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Abstract
There are multiple genetic links between schizophrenia and a deficit of proline dehydrogenase
(PRODH) enzyme activity. However, reports testing for an association of schizophrenia with the
resulting proline elevation have been conflicting. The objectives of this study were to investigate
whether hyperprolinemia is associated with schizophrenia, and to measure the relationship
between plasma proline, and clinical features and symptoms of schizophrenia.

We performed a cross-sectional case-control study, comparing fasting plasma proline in 90 control
subjects and 64 schizophrenic patients and testing for association of mild to moderate
hyperprolinemia with schizophrenia. As secondary analyses, the relationship between
hyperprolinemia and five measures of clinical onset, symptoms and outcome were investigated.

Patients had significantly higher plasma proline than matched controls (p<0.0001), and categorical
analysis of gender adjusted hyperprolinemia showed a significant association with schizophrenia
(OR 6.15, p=0.0003). Hyperprolinemic patients were significantly older at their first
hospitalization (p=0.015 following correction for multiple testing). While plasma proline level was
not related to total, positive or negative symptoms, hyperprolinemic status had a significant effect
on length of hospital stay (p=0.005), following adjustment for race, BPRS score, and cross-
sectional time from admission to proline measurement.

Mild to moderate hyperprolinemia is a significant risk factor for schizophrenia, and may represent
an intermediate phenotype in the disease. Hyperprolinemic patients have a significantly later age
of first psychiatric hospitalization, suggestive of later onset, and hospital stays 46% longer than
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non-hyperprolinemic subjects. These findings have implications in the etiology of schizophrenia,
and for the clinical management of these patients.
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1. Introduction
Schizophrenia is a severe psychiatric disorder of unknown cause, with a worldwide
incidence of approximately 1%. There is a large increased risk of schizophrenia and other
psychotic disorders in people with 22q11 deletion syndrome (22q11DS), with up to one
third developing schizophrenia or schizoaffective disorder (Jacquet et al. 2002; Karayiorgou
and Gogos 2004; Karayiorgou et al. 2010; Murphy et al. 1999; Scambler 2000). A common
feature of 22q11DS is a hemizygous deletion of the proline dehydrogenase (PRODH) gene,
which encodes the proline dehydrogenase enzyme, that catalyses the first step in proline
catabolism (Mitsubuchi et al. 2008). Significantly, approximately 37-50% of patients with
the 22q11 deletion (Goodman et al. 2000; Raux et al. 2007) have elevation of plasma proline
that is between 2 -10 fold higher than the upper end of the normal range (Mitsubuchi et al.
2008), and plasma proline levels have been found to inversely correlate with intelligence
quotient in patients with the 22q11DS velo-cardiofacial syndrome (Raux et al. 2007).

In addition to its proteogenic role, proline is a precursor of the neurotransmitter glutamate,
and has several characteristics that suggest it functions as a CNS neuromodulator (Phang et
al. 2001). Studies of elevated proline in humans and model systems illustrate some of the
pathogenic properties of hyperprolinemia: In the hyperprolinemic PRO/RE mouse strain,
elevated peripheral and CNS proline is associated with neurocognitive dysfunction, in the
form of learning and memory deficits (Baxter et al. 1985; Davis et al. 1987). Deficiency of
PRODH activity in the PRO/RE mouse, which results from a heterozygous nonsense Prodh
mutation (the premature termination E453X variant (Gogos et al. 1999)), closely mimics the
loss of PRODH activity and the 2-10 fold elevation of plasma proline observed in human
hyperprolinemia type-I (HPI), which also arises from mutations in the PRODH gene
(Mitsubuchi et al. 2008). Although variable, the neurological phenotype associated with HPI
includes mental retardation and epilepsy (Afenjar et al. 2007; Mitsubuchi et al. 2008).
Plasma proline elevations greater than 10-fold above the normal range are found in patients
with hyperprolinemia type-II (HPII), caused by mutations in the ALDH4A1 gene that
encodes Δ-1-pyrroline-5-carboxylate (P5C) dehydrogenase, which is immediately
downstream of PRODH in proline catabolism. P5C dehydrogenase deficits and the resultant
hyperprolinemia can lead to low IQ, seizures, and in some subjects, mild mental retardation
(Flynn et al. 1989). Following chronic proline administration, rats with plasma proline levels
consistent with human HPII developed behavioral and brain histological changes coupled
with impairments of glutamate synthesis, all suggestive of neurological dysfunction (Shanti
et al. 2004).

