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Abstract: Psychosocial stress is an important precursor of disease and reduced quality of life in humans. The biological pathways
between stress exposure and pathophysiological processes underlying disease have received substantial scientific attention, although
the roles of the hypothalamic-pituitary-adrenal axis and sympathetic nervous system remain insufficiently understood. Recent attention
has focused on chronic systemic low-grade inflammation as a promising pathway because elevated inflammation often accompanies
chronic psychosocial distress. These alterations of inflammatory activity play a key role in the pathophysiology of diseases that are
adversely affected by chronic distress, such as cardiovascular disease. Transient increases in systemic inflammation are observed in
response to acute psychosocial stress, with larger responses among individuals reporting adverse psychosocial states or conditions such
as depression, lower self-esteem, or lower self-compassion. Recent evidence shows that lower subjective social status and perceived
purpose in life are associated with sensitization of inflammatory stress responses to repeated stress exposure. The aims of this selective
review article are to summarize current knowledge of the role of acute and chronic psychosocial stress on low-grade inflammation in
humans and to discuss potential relationships between inflammatory responses to acute psychosocial stress and long-term development
of disease. Key words: chronic stress, acute stress, inflammation, cytokines, sympathetic nervous system, HPA axis.

CRP = C-reactive protein;HPA = hypothalamic-pituitary-adrenal; IL =
interleukin; NK = natural killer; SES = socioeconomic status;
SNS = sympathetic nervous system; SSS = subjective social status;
TNF-> = tumor necrosis factor >; TSST = Trier Social Stress Test.

INTRODUCTION

Throughout the life course, organisms, including humans,
have to adapt to constantly changing environmental con-

ditions that include both positive and negative experiences. As
a consequence, evolution has resulted in the development of
physiological and psychological systems that can respond to
changing conditions in a way that maximizes optimal devel-
opment and survival. Research in recent decades has increased
our understanding of the role of psychosocial stress in the de-
velopment of disease. Long-term exposure to negative experi-
ences such as unemployment, work overload, or caring for a
family member with chronic disease predicts psychological
disorders and medical diseases and is related to reduced life
expectancy (see, for example, Ref. (1)).

Traditionally, research aimed at understanding the mecha-
nisms linking stress and disease has focused on the classical
stress systemsVthe hypothalamic-pituitary-adrenal (HPA) axis
and the sympathetic nervous system (SNS; e.g., Ref. (2)).
However, alterations in HPA axis and SNS are insufficient
alone to explain the link between stress and disease (e.g., Ref.
(3)); thus, recent attention has been given to other possible
mediators. Inflammation is one of these newer and promising
mediators, more precisely, a phenomenon called systemic or
chronic, low-grade inflammation (4). Of note, chronic low-
grade inflammation has to be carefully distinguished from re-
sponses to acute infectious stimuli because of at least four
major differences. First, chronic inflammation is systemic and
not limited to a local site of injury or infection. Second, it is of
lower magnitude than other types of inflammation, such as, for

example, the inflammation that accompanies acute infection or
sepsis. Third, this type of inflammation is typically a longer-
term phenomenon, as opposed to the transient nature of in-
flammatory responses to infection. Finally, there is usually no
apparent stimulus, such as infection or injury, that is the clear
origin of the inflammatory response. Instead, the circulating
levels of inflammatory markers that are termed low-grade in-
flammation increase as we get older (5,6) and have behavioral
and psychosocial predictors, such as stress. The association of
stress with low-grade inflammation is the topic of this selective
review of the literature (7).

