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Converging evidence indicates that dysfunctions in glutamatergic neurotransmission and

in the glutamate-glutamine cycle play a role in the pathophysiology of schizophrenia.

Here, we investigated glutamate and glutamine levels in the blood of patients with recent

onset schizophrenia or chronic schizophrenia compared to healthy controls. Compared

with healthy controls, patients with recent onset schizophrenia showed increased

glutamine/glutamate ratio, while patients with chronic schizophrenia showed decreased

glutamine/glutamate ratio. Results indicate that circulating glutamate and glutamine

levels exhibit a dual behavior in schizophrenia, with an increase of glutamine/glutamate

ratio at the onset of schizophrenia followed by a decrease with progression of the

disorder. Further studies are warranted to elucidate the mechanisms and consequences

of changes in circulating glutamate and glutamine in schizophrenia.
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INTRODUCTION

Schizophrenia is a heterogeneous disorder characterized by a wide range of symptoms, including
positive (hallucinations, delusions, disorganized thinking) and negative symptoms (affective
flattening, alogia, apathy), and cognitive impairments (in memory and executive functions) (1, 2).
Considerable evidence indicates that dysfunctional glutamatergic neurotransmission is involved
in the pathophysiology of schizophrenia (3, 4). Among different glutamate receptor subtypes,
hypofunction of N-methyl-D-aspartate (NMDA) receptors has been particularly implicated
in schizophrenia. This comes from observations that administration of the NMDA receptor
antagonists, phencyclidine (PCP) and ketamine, induces schizophrenia-like symptomatology in
healthy individuals and exacerbates symptoms in patients with schizophrenia (5–7). Additionally,
dysfunctions in metabotropic glutamate receptors (mGluRs), which can modulate NMDA receptor
function, have also been implicated in schizophrenia (8, 9). Increased levels of mGluR1protein
and mRNA have been reported in schizophrenia patients (10, 11). mGluR2/3 agonists improved
both positive and negative symptoms of schizophrenia patients (12) and reduced cognitive deficits
induced by ketamine in healthy volunteers (13). Finally, a polymorphism in the mGluR7 gene was
associated with schizophrenia (14).
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Glutamatergic neurotransmission is initiated by the release
of glutamate into the synaptic cleft, where it binds to and
activates glutamate receptors at the postsynaptic terminal
membrane. Glutamate is subsequently removed from the
synaptic cleft by astrocytes and converted to glutamine by
glutamine synthetase (15). Glutamine can then be transported
into the presynaptic neuron and reconverted to glutamate
by phosphate-activated glutaminase (16, 17). Abnormalities
in the glutamate-glutamine cycle have been associated with
schizophrenia and may contribute to the dysfunction in
glutamatergic neurotransmission (18, 19). Evidence indicates
that glutamine synthetase protein levels are decreased in
schizophrenia (19, 20). On the other hand, other studies found
increased expression and enzymatic activity of the phosphate-
activated glutaminase in schizophrenia (18, 21).

Changes in glutamate levels in the central nervous system
(CNS) may reflect changes in blood levels and vice-versa, since
a positive correlation has been reported between glutamate
levels in the blood and in the CNS (22, 23). Altered glutamate
and glutamine levels in the blood have been reported in
schizophrenia, but results are not consistent. For example,
previous studies have found increased blood levels of glutamate
in patients with chronic schizophrenia compared with healthy
controls (24, 25), but no difference was observed in acute
schizophrenia (26). Interestingly, one study reported decreased
blood glutamate levels in first episode psychosis (27). Blood
glutamine levels were reported to be decreased in patients with
schizophrenia (28), although another study found no difference
in blood glutamine levels of individuals with schizophrenia
compared with healthy controls (26).

The above findings indicate that changes in peripheral
glutamate and glutamine may occur in schizophrenia, but the
direction of change appears to depend on the duration of
the disorder. We now report measurements of glutamate and
glutamine levels in the blood of patients with recent onset
schizophrenia or chronic schizophrenia compared to healthy
controls.

MATERIALS AND METHODS

Participants
Thirty-two patients with recent onset (within 5 years of illness
onset) and 56 patients with chronic schizophrenia were recruited
from community mental health centers and outpatient clinics
in the Bay Area of San Francisco, USA, to participate in
randomized controlled trials of computerized cognitive training
(ClinicalTrials.gov NCT00312962 and NCT00694889) (29–31).
Blood collection was performed prior to the beginning of
cognitive training. Fifty-three healthy control subjects were
recruited from the same local community in the USA. In Brazil,
67 patients with chronic schizophrenia were recruited at the
Institute of Psychiatry of the Federal University of Rio de
Janeiro (IPUB-UFRJ) and the Psychiatry Center of Rio de Janeiro
(CPRJ). Seventy-five healthy control subjects were recruited from
the same local community in Brazil. Ethical approval for this
study was obtained from the Committee for Ethics in Human
Research from each participant institution. All subjects or their

legal guardian provided written informed consent for study
participation.

Patients with schizophrenia were diagnosed using the
Structured Clinical Interview (SCID-I) for DSM-IV and
evaluated using the Brief Psychiatry Rating Scale (BPRS). We
used the BPRS because it is briefer and less time consuming than
the Positive and Negative Syndrome Scale (PANSS), and there is
a strong linear association between the two scales (32). Exclusion
criteria were comorbid psychiatric diagnosis, substance abuse,
intellectual disability, renal disease, epilepsy, and history of
trauma or tumor in the central nervous system. Healthy controls
had good general physical health and no Axis I or Axis II
psychiatric disorder (SCID-NP), and no current or previous use
of psychotropic medication.

