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Background: Butyric acid, a major short-chain fatty acid (SCFA), has an important role

in the microbiota–gut–brain axis and brain function. This study investigated the role of

butyric acid in treatment response in drug-naïve first episode schizophrenia.

Methods: The study recruited 56 Chinese Han schizophrenia inpatients with normal

body weight and 35 healthy controls. Serum levels of butyric acid were measured

using Gas Chromatography-Mass Spectrometer (GC-MS) analysis at baseline (for all

participants) and 24 weeks after risperidone treatment (for patients). Clinical symptoms

were measured using the Positive and Negative Syndrome Scale (PANSS) for patients at

both time points.

Results: At baseline, there was no significant difference in serum levels of butyric

acid between patients and healthy controls (p = 0.206). However, there was a

significant increase in serum levels of butyric acid in schizophrenia patients after 24-week

risperidone treatment (p= 0.030). The PANSS total and subscale scores were decreased

significantly after 24-week risperidone treatment (p’s < 0.001). There were positive

associations between baseline serum levels of butyric acid and the reduction ratio of the

PANSS total and subscale scores after controlling for age, sex, education, and duration

of illness (p’s < 0.05). Further, there was a positive association between the increase in

serum levels of butyric acid and the reduction of the PANSS positive symptoms subscale

scores (r = 0.38, p = 0.019) after controlling for potential confounding factors.

Conclusions: Increased serum levels of butyric acid might be associated with a

favorable treatment response in drug-naïve, first episode schizophrenia. The clinical

implications of our findings were discussed.
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INTRODUCTION

Schizophrenia is a chronic, severe, and disabling
neuropsychiatric disorder that affects ∼1% of the world
population and imposes an enormous burden on society (1, 2).
The underlying mechanism of schizophrenia pathogenesis has
yet to be fully understood. In recent years, the microbiota-gut-
brain axis has arisen as a major topic of interest in psychiatry.
Dysregulation in the composition of the gut microbiota has been
identified in schizophrenia (3). Emerging clinical and preclinical
studies suggest a role for the gut microbiota in schizophrenia
(4, 5).

Short-chain fatty acids (SCFAs), the main metabolites
produced by gut microbiota, are believed to play a key role in
microbiota–gut–brain crosstalk (6). SCFAs are defined as 1–6
carbon fatty acids that have a straight or branched conformation
(7). Acetate, propionate, and butyrate are the three most
common SCFAs and together constitute 85–89% of the SCFAs in
human serum (8). Accumulating data in the literature strongly
indicate that butyrate can cross the blood-brain barrier and
its concentrations in wet brain samples are about an order of
magnitude higher than those reported in peripheral blood (9, 10).
Studies have suggested that butyrate may have a beneficial role
in several neuropsychiatric conditions such as Alzheimer disease,
Parkinson disease, autism, and schizophrenia (11–13). Butyrate
is able to protect neurons from cell death in animal models of
Parkinson disease by reversing the disease-associated reduction
in histone acetylation (14, 15). In vivo study found that patients
with schizophrenia have histone deacetylases dysregulation (16).
In addition, recent studies have showed that abnormal fecal
butyrate levels may play an important role in the pathogenesis
of autism spectrum disorder (ASD) (17, 18). The purpose of
our study was to examine the role of butyric acid in treatment
response in patients with drug-naïve, first episode schizophrenia.

METHODS

Participants
From July 2017 to December 2018, Chinese Han drug-naïve,
first episode schizophrenia patients with normal body weight
were recruited from the psychiatric inpatient wards of the First
Affiliated Hospital of Zhengzhou University. Healthy controls
were recruited from the local community through advertising
during the same time period. This study was approved by
the Human Ethics Committee of the First Affiliated Hospital
of Zhengzhou University, China (Approval No. 2016-LW-17).
Written informed consents were obtained from all subjects after
complete descriptions provided.

The inclusion criteria for patients were: (1). met the criteria
for Diagnostic and Statistical Manual of Mental Disorders fourth
version (DSM-IV) schizophrenia; two independent psychiatrists
used the Structured Clinical Interview for DSM-IV (SCID) to
make the diagnosis (19, 20); (2). never treated with antipsychotics
before; (3). born through normal vaginal delivery; (4). normal
body weight (BMI: 18.5–23.9); (5). between 18 and 45 years of
age. The exclusion criteria for patients included: (1). diagnoses of
autoimmune diseases, hepatobiliary and gastrointestinal diseases,

blood diseases, diabetes, neurological diseases, or psychiatric
diseases other than first-episode schizophrenia; (2). pregnant or
lactating women; (3). significant diarrhea or constipation in the
past month; (4). a significant change in the living environment
or diet in the past month; (5). a history of using any antibiotic or
anti-inflammatory agent, or probiotic in the past month. Healthy
controls were evaluated by a research psychiatrist to rule out
any psychiatric or medical conditions. Healthy controls must fit
the same inclusion and exclusion criteria as patients except the
schizophrenia diagnosis.

