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Background: β-hydroxybutyrate (β-HB) and pyruvate have been associated with the brain 

energy utilization, which may play a role in the pathophysiology of schizophrenia. In this 

prospective study, we aim to investigate the trends of β-HB and pyruvate levels, metabolic 

changes, and cognitive function in schizophrenia patients receiving antipsychotic treatment.

Objective: We recruited 38 schizophrenia patients who had been treated with antipsychotics for 

12 weeks, as well as 38 healthy age- and gender-matched subjects. Blood samples were taken 

from the patients at baseline and week 12 to determine the serum levels of β-HB, pyruvate, 

and metabolic parameters, while blood samples of the healthy controls were taken at baseline. 

We evaluated the psychopathology using the Positive and Negative Syndrome Scale and cogni-

tive function using the Brief Assessment of Cognition in Schizophrenia.

Results: During the 12-week follow-up period, the β-HB levels in patients with schizophrenia 

showed a decreasing trend, particularly in those undergoing treatment with aripiprazole or 

ziprasidone. The serum levels of β-HB in patients at baseline and week 12 were both higher 

than the levels in the healthy controls. Among the schizophrenia patients, changes in β-HB were 

positively correlated with changes in executive function. On the other hand, serum pyruvate levels 

remained steady during the 12-week follow-up period, and we found no significant correlation 

between pyruvate changes and changes in cognitive function or clinical symptoms.

Conclusion: Our findings indicate that β-HB may possess a potential indicator of energy utiliza-

tion and have a protective role in executive function in patients with schizophrenia. Additional 

longitudinal studies with a larger sample size and longer follow-up periods are necessary to 

identify the relationship of metabolite regulation and cognitive function during schizophrenia 

patients’ exposure to antipsychotics.

Keywords: ketone body, energy, metabolism, executive function, cognition, antipsychotic, 

schizophrenia

Introduction
Neurocognitive deficits are a core manifestation in schizophrenia.1 Cognitive domain impair-

ment affects patients’ daily activities and can serve as a significant predictor of functional 

and treatment outcomes.2,3 Studies have suggested that comorbid metabolic disturbances 

may be contributing factors of cognition deficits,4 and impairments in cognitive function 

may have a reciprocal interaction with metabolic disturbances in schizophrenia patients.5 

Nevertheless, the psychopathology underlying the communication between metabolism 

perturbation and cognitive dysfunction is complex and remains inconclusive.6
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In normal conditions with sufficient oxygen, glucose is 

the primary energy substrate of the brain. Pyruvate is metabo-

lized from glucose and then enters the tricarboxylic acid 

(TCA) cycle to create adenosine triphosphate (ATP) through 

the glycolysis process.7 In certain situations, such as when 

fasting or feeling stressed, ketone bodies become the brain’s 

alternative energy substrate.8 Ketone bodies are derived from 

fatty acids through adipocyte lipolysis.9 β-hydroxybutyrate 

(β-HB) and acetoacetate, both of which are categorized as 

ketone bodies, are converted into acetoacetyl-CoA and then 

into acetyl-CoA, which enters the TCA cycle to generate ATP 

using the same final pathway as glucose.10 Ketone bodies 

are used by both neurons and glial cells in brain tissue.11 

In particular, the levels of ketone bodies in the circulation 

system serve as a primary predictive factor of the energy 

utilization rate,9 and its correlation with the entire body’s 

energy metabolism indicates that ketone body levels reflect 

dynamic energy metabolism changes.

Abnormalities in the brain’s energy metabolism with 

regard to the regulatory pathways of fatty acid and glucose 

have been related to the pathophysiology of schizophrenia.12 

In previous studies, researchers have reported a signifi-

cantly altered membrane metabolism in the brain among 

first-episode, drug-naive schizophrenia patients who had a 

reduced precursor of membrane phospholipid phosphomo-

noesters and an increased breakdown of membrane phos-

pholipid phosphodiesters compared with control subjects, 

which indicated hypoactivity of the dorsal prefrontal cortex 

(PFC) function when a metabolism disturbance occurs.13,14 

Such a finding may indicate that the brain’s energy fuel 

in schizophrenia patients tends to shift from glucose to 

ketone bodies under certain circumstances of brain glucose 

hypometabolism.15,16 If that is true, the demand for fatty acid 

is associated with the incremental breakdown of membrane 

phospholipids. Although pyruvate and β-HB, which are 

2 important energy substrates in the brain and circula-

tion system, have been reported to be associated with the 

pathophysiology of schizophrenia,17 β-HB has been further 

proposed as a potential indicator of energy utilization impair-

ment in order to differentiate schizophrenia patients from 

healthy controls.18 Administering β-HB as energy substrates 

has been suggested as a method for correcting an energy 

metabolism deficiency of the brain.19 However, evidence 

evaluating the association between energy substrates and the 

brain’s cognitive performance, as well as the correlation of 

their dynamic changes in patients undergoing schizophrenia 

and antipsychotic treatment is lacking.