Evidence supporting the functional significance of hyperprolinemia in schizophrenia comes
from two sources: Mice homozygous for the Prodh E453X mutation, have elevated plasma
and brain proline, locally decreased CNS glutamate and γ-aminobutyric acid (GABA)
(Gogos et al. 1999; Paterlini et al. 2005), and a deficit in sensorimotor gating shown as
decreased prepulse inhibition of the acoustic startle response, that is a characteristic of
schizophrenia (Braff et al. 1978). Moreover, a familial PRODH deletion and PRODH
missense mutations that have been described in patients with schizophrenia (Bender et al.
2005; Jacquet et al. 2002), and that have been functionally related to both moderately and
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severely decreased PRODH enzyme activity in vitro (Bender et al. 2005), have also been
associated with both HPI and moderate hyperprolinemia in schizophrenic patients (Jacquet
et al. 2002). However, the conclusions of case-control studies evaluating peripheral proline
levels as a risk factor for schizophrenia have been conflicting: Following measurement of
plasma proline, Jacquet et al. did not detect an association between mild to moderate
hyperprolinemia and schizophrenia in a mixed-gender study of Caucasian subjects, although
they did report hyperprolinemia as a significant risk for schizoaffective disorder (Jacquet et
al. 2005). This study concurred with a previous report, finding no significant difference in
serum proline level across groups of control subjects, treated schizophrenics, naive
schizophrenics and drug-free schizophrenic subjects (Rao et al. 1990). Conversely, a more
recent study also measuring serum levels found a significant elevation of proline in
schizophrenic patients when compared to controls, but only in female subjects (Tomiya et al.
2007). Despite these mixed findings, data continues to support a functional role for PRODH
variants and hyperprolinemia in the etiology of schizophrenia (Kempf et al. 2008), although
studies relating plasma proline level to the clinical symptoms of schizophrenia are lacking.
The objective of this study was to test the hypothesis that elevated peripheral proline is
associated with schizophrenia after adjusting for gender differences, and to explore the
clinical effects of elevated proline levels in schizophrenic patients.

2. Methods
2.1 Subjects and Recruitment

Male and female, African American, Caucasian and Hispanic patients, aged 18-65, were
recruited from inpatient wards at Bellevue Hospital Center (BHC). A significant effect of
valproic acid (VPA) on plasma proline level was previously reported (Jacquet et al. 2005),
and therefore schizophrenic subjects treated with VPA at the time of enrollment were
excluded. Patient screening and recruitment was not dependent on their length of stay in the
hospital at the time of recruitment, and thus cross-sectional data were generated. Patients
received a standardized hospital diet based upon ADA Guidelines of 20% protein, 25% fat
and 55% carbohydrates. Psychiatric symptoms were measured using the Brief Psychiatric
Rating Scale (BPRS), the Schedule for Assessment of Positive Symptoms (SAPS), the
Schedule for Assessment of Negative Symptoms (SANS), and schizophrenia diagnoses were
confirmed using the Structured Clinical Interview for DSM IV Disorders (SCID).

Controls were recruited from the BHC community, with recruitment targeted to reflect the
patients on age, race/ethnicity, and gender. A SCID-NP interview was conducted for all
controls, who were excluded if they reported symptoms from modules A-D. All subjects
completed general questionnaires, self-reporting race, and documenting diagnostic and
medical history information for common diseases and prescription medication use. Capacity
to give informed consent was determined in accordance with the New York University
(NYU) IRB regulations. After description of the study to the subjects, written informed
consent was obtained from all subjects in accordance with all institutional IRB guidelines
and regulations.

