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Early-life adversity is associated with an enhanced risk for adult psychopathology. Psychiatric

disorders such as depression exhibit comorbidity for metabolic dysfunction, including obesity

and diabetes. However, it is poorly understood whether, besides altering anxiety and depression-

like behaviour, early stress also evokes dysregulation of metabolic pathways and enhances

vulnerability for metabolic disorders. We used the rodent model of the early stress of maternal

separation (ES) to examine the effects of early stress on serum metabolites, insulin-like growth

factor (IGF)-1 signalling, and muscle mitochondrial content. Adult ES animals exhibited dyslipi-

daemia, decreased serum IGF1 levels, increased expression of liver IGF binding proteins, and a

decline in the expression of specific metabolic genes in the liver and muscle, including Pck1, Lpl,

Pdk4 and Hmox1. These changes occurred in the absence of alterations in body weight, food

intake, glucose tolerance, insulin tolerance or insulin levels. ES animals also exhibited a decline

in markers of muscle mitochondrial content, such as mitochondrial DNA levels and expression

of TFAM (transcription factor A, mitochondrial). Furthermore, the expression of several genes

involved in mitochondrial function, such as Ppargc1a, Nrf1, Tfam, Cat, Sesn3 and Ucp3, was

reduced in skeletal muscle. Adult-onset chronic unpredictable stress resulted in overlapping and

distinct consequences from ES, including increased circulating triglyceride levels, and a decline

in the expression of specific metabolic genes in the liver and muscle, with no change in the

expression of genes involved in muscle mitochondrial function. Taken together, our results indi-

cate that a history of early adversity can evoke persistent changes in circulating IGF-1 and mus-

cle mitochondrial function and content, which could serve to enhance predisposition for

metabolic dysfunction in adulthood.
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Environmental experience during critical temporal windows of peri-

natal development plays an important role in programming adult

physiological function. The nature of the early experiences that

exert such persistent effects on adult physiology is diverse, includ-

ing varied early inputs such as stress or dietary perturbations (1).

The influences of early experiential perturbations have also been

linked via both preclinical and clinical studies to an enhanced risk

for the development of disease in adulthood (2,3). Early adversity is

strongly implicated as one of the key determinants of risk for the

development of psychiatric disorders such as anxiety and depres-

sion (4,5) and perinatal nutritional perturbations have indepen-

dently been demonstrated to contribute to the risk for diseases

such as Type II diabetes and obesity (6,7). It is intriguing that sev-

eral epidemiological studies have reported significant comorbidity

between specific psychiatric disorders and metabolic dysfunction

(8–10). The clinical literature indicates that stress-associated disor-

ders such as major depression significantly enhance the risk for

obesity and Type II diabetes (11,12). Furthermore, chronic stress

exposure in human subjects has been linked to the development of

the metabolic syndrome (13,14). However, it remains poorly under-

stood whether early-life experiences such as the exposure to stress,

which programs vulnerability for adult psychopathology, also

enhance risk for metabolic disorders in adulthood. The primary aim

of the present study was to investigate whether early-life stress

experience, in addition to influencing behavioural outcomes, can

also impinge upon metabolic pathways, thus programming

the potential risk for the emergence of metabolic dysfunction in

adulthood.



Preclinical studies have examined the influence of adult-onset

stress on metabolic function, and reports indicate that stressors

such as social defeat stress, combined acoustic and restraint stress

or chronic variable stress can induce metabolic alterations such as

enhanced leptin resistance, perturbed insulin function, increased

caloric intake and increased adiposity (15–17). Perturbations of the

hypothalamic-pituitary-adrenal (HPA) axis, the major stress-respon-

sive pathway in mammals, have also been demonstrated to

enhance body weight, adiposity, insulin and triglyceride levels (18).

Relatively fewer studies have investigated the influence of early

stress exposure on metabolism. These include studies reporting

altered insulin resistance in rats with an early stress history when

subjected to dietary perturbations in adulthood (19) and an

increased incidence of Type I diabetes in voles subjected to early

stress (20). Furthermore, clinical studies indicate that individuals

with adverse childhood experiences are at a heightened risk for

obesity and hypertension (21,22). Given that early stress exposure is

known to evoke long-lasting behavioural and neurological conse-

quences, we hypothesised that such early stress experience may

also program changes in metabolic pathways that are observable in

adulthood, long after the cessation of the early stress.

In the present study, we examined the influence of the early

stress of maternal separation (ES) on metabolic homeostasis in

adulthood, assessing circulating serum markers of glucose and lipid

metabolism. We also examined the influence of ES on insulin and

insulin-like growth factor (IGF)-1 signalling pathways, which play

an important role in maintaining glucose and lipid homeostasis

(23), in the target tissues (i.e. liver and skeletal muscle). Further-

more, we determined the impact of ES history on markers of mito-

chondrial content and function within the key target tissue (i.e.

skeletal muscle). We find that a history of ES induces a decline in

circulating IGF-1 levels and impinges upon pathways that regulate

muscle mitochondrial content and function in adult male rats.

These changes arise in the absence of perturbations of body weight,

food intake, insulin levels and glucose homeostasis, suggestive of a

state of metabolic dysfunction and enhanced vulnerability for

metabolic disorders after ES. Finally, a comparative analysis with

the effects of adult-onset stress revealed that the consequences of

ES exhibit both overlapping and distinct effects with respect to

those observed after adult stress. Our findings highlight dysregula-

tion of metabolic homeostasis in adult animals as a consequence

of early adversity.

Materials and methods

Animals

Adult male Sprague–Dawley rats bred and housed in the Tata Institute of

Fundamental Research (TIFR) animal facility were used for all experiments.

Animals were group housed at 21 °C and maintained under a 12 : 12 h

light/dark cycle with ad lib. access to food and water. Animals were fed

standard chow (22% wheat, 60% gram powder, 4% casein, 5% milk powder,

4% edible oils, 4% starch, 0.5–1% vitamins). Animal procedures were carried

out in accordance with the National Institutes of Health Guide for the Care

and Use of Laboratory Animals and were approved by the TIFR Institutional

Animal Ethics Committee.

Animal treatment paradigms

Animals were subjected to the early stress of maternal separation (ES) from

postnatal day (P)2 to P14, as described previously (24). Briefly, litters born

to pregnant primiparous dams were assigned randomly to control or ES

groups on P1. Litter size ranged from eight to 12 pups and, for each

experiment, animals were derived from at least three distinct litters to min-

imise litter-specific effects. This experimental design treats each individual

as n = 1, rather than litter groups being treated as n = 1. We chose this

design because our experiments were performed in adulthood and we

aimed to reduce the numbers of animals required across multiple experi-

ments. Pups in the ES group were separated as a litter from their mothers

for a period of 3 h daily from P2 to P14. The dams from the ES group

were first removed from their home cage to a novel cage prior to the

removal of the litter. During this period of daily separation, pups were

placed in beakers with nesting and bedding material similar to their home

cage and the beakers were placed on heating pads to maintain euthermal

conditions. Pups were returned to their home cage at the end of the sepa-

ration period prior to return of the dam. Control litters and dams were left

undisturbed in their home cage, except for routine cage cleaning, which

resulted in the brief handling of both control and ES groups every 3–

4 days. All pups across control and ES groups were weaned from their

dams at P28, after which they were housed in same-sex sibling groups of

three to four animals per cage. Female rats were removed from the experi-

ment at this point, and only male animals were used for subsequent anal-

ysis. The body weight of animals was measured at P10 and in adulthood

(4 months). ES animals were killed by decapitation in adulthood at either 4

or 8 months of age with their individual age-matched control groups, and

tissue and serum were collected for western blotting (n = 5–12 for Control

and ES), quantitative real-time polymerase chain reaction (PCR) analysis

(n = 17–20 for Control and ES) and serum measurements (n = 10 for Ctrl

and ES). ES animals were assessed for serum parameters, insulin/IGF-1 sig-

nalling in the liver and muscle, and mitochondrial content in the muscle.

