
Stress, overeating, and obesity: insights from human studies 
and preclinical models

Maria Razzoli1, Carolyn Pearson2, Scott Crow2,3, and Alessandro Bartolomucci1,*

1Department of Integrative Biology and Physiology University of Minnesota, 2231 6th Street SE, 
Minneapolis, MN 55455, Phone: + 612-626-7006, Fax: + 612-625-51492

2Department of Psychiatry, University of Minnesota, 2450 Riverside Avenue, Minneapolis, MN 
55454, Phone: + 612-273-9800, Fax: + 612-273-9779

3The Emily Program, 2265 Como Avenue, St. Paul, MN 55108, Phone: + 651-645-5325

Abstract

Eating disorders and obesity have become predominant in human society. Their association to 

modern lifestyle, encompassing calorie-rich diets, psychological stress, and comorbidity with 

major diseases are well documented. Unfortunately the biological basis remains elusive and the 

pharmacological treatment inadequate, in part due to the limited availability of valid animal 

models. Human research on binge eating disorder (BED) proves a strong link between stress 

exposure and bingeing: state-levels of stress and negative affect are linked to binge eating in 

individuals with BED both in laboratory settings and the natural environment. Similarly, classical 

animal models of BED reveal an association between acute exposure to stressors and binging but 

they are often associated with unchanged or decreased body weight, thus reflecting a negative 

energy balance, which is uncommon in humans where most commonly BED is associated with 

excessive or unstable body weight gain. Recent mouse models of subordination stress induce 

spontaneous binging and hyperphagia, altogether more closely mimicking the behavioral and 

metabolic features of human BED. Therefore the translational relevance of subordination stress 

models could facilitate the identification of the neurobiological basis of BED and obesity-

associated disease and inform on the development of innovative therapies.
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Introduction

The etiology and therapy of eating disorders have been receiving increasing scientific 

attention in light of the current epidemic of metabolic diseases, for which Western diet, 

sedentary life style and environmental stress are considered predisposing factors (GBD 2013 

Risk Factors Collaborators, 2015; Polivy and Herman, 2002). Food overconsumption can be 

conducive to the excessive body weight and adiposity that define obesity, a condition that is 

pervasively damaging of health and is now included among the high-burden chronic 

conditions such as diabetes, hypercholesterolemia, and hypertension (Bauer et al. 2014; 

National Task Force on the Prevention and Treatment of Obesity, 2000; O’Connor et al. 

2008; Whiteford et al. 2013; Wilfley et al. 2003).

Obesity is fundamentally dependent on the disruption of complex neuromolecular 

mechanisms receiving inputs from brain regions codifying autonomic responses, memory, 

arousal, cognition, reward processing, and emotional reactivity. The physiologic regulation 

of metabolism indeed relies on the communication between brain, gut, and adipose tissue 

(reviewed in Berthoud and Morrison, 2008; Cummings and Overduin, 2007; Lee and 

Abizaid, 2014) and its complexity embodies its essentiality for metabolic disease. 

Malfunctioning at the central pathways level can result in abnormal elevation of sympathetic 

outflow or, in case of defective or weakened signal feedback by the brain in response to 

satiety and nutrients from the gut, can cause overfeeding and disinhibition of liver glucose 

production, and thereby promote metabolic disease (Berthoud, 2002). The inherent 

complexity of metabolic regulation is further magnified in the interaction with stress. Stress 

imposes on metabolic responses the influence of higher levels of glucocorticoids as well as 

many other stress-related pathways, including the sympathetic nervous system / sympatho-

adreno-medullary axis (Cacho et al. 2003; Pankevich et al. 2010; Razzoli and Bartolomucci, 

2016).

