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Chronic stress aggravates glucose intolerance in leptin
receptor-deficient (db/db) mice
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Abstract Genetic predisposition and environmental

challenges interact to determine individual vulnerability to

obesity and type 2 diabetes. We previously established a

mouse model of chronic subordination stress-induced hy-

perphagia, obesity, metabolic like-syndrome and insulin

resistance in the presence of a high-fat diet. However, it

remains to be established if social stress could also ag-

gravate glucose intolerance in subjects genetically predis-

posed to develop obesity and type 2 diabetes. To answer

this question, we subjected genetically obese mice due to

deficiency of the leptin receptor (db/db strain) to chronic

subordination stress. Over five weeks, subordination stress

in db/db mice led to persistent hyperphagia, hyperglycemia

and exacerbated glucose intolerance altogether suggestive

of an aggravated disorder when compared to controls. On

the contrary, body weight and fat mass were similarly af-

fected in stressed and control mice likely due to the hy-

peractivity shown by subordinate mice. Stressed db/db

mice also showed increased plasma inflammatory markers.

Altogether our results suggest that chronic stress can ag-

gravate glucose intolerance but not obesity in genetically

predisposed subjects on the basis of a disrupted leptin

circuitry.
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Introduction

In the past 20 years, obesity has reached epidemic pro-

portions. The pervasiveness of obesity largely explains the

dramatic increase of type 2 diabetes (T2D) and associated

life-threatening complications (WHO 2006; Eckel et al.

2011). However, the mechanisms of obesity-related co-

morbidities remain unclear, as does our understanding of

individual susceptibility. While the majority of individuals

with obesity develop insulin resistance, T2D, dyslipidemia,

gout, hypertension and cardiovascular disease, ap-

proximately 30 % of obese individuals are metabolically

healthy most likely due to preserved insulin sensitivity

(Blüher 2012).

Leptin is a 16-kDa protein mainly produced and se-

creted by white adipose tissue with the crucial role of

informing various brain centers via leptin receptors about

the amount of body fat (Zhang et al. 1994). Leptin de-

ficiency can be caused by mutations in the leptin gene as

in rare autosomal recessive disease associated with

marked obesity and impaired gonadal function (Montague

et al. 1997; Strobel et al. 1998; Farooqi et al. 1999). In

contrast to congenital leptin deficiency, the majority of

obese individuals have higher leptin concentrations than

lean individuals and are leptin resistant (Considine et al.

1996a; Moon et al. 2011). Hyperleptinemia in humans

can be due to mutations at highly conserved positions of

the extracellular domain of the leptin receptor gene

(Chung et al. 1997; Francke et al. 1997; Thompson et al.

1997; Clément et al. 1998). In 1966, Hummel et al. de-

scribed a spontaneous mutation in a C57BL/Ks mouse
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colony that provoked hyperphagia, decreased energy ex-

penditure and obesity, fasting hyperglycemia increasing

with age and increase in plasma insulin and leptin con-

centration (Hummel et al. 1966; Coleman and Hummel

1967; Frederich et al. 1995; Chen et al. 1996; Chua et al.

1996; Lee et al. 1996; Madiehe et al. 2002). Later the

mouse leptin receptor gene, originally named diabetes

(db/db) and currently referred to as Lepr, was cloned, and

the mutation that determines the above-described pheno-

type was identified. Although it was determined that the

exact defect in the leptin receptor present in db/db mice

is not present in obese humans (Tartaglia et al. 1995,

Considine et al. 1996b), the db/db mouse has been used

to study the leptin-dependent mechanism of obesity and

T2D for over 40 years. More recently, abnormalities in

cognitive and emotional responses have also been char-

acterized in db/db mice, making them available to in-

vestigate neurobehavioral co-morbidities associated with

metabolic dysfunction (Dinel et al. 2011; Ernst et al.

