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Abstract:

Clinical studies have indicated a frequent coexistence of depression and diabetes. Both of these diseases are associated with similar

changes in the structure and function of the central nervous system cells and with similar disturbances of cognitive processes. Some

morphological and functional changes occurring in these diseases seem to result from exaggerated glucocorticoid, proinflammatory

cytokine or glutamate action. Glucocorticoids induced by stress are known not only to affect synaptic plasticity but also to disturb

brain glucose metabolism and decrease insulin sensitivity. Functional neuroimaging studies demonstrated altered glucose metabo-

lism in the brains of depressed patients. Changes in the amount or activity of key metabolic enzymes and a lower sensitivity of insu-

lin receptors have been detected in the brains of animal models of both of these diseases. Hence, excess glucocorticoids can lead to

impaired insulin action and glucose metabolism, to limited energy supply for proper neuronal function and, consequently, to dis-

turbed synaptic plasticity.
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pressor of cytokine signaling, VMH – hypothalamic ventrome-

dial nucleus

Introduction

Depression is a disease with a poorly recognized eti-

ology. Currently used antidepressant drugs, which

mainly affect synaptic neurotransmitter levels, show

full clinical efficacy in only 30% of patients. Thus, it

is now generally accepted that the pathogenesis of de-

pression includes not only improper monoamine

transmission but also disturbances in the endocrine
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and immunological systems. Additionally, an im-

paired balance between excitatory and inhibitory

amino acids plays an important role. A considerable

amount of clinical and pre-clinical evidence indicates

that hyperactivity of the hypothalamus-pituitary-

adrenal (HPA) axis and increased glucocorticoid level

or function are responsible for some behavioral and

biochemical changes that are characteristic of depres-

sion, mainly for hippocampal morphological altera-

tion. Participation of the immune system, especially

excessive activation of the pro-inflammatory cytoki-

nes in the central nervous system (CNS) in the patho-

genesis of depression, has also been well documented.

In the present hypotheses concerning the pathogenesis

of depression, special emphasis is placed on disturbed

neuronal plasticity, which is likely due to a weaker ac-

tion of neurotrophic factors, excess glucocorticoids

and glutamate, activation of microglial cells and in-

creased synthesis of pro-inflammatory cytokines.

Some morphological and functional changes, such as

decreased volume of the hippocampus and orbitofron-

tal cortex, decreased total number of neurons and as-

trocytes, reduction of the dendritic length, decreased

branching density or number of synapses in the hippo-

campus and reduced neurogenesis in the dentate gyrus

of the hippocampus appear to result mostly from

overactivation of glucocorticoids, proinflammatory

cytokines and glutamate. However, the exact mecha-

nism of action of these compounds on neuronal and

glial cell function is largely unknown. It is uncertain

which of these mechanisms are crucial for the devel-

opment of depression.

In recent years, perturbed brain glucose metabo-

lism and decreased insulin sensitivity have been pro-

posed as a possible link between the increased gluco-

corticoid action and the formation of the changes in

the brain which may evoke symptoms of depression.

In fact, glucocorticoids are hormones that regulate

glucose metabolism and can also be responsible for

insulin resistance. Conversely, glucose metabolism,

occurring mainly in glia cells, delivers energy for

proper synthesis and function of neurotransmitters as

well as for NADPH production in the pentose cycle,

and the impairment of this process is known to disturb

neuronal plasticity. Additionally, clinical studies have

indicated a frequent coexistence between depression

and diabetes. On the one hand, depression increases

the risk for diabetes, and on the other, people with dia-

betes are twice as likely to experience depression as

the general population.

In this paper, we present evidence obtained in clini-

cal and pre-clinical studies that supports the involve-

ment of altered glucose metabolism and insulin action

in the pathogenesis of depression, and we analyze the

factors contributing to these disturbances and their

possible mechanisms of action.