Stress and negative affect are increasingly recognized as risk factors for obesity and binge 

eating disorder (BED; Goldschmidt et al. 2008; O’Connor et al. 2008; Stein et al. 2007; 

Striegel-Moore et al. 2007). BED is the most common eating disorder and is currently 

included in the Diagnostic and Statistical Manual of Mental Disorders (DSM-5, 5th ed.; 

American Psychiatric Association, 2013). BED is characterized by recurrent binge-eating 
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episodes, which are defined as ingestion of large amounts of food in discrete periods of time 

accompanied by feelings of loss of control and marked distress. This occurs in the absence 

of compensatory behaviors such as purging, fasting, or excessive exercise. BED has been 

shown to impact quality of life, to be associated with other psychopathologies, and to confer 

an increased risk for components of the metabolic syndrome (MetS), in particular for 

glucose dysregulation and diabetes, as seen in BED patients compared to BMI matched 

controls (see Mitchell, 2016 for a review). Not all BED patients present obesity. 

Nevertheless, excessive or unstable body weights are consequences of significant binging 

and have been associated to BED since its first description (Spitzer et al., 1992, 1993), 

making BED the eating disorder with the higher prevalence of obesity (Villarejo et al. 2012).

Overall, the parallel increase in incidence of seemingly independent psychiatric and 

metabolic diseases has long been suspected to be due to common predispositions. The 

difficulty to identify their causal factors and underlying molecular mechanisms in humans 

makes animal models very valuable and needed to address mechanistic questions. 

Nevertheless, current animal models present several limitations. Data from human clinical 

studies as well as from classical and recently developed animal models of BED will be 

reviewed hereafter to highlight possible mechanisms of a stress-bingeing-obesity pathway 

for obesity and obesity-associated metabolic disease.

Binge Eating and Obesity

Binge eating is one of the most commonly reported disordered eating behaviors among 

individuals with obesity, and similarly full-syndrome BED, which is one of the most 

commonly occurring eating disorders (American Psychiatric Association, 2013; Hudson, et 

al., 2007; Swanson et al., 2011). BED has been identified among children and adolescents in 

epidemiologic samples such as the National Comorbidity Survey – Adolescent Supplements 

(Swanson et al., 2011); however, diagnosing binge eating in this age group can be complex, 

and thus “loss of control eating” is often studied instead (Matherne, et al., 2015; Matheson, 

et al., 2012; Tanofsky-Kraff, et al., 2011). Further complicating the diagnosis of BED, many 

obese individuals who initially deny binge eating during face-to-face interviews later 

endorse this behavior during real-time, naturalistic assessments (i.e., ecological momentary 

assessment [EMA]), suggesting the utility and significance of studying binge eating in 

individuals with obesity (Greeno et al., 2000; Le Grange et al., 2001). Binge eating is 

considerably more common among adults with obesity than in the general population, and 

individuals who binge eat are more likely to become obese than individuals without 

disordered eating (Hudson et al., 2007). This is particularly concerning because the co-

occurrence of binge eating and obesity is linked to more problematic eating-, activity-, and 

weight-related patterns, poorer quality of life, and more severe psychopathology (de Zwaan 

et al., 1994; Goldschmidt et al., 2011; Hsu et al., 2002; Perez and Warren, 2012; Striegel-

Moore et al., 1998; Wadden et al., 1992; Yanovski et al., 1992). In order to improve existing 

treatments and develop more effective interventions, it is necessary to understand the 

complex interplay of precipitating factors that promote binge eating among individuals with 

obesity.
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Stress and binge-eating in the clinical population

Research in humans examining stress and binge-eating has proceeded along three main 

lines. First, brief manipulations of stress or inductions of negative affect have been used to 

study the stress and binge-eating relationship. Second, the relationship of stress occurring in 

the natural daily environment and its link to binge eating have been examined using 

ecological momentary assessment, a technique ideally suited to this purpose. Last, a very 

small literature has examined biochemical or physiologic correlates of binge eating and 

stress. Each of these areas will be examined in turn.

Experimental Stress Manipulations and Binge-Eating

Existing theories (e.g., affect regulation model: Polivy and Herman, 1993; escape theory: 

Heatherton and Baumeister, 1991) suggest that individuals may binge eat in the presence of 

stress or negative affect, perhaps in an effort to alleviate or distract from that state (Dallman 

et al. 2003). Indeed, research to date supports this notion that negative affect and stress are 

important state-level risk factors for binge eating in BED (e.g., Cardi et al. 2015; Haedt-Matt 

and Keel, 2011; Leehr et al. 2015; Nicholls et al. 2016). Two types of methodologies have 

been employed to enhance our understanding of the link between state-levels of stress and 

binge eating in BED: (a) laboratory studies in which negative mood or stress is induced 

followed by a test meal of some kind and (b) ecological momentary assessment (EMA) in 

which negative affect and stress are measured in one’s natural environment in the hours 

leading up to a binge eating episode.