2013; Li et al. 2002; Sharma et al. 2012). Psychosocial

stress is an important risk factor for to the development

of diabetes, obesity and associated co-morbid disorders

(Block et al. 2009; Torres and Nowson 2007; Trento

et al. 2010). It can be modeled in mice using the chronic

subordination stress (CSS) that induces vulnerability to

obesity, metabolic syndrome and insulin resistance further

aggravated by hypercaloric diet (e.g., Bartolomucci et al.

2004, 2009; Dadomo et al. 2011; Sanghez et al. 2013;

Razzoli et al. 2014, 2015a, b; Patterson et al. 2013). In

this study, we aimed at establishing whether obese and

diabetic prone db/db mice could develop an aggravated

metabolic phenotype due to the exposure to the psycho-

logical challenge of CSS impinging upon their abnormal

behavioral reactivity. Collectively our data demonstrate

that CSS can worsen glucose intolerance but not obesity

in db/db mice.

Materials and methods

Animals and general procedure

In these experiments, a 5-day baseline phase was followed

by 4 weeks of CSS. During baseline and the first week of

stress, all mice were fed a standard diet, while during the

second, third and fourth week of stress, mice were fed a

high-fat diet (HFD). During the last week of stress, animals

underwent a glucose tolerance test (GTT) and body com-

position analysis. Random-fed glucose level was monitored

weekly always at the same time.

Animals and diet

Experimental subjects were 3-month-old male db/db mice

(B6.BKS(D)-Leprdb/J) purchased from Jackson Laborato-

ries USA. Three- to four-month-old male CD-1 mice were

obtained from Charles River USA to be used as dominant

animals. All mice were maintained on a 12:12 h light/dark

cycle (lights on at 05:00 am) at 22 ± 2 �C. Mice were fed

a standard (2018 Tecklad, Harlan; 3.1 kcal/g, 18 % kcal

from fat) or a HFD (D12451 Research Diet, 4.73 kcal/g,

45 % kcal from fat).

Food intake (expressed in kcal/g) was quantified every

day for the entire duration of the experiment by measuring

the amount of food available in the food hopper every 24 h

(measured between 08:00 am and 08:30 am). To limit

spillage and protect against measurement inaccuracy, each

mouse was given daily only 3–4 whole food pellets, and the

bottom of the cage was carefully searched for any food

crumbs that, if found, were weighed together with the food

found in the hopper.

All animal experiments were approved by the University

of Minnesota Institutional Animal Care and Use Commit-

tee in accordance with the National Institutes of Health

Guide for the Care and Use of Animals.

Chronic subordination stress protocol

The protocol used has been described in detail in Sanghez

et al. (2013) and is a modified version of our standard

procedure (Bartolomucci et al. 2001, 2004, 2009). Briefly,

stable resident/intruder pairs of adult male mice were

established after a baseline period lasting 5 days. At the

beginning of the 4-week stress phase, each CD1 male

resident mouse received a db/db intruder mouse and the

two animals were allowed to freely interact for a maximum

of 10 min. Invariably the interaction led to the social

subordination of the db/db subject, as determined by direct

observation by a trained observer on the basis of the dis-

play of upright posture, flight behavior and squeaking vo-

calization by the subordinate individual (Bartolomucci

et al. 2001, 2009; Dadomo et al. 2011). After the interac-

tion that was carried out between 0830 and 0930 hours,

dominant and subordinate mice were separated by a per-

forated partition, which allowed continuous visual, audi-

tory and olfactory contact but no physical interaction. Age-

and weight-matched db/db mice housed in groups of three

were included as the control group according to our stan-

dard protocol and received daily gentle handling at the

same time of the social defeat procedure (Bartolomucci

et al. 2001, 2004, 2009; Sanghez et al. 2013).
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Home-cage locomotor activity

Locomotor activity was determined throughout the ex-

periments in subordinate mice by means of an automated

system that used small passive infrared sensors positioned

on the top of each cage (ActiMeter, TechnoSmart, Rome,

Italy) (Bartolomucci et al. 2009). This system allowed a

continuous monitoring of mice locomotor activity, except

during the aggressive interaction. Average daily activity

was measured during the dark phase and during the light

phase of both the baseline and the stress periods. The pe-

riod of the activity rhythm was analyzed using the Ac-

togramJ software package (Department of Neurobiology

and Genetics, University of Wuerzburg, Germany).

