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Abstract This paper reviews new drug targets in the

treatment of depression and new drug candidates to treat

depression. Depression is characterized by aberrations in

six intertwined pathways: (1) inflammatory pathways as

indicated by increased levels of proinflammatory cyto-

kines, e.g. interleukin-1 (IL-1), IL-6, and tumour necrosis

factor a. (2) Activation of cell-mediated immune path-

ways as indicated by an increased production of interferon

c and neopterin. (3) Increased reactive oxygen and

nitrogen species and damage by oxidative and nitrosative

stress (O&NS), including lipid peroxidation, damage to

DNA, proteins and mitochondria. (4) Lowered levels of

key antioxidants, such as coenzyme Q10, zinc, vitamin E,

glutathione, and glutathione peroxidase. (5) Damage to

mitochondria and mitochondrial DNA and reduced

activity of respiratory chain enzymes and adenosine tri-

phosphate production. (6) Neuroprogression, which is the

progressive process of neurodegeneration, apoptosis, and

reduced neurogenesis and neuronal plasticity, phenomena

that are probably caused by inflammation and O&NS.

Antidepressants tend to normalize the above six pathways.

Targeting these pathways has the potential to yield anti-

depressant effects, e.g. using cytokine antagonists,

minocycline, Cox-2 inhibitors, statins, acetylsalicylic acid,

ketamine, x3 poly-unsaturated fatty acids, antioxidants,

and neurotrophic factors. These six pathways offer new,

pathophysiologically guided drug targets suggesting that

novel therapies could be developed that target these six

pathways simultaneously. Both nuclear factor (erythroid-

derived 2)-like 2 (Nrf2) activators and glycogen synthase

kinase-3 (GSK-3) inhibitors target the six above-men-

tioned pathways. GSK-3 inhibitors have antidepressant

effects in animal models of depression. Nrf2 activators

and GSK-3 inhibitors have the potential to be advanced

to phase-2 clinical trials to examine whether they aug-

ment the efficacy of antidepressants or are useful as

monotherapy.
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Introduction

Major depression is a severe psychiatric disorder with a

lifetime prevalence in excess of 15% and is the fourth

leading cause of disability worldwide. The total annual cost

of depression in Europe was estimated at Euro 118 billion

in 2004. The WHO estimates that depression causes 6% of

the burden of all diseases in Europe in terms of disability-

adjusted life years. This makes depression a major concern

to the personal and economic welfare in Europe. Despite

extensive biological research, the pathophysiology of

depression is still elusive and treatments that target the

causal factors of depression are not yet available. The

findings that depressed patients may exhibit decreased

brain serotonin (5-hydroxytryptamine, 5-HT) and altera-

tions in 5-HT receptors (Maes and Meltzer 1995) have

reached the status of textbook truism. For decades, the

5-HT hypothesis of depression has guided research into the

aetiology of depression, either in clinical studies or in

various animal models of depression and in vitro testing

paradigms. Accordingly, the development of new antide-

pressants has been limited by a focus on 5-HT reuptake

inhibition. However, antidepressants are not ‘‘disease-

centred’’ drugs, i.e. drugs that normalize the aberrations in

5-HT pathways that cause depression. Interestingly, the

5-HT hypothesis of depression relies primarily on the fact

that brain 5-HT levels are increased by most antidepres-

sants (Maes and Meltzer 1995). A ‘‘drug-centred model’’

better explains the efficacy of antidepressants and selective

5-HT reuptake inhibitors (SSRIs), i.e. these drugs increase

5-HT and concurrently improve depression, feasibly

through effects on other pathways.

The clinical efficacy of antidepressants is only margin-

ally better than placebo (Kirsch 2009). When all published

and unpublished studies submitted to the Food and Drug

Administration are taken into account, the overall number

of positive trials is only 51% (Moncrieff et al. 2004; Turner

et al. 2006). Therefore, novel drugs or novel combinatorial

treatments with novel drugs that augment the efficacy of

antidepressants need to be developed.

There is now evidence that depression is an inflamma-

tory disorder that is accompanied by cell-mediated immune

(CMI) activation (Maes 1995, 2011; Maes et al. 1990,

2011e). There is also evidence that reactive oxygen (ROS)

and nitrogen species (RNS) and damage by oxidative and

nitrosative stress (O&NS), including lipid peroxidation,

damage to DNA, proteins and lowered levels of antioxi-

dants and antioxidant enzymes are involved in the

pathophysiology of depression (Maes et al. 2000, 2011a).

Finally, there is evidence that depression is accompanied

by mitochondrial dysfunctions and that some patients dis-

play characteristics of a neuroprogressive disorder with

recurrent episodes and a more chronic course.

Neuroprogression is the progressive process of neurode-

generation, neuronal apoptosis, and reduced neurogenesis

and neuronal plasticity (Maes et al. 2009c; Berk et al.

2011b). We will now consequently discuss these pathways

and review that they are new drug targets in depression.

Inflammation in depression as a new drug target

The evidence that depression is an inflammatory disorder

comprises: (a) increased levels of proinflammatory cyto-

kines (PICs), e.g. interleukin-1b (IL-1b), IL-6, and tumour

necrosis factor-a (TNFa) and (b) an acute phase (AP)

response with increased levels of haptoglobin, and

a1-acidglycoprotein; increased levels of complement factors

and lowered serum zinc (Maes 1995; Maes et al. 1992;

Berk et al. 1997). A recent meta-analysis showed that

depression is characterized by increased plasma IL-6 and

TNFa (Dowlati et al. 2010) findings that are interpreted to

indicate that depression is an inflammatory disorder

(Dubovsky 2010). Increased plasma PIC levels, such as

TNFa and IL-6, may be associated with treatment resis-

tance to antidepressants (Maes et al. 1997a; O’Brien et al.

2007; Lanquillon et al. 2000). Recently, it was shown that

sensitization of the inflammatory response may be a new

drug target in depression. Thus, the increased levels of

PICs, such as IL-1 and TNFa, are significantly related to

the number of previous depressive episodes (Maes et al.

2011e). This may indicate that exposure to previous

depressive episodes magnifies the size of the inflammatory

response, thereby possibly increasing the likelihood of new

depressive episodes. Treatment with interferon (IFN)a in

patients with hepatitis C induces depressive symptoms in

many patients. The depressogenic effects of IFNa are

closely associated with induction of the cytokine network,

e.g. increased level of IFNa-induced IL-6 (Maes 2011).

Inflammation is also detected in animal models of

depression, such as the chronic mild stress (CMS) and the

olfactory bulbectomized rat model. For example, rats

subjected to CMS show increased IL-1 (Kubera et al.

1996).

Repeated administration of PICs, such as IL-1, TNFa
and IL-6 elicits depressive-like behaviours (Leonard and

Maes 2011). For example, translational models that induce

sub-chronic elevations of IL-6 are associated with

increased depressive-like behaviour (Sakić et al. 1997,

2001). Administration of IL-1b elicits depression-like

behaviours, including anhedonia, anxiety-like behaviours,

and memory impairments (Anisman and Merali 1999; Song

et al. 2006). Systemic administration of TNFa provokes

depressogenic and anxiogenic effects, including anorexia

and anhedonia (Anisman and Merali 1999; Connor et al.

1998).
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There is evidence that antidepressants exert part of their

efficacy by suppressing inflammatory pathways. Tricyclic

antidepressants (TCAs) suppress the ex vivo production of

IL-1b, TNFa and IL-6 by separated monocytes (Xia et al.

1996). There is abundant evidence that TCAs and selective

5-HT inhibitors (SSRIs) block the production of IL-1b, IL-6

and TNFa in brain cell cultures (review: Kubera et al. 2011).

In animal models of depression, antidepressants block the

production of IL-1b and TNFa (review: Kubera et al. 2011).

In depressed patients, antidepressants normalize the acute

phase response, which is activated by increased PIC con-

centrations (Maes et al. 1997b). Nevertheless, a recent meta-

analysis showed that antidepressants do not appear to reduce

plasma PIC levels in depressed patients (Hannestad et al.

2011). The authors conclude that this argues against the

notion that normalization of PIC levels is associated with

remission of depression and that it corroborates the theory

that PICs may contribute to depressive symptoms. The dis-

crepancies between the established ex vivo suppressive

effects of antidepressants on PIC production by peripheral

blood mononuclear cells (PBMCs) and brain cells and the

findings that antidepressants do not suppress blood PIC

levels in depressed patients may indicate that the peripheral

inflammatory response may remain active despite the effects

of antidepressant treatment. This ‘‘resistance’’ of the PBMCs

of depressed patients to the anti-inflammatory effects of

antidepressants may prove to be an important target for

developing new antidepressants. This is underscored by

reports that combinatorial treatment with different anti-

inflammatory compounds augments the clinical efficacy of

antidepressants.

There is evidence that in depressed patients the efficacy

of antidepressants may be augmented by celecoxib, a

cyclooxygenase-2 inhibitor (Müller et al. 2006). Statins,

which also have anti-inflammatory effects, reduce risks of

depression (Stafford and Berk 2011; Pasco et al. 2010).

Non-steroidal anti-inflammatory drugs (NSAIDs), such as

acetylsalicylic acid, have an accelerating effect when

combined with SSRIs in the treatment of depression and in

animal models of depression (Wang et al. 2011c). A review

suggested that there is anecdotal evidence that minocy-

cline, an anti-inflammatory tetracycline derivative,

augments the efficacy of antidepressants in depression (Pae

et al. 2008). A recent meta-analysis, which considered ten

suitable studies, found evidence that eicosapentaenoic acid

(EPA), one of the x3 polyunsaturated fatty acids (PUFAs),

has a significant antidepressant activity (Lin and Su 2007).

EPA has antidepressant effects which are related to sup-

pression of PICs and Th-1-like cytokines (Song and Wang

2011).

