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Abstract This review of literature and our data suggests

that up-regulated production of interferon-gamma (IFNG)

in periphery and brain triggers a merger of tryptophan

(TRY)–kynurenine (KYN) and guanine–tetrahydrobiop-

terin (BH4) metabolic pathways into inflammation cascade

involved in aging and aging-associated medical and

psychiatric disorders (AAMPD) (metabolic syndrome,

depression, vascular cognitive impairment). IFNG-inducible

KYN/pteridines inflammation cascade is characterized by

up-regulation of nitric oxide synthase (NOS) activity

(induced by KYN) and decreased formation of NOS

cofactor, BH4, that results in uncoupling of NOS that

shifting arginine from NO to superoxide anion production.

Superoxide anion and free radicals among KYN derivatives

trigger phospholipase A2-arachidonic acid cascade asso-

ciated with AAMPD. IFNG-induced up-regulation of

indoleamine 2,3-dioxygenase (IDO), rate-limiting enzyme

of TRY–KYN pathway, decreases TRY conversion into

serotonin (substrate of antidepressant effect) and increases

production of KYN associated with diabetes [xanthurenic

acid (XA)], anxiety (KYN), psychoses and cognitive

impairment (kynurenic acid). IFNG-inducible KYN/pteri-

dines inflammation cascade is impacted by IFNG (?874)

T/A genotypes, encoding cytokine production. In addition

to literature data on KYN/TRY ratio (IDO activity index),

we observe neopterin levels (index of activity of rate-

limiting enzyme of guanine–BH4 pathway) to be higher in

carriers of high (T) than of low (A) producers alleles; and

to correlate with AAMPD markers (e.g., insulin resistance,

body mass index, mortality risk), and with IFN-alpha-

induced depression in hepatitis C patients. IFNG-inducible

cascade is influenced by environmental factors (e.g., vita-

min B6 deficiency increases XA formation) and by phar-

macological agents; and might offer new approaches for

anti-aging and anti-AAMPD interventions.
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Inflammation and aging-associated disorders

Low grade, T-helper (Th)-1 type, chronic inflammation in

the periphery (macrophages) and brain (glia) is a common

feature of aging and aging-associated medical (e.g., central

obesity, dyslipidemia, hypertension, insulin resistance,

menopause, immunosuppression, increased production of

cortisol, increased incidents of some types of cancer)

(Dilman 1971, 1994) and psychiatric (e.g., late-onset

depression, Dilman et al. 1979; vascular cognitive impair-

ment, Oxenkrug 2007, 2010a, b) disorders. The cluster of the

aging-associated disorders (central obesity, dyslipidemia,

hypertension, insulin resistance) has been known as a meta-

bolic syndrome (MetS) (Fulop et al. 2006; Holvoet 2008)

(Table 1).

The impact of chronic, Th-1 type inflammation on aging

and aging-associated medical and psychiatric disorders

(AAMPD) is mediated by the unique ability of pro-

inflammatory, Th-1 type, cytokine, interferon-gamma

(IFNG), to transcriptionally induce the rate-limiting

enzymes of guanine–tetrahydrobiopterin (BH4), and tryp-

tophan (TRY)–kynurenine (KYN) metabolic pathways

(TNF-alpha acts synergistically with IFNG) (Robinson
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et al. 2005; Peterson and Katusic 2005). Some of the KYN

derivatives [e.g., quinolinic (QUIN) and picolinic (PICA)

acids] transcriptionally activate nitric oxide synthase

(NOS) (Melillo et al. 1994; Perez-Severiano et al. 1998)

while BH4 serves as an essential NOS cofactor. Therefore,

it might be hypothesized that during chronic, Th-1 type

inflammation (and up-regulated IFNG production), the two

pathways form the KYN/pteridines cascade affecting bio-

synthesis of nitric oxide (NO) (Fig. 1).

