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Abstract
Psychosocial stress, uncontrolled eating and obesity are three interrelated epidemiological phenomena already present during youth. This broad
narrative conceptual review summarises main biological underpinnings of the stress–diet–obesity pathway and how new techniques can further
knowledge. Cortisol seems the main biological factor from stress towards central adiposity; and diet, physical activity and sleep are the main
behavioural pathways.Within stress–diet, the concepts of comfort food and emotional eating are highlighted, as cortisol affects reward pathways
and appetite brain centres with a role for insulin, leptin, neuropeptide Y (NPY), endocannabinoids, orexin and gastrointestinal hormones. More
recently researched biological underpinnings are microbiota, epigenetic modifications and metabolites. First, the gut microbiota reaches the
stress-regulating and appetite-regulating brain centres via the gut–brain axis. Second, epigenetic analyses are recommended as diet, obesity,
stress and gut microbiota can change gene expression which then affects appetite, energy homeostasis and stress reactivity. Finally, metabo-
lomics would be a good technique to disentangle stress–diet–obesity interactions as multiple biological pathways are involved. Saliva might be
an ideal biological matrix as it allows metagenomic (oral microbiota), epigenomic and metabolomic analyses. In conclusion, stress and diet/
obesity research should be combined in interdisciplinary collaborations with implementation of several -omics analyses.
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An introduction to appetite, obesity and stress

Obesity and appetite regulation as a challenge in current
society

The global obesity prevalence is rising. Most alarming is the
prevalence of childhood overweight ranging between 10 and
40 % in European countries(1). On top of that, dieting is mostly
only successful for short periods, thus leading to claims that
obesity is very resistant to treatment(2). In an era of food abun-
dance, uncontrolled appetite and overeating are indeed an issue.
This is a situation where food is consumed in the absence of
hunger; thus, without a homeostatic need but rather as hedonic
eating. A combination of more hedonic drive (desire for food)
with less control results in uncontrolled eating. Uncontrolled eat-
ing can range on a continuum from emotional eating (overeating
in response to negative emotions) towards eating impulsivity or
disinhibition or external eating (opportunistic eating because
food is available) up to binge eating (recurrent episodes of eating
too much food because of perceiving lack of control)(3). As
uncontrolled eating fosters eating beyond the saturation point,
it can lead to an increased energy intake and over time to over-
weight and psychological problems. For example, emotional
eating rather than lifestyle behaviour (physical activity, smoking,
alcohol use, fruit consumption) was associated with higher BMI

increase in a prospective study in adults(4). Consequently, under-
standing the phenomenology of uncontrolled eating can aid in
disease prevention (i.e. clinical eating disorders, low well-being,
obesity and CVD). Already in youth, these eating behaviours are
of public health concern given similar or higher prevalence of
stress-eating compared with adults (up to 40 %)(5,6) and adoles-
cence being a critical stage for the onset of eating disorders like
binge eating(7). By targeting youth, bigger prevention effects
might be reached over time as dietary choices(8), disordered
eating behaviours(9) and obesity(10) track within individuals from
childhood/adolescence towards adulthood.

Psychosocial stress: role and prevalence

Although diet and physical activity are still the main drivers,
research has broadened its view on additional potential obesity
contributing factors. In this context, especially the psychological
determinants of obesity have received increasing interest as a
driver of energy imbalance(11,12) with a special focus on chronic
psychosocial stress causing unhealthier diet intake and more fat
deposition.

Psychological stress occurs when an individual perceives that
environmental demands (i.e. stressors) tax or exceed his or her
adaptive capacity, resulting in emotional and behavioural
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disturbances(13). The stress concept has been used to reflect a
very broad mix of situations which might result in contradictory
associations with behaviour, biology and health outcomes. A
recent perspective concluded that specification is needed of
the species, sex, ethnicity, social class and developmental stage
of the agent as well as the predictability and controllability of the
event and the measures that reflect the presumably stressful
event(14). Indeed, stressor specificity can determine hormonal(15)

and dietary(16) changes by stress.
Even during youth, stress has been reported as highly preva-

lent. In a European sample of 4- to 11-year-old children, 53·4 %
lived in familial/social adversities and 40·3 % experienced at
least one major negative life event such as a parental divorce(17).
More specifically, 23 % of the 11-year-olds in the international
Health Behaviour in School-aged Children study reported being
pressured by schoolwork and 12 % reported being bullied at
school(18).