Translational models show that targeting inflammatory

pathways may alleviate depressive-like behaviours. For

example, infusions of IL-1RA blocks the reduction of

social investigation induced by footshock, suggesting that

IL-1 plays a key role in mediating behavioural responses to

external stressors (Arakawa et al. 2009). CMS-induced

anhedonic behaviour was significantly reduced following

inhibition of the IL-1R or using IL-1 receptor null mice

(Koo and Duman 2008). Administration of IL-1RA before

inescapable shock blocks the subsequent enhancement of

fear conditioning (Maier and Watkins 1995). Other results

show that TNFa is another drug target in depression. Thus,

etanercept, a p75 TNF receptor/Fc fusion protein that

blocks TNFa functions, blocks IL-1b-mediated behaviours,

including reduced glucose consumption and open-field

activity (Jiang et al. 2008). Pretreatment of mice with

etanercept partially blocks bacillus Calmette–Guerin-

induced depressive-like behaviours (O’Connor et al. 2009).

Minocycline has antidepressant-like effects in the forced

swimming test (FST) (Molina-Hernández et al. 2008).

The same authors showed that combinatorial treatment

with subthreshold doses of minocycline augments the

antidepressant effects of subthreshold doses of desipra-

mine. In animal models, administration of curcumin, a

plant polyphenol and colouring agent/food additive

commonly used in Indian culinary, results in antidepres-

sive-like behaviours that may be explained by its strong

anti-inflammatory properties targeting nuclear factor jB

(NFjB) and thus PIC production (Kulkarni et al. 2009; Xu

et al. 2005, 2007; Periyasamy and Sánchez 2002). Ketamine,

a NMDA receptor antagonist, produces rapid antidepressant

effects. Ketamine is an anti-proinflammatory agent by lim-

iting exacerbations of systemic inflammation (Loix et al.

2011).

Cell-mediated immune activation in depression

as a new drug target

CMI activation in depression is indicated by increased

levels of plasma soluble IL-2 receptor (sIL-2R) and sCD8

molecule; increased numbers and percentages of T cells

bearing T cell activation markers, such as CD2?CD25?,

CD3?CD25?, and HLA-DR?; an increased stimulated

production of the Th-1-like cytokine IFNc; increased IL-12

levels; activation of indoleamine 2,3-dioxygenase (IDO)

that causes lower tryptophan and increased tryptophan

catabolites along the IDO pathway (TRYCATs); increased

serum neopterin; higher serum sTNF receptor(sTNFR-1) or

sTNFR-2 levels; and glucocorticoid resistance in immune

cells (Maes et al. 1990; Maes 2011). During IFNa-based

immunotherapy, the IFNa-induced increases in sIL-2R are

significantly associated with the onset of depressive

symptoms, suggesting that T cell activation is related to the

genesis of depression. IFNa-based immunotherapy not only

induces inflammation and T cell activation but is also
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accompanied by IDO activation, another indicant of CMI

activation. The IFNa-induced synthesis of TRYCATs is

significantly associated with the onset of IFNa-induced

depressive symptoms (Bonaccorso et al. 2002). The

expression of TNFa and IFNc mRNA expression in blood

cells is associated with the severity of depression during

acute attacks of multiple sclerosis (MS), whereas no sig-

nificant correlations with Th-2-like cytokines, such as

IL-10 and IL-4, could be established (Kahl et al. 2002).

Animal models of depression are accompanied by an

increased ability of splenocytes to produce T-cell-related

cytokines, such as IL-2 (Kubera et al. 1996). Recently, it

has been reported that depressed individuals have an

increased number of Th17 cells and a decrease in regula-

tory T (Treg) cell numbers, leading to a Th17/Treg ratio

imbalance (Chen et al. 2011).

There is now evidence that antidepressants significantly

suppress CMI activation, partially through suppression of

Th-1-like cytokines and partially through increasing that of

Th-2-like cytokines, e.g. IL-10, an anti-inflammatory

cytokine. Thus, TCAs suppress the production of the

Th-1-like cytokines, IFNc and IL-2, in human lymphocytes

(Xia et al. 1996). TCAs, like imipramine; SSRIs, like flu-

oxetine and paroxetine; reversible inhibitors of monoamine

oxidase A (RIMAs), like moclobemide; and ‘‘noradrener-

gic’’ antidepressants, such as reboxetine, all suppress the

IFNc/IL-10 production ratio, either through reductions in

IFNc and/or increasing the production of IL-10 (Maes et al.

1999b). In depressed patients, 6-week treatment with

antidepressants significantly reduced the elevated produc-

tion of IFNc (Seidel et al. 1995). In patients with MS and

comorbid depression, treatment with the SSRI, sertraline,

significantly suppressed the production of IFNc in associ-

ation with depressive symptoms (Mohr et al. 2001a). The

stimulated production of IFNc by autoaggressive T cells in

patients with relapsing-remitting multiple sclerosis is

related to the severity of depression, while antidepressive

treatment, including SSRIs, significantly decrease IFNc
production (Mohr et al. 2001b). In depressed patients, there

are several studies showing that treatment with antide-

pressants reduces IL-12 blood concentrations (Lee and Kim

2006).

Also, in animal models of depression there is ample

evidence that antidepressants suppress IL-2 and IFNc
production and increase that of IL-10 (Kubera et al. 2000a,

b, c, 2011). Antidepressants have inhibitory effects on

IFNc-induced microglial production of IL-6 and nitric

oxide (Hashioka et al. 2007). Bupropion, another antide-

pressant drug, reduces LPS-induced production of TNFa,

IL-1 and IFNc in mice (Brustolim et al. 2006). Transla-

tional models show that blockade of IDO with IDO

antagonists prevents LPS-induced depressive-like behav-

iours (O’Connor et al. 2009).

Activation of O&NS pathways as new drug targets

in depression

Inflammation and CMI activation are accompanied by

generation of ROS and RNS. The latter are counterbal-

anced by an array of defence pathways, e.g. antioxidants,

antioxidant enzymes and proteins (Maes et al. 2011a).

When there is an imbalance between increased ROS/RNS

and lowered antioxidant defences, O&NS may occur. The

latter may cause damage to lipids, proteins, DNA, and

mitochondria.

Depression is not only accompanied by inflammation

and CMI activation but also by induction of multiple

O&NS pathways. The findings include increased serum

peroxide and xanthine oxidase (XO) levels, and increased

XO in postmortem brain tissue of patients with recurrent

depressive episodes (Maes et al. 2010; Michel et al. 2008;

Herken et al. 2007). Oxidative damage to lipids and fatty

acids in depression is indicated by: oxidative damage to the

red blood cell membranes through peroxidation (Edwards

et al. 1998); a significantly reduced oxidative potential

index (OPI) of phospholipids (Maes et al. 1999a); signifi-

cantly increased serum malondialdehyde (MDA), a

byproduct of polyunsaturated fatty acid peroxidation and

arachidonic acid (Khanzode et al. 2003; Ozcan et al. 2004;

Galecki et al. 2009a, b); increased plasma 8-iso-prosta-

glandin F2a, a bioactive product of free radical-catalysed

peroxidation of arachidonic acid (Dimopoulos et al. 2008);

and increased 4-hydroxynonenal in the anterior cingulate

cortex (Wang et al. 2009). Oxidative damage to DNA is

indicated by increased 8-hydroxy-20-deoxyguanosine

(8-OHdG), a mutagenic lesion and the end product of the

hydroxylation of guanine, in urine, blood an white blood

cells of depressed patients (Forlenza and Miller 2006; Irie

et al. 2005; Maes et al. 2009a).

Depression is characterized by secondary autoimmune

reactions against immunogenic neoepitopes formed by

oxidative and nitrosative damage to membrane fatty acids

and proteins. Firstly, increased oxidized low density lipo-

proteins (LDL) IgG autoantibodies are observed in

depression, indicating that an IgG-mediated autoimmune

reaction is mounted against oxidatively modified LDL

(Maes et al. 2010). This corroborates the aforementioned

findings that depression is accompanied by in vivo lipid

peroxidation. Secondly, the mean values of serum IgM

directed against oxidatively modified epitopes are signifi-

cantly increased in depression, e.g. MDA, azelaic acid, and

palmitic and myristic acid (Maes et al. 2011d). Thirdly,

depression is also accompanied by higher IgM-mediated

immune responses against NO adducts NO-tyrosine,

NO-phenylalanine, NO-aspartate, NO-histidine, and NO-crea-

tine, indicating increased nitrosative stress and damage to

proteins by O&NS stress (Maes et al. 2011d).
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The above O&NS processes are involved in the patho-

physiology of depression through a number of different

mechanisms. Damage to membrane fatty acids, including

x3 PUFA, may cause changes in the cell membrane

structure/viscosity and as a consequence may cause alter-

ations in the expression of receptors and functional proteins

(Maes et al. 1999a). Damage to anchorage molecules such

as palmitic and myristic acid may cause damage to hun-

dreds of functional proteins that, in turn, cause aberrations

in cell signal transduction, cellular architecture, cellular

differentiation, and neuroprogressive processes (Maes et al.

2011d). O&NS processes may activate IDO (Daley-Yates

et al. 1988) and cause mitochondrial dysfunctions (see

further) that both play a role in depression. Altered lipid

profiles appear to be present in the onset phase of major

psychiatric disorders, and might predict conversion from an

at-risk phenotype to frank illness (Amminger et al. 2011).

In humans and animals there is evidence that treatment

with antidepressants attenuates lipid peroxidation and

normalizes lowered antioxidant levels (Maes et al. 2011a).

In depressed patients, antidepressants significantly reduce

the increased MDA level (Khanzode et al. 2003; Bilici

et al. 2001; Galecki et al. 2009a, b). In animal models of

depression, antidepressant treatment normalizes the stress-

induced increases in brain production of MDA and protein

carbonyls in the brain (Zafir et al. 2009).

Antioxidant defences as new drug targets in depression

There is also evidence for reduced antioxidant defences in

depression, as indicated by lowered levels of key antioxi-

dants and antioxidant enzymes. The findings include

reduced serum zinc, vitamin E, coenzyme Q10, glutathi-

one, and glutathione peroxidase (GPX) (Maes et al. 2000,

2009b, 2011a; Owen et al. 2005; Tsuboi et al. 2006;

Kodydková et al. 2009; Ozcan et al. 2004; Gawryluk et al.