The evidence for disturbance in brain

glucose homeostasis in depression –

clinical data

Studies based upon positron emission tomography

(PET) and single photon emission computed tomogra-

phy (SPECT) that have been conducted in recent

years provided evidence for an impaired cerebral glu-

cose metabolism in depression. Brain regions display-

ing significantly altered metabolic activity include the

medial prefrontal cortex, medial and caudolateral or-

bital cortex, amygdala, hippocampus, ventromedial

regions of the basal ganglia and anterior cingulate

cortex. Decreased glucose metabolism could lead to

the reduction of grey matter volume as well as distinct

volumetric changes in the prefrontal cortex and some

cingulate and temporal lobe structures [9].

Conversely, structures such as the amygdala, sub-

genual anterior cingulate cortex and ventromedial

frontal polar cortex appear to present a higher meta-

bolic activity. Drevets et al. [8] noted a correlation be-

tween the increased glucose metabolism in the amyg-

dala and the elevated plasma cortisol levels. The

amygdala plays an important role in memory process-

ing, emotional reactions and fear conditioning. It is

also known to have a direct and indirect impact on

corticotropin-releasing factor (CRF) secretion. In ad-

dition, it displays a high density of glucocorticoid re-

ceptors (GR). Therefore, it was suggested that the in-

creased activity of the amygdala could be either

a cause or a result of HPA axis dysregulation, as evi-

denced in many depressed patients.

The data concerning the metabolic activity of se-

lected brain regions in depressed patients that have

been obtained by different investigators are, however,

often notably variable and ambiguous, which is most

likely due to the heterogeneity of depressive disor-

ders. In the study conducted on female patients suffer-

ing from bipolar (BP) and unipolar (UP) mood disor-

ders, the authors not only showed persistent hypome-
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tabolism, mainly in the frontal gyrus of depressed

subjects, but also found significant differences in the

activity of selected brain structures between BP and

UP patients [15]. Elderly patients with late life de-

pression displayed elevated glucose metabolism in

brain areas involved in mood conditioning, such as

the anterior cingulate and insula, which correlated

with decreased brain volume, but did not however im-

pair cognitive functions [25]. Young men diagnosed

with major depression and bipolar depression were

characterized by a significantly lower insulin sensitiv-

ity, elevated acute insulin response (AIR) to intrave-

nous glucose administration and decreased serum lev-

els of adiponectin [18].

Many reports list impairment in the glycolytic and

mitochondrial pathways as important factors that can

contribute to neurodegenerative changes in depres-

sion. Post-mortem analysis of the parietal cortex brain

tissue from patients with bipolar and unipolar depres-

sion as well as schizophrenia revealed severely in-

creased mitochondrial detachment of hexokinase 1

(HK1), the initial and rate-limiting enzyme of glyco-

lysis. By binding to the outer membranes of the mito-

chondria, HK1 not only couples glycolysis with oxi-

dative phosphorylation, but it also prevents oxidative

stress and apoptosis. Impaired HK1 function corre-

lated with the increased activity of the alternative an-

aerobic polyol pathway, which can contribute to tissue

toxicity and cellular swelling due to an accumulation

of sorbitol [39].

Evidence for perturbed brain glucose

homeostasis in depression –

experimental data

Stress as the cause of metabolic perturbations

in the brain

By activating the HPA axis, which affects neurotrans-

mitter and immune system function, stress leads to

changes in the structure and function of CNS cells.

The major neuroendocrine responses to stress involve

an increase in CRF synthesis and its release from hy-

pothalamic paraventricular nucleus (PVN), release of

ACTH from the pituitary and glucocorticoids from

the adrenal cortex. It has been shown that glucocorti-

coids, frequently used in the clinic, often cause new-

onset hyperglycemia in patients without a prior his-

tory of diabetes or induce uncontrolled hyperglycemia

in patients who are known to have diabetes [1]. Glu-

cocorticoids increase the glucose level mainly by

stimulating enzymes that are involved in gluconeo-

genesis. Current research shows that not only the

pharmacological doses of glucocorticoids affect glu-

cose level but also that the concentration of these hor-

mones during stress can elevate blood glucose levels

[23]. Chronic unpredictable mild stress (CUMS) in-

creases HPA axis activity, disturbs glucose and lipid

metabolism and evokes insulin resistance in periph-

eral tissues of high fat-fed rats [10]. In the rat, an

excess of glucocorticoids in the prenatal period per-

manently alters the expression of rat hepatic phos-

phoenolpyruvate carboxykinase, a key enzyme of glu-

coneogenesis, and the hepatic glucocorticoid receptor

and consequently produces glucose intolerance in

adult offspring [29].

