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Objective: Dementias and mild cognitive impairment (MCI) are associated with

variously combined changes in the neurotransmitter system and signaling,

from neurotransmitter synthesis to synaptic binding. The study tested the

hypothesis that different dementia subtypes and MCI may share similar reductions

of brain availability in amino acid precursors (AAPs) of neurotransmitter

synthesis and concomitant similar impairment in energy production and

increase of oxidative stress, i.e., two important metabolic alterations that impact

neurotransmission.

Materials and methods: Sixty-five demented patients (Alzheimer’s disease, AD,

n = 44; frontotemporal disease, FTD, n = 13; vascular disease, VaD, n = 8), 10

subjects with MCI and 15 control subjects (CTRL) were recruited for this study.

Cerebrospinal fluid (CSF) and plasma levels of AAPs, energy substrates (lactate,

pyruvate), and an oxidative stress marker (malondialdehyde, MDA) were measured

in all participants.

Results: Demented patients and subjects with MCI were similar for age,

anthropometric parameters, biohumoral variables, insulin resistance (HOMA

index model), and CSF neuropathology markers. Compared to age-matched

CTRL, both demented patients and MCI subjects showed low CSF AAP

tyrosine (precursor of dopamine and catecholamines), tryptophan (precursor of

serotonin), methionine (precursor of acetylcholine) limited to AD and FTD, and

phenylalanine (an essential amino acid largely used for protein synthesis) (p = 0.03

to <0.0001). No significant differences were found among dementia subtypes or
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between each dementia subtype and MCI subjects. In addition, demented patients

and MCI subjects, compared to CTRL, had similar increases in CSF and plasma

levels of pyruvate (CSF: p = 0.023 to <0.0001; plasma: p < 0.002 to <0.0001) and

MDA (CSF: p < 0.035 to 0.002; plasma: p < 0.0001). Only in AD patients was the

CSF level of lactate higher than in CTRL (p = 0.003). Lactate/pyruvate ratios were

lower in all experimental groups than in CTRL.

Conclusion: AD, FTD, and VaD dementia patients and MCI subjects may share

similar deficits in AAPs, partly in energy substrates, and similar increases in

oxidative stress. These metabolic alterations may be due to AAP overconsumption

following high brain protein turnover (leading to phenylalanine reductions),

altered mitochondrial structure and function, and an excess of free radical

production. All these metabolic alterations may have a negative impact on

synaptic plasticity and activity.

KEYWORDS

dementias, mild cognitive impairment, cerebrospinal fluid amino acid precursors of
neurotransmitters, energetic substrates, oxidative stress

1. Introduction

Dementia is a syndrome that is characterized by reduced
cognitive function and development of neuropsychiatric symptoms
(NPS) (Cummings et al., 2022), including agitation, aggression,
irritability, elation, disinhibition, altered motor behavior, appetite
changes, depression, sleep disturbances, and symptoms of
psychosis (Cerejeira et al., 2012). Up to 90% of demented patients
experience one or more NPS over the course of the disease
(Cummings et al., 2022).

Alterations in cerebral neurotransmitter systems, which
contribute to the development of NPS manifestations and
dementia progression (Vermeiren et al., 2013), are often present
in combination in all dementias and in subjects with mild
cognitive impairment (MCI). Indeed, combined alterations in brain
neurotransmitter systems, including adrenergic- (dopa, dopamine,
norepinephrine), serotonergic-, and cholinergic signaling occur
in Alzheimer’s disease dementia (AD), frontotemporal dementia
(FTD), vascular dementia (VaD), and MCI (Cummings et al., 2022).

In addition to deficits in cholinergic signaling (the main altered
neurotransmitter system) (Grothe et al., 2013; Scheltens et al., 2016;
Lammers et al., 2018), AD patients exhibit dysfunctional dopamine
transmission in the hippocampus (Xiang et al., 2017), and impaired
noradrenergic and dopaminergic pathways in the dorsolateral
and anterior prefrontal cortex (Vermeiren et al., 2014). In the
hippocampus of AD depressed patients, the serotonergic system
is impaired, whereas in the same area of AD aggressive patients,
deficient noradrenergic and serotonergic signaling pathways are
observed (Vermeiren et al., 2014).

