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Background: Urine samples, which capture an individual’s metabolic profile, are ideal
for the exploration of non-invasive biomarkers to confirm the amnestic mild cognitive
impairment (aMCI) status of patients vs. unimpaired ones.

Objective: We aimed to detect differentially metabolized amino acids, which are
important objectives in metabolomics, garnering particular attention in biomedical
pathogenesis from the urine of aMCI patients, which may give clinicians the possibility to
intervene with early treatments that curb Alzheimer’s disease (AD).

Methods: The study included 208 subjects, 98 of whom were aMCI patients, and
110 who were control subjects without dementia. Urine samples were taken from
each participant and supernatant was obtained for analysis. The concentrations of
amino acids were measured by liquid chromatography-tandem mass spectrometry
(LC-MS/MS).

Results: Urinary arginine levels in aMCI patients are obviously lower than in normal
controls (q < 0.2 and p < 0.05). Meanwhile, aMCI patients had significant reduced
urinary global arginine bioavailability ratio (GABR), and GABR in urine displayed a positive
correlation with the score of CMMSE.

Conclusion: Urinary dysregulated arginine metabolism that may serve as a helpful clinical
diagnostic biomarker for aMCI in older adults.

Keywords: mild cognitive impairment, urine, arginine, biomarker, early diagnosis

INTRODUCTION

Mild cognitive impairment (MCI) represents an intermediate state of cognitive function that
is between the level of cognition seen in healthy aging and the severely diminished capacity
for cognition reflected in criteria for dementia, of which, Alzheimer’s disease (AD) is the
most prevalent in those over the age of 65 (Petersen et al., 1999). The prevalence of MCI
among older adults aged 65 and over has been estimated to range from 10% to 20% (Petersen,
2011), and an increase in incidence is inevitable as the proportion and absolute numbers
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of the population over 65 increase rapidly. Clinically, MCI can
be classified into two subtypes: amnestic and non-amnestic
(Petersen, 2004). Amnestic MCI (aMCI) is characterized by
prominent forgetfulness but relative preservation of other
cognitive abilities, such as executive function, and visuospatial
skills. To date, several studies have shown that elders with MCI
are more likely to develop AD at follow-up (Busse et al., 2006;
Petersen and Negash, 2008), especially aMCI (Manly et al., 2008),
compared to those who are elderly without MCI. Accordingly,
aMCI is increasingly recognized to be an early stage of AD
and represents a therapeutic window within which to intervene
more effectively, preventing potentially irreversible further loss
of cognition. Therefore, studies to identify biomarkers for AD
should focus onMCI or prodromal states of AD, especially aMCI.

Although several studies have identified the predictive
ability of some biomarkers in cerebral spinal fluid (CSF)
to predict an individual’s likelihood of converting to AD
(Shaw et al., 2007; Hampel et al., 2009; Mattsson et al.,
2016), a noninvasive biomarker that can assist in diagnosis
of aMCI would be more widely implementable and of great
value. Unlike CSF assessments, however, measurements from
urine, which capture an individual’s metabolic profile, can be
collected noninvasively and are less likely to be volume-limited.
Because urine is not under homeostatic regulation, containing
excretion of waste from many upstream metabolic processes,
it can harbor abundant signatures of metabolic dysregulation,
and provide insights into system-wide changes in response
to physiological challenges or disease processes (Want et al.,
2010). Therefore, urine samples are ideal for exploration of
non-invasive biomarkers to confirm aMCI status of patients vs.
unimpaired ones.

Meanwhile, liquid chromatography-tandem mass
spectrometry (LC-MS/MS)-based metabolomics approaches
have been developed to provide two complementary modes
of analysis: targeted and untargeted modes. Untargeted
metabolomics allows a broad range of both known and unknown
metabolites to be surveyed for relative levels in different samples
via particular ion intensities, whereas targeted metabolomics
identifies and quantifies a specific set of known compounds,
typically via the use of internal standards, and usually provides
higher sensitivity and better dynamic range (Fiehn, 2002;
Quinones and Kaddurah-Daouk, 2009).

Measurement of amino acids is an important objective in
metabolomics, garnering particular attention in biomedical
pathogenesis research. This is primarily because amino acids
play an essential role in various biological reaction of human
body, especially in neurotransmission, receptor function and
neurotoxicity (Samakashvili et al., 2011), which is involved
in molecular pathogenesis and development of multiple
neurodegenerative diseases. Biochemical processes accounting
for neurodegeneration are unclear but are likely to include the
metabolism of amino acids (Fonteh et al., 2007; Hasegawa et al.,
2012; Cui et al., 2014; Kori et al., 2016). Consequently, alteration
of amino acid metabolism could be a precursor if not also an
indicator of neurodegeneration in AD.

Previous studies mainly focused on neurotransmitter
pathways or body fluid profiles. The untargeted metabolomics

study from Cui et al. (2014) found Glutamine and 5-L-
glutamylglycine were two metabolites in urine samples that
could clearly differentiate healthy controls and AD patients.
Another study has shown that homocysteic acid levels positively
correlate with MMSE score (i.e., they decrease in individuals
with lower cognition) in urine from AD subjects (Hasegawa
et al., 2012). However, studies focused on all essential amino
acids in aMCI elders are rare. Herein, a more comprehensive
and accurate study to determine altered amino acids in aMCI via
targeted metabolomics was performed, from which we expected
the discovery of biomarker(s) with predictive power that also
may yield conclusions indicative of biochemical changes in the
general aMCI population.