2.2 Determination of Plasma Proline Levels
For all subjects, a fasting morning blood draw was performed and heparinized blood
samples sent to ARUP Laboratories (500 Chipeta Way, SLC, UT84108) for quantitative
plasma amino acid analysis (reference number 0080710). Proline was measured in μmoles/
liter (μM).
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2.3 Statistical Analysis
Group differences were tested using the Satterthwaite t-test or ANOVA with a correction for
multiple testing (assuming normality of continuous variables), and using the χ2 or Fisher
exact test where the expected cell size was <5 (categorical variables).

Tests of normality (n=154, p<0.001) and inspection of the proline distribution suggested
non-symmetry with a positive skew and heavier than normal tails. Therefore, proline levels
were compared across groups using the Mann-Whitney and Kruskal-Wallis non-parametric
tests, and the Spearman’s rank correlation coefficient to assess relationships with continuous
variables. To adjust for previously reported gender differences (Jacquet et al. 2005), Jacquet
et al.’s criteria were employed to define hyperprolinemic status as a proline level two
standard deviations (SDs) or more above the gender-specific mean of controls (Jacquet et al.
2005).

We sought to determine the effect of plasma proline on five clinical measures collected,
using a generalized linear modeling (GLM) approach, employing a maximum-likelihood
estimation to summarize the relationship between hyperprolinemia and the clinical outcomes
of total BPRS, SAPS, and SANS scores, age at first hospitalization, and length of hospital
stay (LOHS). To model LOHS, subjects were excluded from analysis if they were
transferred to another treatment facility (n=19), as discharge due to improvement could not
be considered. Distributional assumptions were tested for each dependent variable using the
Anderson-Darling test (Supplementary Data S1). For models that passed criteria (a
relationship with hyperprolinemia when alpha <0.1), medication (CPZ equivalent daily
dose), severity of illness (total BPRS, SAPS, and SANS scores), history of alcohol abuse/
dependence, smoking status, prior housing status before admission, plus the demographic
variables age, race, gender, current occupational status (currently working or attending
school compared to those currently unemployed), and highest education level reached
(excluding subjects still in education) were assessed as possible covariates. Due to the cross-
sectional nature of the data collection, the variable of time from admission to proline
measurement was also evaluated as a covariate in the LOHS model. To assess utility in
adjusting the dependent variable, each covariate was entered into a bivariate analysis, and
terms found to have p values of <0.10 carried forward to a multivariate model, where we
examined the effect of plasma proline on LOHS while controlling for significant potential
confounding variables (p<0.05). Final model selection and fit were determined using
Akaike’s information criterion and the Likelihood Ratio test ([−2ln(likelihood for null
model/likelihood for alternative model)]), which tested for the significant influence of
covariates plus the main explanatory variable in sequential models. Outliers in the data were
characterized by Cook’s distance values (Di>4/n), and assessment of the absolute value of
DFBETAs for the intercept and each independent variable. Coefficients were retransformed
back to the original units. Assumptions of independence and homoscedasticity of errors
were met for all models and there were no signs of multicollinearity between predictor
variables. Bonferroni corrections of final models were employed to adjust for multiple
clinical measures hypothesis testing of our secondary outcomes (n=5). Statistical analysis
was performed in SAS v9.1, Stata IC v10.1, and R v2.10.1.

3 Results
3.1 Sample Characteristics

64 schizophrenic patients and 90 healthy controls met the study criteria and were included in
the analysis. Subject’s demographic characteristics are shown in Table 1. Subjects were
matched on gender, ethnicity, and age. There were no significant differences between study
groups on the presence of common diseases, prescription of common medications, or on
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alcohol or substance abuse and/or dependence. However there was a significant difference in
smoking status, as more patients reported that they were current or previous smokers
(p<0.0001). Schizophrenic patients were relatively short-stay inpatients (mean length of
hospital stay 42±27 days), recruited following psychiatric hospitalization to the BHC
primary care facility. Clinical characteristics and medication profiles of the patients are
shown in Tables 2 and 3.