Therefore, we have developed the following hypotheses. 

First, peripheral β-HB levels are higher in schizophrenia 

patients than in healthy controls to compensate for the energy 

metabolism deficiency in the acute phase of schizophrenia. 

Reduced β-HB levels are measured after the previous supple-

mental energy is effective, but β-HB levels still remain higher 

and differential from those of healthy control subjects. Second, 

cognitive function changes are correlated with the change of 

β-HB, rather than pyruvate, because β-HB possesses a poten-

tial indicator of energy utilization in schizophrenia patients. 

The purpose of this study was to examine β-HB and pyruvate 

levels at week 12 during treatment with antipsychotic drugs in 

comparison with healthy age- and gender-matched controls, 

as well as to investigate whether β-HB and pyruvate have 

varying trends in schizophrenia patients treated with different 

categories of antipsychotic drugs. Furthermore, we examined 

the differences in the changes of metabolic parameters and 

cognitive function related to various antipsychotic groups, as 

well as the potential correlation between β-HB and pyruvate 

and cognitive function.

Methods
Participants
This study received approval from the institutional review 

board (IRB) of Chang Gung Memorial Hospital (IRB No: 

102-3977A3), and we obtained written informed consent 

from all the participants. The procedure of recruiting and 

assessing patients and healthy controls has already been 

described in detail elsewhere.18 In short, eligible patients with 

schizophrenia in an outpatient department of Chang Gung 

Memorial Hospital in Kaohsiung were eligible for this study 

if they met the following criteria: 1) aged 18–65 years; 2) 

diagnosed with schizophrenia as defined by the Diagnostic 

and Statistical Manual of Mental Disorders-Fourth Edition 

(Text Revision);20 3) being treated with an antipsychotic drug 

at a stable dose for at least 1 month before the study started 

with relatively stable psychotic symptoms; 4) with no history 

of major physical illnesses (such as genetic conditions, infec-

tious conditions, cardiovascular diseases, or cancer), and 5) of 

Han Chinese ethnicity.

As for the control group, it consisted of healthy individu-

als recruited from staff of Kaohsiung Chang Gung Memorial 

Hospital and community volunteers in Kaohsiung City. The 

recruitment criteria for the control group included: 1) aged 

18–65 years; 2) with no history of major psychiatric disorders 

(eg, psychosis, bipolar disorder, major depressive disorder, or 

organic mental disorders) or illicit drug use; 3) with no history 

of major physical illnesses (such as genetic, cardiovascular 

diseases, infectious conditions, or cancer); 4) of ethnic Han 

Chinese origin, and 5) age- and gender-matched with the 38 

schizophrenia patients.
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Antipsychotic treatment
In this prospective open-label 12-week study, we examined 

the various effects of antipsychotics on β-HB, pyruvate, 

and cognitive function. We focused on comparing β-HB 

and pyruvate levels at week 12 with healthy control 

subjects and their possible association with cognitive func-

tion for patients being treated with different antipsychotics. 

We chose 12 weeks as a time point for follow-up based on 

previous research of detectable cognitive function changes in 

schizophrenia patients during the 12-week period.21,22 Prior to 

starting the study, the patients were required to be treated with 

a stable dose of an antipsychotic drug for at least 1 month. 

The psychotic status of patients at the onset of the study also 

had to be relatively stable. During the 12-week follow-up 

period, the patients were maintained on their current dose 

of antipsychotics and were instructed not to change their 

lifestyles. We initially recruited 54 schizophrenia patients, 

and 38 of them completed the 12-week follow-up period.18 

The antipsychotic drugs prescribed to these 38 patients were 

as follows: risperidone (n=7); olanzapine (n=6); quetiapine 

(n=1); amisulpride (n=5); sulpiride (n=1); aripiprazole (n=6); 

ziprasidone (n=1); paliperidone (n=2); and clozapine (n=9). 

