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Introduction
The precise pathophysiological mechanisms leading to the clini-
cal phenotype of depressive symptoms still remain unclear.1,2 
Biomarkers of depression could help to account for inter-indi-
vidual variance in aetiology and phenotype of depressive symp-
toms, thereby classifying the heterogeneous group of patients 
with respect to their expected response to treatment. This is of 
major importance since at least one third of depressed patients 
fail to respond to conventional medications.3 The attempt to 
identify biomarker profiles of psychiatric disorders is not a phe-
nomenon of modern psychiatry. In the 19th century, Emil 
Kraepelin (1856–1926) designed a writing scale which was used 
to measure writing pressure curves of patients suffering from 
psychiatric disorders.4 Since then, the search for biomarkers of 
depression has included “wet” biomarkers such as the monocyte 
signature,5 cytokines6 and neurotransmitter precursor amino 
acids7 or the dexamethasone/corticotropin releasing hormone 
test,8 and also “dry” biomarkers derived from neuroimaging 
studies, sleep analysis, and clinical data.4 Stratifying individuals 
with depression using biomarker profiles would improve person-
alized therapeutic strategies and outcome.

When neurotransmitter precursor amino acid levels are used 
as markers of depression, the most relevant pathways are the sero-
tonin and catecholamine pathway.9 Important enzymes related to 
the serotonin pathway are indoleamine 2,3-dioxygenase 1 (IDO-
1) or tryptophan 2,3-dioxygenase (TDO; Figure 1). Both 
enzymes are involved in the breakdown of tryptophan (TRP) to 
kynurenine (KYN).10 IDO-2 can also catalyze this reaction but 
has a lower affinity to TRP than IDO-1 and its specific role in 
the here discussed processes is still unclear.11 IDO and TDO 
catalyze the first and rate limiting reaction in the kynurenine 
pathway KYN/TRP (Figure 1).12 Inflammatory cytokines can 
strongly enhance the activity of IDO-1, therefore raising KYN/
TRP in parallel to increasing concentrations of immune activa-
tion markers such as neopterin. Of note, also hepatic TDO, which 
is mainly involved in the regulation of physiological TRP concen-
trations in the bloodstream, is influenced by stress hormones.13 
When TRP metabolism along the KYN pathway is intensified 
this leads to TRP depletion resulting in lower serotonin levels 
(5-HT) associated with depressive symptoms14 (Figure 1). 
Central nervous system (CNS) concentrations of TRP and 
downstream metabolites including kynurenine and 3-hydrox-
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ykynurenine are linked to peripheral levels via the leucine-prefer-
ring system L1 large amino acid transporter (LAT1).15

Along the catecholamine pathway the conversion of phe-
nylalanine (PHE) to tyrosine (TYR) by phenylalanine 
hydroxylase (PAH) is approximated by the PHE/TYR ratio16 
(Figure 1). Inflammatory stimuli can affect the catechola-
mine synthesis via the enzyme co-factor, tetrahydrobiopterin 
(BH4).17 Notably, also tryptophan hydroxylases, which con-
vert TRP to 5-HT are dependent on BH4. Reactive oxygen 
species (ROS) reduce the availability of oxidation-labile 
BH4, thereby influencing catecholamine and serotonin 

synthesis, while on the other hand the pro-inflammatory 
cytokine interferon-γ stimulates the biosynthesis of BH4.18 
However, in human and primate macrophages and dendritic 
cells neopterin, a cellular marker of immune activation, is 
formed at the expense of BH4.19 Nitrite is a frequently used 
biomarker for the less stable nitric oxide, which is produced 
from arginine by different nitric oxide synthases (NOS) and 
is an IDO-1 inhibitor. Inflammatory conditions can enhance 
its formation via inducible NOS. Also this enzyme is BH4-
dependent and the pathway is less activated in human mac-
rophages compared to rodents.20

