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Abstract: Objective: Alzheimer’s disease (AD) is a complex and severe neurodegenerative disease
and still lacks effective methods of diagnosis. Dysfunction of the N-methyl-D-aspartate receptor
(NMDAR) has been found to be involved in synapse dysfunction and neurotoxicity of AD mechanisms.
p-Serine, an NMDAR receptor coagonist, is reported as a potential new biomarker for AD. However,
the results of serum and cerebrospinal fluid (CSF) p-serine levels are conflicting. We conducted
a meta-analysis to investigate the serum and CSF p-serine levels in patients with AD. Methods:
We searched PubMed, the Cochrane central register of controlled trials, and the Cochrane database of
systematic reviews for trials that measured p-serine levels both in patients with AD and in controls.
We included controlled trials that analyzed p-serine levels in human samples (e.g., serum and CSEF).
Studies were pooled using a random-effect model for comparisons between AD and control group.
We used effect size (ES; expressed as p-serine levels) in each selected meta-analysis to calculate
standardized mean difference (SMD). Positive values indicated increased p-serine levels in AD group.
We presented results with 95% confidence intervals (Cls). The heterogeneity of the included trials
was evaluated through visually inspecting funnel plots and using the I? statistic. Moderators of
effects were explored using metaregression. Results: Seven trials with more than 1186 participants
were included in this meta-analysis. p-serine levels in patients with AD were significantly higher
than those in controls (SMD = 0.679, 95% CI = 0.335 to 1.022, p < 0.001). Subgroup analyses showed
that the AD group had significantly higher p-serine levels in serum and CSF compared with the
control group (SMD = 0.566 (serum) and 1.008 (CSF); 95% CI = 0.183 to 0.948 (serum) and 0.168 to
1.849 (CSF)). Moreover, a metaregression revealed a significant negative association between ES and
mean mini-mental state examination score in AD group (slope = —0.1203, p = 0.0004). Conclusions:
Our results revealed higher p-serine levels in the serum and CSF of patients with AD relative to the
controls. Further studies with a larger sample size and longer follow-up are recommended to clarify
this association.
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1. Introduction

Alzheimer’s disease (AD) is a complex and incurable neurodegenerative disease and the most
common cause of dementia. Itis characterized by progressive memory loss and cognitive impairment [1].
Deposition of amyloid plaques, neurofibrillary tangles, and significant synapse loss are observed in
brain pathology in patients with AD [2]. Even though evidence shows that accumulation of amyloid-f
oligomers (A3Os) in brains results in synapse failure and memory loss, the precise mechanisms of AD
still remain unclear.

The current diagnostic methods of AD rely on cognitive tests, imaging techniques,
and cerebrospinal fluid (CSF) assays [3,4]. Currently, diagnostic guidelines include cerebrospinal fluid
(CSF) levels of amyloid-f31-42 (A342), total tau protein, and hyperphosphorylated tau (p-tau) [5,6].
CSF biomarkers like AB42 and p-tau have been used for research purposes. However, the available
methods are expensive and relatively invasive [7,8]. Moreover, sensitivity and specificity of CSF A(42
and p-tau biomarkers have raised concerns about their clinical implication [5,9,10]. The sensitivity of
CSF AP42 ranges from 0.69 to 0.81 and specificity ranges from 0.44 to 0.89 [11]. In addition, patients
with AD are generally diagnosed late. If AD can be detected in early stages before major brain damage
develops, patients may benefit more from treatment. There is an important need to develop biomarkers
which can detect AD onset or at early stages. Biomarkers can improve diagnostics and allow treatment
to be initiated at the earliest possible stage [12].

Abnormal hyperfunction of the N-methyl-D-aspartate receptor (NMDAR) has been found to
be involved in synapse dysfunction and neurotoxicity of AD mechanisms [13-16]. Based on these
mechanisms, memantine, an NMDAR partial antagonist, has been approved for patients with moderate
to severe AD [17]. p-serine, one of major coagonists at the NMDARs, has been found to be related with
NMDAR-mediated neurotoxicity [18-20]. On the other hand, p-serine has been shown to increase adult
hippocampal neurogenesis [21]. In animal models, A3 oligomers may upregulate serine racemase (SR)
and thereafter increase the p-serine levels [22]. In 3-amyloid 1-42 injected mice, p-serine improves
motor and cognitive impairments by the inhibiting the c-Jun N-terminal kinase (JNK) signaling
pathway [23].

Whether p-serine levels are altered in patients with AD remains controversial. Several trials
investigated CSF p-serine levels. Two studies reported that CSF p-serine levels in an AD group were
significantly higher than in a control group [22,24]. However, other trials revealed no significant
difference in such levels between patients with AD and controls [25,26]. In recent years, some researchers
measured p-serine levels in peripheral serum. Obtaining samples from peripheral blood is less invasive
than CSF. They observed that p-serine levels in an AD group were significantly higher than those in a
control group [27,28]. However, one study [29] revealed that serum p-serine levels in the AD group
were lower than in normal controls, but not significantly.

Due to the inconsistency associated with serum p-serine levels in AD patients compared to
controls, we conducted a meta-analysis to investigate the serum and CSF p-serine levels in patients
with AD.

2. Methods

We followed the preferred reporting items for systematic reviews and meta-analyses (PRISMA)
guidelines [30]. This study was approved by the Institutional Review Board of China Medical
University, Taiwan (CMUH108-REC-006).

2.1. Search Strategy and Inclusion Criteria

Two independent authors (Chun-Hung Chang and Hsiao-Lun Kuo) conducted a systematic
literature search from the study’s inception until 23 November 2020. We used keywords including
Alzheimer’s disease, D-amino acids, and p-serine in previous trials [22,25,26,29]. We added keywords
like biomarker, serum, plasma, blood, and CSE. We referred to a meta-analytic study on p-serine [31].
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Finally, we extensively searched the following keywords in our search: “(p-serine OR D-amino
acid* OR biomarker) AND (dementia OR Alzheimer*) AND (serum OR plasma OR blood OR CSF)
AND trial)” on PubMed, the Cochrane central register of controlled trials, and the Cochrane
database of systematic reviews (Figure 1). These authors (CH Chang and HL Kuo) independently
evaluated the titles and abstracts of all retrieved papers for potential eligibility. We reviewed full-text
articles related to potentially eligible trials and then compiled a final list of studies for inclusion.
Between-reviewer discrepancies were resolved through discussion under the supervision of a third
reviewer (Professor Tsai). After a thorough review of full-text articles, seven studies were ultimately
included in our meta-analysis.