Determination of Glutamate and Glutamine
Levels
Available samples comprised serum from the two clinical trial
cohorts in the USA and plasma from the cross-sectional study
in Brazil. Importantly, we note that a recent meta-analysis
showed that altered levels of glutamate are found in both plasma
and serum of patients with schizophrenia (33). Blood samples
from patients or healthy controls were drawn before lunch,
around noon, and stored at −80◦C until analysis. To extract free
amino acids, trichloroacetic acid (TCA; 5% final concentration)
was added to each sample, followed by centrifugation for
5min. at 14,500 rpm at room temperature, separation of the
supernatant and removal of TCA by extraction with saturated
ether. Derivatization was performed with o-phtalaldehyde
and N-tert-butyloxycarbonyl-L-cysteine (34). Separation and
detection of derivatized amino acids was performed by high-
performance liquid chromatography (34, 35) with a linear
gradient of acetonitrile using a C18 reverse phase column. The
investigators (CM and CVL) were blind to the group identity of
the samples.

Statistical Analysis
Data are presented as means ± SD (standard deviation). The
distributions of glutamate and glutamine concentrations were
evaluated for missing values and normalcy. We adjusted outliers
by winsorization (36) replacing them with the next value plus
or minus 10% (depending on whether the outlier is positive
or negative). For glutamate, two outliers were adjusted in the
healthy control group and two outliers were adjusted in the recent
onset schizophrenia group. For the glutamine/glutamate ratio,
two outliers were adjusted in the healthy control group and two
outliers were adjusted in the recent onset schizophrenia group. In
the chronic schizophrenia cohort from the USA, for glutamate we
adjusted one outlier in the healthy control group and two outliers
in the chronic schizophrenia group. For glutamine, we adjusted
three outliers in the chronic schizophrenia group. For the
glutamine/glutamate ratio, we adjusted one outlier in the healthy
control group and three outliers in the chronic schizophrenia
group. In the chronic schizophrenia cohort from Brazil, for
glutamate we adjusted three outliers in the healthy control
group and four outliers in the chronic schizophrenia group.
For glutamine, we adjusted one outlier in the healthy control
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TABLE 1 | Characteristics of study subjects with recent onset or chronic schizophrenia from the USA cohort.

Healthy controls Recent onset

schizophrenia

p Healthy controls Chronic schizophrenia p

Sex, M/F 17/21 25/7 0.005 10/5 40/16 0.72

Age, years (range) 18.8 ± 3.8 (12–25) 21.0 ± 3.7 (15–29) 0.015 44.9 ± 11.2 (26–57) 45.9 ± 8.3 (26–59) 0.75

Illness duration, years (range) N/A 1.82 ± 1.68 (0.08–5) N/A N/A 23.6 ± 10.21 (6–41) N/A

CPZ equivalents (mg/day)

(range)

N/A 243.3 ± 133.9 (25.1–562.9) N/A N/A 402.7 ± 330.2 (0–1918.0) N/A

Antipsychotic in use

(typical/atypical/combination/no

medication)

N/A 1/24/1/5 N/A N/A 7/42/3/2 N/A

Smoker/ Non-smoker 1/36 20/8 0.003 3/12 31/25 0.015

BPRS total score (range) N/A 42.5 ± 9.2 (26–62) N/A N/A 35.2 ± 9.2 (18–56) N/A

BPRS negative score (range) N/A 16.5 ± 6.4 (8–36) N/A N/A 17.6 ± 6.3 (9–38) N/A

BPRS positive score (range) N/A 13.7 ± 4.8 (7–22) N/A N/A 18.4 ± 5.5 (8–29) N/A

Comparisons between the two groups were performed using χ
2 test for sex and smoking status, and t-test for age. Values are shown as means ± standard deviation (range). BPRS,

Brief Psychiatric Rating Scale; CPZ, chlorpromazine; N/A, not applicable. Typical antipsychotics included flufenazine, clorpromazine, amoxapine, haloperidol, perphenazine, thioridazine,

and thiothixene. Atypical antipsychotics included clozapine, olanzapine, quetiapine, risperidone, ziprasidone, and aripiprazol.

TABLE 2 | Blood levels of glutamate and glutamine in recent onset schizophrenia (USA cohort) adjusted for age, sex, and smoking status as covariates.

95% C.I.

Amino acids Group Mean Lower bound Upper bound Statistics

Glutamate, µmol/L Healthy controls 201.5 177.3 225.8 F = 12.6, p = 0.001

Recent onset schizophrenia 131.2 102.9 159.6

Glutamine, µmol/L Healthy controls 505.3 459.0 551.5 F = 12.8, p = 0.001

Recent onset schizophrenia 370.4 316.3 424.5

Glutamine/ glutamate ratio Healthy controls 2.73 1.99 3.46 F = 4.47, p = 0.04

Recent onset schizophrenia 3.99 3.14 4.85

C.I., confidence interval.

group and two outliers in the chronic schizophrenia group.
For the glutamine/glutamate ratio, we adjusted three outliers
in the healthy control group and three outliers in the chronic
schizophrenia group. Statistical significances of differences
between groups were determined by unpaired t-test with Welch’s
correction. Differences between groups for gender and smoking
status were analyzed using chi-square. Differences in glutamate
or glutamine levels between healthy controls and patients with
schizophrenia (recent onset or chronic) groups were tested
using ANCOVA with age, sex or smoking status as covariates
as appropriate.