Figure 1. Aromatic amino acid catabolism and related pathways. Immune activation is characterized by an oxidative milieu and release of inflammatory 

stimuli that for example during the cellular immune response activate indoleamine 2,3-dioxygenase (IDO-1), which catalyzes the rate-limiting reaction in 

the tryptophan catabolic route along the kynurenine axis. Notably, also tryptophan 2,3-dioxygenase and IDO-2 can catalyze tryptophan breakdown (not 

shown). GTP-cyclohydrolase 1 (GTP-CH-I) forms 7,8 trihydroneopterin triphosphate, the precursor of tetrahydrobiopterin (BH4), and neopterin. In immune 

activation, this biosynthetic route is shifted towards neopterin formation in human macrophages and dendritic cells, moreover, the oxidative milieu 

destabilizes BH4. In consequence, the activity of BH4-dependent monooxygenases such as of tryptophan 5-hydroxylases (TPH), phenylalanine 

4-hydroxylase (PAH), and tyrosine 3-monooxygenase (TH) decreases, indicated by smaller symbols. Both, aromatic amino acid availability and the 

activity of biosynthetic enzymes are determinants of serotonergic and dopaminergic neurotransmitter levels.
Abbreviation: ROS: reactive oxygen species.



Hüfner et al 3

Acute mental stress is an promising tool for the stratification 
of patients with depressive symptoms since there is evidence that 
chronic mental stress can lead to a sensitization toward acute 
stress, possibly representing an adaptive process to continuing 
challenges.21 This is further supported by the finding that acute 
mental stress induces changes in the hypothalamic pituitary 
adrenocortical axis, which have been shown to be useful in the 
prediction of the treatment response in patients with depressive 
symptoms.22

Many studies of biomarkers in depression are cross-sec-
tional in nature, and in these studies the results and values of 
individuals with depression are compared to those of a group of 
healthy controls. In the present study we used a longitudinal 
design to evaluate the effect of acute mental stress and severity 
of depressive symptoms on neurotransmitter precursor amino 
acids concentrations, namely PHE/TYR and KYN/TRP ratios 
as well as neopterin and nitrite levels.

Methods
Ethics statement

The study was approved by the ethics committee of the Medical 
University Innsbruck, Austria. Informed written consent was 
obtained from all participants prior to inclusion in the study.

Study design

The presented data represent a secondary analysis and are 
part of a larger study evaluating the effect of mental stress on 
biological markers in individuals with depression and healthy 
controls.23,24 In the present study we assessed 10 individuals 
with depression and a MADRAS (Montgomery–Åsberg 
Depression Rating Scale scores) score ⩾20 points at inclusion 
indicating at least moderate depression.25 Two time points 
were assessed: study day 1, with the participants displaying 
higher MADRAS scores and study day 2 with the partici-
pants displaying lower MADRS scores. In between study 
days individuals underwent treatment as usual at our depart-
ment consisting of multimodal therapeutic interventions. At 
each study day patients were subjected to a standardized acute 
mental stress test. Blood was collected at 4 time points: at 
baseline after 30 minutes of rest after arrival to the study loca-
tion (T0), immediately after the acute mental stress test (T1), 
30 minutes post-acute mental stress (T2), and 60 minutes 
post-acute mental stress (T3) (Figure 2a).

Participants

Inclusion criteria: depressive episode (ICD-10: F32) or recur-
rent depressive disorder (ICD-10: F33) and depression as the 
primary psychiatric diagnosis, MADRAS26 score ⩾20 at inclu-
sion, no somatic disorder requiring medical attention especially 
no allergy or active hay fever, no adherence to any specific diet, 
no caffeinated or alcoholic beverages prior to the assessment, no 
excessive exercise or sleep deprivation 24 hours before the 
assessment, no immunomodulatory medication or medication 

affecting coagulation in the 14 days prior to the assessment. 
Exclusion: manic episode (ICD-10: F30), bipolar disorder 
(ICD-10: F31), persistent mood disorder (ICD-10: F34), alco-
hol dependency, electroconvulsive therapy in the 14 days prior 
to study inclusion, acute infection (even if not requiring medical 
attention). Mental health was screened for using the German 
Version of the Mini International Neuropsychiatric Interview 
5.0 M.I.N.I.27 Somatic health was assessed by questions about 
current and previous health conditions. Lifestyle data such as 
smoking, and BMI were assessed. The following general, partic-
ipant-related parameters were collected: sociodemographic 
data, physical activity (self-administrable German version of the 
International Physical Activity Questionnaire (IPAQ)28), and 
sleep quality (German version of the Pittsburgh Sleep Quality 
Index (PSQI)29). Patient recruitment is shown in Figure 2b.

