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Abstract

We sought to identify a usable biomarker from blood samples to characterize early-stage

Alzheimer’s disease (AD) patients, in order to facilitate rapid diagnosis, early therapeutic

intervention, and monitoring of clinical trials. We compared metabolites from blood plasma

in early-stage Alzheimer’s disease patients with blood plasma from healthy controls using

two different analytical platforms: Amino Acid Analyzer and Tandem Mass-Spectrometer.

Early-stage Alzheimer’s patient blood samples were obtained during an FDA-approved

Phase IIa clinical trial (Clinicaltrial.gov NCT03062449). Participants included 25 early-stage

Alzheimer’s patients and 25 healthy controls in the United States. We measured concentra-

tions of 2-aminoethyl dihydrogen phosphate and taurine in blood plasma samples. We

found that plasma concentrations of a phospholipid metabolite, 2-aminoethyl dihydrogen

phosphate, normalized by taurine concentrations, distinguish blood samples of patients with

early-stage AD. This possible new Alzheimer’s biomarker may supplement clinical diagnosis

for early detection of the disease.

Introduction

Onset of Alzheimer’s disease (AD) symptoms is correlated with accumulations of misfolded

proteins and protein fragments, particularly amyloidβ42 (Aβ42) plaques and a dense tauopa-

thy of neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau deposits in spe-

cific brain regions [1]. There is a latency period between the initiation of AD-type

neuropathology in the brain and onset of clinical symptoms [2]. Discovery of new ways of

diagnosing AD in the earliest stages, particularly those present during the latency period [3],

could lead to new types of treatment, including reconsideration of previously failed drugs [4].

Various biomarkers associated with later stages of AD have been suggested [5] including

cerebrospinal fluid (CSF) and plasma biomarkers indicative of amyloid deposition, neuronal

damage and loss, and the formation of NFTs, notably phosphorylated-tau (P-tau), Aβ42, total-

tau (T-tau), as well as neurofilament light protein (NFL) [6, 7], while plasma concentrations of

Aβ40 and Aβ42 may not be as useful in diagnosing AD [6, 8]. Biomarkers based on imaging

assessing amyloid-beta plaques (PiB-PET scans), tau deposits (tau-PET), brain atrophy (struc-

tural MRI), memory-related activity patterns (fMRI), and decreased glucose metabolism
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(FDG-PET) have also been proposed [5, 9]. Nucleic acid biomarkers for AD [10, 11], similar

to those for ALS [12], have also been proposed [13–15].

We have sponsored an FDA-approved Phase IIa clinical trial of L-serine at the Department

of Neurology, Geisel School of Medicine, Dartmouth (Clinicaltrials.gov identifier number

NCT03062449) for early-stage Alzheimer’s disease patients. At the time they receive their ini-

tial diagnosis, based on the Clinical Dementia Rating (CDR) score, patients are offered entry

into the clinical trial. We hypothesized that a unique metabolic biomarker of early Alzheimer’s

disease could be identified by examining the physiological amino acids and nitrogen contain-

ing compounds within these early disease state blood samples. Using an automated Amino

Acid Analyzer along with confirmation from tandem mass-spectroscopy, we examined metab-

olites displaying clear differences between AD and control blood plasma samples. We found

that the concentration of 2-aminoethyl dihydrogen phosphate normalized by taurine concen-

trations in blood plasma samples reliably identifies early-stage AD patients.

Materials and methods

We compared initial blood plasma samples collected from the antecubital area of the arm from

early-stage Alzheimer’s disease patients (n = 25; 4 females, 21 males; Clinical Dementia Rating

Scale 0.5 +/- 0.23) with blood plasma from healthy controls (n = 25; 5 females, 20 males), with

analysis blinded. Plasma came from initial blood draws from our Phase IIa human clinical trial

for early-stage Alzheimer’s patients, and control samples (Innovative Research Inc., Novi,

Michigan, USA). The control subjects had a mean age of 39 (range 20–62 years) while the Alz-

heimer’s patients had a mean age of 71 years (range 57–82). The study was approved by the

IRB (Dartmouth Hitchcock Medical School, NCT03062449, Innovative Research Inc, FDA

Approval, #3003372368). Informed consent was obtained from all participants. All methods

were performed in accordance with the relevant guidelines and regulations.