Clinical Symptoms Assessment
The psychopathology of patients was evaluated using the
Positive and Negative Syndrome Scale (PANSS) by two research
psychiatrists together. The PANSS is a standardized, semi-
structured clinical interview that rates the presence and
severity of positive and negative symptoms, as well as general
psychopathology for people with schizophrenia within the past
week. Of the 30 items, seven are positive symptoms, seven
are negative symptoms, and 16 are general psychopathology
symptoms. Symptom severity for each item is rated according
to which anchoring points in the 7-point scale (1 = absent;
7 = extreme) best describe the presentation of the symptom
(21). After baseline assessment, all patients were treated with
risperidone in the dose range from 1 mg/day to 4–6 mg/day
based on the clinical judgment of treating psychiatrists. No other
medication was allowed during the study except benzodiazepines
for insomnia and anticholinergic agents for dystonia reaction.
The PANSS was administered again to all patients after 24-week
risperidone treatment.

Laboratory Tests
After fasting overnight, venous blood was collected between
7:00 and 8:00A.M. for all subjects at baseline; the PANSS was
administered to patients on the same day. For patients, fasting
blood samples were collected and the PANSS was administered
on the same day again after 24-week risperidone treatment.
Serum was obtained through centrifugation at 3,000 rpm for
10min, then transferred into Eppendorf tubes, and stored at
−70◦C for SCFA assay. SCFAs standards were prepared and
stored at 0◦C for use. In brief, 100 µL serum samples were
vortexed in 50 µL of 15% phosphoric acid with 10 µL of
75µg/mL isohexanoic acid solution as internal standard and
140 µL ether (30 s). Subsequently, the samples were centrifuged
at 4◦C for 10min (12,000 rpm) and the supernatant was
transferred into the vial prior to Gas Chromatography-Mass
Spectrometer (GC-MS) analysis. The GC was fitted with a
capillary column Agilent HP-INNOWAX (30m ∗ 0.25mm i.d.
∗ 0.25µm) (Agilent Technologies, Santa Clara, CA, USA) and
helium was used as the carrier gas at 1 mL/min. Injection was
made in split mode at 10:1 with an injection volume of 1 µL
and an injector temperature of 250◦C. The temperature of the
ion source, interface, and quadrupole were 230, 250, and 150◦C,
respectively. The column temperature was initially 90◦C, then
increased to 120◦C at 10◦C/min, to 150◦C at 5◦C/min, and
finally to 250◦C at 25◦C/min and kept at this temperature for
2min (total run-time of 15min). The detector was operated in

Frontiers in Psychiatry | www.frontiersin.org 2 August 2021 | Volume 12 | Article 724664

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Li et al. Butyric Acid in Schizophrenia

electron impact ionization mode (electron energy 70 eV) using
full scan and selected ion monitoring (SIM) mode. The quantity
of each sample was analyzed with a calibration curve using
standard chemicals.

Statistical Analysis
The data were analyzed using SPSS version 25.0 (IBM, Armonk,
NY). Normality was tested with the Shapiro-Wilk test, and equal
variance was evaluated before analysis of variance analysis. To
compare demographic and clinical variables between groups, we
used χ

2 test for categorical variables and Student’s t-test for
continuous variables. The reduction ratio of the PANSS score
was defined as (baseline PANSS score minus 24-week PANSS
score)/baseline PANSS score. A 50% or greater reduction ratio
was defined as “good” response (22). The longitudinal data
refer to the population of completers, not to the intent-to-treat
population. In order to take into account both non-completers
and completers in longitudinal analyses, a linear mixed model
approach was used. The PANSS scores and serum levels of
butyric acid were used as dependent variables and age, sex,
education, duration of illness were chosen as the fixed effect
variables. Pearson correlation and partial correlation analyses
were performed to examine the relationships between baseline
serum levels of butyric acid or changes of butyric acid after
24-week risperidone treatment and the reduction ratios of the
PANSS scores. Logistic regression analysis was used to examine
the predictive value of serum levels of butyric acid at baseline
to treatment response at week 24. Two-tailed significance values
were used and significance levels were set at 0.05.

RESULTS

Baseline Comparison Between Patients
and Healthy Controls
Fifty-six drug-naïve, first-episode schizophrenia patients were
screened and 54 were enrolled because they met the inclusion
and exclusion criteria. Forty-four patients completed the
24-week assessment (Figure 1). Thirty-five healthy controls
were recruited in the study and completed the baseline
assessment only. The baseline characteristics of the subjects were
summarized in Table 1. There were no significant differences
between the two groups in age, education, sex, marital status,
bodymass index (p’s> 0.05). In addition, there was no significant
difference between the two groups in serum levels of butyric
acid (p = 0.206) (Table 1). No significant difference at baseline
in neither demographic nor clinical parameters was observed
between the patients that dropped out of follow-ups and those
remained until the end of the study (p’s > 0.05).

