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Agmatine is an endogenous NMDA (N-methyl-D-aspartate) antagonist which is synthesized from L-Arginine and
described as a novel neurotransmitter. Agmatine is considered to play an important role for the development of
schizophrenia. The aim of the present study is to explore the role of agmatine and L-arginine metabolism in
medication-naive first-episode psychosis (FEP).We conducted a case control study inmedication-naive patients
with FEP (n = 40). The healthy volunteers with no family history of schizophrenia (n = 35) matched for age,
gender and education level were selected as a control group. The patients were recruited to the study and
followed up for 10 weeks. The plasma L-arginine, L-citrulline, L-ornithine and agmatine levels were measured
using modified liquid chromatography/mass spectrometry. The plasma levels of L-arginine, L-citrulline and
agmatine (p b 0.0001), but not L-ornithine and agmatinase (p N 0.05), were significantly increased during base-
line analysis. After 10 weeks of treatment, plasma L-arginine and L-citrulline levels were still significantly in-
creased (p b 0.05) while L-ornithine and agmatinase levels remained unchanged (p N 0.05). Conversely, plasma
agmatine levels were significantly decreased after the treatment (p b 0.0001). Positive and negative predictive
values of agmatine used for evaluating the diagnostic accuracy were 95.1% and 97.1%, respectively (p b 000.1).
This is the first study of arginine metabolism and agmatine in medication-naive first-episode patients and pro-
vides evidence of increased levels of an endogenous NMDA antagonist which decreases following antipsychotic
treatment.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Schizophrenia is one of the most debilitating psychiatric disorders
characterized by positive, negative and cognitive symptoms; it affects
approximately 1% of the population worldwide (Perälä et al. 2007). De-
spite the tremendous human, social, and economic costs of the disease,
there are no known biomarkers and the pathophysiological under-
standing of the disease is still incomplete. Currently, two hypotheses
of physiopathology dominate the schizophreniafield. The dopaminehy-
pothesis is mainly based on the serendipitous finding that all the anti-
psychotics have antagonistic activity on dopamine D2 receptors (D2R)
to some extent and this activity is correlated with the treatment of pos-
itive symptoms of schizophrenia (Howes and Kapur 2009; Seeman
1987; Snyder 1976). However, D2R antagonists act as antipsychotics
for many types of psychosis, which may be observed in a multitude of
disease states and are not sufficiently useful for the negative and
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cognitive symptoms of schizophrenia (Goff et al. 2011; Remington
et al. 2016). Dopamine agonists, on the other hand, may cause a tempo-
rary state of nonspecific psychosis clinically—mainly consisting of posi-
tive symptoms—but are not known to produce dominant negative or
cognitive symptoms (Krystal et al. 2005).

The NMDA (N-methyl-D-aspartate) hypothesis of schizophrenia is
based on the fact that antagonists of NMDA receptors (NMDARs), such
as phencyclidine (PCP) and ketamine, produce a temporary psychotic
state in otherwise healthy individuals which resembles the clinical pic-
ture of schizophrenia and includes positive, negative, and cognitive
symptoms (Javitt and Zukin 1991; Krystal et al. 1994; Lodge and
Mercier 2015; Moghaddam and Javitt 2012; Moghaddam and Krystal
2012). Therefore, NMDAR hypofunction was proposed as a component
of schizophrenia pathophysiology. However, glutamate—the endoge-
nous agonist for NMDAR—has not been shown to decrease in schizo-
phrenia (Moghaddam and Javitt 2012). A straightforward explanation
could be the presence of an endogenous NMDAR antagonist, especially
one which increases or releases at times of distress. This may trigger a
first psychotic episode and possibly the subsequent exacerbations of
schizophrenia. Agmatine is one such neurotransmitter that is insuffi-
ciently studied in schizophrenia.
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Fig. 1. L-Arginine pathway and its relationship to NMDA receptors. Agmatine can block
NMDA receptor channel and inhibits its activity. Glu, glutamate; ADC, arginine
decarboxylase; ODC, ornithine decarboxylase; nNOS, neuronal nitric oxide synthase;
iNOS, inducible nitric oxide synthase; NO, nitric oxide; +, increased activity; −,
decreased activity.
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Agmatine is a product of argininemetabolism (see Fig. 1). Arginine is
a conditionally essential amino acid; it becomes essential at times of
rapid growth or at conditions which produce distress (Morris 2016).
Agmatine is synthesized from L-arginine, stored in presynaptic vesicles
and released in response to neurologic insults (Uzbay 2012). It inhibits
both inducible and neuronal nitric oxide (NO) synthase to decrease
the production of nitric oxide, so it potentially serves a neuroprotective
function (Galea et al. 1996; Neis et al. 2017; Piletz et al. 2013). Agmatine
is a selective and voltage-dependent inhibitor of NMDARs (Das et al.
1998; Krystal et al. 2005; Yang and Reis 1999). It was proposed to
have antidepressant effects at certain doses, similar to ketamine
(Freitas et al. 2016).