IFNG and TRY–KYN pathway

TRY is an essential (for humans) amino acid. Approxi-

mately 99% of the dietary TRY, not used in protein syn-

thesis, is metabolized along the KYN pathway to produce

nicotinamide adenine dinucleotide (NAD) (Gál and

Sherman 1980; Han et al. 2010). KYN is formed in the

mammalian brain (40%), and is taken up from the

periphery (60%) (Németh et al. 2005). The rest of TRY is

utilized as a substrate for methoxyindoles (serotonin,

N-acetylserotonin, melatonin) biosynthesis (Oxenkrug

2007) (Fig. 2). The shift of TRY metabolism from meth-

oxyindoles to KYN pathway was suggested as a trigger of

depressive disease (Lapin and Oxenkrug 1969; Oxenkrug

and Lapin 1974; Oxenkrug 2010b).

Availability of TRY as an initial substrate for meth-

oxyindoles and KYN formation is regulated by ATP-

binding cassette (ABC) transporter (Sullivan et al. 1980)

and nutritional factors (Oxenkrug 2007). Deficiency of

TRY results in pellagra (dermatitis, diarrhea and depres-

sion) first described in 1735 by Gaspar Casal (Pitche 2005).

Indoleamine 2,3-dioxygenase (IDO) is a flavin-depen-

dent enzyme which uses superoxide anion as a co-substrate

to catalyze the first and rate-limiting step of TRY–KYN

pathway: the cleavage of the indole ring of TRY followed

by KYN formation (Fig. 2) (Hayaishi 1976).

KYN is further metabolized along the two distinct routes

(post-KYN metabolism) competing for KYN as a substrate:

1. KYN: kynurenic acid (KYNA) pathway that produces

KYNA, an endogenous broad-spectrum antagonist at all

subtypes of ionotropic glutamate receptors that prefer-

entially active at the strychnine-insensitive glycine

allosteric site of the N-methyl-D-aspartate (NMDA)

receptor, and a non-competitive antagonist at the alpha7

nicotinic receptor that may implicate increased KYNA

production with cognitive impairment and psychosis

(Schwarcz and Pellicciari 2002; Han et al. 2010).

2. KYN: NAD pathway that produces NMDA agonists,

QUIN and PICA acids, exerting apoptotic and anxio-

genic effects (Lapin 1996, 1998, 2003). QUIN and PICA

transcriptionally (and robustly: by 327%) induce NOS

activity in in vivo and in vitro experiments (Melillo et al.

1994; Perez-Severiano et al. 1998). It was suggested that

QUIN and PICA mediate IFNG-induced activation of

NOS since IDO inhibitors (norharmane and l-TRY)

decreased IFNG-induced formation of not only KYN

metabolites but also of NO (Chiarugi et al. 2000).

Among KYN derivatives of KYN–NAD pathway there

are free radicals generators, 3-hydroxyanthranilic acid

and 3-hydroxykynurenine. Cortical 3-hydroxykynuren-

ine concentrations were substantially increased in

patients with hepatic encephalopathy suggesting a

Table 1 Aging-associated medical and psychiatric disorders and

metabolic syndrome

Metabolic

syndrome

Age-associated diseases (Dilman 1971)

Dyslipidemia Atherosclerosis

Obesity Obesity

Hypertension Hypertension

Insulin

resistance

Pre-diabetes (type 2 diabetes)

Immunosuppression (metabolic and autoimmune)

Climacteric (menopause)

Hypercortisolism (increased cortisol)

Cancrophilia (increased probability of cancer

development)

Major depressive disorder (late-onset depression)

(Dilman et al. 1979)

Vascular cognitive impairment (Oxenkrug 2007)

GTP      GTPCH TRY

IFNG 

NEO KYN

BH4 PA + QA

    ARG NOS  NO 

                               O2
-

IDO

Fig. 1 Interferon-gamma (?874) and pteridines and kynurenine

metabolic pathways. IFNG interferon-gamma, GTP guanosine

triphosphate, GTPCH GTP cyclohydrolase, NEO neopterin, BH4
tetrahydrobiopterin, ARG arginine, NO nitric oxide, NOS nitric oxide

synthase, TRY tryptophan, IDO indoleamine 2,3-dioxygenase, O2
-

superoxide anion, PA picolinic acid, QA quinolinic acid
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dysfunction of TRY metabolism in this disease

(Riederer and Reynolds 1981; Pearson and Reynolds

1991). Another KYN derivate is xanthurenic acid (XA),

possible diabetogenic agent (Kotaki et al. 1975).