The Changes in the PANSS Scores and
Serum Levels of Butyric Acid After
24-Week Risperidone Treatment
We found that the PANSS total, positive symptoms, negative
symptoms, and general psychopathology subscale scores
significantly decreased after 24-week risperidone treatment
(p’s < 0.001). The serum levels of butyric acid were

significantly increased after 24-week risperidone treatment
(p= 0.030) (Table 2).

We further found that there was a positive association between
the reduction of the PANSS positive symptoms subscale scores
and the increase in serum levels of butyric acid after 24-week
treatment in schizophrenia patients (r = 0.34, p = 0.025)
(Figure 2). After controlling for possible confounding variables
including age, sex, education, and duration of illness, BMI, the
correlation remained significant (r= 0.38, p= 0.019). There were
no significant correlations between the reduction of PANSS total
scores or other subscale scores and the increase in serum levels of
butyric acid (p’s > 0.05).

Baseline Serum Levels of Butyric Acid and
Treatment Response
We found that there were significant positive associations
between baseline serum levels of butyric acid and the reduction
ratio of the PANSS total scores (r = 0.44, p = 0.003), positive
symptoms subscale scores (r = 0.36, p = 0.016), negative
symptoms subscale scores (r = 0.35, p = 0.019), and general
psychopathology subscale scores (r= 0.36, p= 0.016) (Figure 3).
After controlling for confounding variables, all these correlations
remained significant (p’s < 0.05).

We further defined patients in two groups: good response
(≥50% reduction ratio of the PANSS total score, n = 21)
and poor response (<50% reduction ratio of the PANSS total
score, n = 23). Stepwise logistic regression analysis indicated
that higher baseline serum levels of butyric acid predict a
better treatment response after controlling for baseline age, sex,
education, duration of illness (odds ratio= 1.20, 95%Confidence
Interval 1.03–1.40, p= 0.017).

DISCUSSION

To our best knowledge, this is the first time to explore
the serum levels of butyric acid in drug-naïve, first episode
schizophrenia patients. The main findings of our study were
that: (1) schizophrenia patients had increased serum levels of
butyric acid after 24-week treatment; (2) the baseline serum levels
of butyric acid were positively correlated with the reduction
ratio of PANSS total and all subscale scores in schizophrenia
patients; and (3) the increase in serum levels of butyric acid
was positively correlated with the reduction of PANSS positive
symptoms subscale scores after 24-week risperidone treatment in
schizophrenia patients.

Previous studies indicated that ASD and schizophrenia may
share some common biological basis and genetic vulnerability
(23). Several studies have showed elevated fecal levels of butyrate
in children with ASD (24, 25). In addition, animal studies
have shown that butyrate is related to behavioral abnormalities,
gastrointestinal discomfort, and conditioned aversions in the
adult rodent model of ASD (26, 27). Taken together, clinical and
preclinical researches showed abnormal levels of butyric acid
in ASD. We failed to find abnormal levels of butyric acid in
drug-naïve, first episode schizophrenia patients likely due to the
heterogeneity of schizophrenia and the small sample size.
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FIGURE 1 | The flow chart of patients at baseline and 24 weeks after treatment.

TABLE 1 | Demographics and baseline serum levels of butyric acid in schizophrenia patients and healthy controls.

Schizophrenia (n = 54) Control (n = 35) T/χ2 p-value

Age (year) (mean ± SEM) 22.6 ± 0.6 23.7 ± 0.5 −1.36 0.180

Education (year) (mean ± SEM) 11. 5 ± 0.4 12.3 ± 0.5 −1.40 0.165

Duration of illness (month) (mean ± SEM) 8.6 ± 1.0

Family history of psychosis, n% 7/54 (12.9%)

Sex Male, n% 17 (31.5%) 11 (31.4%) 0.00 0.97

Female, n% 37 (68.5%) 24 (68.6%)

