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Individuals at clinical high-risk (CHR) of developing psychosis, as well as patients with recent psychosis onset (RO), experience
significant negative symptoms that detrimentally impact daily-life functioning and are associated with poor outcomes, even in
those who do not convert to psychosis. Targeting negative symptoms may thus hold promise for the treatment of CHR and RO
patients. Building from previous findings we examined whether the catechol-O-methyltransferase (COMT) Val'>®Met functional
polymorphism and fasting peripheral proline concentration predicts the severity of negative symptoms experienced by adolescents
and young adults at CHR or those with RO. As hypothesized, the interaction between fasting plasma proline and COMT predicted
negative symptoms, as measured via the Scale for the Assessment of Negative Symptoms (SANS) total (n = 50, 8 = 0.066, adjusted
p =0.007) and global severity scores (n = 50, coefficient = 0.026, adjusted p = 0.003): Higher proline was beneficial for Val/Val
subjects, but detrimental to those with the Met allele. In a secondary analysis, the COMT x proline interaction also predicted
symptoms measured via the Clinical Assessment Interview for Negative Symptoms (CAINS) total scores (n = 50, B-coefficient

= 0.035, adjusted p = 0.044), although this result did not reach the Benjamini-Hochberg’s threshold for significance. Further, there
was a trend towards significance for an association with social and interpersonal function (Global Functioning-Social,

coefficient = —0.005, adjusted p = 0.055). Negative symptoms are intractable and largely unaddressed by current medications. This
study further supports a relationship between peripheral proline and COMT influencing negative symptoms such as anhedonia, in
young CHR individuals and those with RO. That higher proline has converse effects on symptoms by COMT may have implications

for the development of therapeutics to intervene early and specifically target the interaction pathway.

Translational Psychiatry (2024)14:409; https://doi.org/10.1038/s41398-024-03099-0

INTRODUCTION

Individuals at clinical high-risk (CHR) for developing psychosis, as
well as patients with recent psychosis onset (RO), exhibit significant
negative symptoms such as anhedonia, avolition, blunted affect, and
social withdrawal, which are associated with poor functional
outcomes and severely impact quality of life [1, 2]. Negative
symptoms are also associated with psychosis onset [3], however,
even those CHR individuals who do not develop threshold psychosis
often continue to exhibit negative symptoms that lead to substantial
impairments in social and occupational functioning [2].

Early treatment of psychosis is associated with more favorable
clinical outcomes [4, 5], and it has been suggested that
intervention during the prodrome may delay the onset of full-
blown psychotic symptoms [5]. That negative symptoms are
associated with both the onset of psychosis and poor outcomes,
even in those who do not convert, suggests that specifically
targeting negative symptoms may hold promise for the treatment
of both CHR and RO patients.

In previous work we demonstrated that fasting peripheral
levels of the amino acid and likely CNS neuromodulator

proline [6], coupled with differential activity of the catechol-O-
methgltransferase (COMT) enzyme (as assessed via the COMT
Val'>®Met functional polymorphism), which plays a primary role
in the metabolism of catecholamine neurotransmitters (including
dopamine) in the prefrontal cortex, interact to predict negative
symptom outcomes in patients with schizophrenia and bipolar
disorder. The COMT Val'>®Met polymorphism, has been exten-
sively studied with regards to dopamine neurotransmission,
because Val/Val homozygotes have pre-frontal COMT enzyme
activity approximately 40% higher than Met/Met homozygotes
and are considered to have concomitant lower cortical dopamine
[7, 8], with Val/Met heterozygotes likely having intermediate
levels. In our prior study, we observed that for patients with one
or two copies of the low-activity enzyme (COMT Met allele), who
are likely to have high frontal cortical dopamine, high levels of
plasma proline were associated with significantly greater
negative symptom severity or less symptom improvement over
time. Conversely, for those with high COMT activity (Val/Val),
high plasma proline levels were associated with less severe
negative symptoms, or greater symptom improvement [6].
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Given the high prevalence of negative symptoms in CHR and
RO patients, we hypothesized that proline and dopamine
metabolism also predict negative symptom outcomes in these
subjects. Demonstrating that high proline has converse effects on
symptoms by COMT genotype and thus activity, both prior to
onset and in the early phase of psychosis, would advocate for the
therapeutic potential of modulating proline levels to specifically
target negative symptoms in CHR and RO patients.