Random-fed glucose and glucose tolerance test

(GTT)

Random-fed glucose levels were assessed between 0830

and 0930 hours weekly immediately prior the social defeat

interaction. GTT was performed following an overnight fast

starting at 0800 hours. A small blood droplet was sampled

at 0, 30, 60 and 120 min after an i.p. injection of 1 g/kg

D-glucose dissolved in sterile saline (10 ml/kg body weight)

by nicking the mouse tail with a sharp razor blade, and

blood glucose levels were measured with an Accucheck

Aviva glucometer (Roche Diagnostics, Indianapolis, IN).

Body composition analysis

Body composition parameters such as total body fat and

total body fat free mass were determined by quantitative

nuclear magnetic resonance using EchoMRI-100 (QNMR

Systems, Houston, TX).

Plasma analysis

Starting at 0800 hours, after overnight fasting mice were

euthanized by decapitation following brief CO2 exposure

(\1 min). Trunk blood was collected in EDTA-coated tubes

(Sarstedt, Nümbrecht, Germany). Corticosterone was deter-

mined by a RIA kit (MP Biomedical, Solon, OH, USA). In-

sulin, leptin, total ghrelin, GLP-1, amylin, MCP-1, TNF-

alpha, IL-6, resistin, and glucagon were determined using

MILLIPLEX MAP Mouse Metabolic Hormone Magnetic

Bead Panel (Millipore, Billerica, MA, USA) and detected

using theBio-Plex 200 system (Bio-Rad,Hercules, CA,USA).

Statistical analysis

Data are represented as group mean ± standard error of

the mean and were analyzed with one-way ANOVA or

two-way ANOVA for repeated measures (Statsoft, Inc.

Tulsa, OK, USA). Post hoc analysis was conducted with

Duncan‘s post hoc tests (1 way ANOVAs and sig-

nificant main effect) or Tukey’s HSD [ANOVA for re-

peated measure or nonsignificant main effect (Wilcox

1987)]. The level of statistical significance was set for

p B 0.05.

Results

Subordination stress induced a significant hyperphagia

compared to control mice throughout the experimental

phase [stress F(1,26) = 33.39, p\ 0.001; time:

F(4,104) = 104.41, p\ 0.001; stress 9 time interaction

F(4,104) = 15.99, p\ 0001] (Fig. 1a). Nevertheless, hy-

perphagia did not lead to differences in body weight

(Fig. 1b) or body composition (Fig. 1c, d). However, the

increased caloric intake in the subordinate db/db mice

occurred in parallel with a significant increase in activity

corresponding to a disruption of the daily rhythmicity of

mouse spontaneous behaviors and suggesting increased

energy expenditure (Fig. 2a–c) [stress: F(1,10) =

10.66, p\ 0.01; dark/light phase F(1,10) = 116.58,

p\ 0.0001].

Remarkably, a time-dependent increase in random-fed

glycaemia became apparent in subordinated mice both

during the first week of stress in which mice are fed a low

fat diet and in the subsequent weeks in which mice are

switched to HFD diet, with glucose levels recorded at the

end of the last week of stress on the HFD corresponding to

307.12 ± 9.78 mg/dl in control and 370.0 ± 18.54 mg/dl

in subordinate db/db mice [stress F(1,26) = 19.059,

p\ 0.001; time: F(4,104) = 17.52, p\ 0.001] (Fig. 3a).

Subordinate db/db mice also showed an aggravated glucose

intolerance in the GTT when compared to controls [time:

F(3,75) = 174.57, p\ 0.001; stress 9 time interaction:

F(3,75) = 3.45, p\ 0.05; AUC F(1,25) = 2.2, p\ 0.05]

(Fig. 3b, c). Furthermore, stressed db/db mice showed

lower fasting corticosterone levels [F(1,21) = 9.05,

p\ 0.01] (Fig. 4a) in the presence of similar glucose and

glucagon levels (Table 1).