2011). Moreover, depression is accompanied by a lowered

total antioxidant status, and decreased concentrations of

other antioxidant compounds, such as albumin, tryptophan,

and tyrosine (Maes et al. 2000; Cumurcu et al. 2009;

Galecki et al. 2009a, b).

Lowered antioxidant defences are probably associated

with the genesis of depressive symptoms because the

protective properties against the production and damaging

effects of ROS and RNS are reduced. This may result in

increased O&NS, which eventually may cause mitochon-

drial defects and neuroprogression (see further). Some

antioxidants, such as zinc, coenzyme Q10, and glutathione

have anti-inflammatory effects and target inflammatory

mediators, such as NFjB expression and PICs, e.g. TNFa
(review: Maes et al. 2011a). Decreased levels of zinc and

coenzyme may be associated with the genesis of

depressive-like behaviours, including fatigue, neurocogni-

tive disorders, somatic symptoms, etc.

In vivo treatment with antidepressants normalizes

GPX in depressed patients (Ozcan et al. 2004), while

24-h treatment with antidepressants enhances the ex vivo

mRNA levels of various antioxidant enzymes, including

GPX (Schmidt et al. 2008). In translational models, treat-

ment with antidepressants increases brain glutathione or

GPX that were reduced following CMS, restraint stress or

toxins (Zafir et al. 2009; Kumar and Kumar 2009; Eren

et al. 2007a, b).

There is placebo controlled data that N-acetylcysteine

(NAC), a strong antioxidant, has antidepressant efficacy in

bipolar disorder, additionally suggesting potential utility

in depression (Berk et al. 2008, 2011a). NAC has

anti-inflammatory properties that are thought to target the

oxidative pathways, which are implicated in the patho-

physiology of depression. NAC reduces IL-6 in haemo-

dialysis patients (Malhi and Berk 2007). NAC additionally

lowered TNFa and IL-1b levels that were increased in rat

models of both focal cerebral ischaemia and traumatic

brain injury (Chen et al. 2008; Khan et al. 2004). It has

been shown to improve outcomes in lipopolysaccharide

models of inflammation. NAC pretreatment prevents

loss of long-term potentiation and oxidative stress after

exposure to prenatal inflammation (Lante et al. 2008).

Lipopolysaccharide treatment inhibits oligodendroglial cell

myelination and development which is attenuated by

administration of NAC (Paintlia et al. 2008). In the light of

the literature previously highlighted on the nexus between

inflammation and the genesis of depression, the effects of

NAC on inflammatory cytokines may be a potential

mechanism whereby NAC may impact depression. This

may be a direct effect on inflammatory pathways or indi-

rect effects on oxidative processes linked to inflammation

(Dean et al. 2011). NAC has additional effects that make it

an agent of interest in depression. It impacts neurotrans-

mitter pathways, including glutamate and dopamine, in part

the cystine-glutamate antiporter (Baker et al. 2002). NAC

has also been shown to alter dopamine release, and dopa-

mine has a documented role in depression (Malhi and Berk

2007). It facilitates vesicular dopamine release in striatal

neurons and appears to protect against reductions in

dopamine transporter level following repeated metham-

phetamine administration (Gere-Paszti and Jakus 2009).

Both preclinical and clinical studies indicate the anti-

depressant potential of zinc in depression. Behavioural

screening tests and animal models of depression demon-

strate an antidepressant-like activity of zinc and the ability

of zinc to enhance the antidepressant effects of conven-

tional antidepressant agents (Szewczyk et al. 2011).

Combinatorial treatment with zinc supplementation yielded

significant effects of zinc augmenting the efficacy of TCAs
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and SSRIs (Nowak et al. 2003). Combinatorial treatment of

zinc plus imipramine showed an augmentation of the

effects of imipramine in treatment resistant major depres-

sion (Siwek et al. 2009). A recent review article analysed

all randomized placebo controlled trials with zinc in

depression and confirmed potential benefits of zinc sup-

plementation in the treatment of depression (Lai et al.

2011). The antidepressant mechanisms of zinc involve

antagonism to glutamate-NMDA receptors, inhibition of

glycogen synthase kinase-3 (GSK-3) and effect on sero-

tonergic transmission influencing neurodegenerative and

inflammatory systems (Szewczyk et al. 2008, 2011).

In animal models of depression polyphenols, such as

curcumin, suppress depressive-like behaviours. The effi-

cacy of curcumin reversing depressive-like behaviours is

based on its not only strong anti-IO&NS properties by

targeting NFjB and IDO but also neurogenic effects (Maes

et al. 2011a). Liquiritin, a flavonoid and strong antioxidant,

attenuates CMS-induced depressive-like behaviours in

association with normalization of initially disturbed O&NS

pathways.

Mitochondria as new drug targets in depression

A growing body of evidence suggests that mitochondrial

dysfunction is important in patients with mood disorders,

and other psychiatric disorders, such as schizophrenia,

anxiety disorders and borderline personality disorders

(Shao et al. 2008; Jou et al. 2009; Fattal et al. 2006).

Mitochondrial dysfunctions involved in the pathophysiol-

ogy of psychiatric disorders include: (a) disturbances in

activity of mitochondrial enzymes, e.g. the oxidative

phosphorylation pathway, (b) increased production of

damaging ROS and RNS along the mitochondrial respira-

tory chain, (c) increased mitochondrial DNA (mtDNA)

deletions, mutations or polymorphisms, (d) impaired cal-

cium signalling, and (e) impaired energy metabolism. Both

increased production and aberrations in detoxification of

ROS participate in mitochondrial dysfunctions.

There is evidence that depression is accompanied by

mitochondrial disturbances, such as mtDNA deletions and

decreased gene expression of mtDNA-encoded transcripts

in frontal cortex (Shao et al. 2008; Gardner and Boles

2011; Gardner et al. 2003; Suomalainen et al. 1992), a

reduced activity of respiratory chain enzymes and adeno-

sine triphosphate (ATP) production (Gardner et al. 2003;

Gardner and Boles 2008a, b), altered translational mito-

chondrial structures in the frontal and prefrontal cortex

(Whatley et al. 1996; Karry et al. 2004), mitochondrial-

located proteins in the anterior cingulate cortex (Beasley

et al. 2006) and nDNA-encoded mitochondrial mRNA and

proteins in the cerebellum (Ben-Shachar and Karry 2008).

A mitochondrial hypothesis in bipolar disorder considered

the role played by impaired oxidative phosphorylation, a

resultant shift towards glycolytic energy production, a

decrease in ATP production and substrate availability, and

altered phosphomonoesters concentrations and phospho-

lipid metabolism (Stork and Renshaw 2005). The

mitochondrial dysfunction hypothesis of bipolar disorder

posits that mtDNA polymorphisms/mutations or mtRNA

deletions caused by nuclear gene mutations can cause

mitochondrial dysregulation of calcium leading to bipolar

disorder (Kato and Kato 2000; Kato 2007, 2008). Neuronal

calcium homeostasis and calcium signalling regulate mul-

tiple neuronal functions, including synaptic transmission,

neuronal plasticity and survival (Plein and Berk 2000). The

idea that altered intracellular calcium signalling may be

crucial for the molecular mechanisms leading to affective

disorders was first suggested by Jimerson et al. (1979).

Dysregulation of both basal intracellular calcium as well as

receptor regulated calcium has been demonstrated in

depression (Berk et al. 1998, 2001). Recently, disturbed

calcium homeostasis has been studied in neurodegenerative

and mood disorders (Wojda et al. 2008).

Even if the direct cause of depression is unrelated to

mitochondria, mitochondrial dysfunctions may be predis-

posing factors to develop clinical depression. Indeed, the

requirement for ATP for a cell to recover from stress,

insults, and O&NS, and the mitochondrial apoptotic path-

ways show that mitochondrial dysfunctions are important

secondary factors in the genesis of clinical disorders (Smith

and Murphy 2011).

Mitochondrial O&NS processes and O&NS damage to

lipids and proteins play a role in many pathologies

(Beckman and Ames 1996; Ames 2003). Firstly, mito-

chondria are very susceptible to damage by O&NS

(Balaban et al. 2005). Secondly, mitochondria are major

sources of ROS/RNS that cause oxidative damage (Murphy

2009). In addition, the lowered levels of antioxidants, such

as coenzyme Q10, in depression may be related with an

array of mitochondrial aberrations, including increased

production of ROS, activation of mitochondrial perme-

ability transition (see further), and decreased activities of

complex II ? III, complex III, and complex IV (Rodrı́guez-

Hernández et al. 2009). Probably, increased ROS/RNS and

lowered antioxidant levels in depression contribute to

mitochondrial dysfunctions which, in turn, may cause

apoptosis and necrosis and therefore are associated with

neuroprogression (Balaban et al. 2005; Murphy 2009).

These neuroprogressive effects associated with mitochon-

drial dysfunctions are discussed in the following section.

Antidepressants, lithium and electroconvulsive therapy

have effects on mitochondrial energy generation (Abdel-

Razaq et al. 2011; Valvassori et al. 2010; Búrigo et al.

2006). Lithium increases complex 1 and complex 2
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activities and therefore may enhance ATP production

(Maurer et al. 2009). Bachmann et al. (2009) reported that

chronic administration of lithium at therapeutic doses

enhanced mitochondrial functions. Electroconvulsive

therapy and transcranial magnetic stimulation similarly

enhance mitochondrial function (Dragicevic et al. 2011). In

the rat, chronic treatment with imipramine stimulated state

3 and 4 respiration rates (Katyare and Rajan 1995). There

is also evidence that antidepressants protect mitochondria

against various injuries including O&NS. Nortriptyline, a

TCA, inhibits oxygen/glucose deprivation-induced cell

death, the release of mitochondrial factors and loss of

mitochondrial membrane potential (Zhang et al. 2008).

