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Objective: Behavioral and psychological symptoms of dementia (BPSD) are associated
with poorer prognosis of dementia. A 24-week study demonstrated that sodium benzoate,
a D-amino acid oxidase (DAAO) inhibitor, surpassed placebo in improving cognitive function in early-phase Alzheimer’s disease; however, benzoate did not excel placebo in another
6-week study on BPSD. The current study examined whether the precision medicine
approach was able to identify speciﬁc individuals with BPSD who could beneﬁt from
benzoate treatment.
Methods: In the randomized, double-blind, placebo-controlled, 6-week trial, 97 patients
with BPSD were allocated to receive 250–1500 mg/day of sodium benzoate or placebo.
Cognitive function was measured by the Alzheimer’s disease assessment scale-cognitive
subscale (ADAS-cog) and behavioral and psychological symptoms were mainly measured by
Behavioral Pathology in Alzheimer’s Disease Rating Scale (BEHAVE-AD). DAAO level,
amino acids (L-serine, D-serine, L-alanine, and D-alanine, glycine), and two antioxidants
(catalase, superoxide dismutase) were assayed in peripheral blood.
Results: After benzoate treatment, DAAO inhibition was correlated with ADAS-cog
decrease (p = 0.034), while baseline DAAO level was correlated with baseline BEHAVEAD score. Multiple linear regression analyses showed that cognitive improvement after
benzoate treatment was correlated with DAAO decrease, female gender, younger age,
BMI, baseline BPSD severity, and antipsychotic use.
Conclusion: The ﬁnding suggests that sodium benzoate may have potential to beneﬁt
cognitive function in a fraction of BPSD patients after 6 weeks of treatment. Of note, the
precision medicine approach may be helpful for identifying individuals who could respond to
benzoate. More studies are warranted to conﬁrm the preliminary ﬁndings.
Trial Registration: The trial was registered online (https://clinicaltrials.gov/ct2/show/
NCT02103673).
Keywords: behavioral and psychological symptoms of dementia, BPSD, N-methylD-aspartate, D-amino acids oxidase, DAAO, inhibitor, sodium benzoate, precision medicine
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The behavioral and psychological symptoms of dementia (BPSD) develop in
Alzheimer’s disease (AD), vascular dementia (VaD), and other kinds of dementia.1
Depression is common in the early stage of dementia, while psychotic symptoms are
more often in later stages.2 BPSD contribute to a speedier decline of cognitive and
global function and poorer prognosis.3 Psychosocial interventions may improve BPSD;
however, medication is often required for more severe manifestations. To date, no
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pharmacological treatment has been found to have diseasemodifying activity, though some medications, including several antipsychotics, may have modest effects,4–8 or approved
by the US Food and Drug Administration (FDA) for treating
BPSD.
Altered N-Methyl-D-aspartate receptor (NMDAR)related neurotransmission is involved in dementia manifestations, including cognitive and behavioral domains.9
NMDAR over-activation leads to neurotoxicity, while its
hypofunction results in neurodegeneration,10 suggesting
that NMDAR activity needs to maintain at an optimal
range.11 One of the avenues to enhance NMDAR function
is via inhibiting D-amino acids oxidase (DAAO) activity.12
In a placebo-controlled trial,13 sodium benzoate, a pivotal
DAAO inhibitor,14 signiﬁcantly improved the cognitive
function of patients with early-phase AD, without BPSD.
Precision medicine approaches have been advancing our
understanding of the development and treatment of AD
dementia. However, precision medicine has not yet been
adequately applied by many of clinical trials for dementia.15
Increased oxidative stress also contributes to aging processes and neurodegenerative diseases, while free radicals
damage cells and tissues.16 Antioxidants may help prevent
and reverse cognitive deﬁcits induced by free radicals.17
Studies indicate a link among age-related NMDAR dysfunction, oxidative stress, and senescence and related cognitive decline.18 Benzoate can inhibit reactive oxygen
species19 and increase the activity of catalase (CAT), an
antioxidant, in patients with schizophrenia.20 In a recent
study on BPSD,21 6-week treatment of benzoate (mean
doses at weeks 2, 4 and 6 were 341.8 ± 121.8 [SD], 528.4
± 248.3 and 622.0 ± 340.6 mg/day of 622.0 mg/day, respectively) did not excel placebo in restoring cognitive function
or reducing behavioral and psychological symptoms for all
patients as a whole. Of note, the two treatments showed
similar safety proﬁles.21 Therefore, the current study aimed
to test whether the precision medicine approach was able to
identify subgroups of BPSD individuals who could respond
to benzoate treatment, by measuring antioxidants, DAAO,
and NMDAR-related amino acids in peripheral blood,22 and
examined their associations with treatment response of
benzoate.