MATERIALS AND METHODS

Subjects
A total of 208 community-dwelling elderly individuals recruited
from the city of Shanghai in this study were selected as a
discovery set, with 98 aMCI patients and 110 healthy volunteers
of comparable age and sex included as controls. A second
independent set of 26 aMCI and 26 controls for validation
of metabolic findings were collected from the memory clinic
of hospital. All participants were aged at least 60 years. No
concomitant medication intended to influence urine amino acids
levels was permitted. The study was approved by the Research
Ethics Committee, RuiJin Hospital affiliated to Shanghai Jiao
Tong University School of Medicine, China. Written informed
consent was obtained from each participant. All human research
was performed in accordance with Chinese code of ethical
conduct. It took 1 year to collect all samples.

Assessment of Cognitive Impairment
The aMCI patients were diagnosed following Peterson clinical
criteria originally proposed by Petersen et al. (1999). All the
subjects had complaints of memory loss either self-reported
or reported by their family members, but no impairment of
daily activities and no dementia were reported. Longitudinal
neuropsychological tests of memory showed objective
impairment (≥1.5 SD below the age-appropriate mean)
and no significant functional decline. MMSE and clinical
dementia rating (CDR) were selected to describe the cognitive
status of aMCI subjects. All the tested subjects reached 0.5 in
CDR score. In addition, all aMCI patients underwent imaging
and laboratory tests to confirm the absence of other possible
pathologies underlying the symptoms. Control subjects were
evaluated by a neurologist to confirm that there was no
history of dementia or other neurologic diseases. Cognitive
performance was assessed according to the Chinese version of
the Mini-Mental State Examination (CMMSE). The CMMSE
was translated from the modified version of the Mini-Mental
State Examination (MMSE) with some items rephrased using
culturally appropriate wording based on sociocultural differences
of the Chinese population (Zhang et al., 1990) so that the
instrument was more suited to understanding by Chinese elderly
persons. This study adapted the cutoff points according to the
educational level of respondents, as have previous studies in
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China (Cui et al., 2011). In addition, renal function and serum
electrolyte were determined to be normal in all participants by
laboratory examination.

Urine Collection and Pretreatment
All urine specimens for urinalysis were obtained by the
morning mid-stream clean catch method, collected under aseptic
conditions. Urine was collected in sterile containers from all
participants, stored in an ice bag temporarily, and then taken
back to the lab for pretreatment. The individuals did not eat or
drink anything in themorning before urine specimens collection.
All samples were centrifuged at 17,949× g at 4◦C for 10 min. The
supernatant was frozen at−80◦C until LC-MS/MS analysis.

Measurement of Amino Acids by
LC-MS/MS
Chemicals
All AA standards, HPLC-MS grade formic acid, and ammonium
formate were purchased from Sigma Aldrich (St. Louis, MO,
USA). Methanol, isopropanol, acetonitrile and water for HPLC
were of LC-MS grade and obtained from Merck KGaA
(Darmstadt, Germany).

Amino Acid Extraction
Phenylalanine-d5 was selected as the internal standard (IS)
for its corresponding amino acid. All IS were dissolved in
acetonitrile to yield a final concentration of 100 ng/mL. One-
hundred microliters of urine was then mixed with 200 µL IS
solution, and vortexed for 1 min. Then, fifty microliters of this
mixture was added into 950 µL water and further vortexed
for 1 min. Following centrifugation at 13,000× g for 5 min at
4◦C, the supernatant was transferred to an autosampler vial for
LC-MS/MS analysis.

Liquid Chromatography and Mass Spectrometry
An HPLC-quadrupole-time of flight hybrid mass system, which
consisted of a LC-20AD UFLC system (Shimadzu, Kyoto, Japan)
and an API4000 Qtrap triple quadrupole time of flight mass
spectrometer (SCIEX, Framingham, MA, USA), was used for
quantitative amino acid analysis. Chromatographic separation
was performed on a ZORBAX RRHD (Rapid Resolution High
Definition) Eclipse XDB 80 Å C18, 2.1∗50 mm, 1.8µm, 1,200 bar
UPLC column (Agilent, Santa Clara, CA, USA) and subjected
to gradient elution. The mobile phase consisted of solvent A
(acetonitrile) and solvent B (water with 0.3% formic acid). The
column oven was maintained at 40◦C. The following gradient
elution was used at a flow rate of 200 µL/min (Panel A) and
350 µL/min (Panel B): 0–1 min: 60% B → 60% B; 1–4 min:
60% B→ 40% B; 4–5 min: 40% B→ 40% B; 5–5.01 min: 40%
B→ 60% B, and 5.01–6 min: 60% B. The eluents were monitored
in positive electrospray ionization (ESI) mode. The ionization
source parameters were as follows: turbo heater temperature
600◦C, nebulizer gas (GAS1) 60 psi, turbo heater gas (GAS2)
60 psi, curtain gas 35 psi, ion-spray voltage 5.5 kV, and collision
gas for collision-induced dissociation (CID) 10 psi. The collision
energy (CE) and declustering potential (DP) were 20 eV and
80 V, respectively (Table 1). The LOD (limit of detection) was
defined as the lowest detectable concentration with a signal-
to-noise (S/N) ratio of 3 for the LOD and 10 for the LOQ
(limit of quantification). For Panel A (leucine, alanine, valine,
isoleucine and glutamic acid), the seven calibrator concentrations
1, 5, 10, 50, 100, 500, and 1,000 ng mL−1 were evaluated,
whereas the concentrations 10, 50, 100, 500, 1,000, 5,000, and
10,000 ng mL−1 were studied with respect to Panel B (cysteine,
arginine, proline, methionine, phenylalanine, tryptophan, serine,
threonine, tyrosine, glycine, glutamine, asparagine, aspartic
acid, lysine, and histidine). Quality-control (QC) samples were

TABLE 1 | Multiple reaction monitoring parameters for amino acid targeted metabolomics.