Heterocyclics, including TCAs, mediate dose-dependent

protection of mitochondria, i.e. inhibition of the mito-

chondrial permeability transition (mPT) (Stavrovskaya

et al. 2004). mPT refers to the swelling and depolarization

of mitochondria and is caused by the opening of pores in

the inner mitochondrial membrane, the permeability tran-

sition pores (mPTP) (Halestrap et al. 2002, 2004). mPTP

opening occurs as a consequence of mitochondrial calcium

overload and O&NS, and results in uncoupling of oxidative

phosphorylation, hydrolysing rather than synthesizing

ATP, decreased ATP level, and eventually apoptosis

through the release of apoptotic proteins, e.g. cytochrome

c, or necrotic cell death (Halestrap et al. 2002, 2004). Thus,

heterocyclics protect primary neuronal cultures subjected

to oxygen-glucose deprivation and reduce infarct size and

neurological impairment in mice subjected to middle

cerebral artery occlusion/reperfusion (Stavrovskaya et al.

2004). Also, fluoxetine may inhibit mPT and protect

against apoptosis (Nahon et al. 2005). In conclusion,

enhancing mitochondrial function may represent a critical

component for the optimal treatment of mood disorders

(Quiroz et al. 2008).

We already reviewed that NAC, which has an antide-

pressant efficacy, appears to be protective in models of

mitochondrial dysfunction (Qian and Yang 2009). There is

indirect evidence that some of aforementioned drugs

and antioxidants, and mitochondria-targeted antioxidants

(Smith and Murphy 2011) protect the mitochondria against

the damaging effects of O&NS and ensuing injuries. Thus,

minocycline has cytoprotective effects against cell death by

increasing mitochondrial Bcl accumulation and caspase

pathways and thus suppression of Bax accumulation, outer

membrane damage and cytochrome c release (Wang et al.

2003, 2004). Statins have protective effects by attenuating

oxidant-induced mitochondrial dysfunctions (Jones et al.

2003). Celecoxib has neuroprotective properties by

restoring mitochondrial function partly related to its anti-

inflammatory effects (Hunter et al. 2007). EPA protects

mitochondria by maintaining the membrane potential

and mitochondrial ATP production (Jeng et al. 2009).

Coenzyme Q10 confers resistance to O&NS damage to

mitochondria and is a key molecule in the electron trans-

port chain that is needed in the synthesis of ATP (Butler

et al. 2003; Crane 2001; Dutton et al. 2000). Treatment

with coenzyme Q10 reverses statin-induced fatigue and

neurocognitive symptoms (Langsjoen et al. 2005; Passi

et al. 2003). Curcumin and analogues inhibit ROS-induced

lipid peroxidation and protein damage in mitochondria

(Wei et al. 2006). Resveratrol, another strong antioxidant

and polyphenol, significantly decreases the immobility

time in mouse models of despair tests (Xu et al. 2010) and

has significant protective effects of mitochondria including

calcium-induced O&NS (Gutiérrez-Pérez et al. 2011;

Ungvari et al. 2011).

Neuroprogression as a new drug target in depression

Although mood disorders are not typical neurodegenerative

disorders, several studies have demonstrated that neuro-

progression, e.g. neuronal and/or glial stress, atrophy,

reduced neurogenesis and neuroplasticity, and cell death,

occurs in some patients with mood disorders. Stockmeier

et al. (2004) reported neuronal and glial cell modifications

in the postmortem hippocampus of depressed patients. The

diminished volume of the hippocampus in depression may

be critically determined by a loss in neuropil including

dendritic branching, dendritic spine complexity, and glial

processes. Except for hippocampal and frontal cortical

regions other brain regions are also involved in depression,

including nucleus accumbens and its dopaminergic input

from the ventral tegmental area, which form the meso-

limbic dopamine system (Nestler and Carlezon 2006).

Volumetric reductions in the hippocampus, amygdala,

basal ganglia, prefrontal cortex are observed in patients

suffering from long-term recurrent depression (Campbell

and MacQueen 2006; McKinnon et al. 2009). Such changes

appear to be associated with protracted illness (Lorenzetti

et al. 2009), treatment resistance (Shah et al. 2002), and the

neurocognitive deficits in mood disorders (Brown et al.

2004; Duman 2004; Maes et al. 2009c). Vaidya and Duman

(2001) suggest that the inability of neuronal systems to

exhibit appropriate, adaptive plasticity may play a role in

the pathophysiology of depression. Another consistent

finding in association with mood alterations in different

brain disorders is reduced neurogenesis in the hippocampus

(Duman 2004). Stress-induced changes in neurotrophic

factors, such as brain-derived neurotrophic factor (BDNF)

are thought to play a role in depression (Smith et al. 1995).

For example, reduced BDNF may contribute to hippo-

campal damage, and dysregulation of neuronal plasticity

and survival. There is a significant association between

BDNF genotypes and increased risk of treatment resistance
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in depression (Anttila et al. 2007). The expression of

BDNF and other neurotrophic factors is reduced in post-

mortem brain of suicide victims (Schmidt and Duman

2007). Translational models of depression, e.g. the olfac-

tory bulbectomized (OB) rat model, show degenerated

neurons in the piriform cortex (Wang et al. 2007), ven-

tricular enlargement and decreased hippocampal, cortical,

caudate and amygdaloid volumes (Wrynn et al. 2000).

In animal models of depression, lowered BDNF is found

in brain regions associated with depression (Schmidt and

Duman 2007; Fuchs et al. 2004). Another factor related to

neurocognitive dysfunctions in mood disorders is reduced

neural cell adhesion molecule (NCAM) (Sandi 2004; Sandi

and Bisaz 2007). NCAM is expressed on neurons and glia

and is implicated in neurogenesis, learning and memory.

Also, the fibroblast growth factor (FGF) may play a role in

depression (Turner et al. 2006). Thus, a reduced tone in the

FGF system might alter brain development or remodelling

and result in a predisposition to depression.

We and others reviewed that the above-mentioned

neuroprogressive processes are probably caused by the

effects of PICs, e.g. increased TNFa and IL-1; CMI-related

mechanisms, e.g. increased production of IFNc, IL-2 and

TRYCATs; O&NS processes; and lowered antioxidant

levels, including coenzyme Q10, zinc, glutathione, and

GPX (Maes et al. 2009c; Berk et al. 2011b; Kubera et al.

2011; Catena-Dell’Osso et al. 2011). Different pathways

are involved: PICs and CMI-related cytokines induce cas-

pase-dependent pathways, decrease neurogenesis and

neurotrophic factors, exacerbate cell death, and cause

damage to myelin, while some TRYCATs have excitotoxic

effects, lead to cell death and destruct postsynaptic ele-

ments. O&NS is a major route leading to neuroprogression

through decreased neural viability, cell necrosis, induction

of inflammatory pathways. Decreased concentrations of the

aforementioned antioxidants may lower their neuroprotec-

tive properties, which prevent impaired neurogenesis and

increase BDNF, suppress ROS/RNS and production of the

neurotoxic cytokines.

Mitochondrial dysfunctions, caused by O&NS pathways

in conjunction with lowered antioxidant levels, stress or

genetic defects, are critically involved in neuroprogression

by induction of apoptotic and necrotic pathways (Kroemer

et al. 1997; Lemasters et al. 1998). Induction of mPT is

associated with caspase-dependent and caspase-indepen-

dent cell death cascades in the central nervous system

(Stavrovskaya et al. 2004). Mitochondrial dysfunctions are

usually related to the ability of the mitochondria to gen-

erate ATP in response to energy demands (Brand and

Nicholls 2011). These processes may be amplified by

increases in glutamate efflux in the prefrontal cortex and

the hippocampus of depressed patients (Moghaddam

2002). An excess of glutamate in the synapse leads to

excess of cytosolic calcium, which produces overactivity of

calcium-dependent enzymes and leads to cytoskeletal

degradation, protein malformation and oxygen radical

generation. These processes can lead to atrophy or death of

neurons (Atlante et al. 2001; Lipton 1999). High intracel-

lular calcium levels induce overload of mitochondrial

calcium, leading to increase of ROS production, inhibition

of ATP production and collapsing the mitochondrial

membrane potential. Activation of calcium-dependent

protein phosphatases causes translocation of the proapop-

totic factor BAD into the mitochondria and triggers

apoptosis by sequestration of antiapoptotic factors Bcl-2

and Bcl-xL (Wang et al. 2003, 2004). Release of cyto-

chrome c (cyt c) and other proapoptotic factors from the

intermembrane space of mitochondria induces the forma-

tion of apoptosome, and consequently triggers activation of

caspases and apoptosis. Apoptosis-inducing factor is

another proapoptotic factor released by mitochondria

(Nicholls 2008; Hroudová and Fišar 2011).

Recently, we have reviewed that antidepressants have

significant protective effects against neuroprogression

(Kubera et al. 2011). For example, antidepressants increase

cell regeneration, neurogenesis and BDNF mRNA and

protein levels; prevent the detrimental effects of stressors

on decreasing neurogenesis and increasing apoptosis;

reduce the number of caspase-3-positive cells; and upreg-

ulate Bcl-2 expression in the rat limbic structures. As such,

antidepressants contribute to synaptic stability, axonal

growth, neuronal differentiation, and cell survival (review:

Kubera et al. 2011). In animal models of depression, the

enhancement of hippocampal neurogenesis and neuropro-

tection is associated with the behavioural effects of

antidepressants (Schmidt and Duman 2007; Wang et al.

2011d).

There is also evidence that some neurotrophic factors

have antidepressant efficacy through enhancing neurogen-

esis and neural plasticity. Examples are NCAM, vascular

endothelial growth factor (VEGF), VGF (not an acronym),

and fibroblast growth factor receptor (FGFR) (Klementiev

et al. 2007; Sandi and Bisaz 2007; Malberg and Monteggia

2008). BDNF, on the other hand, does not appear to have

antidepressant activities. A small, acute dose of BDNF

administered to the hippocampus yielded antidepressant-

like effects, but chronic administration did not (Sirianni

et al. 2010). In animal models, the rapid antidepressant

effects of ketamine are accompanied by enhancement of

hippocampal BDNF protein levels (Garcia et al. 2008).