Records identified through Additional records identified
database searching through other sources
(n=1996) (n=0)

Records identified (n=1996)
Duplicated records excluded (n=523)
Records after duplicates
removed (n=1273)
Excluded by title and abstract (n=1421)
Full-text articles assessed
for eligibility (n=52)

Studies excluded: n=45

Not human study n=18
Review/comment n=16

Studies included in Wrong outcome (investigated outcomes not
itati H - relevant to D-serine levels) n=9
qualitative synthesis (n=7) Wrong population (trials enrolling patients

without dementia or Alzheimer’s disease)
n=1

Studies included in
meta-analysis (n=7)

Lack of controls n=1

Included m

Figure 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram
for searching and identifying included studies. Database: PubMed (1 = 1996), Cochrane central register
of controlled trials (n = 721), and Cochrane database of systematic reviews (n = 2). Keywords: (p-serine
OR D-amino acid* OR biomarker) AND (dementia OR Alzheimer*) AND (serum OR plasma OR blood
OR CSF) AND trial. Date: available until 23 November 2020.

2.2. Eligibility Criteria

To be included, studies had to be (a) an observational study, either with a cohort or a cross-sectional
design comparing p-serine levels in patients with AD and controls or (b) a human trial. We excluded
(a) non-human studies, (b) reviews and commentaries, (c) wrong outcome (investigated outcomes
not relevant to p-serine levels), (d) wrong population (trials enrolling patients without dementia or
Alzheimer’s disease), and (e) did not have controls.

2.3. Data Extraction

Two authors (CH Chang and HL Kuo) independently extracted data of interest following the
PRISMA guidelines. The primary outcome was difference in p-serine level between patients with AD
and controls (calculated in terms of the standard mean difference (SMD), with the corresponding 95%
confidence interval (CI) and p value). We defined the control group as cognitively healthy participants.
We contacted the primary author of a study to request original data if data were not available from the
included articles. If no relevant data regarding p-serine levels were reported in the article, we attempted
to use other compatible statistical parameters (e.g., p value, sample size, or odds ratio) to estimate the
effect size (ES) [32]. These estimated ESs were then converted and pooled into SMDs. We extracted
the variables of interest, including p-serine level, mean age, gender distribution (proportion of female
participants), and p-serine source.
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2.4. Quality Assessment

We used the modified Newcastle-Ottawa scale (NOS) to determine the quality of included trials.
The modified NOS was based on a version used in a meta-analysis published in the British Journal of
Psychiatry in 2013. The modified NOS scores ranged from 0 to 9 [33]. If a study had a score below
5 points, it was considered to be at a high risk of bias [34,35].

2.5. Meta-Analysis Procedure

We used a random effects model in the meta-analysis [32]. To compare the ESs of our primary
outcome, we chose the statistic of SMD with 95% CI rather than the difference in means. We did
so because we presumed that different units were used in each study. Furthermore, we defined the
ES to indicate higher p-serine levels in AD patients than in those without AD when the SMD value
was above 0. After data from included trials were extracted, we used Comprehensive Meta-Analysis
software version 3 (Biostat, Englewood, NJ, USA) to conduct our meta-analyses. Statistical significance
was indicated by a two-tailed p value < 0.05.

2.6. Heterogeneity and Publication Bias

In this study, we used the I? statistic to evaluate study heterogeneity [36]. We evaluated heterogeneity
using the Cochran Q test and its corresponding p value [37]. Publication bias was assessed using funnel
plots [38] and Egger’s regression test [39]. If publication bias was observed, Duval and Tweedie’s
trim-and-fill procedure, which is a validated model for ES estimation, was used [40].

2.7. Sensitivity Test

We removed studies from the meta-analysis one by one to verify that the meta-analysis results
were not due to outliers within the included studies.

2.8. Subgroup Meta-Analysis and Metaregression

We performed subgroup analyses. In these analyses, samples were segmented by p-serine source
(e.g., serum or CSF), mean age range, or AD diagnostic criteria. We conducted subgroup analyses
when at least two independent data sets were available [41]. Furthermore, metaregression analyses
were performed for each potential moderator.

3. Results

3.1. Characteristics of Included Studies

Seven articles met the inclusion criteria. These included studies are summarized in Table 1 [22,24-29].
Overall, in the included studies, the data of more than 1186 participants were analyzed. The average
number of participants in each study was 169.43 + 153.91 (range: 32-397), average proportion of female
participants in these trials was 58.97% =+ 9.53% (range: 43.60-72.30%), and average age of participants
was 71.10 £+ 12.11 years. Two sources of p-serine, namely serum and CSF, were used in these trials.
Four studies compared serum p-serine levels in AD versus control group [25,27-29], and four studies
compared CSF p-serine levels in AD versus control group [22,24-26]. One study reported p-serine
levels in both serum and CSF, and we considered that study as two studies in our analysis (Serum:
AD vs. Controls; CSF: AD vs. Controls) [25].

3.2. Meta-Analyses of Overall D-Serine Levels

Seven studies [22,24-29] reported raw data, which we used for our meta-analyses. Our meta-analysis
revealed that the p-serine levels of patients diagnosed as having AD were significantly higher than
those of controls (SMD = 0.679, 95% CI = 0.335 to 1.022, p < 0.001; Figure 2a).
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Table 1. Summary of characteristics of studies in current meta-analysis.

Cognitive

Study (First Author, Year) Criteria of AD Diagnosis Sample Source  Comparison Subject Mean Age (y)  Female (%) Measures Mean MMSE in AD Group Findings
AD: 21.2 (3.8) (pre-AD: 27.3 No statistically
Nuzzo et al., 2020 [25] NINCDS-ADRDA AD Serum and CSF AD Control 166 70.1 (7.6) 59.6 CDR, MMSE (0.9) AD-MCI: 23.7 (3.1) significant
AD-Dem: 16.0 (5.1)) differences
AD: 159 (4.3) (Mild AD: 18.9
Lin et al., 2019 [27] DSM-1V AD Serum AD Control 376 71.5 (8.5) 56.4 CDR,MMSE  (4.4) Moderate AD: 11.5 (3.7)  Higher in AD group
Severe AD: 8.1 (4.2))
AD: 15.4 (4.5) (Mild AD: 18.5
Lin et al., 2017 [28] DSM-IV AD Serum AD Control 397 71.6 (8.6) 57.7 CDR, MMSE  (4.4) Moderate to severe AD:  Higher in AD group
10.4(4.6))
No statistically
Biemans et al., 2016 [26] NINCDS-ADRDA AD CSF AD Control 79 66.9 (7.4) 43.6 MMSE AD: 221 (3.3) significant
differences
Madeira et al., 2015 [22] NINCDS-ADRDA AD CSF AD Control 71 71.7 (7.8) 64.5 MMSE AD: 12.7 (6.2) Higher in AD group
and DSM-IV
No statistically
Hashimoto et al., 2004 [29] NINCDS-ADRDA AD Serum AD Control 65 72.5(6.1) 72.3 MMSE AD: 18.7 (5.0) significant
differences
Fisher et al., 1998 [24] DSM-IIT AD CSF AD Control 32 73.4(9.6) NA NA NA Higher in AD group

