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Abstract: Human immunodeficiency virus type 1 (HIV-1) infection is associated with a wide 

range of neuropsychiatric symptoms, especially in the later course of the disease. In addition 

to a direct effect of HIV-1 causing irreversible loss of brain cells, neurological impairment 

may relate to metabolic factors. Immune activation and the inflammatory response involving 

immunocompetent cells seem to play a major role. Existing data suggest that immune  activation 

and inflammatory responses can cause metabolic disturbances, which can be reversible to some 

extent, eg, when highly active antiretroviral therapy is successful. Immune-related tryptophan 

catabolism and impaired phenylalanine hydroxylase (PAH) activity have been described in 

HIV-1 infected patients. These enzyme systems are deeply involved in the biosynthesis of 

important neurotransmitters and biogenic amines like 5-hydroxytryptamin (serotonin) from 

tryptophan, and dopamine, adrenaline, and noradrenaline from phenylalanine. Thus, any 

 disturbance of their biosynthesis may contribute to neurological and psychiatric symptoms, 

such as depression, cognitive impairment, and memory loss. In addition to highly active 

antiretroviral therapy, popular antidepressant medication with selective serotonin reuptake 

inhibitors or also noradrenaline and dopamine reuptake inhibitors will be of help to improve 

neuropsychiatric abnormalities in patients with HIV-1 infection. It will be interesting to know 

whether  measurements of tryptophan degradation and of PAH activity might be able to guide 

treatment with antidepressants and thereby improve treatment efficacy in HIV-1 infected patients 

suffering from cognitive impairment, mood changes, and depression.
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Introduction
Patients with human immunodeficiency virus type 1 (HIV-1) infection show a 

 progressive loss of immune function, which is due to the decline of CD4+ T helper cells 

in numbers and function, both of which together are responsible for the increased risk 

of opportunistic infections in patients in the absence of adequate antiretroviral therapy.1 

However, this state of immunodeficiency is associated with strong and  overwhelming 

immune system activation, which primarily involves T cells and  macrophages 

( Figure 1).1–3 Along with multiple other signs of chronic immune  activation, increased 

concentrations of neopterin (D-erythro 1′,2′,3′- trihydroxypropylpterin) were described 

in the body fluids of patients with HIV-1 infection as far back as the late 1980s.2–7 

Neopterin concentrations in serum, plasma, and urine of patients with HIV-1  infection 

correlate with HIV-1 load and the loss of CD4+ cells throughout the disease course, 

and are of equal or even superior prognostic value for the future course of disease 

in patients compared with CD4+ counts or even HIV load, and this is even true after 

N
eu

ro
be

ha
vi

or
al

 H
IV

 M
ed

ic
in

e 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/NBHIV.S17409
mailto:dietmar.fuchs@i-med.ac.at


Neurobehavioral HIV Medicine 2012:4submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2

Schroecksnadel et al

the  introduction of highly active antiretroviral therapy 

(HAART).8 On successful antiretroviral therapy and HAART, 

concentrations of neopterin and other immune activation 

markers like 75 kDa soluble tumor necrosis factor receptors 

(sTNF-R75) decline in parallel with HIV-1 load and mirror 

the increase in CD4+ count.9

Patients suffering from progressive HIV-1 infection often 

experience impaired quality of life. In parallel, they also tend to 

have neurological/psychiatric disorders more often.10–12 Inter-

estingly, elevated neopterin levels have also been observed in 

HIV-1-negative patients with depression, and a link between 

immune activation and development of depression has been 

suggested.13–15 In patients with HIV-1 infection, signs of 

immune activation were found to relate to neuropsychiatric dis-

turbances.16 Higher neopterin concentrations in cerebrospinal 

fluid (CSF) were found in HIV-infected patients with neurologi-

cal/psychiatric symptoms in comparison with patients without 

neurological/psychiatric symptoms.17 In addition to other 

parameters, like immune-mediated catabolism of the essen-

tial amino acid tryptophan, which may impair the synthesis 

of abnormal neurotransmitters like 5-hydroxytryptamine 

(serotonin), dopamine and/or noradrenaline metabolism 

might influence quality of life in HIV-patients.

Biochemistry of neurotransmitters 
and cofactors
In the early 1980s it was discovered that increased amounts 

of neopterin are formed and released by human monocyte-

derived macrophages preferentially upon induction with 

Th1-type cytokine interferon (IFN)-γ.18 Later on, it was 

found that human dendritic cells and astrocytes can also 

induce significant neopterin production via proinflammatory 

stimuli.19,20 Analogously, increased neopterin concentrations 

detected in the blood of patients could be referred to an 

activated cellular (Th1-type) immune response.21 Therefore, 

it is important to realize that only primate, either human or 

nonhuman, monocytic cells are capable of producing neop-

terin at high output rates, whereas other human cells or cells 

from other species do not (Figure 2). Neopterin derives from 

guanosine triphosphate (GTP), which is cleaved by the IFN-

γ-inducible enzyme, GTP cyclohydrolase I (EC 3.5.4.16),22 to 

the intermediate product, 7,8-dihydroneopterin  triphosphate. 

This unstable compound is the precursor molecule for 

the production of 5,6,7,8-tetrahydrobiopterin (BH4), the 

well established cofactor of the mono-oxygenases PAH 

(EC 1.14.13.39), tyrosine 5-hydroxylase (EC 1.14.16.2), 

tryptophan 5-hydroxylase (EC 1.14.16.4), and nitric oxide 

synthases (EC 1.14.13.39)23,24 and, more recently shown, of 

glycerylether monoxygenase.25 Human monocyte-derived 

macrophages produce neopterin at the expense of biopterin 
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Figure 2 Antiproliferative effector mechanisms within the Th1-type immune 
response. Among other cytokines, activated Th1-type lymphocytes release large 
amounts of the proinflammatory cytokine IFN-γ, which is an important forward 
regulator of the Th1-type immune response and also a strong trigger of antimicrobial 
and antitumoral enzyme pathways. These include the tryptophan-degrading enzyme, 
IDO, NO formation by iNOS, and the formation of BH4 and neopterin by GCH. These 
metabolic pathways are intertwined, ie, BH4 is required as a cofactor of iNOS and 
is produced by a secondary enzyme known as 6-pyruvoyl-tetrahydropterinsynthase, 
a deficiency of which in human monocyte-derived dendritic cells and macrophages 
leads to accumulation of neopterin at the expense of BH4. Therefore, BH4 output 
by iNOS is low in these cells in humans but not in other species. Activated iNOS 
in human cells produces a superoxide anion instead of NO. In species other than 
humans, NO interferes with IDO expression and function, thus diminishing IDO 
activity.
Abbreviations: IDO, indoleamine 2,3-dioxygenase; NO, nitric oxide; iNOS, 
inducible nitric oxide synthase; BH4, 5,6,7,8-tetrahydrobiopterin; IFN-γ, interferon 
gamma; GCH, GTP-cyclohydrolase I.
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Figure 1 Immune activation and HIV-1 infection. Immune activation plays a crucial 
role in the pathogenesis of HIV-1 infection and acquired immune deficiency. Activated 
T cells are more susceptible to infection with HIV-1, and the activation of infected 
T cells induces HIV-1 replication (indicated by flash symbols). Immune activation is 
induced by HIV-1 infection itself, and also by secondary infection with other viruses 
or intracellular pathogens like Mycobacterium tuberculosis. The central role of immune 
activation is reflected by increased neopterin concentrations in patients infected with 
HIV-1. They reflect activated T cells and macrophages, correlate closely with the 
clinical course, and are strongly predictive of the future course of the disease. 
Figure adapted from Fuchs et al.2,3 This figure was published in Cancer detec-
tion and prevention, volume 1, Fuchs et al, Activated T-cells in addition to LAV/
HTLV-III infection: A necessary precondition for development of AIDS, pp. 583–587, 
Copyright Elsevier (1987).
Abbreviation: HIV-1, human immunodeficiency virus type 1.
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derivatives due to an only low activity of pyruvoyl tetrahy-

dropterin synthase (EC 4.2.3.12), the second enzyme required 

for BH4 biosynthesis.22 Accordingly, human macrophages 

suffer from a malfunctioning of cytokine-inducible nitric 

oxide synthase (iNOS, Figure 2).26 However, any other cell 

type capable of responding to proinflammatory stimuli like 

IFN-γ upregulates its production rate of BH4 during states 

of immune activation and inflammation (Figure 2).

Neurological and psychiatric 
impairment in HIV-1 infection
Neurological and psychiatric impairment often develops 

in patients with acquired immune deficiency syndrome 

(AIDS). It is related to opportunistic infections and direct 

neuronal infection by HIV-1 leading to HIV-1 encephalitis. 

The HIV-1-associated dementia and the AIDS dementia 

complex were recognized early in the AIDS epidemic,27,28 

because HIV-1 invades the central nervous system early 

in the course of infection and establishes a protected viral 

reservoir. However, neurocognitive impairment develops 

only in a small portion of infected patients.29 Irreversible 

loss of brain tissue in patients with HIV-1 infection is sup-

posed to be due to direct cytopathic effects of HIV-1 on 

neuronal and glial cells, which still awaits unequivocal 

demonstration.