Blood plasma was collected in K2-EDTA tubes and centrifuged immediately at 2000 x g for

15 minutes at 4˚C. Time between blood collection and freezing was less than 1 hour and the

sample was stored at -80˚C and shipped on dry ice. The plasma sample was thawed at 4˚C and

combined with an equal volume of cold 10% (w/v) trichloroacetic acid (TCA, CAS 76-03-9,

respectively, Sigma-Aldrich, St. Louis, MO). The sample was left to precipitate at room tem-

perature for two hours followed by centrifugation at 14,000 x g for 5 min. The supernatant was

removed by pipette and filtered using a centrifuge filter (0.22 μm PVDF, Millipore Ultrafree-

MC-GV, Darmstadt, Germany) at 14,000 x g for 5 min.

The underivatized sample (20 μL) was injected into a Hitachi Amino Acid Analyzer L8900

equipped with a Hitachi Reaction column (PN 855–3533, Hitachi High-Tech America, Inc.

Dallas, TX) at 135˚C, a high-speed physiological fluid analysis analytical column Li-form resin

#2622SC 6 mm ID x 40 L 060928C (PN855-4515), and AmmoniaFilter column (Ion exchange

4.6 x 40 Column #2650L, PN 855–3523). Hitachi pre-made buffers (Hitachi High-Tech Amer-

ica, Inc. Dallas, TX) were used as follows: (B1) PF-1/AN0-5031, (B2) PF-2/AN0-5032, (B3) PF-

3/AN0-5033, (B4) PF-4/AN0-5034, (B6) PF-5/AN0-5035, (R1) ninhydrin solution (Wako

Chemicals #29970501, Fujifilm Wako Pure Chemical Corporation, Osaka, Japan), and (R2)

ninhydrin-buffer of lithium acetate dihydrate (Wako Chemicals 29970501). Wash solutions

included (B5) 5% ethanol (95%, Fisher Scientific #22-032-106, Hampton, NH), (R3) 10%

methanol (� 99.9% (Chromasolv; 34885-4x4, Honeywell Burdick & Jackson, Muskegon, MI),

and (C1) 10% methanol. Separation was achieved with a flow rate for pump 1 of 0.54 mL/min

and 0.47 mL/min for pump 2, reactor column set to 135˚C, and a 146 min gradient elution:

0.00 min = 100% B1, column oven temp 35˚C, 50% R1, 50% R2; 16.0 min = 100% B1; 16.1

min = 81% B1, 19% B2, column oven 58˚C; 41.0 min = column oven 32˚C; 57.0 min = column
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oven 70˚C; 69.5 min = column oven 65˚C; 70.0 min = 15% B1, 75% B2, 10% B3; 88.0

min = column oven 60˚C; 94.0 min = 20% B2, 80% B4; 94.1 min = 25% B2, 75% B4; 109.0

min = 25% B2, 75% B4, column oven 70˚C; 109.1 min = 100% B4; 123.0 min = 100% B4; 123.1

min = 100% B6; 127.0 min = 50% R1, 50% R2; 127.1 min = 100% R3; 129.0 min = 100% B6,

129.1 min = 100% B1; 131.0 min = column oven 35˚C; 132.0 min = 100% R3; 132.1 min = 50%

R1, 50% R2; 146.0 min = 100% B1. Amino acid standards (Sigma A6407 –acidic amino acids

and neutral amino acids + Sigma A6282– basic amino acids, St. Louis, MO) were mixed to

equal concentrations and complete standard curves run at concentrations of 5, 10, 25, 50 100,

250, 500, 1000 μmol/L. All amino acids curves were linear within this range (R2>/ = 99%). In

addition, retention time checks were conducted for 2-aminoethyl dihydrogen phosphate

(Sigma-Aldrich P0503-1G, St. Louis, MO) and taurine (Sigma-Aldrich T0625-10G). A lower

end curve (1.4, 3.5, 7.1, 14.2, 70.9 μmol/L) demonstrated that 2-aminoethyl dihydrogen phos-

phate was linear to 1.4 μmol/L (R2 = 99.9%). The limits of detection (LOD) and lower limits of

quantification (LOQ) were calculated using the EPA method [16]. LOD for 2-aminoethyl dihy-

drogen phosphate and taurine were 0.9 and 5.3 μmol/L respectively for this method. The LOQ

was 2.5 and 10.2 μmol/L for 2-aminoethyl dihydrogen phosphate and taurine respectively for

this method.