RESULTS

Blood Glutamate and Glutamine Levels in
Patients With Recent Onset Schizophrenia
We first asked whether circulating levels of glutamate and
glutamine were altered in a cohort of 32 patients with recent
onset schizophrenia (5 or less years of disorder) compared with
38 healthy controls. The mean age of patients with recent onset
schizophrenia was 2 years older than the mean age of the healthy
controls and this difference was significant at group level (t =

2.5, p= 0.01) (Table 1). However, no significant correlations were
observed between age and blood levels of glutamate or glutamine
in either healthy controls or recent onset schizophrenia groups
(Figure S1). Sex distribution was different between groups, with
the schizophrenia group including more men (X2

= 8.07,
p = 0.005). No significant difference in glutamine levels was
observed between male and female healthy controls (Figure S2).
In contrast, glutamate levels were significantly higher in males

than in female patients with recent onset schizophrenia (151.7

± 15.0 vs. 83.4 ± 16.8 µmol/L, respectively; t = 2.28; p = 0.03;
Figure S2).

The proportion between smokers and non-smokers was also

different between the two groups (X2
= 8.94, p = 0.003). The

group of patients with recent onset schizophrenia included more

smokers than the healthy control group (28.6 vs. 2.7% smokers,

respectively). We therefore introduced age, sex and smoking
status as covariates in the analysis and found that blood glutamate
and glutamine levels were ∼30% lower in patients with recent
onset schizophrenia compared to healthy controls (Table 2).
Further, the glutamine/glutamate ratio was significantly higher in
patients with recent onset schizophrenia than in healthy controls
(Table 2).
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TABLE 3 | Blood levels of glutamate and glutamine in chronic schizophrenia (USA cohort) using smoking status as covariate.

95% C.I.

Amino acids Group Mean Lower bound Upper bound Statistics

Glutamate, µmol/L Healthy controls 180.3 101.1 259.5 F = 3.5, p = 0.066

Chronic schizophrenia 254.6 221.4 287.8

Glutamine, µmol/L Healthy controls 472.8 377.1 568.6 F = 19.8, p = 0.0001

Chronic schizophrenia 259.1 219.0 299.3

Glutamine/ glutamate ratio Healthy controls 4.13 3.25 5.02 F = 32.0, p = 0.0001

Chronic schizophrenia 1.62 1.25 1.99

C.I., confidence interval.

In patients with recent onset schizophrenia, glutamate and
glutamine levels were not significantly correlated to total BPRS
score (r = 0.22, p = 0.22 for glutamate; r = −0.33, p =

0.06 for glutamine), to the BPRS score for negative symptoms
(r = 0.19, p = 0.28 for glutamate; r = −0.21, p = 0.24 for
glutamine), or to the BPRS score for positive symptoms (r =

0.16, p = 0.39 for glutamate; r = −0.27, p = 0.13 for glutamine).
Moreover, no significant correlation was observed between
use of antipsychotic medications (expressed as chlorpromazine
equivalents) and glutamate or glutamine levels (r = −0.09,
p = 0.66 for glutamate; r = 0.17, p = 0.43, for glutamine;
Figure S3).

Blood Glutamate and Glutamine Levels in
Patients With Chronic Schizophrenia
Next, we asked whether patients with chronic schizophrenia
showed altered glutamate and glutamine levels compared to
healthy controls. Patients with chronic schizophrenia and healthy
controls had similar age and sex distributions, but patients with
schizophrenia were more likely to smoke (X2

= 5.93, p = 0.015)
(Table 1). The smoking status was thus included as a covariate
in the analysis (Table 3). Patients with chronic schizophrenia
showed a trend of increase in blood glutamate levels compared
to healthy controls (F = 3.50; p = 0.066). On the other hand,
glutamine levels were significantly lower in patients with chronic
schizophrenia than in healthy controls (F = 19.82; p = 0.0001).
As a result, the glutamine/glutamate ratio was lower in patients
with chronic schizophrenia than in healthy controls (F = 32.05,
p= 0.0001).

No significant correlation was observed between age and levels
of glutamate or glutamine in healthy controls (Figure S4). In
contrast, age was significantly correlated with glutamate (r =

0.30, p = 0.02) and glutamine levels (r = −0.27, p = 0.04) in
patients with chronic schizophrenia (Figure S4).

We evaluated the correlation between blood amino acid levels
and the current use of medications and found that glutamate
and glutamine levels were significantly and negatively correlated
to the daily use of antipsychotic medications (measured in
chlorpromazine equivalents) (r = 0.28, p = 0.04 for glutamate;
r = −0.30, p = 0.02, for glutamine; Figure 1). We further
evaluated the correlation between blood glutamate and glutamine
levels and the severity of symptoms in patients with chronic
schizophrenia. Glutamate and glutamine levels were correlated

to total BPRS score (r = −0.35, p = 0.01 for glutamate; r =

0.26, p = 0.05 for glutamine), but not to the BPRS score for
positive symptoms (r = −0.25, p = 0.06 for glutamate; r =

0.05, p = 0.72 for glutamine) or to the BPRS score for negative
symptoms (r = −0.07, p = 0.63 for glutamate; r = 0.1, p = 0.48
for glutamine).