Studies on the abnormal functioning of the adrenergic
system in FTD patients are inconsistent, having reported reduced
cerebrospinal fluid (CSF) dopamine levels (Sjögren et al., 1998),
increased dopa levels, not only in CSF but also in Brodmann’s
area 46 (Janssens et al., 2020), and higher dopamine levels in the
prefrontal cortex at post-mortem (Vermeiren et al., 2016). These

findings may indicate the heterogeneity of the FTD population in
terms of perturbed adrenergic neurotransmitter pathways. In FTD,
while the noradrenergic system is normal or even increased in
the frontal lobe (Vermeiren et al., 2016), serotonin transmission is
reduced and is associated with several behavioral symptoms (Huey
et al., 2006). Levels of serotonin catabolism are the same as in
control subjects (Janssens et al., 2020).

Although FTD patients have reduced cholinergic neurons in
the nucleus basalis, the cholinergic pathways to the cortex are
preserved, indicating that the cholinergic damage in FTD is less
pronounced than in AD.

Vascular dementia is due to brain vascular damage as reported
in investigations dealing with neuropathological (Toledo et al.,
2013; Arvanitakis et al., 2016) and neuroimaging (Montagne et al.,
2015; Van de Haar et al., 2016a,b; Kisler et al., 2017; Sweeney et al.,
2018) CSF biomarkers (Iturria-Medina et al., 2016; Sweeney et al.,
2018). Cerebral vessel pathology contributes to approximately 50%
of all dementias, including AD (Wardlaw et al., 2013; Blair et al.,
2015; Iadecola, 2017; Montagne et al., 2017; Bennett et al., 2018;
Sweeney et al., 2018).

Deficiencies in the serotonergic system have been reported in
both acute stroke patients with depression symptoms (Rocco et al.,
2007) and in later phases of stroke recovery (Pinto et al., 2017), and
have been confirmed in patients in the hyperacute phase (<4.5 h)
(Saccaro et al., 2022) of central infarction and in patients after 1
to 90 days from index event. As subacute (<3 months from the
onset of symptoms) stroke patients may exhibit low plasma tyrosine
(Tyr), the amino acid precursor of brain adrenergic compounds
(Aquilani et al., 2004), VaD patients might have disturbances in the
adrenergic pathway.

Abnormalities in neurotransmitter pathways occur in subjects
with MCI (Peter et al., 2021), the transitional phase between
aging and dementia (Petersen, 2011; Morris, 2012). Cholinergic
system alterations occurring in atrophied basal forebrain (BF)
nuclei (Mesulam et al., 1983; Mesulam, 2004; Mufson et al.,
2007; Grothe et al., 2010, 2013; Muth et al., 2010; Peter et al.,
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2021) lead to altered modulation of both cortical activity and
cognitive functions, more specifically memory and attention
(Hasselmo and Sarter, 2011).

Considering that all the considered dementia subtypes and MCI
almost always involve reductions of cholinergic, adrenergic, and
serotonergic signaling, this may represent a minimum common
denominator in all the diseases.

The rationale of the current study was that the reduced
formation of brain neurotransmitters could be ascribed to a lack
of availability of their amino acid precursors (AAPs), including
methionine (Met), a precursor of choline (an essential substrate
for acetylcholine, ACh synthesis), tyrosine (Tyr), necessary for
dopa/dopamine/norepinephrine formation, and tryptophan (Trp),
used for serotonin synthesis. In addition, we hypothesized that
AD, FTD, and VaD patients, and MCI subjects could share similar
reductions of CSF AAPs. Both hypotheses were based on the
following reasons.

First, the above dementia subtypes and MCI may have
increased brain AA overutilization from increased protein
metabolism (Aquilani et al., 2022) and deposition of altered protein
aggregates (Lee et al., 2001; Mariani et al., 2006; Hu and Grossman,
2009; Pendlebury and Rothwell, 2009; Bell et al., 2010). This leads
to a reduction in the concentration of the essential amino acid
phenylalanine (Phenyl-), which is greatly used for protein synthesis
(Liu et al., 2014). Second, demented patients and MCI subjects may
share one or more manifestations of NPS, particularly depression
(Gabryelewicz et al., 2007), caused and/or favored by deficits in
dopaminergic and serotonergic signaling.