Analytes Precursor ion (m/z) Product ion (m/z) Collision energy LOD (ng/mL) LOQ (ng/mL) Retention Time (min) R2

Cysteine 122.2 76.1 20 10 20 2.94 0.9951
Arginine 175.2 70.1 28 50 100 4.86 0.9856
Leucine 132.1 86.1 15 50 100 2.38 0.9996
Proline 116.1 70.1 20 10 20 2.25 0.9974
Alanine 90.1 44.1 15 50 100 1.71 0.9902
Valine 118.1 72.1 13 50 100 1.81 0.9998
Methionine 150.1 104.1 15 10 20 2.01 0.9976
Phenylalanine 166.2 120.1 19 10 20 1.30 0.9978
Tryptophan 205.2 146.1 25 50 100 1.74 0.9982
Isoleucine 132.1 86.1 15 50 100 2.11 0.9996
Serine 106.1 60.1 18 50 100 3.61 0.9906
Threonine 120.1 74.1 18 50 100 3.26 0.9984
Tyrosine 182.5 136.1 19 50 100 2.64 0.9976
Glycine 76.1 30.1 16 200 500 3.51 0.9826
Glutamine 147.1 84.1 24 200 500 3.52 0.9824
Asparagine 133.1 74.1 22 200 500 3.60 0.9837
Aspartic acid 134.1 74.1 22 50 100 3.52 0.9971
Glutamic acid 148.1 84.1 21 50 100 1.72 0.9964
Lysine 147.2 84.1 24 50 100 4.92 0.9948
Histidine 156.2 110.1 20 200 500 4.76 0.9833
Phenylalanine-d5 171.2 125.1 19 1.31b/2.36a

Note: a and brefer to the retention time of phenylalanine-d5 in Panel A and Panel B analysis, respectively.
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TABLE 2 | Demographic and clinical data of community cohort groups.

Subjects aMCI Control P-value

Number of participants 98 110
Age (mean years ± SD) 75.85 ± 6.21 76.74 ± 6.60 0.365
Male/female (n/n) 25/73 29/81 0.889
CMMSE (mean score ± SD) 20.17 ± 5.50 25.64 ± 2.73 <0.001

prepared in a similar way but independently from the calibrators.
Three levels of concentration were set. The analytes of Panel
A included 2.5 ng mL−1 for low-QC samples, 40 ng mL−1 for
medium-QC samples, and 800 ng mL−1 for high-QC samples.
For Panel B, the QC sample concentrations were 25 ng mL−1,
400 ng mL−1, and 8,000 ng mL−1 at low, medium, and high
levels, respectively. The QC samples were stored at −70◦C.
The method was validated with respect to linearity, accuracy,
precision with QC samples. The LOD, LOQ, retention time and
correlation coefficient (R2) of each analyte are listed in Table 1
and Supplementary Figure S1.

Data Processing and Statistical Analysis
Data were reported as mean ± standard error of the mean
(SEM). Analyst software (Version 1.5.2, AB SCIEX, Framingham,
MA, USA), calculated the corresponding concentrations of
amino acids relative to known amounts of IS. All statistical
analyses were performed using software (SPSS Statistics for
Windows; SPSS, Chicago, IL, USA). Group characteristics
were compared by using χ2 (for categorical variables) and
independent-sample two-sided t-tests (for continuous variables).
A significant difference was inferred when a P-value was less
than 0.05. We adopted FDR to account for multiple testing,
considering metabolites with FDR < 0.2 and p < 0.05 as
statistically significant in this study (Lan et al., 2011). Metabolic
enrichment analysis was evaluated based on the Metaboanalyst
platform1. The Enrichment Analysis module helps researchers
identify the most relevant pathways involved in the study.
We uploaded discriminatory compounds, and the built-in
Homo sapiens (human) pathway library for pathway analysis
was employed. Pathway enrichment analysis results were then
presented graphically as well as in a detailed table.

RESULTS

Demographic and Clinical Data of
Community Cohort Groups
Table 2 displays the demographic and clinical data of the
community cohort, with 98 aMCI and 110 control subjects. The
two groups did not differ significantly from each other in age and
gender. Compared with normal controls, patients of aMCI had
poor cognitive performance asmeasured by CMMSE (p< 0.001).

Metabolomic Assessment for Urinary
Amino Acids in a Community Cohort
We identified how well 20 naturally occurring amino acids
distinguished between aMCI patients and normal control
subjects in our community cohort (Table 3). Two amino

1http://www.metaboanalyst.ca/

TABLE 3 | Assessment of urine amino acids in discovery set (n = 208).

Amino acid aMCI (ng/ml) Control (ng/ml) q-value p-value

Cysteine 230 ± 186 177 ± 13 0.097∗ 0.009#

Arginine 481 ± 23 598 ± 36 0.097∗ 0.019#

Leucine 202 ± 10 204 ± 11 >0.999 0.666
Proline 67 ± 5 65 ± 4 >0.999 0.646
Alanine 2,155 ± 145 2,133 ± 142 >0.999 0.781
Valine 247 ± 13 247 ± 13 >0.999 0.767
Methionine 77 ± 4 72 ± 4 >0.999 0.546
Phenylalanine 430 ± 23 439 ± 24 >0.999 0.892
Tryptophan 761 ± 61 767 ± 49 >0.999 0.607
Isoleucine 132 ± 7 131 ± 7 >0.999 0.920
Serine 4,098 ± 227 3,942 ± 207 >0.999 0.525
Threonine 1,477 ± 110 1,434 ± 103 >0.999 0.577
Tyrosine 1,386 ± 102 1,418 ± 94 >0.999 0.765
Glycine 6,388 ± 480 7,627 ± 610 0.795 0.183
Glutamine 15,147 ± 889 13,685 ± 828 >0.999 0.186
Asparagine 2,224 ± 127 2,046 ± 129 >0.999 0.140
Aspartic acid 159 ± 6 176 ± 16 >0.999 0.577
Glutamic acid 297 ± 21 303 ± 24 >0.999 0.754
Lysine 2,719 ± 242 2,925 ± 393 >0.999 0.692
Histidine 27,463 ± 1,784 26,426 ± 1734 >0.999 0.619
Citrulline 150 ± 69 139 ± 88 0.305 0.088
Ornithine 395 ± 223 426 ± 291 0.208 0.046#