Risk of neurocognitive impairment in patients with HIV-1 

infection correlates with the nadir of CD4+ cell counts, and 

increases when CSF viral load becomes equal to or higher 

than plasma viral load.30 Overall cerebral volume, including 

gray and white matter volume and volumes of the parietal, 

temporal, and frontal lobes and the hippocampus, are most 

strongly associated with disease history factors like nadir 

CD4+ counts and duration of infection. Such findings indicate 

that individuals with a history of chronic HIV infection with 

severely impaired immune function may be at greatest risk for 

cerebral atrophy.31 Other risk factors include vascular disease 

and reduced resting cerebral blood flow, as well as genetic 

factors of the host and of HIV-1. Interestingly, the nadir 

CD4+ count was also found to be associated with the extent 

of the initial immune response cascade, because serum levels 

of soluble immune activation marker, β2-microglobulin, and 

neopterin increase significantly during the acute infection 

episode, at least 6 months before the CD4+ counts decline.32 

In contrast, increases in mean HIV RNA levels occur at 

the time of the CD4+ cell decline. These data are consistent 

with the view that in vivo immune activation precedes the 

increases in HIV-1 load and is followed by an accelerated 

and rapid loss of CD4+ lymphocytes.

Activated immunocompetent cells in the brain like 

microglia or invaded macrophages could indirectly mediate 

the neurological damage, eg, by the synthesis of neurotoxic 

factors. In addition to cognitive impairment, depressive 

mood is also a frequent symptom in patients with progressed 

HIV-1 infection,33,34 and, as is known from other clinical 

conditions, impaired serotonergic and/or dopaminergic 

neurotransmission may play a role in the precipitation of 

depressive symptoms in patients.14,15,35–40

Accelerated degradation of the essential amino acid, tryp-

tophan, can be caused by increased expression of indoleamine 

2,3-dioxygenase (IDO, EC 1.13.11.52), an enzyme expressed 

during states of inflammation and immune activation.14,15,36,37 

The decline of tryptophan concentrations may impair 

serotonin formation that is crucial for neuropsychiatric 

 performance.14 Likewise, many HIV-1 infected patients with 

depression respond well to treatment with selective serotonin 

reuptake inhibitors, but others do not.41 This observation 

suggests that other factors could also be crucial, ie,  specific 

HIV-1 proteins could exert a neurotoxic effect42 and 

 neurotoxic activities of some tryptophan catabolites, like 

quinolinic acid, could play a role.37,43,44 Additionally, altered 

metabolism of catecholamines, ie, dopamine, adrenaline 

(epinephrine), and noradrenaline (norepinephrine), might 

also be important (Figure 3).39,45

Increased degradation  
of tryptophan by IDO induced  
by immune activation
Like neopterin production, IDO is activated by proinflam-

matory stimuli, the most important one being IFN-γ.36,46 

However, unlike neopterin synthesis, tryptophan degradation 

via the kynurenine-pathway by IDO is not only stimulated in 

human monocyte-derived macrophages and dendritic cells, 

but also inducible in various other cells, like endothelial 

cells, epithelial cells, and fibroblasts, and also in species 

other than humans and primates.47 Kynurenine is the first 

detectable product within the degradation pathway and so 

the kynurenine to tryptophan ratio (Kyn/Trp) serves as a 

good estimate of the extent of tryptophan degradation.17,36,48 

However, it has to be kept in mind that IDO is not the only 

tryptophan-degrading enzyme, and that hepatic tryptophan 

2,3-dioxygenase (TDO, EC 1.13.11.11) can also be of 

relevance. Still, IDO is cytokine-inducible, whereas the 

isoenzyme TDO is regulated by tryptophan availability and 

upregulated by steroid hormones.43 Direct measurement of 

IDO activity would require analysis at the cellular level, 

which is usually not readily available. However, when 
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an activated immune system is detected by, eg, increased 

concentrations of neopterin, sTNF-R75,9 or similar repre-

sentative markers, and a correlation exists between Kyn/Trp 

and concentrations of one of these markers, the probability 

that enhanced Kyn/Trp is due to activated IDO becomes 

very high.17,36 In HIV-1 infection, significant associations 

were demonstrated to exist not only between tryptophan 

metabolism and neopterin levels, but also with circulating 

IFN-γ concentrations.48 However, no extrapolation solely 

from Kyn/Trp to any cellular source is possible, but when a 

concurrent increase in neopterin levels is measured, at least 

a contribution of monocytes/macrophages or dendritic cells 

is suggested.

Accelerated immune-mediated degradation of tryptophan 

by IDO may contribute to a deficiency of serotonin, the 

biosynthesis of which involves tryptophan as a precursor 

molecule (Figure 2). This relationship could be of particular 

importance in the pathogenesis of memory loss and depres-

sion in patients with HIV-1 infection.49 Lowered serotonin 

concentrations have been described in the blood and CSF 

of patients with HIV-1 infection.50,51 However, not only 

tryptophan deficiency may cause serotonin deficiency due 

to its accelerated degradation; serotonin, as an indoleamine 

derivative, is accepted as a substrate by IDO, albeit with 

lower affinity than tryptophan.36

In addition to serotonin deficiency, the formation of 

specific products within the tryptophan degradation pathway 

can also play a role in the development of neuropsychiatric 

disturbances in patients with HIV-1 infection. Quinolinic acid 

is an important downstream catabolic product of tryptophan,43 

and accumulation of quinolinic acid in patients suffering 

from inflammatory conditions52 can also be interpreted as a 

sign of activated IDO. However, with the same limitations 

as Kyn/Trp measurements, in the case of elevated quinolinic 

acid, TDO cannot be ruled out as a player in the background, 

and only in the presence of an inflammatory response it 

becomes more likely that elevated concentrations indicate 

IDO involvement. Additional enzymes like kynurenine 

mono-oxygenase, kynureninase, and 3-hydroxyanthranilate 

dioxygenase need to be functionally active for synthesis of 

quinolinic acid, and an adequate supply of pyridoxal phos-

phate (vitamin B6) is required for proper function of the 

enzyme network.43 As with neopterin synthesis, macrophages 

and dendritic cells possess this enzymatic repertoire and are 

thus major sources of quinolinic acid production aside from 

liver cells.44,47,53

Given that the biochemistry around nitric oxide formation 

is intertwined with the metabolism of neopterin and BH4,26 

it also interferes with tryptophan metabolism, because nitric 

oxide inhibits IDO activity in interferon-γ-primed mono-

nuclear phagocytes (Figure 2).54 Because iNOS activity is 

almost completely absent in human monocytes/macrophages, 

it is much easier to detect IDO activity in humans without 

gross interference by nitric oxide. Moreover, the high output 

nitric oxide formation by iNOS in nonhuman macrophages 

can also interfere with the measurement of kynurenine in, eg, 

rat and mouse serum, plasma, and tissue, when kynurenine is 

destroyed by diazotization upon acidification for protein pre-

cipitation prior to high-pressure liquid chromatography.55

Regarding IDO, a special situation might exist in the course 

of HIV-1 infection, given that the immunomodulatory effects 

of specific HIV-1 proteins are not only well established, but a 

direct effect of transactivator protein HIV-1-Tat to induce brain 

cytokines and IDO was also demonstrated recently.56,57

Decreased activity of PAH  
in immune activation disorders
Symptoms like anhedonia and clinical signs of  depression 

can develop in patients related to disturbed dopamine 

metabolism,58 eg, due to impaired enzymatic conversion 
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Figure 3 Role of BH4 in the biosynthesis of neurotransmitters from aromatic 
amino acids. BH4 is a cofactor of phenylalanine 4-hydroxylase, converting 
phenylalanine to tyrosine. Subsequent conversion of tyrosine to L-dopa by tyrosine 
3-hydroxylase also requires BH4 as cofactor, with L-dopa serving as a substrate for 
the production of neurotransmitters, ie, dopamine, norepinephrine (noradrenaline), 
and epinephrine (adrenaline). BH4 is also a cofactor for tryptophan 5-hydroxylase, 
converting tryptophan to 5-hydroxytryptophan, which is decarboxylated to form 
the neurotransmitter serotonin (5-hydroxytryptamine).
Abbreviation: BH4, 5,6,7,8-tetrahydrobiopterin.
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of phenylalanine.39,45 Decades ago, increased blood concen-

trations of phenylalanine were described in patients with 

various clinical conditions, along with signs of immune 

activation and inflammation, including HIV-1 infection.59 

The reason for this abnormality is still unexplained, but most 

likely an impaired function of the PAH enzyme underlies the 

phenylalanine accumulation (Figure 3).39

Phenylalanine is the precursor of tyrosine, another protei-

nogenic amino acid, which is an important precursor for the 

biosynthesis of L-dopa(L-3,4- dihydroxyphenylalanine) and 

for dopamine, adrenaline, and noradrenaline  (Figure 2).39 

For enzymatic hydroxylation of phenylalanine to tyrosine by 

PAH, the cofactor BH4, ie, the reduced form of biopterin, is 

required as a hydrogen donor.23 PAH is extremely sensitive 

to oxidation,60,61 and if BH4 is destroyed, the conversion 

rate of phenylalanine to tyrosine by PAH is reflected in an 

increased ratio of phenylalanine to tyrosine concentrations 

(Phe/Tyr), which is a useful measure of PAH activity, and 

better than phenylalanine alone.62,63 Likewise, Phe/Tyr can 

also be regarded as a surrogate of the functional activity 

of BH4.