Due to the small sample size, the patients were categorized 

into 3 groups based on the similar metabolic risks of the pre-

scribed antipsychotics.23 The first group consisted of patients 

prescribed aripiprazole or ziprasidone (AZ group); the second 

group consisted of patients prescribed olanzapine or clozapine 

(OC group); and the third group consisted of patients pre-

scribed any other antipsychotics (OA group). The dose of the 

antipsychotic drugs was re-calculated based on the defined 

daily dose recommended by the WHO Collaborating Centre 

for Drug Statistics Methodology.24 Afterward, 38 healthy 

subjects from the previous control groups were selected and 

age- and gender-matched with the schizophrenia patients.18

Biochemical measurements
We collected blood samples from the schizophrenia patients 

in the morning after they had fasted at baseline and week 12. 

Serum levels of metabolite substrates, β-HB, and pyruvate 

were measured using the Colorimetric/Fluorometric Assay Kit 

from BioVision, Inc., Milpitas, CA, USA (β-HB: sensitivity 

0.01–0.2 mM; pyruvate: sensitivity 1 µM to 10 mM, coefficient 

of variation [CV] 3.8%). The metabolic parameters, namely 

the plasma levels of fasting glucose, triglycerides, total cho-

lesterol, high-density lipoprotein-cholesterol (HDL-C), and 

low-density lipoprotein-cholesterol, were determined in the 

Laboratory Medicine Department of Chang Gung Memorial 

Hospital. We used β-HB and pyruvate levels from 38 healthy 

age- and gender-matched subjects for comparison.

Clinical assessments
We performed psychiatric diagnoses of both the schizo-

phrenia patients and the healthy control subjects using the 

Mini International Neuropsychiatric Interview (MINI), a 

short, structured diagnostic interview, in order to assess 

psychiatric disorders.25 The MINI in Mandarin Chinese has 

been proven to have good reliability and has been widely 

used in international clinical trials and epidemiological 

studies.26 The psychopathology of schizophrenia patients was 

evaluated using the Positive and Negative Syndrome Scale 

(PANSS) score, which consists of 3 subscales that represent 

positive, negative, and general psychiatric symptoms.27 We 

determined patients’ age at onset and duration of illness 

through interviews with the patients and review of their 

medical records.

Cognitive assessment
We evaluated patients’ cognitive functions using the Brief 

Assessment of Cognition in Schizophrenia (BACS),28 

which consists of a battery of tests that measure the aspects 

of cognition that are most impaired and has been strongly 

correlated with the real-world functioning of schizophrenia 

patients.29 The norms and validity of the Chinese version 

of the BACS have already been demonstrated in previous 

studies.30,31 The BACS tests consist of the List Learning 

Test, Digit Sequencing Task, Token Motor Task, Category 

Instances Test, Controlled Oral Word Association Test, 

Symbol Coding, and Tower of London Test, which assess 

verbal memory, working memory, motor speed, verbal 

fluency, attention, processing speed, and executive function, 

respectively. Afterwards, we calculated a composite score 

by comparing each patient’s performance in each task with 

the performance of a healthy control subject, which was the 

Z-score or T-score of that sum.32 We then used the Z-scores 

for each scale to perform our analyses.

Statistical analysis
We adopted the Statistical Package for the Social Sciences 

for Windows (version 21.0; SPSS, Inc., Chicago, IL, USA) to 

analyze the data. Variables are presented as either mean ± SD 

or frequency.

We applied the Chi-square test or Fisher’s exact test to 

compare categorical variables between schizophrenia patients 

and healthy controls, as well as among the 3 patient groups 

(AZ, OC, and OA groups). To compare the patient groups 

at baseline, descriptive statistics were performed using the 

Kruskal–Wallis test for metric variables. The independent 

t-test was used to compare the β-HB and pyruvate levels in 

the schizophrenia patients with those of the healthy controls. 
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To explore the trends of metabolite substrates (β-HB and 

pyruvate) and clinical characteristics (BACS and PANSS 

scores) during the 12-week period, we repeatedly performed 

measurements of analysis of variance to examine the effects 

of time (12-week antipsychotic treatment) and group (AZ, 

OC, and OA groups), as well as any potential interactions. 