Third, induction of a specific behavioral alteration involves the
combination of several neurotransmitters (Vermeiren et al., 2013).

The last hypothesis we put forward was that AD, FTD,
VaD, and MCI may share perturbed brain energy metabolism
(Ferreira et al., 2010; Verri et al., 2012) and increased
oxidative stress, as indirectly indicated by altered CSF levels
of lactate, pyruvate and malondialdehyde (MDA), respectively.
Given the crucial role played by adequate synapse energy
availability and protein synthesis for synaptic transmission and
neurotransmitter release, this is the main reason for determining
energy substrates and oxidative stress (Todorova and Blokland,
2017). Moreover, it is well-known that an excess of free radicals
negatively impacts cell and synapsis functions (Brawek et al.,
2010).

Therefore, in this prospective observational study, CSF
and plasma AAPs, Phenyl-, lactate, pyruvate, and MDA were
measured in AD, FTD and VaD patients, and in MCI subjects
and compared with a group of non-demented non-cognitively
impaired subjects.

2. Materials and methods

2.1. Population

This prospective observational study included patient
populations from our “Dementias database” National Institute of
Neurology IRCCS Mondino Foundation, Pavia Italy. The selection
criteria were Alzheimer’s disease (AD) diagnosis, frontotemporal
neurodegeneration (FTD) and cerebrovascular disease (VaD).

Moreover, subjects with a diagnosis of mild cognitive impairment
(MCI) were selected. Among these populations, only demented
patients and MCI subjects with available plasma and cerebrospinal
fluid (CSF) levels of amino acids (AAs), lactate and pyruvate, and
malondialdehyde (MDA) were considered.

Summarized below are the main characteristics
of the demented patients and MCI subjects and the
procedures they underwent.

The various dementia subtypes were cognitively impaired at the
Mini Mental State Examination (MMSE scores): AD 16.24 ± 6.43;
FTD 22.25 ± 6.44; VaD 20.73 ± 6.34. In MCI subjects, MMSE
scores were 24.90± 3.00.

Both demented patients and MCI subjects underwent
diagnostic testing in the Department of General Neurology at the
National Institute of Neurology IRCCS Mondino Foundation,
Pavia, Italy between 2014 and 2018.

Patients with dementia had a clinical dementia rating (CDR)
≥1 (Morris, 1993) and received an etiological diagnosis of typical
AD (McKhann et al., 2011), behavioral variant of frontotemporal
dementia (bvFTD) (Rascovsky et al., 2011), or vascular dementia
(VaD) (Román et al., 1993). All patients with non-vascular
dementia had a score <4 on the Modified Hachinski Ischemic Scale
(Hachinski et al., 1975). The diagnosis of MCI was made according
to the following criteria: (1) cognitive concern reflecting a change in
cognition reported by patient, informant or clinician (i.e., historical
or observed evidence of decline over time); (2) objective evidence
of cognitive decline with cognitive test scores that are typically 1 to
1.5 standard deviations below the mean for their age and education
matched peers on culturally appropriate normative data, CDR 0.5;
and (3) preservation of independence in functional abilities (Albert
et al., 2011).

Control subjects (CTRL) were selected from patients who
were hospitalized in the same Department for reasons that were
unrelated to cognitive disorders or inflammatory diseases. They
were 11 males and 4 females, aged 73.6 ± 6.3 years with normal
body weight (body mass index, BMI-kg/m2

−25.4± 1.7).
All procedures complied with the ethical standards of human

experimentation and with the Helsinki Declaration of 1975, as
revised in 2008. The study was approved by the Local Ethical
Committee of Ospedale San Raffaele-Istituto di Ricovero e Cura a
Carattere Scientifico-Milano, Italy at the time of the previous study
(Aquilani et al., 2020) (Project identification code: MAIR2016;
ethical approval: 130/INT/2016; date: 8 September 2016).

Participants or their legal representatives provided written
informed consent to participate in the study. No participant
received financial compensation.

2.2. Procedures

2.2.1. Clinical evaluation
All enrolled patients underwent complete clinical, neurological,

and neuropsychological assessment and brain magnetic
resonance imaging (MRI).