Methods and Materials
The methods and materials have been briefed elsewhere.21
Here we provided more details.
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Standard Protocol Approvals,
Registrations, and Patient Consents
Patients were recruited from the outpatient clinics at the
Department of Psychiatry, Kaohsiung Chang Gung
Memorial Hospital, Kaohsiung, Department of Psychiatry,
China Medical University Hospital, Taichung, and
Department of Neurology, Lin-Shin Hospital, Taichung,
which are three major medical centers in Taiwan. The study
was approved by the institutional review boards of all three
participating hospitals, and conducted in accordance with the
current revision of the Declaration of Helsinki.
Patients were evaluated by research psychiatrists and
neurologists after a thorough medical and neurological
workup. Written informed consent was obtained from all
participants or guardians of participants in this study.
There was no disclosure of any recognizable persons in
photographs, videos, or other information in this report.
The trial was registered on the ClinicalTrials.gov website (NCT02103673): https://clinicaltrials.gov/ct2/show/
NCT02103673.

Study Design
The inclusion criteria, exclusion criteria, concurrent allowable medications (anti-dementia medications and antipsychotics), and doses of study medications have been
described elsewhere.19 We now provided more details on
the dose-escalation strategies. The dose of the study medications (sodium benzoate or placebo) was started at
250–500 mg/day (250 mg q.d. or b.i.d.), according to clinical
judgement on patients’ severity and tolerability. If the
patients showed poor response and ﬁne tolerability, the
dose was increased by 250–500 mg/day from week 3; and,
if still poor response and ﬁne tolerability, the dose was further
increased by another 250–500 mg/day from week 5.
Patient’s medical adherence and safety were closely
monitored and ensured by caregivers and research physicians and pill-counting by the study staff.

Assessments
The cognitive function was measured by the Alzheimer’s
disease assessment scale-cognitive subscale (ADAS-cog)23
at baseline and endpoint, and behavioral and psychological
symptoms were measured by BEHAVE-AD at weeks 0, 2, 4,
and 6. ADAS-cog is the most popular cognitive assessment
instrument used in AD and VaD clinical trials. Its scores range
from 0 (best) to 70 (worst). BEHAVE-AD, a commonly used
tool for the assessment of BPSD,24 consists of global
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evaluation and seven symptoms domains, including paranoid
and delusional ideation, hallucinations, activity disturbances,
aggressiveness, diurnal rhythm disturbances, affective disturbances, anxieties, and phobias; and higher score indicates
severer symptoms.25
Clinical ratings were performed by the research psychiatrists and neurologists who were trained and experienced in the rating scales. Inter-rater reliability was
analyzed with the ANOVA test. Only raters reaching the
intra-class correlation coefﬁcients of ≥0.90 during prestudy training were allowed to rate the patients. To minimize inter-rater variability, each individual patient was
assessed by the same rater throughout the trial.