Confirmation of 2-aminoethyl dihydrogen phosphate in the samples was conducted

through tandem mass spectrometry. Plasma samples from AD patients and controls, with

analysis blinded as to treatment, were deproteinated as above and derivatized with 6-amino-

quinolyl-N-hydroxysuccinimidyl carbamate (AQC, WAT052880, Waters Corp, Milford, MA)

following manufacturers recommendations. AD blood samples were combined as were control

samples and analyzed on a Thermo TSQ Quantiva triple quadrupole mass spectrometer with

multiple injections per sample. The mass spectrometer was equipped with a Thermo Vanquish

pump, autosampler, H-ESI probe, and heated column compartment set to 65˚C. An OPTON-

10005 Genius 3022 dual N2 generator (Peak Scientific, Billerica, MA) supplied purified nitro-

gen to the mass spectrometer. Separation was achieved using a Kinetex C-18 column (1.7 μm

100 A, 100 x 2.1 mm, 00D-4475-AN, Phenomenex, Torrance, CA); and gradient elution (flow

rate 0.5 ml/min, mobile phase A = 20 mM ammonium acetate (Fisher Scientific A11450,

Hampton, NH)� 99% adjusted to pH 5.0 with glacial acetic acid (Fisher Scientific A385-500),

B = 100% methanol� 99.9% (Chromasolv; 34885-4x4, Honeywell Burdick & Jackson, Muske-

gon, MI): initial conditions 99.8% A, 1.0 min 99.8% A, 1.5 min 40% A, 2.0 min 25%A, 2.5 min

25%A, 2.6 min 10% A, 5.5 min 10%A, 6 min 98%A, 8 min 98%A all set with curve 5. The mass

spectrometer was run in positive mode (4400 V) with the following settings: spray

voltage = static; sheath gas = 5.6 Arb; aux gas = 23.5 Arb; sweep gas = 1.2 Arb; ion transfer

tube = 150˚C; vaporization temperature = 450˚C; Q1 resolution = 0.7 FWHM; Q3 resolu-

tion = 0.7 FWHM; and CID gas = 2 mTorr. Scans for derivatized 2-aminoethyl dihydrogen

phosphate were conducted with the following transitions (312 to 171.2 m/z collision energy

(CE) 17.1, 312 to 142 m/z CE 17.1, 312 to 312 m/z CE 2, RF lens of 90). This experiment was

repeated a second time to ensure reproducibility. The limit of detection (LOD) for this method

was 0.004 μg/ml and the lower limit of quantification (LOQ) was 0.01 μg/ml. A standard curve

was prepared with concentrations 20 pg/ml, 40 pg/ml, 0.2 ng/ml, 0.4 ng/ml, 2 ng/ml, 4 ng/ml,

10 ng/ml, 20 ng/ml, 0.1 μg/ml, 0.2 μg/ml, and linearity had an R2 value of 99%.

The concentration of 2-aminoethyl dihydrogen phosphate, which elutes at 2.1 minutes on

the Amino Acid Analyzer chromatogram, was normalized for each sample by the concentra-

tion of taurine, an aminosulfonic acid which elutes immediately before at 1.6 minutes (Fig

1A). A ratio of 2-aminoethyl dihydrogen phosphate to taurine was used because of the close

proximity of the two chromatographic peaks. When taurine was large in a patient sample

(which could possibly arise from hemolysis of the blood sample or the ingestion of taurine rich
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beverages), it lifted the chromatographic baseline and artificially raised the adjacent 2-ami-

noethyl dihydrogen phosphate chromatographic peak area. In order to rectify this problem we

used the ratio of 2-aminoethyl dihydrogen phosphate to taurine as the final measurement.

Therefore, the ratio of 2-aminoethyl dihydrogen phosphate to taurine was calculated for each

of the control and Alzheimer’s patient samples. When 2-aminoethyl dihydrogen phosphate

was not detected in the sample, the ratio was assigned a 0.0 value. Scatter plots indicated the

data were not normally distributed, so the ratios of 2-aminoethyl dihydrogen phosphate to tau-

rine were transformed using sin−1(x), where x is the original ratio. Two hypotheses were tested

using a two-tailed t-test for samples with unequal variances:

H0: The normalized means of 2-aminoethyl dihydrogen phosphate are equal for early-stage

Alzheimer’s disease patients and controls.

H1: The normalized means of 2-aminoethyl dihydrogen phosphate are different for early-

stage Alzheimer’s disease patients and controls.

Results

The mean ratio of 2-aminoethyl dihydrogen phosphate to taurine for Alzheimer’s patients was

0.37 (sd = 0.13) compared to a mean of 0.07 for controls (sd = 0.12) (Table 1). The data were

Fig 1. Representative chromatogram from the hitachi Amino Acid Analyzer method. A. Taurine elutes at 1.6 min.

2-aminoethyl dihydrogen phosphate elutes at 2.1 min. Dark line is a representative Alzheimer’s patient sample. Grey

line shows the absence of 2-aminoethyl dihydrogen phosphate in a control sample which is considered not detectable.