In three distinct experimental cohorts of animals, ES and control animals

were also analysed for anxiety-like behaviour on the elevated plus maze

(EPM) task (n = 7 for Control; n = 12 for ES), response on an i.p. glucose

tolerance test (n = 6 for Control and ES) and response on an i.p. insulin

tolerance test (n = 6 for Control and n = 7 for ES). All animals used for

the experiment were aged between 4 and 8 months, which is within the

phase of sexual maturity and adulthood, and several months away from

post-reproductive senescence. For specific readouts, where we had results

from ES animals at both 4 and 8 months with their individual age-

matched control groups, we combined the results normalised to their own

controls to gain a more representative understanding of the effects of ES

in adulthood.

To draw a comparison between early and adult-onset stress, we com-

pared specific findings observed with ES animals with those observed

with an adult-onset stressor. Adult male rats (3 months) were subjected

to a chronic unpredictable stress (CUS) paradigm that consisted of a ran-

domised combination of two distinct stressors daily across ten consecu-

tive days, with the time of stressor exposure also randomly varied across

days (n = 10 for Ctrl and CUS). The stressors included cage rocking,

forced swim, cold isolation, food and water deprivation overnight, lights

on during dark period, lights off during light period, immobilisation and

social isolation. Control animals were left undisturbed in their home

cages other than regular cage cleaning every 3–4 days. On the 11th

day, animals were killed by decapitation and serum and tissue were

collected for serum measurements (n = 10 for Control and CUS), western

blotting (n = 4 for Control and CUS) and quantitative PCR analysis

(n = 9–10 for Control and CUS). CUS animals were assessed for serum

parameters, insulin/IGF-1 signalling and mitochondrial content in the

muscle.
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Behavioural analysis

To assess anxiety-like behaviour, animals were subjected to the EPM test

(age = 4 months, n = 7 for Control; n = 12 for ES). Animals were placed in

the centre of an EPM, 50 cm in height, with two open and two closed arms

(50 9 10 cm) and allowed to explore for a period of 10 min. Movements

were recorded using an overhead CCD camera, and scored using an auto-

mated tracking system (Noldus Ethovision 3.1; Noldus Information Technol-

ogy, Wageningen, The Netherlands) to measure time spent and total

distance moved in open and closed arms, as well as number of entries and

latency to enter open arms.

Body weight and food intake measurements

Body weights were measured at P10 (n = 8 for Control and ES) and in

adulthood for ES animals (age = 4 months, n = 11 for Control; n = 10 for

ES). CUS animals were weighed immediately prior to being killed, at the age

of 3.5 months (n = 10 for Control and CUS). ES animals were also assessed

for daily food intake in adulthood. A weighed quantity of food was placed

in the cage each day halfway through the light cycle, and the food remain-

ing was weighed after 24 h. Mean food intake over two consecutive days

was then used to compare across treatment groups (n = 13 cages for

Control and ES).

Serum profile analysis

Animals were killed in adulthood by rapid decapitation and trunk blood was

collected for serum measurements. Serum was collected in fresh tubes by

centrifuging whole blood samples at 1600 g for 10 min after coagulation at

room temperature for 30 min, and samples were assayed for blood glucose,

total triglycerides and cholesterol levels in a pathological laboratory (Shah-

bazker’s Diagnostic Center, Mumbai, Maharashtra, India) (for early stress,

age = 4 months, n = 10 for Control and ES; for adult stress,

age = 3.5 months, n = 10 for Control and CUS). Circulating serum insulin

and IGF-1 levels were determined using commercially available enzyme-

linked immunosorbent assay (ELISA) kits (Rat/Mouse Insulin ELISA kit, Cata-

logue no. EZRMI-13K, Millipore, Billerica, MA, USA; quantikine IGF-1

immunoassay kit, Catalogue no. MG100, R&D Systems Minneapolis, MN,

USA) in accordance with the manufacturer’s instructions (age = 8 months,

n = 8 for Control and ES).

Glucose tolerance test

Animals were subjected to an i.p. glucose tolerance test. Animals were

fasted overnight with fasting blood glucose measured from blood collected

through the incision of tail tips. All animals then received glucose (1 g/kg in

saline) i.p. and blood was collected from tail-tip incisions at intervals of 15,

30, 60 and 120 min after injection. Blood glucose levels were measured

using a one-touch blood glucose monitoring system (Accu-Chek Active

meter; Roche, Basel, Switzerland) (age = 8 months, n = 6 for Control and

ES).

Insulin tolerance test

Control and maternally separated animals were fasted overnight, and fasting

blood glucose was measured from blood collected by tail tip incision. All

animals were then injected i.p. with insulin (1.5 U/kg), and blood was col-

lected from tail tip incisions 15, 30, 60 and 120 min after injection. Blood

glucose levels were measured using a one-touch blood glucose monitoring

system (Accu-Chek Active meter) (age = 4 months, n = 6 for Control, n = 7

for ES).

Quantitative real-time PCR

Animals were killed by decapitation and sections of liver and thigh muscle

(vastus lateralis) were immediately excised and snap-frozen in liquid

nitrogen. RNA was extracted from these samples using Tri reagent (Sigma-

Aldrich, St Louis, MO, USA) and RNA concentration was measured

spectrophotometrically using a NanoVue spectrophotometer (GE Healthcare,

Little Chalfont, UK). RNA purity was determined by measuring the A260/A280
and A260/230 ratios. The RNA was then reverse transcribed (ABI first-strand

cDNA reverse transcription kit; Applied Biosystems, Foster City, CA, USA) and

the synthesised cDNA was subjected to quantitative real-time PCR using pri-

mers for the genes of interest (for early stress, age = 4 and 8 months with

age-matched controls, n = 20 for Control and ES in liver; n = 18 for Con-

trol and ES in muscle; for adult onset stress, age = 3.5 months, n = 10 for

Control and CUS in liver; n = 10 for Control and CUS in muscle). The primer

pairs used for the assay are detailed in the Supporting information

(Table S1). Quantitative real-time PCR was performed using the Bio-Rad

CFX96 Cycler (Bio-Rad Laboratories, Hercules, CA, USA), using the protocol:

initial denaturation at 95 °C for 2 min, followed by 40 cycles of 15 s at

95 °C for denaturation, 30 s at 60 °C for annealing and 20 s at 72 °C for

extension. Melt curve peaks were used to check that a single PCR product

was formed. Data were quantified using the ΔΔCt method, as described pre-

viously (25). Actin was used for normalisation of data in the muscle and

liver, and actin expression was not altered by the stress paradigms used in

the present study.

Western blot analysis

Western blotting was performed as described previously (24). Tissue samples

were homogenised in a buffer containing Tris buffer, pH 7.5 (200 mM),

ethylenediaminetetraacetic acid (EDTA) (1.5 mM), KCl (40 mM), glycerol (5%

v/v), dithiothreitol (0.5 mM), sodium fluoride (10 mM), sodium orthovandante

(1 mM) and sodium orthophosphate (1 mM), or in radioimmunoprecipitation

assay buffer [10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton

X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl] using a Minlys

homogeniser (Precellys; Bertin Technologies, Montigny-le-Bretonneux,

France). Commercially available protease or phosphatase inhibitors (Roche

and Sigma-Aldrich) were added to the buffers immediately before lysis.