We hypothesized that antipsychotic treatment resulted in 

differential changes over 12 weeks in the 3 groups, which 

is supported by significant treatment  ×  group interaction 

on dependent measures. We utilized Pearson’s correlation 

to investigate the potential correlation between changes of 

metabolic parameters and metabolic substrates, as well as 

between metabolite substrate changes, cognitive function 

changes, and clinical symptoms during the 12 weeks. All 

the statistical tests were 2-tailed, and differences of p,0.05 

were considered statistically significant.

Results
A total of 38 patients with schizophrenia (20 males and 

18 females, mean age: 40.5±9.3 years) completed the 

12-week follow-up period, and 38 healthy controls were age- 

and gender-matched with schizophrenia patients (20 males 

and 18 females, mean age: 40.8±11.0 years). Compared with 

the healthy controls, patients with schizophrenia were more 

likely to be unmarried and less educated, and have greater 

levels of body weight, body mass index, and triglycerides 

and a lower level of HDL-C. The age, sex, height, and other 

metabolic parameters did not differ significantly between 

these 2 groups (Table 1).

β-HB levels between baseline and week 12 in the schizo-

phrenia patients demonstrated a statistically significant dif-

ference (β-HB at baseline and week 12: 492.3±246.5 µM vs 

431.5±148.2 µM, p=0.015). β-HB levels in the schizophrenia 

patients at baseline were found to be significantly higher than 

β-HB levels in the healthy controls (492.3±246.5 µM vs 

327.4±100.0 µM, p,0.001). At week 12, the levels of β-HB 

in the schizophrenia patients remained significantly higher 

than the β-HB levels in the healthy controls (431.5±148.2 µM 

vs 327.4±100.0 µM, p=0.001; Figure 1A). The levels of 

pyruvate between baseline and week 12 in the schizophrenia 

patients demonstrated no statistically significant differ-

ence (pyruvate at baseline and week 12: 30.0±18.9 µM vs 

29.3±13.9 µM, p.0.05); moreover, the pyruvate levels in 

schizophrenia patients at baseline and week 12 showed no sig-

nificant differences when compared with the pyruvate levels 

in the healthy controls (25.7±9.0 µM, p.0.05; Figure 1B).

Of the 38 participating schizophrenia patients, 7 were 

treated with aripiprazole or ziprasidone (AZ group), 15 with 

olanzapine or clozapine (OC group), and 16 with other antip-

sychotics (OA group). We observed no significant differences 

Table 1 Comparisons of demographic data, metabolic profiles and disease characteristics between patients with schizophrenia and 
healthy controls

Variables Schizophrenia 
(n=38)

Healthy controls 
(n=38)

Statistic 
value

p-value

Demographic data
Sex (male/female), n (%) 20 (52.6)/18 (47.4) 20 (52.6)/18 (47.4) χ2=0.000 1.000
Age, years 40.6±9.3 40.8±11.0 t=-0.135 0.893
Education, years 13.0±1.7 15.1±3.2 t=-3.646 ,0.001***
Married, n (%) 2 (5.3) 20 (52.6) χ2=20.727 ,0.001a,***
Height, cm 165.6±8.8 163.3±10.4 t=1.019 0.311
Body weight, kg 74.4±14.6 64.4±13.5 t=3.098 0.003**
Metabolic profiles
Body mass index, kg/m² 27.2±5.6 24.0±3.2 t=3.138 0.002**
Fasting glucose, mg/dL 100.3±46.0 86.1±11.1 t=1.860 0.067
Total cholesterol, mg/dL 173.7±40.7 187.6±30.4 t=-1.685 0.096
Triglycerides, mg/dL 127.3±65.5 91.6±45.6 t=2.762 0.007**
HDL-C, mg/dL  48.2±12.7 54.7±14.1 t=-2.106 0.039*
LDL-C, mg/dL 103.7±29.7 114.9±29.6 t=-1.647 0.104
Disease characteristics
Age of onset, years 23.5±1.2 N/A N/A N/A
Duration of illness, years 16.9±1.6 N/A N/A N/A
DDD of antipsychotics 1.2±0.2 N/A N/A N/A
Duration of antipsychotic use, months 41.4±7.8 N/A N/A N/A

Notes: Data are expressed as mean ± SD or n (%); ap-value was calculated by using Fisher’s exact test; *p,0.05, **p,0.01, ***p,0.001.
Abbreviations: DDD, defined daily dose; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; N/A, not applicable.
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with regard to demographic characteristics or metabolic 

parameters between the 3 patient groups at baseline (p.0.05; 

Table 2).