Nutritional (environmental) impact on post-KYN

metabolism might be mediated by availability of vitamin

B6, the cofactor of kynureninase, the enzyme catalyzing

formation of 3-hydroxyanthranilic acid from 3-hydroxy-

kynurenine: vitamin B6 deficiency interrupts KYN–NAD

pathway, and, consequently, leads to increased formation

of XA (Bender et al. 1990). KYN–NAD is involved in

Alzheimer’s disease since A beta 1–42, a cleavage product

of amyloid precursor protein, induces production of QUIN,

in neurotoxic concentrations, by macrophages and

microglia (Kincses et al. 2010; Guillemin and Brew 2002).

IFNG and guanine–BH4 pathway

Availability of guanine as an initial substrate for BH4

biosynthesis is regulated by ABC transporter implicated in

eye pigmentation (Mackenzie et al. 1999) and male-to-

male courtship in Drosophila (Zhang and Odenwald 1995).

Human homolog of ABC transporter is similar to multidrug

resistance protein 1 (Beedholm-Ebsen et al. 2010), and is

implicated in cholesterol metabolism (Voelker 2009), and

bipolar male disorder (Kirov et al. 2001), and depression

and schizophrenia (Knight et al. 2009). The ABC

transporter was identified as the defect in Tangier disease

(Fredrickson 1964).

Phosphorylated guanine nucleoside, guanosine triphos-

phate (GTP) is catalyzed by GTP cyclohydrolase I

(GTPCH), the first and rate-limiting step of pteridines

biosynthesis, resulting in formation of 7,8-dihydroneop-

terin triphosphate (BH2). The subsequent step is catalyzed

by pyruvoyl tetrahydropterin synthase (PTPS) (Schoedon

et al. 1986) (Fig. 3).

In humans, IFNG-induced stimulation of GTPCH in

monocyte-derived macrophages, dendritic cells and astro-

cytes does not result in correspondent up-regulation of

PTPS that becomes the rate-limiting step with consequent

accumulation of BH2 and its stable metabolite, neopterin

(Schoedon et al. 1986). Therefore, the enhanced production

of neopterin occurs at the expense of BH4 formation

(Fuchs et al. 2009). Demand for BH4 might be increased

under condition of KYN-induced activation of NOS trig-

gered by IFNG-induced up-regulation of KYN pathway of

TRY metabolism (Oxenkrug 2007, 2010a). Deficiency of

BH4 results in uncoupling of NOS and shifting arginine

metabolism to production of superoxide anion rather than

NO (Pou et al. 1992) (Fig. 1).

In addition to their ability to induce NOS, QUIN and PICA

together with 3-hydroxykynurenine and 3-hydroxyanthrani-

lic acids (and neopterin and other pteridines) increase

lipid peroxidation, and trigger arachidonic acid metabolism

resulting in the increased production of inflammatory factors:

prostaglandins, via activation of cyclooxygenase (COX) and

ABC 

               TRY            serotonin        N-acetyl-serotonin         melatonin     

         TRY           

IDO 

   KYNURENINE Kynurenic acid
                          (NMDA antagonist) 

3-hydroxykynurenine 
             (Free radical) 

Xanthurenic acid        
(diabetogenic)                   

Kynureninase (B6 – cofactor) 

          3-hydroxyanthranilic acid                            
(Free radical) 

           Ouinolinic and Picolinic acids          NAD 
              (NMDA agonists and NOS inducers)        

Fig. 2 Major derivatives of

tryptophan–kynurenine

metabolism. TRY tryptophan,

ABC ATP-binding cassette drug

transporter, NAS N-

acetylserotonin, IDO
indoleamine 2,3-dioxygenase,

NAD nicotinamide adenine

dinucleotide
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leucotrienes, via activation of arachidonate 5-lipoxygenase

(5-LO) (Stewart et al. 2007) (Fig. 4).