Oxidative stress due to chronic immune activation and 

inflammation could be involved in the increase in serum 

phenylalanine concentrations in patients. Recently, we 

described a correlation between Phe/Tyr and neopterin 

concentrations in patients after multiple trauma, with ovar-

ian cancer, or with HIV-1 infection.64–66 Moreover, HAART 

in patients with HIV-1 infection was not only associated 

with increased CD4+ cell counts and reduced HIV-1 load 

and neopterin concentrations, but also with decreased 

Phe/Tyr and phenylalanine concentrations,66 indicating that 

immune activation is related to impaired PAH functional 

activity. This conclusion is further substantiated by recent 

findings that IFN-γ treatment in patients with hepatitis C 

virus infection led to a significant increase of phenyla-

lanine levels and Phe/Tyr.67 The mechanism underlying 

PAH impairment might involve oxidative stress due to the 

high output of reactive oxygen species by, eg, activated 

monocytes/macrophages which may destroy BH4 and/or 

influence substrate and/or cofactor binding when changes 

in the tertiary structure of PAH are caused by oxidation of, 

eg, sulfhydryl groups.68

Aside from the disturbed fundamental biochemistry 

of phenylalanine, neurotoxic products accumulating upon 

IDO activation can also contribute to dopaminergic altera-

tions, eg, quinolinic acid has been demonstrated to alter the 

mesolimbic dopaminergic system directly and to induce dop-

aminergic neuronal death, while kynurenic acid, a  tryptophan 

metabolite, controls the firing of dopaminergic neurons in 

the midbrain.69

Immune activation-induced 
metabolic changes and 
neuropsychiatric symptoms in HIV-1
Higher neopterin concentrations have been described in patients 

who suffer from neuropsychiatric complications70 in addition to 

HIV-1,71 compared with those without such complications. This 

is especially true in the CSF, although neopterin concentrations 

in serum or plasma are also significantly associated with CSF 

levels. Neopterin concentrations in the CSF of patients with 

AIDS dementia complex correlate with the severity of demen-

tia and decreased along with clinical improvement following 

treatment with zidovudine therapy.72 Interestingly, neopterin 

concentrations in serum have been found to correlate signifi-

cantly with brain tissue loss, as reflected by the ventricle brain 

ratio, according to computed tomography results.16 Similar 

observations were made when brain tissue loss was compared 

with quinolinic acid concentrations in the CSF.44 Higher serum 

neopterin concentrations also correlated inversely with the cog-

nitive performance of patients as determined by scores on the 

Structured Interview for the Diagnosis of Alzheimer Dementia 

and dementia of other etiology.16

All these findings indicate that immune activation and 

immune activation-induced biochemical alterations are 

involved in the precipitation of neuropsychiatric symptoms 

in patients infected with HIV-1. However, immune activa-

tion and inflammatory responses may not only be involved in 

irreversible loss of brain tissue, but may also cause metabolic 

disturbances, the reversibility of which is more likely when, eg, 

HAART is successfully administered. Among the biochemical 

alterations induced by HIV-1, degradation of tryptophan by 

the IDO enzyme has received greater attention. Findings from 

in vitro and in vivo studies and from animal model systems 

support the concept that tryptophan degradation by IDO plays 

a major role in inflammation-associated neuropsychiatric dis-

orders such as depression and cognitive decline.14,15,36 Serum 

tryptophan concentrations were lower in HIV-1 infected patients 

with worse cognitive performance,17,72 and lower tryptophan 

levels were also associated with sleep disturbances.73

Abnormal phenylalanine metabolism was also recently dem-

onstrated to be quite common in patients with HIV-1 infection,59,66 

although fewer data on clinical  correlates are presently avail-

able, as compared with studies on IDO. In patients outside the 

field of HIV-1 infection, eg, the elderly, several significant asso-

ciations have been demonstrated between the increase in pheny-

lalanine and Phe/Tyr in the blood and  specific  neuropsychiatric 
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 symptoms.74  Phenylalanine metabolism was mostly related to 

general behavioral and neurovegetative symptoms according 

to the neurotoxicity rating scale like sleep alterations, sick-

ness, and digestive and motor symptoms, whereas changes in 

immune activation markers (neopterin) and tryptophan metabo-

lism were more associated with depression scores accord-

ing to the Montgomery-Asberg Depression Scale. Greater 

disturbances correlated with reduced appetite and pessimistic 

thoughts and also fatigue symptoms like reduced  motivation. 

Conversely, general behavioral and neurovegetative symptoms 

like sleep alterations, sickness, digestive symptoms, and motor 

symptoms, correlated more closely with phenylalanine than 

tryptophan metabolic abnormalities.74

In patients with HIV-1 infection, depression and impaired 

quality of life are frequently observed, and in a relatively large 

study of 154 patients, Beck’s Depression Inventory and qual-

ity of life scores were compared with prognostic parameters 

of HIV-1 infection, including neopterin and Kyn/Trp. Beck’s 

Depression Inventory and quality of life were closely associ-

ated with each other, and patients with depression had signifi-

cantly higher plasma neopterin concentrations, lower CD4+ 

cell counts, and hemoglobin concentrations, as well as better 

quality of life scores than nondepressed patients, who also 

showed lower rates of tryptophan degradation. High neopterin 

concentrations and low hemoglobin levels were the best pre-

dictors of depression, whereas hemoglobin levels and viral load 

were predictive of impaired quality of life.75  Unfortunately, no 

CSF specimens were available in that study.

In addition to the association between tryptophan degra-

dation and mood changes in patients with HIV-1 infection, 

another study showed acute psychotic symptoms to be associ-

ated with increased levels of kynurenic acid in CSF, which 

were most probably due to enhanced IDO activity.76 Notably, 

signs of immune activation are detectable in the brains of 

patients with HIV-1 infection even when viral burden in the 

CSF is minimal.77

Influence of HAART on immune 
activation and other therapeutic 
considerations
Antiretroviral therapy is well known to be able to improve 

the neuropsychiatric status of HIV-1-infected patients.78 In 

parallel with the increase in CD4+ counts and the decline 

of HIV-1 load under HAART, there is a decline in serum, 

plasma, and urinary neopterin concentrations, and of, eg, 

soluble TNF-R75.79–82 A significant reduction of neopterin 

concentrations in CSF is achieved under HAART.82,83 The 

same is true for the tryptophan degradation rate, in that 

Kyn/Trp is often highly elevated in patients with HIV-1 infec-

tion, and a significant drop of Kyn/Trp takes place, which is 

due to an increase in tryptophan and a decline in kynurenine 

concentrations.80 Phenylalanine concentrations and Phe/Tyr 

also decline significantly on HAART,66 and this decline cor-

relates with changes in neopterin concentrations. However, 

so far, no studies are available in which marker changes are 

compared with neuropsychiatric performance of patients, 

except for one case report, in which concurrent improve-

ment in neurological symptoms and normalization of CSF 

biomarkers were observed following HAART in a patient 

with HIV-1-associated dementia.82 However, even on long-

term therapy with HAART, chronically enhanced immune 

activation, albeit at a low level, can be observed in patients,84 

indicating viral escape into the CSF despite suppression 

of plasma HIV-1. Thus, low-grade central nervous system 

infection may continue in treated patients.85

Treatment concepts targeting IDO activity using the spe-

cific inhibitor, 1-methyl tryptophan, are the focus of intense 

research.86 The rationale behind this therapeutic strategy is to 

revert the negative effects of IDO on T cell responsiveness, 

thereby improving the functional anti-HIV-1 immune response 

in patients.87 Because activation of IDO is also part of the 

antiviral strategies in immunocompetent cells, inhibition of 

IDO would not only improve tryptophan availability to immu-

nocompetent cells, but may also carry a risk of accelerating 

HIV-1 reproduction. On the other hand, inhibiting IDO would 

also increase tryptophan availability for serotonin biosynthesis 

and reduce the formation of neurotoxic catabolites. Both these 

effects could contribute to improvement in neuropsychiatric 

symptoms in patients (Figure 4). A similar scenario might take 

place when supplementation with tryptophan is  considered. 

In this case both the proliferation and reproduction of 

HIV-1 might increase, and any benefit for the patient is unclear 

and cannot be predicted. Moreover, increasing the tryptophan 

pool would also increase the production of catabolites, some 

of which have neurotoxic potential.

Studies in in vitro culture systems of peripheral 

blood mononuclear cells and of monocytic cell lines like 

THP-1 cells show that anti-inflammatory compounds, such 

as aspirin and lipid-lowering 3-methylglutaryl-coenzyme-A 

(HMG-CoA) reductase inhibitors (statins), are able to slow 

down IDO activity and neopterin formation.88,89 The same is 

true for various antioxidant compounds, including vitamin C 

and E, as well as the stilbene, resveratrol.90,91  Corresponding 

data from in vivo studies are not available, but lower neop-

terin concentrations are observed in patients at risk for car-

diovascular disease taking statins.92
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Furthermore, higher neopterin concentrations were signifi-

cantly correlated with lower levels of vitamins C and E and 

antioxidant compounds like lutein and zeaxanthin in another 

study.93 The data imply a certain ability of such antioxidant 

compounds to counteract inflammation and immune activa-

tion and consequently tryptophan degradation, which could be 

of benefit in improving mood and cognitive status in patients 

with HIV-1 infection. However, like 1-methyl tryptophan, 

such compounds could also reduce the efficacy of the immune 

response to delay HIV-1 reproduction rates (Figure 4). 

 Interestingly, St John’s wort extract is a powerful suppressant 

of IDO activity and neopterin production in both stimulated 

and nonstimulated peripheral blood mononuclear cells.94

Neuropsychoimmunological 
biomarkers are not specific  
for HIV-1 infection
Because of their immunobiological background, the relation-

ship between inflammation and immune activation status 

and corresponding alterations in biochemical pathways 

involving tryptophan and serotonin metabolism as well as 

phenylalanine and tyrosine biochemistry are not specific for 

patients with HIV-1 infection. Accordingly, significantly 

enhanced tryptophan degradation as indicated by lowered 

tryptophan concentrations, together with higher kynurenine 

and Kyn/Trp levels, have been described in patients with 

several other infections, mainly of viral origin, and also in 

patients with sepsis after multiple trauma.36 Accelerated 

tryptophan catabolism is also documented in a significant 

percentage of patients suffering from different types of 

cancer, leukemia, and lymphoma,95,96 multiple myeloma,97 

gynecological cancer98 or autoimmune syndromes, such as 

rheumatoid arthritis99 and systemic lupus erythematosus.100 

Most importantly, in patients undergoing treatment with 

cytokines like interleukin-2 or IFN-γ, enhanced tryptophan 

degradation is observed,101,102 which further confirms its 

link to immune activation-induced biochemical pathways. 