Quantification was achieved by measuring the area under the curve in relation to known standard reference

concentrations. B. Representative chromatogram from the tandem mass spectrometer method with 2-aminoethyl

dihydrogen phosphate eluting at 2.05 min. The dotted line is an Alzheimer’s patient sample with an injection volume

of 6 μl. The overlaid solid line represents the same sample spiked with a 2-aminoethyl dihydrogen phosphate standard.

The identity of the peak at 2.1 min is unknown, however, this peak does not change as a result of the addition of

2-aminoethyl dihydrogen phosphate standard which confirms the identity of the peak at 2.05 min.

https://doi.org/10.1371/journal.pone.0267407.g001
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transformed using sin−1(x) because the data were not normally distributed. The mean of the

sin−1(x) transformed ratio of 2-aminoethyl dihydrogen phosphate to taurine for controls was

42.3 (sd = 69.9), while the mean of the sin−1(x) transformed ratios for early-stage Alzheimer’s

patients was 185.5 (sd = 57.0) with a t statistic of -7.9, df = 48. H0 was therefore rejected, with

p<0.000000001. We note that the absence of an analyte detection does not mean that it is not

present, only that while using the stated methods that it is below the limit of detection. Since a

value below the LOD approximates a zero compared to the high concentrations reported in

other samples (See Fig 1A for a visual representation of the data), we used a zero for computa-

tional purposes in these cases (Table 1). Therefore, the concentration of 2-aminoethyl dihydro-

gen phosphate normalized by taurine in blood draws significantly distinguishes early-stage

Alzheimer’s patients from controls (Figs 1A and 2).

Confirmation of the presence of 2-aminoethyl dihydrogen phosphate in the blood plasma

of early-stage AD patients was conducted by tandem mass spectrometry (Fig 1B). 2-ami-

noethyl dihydrogen phosphate typically was present in 5–10 times higher concentrations in

the samples from early-stage AD patients than in samples from controls. This orthogonal

method confirms the analytical results from the Amino Acid Analyzer.

Table 1. Concentration (μmoles/L) of 2-aminoethyl dihydrogen phosphate and taurine in blood plasma of controls and Alzheimer’s patients calculated using the

Amino Acid Analyzer method. The lower limit of detection (LOD) for 2-aminoethyl dihydrogen phosphate using this method was 0.9 μmol/L. The lower limit of quanti-

fication (LOQ) for taurine was 10.2 μmol/L. This represents a detectable peak but one below the ability of the method to accurately quantify. When 2-aminoethyl dihydro-

gen phosphate was not-detectable (ND), ratios were assigned a 0.0 value.

Treatment 2-aminoethyl dihydrogen phosphate Taurine Ratio Treatment 2-aminoethyl dihydrogen phosphate Taurine Ratio

Control ND 60.6 0.0 AD 18.6 56.7 0.3

Control ND 26.0 0.0 AD 20.7 48.5 0.4

Control ND 16.6 0.0 AD 20.4 38.5 0.5

Control ND 19.5 0.0 AD 21.2 86.9 0.2

Control ND <10.2 0.0 AD 22.9 58.4 0.4

Control ND <10.2 0.0 AD 20.0 55.2 0.4

Control ND <10.2 0.0 AD 22.6 52.1 0.4

Control ND <10.2 0.0 AD 17.8 49.0 0.4

Control ND 12.7 0.0 AD 18.7 63.0 0.3

Control ND 27.7 0.0 AD 21.6 68.6 0.3

Control ND <10.2 0.0 AD 23.5 76.0 0.3

Control 35.7 174.3 0.2 AD 22.6 81.5 0.3

Control 36.4 72.4 0.5 AD 23.7 64.0 0.4

Control 52.5 356.2 0.1 AD 46.3 61.3 0.8

Control 52.5 332.0 0.2 AD 9.4 45.3 0.2

Control 37.4 218.2 0.2 AD 9.7 26.6 0.4

Control ND 44.1 0.0 AD 12.3 31.3 0.4

Control 57.2 303.7 0.2 AD 10.6 31.5 0.3

Control ND 78.9 0.0 AD 10.3 30.4 0.3

Control 46.7 280.3 0.2 AD 8.4 39.6 0.2

Control ND 62.1 0.0 AD 9.2 32.3 0.3

Control 49.5 311.4 0.2 AD 7.8 35.2 0.2

Control ND 43.6 0.0 AD 12.2 47.6 0.3

Control 57.4 402.7 0.1 AD 9.2 20.4 0.5

Control ND 36.2 0.0 AD 8.0 12.1 0.7

https://doi.org/10.1371/journal.pone.0267407.t001
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Discussion