Abbreviations: AD, Alzheimer’s disease; CDR, Clinical Dementia Rating; CSF, cerebrospinal fluid; DSM-III, Diagnostic and Statistical Manual of Mental Disorders, Third Edition; DSM-IV,
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition; MMSE, Mini-Mental State Examination; NA, not available; NINCDS-ADRDA, National Institute of Neurological
and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association criteria; Pre-AD, pre-clinical Alzheimer’s disease; AD-MCI, Alzheimer’s
disease-related mild cognitive impairment; AD-Dem, Alzheimer’s disease dementia.
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Std diff in means and 95% CI

Lower D-serine in AD

Study name Statistics for each study
Std diff Lower Upper
inmeans limit limit p-Value
Nuzzo et al, 2020 (Serum) 0.067 -0.253 0.387 0.681
Nuzzo et al, 2020 (CSF) 0076 -0.243 0.394 0.641
Lin et al, 2019 0931 0.683 1.180 0.000
Lin et al, 2017 0753 0518 0.988 0.000
Biemans et al, 2016 0724 0.183 1.265 0.009
Madeira et al, 2015 1.731 0.863 2599 0.000
Hashimoto et al, 2004 0444 -0.048 0936 0.077
Fisher et al, 1998 2072 0767 3376 0.002
0679 0335 1.023 0.000
(a)
Grou Study name Statistics for each study
Sample source
Stddiff Lower Upper
inmeans limit  limit p-Value
CSF Nuzzo et al, 2020 (CSF) 0076 -0.243 0394 0641
CSF Biemans et al, 2016 0724 0183 1265 0.009
CSF Madeira et al, 2015 1731 0863 2599  0.000
CSF Fisher et al, 1998 2072 0767 3376  0.002
CSF 1.008 0.168 1849 0.019
Serum Nuzzo et al, 2020 (Serum) 0.067 0253 0.387 0.681
Serum Lin etal, 2019 0931 0683 1.180  0.000
Serum Lin etal, 2017 0753 0518 0988  0.000
Serum Hashimoto et al, 2004 0444 0048 0936 0077
Serum 0566 0.183 0948 0.004
Study name Statistics for each study
Mean age range
Stddiff Lower Upper
inmeans limit  limit p-Value
60-69y Biemans et al, 2016 0724 0183 1265 0.009
60-69y 0724 0183 1.265 0.009
70-79y Nuzzo et al, 2020 (Serum) 0067 -0253 0387 0681
70-79y Nuzzo et al, 2020 (CSF) 0076 0243 0394 0641
70-79y Linetal, 2019 0931 0683 1.180  0.000
70-79y Linetal, 2017 0753 0518 0988  0.000
70-79y Madeira et al, 2015 1731 0863 2599 0000
70-79y Hashimoto et al, 2004 0444 0048 0936 0077
70-79y Fisher et al, 1998 2072 0767 3376 0002
70-79y 0681 0209 1.063  0.000
()
Group by Study name Statistics for each study
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of AD Std diff Lower Upper
inmeans limit limit p-Value
DSMHI Fisher et al, 1998 2072 0767 3376 0.002
DSMHI 2072 0767 3376  0.002
DSM-V Lin etal, 2019 0931 0683 1.180  0.000
DSM-V Lin etal, 2017 0753 0518 0988  0.000
DSM-V 0837 0663 1.012 0.000
NINCDS-ADRDA Nuzzo etal, 2020 (Serum) ~ 0.067 -0.253 0.387  0.681
NINCDS-ADRDA Nuzzo et al, 2020 (CSF) 0076 -0.243 0394 0641
NINCDS-ADRDA Biemans etal, 2016 0724 0183 1265 0.009
NINCDS-ADRDA Hashimoto et al, 2004 0444 0048 0936 0.077
NINCDS-ADRDA 0.261 -0.018 0539 0.066
NINCDS-ADRDA and DSM-V Madeira et al, 2015 1731 0863 2599  0.000
NINCDS-ADRDA and DSM-V 1731 0863 2599  0.000
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Figure 2. Meta-analyses of (a) p-serine levels in patients with Alzheimer’s disease and in controls,
(b) subgroups segmented by p-serine source, (c) subgroups segmented by mean age range,

and (d) subgroups segmented by Alzheimer’s disease criteria. (Note: in the graph, the square

represents the effect size of each study. The bigger the square, the more participants in the study.

A horizontal line represents the 95% confidence intervals of the study result, with each end of the line
representing the boundaries of the confidence interval. The diamond represents the combined effect).
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3.3. Subgroup Analyses of Overall D-Serine-Level Moderators

We performed several subgroup analyses, where samples were segmented by p-serine source,
mean age range, and AD diagnostic criteria.

3.4. A Subgroup Analyses by D-Serine Source

As stated, two p-serine sources (serum and CSF) were used in these trials. The subgroup analyses
revealed that p-serine levels from both serum and CSF in AD group were significantly higher than
those in control group (SMD = 0.566 (serum) and 1.008 (CSF); 95% CI = 0.183 to 0.948 (serum) and
0.168 to 1.849 (CSF)). Larger ESs were observed in the p-serine level for CSF than for serum (Figure 2b).

3.5. B Subgroup Analyses by Mean Age Range

In six trials that enrolled patients with a mean age of 70 to 79 years, p-serine levels were significantly
higher in AD group than in control group (SMD = 0.681, 95% CI = 0.299 to 1.063, p < 0.001). A significant
and positive effect was noted in one trial in which patients with a mean age of 60 to 69 years were
enrolled (SMD = 0.724, 95% CI = 0.183 to 1.205, p = 0.009; Figure 2c).