The problem of chronic psychosocial stress: psychobiology
and health effects

The body has a series of different processes which have the
effect of maintaining homeostasis. Also during stress, the goal
is to maintain stability through changes in the immune system,
nervous system and endocrine system for an appropriate
amount of time, but then to turn off these reactions immediately
afterwards via twomain physiological stress systems(19). The first
stress system is the hypothalamic–pituitary–adrenal axis, with
cortisol as the endproduct(15). The second stress system is the
autonomic nervous system, with the catecholamines adrenaline
and noradrenaline as endproducts, but often heart rate variability
is used as a non-invasive biomarker to indirectlymeasure cardiac
parasympathetic and sympathetic activity(20). In contrast to acute
stress for which these systems are meant, chronic stress leads to
prolonged activation or inefficient management of cortisol and
the autonomic system with detrimental physiological conse-
quences(21,22). Consequently, chronic stress increases vulnerabil-
ity to diseases like CVD and inflammation-related disease(23–26),
even starting in childhood(27–29). The nature and the chronicity of
the stressor, as well as the individual’s vulnerability, stress
perception and stress coping, are important variables in deter-
mining the chronic adverse effects of stress(15). The underlying
complex processes and mechanisms are still poorly understood
but can help in designing prevention and treatment strategies.

Aim of the present review

The obesity public health problem may be in part driven by
chronic stress via uncontrolled eating behaviour and obesogenic
dietary choices. As insight in underlying pathways is pivotal, the
aim of this review is to briefly summarise the current state of
knowledge on the biological underpinnings and to suggest areas
for future investigation. After all, research is often very focused
(i.e. looking at only one part of one pathway) and monodiscipli-
nary (only focusing on behaviour, psychology, neurology,
nutrition or pathology). Especially for newcomers in the field
but also for those wanting to think outside the borders of their
own research niche, a broad overview is often lacking. As the

objective is to present a conceptual framework, no systematic
review method has been performed and reviews are preferen-
tially cited where possible. Without the intention of giving an
exhaustive list of biomarkers, I want to provide a schematic
overview of relevant pathways from stress to uncontrolled eating
and obesity. Herein, I progress from simple well-accepted
pathways to more complex newer ones. Although simplification
is intended, I will underline the complexity by the existence of
bidirectional and multifactorial relationships that lead to a
vicious circle(30). These links will shed light on how the stress–
diet–obesity interaction can be interdisciplinarily examined by
integrating several new techniques to further knowledge.
Herein, -omics technologies are helpful like metagenomics
(measuring genetics of entire communities, here specifically
meaning the bacteria in our bodies), epigenomics (measuring
complete set of epigenetic modifications) and metabolomics
(measuring all metabolites) as they do not target a single compo-
nent but try to identify patterns in the overall system. Finally, I
present saliva as a biological matrix that is easier to collect
and allows several of these high-throughput analyses. In this
paper, I intend to highlight the importance of an early-life focus
in stress–diet–obesity research by citing also childhood-specific
literature where existing.

Pathways from psychosocial stress towards appetite and
obesity

Psychosocial stress as a cause of obesity: physiology and
behaviour

Overall, the literature underlines the importance of the bidirec-
tional associations between mental health and adiposity(30,31). In
this review, the main focus will be on the direction from stress
towards adiposity as diet plays an important role in this direction.
In adults, a comprehensive meta-analysis indeed concluded that
work and life stress significantly increase BMI and/or waist
longitudinally(32). In children and adolescents, less research
has been performed although this has been booming the last
years(33). There is evidence from a review that early-life stress
is associated with multiple biological and behavioural pathways
in children that may increase risk for later obesity(34). A system-
atic review including twelve longitudinal studies in children/
adolescents(35) on clinical depression, perceived stress, anger/
anxiety and behaviour concluded that the evidence is low for this
relationship in children/adolescents. Another review focused on
the effect of both household and individual stressors on
children’s overweight parameters(36).

Several mechanisms in the effect of stress on adiposity have
been described in the literature(30). Mainly mechanisms are di-
vided in physiological/biochemistry and behavioural (lifestyle)
pathways (Fig. 1), as will be explained in the next paragraphs.
In addition, cognitive characteristics like executive function
and self-regulation are important(37).

The direct physiological pathway is dominated by cortisol.
This cortisol interacts with lipid metabolism in two ways, as
reviewed by Peckett et al.(38). First, cortisol increases the amount
of circulatingNEFAby stimulating the lipoprotein lipase enzyme.
These NEFA can then be used to accumulate fat in fat cells.
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Second, cortisol decreases this fat storage. Increased adiposity is
caused by hyperplasy (adipogenesis) and in the presence of
insulin also by hypertrophy (lipogenesis). In addition, cortisol
may influence lipolysis (degradation of adipose tissue TAG to
fatty acids): both prolipolytic and antilipolytic activity has been
hypothesised, but the mechanisms are still unclear and may
depend on duration, dose and location of cortisol exposure.
Antilipolytic activity has mainly been observed in high cortisol
concentrations and in the abdominal region. The fat storage
chiefly occurs in the visceral fat cells since the cortisol receptors
have a high density in this region, and thus mainly abdominal
obesity is theorised(39).