Previously, Uzbay et al. (2010a) showed that agmatine—one of the
metabolites of L-arginine—disrupted prepulse inhibition (PPI) of the
acoustic startle reflex in rats. PPI is a measure of the level of function
of sensorimotor gating, and the disruption of PPI by using several treat-
ments—including the administration of anNMDAantagonist such as ke-
tamine—is a highly recognized animal model for schizophrenia. In a
clinical study by Uzbay et al. (2013), they demonstrated a significantly
increased plasma agmatine level in a small number of medication-free
schizophrenia patients compared to matched controls. This is compati-
ble with the post-mortem study and possibly reflects increased brain
levels of agmatine, since it crosses the blood-brain barrier. Furthermore,
theUzbay et al. (2013) study suggested that agmatine could beused as a
biomarker for schizophrenia. In a recent study, Liu et al. (2016) sup-
ported these findings by showing that the agmatine concentration
was increased in the frontal lobe slices of the post-mortem brain tissue
of chronic schizophrenia patients compared to the control group.

L-Arginine is metabolically interconvertible with the amino acids
proline and glutamate, and it also serves as a precursor for the synthesis
of protein, creatine, polyamines, citrulline, ornithine and urea (Morris
2007). A limited number of studies on L-arginine and its metabolites
in psychosis and schizophrenia showed inconsistent results. Carl et al.
(1992) compared schizophrenia patients with healthy controls and
did not find any significant difference for 20 different tested amino
acids, including arginine and ornithine. Rao et al. (1990) found that cit-
rulline was increased in drug-free schizophrenia patients. Tomiya et al.
(2007) did not show any difference for these three amino acid levels be-
tween the schizophrenia patients and controls but found that ornithine
level was positively correlated with the length of the illness.

First-episode psychosis (FEP) presents a unique opportunity to
study arginine metabolism and agmatine before the chronic disease
and/or both direct and compensatory antipsychotic medication-
induced effects set in. Therefore, we have designed this study to explore
the role of agmatine and L-arginine metabolism in medication-naive
FEP. We also followed the patients for 10 weeks after antipsychotic
treatment was initiated to examine the effects of antipsychotic medica-
tions and/or recovery from psychosis on arginine metabolism.
Agmatinase—the enzyme which catabolizes agmatine—was also mea-
sured in these samples.

2. Material and methods

2.1. Participants

This is a case control study conducted in medication naive patients
with FEP (n = 40). A total of 81 patients were recruited for this study.
During the follow-up period and at the beginning of the study, 40 of
81 patients were excluded from the study due to ineligibility, history
of a previous psychotic episode and/or history of previous psychotic
drug use. Forty-one patients were followed up for 10 weeks and the
study was completed. One of these 41 patients was dropped from the
study due to poor treatment compliance. Patients were diagnosed by
using a semi-structured clinical interview (SCID) form for Axis 1 disor-
ders from the Diagnostic and Statistical Manual of Mental Disorders
(DSM) based on DSM-IV-TR criteria (Koroglu 2007). Psychotic symp-
toms and clinical conditions were evaluated by using the Scale for the
Assessment of Positive Symptoms (SAPS) (Erkoc et al. 1991b), Brief Psy-
chiatric Rating Scale (BPRS) (Overall and Gorham 1988; Turkish version
was prepared byGulgun Yanbasti), Scale for the Assessment of Negative
Symptoms (SANS) (Erkoc et al. 1991a), the Calgary Depression Scale for
Schizophrenia (CDSS) (Oksay et al., 2000) and the Clinical Global Im-
pressions (CGI) scale. The healthy volunteers with no family history of
schizophrenia (n = 35) matched for age, gender and education level
were selected as a control group and all the healthy subjects were eval-
uated and recruited to the study by the same clinician (BG). We have
defined the first psychotic episode as the presence of a moderate level
of positive symptoms that disrupt functioning for a minimum of one
week but not more than one month in the absence of predominant
mood symptoms. Patientswhowere exposed to any antipsychoticmed-
ications, any substance or drugs or previously diagnosed with mental
retardation, organic brain disorders (e.g. confounding factors such as in-
fection, inflammation, cancer, trauma, bleeding, etc.), major medical ill-
ness, pre-episode psychotic experiences or current predominant mood
disorders were excluded.