Acute stress protocol

The acute stress test was administered as described previ-
ously.23 In brief it consisted of the STROOP color and word 
test and a standardized arithmetic test of 2 × 2.5 minutes.30,31 
This paradigm has been shown to be associated with increased 
cortisol levels when previously applied.24

Assessment of stress-related questionnaires and scales

MADRAS was used to evaluate depression severity prior to 
study inclusion.26 The following cut-off points were used: 0 to 
6—symptom absent, 7 to 19—mild, 20 to 34—moderate, 35 to 
60—severe depression.25 The “Perceived Stress Scale 14” (PSS-
14)32 was used for stress-related assessment. The “State Trait 
Anxiety Inventory” (STAI) was used to assess anxiety symp-
toms on the day of study.33 The participants rated their subjec-
tive amount of mental stress from each acute stress task on a 
5-point Likert Scale following the acute mental stress test.

Blood sampling

A peripheral venous catheter was inserted into the antecubital 
vein of the non-dominant hand in all participants. Participants 
rested for 30 minutes following the insertion of the catheter 
before the first (resting) blood sample was drawn. The first 2 ml 
were discarded during each draw. Blood was drawn without stasis. 
The samples were collected in commercially available tubes 
(Sarstedt, Vienna, Austria). Routine blood parameters were 
determined at the hospital standard laboratory parameters. For 
analysis of neurotransmitter precursor amino acids aliquots of 
serum were processed immediately and shock frozen in liquid 
nitrogen and stored at −80°C until use. The first blood draw (T0) 
was done between 8:00 and 8:30 am in all participants. Care was 
taken to schedule study day 1 and 2 in the same season of the year.

Neurotransmitter precursor amino acid analysis

Neopterin concentrations were measured by enzyme-linked 
immunosorbent assay (BRAHMS Diagnostics, Berlin, 
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Germany). TRP and KYN serum concentrations, as well as 
concentrations of PHE and TYR, were determined by high-
performance liquid chromatography, as described else-
where.18,34 The ratios of KYN/TRP and PHE/TYR were 
calculated as indices of IDO-1 and PAH activity respec-
tively.35 Serum nitrite concentrations, which are considered 
surrogate markers for nitric oxide, were measured via the 
Griess reaction36 Absolute values of neopterin, nitrite, KYN/
TRP, and PHE/TYR were compared to normal values (95th 
percentile) from the literature.37

Statistical analysis

Sample characteristics and results are given as means, standard 
deviations, and absolute frequencies. Due to data distribu-
tions, time between study days is given as median (range). 
Group comparisons between inclusion and follow-up regard-
ing questionnaires and scales were performed using non-para-
metric analyses (Wilcoxon Test). For neurotransmitter 
precursor amino acid, neopterin, and nitrite analysis, associa-
tions were analyzed with regression models, separately with 
linear and quadratic curve fit.

To demonstrate the effect of analyzing data covering only a 
part of the depression continuum, we also conducted separate 
correlation analyses with Pearson correlation coefficients for 
the upper and lower range of the MADRAS score. Additionally, 
we also calculated Spearmen rank correlations to investigate 

the robustness of the results. P < .05 was considered significant 
in these analyses. All analyses were done in SPSS 20.0.

Results
Study population

Ten individuals with a MADRAS (Montgomery–Åsberg 
Depression Rating Scale) score ⩾20 and a primary diagnosis 
of major depressive episode, but without relevant somatic 
comorbidities were included in this study (Figure 2b). Routine 
laboratory values were determined and without clinically sig-
nificant pathology in all participants. All patients were 
assessed on 2 different study days (Figure 2a). Patient charac-
teristics are shown in Table 1. The results of collected ques-
tionnaires and scales can be found in Table 2. Severity of 
depression differed significantly between the 2 study time 
points (Wilcoxon test, P = .005), while other parameters 
(Table 2) as well as BMI (Wilcoxon test, P = .08), number of 
cigarettes smoked (Wilcoxon test, P = .357), or acute mental 
stress induced by the mental stress task (Wilcoxon test for 
Stroop task, P = .159 and for mental arithmetics task, P = .698) 
were comparable across study days.

