing the number, frequency, and duration of stressful interactions/events (e.g., reducing social media usage), and to create more space for the individual, both literally and figuratively. Modifications of the physical/built environment to provide more areas with a calm atmosphere are also likely to be of benefit (142). Our conceptual framework also raises the question of how to respond to digital stress and inflammation caused by the free market of “surveillance capitalism” (23). Here, one response could be to instill resilience through continuous education of citizens on the master narratives that anchor our societies and their norms and values (143).

Regarding therapeutics, we suggest the need to identify drugs that combat conditions such as depression via modulating the associated inflammatory responses (144) or drugs that antagonize pathways that sustain inflammation, e.g., drugs targeting type 17 immune responses (145, 146). Neuromodulation is another key area that should be explored, as this may improve controller function and reduce inflammation (147). Finally, as evidence suggests that pro-inflammatory stress might be imprinted epigenetically and potentially be heritable (148), the long-term, trans-generational impact of these mechanisms (and therapies) warrants further investigation.

Though halting and uneven from a global perspective, a paradigm shift is underway from reactive, reductive medicine to personalized, predictive, and proactive medicine based on extensive molecular profiling combined with bioinformatics and computational modeling (149, 150). This transition is especially important in the context of lifestyle medicine, where patients, physicians, and institutions could leverage emerging technologies to address chronic inflammation in a highly personalized fashion (44). An early and successful example of this transition is the application of individualized digital brain health approaches in stroke rehabilitation derived from advanced theoretical and modeling frameworks (151). As suggested previously (152) and demonstrated here, tools such as mechanistic mathematical modeling can be used to describe, reproduce, and predict complex interactions involving stress, resilience, inflammation, and lifestyle.

This work may also serve to drive more theoretical or philosophical discussions. At the risk of anthropomorphism, it may be argued that this paradigm can be extended further outward to a global level, wherein the collective actions of humans are the stress in this “Anthropocene era”, and the planet displays an inflammatory response in the form of global warming and associated climate change (153). Whether this is a manifestation of dysfunctional inflammation or effective self-defense remains to be determined and might be a matter of perspective, as the interests of planetary life in general and those of our species potentially diverge. However, our model proposes that the human population and its artifacts can also be seen as a substrate of inflammation and stress, potentially threatening stable co-existence with the planet at large. Clearly, this is a very speculative, philosophically oriented hypothesis. Taken together, we hope that the paradigm and model presented here drive further dialogue, discussion, and research into the potential mechanisms that link stress, inflammation, and cognition from the personal to the global level.
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Appendix

The mathematical model used to simulate the impact of different stress conditions on the inflammatory response and cognition comprises five ordinary differential equations that track changes in stress (S), inflammation (M), controller (C), healing (H), and intervention (I). The description of the model equations is written from the individual perspective but could be translated to a societal interpretation, as suggested above. All model variables and parameters are given in arbitrary units owing to a lack of data for calibration.

In Equation 1, the rate of change of stress is modelled to track stress levels in an individual. The first term represents how stress can deviate from a reference or baseline level of stress (Sref) assumed to be present in any individual. Six example factors (fi, where i = 1, 2, …, 6) that generate stress are included in the model. As described in the text, these could be interpreted as internal factors (e.g., diet, physical inactivity, sleep deficiency) or external factors (infection, climate or environment factors, digital stress)—any additional factors could be easily (and eventually) quantified. These stress factors are assumed to vary between 0 ≤ fi ≤ 1, where fi = 1 indicates the highest level of stress that can be invoked by that factor, e.g., the most pro-inflammatory diet (154), and fi = 0 indicates a reduction in the level of stress that could be caused by that factor, e.g., choosing a vegan diet that is minimally pro-inflammatory. A value fi = 0.5 indicates a baseline contribution that would lead to homeostasis based on that factor. The product of Sref and a linear function of these six factors (fi) gives the extent to which stress is increased or decreased from Sref based on the combination of factors for any given individual. These stress inputs are inhibited by outside intervention (I), given by the presence of (1 + I) in the denominator. The second term in Equation 1 represents the increase in stress due to the inflammatory response (a3 term), which is inhibited by healing (H/H∞ term).



In Equation 2, the pro-inflammatory response is triggered in the presence of stress (v1S) but is inhibited by neural control (kcC), healing (kHH), and outside intervention (kII). A natural decay is also assumed in the second term.



Equation 3 shows the rate of change in the control variable. The first term includes the concept of resilience within an individual. This model was designed to include the possibility that exposure to stress does not lead solely to distress; stress can be helpful (i.e., eustress) to a biological system (either individual or population). In the model, if stress remains below a threshold level (Scrit), then stress helps to improve the controller (which is how we define eustress functionally). However, stress increasing above Scrit acts detrimentally on the controller (the functional definition of distress). This parameter, Scrit, is individual-specific and thus can be varied to account for different levels of resilience in each individual. In the second term, healing (η1H) and intervention γ3I) help to promote the system’s neural control abilities, while inflammation decreases it (c2 + kMM). A natural decay term (μCC) is also included that serves to regulate controller function.