Blood tests for agmatine, arginine, citrulline, ornithine and
agmatinase were obtained at baseline and after 10 weeks of antipsy-
chotic medication administration. The treatment of the FEP patients
was independently selected by the psychiatrists at Gulhane Military
Medical Academy. The local institutional ethical board at Kecioren Re-
search and Training Hospital approved this study (December 12th
2012, #177 & October 15th 2014, #659). Written informed consent
was obtained from all participants.

2.2.Measurement of agmatine, L-arginine, L-citrulline and L-ornithine levels

The plasma L-arginine, L-citrulline, L-ornithine and agmatine levels
were measured by using a modified liquid chromatography/mass spec-
trometric (LC-MS/MS) method (Zhou et al. 2012). The separation was
performed using an LC20AC HPLC system (Shimadzu) equipped with
an autosampler, two solvent pumps and a column oven. The chroma-
tography column was a Zorbax HILIC column (3.5 μm, 3 × 15 mm,
Agilent). The column temperature was set at 30 °C. The mobile phase
A consisted of ammonium formate (40 mM) and formic acid (0.2%);
themobile phase B consisted of acetonitrile. Themobile phase B concen-
tration was gradually decreased from 75% to 35% between 2 and
4.5 min. The samples (3 μL) were delivered at a flow rate of
0.7 mL/min. The ionized analytes by electrospray ionization (ESI) in
positive ion mode were analyzed by using a triple quadrupole MS
(Shimadzu 8030) with a source temperature of 400 °C. The transitions
(m/z) for the analytes were: L-arginine, 175.2/43.0, 175.2/70.2; L-



Table 1
Clinical assessment scores of the patients before and after antipsychotic treatment for
10 weeks.

Before treatment After treatment Change (%)

SANS score 34.05 ± 2.03 46.10 ± 3.49* 36.40
SAPS score 65.23 ± 3.29 25.62 ± 2.69** −60.50
BPRS score 53.50 ± 1.72 28.85 ± 2.15** −46.07
CGI score 5.50 ± 0.10 3.37 ± 0.13# −38.61
CDSS score 3.69 ± 0.70 2.56 ± 0.48 −32.29

Values for the clinical assessment scores were represented as mean ± S.E.M. For the de-
tails of the clinical assessment tests please see text (*p b 0.001 and **p b 0.0001, Student's
t-test for paired samples; #p b 0.0001, Wilcoxon signed-rank test).
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citrulline, 176.2/159.3, 176.2/113.0; L-ornithine, 133.2/116.1, 133.2/
70.3; and agmatine, 130.1/72.0, 130.1/55.2.

2.3. Measurement of plasma agmatinase levels

The amount of agmatinase in the plasmawas determined by using a
commercial competitive inhibition enzyme immunoassay (ELISA) kit
according to the manufacturer's instructions (Catalog No: CK-E90998,
Hangzhou Eastbiopharm Co., Ltd., PRC). A volume of 100 μL of the sam-
ples was used for the assay. The absorbance was measured at 450 nm
wavelength. The dynamic range of the assay was between 16 and
700 pg/mL. The assay was performed by an experienced staff blinded
to the study groups.