Laboratory Mood Induction Studies

Although the affect-focused theories of binge eating have existed for some time, researchers 

have only begun to study the link between BED and stress in the laboratory. These studies 

tend to employ various valid procedures, ranging from watching sad videos (e.g., Svaldi et 

al. 2014) to undergoing a stressful performance task (e.g., tier social stress test, TSST: 

Kirschbaum et al. 1993; Laessle and Schultz 2009), to elicit a negative mood which is 

supposed to produce a stress-response. The overall objective of these studies is to create a 

negative mood state in a controlled environment and to then assess the impact of that state 

on food consumption, thus directly assessing the link between negative mood and binge 

eating in BED. Overall, five studies using this design with adult BED samples found that 

when individuals with BED are in a negative mood or stressed, they display a higher amount 

of food intake compared (a) to when they are in a relaxed state and (b) to non-BED 

individuals in a negative mood state (Rosenberg et al. 2013; Schultz and Laessle, 2010, 

2012; Svaldi et al. 2014; Zeeck et al. 2011). Furthermore, two of these studies also identified 

a higher loss of control in the BED samples following the mood induction compared to both 

the relaxed state and to non-BED controls following the mood induction (Rosenberg et al. 

2013; Schultz and Laessle, 2012). Individuals with BED appear to not only eat more when 

stressed, but may also eat at greater rates of speed when stressed compared to not-stressed 

and controls (Schultz and Laessle, 2012), suggesting that they are perhaps eating in such a 

way to distract from that stressful state. That is, the rapid eating may be “consuming” their 

thoughts and behaviors, thereby allowing them to “forget” about their stress and negative 
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affect. Moreover, it appears that when the specific feelings of sadness, guilt, and 

disappointment are induced in the laboratory, individuals with BED show an increased urge 

to binge (Zeeck et al. 2011). Therefore, it may be the case that these feelings in particular 

are ones that link general negative affect and stress to binge eating.

Overall, laboratory studies have enhanced our understanding of the relationship between 

stress and binge eating behavior in BED. In particular, the controlled environment is 

incredibly beneficial for directly investigating this link; however, one downfall of this is the 

potential lack of ecological validity. That is, it is difficult to know if these laboratory 

findings generalize to the daily lives of individuals with BED.

Ecological Momentary Assessment Studies and Binge-Eating

Ecological Momentary Assessment (EMA) is an important technique that has been used to 

examine the relationship of stress to disordered eating. EMA involves the use of palm 

computers or smartphones to collect data about behaviors of interest and their correlates in 

the natural environment. Participants provide self-report data in response to device prompts, 

at the time of behaviors of interest (such as binge eating), and at the end of the day. The 

typical recording window is the one to two weeks. There are clear advantages to EMA, as 

compared to typical retrospective recall techniques. First, the data are collected in, more or 

less, real time (that is, they are “momentary”). Furthermore, the behaviors are assessed in the 

natural living environment, as compared to the laboratory (that is, the data are “ecological”).

Although less controlled than a laboratory study of mood induction, EMA studies have the 

advantage of gathering data as individuals go about their days in their natural environment. 

Thus, considering the findings from both methodologies is important for understanding the 

relationship between stress and binge eating in BED. EMA findings suggest that binge 

eating episodes tend to occur on days when negative affect is high (Berg et al. 2014). Unlike 

healthy controls, individuals with BED report significantly worse moods prior to binge 

eating episodes compared to normal eating episodes (Hilbert and Tuschen Caffier, 2007). 

Furthermore, negative affect and tension tend to increase in the hours leading up to a binge 

eating episode while positive affect tends to decrease (Berg et al. 2015; Munsch et al. 2012). 