Laboratory Measurements
Laboratory measurements, including DAAO, amino acids,
and antioxidants, were measured at baseline and endpoint.
DAAO protein concentrations were measured using
commercially available enzyme-linked immunosorbent
assay (ELISA) kits according to the manufacturer's recommended protocol (Cloud-Clone Corp, Houston, TX, USA).
Brieﬂy, 100 μL serum samples and the standard were
added to each well of a 96-well plate. The solutions were
incubated for 1 hr at 37°C. The liquid was then removed.
One hundred-microliter Detection Reagent A was added to
each well and incubated for 1 hr at 37°C. Each well was
washed for 3 times, 100 µL of Detection Reagent B was
added to each well, and the solutions were incubated for
30 mins at 37°C. Each well was washed for 5 times and
then incubated with 90 µL substrate solution for 20 min at
37°C with the protection from light, and 50 µL stop solution was added to each well. A Benchmark Plus
Microplate Reader (Bio-Rad) was used to read the optical
density at 450 nm. The concentrations of DAAO in the
samples were determined according to a standard curve.
For measuring concentrations of amino acids, plasma
was ﬁrstly extracted by methanol (1:3, by volume), then
ﬁltered after 15 min centrifugation (1500 ×g) with nylon
membranes (0.45mM, Minisart SRP4, Sartorius,
Germany). The ﬁltrate was diluted with proper amount of
20% methanol, derivatized with N-isobutyl-L-cysteine
(IBC) and O-phthaldialdehyde mixture for 5 mins, and
then injected into high-performance liquid chromatography (HPLC, L-7100 Pump, L7250 Autosampler, L-7250,
with L7480 ﬂuorescence Detector, Hitachi, Japan) for
analysis. Analytical column (Grom-Sil OPA-2, 5 µm,
250 mm*4 mm, Part No: GSOP 20512S2504, SAP No:
5113679, Grace, US) with guard column (Grom-Sil OPA-
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2, 5 µm, 10 mm×4 mm, Part No: GSOP20512v0104V,
Grace, US) was used for the determination. Isocratic elution of mobile phase A (23mM sodium acetate, pH 6.0)
and B (50 mL acetonitrile in 600 mL methanol) were
performed under ﬂuorescence detection (excitation
260 nm, emission 455 nm), respectively. Retention time
of each amino acid was L-serine, 33.6 mins; D-serine, 35.8
mins; glycine, 41.5 mins; L-alanine, 47.2 mins; and
D-alanine, 50.3 mins, respectively.
Superoxide dismutase (SOD) levels were measured using
commercially available kits according to the manufacturer's
recommended protocol (Merck, Kenilworth, NJ, USA).
Brieﬂy, 200 μL of the diluted radical detector and 10 μL of
standard or plasma sample were added to each well of a 96well plate. Then, 20 μL of diluted xanthine oxidase was
added to each well and then incubated on a shaker for
20 mins at room temperature. The absorbance at 450 nm
was assessed with the Benchmark Plus Microplate Reader
(Bio-Rad). The SOD level in the sample was determined
using a standard curve and the formula.
CAT activity was measured using commercially available
kits according to the manufacturer's recommended protocol
(Cayman, Ann Arbor, MI, USA). Brieﬂy, 100 μL diluted
assay buffer, 30 μL methanol, 20μL plasma samples, standard and diluted Catalase (Control) were added to each well
of a 96-well plate, and 20 μL diluted Hydrogen Peroxide was
added to each well and incubated for 20 mins at room
temperature. Next, 30 μL Potassium Hydroxide and 30 μL
Catalase Purpald were added to each well and incubated for
10 mins at room temperature, and, then, 10 μL Catalase
Potassium was added to each well and incubated for 5 mins
at room temperature. The absorbance at 540 nm was assessed
with the Benchmark Plus Microplate Reader (Bio-Rad). The
CAT activity in the samples was determined using a standard
curve and the formula.

Data Analysis
To ensure a sufﬁcient sample size, a power analysis was
conducted26 and a power of 80% was obtained. Under the
assumption of the medium effect (Cohen’s f = 0.33), the
sample size required per group was 37 to achieve a groupdifference of ADAS-cog score at 4, with S.D. estimated at
6. For further conﬁrmation, we increased the sample size
per group to about 48, which was larger than that (n = 30)
of the previous benzoate trial in early-phase AD13 and that
(n = 20) in treatment-resistant schizophrenia.20
Chi-square test (or Fisher’s exact test) was used to compare
differences of categorical variables and Student’s two-sample
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t-test (or Mann–Whitney U-test if the distribution was not
normal) for continuous variables (including some demographic characteristics, ADAS-cog, and laboratory measurements) between two groups. Mean changes from baseline in
repeated-measure assessments (weeks 2, 4, and 6) (BEHAVEAD and GDS) were assessed using the generalized estimating
equation (GEE) method with treatment, visit, and treatmentvisit interaction as ﬁxed effects and intercept as the only
random effect; baseline value as the covariance. No imputation
for the incomplete data was used for the GEE analysis. The
working correlation matrix was speciﬁed as autoregressive of
order 1, named AR(1).
Therapeutic effect sizes (Cohen’s d) were used to
determine the magnitude of improvement for the continuous variables resulting from benzoate treatment vs placebo. Multiple linear regression analyses were used to
generate predictive models for treatment response.
Fisher’s exact test was used to compare the betweengroup differences in the dropout rates. All data were analyzed by IBM SPSS Statistics (version 22.0; SPSS Inc.).
All p values were based on two-tailed tests with
a signiﬁcance level of 0.05.