Apart from that direct effect on fat storage, stress may indirec
tly facilitate adiposity through behavioural pathways such as mal-
adaptive coping behaviours leading to an adiposity-stimulating
lifestyle(30,34): emotional eating of ‘comfort’ food (rich in sugar
and fat), a disordered sleep and a lack of exercise with an increase
in screen time.

Psychosocial stress as a cause of uncontrolled eating:
biological underpinnings

A meta-analysis concluded that children/adolescents with stress
have higher intake of unhealthy food and in the oldest also lower
intake of healthy food(40). The preferred foods are rich in sugar
and fat and have been called ‘comfort food’ since eating
functions as a way to cope with stress via distraction and reward

feelings(16). Even in paediatric literature, perceived stress and
cortisol have been associated with more snacking, sweet food
intake and less fruit/vegetable intake(41–45). These stress-induced
dietary changes are often reflected as maladaptive uncontrolled
eating behaviour(16). In several studies, children’s and adoles-
cents’ emotions and stress have been associated mainly with
emotional eating(46–48) and sometimes with increased external
eating(47,49). Although eating palatable food can increase positive
mood and reduce stress feelings through sensory pleasure(50),
this increase in positive mood is only temporary and is mostly
followed by negative feelings like shame and guilt(50). Thus
stress-induced or emotional eating creates a vicious circle.
Herein, emotion regulation could be an important skill as a target
for obesity prevention/intervention(37) as the use of adaptive
emotion regulation towards negative emotions (like reappraisal,
problem-solving and acceptance) is a protective factor(51)

minimising unhealthy dietary response(52) and physiological
cortisol response(53) after stressor exposure.

A well-known underlying pathway in stress-induced eating is
cortisol(54–57), mainly by hypothalamic actions. After all, hypotha-
lamic nuclei have overlapping functions in appetite regulation,
stress response and rewards, while exerting effects on other
brain regions like the mesolimbic reward system, cortex and
brainstem(58). A first hypothalamic nucleus is the paraventricular
nucleus regulating cortisol secretion. A second one is the arcuate
nucleus acting as the central appetite control centre in which the
pro-opiomelanocortin/cocaine- and amphetamine-regulated

Fig. 1. The classic behavioural and physiological pathways in the stress–obesity relationship. Behavioural pathways consist of less physical activity, sleep problems and
an unhealthier diet. The underlying physiology is mainly due to increased cortisol levels that stimulate fat storage and change dietary behaviour. Indeed, cortisol
influences brain regions essential for dietary behaviour, i.e. the reward and appetite regions, thus many appetite biomarkers are relevant for stress research. VTA,
ventral tegmental area; NPY, neuropeptide Y; AgRp, agouti-related protein; POMC, pro-opiomelanocortin; CART, cocaine- and amphetamine-regulated transcript;
PYY, peptide tyrosine tyrosine; CCK, cholecystokinin; GLP, glucagon-like peptide.
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transcript (POMC/CART) neurons suppress food intake,
whereas the neuropeptide Y/agouti-related protein (NPY/
AgRP) neurons stimulate appetite. This arcuate nucleus transdu-
ces signals further to the other hypothalamic nuclei such as the
paraventricular, lateral, dorsomedial and ventromedial nuclei.
Certain of these nuclei form the bridge towards the appetite-
regulating hypocretinergic (orexins) and endocannabinoid
system and even the autonomic nervous system(59).

The twomain diet-related actions of cortisol are thus increased
reward sensitivity (opioid and dopamine system, especially when
dieting) and appetite (arcuate nucleus in the hypothalamus), as
summarised in Fig. 1. Cortisol is known to up-regulate NPY (an
appetite and reward inducer) and dysregulate insulin and leptin
(appetite and reward diminishing)(54). To explain the latter: insulin
and leptin decrease appetite and reward but the body becomes
resistant due to the dysregulation, thus appetite and reward will
be increased(54). Based on my own longitudinal research, the
combination of high stress and hyperleptinaemiamightmake girls
more vulnerable to stress-induced eating(60). A review indicates a
stress-induced change in other hormones that act on the arcuate
nucleus such as ghrelin(61). In a stressful situation, ghrelin is
hypothesised to rise as ghrelin can then lower anxiety feelings
(it is anxiolytic). Ghrelin will then also increase hunger and food
reward andmight thus lead tomore emotional eating and a higher
obesity risk(61). With less evidence on the causal role in emotional
eating, also other gastrointestinal appetite-reducing hormones
have been related to stress/depression(62) and eating disorders(63):
peptide tyrosine tyrosine (peptide YY; PYY), cholecystokinin
(CCK) and glucagon-like peptide (GLP). Therefore, the next
paragraphs will elaborate on the gut–brain axis and its role in
appetite.