Glutamate and Glutamine Levels in the
Blood of Patients With Chronic
Schizophrenia From Brazil
To validate and extend the above described findings (obtained
in cohorts from the USA), we recruited a cohort of patients
with chronic schizophrenia from Brazil and compared blood
glutamate and glutamine levels with age- and sex-matched
healthy controls. Although patient and control groups were
quite similar in terms of age and sex, the group of patients
with chronic schizophrenia included significantly more smokers
than the healthy controls group (X2

= 13.24, p = 0.0001)
(Table 4). Thus, we included smoking status as a covariate in
the analysis (Table 5). Results showed that patients with chronic
schizophrenia had significantly increased blood glutamate levels
compared to healthy controls (F = 16.3, p = 0.0001). Moreover,
blood glutamine levels were significantly lower in patients with
chronic schizophrenia than in healthy controls (F = 55.6, p =

0.0001). As a result, the glutamine/glutamate ratio in the blood
was significantly lower in patients with chronic schizophrenia
than in healthy controls (F= 27.0, p= 0.0001).

Glutamine levels were negatively correlated to age in healthy
controls (r = −0.31, p = 0.01), but not in chronic schizophrenia
patients (r= 0.01, p= 0.94). Glutamate levels were not correlated
to age in both groups (healthy controls: r = 0.14, p = 0.24;
chronic schizophrenia: r = 0.01, p = 0.92). Glutamate and
glutamine levels were significantly correlated to the current
use of antipsychotic medications (expressed as chlorpromazine
equivalents) (r = −0.49, p = 0.0001 for glutamate; r = 0.35, p =
0.02, for glutamine; Figure 2). We compared levels of glutamate
and glutamine in patients using typical antipsychotics vs. those
using atypical antipsychotics. The glutamine/glutamate ratio was
significantly lower in patients using typical antipsychotics than
on those using atypical antipsychotics (0.57 vs. 1.25, F = 4.23, p
= 0.046) (Table S1).
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FIGURE 1 | Correlation between blood levels of glutamate and glutamine and the use of antipsychotic medication in chronic schizophrenia (USA cohort).

TABLE 4 | Characteristics of study subjects with chronic schizophrenia from the Brazilian cohort.

Healthy controls Chronic schizophrenia p-value

Sex, M/F 34/41 27/40 0.54

Age, years (range) 39.1 ± 13.2 (20–72) 42.4 ± 10.9 (25–68) 0.11

Illness duration, years (range) N/A 22.4 ± 11.4 (6–54) N/A

CPZ equivalents (mg/day) (range) N/A 104.4 ± 94.1 (0–430.2) N/A

Antipsychotic in use (typical/atypical/combination/no medication) N/A 22/23/9/1 N/A

Smoker/Non-smoker 7/50 28/39 0.0001

BPRS total score (range) N/A 42.3 ± 7.7 (24–57) N/A

BPRS negative score (range) N/A 16.0 ± 4.9 (6–27) N/A

BPRS positive score (range) N/A 25.3 ± 6.3 (10–39) N/A

Comparisons between groups were performed using χ
2 test for sex and smoking status, and t-test for age. Values are shown as means ± standard deviation (range). p-value in bold

indicates statistically significant difference. BPRS, Brief Psychiatric Rating Scale; CPZ, chlorpromazine; N/A, not applicable. Typical antipsychotics included flufenazine, clorpromazine,

amoxapine, haloperidol, perphenazine, thioridazine, and thiothixene. Atypical antipsychotics included clozapine, olanzapine, quetiapine, risperidone, ziprasidone, and aripiprazol.

We further evaluated whether glutamate and glutamine levels
were associated with the severity of symptoms in patients with
schizophrenia, measured by their scores on BPRS. Glutamate and
glutamine levels were not significantly correlated to total BPRS
score (r = −0.07, p = 0.63 for glutamate; r = −0.04, p = 0.76
for glutamine), to the BPRS score for negative symptoms (r =
−0.27, p = 0.06 for glutamate; r = 0.19, p = 0.18 for glutamine),
or to the BPRS score for positive symptoms (r = 0.03, p = 0.84
for glutamate; r =−0.15, p= 0.31 for glutamine).

DISCUSSION

The main findings of the present study are that, compared
with healthy controls, patients with recent onset schizophrenia
showed increased glutamine/glutamate ratio in the blood,
while patients with chronic schizophrenia showed decreased
glutamine/glutamate ratio. These findings are in agreement
with one study that found decreased blood glutamate levels
in first episode psychosis (27) and several studies including
a meta-analysis that found increased levels of glutamate in

the blood in patients with chronic schizophrenia compared
with healthy controls (24, 25, 33). The evidence thus indicates
that the glutamine/glutamate ratio is increased at the onset of
schizophrenia but decreases with the progression of the disorder.
Interestingly, the current use of antipsychotic medications
(measured in chlorpromazine equivalents) was associated to
the levels of glutamate and glutamine in chronic schizophrenia
patients. However, the two cohorts showed opposite patterns
of correlation: in Brazil more medication was associated to less
glutamate and more glutamine, while in the USA patients taking
more antipsychotic medications showed more glutamate and
less glutamine. It is noteworthy that there were more patients
in the Brazilian cohort taking typical antipsychotic (56%) than
in the USA cohort (18%). Interestingly we found that patients
using typical antipsychotic have lower glutamine/glutamate
ratio than patients using atypical antipsychotics, indicating that
different antipsychoticmay have different effect on glutamate and
glutamine levels. Accordingly, studies in patients and in animal

models have been showing that some antipsychotic medication
affects the release of glutamate in the brain, while others have no
effect (37–39).
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TABLE 5 | Blood levels of glutamate and glutamine in chronic schizophrenia (Brazil cohort) using smoking status as covariate.