Elevated Kyn/Trp and lowered tryptophan levels are also 

common in patients with cardiovascular disease103,104 and in 

the blood and CSF of patients suffering from neurodegenera-

tive disorders like Parkinson’s disease105 and Alzheimer’s 

dementia.106 However, it is also documented during normal 

ageing that healthy elderly patients have enhanced Kyn/Trp 

and lower tryptophan concentrations than people of younger 

age.107,108 However, the greatest changes in tryptophan 

metabolism have been observed in patients with HIV-1 infec-

tion before HAART, in the late stages of cancer, and in those 

with sepsis.109–111

Phenylalanine metabolism is less widely investigated in 

groups of patients suffering from diseases and conditions in 

which inflammation and immune activation play a major role. 

In addition to HIV-1 infection,66 an increase in Phe/Tyr and 

phenylalanine concentrations was observed in patients with 

multiple trauma and sepsis,64 cancer65,112 acute pancreatitis,113 

or hepatitis C virus infection during treatment with IFN-γ.67 

In patients with ovarian cancer, phenylalanine levels and 

Phe/Tyr have been found to correlate with concentrations of 

neopterin and 8-isoprostane.65 Such data support the concept 

that immune activation and oxidative stress are related to 

impaired functioning of PAH.39

A significant association was observed between lower 

plasma tryptophan concentrations, increased neopterin 

concentrations, and impairment of quality of life in patients 

with colon carcinoma.114 A similar relationship was found 

in patients with different kinds of cancer.115 In patients with 

multiple myeloma, decreased serum tryptophan levels on 

treatment with IFN-γ were associated with a greater risk of 

developing depression.102,116

The data support the concept that changes in neu-

ropsychoimmunological biomarkers are not specific for 

HIV-1 infection, and similar patterns of alterations in 

 neopterin, tryptophan, and phenylalanine metabolism can be 

detected in any condition associated with immune activation. 

In particular, accelerated tryptophan degradation is  considered 

Pro-inflammatory
Th1-type immune

response (IFN-γ, etc)

Tryptophan 
Kynurenine 

Activated IDO
HIV-1 

Serotonin Serotonin 

Quinolinic acid Quinolinic acid 

Red blood cells  Red blood cells

T-cells  T-cells  

HIV-1+1MT

+1MT

+1MT

+1MT

+1MT

Figure 4 IDO during the proinflammatory immune response in HIV-1 infection. 
Consequences of increased IDO activity comprise a slowing down of HIV-1 
reproduction (beneficial for the host) but also suppression of lymphopoiesis and 
hematopoiesis contributing to immunodeficiency and anemia. In addition, availability 
of serotonin is diminished when tryptophan concentrations become low upon 
degradation, and serotonin itself is also accepted as a substrate by IDO. In addition, 
downstream metabolites of kynurenine like neurotoxic quinolinic acid and other 
products (indicated by dots) accumulate. Inhibition of IDO by 1-methyl-tryptophan 
would improve immune and hematopoiesis status by increasing tryptophan availability, 
and neuropsychiatric status will benefit from increased serotonin production and 
decreased potential neurotoxins. However, HIV-1 reproduction would also benefit 
from increased availability of tryptophan. Therefore, this therapeutic strategy can 
provide overall benefit only when HIV-1 reproduction is arrested by antiretroviral 
therapy at the same time. effects which are detrimental to the host are indicated 
by flash symbols.
Abbreviations: IDO, indoleamine 2,3-dioxygenase; IFN-γ, interferon-γ; 1MT, 
1-methyl tryptophan; HIV-1, human immune deficiency virus type 1.
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to be involved not only in the greater risk of depressive 

mood but also in the development of immune dysfunction,86 

anemia117,118 and weight loss/cachexia,95,117 which are often 

observed in patients suffering from diseases featuring inflam-

mation and chronic immune activation. In vitro and animal 

models are able to support the influence of inflammation and 

immune activation on tryptophan metabolism and the precipi-

tation of depressive symptoms.119,120 However, these studies 

only allow us to conclude that IDO activation plays a major 

role in the pathogenesis of depression. However, the exact 

mechanism by which tryptophan and serotonin deprivation 

versus changes of downstream kynurenine metabolism and 

altered neuroprotection may contribute to the pathogenesis 

of major depression remains unresolved.121

It is very important to keep in mind that the mecha-

nisms by which altered metabolism of amino acids and 

consequently of biogenic amines by inflammation and 

immune activation may contribute to mood changes and 

neuropsychiatric abnormalities cannot be easily extrapolated 

to depressive disorders without such an immunological 

 background. Genetic predisposition, like specific polymor-

phisms of serotonin receptors122 or immune system functions, 

can interfere with appropriate tryptophan and serotonin 

availability and their metabolism, as well as their handling 

and function as neurotransmitters, eg, single nucleotide 

polymorphisms of the IFN-γ +874 (T/A) genotype, known 

to have an effect on IFN-γ production, were found to be 

associated with kynurenine concentrations and Kyn/Trp in 

healthy individuals.123

Roles of oxidative stress  
and neopterin
The mechanisms involved in the neurological dysfunction 

and psychiatric symptoms in patients with HIV-1 infec-

tion may include reduced availability of serotonin49–51 or 

accumulation of neurotoxins, such as kynurenic acid and 

quinolinic acid.43,44 Both circumstances would result from 

exaggerated tryptophan catabolism. However, the associa-

tion found between the size of brain lesions, quantified as 

the ventricle to brain ratio, and neopterin levels may indicate 

that neopterin itself could be involved in the pathogenesis 

of brain lesions, because neopterin is capable of enhancing 

radical-mediated cytotoxic mechanisms124 and interfering 

with mitochondrial respiratory chain.125 Thus, cellular 

cytotoxicity in immunocompetent cells within the brain 

might be enhanced in the presence of increased amounts of 

neopterin. However, neopterin concentrations in serum are 

more closely related to the extent of brain lesions and the 

cognitive impairment than CSF levels, as determined by the 

Structured Interview for the Diagnosis of Alzheimer  Dementia 

score.16 From such data, it appears that systemic chronic 

immune stimulation in HIV-1 infection plays a greater role 

in neurological damage than local CNS phenomena. A more 

relevant role of systemic metabolic disturbances on the 

origin of HIV-1-associated neurological impairment might 

exist, which is probably in addition to local effects of HIV-1 

on brain tissue.

Antioxidant vitamins and other antioxidant compounds 

were found to slow down production of neopterin and IFN-γ 

as well as tryptophan degradation in human peripheral blood 

mononuclear cells in vitro. This is most likely due to the fact 

that pro-oxidants like reactive oxygen species are important 

forward regulators of the inflammation process, in which 

induction of nuclear factor κB seems to play a major role. 

Interestingly, in patients with cardiovascular disease, high 

serum or plasma neopterin concentrations were strongly 

correlated with a decline in several antioxidant compounds, 

such as vitamin C and E, lutein, and zeaxanthin.93 From 

these observations, one may conclude that healthy food may 

allow improvement of mood and neurological impairment 

in patients. However, in patients with HIV-1 infection, the 

fear remains that extra antioxidants can also interfere with 

the antiviral activity of the host immune response.

Discussion
In recent years, a role of immune activation in the patho-

genesis of HIV-1 infection has become increasingly 

recognized,1–3,126,127 and involvement of disturbed tryptophan 

metabolism in the development of neurological symptoms has 

been proposed on several occasions.17,49,128,129 The biochemical 

alterations are related to chronic stimulation of macrophages 

and to production of specific cytokines in the immuno-

regulatory circuits primarily involved in Th1-type immune 

activation. IFN-γ activates IDO, which causes degradation 

of tryptophan, forming kynurenine (Figure 1) and other 

metabolites,36 and Kyn/Trp allows an estimate of IDO activity. 

The consequences of IDO activity are reduced  bioavailability 

of tryptophan for biosynthesis of serotonin and accumulation 

of toxic compounds, such as kynurenic acid and quinolinic 

acid. Thus, enhanced induction of tryptophan catabolism by 

IFN-γ may represent a mechanism relevant to the neurological 

disturbances present in HIV-1-infected patients.

Tryptophan conversion towards the kynurenine pathway 

is increased in patients with HIV-1 infection. Because the 

decline in tryptophan and increase in kynurenine production 

and Kyn/Trp are closely related to signs of immune activation 
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in patients, activated IDO appears to be the enzyme respon-

sible for these biochemical alterations. This would make 

sense, given that the antiviral immune response includes 

stimulation of several antiproliferative enzymes, amongst 

which IDO seems to play a major role. Such patients show 

signs of being immunocompromised because IDO is a nega-

tive feedback regulator in the cellular immune response and is 

related to the induction of regulatory T cells characterized by 

a forkhead box transcription factor p3 (FOXP3)+ and CD4+/

CD25+ phenotype.126

Kyn/Trp can serve only as an estimate of IDO activ-

ity because kynurenine is an intermediate product within 

the kynurenine degradation pathway of tryptophan,43,128 

and quinolinic acid also accumulates in body fluids. This 

is reflected by the fact that alterations in serum/plasma 

kynurenine concentrations in patients are in the range of 

1–3 µmol/L, whereas changes in tryptophan concentra-

tions are approximately 10-fold higher. However, even 

with these limitations, Kyn/Trp is a reliable readout for 

tryptophan catabolism. Lowered tryptophan in body fluid 

concentrations together with enhanced Kyn/Trp justify the 

conclusion that low tryptophan is not due to reduced dietary 

intake of this essential amino acid. Correlations between 

serum IFN-γ and neopterin concentrations on the one hand, 

and diminished tryptophan levels, increased kynurenine 

levels, and increased Kyn/Trp on the other,48,127,130 confirm 

the relationship between chronic immune activation and 

enhanced tryptophan catabolism in HIV infection, and also 

strengthen the conclusion that IDO is very involved in this 

metabolic peculiarity.