Finally, subordinate db/db mice showed higher plasma

TNF-alpha [F(1,26) = 4.61, p\ 0.05] and a trend for

increased IL-6 [F(1,24) = 3.55, p = 0.071] (Fig. 4b, c),

suggesting increased systemic inflammation which is

often associated with leptin or leptin receptor deficiency

associated obesity and T2D (Loffreda et al. 1998).

Plasma GLP-1 (p = 0.07) and ghrelin (p = 0.08) were

slightly increased in CSS mice, while other endocrine

markers were not significantly affected by chronic stress

(Table 1).
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Discussion

Here we demonstrate that exposure to chronic social stress

is able to aggravate glucose intolerance in individuals

having a genetic predisposition to develop obesity and

T2D. Indeed we showed that leptin receptor-deficient mice

exposed to social subordination stress manifested persistent

hyperphagia, hyperglycemia and aggravated glucose in-

tolerance altogether suggestive of impaired glucose

homeostasis. While obesity could not be worsened by

stress in db/db mice, probably due to the concurrent in-

crease in locomotor activity induced by stress, they also

showed a greater elevation of pro-inflammatory cytokine

plasma levels.

Similar to previously published data in strains not ge-

netically predisposed to obesity (Patterson et al. 2013;

Sanghez et al. 2013; Table 2), the current results further

support the multistage and polygenic nature of T2D and

Fig. 1 Metabolic consequences

of chronic psychosocial stress in

subordinate db/db mice. a Food

intake expressed as kcal/day.

b Body weight. Body

composition presented as fat

mass (c) and fat free mass (d).
N = 17 control, N = 12 stress.

Data are shown as mean and

SEM. Symbols refers to post hoc

test. ***p\ 0.001 versus

control
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suggest that the disease develops in the presence of mul-

tiple risk factors. In mouse strains of different genetic

backgrounds, we and others showed that CSS aggravates

diet-induced obesity and caused hypoactivity and hyper-

phagia (Table 2; Bartolomucci et al. 2005, 2009; Dadomo

et al. 2011; Patterson et al. 2013; Razzoli et al. 2015a, b).

In addition, stress in wild-type subordinate mice fed HFD

caused a metabolic syndrome, glucose intolerance and in-

sulin resistance; furthermore, they exhibit hormonal chan-

ges (i.e., higher leptin and decreased adiponectin) and

excessive free fatty acids levels, both of which are recog-

nized risk factors for the development of T2D. Therefore,

we aimed at testing whether genetically obese mice, i.e.,

the db/db strain (Boquist et al. 1974), would be more

vulnerable to the stress-induced dysregulation of glucose

tolerance. Subordinate db/db mice developed a sustained

hyperphagic response as it is normally observed in our

model (see above), but surprisingly they did not differ in

body weight and fat mass, as well as leptin and insulin

levels from controls. One explanation for this outcome

could be due to the increased overall activity induced in

subordinate db/db mice never before observed in this

model using different mouse strains (Fig. 2; Table 1). It is

worth to point out that db/db mice are known to exhibit

behavioral abnormalities, such as depression/anxiety and

psychosis-like behaviors (Li et al. 2002; Sharma et al.

Fig. 2 CSS-induced increase of

locomotor activity in

subordinate db/db mice.

a Increased average daily dark

(D, filled circles) and light

(L, empty circles) phase values

during the stress phase vs

baseline. b Animals

experiencing the social defeat

encounter (indicated by the red

asterisks) daily between ZT3.5

(0830 hours) and ZT4.5

(0930 hours) exhibited a

disrupted pattern of activity

compared to baseline.

c Quantification of CSS-induced

increase in subordinate mice

activity during both the light

and the dark phase of the stress

compared to baseline values.