95% C.I.

Amino acids Diagnostic Mean Lower bound Upper bound Statistics

Glutamate, µmol/L Healthy Control 264.5 191.8 337.2 F = 16.3, p = 0.0001

Chronic schizophrenia 470.0 399.2 540.8

Glutamine, µmol/L Healthy Control 443.0 404.5 481.4 F = 55.6, p = 0.0001

Chronic schizophrenia 242.3 204.8 279.8

Glutamine/ glutamate ratio Healthy Control 2.21 1.89 2.54 F = 27.0, p = 0.0001

Chronic schizophrenia 1.02 0.71 1.34

C.I., confidence interval.

FIGURE 2 | Correlation between blood levels of glutamate and glutamine and the use of antipsychotic medication in chronic schizophrenia (Brazil cohort).

The increase in glutamate and the decrease in glutamine are
in agreement with changes in the enzymes of the glutamate-
glutamine cycle previously found in chronic schizophrenia.
Studies in post-mortem brain tissue from patients with
chronic schizophrenia found decreased levels of the glutamine
synthetase protein (19, 20) and increased glutaminase expression
and enzymatic activity (18, 21). The consequent decrease
in glutamine synthesis and increase in glutamate formation
by glutaminase may also explain the significant decrease in
glutamine/glutamate ratio observed in patients with chronic
schizophrenia compared to healthy controls.

It is important to consider whether the observed changes
in glutamate and glutamine in schizophrenia patients could
reflect processes occurring peripherally. Although most studies
to date have shown positive correlations between blood and
cerebrospinal fluid (CSF) levels of glutamate and glutamine (22,
40–43), other studies have reported lack of such correlations (37,
44). Moreover, one cannot exclude the possibility that differences
in dietary habits in patients with schizophrenia may account for
differences observed here. Patients with schizophrenia often have
less healthy diets, consuming less fruit, and vegetables or more
calories than the general population (45). Moreover, second-
generation antipsychotics may induce altered eating behaviors,
including increased susceptibility to hunger and changes in
appetite perception (46).

Importantly, studies of glutamate and glutamine levels in the
CSF of patients with schizophrenia suggest that our findings in
the periphery reflect what is happening in the CNS (41, 43).
While patients with chronic schizophrenia showed a significant
increase in CSF glutamate levels compared to healthy controls,
no difference was observed in patients with recent onset
schizophrenia (41). More recently, Hashimoto et al. observed
higher glutamine/glutamate ratio in the CSF in patients with
recent onset schizophrenia when compared to normal controls
(43). Although this argues against a peripheral source for the
glutamate and glutamine changes we observed, we have no direct
evidence to rule out this possibility.

A limitation of the present study is the absence of a
longitudinal follow up of the patients to examine possible
changes in glutamate and glutamine levels over time. Moreover,
although the differences found in our cross-sectional study
were highly significant, the cohorts studied were of modest
size and they may not be representative of the population with
schizophrenia as a whole.

In conclusion, we found increased glutamine/glutamate
ratio in patients with recent onset schizophrenia while in
chronic schizophrenia the glutamine/glutamate ratio was
decreased, as compared to healthy controls. Given the putative
role of dysfunctional glutamatergic neurotransmission in the
pathophysiology of schizophrenia, further studies are warranted
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to elucidate the underlying mechanisms and consequences of the
alterations reported here.

AUTHOR CONTRIBUTIONS

All authors certify that they have participated sufficiently in the
work to take public responsibility for the content. RP and SF
participated in the conception and design of study. CM, RP, and
SF wrote the manuscript. CM, CV-L, and RP performed the
analysis and interpretation of the data. FA, MC, TS, FT, MF, NG,
MB, and SV conducted analysis of patients.

ACKNOWLEDGMENTS

We thank A. C. Rangel and A. Fantinatti for administrative
and technical support. This research was supported by

grants from DECIT/SCTIE/MS, SESDC, Fundação de
Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ)
and Conselho Nacional de Desenvolvimento Científico e
Tecnológico (CNPq) (RP and SF); Instituto Nacional de Ciência
e Tecnologia de Biologia Estrutural e Bioimagem (INBEB)
(RP); and National Institute for Translational Neuroscience
(SF). RP was recipient of a Long-Term Fellowship from
the Human Frontier Science Program. CM and CV-L
were supported by pre-doctoral fellowships from FAPERJ
and CNPq.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2018.00713/full#supplementary-material

REFERENCES

1. Lee J, Park S. Working memory impairments in schizophrenia:

a meta-analysis. J Abnorm Psychol. (2005) 114:599–611.

doi: 10.1037/0021-843X.114.4.599

2. Bachman P, Reichenberg A, Rice P, Woolsey M, Chaves O, Martinez D,

et al. Deconstructing processing speed deficits in schizophrenia: application

of a parametric digit symbol coding test. Schizophr Res. (2010) 118:6–11.