Samples were centrifuged at 3300 g for 10 min, after which the super-

natant was collected. The protein concentration of the samples was esti-

mated using the Quantipro BCA assay kit (Sigma-Aldrich) and protein

lysates were resolved using a 10% sodium dodecyl sulphate-polyacrylamide

gel electrophoresis. Proteins were transferred onto polyvinylidene fluoride

membranes and probed with appropriate antibodies in accordance with

standard procedures. The antibodies purchased from Cell Signaling Technolo-

gies (Cell Signaling Technology, Beverly, MA, USA) were: rabbit anti-AKT

(dilution 1 : 500) (Catalogue no. 9272), rabbit anti-phospho-AKT (S473)

(dilution 1 : 500) (Catalogue no. 9271), rabbit anti-FOXO1 (dilution 1 : 1000)

(Catalogue no. 2880S), rabbit anti-phospho-FOXO1 (dilution 1 : 500) (Cata-

logue no. 9461S) and rabbit anti-insulin receptor (dilution 1 : 500) (Cata-

logue no. 3025S), whereas rabbit anti-TFAM (Catalogue no. AV31400)

antibody (dilution 1 : 1000) was obtained from Sigma-Aldrich. Bands were

visualised using a chemiluminiscence kit (ECL prime; GE Healthcare). a-Tubu-
lin was used to normalise the mean band intensities for TFAM (transcription

factor A, mitochondrial), whereas the intensity of bands for pAKT was nor-

malised to AKT and pFOXO1 was normalised to FOXO1. Independently, band

intensities for AKT were normalised to actin (liver) and tubulin (muscle) to

check for baseline differences in expression in ES animals. The relative den-

sity of bands was quantified using the IMAGEJ (NIH, Bethesda, MD, USA) (for

pAKT/AKT in early stress, age = 4 and 8 months with age-matched controls,

n = 9 for Control and ES in the liver; n = 11 for Control, n = 12 for ES in

the muscle; for TFAM in early stress, age = 8 months, n = 5 for Control
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and ES in the muscle; for pAKT/AKT in adult onset stress, age = 3.5 months,

n = 4 for Control and CUS in the muscle; for insulin receptor (INSR) in early

stress, age = 4 months, n = 3 for Control, n = 4 for ES in the liver, n = 4

for Control and ES in the muscle; for pFOXO/FOXO in early stress,

age = 4 months, n = 4 for Control and ES in the muscle).

Tissue triglyceride measurements

Frozen liver and muscle tissue samples from control and ES animals were

weighed before homogenisation in phosphate-buffered saline using a Minlys

homogeniser (Precellys; Bertin Technologies). Samples were centrifuged at

3300 g to pellet any debris, and the supernatant was assessed for triglyc-

eride content at a pathological laboratory (Shahbazker’s Diagnostic Center)

(age = 4 months, n = 6 for Control, n = 6 for ES).

Mitochondrial DNA measurement

Mitochondrial DNA levels were compared between Control and ES animals

as described previously (26). Briefly, total genomic DNA was extracted from

the muscles of Control and ES animals using a commercially available kit

(GeneiPureTM Mammalian Genomic DNA Purification kit; Merck, Darmstadt,

Germany). Quantitative real-time PCR for a mitochondrial genome-encoded

gene (cytochrome b) was then used to compare relative mitochondrial DNA

levels between groups. Data were normalised to cytochrome c, a nuclear

genome-encoded gene, and quantified by the DDCt method as described

previously (25) (age = 8 months, n = 4 for Control and ES). The primer

sequences used are provided in the Supporting information (Table S2).

Statistical analysis

An unpaired, two-tailed Student’s t-test was used to compare between

groups. P < 0.05 was considered statistically significant. Welch corrections

were applied to the t-test wherever the SDs were significantly different

between groups. Normality of data was tested using the Kolmogorov–

Smirnov method prior to t-test analysis (Instat; GraphPad Software Inc., San

Diego, CA, USA).

Results

Early stress evokes enhanced anxiety and a perturbed
plasma metabolite profile in adulthood

Maternal separation is a model of early stress (ES) known to induce

persistent behavioural effects on anxiety-like behaviour, as well as

disrupt stress responsivity (27). We first validated our model of ES

by assessing the impact of maternal separation on anxiety-like

behaviour. We subjected animals with a history of ES, as well as

their age-matched controls, to the EPM task in adulthood (n = 7

for Control, n = 12 for ES). ES animals exhibited enhanced anxiety-

like behaviour on the EPM, as determined by a significant decrease

in both the percentage of time spent (P = 0.0025), as well as the

percentage distance traversed (P = 0.0006) in the open arms, a sig-

nificant decline in open arm entries (P = 0.0226) and a higher

latency to enter the open arms (P = 0.0398) compared to controls

(Fig. 1C–F). We then assessed whether a history of ES influences

metabolic status by measuring body weight, food intake and circu-

lating lipid and glucose levels. Body weight measurements both at

P10 and in adulthood revealed no difference between experimental

cohorts with a history of ES and their age-matched controls (see

Supporting information, Fig. S1A,B) (n = 11 for Control, n = 10 for

ES). Furthermore, food intake measurements in adult ES animals

also did not differ from the control group (see Supporting informa-

tion, Fig. S1C) (n = 13 cages for Control and ES). We next aimed to
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Fig. 1. Early stress (ES) leads to persistent alterations in anxiety-like behaviour. Animals were subjected to the early stress of maternal separation from post-

natal day (P)2 to P14 and were assessed for anxiety-like behaviour on the elevated plus maze (EPM). The experimental paradigm is represented in the sche-

matic (A). Shown are representative traces from a control (Ctrl) and an ES animal for the path traversed in the open arms (OA) and closed arms (CA) of the

EPM (B). ES animals exhibited enhanced anxiety-like behaviour on the EPM as revealed by a significant decline in the percent of time spent (C) and percentage

distance (D) traversed in the open arms, as well as a decline in the number of entries into the open arms (E) and increased latency to enter open arms (F).

Results are expressed as the mean � SEM (age = 4 months, n = 7 for Ctrl; n = 12 for ES), *P < 0.05 compared to age-matched controls (Student’s t-test).
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determine whether glucose and lipid metabolism, as assessed by cir-

culating levels of glucose, triglycerides and cholesterol, were influ-

enced by early adversity (Table 1). Adult ES animals showed a

significant increase in circulating triglyceride levels compared to

their respective age-matched controls (P = 0.0475). By contrast, cir-

culating blood glucose and cholesterol levels were unchanged in

adult ES animals (n = 10 for Control and ES). Measurement of

triglyceride levels within the target tissues of liver and muscle

revealed a trend towards a decrease in liver triglyceride levels

(P = 0.0502) in ES animals (n = 6 for Control, n = 5 for ES),

whereas muscle triglyceride levels were unaltered between groups

(n = 6 for Control and ES) (Table 1). Taken together, these results

indicate that ES animals in adulthood exhibit anxiety-like behavioural

changes accompanied by specific peripheral metabolic changes,

namely enhanced circulating triglyceride levels and decreased liver

triglyceride levels, suggestive of altered lipid metabolism.

Early stress history does not alter insulin signalling

Lipid and glucose metabolism across multiple tissues is coordinated

through the insulin/IGF-1 signalling (IIS) pathway (23). We next

examined the influence of ES history on the IIS pathway by mea-

suring circulating insulin levels, as well as assessing downstream

signalling pathways within key metabolic target tissues, namely the

liver and muscle. We did not detect any change in circulating insu-

lin levels across control and ES groups (n = 8 for Control and ES)

(Fig. 2B). Although adult ES animals exhibited a significant increase

in insulin receptor (Insr) mRNA expression in the liver (P = 0.0008)

(n = 20 for Control and ES) and a decline in Insr expression in the

muscle (P = 0.0088) (n = 17 for Control and ES) (Fig. 2C,D), these

changes were not accompanied by alterations in INSR protein

levels in either the liver (n = 3 for Control, n = 4 for ES) (see

Supporting information, Fig. S2A) or the muscle (n = 4 for Control

and ES) (see Supporting information, Fig. S2B). We then examined

pAKT/AKT ratios as a measure of insulin signalling within the

target tissues of the liver and muscle to determine whether ES

animals exhibit signalling changes (n = 9 for Control and ES in the

liver; n = 11 for Control, n = 12 for ES in the muscle). An ES

history did not influence either total AKT levels (see Supporting

information, Fig. S3A,B) or pAKT/AKT ratios in either the liver or the

muscle (Fig. 2F,G).

Although we did not observe molecular perturbations associated

with altered insulin signalling, we performed an i.p. glucose toler-

ance test (GTT) (n = 6 for Control and ES) and an i.p. insulin toler-

ance test (ITT) (n = 6 for Control, n = 7 for ES) to examine insulin

sensitivity at the level of the organism. Our results indicate no per-

turbation of glucose homeostasis in ES animals as assessed by GTT

(Fig. 2E) and normal insulin sensitivity as assessed by ITT (Fig. 2H).

Taken together, these results reveal that, although adult ES animals

do show changes at the transcript level in insulin receptor expres-

sion within metabolic target tissues, this is not accompanied by

altered insulin signalling/sensitivity within these target tissues, nor

by any change in glucose homeostasis at the organismal level.