2.4. Statistical analyses

Statistical analyses were performed using the SPSS v.17 (IBM Corp.,
Armonk, NY) and GraphPad Prism v.5.01 (GraphPad Software Inc., San
Diego, CA) software. The datawere represented as themean± standard
error of mean (SEM). The scores obtained from clinical scales such as
SAPS, BPRS, and SANS were compared before and after treatment
using Student's t-test for paired samples; the CGI and CDSS scores
were compared usingWilcoxon signed-rank test. Theplasma L-arginine,
L-citrulline, L-ornithine, agmatine and agmatinase levels of the healthy
controls and of the patients with schizophrenia were compared using
Student's t-test. Their levels before and after antipsychotic treatment
were compared using Student's t-test for paired samples. A decrease
in the BPRS score N40% was used to indicate a treatment response. The
biochemical variables were compared between treatment responders
and non-responders using Student's t-test.

Kolmogorov-Smirnov tests were performed, and the histograms
were visually inspected to analyze the normal distribution of the vari-
ables. Correlations among biochemical variables and clinical scales
were analyzed by using the Pearson test. Several multiple linear regres-
sionmodelswith backward selectionwere used to identify independent
biochemical predictors of the clinical symptom scales during baseline
and during follow-up. The capacity of the measured biochemical
L-Arginine L-Citrulline L-Ornithine Ag
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Fig. 2.Mean plasma levels of the biochemical variables in healthy controls, first episode psycho
0.0001, Student's t-test; #p b 0.0001 and †p b 0.05, Student's t-test for paired samples).
variables to predict the presence of FEP was analyzed using a Receiver
Operating Characteristic (ROC) curve analysis. A significant cut-off
value was determined where the sensitivity and the specificity reached
the highest values in ROC analysis. Then the sensitivity, specificity, and
positive and negative predictive values were presented. The statistical
significance was set at p b 0.05.

3. Results

The results of the clinical assessment scores are presented in Table 1.
The patients were followed up at an inpatient unit for 3 weeks, then
they were discharged. The patients were treated with mainly two anti-
psychotic drugs, namely risperidone (35% of the patients) and
olanzapine (33% of the patients). All of the patients were treated with
a single antipsychotic drug, and the treatment regime was not changed
during the 10 weeks of follow-up. According to age, sex and education
levels, there were no significant differences between patients and
healthy control groups. The average age in patients and control groups
was 21.97 ± 0.49 and 22.37 ± 0.32 years, respectively. Clinical assess-
ment scores and percent change of these scores before and after anti-
psychotic treatment for 10 weeks were evaluated in patients
diagnosed with FEP. After the treatment, positive psychotic symptoms
(SAPS) and general psychiatric symptoms (BPRS, CGI) had shown sig-
nificant improvement; the negative symptoms scale (SANS) worsened
significantly after 10 weeks of treatment (Table 1). The depressive
symptoms (CDSS score) showed a trend toward decreasing but did
not reach a statistically significant level (Table 1).

The plasma levels of L-arginine, L-citrulline and agmatine (p b

0.0001), but not L-ornithine and agmatinase (p N 0.05), significantly in-
creased during the baseline analysis (Fig. 2). After 10 weeks of treat-
ment, plasma L-arginine and L-citrulline levels were significantly
increased (p b 0.05 and p b 0.0001, respectively) while L-ornithine and
agmatinase levels remained unchanged (p N 0.05) (Fig. 2). On the
other hand, the plasma agmatine level was significantly decreased
after treatment (p b 0.0001) (Fig. 2).

According to the 40% decrease in the BPRS score, 25 of the 40 pa-
tients (62.5%) were accepted into the treatment responder group
(Sanger et al. 1999). The plasma L-arginine level after 10weeks of treat-
ment and agmatinase levels during baseline and after treatment were
significantly decreased in the treatment non-responder group com-
pared with the treatment responder group (p values b 0.05) (Fig. 3).

Pearson's correlation analyses indicated that initial L-arginine levels
were positively correlated with the initial SANS score (r = 0.48, p b

0.01) (Fig. 4A) and negatively correlated with the initial SAPS score (r
= −0.40, p b 0.01) (Fig. 4B). The L-arginine level after treatment was
negatively correlated with the follow-up BPRS score (r = −0.36, p b

0.05) (Fig. 4C). The initial L-citrulline levels were negatively correlated
with the initial SAPS score (r = −0.41, p b 0.01) (Fig. 5A) and were
also negatively correlated with the follow-up SANS, SAPS and BPRS
scores (r = −0.37, −0.35, and −0.32, respectively, p values b 0.05)
(Fig. 5B–D). The follow-up L-citrulline level was negatively correlated
matine
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Fig. 3. Mean plasma levels of the biochemical variables in the treatment responder and non-responder patients. A decrease in the BPRS score of N40% during the follow-up (FU) after
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with the SANS and SAPS scores during follow-up (r=−0.41 and−0.42,
respectively, p values b 0.01) (Fig. 5E, F). The initial plasma agmatine
level was negatively correlated with the SANS and SAPS scores evalu-
ated at the end of 10 weeks (r = −0.43 and r = −0.36, respectively,
p b 0.05) (Fig. 6A, B).