In addition to physical examination, routine blood tests,
anthropometric measurements (body weight, BW in kg; height
in cm; body mass index, BMI, in kg/m2; mid-arm circumference
in cm), clinical evaluation, and assessment of patients’ nutritional
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state by means of Mini Nutritional Assessment (MNA) score
(Vellas et al., 1999) were carried out. MNA score <17 denotes a
state of malnutrition, a score between 17 and 24 denotes risk of
malnutrition, and a score >24 identifies a normal nutritional state.

2.2.2. β–amyloid, tau and p-tau measurements in
CSF compartment

Lumbar puncture was performed at the level of the L3/L4 or
L4/L5 intervertebral space, according to the standard procedure
used in our clinic for patients with cognitive disorders. CSF samples
were centrifuged for 10 min at 1800 × g at 4◦C within 3 h of
collection. The samples were then divided into aliquots of 0.5 mL
in polypropylene tubes and stored at -80◦C. Measurement of CSF
Aβ42, t-tau, and p-tau181 was performed using chemiluminescence
enzyme immunoassay (Lumipulse G600II, Fujirebio).

2.2.3. Plasma and CSF AA measurements
In demented patients, MCI subjects, and CTRL, at 8 a.m. after

12 h of overnight fasting, blood samples were drawn from an
antecubital vein and immediately delivered to the laboratory, where
plasma was obtained from heparinized blood using centrifugation
(800 × g, 15 min) to measure plasma AA levels. At the same
time, 2 mL of CFS samples were drawn from the lumbar
tract and immediately delivered to the laboratory. Both CSF
and plasma AA levels were used to calculate the CSF/plasma
(CSF/P) AA ratios.

2.2.4. Assessment of AA concentrations
The concentration of AAs, both in CSF and plasma, was

measured using an AminoQuant II amino acid analyzer,
based on the HP 1090 HPLC system, with fully automated
precolumn derivatization. Both ortho-phthalaldehyde (OPA)
and 9-fluorenyl-methyl-chloroformate (FMOC) reaction
chemistries were used for the derivatization of primary and
secondary AAs, respectively. A total of 1 µL of sample was
injected on the column and AAs separated by applying the
gradient indicated by the manufacturer’s protocol. Absorbance
was measured simultaneously at 338 and 262 nm. CSF and
plasma AA concentrations were expressed as µmol/L. The
measurements of the CSF and plasma AAs were carried out
in triplicate by the same laboratory and the mean of the three
measurements was adopted. The characteristics of the method
were based both on precision and standardization properties
(unpublished data): precision, relative standard deviation
(RSD) was 1.13%; reliability (bias) was 10.37%; the lower
limit of quantitation (LOQ) was 0.0055 µmol/L; the limit of
detection (LOD) was 0.0016 µmol/L. For the measurements
in triplicate, the intra-day variability (RSD) was 3.21% and the
intervariability was 4.77%.

The concentration of the AAPs of adrenergic neurotransmitters
(AAP tyrosine), serotonin (AAP tryptophan), ACh (AAP
methionine), and phenylalanine were measured. For these
AAPs and Phenyl-, the CSF/P ratios were calculated.

For the reasons mentioned above, other AAs that are
important for neurotransmission such as glutamate, glycine,
glutamine, and others will not be discussed in the current
study.

2.2.5. Plasma and CSF pyruvate, lactate, and
malondialdehyde measurements

As a rule, all measurements were carried out in triplicate, and
the mean of the three measurements was calculated and adopted.

The following metabolic substrates and stress markers
were assessed both in plasma and CSF using a microplate
spectrophotometer (BioTek ELx800).

Pyruvate. Pyruvate levels, expressed in µmol/mL, were
measured using the “Pyruvate Colorimetric/Fluorometric Assay
Kit” (BioVision Incorporated, Milpitas, CA, USA) according to the
manufacturer’s instructions. High CSF pyruvate levels is a marker
of neuronal impaired ATP production (Parnetti et al., 1995).

Lactate. Lactate levels, expressed in µmol/mL, were
measured using the “Lactate Colorimetric Assay Kit II”
(BioVision Incorporated, Milpitas, CA, USA) according to
the manufacturer’s instructions.

The lactate/pyruvate ratio was calculated in both experimental
groups and CTRL.