doi: 10.1016/j.schres.2010.02.1029

3. Olney JW, Farber NB. NMDA antagonists as neurotherapeutic

drugs, psychotogens, neurotoxins, and research tools for studying

schizophrenia. Neuropsychopharmacology (1995) 13:335–45.

doi: 10.1016/0893-133X(95)00079-S

4. Goff DC, Coyle JT. The emerging role of glutamate in the pathophysiology

and treatment of schizophrenia. Am J Psychiatry (2001) 158:1367–77.

doi: 10.1176/appi.ajp.158.9.1367

5. Luby ED, Cohen BD, Rosenbaum G, Gottlieb JS, Kelley R. Study

of a new schizophrenomimetic drug; sernyl. AMA Arch Neurol

Psychiatry (1959) 81:363–9. doi: 10.1001/archneurpsyc.1959.023401500

95011

6. Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner JD,

et al. Subanesthetic effects of the noncompetitive NMDA antagonist,

ketamine, in humanspsychotomimetic, perceptual, cognitive, and

neuroendocrine responses. Arch Gen Psychiatry (1994) 51:199–214.

doi: 10.1001/archpsyc.1994.03950030035004

7. Domino EF, Luby ED. Phencyclidine/schizophrenia: one view toward

the past, the other to the future. Schizophr Bull. (2012) 38:914–9.

doi: 10.1093/schbul/sbs011

8. Moghaddam B, Javitt D. From revolution to evolution: the glutamate

hypothesis of schizophrenia and its implication for treatment.

Neuropsychopharmacology (2012) 37:4–15. doi: 10.1038/npp.2011.181

9. Maksymetz J, Moran SP, Conn PJ. Targeting metabotropic glutamate

receptors for novel treatments of schizophrenia. Mol Brain (2017) 10:15.

doi: 10.1186/s13041-017-0293-z

10. Gupta DS, McCullumsmith RE, Beneyto M, Haroutunian V, Davis KL,

Meador-Woodruff JH. Metabotropic glutamate receptor protein expression

in the prefrontal cortex and striatum in schizophrenia. Synapse (2005) 57:123–

31. doi: 10.1002/syn.20164

11. Volk DW, Eggan SM, Lewis DA. Alterations in metabotropic

glutamate receptor 1α and regulator of G protein signaling 4 in the

prefrontal cortex in schizophrenia. Am J Psychiatry (2010) 167:1489–98.

doi: 10.1176/appi.ajp.2010.10030318

12. Patil ST, Zhang L, Martenyi F, Lowe SL, Jackson KA, Andreev BV, et al.

Activation of mGlu2/3 receptors as a new approach to treat schizophrenia:

a randomized phase 2 clinical trial. Nat Med. (2007) 13:1102–7. doi: 10.1038/

nm1632

13. Krystal JH, Abi-Saab W, Perry E, D’Souza DC, Liu N, Gueorguieva R,

et al. Preliminary evidence of attenuation of the disruptive effects of the

NMDA glutamate receptor antagonist, ketamine, on working memory by

pretreatment with the group II metabotropic glutamate receptor agonist,

LY354740, in healthy human subjects. Psychopharmacology (2005) 179:303–9.

doi: 10.1007/s00213-004-1982-8

14. Ohtsuki T, Koga M, Ishiguro H, Horiuchi Y, Arai M, Niizato K, et al. A

polymorphism of the metabotropic glutamate receptor mGluR7 (GRM7)

gene is associated with schizophrenia. Schizophr Res. (2008) 101:9–16.

doi: 10.1016/j.schres.2008.01.027

15. Mei YY, Wu DC, Zhou N. Astrocytic regulation of glutamate transmission in

schizophrenia. Front Psychiatry (2018) 9:544. doi: 10.3389/fpsyt.2018.00544

16. Erecinska M, Silver IA. Metabolism and role of glutamate in mammalian

brain. Prog Neurobiol. (1990) 35:245–96. doi: 10.1016/0301-0082(90)90013-7

17. Walton HS, Dodd PR. Glutamate-glutamine cycling in Alzheimer’s disease.

Neurochem Int. (2007) 50:1052–66. doi: 10.1016/j.neuint.2006.10.007

18. Gluck MR, Thomas RG, Davis KL, Haroutunian V. Implications for

altered glutamate and GABA metabolism in the dorsolateral prefrontal

cortex of aged schizophrenic patients. Am J Psychiatry (2002) 159:1165–73.

doi: 10.1176/appi.ajp.159.7.1165

19. Burbaeva GSh, Boksha IS, Turishcheva MS, Vorobyeva EA, Savushkina OK,

Tereshkina EB. Glutamine synthetase and glutamate dehydrogenase in the

prefrontal cortex of patients with schizophrenia. Prog Neuropsychopharmacol

Biol Psychiatry (2003) 27:675–80. doi: 10.1016/S0278-5846(03)00078-2

20. Steffek AE, McCullumsmith RE, Haroutunian V, Meador-Woodruff

JH. Cortical expression of glial fibrillary acidic protein and glutamine

synthetase is decreased in schizophrenia. Schizophr Res. (2008) 103:71–82.

doi: 10.1016/j.schres.2008.04.032

21. Bruneau EG, McCullumsmith RE, Haroutunian V, Davis KL, Meador-

Woodruff JH. Increased expression of glutaminase and glutamine synthetase

mRNA in the thalamus in schizophrenia. Schizophr Res. (2005) 75:27–34.