METHODS

Subjects

CHR and RO patients were recruited from New York State Office of
Mental Health Facilities; The Center of Prevention and Evaluation at
New York State Psychiatric Institute, and Rockland Psychiatric Center
and its associated clinics (Orangeburg Service Center and Middletown

Mental Health Clinic). The study protocol was reviewed and approved
by the Western Institutional Review Board-Copernicus Group. All adult
participants and parent(s) of minors provided written informed
consent, and minors provided written informed assent. Eligibility for
CHR was as previously described [9], and RO patients were within two-
years of their first psychotic episode (see Supplementary Materials for
additional details). Psychiatric diagnoses of CHR and RO patients were
confirmed using the Structured Interview for Psychosis-Risk Syndromes
and the Structured Clinical Interview for DSM-5 Disorders (Supplemen-
tary Table 1). In this cross-sectional study, negative symptoms were
assessed via the Scale for the Assessment of Negative Symptoms (SANS,
primary outcome), and the Clinical Assessment Interview for Negative
Symptoms (CAINS, secondary outcome). Beck’s Depression Inventory
(BDI), and the Global Functioning (GF) Social and Role Scales, were
employed for assessing depression and function respectively. A fasting
blood draw was obtained for measurement of plasma proline and COMT
genotyping, as described [6].

Table 1. Demographic and clinical characteristics.

Sample by Genotype n =52

Characteristic Met/Met n=35 Val/Met n =25
Gender, n (Female: Male) 2:3 5: 20
Race, n

African American 2 5
Caucasian 2 12

Asian 0 1

Mixed 1 7
Ethnicity, n (Hispanic or Latino, Y: N) 1:4 9: 16

Age (years, yr), mean + SD 252+44 214+36
Smoking Status, n

Current or Previous 15 24

Never Smoked 6 8
Education?, n

Some high school 0

Completed high school 1 5

Some college 1 12
Completed college degree (2 or 3 2

4yr)

Fasting Plasma Proline®, mean + SD 2219+954 232.6 +66.0
Symptoms

SANS' Total, mean + SD 27.6+19.8 28.8+15.8
Global, mean + SD 88+6.7 9.6 5.0
CAINS® Total, mean + SD 174+£10.5 204 +10.5
BDI" mean + SD 72+52 146+ 11.7
GF': Role, mean +SD 58+2.1 57+18
GF" Social, mean + SD 6.0+1.9 59+ 14
Medication’

Neuroleptic, n (Y: N) 2:3 15: 10
Mood stabilizer, n (Y: N) 0:5 5:10
Antidepressant, n (Y: N) 1: 4 8:17
Anticholinergic, n (Y: N) 0:5 3:22

Sample by Subject Group n =52

Val/Val n =22 Prob? CHR® n =36 RO n=16 Prob®
10: 12 0.17 12: 24 5: 11 1.00
0.82 0.25
6 6 7
7 16 5
3 3 1
6 11 3
11: 11 0.38 18: 18 3:13 0.064
245+534 0.049* 22.1+39 25.2+58 0.070
0.39 0.37
22 14 9
15 22 7
0.005* 0.67
0 2 2
1 4 3
10 17 5
11 11 5
265.6 = 90.5 0.20 2441 £ 65.6 248.7 £ 109.1 0.51
299+13.2 0.94 30.7+154 255+134 0.25
9.8+4.0 0.91 10.2+4.7 82+43 0.15
21.5+10.2 0.73 20.1+10.8 21.5+9.2 0.66
146+11.2 0.38 15.8+10.2 9.6+ 12.0 0.022*
6.1+1.8 0.75 58%x15 59+46 0.85
58%+1.6 0.96 57x1.1 6.4+22 0.12
10: 12 0.56 12: 24 15:1 <0.001*
2: 20 0.49 5:31 2: 14 1.0
7:5 1.00 11: 25 5: 11 1.0
3:19 1.00 1: 35 5: 11 0.008*

@ *=significant p-value when comparing characteristic across three COMT genotypes or subject group (CHR or RO), calculated by one-way ANOVA, T-test,
Kruskal-Wallis, or Mann-Whitney tests, and x2 or Fisher exact tests as appropriate.