As shown in Equation 4, healing is assumed to increase with inflammation (a1M), neural control (a2C), and outside intervention (γ4I), with an assumed saturating effect and decrease with natural decay μH.



Finally, an external intervention is tracked by the model and is assumed to be initially zero. The model includes various time-dependent functions for intervention that are used to simulate a single, long-term intervention (e.g., treatment with medication, Eq. 5a) or multiple, short-term interventions (e.g., exercising a few times per week, Eq. 5b), where ti indicates the time at which treatment is administered. Future iterations of the model could allow intervention to depend on stress, since it could be assumed that a system undergoing higher stress will be treated with higher levels of intervention. All model variables and parameters are expressed in arbitrary units, and the description and values of the parameters are given in Table 1. Files with the open codes of the model are available in the Supplementary Data Sheet.

 




Table 1 | Description and values of model parameters.







Copyright © 2024 Vodovotz, Arciero, Verschure and Katz. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fsci-01-1239462-g001.jpg
Chronic stress

v

O,

Inflammation

Population
level

Individual
level

@
2K

Central regulation

=il e =)o =l
=il e =)o =M
==iije =)o =M
==l e =)o ==Hj¢

Damage/
dysfunction

Chronic Population
diseases health burden

Cognitive Societal
impairment dysfunction

Scaling via shared exposure
to infectious diseases and
chronic inflammatory disease

-+

High-throughout internet/
social media communication

% Induction ——| Suppression





OEBPS/Images/im36.jpg





OEBPS/Images/im44.jpg
%





OEBPS/Images/M6.jpg
1

)

(5b)





OEBPS/Images/im53.jpg
(o)





OEBPS/Images/im27.jpg





OEBPS/Images/im35.jpg





OEBPS/Images/im43.jpg





OEBPS/Images/M5.jpg
(52)






OEBPS/Images/im52.jpg
M(0)





OEBPS/Images/im26.jpg





OEBPS/Images/fsci.2023.1239462_cover.jpg
& frontiers | Frontiers in Science

A multiscale inflammatory map:
linking individual stress to
societal dysfunction





OEBPS/Images/M4.jpg
daH ( @M +a,C+yl

S (A a s i) - @





OEBPS/Images/im34.jpg





OEBPS/Images/im47.jpg





OEBPS/Images/fsci-01-1239462-g004.jpg
Absence of
transmission Total
stress (AU)
107 20
2 g Stress transmitted by others -18
= -16
S 7
i 6 o -14
a ol Basali
g 5 12
s g 10
R 3
© T
= £
E 2
0
0 0.2 04 0.6 0.8 1
Stress transmitted by others (AU)
Absence of
transmission Controller
(AU)
10 -120
= Societal dysfunction -100
< 8
= - 80
2 »
) 6 § - 60
a c
o S - 40
=2 c
w
s 41 N 20
: 5
= 0
© 1
E 2 20
-4
0)=) T T T T ! 0
0 0.2 04 0.6 0.8 1

Stress transmitted by others (AU)

Abbreviation: AU, arbitrary units





OEBPS/Images/im21.jpg





OEBPS/Images/im51.jpg
5(0)





OEBPS/Images/im29.jpg





OEBPS/Images/M3.jpg
dc
I:ks(s,,,.fsu(

) HeC @

o + kM,





OEBPS/Images/fsci-01-1239462-g002.jpg
®

Inflammation

Intervention
I

Controller
(@

------- % Induction «ssss=——] Suppression





OEBPS/Images/im32.jpg
ky





OEBPS/Images/im46.jpg





OEBPS/Images/im45.jpg





OEBPS/Images/im33.jpg





OEBPS/Images/im20.jpg





OEBPS/Images/fsci-01-1239462-g003.jpg
15

. High stress
High stress 204
=)
<
5 < 159
< Baseline stress =
wn o
g £ 10
3 S
= Baseline stress
Low stress £ 5
Low stress
T T T 1 0- T T T |
0 200 400 600 800 0 200 400 600 800
Time (AU) Time (AU)
Low stress
150
Low stress 10+ ;
=) : Baseline stress
% 100 Baseline stress 5
Q <
S 2 5
£ 504 s
(@) T
04 High stress 0 High stress
0 260 400 600 800 0 200 400 600 800

Time (AU) Time (AU)