COX-2 is of particular interest since its inhibitors blocked

KYNA production (Schwieler et al. 2006) and exerted anti-

depressant and antipsychotics effects (Müller et al. 2009)

while 5-LO was suggested as a link between depression and

atherosclerosis (Manev and Manev 2007). It is noteworthy,

that prostaglandins F2 alpha and thromboxane B2, additional

products of the COX pathway of arachidonic acid metabolism,

but leukotriene C4, a product of the lipoxygenase pathway

were elevated in dementia (Griffin et al. 1994).

IFNG (1874) gene polymorphisms and regulation

of kynurenines/pteridines inflammation cascade

Production of IFNG is encoded by polymorphic gene,

IFNG (874) with T (high) and A (low) producers alleles

(Pravica et al. 2000). T allele (TA and TT genotypes) are

associated with higher that AA genotypes blood IFNG

cytokine levels (Anuradha et al. 2008); higher cytokine

concentration released by stimulated peripheral blood

mononuclear cells (Pravica et al. 2000); and higher IFNG

mRNA in white blood cells (Biolo et al. 2006). Increased

IDO activity (elevated plasma KYN/TRY ratio) is associ-

ated with high producer T allele of (?874) IFNG gene in

healthy female subjects in Finland (Raitala et al. 2005).

Our recent study of 174 American Caucasian subjects

revealed an association of increased GTPCH activity

(evaluated by plasma neopterin levels) in TT genotypes

IFNG (?874) in comparison with AA genotypes (Peri-

anayagam and Oxenkrug 2010, submitted data).

Therefore, literature and our data indicate that IFNG

(?874) T/A genotypes impact the activity of both IDO and

GTPCH, and suggest that IFNG (?874) T/A genotypes

regulate the activity of IFNG-inducible KYN/pteridines

inflammation cascade and translate genetic predisposition

into development of chronic inflammation-related condi-

tions (such as AAMPD) (Fig. 5).

Considering that TNF-alpha enhances IFNG-induced

activation of IDO/GTPCH (Robinson et al. 2005; Peterson

and Katusic 2005), the presence of TNF-alpha (-308) high

promoter (A) might strength the association between IFNG

(?874) high promoter (T) and IDO/GTPCH up-regulation

(Oxenkrug 2007, 2010a).

Clinical evaluation of kynurenines/pteridines

inflammation cascade

Neopterin as an index of GTPCH activity

As it was mentioned above, neopterin is used in clinical

settings as an index of IFNG-induced GTPCH activity

(Fuchs et al. 2009). In humans the increased level of neopterin

reflects IFNG-induced activation of GTPCH induced by

    IFNG 

 Guanine- - ABC- -       GTP             (GTPCH)             BH2           (PTPS)- - -    BH4          NOS 

  NEOPTERIN

Fig. 3 Interferon-gamma and guanine–BH4 pathway. ABC ATP-

binding cassette transporter, IFNG interferon-gamma, TNF-alpha
tumor necrosis factor-alpha, GTP guanosine triphosphate, GTPCH

GTPcyclohydrolase 1, BH2 7,8-dihydroneopterin, PTPS pyruvoyl

tetrahydropterin synthase, BH4 tetrahydrobiopterin, NOS nitric oxide

synthase

TRY     IDO          KYN          KYNA 
                                     (psychosis,  
                                      cognitive impairment) 

BBB
                                                              COX-2          PGE 

               XA       3HK      QA, PA        NOS          NO            AA                             AAMPD PLA
    (diabetes)            (anxiety)                                            
                                                          BH4        GTP                           5-LO        leucotrienes 
                                                                                                                    (atherosclerosis) 

serotonin          NAS         melatonin                                                                   
(depression)   (insomnia, circadian dysrhythmia)