In fact, EMA findings mimic that of laboratory mood induction studies in that the specific 

emotion of guilt tends to increase prior to binge eating episodes (Berg et al. 2015) (Figure 

1). It also seems to be the case that momentary distress is linked to not only binge eating 

episodes in BED, but loss of control episodes as well (Goldschmidt et al. 2012). Thus, it 

appears that findings from both laboratory and EMA studies suggest that state-levels of 

stress and negative affect, and particularly guilt, are significantly linked to binge eating in 

individuals with BED.

Biologic Markers, Stress, and Binge-Eating

Very limited work has investigated changes in biological markers of stress in the context of 

binge eating. The results have been quite mixed in terms of identifying biological stress 

markers.
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First, Radin et al. (2015) described a sample of 178 adolescents with or without loss-of-

control eating who underwent a mood induction and subsequently consumed a test meal. 

Throughout, salivary cortisol was measured. The results of the study showed that depressive 

symptoms correlated with cortisol levels, but loss-of-control eating was not correlated in any 

way with cortisol results (Radin et al. 2015). Second, Klatzkin et al. (2015) reported the 

results of a small study examining obese individuals with BED (n=9), obese, non-BED 

individuals (n=15), and 15 normal-weight, non-binge-eating participants (n=15). After 

baseline assessment, a mental stress task was used. In the BED group, increases in blood 

pressure in response to the mental health stressor were greater than those seen in the other 

two samples. However, while heart rate response was blunted in the BED group, the BED 

group did not differ from the other two groups after controlling for depression. Finally, 

Gluck and colleagues (Gluck et al. 2014, 2004) have reported in two studies on findings of 

biochemical markers after a cold pressor test in 10 non-BED and 11 individuals with BED. 

In this study, baseline ghrelin was equivalent in the two groups and they also did not differ 

significantly after a cold pressor test. In a second analysis, the BED group had higher basal 

cortisol levels than the non-BED group, and the area under curve after the cold pressor test 

was greater in the BED group.

Overall these studies provide a mixed picture, with inconsistent support for biological stress 

marker elevations in BED.

Classical rodent models of BED

Available animal models of eating disorders have been classified to evaluate their relevance 

to human disease and are ranked according to four criteria: etiologic, isomorphic, 

mechanistic, and predictive (Smith 1989) (Table 1). These criteria closely resemble the ones 

established for models of psychiatric disorders (McKinney 1974) in that they capture their 

causal, symptomatic, mechanistic, and therapeutic valence.

The sham feeding model is achieved by equipping the animals with chronic fistulas to drain 

liquid food before entering the gastrointestinal tract therefore producing a defect in satiation. 

This allows to separate positive oro-sensory feedback, stimulating feeding, from negative 

intestinal feedback, inhibiting feeding (Corwin and Buda-Levin, 2004; Smith, 2004). While 

this model allows for the exploration of basic mechanisms relevant for binging, it presents 

limitations for most validity criteria, not reproducing the voluntary elements of food 

restriction and since animals maintain weight by being fed outside the sham-feeding tests.

Several models have been based upon cycles of dieting and overeating. Restriction/refeeding 

cycles consist of several days of limited food access followed by a few days of ad libitum 

access (Corwin and Buda-Levin, 2004; Virts et al. 1992). Most commonly body weight 

diminishes during these protocols, and the increased food intake accomplished with this 

procedure does not seem to be greater than the amount of food than most animals would eat 

during a similar time, due to compensatory eating. Nevertheless, some of these studies 

highlight neural and biological changes that might have importance to binging related 

disorders (Colantuoni et al. 2002, 2001; Rada et al. 2005).
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Another common methodology is based on limited access to fatty food, in particular to an 

optional source of dietary fat under non-food-deprived conditions over extended period of 

time. As access to the fat decreases, consumption of the fat increases when it is provided 

(Avena et al. 2009; Czyzyk et al. 2010). Nevertheless, a compensatory eating pattern 

emerges, as animals overeat on binge days and under eat on non-binge days. This response is 

very robust as it does not seem to habituate however doesn’t lead to excess body weight or 

adiposity (Czyzyk et al. 2010). With these limitations in mind, this model presents the 

advantage of voluntary behaviors that are reliably expressed and of good isomorphic 

validity, although the binging and non-binging phases seem to correspond to different 

neurobiological substrates.