Malondialdehyde. Malondialdehyde (MDA), a naturally
occurring product of lipid peroxidation, was determined as
an oxidative stress marker. MDA concentrations, expressed in
µmol/L, were measured using the “Cayman’s TBARS Assay Kit”
(Cayman Chemical Company, Ann Arbor, MI, USA) according to
the manufacturer’s instructions.

2.2.6. Insulin and HOMA-IR
Among the blood variables, plasma insulin levels (µU/mL)

were measured using the Cord-CT Radioimmunoassay Kit CIS
(France) and Coat A Count Insulin (D.P.C., Los Angeles, CA,
USA) commercial kits. Insulin resistance was calculated using
the Homeostasis Model Assessment (HOMA; normal value <2.4)
(Matthews et al., 1985; Solerte et al., 2004).

2.3. Objectives

The first objective of the study was to document possible
CSF reductions in AAPs between demented patients, MCI
subjects, and CTRL.

The second objective of the study was to document possible
reductions in CSF phenylalanine levels and to understand whether
the reductions were similarly shared between demented patients
and MCI subjects.

2.4. Statistical analysis

Descriptive statistics are reported as mean± SD for continuous
variables, and as numbers (N) and percentages (%) for discrete
variables. Between-group comparisons for continuous variables
were carried out by one-way analysis of variance (ANOVA) and
by the Chi-square test for categorical variables. A significant
result from ANOVA was followed up by post hoc analysis for
pairwise comparisons (Dunn-Sidak method). The association
between couples of variables was assessed by the Spearman’s
correlation coefficient. All tests were two-tailed. A p-value < 0.05
was considered statistically significant. All statistical analyses were
carried out using the SAS/STAT statistical package, release 9.4 (SAS
Institute Inc., Cary, NC, USA).
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3. Results

3.1. General characteristics of the study
populations

Table 1 shows that experimental groups (demented and
MCI) and control subjects were similar in terms of age and
anthropometric variables. Biohumoral parameters and biomarker
concentrations in CSF were similar across the dementia subtypes
and MCI, except for p-tau, which was higher in MCI than in FTD.
Both demented groups and MCI subjects had a state of insulin
resistance.

3.2. Plasma energy metabolic substrates
(pyruvate, lactate), oxidative stress
marker (MDA), AAPs Tyr, Trp, Met, and
Phenyl-

The results showed that experimental groups, compared
to CTRL, had altered levels of metabolic substrates, increased
oxidative stress and similar AA levels. Indeed, in Table 2 lactate
levels were similar between demented groups, MCI, and CTRL. In
contrast, pyruvate in each dementia subtype and MCI was higher
than in CTRL. Consequently, lactate/pyruvate ratios were lower in
experimental groups than in CTRL.

Tyr and Trp were similar in each dementia subtype, MCI,
and CTRL. For technical reasons, Met concentrations were not
available. There was no difference in Phenyl- levels between
experimental populations and CTRL.

Significantly higher levels of the oxidative stress marker
(MDA) were found in demented patients and MCI subjects,
compared to CTRL.

3.3. CSF energy metabolic substrates
(pyruvate, lactate) oxidative stress marker
(MDA), AAPs Tyr, Trp, Met, and Phenyl-

In the CSF compartment of demented patients and MCI
subjects, compared to CTRL, altered energy substrate levels,
increased marker of oxidative stress and lower AA levels were
found. Indeed, in Table 3 demented patients (with the exception
of AD), MCI subjects, and CTRL had similar levels of lactate
in the CSF compartment. In AD, lactate was higher than in
CTRL (p = 0.003). Pyruvate levels were elevated in each dementia
subtype and in MCI, in comparison to CTRL. Consequently,
lactate/pyruvate ratios were significantly reduced in demented
groups and MCI, in comparison to CTRL.

The oxidative stress marker MDA was elevated in each
dementia subtype and in MCI, in comparison to CTRL. The
levels of MDA were not significantly different among the dementia
subtypes and between these subtypes and MCI.

Tyrosine levels in AD (p = 0.03), FTD (p = 0.004), VaD
(p = 0.001), and MCI (p = 0.002) were lower than in CTRL.

Tryptophan was also lower in demented patients and MCI
subjects (from p = 0.006 to p < 0.0001), in comparison to CTRL.