Fig. 4 IDO/GTPCH upregulation and AAMPD. TRY tryptophan,

IDO indoleamine 2,3-dioxygenase, BBB blood brain barrier, GTP
guanosine triphosphate, KYN kynurenine, 3HK 3-hydroxyKYN,

KYNA kynurenic acid, QA quinolinic acid, PA picolinic acid, NO

nitric oxide, NOS NO synthase, PLA phospholipase 2, AA arachidonic

acid, COX cyclooxygenase, 5-LO arachidonate 5-lipoxygenase, PGE
prostaglandins

78 G. F. Oxenkrug

123



IFNG but not by other pro-inflammatory factors (e.g., inter-

leukin-1-beta) (Sucher et al. 2010; Dinarello 2007).

In addition to its role as a marker of GTPCH activation and

IFNG activity, neopterin (as some other pteridines), might

modulate oxidative stress (Oettl and Reibnegger 2005).

KYN/TRY ratio as an index of IDO activity

Blood KYN/TRY ratio is used as an index of IDO activity

(Raitala et al. 2005). However, this ratio might be affected

by the activity of the other enzyme, TRY 2,3-dioxygenase

(TDO), catalyzing KYN formation from TRY but whose

location (in liver) and regulation (by stress hormones and

TRY) are different from IDO (Oxenkrug and Lapin 1974;

Dang et al. 2000; Oxenkrug 2007). Therefore, human

plasma KYN/TRY ratio might reflect the activity of both

IDO and TDO while in humans neopterin levels reflect

only IFNG activity (Fuchs et al. 2009).

Clinical studies of IFNG-inducible kynurenines/

pteridines inflammation cascade and AAMPD

Available clinical data dedicated to this subject was reported

elsewhere (Oxenkrug 2010a, b). Current paper will review

most recent data and some specific topics dedicated to aging,

obesity, insulin resistance and depression.

Aging and IFNG-induced kynurenines/pteridines

inflammation cascade

Interferon-related genes were identified among six path-

ways (the cell cycle pRB/p53, cytoskeletal, insulin growth

factor-related, MAP kinase and oxidative stress) regulating

senescence/immortalization (Fridman and Tainsky 2008).

Prolonged treatment with IFNG induces cellular senes-

cence in human vascular endothelial cells via up-regulation

of senescence-associated genes (Kim et al. 2009). Age-

dependent increase in IFNG production was reported in in

vitro (Poynter and Daynes 1999) and in vivo studies with

minor changes in the remaining evaluated cytokines in

senescence-accelerated mice (Rodrı́guez et al. 2007). Age-

associated increase of NO levels of senescence-accelerated

mice might depend on IFNG-induced activation of iNOS

mediated by KYN (Melillo et al. 1994).

Animal and human data point to aging-associated acti-

vation of IDO and GTPCH. Increased formation of KYN

derivative, KYNA, was observed in aged rat brain (Moroni

et al. 1998; Gramsbergen et al. 1992) and in human serum

(Urbańska et al. 2006). KYN/TRY ratio positively corre-

lated with increased aging in humans when comparing

three age groups (34–60, 61–71, and 72–93 years) (Frick

et al. 2004) and nonagenarians with 45 years old subjects

(Pertovaara et al. 2006). The higher rate of TRY conver-

sion into KYN at the entry into the study was predictive of

higher mortality in 10-year prospective study of nonage-

narians (Pertovaara et al. 2007).

Increased plasma levels of neopterin (but not other 33

independent immune parameters) separated the aged and a

healthy younger group (Fahey et al. 2000). Neopterin

levels increased with age (Allegra et al. 1992) and were

higher among white than blacks with no gender differences

(Diamondstone et al. 1994; Schennach et al. 2002) while

age-associated increase of IDO was more prominent in

women than in men (Raitala et al. 2005).

The presence of T allele of IFNG (?874) gene (Lio et al.