In contrast to the effect of glucocorticoids on glu-

cose metabolism in peripheral tissues, the effect of

this hormone within the brain is less understood.

However, there are certain data indicating that stress

and glucocorticoids can impair glucose metabolism

and insulin action in some brain regions. Long-term

administration of corticosterone decreased the activi-

ties of glycolytic enzymes in the rat parietotemporal

cortex and hippocampus, and the efficacy of this ac-

tion was similar to that evoked by the diabetogenic

drug streptozocin, a compound which is known to in-

hibit insulin action and induce insulin resistance in the

brain [16]. According to these data, it has been shown

that adrenalectomy increases hexokinase activity in

the rat parietotemporal cortex, which may reflect the

increased rate of glycolysis [34]. Moreover, ad-

renalectomy enhances phosphorylase a activity in the

parietotemporal cortex and inhibits glucose-6-phos-

phatase in the hippocampus, and these changes are in-

terpreted as increased glycogen breakdown and de-

creased gluconeogenesis.

Altered brain glucose homeostasis in animal

models of depression

Hyperactivity of the HPA axis is often observed in de-

pression, and a potential role of glucocorticoids in the

pathogenesis and therapy of this disease has been

studied for many years. Depression is similar to

chronic rather than acute stress, and it is connected

to a greater degree with degenerative as opposed to
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an activating or adaptive stage of glucocorticoid ac-

tion. The majority of the animal models of depression

are based on a long-term effect of various stress fac-

tors. Currently, there are no data specifying in detail

the glucose metabolism and insulin action in selected

brain regions in a reliable animal model of depres-

sion. However, some studies suggest that abnormal

glucose metabolism and impaired insulin action could

be present in certain models of this disease. Perturbed

insulin signaling in the hypothalamic arcuate nucleus

has been documented in rats subjected to a chronic

unpredictable mild stress model of depression [30].

Specifically, these animals exhibited an increase in in-

sulin receptor substrate 2 (IRS2) and suppressor of

cytokine signaling 3 (SOCS3), which is a negative

regulator of insulin signaling), together with CRF sys-

tem hyperactivity. On the basis of this experiment, the

authors presented the hypothesis that glucose intoler-

ance, which occurred in CUMS rats, resulted from the

CRF-induced inhibition of insulin signaling. A de-

crease in global cerebral glucose utilization was de-

tected by autoradiographic study in the olfactory-

bulbectomized rat, which is one of the models of de-

pression [42]. In accordance with these data, a trend of

decreased glucose metabolism was observed in the

chronic mild stress model of depression [17]. However,

in the Flinders Sensitive Line of rats, used as a rat

model of depression, glucose utilization is higher [19].

Only one study has investigated changes in the lev-

els or activities of enzymes involved in the metabo-

lism of glucose in depression. Tagliari et al. [43] dem-

onstrated inhibition of cytochrome c oxidase (com-

plex IV) in the prefrontal cortex and hippocampus and

of complex II only in the prefrontal cortex in rats sub-

mitted to chronic variable stress. However, the activ-

ity of pyruvate kinase, one of the key enzymes of gly-

colysis, was not altered in any of the analyzed brain

regions. Thus, in the currently used model of depres-

sion, oxidative stress-induced oxidative phosphoryla-

tion, and not glycolysis, is apparently reduced.

Morphological changes in the hippocampus

in depression and diabetes

The hippocampus, which is involved in learning,

memory, mood and emotions, is the brain region that

is particularly susceptible to damage caused not only

by serious injuries, such as stroke or head trauma, but

also by neurodegenerative changes that are observed

in this structure during aging or after chronic stress.

The hippocampus is also characterized by high plas-

ticity that is manifested by changes in the neuronal

and glial cell structure that are evoked by various

physiological factors.