However, when tryptophan degradation and enhanced 

Kyn/Trp is observed alone and independent of immune 

activation, it can also be related to enhanced TDO activity, 

which is induced by steroid hormones like cortisol, and is 

thus linked to the hypothalamic-pituitary-adrenal axis. This 

axis is a major part of the neuroendocrine system control-

ling reactions to stress, and regulates many processes in 

the human organism, including the immune system and 

gastrointestinal tract, as well as mood, emotions, and 

energy balance. In fact, stress and immune responses are 

closely interrelated (Figure 5). This was also demonstrated 

by serial neopterin measurements in single case studies 

reporting that daily life stressors influence urinary neopterin 

and cortisol levels.131 Likewise, depression may impact on 

the course of HIV-1 infection.132 It is still unclear to what 

extent a prior influence of stressors on cytokine cascades, 

in particular IFN-γ, is involved, eg, an influence on IL6 

was observed.133

It remains questionable as to what extent IFN-γ can 

be induced and detected in the circulation of individuals 

exposed to stress, but specific antibodies against IFN-γ 

and TNF-α are able to slow down Kyn/Trp in mice.133 The 

measurement of neopterin is more sensitive and reliable 

than direct measurements of IFN-γ, because this cytokine 

does not diffuse very well, and if it does, it is rapidly cleared 

from the plasma and circulation, adhering to soluble  cellular 

or serum receptors, and thus concentrations do not fully 

correspond to the actual amount of cytokines released. 

In addition, other cytokines, such as TNF-α, are known 

to enhance further the effect of IFN-γ on macrophages 

regarding neopterin production and tryptophan degrada-

tion in vitro. In HIV-1 infection, a close relationship exists 

between IFN-γ, TNF-α, and the neopterin system. However, 

a correlation does not necessarily indicate a cause-effect 

relationship.

Chronic
inflammation
(IFN-γ/TNF-α)

IDO
Tryptophan
catabolites

(Kynurenines, QA)

Mood lowering
disturbed sleep
depression

Mood lowering
disturbed sleep
depression

Stress response 

Cortisol TDO
Tryptophan
catabolites

(Kynurenines, QA)

Figure 5 Release of cortisol and the proinflammatory response can cause 
tryptophan breakdown by IDO and TDO. Proinflammatory cytokines like IFN-γ and 
TNF-α are involved in induction of IDO during the immune response and lead to 
tryptophan degradation and accumulation of neurotoxins like QA that may disturb 
sleep, influence mood, and may precipitate depression. This condition may render 
patients more vulnerable to stress and consequently enhance the release of cortisol, 
which may dampen the inflammatory response and can also induce tryptophan 
degradation and accumulation of neurotoxins like QA by TDO disturbing sleep, 
influencing mood, and precipitating depression. Obviously this cascade of events can 
also be initiated by the response to stress.
Abbreviations: IDO, indoleamine 2,3-dioxygenase; IFN-γ, interferon-γ; TDO, 
tryptophan 2,3-dioxygenase; TNF-α, tumor necrosis factor-α; QA, quinolinic acid.

Chronic
inflammation

Impairs
PAH

Phe

Phe/Tyr

Kyn/Trp

Kyn

Tyr

TrpTriggers
IDO

Serotonin
Toxins

Dopamine
Noradrenaline

Figure 6 The inflammatory response not only triggers IDO but also impedes the 
function of phenylalanine hydroxylase. Stimulated IDO and impaired function of PAH 
both diminish the availability of relevant neurotransmitters like serotonin, dopamine, 
adrenaline, and noradrenaline, and other neurologically relevant products (indicated 
by dots). Because the mechanisms involved in the regulation of the IDO (upregulated 
by proinflammatory cytokines like interferon-γ) and PAH enzymes (most probably 
downregulated by oxidizing reactive oxygen species) are considerably different, 
gradual differences in enzyme activities could be important for responses to specific 
serotonergic or dopaminergic/noradrenergic treatment. The parallel measurement 
of the kynurenine to tryptophan (Kyn/Trp) and phenylalanine to tyrosine (Phe/Tyr) 
ratios might provide a basis for decision-making regarding which treatment option is 
more appropriate for the patient.
Abbreviations: IDO, indoleamine 2,3-dioxygenase; PAH, phenylalanine hydroxylase.
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Conclusion
Enhanced tryptophan degradation is observed in HIV-infected 

patients, and HAART effectively inhibits neopterin formation 

as well as tryptophan degradation.80 Thus, effective antiretro-

viral therapy may not only halt virus replication but also slow 

down the chronic cellular immune response. Tryptophan, 

an essential amino acid, is the precursor of serotonin, and 

decreased availability of both compounds has been postulated 

to be an important factor in the pathogenesis of mood distur-

bance and depression.14 A potential role of impaired PAH 

activity is also indicated by an increase in Phe/Tyr, which 

could be of special relevance for neuropsychiatric impairment 

in patients who do not respond to selective serotonin reuptake 

inhibitors (Figure 6). Further studies need to be performed with 

parallel measurements of neopterin, Kyn/Trp, and Phe/Tyr in 

order to find out whether treatment responses can be predicted 

by differences between these biomarkers. They may also be 

useful for identifying treatment-resistant individuals at greater 

risk of developing chronic depression. However, it will not 

be easy to make any further recommendations to caregivers 

from these immunobiological observations except for stringent 

compliance of patients with antiretroviral therapy. Any specific 

intervention strategies on, eg, tryptophan breakdown,87 carry a 

risk of unforeseen effects on HIV-1 replication, even when an 

immunological benefit can be expected (see above).

Disclosure
The authors report no conflicts of interest in this work.

References
1. Moir S, Chun TW, Fauci AS. Pathogenic mechanisms of HIV disease. 

Annu Rev Pathol. 2011;6:223–248.
2. Fuchs D, Wachter H. Neopterin – ein Marker für den zellulären 

Immunstatus – Bedeutung bei AIDS, ARC und AIDS-Risikogruppen. 
In: Gschnait F, Wolff K, editors. AIDS – Acquired Immune Deficiency 
Syndrome – Symposium Wien 1985. New York, NY: Springer Verlag; 
1985:96–127.

3. Fuchs D, Hausen A, Hoefler E, et al. Activated T-cells in addition to 
LAV/HTLV-III infection: a necessary precondition for development of 
AIDS. Cancer Detect Prevent Suppl. 1987;1:583–587.

4. Fuchs D, Hausen A, Reibnegger G, Werner ER, Dierich MP, Wachter H. 
Neopterin as a marker for activated cell-mediated immunity: application 
in HIV infection. Immunol Today. 1988;9(5):150–155.

5. Fuchs D, Spira TJ, Hausen A, et al. Neopterin as a predictive marker for 
disease progression in human immunodeficiency virus type 1 infection. 
Clin Chem. 1989;35(8):1746–1749.

6. Fahey JL, Taylor JM, Detels R, et al. The prognostic value of cellular 
and serologic markers in infection with human immunodeficiency virus 
type 1. N Engl J Med. 1990;322(3):166–172.

7. Krämer A, Biggar RJ, Hampl H, et al. Immunologic markers of progres-
sion to acquired immunodeficiency syndrome are time-dependent and 
illness-specific. Am J Epidemiol. 1992;136(1):71–80.

8. Mildvan D, Spritzler J, Grossberg SE, et al. Serum neopterin, an 
immune activation marker, independently predicts disease progression 
in advanced HIV-1 infection. Clin Infect Dis. 2005;40(6):853–858.

 9. Zangerle R, Gallati H, Sarcletti M, et al. Increased serum concentrations 
of soluble tumor necrosis factor receptors in HIV-infected individuals 
are associated with immune activation. J Acquir Immune Defic Syndr. 
1994;7(1):79–85.

 10. Faulstich ME. Psychiatric aspects of AIDS. Am J Psychiatry. 
1987;144(5):551–556.

 11. Jia H, Uphold CR, Wu S, Reid K, Findley K, Duncan PW. Health-
related quality of life among men with HIV infection: effects of 
social support, coping, and depression. AIDS Patient Care STDS. 
2004;18(10):594–603.

 12. Miners AH, Sabin CA, Mocroft A, Youle M, Fisher M, Johnson M. 
Health-related quality of life in individuals infected with HIV in the 
era of HAART. HIV Clin Trials. 2001;2(6):484–492.

 13. Maes M, Scharpe S, Meltzer HY, et al. Increased neopterin and 
interferon-gamma secretion and lower availability of L-tryptophan in 
major depression: further evidence for an immune response. Psychiatry 
Res. 1994;54(2):143–160.

 14. Widner B, Laich A, Sperner-Unterweger B, Ledochowski M, 
Fuchs D. Neopterin production, tryptophan degradation and mental  
 depression – what is the link? Brain Behav Immun. 2002;16(5):590–595.

 15. Konsman JP, Parnet P, Dantzer R. Cytokine-induced sickness 
 behaviour: mechanisms and implications. Trends Neurosci. 2002; 
25(3):154–159.

 16. Diez-Ruiz A, Möller AA, Baier-Bitterlich, Wachter H, Fuchs D. 
Neopterin production, degradation of tryptophan and neurologic 
impairment in human immunodeficiency virus infection. Pteridines. 
1996;7:29–34.