® Clinical High Risk for psychosis.

© Recent Onset of psychosis.

9 Two subjects did not report their education level, n = 50.

€ umol/L. Reference range: 104-383 pmol/L.

f Scale for the Assessment of Negative Symptoms.

9 Clinical Assessment Interview for Negative Symptoms.

h Beck’s Depression Inventory.

" Global Functioning.

J Only medications prescribed to >10% of the sample (n = 5) are reported.
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Statistical analysis

Demographic and clinical characteristics were compared across genotypes
and subject groups (CHR and RO), and genotype distributions tested for
Hardy-Weinberg equilibrium (HWE). Linear regression was employed to
model the main and interaction effects of fasting plasma proline and COMT
genotype on negative symptoms, as assessed via the SANS (total and
global scores). In secondary analysis the dependent variable was the
CAINS. A priori exploratory outcomes were the GF:Role and GF:Social.
Based upon our initial findings, additional exploratory outcomes were
individual items of both the SANS and CAINS. Subject group was employed
as a covariate in all analyses. Huber-White standard errors were utilized
due to the presence of data outliers. To assess potential confounds, Least
Absolute Shrinkage and Selection Operator (Lasso) regression for model
inference was employed, with the double-selection feature for model fit of
a priori defined variables (depression and gender, due to proline gender
differences [6]), along with characteristics that significantly differed by
genotype. Lasso regression was chosen because it is particularly useful in
eliminating irrelevant features by adding penalties for large coefficients
(resulting in more generalized models), and shrinking some coefficients to
zero, thus efficiently performing feature selection in small datasets (https://
www.stata.com/manuals/lassolassoinferenceintro.pdf)  (and  references
therein). As a sensitivity analysis, a post-hoc stepwise selection procedure
(criteria set to p<0.1) was employed, starting with the independent
variables of proline, COMT and the COMT x proline interaction, plus
confounds. For all tests, the level of significance was fixed at p < 0.05, two-
tailed. Benjamini-Hochberg's corrections controlled the False Discovery
Rate (FDR, <5%) for the primary, secondary, and exploratory outcomes.
Analyses were conducted in STATA/BE v18 (Stata, College Station TX).
STROBE reporting guidelines were employed.

RESULTS

A total of 52 participants completed the study. Demographic and
clinical characteristics are shown in Table 1. Subjects were well
matched across genotype groups, although Val/Met participants
were 3-4 years younger at study participation, and groups differed
by their education level. Both CHR (n=36) and RO (n=16)
patients exhibited negative symptoms at levels comparable to our
previous inpatient schizophrenia population [6], and there were
no differences between CHR and RO patients in the SANS total
(sum of SANS items) or severity (sum of SANS global scores), nor
the CAINS total score. However, CHR individuals had higher levels
of depression, and a lower percentage of CHR subjects were
prescribed neuroleptic medication (33% of CHR versus 94% of RO
patients). Thus, subject group (CHR or RO) was employed as a
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covariate in regression models. Regarding biological outcomes,
the sample was in HWE for Val'>®Met (p > 0.05), and two subjects
had elevated plasma proline above standard references ranges
(>383 pM), which were statistical outliers.

We observed a significant interaction between COMT and
fasting plasma proline on SANS total (n=52, interaction
B-coefficient = 0.071, p=0.006, partial n?>=0.069) and global
severity scores (n = 52, interaction B-coefficient = 0.028, p = 0.003,
partial n? = 0.11), Table 2. This interaction is depicted in Fig. 1. The
interactions remained significant following adjustment for subject
group. Potential confounds were assessed; however, the Lasso
procedure did not select for retention in the final models the
variables of depression (BDI score), gender, education, and age
(Table 2). In a post-hoc sensitivity analysis via a stepwise selection
procedure, the interaction remained significant (see Supplemen-
tary Materials Table 2), suggesting a robust finding.