Data Availability Statement
The protocol of this study is online (https://clinicaltrials.
gov/ct2/show/NCT02103673). The individual de-identiﬁed
participant data are available to qualiﬁed investigators on
request to the corresponding author after the request is
approved by the Institutional Review Board and Data
Safety Monitoring Board of Kaohsiung Chang Gung
Memorial Hospital, Institutional Review Board and Data
Safety Monitoring Board of China Medical University
Hospital, and Institutional Review Board and Data Safety
Monitoring Board of Lin-Shin Hospital.

Results
One hundred and twenty-one patients were screened, and 97
of them were eligible and randomized; all the randomized
patients completed at least one follow-up (at week 2), and 84
(86.6%) of them completed the 6-week trial (Figure 1). The
dropout rate (12.2%) of the benzoate group was similar to
that (14.6%) of the placebo group (p = 0.20) (Figure 1).
Demographic data (including gender, age, diagnosis, age
at illness onset, CDR), education level, body mass index
(BMI), anti-dementia medication use, and antipsychotics use
at baseline were similar between the benzoate group (n = 49)
and the placebo group (n = 48). For details, refer to Table 1 in
our previous article.21
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Blood Levels of DAAO, Amino Acids, and
Antioxidants
All laboratory parameters were measured at baseline and
endpoint. The DAAO concentration showed a minimal but
insigniﬁcant decrease in the benzoate group, when compared to the placebo group (Table 1).
For the ﬁve amino acids (L-serine, D-serine, glycine,
L-alanine, D-alanine), there were also no signiﬁcant differences in terms of baseline levels, endpoint levels, and
changes from baseline to endpoint between the two groups
(Table 1). In addition, no signiﬁcant correlations were
found between DAAO levels and amino acid levels in
both benzoate and placebo groups (data not shown).
For the antioxidants, the SOD changes from baseline to
endpoint were similar between the two groups, while CAT
tended to increase after benzoate treatment, albeit insigniﬁcantly (Table 1).

Blood Correlates of Clinical Outcomes
We further analyzed blood assays of DAAO, amino acids,
and antioxidants vs clinical outcomes of ADAS-cog and
BEHAVE-AD (the details of clinical outcomes have been
described elsewhere)19 in the two groups (Table 2). In the
benzoate group, baseline DAAO level was correlated with
baseline BEHAVE-AD score. The DAAO change was
correlated with ADAS-cog change (p = 0.034).
In the placebo group, the baseline BEHAVE-AD score
was signiﬁcantly correlated with the baseline CAT level
(p = 0.024) and negatively correlated with the CAT
change (p = 0.021). There was no signiﬁcant correlation
between any other two items among DAAO level or
change, SOD level or change, BEHAVE-AD score or
change, and ADAS-cog score or change in the placebo
group (Table 2). The correlations among amino acids
levels and clinical measures were insigniﬁcant in both
groups (data not shown).
With multiple linear regressions (stepwise method) for
the benzoate group (Table 3), ADAS-cog score decrease was
signiﬁcantly associated with higher baseline BEHAVE-AD
score, greater DAAO level decrease, higher BMI, female,
antipsychotics use, and younger age (adjusted
R square = 0.464); and BEHAVE-AD score decrease was
signiﬁcant with higher baseline BEHAVE-AD score, greater
CAT decrease, and higher BMI (adjusted R square = 0.446).
In comparison, with multiple linear regressions (stepwise method) for the placebo group (Table 4), ADAS-cog
score decrease was signiﬁcantly associated with male and
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121 patients were screened
24 patients were excluded
3 Refusal
3 Physically unhealthy
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11 Uncooperative to evaluations
4 Comorbid with other diagnosis
3 Not fulfilling criteria for enrollment