doi: 10.1016/j.schres.2004.12.012

22. Alfredsson G, Wiesel FA, Tylec A. Relationships between

glutamate and monoamine metabolites in cerebrospinal fluid and

serum in healthy volunteers. Biol Psychiatry (1988) 23:689–97.

doi: 10.1016/0006-3223(88)90052-2

23. Hassan TH, Abdelrahman HM, Abdel Fattah NR, El-Masry NM,

Hashim HM, El-Gerby KM, et al. Blood and brain glutamate levels in

children with autistic disorder. Res Autism Spectr Disord. (2013) 7:541–8.

doi: 10.1016/j.rasd.2012.12.005

24. Macciardi F, Lucca A, Catalano M, Marino C, Zanardi R, Smeraldi E. Amino

acid patterns in schizophrenia: some new findings. Psychiatry Res. (1990)

32:63–70. doi: 10.1016/0165-1781(90)90136-S

25. Ivanova SA, Boyko AS, Fedorenko OY, Krotenko NM, Semke AV, Bokhan NA.

Glutamate concentration in the serum of patients with schizophrenia. Proc

Chem. (2014) 10:80–5. doi: 10.1016/j.proche.2014.10.015

Frontiers in Psychiatry | www.frontiersin.org 7 December 2018 | Volume 9 | Article 713

https://www.frontiersin.org/articles/10.3389/fpsyt.2018.00713/full#supplementary-material
https://doi.org/10.1037/0021-843X.114.4.599
https://doi.org/10.1016/j.schres.2010.02.1029
https://doi.org/10.1016/0893-133X(95)00079-S
https://doi.org/10.1176/appi.ajp.158.9.1367
https://doi.org/10.1001/archneurpsyc.1959.02340150095011
https://doi.org/10.1001/archpsyc.1994.03950030035004
https://doi.org/10.1093/schbul/sbs011
https://doi.org/10.1038/npp.2011.181
https://doi.org/10.1186/s13041-017-0293-z
https://doi.org/10.1002/syn.20164
https://doi.org/10.1176/appi.ajp.2010.10030318
https://doi.org/10.1038/nm1632
https://doi.org/10.1007/s00213-004-1982-8
https://doi.org/10.1016/j.schres.2008.01.027
https://doi.org/10.3389/fpsyt.2018.00544
https://doi.org/10.1016/0301-0082(90)90013-7
https://doi.org/10.1016/j.neuint.2006.10.007
https://doi.org/10.1176/appi.ajp.159.7.1165
https://doi.org/10.1016/S0278-5846(03)00078-2
https://doi.org/10.1016/j.schres.2008.04.032
https://doi.org/10.1016/j.schres.2004.12.012
https://doi.org/10.1016/0006-3223(88)90052-2
https://doi.org/10.1016/j.rasd.2012.12.005
https://doi.org/10.1016/0165-1781(90)90136-S
https://doi.org/10.1016/j.proche.2014.10.015
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Madeira et al. Blood Levels of Glutamate and Glutamine in Schizophrenia

26. Alfredsson G, Wiesel FA. Monoamine metabolites and amino acids in

serum from schizophrenic patients before and during sulpiride treatment.

Psychopharmacology (1989) 99:322–7. doi: 10.1007/BF00445551

27. Palomino A, González-Pinto A, Aldama A, González-Gómez C, Mosquera F,

González-García G, et al. Decreased levels of plasma glutamate in patients

with first-episode schizophrenia and bipolar disorder. Schizophr Res. (2007)

95:174–8. doi: 10.1016/j.schres.2007.06.012

28. He Y, Yu Z, Giegling I, Xie L, Hartmann AM, Prehn C, et al. Schizophrenia

shows a unique metabolomics signature in plasma. Transl Psychiatry (2012)

2:e149. doi: 10.1038/tp.2012.76

29. Fisher M, Holland C, Merzenich MM, Vinogradov S. Using neuroplasticity-

based auditory training to improve verbal memory in schizophrenia. Am J

Psychiatry (2009) 166:805–11. doi: 10.1176/appi.ajp.2009.08050757

30. Vinogradov S, Fisher M, Holland C, Shelly W, Wolkowitz O, Mellon SH.

Is serum brain-derived neurotrophic factor a biomarker for cognitive

enhancement in schizophrenia? Biol Psychiatry (2009) 66:549–53.

doi: 10.1016/j.biopsych.2009.02.017

31. Vinogradov S, Fisher M, Warm H, Holland C, Kirshner MA, Pollock

BG. The cognitive cost of anticholinergic burden: decreased response to

cognitive training in schizophrenia. Am J Psychiatry (2009) 166:1055–62.

doi: 10.1176/appi.ajp.2009.09010017

32. Leucht S, Rothe P, Davis JM, Engel RR. Equipercentile linking of

the BPRS and the PANSS. Eur Neuropsychopharmacol. (2013) 23:956–9.

doi: 10.1016/j.euroneuro.2012.11.004

33. Song J, Viggiano A, Monda M, De Luca V. Peripheral glutamate levels in

schizophrenia: evidence from a meta-analysis. Neuropsychobiology (2014)

70:133–41. doi: 10.1159/000364828

34. Hashimoto A, Nishikawa T, Oka T, Takahashi K, Hayashi T. Determination

of free amino acid enantiomers in rat brain and serum by high-

performance liquid chromatography after derivatization with N-tert-

butyloxycarbonyl-L-cysteine and o-phthaldialdehyde. J Chromatogr. (1992)

582:41–8. doi: 10.1016/0378-4347(92)80300-F

35. Calcia MA, Madeira C, Alheira FV, Silva TC, Tannos FM, Vargas-Lopes C,

et al. Plasma levels of D-serine in Brazilian individuals with schizophrenia.