Early stress induces a decline in serum IGF-1

We then aimed to examine the effects of ES history on IGF-1 sig-

nalling, which is known to share signalling components with the

insulin signalling pathway but has been reported to exert distinct

and overlapping effects on cellular physiology in target tissues

(28,29). Adult ES animals showed a significant decline in circulating

serum IGF-1 levels compared to controls (P = 0.0043) (Fig. 3B)

(n = 8 for Control and ES). The ability of IGF-1 to elicit signalling is

tightly regulated by the IGF binding proteins (IGFBPs). We observed

significantly enhanced mRNA levels of specific IGFBPs, namely Igf-

bp2 (P = 0.0302) and Igfbp5 (P = 0.0382), as well as a trend

towards an increase in expression of Igfbp1 that did not reach sta-

tistical significance (P = 0.0593), in the liver of adult ES animals

(Fig. 3C). Muscle expression of the IGFBPs was unaltered in ES ani-

mals (Fig. 3E). Transcript levels of the IGF-1 receptor (IGF-1r) were

not changed in adult animals with an ES history (Fig. 3D,F) (n = 20

for Control and ES in liver; n = 18 for Control and ES in muscle).

These results reveal that ES history is associated with reduced

circulating IGF-1 levels.

Given that we observed a decline in circulating IGF-1 levels,

using two approaches, we aimed to investigate whether this

affected the activity of the Forkhead-box protein transcription fac-

tor, FOXO, which is known to be negatively regulated by IGF-1 sig-

nalling. The first approach involved measuring the transcript levels

of specific metabolic genes that are known to be transcriptionally

regulated by FOXO. We observed a significant up-regulation of

phosphoenolpyruvate carboxykinase 1 (Pck1) (P = 0.0002) and

lipoprotein lipase (Lpl) (P = 0.0094) in the liver and enhanced

mRNA levels of pyruvate dehydrogenase kinase, isozyme 4 (Pdk4)

(P = 0.0042) and heme oxygenase 1 (Hmox1) (P = 0.0367) in the

muscle (Fig. 3H,I) (n = 20 for Control and ES in liver; n = 18 for

Table 1. Serum Metabolites in Control (Ctrl) and Early Stress (ES) Animals.

Controls ES P-value

Blood glucose (mg/dl) 124.63 � 3.51 123.33 � 3 0.7867

Triglycerides (mg/dl) 78.5 � 3.63 93.1 � 5.82 0.0475*

Total cholesterol (mg/dl) 73 � 4.61 68.33 � 4.16 0.8958

HDL (mg/dl) 14.39 � 0.36 14.72 � 0.61 0.6503

LDL (mg/dl) 42.04 � 5.25 35.02 � 4.27 0.3145

Liver triglyceride (mg/g tissue) 6.70 � 0.40 5.41 � 0.21 0.0504#

Muscle triglyceride

(mg/g tissue)

12.47 � 2.53 7.93 � 2.34 0.2917

ES animals have altered serum and tissue metabolite levels. Shown are

serum concentrations of blood glucose, triglycerides, total cholesterol, high-

density lipoprotein (HDL) and low-density lipoprotein (LDL). Tissue triglyc-

eride levels were also measured in the liver and muscle (mean � SEM). ES

animals exhibited elevated serum triglyceride levels compared to age-

matched controls. A trend towards a decrease in liver tissue triglyceride

levels was also noted in ES animals. For measurements of serum metabo-

lites, age = 4 months, n = 10 for Control and ES; for liver triglycerides,

age = 4 months, n = 6 for Control, n = 5 for ES; for muscle triglycerides,

age = 4 months, n = 6 for Control and ES). *P < 0.05 compared to controls

(Student’s t-test). A trend towards significance is indicated: #P > 0.05 and

< 0.1.
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Control and ES in muscle). Second, we determined the phosphoryla-

tion levels of FOXO in the muscle by measuring pFOXO/FOXO ratio

using western blotting. However, ES animals did not differ from

Control animals with respect to the pFOXO/FOXO ratio in the mus-

cle (Fig. 3J). Taken together, these results reveal a decline in IGF-1

levels accompanied by the enhanced transcription of metabolic

genes in the target tissues of the liver and muscle, which was

not accompanied by changes in FOXO phosphorylation in the

muscle.

Early stress is associated with decreased muscle
mitochondrial content

Given our findings of enhanced circulating triglyceride levels and

decreased IGF-1 signalling, which, in preclinical and clinical studies,

have been reported to impinge upon muscle mitochondrial function

(30,31), we next aimed to determine whether markers of muscle

mitochondrial content and genes regulating mitochondrial function

were perturbed in ES animals. We examined relative mitochondrial
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Fig. 2. Early stress (ES) does not alter insulin signalling or influence glucose or insulin tolerance. The experimental paradigm is represented in the schematic

(A). Serum insulin levels were found to be unchanged between Control (Ctrl) and ES animals (B). Transcript levels of insulin receptor (Insr) revealed an up-regu-

lation in the liver (C) and a decline in skeletal muscle (D). Analysis of blood glucose levels after a glucose tolerance test (GTT) (E) and an insulin tolerance test

(ITT) (H) indicated no change between Ctrl and ES animals. Western blotting analysis for pAKT and AKT was performed on lysates from the liver (F) and muscle

(G) of Ctrl and ES animals and the ratio of pAKT/AKT was used as an indicator of insulin signalling. There were no differences observed in pAKT/AKT ratios

between the Ctrl and ES groups in either the liver or the muscle. Results are expressed as the mean � SEM [for insulin enzyme-linked immunosorbent assay,

age = 8 months, n = 8 for Ctrl and ES; for quantitative polymerase chain reaction (qPCR) in liver, age = 4 and 8 months with age-matched controls, n = 20

for Ctrl and ES; for qPCR in muscle, age = 4 and 8 months with age-matched controls, n = 18 for Ctrl and ES; for GTT, age = 8 months, n = 6 for Ctrl and

ES; for ITT, age = 4 months, n = 6 for Ctrl, n = 7 for ES; for western blotting in the liver, age = 4 and 8 months with age-matched controls, n = 9 for Ctrl

and ES; for western blotting in the muscle, age = 4 and 8 months with age-matched controls, n = 11 for Ctrl, n = 12 for ES], *P < 0.05 compared to con-

trols (Student’s t-test). P, postnatal day.
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ment of circulating IGF-1 levels in the serum revealed a significant decline in ES animals (B). Quantitative polymerase chain reaction (qPCR) analysis revealed a

significant increase in Igfbp2 and Igfbp5, and a trend towards an increase in Igfbp1 that did not reach statistical significance (P = 0.0593) in the liver (C) with
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expression in muscle derived from Ctrl or ES groups. Shown is a schematic illustrating the regulation of FOXO-based gene transcription by IGF-1 signalling (G).

IGF-1 signalling mediates an enhanced phosphorylation of FOXO, thus sequestering FOXO in the cytoplasm and reducing FOXO-mediated gene transcription.

qPCR analysis of the metabolic genes phosphoenolpyruvate carboxykinase 1 (Pck1) and lipoprotein lipase (Lpl) in the liver (H) and pyruvate dehydrogenase

kinase, isozyme 4 (Pdk4) and heme oxygenase 1(Hmox1) in the muscle (I), respectively, revealed increased expression. However, analysis of pFOXO/FOXO ratios

in the muscle revealed no differences between Ctrl and ES groups (J). Results are expressed as the mean � SEM (for IGF-1 enzyme-linked immunosorbent

assay, age = 8 months, n = 8 for Ctrl and ES; for qPCR in liver, age = 4 and 8 months with age-matched controls, n = 20 for Ctrl and ES; for qPCR in mus-

cle, age = 4 and 8 months with age-matched controls, n = 18 for Ctrl and ES; for western blotting in the muscle, age = 4 months, n = 4 for Ctrl and ES)