3.6. C Subgroup Analyses by AD Criteria

In two studies, codes from the Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition (DSM-IV) were used as diagnostic criteria [27,28] and in three trials,
the NINCDS-ADRDA Alzheimer’s Criteria were used as diagnostic criteria [25,26,29]. In one study [22],
both the NINCDS-ADRDA Alzheimer’s Criteria and DSM-IV codes were employed as diagnostic
criteria. The subgroup analyses showed that p-serine levels in AD group diagnosed using DSM-IV
codes were significantly higher than those in control group (SMD = 0.837, 95% CI = 0.663 to 1.012,
p < 0.001). p-serine levels in AD group diagnosed using the NINCDS-ADRDA Alzheimer’s Criteria
were higher than those in control group, but non-significantly (SMD = 0.261, 95% CI = —0.018 to 0.539,
p = 0.066; Figure 2d).

3.7. Metaregression Analyses of D-Serine Levels

A metaregression was performed to determine associations between ESs and mean mini-mental
state examination (MMSE) scores in the AD group, proportion of female participants, and mean
patient age. A significant inverse association was observed between the ES and mean MMSE score in
the AD group (slope = —0.1203, p = 0.0004), meaning that a higher mean MMSE score in the AD group
entailed a smaller ES (i.e., a smaller difference in p-serine levels was noted between patients with AD
and controls; Figure 3).

3.8. Heterogeneity and Publication Bias

Significant heterogeneity was observed within these studies (Q = 41.543, df =7, 2 = 83.150%,
p < 0.001). Egger’s test revealed no significant publication bias regarding the overall SMD (p = 0.5287).
The funnel plots for the SMD of overall cognitive function are presented in Figure 4.

3.9. Sensitivity Analysis

In a meta-analysis of overall p-serine levels, the results remained significant when any individual
study was removed from the analysis.
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Figure 3. Meta-regression of the effects of p-serine levels in relation to (a) mean mini-mental state
examination (MMSE) score in the Alzheimer’s disease group, (b) female sex proportion, and (c) mean age.
(Note: in the graph, each study is represented by a circle that shows the actual coordinates (observed
effect size by latitude) for that study. The size (specifically, the area) of each circle is proportional to that
study’s weight in the analysis. k is the number of studies.)
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Funnel Plot of Standard Error by Std diff in means

21 |Egger’s test
p =0.5287

Standard Error

-3 -2 - 0 1 2 3

Std diff in means

Figure 4. Funnel plots of p-serine levels. (Note: in the graph, the observed studies are shown as open
circles, and the observed point estimate in log units is shown as a diamond.).

4. Discussion

To our knowledge, this is the first meta-analysis to focus on D-serine levels in patients with
AD. The main findings are as follows. (1) p-serine levels in patients diagnosed as having AD were
significantly higher than those in controls (SMD = 0.679, 95% CI = 0.335 to 1.022, p < 0.001). (2) In
subgroup analyses, p-serine levels from serum and CSF in AD group were significantly higher than
those in control group (SMD = 0.566 (serum) and 1.008 (CSF); 95% CI = 0.183 to 0.948 (serum) and 0.168
to 1.849 (CSF)). (3) A significant inverse association was observed between the ES and mean MMSE
score in the AD group (slope = —0.1203, p = 0.0004).

These findings agree with those of most related studies. Four of the studies reported significantly
higher p-serine levels in patients with AD than in controls [22,24,27,28]. Two studies did not report
significant differences between p-serine levels between these groups [25,26]. Furthermore, contradictory
findings were obtained by Hashimoto and colleagues [29]. In their study, serum p-serine levels in
AD group were lower than in normal controls, but the difference was non-significant (AD group:
1.88 + 0.51 uM, control group: 2.14 + 0.65 uM (p = 0.078)). In the work of Hashimoto and colleagues,
this discrepancy may have been due to several factors. First, AD severity may be associated with
p-serine level. Trials with lower MMSE scores tended to report significant differences. For example,
in Lin’s study, the mean MMSE score in the AD group was 15.9 + 4.3. However, trials in which
participants had high MMSE scores tended to not report significant differences. In Nuzzo’s, the mean
MMSE score in AD group was 21.2 + 3.8. In our metaregression, a significant inverse association
between ES and mean MMSE score in AD group was noted (slope = —0.1203, p = 0.0004), meaning
that the higher the mean MMSE score in AD group was, the weaker the ES (i.e., a smaller difference
in p-serine level was observed between patients with AD and controls; Figure 3). Second, another
possible factor is the small sample size (32 AD patients and 33 cognitive health controls) compared to
397 participants in Lin’s study [28].

Subgroup analyses revealed that p-serine levels from serum and CSF in AD group were significantly
higher than those in control group (SMD = 0.566 (serum) and 1.008 (CSF); 95% CI = 0.183 to 0.948 (serum)
and 0.168 to 1.849 (serum)). p-serine in CSF was related to larger ESs (Figure 2b). In our meta-analysis,
four included trials reported p-serine levels in CSF [22,24-26]. Two of the four trials showed that
p-serine levels in AD group were significantly higher than those in controls [22,24]. Madeira and
colleagues assessed p-serine levels in the CSF of 21 patients with probable AD and compared them
with those in 10 healthy controls; such levels were significantly higher in the probable AD group than
in controls (12.32 + 0.44 vs. 2.45 + 0.65, p = 0.0001) [22]. Another study consisting of 29 patients with
AD and 28 controls without dementia revealed that D-serine levels in the AD group were significantly
higher than those in controls (1.56 + 0.29 vs. 1.35 + 0.29, p = 0.03). Fisher and colleagues reported that
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free p-serine levels were significantly higher (p < 0.05) in AD ventricular CSF than in normal CSF [24].
In two of the four included studies, no significant difference was observed [25,26].

Four of the included trials reported p-serine levels in peripheral serum [25,27-29], two of which
revealed that p-serine levels in AD group were significantly higher than in controls [27,28]. Moreover,
in both these studies, p-serine levels were revealed to increase with AD severity. For example,
in Lin’s study [27], the mean p-serine level in serum was 49.2 + 27.2 ng/mL in the mid AD group,
54.0 + 26.9 ng/mL in the moderate AD group, and 60.8 + 25.8 ng/mL in the severe AD group.
One study [29] revealed that serum p-serine levels in AD group were lower than in normal controls,
but the difference was not significant (AD group: 1.88 + 0.51 uM, control group: 2.14 + 0.65 uM,
p =0.078).