Results of PHE/TYR analysis in relation to 
depression severity

Using a linear modeling approach for the PHE/TYR values in 
relation to the MADRAS sum score R2 was calculated at .008 

Figure 2. Flowchart of study design (a) and patient recruitment (b).
Abbreviations: MADRAS, Montgomery–Åsberg Depression Rating Scale.
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(P = .437). In comparison a quadratic modeling approach 
resulted in R2 of .547 with (P < .001). This translates to 54.7% 
of the PHE/TYR variance being explained by MADRAS sum 
in the quadratic model, while it is only 0.8% in the linear model. 
An effect of acute mental stress could not be detected as indi-
cated by the small differences between the lines (Figure 3). 
PHE/TYR absolute values were above the cut-off for healthy 
individuals37 in all but 5 individual measurements.

Results of KYN/TRP analysis with respect to 
depression severity

Using a linear modeling approach for the KYN/TRP values in 
relation to the MADRAS sum score R2 was calculated at .251 
with a P < .001. In comparison, a quadratic modeling approach 
resulted in a R2 of .440 with a P < .001. This translates to 44% 
of the KYN/TRP variance being explained by MADRAS sum 
in the quadratic model, while it is only 25.1% in the linear 
model. An effect of acute mental stress could not be detected as 
indicated by the small distance between the lines (Figure 3). 
KYN/TRP absolute values were above the cut-off for healthy 
individuals in 9 values attributed to 4 participants.37

Neopterin and nitrite

Using a linear modeling approach for the neopterin values in rela-
tion to the MADRAS sum score R2 was calculated at .01 
(P = .366). In comparison a quadratic modeling approach resulted 
in a R2 of .05 (P = .163). This translates to 5% of the neopterin 
variance being explained by MADRAS sum in the quadratic 
model and 1% in the linear model. An effect of acute mental 
stress could not be detected. Neopterin absolute values were 
above the predefined cut off score in 7 measurements attributed 
all to a single participant. For nitrite R2 was .001 (P = .741) for the 
linear model and R2 was .070 (P < .061) for the quadratic model. 
This translates to 7% of the nitrite variance being explained by 
MADRAS sum in the quadratic model and 0.1% in the linear 
model. An effect of acute mental stress could not be detected. All 
values were within pre-defined normal range.37

Correlation analyses

Results of correlation analysis confirmed the observed results 
and exemplify what would happen when all data points would 
be used in a single correlation analysis ignoring the non-linear 
association. When the full data are used, correlations between 

Table 1. Participant characteristics.

PATIENT VARIABlE VAlUE

Age in years (mean ± SD) 39.7 ± 14.1

Sex (absolute numbers) 9 female (1 male)

Smoking yes (absolute numbers) 7/10

BMI, kg/m2 (mean ± SD) 25.3 ± 5.6

Medication (absolute numbers)

 Antidepressants 10/10

 Atypical antipsychotics 4/10

 Other mood stabilizers 2/10

 BZD 0/10

Additional diagnosis (M.I.N.I., absolute numbers)

 Anxiety disorder 4/10

 Panic disorder 2/10

 Social phobia 2/10

 Agoraphobia 2/10

 Personality disorder 1/10

 PTSD 1/10

Abbreviations: BMI, body mass index; BZD, benzodiazepines; M.I.N.I., Mini 
International Neuropsychiatric Interview; PTSD, posttraumatic stress disorder; 
SD, standard deviation.

Table 2. Results of analyzed questionnaires and scales.

PARAMETER (MEAN _+ SD) STUDY DAY 1 STUDY DAY 2 P-VAlUE

Depression (MADRAS, range 0-60 points) 29.5 ± 5.4 16.7 ± 8.7 .005*

Stress (PSS, range 0-56 points) 46.0 ± 8.8 42.1 ± 5.6a .144

State anxiety scale (STAI, range 20-80 points) 55.6 ± 8.5 45.9 ± 7.3 .036*

Sleep (PSQI, range 0-21) 13.5 ± 5.0 10.8 ± 5.0 .116

Physical activity (IPAQ) moderate in metabolic equivalents 3642.0 ± 4367.5 4308.0 ± 4532.1 .477

Physical activity (IPAQ) intensive in metabolic equivalents 4248.0 ± 3424.2 1728.0 ± 2284.7 .097