*P < 0.05 compared to controls (Student’s t-test). A trend towards significance is indicated: #P > 0.05 and < 0.1. P, postnatal day.
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DNA (mtDNA) levels, and studied the expression of TFAM, a protein

that localises to the mitochondrial matrix, to serve as indicators of

mitochondrial content. Interestingly, we observed a significant

decline in TFAM protein levels as assessed by western blotting

(P = 0.0035) (Fig. 4B,C) (n = 5 for Control and ES), which was

accompanied by a decrease in relative mtDNA levels (Fig. 4D) (n = 4

for Control and ES) (P = 0.0060) in skeletal muscle derived from

adult ES animals compared to age-matched controls. These results

are indicative of a decline in muscle mitochondrial mass in adult ES

animals. We then assessed the expression of several genes involved

in mitochondrial biogenesis, transcription and maintenance in the

muscle of ES animals. The genes assessed included peroxisome pro-

liferator-activated receptor c, coactivator 1a (Ppargc1ɑ), a

transcription co-activator and a major regulator of mitochondrial

biogenesis, nuclear respiratory factor 1 (Nrf1), a transcription factor

that regulates the expression of several nuclear-encoded mitochon-

drial genes involved in mitochondrial respiration, transcription and

translation, and transcription factor A, mitochondrial (Tfam), an

activator of mitochondrial transcription and replication (32). Ani-

mals with a history of ES exhibited significantly decreased expres-

sion of Ppargc1ɑ (P = 0.0017), Nrf1 (P < 0.0001) and a trend

towards a decrease in expression of Tfam that did not reach statis-

tical significance (P = 0.0991) in the muscle. We also observed a

decrease in transcript levels of catalase (Cat) (P = 0.0008), a protein

involved in the scavenging of reactive oxygen species, sestrin 3

(Sesn3) (P = 0.0435), a stress-responsive protein shown to regulate
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Quantitative polymerase chain reaction (qPCR) analysis revealed a decrease in the expression of the following genes known to be involved in the regulation of

mitochondrial function: peroxisome proliferator-activated receptor c, coactivator 1a (Ppargc1ɑ), nuclear respiratory factor 1 (Nrf1), transcription factor A, mito-

chondrial (Tfam) (P = 0.0991), catalase (Cat), sestrin 3 (Sesn3) and uncoupling protein 3 (Ucp3) (P = 0.0602) in the muscle of ES animals compared to controls
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insulin sensitivity (33), and a trend towards a decrease in expres-

sion that did not reach statistical significance for uncoupling pro-

tein 3 (Ucp3) (P = 0.0602), a mitochondrial uncoupling protein (34)

(Fig. 4E) (n = 18 for Control and ES). These results indicate that

adult animals with an ES history exhibit a significant reduction in

nuclear-encoded genes associated with mitochondrial biogenesis,

accompanied by a decline in relative mitochondrial DNA levels and

TFAM protein expression. Taken together, these results are sugges-

tive of a decline in mitochondrial content and function as a conse-

quence of ES history.

Adult-onset CUS exerts distinct effects on insulin/IGF-1
signalling and does not alter mitochondrial function

Given our observations of decreased IGF-1 signalling and impaired

muscle mitochondrial status in ES animals, we next aimed to inves-

tigate whether these metabolic changes were unique to animals

with an early stress experience or would also be evoked in response

to adult-onset stress exposure. Adult-onset CUS induced an

increase in circulating triglyceride levels (P = 0.0369) (Table 2)

(n = 10 for Control and CUS) and also showed enhanced insulin

receptor (Insr) mRNA levels in the liver, similar to the changes

noted in animals with an ES history (Fig. 5B) (n = 10 for Control

and CUS). However, no change was noted in Insr expression in the

muscle (Fig. 5D) (n = 10 for Control and CUS). Body weight mea-

surements revealed no differences between control and CUS groups

(see Supporting information, Fig. S4A). Signalling through the insu-

lin/IGF-1 pathway was assessed by measuring AKT phosphorylation

in the muscle and both total AKT (see Supporting information,

Fig. S4B) and the pAKT/AKT ratio (Fig. 5F,G) were found to be

unchanged in CUS animals compared to their controls (n = 4 for

Control and CUS). By striking contrast to the effects on FOXO target

genes observed in ES animals, CUS was associated with a signifi-

cant decline in expression of the FOXO target gene Pck1

(P = 0.0265) in the liver and Pdk4 (P = 0.0078) in the muscle

(Fig. 5C,E) (n = 10 for Control and CUS in liver; n = 10 for Control

and CUS in muscle). Quantitative PCR analysis of mRNA levels of

genes involved in the regulation of mitochondrial function,

including Ppargc1a, Sesn3, Cat, Tfam and Nrf1, showed no change

between control and CUS groups (Fig. 5H) (n = 10 for Control and

CUS in liver; n = 10 for Control and CUS in muscle).These results

clearly show that ES and CUS produce both distinct and overlap-

ping effects on metabolism in key target tissues.

Discussion

The major finding of the present study is that ES animals in adult-

hood demonstrate a dysfunction of metabolic status as revealed by

dyslipidaemia, decreased serum IGF-1 levels, perturbed expression

of liver IGFBPs and dysregulation of metabolic gene expression in

the liver and muscle, accompanied by a decline in mitochondrial

content in skeletal muscle (Fig 6). These changes observed in ES

animals are noted in the absence of any change in body weight,

serum insulin, glucose homeostasis or food intake. These results

highlight the importance of early adversity not only for exacerbat-

ing the risk for anxiety and depressive behaviour in adulthood, but

also for evoking long-lasting perturbations of metabolic homeosta-

sis, thus establishing a putative substratum for enhanced risk

towards adult metabolic dysfunction. To the best of our knowledge,

this is the first report to indicate the persistent effects of ES on

muscle mitochondrial content, as well as circulating IGF-1 levels,

which were observable long after the cessation of ES.

The ES of maternal separation has been reported to program

behavioural dysfunction with perturbations noted in anxiety and

depressive-like behaviour, cognitive performance, and a risk for sub-

stance abuse accompanied by persistent endocrine consequences,

such as a disruption in HPA axis feedback regulation (24,35,36).

Several of the above behavioural and endocrine alterations emerge

in adulthood, are persistent, and can be exacerbated further in

response to the second hit of adult-onset stress (27). In addition to

the behavioural and endocrine dysfunction noted in the maternal

separation model, reports also indicate perturbed brain–gut sig-

nalling and altered cytokine-linked immune responses (37,38). Thus

far, few preclinical studies have investigated whether ES history is

also linked to metabolic changes. In this regard, a few clinical stud-

ies indicate an association between early adversity and adult meta-

bolic dysfunction, with a longitudinal study reporting a higher risk

for the development of obesity in women with a history of child-

hood sexual abuse (22), as well as reports showing that higher

adverse childhood experience scores predict an increased risk for

cardiovascular disorders (21). The results of the present study indi-

cate long-lasting alterations in a key metabolic signalling pathway,

namely the IGF-1 pathway in animals with a history of ES, accom-

panied by mitochondrial dysregulation, and suggest that such per-

turbations may contribute to the links between early adversity and

adult metabolic dysfunction.

The insulin/IGF-1 pathway is critical for the maintenance of nor-

mal glucose and lipid homeostasis in the body, and genetic/phar-

macological disruptions of insulin/IGF-1 signalling lead to severe

dysregulation of metabolism in multiple tissues (23,39). Additionally,

both insulin and IGF-1 have been shown to cross the blood–brain

barrier and affect cognitive, anxiety, depression-like and feeding

behaviour in rodents (40,41). In our paradigm, we did not observe

Table 2. Serum Metabolites in Control (Ctrl) and Chronic Unpredictable

Stress (CUS) Animals.