Married, n% 9 (16.6%) 9 (25.7%) 1.08 0.299

Body weight (kg) (mean ± SEM) 55.4 ± 1.3 58.6 ± 1.5 −1.61 0.111

Body mass index (kg/m2 ) (mean ± SEM) 20.4 ± 0.3 21.2 ± 0.4 −1.88 0.065

Butyric acid (µg/mL) (mean ± SEM) 0.12 ± 0.01 0.10 ± 0.01 1.63 0.107

Recent studies have shown that butyrate may help normalize
the behavioral and physiological abnormalities in ASD (28,
29). Schroeder et al reported that combined treatment with
sodium butyrate and fluoxetine was superior to fluoxetine
alone to achieve antidepressant-like effect (30). In addition,
butyrate is helpful in alleviate cognitive deficits in premotor
stage Parkinson’s disease (31). The beneficial role of butyric
acid in schizophrenia as suggested by our study might be
related to its neuroprotective function. Butyrate plays an
essential role in regulating synaptic plasticity and cortical
development (32). There is growing evidence that links decreased
synaptic consolidation and pruning in early childhood with
both ASD and schizophrenia (33, 34). Since butyrate has
been shown to reinvigorate synaptic plasticity in rodents, there
is a strong interest in utilizing butyrate to treat a variety

of neuropsychiatric conditions including schizophrenia (35).
Mitochondrial dysfunction is considered to be involved in the
pathophysiology of schizophrenia (4). Butyrate is capable of
increasing mitochondrial activity, which can help to rectify the
disease-associated mitochondrial dysfunction in the brain (36).

It has been well-established that dopamine is associated with
positive symptoms of schizophrenia (37, 38). Some studies
have suggested that butyrate modulates dopamine activity by
inducing post-translational modifications of pre-existing CREB
molecules in a cAMP/PKA-dependent manner to alter tyrosine
hydroxylase transcription (39, 40). Another study showed that
butyrate can alter the expression of catecholaminergic genes
possibly through histone deacetylation or changes in mRNA
stability (41). Moreover, studies have suggested that activation
of the inflammatory response in both the peripheral blood
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TABLE 2 | The serum levels of butyric acid and PANSS total and subscale scores in patients at baseline and 24 weeks after treatment.

Baseline 24 Weeks F p-value

Butyric acid (µg/mL) (mean ± SEM) 0.12 ± 0.01 0.14 ± 0.01 −2.24 0.030

PANSS Positive (mean ± SEM) 21.23 ± 0.74 10.18 ± 0.29 29.13 <0.001

Negative (mean ± SEM) 21.57 ± 0.86 12.98 ± 0.43 18.89 <0.001

General (mean ± SEM) 43.09 ± 1.05 27.66 ± 0.91 26.30 <0.001

Total (mean ± SEM) 85.89 ± 2.10 50.82 ± 1.54 31.64 <0.001

The value of the bold means p< 0.05.

FIGURE 2 | (A–D) Relationships between the reduction of the PANSS total scores or subscale scores and the increase in serum levels of butyric acid in patients.

and the central nervous system may play a key role in the
pathogenesis of schizophrenia (42–44). It is known that elevated
butyrate activity may contribute to the immune response (45).
Butyrate can counteract LPS induced inflammation in primary
microglia, hippocampal neurons, and neurons co-cultured with
microglial or astrocytes in rats (46). In addition, butyrate may

affect the balance between anti-inflammatory Treg and pro-
inflammatory T helper 17 (Th17) cells (47). Treatment with
butyrate can induce anti-inflammatory effect through G protein
receptor 109a activation and downregulation of NF-κB activation
(48), and therefore might be beneficial in individuals with
schizophrenia (49).
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FIGURE 3 | Relationship between baseline serum levels of butyric acid and the reduction ratio of the PANSS total scores and all subscale scores in patients.

The strengths of the present study include the use of a group
of drug-naïve, first-episode schizophrenia patients with normal
body weight and risperidone monotherapy. The selection of
study participants in our study minimized potential confounding
factors such as previous exposure to antipsychotic medications,
variations in disease state (acute vs. chronic) or duration,
differences in obesity and other metabolic disturbances at
baseline. In longitudinal analyses, we take both non-completers
and completers into account and a linear mixed model was used
to calculated them. Several limitations of the present study should
be noted. First, this study included a relatively small sample
size and a short time duration of treatment. Furthermore, some
important factors related to SCFAs, such as food intake and
intestinal microbial condition, were not measured.

In summary, our study suggests that increased serum levels
of butyric acid might be associated with a favorable treatment
response in drug-naïve, first episode schizophrenia. Therefore,
approaches that affect butyric acid metabolism, for example, a
change in gut microbiota, may be considered as an adjunctive
treatment for schizophrenia. Future studies further examining
the mechanism by which butyric acid may affect the development
and treatment of schizophrenia are warranted.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary files, further inquiries can be directed
to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Human Ethics Committee of the First
Affiliated Hospital of Zhengzhou University, China (Approval
No. 2016-LW-17). The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

XL and XF designed the study and wrote the manuscript. XL,
XY, and LP were in charge of conducting clinical assessment,
collecting fasting blood samples, and doing experiments. XL
and SH undertook the statistical analysis and wrote the first
draft of the manuscript. YW, XH, and XS were responsible for
supervision and reviewing. All authors contributed to and have
approved the final manuscript.