Studying chronic, systemic low-grade inflammation in re-
lation to psychosocial stress is of particular interest because
inflammatory pathways directly contribute to pathogenesis in
health-relevant organ systems. This renders inflammation a
more proximal biological pathway than other stress system
mediators such as glucocorticoids and catecholamines, which
mainly have indirect effects on target systems, for example, as
regulators of inflammation. An excellent example of a disease
process that is related to stress and influenced by inflammatory
factors is atherosclerosis, which is now understood to be the
result of immune cell migration into the arterial wall, where
local inflammatory responses are the driving force of plaque
development and rupture, thereby directly contributing to po-
tentially life-threatening cardiovascular events such as myo-
cardial infarction and stroke. Although atherosclerosis is a local
inflammatory event, chronic low-grade inflammation of the entire
organism may contribute to the development of atherosclerotic
plaques at sites of local arterial microlesions and stimulate further
development of already existing plaques (8Y10). Many cells and
tissues throughout the body are subject to inflammatory influ-
ences, and additional consequences of systemic low-grade inflam-
mation include the stimulation of insulin resistance and related
risk for Type 2 diabetes (11). Evidence also suggests that inflam-
mation can contribute to tumorigenesis and tumor progression
relevant to the development and progression of cancer (summa-
rized, for example, in Ref. (12)). Add to this the proposed role
of inflammation in a number of age-related conditions such as
Alzheimer’s disease and frailty (5), making inflammation one of
the most promising biological mechanisms to study as a poten-
tial link between psychosocial factors and disease onset and
course. Accordingly, the first aim of this review is to summarize
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current knowledge regarding the impact of acute and chronic
psychosocial stress on low-grade inflammation in humans. The
second aim is to discuss potential relationships between inflam-
matory responses to acute psychosocial stress, chronic low-grade
inflammation, and long-term development of disease.

SYSTEMIC LOW-GRADE INFLAMMATION IN
CHRONIC STRESS
Chronic exposure to adverse psychosocial conditions comes

in different forms and is often characterized by interindividual
variability in time course and intensity. It is therefore almost
impossible to study in controlled laboratory settings in humans.
Although most published studies are cross-sectional assess-
ments at a specific time point during or after the onset of a
chronically stressful experience, the number of longitudinal
studies is increasing. Different types of enduring adverse psy-
chosocial conditions can be included in the study of chronic
psychosocial stress. One commonly studied example of chronic
stress is caregiver stress. In this model, individuals, often older
adults, who are caring for a partner with chronic illness (e.g.,
dementia) are compared with matched controls (e.g., Ref. (13)).
Other studies examine the association of other forms of stress
with low-grade inflammation. For example, in a recent review
of the literature, Hänsel et al. (14) present studies on the in-
flammatory covariates of job stress and burnout, socioeconomic
status (SES), childhood adversity, and major life events. In
addition, including psychiatric diseases such as depression and
posttraumatic stress disorder (PTSD) can provide useful in-
sights because both are related to the experience of stress and
show marked alterations in stress system activity (15).

Caregiver Paradigms
Caregiving studies provide strong evidence for an associa-

tion of stress with low-grade inflammation. Results are rela-
tively consistent and indicate that caregivers show elevated
plasma levels of interleukin (IL)-6 (13,16Y18) when compared
with controls, whereas higher C-reactive protein (CRP) levels
are found in some but not all studies (16,17,19). One study
revealed that caregivers had higher IL-6 levels 4 weeks after
vaccination than did controls (20). Furthermore, it was found
that daily stressor experiences partially mediated higher CRP,
but not IL-6 concentrations in caregivers (17), and that self-
efficacy buffered associations of caregiving with IL-6 (18). In
a longitudinal study testing low-grade inflammation in care-
givers, Kiecolt-Glaser and colleagues (7) reported that IL-6
concentrations increased more steeply over a 6-year period in
elderly caregivers of patients with Alzheimer’s disease com-
pared with controls. This was recently confirmed in another
longitudinal study of Alzheimer caregivers by von Känel et al.
(21), who further found that duration of caregiving was related
to higher CRP levels and that, in contrast to the earlier findings,
inflammation levels dropped significantly 3 months after the
spouse’s death. In a recent study of younger caregivers of brain
cancer patients, we found linear increases of CRP, but not IL-6,
during a 44-week period of diagnosis, treatment, and, in many
cases, death of the patient (22). These investigations pro-

vide compelling evidence supporting the presence of chronic
systemic low-grade inflammation in individuals experiencing
the stress of caring for a family member with a chronic disease.
This effect is not restricted to older adults, but in older adults,
caregiving seems to be related to an acceleration of age-related
increases in plasma concentrations of inflammation markers.

Work-Related Stress and Burnout
A few studies have addressed chronic low-grade inflam-

mation in unemployment. In one study, 19 unemployed middle-
aged men and women were contrasted with more than 200
employed individuals. Average concentrations of IL-6 and CRP
did not differ between the two groups, but the number of in-
dividuals with high IL-6 and CRP was higher in the unem-
ployed (59% versus 30%) (23). More evidence is available on
burnout, which is frequently discussed as a consequence of
work overload. Higher plasma tumor necrosis factor > (TNF->)
was found in school teachers (24) and higher TNF-> and CRP
in women from the general population in association with
burnout (25,26). In addition, Bellingrath et al. (27) report in-
creased in vitro stimulated production of IL-6 and TNF-> in
teachers with high effort/reward imbalance. However, not all
studies have found significant relationships between inflam-
matory markers and burnout (28).