In a secondary analysis, we tested for an interaction between
COMT and proline on a second measure of negative symptoms,
the CAINS total score; however, although supportive of our
primary analysis, the significant effect (Table 2, adjusted interac-
tion B-coefficient = 0.035, p = 0.044) did not remain after correc-
tion for multiple testing. Subsequent to these initial findings, and
seeking to determine the individual symptom items that proline
and COMT may influence, in exploratory analysis we investigated
the five SANS and two CAINS subscales (Supplementary Table 3).
While the interaction significantly predicted after Benjamini-
Hochberg’s correction, the SANS items Anhedonia (covariate
adjusted p=0.002) and Alogia (covariate adjusted p =0.007),
the SANS item Attention (covariate adjusted p =0.026), and the
Motivation and Pleasure (MAP) subscale from the CAINS (covariate
adjusted p=0.04) did not retain significance after correction.
Moreover, the interaction did not predict the SANS items Affective
Flattening/Blunting (p =0.208) or Avolition-Apathy (p =0.187),
nor the CAINS Expression subscale (p = 0.783).

Finally, in an a priori determined exploratory analysis, we tested
whether COMT and fasting plasma proline interact to predict
function (Table 2). The interaction did not predict functioning with
regards to school, work, or within the home (GF-Role, p = 0.614),
but interestingly, we observed a trend towards significance for the
interaction predicting social and interpersonal functioning (GF-
Social, covariate adjusted p = 0.055), which is consistent with the
exploratory findings of an association with the Anhedonia and

Table 2. Prediction of negative symptoms by the COMT x roline interaction in CHR and RO patients (n = 52).
Dependent Variable B s.e. B t p-value
SANS Total
Model 12, Interaction coefficients 0.071 0.025 2.87 0.006*
Final Model®, Interaction coefficients 0.066 0.024 2.70 0.007*
SANS Global
Model 12, Interaction coefficients 0.028 0.009 3.14 0.003*
Final Model®, Interaction coefficients 0.026 0.009 2.93 0.003*
Cains Total
Model 12, Interaction coefficients 0.031 0.017 1.81 0.077
Final Model®, Interaction coefficients 0.035 0.017 2.02 0.044
GF: Social
Model 12, Interaction coefficients —0.006 0.003 —2.02 0.049
Final Model®, Interaction coefficients —0.005 0.003 -1.92 0.055
GF: Role
Model 12, Interaction coefficients —0.002 0.004 —0.51 0.614

? Independent variables: COMT (ordinal Val/Val, Val/Met, Met/Met), proline (continuous), interaction (COMT x proline).
b Independent variables: COMT (ordinal), proline (continuous), interaction (COMT x proline), subject group (binary). Covariates: depression (continuous), gender
(binary), education (continuous), age (continuous). No covariates were retained in the final model. n =50 (two subjects did not report education level).

* Significant after Benjamini Hochberg correction.
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Fig. 1 The Interaction between COMT Genotype and Proline on Negative Symptoms in CHR and RO psychosis. The graphs depict the
interaction between COMT Val'*®Met genotype and proline on SANS Total (A), and Global Scores (B). The data is plotted for those with the Met
allele (left (A, B): Met/Met (n = 5, red) and Val/Met (n = 24, blue)), as well as the Val/Val genotype (right (A, B): n = 21, green). The n = 2 proline
outliers are excluded from the figure. Lines represent the predicted values from the simple regression models, with 95% confidence intervals.
In those with the Met allele, high proline levels are associated with higher scores. Conversely there is a significant negative relationship in
Val/Val patients, with high proline associated with fewer and less severe negative symptoms.
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MAP subscales of the SANS and CAINS, and suggests that high
fasting proline may have opposite effects on a patient’s ability to
be interested in, or experience, social and pleasurable activities,
based upon COMT genotype.