FUNDING

This study was funded by the National Research on the
Prevention and Control of Major Chronic Non-communicable
Diseases (2016YFC1306804 to XS), National Natural Science
Foundation of China (No. 81971253 to XS; No. 81401110 to
XL), Provincial and Ministry Co-construction Youth Funds
of Henan Provincial Health Commission (SBGJ202003029 to
XL), Project for Science and Technology Innovation Teams in
Universities of Henan Province (21IRTSTHN027 to XS), Zhong

Frontiers in Psychiatry | www.frontiersin.org 6 August 2021 | Volume 12 | Article 724664

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Li et al. Butyric Acid in Schizophrenia

yuan Innovation Leading Talents of the Thousand Talents Plan
(204200510019). Medical science and technology foundation
of health and family planning commission of Henan province
(SBGJ201808 to XS), School and Hospital Co-incubation Funds
of Zhengzhou University (No. 2017-BSTDJJ-04 to XS). UiO:
Lifesciences Convergence environment, University of Oslo,
Norway (project 4MENT to YW), and Research Council of
Norway (#302854 to YW).

ACKNOWLEDGMENTS

The authors thank the patients, their families and

the healthy volunteers for their participation, and

the physicians who helped us to take clinical data
and blood samples in Institute of Mental Health,

Department of Psychiatry, the First Affiliated Hospital of
Zhengzhou University.

REFERENCES

1. Chong HY, Teoh SL, Wu DB, Kotirum S, Chiou CF, Chaiyakunapruk

N. Global economic burden of schizophrenia: a systematic review.

Neuropsychiatr Dis Treat. (2016) 12:357–73. doi: 10.2147/NDT.S96649

2. KnappM, Mangalore R, Simon J. The global costs of schizophrenia. Schizophr

Bull. (2004) 30:279–93. doi: 10.1093/oxfordjournals.schbul.a007078

3. Yuan X, Zhang P, Wang Y, Liu Y, Li X, Kumar BU, et al. Changes in

metabolism and microbiota after 24-week risperidone treatment in drug-

naïve, normal weight patients with first episode schizophrenia. Schizophr Res.

(2018) 201:299–306. doi: 10.1016/j.schres.2018.05.017

4. Zheng P, Zeng B, Liu M, Chen J, Pan J, Han Y, et al. The gut microbiome

from patients with schizophrenia modulates the glutamate-glutamine-

GABA cycle and schizophrenia-relevant behaviors in mice. Sci Adv. (2019)

5:eaau8317. doi: 10.1126/sciadv.aau8317

5. Sherwin E, Sandhu KV, Dinan TG, Cryan JF. May the force be with you: the

light and dark sides of the microbiota-gut-brain axis in neuropsychiatry. CNS

Drugs. (2016) 30:1019–41. doi: 10.1007/s40263-016-0370-3

6. Dalile B, Van Oudenhove L, Vervliet B, Verbeke K. The role of short-chain

fatty acids in microbiota-gut-brain communication. Nat Rev Gastroenterol

Hepatol. (2019) 16:461–78. doi: 10.1038/s41575-019-0157-3

7. Rios-Covian D, Ruas-Madiedo P, Margolles A, Gueimonde M, de

Los Reyes-Gavilan CG, Salazar N. Intestinal short chain fatty acids

and their link with diet and human health. Front Microbiol. (2016)

7:185. doi: 10.3389/fmicb.2016.00185

8. Zhao G, Liu JF, Nyman M, Jonsson JA. Determination of short-chain fatty

acids in serum by hollow fiber supported liquid membrane extraction coupled

with gas chromatography. J Chromatogr B Analyt Technol Biomed Life Sci.