3.2 Association between Plasma Proline Level and Schizophrenia
Schizophrenic patients had significantly higher fasting plasma proline levels than controls
(Figure 1A, p<0.0001). Previously, studies have reported the effects of gender (Bremer et al.
1981; Jacquet et al. 2005) and alcohol use (Walter et al. 2008) on proline level, and so we
examined the effect of these two confounds on our finding of elevated proline in
schizophrenia. Proline was higher in males than in females; significantly higher in controls
(204.41±61.59 versus 145.46±28.9, Mann-Whitney z=5.58, p<0.0001) with a trend toward
significance in the SZ group (229.26±59.17 versus 203.24±64.76, z=1.87, p=0.06).
Importantly, the finding of significantly higher proline in schizophrenic patients compared
to controls remained following a gender-stratified analysis (males: z=−2.35, p=0.019,
females: z=−4.48, p<0.0001). A relationship with alcohol use was only observed in controls;
ten controls reporting alcohol abuse or dependence had significantly higher proline than
eighty controls with no abuse or dependence (203.5±38.8 versus 170.63±56.9, Mann-
Whitney z=2.55, p=0.0106). In the patient group, no significant differences were observed
between alcohol use groups (z=1.507, p=0.132). These data are consistent with a recent
study suggesting effects only of current alcohol on proline level (Walter et al. 2008) and are
perhaps indicative of inpatient’s lack of access to alcohol.

We also performed an investigation of other potential confounds: Proline levels did not
differ across ethnic groups (n=154, Kruskal-Wallis χ2=1.955, 2df, p=0.45), or between
subjects who had previously or currently smoked and those that had never smoked (n=154,
Mann-Whitney z=−1.071, p=0.28). Moreover, a significant difference in proline level
between schizophrenics and controls remained after stratifying analysis by smoking status
(non-smokers p=0.005, current/previous smokers p=0.016). In the patient group, there was
also no relationship between proline level and education (rho=−0.1056, p=0.51, n=41). As
previously reported (Jacquet et al. 2005), there was no relationship between proline and age
in the study sample (n=154, Spearman’s rho=0.04, p=0.66).

3.3 Association of Hyperprolinemic Status with Schizophrenia
Subjects with hyperprolinemia were identified following a gender-specific adjustment for
proline differences (Jacquet et al. 2005). The distribution of hyperprolinemic subjects was
significantly different between controls and schizophrenic subjects (n=5/90 and 17/64
respectively, 1df, OR=6.15, p=0.0003, 95% CI 1.99-22.4). Thus, subjects with
hyperprolinemia have six times greater odds of schizophrenia. This result is unlikely
confounded by racial/ethnic, smoking status, or age group differences. In addition, this result
remained significant following analysis where the 20 subjects who reported alcohol abuse or
dependence were excluded (1df, OR= 6.31, p=0.0005, 95% CI 1.99-23.41). Of interest,
there was a trend towards significance for subjects who were hyperprolinemic to be sampled
in the early part of their hospitalization, compared to those who were not hyperprolinemic,
who were sampled later in their hospitalization (proportion of stay=time from admission to
proline measurement/total hospital stay: 0.38±0.26, n=17 versus 0.49±0.25, n=47 Mann-
Whitney z=−1.7, p=0.089).
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3.4 Testing the effects of potential medication confounds
As described, schizophrenic subjects were excluded from analysis if they were currently
receiving the mood stabilizer VPA, due to the known influence of VPA on plasma proline
(Jacquet et al. 2005). Four subjects had received VPA during their current hospitalization;
although the VPA treatment had ended 5-14 days prior to enrollment into the study (see
Table 3). The significant association of hyperprolinemia with schizophrenia remained after
removing all four patients (1 hyperprolinemic, 3 non- hyperprolinemic patients) from
analysis (n=150, 1df, OR=6.18, p=0.005). In the patient group (n=64) there was no
significant difference in the proportion of hyperprolinemic patients receiving other mood
stabilizer medications compared to those receiving no mood-stabilizers (p=1.0). With
regards to neuroleptic use, only one patient did not receive neuroleptic medication prior to
blood draw. However, as for mood-stabilizers, there was no significant difference in the
proportion of hyperprolinemic subjects receiving only atypical neuroleptics compared to
those receiving typicals only (n=13/44 versus n=2/10, p=0.71), and there were no proline
differences in the atypical-only versus typical-only groups (z=−0.56, p=0.58, n=54). There
was also no relationship between proline and two independent summary measures of
neuroleptic dose; daily CPZ equivalents (rho=−0.06, p=0.62, n=63), or normalized daily
neuroleptic dose (see Table 3 and Supplementary Data S2, rho=−0.06, p=0.62, n=63),
although the measures themselves were highly correlated. In the patient group, there was no
significant difference in the proportion of hyperprolinemic subjects versus non-
hyperprolinemic subjects receiving the anticholinergic benztropine (n=2/17 versus n=12/47,
p=0.32), and there was no relationship with proline level and benztropine dose (rho=−0.18,
p=0.54, n=14). None of the control subjects reported benztropine use. Similarly, use of
antidepressants (n=2/17 versus n=6/47, p=0.99), or benzodiazepines (n=3/17 versus n=8/47,
p=0.99) did not differ significantly in the hyperprolinemic versus non-hyperprolinemic
patient groups. In patients there was also no relationship between proline level and
education (rho=−0.1056, p=0.51, n=41). These data suggest that the association between
hyperprolinemia and schizophrenia does not arise from mood stabilizer and/or neuroleptic
use, and is consistent with published studies (Jacquet et al. 2005).