DISCUSSION

In this study, we tested the hypothesis that proline and COMT
significantly interact to predict the severity of negative symptoms
in patients with recent psychosis onset, and those at clinical high-
risk for developing psychosis. Given that both CHR and RO patient
groups experienced substantial negative symptoms, at severities
that did not differ by subject group, we tested our hypothesis
using the non-stratified sample. Replicating our original finding,
CHR and RO Met allele carriers demonstrated opposite associa-
tions between negative symptoms and fasting plasma proline as
compared to those with the Val/Val genotype: Subjects with one
or two copies of the low COMT activity enzyme exhibited
markedly high levels of negative symptoms in the presence of
high proline, while those with the high activity enzyme had less
symptoms and lower global severity scores, when proline levels
were high.

Elevated plasma proline (hyperprolinemia) has been associated
with phenotypes including developmental delay and intellectual
disability, autism spectrum disorder, and psychosis spectrum
disorders [10]. Moreover, our finding of a detrimental effect of
high proline (which would likely reflect high CNS levels [6] and
references therein), in combination with the Met allele in
adolescents and young adults at high-risk and those with recent
psychosis onset, are supported by studies of 22q11DS patients,
who carry a hemizygous deletion on chromosome 22q11 that is
associated with a high-risk for developing psychosis [11]. The
deletion encompasses both the COMT and PRODH genes [11] and,
as such, 22q11DS patients also have significantly reduced COMT
enzyme activity and routinely exhibit elevated peripheral proline
due to loss of the PRODH encoded enzyme proline oxidase (POX),
which metabolizes proline. Studies have confirmed that the
majority of young people with 22q11DS experience one or more
negative symptoms, of moderate to severe intensity [12], even in
the absence of a psychosis diagnosis. Furthermore, 22q11DS
patients, when carrying a single Met versus Val allele, have an
increased risk of psychosis [13], as well as increased neurophy-
siological visual sensory deficits [14], autism spectrum symptoms
[15], and amotivation [16], in the presence of high proline.
Conversely, high proline levels coupled with the Val allele predicts
higher mismatch negativity amplitudes, which themselves are
associated with less severe negative symptoms in 22q11DS
patients [17].

The findings reported here further support the opposing
influences of proline and COMT enzyme activity on negative
symptom severity, perhaps via prefrontal dopamine neurotrans-
mission. In one proposed model, in those with one or two copies
of the Met allele, the enhanced dopamine transmission antici-
pated in the prefrontal cortex as a result of excess proline, such as
observed in the Prodh-null mouse [18], is exacerbated by low
COMT enzyme activity, ultimately resulting in a frontal hyperdo-
paminergic state. It has been speculated that the similar
hyperdopaminergic state observed in 22q11DS patients [19]
may also contribute to psychosis-related symptoms, including
negative symptoms. Conversely, in individuals with the Val/Val
genotype, high prefrontal COMT activity would likely reduce
dopamine, limiting D1 receptor-mediated excitation [20]. Again, as
suggested by studies of the Prodh-null mouse [18], proline
elevation may increase prefrontal dopamine signaling through
interference with glutamatergic pathways, reducing vulnerability
to an otherwise prefrontal hypodopaminergic state. In this model,
and as previously speculated [6, 19], negative symptoms would be
induced in conditions of both hyper- and hypo-dopaminergia,
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reflecting the inverted U-shape curve proposed for cognitive
dysfunction in psychosis [20].

Although a limitation of this study is the small sample size, this
investigation of CHR and RO patients builds positively from our
previous study of schizophrenia and bipolar disorder inpatients [6],
while also seeking to reduce the potential impact of confounding
factors such as extended psychosis illness duration and long-term
antipsychotic use. Moreover, this study of early psychosis and
those at-risk may inform future strategies for early intervention and
treatment. This is particularly important given that there are
currently no effective treatments for negative symptoms. On the
other hand, there are medications that are known to modulate
proline levels [6], which may hold promise in pharmacological
approaches to intervene early and target this symptom domain.

DATA AVAILABILITY
Data will be available from the NIMH Data Archives. https://nda.nih.gov/
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