(2007) 846:202–8. doi: 10.1016/j.jchromb.2006.09.027

9. Kim SW, Hooker JM, Otto N, Win K, Muench L, Shea C, et al. Whole-body

pharmacokinetics of HDAC inhibitor drugs, butyric acid, valproic acid and

4-phenylbutyric acid measured with carbon-11 labeled analogs by PET. Nucl

Med Biol. (2013) 40:912–8. doi: 10.1016/j.nucmedbio.2013.06.007

10. Sun J, Ling Z, Wang F, Chen W, Li H, Jin J, et al. Clostridium

butyricum pretreatment attenuates cerebral ischemia/reperfusion injury in

mice via anti-oxidation and anti-apoptosis. Neurosci Lett. (2016) 613:30–

5. doi: 10.1016/j.neulet.2015.12.047

11. Buffington SA, Di Prisco GV, Auchtung TA, Ajami NJ, Petrosino

JF, Costa-Mattioli M. Microbial reconstitution reverses maternal diet-

induced social and synaptic deficits in offspring. Cell. (2016) 165:1762–

75. doi: 10.1016/j.cell.2016.06.001

12. Erny D, Hrabe de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, David E,

et al. Hostmicrobiota constantly control maturation and function ofmicroglia

in the CNS. Nat Neurosci. (2015) 18:965–77. doi: 10.1038/nn.4030

13. Govindarajan N, Agis-Balboa RC, Walter J, Sananbenesi F, Fischer D. Sodium

butyrate improves memory function in an Alzheimer’s disease mouse model

when administered at an advanced stage of disease progression. J Alzheimers

Dis. (2011) 26:187–97. doi: 10.3233/JAD-2011-110080

14. Sharma S, Taliyan R, Singh S. Beneficial effects of sodium butyrate

in 6-OHDA induced neurotoxicity and behavioral abnormalities:

Modulation of histone deacetylase activity. Behav Brain Res. (2015)

291:306–14. doi: 10.1016/j.bbr.2015.05.052

15. Laurent RS, O’Brien LM, S.Ahmad TJN. Sodium butyrate improves

locomotor impairment and early mortality in a rotenone-induced

Drosophila model of Parkinson’s disease. Neuroscience. (2013)

246:382–90. doi: 10.1016/j.neuroscience.2013.04.037

16. Gilbert TM, Zurcher NR, Wu CJ, Bhanot A, Hightower BG, Kim M, et al.

PET neuroimaging reveals histone deacetylase dysregulation in schizophrenia.

J Clin Invest. (2019) 129:364–72. doi: 10.1172/JCI123743

17. Coretti L, Paparo L, Riccio MP, Amato F, Cuomo M, Natale A, et al. Gut

microbiota features in young children with autism spectrum disorders. Front

Microbiol. (2018) 9:3146. doi: 10.3389/fmicb.2018.03146

18. Liu S, Li E, Sun Z, Fu D, Duan G, Jiang M, et al. Altered gut microbiota and

short chain fatty acids in Chinese children with autism spectrum disorder. Sci

Rep. (2019) 9:287. doi: 10.1038/s41598-018-36430-z

19. First MB. Structured clinical interview for DSM-IV axis I disorders: patient

edition (February 1996 final), SCID-I/P, Biometrics Research Dept. New York,

NY: New York State Psychiatric Institute (1998).

20. So E, Kam I, Leung CM, ChungD, Liu Z, Fong S. The Chinese-bilingual SCID-

I/P project: stage 1–reliability for mood disorders and schizophrenia. Hong

Kong J Psychiatry. (2003) 13:7–18.

21. Kay SR, Fiszbein A, Opler LA. The positive and negative

syndrome scale (PANSS) for schizophrenia. Schizophr Bull. (1987)

13:261–76. doi: 10.1093/schbul/13.2.261

22. Schafer M, Rujescu D, Giegling I, Guntermann A, Erfurth A, Bondy B,

et al. Association of short-term response to haloperidol treatment with a

polymorphism in the dopamine D(2) receptor gene. Am J Psychiatry. (2001)

158:802–4. doi: 10.1176/appi.ajp.158.5.802

23. Cheung C, Yu K, Fung G, Leung M, Wong C, Li Q, et al. Autistic disorders

and schizophrenia: related or remote? An anatomical likelihood estimation.

PLoS ONE. (2010) 5:e12233. doi: 10.1371/journal.pone.0012233

24. Kang DW, Ilhan ZE, Isern NG, Hoyt DW, Howsmon DP, Shaffer

M, et al. Differences in fecal microbial metabolites and microbiota

of children with autism spectrum disorders. Anaerobe. (2018) 49:121–

31. doi: 10.1016/j.anaerobe.2017.12.007

25. Wang L, Christophersen CT, Sorich MJ, Gerber JP, Angley MT, Conlon

MA. Elevated fecal short chain fatty acid and ammonia concentrations

in children with autism spectrum disorder. Dig Dis Sci. (2012) 57:2096–

102. doi: 10.1007/s10620-012-2167-7

26. Macfabe DF. Short-chain fatty acid fermentation products of the gut

microbiome: implications in autism spectrum disorders. Microb Ecol Health

Dis. (2012) 23:19260. doi: 10.3402/mehd.v23i0.19260

27. Kamen CL, Zevy DL, Ward JM, Bishnoi IR, Kavaliers M, Ossenkopp KP.

Systemic treatment with the enteric bacterial fermentation product, propionic

acid, reduces acoustic startle response magnitude in rats in a dose-dependent

fashion: contribution to a rodent model of ASD.Neurotox Res. (2019) 35:353–

9. doi: 10.1007/s12640-018-9960-9

28. Rose S, Bennuri SC, Davis JE, Wynne R, Slattery JC, Tippett M,

et al. Butyrate enhances mitochondrial function during oxidative

stress in cell lines from boys with autism. Transl Psychiatry. (2018)