3.5 Patient characteristics associated with Hyperprolinemia
Initial analysis of the data illustrated a significant relationship between hyperprolinemia and
age at first hospitalization (AFH) (Figure 1B, p=0.001). Only the variable of age passed
covariate evaluation for an effect on AFH (p=0.055), but was subsequently removed from
the final log-normal AFH model based upon the LRT (p>0.05). Following adjustment for
gender, due to the known effects of gender on age at first onset and hospitalization
(Rabinowitz, Levine, and Hafner 2006), and a correction for multiple testing, the significant
relationship remained (p=0.015). Retransformation of the hyperprolinemia coefficient
predicted that hyperprolinemic patients (mean age at first hospitalization = 29.9+10.2 years)
were, on average, 7 years older than non-hyperprolinemic subjects (mean age =22.7±5.4)
when they were first hospitalized.

We also observed a significant bivariate relationship between hyperprolinemia and LOHS
(Figure 1C, p=0.017). For analysis of the LOHS outcome variable, we excluded subjects
who were transferred or discharged to another care facility such as a state psychiatric
hospital (n=19), as we reasoned that these subjects may not have achieved a degree of
improvement to allow for interpretation of LOHS as clinically relevant. To further model
LOHS, a gamma distribution was determined a good-fit to characterize the outcome, with a
log link function to specify the relationship with the explanatory variables: Variables that
passed criteria from the bivariate screen are detailed in Supplementary Data S3.
Hyperprolinemic status was found to have a significant effect on the outcome of LOHS,
when adjusted for the time to blood draw, BPRS score, and race (Table 4), and further
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adjustment for multiple testing (p=0.005). Retransformation of the coefficients predicted
that patients with hyperprolinemia stayed in the hospital on average an additional 13 days
longer than non-hyperprolinemic patients, keeping the variables of time, BPRS, and race
constant. Because of the small sample size, model interactions with the main effects were
not statistically evaluated (see Supplementary Data S4 for further discussion of model
interactions).

There was no significant difference in the proportion of subjects with hyperprolinemia
across schizophrenia subtypes (disorganized n=3/9, catatonic 0/0, paranoid 5/22, residual
2/3, undifferentiated 7/30, p=0.38), and proline levels did not differ across subtype (Kruskal-
Wallis χ2=0.75, 3df, p=0.86). In the patient group, there was no significant bivariate
relationship between hyperprolinemia and measures of symptom severity: BPRS total (1df,
p=0.48, n=64), SAPS total (1df, p=0.40, n=64), or SANS total score (1df, p=0.40, n=64).