More recent biological insights in stress–diet–obesity
with high-throughput applications: microbiota, epigenetic
modifications and metabolites

Gut bacteria

Analysingmicrobiota in the stress–diet relationship is relevant as:
(1) bacteria are related to stress; (2) bacteria are related to diet;
and (3) bacteria can interfere in the diet–stress relationship.
These three aspects are consecutively discussed in the next three
sections.

Gut bacteria communicate with the brain. The human gut
contains 1011 bacteria per g intestinal content that play a role
in optimal body function. Well-known functions of gut bacteria
are digestive such as food fermentation and immunological by
creating a defence barrier or controlling inflammatory reac-
tions(64). More recently, evidence has appeared that gut bacteria
can ‘communicate’ with the brain. This concept is called the
‘microbiota–gut–brain axis’(65) since microbiota play an active
role in this bidirectional gut–brain communication, as frequently
reviewed(65–68). Herein, several pathways exist: neural (auto-
nomic and enteric nervous system), neuro-endocrine (by hor-
mone-producing entero-endocrine cells in the gut epithelium
and by SCFA produced by the gut microbiota) and neuro-
immune (inflammatory cytokines) pathways(65). Several brain

centres are triggered in this way, but special focus is on the hypo-
thalamus with its arcuate nucleus as energy-regulating centre
(see ‘Gut bacteria decide what is on the menu’ section) and
the paraventricular nucleus as stress/cortisol-regulating centre;
two centres that play a role in the above-mentioned stress-eating
or uncontrolled eating pathways.

Evidence for that relationship between stress and microbiota
is increasing. The two main physiological stress pathways, i.e.
the cortisol(69) as well as the nervus vagus(70) system, have theo-
retically and experimentally been linked to gut microbiota.
Similarly, many molecules with neuroactive functions such as
γ-aminobutyric acid, serotonin, catecholamines, acetylcholine
and dopamine have been listed as gut bacteria products(65).
Although several studies have been published on gut microbial
changes in clinical depression cases(71–75), results are quite
conflicting, for example, α diversity is mostly decreased, some-
times non-significant and sometimes increased. Nevertheless,
some studies have demonstrated the causal link. For example,
gut microbiota transplantation from patients with depression
into rodents successfully induced a depressive phenotype in
these animals, demonstrating the powerful influence that the
gut microbiota can exert on behaviour(73,74). In addition, a
meta-analysis of probiotic interventions highlighted an overall
improvement of psychological reports(76). Less observational
research has been done in healthy participants and this often
has shown limited results: increased lactobacilli during examina-
tion periods(77), no associations at all with depressive symptoms
or perceived stress(78), less emotional arousal with higher
Prevotella abundance(79) and genera differences depending on
mood but no clear changes depending on specific depressed,
anxious or angry mood(80). The instability and immaturity
of gut microbiota during childhood and adolescence could
increase their susceptibility to environmental insults, such as
stress and poor diet, which could result in dysbiosis and
potentially have a negative impact on brain functions like stress
and appetite regulation(81). To my knowledge, no such study on
the direct stress–bacteria relationship exists in children. More
indirectly, a longitudinal study identifiedmaternal prenatal stress
as predictor of a child’s gut microbiota(82).

Gut bacteria decide what is on the menu. Since our bacteria
are completely dependent on our food for their ownmetabolism
(some prefer fibre, some prefer proteins), it seems logical that
they have developed mechanisms to (co-)control our nutritional
intake. Indeed, there ismore andmore evidence that gut bacteria
have a role in regulating our appetite, satiety and potentially our
food preferences or taste perceptions, as will be described
below. Because of its role in energy homeostasis, the gut micro-
biome has also been associated with the metabolic syndrome(83)

and childhood obesity(84).
Our appetite is influenced by hormones and neurotransmit-