8:42. doi: 10.1038/s41398-017-0089-z

29. Kratsman N, Getselter D, Elliott E. Sodium butyrate attenuates social behavior

deficits and modifies the transcription of inhibitory/excitatory genes in the

frontal cortex of an autism model. Neuropharmacology. (2016) 102:136–

45. doi: 10.1016/j.neuropharm.2015.11.003

30. Schroeder FA, Lin CL, Crusio WE, Akbarian S. Antidepressant-like effects

of the histone deacetylase inhibitor, sodium butyrate, in the mouse. Biol

Psychiatry. (2007) 62:55–64. doi: 10.1016/j.biopsych.2006.06.036

Frontiers in Psychiatry | www.frontiersin.org 7 August 2021 | Volume 12 | Article 724664

https://doi.org/10.2147/NDT.S96649
https://doi.org/10.1093/oxfordjournals.schbul.a007078
https://doi.org/10.1016/j.schres.2018.05.017
https://doi.org/10.1126/sciadv.aau8317
https://doi.org/10.1007/s40263-016-0370-3
https://doi.org/10.1038/s41575-019-0157-3
https://doi.org/10.3389/fmicb.2016.00185
https://doi.org/10.1016/j.jchromb.2006.09.027
https://doi.org/10.1016/j.nucmedbio.2013.06.007
https://doi.org/10.1016/j.neulet.2015.12.047
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1038/nn.4030
https://doi.org/10.3233/JAD-2011-110080
https://doi.org/10.1016/j.bbr.2015.05.052
https://doi.org/10.1016/j.neuroscience.2013.04.037
https://doi.org/10.1172/JCI123743
https://doi.org/10.3389/fmicb.2018.03146
https://doi.org/10.1038/s41598-018-36430-z
https://doi.org/10.1093/schbul/13.2.261
https://doi.org/10.1176/appi.ajp.158.5.802
https://doi.org/10.1371/journal.pone.0012233
https://doi.org/10.1016/j.anaerobe.2017.12.007
https://doi.org/10.1007/s10620-012-2167-7
https://doi.org/10.3402/mehd.v23i0.19260
https://doi.org/10.1007/s12640-018-9960-9
https://doi.org/10.1038/s41398-017-0089-z
https://doi.org/10.1016/j.neuropharm.2015.11.003
https://doi.org/10.1016/j.biopsych.2006.06.036
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Li et al. Butyric Acid in Schizophrenia

31. Rane P, Shields J, Heffernan M, Guo Y, Akbarian S, King JA.

The histone deacetylase inhibitor, sodium butyrate, alleviates

cognitive deficits in pre-motor stage PD. Neuropharmacology. (2012)

62:2409–12. doi: 10.1016/j.neuropharm.2012.01.026

32. Greenhill SD, Juczewski K, de Haan AM, Seaton G, Fox K, Hardingham NR.

Adult cortical plasticity depends on an early postnatal critical period. Science.

(2015) 349:424–7. doi: 10.1126/science.aaa8481

33. Washbourne P. Synapse assembly and neurodevelopmental disorders.

Neuropsychopharmacology. (2015) 40:4–15. doi: 10.1038/npp.2014.163

34. SzyfM. Prospects for the development of epigenetic drugs for CNS conditions.

Nat Rev Drug Discov. (2015) 14:461–74. doi: 10.1038/nrd4580

35. Graff J, Tsai LH. The potential of HDAC inhibitors as cognitive

enhancers. Annu Rev Pharmacol Toxicol. (2013) 53:311–

30. doi: 10.1146/annurev-pharmtox-011112-140216

36. Lopes-Borges J, Valvassori SS, Varela RB, Tonin PT, Vieira JS, Goncalves

CL, et al. Histone deacetylase inhibitors reverse manic-like behaviors and

protect the rat brain from energetic metabolic alterations induced by ouabain.

Pharmacol Biochem Behav. (2015) 128:89–95. doi: 10.1016/j.pbb.2014.11.014

37. Glenthoj BY, Mackeprang T, Svarer C, Rasmussen H, Pinborg LH, Friberg

L, et al. Frontal dopamine D2/3 receptor binding in drug-naïve first-episode

schizophrenic patients correlates with positive psychotic symptoms and

gender. Biol Psychiatry. (2006) 60:621–9. doi: 10.1016/j.biopsych.2006.01.010

38. Seeman P, Lee T, Chau-Wong M, Wong KJN. Antipsychotic

drug doses and neuroleptic/dopamine receptors. Nature. (1976)