In depression, a reduction of the hippocampal vol-

ume has been demonstrated by neuroimaging and

post-mortem studies. The reduction of the volume of

this structure could be associated with the decreased

size of pyramidal neurons, retraction of dendrites, re-

duction of neurogenesis in the hippocampal dentate gy-

rus and decreased astrocyte counts. In fact, in several

animal models of depression that are based on different

stress paradigms, the reduced hippocampal volume, to-

tal neuronal number in the CA3 field of the hippocam-

pus and decreased neurogenesis of the dentate gyrus

have been reported [33]. Current studies indicate that

in diabetes, like in depression, changes in the structure

and function of the hippocampus occur [24].

The process of adult neurogenesis is one mecha-

nism that is impaired in both of these diseases. The

generation of new neurons and their functional inte-

gration into neuronal circuits were demonstrated in

the dentate gyrus of the hippocampal formation and

the olfactory bulb in adult rodents. Moreover, it is

postulated that these newly formed neurons are in-

volved in learning and memory processes. Indeed,

a decrease in hippocampal cell neurogenesis in the

dentate gyrus and impairment in the hippocampal-

related spatial tasks in the prenatal restraint stress

model of depression were observed [22]. The inhibi-

tion of cell proliferation in the dentate gyrus and sub-

ventricular zone was also observed to occur in the ani-

mal model of diabetes induced by streptozotocin ad-

ministration [40]. Moreover, in this model of type 1

diabetes, it was noted that in addition to reduced pro-

liferation, the differentiation of nascent cells in the

dentate gyrus and a decreased number of hilar neu-

rons (interneurons that are particularly vulnerable to

damage) was present [3]. Reduced hippocampal cell

proliferation was also observed in non-obese diabetic

mice, which are a model of a gradual development of

diabetes, and these changes were observed in 5- and

8-week old animals, i.e., prior to the development of

hyperglycemia [3]. Therefore, it is apparent that the

changes in the hippocampus already occurred in the

period preceding the development of diabetes. Similar

to the animal models of depression, in animals treated

with streptozotocin, the administration of the antide-

pressant drug fluoxetine attenuated the impairment of

neurogenesis.
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Neurogenesis is regulated by many factors, among

which glucocorticoids inhibit while estrogens and

neurotrophic factors potentiate this process. In depres-

sion and diabetes, mainly glucocorticoids and neuro-

tropic factors appear to be responsible for hippocam-

pal alterations. It is known that on the one hand,

chronic stress or the administration of glucocorticoids

inhibit proliferation in the dentate gyrus, and on the

other hand, depression and diabetes are accompanied

by hyperactivity of the HPA axis. In the CNS, gluco-

corticoids act via two receptor types: glucocorticoid

(GR, type II) and mineralocorticoid (MR, type I). The

hippocampus possesses both types of receptors and

a majority of data demonstrated that the GR was

mainly involved in damaging this structure. Aside

from the inhibition of neurogenesis, exogenous gluco-

corticoids or chronic stress induce the reorganization

of the apical dendrites of pyramidal cells in the CA3

region of the hippocampus [27]. The mechanisms of

deleterious action of glucocorticoids on the hippo-

campal cells are not known, but presumably, they

result from the enhancement of glutamate action, in-

hibition of astrocyte glucose uptake and/or decreased

synthesis of neurotropic factors, such as brain-derived

neurotrophic factor (BDNF) and insulin-like growth

factor (IGF-1). Similar changes in apical dendrites

were also observed in experimental models of diabe-

tes. This disease is also associated with hyperactivity

of the HPA axis and the decreased level of BDNF

[24].