Agents that enhance neurotrophic factors such as minocy-

cline and erythropoietin are putative antidepressants

(Leconte et al. 2011). Administration of ginseng total

saponins results in antidepressant effects that are partly

associated with an increase in stress-induced reductions in

hippocampal BDNF (Dang et al. 2009). Finally, NAC,
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zinc, coenzyme Q10 and curcumin display antidepressant

effects and increase neurogenesis and BDNF levels (Qian

and Yang 2009; Scapagnini et al. 2010). For example,

curcumin reverses chronic stress-induced reduction in

BDNF protein levels (Scapagnini et al. 2010).

New drug candidates

Based on this review we may conclude that aberrations in

(1) inflammatory and (2) CMI pathways, (3) activation of

O&NS processes, (4) decreased antioxidant defences, (5)

mitochondrial damage, and (6) neuroprogression are six

interrelated key factors underpinning the pathophysiology

of depression. We discussed that antidepressants target all

six components, i.e. they (1) have anti-inflammatory

properties, (2) reduce Th-1 like responses and increase

negative immunoregulatory cytokines, such as IL-10, (3)

normalize signs of O&NS, (4) increase lowered antioxidant

defences, (5) protect mitochondria and enhance mito-

chondrial functions, and (6) have neuroprotective effects.

Figure 1 shows a schematic diagram of the effects of

antidepressants normalizing these new drug targets. This

indicates that those six new, intertwined pathways could be

pathophysiologically guided drug targets to treat

depression.

This figure also shows the different new drug candidates

targeting these six drug targets. In the previous sections we

have discussed these novel drugs, which have antidepres-

sive effects in depression and translational models by

targeting (1) inflammation: celecoxib, EPA, statins, ace-

tylsalicylic acid, minocycline, the IL-1RA, ketamine,

etanercept, and curcumin; (2) CMI activation: IDO

blockade and minocycline; (3) O&NS; and (4) lowered

Fig. 1 Six new pathophysiologically guided drug targets to treat

depression, i.e. (1) inflammation (inflam), including increased levels

of proinflammatory cytokines; (2) cell-mediated immune (CMI)

activation, including increased production of interferon-c (IFNc) and

a Th1-like response; (3) activation of oxidative and nitrosative stress

(O&NS) pathways, including lipid peroxidation, damage to DNA and

autoimmune responses to O&NS damaged neoepitopes; (4) decreased

antioxidant (Aox) defences, including reduced concentrations of zinc,

coenzyme Q10, glutathione, glutathione peroxidase, etc.; (5) mito-

chondrial disorders (mtD), including reduced activity of respiratory

chain enzymes and adenosine triphosphate production, mtDNA

deletions, etc.; and (6) neuroprogression (NP), that is the progressive

process of neurodegeneration, apoptosis, and reduced neurogenesis

and neuronal plasticity, phenomena that are associated to disorders in

the other five pathways. Antidepressants target all six components: (1)

they have anti-inflammatory effects; (2) they attenuate CMI activation

by reducing the production of interferon-c and increasing that of

interleukin (IL)-10; (3) they reduce O&NS, including lipid peroxi-

dation; (4) they may enhance antioxidant defences; (5) they increase

mitochondrial energy generation and protect the mitochondria; and

(6) reduce neuroprogressive processes targeting apoptosis and neu-

rogenesis. Targeting these six pathways has the potential to yield

antidepressant effects, using compounds that affect (1) inflammation,

using cytokine antagonists, e.g. IL-1RA (interleukin-1 receptor

antagonist), minocycline, Cox-2 inhibitors, statins, acetylsalicylic

acid, EPA (eicosapentaenoic acid), etc.; (2) CMI activation, using

minocycline and indoleamine-2,3-dioxygenase (IDO) inhibitors, (3)

O&NS; and (4) lowered antioxidant defences, using antioxidants, e.g.

NAC (N-acetylcysteine); (5) mitochondrial disorders, using some of

the abovementioned compounds; and (6) neuroprogression, using

neurotrophic compounds, e.g. NCAM neural cell adhesion molecule,

VEGF vascular endothelial growth factor, VGF, FGFR fibroblast

growth factor receptor, etc.
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antioxidant defences: zinc, NAC, curcumin and liquiritin;

(5) mitochondria: minocycline, statins, celocoxib, EPA,

NAC, coenzyme Q10, curcumin, resveratrol; and (6) neu-

roprogression: NCAM, VEGF, VGF, FGFR, minocycline,

ginseng, NAC, zinc, coenzyme Q10 and curcumin. This

shows that targeting these pathways could be new thera-

peutic strategies for the treatment of depression.

However, many of the above-mentioned drugs are not

useful in the clinical practice. The cytokine antagonists that

have been used in translational models can result in serious

side effects. Etanercept, for example, may cause fatal blood

disorders, liver injury, lymphoma, infections, and heart

failure. Minocycline causes side effects in many patients

that precludes its use as a potential antidepressant, e.g.

vestibular disturbances, allergic reactions, hypertension,

autoimmune reactions, etc. Statins decrease serum con-

centrations of coenzyme Q10, which may cause specific

symptoms, including fatigue, neurocognitive and somatic

symptoms (review: Maes et al. 2009b). NSAIDs cause

increased bacterial translocation, which may amplify sys-

temic inflammation and O&NS pathways in depression

(Bjarnason and Takeuchi 2009). In addition, Cox-2 inhib-

itors can have serious side effects, including stroke, heart

attacks, thrombosis, renal failure, etc. IDO inhibitors

should first be advanced to phase 2 studies after being

tested for safety. In addition, IDO inhibitors may not be a

good choice because IDO activation is probably an

endogenous negative feedback loop counteracting inflam-

mation and CMI activation, through the effects of lowered

tryptophan and increased TRYCATs (Maes et al. 2011c).

Aspirin, a 100-year-old agent, may be among the most

promising ‘‘novel’’ compounds (Pasco et al. 2010).

The other ‘‘new’’ compounds that have antidepressive

effects are x3 PUFAs and antioxidants, such as zinc,

curcumin and NAC. Research shows that those natural

anti-oxidative and anti-inflammatory substances (NAIOSs)

certainly augment the activity of antidepressants. Their use

as monotherapy for depression has not yet been validated,

although trials are underway.

Recently, we have discussed that cell signalling net-

works, such as mitogen-activated protein kinase (MAPK),

Janus kinase/signal transducers and activators of tran-

scription (JAK-STAT), and NFjB modulate immune,

O&NS, mitochondrial and apoptotic pathways (Maes et al.

2011b). Considering the broad spectrum inflammatory state

in depression it may be expected that these cell signalling

pathways could be hyperactive in depression and are

associated with activation of IO&NS pathways. Neverthe-

less, a postmortem study showed decreased activities and

mRNA levels of extracellular signal-regulated kinases,

ERK1 and ERK–2, and increases in MAPK phosphatase

(MKP-2) levels in the hippocampus and prefrontal cortex,

suggesting less activated p44/p42 MAPK (Dwivedi et al.

2011). Nevertheless, a Phase II study was conducted with

GW-856553, a p38 MAPK inhibitor (Losmapimod, GSK),

in depression. Although the study was completed in 2010

no results have been published so far (http://www.

clinicaltrials.gov). There are no data available whether

the JAK-STAT and NFjB networks are activated in

depression and thus could be new drug targets.

All in all, the above-mentioned findings show that the

six pathways are new, pathophysiologically guided drug

targets and that new antidepressants should be developed

that target all six pathways at the same time. We now

discuss two candidates that target these six pathways and

consequently could be advanced to phase 2 clinical trials in

depression, i.e. nuclear factor (erythroid-derived 2)-like 2

(Nrf2) and glycogen synthase kinase 3 (GSK-3).

Nrf2 agonists as new drugs in depression

Nrf2 as a new drug target in depression

Among the antioxidant enzymes that are upregulated to

restore redox homeostasis, one of the major adaptive

responses in the brain is the activation of a redox-sensitive

gene regulatory network that is mediated by nuclear factor

E2-related factor 2 (Nrf2) (Johnson et al. 2008; Innamorato

et al. 2008). Nrf2-mediated signalling has been the object

of intensive studies for its potential to maintain redox

homeostasis in the brain and protecting neurons against cell

death (Johnson et al. 2008). Nrf2 is a member of the

Cap‘n’Collar family of transcription factors, and in non-

stimulated conditions it is sequestered in the cytoplasm by

binding to protein Kelch ECH associating protein 1

(Keap1). Keap1 plays a central role in regulation of the

Nrf2 response. Under normal conditions, Nrf2 is targeted

by Keap1, which promotes Nrf2 proteasomal degradation

via interactions with an ubiquitin ligase (Sun et al. 2007).

Keap1 further functions as a sensor of stress signals,

through stress-induced oxidation of key cysteine residues

that lead to conformational changes and the inability to

bind Nrf2 (Yamamoto et al. 2008). Several stimuli,

including oxidative stress, xenobiotics and electrophiles,

induce the disruption of Nrf2/Keap1 complex, freeing Nrf2

for translocation to the nucleus where it interacts with basic

leucine zipper transcription factors such as Maf and Jun

family members and binds to a cis-acting element, the

antioxidant response element (ARE, also called EpRE or

OSRE) (Kaspar et al. 2009). Nrf2-ARE is a major pathway

regulating phase II antioxidant responses, triggering the

simultaneous expression of numerous protective enzymes

and scavengers. A recent genome-scale analysis of the

regulatory network governed by Nrf2 has identified 645

basal and 654 inducible direct target genes of Nrf2, with
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244 genes at the intersection, all involved in stress response

and cell proliferation (Malhotra et al. 2010). The ARE is

found in several cytoprotective inducible genes related to

the so-called cellular stress response, such as haeme oxy-

genase 1 (HO-1), GPx, glutathione-S-transferases (GST),

NAD(P)H quinone oxidoreductase (NQ01), thioredoxin

reductase, etc. (Venugopal and Jaiswal 1996; de Vries et al.