261:717. doi: 10.1038/261717a0

39. Li Q, Han Y, Dy ABC, Hagerman RJ. The gut microbiota and autism spectrum

disorders. Front Cell Neurosci. (2017) 11:120. doi: 10.3389/fncel.2017.00120

40. DeCastro M, Nankova BB, Shah P, Patel P, Mally PV, Mishra R. Short

chain fatty acids regulate tyrosine hydroxylase gene expression through a

cAMP-dependent signaling pathway. Brain Res Mol Brain Res. (2005) 142:28–

38. doi: 10.1016/j.molbrainres.2005.09.002

41. Marks PA, Richon VM. Histone deacetylase inhibitors: inducers of

differentiation or apoptosis of transformed cells. J Natl Cancer Inst. (2000)

92:1210–6. doi: 10.1093/jnci/92.15.1210

42. Steiner J, Frodl T, Schiltz K, Dobrowolny H, Jacobs R, Fernandes BS, et al.

Innate immune cells and C-reactive protein in acute first-episode psychosis

and schizophrenia: relationship to psychopathology and treatment. Schizophr

Bull. (2019) 46:363–73. doi: 10.1093/schbul/sbz068

43. Potvin S, Stip E, Sepehry AA, Gendron A, Bah R, Kouassi E. Inflammatory

cytokine alterations in schizophrenia: a systematic quantitative review. Biol

Psychiatry. (2008) 63:801–8. doi: 10.1016/j.biopsych.2007.09.024

44. Li X, Tian X, Lv L, Hei G, Huang X, Fan X, et al. Microglia

activation in the offspring of prenatal Poly I: C exposed rats: a

PET imaging and immunohistochemistry study. Gen Psychiatr. (2018)

31:e000006. doi: 10.1136/gpsych-2018-000006

45. Bourassa MW, Alim I, Bultman SJ, Ratan RR. Butyrate, neuroepigenetics and

the gut microbiome: Can a high fiber diet improve brain health?Neurosci Lett.

(2016) 625:56–63. doi: 10.1016/j.neulet.2016.02.009

46. Huuskonen J, Suuronen T, Nuutinen T, Kyrylenko S, Salminen A. Regulation

of microglial inflammatory response by sodium butyrate and short-chain

fatty acids. Br J Pharmacol. (2004) 141:874–80. doi: 10.1038/sj.bjp.07

05682

47. Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, deRoos P, et al.

Metabolites produced by commensal bacteria promote peripheral regulatory

T-cell generation. Nature. (2013) 504:451–5. doi: 10.1038/nature12726

48. Fu SP, Wang JF, Xue WJ, Liu HM, Liu BR, Zeng YL, et al. Anti-inflammatory

effects of BHBA in both in vivo and in vitro Parkinson’s disease models are

mediated by GPR109A-dependent mechanisms. J Neuroinflammation. (2015)

12:9. doi: 10.1186/s12974-014-0230-3

49. Joseph J, Depp C, Shih PB, Cadenhead KS, Schmid-Schonbein G. Modified

mediterranean diet for enrichment of short chain fatty acids: potential

adjunctive therapeutic to target immune and metabolic dysfunction in

schizophrenia? Front Neurosci. (2017) 11:155. doi: 10.3389/fnins.2017.00155

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Li, Fan, Yuan, Pang, Hu, Wang, Huang and Song. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

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

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Psychiatry | www.frontiersin.org 8 August 2021 | Volume 12 | Article 724664

https://doi.org/10.1016/j.neuropharm.2012.01.026
https://doi.org/10.1126/science.aaa8481
https://doi.org/10.1038/npp.2014.163
https://doi.org/10.1038/nrd4580
https://doi.org/10.1146/annurev-pharmtox-011112-140216
https://doi.org/10.1016/j.pbb.2014.11.014
https://doi.org/10.1016/j.biopsych.2006.01.010
https://doi.org/10.1038/261717a0
https://doi.org/10.3389/fncel.2017.00120
https://doi.org/10.1016/j.molbrainres.2005.09.002
https://doi.org/10.1093/jnci/92.15.1210
https://doi.org/10.1093/schbul/sbz068
https://doi.org/10.1016/j.biopsych.2007.09.024
https://doi.org/10.1136/gpsych-2018-000006
https://doi.org/10.1016/j.neulet.2016.02.009
https://doi.org/10.1038/sj.bjp.0705682
https://doi.org/10.1038/nature12726
https://doi.org/10.1186/s12974-014-0230-3
https://doi.org/10.3389/fnins.2017.00155~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	The Role of Butyric Acid in Treatment Response in Drug-Naïve First Episode Schizophrenia
	Introduction
	Methods
	Participants
	Clinical Symptoms Assessment
	Laboratory Tests
	Statistical Analysis

	Results
	Baseline Comparison Between Patients and Healthy Controls
	The Changes in the PANSS Scores and Serum Levels of Butyric Acid After 24-Week Risperidone Treatment
	Baseline Serum Levels of Butyric Acid and Treatment Response

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