 17. Fuchs D, Möller AA, Reibnegger G, Stöckle E, Werner ER, Wachter H. 
Decreased serum tryptophan in patients with HIV-1 infection correlates 
with increased serum neopterin and with neurologic/psychiatric symp-
toms. J Acquir Immune Defic Syndr. 1990;3(9):873–876.

 18. Huber C, Batchelor JR, Fuchs D, et al. Immune response-associated 
production of neopterin. Release from macrophages primarily under 
control of interferon-gamma. J Exp Med. 1984;160(1):310–316.

 19. Wirleitner B, Reider D, Ebner S, et al. Monocyte-derived dendritic cells 
release neopterin. J Leukoc Biol. 2002;72(6):1148–1153.

 20. Cano OD, Neurauter G, Fuchs D, Shearer GM, Boasso A. Differential 
effect of type I and type II interferons on neopterin production and 
amino acid metabolism in human astrocytes-derived cells. Neurosci 
Lett. 2008;438(1):22–25.

 21. Fuchs D, Hausen A, Huber C, et al. Pteridine secretion as a marker for 
the proliferation of alloantigen-induced lymphocytes (author’s transl). 
Hoppe Seyler’s Z Physiol Chem. 1982;363(6):661–664.

 22. Werner ER, Werner-Felmayer G, Fuchs D, et al. Tetrahydrobiopterin 
biosynthetic activities in human macrophages, fibroblasts, THP-1, and 
T 24 cells. GTP-cyclohydrolase I is stimulated by interferon-gamma, 
and 6-pyruvoyl tetrahydropterin synthase and sepiapterin reductase are 
constitutively present. J Biol Chem. 1990;265(6):3189–3192.

 23. Werner ER, Blau N, Thöny B. Tetrahydrobiopterin: biochemistry and 
pathophysiology. Biochem J. 2011;438(3):397–414.

 24. Crabtree MJ, Channon KM. Synthesis and recycling of tetrahydro-
biopterin in endothelial function and vascular disease. Nitric Oxide. 
2011;25(2):81–88.

 25. Watschinger K, Keller MA, Hermetter A, Golderer G, Werner-Felmayer 
G, Werner ER. Glyceryl ether monooxygenase resembles aromatic 
amino acid hydroxylases in metal ion and tetrahydrobiopterin depen-
dence. Biol Chem. 2009;390(1):3–10.

 26. Fuchs D, Murr C, Reibnegger G, et al. Nitric oxide synthase and 
antimicrobial armature of human macrophages. J Infect Dis. 1994; 
169(1):224–225.

 27. Navia BA, Jordan BD, Price RW. The AIDS dementia complex: I. 
Clinical features. Ann Neurol. 1986;19(6):517–524.

 28. Navia BA, Cho ES, Petito CK, Price RW. The AIDS dementia 
complex: II. Neuropathology. Ann Neurol. 1986;19(6):525–535.

 29. Jayadev S, Garden GA. Host and viral factors influencing the patho-
genesis of HIV-associated neurocognitive disorders. J Neuroimmune 
Pharmacol. 2009;4(2):175–189.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Neurobehavioral HIV Medicine 2012:4 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

11

Immune activation and depression in HIV-1 infection

 30. Letendre SL, Ellis RJ, Ances BM, McCutchan JA. Neurologic 
complications of HIV disease and their treatment. Top HIV Med. 
2010;18(2): 45–55.

 31. Cohen RA, Harezlak J, Schifitto G, et al. Effects of nadir CD4 count 
and duration of human immunodeficiency virus infection on brain 
volumes in the highly active antiretroviral therapy era. J Neurovirol. 
2010;16(1):25–32.

 32. Salazar-Gonzalez JF, Martinez-Maza O, Nishanian P, et al. Increased 
immune activation precedes the inflection point of CD4 T cells and the 
increased serum virus load in human immunodeficiency virus infection. 
J Infect Dis. 1998;178(2):423–430.

 33. Price RW, Spudich S. Antiretroviral therapy and central nervous system 
HIV type 1 infection. J Infect Dis. 2008;197(Suppl 3):S294–S306.

 34. Dennis BC, Sidney A, Houff SA, Han DY, Schmitt FA. Development 
of neurocognitive disorders in HIV/AIDS. Neurobehavioral HIV 
Medicine. 2011;3:9–18.

 35. Schildkraut JJ. The catecholamine hypothesis of affective disorders: 
a review of supporting evidence. Am J Psychiatry. 1965;122(5): 
509–522.

 36. Schroecksnadel K, Wirleitner B, Winkler C, Fuchs D. Monitoring 
tryptophan metabolism in chronic immune activation. Clin Chim Acta. 
2006;364(1–2):82–90.

 37. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW. From 
inflammation to sickness and depression: when the immune system 
subjugates the brain. Nat Rev Neurosci. 2008;9(1):46–56.

 38. Miura H, Ozaki N, Sawada M, Isobe K, Ohta T, Nagatsu T. A link 
between stress and depression: shifts in the balance between the kynure-
nine and serotonin pathways of tryptophan metabolism and the etiology 
and pathophysiology of depression. Stress. 2008;11(3):198–209.

 39. Neurauter G, Schröcksnadel K, Scholl-Bürgi S, et al. Chronic immune 
stimulation correlates with reduced phenylalanine turn-over. Curr Drug 
Metabol. 2008;9(7):622–627.

 40. Stein DJ. Depression, anhedonia, and psychomotor symptoms: the role 
of dopaminergic neurocircuitry. CNS Spectr. 2008;13(7):561–565.

 41. Caballero J, Nahata MC. Use of selective serotonin-reuptake inhibitors 
in the treatment of depression in adults with HIV. Ann Pharmacother. 
2005;39(1):141–145.

 42. Agrawal L, Louboutin JP, Marusich E, Reyes BA, Van Bockstaele EJ, 
Strayer DS. Dopaminergic neurotoxicity of HIV-1 gp120: reactive 
oxygen species as signaling intermediates. Brain Res. 2010;1306: 
116–130.

 43. Chen Y, Guillemin GJ. Kynurenine pathway metabolites in humans: 
disease and healthy states. Int J Tryptophan Res. 2009;2:1–19.

 44. Heyes MP, Ellis RJ, Ryan L, et al. Elevated cerebrospinal fluid qui-
nolinic acid levels are associated with region-specific cerebral volume 
loss in HIV infection. Brain. 2001;124(Pt 5):1033–1042.

 45. Bottiglieri T, Laundy M, Crellin R, Toone BK, Carney MW, 
Reynolds EH. Homocysteine, folate, methylation, and monoamine 
metabolism in depression. J Neurol Neurosurg Psychiatry. 2000; 
69(2):228–232.

 46. Werner ER, Bitterlich G, Fuchs D, et al. Human macrophages degrade 
tryptophan upon induction by interferon-gamma. Life Sci. 2007;41(3): 
273–280.

 47. Werner ER, Werner-Felmayer G, Fuchs D, Hausen A, Reibnegger G, 
Wachter H. Parallel induction of tetrahydrobiopterin biosynthesis and 
indoleamine 2,3-dioxygenase activity in human cells and cell lines by 
interferon-gamma. Biochem J. 1989;262(3):861–866.

 48. Fuchs D, Möller AA, Reibnegger G, et al. Increased endogenous 
interferon-gamma and neopterin correlate with increased degradation of 
tryptophan in human immunodeficiency virus type 1 infection. Immunol 
Lett. 1991;28(3):207–212.

 49. Fuchs D, Werner ER, Dierich MP, Wachter H. Cellular immune acti-
vation in the brain and human immunodeficiency virus infection. Ann 
Neurol. 1998;24(2):289.

 50. Launay JM, Copel L, Callebert J, et al. Decreased whole blood 
5-hydroxytryptamine (serotonin) in AIDS patients. J Acquir Immune 
Defic Syndr. 1988;1(4):324–325.

 51. Larsson M, Hagberg L, Norkrans G, Forsman A. Indoleamine 
deficiency in blood and cerebrospinal fluid from patients with human 
immunodeficiency virus infection. J Neurosci Res. 1989;23(4): 
441–446.

 52. Heyes MP, Saito K, Crowley JS, et al. Quinolinic acid and kynurenine 
pathway metabolism in inflammatory and non-inflammatory neurologi-
cal disease. Brain. 1992;115(Pt 5):1249–1273.

 53. Heyes MP, Saito K, Markey SP. Human macrophages convert 
L- tryptophan into the neurotoxin quinolinic acid. Biochem J. 1992; 
283(Pt 3):633–635.

 54. Thomas SR, Mohr D, Stocker R. Nitric oxide inhibits indoleamine 
2,3-dioxygenase activity in interferon-gamma primed mononuclear 
phagocytes. J Biol Chem. 1994;269(20):14457–14464.

 55. Hara T, Yamakura F, Takikawa O, et al. Diazotization of kynurenine 
by acidified nitrite secreted from indoleamine 2,3- dioxygenase-
expressing myeloid dendritic cells. J Immunol Methods. 2008;332(1–2): 
162–169.

 56. Lawson MA, Kelley KW, Dantzer R. Intracerebroventricular admin-
istration of HIV-1 Tat induces brain cytokine and indoleamine 2,3-
dioxygenase expression: A possible mechanism for AIDS comorbid 
depression. Brain Behav Immun. 2011. [Epub ahead of print.]

 57. Fu X, Lawson MA, Kelley KW, Dantzer R. HIV-1 Tat activates 
indoleamine 2,3-dioxygenase in murine organotypic hippocampal slice 
cultures in a p38 mitogen-activated protein kinase-dependent manner. 
J Neuroinflammation. 2011;8:88.