Three diagnostic criteria including DSM-III, DSM-1V, and NINCDS-ADRDA were adopted in
these studies. The subgroup analyses showed that p-serine levels in AD group diagnosed using
DSM-IV codes were significantly higher than those in control group (SMD = 0.837, 95% CI = 0.663
to 1.012, p < 0.001). p-serine levels in AD group diagnosed using the NINCDS-ADRDA Alzheimer’s
Criteria were higher than those in control group, but non-significantly (SMD = 0.261, 95% CI = —0.018
to 0.539, p = 0.066; Figure 2d). We observed that studies using DSM had lower mean MMSE scores.
For example, in Lin’s study, the mean MMSE score in the AD group was 15.9 + 4.3. On the other hand,
studies using NINCDS-ADRDA had higher mean MMSE scores. In Nuzzo’s study, the mean MMSE
score in AD group was 21.2 + 3.8. Previous studies have reported discrepancies between different
diagnostic criteria of AD in a geriatric cohort of patients with cognitive impairment [42,43]. Patients
diagnosed by DSM may have lower MMSE scores than those diagnosed by NINCDS-ADRDA. Further
trials may investigate the influence of different diagnostic criteria in p-serine levels studies.

In this study, we used metaregression to examine the effect of moderator variables on serum
p-serine levels. We revealed a significant inverse association between ES and mean MMSE score
in AD group. In six included trials, MMSE score was used to evaluate cognitive function in AD
group [22,25-29]. Madeira and colleagues [22] reported that p-serine levels in CSF were negatively
correlated with MMSE score, whereas Biemans and colleagues observed no correlation between
p-serine levels in CSF and MMSE scores in the entire cohort (r = 0.25, p = 0.11) [26]. A recent study
enrolled 144 patients; 20, 85, 25, and 14 had amnestic mild cognitive impairment (MCI), mild AD,
moderate AD, and severe AD, respectively. The researchers of that study used the Alzheimer’s Disease
Assessment Scale-Cognitive Subscale (ADAS-Cog) to assess cognitive function in patients with AD.
They found that total ADAS-Cog score was positively correlated with both p-serine level (r = 0.186,
p = 0.026) and p-serine/total serine ratio (r = 0.191, p = 0.022). Their findings indicate that D-amino
acids in serum could be correlated with ADAS-Cog score in different items and play diverse roles in
AD pathology [44].

Why and how increased p-serine levels involved in cognitive impairment in patients with AD is still
unclear. Studies have found that p-serine may promote synaptogenesis and have memory-enhancing
effects [45,46]. On the other hand, excessive p-serine levels due to increased expression of serine
racemase may contribute to neuronal apoptosis [47]. Therefore, maintaining proper p-serine levels
may benefit the synaptic homeostasis and function. Further studies are needed to explore the role of
p-serine in synapse dysfunction and neurotoxicity in AD. The association between p-serine levels and
cognitive function warrants further investigation.

5. Strengths

Our study had several merits. First, ours is the first meta-analysis to focus on p-serine levels in
patients with AD. Second, we revealed that p-serine levels in the serum, or CSF of patients diagnosed
as having AD were significantly higher than those in controls. Third, we noted a significant inverse
association between ESs and mean MMSE scores in AD group.
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6. Implications

In this meta-analytic study, we found that p-serine levels in patients diagnosed as having AD were
significantly higher than those in controls. A significant inverse association was observed between
the ES and mean MMSE score in the AD group. Trials with lower MMSE scores tended to report
significant differences. Our results suggest that peripheral p-serine levels may be a biomarker to
predict AD. However, our findings did not support p-serine as a good biomarker of MCI or pre-AD
because trials enrolling participants with high MMSE scores tend to not report significant differences.
Further studies with a larger sample size and longer follow-up are required to evaluate the relationship
between p-serine levels and the progression of cognitive impairment. Brain imaging may be helpful
for investigating the association between p-serine levels in various brain regions and p-serine levels in
CSF and serum.

7. Limitations

This study had some limitations. First, we could observe related phenomena but not clarify the
underlying pathophysiology because of the inherent methodological limitations of meta-analyses.
Definitive conclusions should be drawn with caution. Second, significant heterogeneity was detected
among the investigated meta-analyses. Third, measurements of p-serine levels in these included trials
may not have been conducted using the same equipment and processes. Fourth, various factors in
the included trials may have affected serum p-serine levels. However, we could not adjust for this
comprehensive set of factors in our meta-analysis owing to a lack of further data on, for example,
dietary patterns, additional nutritional supplements, subtypes of AD, medication, and the time at
which the sample was measured. Therefore, further studies with a larger sample size and longer
follow-up should evaluate these factors.

8. Conclusions

We revealed that p-serine levels from serum and CSF in AD group were significantly higher than
those in control group. We also noted a significant inverse association between ESs and mean MMSE
scores in AD group. Further studies with a larger sample size and longer follow-up should evaluate
these factors. Advanced brain imaging may be helpful for investigating the association between
p-serine levels in different brain regions and in CSF and serum.

Author Contributions: Conceptualization, C.-H.C. and H.-C.T.; methodology, C.-H.C.; software, C.-H.C.;
validation, C.-H.C., and H.-C.T.; formal analysis, C.-H.C.; investigation, C.-H.C., H.-L.K., and W.-EM.; resources,
C.-H.C, and H.-C.T; data curation, C.-H.C.; writing—original draft preparation, C.-H.C.; writing—review and
editing, C.-H.C. and H.-C.T.; visualization, C.-H.C.; supervision, H.-C.T.; project administration, H.-C.T.; funding
acquisition, H.-C.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by An Nan Hospital, China Medical University Hospital grant number
ANHRF108-01 and ANHRF108-12, China Medical University Hospital grant number DMR-109-246, the National
Health Research Institutes grant number NHRI-EX109-10731NI, and the Ministry of Science and Technology grant
number MOST 108-2314-B-039-002.

Conflicts of Interest: The authors have no conflicts of interest to declare.