Brain insulin resistance in depression

and diabetes

Insulin action in the brain

Opinions that insulin could not cross the blood-brain

barrier (BBB) and that glucose transport into the brain

and its metabolism in brain cells are independent of

insulin have been recently modified. A number of

studies have shown that insulin does cross the BBB

using a saturable transporter and that its transport to

different regions of the brain occurs at different rates

[2, 45]. Insulin is quickly transported to the olfactory

bulb, and this brain structure also possesses the high-

est concentration of insulin and insulin receptors. The

majority of brain insulin comes from blood, thus it is

of pancreatic origin, but a small amount of insulin can

also be synthesized in the brain. Because biochemical

studies have shown the presence of not only insulin

but also insulin receptors (IRs) and insulin-sensitive

glucose transporter 4 (GLUT-4) and GLUT-8 in the

brain, the brain is now considered to be a target organ

for insulin. Insulin receptors are widely expressed

throughout the brain and are present in neurons and

glia. The highest level of insulin receptors is present

in the olfactory bulb, cerebral cortex, hippocampus,

cerebellum and hypothalamus. Most of insulin’s ac-

tions within the CNS are mediated via the phospho-

inositide-3 kinase (PI3)/Akt and Ras/mitogen acti-

vated protein kinase (MAPK) cascades.

On the periphery, insulin is secreted from pancre-

atic b cells in response to elevated blood glucose lev-

els, and it decreases postprandial blood glucose con-

centrations mainly by enhancing glucose uptake into

muscle and white adipose tissue, stimulating glyco-

gen synthesis in muscle and liver, increasing glycoly-

sis and lipid synthesis and inhibiting gluconeogenesis

in the liver. Recent data indicated that in addition to

these insulin effects that are exerted via insulin recep-

tor expressed in classical target tissues, i.e., skeletal

muscle, liver and adipose tissue, some of these meta-

bolic processes are also regulated by receptors that are

located in brain, which is an organ that was previously

considered as non-insulin responsive. Central insulin

effects could be supplementary to the peripheral ac-

tion of this hormone, but some data indicate that in

certain cases, brain insulin can exert effects that are

opposite to those that are conducted via peripheral re-

ceptors. For example, during hypoglycemia, brain in-

sulin increased serum glucose levels and reduced se-

rum insulin in rodents [2]. However, such paradoxical

effects, where insulin within the CNS functions in an

opposite manner than in the peripheral tissue, was ob-

served only during hypoglycemia with hyperinsuline-

mia and central insulin action that counteracted hypo-

glycemia. Conversely, brain insulin level is signifi-

cant also when the serum concentration of this

hormone is in the physiological range. Recent data in-

dicated that brain insulin signaling is involved in food

intake regulation, glucose production in the liver,

gonadotropin synthesis in the pituitary, cognitive

processing, neuronal growth and differentiation, neu-

rotransmitter release and synaptic plasticity. It has

been shown that the central administration of insulin

inhibits hepatic glucose production independently

from changes in the level of blood insulin [35]. Addi-

tionally, reducing free fatty acid levels exerted by cen-
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tral insulin administration appears to be independent

from peripheral insulin signaling. In female mice

lacking insulin receptors in the brain, increased food

intake was observed. Moreover, in these mice,

a high-fat diet evoked obesity with increased adipose

tissue mass, elevated serum insulin and leptin levels,

mild insulin resistance and hypertriglyceridemia [4].

Neuronal expression of insulin receptors is also nec-

essary for regulation of the hypothalamic-pituitary-

gonadal axis and consequently for proper spermato-

genesis and ovarian follicle maturation [4]. Insulin’s

effect on cognition processes, neuronal survival and

synaptic plasticity are also well documented [2].

The effect of insulin on energy homeostasis and

glucose metabolism in the brain is poorly understood.