Abbreviation: AU, arbitrary units





OEBPS/Images/im50.jpg





OEBPS/Images/table1.jpg
Parameter

Description

Us Decay rate of stress 0.09
Sref Reference stress level 5
a Sensitivity to stress inputs 033
B Baseline response level to stress 0.5
fi Stress input 0-1
a; Maximum rate of stress due to inflammation 0.001
a, Half saturation constant for inflammation 4
impact on stress
H, Maximum healing level 20
" Maximum rate of inflammation generated 3
due to stress
v, Half saturation constant for stress impact 1
on inflammation
c Contribution of other general factors to the 10
inhibition of inflammation
ke Contribution of neural control to the 0.03
inhibition of inflammation
ky Contribution of healer function to the 35
inhibition of inflammation
k; Contribution of intervention to the inhibition 0.2
of inflammation
o Decay of inflammatory response 0.011
k Contribution of stress to controller function 0.0075
Serit Threshold stress level 6
(and varied)
m Contribution of healing to improving 0.75
controller function
% Contribution of intervention to improving 0.75
controller function
oy Contribution of other general factors to 1
inhibiting controller function
ke Contribution of inflammation to inhibiting 0.1
controller function
Uc Natural decay of controller function 0.05
a, Contribution of inflammation to 0.1
healer function
ay Contribution of controller to healer function 0.3
% Contribution of intervention to 0.5
healer function
A Half saturation of healer function 30
My Natural decay of healer function 0.05
T Time constant for intervention 0.2
p o Maximum rate of intervention 1
t; Time of interventions (if multiple) 25
(and varied)
n Number of interventions (if multiple) 15
(and varied)
S(0) Initial stress value 75
(and varied)
M(0) Initial inflammation value 5
C(0) Initial controller function value 100
H(0) Initial healer function value 0
1(0) Initial intervention value 1
Abbreviations:

AU, arbitrary units





OEBPS/Images/im28.jpg





OEBPS/Images/fsci-01-1239462-g006.jpg
Stress (AU)

Controller (AU)

15

10
High stress
Baseline stress
Low stress
0 T T T ]
0 200 400 600 800
Time (AU)
150 Low stress
Baseline stress
High stress
100
50
0 200 400 600 800
Time (AU)

Abbreviation: AU, arbitrary units

Inflammation (AU)

Healing (AU)

High stress

Baseline stress

Low stress
T 1
200 400 600 800
Time (AU)
Baseline
stress
Low stress

High stress

200 400 600 800
Time (AU)





OEBPS/Images/im23.jpg





OEBPS/Images/im49.jpg
4





OEBPS/Images/M2.jpg
(

S
s+ 5)(es + keC + kyH + K1),

)’)‘MM

@





OEBPS/Images/im31.jpg
ke





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A multiscale inflammatory map: linking individual stress to societal dysfunction

      

        		

          Abstract

        



        		

          Key points

        



        		

          Introduction: living in a state of inflammation

        



        		

          Stress and inflammation: from cell to globe

        

          		

            A working definition of stress

          



          		

            A working definition of inflammation

          



          		

            Multiscale interactions between stress and inflammation propagate within and across individuals

          



        



        



        		

          The brain and inflammatory stress

        

          		

            The “central inflammation map” hypothesis

          



          		

            Sleep disturbance exacerbates inflammatory stress

          



        



        



        		

          Resource competition drives inflammatory stress

        



        		

          Modeling individual to global transmission of multiscale inflammatory stress

        

          		

            Model interactions

          



          		

            Model simulations: stress transmission, control, and intervention

          



        



        



        		

          Conclusion: a multilayered, multiscale approach to mitigating global inflammatory stress

        



        		

          Supplementary material

        



        		

          Statements

        

          		

            Author contributions

          



          		

            Data availability statement

          



          		

            Funding

          



          		

            Conflict of interest

          



          		

            Publisher’s note

          



        



        



        		

          References

        



        		

          Appendix

        



      



      



    



  



OEBPS/Images/im40.jpg
ke





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/im30.jpg





OEBPS/Images/im48.jpg





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Science





OEBPS/Images/M1.jpg
Sealoo(isetigetos) ).

m





OEBPS/Images/im22.jpg





OEBPS/Images/fsci-01-1239462-g005.jpg
High stress High stress
2 ]
5 =
= Baseline stress = Baseline stress
A c 5
o &
3 5
Low stress Tt 49 Low stress
0 T T T 1 Sal T T T |
0 200 400 600 800 0 200 400 600 800
Time (AU) Time (AU)
Low stress Low stress
120 i
= . 10 Baseline stress
) Baseline stress =
< )
~ 100 = High stress
9 o
° £
= © 4
& 80 High stress < 2
(@)
60
0
0 200 400 600 800 0 200 400 600 800
Time (AU) Time (AU)

Abbreviation: AU, arbitrary units





OEBPS/Images/im39.jpg





OEBPS/Images/im42.jpg





OEBPS/Images/im55.jpg
1(0)





OEBPS/Images/im38.jpg





OEBPS/Images/im25.jpg





OEBPS/Images/im54.jpg
H(0)





OEBPS/Images/im24.jpg





OEBPS/Images/im41.jpg
He





OEBPS/Images/im37.jpg





OEBPS/Images/fsci-01-1239462-g007.jpg
15+

scrit=6
Scrit=7
= 10
=5
")
o
»h 54
07 T T 1
0 1000 2000 3000
Time (AU)
150+

100

Controller (AU)
(5]
5

T
0 1000 2000 3000
Time (AU)

Abbreviations: AU, arbitrary units; Sc, resilience parameter

Inflammation (AU)

Healing (AU)

40+

30

scrit =6

Scrit =7

104

1000 2000 3000
Time (AU)

Scrit =7

T T
1000 2000 3000
Time (AU)