References

1. Scheltens, P.; Blennow, K.; Breteler, M.M.B.; de Strooper, B.; Frisoni, G.B.; Salloway, S.; van der Flier, W.M.
Alzheimer’s disease. Lancet 2016, 388, 505-517. [CrossRef]

2. Mattson, M.P. Pathways towards and away from Alzheimer’s disease. Nat. Cell Biol. 2004, 430, 631-639. [CrossRef]

3. Zeng, Y.; Zhang, ].; Meng, J.; Numthuam, S.; Naruse, K. Application of Multi-Modal Imaging Mediated by
Iron Carbon Nanoparticles Based on Reinforcement Learning in the Diagnosis of Breast Nodules. J. Nanosci.
Nanotechnol. in press. [CrossRef] [PubMed]

4. D’Abramo, C.; D’Adamio, L.; Giliberto, L. Significance of Blood and Cerebrospinal Fluid Biomarkers for
Alzheimer’s Disease: Sensitivity, Specificity and Potential for Clinical Use. J. Pers. Med. 2020, 10, 116. [CrossRef]


http://dx.doi.org/10.1016/S0140-6736(15)01124-1
http://dx.doi.org/10.1038/nature02621
http://dx.doi.org/10.1166/jnn.2021.18704
http://www.ncbi.nlm.nih.gov/pubmed/33183456
http://dx.doi.org/10.3390/jpm10030116

J. Clin. Med. 2020, 9, 3840 12 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T,; Jack, C.R,, Jr.; Kawas, C.H.; Klunk, W.E;
Koroshetz, W.J.; Manly, ].J.; Mayeux, R.; et al. The diagnosis of dementia due to Alzheimer’s disease:
Recommendations from the National Institute on Aging-Alzheimer’s Association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimer’s Dement. 2011, 7, 263-269. [CrossRef]

Blennow, K.; Hampel, H.; Weiner, M.W.; Zetterberg, H. Cerebrospinal fluid and plasma biomarkers in
Alzheimer disease. Nat. Rev. Neurol. 2010, 6, 131-144. [CrossRef]

Atri, A. The Alzheimer’s Disease Clinical Spectrum. Med. Clin. North Am. 2019, 103, 263-293. [CrossRef]
Davda, N.; Corkill, R. Biomarkers in the diagnosis and prognosis of Alzheimer’s disease. J. Neurol. 2020,
267,2475-2477. [CrossRef]

Jack, C.R.; Albert, M.S.; Knopman, D.S.; McKhann, G.M.; Sperling, R.A.; Carrillo, M.C.; Thies, W.; Phelps, C.H.
Introduction to the recommendations from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s Dement. 2011, 7,257-262. [CrossRef]
Hampel, H.; Biirger, K.; Teipel, S.J.; Bokde, A.L.; Zetterberg, H.; Blennow, K. Core candidate neurochemical
and imaging biomarkers of Alzheimer’s disease. Alzheimer’s Dement. 2008, 4, 38—48. [CrossRef]

Balasa, A.F,; Chircov, C.; Grumezescu, A.M. Body Fluid Biomarkers for Alzheimer’s Disease—An Up-To-
Date Overview. Biomedicines 2020, 8, 421. [CrossRef] [PubMed]

Ausé, E.; Gémez-Vicente, V.; Esquiva, G. Biomarkers for Alzheimer’s Disease Early Diagnosis. J. Pers. Med.
2020, 10, 114. [CrossRef] [PubMed]

Li, S.; Jin, M.; Koeglsperger, T.; Shepardson, N.E.; Shankar, G.M.; Selkoe, D.J. Soluble a Oligomers
Inhibit Long-Term Potentiation through a Mechanism Involving Excessive Activation of Extrasynaptic
NR2B-Containing NMDA Receptors. J. Neurosci. 2011, 31, 6627-6638. [CrossRef]

Li, S.; Hong, S.; Shepardson, N.E.; Walsh, D.M.; Shankar, G.M.; Selkoe, D.]. Soluble Oligomers of Amyloid 3
Protein Facilitate Hippocampal Long-Term Depression by Disrupting Neuronal Glutamate Uptake. Neuron
2009, 62, 788-801. [CrossRef] [PubMed]

Shankar, G.M.; Bloodgood, B.L.; Townsend, M.; Walsh, D.M.; Selkoe, D.; Sabatini, B.L. Natural Oligomers of
the Alzheimer Amyloid- Protein Induce Reversible Synapse Loss by Modulating an NMDA-Type Glutamate
Receptor-Dependent Signaling Pathway. J. Neurosci. 2007, 27, 2866-2875. [CrossRef] [PubMed]

Talantova, M.; Sanz-Blasco, S.; Zhang, X.; Xia, P; Akhtar, M.W.; Okamoto, S.-1.; Dziewczapolski, G.;
Nakamura, T.; Cao, G.; Pratt, A.E.; etal. A induces astrocytic glutamate release, extrasynaptic NMDA receptor
activation, and synaptic loss. Proc. Natl. Acad. Sci. USA 2013, 110, E2518-E2527. [CrossRef] [PubMed]
Parsons, C.G.; Danysz, W.; Dekundy, A.; Pulte, I. Memantine and Cholinesterase Inhibitors: Complementary
Mechanisms in the Treatment of Alzheimer’s Disease. Neurotox. Res. 2013, 24, 358-369. [CrossRef] [PubMed]
Radzishevsky, I.; Sason, H.; Wolosker, H. D-Serine. Curr. Opin. Clin. Nutr. Metab. Care 2013, 16, 72-75. [CrossRef]
Wolosker, H.; Dumin, E.; Balan, L.; Foltyn, V.N. d-Amino acids in the brain: D-serine in neurotransmission
and neurodegeneration. FEBS ]. 2008, 275, 3514-3526. [CrossRef] [PubMed]

Mustafa, A.K.; Ahmad, A.S.; Zeynalov, E.; Gazi, S.K; Sikka, G.; Ehmsen, ].T.; Barrow, R.K.; Coyle, J.T,;
Snyder, S.H.; Doré, S. Serine Racemase Deletion Protects Against Cerebral Ischemia and Excitotoxicity.
J. Neurosci. 2010, 30, 1413-1416. [CrossRef]

Esultan, S.; Gebara, E.G.; Emoullec, K.; Toni, N. D-serine increases adult hippocampal neurogenesis.
Front. Neurosci. 2013, 7, 155. [CrossRef]

Madeira, C.; Lourenco, M.V,; Vargaslopes, C.; Suemoto, C.; Brandao, C.O.; Reis, T.; Leite, R.E.P.; Laks, J.;
Jacobfilho, W.; Pasqualucci, C.A.; et al. D-serine levels in Alzheimer’s disease: Implications for novel
biomarker development. Transl. Psychiatry 2015, 5, e561. [CrossRef] [PubMed]