ters which can be directly produced by the gut bacteria
themselves or whose production is indirectly stimulated by
bacteria. Fig. 2 summarises somemain pathways. The final target
are the two energy-regulating neuron groups POMC/CART and
NPY/AgRP within the arcuate nucleus; these neurons are
influenced by gut-produced molecules that affect appetite and
satiety such as ghrelin, CCK, GLP-1, GLP-2 and PYY(83).
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Indeed, eating disorders are typically linked to changes in these
hormonal factors(63). From gut bacteria towards appetite, a first
potential indirect pathway is via SCFA. These SCFA are volatile
fatty acids like butyrate, acetate, propionate and valerate pro-
duced by the gut microbiota as fermentation products from food
components such as fibre. These SCFA normally reduce appetite
by stimulating the release of appetite-reducing hormones
PYY and GLP-1 from the entero-endocrine cells(83,85,86).
Stress-induced gut dysbiosis might cause imbalance in this pro-
tective mechanism that in turn can lead to uncontrolled eating.
As a second indirect pathway, specific microbes might reg
ulate intestinal endocannabinoid-like compounds such as
2-olyeol-glycerol and oleoyl-ethanolamide which again can
stimulate GLP production by entero-endocrine cells(87) while
gut microbiota dysbiosis seems to decrease GLP-1 sensitivity(88).
Finally, direct effects of the microbiota on the arcuate nucleus
have been suggested, for example, an Escherichia coli bacterial
strain producing caseinolytic protease B seems to reduce appe-
tite via the arcuate nucleus(89). Next to these endocrine parame-
ters, the two other main pathways in the microbiota–gut–brain
axis (see ‘Gut bacteria communicate with the brain’ section)
might be involved: the nervous system (for example, nervus
vagus stimulation) and inflammatory regulation (for example,
gut barrier integrity).

All the above pathways target appetite. For eating behaviour,
not only appetite should be targeted but also impulse control
and/or changed food preferences and taste perception. For
example, food preference for proteins was dependent on

intestinal bacteria in an experiment with fruit flies(90) and many
of the mentioned appetite-regulating neuropeptides are sum-
marised in a review on taste sensitivity(91). Direct studies on
uncontrolled eating behaviour associated with gut bacteria are
missing but, indirectly, gut bacterial changes after bariatric
surgery were found to be associated with an observed hedonic
eating decline(92).

The stress–bacteria–diet triangle: bidirectionality and
implications. Taken together, stress, diet and bacteria form a tri-
angle: gut bacteria are linked to both stress and diet (see the ‘Gut
bacteria communicate with the brain’ and ‘Gut bacteria decide
what is on the menu’ sections), while diet and stress are also
interrelated (see ‘Psychosocial stress as a cause of uncontrolled
eating: biological underpinnings’ section). Fig. 3 metaphorically
translates this bidirectional link of gut bacteria with stress and
diet. These bidirectional links highlight gut bacteria as an inter-
esting target point for research, prevention and treatment as bac-
terial imbalance has multiple implications. To create a balanced
gut bacterial composition/activity, a bacteria-friendly and thus
fibre-rich diet should be combined with a relaxed mind. On
the other hand, uncontrolled eating and a stressed brain can
(at least partially) be prevented by balanced gut bacteria.
Thus, gut microbiota can be an intermediate pathway in
stress–diet and diet–stress. Nevertheless, no study has shown
that the specific gut microbiome changes resulting from stress
are in turn directly responsible for dietary and weight changes.

Fig. 2. Some pathways in the microbiota–gut–brain axis from microbiota towards appetite. The gut–brain axis links the gut microbiota with stress and appetite brain
centres. The microbiota can directly act upon the appetite brain centres but also indirectly via SCFA and endocannabinoid analogues that regulate entero-endocrine
cells’ release of appetite-influencing molecules. An additional indirect pathway towards appetite is that the gut microbiota induces epigenetic changes. It should be
considered that most links also work in the other direction, for example, diet can influence epigenetics, gut microbiota composition and SCFA production. NPY, neuro-
peptide Y; AgRp, agouti-related protein; POMC, pro-opiomelanocortin; CART, cocaine- and amphetamine-regulated transcript; HPA, hypothalamus–pituitary–adrenal;
PYY, peptide tyrosine tyrosine; GLP, glucagon-like peptide; CCK, cholecystokinin.
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Oral microbiota. The gut is not the only microbial hot spot in
our bodies, for example, also the oral cavity has its own micro-
biota(93). Yet, little is known about these bacteria, with mainly
research in dentistry and increasingly in immune-related dis-
eases(93). The potential of the oral cavity microbiota has been
highlighted in a recent perspective on the gut–brain axis as sim-
ilar bacterial communities in oral and faecal samples exist(68).
Indeed, the influx of oral strains from phylogenetically diverse
microbial taxa into the gut microbiome seems extensive in
healthy individuals(94). Apart from influencing the gut micro-
biome, oral microbiota can also directly influence health.
Associations with obesity have been observed, potentially due
to increasing metabolic efficiency, appetite and insulin resis-
tance(95). In addition, salivary bacterial genera/families have
been associated with fat tasting or overall super-tasting(96,97)

amongst others by changes in antioxidant capacity. In stress–
obesity research the oral microbiota has not yet been integrated,
although for example, in a sample with burn-out salivary
Solobacterium moorei levels were higher(98) and an acute
stressor influenced salivary bacterial adherence(99).