Chronic Stress Related to Low SES
Low SES, usually defined as lower-than-average income or

education, and low subjective social status (SSS), which can be
assessed, for example, by the MacArthur ladders, have both
been found to be related to health and longevity (e.g., Ref.
(29)). Nazmi and Victora (30) summarized data from 31 cross-
sectional and longitudinal studies and found that most repor-
ted inverse associations between social position and CRP, and
higher CRP levels in all ethnic groups other than whites. A more
recent cross-sectional analysis of the Midlife in the United States
study confirmed relationships between low income and edu-
cation and higher plasma concentrations of IL-6 and other in-
flammatory markers (31). In a recent article on the results of the
prospective Coronary Artery Risk Development in Young Adults
study, Deverts et al. (32) report that individuals with lower in-
come and education displayed significantly higher increases in
CRP over a 13-year period.

Childhood Adversity and Maltreatment
Low childhood SES is also frequently used as an indicator of

early-life/childhood adversity. In these studies, a retrospective
assessment of parents’ SES during childhood is tested for as-
sociations with current psychosocial well-being and markers of
inflammation. There is strong evidence linking low childhood
SES with higher systemic inflammatory activity in adolescence
and adulthood. Miller and Chen (33) and Miller et al. (34),
for example, have shown in different studies that indicators of
low childhood SES such as home ownership or parental edu-
cation were significant predictors of inflammatory potential, as
evidenced by increased expression of inflammatory genes in
circulating immune cells. A similar study by Packard et al. (35)
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also showed an increase in plasma concentrations of IL-6 and
CRP in adults with low childhood SES. Although the previous
studies show that even mild adversity such as lower parental
wealth and education is associated with elevated inflammation
markers in later life, Danese et al. (36) showed that childhood
maltreatment was associated with a 1.8-times higher risk of
having CRP concentrations that exceed a cutoff indicating
significant risk for cardiovascular disease 20 years later. This
relationship apparently remains present into older adulthood, as
indicated by the finding that a history of childhood abuse
magnifies the relationship of caregiving with IL-6 and TNF
concentrations (37).

Depression and PTSD
Some clinical conditions such as PTSD and depression and

self-reports of symptoms related to these clinical conditions
have sufficient similarities with chronic stress to be included in
a review of chronic stressful conditions in relation to inflam-
mation. In a meta-analysis, Howren et al. (38) found over-
whelming support for the conclusion that plasma inflammatory
markers are positively associated with depression. This was
true for four inflammatory molecules (IL-6, CRP, IL-1, and IL-
1ra). Furthermore, these relationships were found in clinical
and community samples, and data supported a dose-response
relationship between symptoms and inflammation. In PTSD,
fewer studies are available, but a picture of increased inflam-
matory activation emerges here as well (for a summary, see
Refs. (15,39)). Of interest, Pace and coworkers (40) provide a
possible glimpse into intracellular mechanisms underlying in-
flammation in PTSD by reporting increased nuclear factor JB
(NF-JB) DNA binding activity in women with PTSD after
childhood abuse.

Self-Reported Chronic Stress and Inflammation
Studies of healthy individuals sometimes report associations

between self-rated recent or current stress with inflammatory
molecules (e.g., Refs. (41,42)). Similar findings have been
reported for self-reported social isolation and/or loneliness,
which has been associated with higher plasma IL-6 and CRP,
although relationships are stronger in, or sometimes restricted
to, older men, while not significant in younger adults or
younger women (43Y46). Related to these findings is the ob-
served positive relation between self-rated depression, anger,
and hostility with CRP levels (47).

Summary of Chronic Stress Associations With Chronic
Low-Grade Inflammation
In summary, current evidence is supportive of increased

markers of systemic inflammation among individuals experiencing
chronic psychological or social stress. The most consistent ev-
idence comes from caregiving paradigms, followed by studies
relating early-life adversity or maltreatment to current levels of
circulating inflammatory molecules. Current SES and work-
related stress are also found to be related to inflammation, but
results are less consistent across studies. Nevertheless, psy-
chosocial conditions that fall in the realm of chronic stress seem

to associatewith chronic low-grade inflammation. Inflammation
therefore stands out as a promising biological process to in-
vestigate in the association between stress and disease.