Liu, H,; Li, S.; Yang, C.; Jia, H.; Gu, Z,; Tu, X;; Tian, S.; Liu, J.; Li, G.; Ma, Y. D-serine Ameliorates
Motor and Cognitive Impairments in $-amyloid 1-42 Injected Mice by Inhibiting JNK Signaling Pathway.
J. Chem. Neuroanat. 2020, 109, 101852. [CrossRef] [PubMed]

Fisher, G.; Lorenzo, N.; Abe, H.; Fujita, E.; Frey, WH.; Emory, C.; di Fiore, M.M.; D’Aniello, A. Free D- and
L-amino acids in ventricular cerebrospinal fluid from Alzheimer and normal subjects. Amino Acids 1998, 15,
263-269. [CrossRef] [PubMed]

Nuzzo, T.; Miroballo, M.; Casamassa, A.; Mancini, A.; Gaetani, L.; Nistico, R.; Eusebi, P.; Katane, M.;
Homma, H.; Calabresi, P;; et al. Cerebrospinal fluid and serum d-serine concentrations are unaltered
across the whole clinical spectrum of Alzheimer’s disease. Biochim. Biophys. Acta Proteins Proteom. 2020,
1868, 140537. [CrossRef]


http://dx.doi.org/10.1016/j.jalz.2011.03.005
http://dx.doi.org/10.1038/nrneurol.2010.4
http://dx.doi.org/10.1016/j.mcna.2018.10.009
http://dx.doi.org/10.1007/s00415-020-10037-9
http://dx.doi.org/10.1016/j.jalz.2011.03.004
http://dx.doi.org/10.1016/j.jalz.2007.08.006
http://dx.doi.org/10.3390/biomedicines8100421
http://www.ncbi.nlm.nih.gov/pubmed/33076333
http://dx.doi.org/10.3390/jpm10030114
http://www.ncbi.nlm.nih.gov/pubmed/32899797
http://dx.doi.org/10.1523/JNEUROSCI.0203-11.2011
http://dx.doi.org/10.1016/j.neuron.2009.05.012
http://www.ncbi.nlm.nih.gov/pubmed/19555648
http://dx.doi.org/10.1523/JNEUROSCI.4970-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17360908
http://dx.doi.org/10.1073/pnas.1306832110
http://www.ncbi.nlm.nih.gov/pubmed/23776240
http://dx.doi.org/10.1007/s12640-013-9398-z
http://www.ncbi.nlm.nih.gov/pubmed/23657927
http://dx.doi.org/10.1097/MCO.0b013e32835a3466
http://dx.doi.org/10.1111/j.1742-4658.2008.06515.x
http://www.ncbi.nlm.nih.gov/pubmed/18564180
http://dx.doi.org/10.1523/JNEUROSCI.4297-09.2010
http://dx.doi.org/10.3389/fnins.2013.00155
http://dx.doi.org/10.1038/tp.2015.52
http://www.ncbi.nlm.nih.gov/pubmed/25942042
http://dx.doi.org/10.1016/j.jchemneu.2020.101852
http://www.ncbi.nlm.nih.gov/pubmed/32781134
http://dx.doi.org/10.1007/BF01318865
http://www.ncbi.nlm.nih.gov/pubmed/9871505
http://dx.doi.org/10.1016/j.bbapap.2020.140537

J. Clin. Med. 2020, 9, 3840 13 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Biemans, E.A.; Verhoeven-Duif, N.M.; Gerrits, J.; Claassen, J.A.; Kuiperij, H.B.; Verbeek, M.M. CSF d-serine
concentrations are similar in Alzheimer’s disease, other dementias, and elderly controls. Neurobiol. Aging
2016, 42, 213-216. [CrossRef]

Lin, C.-H.; Chiu, C.-C.; Huang, C.-H.; Yang, H.-T.; Lane, H.-Y. pLG72 levels increase in early phase of
Alzheimer’s disease but decrease in late phase. Sci. Rep. 2019, 9, 1-9. [CrossRef]

Lin, C.-H,; Yang, H.-T.; Chiu, C.-C.; Lane, H.-Y. Blood levels of D-amino acid oxidase vs. D-amino acids in
reflecting cognitive aging. Sci. Rep. 2017, 7, 1-10. [CrossRef]

Hashimoto, K.; Fukushima, T.; Shimizu, E.; Okada, S.-1.; Komatsu, N.; Okamura, N.; Koike, K.; Koizumi, H.;
Kumakiri, C.; Imai, K.; et al. Possible role of d-serine in the pathophysiology of Alzheimer’s disease.
Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2004, 28, 385-388. [CrossRef]

Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Getzsche, P.C.; Ioannidis, J.P.A.; Clarke, M.; Devereaux, PJ.;
Kleijnen, J.; Moher, D. The PRISMA Statement for Reporting Systematic Reviews and Meta-Analyses of Studies
That Evaluate Health Care Interventions: Explanation and Elaboration. PLoS Med. 2009, 62, e1-e34. [CrossRef]
Cho, S.-E.; Na, K.-S.; Cho, S.-].; Kang, S.G. Low d-serine levels in schizophrenia: A systematic review and
meta-analysis. Neurosci. Lett. 2016, 634, 42-51. [CrossRef] [PubMed]

Borenstein, M.; Hedges, L.V.; Higgins, J.P.T.; Rothstein, H.R. A basic introduction to fixed-effect and
random-effects models for meta-analysis. Res. Synth. Methods 2010, 1, 97-111. [CrossRef] [PubMed]
Anglin, R.E.S.; Samaan, Z.; Walter, S.D.; McDonald, S.D. Vitamin D deficiency and depression in adults:
Systematic review and meta-analysis. Br. |. Psychiatry 2013, 202, 100-107. [CrossRef] [PubMed]

Lo, CK.-L,; Mertz, D.; Loeb, M. Newcastle-Ottawa Scale: Comparing reviewers’ to authors’ assessments.
BMC Med Res. Methodol. 2014, 14, 45. [CrossRef] [PubMed]

Moskalewicz, A.; Oremus, M. No clear choice between Newcastle-Ottawa Scale and Appraisal Tool for
Cross-Sectional Studies to assess methodological quality in cross-sectional studies of health-related quality
of life and breast cancer. J. Clin. Epidemiol. 2020, 120, 94-103. [CrossRef]

Borenstein, M.; Higgins, ].P.T.; Hedges, L.V.; Rothstein, H.R. Basics of meta-analysis: 12is not an absolute
measure of heterogeneity. Res. Synth. Methods 2017, 8, 5-18. [CrossRef]