 58. Wise RA. Dopamine and reward: the anhedonia hypothesis 30 years on. 
Neurotox Res. 2008;14(2–3):169–183.

 59. Ollenschläger G, Jansen S, Schindler J, Rasokat H, Schrappe-Bächer M, 
Roth E. Plasma amino acid pattern of patients with HIV infection. Clin 
Chem. 1988;34(9):1787–1789.

 60. Rosenblatt D, Scriver CR. Heterogeneity in genetic control of pheny-
lalanine metabolism in man. Nature. 1968;218(5142):677–678.

 61. Andersson DN, Wilkinson AM, Abou-Saleh MT, Blair JA. Recovery 
from depression after electroconvulsive therapy is accompanied by 
evidence of increased tetrahydrobiopterin-dependent hydroxylation. 
Acta Psychiatr Scand. 1994;90(1):10–13.

 62. Connor MJ, Pheasant AE, Blair JA. The identif ication of 
p- acetamiobenzoate as a folate degradation product in rat urine. 
 Biochem J. 1979;178(3):795–797.

 63. Widner B, Fuchs D, Leblhuber F, Sperner-Unterweger B. Does disturbed 
homocysteine and folate metabolism in depression result from enhanced 
oxidative stress? J Neurol Neurosurg Psych. 2001;70(3):419.

 64. Ploder M, Neurauter G, Spittler A, Schroecksnadel K, Roth E, 
Fuchs D. Serum phenylalanine in patients post trauma and with sep-
sis correlate to neopterin concentrations. Amino Acids. 2008;35(2): 
303–307.

 65. Neurauter G, Grahmann AV, Klieber M, et al. Serum phenylalanine 
concentrations in patients with ovarian carcinoma correlate with con-
centrations of immune activation markers and of isoprostane-8. Cancer 
Lett. 2008;272(1):141–147.

 66. Zangerle R, Kurz K, Neurauter G, Kitchen M, Sarcletti M, Fuchs D. 
Increased blood phenylalanine to tyrosine ratio in HIV-1 infection 
and correction following effective antiretroviral therapy. Brain Behav 
Immun. 2010;24(3):403–408.

 67. Zoller H, Schloegl A, Schroecksnadel S, Vogel W, Fuchs D. Influence 
of interferon-α therapy in patients with HCV infection on neopterin 
production, tryptophan degradation and phenylalanine hydroxylase 
activity. Pteridines. 2011;22:58–59.

 68. Fuchs JE, Huber RG, Wallnoefer HG, et al. Side chain oxidation 
modulates local dynamics of phenylalanine hydroxylase. Pteridines. 
2011;22:31–32.

 69. Gabbay V, Ely BA, Babb J, Liebes L. The possible role of the kynure-
nine pathway in anhedonia in adolescents. J Neural Transm. 2011. 
[Epub ahead of print.]

 70. Fuchs D, Chiodi F, Albert J, et al. Neopterin concentrations in cere-
brospinal fluid and serum of individuals infected with HIV-1. AIDS. 
1989;3(5):285–288.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Neurobehavioral HIV Medicine 2012:4submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

12

Schroecksnadel et al

 71. Brew BJ, Bhalla RB, Paul M, et al. Cerebrospinal fluid neopterin 
in human immunodeficiency virus type 1 infection. Ann Neurol. 
1990;28(4):556–560.

 72. Hagberg L, Cinque P, Gisslén M, et al. Cerebrospinal fluid neopterin: 
an informative biomarker of central nervous system immune activation 
in HIV-1 infection. AIDS Res Ther. 2010;7:15.

 73. Wiegand M, Möller AA, Schreiber W, et al. Nocturnal sleep EEG in 
patients with HIV infection. Eur Arch Psychiatry Clin Neurosci. 1991; 
240(3):153–158.

 74. Capuron L, Schroecksnadel S, Féart C, et al. Chronic low grade 
immune activation in the elderly is associated with increased tryptophan 
catabolism and altered phenylalanine turnover: role in neuropsychiatric 
symptomatology. Biol Psychiatry. 2011;70(2):175–182.

 75. Schroecksnadel K, Sarcletti M, Winkler C, et al. Quality of life and 
immune activation in patients with HIV-infection. Brain Behav Immun. 
2008;22(6):881–889.

 76. Atlas A, Gisslén M, Nordin C, Lindström L, Schwieler L. Acute 
psychotic symptoms in HIV-1 infected patients are associated with 
increased levels of kynurenic acid in cerebrospinal fluid. Brain Behav 
Immun. 2007;21(1):86–91.

 77. Spudich S, Gisslen M, Hagberg L, et al. Central nervous system 
immune activation characterizes primary HIV-1 infection even in 
subjects with minimal cerebrospinal fluid viral burden. J Infect Dis. 
2011;204(5):753–760.

 78. Miners AH, Sabin CA, Mocroft A, Youle M, Fisher M, Johnson M. 
Health-related quality of life in individuals infected with HIV in the 
era of HAART. HIV Clin Trials. 2001;2(6):484–492.

 79. Hutterer J, Armbruster C, Wallner G, Fuchs D, Vetter N, Wachter H. 
Early changes of neopterin concentrations during treatment of human 
immunodeficiency virus infection with zidovudine. J Infect Dis. 
1992;165(4): 783–784.

 80. Zangerle R, Widner B, Quirchmair G, Neurauter G, Sarcletti M, Fuchs D. 
Effective antiretroviral therapy reduces degradation of tryptophan in 
patients with HIV-1 infection. Clin Immunol. 2002;104(3):242–247.

 81. Zangerle R, Steinhuber S, Sarcletti M, et al. Serum HIV-1 RNA levels 
compared to soluble markers of immune activation to predict disease 
progression in HIV-1-infected individuals. Int Arch Allergy Immunol. 
1998;116(3):228–239.

 82. Andersson LM, Hagberg L, Rosengren L, Fuchs D, Blennow K, 
Gisslen M. Normalisation of cerebrospinal fluid biomarkers parallels 
improvement of neurological symptoms following HAART in HIV 
dementia – case report. BMC Infect Dis. 2006;6:141.

 83. Hagberg L, Norkrans G, Gisslen M, Wachter H, Fuchs D, 
Svennerholm B. Intrathecal immunoactivation in patients with HIV-1 
infection is reduced by zidovudine but not by didanosine. Scand J Infect 
Dis. 1996;28(4):329–333.

 84. Spudich S, Gisslen M, Hagberg L, et al. Central nervous system 
immune activation characterizes primary HIV-1 infection even in sub-
jects with minimal cerebrospinal fluid viral burden. J Infect Dis. 2011; 
204(5):753–760.

 85. Edén A, Fuchs D, Hagberg L, et al. HIV-1 viral escape in cerebrospinal 
fluid of subjects on suppressive antiretroviral treatment. J Infect Dis. 
2010;202(12):1819–1825.

 86. Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance 
and tryptophan catabolism. Nat Rev Immunol. 2004;4(10):762–774.

 87. Boasso A, Vaccari M, Fuchs D, et al. Combined effect of antiretro-
viral therapy and blockade of IDO in SIV-infected rhesus macaques. 
J Immunol. 2009;182(7):4313–4320.

 88. Schroecksnadel K, Winkler C, Wirleitner B, Schennach H, Fuchs D. 
Aspirin down-regulates tryptophan degradation in stimulated human 
peripheral blood mononuclear cells in vitro. Clin Exp Immunol. 2005; 
140(1):41–45.

 89. Neurauter G, Wirleitner B, Laich A, Schennach H, Weiss G, Fuchs D. 
Atorvastatin suppresses interferon-gamma-induced neopterin formation 
and tryptophan degradation in human peripheral blood mononuclear 
cells and in monocytic cell lines. Clin Exp Immunol. 2003;131(2): 
264–267.

 90. Winkler C, Schroecksnadel K, Schennach H, Fuchs D.  Vitamin C  
and E suppress mitogen-stimulated peripheral blood mononuclear cells 
in vitro. Int Arch Allergy Immunol. 2006;142(2):127–132.

 91. Wirleitner B, Schroecksnadel K, Winkler C, Schennach H, Fuchs D. 
Resveratrol suppresses interferon-gamma-induced biochemical path-
ways in human peripheral blood mononuclear cells in vitro. Immunol 
Lett. 2005;100(2):159–163.

 92. Walter RB, Fuchs D, Weiss G, Walter TR, Reinhard WH. HMG-CoA 
reductase inhibitors are associated with decreased serum neop-
terin levels in stable coronary artery disease. Clin Chem Lab Med. 
2003;41(10):1314–1319.

 93. Murr C, Schroecksnadel K, Winklhofer-Roob BM, et al. Inverse asso-
ciation between serum concentrations of neopterin and antioxidants 
in patients with and without angiographic coronary artery disease. 
Atherosclerosis. 2009;202(2):543–549.

 94. Winkler C, Wirleitner B, Schroecksnadel K, Schennach H, Fuchs D. 
St John’s wort (Hypericum perforatum) counteracts cytokine- induced 
tryptophan catabolism in vitro. Biol Chem. 2004;385(12): 
1197–1202.

 95. Denz H, Orth B, Weiss G, et al. Weight loss in patients with hema-
tological neoplasias is associated with immune system stimulation. 
Clin Investig. 1993;71(1):37–41.

 96. Giusti RM, Maloney EM, Hanchard B, et al. Differential patterns of 
serum biomarkers of immune activation in human T-cell lymphotropic 
virus type I-associated myelopathy/tropical spastic pararesis and adult 
T-cell leukemia/lymphoma. Cancer Epidemiol Biomarkers Prev. 
1996;5(9):699–709.