Abbreviations: IPAQ, International Physical Activity Questionnaire; MADRAS, Montgomery–Åsberg Depression Rating Scale; PSQI, Pittsburgh Sleep Quality Index; PSS, 
Perceived Stress Scale; STAI, State-Trait Anxiety Scale.
Results are given as means ± standard deviation. Wilcoxon test was used to compare the results of baseline and follow-up condition; significant P-values are indicated by 
an asterisk. Ranges of the respective tests or subtests are given to aid with interpretation.
aTwo values missing.
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PHE/TYR and MADRAS scores were not significant, but 
when data were analyzed separately for high and low scores 
separated by the vertex of the quadratic curve (Figure 3, Table 3), 
it become evident that lower MADRAS scores are negatively 
correlated with PHE/TYR values, while higher scores corre-
late positively. Comparable results can be found for KYN/
TRP (Figure 3, Table 3). Non-parametric analyses relying on 
Spearmen rank correlation showed comparable results.

Discussion
The main finding of this study evaluating neurotransmitter pre-
cursor amino acid levels in individuals with depression is, that 
PHE/TYR and KYN/TRP values correlated negatively with 
depression severity in no to mild depression, while a positive 
correlation was found for moderate to severe scores. The current 
data show a quadratic curve fit for PHE/TYR and KYN/TRP 
values, which indicates that 2 or more distinct biochemical 
mechanisms are responsible for this U shaped distribution. This 
finding could help to explain some of the contradictory results 
of PHE/TYR and KYN/TRP in depression. Somewhat unex-
pectedly, no effect of acute mental stress was found on PHE/
TYR and KYN/TRP as well as on neopterin and nitrite in this 

study. Likewise there was no interaction between depression 
and acute mental stress.

Mechanisms underlying the low-moderate 
depression range

In the present study PHE/TYR and KYN/TRP correlated nega-
tively with depression severity in the no to mild depression score 
range. Low-grade inflammation is probably not the main factor 
in this process. Rather the results fit with our recently published 
observation that in healthy young individuals PHE/TYR corre-
lated negatively with chronic stress parameters and was decreased 
in chronic mental stress compared to no mental stress.23 These 
findings could be interpreted as sign of immunological suppres-
sion as has been described previously in such young and other-
wise healthy cohorts.38 It is also possible that the observed 
negative correlation of PHE/TYR and KYN/TRP in no to mild 
depression is related to a direct biochemical mechanism related to 
BH4 availability. Reduced BH4 availability can be the result of 
impaired synthesis, low recovery from BH2, or destruction by 
ROS.17,39 We cannot make any claims as to which mechanism is 
the most important in our study setting. A number of feedback 

Figure 3. Scatter plots with quadratic regression curves showing the association between the MADRAS (Montgomery–Åsberg Depression Rating Scale) 

score (x-axis) and the phenylalanine to tyrosine ratio (PHE/TYR) (y-axis, left figure a) and the kynurenine to tryptophan ratio (KYN/TRP) (y-axis, right 

figure b). Data points and quadratic regression curves are shown separately for the 4 study time points, that is for baseline after 30 minutes of rest (T0, 

blue), immediately after the acute mental stress test (T1, red), 30 minutes post-acute mental stress (T2, green), and 60 minutes post-acute mental stress 

(T3, orange).

Table 3. Results of correlation analysis.

NITRITE NEOPTERIN PHE/TYR KYN/TRP

MADRAS score (all cases) r .038 –.102 .088 –.501

P .741 .366 .437 <.001

MADRAS score (cases MADRAS < 25) r .410 .034 –.805 –.586

P .008 .833 <.001 <.001

MADRAS score (cases MADRAS >25) r .340 –.130 .713 .379

P .032 .425 <.001 .016

Abbreviation: MADRAS, Montgomery–Åsberg Depression Rating Scale scores; P, significance level; r, Pearson correlation coefficient.
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mechanisms regulate BH4 availability such as via nitric oxide 
(NO) synthase enzymes: in the case of sufficient supply with BH4 
NO is produced, but when BH4 supply is insufficient, uncoupling 
leads to ROS formation.40 Nutrition and lifestyle have been 
shown to influence neurotransmitter precursor amino acid 
metabolism also outside of pathogenic states.41 In addition there 
is an influence of diet on the nitrate-nitrite-NO cycle.42