2002), elevated IFNG level (Rodrı́guez et al. 2007) and high

IDO activity (Pertovaara et al. 2006) are associated with high

mortality while IFNG (?874) A (low producer) allele, low

level of IFNG, and low IDO activity promote longer life span

(Lio et al. 2002). In the same vein, Drosophila melanogaster

mutants with impaired ABC transporter that impacts the

availability of TRY and guanine as the initial substrates of

TRY–KYN and guanine–BH4 pathways have twofold

longer life span than wild types flies (Oxenkrug 2010c).

Menopause is a core component of aging-associated

conditions (Dilman 1971, 1994; Janssen et al. 2008).

   GLIAL and PERIPHERAL INFLAMMATION 

                 IFNG(+874) T/A

                                   IFNG 

         IDO                TRY              GUANINE            GTPCH            

        KYN                                                                BH2        neopterin   

                                     TRY/Guanine             

                                  ABC transporter 

        

        

         XA           QA, PA                                         BH4 

                                            NOS                             

 

 

2
-            NO O

                peroxynitrite 

Fig. 5 IFNG-inducible KYNs/pteridines inflammation cascade. ABC
ATP-binding cassette transporter, IFNG interferon-gamma, TNF-
alpha tumor necrosis factor-alpha, TRY tryptophan, IDO indoleamine

2,3-dioxygenase, KYN kynurenine, XA xanthurenic acid, QA quino-

linic acid, PA picolinic acid, GTP guanosine triphosphate, GTPCH
GTPcyclohydrolase, BH4 tetrahydrobiopterin, NO nitric oxide, NOS
NO synthase, O2

2 superoxide anion
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Development of experimental menopause is associated

with inflammation (Nicole et al. 2008). Production of IFNG

in women in their 40s and in postmenopausal women was

significantly higher compared with that of younger women

(Deguchi et al. 2001).

Down’s syndrome, a condition representing an acceler-

ated aging, was associated with higher percentages of

IFNG-producing cell in comparison with mentally retarded

and healthy controls consistent with observation of an

increased KYNA levels in Down’s syndrome patients

(Baran et al. 1996).

KYN/TRY ratio and neopterin levels in AAMPD

Literature data indicate significant correlation between

aging, major components of AAMPD [such as body mass

index (BMI), truncal and morbid obesity, blood lipids,

insulin resistance], total and disease-specific mortality with

plasma TRY/KYN ratio (Pertovaara et al. 2007; Wirleitner

et al. 2003; Niinisalo et al. 2008) and/or with serum neop-

terin levels (Ray et al. 2007; Grammer et al. 2009; Solichova

et al. 2001) in population of European ancestry. Considering

that genetic composition of studied population might impact

the activity of IFNG-induced KYN/pteridines inflammation

cascade, we analyzed plasma neopterin levels in the Puerto

Ricans population that characterized by the unique mixture

of various genetic backgrounds (Mattei et al. 2009), and by

increased prevalence of AAMPD (Shen et al. 2010; Tucker

et al. 2010). Plasma neopterin levels in Puerto Ricans com-

munity dwellers resided in Boston correlate with some

markers of AAMPD [e.g., waist, high density lipoprotein

and insulin resistance evaluated by the homoeostasis model

assessment (HOMA)]. Neopterin level of[16 nmol/L at the

entry of the study was associated with the increased risk of

mortality in a subgroup of 112 subjects followed up for

6 years (Oxenkrug and Tucker, submitted data).

Insulin resistance and IFNG-induced inflammation

cascade

Insulin resistance underlies the major features of the

AAMPD and is a precursor of type 2 diabetes but it causes

remain uncertain.

XA and insulin resistance

IFNG up-regulates IDO protein expression and increased

intracellular IDO enzyme activity in pancreatic islets

(Sarkar et al. 2007). IFNG-induced super-activation of IDO

might lead to increased formation of XA. Recent meta-

bolomic study found changes in mice model of insulin

resistance compatible with increased formation of XA (Li

et al. 2010). Injection of XA to rats-induced experimental

diabetes (Kotaki et al. 1975). The increased concentration

of XA was found in urine of non-insulin-dependent dia-

betes mellitus patients in comparison to normal healthy

subjects (Hattori et al. 1984).