The central control of energy balance in response to

environmental factors and metabolic and hormonal

signals is localized mainly in the hypothalamus. Insu-

lin interacts with orexigenic and anorexigenic neuro-

modulators in the brain and is involved in the regula-

tion of feeding behavior, maintenance of body weight

and glucose homeostasis. In the arcuate nucleus of the

hypothalamus, insulin acts on anorexigenic proopio-

melanocortin-expressing neurons and on the orexi-

genic agouti-related peptide and neuropeptide Y-co-

expressing neurons and activates melanocortin 3 and

4 receptors (MCR) mainly in the PVN. The activation

of MCR decreases food intake and regulates glucose

metabolism [44]. However, the action of insulin on

two functionally antagonistic neuronal populations

and minor changes in food intake observed in animals

that are devoid of insulin receptors in these neurons

suggest that insulin is not the only player involved in

the regulation of food intake in lean animals. In fact,

leptin is the main regulator of energy homeostasis,

and insulin and leptin act synergistically to exert a full

anorexigenic effect. Ventromedial nucleus (VMH) is

also an insulin target site within the hypothalamus. In-

sulin production via the hyperpolarization of a sub-

population of VMH neurons regulates glutamatergic

projection to POMC neurons and consequently regu-

lates food intake and glucose metabolism [44]. Brain

insulin is also involved in the inhibition of hepatic

glucose synthesis in rodents. Insulin activated the

ATP-dependent potassium channels in orexigenic

agouti-related peptide neurons, which occurred due

to the efferent vagal innervation of the liver that in-

hibited key enzymes of gluconeogenesis (glucose-6-

phosphatase and phosphoenolpyruvate carboxyki-

nase) [21]. Moreover, central insulin also regulates

peripheral fat metabolism acting via sympathetic in-

nervation. However, the action of brain insulin on glu-

cose metabolism in the liver is apparently more im-

portant in pathological (obesity, diabetes) rather than

in physiological conditions.

Aside from its action on hypothalamic neurons, in-

sulin affects dopaminergic midbrain neurons and

regulates reward-based eating behavior [44]. The

pleiotropic insulin action within the CNS, not only on

the hypothalamus, is currently being studied inten-

sively, and many of the obtained data indicate that this

hormone is important not only for metabolic pro-

cesses but also for proper synaptic plasticity and cog-

nitive function [28].

The effect of insulin on neurons and cognitive

function

It is postulated that brain insulin acts as a growth fac-

tor and enhances neuronal survival and improves cog-

nition. For example, insulin protects hippocampal

neurons against the damaging effects of oxygen and

glucose deprivation, and it protects human neuronal

cells against amyloid b oligomers [2, 31]. Insulin sig-

naling has been found to regulate synapse density,

synaptic transmission and experience-dependent den-

dritic structural plasticity [5]. Behavioral studies have

demonstrated that insulin increased short- and long-

term object memory recognition in mice [26] and im-

proved spatial learning and memory in rats [14]. Be-

cause insulin belongs to a superfamily that includes

insulin-like growth factor I (IGF-I) and IGF-II and

they all have similar structures – human insulin and

IGF-I receptors are also similar – the central effect of

these factors is sometimes difficult to distinguish.

Brain insulin resistance

Insulin resistance, which is an insensitivity of tissue

to normal levels of insulin, could represent one of

several links between depression and diabetes. In dia-

betes mellitus type 1, the pancreas does not produce

insulin, while type 2 diabetes is characterized by a re-

sistance to peripheral insulin. Currently, a growing

body of evidence suggests that resistance to insulin

action also occurs in the brain. Neuronal insulin resis-

tance apparently occurs in obesity, diabetes, Alz-

heimer’s disease and depression. It has been shown

that intraventricular insulin infusion reduced food in-
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take and body weight in lean animals but had no ef-

fect in obese, diabetic Zucker rats [44]. Consumption

of a high-fat diet (HFD) reduced hypothalamic insulin

sensitivity in rodents, most likely by increasing the

protein level of tyrosine phosphatase 1B, which inhib-

ited insulin receptor function and consequently at-

tenuated its anorexigenic effect [44]. However, not all

central insulin effects were uniformly attenuated. For

example, HFD induced negative regulators of insulin

receptors that were the most potent in the arcuate nu-

cleus, less potent in the ventromedial nucleus and had

no effect in the lateral hypothalamus. Additionally,

insulin-signaling pathways connected with phospho-

inositide 3-kinase, but not with MAPK, were reduced

in obese Zucker rats. There is still a lack of available

information regarding insulin resistance in other brain

regions. It has been demonstrated that HFD decreased

the level of phosphorylated insulin receptor, phospho-

rylated insulin receptor substrate 1 and phosphory-

lated Akt kinase as well as attenuated insulin-induced

long-term depression in the rat hippocampus [37].