2008; Itoh et al. 1997). Nrf2 also induces the expression of

enzymes that directly regulate glutathione, such as gluta-

thione cysteine ligase modifier (GCLM) subunit and

glutathione cysteine ligase catalytic (GCLC) subunit. Nrf2

regulates the cysteine/glutamate exchange transporter that

maintains extracellular glutamate in the brain, and controls

intracellular GSH by regulating cysteine influx (Albrecht

et al. 2010). This antiporter was also found to be decreased

by repeated cocaine exposure, and restoration of the

activity prevented cocaine-primed drug seeking behaviour

in rats (Baker et al. 2003). Thus, Nrf2 plays a critical role

in the control of cellular GSH homeostasis, as demon-

strated by the evidence that in Nrf2-/- cells and tissues

there is low GSH or a loss of induction of GSH (Harvey

et al. 2009). Considering the relevance of GSH in brain

physiology, it has been proposed that the beneficial effect

of Nrf2 induction in the central nervous system is mostly

based on the actions of astrocytes. The promoters of many

antioxidant and phase II genes receive regulatory input

from other transcription factors, such as AP-1 and NFjB,

suggesting that the antioxidant response is regulated with

other cellular processes such as the inflammatory response.

Several compounds are endowed with the ability to

activate the Nrf2/ARE pathway, ranging from electrophilic

polyphenols to carotenoids and melatonin. Although few

studies have directly focussed their attention to the corre-

lation between Nrf2 and depression, some research

identified possible antidepressant effects of Nrf2 activators.

Curcumim has the specific ability to activate Nrf2 (Sca-

pagnini et al. 2011a, b). The involvement of curcumin in

restoring cellular homeostasis and rebalancing redox

equilibrium by the activation of defensive genes, and its

ability to effort an effective neuroprotection suggests that it

might be a useful adjunct in depression treatment (Sca-

pagnini et al. 2002). Recently, it was demonstrated that

epigallocatechin gallate (EGCG), the most active and

abundant compound in green tea, is able to activate HO-1

by the ARE/Nrf2 pathway and by the induction of HO-1 to

protect neurons against oxidative damage (Romeo et al.

2009). Chronic treatment with EGCG restored all the

behavioural and biochemical alterations associated with

chronic fatigue in a rat model (Sachdeva et al. 2011).

All in all, the cell responds to oxidative and xenobiotic

stressors by activation of a battery of genes that restores

the redox balance and enhances xenobiotic detoxification

and thus protects the cell and survival to those stressors

(Nerland 2007). Therefore, Nrf2 activators may be tested

as a new class of drugs to target diseases associated

with oxidative stress and inflammation, including cancer,

cardiovascular diseases, inflammatory and autoimmune dis-

eases, neurodegenerative diseases, and depression (Hybertson

et al. 2011).

Nrf2 and inflammation and CMI activation

Several studies have demonstrated an essential role of Nrf2

as a key element in modulation of inflammatory and CMI

processes in different organs. In the brain, Nrf2 is a key

regulator in reducing inflammatory damage, which is

involved in subarachnoid haemorrhage, and the absence of

Nrf2 may induce more aggressive inflammation through

activation of the NFjB pathway (Pan et al. 2011). Sulfo-

raphane (SFN) has been used as a specific and effective

Nrf2 activator to attenuate microglia-induced inflammation

in hippocampus of LPS-treated mice as determined by

reduced inducible NO synthase (iNOS). SFN attenuates the

production of proinflammatory cytokines IL-6 and TNFa
(Innamorato et al. 2008). In a rat model of spinal cord

injury, treatment of injured animals with SFN significantly

increases Nrf2 and reduces PICs, such as IL-1b and TNFa,

thus leading to a reduction in contusion volume and

improvement in coordination (Wang et al. 2011b). Nrf2-

knock out animals are not only over-sensitive to oxidative

stress but also their microglial cells are hyper-inflammatory

and the animals develop white matter damage spontane-

ously (Hubbs et al. 2007). Nrf2-deficient mice show an

increased susceptibility to airway inflammation and when

infected with M. tuberculosis show increased expression of

IL-2 and IL-13 mRNA (Mizuno et al. 2010). Tert-butyl-

hydroquinone, which activates Nrf2, induces IL-10 (Boyle

et al. 2011). Enzymes that are induced by Nrf2 also show

anti-inflammatory effects. For example, HO-1 activation is

associated with an anti-inflammatory response character-

ized by IL-10 and IL-RA upregulation and the promotion

of CD4?CD25 regulatory T cells (Piantadosi et al. 2011;

Xia et al. 2006).

Nrf2 and mitochondria

Nrf2 plays an important role in protecting neurons from

toxic insult, e.g. it mediates neuroprotection against mito-

chondrial complex I and II inhibitors (Calkins et al. 2005;

Lee et al. 2003). Mitochondria are major targets of oxi-

dative stress and abnormal intracellular calcium, which

activate mitochondrial inner mPTP. mPTP opening leads to

a collapse of membrane potential and release of small

metabolites, including pyridine nucleotides and glutathione,

which are necessary for energy metabolism and defences

against oxidative stress. Recent evidence indicates that
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mitochondria are a target of the cytoprotective gene

expression induced by Nrf2 and that this pathway protects

against redox-regulated opening of the mPTP (Greco and

Fiskum 2010).

Nrf2 and neuroprogression

Nrf2 activation in astrocytes induces neuroprotection via

the transcriptional regulation of genes generally involved

in the antioxidant response, including those involved in the

biosynthesis, use, and export of glutathione (Shih et al.

2003; Calkins et al. 2005; Lee et al. 2003). In neurode-

generative diseases, Nrf2 expression is altered in both

neurons and astrocytes and many studies reported that

activation of HO-1 in neurons is strongly protective against

oxidative damage and cell death (Chen et al. 2000). For

example, brains from Alzheimer patients have low Nrf2

levels in hippocampal astrocytes (Ramsey et al. 2007),

while overexpression of Nrf2 in astroglia protects against

neuronal death in stroke and other disease models (Vargas

et al. 2008). In addition, the activation of HO-1 seems to

represent an important defensive mechanism for neurons

exposed to oxidative stress (Scapagnini et al. 2002). It is

thought that Nrf2/ARE activation is a novel neuroprotec-

tive pathway that can be targeted to treat oxidative,

inflammatory and neurodegenerative disorders (Johnson

et al. 2008; Witte et al. 2010). Therefore, the modulation of

Nrf2 and HO-1 in the brain has been suggested as a

potential pharmaceutical strategy for the treatment and

prevention of several brain disorders (Scapagnini et al.

2011b). Their efficacy in the brain has been demonstrated

in different in vivo and in vitro models of neurodegener-

ative disorders, and clinical trials are ongoing (Scapagnini

et al. 2011b). The antidepressant effects of agomelatin are

related not only to agonism of melatonin receptors and

antagonism of the 5-HT2c receptors (Popoli 2009) but also

to induction of transcriptional response through NK-jB,

AP-1, and Nrf2 (Luchetti et al. 2010). Moreover, selected

Nrf2 activators are potential chemopreventive agents (Lee

and Surh 2005). All in all, activation of the Nrf2/ARE

signalling pathway might represent a therapeutic target for

treatment of many neuropsychiatric diseases, including

depression.

Figure 2 summarizes the effects of Nrf2 activators on

the six pathways involved in the pathophysiology of

depression. In conclusion, increasing evidence supports the

view that Nrf2 agonists may be advanced to phase 2 trials

in depression because Nrf2 activators increase antioxidant

defences, protect mitochondria, and have anti-inflamma-

tory and neuroprotective effects.

Fig. 2 Six new pathophysiologically guided drug targets to treat

depression, i.e. (1) inflammation (inflam); (2) cell-mediated immune

(CMI) activation; (3) activation of oxidative and nitrosative stress

(O&NS) pathways; (4) decreased antioxidant (AOx) defences; (5)

mitochondrial disorders (mtD); and (6) neuroprogression (NP). Novel

antidepressants should target all six components and (1) have anti-

inflammatory effects; (2) attenuate CMI activation; (3) reduce O&NS;

(4) enhance antioxidant defences; (5) enhance and protect mitochon-

dria; and (6) reduce neuroprogressive processes. Nuclear factor

(erythroid-derived 2)-like 2 (Nrf2) activators may be advanced to

phase 2 trials in depression because Nrf2 activation targets (1)

inflammation, e.g. through decreasing IL-6 (interleukin-6) and TNFa
(tumour necrosis factor a); and enhancing IL-1RA (IL-1 receptor

antagonist); (2) CMI activation, by increasing IL-10 and T regulatory

cells (Treg); (3) O&NS by reducing iNOS (inducible nitric oxide

synthase) and enhancing (4) lowered antioxidant (AOx) levels, by

activating HO-1 (haeme oxygenase 1); GST (glutathione-S-transfer-

ases); GPx (glutathione peroxidase); NQO1 (NAD(P)H quinone

oxidoreductase), etc.; (5) mitochondrial protection through effects on

the mitochondrial permeability transition pores (mPTP); and (6)

neuroprogression (NP)

138 M. Maes et al.

123



GSK-3 inhibitors as new drugs in depression

GSK-3 as a new drug target

Glycogen synthase kinase-3 (GSK-3) acts as a cellular

nexus, integrating several signalling systems and its

activity is regulated by complex mechanisms (Medina and

Wandosell 2011). Its unique position in modulating the

function of a diverse series of proteins in combination with

its association with a wide variety of human disorders has

attracted significant attention to GSK-3 both as a thera-

peutic target (MacAulay and Woodgett 2008; Medina and

Castro 2008; Medina and Avila 2010) and as a means to

understand the molecular basis of these disorders (Jope

2011; Medina et al. 2011).

The finding that the mood stabilizing drug lithium directly

inhibits GSK-3 initially sparked the interest for this enzyme

as a potential target for mood disorders. Lithium and valproic

acid are widely used in the chronic treatment of bipolar

disorders or to augment the activity of antidepressants in

depression. Lithium ions directly inhibit GSK-3 (Klein and

Melton 1996), most likely by competing with magnesium,

while valproic acid inhibits GSK-3 activity in relevant

therapeutic concentrations in human neuroblastoma cells

(Chen et al. 1999) through an indirect mechanism (Rosen-

berg 2007). The mechanism of action by which lithium

exerts its therapeutic effects is not known but it is conceiv-

able that the acute effects on GSK-3 results in changes in

gene regulation and cellular changes, which could affect the

neuronal plasticity over time (Gould and Manji 2005; Jope

1999; Lenox and Hahn 2000). Lithium also inhibits at least

four phosphomonoesterases (including inositol monophos-

phatase) (York et al. 1995), and phosphoglucomutase (Ray

et al. 1978; Stambolic and Woodgett 1994), apart from GSK-

3 (Klein and Melton 1996; Li-Smerin et al. 2001). GSK-3 is

significantly inhibited at therapeutic lithium concentrations

(Gould and Manji 2005; Shaldubina et al. 2001; Jope 2011).