Epigenetics: relevance for stress, eating behaviour, obesity
and gut bacteria

Physiological and behavioural functions are particularly sensi-
tive to the programming effects of environmental factors such

as stress and nutrition during early life(100). One way of program-
ming is epigenetics. Epigenetics can be seen as ameasure ofmet-
abolic ageing and concerns changes in gene expression that are
not due to changes in DNA sequence but, for example, due to
DNAmethylation or histone modification which then alters tran-
scription and thus expression and bodily functions. An epige-
netic clock DNA methylation signature based on seven to 353
sites has outperformed other markers of ageing and is linked
to a broad range of health aspects like obesity(101).

There is increasing evidence that the response to early-life
adversity is system/genome-wide and persists into adulthood
for example, in relation to childhood abuse(102) and even during
pregnancy(103). Based on a systematic review, stress seems to
affect methylation on the cortisol axis itself, on serotonergic/
dopaminergic/noradrenergic neurotransmission and neural
growth(104). These pathways are also important in obesity aetiol-
ogy as they are related to food behaviour. Stress-induced
changes in dietary intake (i.e. comfort food) can induce epige-
netic effects as nutrition is one of the frequently researched
lifestyle factors affecting epigenetics(105). Even appetite and its
related impulses like impulsivity and reward sensitivity are sen-
sitive to epigenetic changes(106). For example, a review summar-
ised that DNA methylation dysregulation in eating disorder is
accompanied by a disturbed dopaminergic and endocannabi-
noid system(107). In rats, it has been shown that a methyl-
balanced diet during adolescence might prevent stress-induced
binge eating(108) and can reverse changes in DNA methylation
and negative behavioural consequences induced by early-life
stress(109). Since almost no research has been done on stress-
induced changes in obesity-related genes, a recent study tried
to associate psychosocial factors with gene-level DNA methyla-
tion of eighty-seven overweight-associated genes in older adults,
although with limited success(110). Taken together, epigenetic
changes by stress, diet and obesity can influence the stress
response, eating behaviour and obesity.

Interestingly, gut bacteria are partially involved in this
epigenetic programming. Mice lacking gut bacteria possess
several transcriptional differences, some related to energy
homeostasis and cortisol(111). Indeed, SCFA and certain polyphe-
nol metabolites produced by bacteria are inhibitors of histone
deacetylases and can thus induce epigenetic changes(112),
amongst others influencing appetite through PYY elevations(86)

(see the left side of Fig. 2). Because of those complex inter-
actions, the bidirectional stress–diet–obesity link can also work
transgenerationally (from mother to child) via bacterial and epi-
genetic changes; for example, maternal lifestyle can make an
impact on the neonatal microbiome leading to specific epigenetic
signatures that may potentially predispose to the development of
late-life obesity(113). Nevertheless, such studies on childhood
stress should still be tested. As bidirectional links between epige-
netic changes and the microbiota exist, integrative studies using
both epigenomics and metagenomics are needed(114).

The potential of metabolomics as a tool in biological
underpinnings

As multiple biological pathways seem to be involved in
stress–diet–obesity, a study of all metabolites, i.e. metabolomics,