The variables were normally distributed except for agmatinase
levels (p N 0.05, Kolmogorov-Smirnov test), and these variableswere in-
cluded in the multiple linear regression analysis. The main biochemical
predictors for the SAPS, BPRS and SANS scores during baseline and
follow-up, as well as predictors of the follow-up clinical scores during
the baseline analysis, were presented in Table 2.

The ROC curve analysis was used to assess the diagnostic accuracy of
the plasma L-arginine, L-citrulline and agmatine levels.When a compar-
ison was made between FEP patients and healthy controls, the area
under the curve values—with 95% confidence intervals (CIs)—proposed
cut-off values at optimal sensitivity and specificity levels and positive
and negative predictive values (see Table 3). The ROC curves and indi-
vidual distributions of the plasma L-arginine, L-citrulline and agmatine
levels are shown in Fig. 7A–C.

4. Discussion

Our results showed that plasma L-arginine and its metabolites, L-
citrulline and agmatine, increased in FEP patients compared to healthy
controls. After 10 weeks of antipsychotic treatment, L-arginine and L-
citrulline were still elevated while agmatine plasma levels decreased
compared to healthy control groups. The plasma levels of L-ornithine
and agmatinase did not show any differences either at the beginning
or at the end of the treatment. The results regarding increased plasma
agmatine level in FEP is consistent with a previous finding in drug-
free chronic schizophrenia patients (Uzbay et al. 2013). Furthermore,
we showed that agmatine, but not L-arginine and L-citrulline levels, de-
creased after 10 weeks of antipsychotic treatment.

Plasma agmatine in psychiatric disorders is not well studied. Halaris
et al. (1999) showed that plasma agmatine levels were increased in un-
treated depression patients and decreased after 8 weeks of bupropion
treatment. The same research group reported that venlafaxine returned
the increased agmatine level to the baseline level after four weeks of
treatment (Halaris and Plietz, 2007). The changes seen in plasma
agmatine levels in FEP or depressive disorders may be in response to
stressful situations. Increased agmatine levels may be related to protec-
tive factors or a natural response to stress. Agmatine is released in re-
sponse to stressful events such as immobilization (Zhu et al. 2008)
and hypoxia (Kim et al. 2004). Agmatine has neuroprotective and
stress-relieving effects under these conditions, and it is suggested to
be an endogenous antidepressant (Halaris and Plietz 2007; Piletz et al.
2013).

On the other hand, increased plasma agmatine level could be a trig-
ger factor for developing psychotic symptoms caused by an antagonism
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of NMDARs (Yang and Reis 1999). The glutamatergic theory of schizo-
phrenia is based on the findings that NMDAR antagonists such as PCP
and ketamine induce schizophrenia-like symptoms. Studies of
glutamatergic models have shown that NMDA dysfunction on pre-
and postsynaptic glutamate receptors may be the trigger inducing
schizophrenia-like symptoms—including negative and cognitive symp-
toms—by increasing synaptic activity of glutamate primarily in the pre-
frontal cortex (Javitt 2010). On the other hand, endogenous NMDA
antagonists such as agmatine may play a role in the pathophysiology
of schizophrenia and the onset of psychotic disorders alone or in inter-
actions with other neurotransmitters found in the CNS. The disruptive
effects of agmatine at high doses (e.g. 160 mg/kg) on PPI of the startle
reflex in rats may support the hypothesis of agmatine having an
NMDA antagonism function (Uzbay et al. 2010a).