4. Conclusions
Schizophrenic patients had significantly elevated fasting plasma proline levels, compared to
matched control subjects. The confounding effects of alcohol and gender on plasma proline
( 1981; Jacquet et al. 2005; Walter et al. 2008), were evaluated: alcohol abuse and
dependence analysis confirmed that alcohol use did not drive our finding of elevated proline
in patients, and gender-stratified analysis demonstrated a significant plasma proline
elevation in schizophrenia, in both males and females. This is consistent with a report by
Tomiya et al., who measured serum proline elevation in both male and female schizophrenic
patients when compared to controls (Tomiya et al. 2007), although the small sample size
they employed likely contributed to the insignificant finding in males.

We also performed a categorical analysis of proline. Using criteria to define gender-adjusted
mild to moderate hyperprolinemia (Jacquet et al. 2005), we demonstrated a highly
significant association with schizophrenia, with 26.6% of the patients defined as
hyperprolinemic compared to 5.6% of controls. Potential medication-based confounds on
this association were investigated. VPA-treated patients were excluded from the study and
non-VPA mood stabilizer use did not have a significant effect on proline level. While the
effect of neuroleptics on proline was difficult to truly assess because all but one
schizophrenic patient was receiving neuroleptics, there was no evidence to suggest the
proportion of hyperprolinemic subjects differed in the atypical versus typical neuroleptic use
groups. There was also no relationship between proline level and two independent measures
of neuroleptic dose. In summary, elevated proline and mild hyperprolinemia were
significantly associated with schizophrenia in this inpatient sample, and this finding is
unlikely confounded by gender, alcohol use, or patient medication.

Interestingly, an association of hyperprolinemia with schizoaffective disorder but not with
schizophrenia was previously reported (Jacquet et al. 2005). Jacquet et al’s., predominately
paranoid schizophrenic sample had subtypes different to those reported here (p<0.001),
although we did not detect differences in proline level across subtypes. Additionally, Jacquet
et al. sampled a Caucasian population, whereas African American, Caucasian and Hispanic
subjects were recruited for this study. Although we found no significant differences between
ethnic/racial groups on proline level, we cannot rule out the possibility that the different
subject groups, coupled with recruitment from different treatment settings (Jacquet et al.
2005), may account for the discrepant findings. One potential limitation of our study design
was that data on the socioeconomic status of all study subjects was not collected and
analyzed. However, in the patient group there was no relationship between proline level and
the highest level of education reached. Moreover, proline levels were measured following an
overnight fast, and therefore potential influences of socioeconomic status on, for example,
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diet, may be reduced, lessening the impact on our primary finding of an association between
schizophrenia and hyperprolinemia.

Considering sources of the proline elevation, PRODH gene variants are a potential
candidate, as variants have been identified in schizophrenia. For example PRODH variants
were found in 36% of a schizophrenic patient sample (Jacquet et al. 2002), of which over
40% would be predicted to have low enzyme activity and elevated proline (Bender et al.
2005). There is also a strong association between schizophrenia and 22q11DS and/or
microdeletions of 22q11 encompassing the PRODH locus (Karayiorgou et al. 2010), and it
has been suggested that 22q11DS may be under-diagnosed (McDonald-McGinn et al. 2005).
However, whilst our study subjects were not genotyped for PRODH variants, based upon the
frequency of subjects with hyperprolinemia (26.6%), abnormal proline homeostasis may
also be implicated, rather than higher than expected prevalence of 22q11DS or functional
PRODH nucleotide variants (Guilmatre et al. 2010).

This is one of the first studies to explore the association between hyperprolinemia and
clinical characteristics in a schizophrenic patient sample. While hyperprolinemia was not
associated with total, positive, or negative symptoms, we demonstrated that schizophrenic
patients with hyperprolinemia are significantly older at their first psychiatric hospitalization
(29.9 years) when compared to non-hyperprolinemic patients (22.7 years), after adjusting for
gender. Although not an exact measure of onset, previous studies have shown a strong
relationship between age at first hospitalization and age of onset in both genders
((Rabinowitz et al. 2006) and references therein), and thus our finding suggests a later age of
onset in subjects with elevated proline. Interestingly, the largest study of VCFS patients
reported a significantly later onset of schizophrenia in the 22q11DS patients (mean age 26
years) compared to a control group of unrelated schizophrenic patients (mean age 19 years)
(Murphy et al. 1999). That study along, with our finding, may thus point to etiological
differences between patients with and without hyperprolinemia: Clinically elevated
peripheral proline is reflected by elevation in the CNS (Baxter et al. 1985; Dingman and
Sporn 1959; Efron 1965; Gogos et al. 1999; Jacquet et al. 2003; Shanti et al. 2004), and we
hypothesize that the elevated plasma proline in schizophrenia also reflects elevated CNS
levels in these subjects. Speculatively, it may be that chronically elevated CNS proline
increases risk for development of schizophrenia, but that long-term exposure is necessary for
this effect to manifest.