(N = 11). *p\ 0.05 versus

corresponding phase in baseline
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Fig. 3 Glucose homeostasis is worsened in subordinate db/db mice.

a Random-fed glucose levels were assessed between 08:30 am and

09:30 am weekly. b Glucose tolerance test (GTT). c Area under the

curve (AUC) data for GTT were calculated and expressed as (mg/

dl 9 120 min, 9103). N = 17 control, N = 12 stress. Data are shown

as mean and SEM. Symbols refers to post hoc test. **p\ 0.01,

*p\ 0.05 versus control
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2010) and impaired ability to anticipate negative events in

a fear potentiated startle paradigm (Sharma et al. 2010). It

is also worth pointing out that different models of CSS,

known to elicit a similar depression-like phenotype, often

induce opposite metabolic consequences, thus suggestive

of different underlying molecular mechanisms (See Raz-

zoli et al. 2015a, b, for a review).

db/db mice are known to develop obesity due to hyper-

phagia that is sustained by the defective leptin circuitry

(Bates et al. 2003) and compensate for the obesity-associ-

ated insulin resistance by pancreatic beta-cell hyperplasia,

thereby maintaining only mildly elevated blood glucose

levels (Davis et al. 2010). Under subordination stress, db/db

mice became even more hyperphagic thus likely con-

tributing to persistent increase in plasma glycaemia. Overall

these findings extend previous results in wild-type mice and

support a link between stress and altered leptin signaling in

the development of stress-induced T2D in vulnerable obese

subjects (Könner et al. 2009; Sanghez et al. 2013).

Remarkably, subordinate db/db mice in spite of their

sustained hyperglycemia and glucose intolerance were able

to return to control glycemic levels after overnight fasting

suggestive of increased glucose clearance possibly medi-

ated by muscle metabolism associated with hyperactivity

(e.g., Ikemoto et al. 1995). The observed glucose intoler-

ance could thus be explained more as a stress-induced

failure to suppress fasting-induced hepatic gluconeogenesis

rather than impaired glucose clearance (Chan et al. 1975).

On the other hand, the dampened response of corticos-

terone to fasting of subordinate db/db mice apparently

contrasts with the observed stress-induced elevation in

corticosterone levels and hyperglycemia commonly in-

duced by this model in different mouse strains (Sanghez

et al. 2013; Bartolomucci et al. 2009; Patterson et al. 2013).

However, it must be noted that corticosterone level has

mostly been investigated in the fed state (e.g., Bartolo-

mucci et al. 2004; Razzoli et al. 2014) when no hypo-

glycemia-induced counter-regulatory hormone secretion is

present. In the only study in which corticosterone has been

measured in fasting conditions (Sanghez et al. 2013),

subordinate wild-type mice showed similar corticosterone

levels but increased glucose compared to controls. Con-

versely, subordinate db/db mice showed a lower corticos-

terone concentration than controls in the presence of

fasting glucose levels similar to non-stressed subjects. Our

data are in line with previous data (Oishi et al. 2007)

showing that overnight fasting induced a drop of glucose

level from *300 to *150 mg/dl, with a parallel increase

in plasma corticosterone in db/db mice. Conversely wild-

type mice showed an increase in corticosterone only after

*24 h of fasting and a glucose level of *67 mg/dl (Oishi

et al. 2007). It seems plausible to hypothesize that in our

experiment control db/db mice activated the HPA axis to

contrast a rapidly lowering glucose level, while stressed db/

db remained hyperglycemic and did not showed the

counter-regulatory increase in corticosterone likely be-

cause of increased activity-associated glucose clearance.

Finally, subordinate db/db mice showed a systemic low-

grade pro-inflammatory profile, as suggested by elevation

of TNF-alpha levels and mild increase in IL-6 levels, in

line with results in wild-type mice (Patterson et al. 2013).