Table 3 lists the changes in metabolite substrates (β-HB 

and pyruvate) and clinical characteristics (BACS and 

PANSS scores) over 12 weeks. Over the 12-week period, 

time (F=6.534, p=0.015) and treatment × group interaction 

(F=4.230, p=0.023) had a significant effect on β-HB serum 

levels. We observed an overall decreasing trend of serum 

β-HB levels in schizophrenia patients during the 12-week 

period of antipsychotic treatment. The decreasing trend of 

β-HB levels was mainly the result of the AZ group. We 

found no significant time or group effect or treatment × group 

interaction on pyruvate.

As for cognitive function (Table 3), a significant group 

effect on verbal fluency (F=3.999, p=0.027) and a treat-

ment × group interaction (F=4.141, p=0.024) was observed 

on executive function. The OC group had better verbal flu-

ency performance than the AZ or OA groups. We further 

discovered that executive function measured by the BACS 

deteriorated in the AZ group over the 12 weeks, but not in 

the OC or OA groups.

β

Figure 1 Changes of serum levels of β-HB (A) and pyruvate (B) in patients with schizophrenia during a 12-week antipsychotic treatment period, and comparison with 
healthy controls.
Notes: *p,0.05, **p,0.01, ***p,0.001. β-HB levels in schizophrenia patients at baseline were significantly higher than β-HB levels in healthy controls (492.3±246.5 vs 
327.4±100.0 µM, p,0.001). β-HB levels in patients at week 12 remained significantly higher than β-HB levels in the healthy controls (431.5±148.2 vs 327.4±100.0 µM, 
p=0.001; A). Pyruvate levels between baseline and week 12 in patients had no statistically significant difference (pyruvate at baseline and week 12: 30.0±18.9 vs 29.3±13.9 µM, p.0.05); 
pyruvate levels in patients at baseline and week 12 had no significant differences when compared with pyruvate levels in the healthy controls (25.7±9.0 µM, p.0.05; B).
Abbreviations: AZ group, patients being treated with aripiprazole or ziprasidone; β-HB, β-hydroxybutyrate; OA group, patients being treated with any other antipsychotics; 
OC group, patients being treated with olanzapine or clozapine.

Table 2 Comparisons of demographic data, metabolic profile and psychopathology between schizophrenic patients treated with 
different antipsychotics

Variables Aripiprazole or 
ziprasidone (n=7)

Olanzapine or 
clozapine (n=15)

Other antipsychotics 
(n=16)

Statistic 
value

p-value

Sex (male/female), n (%) 2 (28.6)/5 (71.4) 9 (60)/6 (40) 9 (56.3)/7 (43.8) 2.036 0.440
Age, years 37.1±10.5 43.2±8.2 39.3±9.7 2.741 0.254

Education, years 13.4±2.5 13.4±1.8 12.3±1.1 5.438 0.066

BMI, kg/m2 26.5±6.4 27.4±4.7 27.4±6.4 0.393 0.822

Fasting glucose, mg/dL 117.9±105.6 100.9±19.1 92.1±14.0 1.230 0.165

Total cholesterol, mg/dL 164.4±15.5 166.6±36.0 184.4±50.8 1.246 0.536

Triglycerides, mg/dL 96.9±47.8 144.9±80.7 124.2±53.5 2.777 0.249

HDL-C, mg/dL 54.3±12.4 43.7±11.0 49.7±13.4 3.760 0.153

LDL-C, mg/dL 96.3±12.3 97.4±27.6 112.9±35.4 1.931 0.381

Age of onset, years 22.8±6.1 22.7±7.8 25.1±8.0 0.868 0.648

Duration of illness, years 14.5±9.2 20.5±7.5 14.6±10.9 4.553 0.103

DDD of antipsychotics 1.7±2.2 1.1±0.5 1.1±0.7 0.510 0.775
Duration of antipsychotic use, months 19.3±24.0 57.5±56.1 36.0±44.7 2.919 0.232

Notes: Data are expressed as mean ± SD or n (%); using Kruskal–Wallis test.
Abbreviations: BMI, body mass index; DDD, defined daily dose; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol.
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In general, Pearson’s correlation revealed that changes in 

β-HB in schizophrenia patients had a significant correlation 

with executive function changes over the 12-week period 

(r=0.424, p=0.008; Figure 2). We observed no significant 

correlation between pyruvate and cognitive function changes 

or clinical symptoms during the 12-week period.