As indicated by the ROC analysis (Table 3 and Fig. 7), measuring
plasma agmatine levels during an acute episode is a strong tool for dis-
criminating patients from healthy controls. In addition, the levels of
0 50 100 150
25

50

75

100

125 r= -0.41
p< 0.01

A

FEP L-Citrulline concentration (ng/mL)

FE
P 

SA
PS

 s
co

re

0 50 100 150
0

20

40

60

80 r= -0.35
p< 0.05

C

FEP L-Citrulline concentration (ng/mL)

FU
 S

AP
S 

sc
or

e

25 50 75 100 125 150
0

20

40

60

80

100 r= -0.41
p< 0.01

E

FU L-Citrulline concentration (ng/mL)

FU
 S

AN
S 

sc
or

e

Fig. 5. Plasma L-citrulline levels correlatedwith SAPS score (A) during first-episode psychosis (F
BPRS (D) scores assessed during follow-up (FU). Plasma L-citrulline levelsmeasured during FU c
explanation of symptom scales (r, Pearson's correlation coefficient).
agmatine in FEP negatively correlated with the follow-up SAPS and
SANS scores (Fig. 6). This indicates that patients with higher agmatine
levels at the beginning of treatment had less severe positive and nega-
tive symptoms after 10 weeks of treatment. Regression analysis also
showed that agmatine level for FEP is the only predictor for follow-up
SANS scores and one of the predictors for follow-up SAPS scores
(Table 3). Thus, agmatine may have a protective effect, and the high
agmatine level at baseline may be associated with improved clinical
findings at the end of 10 weeks of treatment.

The agmatine-catabolizing enzyme agmatinase is believed to be the
rate-limiting enzyme responsible for regulating the agmatine level in
the brain (Sastre et al. 1996). In the present study, plasma agmatinase
levels were similar in the control and patient groups; however, treat-
ment responder patients—according to a decrease in BPRS score of
N40%—had significantly more agmatinase than non-responders and
this difference did not change with the treatment. Agmatine levels
were similar in treatment responder and non-responder patients before
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EP). Plasma L-citrulline levelsmeasured during FEP correlatedwith SANS (B), SAPS (C) and
orrelatedwith SANS (E) and SAPS (F) scores assessed consecutively. Please see text for the
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and after treatment. The observed difference in agmatinase may be re-
lated to the downward regulation of the polyamine system instead of
agmatine metabolism. However, we did not measure the subsequent
metabolites of agmatine, and so we cannot test this possibility in our
current data set. Moreover, the other enzymes catabolizing L-arginine,
such as arginase, arginine decarboxylase (ADC) and nitric oxide syn-
thase (NOS) may play important roles in regulating the L-arginine and
the amino acid levels derived from L-arginine in humans. Under certain
conditions, these enzymes may compete to direct the metabolite pro-
duction toward a specific pathway (Morris 2007). To our knowledge
Table 2
The statistically significantmodels frommultiple regression analyses in relation to clinical
assessment scores during thefirst episode psychosis (FEP) and follow-up after 10weeks of
antipsychotic treatment.

Clinical Scores Predictors B SE β t p-Value R2

FEP FEP
SANS L-Arginine 0.121 0.031 0.688 3.941 b0.0001 0.30

L-Citrulline −0.181 0.091 −0.346 −1.982 =0.05

SAPS L-Citrulline −0.344 0.125 −0.406 −2.741 =0.009 0.17

BPRS – – – – – – –

Follow-up Follow-up
SANS L-Citrulline −0.353 0.130 −0.408 −2.717 =0.010 0.17

SAPS L-Citrulline −0.272 0.097 −0.420 −2.819 =0.008 0.18

BPRS L-Arginine −0.057 0.024 −0.355 −2.344 =0.024 0.13

Follow-up FEP
SANS Agmatine −0.672 0.232 −0.430 −2.899 =0.006 0.19
SAPS Agmatine −0.314 0.180 −0.258 −1.740 0.091 0.32

L-Citrulline −0.237 0.105 −0.341 −2.251 0.031

L-Ornithine 0.211 0.080 0.377 2.644 0.012

BPRS L-Citrulline −0.181 0.087 −0.320 −2.085 =0.044 0.10

Please see text for the explanation of symptom scales; B, unstandardized beta; SE, stan-
dard error for the B; β, standardized beta; t, t-test statistics; R2, regression coefficient.
there is no report on how these enzymes are regulated in FEP and
schizophrenia patients; the present study showed significant changes
in the plasma levels of L-arginine and its derived amino acids, but the
enzyme regulation of these pathways remains to be investigated.