GABR 0.59 ± 0.35 0.88 ± 0.31 0.0021∗ 0.0005#

∗q < 0.20, #p < 0.05.

acids detected in aMCI patients, arginine and cysteine, were
significantly different from normal controls (q < 0.2 and
p < 0.05), whereas other amino acid levels did not significantly
differ between patients with aMCI and normal controls. The
significance of difference for arginine between the two groups,
with lower urinary arginine levels in aMCI patients compared
to normal controls, suggests that altered arginine metabolism
occurs in aMCI patients. Meanwhile, the aMCI group also
demonstrated an increased concentration of cysteine, with a
mean value of 230.43 ng/ml compared with 177.42 ng/ml in
controls, suggesting that altered cysteine metabolism occurs
in aMCI patients. Further, we examined two arginine-related
metabolites, citrulline and ornithine, and calculated the urine
global arginine bioavailability ratio (GABR), the ratio of arginine
to its metabolites ornithine and citrulline [Arginine/(Ornithine +
Citrulline)], which is a better indicator of dysregulated arginine
metabolism than concentration alone. Results demonstrate that
compared with normal control, aMCI patients have significantly
reduced GABR (Table 3).

Validation of Two Differentiable Amino
Acids in aMCI Patients From the Memory
Clinic
To confirm the metabolic changes of arginine and cysteine in
the urine of aMCI individuals, it was tested whether the arginine
and cysteine concentration of aMCI patients from a hospital
memory clinic were different from those of control subjects. In
this independent set, no difference was found between patients
and control groups in gender and age (Table 4). Measurement
was performed by LC–MS/MS according to the same method.
As shown in Table 5, only the level of arginine rather than the
level of cysteine in the urine of aMCI subjects was significantly
lower than that of control subjects. Further, we examined
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TABLE 4 | Demographic and clinical data of memory clinic cohort groups.

Subjects aMCI Control P-value

Numbers of participants 26 26
Age (mean years ± SD) 71.18 ± 10.20 77.00 ± 6.01 0.725
Male/Female (n/n) 8/18 8/18 1
CMMSE (mean score ± SD) 26.46 ± 0.27 28.31 ± 0.22 <0.001

TABLE 5 | Assessment of urine amino acids in validation set (n = 52).

Amino acid aMCI (ng/ml) Control (ng/ml) q-value p-value

Cysteine 54 ± 52 75 ± 48 0.142∗ 0.141
Arginine 223 ± 134 338 ± 175 0.027∗ 0.011#

Citrulline 93 ± 68 121 ± 57 0.142∗ 0.125
Ornithine 252 ± 166 436 ± 326 0.027∗ 0.013#

GABR 0.48 ± 0.29 0.69 ± 0.29 0.0007∗ 0.0001#

∗q < 0.20, #p < 0.05.

two arginine-related metabolites, citrulline and ornithine, as
absolute levels in memory clinic patients at the same time, and
calculated the GABR, a better indicator of dysregulated arginine
metabolism than concentration alone. Results demonstrate that
compared with normal control, aMCI patients have significantly
reduced GABR (Table 5 and Supplementary Figure S2).
The results showed that aMCI patients had a significant
reduced ratio, suggesting that the arginine catabolism of aMCI
patients is increased, consistent with previous results from a
community cohort.

Levels of Arginine and GABR in Urine as a
Potential Biomarker of aMCI
ROC analysis was performed to evaluate the potential biomarker
power for classifying aMCI. In our ROC analysis differentiating
between aMCI and normal control (Figure 1), the area under the
curve of arginine is 0.682, the best cut-off point is 288.5 ng/mL, at
which the sum of sensitivity and specificity reaches the maximal
value, with a sensitivity of 80.8% and specificity of 42.3% for
aMCI diagnosis; the area under the curve of GABR is 0.797, the
best cut-off point is 0.523, at which the sum of sensitivity and
specificity reaches the maximal value, with a sensitivity of 84.6%
and specificity of 80.8% for aMCI diagnosis. This result suggests
that urine GABR has a relative higher value compared to single
concentration in noninvasive quantitative diagnosis of aMCI.

Metabolic Enrichment Analysis
A metabolic enrichment analysis demonstrated that arginine
fall into pathways affected by amino acid turnover or protein
biosynthesis, cysteine metabolism, urea metabolism, as well as
arginine and proline metabolism (Figure 2).

The Correlation Between GABR and
Cognitive Performances
We investigated correlations between GABR and cognitive
performances in 52 subjects, GABR in urine displayed a positive
correlation with the score of CMMSE and suggesting that urine
decreased GABR is likely related to cognitive impairment and
reflecting the severity of it (Spearman correlation test, p = 0.031,
r = 0.299). However, there are no correlations between arginine

FIGURE 1 | ROC curve. The global arginine bioavailability ratio (GABR) is a
more sensitive diagnostic measurement compared to single concentration.
The AUC of urine GABR and arginine for detection was 0.797and 0.682,
respectively.

concentrations and CMMSE among the sample from both
Community and Hospital (p> 0.05).

DISCUSSION

In the present study, we discovered and validated that arginine
in urine is a potential diagnostic biomarker for aMCI. First, we
identified two differentiating amino acids between aMCI patients
and healthy controls from urine samples of a community cohort.
Then, we validated the results from the clinic cohort and found
that arginine was disturbed in aMCI patients urine. Accordingly,
the present cohort plus validation study of urinary amino acids
in MCI reveals evidence of dysregulated arginine metabolism
that may serve as a helpful clinical diagnostic biomarker for
aMCI. According to our present study and those of others (Liu
et al., 2014; Wang et al., 2014), we propose that altered urinary
arginine levels might reflect systematic dysregulated arginine
metabolism. The changes in concentrations of arginine reflect
a specific pathogenic aspect in an early phase of progression to
manifest AD (Figure 3).