2-aminoethyl dihydrogen phosphate is the IUPAC name for a molecule previously referred to

in the literature by other names including O-phosphorylethanolamine, colamine phosphoric

acid, ethanolamine O-phosphate 2, O-phosphoethanolamine, O-phosphocolamine, and cola-

mine phosphoric acid. This molecule is important in the structure and function of cellular

membranes. It is a precursor in the biosynthesis of phosphatidylethanolamine and phosphati-

dylcholine. It is essential for the formation of mammalian glycosylphosphatidylinositol-

anchored proteins (GPI) which bind other proteins to the plasma membrane [17]. GPI may

play a role in cellular communication, cellular signaling, signal transduction, and lipid raft

transports [18]. The proximate source of the 2-aminoethyl dihydrogen phosphate in GPI syn-

thesis is phosphatidylethanolamine [19].

In cell culture, 2-aminoethyl dihydrogen phosphate has been shown to inhibit mitochon-

drial respiration and induce apoptosis by disrupting the mitochondrial membrane potential

[20]. Physiological effects of increased 2-aminoethyl dihydrogen phosphate concentrations in

the blood are not known. However, brain concentrations were reported to be lower in AD

patients than in controls [21]. In that study, 2-aminoethyl dihydrogen phosphate concentra-

tions were significantly lower in the temporal cortex (64%, Brodmann area 21), frontal cortex

(48%, Brodmann area 9), and hippocampus (40%) but not in the parietal (Brodmann area

3–12) or occipital cortices (Brodmann area 17) of AD patients. In brain tissue and CSF from

Huntington’s disease patients, 2-aminoethyl dihydrogen phosphate was lower in concentra-

tion in comparison with control tissues. Significant differences were found in the caudate,

putamen, and nucleus accumbens but not the frontal cortex of Huntington’s patients [22].

Similarly, a significant decrease in 2-aminoethyl dihydrogen phosphate has also been noted in

the putamen of Parkinson’s disease (PD) patients in comparison to control brain tissue based

Fig 2. Scatter plot of patient age versus arcsin ratio of 2-aminoethyl dihydrogen phosphate / taurine). Squares are

healthy controls (n = 25) and circles are Alzheimer’s patients (n = 25). The arcsin ratio does not correlate with age,

however, the incidence of Alzheimer’s disease does increase with patient age.

https://doi.org/10.1371/journal.pone.0267407.g002
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on proton magnetic resonance spectroscopy imagining studies [23]. Hattingen et al. [23] sug-

gest that this reflects reduced membrane turnover as a result of impaired mitochondrial func-

tion, which may be a contributing factor in AD [24]. The importance of 2-aminoethyl

dihydrogen phosphate as a substrate in the synthesis of cellular membranes and its increased

concentration in the blood, but not in the brain tissues of AD patients, suggests that further

study of this molecule might lead to new insights into progressive neurodegeneration.

Normal concentrations of 2-aminoethyl dihydrogen phosphate for healthy adults range

from “not detected” to up to 69 μmoles/L [25–28]. The Mayo clinic suggests normal 2-ami-

noethyl dihydrogen phosphate concentrations to be<12 μmoles/L for adults 18 and older,

<5 μmoles/L for children ages 2–17 years, and<6 μmoles/L for children under the age of two

(https://neurology.testcatalog.org/show/AAQP). Our study suggests that the concentration of

2-aminoethyl dihydrogen phosphate normalized by taurine concentrations in blood plasma

samples could potentially be added to the CDR scale as a diagnostic tool for early-stage AD.

Elevated 2-aminoethyl dihydrogen phosphate levels, primarily in urine, also occur in

patients diagnosed with a rare inherited disease known as hypophosphatasia [29]. The disease

is thought to be caused by mutations in the tissue-nonspecific alkaline phosphatase (TNSALP)

gene [29].

If the sphingolipid biosynthesis pathway is disrupted in early-stage AD, an increase in the

downstream 2-aminoethyl dihydrogen phosphate could result. A need for additional L-serine

to drive the pathway forward could also occur, based on the de novo sphingolipid biosynthesis

pathway where serine palmitoyltransferase catalyzes the reaction of L-serine with palmitoyl-

Coenzyme A to form sphingoid bases. Breakdown of both sphinganine and sphingosine leads

to the production of 2-aminoethyl dihydrogen phosphate [30]. In vitro, an increase in sphinga-

nine kinase decreases free sphinganine which results in the disruption of axonal growth in cul-

tured hippocampal neurons [31]. Sphingolipid metabolism is thought to be tightly regulated as

the metabolites play a role in cellular signal transduction [31].