ACUTE STRESSYINDUCED INCREASES IN
PERIPHERAL INFLAMMATION
In addition to the evidence reviewed above regarding the

association of chronic stress, depression, and related psychi-
atric conditions with chronic low-grade inflammation, studies
have also shown that acute stress exposures are followed by
increases in plasma levels of inflammation markers. Such in-
creases are important to the understanding of central nervous
system involvement in the regulation of inflammation, and also
because stable differences between individuals in response
patterns to daily stressors might contribute to long-term in-
flammatory regulation, with consequences for health and lon-
gevity. Numerous studies have consistently found increases in
plasma concentrations of inflammation markers in response to
acute laboratory psychosocial stress tasks, such as the Trier
Social Stress Test (TSST; (48)), and other tasks such as Stroop
and Mirror Tracing tasks under time pressure and/or social
evaluation (see, for example, Ref. (49)). A meta-analysis by
Steptoe et al. (50) published in 2006 summarized early studies
and came to the conclusion that the most consistent increases
were found for the proinflammatory cytokines IL-6 and IL-1A,
whereas increases in TNF-> and CRP were not statistically
significant. Since then, these findings have been replicated
and extended. Taken together, these studies show that acute
stressYrelated increases in peripheral inflammatory markers are
relatively slow, even in comparison with cortisol, with peak
concentrations reached at the 2-hour poststress time point. No
studies have attempted measurements at later time points,
which essentially means that it is not known when peak and
recovery occur. Several factors have been shown to be associ-
atedwith individual differences in themagnitude of this response.
For example, larger stress-induced increases in inflammatory
markers have been associated with depressive symptoms. Pace
et al. (51) report higher IL-6 responses in patients with early-life
adversity and major depression. Subclinical depressive symp-
toms are also related to higher IL-6 responses in one study using
the Center for Epidemiologic Studies Depression Scale (52), but
not in an earlier study using the Beck Depression Inventory (53).
Early-life adversity assessed with the Childhood Trauma Ques-
tionnaire, in the absence of depression, has also been associated
with IL-6 reactivity (54). Furthermore, low self-esteem (55),
high hostility (56), and increased loneliness (in women only)
(57) were found to be associated with higher stress-related in-
creases in plasma inflammatory markers. Higher inflammatory
responses to stress have also been reported in individuals with
lower SES (58,59) and lower SSS (60), as well as in those with
higher work stress (effort/reward imbalance; (61)) and in in-
dividuals showing higher state anger and anxiety in response to
the stress paradigm (62). We have recently found that IL-6 re-
sponses to stress are higher in individuals with lower self-
compassion (90) (see Fig. 1).
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Inflammatory stress responses were also found to be higher
in those with lower fitness (63) and higher abdominal fat (as
measured by waist-to-hip ratio; (64)) and with higher carotid
stiffness (65). These results show that there is now a convincing
body of evidence supporting the notion that acute stress exposure
stimulates a slow but steady increase in plasma concentrations of
inflammatory markers and that these increases tend to be higher
in individuals with less favorable trait or state measures of
psychosocial functioning and well-being.

The evidence reviewed above shows that acute psychosocial
stress exposure results in increases in inflammation markers
and psychosocial background factors (e.g., depression, low
SES) are associated with the magnitude of these stress-induced
inflammation responses, but it is currently unclear what drives
this response and where the increased circulating inflammation
markers originate.

Regulation by Stress System Mediators
Early animal-based research has shown that stress-related

activation of the HPA and SNS axes may result in the observed
increases in peripheral inflammatory markers. For example,
rodent studies show that the increase in circulating IL-6 that
follows the physical stress of surgery or experimentally induced
fever is prevented by administration of A-blockers and induced
by A-adrenergic agonists (66). Furthermore, experimental ad-
ministration of epinephrine in rats induced a dose-dependent
increase in plasma IL-6, with a peak after 2 hours and recovery at
4 hours, which was blocked by A-adrenergic antagonists (67).
Studies in humans have revealed similar results, with positive
correlations between catecholamine and inflammatory responses

to acute mental challenge and exercise (68,69). Interestingly, the
administration of glucocorticoids blocked these responses (68).