Controls CUS P-value

Blood glucose (mg/dl) 155.87 � 2.64 162.4 � 3.72 0.1925

Triglycerides (mg/dl) 49.12 � 5.57 68.7 � 6.25 0.0369*

Total cholesterol (mg/dl) 51.37 � 0.94 54.2 � 1.15 0.086

HDL (mg/dl) 16.32 � 0.54 16.77 � 0.4 0.5072

LDL (mg/dl) 25.22 � 1.24 23.69 � 1.00 0.3458

CUS animals have altered serum metabolite levels. Shown are concentrations

of blood glucose, triglycerides, total cholesterol, high-density lipoprotein

(HDL) and low-density lipoprotein (LDL) (mean � SEM) in the serum. CUS

animals exhibited elevated serum triglyceride levels compared to age-

matched controls (age = 3.5 months, n = 10 for Ctrl and CUS). *P < 0.05

compared to controls (Student’s t-test).
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any changes in glycaemic state in ES animals, as assessed by fed

and fasted serum glucose levels. In the absence of any discernable

difference between the two cohorts on a glucose tolerance test or

an insulin tolerance test, we conclude that ES does not affect glu-

cose homeostasis, insulin signalling or insulin sensitivity. Further-

more, we did not observe any changes in insulin levels, or

downstream signalling in either the muscle or liver, despite a per-

sistent alteration of mRNA levels of the insulin receptor in both tis-

sues in adult ES animals. Indeed, the transcriptional dysregulation

of insulin receptor levels was not found to translate into protein

level changes, which might explain the absence of any signalling

effects. Our findings differ in this regard from previous studies

showing an association between chronic stress and the dysregula-

tion of glucose metabolism (16,19). Such a difference in findings

may be intrinsically coupled to the nature and duration of the

stressor. Maintenance of normal basal insulin signalling and a con-

sequential lack of glycaemic response might reflect the differential

ability to buffer diverse stressors. It is also important to note that

clinical studies on the effects of early adversity on adult metabolic

status are a composite of the effects of early stress, as well as an

overlaying of dietary or lifestyle habits. Together, these could serve

to exacerbate the metabolic changes evoked by early stress and

increase the risk for the emergence of metabolic dysfunction and

pathology.
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Fig. 5. Adult-onset chronic unpredictable stress influences metabolic gene expression and does not alter mitochondrial function. Shown is a schematic for

the stress paradigm after which quantitative polymerase chain reaction (qPCR) and western blot analysis was performed on tissue derived from liver and skele-

tal muscle (A). Chronic unpredictable stress (CUS) was associated with an increase in mRNA expression of insulin receptor (Insr) in the liver (B) accompanied by

a decline in expression of Pck1 and no change in Lpl mRNA levels compared to controls (C). CUS animals exhibited no change in Insr mRNA expression (D) in

skeletal muscle, accompanied by decreased Pdk4 expression and no change in Hmox1 mRNA levels (E). Western blotting analysis for pAKT and AKT revealed no

change in pAKT/AKT ratios between CUS and Control (Ctrl) groups in the muscle. Shown are representative blots for pAKT and AKT in Ctrl and CUS animals (F)

and quantitative densitometric analysis for pAKT/AKT ratios is shown in (G). Muscle mRNA levels of the mitochondrial regulatory genes Ppargc1a, Nrf1, Tfam,

Cat and Sesn3 were not significantly altered between Ctrl and CUS groups (H). Results are expressed as the mean � SEM (for qPCR in liver, age = 3.5 months,

n = 10 for Ctrl and CUS; for qPCR in muscle, age = 3.5 months, n = 10 for Ctrl and CUS; for western blotting in the muscle, age = 3.5 months, n = 4 for

Ctrl and CUS), *P < 0.05 compared to controls (Student’s t-test).
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A major highlight of the present study was the observation of a

significant decline in circulating IGF-1 levels and an associated

increase in liver IGFBP expression in ES animals. IGF-1 in circulation

is largely derived from the liver, and its synthesis is regulated by

hypothalamic-pituitary inputs via the somatotrophic axis, consisting

of growth hormone secretion from the pituitary driven by hypotha-

lamic growth hormone-releasing hormone signalling (42). Altered

IGF-1 signalling is known to have significant consequences on insu-

lin sensitivity, bone growth, muscle mass and lipid metabolism

(42,43). Despite sharing signalling components, insulin and IGF-1

signalling also have non-overlapping effects on organismal physiol-

ogy, metabolism and growth, and these differences likely arise from

differential effects on gene expression (29). Our observations of

reduced IGF-1 levels accompanied by increased liver IGFBP expres-

sion are particularly interesting given that the model of maternal

separation has been shown to cause a decline in growth hormone

levels in the pups (44). We observed a decline in IGF-1 levels in the

circulation in ES animals. However, this did not translate into

changes in the pAKT/AKT or pFOXO/FOXO ratios in ES animals.

Although our results do indicate an altered IGF-1 axis, they do not

reveal any change in baseline IGF-1 signalling in target tissues at

the time points examined. Despite no change in pFOXO/FOXO ratios,

we did note an altered expression of several metabolic genes in tar-

get tissues, which are transcriptional targets of multiple transcrip-

tion factors, including FOXO, glucocorticoid receptor and CREB. This

raises the possibility of alternative signalling downstream to IGF-1,

which is AKT independent. Alternatively the dysregulated gene

expression that we observed could be independent of changes in

IGF-1. Collectively, our results indicate a metabolic imprint of early

adversity that is maintained long after the cessation of stress

(Fig 6). It will be particularly interesting to investigate whether such

a shift in metabolic status of ES animals serves to establish vulner-

ability for metabolic dysfunction under baseline conditions. Alterna-

tively, it could set up a predisposition towards a disease phenotype
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Fig. 6. Summary of the metabolic changes observed in adult animals with a history of the early stress of maternal separation or of adult-onset chronic

unpredictable stress (CUS). Early stress (ES) animals in adulthood exhibited metabolic changes as revealed by a decline in circulating serum insulin-like growth

factor (IGF)-1 levels and an increase in triglyceride levels. A change in metabolic status in the target tissues of liver and muscle was supported by evidence of

an increase in metabolic gene expression, namely Pck1 and Lpl mRNA levels in the liver and Hmox1 and Pdk4 mRNA levels in the skeletal muscle. ES history

also evoked persistent changes in the muscle mitochondrial status, including a decline in relative mtDNA levels, a decrease in expression levels of the mito-

chondrial matrix protein TFAM (transcription factor A, mitochondrial), and reduced expression of several genes involved in the regulation of mitochondrial

function, namely Ppargc1a, Nrf1, Tfam, Cat, Sesn3 and Ucp3. Exposure to adult onset stress (CUS) produced a strikingly different profile of gene expression

changes from ES in the liver and muscle, at the same time as displaying a similar increase in triglyceride levels in the serum. These findings suggest that a

history of early adversity is associated with long-lasting perturbations of specific metabolic pathways, in particular IGF-1 levels and muscle mitochondrial

function, which are effects that are distinct from the effects of adult onset stress. P, postnatal day.
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when challenged by a ‘second hit’ of an adult onset stressor or a

dietary perturbation.

Amongst the genes that were observed to be upregulated in

skeletal muscle derived from adult ES animals was heme oxygenase

1(Hmox1). Increased expression of Hmox1 has previously been

shown to reduce mitochondrial function and impinge upon the

nuclear transcription of mitochondrial genes via Sirt1 and PGC1a
(30). Our results indicate a decrease in mitochondrial biogenesis and

overall mitochondrial mass in ES animals, using a number of differ-

ent markers, including mitochondrial DNA levels and the expression

levels of several genes critically involved in regulating mitochondrial

function. Further studies are required to investigate whether these

molecular changes encode a decline in muscular performance or

vulnerability towards muscle wasting disorders. Of significant inter-

est is the possibility that the changes observed in the skeletal mus-

cle may have non-autonomous effects on the central nervous

system, as suggested by a recent study in which skeletal muscle

PGC1a was shown to regulate stress-associated depression-like

behaviour via the modulation of an inflammatory pathway (45). This

also raises the question of whether interventions aimed at restoring

the peripheral metabolic phenotype, such as exercise, would serve to

counteract the behavioural effects of ES that emerge in adulthood.

In our comparative analysis of the effects of ES and adult-onset

CUS (Fig 6), we found a significant increase in circulating triglyc-

eride levels in both models. Interestingly, in addition to an increase

in circulating triglycerides, we also observed a strong trend towards

a decline in stored triglyceride levels in the liver. Similar observa-

tions have been reported previously in preclinical models that show

impairments in liver triglyceride synthesis or storage, concomitant

with a defect in triglyceride clearance (46,47). Our observations

highlight the possible contributory effects of psychological stress

on the regulation of peripheral metabolism and corroborate data

obtained from clinical studies on human subjects showing that an

exposure to acute psychological stress is associated with a robust

increase in triglyceride levels and an impairment in triglyceride

clearance (48). There are contradictory reports in the literature

regarding the effects of early stress on triglyceride levels in preclin-

ical models, with studies showing increased (49) or no change (19)

in triglyceride levels. However, broad dyslipidaemia, as well as alter-

ations in fat mass and adipose tissue gene expression, have been

reported previously with both adult and early stress models (15,19).