There are limitations to our study. Since there is evidence of Alzheimer’s latency prior to

diagnosis [2] measurable in years, with increasing probability of undiagnosed Alzheimer’s

with age, the control subjects had lower mean age than the Alzheimer’s patients. It is possible

that patients categorized as early-stage Alzheimer’s in this study suffered from a different form

of dementia since neuropathological brain studies were not available to confirm diagnosis. To

determine if elevated 2-aminoethyl dihydrogen phosphate is a consequence of normal aging, a

longitudinal study in a larger elderly cohort could test whether 2-aminoethanol dihydrogen

phosphate concentrations normalized by taurine concentrations accurately predicts which

patients convert into Alzheimer’s. We are currently planning such a larger study of Mild Cog-

nitive Impairment patients [IND 155785] which could facilitate such a comparison. Further-

more, it would be informative to analyze 2-aminoethyl dihydrogen phosphate in blood plasma

samples of healthy controls and map this analyte relative to age in addition to testing blood

plasma samples of patients with other progressive neurodegenerative illnesses.

Conclusion

The concentration of 2-aminoethyl dihydrogen phosphate normalized by the concentration of

taurine in blood plasma reliably distinguished blood samples of early-stage AD patients from

controls in a blinded analysis. If verified with larger sample sizes, the quantification of 2-ami-

noethyl dihydrogen phosphate could potentially assist in the diagnosis of early-stage Alzhei-

mer’s disease when used in conjunction with the patient’s CDR score and other potential AD

biomarkers.
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7. Olsson B, Lautner R, Andreasson U, Öhrfelt A, Portelius E, Bjerke M, et al. CSF and blood biomarkers

for the diagnosis of Alzheimer’s disease: a systematic review and meta-analysis. Lancet Neurol. 2016;

15(7):673–84. https://doi.org/10.1016/S1474-4422(16)00070-3 PMID: 27068280

8. Moscoso A, Grothe MJ, Ashton NJ, Karikari TK, Rodrı́guez JL, Snellman A, et al. Longitudinal associa-

tions of blood phosphorylated Tau181 and neurofilament light chain with neurodegeneration in Alzhei-

mer disease. JAMA Neurology. 2021; 78(4):396–406. https://doi.org/10.1001/jamaneurol.2020.4986

PMID: 33427873

9. Bayram E, Caldwell JZ, Banks SJ. Current understanding of magnetic resonance imaging biomarkers

and memory in Alzheimer’s disease. Alzheimers Dement. 2018; 4:395–413. https://doi.org/10.1016/j.

trci.2018.04.007 PMID: 30229130

10. Takousis P, Sadlon A, Schulz J, Wohlers I, Dobricic V, Middleton L, et al. Differential expression of

microRNAs in Alzheimer’s disease brain, blood, and cerebrospinal fluid. Alzheimers Dement. 2019; 15

(11):1468–77. https://doi.org/10.1016/j.jalz.2019.06.4952 PMID: 31495604

11. Serpente M, Fenoglio C, D’Anca M, Arcaro M, Sorrentino F, Visconte C, et al. MiRNA profiling in plasma

neural-derived small extracellular vesicles from patients with Alzheimer’s disease. Cells. 2020; 9

(6):1443. https://doi.org/10.3390/cells9061443 PMID: 32531989

12. Banack SA, Dunlop RA, Cox PA. An miRNA fingerprint using neural-enriched extracellular vesicles

from blood plasma: toward a biomarker for ALS/MND. Royal Society Open Biol. 2020; 10(6):200116.

https://doi.org/10.1098/rsob.200116 PMID: 32574550

PLOS ONE Alzheimer’s disease biomarker

PLOS ONE | https://doi.org/10.1371/journal.pone.0267407 April 21, 2022 8 / 9

https://doi.org/10.1097/NEN.0b013e31825018f7
http://www.ncbi.nlm.nih.gov/pubmed/22487856
https://doi.org/10.1016/s0197-4580%2801%2900281-0
http://www.ncbi.nlm.nih.gov/pubmed/11804701
https://doi.org/10.1016/S1474-4422%2809%2970299-6
http://www.ncbi.nlm.nih.gov/pubmed/20083042
https://doi.org/10.1016/j.bcp.2018.09.026
http://www.ncbi.nlm.nih.gov/pubmed/30273553
https://doi.org/10.3233/JAD-170261
http://www.ncbi.nlm.nih.gov/pubmed/28759968
https://doi.org/10.1186/s13024-020-00420-5
http://www.ncbi.nlm.nih.gov/pubmed/33413517
https://doi.org/10.1016/S1474-4422%2816%2900070-3
http://www.ncbi.nlm.nih.gov/pubmed/27068280
https://doi.org/10.1001/jamaneurol.2020.4986
http://www.ncbi.nlm.nih.gov/pubmed/33427873
https://doi.org/10.1016/j.trci.2018.04.007
https://doi.org/10.1016/j.trci.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/30229130
https://doi.org/10.1016/j.jalz.2019.06.4952
http://www.ncbi.nlm.nih.gov/pubmed/31495604
https://doi.org/10.3390/cells9061443
http://www.ncbi.nlm.nih.gov/pubmed/32531989
https://doi.org/10.1098/rsob.200116
http://www.ncbi.nlm.nih.gov/pubmed/32574550
https://doi.org/10.1371/journal.pone.0267407