Mechanisms underlying the severe depression range

The inflammatory hypothesis of depression involves complex 
interactions of environmental factors as well as such of mental 
and physical health and has been well reviewed and discussed in 
much detail.9,43 Neurotransmitter precursor amino acids such as 
PHE/TYR and KYN/TRP have mostly been shown to corre-
late positively with symptom severity in depressed subjects. In 
patients following treatment for breast cancer, PHE/TYR cor-
related positively with depression severity and KYN/TRP with 
anxiety measures.44 In the same study PHE/TYR was increased 
in individuals with depression and most markedly in individuals 
with a diagnosis of both breast cancer and depression. Somato-
psychic comorbidities seem to play an important role since it has 
also been shown that changes in depression severity prior to and 
following surgery correlate with the differences in PHE/TYR.45 
Chronic low grade inflammation as a driver of depressive symp-
toms plays a bi-directional role: higher inflammatory markers 
predict the development of depressive symptoms, while the pres-
ence of depressive symptoms per se is also associated with higher 
inflammatory markers.46 Chronic low grade inflammation can 
influence both IDO and TDO activity leading to an increase in 
KYN/TRP ratio.13 PAH activity is influenced mostly by BH4 
availability. Both increased use and loss of BH4 driven by a 
chronic inflammatory state may synergistically act to alter the 
function of BH4-dependent enzymes and then compromise the 
biosynthesis of monoamines, which may contribute to develop-
ment of mood disorders.43 While many studies have been per-
formed analyzing peripheral levels of neurotransmitter precursor 
amino acid levels, there is evidence that this might reflect the 
central situation.47

The effect of acute mental stress

In the current study we did not find an effect of acute mental 
stress on neurotransmitter precursor amino acid ratios or on 
neopterin and nitrite. This is surprising because in a study eval-
uating the effect of acute mental stress in healthy individuals 
with and without chronic mental stress we found an effect of 
acute mental stress on neurotransmitter precursor amino acids 
using a comparable methodology.23 Furthermore chronic men-
tal stress (which is often used as a model of depression) has 
been shown to sensitize toward the effect of acute mental 
stress.21 In individuals with depressive symptoms, it has been 
shown that the acute inflammatory response induced by acute 
mental stress is not terminated promptly by the organism,48 
hypercortisolism cannot be sufficiently experimentally  

suppressed, and the physiological response to synthetic gluco-
corticoids is lost (dexamethasone/CRH test).49

Neopterin and nitrite

Neopterin and nitrite showed no clear dependence on depres-
sion severity in this study. This might be due to low numbers of 
included participants or the fact that our participants were 
somatically healthy, not overweight, and not an elderly popula-
tion. This is reflected by the fact that most neopterin and all 
nitrite levels were within the normal limits.37 Moreover, also 
dietary nitrate/nitrite sources can contribute to NO levels.42

Limitations

One limitation is the small number of individuals included in 
the study. This was in part due to the strict inclusion criteria, 
which only allowed physically healthy individuals to be included. 
This also limits the generalizability of the findings since many 
individuals with depression are also affected by physical disor-
ders, especially metabolic or cardiovascular disease. Excluding 
individuals with signs of infection might have further led to 
exclusion of patients in whom the inflammatory markers of 
depression were most markedly elevated. On the other hand the 
very homogenous collective allows for better detangling of 
underlying pathophysiological processes. While we tried to 
control for many confounding factors using the described strict 
inclusion criteria and by assessing variables such as physical 
activity or sleep, it is of course never possible to fully exclude 
that there are unrecognized factors which might have had an 
influence on the results. Effects of gender could not be evalu-
ated due to the low number of male participants.50

Conclusion
We aimed to evaluate the effect of acute mental stress and depres-
sion severity on neurotransmitter precursor amino acids in this 
study. While no effect of acute mental stress was found, the cur-
rent data reveal a previously undescribed and very interesting 
quadratic relationship between depression severity and neuro-
transmitter precursor amino acid levels. The current data might 
help to explain some of the divergent findings in the literature on 
PHE/TYR and KYN/TRP in depression. With increasing data 
available, it becomes more and more evident that the crosstalk of 
the different mechanisms that contribute to the regulation of 
neurotransmitter precursor amino acid levels in individuals with 
depression is highly complex. A more differentiated view is nec-
essary to unwire the connections. The future challenge will be to 
characterize the different subgroups in more detail to improve 
personalized and tailored treatment approaches.
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