In our studies on NF-JB DNA binding activity, we found
that NF-JB activation in human peripheral blood mononuclear
cells, which is a precursor to increased concentrations of in-
flammatory markers in plasma, was stimulated by norepi-
nephrine, specifically through >2- and A-adrenergic receptors
(70) and that the NF-JB response to psychosocial stress was
negatively correlated with salivary cortisol response (71). With
regard to plasma concentrations of inflammation markers,
Kunz-Ebrecht et al. (72) found higher IL-6 and IL-1ra re-
sponses in participants with lower net cortisol concentrations
before and after the stress task. Although this relationship was
not fully replicated in a study by von Känel et al. (73), they did
observe an inverse association of IL-6 and cortisol secretion
during the last of three repeated TSST exposures. We recently
observed a similar inverse relationship between HPA axis ha-
bituation and IL-6 sensitization to repeated stress exposure. In
other words, individuals with lower HPA axis habituation
showed a larger IL-6 response to the second, relative to the first,
TSST exposure (Thoma et al., manuscript in preparation). Of
note, von Känel et al. (74) tested whether short-term adminis-
tration of aspirin or propranolol suppressed stress-induced IL-6
increases and surprisingly found that only aspirin was effective
as a suppressor of the inflammatory stress response. An ex-
planation for the missing ability of propranolol to block the
stress-induced IL-6 increase might be the timing of propranolol
administration.

Taken together, stress-related increases in circulating markers
of inflammation seem to be related to activation of the SNS,
particularly signaling through A-adrenergic receptors. Inflam-
matory responses are inversely related to HPA axis activation
and can be suppressed by glucocorticoid administration. These
mechanisms could be active in different tissues and cell types,
that is, immune and nonimmune cells such as adipocytes or
endothelial cells, as discussed below.

Intracellular Inflammatory Signaling and the Role of
Immune Cell Redistribution
If immune cells are the source of stress-induced inflamma-

tion markers, it should be possible to measure activation of
the ‘‘inflammatory machinery’’ within immune cells harvested
from peripheral blood in humans exposed to acute stress. In fact,
in a study investigating the role of the inflammatory transcription
factor NF-JB, we discovered a rapid and strong increase in NF-
JB DNA binding activity in human participants exposed to the
TSST, compared with nonresponses in a no-stress control group.
We confirmed this response in a transgenic mouse model, as well
as in vitro in the monocytic, human THP-1 cell line, where we
also found evidence for a central role of adrenergic receptors as
mediators of NF-JB activation (70). We later confirmed this
finding in a sample of individuals of varied ages and found that
NF-JB responses were smaller in older compared with younger in-
dividuals and that they were inversely related to cortisol responses
to the same stressor, but not associated with norepinephrine

Figure 1. IL-6 levels at baseline and 30 and 120 minutes after exposure to the TSST
for participants above andbelow themeanon self-compassion (nvalues= 20 and21 for
the high and low self-compassion groups, respectively). Reproduced with permission
from Breines et al. (90). IL-6 = interleukin-6; TSST = Trier Social Stress Test.
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responses (71). Similar responses were also found by Pace et al.
(51) in women with major depression and a history of childhood
maltreatment, but not in the group of healthy controls. In addi-
tion to, and likely a consequence of, changes in NF-JB DNA bind-
ing activity, a study by Brydon et al. (75) revealed increased gene
expression of IL-1A but not IL-6 in response to stress induced
by a Stroop and mirror tracing task performed under time pres-
sure. Nater et al. (76) used genome-wide microarrays in a smaller
study of individuals exposed to the TSST and found increased
expression of genes regulated by NF-JB and the JAK/STAT
pathways. A significant NF-JB increase had earlier been docu-
mented in response to an hour of physical exercise (77). In this
study, plasma concentrations of TNF-> and sIL-2R also in-
creased from preexercise to postexercise, but statistical relation-
ships were not reported. In a similar study using a 5-minute
bout of exercise to activate stress systems, Richlin et al. (78) also
found exercise-related increases in NF-JB DNA binding activ-
ity when measured in the entire population of peripheral blood
mononuclear cells. Given thewell-established change in immune
cell distribution that also accompanies exercise, they also ex-
amined NF-JB DNA binding activity among different leukocyte
subsets, reporting the highest binding activity in natural killer
(NK) cells and the lowest in monocytes. Although no significant
increases were found in any of the subsets, the overall NF-JB
increase was significantly correlated with an increase in circu-
lating NK cell numbers from preexercise to postexercise. Thus,
the authors concluded that NF-JB increases in response to ex-
ercise were a likely consequence of changes in the distribution of
cell subtypes in peripheral circulation and not of changes within
specific immune cells. It is possible that cell subset redistribution
plays a role; however, we have also shown NF-JB responses to
norepinephrine on a per-cell basis in human monocytic cell lines
in vitro (70), and although we did find redistribution of immune
cells in our later study (71), using these cell number changes
as statistical controls did not explain a significant portion of the
NF-JB response. It should be noted though that our cell counts
did not specifically identify NK cell changes. An explanation for
these divergent findings might be that immune cell redistribution
was more pronounced in response to intense exercise as com-
pared with psychosocial stress. A further potentially meaningful
difference is that exercise of short duration as used by Richlin
et al. does not typically activate the HPA axis, so that only part
of the effect of stress responses on NF-JB is investigated in
exercise studies.