Discussion
The main finding of this study is that we observed a sig-

nificantly decreasing trend of serum β-HB levels in 38 

schizophrenia patients during 12 weeks of antipsychotic 

treatment, but we also found that β-HB levels at week 12 

remained significantly higher than those of healthy controls 

during the antipsychotic treatment. The previously mentioned 

decreasing trend of β-HB levels was primarily the result of 

aripiprazole or ziprasidone. Meanwhile, executive function 

tended to decrease over the 12 weeks of treatment in the 

AZ group. β-HB changes significantly correlated with execu-

tive function changes in all 38 medicated schizophrenia 

patients during the study period. However, serum pyruvate 

levels remained steady during the 12-week antipsychotic treat-

ment, and we found no significant correlation between pyru-

vate and cognitive function changes or clinical symptoms.

A previous study recruited neuroleptic-naïve schizophrenia 

patients to undergo 6-week monotherapy with risperidone, 

the results of which indicated a significantly declining 

trend during the 6 weeks.33 The general decreasing trend of 

β-HB levels during the 12-week antipsychotic treatment in 

this study partially agrees with the aforementioned work, 

although medication status, antipsychotic treatment, and 

follow-up time varied. Furthermore, no significant time or 

group effect or treatment × group interaction was observed 

in relation to pyruvate. This result is in agreement with our 

Table 3 Changes of metabolite substrates, cognitive function and psychopathology in schizophrenia patients treated with different 
antipsychotics

Variables Aripiprazole or 
ziprasidone (n=7)

Olanzapine or 
clozapine (n=15)

Other antipsychotics 
(n=16)

Statistic (f-values)

Baseline Week 12 Baseline Week 12 Baseline Week 12 Time Group Time × group

Metabolite substrates
β-hydroxybutyrate (µM) 623.7±346.3 336.7±68.2 417.9±190.2 397.3±110.2 504.6±233.1 506.4±171.5 6.534* 1.531 4.230* 

Pyruvate (µM) 28.4±25.4 25.4±7.8 35.5±18.3 33.9±16.5 25.5±17.0 26.7±12.8 0.123 1.707 0.159

Cognitive function (BACS)
Verbal memory -2.2±1.4 -1.5±1.5 -2.3±0.9 -2.4±1.1 -2.2±1.8 -2.4±1.1 0.640 0.376 2.171

Working memory -1.4±1.2 -1.4±0.7 -1.2±1.0 -1.0±1.2 -1.8±1.3 -1.5±1.6 0.728 1.077 0.221

Motor speed -1.1±0.9 -0.5±1.0 -1.4±1.2 -1.5±1.0 -1.1±0.7 -1.2±1.1 1.205 1.215 2.128

Verbal fluency -2.8±0.6 -2.6±0.7 -2.2±0.7 -2.3±0.4 -2.8±0.4 -2.6±0.7 0.640 3.999* 0.911

Attention and processing speed -1.8±1.0 -1.9±1.2 -1.6±1.0 -1.7±1.1 -1.9±1.1 -2.0±0.9 1.809 0.447 0.038

Executive function -0.7±1.6 -1.9±2.3 -1.2±1.6 -0.9±1.6 -1.3±1.6 -1.2±1.8 1.664 0.118 4.141*

Composite score -2.7±1.5 -2.7±1.4 -2.6±1.0 -2.6±1.1 -2.8±1.9 -3.0±1.6 0.005 0.218 0.134

Psychopathology
Positive symptoms score 16.7±4.5 17.0±6.1 18.9±5.9 18.0±3.8 17.0±4.0 13.8±6.9 1.657 1.856 1.111

Negative symptoms score 17.4±5.6 18.6±7.0 22.5±8.8 21.2±8.0 19.4±6.1 15.9±9.8 1.163 1.435 1.280

General symptoms score 35.6±8.5 34.6±9.7 42.6±10.2 38.8±8.3 39.4±9.1 32.2±15.7 0.053 1.396 0.463
Total score of PANSS 69.7±16.4 70.1±20.2 84.1±22.0 78.0±17.7 75.8±15.8 61.9±31.3 3.016 1.761 1.195