We also found that the presence of mild to moderate hyperprolinemia in schizophrenic
patients predicts a significantly longer hospital stay. LOHS is a useful measure of time to
clinical benefit and discharge (Centorrino et al. 2004; Wassef et al. 2005), and our finding of
hospitalizations that were on average two weeks longer for hyperprolinemic subjects, which
represents nearly 50% longer hospitalization periods, highlights a subset of patients with
substantial increases in life disruption and inconvenience, and has important clinical and
economic ramifications. Although a caveat to this data interpretation arises due to the cross-
sectional nature of the study measures, our significant finding remained after adjustment for
the time from admission to proline measurement. Intriguingly our data also showed a trend
towards significance for hyperprolinemic subjects to be sampled earlier in their hospital
stay, when compared to non-hyperprolinemic subjects. A longitudinal study investigating
proline level over the course of an individual patient’s hospitalization, that also explores the
relationship with clinical improvement (as measured by the change in a clinical severity
scale, such as the BPRS) between admission and discharge, would be an optimal and
warranted approach to further explore our findings.

Proline has several properties that are similar to classical excitatory amino acid
neurotransmitters, such as its release at the synapse after K+-induced depolarization, its
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synthesis within synaptosomes and its uptake into synaptosomes by a high-affinity Na-
dependent transport system (Nadler 1987; Nadler et al. 1992; Nickolson 1982; Yoneda and
Roberts 1982). In addition, the PROT high affinity proline transporter is differentially
expressed in a subpopulation of excitatory nerve terminals and proline can modulate
glutamatergic neurotransmission, further supporting a CNS neurotransmission-related role
for proline (Cohen and Nadler 1997a; Cohen and Nadler 1997b; Fremeau et al. 1992; Phang
et al. 2001; Renick et al. 1999; Shafqat et al. 1995; Velaz-Faircloth et al. 1995). Based upon
our significant findings of elevated proline in patients with schizophrenia, of later age at first
hospitalization in hyperprolinemic subjects, and if confirmed, the finding that
hyperprolinemia is associated with delayed patient hospital discharge following
improvement, we propose that elevated proline is a risk factor for schizophrenia and may
represent an intermediate phenotype of a distinct etiological subtype of the disorder,
providing insight into the etiology of schizophrenia and potentially a target for new
therapeutic strategies. Further study of hyperprolinemia in schizophrenia, and also
schizoaffective disorder (Jacquet et al. 2005), is warranted to elucidate whether proline
elevation and a theorized dysregulation of CNS neurotransmission propagates the disease or
symptom onset, or is simply a marker of psychiatric illness.
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Figure 1. Hyperprolinemia in Schizophrenia, and the Effect on Age at First Hospitalization
(AFH) and Length of Hospital Stay (LOHS)
1a Fasting Plasma Proline in SZ and Control Groups. The boxplot illustrates the significant
difference between control (174.28±55.97) and SZ patient (215.84± 63.00) groups, Mann-
Whitney z=−4.58, p<0.0001. 1b. Bivariate Relationship Between AFH and
Hyperprolinemia. Hyperprolinemic SZ patients have a significantly later age of first
hospitalization (29.9±10.2 years) compared to non-hyperprolinemic patients (22.2±5.4
years), log-normal model: z=3.37, 1df, p=0.001. Age at first hospitalization could not be
determined for 17 subjects. 1c) Bivariate Relationship Between LOHS and
Hyperprolinemia. The duration of their hospital stay is longer for hyperprolinemic SZ
patients (47.0±19.7 days), compared to non-hyperprolinemic patients (30.1±21.9 days),
gamma-log model: z=2.38, 1df, p=0.017. 19 subjects were excluded from analysis because
they were transferred or discharged to another treatment facility.
A gamma-log model showed no effect of AFH on LOHS for all 35 subjects for whom AFH
could be determined and who were not transferred to a second care facility (z=1.35, 1df,
p=0.178), or for the subset of 9 hyperprolinemic subjects (z=1.04, 1df, p=0.298).
Key: SZ: Schizophrenia, NH: Non-hyperprolinemic, H: Hyperprolinemic, AFH: Age at first
hospitalization, LOHS: length of hospital stay, IQR: interquartile range. Red jittered points
represent individual subject data. The horizontal line within each box represents the group
mean (mean ± SD reported). The box indicates the IQR. The whiskers extend to the most
extreme data point which is <1.5 times the IQR.
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Table 1