Taken together, there are probably at least two mechanisms
at work, redistribution of immune cells stimulated by catechol-
amines and potentially glucocorticoids, aswell as catecholamine-
mediated activation of intracellular inflammatory signaling
pathways, most prominently NF-JB, with subsequent activa-
tion of inflammatory gene expression.

Nonimmune Sources of Inflammatory Markers
The production of inflammatory cytokines is not restricted

to cells of the immune system, but it is also observed in other
cell types such as adipocytes and endothelial cells. In obesity,

increased concentrations of IL-6 are observed, and in vivo
studies in humans and mice have revealed larger IL-6 responses
to A-agonist infusion in obesity. Interestingly, A-agonists in-
duce significant increases in IL-6 production in cultured
human adipocytes while having no effect on peripheral blood
mononuclear cells (79). This might indicate a primary role of
adipose tissue in stress-induced increases in plasma levels of
proinflammatory markers. It remains to be investigated whether
this mechanism plays a role in normal-weight individuals. In an
ongoing study, we observed that sensitization of IL-6 responses
to acute psychosocial stress, that is, responding with higher
IL-6 increases to repeated stress exposure, is significantly
increased in overweight individuals (manuscript in prepara-
tion). Endothelial cells also produce inflammatory cytokines,
for example, IL-6 (80), and similar to immune cells, the NF-JB
pathway plays a key role in inflammatory gene expression
(81,82). This pathway is central to the development of athero-
sclerotic plaques and may contribute to levels of cytokines in
peripheral circulation. Contracting muscle cells have also been
shown to produce IL-6, and plasma IL-6 concentrations in-
crease during exercise (83). However, most laboratory stressors
(as well as most real-life stress-provoking situations in humans)
do not involve physical activity; thus, muscle cells are an un-
likely source of the increase in inflammatory markers that ac-
company acute psychological stress. A further possibility is
involvement of the adrenal gland in secretion of inflammatory
markers. Different cell types within the adrenal glands express
inflammatory cytokines, with secretion of IL-6 stimulated by
Lipopolysaccharide and Adrenocorticotropic Hormone (84).
In humans, TNF-> and IL-6 are found in the glucocorticoid-
producing zona reticulosa of the adrenal cortex (85). This raises
the possibility that stress-induced activation of the HPA axis
results in increased production of inflammatory markers, yet
this seems inconsistent with evidence that the acute inflam-
matory response is largely driven by catecholamines.

In summary, a combination of different mechanisms is likely
responsible for the observed stress-induced increase of in-
flammatory markers in plasma. There is strong evidence for a
central role of catecholamine signaling as the activating factor
and for glucocorticoids as the controlling or regulating factor.
More specifically, catecholamine signaling affects both intra-
cellular inflammatory pathways, that is, NF-JB activation, and
immune cell redistribution, leading to higher numbers of cells
with inflammatory activity in circulation to result in higher
plasma levels of inflammatory markers. Similarly, glucocorti-
coids exert their anti-inflammatory effects through mutual an-
tagonismwith theNF-JB pathway, but also contribute to immune
cell redistribution by reducing the number of proinflammatory
cells in circulation. Thus, it is likely that both per-cell activa-
tion and redistribution contribute to plasma levels of inflamma-
tory markers. Of the nonimmune cells, adipocytes are the most
likely to contribute to circulating inflammatory markers, whereas
we know less about the role of endothelial cells and other
cell subtypes. It remains to be determined whether muscle or
adrenal cells contribute to stress-induced increases in low-grade
inflammation.
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Determinants and Consequences of Acute
Inflammatory Stress Responses
Another important question to address with regard to the