The role of altered arginine metabolism involved in pathology
and pathophysiology of neurodegeneration has been debated:
(1) with regard to the postmortem analysis of brains from
AD patients, a marked increase in total arginase activity was
observed compared to the control (Liu et al., 2014); (2) in plasma,
there are controversies about arginine with disease progression.
Several investigations showed there is a significant increase in
arginine with cognitive decline (Ravaglia et al., 2004; González-
Domínguez et al., 2014; Graham et al., 2015). Another recent
metabolomic analysis of successful cognitive aging found lower
levels of serum arginine in participants with superior memory
(Mapstone et al., 2017); (3) in CSF, there are also controversial
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FIGURE 2 | Metabolic pathway analysis based on the differentiated urine metabolites. (A) Overview of metabolite sets enrichment analysis based on the
differentiated urine metabolites. (B) Urine metabolite-based metabolic pathway analysis.

FIGURE 3 | Metabolic pathways of arginine.

findings. In one study by Ravaglia et al. (2004), there was found
a significant elevation in arginine concertation of aMCI and AD
patient CSF. However, in other cohort studies, a slight decrease
in arginine was detected in CSF of AD patients (Fonteh et al.,
2007; Ibáñez et al., 2012); and (4) with regard to urine, only
one study revealed that urine arginine concentration was higher
in probable AD than control participants but did not find a
statistical difference (Fonteh et al., 2007), and to our knowledge,
there are no data about urinary arginine of MCI individuals
published to date.

In the present study, we found significantly decreased urinary
arginine levels for aMCI individuals. The ratio of arginine to
ornithine and citrulline is considered to be a better indicator
of dysregulated arginine metabolism than concentration alone,
the reduced ratio suggests elevated consumption of arginine
in individuals with aMCI. There is much evidence suggesting
that arginine may play a prominent role in the pathogenesis
of diverse age-related diseases, and could be required for

memory consolidation (Rayatnia et al., 2011). Sustained arginine
deprivation may lead to cell death in vitro (Kuma and
Mizushima, 2010). Additionally, it is notable that an increase
in bioavailable arginine negatively associates with water-maze
performance as rats become aged (Cassel et al., 2005). Moreover,
some previous studies of AD mouse models and patients also
support that the supplementation of arginine could improve
memory consolidation and learning (Calabro et al., 2013; Wei
et al., 2013). In sum, these findings suggest that there is a
likely relationship between dysregulated arginine metabolism
and impairment in the maintenance of cognition.

The discriminatory metabolites that were elucidated in this
study, namely decreased urinary arginine, are also involved in
related biochemical pathways inside the body, especially taurine
and hypotaurine metabolism, which plays a neuroprotective role
and may be protective against excitotoxicity (Wu et al., 2008).
Moreover, glutathione (GSH), the most abundant endogenous
antioxidant in the brain, is decreased in AD and aging.
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A decrease of antioxidants, particularly reduced GSH, may be a
major contributor to the progression of MCI to AD (Baldeiras
et al., 2010). This in combination with our findings suggests
that altered arginine level may follow from altered protein
homeostasis, taurine metabolism, glutathione metabolism, or
many other metabolic pathways that closely relate to the AD
pathological process.

We also found that GABR may be a more sensitive diagnostic
measurement compared to a single concentration of arginine.
In our ROC analysis, the AUC of GABR is 0.797, the sum
of sensitivity and specificity reaches the maximal value when
the sensitivity of 0.846 and specificity of 0.808 for aMCI
diagnosis. Recently, GABR has been proposed as a marker of
nitric oxide synthetic capacity (Tang et al., 2009), which is
decreased in posttraumatic stress disorder (PTSD) and correlated
with symptom severity and markers of inflammation (Bersani
et al., 2016). In addition, those with type 2 diabetes had a
significantly lower GABR than individuals without diabetes
(Sourij et al., 2011). Our present studies revealed a positive
correlation between the value of GABR and the score of CMMSE,
and the AUC of GABR is fairly noticeable. Although, more
evidence is required to better demonstrate the relationship
betweenGABR and cognitive decline in aMCI patients. However,
it seems that GABR is expected to be a subtle marker to identify
patients with suspected cognitive impairment.

Limitations of the present study included the following:
first, we only investigated the cross-sectional status of patients
without longitudinal follow-up. Meanwhile, this study only
focused on aMCI samples, not including AD patient urine
samples. Second, the number of samples in the validation set
is less than that in the training set. Therefore, the targeted
amino acids concentrations in the validation set could be
different from that of the training set. Third, the urinary
composition may be more apt to affected by the source of
diets. In general, our present study is an important pilot study.
In the future, a more powered, longer-running clinical study
is required to confirm the findings presented here that urine
arginine and GABR can serve as biomarkers for AD-related
cognitive decline.

ETHICS STATEMENT

The study was approved by the Research Ethics Committee,
RuiJin Hospital affiliated to Shanghai Jiao Tong University
School of Medicine, China. Written informed consent was
obtained from each participant. All human research was
performed in accordance with Chinese code of ethical conduct.
It took 1 year to collect all samples.

AUTHOR CONTRIBUTIONS

GW, QC and HC conceived, designed and oversighted the
community cohort experiments, and revised the manuscript.
YZhan and YT carried out experiments, performed statistical
analyses, and wrote the manuscript. GW, JL and YZhao
conceived, designed and oversighted the clinic cohort
experiments. RR, ED and LZ conceived, designed and oversighted
community cohort experiments, performed statistical analyses,
andhelpeddraft themanuscript.Allauthorsreadandapprovedthe
final manuscript.