Notes: Data are expressed as mean ± SD or n (%); *p,0.05
Abbreviations: BACS, Brief Assessment of Cognition in Schizophrenia; PANSS, Positive and Negative Syndrome Scale.
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Figure 2 Scatterplot displaying the changes of β-HB and the changes of executive 
function during the 12-week antipsychotic treatment period (r=0.424, p=0.008).
Abbreviations: AZ group, patients being treated with aripiprazole or ziprasidone; 
β-HB, β-hydroxybutyrate; OA group, patients being treated with any other 
antipsychotics; OC group, patients being treated with olanzapine or clozapine.
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hypothesis that decreasing β-HB levels could be observed 

following treatment with antipsychotics since the supplied 

energy partially improved the status of energy metabolism 

deficiency, but overall β-HB levels in schizophrenia patients 

remained differentially higher than those in healthy controls 

and, unlike pyruvate, can serve as a potential indicator of 

energy utilization.

Additional examination of the changes in β-HB levels in 

the 3 groups showed that the β-HB levels after the 12-week 

treatment in the AZ group significantly decreased, and while 

β-HB changes in the OC group also presented a decreased 

trend, this finding did not reach statistical significance. Antip-

sychotic treatment has been associated with brain function 

and metabolism.34 Among them, a postsynaptic dopamine 

receptor antagonist could reduce ketonemia in a state of 

starvation.35 Aripiprazole is an atypical antipsychotic with 

partial agonist activity at dopamine D
2
 and serotonin 5 HT

1A
 

receptors, as well as being antagonistic at 5-HT
2A

 receptors.36 

Changes in β-HB are primarily observed in the AZ group; 

however, this finding cannot be explained by the previous 

finding that dopamine antagonist reduces ketonemia, which 

may hint that neurotransmitter dopamine may be involved in 

the energy utilization process but cannot explain the entire 

mechanism. Instead, the phenomenon of decreasing β-HB 

levels is more prominent in patients taking aripiprazole or 

ziprasidone, which are considered more “neutral” antipsy-

chotics metabolically. The statistically indifferent dynamic 

change of β-HB levels in the OC group somewhat agrees with 

the result of another animal study which proposed that the 

plasma β-HB level is not affected by the use of olanzapine.37 

In particular, the trend of reducing β-HB levels was signifi-

cantly observed in patients prescribed antipsychotics with 

the least metabolic disturbance. This phenomenon suggests 

that the regulation of energy metabolism between fatty acids 

and glucose during antipsychotic treatment is complicated, 

and less metabolic perturbation caused by antipsychotics can 

reflect a more dominant energy utilization change via the 

energy substrate β-HB. The finding may also indicate the 

importance of peripheral β-HB levels in reflecting a variety 

of energy utilization between low vs high metabolism risks 

of antipsychotics due to their distinct effects.34 Due to the 

small sample size and short follow-up duration in this study, 

additional investigations will require a larger sample size and 

longer observation period in order to examine the effect of 

different antipsychotics on metabolite changes and the role 

of neurotransmitters in metabolism mechanisms.

As a treatment target of antipsychotics, executive func-

tion is vital to the functional outcome of schizophrenia.38 

One previous study examined executive function in healthy 

controls by conducting a single dose of aripiprazole chal-

lenge and haloperidol challenge and comparing it with the 

placebo group. The results demonstrated a reducing trend 

in executive function performance in the aripiprazole group 

compared with the haloperidol and placebo groups.39 Another 

study demonstrated decreased brain metabolism in the frontal 

lobe of healthy subjects after a single dose of aripiprazole 

was administered, and the metabolic decline in the frontal 

lobe had a significant inverse correlation with striatal 

dopamine receptor occupancy and slower performance in 

cognitive tests.40 Furthermore, reduced executive function 

has also been observed after schizophrenia patients received 

aripiprazole adjunctive treatment concurrent to risperidone 

or olanzapine.41 Nevertheless, the efficacy of aripiprazole 

in treating cognitive dysfunction in schizophrenia patients 

is still inconclusive. A previous study has reported that 

aripiprazole has a better improvement effect on executive 

function than olanzapine42 or no difference compared with 

olanzapine.43 In the present study, executive function during 

the 12-week treatment period showed significant deteriora-

tion in the AZ group, but a similar trend was not observed 

in either the OC or OA groups. Meanwhile, patients pre-

scribed olanzapine or clozapine demonstrated better verbal 

fluency. Other cognitive function subdomains, including 

motor speed, attention and processing speed, and composite 

score, remained stable during the 12-week study period. 