Stress and binge eating disorders

Stress (Koolhaas et al. 2011; Harris 2015 for a review) has been often applied in developing 

eating disorder models. During chronic stress and the corresponding hyperactivation of the 

hypothalamus-pituitary-adrenal (HPA) axis, glucocorticoids and insulin increase craving for 

calorie-reach meals, a phenomenon explained by the “comfort food” hypothesis (Dallman et 

al. 2003; Dallman, 2010). According to this hypothesis, the preference for palatable food 

ingestion reduces the negative effects of stress via downregulation of corticotropin releasing 

factor (CRF) in the amygdala as well as through stimulation the anterior part of the pleasure-

associated anterior nucleus accumbens shell that outweighs the contribution of the stress-

stimulated posterior, defensive part of this nucleus (Dallman 2004, 2003; La-Fleur, 2004; 

Pecoraro, 2004; Rebuffe'-Scrive, 1992). Additionally, the consumption of palatable foods 

downregulates the stress response by activating reward pathways through reward-based 

structural plasticity (Avena and Bocarsly, 2012; Teegarden and Bale, 2008). Insulin level, 

elevated by food overconsumption, are thought to contribute to dampening 

adrenocorticotropic hormone (ACTH) and glucocorticoid responses to stress, as supported 

by the negative correlation between the hypothalamic para ventricular nucleus (PVN) CRF 

mRNA expression and plasma insulin levels (Dallman et al. 2007). As a result, the stress-

induced increase in consumption of palatable foods is also associated with reduced 

behavioral stress indices, such as anxiety-related behaviors, stress-induced learned 

helplessness, and reactions of pain and distress (Ulrich-Lai et al. 2015).

A variety of stress models have been used to stimulate food intake, differing in nature 

(physical or psychological), severity, and time of application.

The tail-pinch model has been used to induce hyperphagia, but the effect is short lived and 

does not set the stage for an increased body weight (Rowland and Antelman, 1977). 

Furthermore, results from the application of several pharmacological compounds have 

provided conflicting results, limiting the predictive validity of the model (Morley et al. 

1983).

While a similar case can be made for the application of shock stress per se, when combined 

with food restricting/refeeding protocols shock stress induces binge eating of palatable food 

(Hagan et al. 2002). Although again the model doesn’t facilitate the development of obesity 

and has been used to induce bingeing during short durations only, it seems to possess good 
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construct validity and to prove useful for identifying mechanistic predispositions to 

bingeing. The ability of chronic psychological stress to increase food preferences towards 

highly palatable food has been related to the intensity of the stress experienced. A milder 

version of the traditional chronic variable stress in terms of severity and duration/frequency 

of stress application, resulted in a more modest and short-lived increased preference for 

palatable foods than in rats stressed in the traditional chronic variable stress (Thompson et 

al. 2015). These data would suggest that higher intensity paradigms correspond to more 

pronounced and sustained preference for high palatable foods (Thompson et al. 2015). 

While the stress relief properties of the consumption of high palatable food may be 

transitory/temporary during continuous stress exposure, the unresolved hyperactivation of 

the HPA axis over time can continue to sustain food overconsumption and facilitate obesity, 

due for example to the permissive effect of glucocorticoids on lipogenesis and fat deposition 

(de Guia and Herzig, 2015). Nevertheless, palatable food intake blunts acute stress responses 

both in human and rodent studies, although the mechanisms involved still remain elusive 

(Ulrich-Lai et al. 2015).

Validity of classical models of binge eating disorders

Most binge eating in humans seems not to be driven by hunger or metabolic demands and 

most patients are overweight or obese (DSM5; Mathes et al. 2009; Mussell et al. 1995; 

Waters et al. 2001). Therefore the fact that experimental animals from classical BED models 

as highlighted above do not show significant increases in body weight/adiposity (Cao et al. 