FUNDING

This study was supported by funds from Foundation of
Collaborative Research Center for translational medicine,
Shanghai Jiao Tong University School of Medicine (2015272),
Natural Science Foundation of China (81371218, 81671043),
a Clinical research project through Shanghai Jiao Tong
University School of Medicine (No. DLY201614) and from the
Shuguang Program (16SG15) supported by Shanghai Education
Development Foundation and Gaofeng Clinical Medicine
Grant (20172001) supported by the Shanghai Municipal
Education Commission.

ACKNOWLEDGMENTS

We sincerely thank all participating physicians from Sheshan
Town Community Health Service Center in Shanghai; Dr
Ge-Fei Li from the Department of Neurology, Shanghai Ninth
People’s Hospital, Shanghai Jiao Tong University School of
Medicine; and Dr Xiao-Juan Cheng from the Department of
Neurology, Shanghai Sixth People’s Hospital, Shanghai Jiao Tong
University School of Medicine for assembling patients, controls
and collecting samples.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2019.00090/full#supplementary-material

FIGURE S1 | Representative MRM chromatograms of spiked sample. The upper
refers to Panel A (leucine, alanine, valine, isoleucine, glutamic acid and
phenylalanine-d5), the lower refers to Panel B (cysteine, arginine, proline,
methionine, phenylalanine, tryptophan, serine, threonine, tyrosine, glycine,
glutamine, asparagine, aspartic acid, lysine, histidine, and phenylalanine-d5).

FIGURE S2 | Box plots of the distribution of arginine, cysteine, citrulline
and ornithine. ∗p < 0.05.

REFERENCES

Baldeiras, I., Santana, I., Proenca, M. T., Garrucho, M. H., Pascoal, R.,
Rodrigues, A., et al. (2010). Oxidative damage and progression to Alzheimer’s
disease in patients with mild cognitive impairment. J. Alzheimers Dis. 21,
1165–1177. doi: 10.3233/JAD-2010-091723

Bersani, F. S., Wolkowitz, O. M., Lindqvist, D., Yehuda, R., Flory, J., Bierer, L. M.,
et al. (2016). Global arginine bioavailability, a marker of nitric oxide synthetic

capacity, is decreased in PTSD and correlated with symptom severity and
markers of inflammation. Brain Behav. Immun. 52, 153–160. doi: 10.1016/j.
bbi.2015.10.015

Busse, A., Hensel, A., Gühne, U., Angermeyer, M. C., and Riedel-Heller, S. G.
(2006). Mild cognitive impairment: long-term course of four clinical subtypes.
Neurology 67, 2176–2185. doi: 10.1212/01.wnl.0000249117.23318.e1

Calabro, R. S., Gervasi, G., Baglieri, A., Furnari, A., Marino, S., and Bramanti, P.
(2013). Is high oral dose L-arginine intake effective in leukoaraiosis?

Frontiers in Aging Neuroscience | www.frontiersin.org 7 April 2019 | Volume 11 | Article 90

https://www.frontiersin.org/articles/10.3389/fnagi.2019.00090/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2019.00090/full#supplementary-material
https://doi.org/10.3233/JAD-2010-091723
https://doi.org/10.1016/j.bbi.2015.10.015
https://doi.org/10.1016/j.bbi.2015.10.015
https://doi.org/10.1212/01.wnl.0000249117.23318.e1
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Zhang et al. Dysregulated Urine Arginine Metabolism and aMCI

Preliminary data, study protocol and expert’s opinion. Curr. Aging Sci. 6,
170–177. doi: 10.2174/1874609811306020005

Cassel, J. C., Schweizer, T., Lazaris, A., Knörle, R., Birthelmer, A., Gödtel-
Armbrust, U., et al. (2005). Cognitive deficits in aged rats correlate with
levels of L-arginine, not with nNOS expression or 3,4-DAP-evoked transmitter
release in the frontoparietal cortex. Eur. Neuropsychopharmacol. 15, 163–175.
doi: 10.1016/j.euroneuro.2004.09.006

Cui, Y., Liu, X., Wang, M., Liu, L., Sun, X., Ma, L., et al. (2014).
Lysophosphatidylcholine and amide as metabolites for detecting alzheimer
disease using ultrahigh-performance liquid chromatography-quadrupole time-
of-flight mass spectrometry-based metabonomics. J. Neuropathol. Exp. Neurol.
73, 954–963. doi: 10.1097/nen.0000000000000116

Cui, G. H., Yao, Y. H., Xu, R. F., Tang, H. D., Jiang, G. X., Wang, Y., et al. (2011).
Cognitive impairment using education-based cutoff points for CMMSE scores
in elderly Chinese people of agricultural and rural Shanghai China.Acta Neurol.
Scand. 124, 361–367. doi: 10.1111/j.1600-0404.2010.01484.x

Fiehn, O. (2002). Metabolomics—the link between genotypes and phenotypes.
Plant Mol. Biol. 48, 155–171. doi: 10.1007/978-94-010-0448-0_11

Fonteh, A. N., Harrington, R. J., Tsai, A., Liao, P., and Harrington, M. G. (2007).
Free amino acid and dipeptide changes in the body fluids from Alzheimer’s
disease subjects. Amino Acids 32, 213–224. doi: 10.1007/s00726-006-0409-8

González-Domínguez, R., García-Barrera, T., and Gómez-Ariza, J. L. (2014).
Metabolomic study of lipids in serum for biomarker discovery in Alzheimer’s
disease using direct infusion mass spectrometry. J. Pharm. Biomed. Anal. 98,
321–326. doi: 10.1016/j.jpba.2014.05.023

Graham, S. F., Chevallier, O. P., Elliott, C. T., Hölscher, C., Johnston, J.,
McGuinness, B., et al. (2015). Untargeted metabolomic analysis of human
plasma indicates differentially affected polyamine and L-arginine metabolism
in mild cognitive impairment subjects converting to Alzheimer’s disease. PLoS
One 10:e0119452. doi: 10.1371/journal.pone.0119452

Hampel, H., Broich, K., Hoessler, Y., and Pantel, J. (2009). Biological markers
for early detection and pharmacological treatment of Alzheimer’s disease.
Dialogues Clin. Neurosci. 11, 141–157.