Adipose tissue in obese and diabetic individuals might

develop an inflammatory milieu which ultimately leads to

insulin resistance (Patel et al. 2013). Macrophages, im-

mune-inflammatory cells and natural killer cells in innate

immunity are significantly activated in leptin receptor-

deficient mice (Lee et al. 2010). The present data could

support the link between a dysregulated immune and

metabolic function since leptin is also known to modulate

lymphocyte proliferation, apoptosis and cytokine secretion

(Fantuzzi and Faggioni 2000; Farooqi et al. 2002). Fur-

thermore these data are in line with new epidemiological

studies suggesting a major role for inflammation markers in

bFig. 4 CSS-induced dysregulation of endocrine responses to fasting

in subordinate db/db mice. a Plasma corticosterone. b Plasma IL-6.

c Plasma TNF-alpha. N = 17 control, N = 12 stress. Data are shown

as mean and SEM. Symbols refers to post hoc test. ***p\ 0.001,

*p\ 0.05, #p = 0.07, versus control

Table 1 Metabolic responses

to fasting in subordinate db/db

mice

Control Stress F(1,26) p

Total ghrelin (pg/ml) 31.6 ± 3.6 42.0 ± 4.1 3.46 0.074

GLP-1 (pg/ml) 578.9 ± 38.9 684.8 ± 41.8 3.21 0.085

Glucagon (pg/ml) 255.7 ± 33.3 285.5 ± 16.7 0.46 0.501

Insulin (ng/ml) 13.2 ± 0.6 13.4 ± 1.1 0.03 0.858

Leptin (ng/ml) 30.5 ± 5.0 31.3 ± 4.4 0.01 0.919

Resistin (ng/ml) 18.9 ± 1.8 18. 2 ± 1.9 0.08 0.782

Amylin (pg/ml) 599.7 ± 94.5 615.4 ± 200.1 0.01 0.937

Glucose (mg/dl) 154.4 ± 6.9 163.5 ± 10.4 0.57 0.454

MCP-1 (pg/ml) 395.4 ± 12.1 1066.3 ± 681.1 1.53 0.227

N = 17 control, N = 12 stress. Data are shown as mean and SEM
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the adult onset of diabetes in obese individuals (Luft et al.

2013).

Genetic factors are estimated to account for 40–70 % of

variance in human obesity, while the aetiology of the most

common forms of obesity is considered to stem from the

complex interaction of multiple genes and the environment

(Barsh et al. 2000; O’Rahilly 2009). Nevertheless, mono-

genic models of obesity contribute to the understanding of

the mechanisms at the basis of the regulation of adiposity,

since the existing human counterparts present strikingly

similar phenotypes (reviewed in Lutz and Woods 2012).

The db/db mouse is analogous to human homozygotes for a

mutation corresponding to a truncated form of the leptin

receptor; these patients present early onset obesity associ-

ated with hyperleptinemia, impulsive eating behavior and

emotional liability (Clément et al. 1998). Similarly, other

monogenic forms of human obesity have been associated

with mutations of genes involved in the melanocortin sig-

naling pathway such as: proopiomelanocortin (Krude et al.

1998), prohormone convertase 1 (Jackson et al. 1997) and

melanocortin 4 receptor (Farooqi et al. 2000). All these

forms of non-syndromic monogenic obesity share an early

onset obesity that is largely dependent on excessive caloric

consumption, suggesting a potential therapeutic approach

based on the control the food intake (Meyre and Froguel

2010). The present data on db/dbmice add to this picture, in

that one of our model most robust features is the induction

of hyperphagia in subordinate mice, which likely worsened

the metabolic phenotype of db/db subordinate mice (present

data; Sanghez et al. 2013; Razzoli et al. 2015a, b).

Specifically, the hyperphagic response of subordinate db/db

mice suggests that stress can be a major environmental

factor able to impair or aggravate glucose intolerance and

eventually lead to T2D even in already obese individuals

due to a deficient leptin receptor signaling pathway. Re-

markably, it is well accepted that in the human population

only a subgroup of obese patients develop T2D (Blüher

2012) and that stress and low socioeconomic status are

major risk factors for obesity and metabolic disorders

(Mackenbach et al. 1997; Mooy et al. 2000; McEwen and

Mirsky 2002; Chandola et al. 2006; Adler and Rehkopf

2008). It then seems reasonable to suggest that preventing

or limiting chronic stress in the obese population might

limit development of comorbid disease.
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