Demographic Characteristics of Schizophrenic Patients (SZ) and Healthy Control Subjects, n=154

Characteristic
n

SZ
n=64

Control
n=90 Proba

Females, % (n) 51.6 (33) 51.1 (46) .9560

Ethnicity, % (n) .9775

 African American 32.8 (21) 34.4 (31)

 Caucasian 34.4 (22) 33.3 (30)

 Hispanic 32.8 (21) 32.2 (29)

Age (years), mean ± SD 38.5 ± 11.3 37.9 ± 12.0 .7187

Body Mass Index, mean ± SD 27.2 ± 5.4 26.4 ± 5.0 .3663

Smoking Status, % (n) <.0001*

 Current or Previous 60.93 (39) 24.4 (22)

 Never Smoked 34.38 (22) 74.5 (67)

 Not reported 4.69 (3) 1.1 (1)

History of Alcoholism, % (n) .7087

 Abuse 9.4 (6) 6.7 (6)

 Dependence 6.3 (4) 4.4 (4)

 Neither 84.4 (54) 88.9 (80)

History of Substance Abuse, % (n) .1279

 Abuse 7.8 (5) 3.3 (3)

 Dependence 14.1 (9) 6.7 (6)

 Neither 78.1 (50) 90.0 (81)

History of Seizures, % (n) 1.6 (1) 0 (0) .4106

Asthma, % (n) 7.9 (5) 9.0 (8) .7368

IDD, % (n)b 4.8 (3) 0 (0) .0692

NIDD, % (n)c 7.9 (5) 4.4 (4) .4855

Common Medication, % (n)

 Antibiotics 3.1 (2) 0 (0) .1711

 Antilipidemics 6.3 (4) 4.4 (4) .7192

 Antihypertensives 9.4 (6) 3.3 (3) .1644

 Antivirals 1.6 (1) 1.1 (1) .9999

 Steroids 6.3 (4) 1.1 (1) .1609

a
p-values calculated by Satterthwaite t-test, Fisher exact test, or Chi-Square

*
=significant values when comparing SZ patients to controls.

b
IDD = Insulin Dependent Diabetes

c
NIDD = Non-Insulin Dependent Diabetes
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Table 2

Clinical Characteristics of Schizophrenic Subjects (n=64)

Characteristic Mean SD Min Max

Age at First Hospitalizationa 24.6 7.5 14 44

Length of Hospital Stay (days) 42.2 27.4 8 135

BPRSb Total Symptoms 32.6 8.2 18 56

SAPSc Total Symptoms 15.1 10.2 1 51

SANSd Total Symptoms 15.3 10.9 0 56

SZ Subtype, % (n) % (n)

Disorganized 14.1 (9)

Catatonic 0 (0)

Paranoid 34.4 (22)

Residual 4.7 (3)

Undifferentiated 46.9 (30)

a
n = 47 for whom this characteristic could be obtained

b
Brief Psychiatric Rating Scale

c
Schedule for Assessment of Positive Symptoms

d
Schedule for Assessment of Negative Symptoms
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