 97. Weinlich G, Murr C, Richardsen L, Winkler C, Fuchs D. Decreased 
serum tryptophan concentration predicts poor prognosis in malignant 
melanoma patients. Dermatology. 2007;214(1):8–14.

 98. Schroecksnadel K, Winkler C, Fuith LC, Fuchs D. Tryptophan degra-
dation in patients with gynecological cancer correlates with immune 
activation. Cancer Lett. 2005;223(2):323–329.

 99. Chavele KM, Shukla D, Keteepe-Arachi T, et al. Regulation of 
myeloperoxidase-specific T cell responses during disease remis-
sion in antineutrophil cytoplasmic antibody-associated vasculitis: 
the role of Treg cells and tryptophan degradation. Arthritis Rheum. 
2010;62(5):1539–1548.

 100. Widner B, Sepp N, Kowald E, et al. Enhanced tryptophan degrada-
tion in systemic lupus erythematosus. Immunobiology. 2000;201(5): 
621–630.

 101. Byrne GI, Lehmann LK, Kirschbaum JG, Borden EC, Lee CM, Brown RR. 
Induction of tryptophan degradation in vitro and in vivo: a gamma-
interferon-stimulated activity. J Interferon Res. 1986;6(4):389–396.

 102. Capuron L, Neurauter G, Musselman DL, et al. Interferon-alpha-
induced changes in tryptophan metabolism. Relationship to depression 
and paroxetine treatment. Biol Psychiatry. 2003;54(9):906–914.

 103. Wirleitner B, Rudzite V, Neurauter G, et al. Immune activation and 
degradation of tryptophan in coronary heart disease. Eur J Clin Invest. 
2003;33(7):550–554.

 104. Pedersen ER, Midttun Ø, Ueland PM, et al. Systemic markers of 
interferon-γ-mediated immune activation and long-term prognosis in 
patients with stable coronary artery disease. Arterioscler Thromb Vasc 
Biol. 2011;31(3):698–704.

 105. Widner B, Leblhuber F, Fuchs D. Increased neopterin production and 
tryptophan degradation in advanced Parkinson’s disease. J Neural 
Transm. 2002;109(2):181–189.

 106. Widner B, Leblhuber F, Walli J, Tilz GP, Demel U, Fuchs D. 
 Tryptophan degradation and immune activation in Alzheimer’s 
 disease. J Neural Transm. 2000;107(3):343–353.

 107. Frick B, Schroecksnadel K, Neurauter G, Leblhuber F, Fuchs D. 
Increasing production of homocysteine and neopterin and degra-
dation of tryptophan with older age. Clin Biochem. 2004;37(8): 
684–687.

 108. Pertovaara M, Raitala A, Lehtimäki T, et al. Indoleamine 2,3- dioxygenase 
activity in nonagenarians is markedly increased and predicts mortality. 
Mech Ageing Dev. 2006;127(5):497–499.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Neurobehavioral HIV Medicine

Publish your work in this journal

Submit your manuscript here: http://www.dovepress.com/journal-of-neurobehavioral-hiv-medicine-journal

Neurobehavioral HIV Medicine is an international, peer-reviewed, 
open access journal focusing on advances in research in HIV/
AIDS, with specif ic reference to the neurological, psychiat-
ric and behavioral consequences of the disease, concomitant 
infections and specif ic antiretroviral therapy. The manuscript 

management system is completely online and includes a very 
quick and fair peer-review system, which is all easy to use.  
Visit http://www.dovepress.com/testimonials.php to read real 
quotes from published authors.

Neurobehavioral HIV Medicine 2012:4 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

Dovepress

13

Immune activation and depression in HIV-1 infection

 109. Ploder M, Spittler A, Schroecksnadel K, et al. Tryptophan degradation 
in multiple trauma patients: survivors versus non-survivors. Clin Sci 
(Lond). 2009;116(7):593–598.

 110. Kurz K, Schroecksnadel S, Weiss G, Fuchs D. Association between 
increased tryptophan degradation and depression in cancer patients. 
Curr Opin Clin Nutr Metabol Care. 2011;14(1):49–56.

 111. Hazenberg MD, Otto SA, van Benthem BH, et al. Persistent immune 
activation in HIV-1 infection is associated with progression to AIDS. 
AIDS. 2003;17(3):1881–1888.

 112. Watanabe A, Higashi T, Sakata T, Nagashima H. Serum amino 
acid levels in patients with hepatocellular carcinoma. Cancer. 
1984;54(9):1875–1882.

 113. Roth E, Zöch G, Schulz F, et al. Amino acid concentrations in plasma 
and skeletal muscle of patients with acute hemorrhagic necrotizing 
pancreatitis. Clin Chem. 1985;31(8):1305–1309.

 114. Huang A, Fuchs D, Widner B, Glover C, Henderson DC, 
Allen-Mersh TG. Serum tryptophan decrease correlates with immune 
activation and impaired quality of life in colorectal cancer. Br J Cancer. 
2002;86(11):1691–1696.

 115. Schroecksnadel K, Fiegl M, Prassl K, Winkler C, Denz HA, 
Fuchs D. Diminished quality of life in patients with cancer cor-
relates with tryptophan degradation. J Cancer Res Clin Oncol. 
2007;133(7):477–485.

 116. Brown RR, Ozaki Y, Datta SP, Borden EC, Sondel PM, Malone DG. 
Implications of interferon-induced tryptophan catabolism in cancer, 
auto-immune diseases and AIDS. Adv Exp Med Biol. 1991;294: 
425–435.

 117. Iwagaki H, Hizuta A, Uomoto M, Takeuchi Y, Saito S, Tanaka N.  Cancer 
cachexia and depressive states: a neuro-endocrine- immunological  
disease? Acta Med Okayama. 1997;51(4):233–236.

 118. Weiss G, Schroecksnadel K, Mattle V, Winkler C, Konwalinka G, 
Fuchs D. Possible role of cytokine-induced tryptophan degradation 
in anaemia of inflammation. Eur J Haematol. 2004;72(2):130–134.

 119. O’Connor JC, Lawson MA, André C, et al. Induction of IDO by 
bacille Calmette-Guérin is responsible for development of murine 
depressive-like behavior. J Immunol. 2009;182(5):3202–3212.

 120. Dantzer R, O’Connor JC, Lawson MA, Kelley KW. Inflammation-
associated depression: from serotonin to kynurenine. Psychoneuroen-
docrinology. 2011;36(3):426–436.

 121. Myint AM, Kim YK, Verkerk R, Scharpé S, Steinbusch H, 
Leonard B. Kynurenine pathway in major depression: evidence of 
impaired  neuroprotection. J Affect Disord. 2007;98(1–2):143–151.

 122. Neumeister A, Young T, Stastny J. Implications of genetic research 
on the role of the serotonin in depression: emphasis on the serotonin 
type 1A receptor and the serotonin transporter. Psychopharmacology 
(Berl). 2004;174(4):512–524.

 123. Raitala A, Pertovaara M, Karjalainen J, Oja SS, Hurme M.  Association 
of interferon-gamma +874 (T/A) single nucleotide polymorphism 
with the rate of tryptophan catabolism in healthy individuals. Scand 
J Immunol. 2005;61(4):387–390.

 124. Weiss G, Fuchs D, Hausen A, et al. Neopterin modulates toxic-
ity mediated by reactive oxygen and chloride species. FEBS Lett. 
1993;321(1):89–92.

 125. Wede I, Fuchs D, Barker JE, Clark JB, Heales JR. Neopterin and 
7,8-dihydroneopterin modulate peroxynitrite-induced inhibition of 
mitochondrial function. In: Chemistry and Biology of Pteridines and 
Folates. Pfleiderer W, Rokos H, editors. Berlin: Blackwell Science; 
1997:803–806.

 126. Boasso A, Shearer GM. How does indoleamine 2,3-dioxygenase 
contribute to HIV-mediated immune dysregulation. Curr Drug Metab. 
2007;8(3):217–223.

 127. Schroecksnadel K, Zangerle R, Bellmann-Weiler R, Garimorth K, 
Weiss G, Fuchs D. Indoleamine-2, 3-dioxygenase and other interferon-
gamma-mediated pathways in patients with human immunodeficiency 
virus infection, Curr Drug Metab. 2007;8(3):225–236.

 128. Stone TW, Mackay GM, Forrest CM, Clark CJ, Darlington LG. 
Tryptophan metabolites and brain disorders. Clin Chem Lab Med. 
2003;41(7):852–859.

 129. Baran B, Hainfellner A, Kepplinger B, Mazal PR, Schmid H, Budka H. 
Kynurenic acid metabolism in the brain of HIV-1 infected patients. 
J Neural Transm. 2000;107(10):1127–1138.

 130. Sperner-Unterweger B, Neurauter G, Klieber M, et al. Enhanced tryp-
tophan degradation in patients with ovarian carcinoma correlates with 
several serum soluble immune activation markers.  Immunobiology. 
2011;216(3):296–301.

 131. Schubert C, Noisternig B, Fuchs D, et al. Multi-faceted effects of posi-
tive incidents on stress system functioning in a patients with systemic 
lupus erythematosus. Stress Health. 2006;22(4):215–227.

 132. Cruess DG, Petitto JM, Leserman J, et al. Depression and HIV 
 infection: impact on immune function and disease progression. CNS 
Spectr. 2003;8(1):52–58.

 133. Kiank C, Zeden JP, Drude S, et al. Psychological stress-induced, IDO1-
dependent tryptophan catabolism: implications on immunosuppression 
in mice and humans. PLoS One. 2010;5(7):e11825.

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com/journal-of-neurobehavioral-hiv-medicine-journal
http://www.dovepress.com/testimonials.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
www.dovepress.com

	Publication Info 2: 
	Nimber of times reviewed: 