Increased XA might contribute to the development of

insulin resistance by formation of chelate complexes with

insulin (XA–In). XA–In complex is antigenetically indis-

tinguishable from insulin but it activity was 49% lower

than activity of pure insulin (Kotaki et al. 1975). In addi-

tion, XA might exert toxic effect in isolated pancreatic

islets because of formation of complexes with Zn2?-ions in

b-cells (Meyramov et al. 1984).

Since enzymatic formation of QUIN and PICA from

3HK requires vitamin B6 as a cofactor, deficiency of

vitamin B6 results in increased formation of XA in expense

of QUIN and PICA formation (Bender et al. 1990).

Inflammation-associated increased formation of KYN from

TRY might lead to excessive production of XA in B6

deficient population (e.g., elderly) and, considering diabe-

togenic effect of XA, might cause and/or contribute to the

development of insulin resistance (Fig. 6). Combination of

B6 deficiency in chronic inflammation with increased

production of KYN and 3-hydroxyKYN in depression

(Lapin and Oxenkrug 1969; Oxenkrug 2010b) might con-

tribute to the increased incidence of diabetes in depressed

patients (Campayo et al. 2010). This hypothesis might be

further supported by reported correlation between B6 and

depression (Merete et al. 2008), B6 and inflammation

(Morris et al. 2010; Shen et al. 2010) and by our findings

of correlation between neopterin and insulin resistance

(Oxenkrug and Tucker, submitted data) and neopterin and

B6 (Tucker and Oxenkrug, submitted data) (Fig. 7).

Obesity and IFNG-inducible kynurenines/pteridines

inflammation cascade

White adipose tissue secretes IFNG-inducible protein 10,

and TNF-alpha (Meier and Thalmann 2007). Obese mice

produced more IFNG than controls and had deficient IFNG

receptor (Rocha et al. 2008).

Secretion of IFNG was significantly higher in the obese

than in the control subjects that might be partly depend on

IFNG/TNF-alpha             IDO            XA              XA-In /XA-Zn             insulin resistance 

Fig. 6 Xanthurenic acid and insulin resistance. IFNG interferon-gamma, TNF-alpha tumor necrosis factor-alpha, XA xanthurenic acid, In
insulin, Zn zink
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action of leptin, an adipocyte-secreted hormone, that shifts

Th cells toward a Th1 phenotype (You et al. 2008). In

obese children, a shift to Th1-cytokine profile is dominated

by the production of IFNG and is related to insulin resis-

tance (Pacifico et al. 2006). Proinflammatory cytokines

exacerbate insulin resistance, impair insulin action, and,

thus contributes to the development of type 2 diabetes

(Lann and LeRoith 2007).

Free TRY was decreased in the plasma of obese rats.

(Finkelstein 1982) Plasma TRY concentrations were

decreased in obese subjects independently of weight

reduction or dietary intake (Breum et al. 2003; Brandacher

et al. 2006). Preoperative KYN/TRY ratio and neopterin

levels in morbidly obese patients were significantly

increased compared to the control group, and post-operative

weight reduction did not normalize KYN/TRY ratio and

neopterin levels. In addition, these TRY metabolic changes

may subsequently reduce 5-HT production and cause

mood disturbances, depression, and impaired satiety ulti-

mately leading to increased caloric uptake and obesity

(Brandacher 2007).

Significantly higher serum neopterin levels were repor-

ted in subjects with increased waist-to-hip ratio displayed

(Bozdemir et al. 2006) and increased BMI (Ledochowski

et al. 1999; Ursavaş et al. 2008).