Peripheral insulin resistance often occurs in pa-

tients with depression. For example, homeostatic

model assessment (HOMA) values were elevated in

75% of untreated women with major unipolar depres-

sion [38]. Selective serotonin-reuptake inhibitors usu-

ally improved, while tricyclic antidepressants wors-

ened, insulin resistance.

Similar to a high-fat diet-induced insulin resis-

tance, insulin signaling in the hypothalamic arcuate

nucleus was also decreased in an animal model of de-

pression [30]. Moreover, the disturbed insulin action

in this model seems to be associated with the elevated

expression of CRF and urocortin 2 in the hypothala-

mus. Currently, there is no information regarding

whether insulin resistance also occurs in depression in

other brain structures.

Cognitive impairment

Cognitive dysfunction and decline in memory fre-

quently occur in type 1 and type 2 diabetic patients as

well as in patients with depression. The pathogenesis

of the learning and memory impairments in diabetes

and depression is not yet known; however, a contribu-

tion of oxidative stress, glucocorticoids and inflam-

mation is hypothesized.

The perturbation of cognitive processes could be

evoked by morphological and functional changes in

hippocampal neurons. In animals subjected to chronic

stress, one of the animal models of depression, aside

from the atrophy of the apical dendrites of pyramidal

cells in the CA3 region of the hippocampus and the

reduction in neurogenesis, impaired spatial learning

and memory were also observed [27]. Similarly, in

experimental diabetes in rats, the reduction of total

apical dendritic length and the number of dendritic

branch points in CA3 pyramidal neurons as well as

memory impairment were observed [24]. Conversely,

it has been shown that insulin regulates hippocampal

dendritic morphology and synaptic plasticity and

improves memory function [41]. It is, therefore, pos-

sible that the impaired action of insulin in the hippo-

campus (caused by stress, proinflammatory cytokines

or hyperinsulinemia) induces some changes in the

structure of neurons, which in turn leads to cognitive

impairment in depression and diabetes. Accordingly,

it has been found that intranasal insulin application

improves memory in healthy humans and patients

with Alzheimer’s disease. However, acute and

chronic insulin administration could exert a different

effect on memory processes because chronic hyperin-

sulinemia could cause insulin resistance.

The role of incretin hormones in stress

and diabetes

Aside from focusing on the role of impaired insulin

signaling in the pathogenesis of depression, many re-

cent studies have emphasized a possible, but currently

poorly understood, role of incretin hormones in stress

mechanisms. Incretins are intestinal hormones that are

involved in maintaining glucose homeostasis by

stimulating insulin secretion and increasing peripheral

tissue sensitivity to insulin. Glucagon-like peptide-1

(GLP-1) is expressed in intestinal L-type cells and the

CNS. It is involved in many regulatory processes

within the brain and appears to exert a direct effect on

the activation of the HPA axis. GLP-1 is expressed in

the nucleus of the solitary tract and brainstem, and its

receptors are located in many brain structures. It

could mediate the central stress response through di-

rect neuronal connections with the PVN as well as the

central nucleus in the amygdala and also through the
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dorsal motor nucleus in the vagus nerve and GLP-1

receptors in the spinal cord. Central administration of

GLP-1 is known to elevate ACTH, AVP and corticos-

terone levels in rats as well as increase blood pressure

and heart rate in rodents. Moreover, injection of

GLP-1R agonists significantly increased circulating

cortisol levels in human subjects in the study, which

involved type I diabetic patients as well as healthy

persons [12].

In contrast to GLP-1’s action as a central mediator

of the stress response, it also exhibited many neuro-

trophic and neuroprotective properties in in vitro and

in vivo studies. Its administration produced a signifi-

cant reduction of ischemic brain damage in a rat

model of type 2 diabetes [6]. Some reports noted the

possible neurotrophic properties of GLP-1. It was

shown to stimulate neurite overgrowth by mimicking

the action of nerve growth factor (NGF) [32]. Further-

more, ciliary neurotrophic factor administration sig-

nificantly augmented the expression of GLP-1 in

a mouse hypothalamic cell line. In rodents fed

a high-fat diet, the administration of the GLP-1R ago-

nist liraglutide not only normalized peripheral glucose

homeostasis but also greatly improved cognitive defi-

cits that were associated with insulin resistance [36].