Thus, if a significant proportion of lithium’s therapeutic

actions in bipolar disorder results from the inhibition of

GSK-3, then this enzyme would be an important target for

mood disorders (Li et al. 2002; Rowe et al. 2007).

In spite of these attributes, lithium has a narrow thera-

peutic window (blood serum level 0.6–0.8 mM) above

which side effects are problematic (Malhi and Berk 2011).

Overdose can lead to severe neurological dysfunction and

in some cases death. Non-CNS side effects of lithium (not

uncommonly within therapeutic levels) include tremor,

polyuria, polydipsia, nausea, and weight gain. Lithium can

have adverse reactions with other drug classes including

diuretics, NSAIDS, and other drugs that alter kidney

function (Gould and Manji 2006).

Recent preclinical evidence further implicates modu-

lation of GSK-3 in either the direct or downstream

mechanism of action of many other mood stabilizers and

antidepressant medications currently in clinical use.

Thus, an imbalance between 5-HT1A and 5-HT2 recep-

tors is associated with depression (Maes and Meltzer

1995) and signalling through 5-HT receptors modulates

GSK-3 activity as serotonergic deficiency leads to

abnormally activated GSK-3. Administration of fenflu-

oramine or clorgyline increases 5-HT levels and Ser9

phosphorylation of GSK-3 (Li et al. 2004, 2007; Beau-

lieu et al. 2008). Several classes of 5-HT-modulating

drugs, also including fluoxetine and imipramine, regulate

GSK-3 by inhibiting its activity in the brain, thus further

underlying its potential as a therapeutic target in psy-

chiatric disorders with abnormal 5-HT dysfunction

(Polter and Li 2011).

Small molecule GSK-3 inhibitors have recently been

shown to have anti-depressive effects in animal models.

Thus, the substrate-competitive peptide inhibitor L803-mts

has an antidepressant effect in the mouse FST (Kaidano-

vich-Beilin et al. 2004), while the specific inhibitor

AR-A014418 has shown similar effects in rats. More

recently, the novel thiadiazolidinone NP031115 has also

displayed antidepressant activity in the mouse FST after

systemic administration (Rosa et al. 2008).

GSK-3, inflammation and CMI activation

A large body of evidence has accumulated in recent years

identifying GSK-3 as a crucial regulator of the production

of pro- and anti-inflammatory cytokines through both

the innate as well as the adaptive immune systems (Wang

et al. 2011a). GSK-3 promotes neuroinflammation (Beurel

2011). GSK-3 inactivation by siRNA-mediated knock-

down or pharmacological inhibition augments anti-

inflammatory cytokine (IL-10) production by peripheral

and central cells while concurrently suppressing the

production of PICs (Huang et al. 2009). GSK-3 overex-

pression, on the other hand, upregulates PICs, but down-

regulates IL-10 in LPS-stimulated cells. All in all, these

findings show that LPS-induced PIC production is regu-

lated through a mechanism involving GSK-3-mediated

suppression of IL-10. Furthermore, inhibitors of GSK-3

promote tolerance to inflammatory stimuli and reduce

sensitization, thus reducing inflammatory cytokine pro-

duction upon repeated exposure (Beurel and Jope 2010).

GSK-3 also negatively regulates IL-1RA, which antago-

nizes the activities of IL-1 (Rehani et al. 2009). Regulation

of transcription factors by GSK-3 appears to play a

prominent role in modulating immune responses, including

NFjB, cyclicAMP response element binding protein

(CREB), and STAT3 through signalling pathways such as

the PI3K pathway or the activation of Toll-like receptors

(TLRs) (Hoeflich et al. 2000; Cantley 2002; Guha and
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Mackman 2002; Martin et al. 2005; Beurel and Jope 2008;

Samavati et al. 2009).

Additionally, studies of the adaptive immune system

have shown that GSK-3 also regulates the production of

cytokines by T cells as well as the differentiation of T cells

to subtypes, particularly Th17 cells, which is critical for the

pathogenesis of autoimmune diseases (Ivanov et al. 2006;

O’Shea and Paul 2010; Beurel 2011). The role of GSK-3 in

T cell biology has also been studied in detail and is

involved in regulating multiple downstream signalling

processes mediated by the T cell receptor (TCR), the co-

stimulatory molecule CD28, and the IL-17 receptor (Wang

et al. 2011a). All in all, GSK-3 is a critical mediator of

Th17 cell production, indicating that GSK-3 inhibitors

could be useful to control Th17-mediated diseases (Beurel

2011). As reviewed in Sect. 2, there is recent evidence that

depression is accompanied by a Th17 response.

In vivo studies assessing the therapeutic properties of

GSK-3 inhibitors have shown that the inactivation of GSK-

3 can protect the host from immune-mediated pathology

and death. Different animal models of inflammation have

been used to test the anti-inflammatory properties of GSK-

3 inhibitors, the most studied being lithium, SB216763,

BIO and TDZD-8. Thus, administration of a GSK-3

inhibitor to mice before or after LPS-induced shock caused

a decrease in PICs, such as IL-6, IL-12 and IFNc, an

increase in the anti-inflammatory cytokine IL-10, and led

to a significant increase in survival (Martin et al. 2005).

Several other studies have shown that the GSK-3 inhibitor

TDZD-8 is able to suppress renal, pancreatic and neuro-

muscular pathological damage induced by LPS in rats

(Cuzzocrea et al. 2006a, b, 2007a, b, c).

Similarly, pharmacological treatment with GSK-3

inhibitors has been shown efficacy in a variety of inflam-

matory animal models, for instance by reducing both renal

and liver injury in sepsis induced by haemorrhage and

resuscitation models (Dugo et al. 2006); by reducing joint

swelling and peritoneal cell numbers in mouse models of

collagen-induced arthritis and peritonitis (Hu et al. 2006;

Cuzzocrea et al. 2006c); or by reducing the clinical score

and diminishing the infiltration of CD4? T cells and

neutrophils in a mouse model of experimental autoimmune

encephalomyelitis (De Sarno et al. 2008). Furthermore, in

vivo use of GSK-3 inhibitors has also provided support for

an immunoprotective role for GSK-3 in the treatment of

asthma (Bao et al. 2007), TNB-induced colitis (Whittle

et al. 2006), acute-ischaemia–reperfusion (Gao et al. 2008),

and the inflammatory changes associated with spinal cord

injury (Cuzzocrea et al. 2006b). Taken together, all this in

vivo evidence further supports the key role of GSK-3 in

regulating a variety of inflammatory responses and under-

scores the potential therapeutic value of GSK-3 inhibitors

for the treatment of inflammatory diseases.

GSK-3, O&NS, antioxidant defences and Nrf2

Treatment with GSK-3 inhibitors significantly attenuated

LPS-induced NO production and iNOS in murine mi-

croglial cells and primary microglia-enriched cultures

(Huang et al. 2009). The Nrf2/ARE signalling pathway can

be modulated by several kinases, including GSK-3b. In

conditions of prolonged oxidative stress, GSK-3b is acti-

vated by PI3K/Akt phosphorylation; activated GSK-3b
phosphorytes Fyn, causing its nuclear translocation, and

nuclear Fyn phosphorylates Nrf2, leading to nuclear export

of Nrf2 and degradation in the cytosol (Jain and Jaiswal

2007; Rojo et al. 2008a; Kaspar et al. 2009; Kanninen et al.

2011). Earlier studies have showed that GSK-3 can down-

regulate Nrf2 transcription in cultured neurons and in the

hippocampus in vivo via export of Nrf2 from the nucleus

and that this effect was blocked by inhibition of GSK-3 via

activation of phosphoinositol-3-kinase (PI3K) and Akt

(Rojo et al. 2008a, b). Moreover, it has been reported that

PKC inactivates GSK-3b. A recent study has shown that

GSK-3 inhibitors can restore inflammatory-induced sup-

pression of Nrf2-inducible antioxidant defences in

astrocytes, possibly via normalized histone acetylation

levels (Correa et al. 2011). Thus, GSK-3b is a potential

target for therapeutic intervention supporting the antioxi-

dative effects of Nrf2.

GSK-3 and mitochondria

Several protein kinases, including GSK-3b, receive extra-

mitochondrial signals and modify mitochondrial proteins

determining death/survival of the cell such as mPTP.

Phosphorylation of GSK-3b and hexokinases in mito-

chondria appears to directly modify the mPTP to elevate

the threshold for opening (Miura et al. 2010). Thus, inac-

tivation of mitochondrial GSK-3b by ERK, Akt, and PKC

increases the threshold for mPTP opening and thus toler-

ance to ischaemia/reperfusion injury (Rasola et al. 2010).

Recently, this pathway has been linked to therapeutic

effects of lithium administered for bipolar disorders,

probably through the activation of transcription factors by

b-catenin (Gould and Manji 2005; Machado-Vieira et al.

2009).

GSK-3 and neuroprogression

GSK-3b plays a role in (neuro)degenerative disorders, e.g.

Alzheimer’s disease, diabetes mellitus type 2, and various

carcinomas (Peineau et al. 2008; Kanninen et al. 2011).

GSK-3b can be inactivated by stimuli coming from different

signalling pathways, e.g. Wnt pathway, phosphoinositide

3-kinase (PI3K) pathway, from PKA, PKC or from oth-

ers. The main signalling pathways that are modulated by
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GSK-3b are the insulin pathway, neurotrophic factors and

the Wnt pathway (Fišar and Hroudová 2010). Inhibition of

GSK-3b links Wnt pathway with apoptosis through activa-

tion of proapoptotic factor Bax from the Bcl-2 family.