2014; Czyzyk et al. 2010) limits their isomorphic validity. Similarly, most stress encountered 

by human and corresponding with the development of BED are of psychological nature 

(Heatherton et al. 1991; O’Connor et al., 2008), with onset of binge eating being preceded 

by elevated perceived stress and increased incidence of life stressors (Pike et al. 2006; 

Striegel-Moore et al. 2007).

This again limits the construct validity of some of the traditional models of human BED, 

particularly if based upon a physical stressor and may only partially target the interested 

physiology (mechanistic and predictive validity) (Rospond, 2016; add here some of the cits 

of Rev #3).

Aside from these traditional models of BED recent experimental evidences reviewed below 

strongly suggest that rodent models of chronic social stress elicit robust changes in eating 

behavior with high degree of face validity for BED and translational relevance for the human 

condition (Table 1).

Binge eating, hyperphagia and metabolic disorders in rodent models of 

social stress

Metabolic disorders due to psychosocial stress have now been well documented in humans 

(Bose, 2009; Dallman, 2006), non-human primates (Shively, 2009), and rodents 

(Bartolomucci et al. 2009, 2004; Coccurello et al. 2009; Finger, 2011; Kuo et al. 2007). 

Social subordination stress has long been considered ideal to mimic the impact of 

psychosocial stress on human pathologies (Bartolomucci et al. 2005; Koolhaas et al. 2011; 
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Sapolsky, 2005; Scott, 2012; Razzoli and Bartolomucci, 2016) and has been recently 

presented as a major risk factor for insulin resistance and T2D (Kelly and Ismail, 2015).

Nevertheless limited work addresses the role of subordination stress on meal pattern. In the 

visible burrow system (VBS) laboratory rats are housed together in a mixed-sex colony for 

several weeks during which males form a dominance hierarchy through agonistic 

interactions. Subordinate males present reproducible behavioral, endocrine, physiological, 

and neurochemical changes consistent with a severe stress phenotype, that is also associated 

to a profound weight loss due to reduced food intake (Blanchard et al. 1995; Nguyen et al., 

2007). During recovery from the VBS, subordinate rats immediately become hyperphagic 

and quickly regain the lost weight primarily as fat, resulting in greater overall and visceral 

adiposity than dominant and control rats. This effect is further enhanced in rats exposed to a 

second cycle of VBS stress and recovery. Consistent with increased adiposity, subordinates 

have elevated plasma leptin and insulin levels (Tamashiro et al. 2011, 2006). Meal pattern 

alterations have been observed during VBS housing and correspond to reduced meal size 

and frequency amounting to a hypophagic response that reflects the behavioral and 

neuroethological adaptations to the VBS environment. On the other hand, the hyperphagia 

observed during the VBS recovery is the outcome of larger and longer meals with longer 

inter-meal intervals (Melhorn et al. 2010).

Similarly to subordinate rats recovering from the VBS, a hyperphagic response has been 

observed in mice recovering from the chronic sensory contact or social defeat stress (CSD) 

model (Kumar et al. 2013). In this paradigm a link has been demonstrated between increased 

hypothalamic expression of the orexigenic neuropeptides NPY and AgRP in subordinate 

mice. This activation of NPY/AgRP neurons can contribute to the observed increased food 

intake and body weight and promote the use of carbohydrates as fuel while sparing fat 

(Chuang et al. 2010a, 2010b; Kumar et al. 2013). At the endocrine level, leptin production 

remains suppressed, and ghrelin secretion is increased to induce a potent feeding response 

that increases available energy stores (Lutter et al. 2008; Chuang et al. 2011). Similar to the 

behavior shown by subordinate in the VBS, in the CSD model hyperphagia results from 

larger but less frequent meals, considered indicative of a deficit in satiation.