97 patients were enrolled

Baseline assessment
and randomization

Sodium benzoate (n = 49)

Placebo (n = 48)

Efficacy and adverse effects assessed
at weeks 2, 4, and 6

Efficacy and adverse effects assessed
at weeks 2, 4, and 6

12.2% discontinued (n = 6)

14.6% discontinued (n = 7)

2.0% adverse events (n = 1)

2.1% adverse events (n = 1)

10.2% non-adherence to protocol (n = 5)

12.5% non-adherence to protocol (n = 6)

0% physical illnesses (n = 0)

0% physical illnesses (n = 0)

100% completed at least one follow-up
(n = 49)

100% completed at least one follow-up
(n = 48)

87.8% completed the trial (n = 43)

85.4% completed the trial (n = 41)

Figure 1 Flow diagram and disposition of the two treatment groups.

lower baseline D-alanine level (adjusted R square = 0.228);
and BEHAVE-AD score decrease was signiﬁcant with
higher baseline BEHAVE-AD score and more glycine
increase (adjusted R square = 0.490).

Discussion
The study results showed that cognitive improvement after
benzoate treatment was correlated with DAAO decrease,
female gender, younger age, BMI, baseline BPSD severity,
and antipsychotic use (Tables 2 and 3). More studies are

Neuropsychiatric Disease and Treatment 2020:16

warranted to conﬁrm the ﬁndings and to identify target
populations using precision medicine approach.
It is important but difﬁcult to treat BPSD of all types of
dementia.15 In the current trial, whose clinical outcome has
been published elsewhere,21 with a lower mean dose
(622.0 mg/day) of sodium benzoate than that (716.7 mg/
day) of the previous trial on AD,13 DAAO levels only
marginally and insigniﬁcantly declined; and all ﬁve amino
acids (D-serine, L-serine, D-alanine, L-alanine, glycine)
generally remained unaltered. Regarding the dose–response
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Table 1 Results of Measures of Serum DAAO, Plasma Amino Acids, and Plasma Antioxidants Over the 6-Week
Treatment Between Sodium Benzoate and Placebo Groups
Sodium Benzoate Mean ± SD

Placebo Mean ± SD

p value

Baseline

46.3 ± 13.1

45.1 ± 17.2

0.304*

Endpoint

45.7 ± 16.7

50.3 ± 20.7

0.349*

Difference

−0.2 ± 13.8

2.8 ± 20.4

0.610*

Baseline

3562.7 ± 1274.6

3287.8 ± 1014.3

0.313*

Endpoint
Difference

3569.6 ± 1187.2
−0.1 ± 1128.3

3275.5 ± 958.6
−70.7 ± 748.3

0.403*
0.979*

Baseline

55.2 ± 35.0

53.4 ± 27.4

0.895*

Endpoint

53.1 ± 25.9

47.4 ± 24.3

0.254*

Difference

−2.7 ± 36.4

−6.1 ± 19.0

0.403*

Baseline

4578.7 ± 1926.9

5117.0 ± 2495.6

0.298*

Endpoint
Difference

5315.5 ± 2332.2
649.8± 2757.6

4730.8 ± 2054.3
−97.0 ± 2613.5

0.154*
0.242*

Baseline
Endpoint

13271.8 ±4401.9
12351.0 ± 3933.7

12649.5 ± 3230.6
12820.7 ± 4362.6

0.475*
0.798*

Difference

−1087.5 ± 4613.0

219.4 ± 3756.4

0.146*

Baseline

42.4 ± 39.2

37.8 ± 26.2

0.976*

Endpoint

34.5 ± 33.2

36.4 ± 39.9

0.930*

Difference

−8.1 ± 51.9

−1.4 ± 31.7

0.484

Baseline

0.04 ± 0.05

0.04 ± 0.06

0.805

Endpoint
Difference

0.05 ± 0.06
0.01 ± 0.05

0.06 ± 0.06
0.02 ± 0.05

0.368
0.346

Baseline
Endpoint

55.3 ± 33.5
61.5 ± 37.9

61.8 ± 32.9
58.8 ± 31.0

0.278*
0.948*

Difference

6.5 ± 46.5

−0.6 ± 33.2

0.394*

Measures
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DAAO protein, ng/mL