Gut bacteria as 
our internal trees

Stress and brains as 
our atmosphere

Nutri�on as 
our soil

Fig. 3. The stress–bacteria–diet interaction triangle with a comparison with a
forest ecosystem. This figure shows that stress, gut bacteria and diet are bidir-
ectionally related to each other. Tomake themetaphor towards a forest ecosys-
tem, the gut bacteria symbolise the trees in the forest as the ideal situation is a
diversity of trees in the forest and a high diversity of bacteria in our gut. The diet
is then representing the nutritious soil and stress represents the atmosphere. In
the case of the forest, the trees will not survive without an appropriate atmos-
phere (air/sun/humidity) and nutritious soil while on the other hand, the trees
themselves will influence the soil and atmosphere by the autumn leaves that
enrich the soil and by the produced oxygen. Thus, bidirectional interactions
exist. The same type of interaction can be translated towards the gutmicrobiota.
Concerning food, we know that fibre-rich food can enrich our bacteria and appa-
rently our bacteria might affect our food intake. Concerning our brains, I have
summarised in this review the bidirectional gut–brain axis where certain bacte-
ria can influence our stress reactivity while stress might act upon the bacteria.
Freely interpreted, it seems these interactions teach us that we should create a
relaxed atmosphere and optimal nutrition for our internal forest to obtain a bal-
anced ecosystem of bacteria resulting in low stress and appropriate appetite.
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is believed to aid in unravelling the biological underpinnings.
Metabolomics is the comprehensive study of the metabolome
– the repertoire of small molecules present in cells, tissues
and body fluids. The metabolome is regarded as the most
revealing real-time quantifiable read-out of the human
biochemical state at a system’s level, thus allowing insight in
mechanisms and providing predictive, diagnostic or prognostic
markers for diverse disease states(115). Sometimes interchange-
ably defined as ‘metabonomics’, the metabolic patterns are
dynamic and arise as the product of our own gene-encoded
proteins in combination with metabolic products of our
microbes and our environment like the food that we eat.
Consequently, metabolomics is relevant in the stress–diet–obesity
axis as metabolic profiles have been related to gut microbiota(116),
stress(117), childhood obesity programming(118) and clinical eating
disorders(119). Within stress-related metabolomics, stress profiles
are distinguished by neurotransmitters and energy-related metab-
olites(117), which again reflects the stress–obesity relationship.
Within obesity-related metabolomics, branched-chain amino
acids are often significant and related to gut bacteria(116), although
data from adult and childhood obesity research gives sometimes
opposite results(118). Another common pathway might be the
inflammatory system, as adipose tissue, diet, stress and gut
microbiota are associated with inflammation(67,120). In addition,
mitochondrial metabolites might be relevant to focus on as
mitochondria are responsible for cellular energy/signalling and

have been reciprocally linked to stress, energy homeostasis,
microbiota and gene expression(121–123). Up to now, the study
of metabolomics never seems to have combined stress and
obesity data or stress–diet data.

The stress–‘omics’ nexus into practice: saliva as a
biological sample

In summary, interactions between epigenetic changes, micro-
biota and metabolic profiles are relevant in the study of
stress–diet–obesity (see Fig. 4). Integration of these analyses
requires the collection of biological samples. Blood is the classic
biological matrix (allowing amongst others metabolomics, pro-
teomics and epigenomics), while faecal samples allow the study
of gut bacteria and their relatedmetabolites(115,116). Nevertheless,
the use of invasive techniques to obtain study material such as
blood is not favoured when studying human subjects, especially
children. An alternative might be saliva as an easy-to-collect,
pain-free biological matrix allowing frequent sampling and par-
allelling the composition of blood(124). Consequently, an increas-
ing amount of laboratory analyses has been performed on
saliva(124,125), but careful attention to the collection, processing
and analysis steps is critical for the implementation of newer
applications(125). In fact, salivamight thus offer an interesting bio-
marker to study stress–diet–obesity including the metagenomic,

Fig. 4. The interacting -omics fields applicable in the stress–diet–obesity study and the relevant biological matrices herein. Summarising all evidence, the bidirectional
stress–diet–obesity link happens via mutually interacting bacterial, epigenetic and metabolic pathways. Integrating metagenomic, epigenomic and metabolomic analy-
seswill further prevention, diagnosis and treatment. Next to stool and blood samples, saliva seems to be a promising biological matrix allowing several -omics analyses in
studying the bidirectional stress–obesity relationships. Blue drops represent saliva; red drops represent blood; brown figures represent stool.
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epigenomic and metabolomic analysis opportunities. Especially
in paediatrics, saliva has been proven useful(126). Underneath I
give a short overview for each of the three -omics techniques
in saliva.

First of all, saliva is already routinely used tomeasure proteins
(proteomics) and endocrine parameters. In obese subjects,
differences have been reported in salivary cortisol (stress),
endocannabinoids (energy balance), inflammatory parameters,
antioxidants (diet) and ghrelin (appetite) concentrations(127).
Related to eating behaviour, salivary composition has been
associated with taste liking, macronutrient intake(128) and
even eating difficulties in children(129). Indeed, many of the
above-mentioned appetite hormones are present in saliva(91).
Currently, techniques for salivary metabolomics in studying
smaller molecules are being fine-tuned(130).

Second, DNA and RNA isolation from saliva samples is
now commercially available to test, for example, RNA expres-
sion, microRNA expression, DNA methylation and telomere
length(125). In fact, methylation patterns in the brain have been
found to be more correlated with salivary DNAmethylation than
blood methylation(125), thus showing that stress-related research
(early-life adversities, depression, etc.) can profit from saliva as a
biological sample.