Major depressive disorder and IFNG-inducible

kynurenines/pteridines inflammation cascade

The shift of TRY metabolism from methoxyindoles to

KYN pathway was suggested as a trigger of depressive

disease in 1969 (Lapin and Oxenkrug 1969). Most recent

up-date of ‘‘serotonin hypothesis’’ suggested that the

presence of high producers (T) alleles of IFNG (?874)

gene might identify subject-at-risk for the development of

depression (Oxenkrug 2010b). This suggestion might be

further supported by our recent finding of 80% more of T

and 60% less A carriers among depressed than among not

depressed hepatitis C patients treated with interferon-alpha

(Oxenkrug et al., submitted data).

Inhibition of TRY–KYN/guanine–pteridines

metabolism as a new target for prevention

and treatment of metabolic syndrome and related

aging-associated disorders

The present paper suggests that IFNG-induced combined

up-regulation of KYN formation from TRY and BH4 for-

mation from guanine (IFNG-induced KYN/pteridines

inflammation cascade) triggers and/or contribute to mech-

anisms of aging and AAMPD (including MetS). This

hypothesis implies that inhibition of TRY–KYN and

guanine–pteridines pathways might slow down aging pro-

cesses and development of AAMPD. Our recent data on

increased lifespan in Drosophila mutants with impaired

transmembrane transport of guanine and TRY (white) or

deficient conversion of TRY into KYN (vermilion) (almost

twofold in comparison with wild type Oregon strain) sup-

port this suggestion (Oxenkrug 2010c).

Potential pharmacological interventions in at risk sub-

jects (e.g., carriers of high producer alleles (T) of IFNG

(?874) [and, possibly, and A alleles of TNF-alpha (-308)

gene] may include:

(a) inhibition of IDO activity by 1-methyl-L-TRY (Cady

and Sono 1991), minocycline (Ryu et al. 2006) and

MAO inhibitors (Samsonova and Oxenkrug 1972;

Sono and Cady 1989; Oxenkrug 1991, 2005).

Minocycline deserved a special consideration since it

a drug that had been on a market (acne treatment) for

more than 50 years. Minocycline inhibits microglial

inflammation (Filipovic and Zecevic 2008; Hashim-

oto 2008), IDO (Ryu et al. 2006), and revealed

antipsychotic and cognitive enhancing effect in

patients suffering from schizophrenia (Levkovitz

et al. 2010), and exerted anti-depressant activity in

animal experiments (Molina-Hernandez et al. 2008),

and was suggested for clinical antidepressants trials

(Pae et al. 2008).

(b) Pharmacological agents based on discovery that

worm infection down-regulates Th1 pathways (Wein-

stock and Elliott 2009);

(c) inhibition of cytokine production by IFNG inhibiting

protein (Koga et al. 2007), antibodies to TNF-alpha

and IFNG (Skurkovich and Skurkovich 2006) and by

antidepressants, e.g., selective 5-HT inhibitor, fluox-

etine (Kenis and Maes 2002) and dopamine enhancer,

wellbutrin (Brustolim et al. 2006)

(d) administration of methoxyindoles (melatonin and

N-acetylserotonin) that inhibit KYN formation from

TRY (Walsh and Daya 1997) and modulate the TRY–

KYN pathway due to their inhibitory effect on

   B6 

IFNG/TNF-α     IDO           KYN          3OHKYN             QUIN/PICA             NOS 

                               XA  

Fig. 7 Shift of post-KYN metabolism toward formation of XA in

vitamin B6 deficiency. IDO indoleamine 2,3,-dioxygenase, KYN
kynurenine, 3OHKYN 3-hydroxyKYN, QUIN quinolinic acid, PICA
picolinic acid, XA xanthurenic acid, NOS nitric oxide synthase
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production of cortisol (s1s0s5) and proinflammatory

cytokines (Bachurin et al. 1999; Perianayagam et al.

2005; Requintina and Oxenkrug 2003). Methoxyin-

doles (melatonin, in particular) might attenuate

excitatory, glutamate-mediated responses triggered

by KYN pathway metabolites (Lapin et al. 1998;

Prakhie and Oxenkrug 1998)

(e) administration of melatonin agonists, e.g., Ramelteon

that attenuates age-associated hypertension and body

weigh gain (Oxenkrug and Summergrad 2010).
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