Higgins, J.P.T.; Thompson, S.G. Quantifying heterogeneity in a meta-analysis. Stat. Med. 2002,
21, 1539-1558. [CrossRef]

Sterne, J.A.C.; Sutton, A.].; Ioannidis, J.P.A.; Terrin, N.; Jones, D.R.; Lau, J.; Carpenter, J.; Riicker, G.;
Harbord, R.M.; Schmid, C.H.; et al. Recommendations for examining and interpreting funnel plot asymmetry
in meta-analyses of randomised controlled trials. BM] 2011, 343, d4002. [CrossRef]

Egger, M.; Smith, G.D.; Schneider, M.; Minder, C. Bias in meta-analysis detected by a simple, graphical test.
BM]J 1997, 315, 629-634. [CrossRef]

Duval, S.; Tweedie, R. Trim and Fill: A Simple Funnel-Plot-Based Method of Testing and Adjusting for
Publication Bias in Meta-Analysis. Biomedicines 2000, 56, 455-463. [CrossRef]

Davey, J.; Turner, RM.; Clarke, M.; Higgins, J.P. Characteristics of meta-analyses and their component
studies in the Cochrane Database of Systematic Reviews: A cross-sectional, descriptive analysis. BMC Med.
Res. Methodol. 2011, 11, 160. [CrossRef] [PubMed]

Dolci, G.A.M.; Damanti, S.; Scortichini, V.; Galli, A.; Rossi, P.D.; Abbate, C.; Arosio, B.; Mari, D.; Arighi, A.;
Fumagalli, G.G.; et al. Alzheimer’s Disease Diagnosis: Discrepancy between Clinical, Neuroimaging, and
Cerebrospinal Fluid Biomarkers Criteria in an Italian Cohort of Geriatric Outpatients: A Retrospective
Cross-sectional Study. Front. Med. 2017, 4. [CrossRef] [PubMed]

Dubois, B.; Feldman, H.H.; Jacova, C.; DeKosky, S.T.; Barberger-Gateau, P.; Cummings, J.L.; Delacourte, A.;
Galasko, D.; Gauthier, S.; Jicha, G.A.; et al. Research criteria for the diagnosis of Alzheimer’s disease:
Revising the NINCDS-ADRDA criteria. Lancet Neurol. 2007, 6, 734-746. [CrossRef]

Lin, C.-H,; Yang, H.-T.; Lane, H.-Y. D-glutamate, D-serine, and D-alanine differ in their roles in cognitive
decline in patients with Alzheimer’s disease or mild cognitive impairment. Pharmacol. Biochem. Behav. 2019,
185, 172760. [CrossRef] [PubMed]

Bado, P.; Madeira, C.; Vargas-Lopes, C.; Moulin, T.C.; Wasilewska-Sampaio, A.P.; Maretti, L.; de Oliveira, R.V,;
Amaral, O.B.; Panizzutti, R. Effects of low-dose d-serine on recognition and working memory in mice.
Psychopharmacology 2011, 218, 461-470. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.neurobiolaging.2016.03.017
http://dx.doi.org/10.1038/s41598-019-49522-1
http://dx.doi.org/10.1038/s41598-017-13951-7
http://dx.doi.org/10.1016/j.pnpbp.2003.11.009
http://dx.doi.org/10.1371/journal.pmed.1000100
http://dx.doi.org/10.1016/j.neulet.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/27717827
http://dx.doi.org/10.1002/jrsm.12
http://www.ncbi.nlm.nih.gov/pubmed/26061376
http://dx.doi.org/10.1192/bjp.bp.111.106666
http://www.ncbi.nlm.nih.gov/pubmed/23377209
http://dx.doi.org/10.1186/1471-2288-14-45
http://www.ncbi.nlm.nih.gov/pubmed/24690082
http://dx.doi.org/10.1016/j.jclinepi.2019.12.013
http://dx.doi.org/10.1002/jrsm.1230
http://dx.doi.org/10.1002/sim.1186
http://dx.doi.org/10.1136/bmj.d4002
http://dx.doi.org/10.1136/bmj.315.7109.629
http://dx.doi.org/10.1111/j.0006-341X.2000.00455.x
http://dx.doi.org/10.1186/1471-2288-11-160
http://www.ncbi.nlm.nih.gov/pubmed/22114982
http://dx.doi.org/10.3389/fmed.2017.00203
http://www.ncbi.nlm.nih.gov/pubmed/29214153
http://dx.doi.org/10.1016/S1474-4422(07)70178-3
http://dx.doi.org/10.1016/j.pbb.2019.172760
http://www.ncbi.nlm.nih.gov/pubmed/31422081
http://dx.doi.org/10.1007/s00213-011-2330-4
http://www.ncbi.nlm.nih.gov/pubmed/21556803

J. Clin. Med. 2020, 9, 3840 14 of 14

46. Filali, M.; la Londe, R. The effects of subchronic d-serine on left-right discrimination learning, social
interaction, and exploratory activity in APPswe/PS1 mice. Eur. ]. Pharmacol. 2013, 701, 152-158. [CrossRef]

47. Esposito, S.; Pristera, A.; Maresca, G.; Cavallaro, S.; Felsani, A.; Florenzano, F.; Manni, L.; Ciotti, M.T,;
Pollegioni, L.; Borsello, T.; et al. Contribution of serine racemase/d-serine pathway to neuronal apoptosis.
Aging Cell 2012, 11, 588-598. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.ejphar.2012.12.018
http://dx.doi.org/10.1111/j.1474-9726.2012.00822.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Search Strategy and Inclusion Criteria 
	Eligibility Criteria 
	Data Extraction 
	Quality Assessment 
	Meta-Analysis Procedure 
	Heterogeneity and Publication Bias 
	Sensitivity Test 
	Subgroup Meta-Analysis and Metaregression 

	Results 
	Characteristics of Included Studies 
	Meta-Analyses of Overall D-Serine Levels 
	Subgroup Analyses of Overall D-Serine-Level Moderators 
	A Subgroup Analyses by D-Serine Source 
	B Subgroup Analyses by Mean Age Range 
	C Subgroup Analyses by AD Criteria 
	Metaregression Analyses of D-Serine Levels 
	Heterogeneity and Publication Bias 
	Sensitivity Analysis 

	Discussion 
	Strengths 
	Implications 
	Limitations 
	Conclusions 
	References