In the chronic psychosocial stress model, subordinate mice develop a hyperphagia-

dependent insulin resistance which, associated to high fat diet feeding, leads to MetS and 

obesity (Bartolomucci et al. 2009, 2005; Dadomo et al. 2011; Razzoli et al. 2015a; Sanghez 

et al. 2016, 2013). Similarly to the CSD, the chronic psychosocial stress model is also based 

on the exploitation of a naturalistic valid construct of social disparity, the difference between 

the two being the instability (the former) versus the stability (the latter) of the social 

hierarchy (Razzoli and Bartolomucci, 2016). In the chronic psychosocial stress model, the 

subordinate animals exhibit a complex behavioral and metabolic syndrome characterized by 

up-regulated HPA axis functioning, behavioral depression-like disorders and autonomic and 

immune-endocrine changes (Bartolomucci, 2007; Bartolomucci et al. 2010, 2005; Dadomo 

et al. 2011). Hyperphagia arises and persists spontaneously in subordinate mice 

(Bartolomucci et al., 2010, 2009, 2004; Dadomo et al. 2011; Patterson et al. 2013; Sanghez 

et al. 2013). Furthermore, hyperphagia is not a compensatory response since, in mice housed 

at room temperature, it develops in absence of increased energy expenditure (Moles et al. 
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2006; Sanghez et al. 2013) and in presence of depression of locomotor activity 

(Bartolomucci et al. 2010, 2009; Dadomo et al. 2011; Razzoli et al. 2014). The 

overstimulation of food intake that leads to obesity occurs in concert with stress induced 

elevations of circulating corticosterone, glucose, and ghrelin, and hypothalamic expression 

of AGRP and NPY mRNA (Bartolomucci 2007; Bartolomucci et al. 2010, 2005; Dadomo et 

al. 2011; Razzoli et al. 2015, 2014; Patterson et al. 2013). In the subordinate mouse, the 

presence of an altered inhibitory feedback of the HPA axis suggested by elevated 

corticosterone levels, downregulated expression of hippocampal GR and dexametasone 

resistance (Bartolomucci et al. 2004, 2003; Razzoli et al. 2014) could contribute over time to 

sustain hyperphagia, while it is known that interruption of ghrelin signaling can blunt 

hyperphagia and its anabolic consequences (Patterson et al. 2013). On the other hand, lower 

levels of ghrelin receptors in the hypothalamic PVN have been associated with increased 

consumption of fat rich foods (Patterson and Abizaid, 2013).

An in depth analysis of subordinate meal pattern assigned a strong validity for modeling 

human BED associated with obesity (Razzoli et al. 2015): subordinate mice ingest more 

food at higher rate and with reduced satiety ratio than control mice, suggesting an impaired 

satiety (Strubbe and Woods, 2004), and a heightened stress reactivity (Harb et al. 1985; 

Krebs et al. 1997). Interestingly, this phenomenon does not reach a ceiling effect, since 

hyperphagia can increase further in response to an acute stress (Razzoli et al. 2015). The 

microstructure of subordinate hyperphagia changes over time, evolving from longer and 

more frequent meals to a paroxystic eating, consisting of an exaggerated amount of food 

consumed over much shorter meal times. Altogether, these features make the case for 

considering chronic subordination stress a valid model of BED since the majority of the 

diagnostic criteria are captured (Corwin and Buda-Levin, 2004) (Table 1): 1) The behavior 

occurs repeatedly over an extended period of time; 2) Bingeing animals consume more food 

in brief, discrete, periods of time than controls do under similar circumstances. 3) If 

compensatory behavior is present, it should be initiated by the animal rather than imposed 

by the investigator.

The association of subordination induced bingeing with the propensity to obesity and MetS 

as part of the subordinate metabolic phenotype is also very remarkable (Sanghez et al. 2016, 

2013). When subordinate mice are fed standard diet, their hyperphagia is associated with 

dyslipidemia but normal glucose tolerance in presence of increased body weight (Sanghez et 

al. 2013). Conversely, glucose intolerance, insulin resistance, and obesity develop due to the 

synergistic effect of high fat diet and subordination stress induced hyperphagia 

(Bartolomucci et al. 2009; Dadomo et al. 2011; Sanghez et al. 2013). Among the endocrine 

and metabolic changes induced in subordinate mice, increased glucocorticoid and free fatty 

acid levels might be considered crucial contributors for the development of insulin resistance 

through the downregulation of the insulin signaling pathway (Kahn, 1994; Sanghez et al. 