We propose that dysregulation in lipid metabolism may be a gen-

eral consequence of exposure to stress events, with the nature and

degree of manifestation dependent upon the nature and type of

stressor being administered. Our findings with the ES and CUS

models differed in their effects on liver and muscle gene expression

and in the regulation of muscle mitochondrial status. These findings

indicate that the timing and nature of the stressor are likely to reg-

ulate the specific type of metabolic consequences evoked, and pro-

vide impetus for future studies that aim to uncover whether there

exist critical periods in which the impact of stress can exert a per-

manent effect on metabolic status.

When interpreting the consequences of ES history on metabolic

parameters, it is important to note that one of the caveats of the

present study is that it is restricted to assessing the consequence of

ES in only male animals. A previous study investigating the effects

of a history of adverse experience in early life specifically in female

rats found reduced insulin resistance markers, decreased Ppargc1a

expression in the adipose tissue and an altered response to an obe-

sogenic diet in maternally separated rats (19). A comparison of these

findings with our results suggests the possibility that there may

exist significant sexual dimorphism in the metabolic response to

adverse early-life experience. These studies provide impetus for

future investigations systematically investigating the effects of ES

history in both males and females across the life-span.

In conclusion, the results of the present study demonstrate a

persistent and robust dysregulation of circulating IGF-1 levels, as

well as muscle mitochondrial content, in adult rats with a history

of early adversity. It is possible that this encodes an enhanced vul-

nerability to metabolic disorders, which may be unmasked by subse-

quent exposure to a metabolic or psychological challenge, or a

natural process such as ageing. In a clinical context, this might

indicate a heightened risk towards metabolic disorders in patients

who have suffered childhood trauma and abuse. Our results sup-

port a strong causative link between psychosocial risk factors and

the establishment of vulnerability to metabolic syndromes. Finally,

we consider that our results will motivate further studies on inves-

tigating mechanistic links between psychological stress and the dis-

ruption of metabolic homeostasis, which could uncover potential

therapeutic interventions that can counter both behavioural and

metabolic dysfunction.

Acknowledgements

We would like to thank Dr Deepika Suri, Dr Madhurima Benkarareddy and

Amrita Bhattacharya for technical assistance. This research was supported by

TIFR Intramural Funds to Dr Ullas Kolthur-Seetharam and Dr Vidita A. Vaidya.

Funding

This study was supported by TIFR Intramural Funds to Dr Ullas Kolthur-

Seetharam and Dr Vidita A. Vaidya.

Conflict of interests

The authors of the manuscript have no conflicts of interest to declare.

Received 10 August 2015,

revised 6 April 2016,

accepted 14 May 2016

References

1 Boersma GJ, Bale TL, Casanello P, Lara HE, Lucion AB, Suchecki D, Tama-

shiro KL. Long-term impact of early life events on physiology and beha-

viour. J Neuroendocrinol 2014; 26: 587–602.

2 Bale TL, Baram TZ, Brown AS, Goldstein JM, Insel TR, McCarthy MM,

Nemeroff CB, Reyes TM, Simerly RB, Susser ES, Nestler EJ. Early life pro-

gramming and neurodevelopmental disorders. Biol Psychiatry 2010; 68:

314–319.

3 Cottrell EC, Ozanne SE. Early life programming of obesity and metabolic

disease. Physiol Behav 2008; 94: 17–28.

© 2016 British Society for Neuroendocrinology Journal of Neuroendocrinology, 2016, 28, 10.1111/jne.12397

12 of 14 S. Ghosh et al.



4 Heim C, Nemeroff CB. The role of childhood trauma in the neurobiology

of mood and anxiety disorders: preclinical and clinical studies. Biol Psy-

chiatry 2001; 49: 1023–1039.

5 Str€uber N, Str€uber D, Roth G. Impact of early adversity on glucocorti-

coid regulation and later mental disorders. Neurosci Biobehav Rev

2014; 38: 17–37.

6 Velkoska E, Morris MJ. Mechanisms behind early life nutrition and adult

disease outcome. World J Diabetes 2011; 2: 127.

7 Duque-Guimar~aes DE, Ozanne SE. Nutritional programming of insulin

resistance: causes and consequences. Trends Endocrinol Metab 2013;

24: 525–535.

8 Faith MS, Matz PE, Jorge MA. Obesity-depression associations in the

population. J Psychosom Res 2002; 53: 935–942.

9 Dunbar JA, Reddy P, Davis-Lameloise N, Philpot B, Laatikainen T, Kilkki-

nen A, Bunker SJ, Best JD, Vartiainen E, Kai Lo S, Janus ED. Depression:

an important comorbidity with metabolic syndrome in a general popu-

lation. Diabetes Care 2008; 31: 2368–2373.

10 Nouwen A, Winkley K, Twisk J, Lloyd CE, Peyrot M, Ismail K, Pouwer F.

Type 2 diabetes mellitus as a risk factor for the onset of depression: a

systematic review and meta-analysis. Diabetologia 2010; 53: 2480–2486.

11 de Wit L, Luppino F, van Straten A, Penninx B, Zitman F, Cuijpers P.

Depression and obesity: a meta-analysis of community-based studies.

Psychiatry Res 2010; 178: 230–235.

12 Knol MJ, Twisk JWR, Beekman ATF, Heine RJ, Snoek FJ, Pouwer F.

Depression as a risk factor for the onset of type 2 diabetes mellitus. A

meta-analysis. Diabetologia 2006; 49: 837–845.

13 Chandola T, Brunner E, Marmot M. Chronic stress at work and the

metabolic syndrome: prospective study. BMJ 2006; 332: 521–525.

14 Aschbacher K, Kornfeld S, Picard M, Puterman E, Havel PJ, Stanhope K,

Lustig RH, Epel E. Chronic stress increases vulnerability to diet-related

abdominal fat, oxidative stress, and metabolic risk. Psychoneuroen-

docrinology 2014; 46: 14–22.

15 Chuang J-C, Krishnan V, Yu HG, Mason B, Cui H, Wilkinson MB, Zigman

JM, Elmquist JK, Nestler EJ, Lutter M. A beta3-adrenergic-leptin-melano-

cortin circuit regulates behavioral and metabolic changes induced by

chronic stress. Biol Psychiatry 2010; 67: 1075–1082.

16 Depke M, Fusch G, Domanska G, Geffers R, V€olker U, Schuett C, Kiank C.

Hypermetabolic syndrome as a consequence of repeated psychological

stress in mice. Endocrinology 2008; 149: 2714–2723.

17 Solomon MB, Jankord R, Flak JN, Herman JP. Chronic stress, energy bal-

ance and adiposity in female rats. Physiol Behav 2011; 102: 84–90.

18 Karatsoreos IN, Bhagat SM, Bowles NP, Weil ZM, Pfaff DW, McEwen BS.

Endocrine and physiological changes in response to chronic corticos-

terone: a potential model of the metabolic syndrome in mouse.

Endocrinology 2010; 151: 2117–2127.

19 Paternain L, Martisova E, Milagro FI, Ramirez MJ, Martinez JA, Campion

J. Postnatal maternal separation modifies the response to an obesogenic

diet in adulthood in rats. Dis Model Mech 2012; 5: 691–697.

20 Freimanis T, Heller KE, Schønecker B, Bildsøe M. Effects of postnatal

stress on the development of type 1 diabetes in bank voles (Clethriono-

mys glareolus). Int J Exp Diabesity Res 2003; 4: 21–25.

21 Su S, Wang X, Kapuku GK, Treiber FA, Pollock DM, Harshfield GA, McCall

WV, Pollock JS. Adverse childhood experiences are associated with detri-

mental hemodynamics and elevated circulating endothelin-1 in adoles-

cents and young adults. Hypertension 2014; 64: 201–207.