Our findings indicate that different antipsychotics may vary 

with regard to their influence on certain cognitive function 

subdomains, rather than on global cognitive performance. 

However, a longer follow-up period is necessary to further 

evaluate the antipsychotic treatment response of cognitive 

impairment in schizophrenia patients.

The potential pathway of executive dysfunction in 

schizophrenia is connected to the PFC, as well as other brain 

regions, such as the hippocampus.44,45 One postmortem study 

found no difference in activity of the pyruvate dehydroge-

nase complex in dorsolateral PFC between schizophrenia 

patients and healthy controls and suggested that mitochon-

drial enzyme activity has less impact on brain metabolism 

in patients with schizophrenia.46 Our finding that peripheral 

pyruvate levels have no ability to differentiate schizophrenia 

patients from healthy controls and no significant correla-

tion with executive function may agree in part with the 

aforementioned result. On the other hand, β-HB has been 

reported to protect cultured rat hippocampal neurons when 

exposed to a toxic environment with β chain of amyloid 

precursor protein (Aβ
1–42

), a phenomenon related to memory 
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impairment in Alzheimer’s disease and that regulates the 

energy dysfunction of mitochondria.47 Higher β-HB levels 

are correlated with a greater degree of cognitive function 

improvement in memory-impaired adults being treated with 

medium-chain triglycerides for ketone body supplements.48 

In our study, during the 12-week antipsychotic treatment 

period, changes in β-HB were significantly correlated with 

executive function changes. In other words, as β-HB level 

decreased, we observed that executive function deteriorated. 

This phenomenon may be partially explained by β-HB pro-

tecting cells against oxidative stress, which is associated with 

cognitive dysfunction.49 However, we have been unable to 

determine whether executive function is more susceptible to 

changes in energy metabolism than other cognitive function 

subdomains. This result suggests that β-HB may have a pro-

tective effect on executive function in schizophrenia patients 

undergoing antipsychotic treatment, while the significant 

correlation between β-HB and executive function may hint 

at β-HB serving as a marker for manifesting executive func-

tion. However, β-HB and pyruvate in the peripheral blood 

do not necessarily reflect their levels in the central nervous 

system. Further research is necessary to examine the impact 

of energy metabolites on cognitive function between dif-

ferent brain regions, especially PFC. Furthermore, a larger 

sample size and control for confounding factors, such as 

diet, exercise, and body weight changes would help further 

investigation into the relationship between β-HB levels and 

cognitive function.

This study has some limitations that should be mentioned. 

First, this work indicates a correlation between β-HB and 

executive function changes but cannot explain the possible 

causal relationship. We were unable to distinguish whether 

the changing β-HB levels were the result of exposure to 

antipsychotic treatment or the natural psychopathology of 

schizophrenia. Additional prospective studies could help to 

determine the influence of metabolites on cognitive func-

tion by controlling relevant confounding factors. Further-

more, we lacked the brain image data to further examine 

the connectivity between the PFC and other brain regions 

to differentiate executive function changes.45,50 Second, 

β-HB and pyruvate in peripheral blood are not perfect rep-

resentations of their levels in the central nervous system. 

Additional research is required to examine the impact of 

energy metabolites in various brain regions on cognitive 

function. Third, the small sample size of each antipsychotic 

medication reduced the statistical power of our study. The 

positive correlation observed between changing levels of 

β-HB and changing cognitive function needs to be verified 

with individual antipsychotic medications by recruiting a 

larger sample size. Finally, our study lacked randomization 

and a placebo control group. The influence of pre-existing 

antipsychotic treatments on β-HB and pyruvate could not be 

ruled out due to the chronicity of the schizophrenia patients 

in this study.

Conclusion
While we observed a declining trend of serum β-HB levels in 

schizophrenia patients undergoing antipsychotic treatment, 

β-HB levels remained higher than those in healthy controls, 

and the change in β-HB levels was significantly correlated 

with executive function changes. This finding suggests that 

β-HB may manifest a protective role in the executive func-

tion of schizophrenia patients treated with antipsychotic 

medications. In the future, prospective studies with larger 

sample sizes and longer follow-up periods are necessary to 

further identify the relationship of metabolite regulation and 

cognitive function during schizophrenia patients’ exposure 

to antipsychotics.
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