acute inflammatory response to stress is its biological purpose.
The increases in IL-6 that accompany exercise seem to result
from activation of muscle cells and seem to serve regulatory
purposes and help in long-term adaptation to increased energy
demands (e.g., Ref. (86)). In contrast, the purpose of increased
peripheral inflammation in response to acute psychological
stress is less clear. This reaction is frequently discussed in the
context of other immune changes that accompany acute psy-
chosocial stress and are interpreted as anticipatory up-regulation
to protect against injury and subsequent infection that can be
contracted during fight-or-flight responses. Because most psy-
chosocial stress in modern humans occurs without injury and
infection, such a response might turn out to be maladaptive, at
least if not terminated quickly. This, in turn, suggests that an acute
increase in plasma concentrations of inflammatory molecules in
response to stress is an antiquated response that is no longer of
health benefit. Certain conditions would need to be present (i.e.,
activation of regulatory functions) to prevent dangers to health
associated with stress-induced increases in inflammation markers.
In linewith theories such as the allostatic loadmodel (87), it can be
assumed that a strong response to stress exposure followed by rapid
termination of the response after the stress situation has passed
represents a healthy, adaptive response. As described above, stress-
induced activation of the plasma inflammatory response seems to
be stimulated by the SNS, whereas the magnitude and duration of
this response seem to be controlled by glucocorticoids. The exact
trajectory of the inflammatory response and factors that influence
recovery remain to be determined in studies that include longer
follow-up times. However, it is known that people differ substan-
tially in the magnitude of their inflammatory response to external
challenges, with adverse psychosocial states (or traits), and some
markers of cardiovascular disease such as carotid stiffness (65),
predicting larger responses. This raises the possibility that higher
inflammatory responses are in fact signs of amaladaptive response.
However, the health significance of these individual differences
remains unclear. To date, only one study provides evidence for a
prospective relationship of higher acute inflammatory responses
with adverse health outcomes (88): Brydon and Steptoe report that
higher stress-induced increases of IL-6 andfibrinogen are related to
higher ambulatory blood pressure in a 3-year follow-up.

Individual differences in one-time stress exposure are only
one potential pathway from stress to disease. In real life, humans
are exposed to repeated stressful events, some of different
and varying nature and others recurring and largely similar. It
has been proposed that an adaptive way to respond to repeated
exposures to the same stressful stimuli is to habituate, that is,
to show lower psychosocial and biological responses to re-
exposure. In this regard, the magnitude of the HPA axis response
to the TSST has been shown to habituate, with lower response
on a second exposure to the experimental stressor (e.g., Ref.
(89)), but at the same time, the SNS was found to not habituate.
This difference in response patterns likely reflects different bi-

ological functions in stress-provoking situations, which might
(SNS) or might not (HPA axis) be necessary to retain physio-
logical functions.

With regard to inflammation, a constant up-regulation, with
rather long-term increases in inflammatory markers, might
carry negative health consequences because it might lead to
higher average daily concentrations, and it might also stimulate
feed-forward inflammatory signaling loops. Of interest, in this
context, are findings from von Känel et al. (73) showing that IL-
6 responses to repeated acute stress exposure did not show any
signs of habituation. In this study, salivary cortisol responses
showed the same pattern of habituation already established in
the literature, but no reductions in IL-6 reactivity were observed
between the first and the third exposure to the TSST. We re-
cently confirmed this finding in a study using two repeated
TSST exposures (90). We further found in our study that al-
though inflammatory responses to repeated stress exposures
do not habituate, there is a substantial amount of variation, with
approximately half of the participants showing habituation
and a large proportion even showing sensitization, that is,
displaying higher IL-6 responses to the second compared with
the first stress task (Thoma et al., manuscript in preparation).
Although it has not been tested whether this sensitization of
inflammatory responses to acute stress is predictive of negative
health developments in the future, we do have some preliminary
cross-sectional evidence indicating that sensitization of in-
flammatory stress responses might be maladaptive. We found,
for example, that lower self-ratings of SSS, as well as lower
perceived purpose in life, were significantly related to higher
sensitization of IL-6 responses to repeated TSST exposure. In
the same study, we also found relations with physical health.
Overweight individuals showed significantly higher sensitiza-
tion than did normal-weight participants, despite normal pre-
stress levels of IL-6 (Rohleder et al., in preparation; see Fig. 2
for a schematic summary of these relationships).