22 Noll JG, Zeller MH, Trickett PK, Putnam FW. Obesity risk for female vic-

tims of childhood sexual abuse: a prospective study. Pediatrics 2007;

120: e61–e67.

23 Saltiel AR, Kahn CR. Insulin signalling and the regulation of glucose and

lipid metabolism. Nature 2001; 414: 799–806.

24 Suri D, Veenit V, Sarkar A, Thiagarajan D, Kumar A, Nestler EJ, Galande

S, Vaidya VA. Early stress evokes age-dependent biphasic changes in

hippocampal neurogenesis, BDNF expression, and cognition. Biol Psychi-

atry 2013; 73: 658–666.

25 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using

real-time quantitative PCR and the 2�DDCT method. Methods 2001; 25:

402–408.

26 Banerjee KK, Ayyub C, Sengupta S, Kolthur-Seetharam U. Fat body dSir2

regulates muscle mitochondrial physiology and energy homeostasis

nonautonomously and mimics the autonomous functions of dSir2 in

muscles. Mol Cell Biol 2013; 33: 252–264.

27 Uchida S, Hara K, Kobayashi A, Funato H, Hobara T, Otsuki K, Yamagata H,

McEwen BS, Watanabe Y. Early life stress enhances behavioral vulnerabil-

ity to stress through the activation of REST4-mediated gene transcription

in the medial prefrontal cortex of rodents. J Neurosci 2010; 30: 15007–15018.

28 Nakae J, Kido Y, Accili D. Distinct and overlapping functions of insulin

and IGF-I receptors. Endocr Rev 2001; 22: 818–835.

29 Kim JJ, Accili D. Signalling through IGF-I and insulin receptors: where is

the specificity? Growth Horm IGF Res 2002; 12: 84–90.

30 Cheng Z, Guo S, Copps K, Dong X, Kollipara R, Rodgers JT, Depinho RA,

Puigserver P, White MF. Foxo1 integrates insulin signaling with mito-

chondrial function in the liver. Nat Med 2009; 15: 1307–1311.

31 Roden M. Muscle triglycerides and mitochondrial function: possible

mechanisms for the development of type 2 diabetes. Int J Obes 2005;

29: S111–S115.

32 Scarpulla RC. Nuclear control of respiratory gene expression in mam-

malian cells. J Cell Biochem 2006; 97: 673–683.

33 Lee JH, Budanov AV, Talukdar S, Park EJ, Park HL, Park HW, Bandyopadhyay

G, Li N, Aghajan M, Jang I, Wolfe AM, Perkins GA, Ellisman MH, Bier E, Sca-

deng M, Foretz M, Viollet B, Olefsky J, Karin M. Maintenance of metabolic

homeostasis by Sestrin2 and Sestrin3. Cell Metab 2012; 16: 311–321.

34 Brand MD, Esteves TC. Physiological functions of the mitochondrial

uncoupling proteins UCP2 and UCP3. Cell Metab 2005; 2: 85–93.

35 Huot RL, Thrivikraman KV, Meaney MJ, Plotsky PM. Development of

adult ethanol preference and anxiety as a consequence of neonatal

maternal separation in Long Evans rats and reversal with antidepressant

treatment. Psychopharmacology 2001; 158: 366–373.

36 Ladd CO, Huot RL, Thrivikraman KV, Nemeroff CB, Plotsky PM. Long-term

adaptations in glucocorticoid receptor and mineralocorticoid receptor mRNA

and negative feedback on the hypothalamo-pituitary-adrenal axis following

neonatal maternal separation. Biol Psychiatry 2004; 55: 367–375.

37 O’Mahony SM, Hyland NP, Dinan TG, Cryan JF. Maternal separation as a

model of brain-gut axis dysfunction. Psychopharmacology 2011; 214:

71–88.

38 Carboni L, Becchi S, Piubelli C, Mallei A, Giambelli R, Razzoli M, Math�e

AA, Popoli M, Domenici E. Early-life stress and antidepressants modulate

peripheral biomarkers in a gene-environment rat model of depression.

Prog Neuropsychopharmacology Biol Psychiatry 2010; 34: 1037–1048.

39 Guo S. Insulin signaling, resistance, and the metabolic syndrome:

insights from mouse models into disease mechanisms. J Endocrinol

2014; 220: T1–T23.

40 Fernandez AM, Torres-Alem�an I. The many faces of insulin-like peptide

signalling in the brain. Nat Rev Neurosci 2012; 13: 225–239.

41 Reagan LP. Insulin signaling effects on memory and mood. Curr Opin

Pharmacol 2007; 7: 633–637.

42 LeRoith D, Yakar S. Mechanisms of disease: metabolic effects of growth

hormone and insulin-like growth factor 1. Nat Clin Pract Endocrinol

Metab 2007; 3: 302–310.

43 Le Roith D, Scavo L, Butler A. What is the role of circulating IGF-I?

Trends Endocrinol Metab 2001; 12: 48–52.

44 Katz LM, Nathan L, Kuhn CM, Schanberg SM. Inhibition of GH in mater-

nal separation may be mediated through altered serotonergic activity at

5-HT2A and 5-HT2C receptors. Psychoneuroendocrinology 1996; 21:

219–235.

© 2016 British Society for NeuroendocrinologyJournal of Neuroendocrinology, 2016, 28, 10.1111/jne.12397

Early stress induced metabolic changes 13 of 14



45 Agudelo LZ, Femen�ıa T, Orhan F, Porsmyr-Palmertz M, Goiny M, Marti-

nez-Redondo V, Correia JC, Izadi M, Bhat M, Schuppe-Koistinen I, Pet-

tersson AT, Ferreira DMS, Krook A, Barres R, Zierath JR, Erhardt S,

Lindskog M, Ruas JL. Skeletal muscle PGC-1a1 modulates kynurenine

metabolism and mediates resilience to stress-induced depression. Cell

2014; 159: 33–45.

46 Xu X, Hu J, McGrath BC, Cavener DR. GCN2 in the brain programs

PPARc2 and triglyceride storage in the liver during perinatal develop-

ment in response to maternal dietary fat. PLoS ONE 2013; 8:

e75917.

47 Gavrilova O, Haluzik M, Matsusue K, Cutson JJ, Johnson L, Dietz KR,

Nicol CJ, Vinson C, Gonzalez FJ, Reitman ML. Liver peroxisome prolifera-

tor-activated receptor c contributes to hepatic steatosis, triglyceride

clearance, and regulation of body fat mass. J Biol Chem 2003; 278:

34268–34276.

48 Stoney CM, West SG, Hughes JW, Lentino LM, Finney ML, Falko J,

Bausserman L. Acute psychological stress reduces plasma triglyceride

clearance. Psychophysiology 2002; 39: 80–85.

49 Bernardi JR, Ferreira CF, Senter G, Krolow R, de Aguiar BW, Portella AK,

Kauer-Sant’Anna M, Kapczinski F, Dalmaz C, Goldani MZ, Silveira PP.

Early life stress interacts with the diet deficiency of omega-3 fatty acids

during the life course increasing the metabolic vulnerability in adult

rats. PLoS ONE 2013; 8: e62031.

Supporting Information

Additional Supporting Information may be found online in the sup-

porting information tab for this article:

Fig. S1. Early stress (ES) does not alter body weight or food

intake during maternal separation or in adulthood.

Fig. S2. Early stress (ES) does not alter insulin receptor protein

expression in the liver or muscle.

Fig. S3. Early stress (ES) does not alter total AKT expression in

the liver or muscle.

Fig. S4. Chronic unpredictable stress (CUS) does not lead to any

changes in body weight of stressed animals compared to their age-

matched controls (A). Total AKT expression in the muscle is not dif-

ferent between Control (Ctrl) and CUS animals (B)

(age = 3.5 months, for body weight, n = 10 for Ctrl and CUS; for

western blotting, n = 4 for Ctrl and CUS.

Table S1. Primer sequences used for quantitative polmerase

chain reaction analysis.

Table S2. Primer sequences used for relative mitochondrial DNA

analysis.

© 2016 British Society for Neuroendocrinology Journal of Neuroendocrinology, 2016, 28, 10.1111/jne.12397

14 of 14 S. Ghosh et al.