Previous reports investigating the levels of amino acids in theplasma
or brain in schizophrenia mainly focused on measuring the levels of L-
glutamate, homocysteine, proline, L-tryptophan, L-serine (De Luca
et al. 2008) and D-serine (Kantrowitz et al. 2015). Rao et al. (1990)
showed that L-arginine increased in drug-naive and treated schizophre-
nia patients, while L-citrulline increased only in patients under treat-
ment with typical antipsychotics. Our results with L-arginine and L-
citrulline levels extend these findings to medication-naive first-
episode patients. Also, as indicated by the ROC analysis (Table 3 and
Fig. 7), measuring L-arginine and L-citrulline levels during acute epi-
sodes is a useful method for discriminating patients from healthy
controls.

In schizophrenia literature, L-arginine and L-citrulline have been
mentioned often because of their role in NOmetabolism. In the present
study, because L-ornithine level remained unchanged, the increase in L-
arginine may be responsible for the increase in the metabolites
agmatine and L-citrulline. We showed that L-arginine and L-citrulline
levels were elevated both pre- and post-treatment, and NO is produced
as a byproduct during L-arginine and L-citrulline conversion. Moreover,
after the decrease in agmatine with the treatment, increased levels of L-
citrulline seen during follow-upwould be primarily connected to L-argi-
nine. Thus, a concurrent increase in the production of NO is highly ex-
pected. We did not directly measure NO or nitrite and nitrate levels in
thepresent study, but our results indirectly support the previous studies
indicating the role of NO in FEP and schizophrenia.

The reasons for increasedmetabolism of L-arginine remains unclear,
and at least two distinct possibilities can be discussed. First, this increase
may cause the psychosis and subsequent pathologies. Recent publica-
tions emphasize the role of inflammation and oxidative stress in the
pathogenesis of schizophrenia, emphasizing upregulated inflammatory
status reflected by elevated levels of IL-1beta, IL-6, and TNF-alpha
(Bergink et al. 2014). A decrease in total antioxidant capacity was also
proposed as an important factor in early-onset FEP (Micó et al. 2011)
and symptom severity in schizophrenia patients (Pazvantoglu et al.
2009). NO is one of the primary signaling molecules mediating the in-
flammatory response. It causes an anti-inflammatory effect under nor-
mal physiological conditions, but it is also considered to be a pro-
inflammatory mediator when it is produced excessively (Sharma et al.
2007). Thus, disturbances in its modulation might cause pathologies at
cellular and behavioral levels.

Second, increases in L-arginine metabolism may originate from a
compensatory mechanism. Glutamatergic hypofunction is a prominent
theory in schizophrenia pathogenesis (Coyle 2012). NO is a secondmes-
senger for NMDARs and the NO concentration reflects the activity level
of glutamatergic neurotransmitters (Nasyrova et al. 2015). L-Arginine
metabolism may be stimulated to compensate for abnormal gluta-
matergic function. Hallak et al. (2013) showed in a randomized,
placebo-controlled study that intravenous infusion of sodium nitro-
prusside, a NO donor in low doses, to schizophrenia patients signifi-
cantly improved the symptoms (Hallak et al. 2013). This effect
appeared after 2 h and persisted for four weeks.

Our resultsmostly support the second explanation, based on the cor-
relation between the symptom scales and the L-arginine and L-citrulline
levels. Our analyses revealed that all the significant correlationswere in
the negative direction except for the positive correlation between L-
arginine and the SANS score at FEP (Figs. 4 and 5). This means that pa-
tients with higher levels of L-arginine and L-citrulline during baseline
and follow-up had less severe psychotic symptoms. Additionally, re-
gression analysis revealed that L-arginine and L-citrulline levels could
predict the concurrent SAPS, BPRS, and SANS scores, and initial L-
citrulline level was the predictor for the follow-up BPRS score and one
of the predictors for the follow-up SAPS score (Table 3).



Table 3
The capacity of the variables in predicting first episode psychosis.