L-Serine, ng/mL

D-Serine, ng/mL

Glycine, ng/mL

L-Alanine, ng/mL

D-Alanine, ng/mL

SOD protein, U/mL

CAT activity, nmol/min/mL

Note: *Mann–Whitney U-test.
Abbreviations: DAAO, D-amino acid oxidase; SOD, superoxide dismutase; CAT, catalase.

relationship, 2 g/day, rather than 1 g/day, of sodium benzoate has been demonstrated to improve overall symptomatology of clozapine-resistant schizophrenia.20 Therefore,
whether higher-dose benzoate treatment can beneﬁt clinical
performances and change levels of DAAO and amino acids
requires studies.
The current ﬁnding that there was no change on D-serine
and D-alanine with treatment supports the antecedent ﬁnding
that sodium benzoate at reported clinical therapeutic concentration did not affect D-alanine metabolism in dogs.27
Therefore, clinical efﬁcacy of sodium benzoate for treatment
of dementia maybe not mediated through changes of D-serine
or D-alanine. However, its effects on other amino acids such as
D-aspartate28 remain unknown. Further studies are needed to
elucidate how sodium benzoate exert its therapeutic activity.29
DAAO is implicated in oxidative stress.30 Studies indicated that the DAAO level in peripheral blood increased
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with the severity of cognitive deﬁcits in the elderly31 and
decreased after 6-week treatment of benzoate in patients
with schizophrenia.20 The insigniﬁcant DAAO decrease
after benzoate therapy in this study may have been due
to the relatively lower mean dose (as aforementioned) of
benzoate compared to that (2000 mg/day) in the previous
study for schizophrenia.20
The current study showed that precision medicine
approach also helped identify individuals who beneﬁted
from benzoate treatment in reducing behavioral and psychological symptoms, although benzoate did not excel placebo
in this domain for all patients as a whole.21 At baseline,
higher CAT activity was positively correlated with higher
BEHAVE-AD score in both treatment groups (Table 2).
And, higher baseline CAT and BMI predicted more decrease
in BPSD (more BEHAVE-AD score reduction) after benzoate treatment (Tables 2 and 3). In addition, less CAT increase
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Table 2 Zero-Order Correlations Among Laboratory and Clinical Measures at Baseline and Their Difference Values (Endpoint –
Baseline)
Sodium Benzoate (N=49)

1

2

3

4

1 DAAO baseline

–

2 DAAO difference

−0.255

–

3 SOD baseline
4 SOD difference

−0.193
−0.072

5 CAT baseline

5

6

7

0.175
0.080

–
−0.254

–

0.108

0.280

0.005

0.032

–

6 CAT difference
7 BEHAVE-AD baseline

0.109
0.297*

−0.167
−0.062

0.217
0.304*

−0.268
−0.026

8 BEHAVE-AD difference
9 ADAS-cog baseline

−0.138
0.215

0.001
0.081

0.095
−0.236

10 ADAS-cog difference

−0.049

0.335*

Placebo (N=48)