Figure 3 summarizes the effects of GSK-3 inhibitors on

the six pathways involved in the pathophysiology of

depression. Stress response mechanisms such as inflam-

mation, O&NS, mitochondrial functions, and neurogenesis

are strongly modulated by GSK-3 and GSK-3 inhibitors.

Conclusions

In this review we have delineated six new, pathophysio-

logically guided drug targets in depression: (1)

inflammatory pathways, (2) CMI activation, (3) activation

of O&NS processes, (4) decreased antioxidant defences,

(5) mitochondrial damage, and (6) neuroprogression.

Antidepressants target these six pathways because they

exhibit (1) anti-inflammatory properties, (2) suppress Th-1

like responses and increase negative immunoregulatory

cytokines, such as IL-10, (3) normalize O&NS, (4) increase

lowered antioxidants and antioxidant enzymes, (5) protect

and enhance mitochondria, and (6) have neuroprotective

effects. Targeting these six pathways simultaneously

should be novel therapeutic strategies that should guide the

development of new antidepressant drugs.

Increasing evidence supports the view that Nrf2 acti-

vators may be advanced to phase 2 trials in depression

because Nrf2 activators increase antioxidant defences,

protect mitochondria, and have anti-inflammatory and

neuroprotective effects. GSK-3b inhibitors could be a

novel class of antidepressant drugs showing their thera-

peutic effects through both interruption of pathological

processes initiated by GSK-3b and activation of Nrf2.

Although GSK-3 dysfunction might not be a primary insult

in depression, the evidence described here points to the use

of GSK-3 inhibitors as a therapy for these disorders as a

way to compensate for a variety of genetic and environ-

mental conditions that disturb the homeostasis (Jope 2011)

in the six pathways that underpin the pathophysiology of

depression.
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Tvrzická E, Zák A (2009) Antioxidative enzymes and increased

oxidative stress in depressive women. Clin Biochem 42(13–14):

1368–1374

Koo JW, Duman RS (2008) IL-1beta is an essential mediator of the

antineurogenic and anhedonic effects of stress. Proc Natl Acad

Sci USA 105(2):751–756

Kroemer G, Zamzami N, Susin SA (1997) Mitochondrial control of

apoptosis. Immunol Today 18(1):44–51

Kubera M, Symbirtsev A, Basta-Kaim A, Borycz J, Roman A, Papp

M, Claesson M (1996) Effect of chronic treatment with

imipramine on interleukin 1 and interleukin 2 production by

splenocytes obtained from rats subjected to a chronic mild stress

model of depression. Pol J Pharmacol 48(5):503–506

Kubera M, Holan V, Mathison R, Maes M (2000a) The effect of

repeated amitriptyline and desipramine administration on cyto-

kine release in C57BL/6 mice. Psychoneuroendocrinology

25(8):785–797

Kubera M, Kenis G, Bosmans E, Zieba A, Dudek D, Nowak G, Maes

M (2000b) Plasma levels of interleukin-6, interleukin-10, and

interleukin-1 receptor antagonist in depression: comparison

between the acute state and after remission. Pol J Pharmacol

52(3):237–241

Kubera M, Simbirtsev A, Mathison R, Maes M (2000c) Effects of

repeated fluoxetine and citalopram administration on cytokine

release in C57BL/6 mice. Psychiatry Res 96(3):255–266

Kubera M, Obuchowicz E, Goehler L, Brzeszcz J, Maes M (2011) In

animal models, psychosocial stress-induced (neuro)inflamma-

tion, apoptosis and reduced neurogenesis are associated to the

onset of depression. Prog Neuropsychopharmacol Biol Psychi-

atry 35(3):744–759

Kulkarni S, Dhir A, Akula KK (2009) Potentials of curcumin as an

antidepressant. Sci World J 9:1233–1241

Kumar P, Kumar A (2009) Possible role of sertraline against

3-nitropropionic acid induced behavioral, oxidative stress and

mitochondrial dysfunctions in rat brain. Prog Neuropsychophar-

macol Biol Psychiatry 33(1):100–108

Lai J, Moxey A, Nowak G, Vashum K, Bailey K, McEvoy M (2011)

The efficacy of zinc supplementation as therapy for depression:

systematic review of randomized controlled trials. J Affect

Disord. doi:10.1016/j.jad.2011.06.022

Langsjoen PH, Langsjoen JO, Langsjoen AM, Lucas LA (2005)

Treatment of statin adverse effects with supplemental Coenzyme

Q10 and statin drug discontinuation. Biofactors 25(1–4):

147–152

Lanquillon S, Krieg JC, Bening-Abu-Shach U, Vedder H (2000)

Cytokine production and treatment response in major depressive

disorder. Neuropsychopharmacology 22(4):370–379

Lante F, Meunier J, Guiramand J et al (2008) Late N-acetylcysteine

treatment prevents the deficits induced in the offspring of dams

New drug targets in depression 145

123

http://dx.doi.org/10.1016/j.jad.2011.06.022


exposed to an immune stress during gestation. Hippocampus

18:602–609

Leconte C, Bihel E, Lepelletier FX, Bouët V, Saulnier R, Petit E,
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O’Connor JC, André C, Wang Y, Lawson MA, Szegedi SS, Lestage J,

Castanon N, Kelley KW, Dantzer R (2009) Interferon-gamma

and tumor necrosis factor-alpha mediate the upregulation of

indoleamine 2,3-dioxygenase and the induction of depressive-

like behavior in mice in response to bacillus Calmette–Guerin.

J Neurosci 29(13):4200–4209

Owen AJ, Batterham MJ, Probst YC, Grenyer BF, Tapsell LC (2005)

Low plasma vitamin E levels in major depression: diet or

disease? Eur J Clin Nutr 59(2):304–306

Ozcan ME, Gulec M, Ozerol E, Polat R, Akyol O (2004) Antioxidant

enzyme activities and oxidative stress in affective disorders. Int

Clin Psychopharmacol 19(2):89–95

Pae CU, Marks DM, Han C, Patkar AA (2008) Does minocycline

have antidepressant effect? Biomed Pharmacother 62(5):308–

311

New drug targets in depression 147

123

http://dx.doi.org/10.4061/2011/479249
http://dx.doi.org/10.4061/2011/479249


Paintlia MK, Paintlia AS, Khan M et al (2008) Modulation of

peroxisome proliferator-activated receptor-alpha activity by

N-acetyl cysteine attenuates inhibition of oligodendrocyte

development in lipo-polysaccharide stimulated mixed glial

cultures. J Neurochem 105:956–970

Pan H, Wang H, Zhu L, Mao L, Qiao L, Su X (2011) Depletion of

nrf2 enhances inflammation induced by oxyhemoglobin in

cultured mice astrocytes. Neurochem Res 36(12):2434–2441

Pasco JA, Jacka FN, Williams LJ, Henry MJ, Nicholson GC,

Kotowicz MA, Berk M (2010) Clinical implications of the

cytokine hypothesis of depression: the association between use

of statins and aspirin and the risk of major depression.

Psychother Psychosom 79(5):323–325

Passi S, Stancato A, Aleo E, Dmitrieva A, Littarru GP (2003) Statins

lower plasma and lymphocyte ubiquinol/ubiquinone without

affecting other antioxidants and PUFA. Biofactors 18(1–4):

113–124

Peineau S, Bradley C, Taghibiglou C, Doherty A, Bortolotto ZA,

Wang YT, Collingridge GL (2008) The role of GSK-3 in

synaptic plasticity. Br J Pharmacol 153:S428–S437

Periyasamy S, Sánchez ER (2002) Antagonism of glucocorticoid

receptor transactivity and cell growth inhibition by transforming

growth factor-beta through AP-1-mediated transcriptional

repression. Int J Biochem Cell Biol 34(12):1571–1585

Piantadosi CA, Withers CM, Bartz RR, MacGarvey NC, Fu P,

Sweeney TE, Welty-Wolf KE, Suliman HB (2011) Heme

oxygenase-1 couples activation of mitochondrial biogenesis to

anti-inflammatory cytokine expression. J Biol Chem 286(18):

16374–16385

Plein H, Berk M (2000) Changes in the platelet intracellular calcium

response to serotonin in patients with major depression treated

with electroconvulsive therapy: state or trait marker status. Int

Clin Psychopharmacol 15(2):93–98

Polter AM, Li X (2011) Glycogen synthase kinase-3 is an interme-

diate modulator of serotonin neurotransmission. Front Mol

Neurosci 4:31

Popoli M (2009) Agomelatine: innovative pharmacological approach

in depression. CNS Drugs 23(Suppl 2):27–34

Qian HR, Yang Y (2009) Neuron differentiation and neuritogenesis

stimulated by N-acetylcysteine (NAC). Acta Pharmacol Sin

30(7):907–912

Quiroz JA, Gray NA, Kato T, Manji HK (2008) Mitochondrially

mediated plasticity in the pathophysiology and treatment of

bipolar disorder. Neuropsychopharmacology 33(11):2551–2565

Ramsey CP, Glass CA, Montgomery MB, Lindl KA, Ritson GP, Chia

LA, Hamilton RL, Chu CT, Jordan-Sciutto KL (2007) Expres-

sion of Nrf2 in neurodegenerative diseases. J Neuropathol Exp

Neurol 66:75–85

Rasola A, Sciacovelli M, Chiara F, Pantic B, Brusilow WS, Bernardi

P (2010) Activation of mitochondrial ERK protects cancer cells

from death through inhibition of the permeability transition. Proc

Natl Acad Sci USA 107(2):726–731

Ray WJ Jr, Szymanki ES, Ng L (1978) The binding of lithium and of

anionic metabolites to phosphoglucomutase. Biochim Biophys

Acta 522(2):434–442

Rehani K, Wang H, Garcia CA, Kinane DF, Martin M (2009) Toll-

like receptor-mediated production of IL-1Ra is negatively

regulated by GSK3 via the MAPK ERK1/2. J Immunol

182(1):547–553

Rodrı́guez-Hernández A, Cordero MD, Salviati L, Artuch R, Pineda
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