In human studies, GLP-1 administration significantly

stimulated glucose transport through the blood-brain

barrier as well as effectively increased hexokinase ac-

tivity [11].

The effect of antidepressant drugs

on glucose metabolism

Because impaired brain insulin signaling could con-

tribute to neurodegenerative changes in the CNS and

it is also considered to be a possible factor in the

pathogenesis of depression, many current reports fo-

cus on the effect of antidepressants on glucose me-

tabolism in diabetic patients as well as in experimen-

tal animal models.

The chronic administration of fluoxetine was docu-

mented to stimulate neuronal progenitor cell prolif-

eration and differentiation in the hippocampus in

streptozotocin-induced diabetic mice [3]. Short-term

treatment with selective serotonin-reuptake inhibitors

normalized glucose homeostasis in non-diabetic de-

pressed subjects and improved glycemic control in

depressed patients suffering from type 2 diabetes.

Conversely, treatment with tricyclic and noradrener-

gic antidepressants could cause weight gain and

evoke diabetic symptoms [7].

Treatment with the serotonin-noradrenaline reup-

take inhibitor venlafaxine in diabetic mice had no ef-

fect on blood glucose levels. However, it significantly

reduced the concentration of thiobarbituric acid reac-

tive substances and restored glutathione levels in the

brain [20].

Conclusions

Depression and diabetes are associated with similar

maladaptive changes in the structure and function of

CNS cells. Changes in the amount or activity of key

metabolic enzymes and lower sensitivity of insulin re-

ceptors are detected in the brain in animal models of

both of these diseases. Altered insulin secretion and

transport to the CNS, a reduced ratio of central-to-

peripheral insulin and insulin resistance in the brain,

occurring in obesity, diabetes, neurodegenerative dis-

eases and most likely also in depression, could be the

cause of metabolic disturbances leading to distorted

synaptic plasticity and consequently to the impair-

ment of brain functions. Although currently there is

no direct evidence for the relationship between im-

paired insulin action in the brain and the development

of depression, increasing evidence supports this hy-

pothesis. In fact, down-regulation of insulin receptors

in the rat hypothalamus was paralleled by increases in

the duration of immobility in the forced swimming

test and decreases in sucrose intake, i.e., induced

symptoms characteristic of depression [13]. It should

also be taken into account that glucose metabolism

and insulin action in the brain and their potential in-

volvement in the pathogenesis of depression are just

beginning to be studied. It is known that elevated in-

sulin levels observed in obesity and diabetes evoke re-

ceptor desensitization only in some neuronal popula-

tions within the hypothalamus, while insulin action on

neurons and glial cells in other brain regions could be

maintained or augmented. Only one study has shown

that the disturbances in insulin action also occur in the

hippocampus of rats on a high-fat diet [37]. In animal

models of depression, insulin resistance has been

studied only in the hypothalamus, and resistance was

1598 Pharmacological Reports, 2013, 65, 1591�1600



demonstrated in the arcuate nucleus, as in the case of

diabetes. Lack of data on insulin action in the hippo-

campus does not permit the ascertainment of whether

this hormone could be responsible for the impairment

of synaptic plasticity in this structure. Moreover, glu-

cose metabolism in brain regions that are important

for the pathogenesis of depression (hippocampus,

frontal cortex) have not been investigated, and it is

known that not only glucose deficiency but also an

excess of this carbohydrate, can impair synaptic plas-

ticity by increasing intracellular glucose oxidation,

and the production of reactive species could exert

a toxic effect.

In conclusion, a growing body of evidence indi-

cates that a high-fat diet, stress and lack of physical

activity, causes not only peripheral but also brain in-

sulin resistance, metabolic and mitochondrial dys-

function and consequently cognitive impairment. Al-

though the roles of insulin and glucose metabolism in

the pathogenesis of depression are still unknown,

similar changes in the CNS in diabetes and depression

suggest that metabolic disturbances that are most

likely associated with the improper action of hor-

mones involved in glucose metabolism regulation,

i.e., insulin and glucocorticoids, could also play

an important role.
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