Third, and most innovative, is saliva metagenomics.
However, little is known about these bacteria but, as mentioned
above, some first associations with stress, diet and obesity have
been suggested. Since saliva metabolites are not only of human
origin but can also be produced by the oral cavity bacteria, saliva
metagenomics should be included in research. For example,
academic-induced chronic stress differences in hydrogen sulfide
could be explained by salivary microbiota differences(98).

Limitations to the conceptual framework

As mentioned earlier, it was my goal to highlight some pathways
that underlie the stress–diet–obesity association. In my concep-
tual framework, I highlighted the relevance of several -omics
fields such as metagenomics, metabolomics and epigenomics,
with a special focus on the use of saliva. Here I list a few limita-
tions in (1) the stress–diet–obesity interactions (2) the promising
-omics approaches and (3) the practical use of saliva.

Although stress is often linked to higher/unhealthier dietary
intake and weight increase, stress can also cause a weight/fat
decrease. It seems that chronic stress leads toweight loss in those
individuals who keep their stress response with less energy
intake, but it leads to weight gain in those who habituate with
their stress response by using comfort food(131). Comfort food
intake depends on the stressor and the individual, for example,
dietary intake can be decreased in case of intense emotions and
restrained eaters often eat more in response to stress indepen-
dent of whether it is high-energy food or not(16). Also on the
hormonal level, stress can be associated with lower cortisol in
certain specific cases(15).

Many of these -omics fields are still developing. Even for the
microbiota, strong conclusive evidence on the causal link from
stress to specific microbiota and then directly from these

microbiota towards diet and obesity is lacking. More proof on
the population level is needed, especially the theories towards
emotional eating are rather based on animal or preliminary
studies. Large European cohorts have reported high levels of
inter-individual variation in microbiota composition and suggest
that any individual factor would probably have only a very
modest effect size, for example, depression could only explain
0·2 %of variance(132,133). Changes in biological parameters due to
stress exposure can be difficult to detect because of difficulties in
distinguishing different exposures, interactions (for example,
between bacteria and between -omic levels) and day-to-day
fluctuations. Indeed, a circadian rhythm should be considered,
for example, about 15 % of the human plasma metabolome
exhibits circadian rhythm(134). Moreover, heterogeneity in meth-
odology is present since these technologies are still developing,
costs are high and data integration from different -omics sets
poses challenges.

Other limitations exist on sample collection level. For the
faecal microbiota, storage conditions of samples can influence
the results(135) and a stool sample does not give the same micro-
biota picture as a rectal swab or rectal mucosa sample(136). Also
for saliva, the place of collection is important, with different
biochemical and microbiological results when comparing
passive drool, stimulated saliva or tongue film samples(137). In
fact, each step such as collection, storage, processing, assay
and data analysis requires careful consideration of target
analyte-dependent issues to prevent undue measurement
error(125). During collection also other confounders like medica-
tion should be registered.

Conclusion

Our modern lifestyle presents with many psychosocial stressors
in a highly palatable food environment and stimulates uncon-
trolled eating which can lead to increased energy intake and
finally overweight. Especially during youth, the long-term effects
can be very harmful and intervention/prevention is needed,
although less early-life focused research exists. The current
psychobiological review tried to offer (a non-exhaustive) insight
in the biological pathways from stress to uncontrolled eating and
obesity, more specifically the stimulating hormones (lipid
metabolism, appetite and motivation/reward related), metage-
nomic (gut and saliva microbiome), epigenetic and metabolic
profiles pinpointing towards the underlying pathways like the
over/under-expression of specific genes or the over/under-
active function networks such as mitochondrial energy
regulation, neurotransmission, metabolism, etc. It is thus clear
that stress and diet research should be combined to examine
biological pathways of emotional eating in interdisciplinary
collaborations (medical doctors, endocrinologists, pharmacolo-
gists, neurologists, psychologists, behavioural scientists,
microbiologists, molecular biologists, bio-informatics experts,
etc.). In my own upcoming research, I hope to distinguish
why only some stressed adolescents become obese by examin-
ing hormones, metabolites, microbiota and epigenetics. Herein,
systems biology, i.e. the simultaneous consideration of different
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biological levels, is more efficient in building the overall picture
and will allow the identification of cross-level interactions like
how the microbiota induces epigenetic and metabolic changes.
Indeed, integrating epigenomic and metagenomic data into
personalised nutrition(138) and a systems biology/medicine
approach in childhood obesity(139) have been recommended.
In studying this complex nexus, saliva seems to be an appropri-
ate biological sample. An enhanced focus onmodifiable biologi-
cal mechanisms in this research niche like DNA methylation,
microbial endocrine stimulation and neurotransmitter produc-
tion will offer clues for therapeutic targeting.
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