1

2

1 DAAO baseline
2 DAAO difference

–
−0.450*

–

3 SOD baseline

0.057

−0.080

–

4 SOD difference
5 CAT baseline

−0.104
−0.046

0.192
0.129

6 CAT difference

−0.007

7 BEHAVE-AD baseline
8 BEHAVE-AD difference

8

9

−0.592***
0.302*

–
−0.051

–

−0.321*
−0.006

−0.294*
0.167

0.432**
−0.034

0.068

−0.127

−0.027

3

4

5

−0.444**
0.053

–
0.106

–

0.071

0.079

−0.164

−0.538***

0.130

−0.062

0.150

−0.002

0.329*

−0.360*

–

−0.224

0.053

−0.232

−0.033

−0.160

0.230

−0.543***

–

9 ADAS-cog baseline

−0.279

0.115

−0.147

0.167

−0.048

−0.044

−0.241

0.194

–

10 ADAS-cog difference

−0.001

−0.143

0.166

0.052

−0.028

−0.146

−0.043

0.346*

−0.007

−0.461**
0.235

–
−0.239

–

0.185

−0.320*

0.323*

−0.123

–

6

7

8

9

10

–

–

Notes: The zero-order correlations among amino acids levels and clinical measures were insigniﬁcant (data not shown). *p < 0.05; **p < 0.01; ***p < 0.001.
Abbreviations: DAAO, D-amino acid oxidase; SOD, superoxide dismutase; CAT, catalase; BEHAVE-AD, Behavioral Pathology in Alzheimer’s Disease Rating Scale; ADAScog, Alzheimer’s disease assessment scale-cognitive subscale.

(even after controlling for other variables) was correlated
with more decrease in BPSD after benzoate treatment
(Tables 2 and 3). Benzoate also increased the CAT activity
in a cell model of neurotoxicity.32 However, after adding
benzoate to clozapine for treatment of schizophrenia, the
increase of CAT was correlated with the decrease of psychotic symptoms.20 One possible explanation for the ﬁnding of
the current study is that excessively increase of CAT made
patients with BPSD over-vigorous and active, and the
caregiver consequently regarded the emergent behaviors
disturbing.
It is always crucial to treat dementia as early as possible to stop or at least slow down its progression; compared
to treatment for early-phase dementia, treatment for latephase dementia is much more difﬁcult.33 In addition, the
role of NMDAR varies with dementia phases.11 NMDAR
enhancement may be beneﬁcial for early-phase AD.13
However, NMDAR over-excitation leads to excitotoxicity
at late-stage AD.11,34 Since BPSD are more common in the
late-phase dementia, it is expectable that the result of the
current trial turned to be negative as a whole.21
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Psychosis is associated with worse cognitive decline in
patients with dementia.35 Though no medications have been
approved for treatment of BPSD, antipsychotics have been
commonly used for treatment of BPSD.4–8,36,37 Adverse
effects of antipsychotics may counterpoise their beneﬁts
for the treatment of psychosis and agitation;38 on the other
hand, patients with stable BPSD symptoms under antipsychotics treatment may have better competence and more
potential to improve in cognitive function.39 In the current
trial, around half of subjects (25/49 [51%] in the benzoate
group; 22/48 [46%] in the placebo group) were receiving
antipsychotics,21 thereby perhaps reducing the potential of
benzoate efﬁcacy for not only psychotic symptoms but also
cognitive impairment. Benzoate exerted antipsychotic
properties in a mouse model40 and in patients with
schizophrenia.41 Future studies in antipsychotics-free
patients are needed to elucidate the potential efﬁcacy of
benzoate for BPSD.
Low BMI and BMI decline are known risk factors for
increased incidence and mortality of dementia.42 In this
study, higher BMI was associated with better treatment
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Table 3 Multiple Linear Regression Analyses of Independent Factors
Associated with ADAS-Cog and BEHAVE-AD Improvements (Score
Reduction from Baseline to Endpoint) in Sodium Benzoate Group
(Stepwise)

Neuropsychiatric Disease and Treatment downloaded from https://www.dovepress.com/ by 34.226.234.102 on 12-May-2021
For personal use only.

ADAS-Cog Improvement

ADAS-Cog Improvement
Variable

B (SE)

t

p

Gender, female vs male

−5.393 (1.880)

−2.868

0.007

Baseline D-alanine Level

−0.073 (0.033)

−2.186

0.036

B (SE)

t

p

Variable

B (SE)

t

p

Baseline BEHAVE-AD Score

0.371 (0.107)

3.471

0.001

DAAO level difference

−0.196 (0.061)

−3.210

0.003

Adjusted R Square = 0.228

BMI

0.631 (0.249)

2.530

0.016

Gender, female vs male

3.642 (1.699)

2.143

0.040

Antipsychotic use

4.321 (1.695)

2.496

0.018

Age

−0.263 (0.121)

−2.172

0.037

Adjusted R Square = 0.464
BEHAVE-AD Improvement
Variable

B (SE)

t

p

0.487 (0.106)

4.570

<0.001

CAT Level Difference

−0.043 (0.019)