Summary of Acute StressYInduced Increases of
Systemic Inflammation
Although we do not know the precise mechanism and tissue

source of the increase in circulating markers of inflammation
that follows acute psychological stress, the response seems
related to catecholamine and glucocorticoid stress responses

Figure 2. Schematic representation of plasma inflammatory response to initial
and repeated acute psychosocial stress (left) and associations of initial response
with psychosocial and other conditions, as well as with sensitization upon
repeated exposure with psychosocial conditions (right). SSS = subjective social
status; SES = socioeconomic status.
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and, in general, is higher among individuals experiencing and/
or reporting less favorable psychosocial conditions. However,
habituation–and especially lack of habituation–of inflamma-
tory responses across repeated stressors is more complex and
difficult to explain. Our recent findings suggest that failure to
habituate and sensitization of IL-6 responses to repeated stress
are also associated with less favorable psychosocial conditions.
However, it is not clear how the HPA and SNS pathways con-
tribute to this effect, especially given that glucocorticoid re-
sponses habituate, whereas catecholamine responses do not. In
theory, this would result in a higher inflammatory response to
repeated stress exposure; however, this is not compatible with
our findings or those of von Känel et al. showing that in-
dividuals with stronger HPA axis habituation also show more
habituation (or less sensitization) of inflammatory stress re-
sponses. To explain this relationship, further assumptions have
to be made about additional mediators or regulatory mecha-
nisms. A candidate mechanism might be altered glucocorticoid
sensitivity of inflammatory mediator producing cells and tis-
sues in response to repeated stress (see, for example, Ref. (91)).

GENERAL SUMMARY AND FUTURE DIRECTIONS
The literature reviewed here underscores the importance of

focusing on peripheral inflammation in our quest toward un-
derstanding pathways between psychosocial stress and physical
or psychological health risk. An important question that is
currently unresolved is how acute stress responses are related to
the longer-term changes that accompany chronic stress, or more
precisely, if and how acute stress responses are predictors of
long-term dysregulation even in the absence of other chronic
stressors. A number of theories of stress address these issues.
For example, in the cascade hypothesis, it is suggested that
repeated increases of cortisol would induce decreased hippo-
campal feedback sensitivity, which, in turn, would result in
further and higher cortisol increases, leading to a vicious cycle
of increasing cortisol concentrations (92). Although human
aging is not characterized by higher basal HPA axis activity
(e.g., Ref. (93)), the proposed mechanism could play a role in
HPA axis changes during long-term stress or after trauma. The
allostatic load model also makes specific predictions about
acute stress response patterns (94), with a failure to habituate
contributing to accumulation of damage and increasing risk for
disease. Systemic low-grade inflammation fits into this as one
of several secondary systems but is of exceptional importance
because of its strong relationships with disease-relevant path-
ophysiological mechanisms.

However, empirical studies testing the prospective relation-
ship of acute stress response patterns such as nonhabituation
with development of disease are missing. It will be important
in future research to aim for a better understanding of mal-
adaptive acute stress response patterns, for example, by asking
why some individuals do not habituate and whether failure to
habituate contributes to increased health risk. We have begun
addressing the question of why individuals differ in their ability
to show HPA axis habituation, or less pronounced inflamma-
tory sensitization under repeated stress, and found preliminary

evidence for factors related to more or less efficient habituation
of HPA axis or IL-6 responses, for example, stress appraisals,
poststress rumination, SSS, experience of purpose in life, or
self-rated depressive symptoms. This will have to be extended
to the investigation of trait and state factors, as well as trait by
state interactions.

To understand the consequences of maladaptive stress re-
sponse patterns, we will need to move to multisystem assess-
ments of biological responses to repeated acute stress events.
Prospective studies are needed that test not only the stability
of specific stress response patterns but also whether specific
patterns predict long-term decline in function and development
of disease.
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