Hasegawa, T., Ichiba,M.,Matsumoto, S. E., Kasanuki, K., Hatano, T., Fujishiro, H.,
et al. (2012). Urinary homocysteic acid levels correlate with mini-mental state
examination scores in Alzheimer’s disease patients. J. Alzheimers Dis. 31, 59–64.
doi: 10.3233/jad-2012-120022

Ibáñez, C., Simó, C., Martín-Álvarez, P. J., Kivipelto, M., Winblad, B., Cedazo-
Minguez, A., et al. (2012). Toward a predictive model of Alzheimer’s disease
progression using capillary electrophoresis-mass spectrometry metabolomics.
Anal. Chem. 84, 8532–8540. doi: 10.1021/ac301243k

Kori, M., Aydın, B., Unal, S., Arga, K. Y., and Kazan, D. (2016). Metabolic
biomarkers and neurodegeneration: a pathway enrichment analysis of
Alzheimer’s disease, Parkinson’s disease, and amyotrophic lateral sclerosis.
OMICS 20, 645–661. doi: 10.1089/omi.2016.0106

Kuma, A., and Mizushima, N. (2010). Physiological role of autophagy as an
intracellular recycling system: with an emphasis on nutrient metabolism.
Semin. Cell Dev. Biol. 21, 683–690. doi: 10.1016/j.semcdb.2010.03.002

Lan, Q., Wang, S. S., Menashe, I., Armstrong, B., Zhang, Y., Hartge, P., et al.
(2011). Genetic variation in Th1/Th2 pathway genes and risk of non-Hodgkin
lymphoma: a pooled analysis of three population-based case-control studies.
Br. J. Haematol. 153, 341–350. doi: 10.1111/j.1365-2141.2010.08424.x

Liu, P., Fleete, M. S., Jing, Y., Collie, N. D., Curtis, M. A., Waldvogel, H. J., et al.
(2014). Altered arginine metabolism in Alzheimer’s disease brains. Neurobiol.
Aging 35, 1992–2003. doi: 10.1016/j.neurobiolaging.2014.03.013

Manly, J. J., Tang, M. X., Schupf, N., Stern, Y., Vonsattel, J. P., and Mayeux, R.
(2008). Frequency and course of mild cognitive impairment in a multiethnic
community. Ann. Neurol. 63, 494–506. doi: 10.1002/ana.21326

Mapstone, M., Lin, F., Nalls, M. A., Cheema, A. K., Singleton, A. B.,
Fiandaca, M. S., et al. (2017). What success can teach us about failure:
the plasma metabolome of older adults with superior memory and lessons
for Alzheimer’s disease. Neurobiol. Aging 51, 148–155. doi: 10.1016/j.
neurobiolaging.2016.11.007

Mattsson, N., Insel, P. S., Palmqvist, S., Portelius, E., Zetterberg, H., Weiner, M.,
et al. (2016). Cerebrospinal fluid tau, neurogranin and neurofilament light in
Alzheimer’s disease. EMBO Mol. Med. 8, 1184–1196. doi: 10.15252/emmm.
201606540

Petersen, R. C. (2004). Mild cognitive impairment as a diagnostic entity. J. Intern.
Med. 256, 183–194. doi: 10.1111/j.1365-2796.2004.01388.x

Petersen, R. C. (2011). Clinical practice. Mild cognitive impairment. N. Engl.
J. Med. 364, 2227–2234. doi: 10.1056/NEJMcp0910237

Petersen, R. C., and Negash, S. (2008). Mild cognitive impairment: an overview.
CNS Spectr. 13, 45–53. doi: 10.1017/s1092852900016151

Petersen, R. C., Smith, G. E., Waring, S. C., Ivnik, R. J., Tangalos, E. G., and
Kokmen, E. (1999). Mild cognitive impairment: clinical characterization and
outcome. Arch. Neurol. 56, 303–308. doi: 10.1001/archneur.56.3.303

Quinones, M. P., and Kaddurah-Daouk, R. (2009). Metabolomics tools for
identifying biomarkers for neuropsychiatric diseases. Neurobiol. Dis. 35,
165–176. doi: 10.1016/j.nbd.2009.02.019

Ravaglia, G., Forti, P., Maioli, F., Bianchi, G., Martelli, M., Talerico, T., et al.
(2004). Plasma amino acid concentrations in patients with amnestic mild
cognitive impairment or Alzheimer disease. Neurobiol. Aging 80, 483–488.
doi: 10.1093/ajcn/80.2.483

Rayatnia, F., Javadi-Paydar, M., Allami, N., Zakeri, M., Rastegar, H., Norouzi, A.,
et al. (2011). Nitric oxide involvement in consolidation, but not retrieval phase
of cognitive performance enhanced by atorvastatin in mice. Eur. J. Pharmacol.
666, 122–130. doi: 10.1016/j.ejphar.2011.05.017

Samakashvili, S., Ibáñez, C., Simó, C., Gil-Bea, F. J., Winblad, B., Cedazo-
Mínguez, A., et al. (2011). Analysis of chiral amino acids in cerebrospinal
fluid samples linked to different stages of Alzheimer disease. Electrophoresis 32,
2757–2764. doi: 10.1002/elps.201100139

Shaw, L. M., Korecka, M., Clark, C. M., Lee, V. M., and Trojanowski, J. Q. (2007).
Biomarkers of neurodegeneration for diagnosis and monitoring therapeutics.
Nat. Rev. Drug Discov. 6, 295–303. doi: 10.1038/nrd2176