2013; Shpilberg et al. 2012; Stumvoll, 2005; Taniguchi et al. 2006). Subordination stress is 

able to induce a molecular signature of insulin resistance in skeletal muscle and liver which 

is larger in magnitude to the effect of high fat diet per se (Sanghez et al. 2016). Decreased 

IRS1/2 appears to be the key molecular node critically downregulated in the signaling 

pathway of subordinate mice. Interestingly, the adipose tissue is found to remain insulin 

sensitive possibly to help repartitioning of nutrients to the fat organ (Sanghez et al. 2016).
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Because obesity is a major risk factor for the development of the MetS and type 2 diabetes 

(Björntorp and Rosmond, 2000; Després and Lemieux, 2006; Eckel et al. 2005; Haslam and 

James, 2005; Zimmet et al. 2001) a food restriction regimen promoting weight loss should 

normalize the MetS as well (Aude et al. 2004; Kastorini et al. 2011). Preventing hyperphagia 

using a pair feeding protocol in subordinate mice abrogated body weight gain and visceral 

adiposity compared to subordinate mice that were fed ad libitum, without normalizing 

glucose homeostasis, potentially due to an exaggerated hunger stress sensitivity as 

demonstrated by the exacerbated hypercorticosteronemia induced by fasting (Razzoli et al. 

2015). Additional studies are warranted to evaluate if the limited food availability in pair fed 

animals could have the potential to stimulate food intake as suggested by increased craving 

induced by deprivation protocols in humans as well as bingeing as a consequence of limited 

access models in rodents (Berner et al., 2008; Polivy et al. 2005). Still, the prevention of 

subordination-induced obesity by precluding hyperphagia maintains clear translational 

implications for therapeutic interventions (McElroy et al. 2004) offering the potential of 

treating obesity with non-pharmacological interventions effective for binge eating and acting 

in a faster way (drugs are often effective after several weeks of treatment).

Concluding Remarks and Future Perspectives

The treatment of eating and metabolic disorders has proven challenging. While obesity, 

T2D, and metabolic disorders have become pandemic, there are still unmet needs in spite of 

the available pharmacological, surgical, and behavioral therapeutic strategies. One critical 

issue is that obesity is typically viewed as a homogenous condition, but there may be 

important and discrete etiopathologies – including, for example, binge-eating. This 

indirectly underscores the role played by external factors such as low socio-economic status 

and psychosocial stress as predispositions for the development of a broad spectrum of eating 

and obesity-associated conditions. So far, an increasing scientific scrutiny has contributed to 

identify several endocrine players in the dynamic regulation of metabolic function in 

response to stress, both at the central and peripheral level. A strong need remains to develop 

valid preclinical models of stress-related metabolic disorders. Evidences reviewed here 

suggest that the development and validation of a preclinical model in which binge-eating is 

associated with obesity is critical to disentangling underlying molecular mechanisms, 

generating testable predictions of innovative drug candidates, and translating preclinical 

observations into clinical settings. This is particularly poignant since the available classical 

models of BED do not recapitulate most of the diagnostic criteria and lacki construct 

validity. Conversely, chronic subordination stress models offer several advantages in linking 

stress to binging and obesity to ultimately facilitate the identification of the neurobiological 

basis of BED-related obesity.
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Highlights

• Eating disorders and obesity are prevalent and can associate with 

psychological stress.

• Human studies link bingeing and stress exposure.

• Most classic preclinical models of binge eating involve food deprivation and 

acute stress.

• Mouse subordination stress causes bingeing and metabolic disorder similarly 

to humans.
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Figure 1. Temporal association between lower-order negative affect (NA) subscales and binge 
eating episodes
The figure shows the momentary levels and trajectories of the facets of negative affect 

associated with binge eating episodes. The pre- and post-event trajectories of each negative 

affect subscale were modeled separately using piecewise linear, quadratic, and cubic 

functions centered on the time at which each of the eating episodes occurred. Momentary 

observations (Level 1) were nested within subjects (Level 2). With regard to Guilt, there 

were significant findings for both the pre- and post-event linear components of the binge 

eating model. The scaling of the y-axis ranged from 1.0 to 5.0. **p<.01. Modified from 

[Berg et al., 2015].
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