13. Fransquet PD, Ryan J. Micro RNA as a potential blood-based epigenetic biomarker for Alzheimer’s dis-

ease. Clin Biochem. 2018; 58:5–14. https://doi.org/10.1016/j.clinbiochem.2018.05.020 PMID:

29885309

14. Swarbrick S, Wragg N, Ghosh S, Stolzing A. Systematic review of miRNA as biomarkers in Alzheimer’s

disease. Mol Neurobiol. 2019; 56(9):6156–67. https://doi.org/10.1007/s12035-019-1500-y PMID:

30734227

15. Feng L, Liao YT, He JC, Xie CL, Chen SY, Fan HH, et al. Plasma long non-coding RNA BACE1 as a

novel biomarker for diagnosis of Alzheimer disease. BMC Neurology 2018; 18(1):1–8 https://doi.org/10.

1186/s12883-017-0998-8 PMID: 29301496

16. US Department of Health and Human Services and GL49, V.I.C.H., 2015. Guidance for Industry—Stud-

ies to Evaluate the Metabolism and Residue Kinetics of Veterinary Drugs in Food-Producing Animals:

Validation of Analytical Methods Used in Residue Depletion Studies. Food and Drug

Administration, pp.1–23.

17. Kamitani T, Menon AK, Hallaq Y, Warren CD, Yeh ET. Complexity of ethanolamine phosphate addition

in the biosynthesis of glycosylphosphatidylinositol anchors in mammalian cells. J Biol Chem. 1992; 267

(34):24611–9. https://doi.org/10.1016/S0021-9258(18)35808-3 PMID: 1447204

18. Paulick MG, Bertozzi CR. The glycosylphosphatidylinositol anchor: a complex membrane-anchoring

structure for proteins. Biochem. 2008; 47(27):6991–7000. https://doi.org/10.1021/bi8006324 PMID:

18557633

19. Menon AK, Eppinger M, Mayor S, Schwarz RT. Phosphatidylethanolamine is the donor of the terminal

phosphoethanolamine group in trypanosome glycosylphosphatidylinositols. EMBO J. 1993; 12

(5):1907–14. https://doi.org/10.1002/j.1460-2075.1993.tb05839.x PMID: 8491183

20. Ferreira AK, Meneguelo R, Pereira A, R Filho OM, Chierice GO, Maria DA. Synthetic phosphoethanola-

mine induces cell cycle arrest and apoptosis in human breast cancer MCF-7 cells through the mitochon-

drial pathway. Biomed. Pharmacother. 2013; 67(6):481–7. https://doi.org/10.1016/j.biopha.2013.01.

012 PMID: 23773853

21. Ellison DW, Beal MF, Martin JB. Phosphoethanolamine and ethanolamine are decreased in Alzheimer’s

disease and Huntington’s disease. Brain Res. 1987; 417(2):389–92. https://doi.org/10.1016/0006-8993

(87)90471-9 PMID: 2958109

22. Koroshetz WJ, Jenkins BG, Rosen BR, Beal MF. Energy metabolism defects in Huntington’s disease

and effects of coenzyme Q10. Ann. Neurol. 1997; 41(2):160–5. https://doi.org/10.1002/ana.410410206

PMID: 9029064

23. Hattingen E, Magerkurth J, Pilatus U, Mozer A, Seifried C, Steinmetz H, et al. Phosphorus and proton

magnetic resonance spectroscopy demonstrates mitochondrial dysfunction in early and advanced Par-

kinson’s disease. Brain 2009; 132(12):3285–97. https://doi.org/10.1093/brain/awp293 PMID: 19952056

24. Sheng B, Wang X, Su B, Lee HG, Casadesus G, Perry G, et al. Impaired mitochondrial biogenesis con-

tributes to mitochondrial dysfunction in Alzheimer’s disease. J. Neurochem. 2012; 120(3):419–29.