AUC ± S.E.M.
(95% CI)

p-Value Proposed cut-off value Sensitivity%
(95% CI)

Specificity%
(95% CI)

Positive predictive value (%) Negative predictive value (%)

L-Arginine 0.90 ± 0.037
(0.832–0.976)

b0.0001 127.6 ng/mL 85.00
(70.16–94.29)

91.43
(76.94–98.20)

91.9 84.2

L-Citrulline 0.84 ± 0.048
(0.746–0.935)

b0.0001 44.6 ng/mL 77.50
(61.55–89.16)

85.71
(69.74–95.19)

86.1 76.9

L-Ornithine 0.52 ± 0.067
(0.384–0.648)

N0.05 – – – – –

Agmatine 0.99 ± 0.006
(0.982–1.005)

b0.0001 41.3 ng/mL 97.50
(86.84–99.94)

94.29
(80.84–99.30)

95.1 97.1

Agmatinase 0.56 ± 0.067
(0.433–0.695)

N0.05 – – – – –

AUC, area under the curve; CI, confidence interval.
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The present study has several limitations. Our results were only ob-
tained frommale subjects. This situation limits the generalization of the
findings to the whole population. The sexual hormones can modulate
0 20 40 60 80 100
0

20

40

60

80

100

cut-off: 127.6 ng/mL

AUC= 0.90

A

% (1 - specificity)

%
 S

en
si

tiv
ity

0 20 40 60 80 100
0

20

40

60

80

100

cut-off: 44.6 ng/mL

AUC= 0.84

B

% (1 - specificity)

%
 S

en
si

tiv
ity

0 20 40 60 80 100
0

20

40

60

80

100

cut-off: 41.3 ng/mL

AUC= 0.99

C

% (1 - specificity)

%
 S

en
si

tiv
ity

Fig. 7. The receiver-operator characteristic (ROC) curve (left panel) and the individual distrib
healthy controls and in first-episode psychosis (FEP) patients (AUC, area under the curve).
many of the metabolic pathways, including those of the amino acids
(Comitato et al. 2015). Generally, men and women have discrepancies
in their protein metabolism processes (Markofski and Volpi 2011). L-
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Arginine metabolism in particular was investigated for gender differ-
ences because of its role in cardiovascular system, and women were
found to have some advantages in utilizing L-arginine and producing
more NO in their vascular systems (Forte et al. 1998). Also, animal stud-
ies pointed out several different effects of agmatine in males and fe-
males (Uzbay et al. 2010b). On the other hand, using male subjects in
the present studymay positively contribute to our results by decreasing
variability.

In the present study, amino acid levelsweremeasured in the periph-
eral blood; thus, howor atwhat grade they reflect themetabolismof the
central nervous system could be assessed. However, collecting periph-
eral blood samples is the less invasive and more practical way to deter-
mine metabolic changes. Alternatively, cerebrospinal fluid (CSF) from
the lumbar area could have been sampled and screened, but a similar
problem would still exist; CSF represents the brain metabolism when
it is collected from brain ventricles or posterior fossa, not from the lum-
bar area (Segal et al. 1990).

Another limitation of the present study was the short follow-up du-
ration for thepatients. After the 10weeks of follow-up,we observed sig-
nificant improvements in several symptom scales—such as SAPS and
BPRS—but we also observed that negative symptoms (SANS)worsened.
Moreover, we only observed a significant decrease in agmatine during
the follow-up, but it did not significantly correlatewith anyof the symp-
tom scales. One of the possible explanations for this finding is that a 10-
week duration was insufficient for observing the changes in clinical
manifestations derived from the changes in agmatine level. Longer
follow-up durations with multiple measurement points are needed to
better show the clinical progress of the FEP patients.

Endogenous NMDA antagonists may play an important role in the
pathophysiology of schizophrenia. The exact mechanism is not well un-
derstood, but agmatine is thought to be a new neuromodulator and
neurotransmitter in the CNS and is described as an endogenous
NMDA antagonist. Since NMDA antagonism produces schizophrenia-
like symptoms in preclinical and clinical studies (Krystal et al. 1994;
Moghaddam and Krystal 2012), agmatinemay be related to NMDA dys-
function and the production of psychotic symptoms. Agmatinemay also
be used as a diagnostic tool to differentiate patients from healthy indi-
viduals. Future studies are needed to investigate brain levels of
agmatine and its relation to NMDARs as well as symptoms.
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