−2.324

0.026

BMI

0.561 (0.269)

2.087

0.044

Adjusted R Square = 0.446
Notes: The variables were demographic and clinical characteristics (including gender, age, age at illness onset, education, BMI, anti-dementia medication use, antipsychotics use, baseline ADAS-cog score, baseline BEHAVE-AD score, and laboratory
parameters at baseline and their difference values (endpoint – baseline) including
DAAO, amino acids (L-serine, D-serine, glycine, L-alanine, and D-alanine), and antioxidants (SOD and CAT)). Signiﬁcant variables are shown in the Table (p < 0.05).
Abbreviations: ADAS-cog, Alzheimer’s disease assessment scale-cognitive subscale;
BEHAVE-AD, Behavioral Pathology in Alzheimer’s Disease Rating Scale; BMI, body mass
index; DAAO, D-amino acid oxidase; SOD, superoxide dismutase; CAT, catalase.

response of benzoate, lending support to the importance of
adequate nutrition in patients with BPSD.

Limitation
This study is limited by the short duration of treatment.
Usually, it needs 6–12 months to ameliorate the cognitive
decline of dementia.43 In comparison to the 24-week
benzoate treatment for early-phase AD,13 its efﬁcacy
appeared similar to that of placebo in this 6-week study.
A longer-duration trial is deserved to further clarify its
efﬁcacy. Secondly, repeated measures after short duration
(6 weeks) may enhance the learning effect of cognitive
tests, therefore improving the ADAS-cog performance
(from 28.3 [mean] at baseline to 25.8 at endpoint) even
in the placebo group21 and perhaps outshining the true
drug effect. Thirdly, as aforementioned, the average dose
of benzoate in this study was lower than that of the previous study in early-phase AD (716.7 mg/day),13 mainly
due to the older patients in the current trial compared to
the previous study (mean age 75.5 years vs 70.2 years).
Finally, we measured only serum DAAO level. The correlation of serum DAAO level with brain DAAO level and
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BEHAVE-AD Improvement
Variable
Baseline BEHAVE-AD score

0.655 (0.109)

6.032

<0.001

Glycine Level Difference

0.001 (0.000)

2.448

0.020

Adjusted R Square = 0.490

Baseline BEHAVE-AD score
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Table 4 Multiple Linear Regression Analyses of Independent Factors
Associated with ADAS-Cog and BEHAVE-AD Improvements (Score
Reduction from Baseline to Endpoint) in Placebo Group (Stepwise)

Notes: The variables were demographic and clinical characteristics (including gender, age, age at illness onset, education, BMI, anti-dementia medication use, antipsychotics use, baseline ADAS-cog score, baseline BEHAVE-AD score, and laboratory
parameters at baseline and their difference values (endpoint – baseline) including
DAAO, amino acids (L-serine, D-serine, glycine, L-alanine, and D-alanine) and antioxidants (SOD and CAT)). Signiﬁcant variables are shown in the Table (p < 0.05).
Abbreviations: ADAS-cog, Alzheimer’s disease assessment scale-cognitive subscale;
BEHAVE-AD, Behavioral Pathology in Alzheimer’s Disease Rating Scale; BMI, body mass
index; DAAO, D-amino acid oxidase; SOD, superoxide dismutase; CAT, catalase.

activity deserves study in the future. We add this as
a limitation on page.

Conclusions
The ﬁnding suggests that sodium benzoate may have
potential to beneﬁt cognitive function in a fraction of
BPSD patients after only 6 weeks of treatment.
BPSD are very heterogeneous and usually unstable,
compared to cognitive deﬁcit per se. Diverse manifestations and courses of BPSD may represent numerous
pathogeneses.15 Whether sodium benzoate can advantage
at least a portion of patients with BPSD, particularly at
their younger age and earlier-phase of illness deserves
further studies. Consequently, applying precision molecular medicine may be capable of predicting benzoate effects
on dementia and related BPSD.
In the future, longer-duration, higher-doses (and perhaps also lower doses) clinical trials are necessary to
determine the efﬁcacy and safety of sodium benzoate for
the treatment of BPSD, with the aid of precision medicine
strategies.
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