https://doi.org/10.1111/j.1471-4159.2011.07581.x PMID: 22077634

25. Perry TL, Hansen S. Technical pitfalls leading to errors in the quantitation of plasma amino acids. Clin-

ica Chimica Acta 1969; 25(1):53–8. https://doi.org/10.1016/0009-8981(69)90226-5 PMID: 4978801

26. McGale EH, Pye IF, Stonier C, Hutchinson EC, Aber GM. Studies of the inter-relationship between

cerebrospinal fluid and plasma amino acid concentrations in normal individuals. J Neurochem. 1977; 29

(2):291–7. https://doi.org/10.1111/j.1471-4159.1977.tb09621.x PMID: 886334

27. Slocum RH, Cummings JG. Amino acid analysis of physiological samples. In: Techniques in diagnostic

human biochemical genetics. A laboratory manual. New York: Wiley-Liss; 1991. pp. 87–126.

28. Tan IK, Gajra B. Plasma and urine amino acid profiles in a healthy adult population of Singapore. Ann.

Acad. Med. Singap. 2006; 35(7):468. PMID: 16902722

29. Salles JP. Hypophosphatasia: biological and clinical aspects, avenues for therapy. Clin. Biochem. Rev.

2020; 41(1):13. https://doi.org/10.33176/AACB-19-00031 PMID: 32158059

30. Duan J, Merrill AH. 1-Deoxysphingolipids encountered exogenously and made de novo: dangerous

mysteries inside an enigma. J. Biol. Chem. 2015; 290(25):15380–9. https://doi.org/10.1074/jbc.R115.

658823 PMID: 25947379

31. Van Echten-Deckert G, Giannis A, Schwarz A, Futerman AH, Sandhoff K. 1-Methylthiodihydrocera-

mide, a novel analog of dihydroceramide, stimulates sphinganine degradation resulting in decreased de

novo sphingolipid biosynthesis. J. Biol. Chem 1998; 273(2):1184–91. https://doi.org/10.1074/jbc.273.2.

1184 PMID: 9422785

PLOS ONE Alzheimer’s disease biomarker

PLOS ONE | https://doi.org/10.1371/journal.pone.0267407 April 21, 2022 9 / 9

https://doi.org/10.1016/j.clinbiochem.2018.05.020
http://www.ncbi.nlm.nih.gov/pubmed/29885309
https://doi.org/10.1007/s12035-019-1500-y
http://www.ncbi.nlm.nih.gov/pubmed/30734227
https://doi.org/10.1186/s12883-017-0998-8
https://doi.org/10.1186/s12883-017-0998-8
http://www.ncbi.nlm.nih.gov/pubmed/29301496
https://doi.org/10.1016/S0021-9258%2818%2935808-3
http://www.ncbi.nlm.nih.gov/pubmed/1447204
https://doi.org/10.1021/bi8006324
http://www.ncbi.nlm.nih.gov/pubmed/18557633
https://doi.org/10.1002/j.1460-2075.1993.tb05839.x
http://www.ncbi.nlm.nih.gov/pubmed/8491183
https://doi.org/10.1016/j.biopha.2013.01.012
https://doi.org/10.1016/j.biopha.2013.01.012
http://www.ncbi.nlm.nih.gov/pubmed/23773853
https://doi.org/10.1016/0006-8993%2887%2990471-9
https://doi.org/10.1016/0006-8993%2887%2990471-9
http://www.ncbi.nlm.nih.gov/pubmed/2958109
https://doi.org/10.1002/ana.410410206
http://www.ncbi.nlm.nih.gov/pubmed/9029064
https://doi.org/10.1093/brain/awp293
http://www.ncbi.nlm.nih.gov/pubmed/19952056
https://doi.org/10.1111/j.1471-4159.2011.07581.x
http://www.ncbi.nlm.nih.gov/pubmed/22077634
https://doi.org/10.1016/0009-8981%2869%2990226-5
http://www.ncbi.nlm.nih.gov/pubmed/4978801
https://doi.org/10.1111/j.1471-4159.1977.tb09621.x
http://www.ncbi.nlm.nih.gov/pubmed/886334
http://www.ncbi.nlm.nih.gov/pubmed/16902722
https://doi.org/10.33176/AACB-19-00031
http://www.ncbi.nlm.nih.gov/pubmed/32158059
https://doi.org/10.1074/jbc.R115.658823
https://doi.org/10.1074/jbc.R115.658823
http://www.ncbi.nlm.nih.gov/pubmed/25947379
https://doi.org/10.1074/jbc.273.2.1184
https://doi.org/10.1074/jbc.273.2.1184
http://www.ncbi.nlm.nih.gov/pubmed/9422785
https://doi.org/10.1371/journal.pone.0267407