Sourij, H., Meinitzer, A., Pilz, S., Grammer, T. B., Winkelmann, B. R.,
Boehm, B. O., et al. (2011). Arginine bioavailability ratios are
associated with cardiovascular mortality in patients referred to coronary
angiography. Atherosclerosis 218, 220–225. doi: 10.1016/j.atherosclerosis.
2011.04.041

Tang, W. H., Wang, Z., Cho, L., Brennan, D. M., and Hazen, S. L. (2009).
Diminished global arginine bioavailability and increased arginine catabolism
as metabolic profile of increased cardiovascular risk. J. Am. Coll. Cardiol. 53,
2061–2067. doi: 10.1016/j.jacc.2009.02.036

Wang, G., Zhou, Y., Huang, F. J., Tang, H. D., Xu, X. H., Liu, J. J.,
et al. (2014). Plasma metabolite profiles of Alzheimer’s disease and
mild cognitive impairment. J. Proteome Res. 13, 2649–2658. doi: 10.1021/
pr5000895

Want, E. J., Wilson, I. D., Gika, H., Theodoridis, G., Plumb, R. S., Shockcor, J.,
et al. (2010). Global metabolic profiling procedures for urine using UPLC-MS.
Nat. Protoc. 5, 1005–1018. doi: 10.1038/nprot.2010.50

Wei, X. M., Yang, W., Liu, L. X., and Qi, W. X. (2013). Effects of L-arginine
and Nω-nitro-L-arginine methylester on learning and memory and α7 nAChR
expression in the prefrontal cortex and hippocampus of rats. Neurosci. Bull. 29,
303–310. doi: 10.1007/s12264-013-1331-1

Wu, J., Kohno, T., Georgiev, S. K., Ikoma, M., Ishii, H., Petrenko, A. B., et al.
(2008). Taurine activates glycine and γ-aminobutyric acid A receptors in rat
substantia gelatinosa neurons. Neuroreport 19, 333–337. doi: 10.1097/wnr.
0b013e3282f50c90

Zhang, M. Y., Katzman, R., Salmon, D., Jin, H., Cai, G. J., Wang, Z. Y., et al.
(1990). The prevalence of dementia and Alzheimer’s disease in Shanghai,
China: impact of age, gender, and education. Ann. Neurol. 27, 428–437.
doi: 10.1002/ana.410270412

Conflict of Interest Statement: 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.

Copyright © 2019 Zhang, Tang, Dammer, Liu, Zhao, Zhu, Ren, Chen, Wang and
Cheng. 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 Aging Neuroscience | www.frontiersin.org 8 April 2019 | Volume 11 | Article 90

https://doi.org/10.2174/1874609811306020005
https://doi.org/10.1016/j.euroneuro.2004.09.006
https://doi.org/10.1097/nen.0000000000000116
https://doi.org/10.1111/j.1600-0404.2010.01484.x
https://doi.org/10.1007/978-94-010-0448-0_11
https://doi.org/10.1007/s00726-006-0409-8
https://doi.org/10.1016/j.jpba.2014.05.023
https://doi.org/10.1371/journal.pone.0119452
https://doi.org/10.3233/jad-2012-120022
https://doi.org/10.1021/ac301243k
https://doi.org/10.1089/omi.2016.0106
https://doi.org/10.1016/j.semcdb.2010.03.002
https://doi.org/10.1111/j.1365-2141.2010.08424.x
https://doi.org/10.1016/j.neurobiolaging.2014.03.013
https://doi.org/10.1002/ana.21326
https://doi.org/10.1016/j.neurobiolaging.2016.11.007
https://doi.org/10.1016/j.neurobiolaging.2016.11.007
https://doi.org/10.15252/emmm.201606540
https://doi.org/10.15252/emmm.201606540
https://doi.org/10.1111/j.1365-2796.2004.01388.x
https://doi.org/10.1056/NEJMcp0910237
https://doi.org/10.1017/s1092852900016151
https://doi.org/10.1001/archneur.56.3.303
https://doi.org/10.1016/j.nbd.2009.02.019
https://doi.org/10.1093/ajcn/80.2.483
https://doi.org/10.1016/j.ejphar.2011.05.017
https://doi.org/10.1002/elps.201100139
https://doi.org/10.1038/nrd2176
https://doi.org/10.1016/j.atherosclerosis.2011.04.041
https://doi.org/10.1016/j.atherosclerosis.2011.04.041
https://doi.org/10.1016/j.jacc.2009.02.036
https://doi.org/10.1021/pr5000895
https://doi.org/10.1021/pr5000895
https://doi.org/10.1038/nprot.2010.50
https://doi.org/10.1007/s12264-013-1331-1
https://doi.org/10.1097/wnr.0b013e3282f50c90
https://doi.org/10.1097/wnr.0b013e3282f50c90
https://doi.org/10.1002/ana.410270412
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Dysregulated Urinary Arginine Metabolism in Older Adults With Amnestic Mild Cognitive Impairment
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	Assessment of Cognitive Impairment
	Urine Collection and Pretreatment
	Measurement of Amino Acids by LC-MS/MS
	Chemicals
	Amino Acid Extraction
	Liquid Chromatography and Mass Spectrometry
	Data Processing and Statistical Analysis


	RESULTS
	Demographic and Clinical Data of Community Cohort Groups
	Metabolomic Assessment for Urinary Amino Acids in a Community Cohort
	Validation of Two Differentiable Amino Acids in aMCI Patients From the Memory Clinic
	Levels of Arginine and GABR in Urine as a Potential Biomarker of aMCI
	Metabolic Enrichment Analysis
	The Correlation Between GABR and Cognitive Performances

	DISCUSSION
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