Schizophr Res. (2012) 142:83–7. doi: 10.1016/j.schres.2012.09.014

36. Sang KK, Jong H. Statistical data preparation: management of

missing values and outliers. Korean J Anesthesiol. (2017) 70:407–11.

doi: 10.4097/kjae.2017.70.4.407

37. Goff DC, Hennen J, Lyoo IK, Tsai G, Wald LL, Evins AE, et al. Modulation

of brain and serum glutamatergic concentrations following a switch from

conventional neuroleptics to olanzapine. Biol Psychiatry (2002) 5:493–7.

doi: 10.1016/S0006-3223(01)01321-X

38. Sacchi S, Novellis V, Paolone G, Nuzzo T, Iannotta M, Belardo C, et al.

Olanzapine, but not clozapine, increases glutamate releasein the prefrontal

cortex of freely moving mice by inhibiting D-aspartate oxidase activity. Sci

Rep. (2017) 7:46288. doi: 10.1038/srep46288

39. Egerton A, Bhachu A, Merritt K, McQueen G, Szulc A, McGuire P. Effects

of antipsychotic administration on brain glutamate in schizophrenia: a

systematic review of longitudinal 1H-MRS studies. Front Psychiatry (2017)

8:66. doi: 10.3389/fpsyt.2017.00066

40. McGale EH, Pye IF, Stonier C, Hutchinson EC, Aber GM. Studies

of the inter-relationship between cerebrospinal fluid and plasma amino

acid concentrations in normal individuals. J Neurochem. (1977) 29:291–7.

doi: 10.1111/j.1471-4159.1977.tb09621.x

41. Gattaz WF, Gattaz D, Beckmann H. Glutamate in schizophrenics

and healthy controls. Arch Psychiatr Nervenkr. (1982) 231:221–5.

doi: 10.1007/BF00343292

42. Alfredsson G, Wiesel FA, Lindberg M. Glutamate and glutamine in

cerebrospinal fluid and serum from healthy volunteers–analytical

aspects. J Chromatogr. (1988) 424:378–84. doi: 10.1016/S0378-4347(00)

81116-0

43. Hashimoto K, Engberg G, Shimizu E, Nordin C, Lindström LH, Iyo

M. Elevated glutamine/glutamate ratio in cerebrospinal fluid of first

episode and drug naive schizophrenic patients. BMC Psychiatry (2005) 5:6.

doi: 10.1186/1471-244X-5-6

44. Shulman Y, Grant S, Seres P, Hanstock C, Baker G, Tibbo P. The relation

between peripheral and central glutamate and glutamine in healthy male

volunteers. J Psychiatry Neurosci. (2006) 31:406–10.

45. Bushe C, Haddad P, Peveler R, Pendlebury J. The role of lifestyle interventions

and weight management in schizophrenia. J Psychopharmacol. (2005) 19:28–

35. doi: 10.1177/0269881105058682

46. Blouin M, Tremblay A, Jalbert ME, Venables H, Bouchard RH, Roy

MA, et al. Adiposity and eating behaviors in patients under second

generation antipsychotics. Obesity (2008) 16:1780–7. doi: 10.1038/oby.

2008.277

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Madeira, Alheira, Calcia, Silva, Tannos, Vargas-Lopes, Fisher,

Goldenstein, Brasil, Vinogradov, Ferreira and Panizzutti. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Psychiatry | www.frontiersin.org 8 December 2018 | Volume 9 | Article 713

https://doi.org/10.1007/BF00445551
https://doi.org/10.1016/j.schres.2007.06.012
https://doi.org/10.1038/tp.2012.76
https://doi.org/10.1176/appi.ajp.2009.08050757
https://doi.org/10.1016/j.biopsych.2009.02.017
https://doi.org/10.1176/appi.ajp.2009.09010017
https://doi.org/10.1016/j.euroneuro.2012.11.004
https://doi.org/10.1159/000364828
https://doi.org/10.1016/0378-4347(92)80300-F
https://doi.org/10.1016/j.schres.2012.09.014
https://doi.org/10.4097/kjae.2017.70.4.407
https://doi.org/10.1016/S0006-3223(01)01321-X
https://doi.org/10.1038/srep46288
https://doi.org/10.3389/fpsyt.2017.00066
https://doi.org/10.1111/j.1471-4159.1977.tb09621.x
https://doi.org/10.1007/BF00343292
https://doi.org/10.1016/S0378-4347(00)81116-0
https://doi.org/10.1186/1471-244X-5-6
https://doi.org/10.1177/0269881105058682
https://doi.org/10.1038/oby.2008.277
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Blood Levels of Glutamate and Glutamine in Recent Onset and Chronic Schizophrenia
	Introduction
	Materials and Methods
	Participants
	Determination of Glutamate and Glutamine Levels
	Statistical Analysis

	Results
	Blood Glutamate and Glutamine Levels in Patients With Recent Onset Schizophrenia
	Blood Glutamate and Glutamine Levels in Patients With Chronic Schizophrenia
	Glutamate and Glutamine Levels in the Blood of Patients With Chronic Schizophrenia From Brazil

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