No differences in Tyr and Trp were found in AD, FTD,
VaD, and MCI groups.

Compared to CTRL, Met was lower in AD (p = 0.002) and FTD
(p = 0.005) but not in VaD or in MCI.

Phenyl- concentrations in the experimental populations were
significantly lower than in CTRL and were not different among
demented subtypes and between demented subtypes and MCI.

3.4. CSF/plasma ratios (CSF/P)

The results showed lower CSF/P ratios of AAPs in experimental
groups than in CTRL. Indeed, in Table 4, compared to CTRL,
CSF/P Tyr, and CSF/P Trp were lower in both demented patients
and MCI subjects. CSF/P Phenyl- was lower in demented patients
and in MCI subjects (from p = 0.009 to p = 0.002).

3.5. Correlations between plasma and
CSF lactate, pyruvate, and MDA

The study found several correlations between plasma, CSF
energy substrates and MDA. Indeed, plasma and CSF lactate levels
were significantly associated in AD (r = 0.65, p < 0.0001) and
in FTD (r = 0.57, p = 0.047), but not in CTRL, VaD or MCI.
The levels of circulating pyruvate showed a direct correlation with
CSF pyruvate in AD (r = 0.56, p = 0.0002) but not in CTRL,
FTD, VaD, or MCI.

In summary (Table 5), in CSF, the three dementia subtypes
and MCI shared similar reductions in Phenyl- and AAPs, except
for Met, which was only lower in AD and FTD. Furthermore,
dementia subtypes and MCI shared increased MDA and pyruvate.
In contrast, increased lactate was only observed in AD. In the
plasma compartment, dementia subtypes and MCI shared similar
reductions in Phenyl- and similar increases in pyruvate and MDA
concentrations. The lactate levels were the same in patients as they
were in CTRL.

4. Discussion

The present study shows that patients with AD, FTD, and VaD,
and subjects with MCI may share similar reductions in CSF AAPs
of adrenergic, serotonergic, and cholinergic neurotransmitters. The
shared reduction in AAP of the cholinergic neurotransmitter is
limited to AD and FTD patients. Similarly, all groups shared
increased brain protein metabolism (low CSF Phenyl-), perturbed
cell aerobic metabolism (high CSF pyruvate), increased glycolytic
activity (high CSF lactate, only found in AD), and cerebral
cell lipid hyper-oxidation (high MDA). It is of interest to
note that extra-cerebral protein metabolism was not different
between experimental groups and CTRL, as suggested by similar
plasma Phenyl- levels.

The study confirms the AAP defects that were previously
observed in AD patients (Aquilani et al., 2022) and extends them
to FTD, VaD, and MCI.

Low brain AAPs may negatively impact brain
neurotransmission by impairing neurotransmitter formation
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TABLE 1 General characteristics of the study populations.

Variable NV AD (N = 44) FTD (N = 13) VaD (N = 8) MCI
(N = 10)

CTRL
(N = 15)

p

Demographic variables

Age (years) – 72.3± 7.6 69.9± 8.9 75.5± 9.3 71.0± 7.0 73.6± 6.3 0.51

Male gender (%) – 52.3 53.8 62.5 50.0 73.3 0.68

Disease duration (months) – 40.3± 37.6 22.2± 15.4 37.1± 25.7 22.8± 15.9 – 0.19

Education (years) – 6.62± 3.60 10.30± 4.92 7.25± 1.50 8.67± 4.04 −* 0.08

Anthropometric variables

Body weight (kg) – 64.8± 13.0 62.1± 11.6 70.5± 14.2 63.1± 12.2 70.4± 7.1 0.29

Height (cm) – 160.9± 10.3 158.3± 9.5 163.3± 10.1 161.7± 11.3 165.9± 4.3 0.29

Body mass index 22–25 kg/m2 25.1± 4.9 25.0± 4.2 27.2± 6.4 24.0± 3.0 25.4± 1.7 0.68

Mid-arm circumference M 27.9 cm; F 15.7 cm 26.5± 3.2 26.3± 3.0 26.7± 4.1 26.1± 2.1 −* 0.97

Biohumoral variables

Glucose 70–115 mg/dL 93.5± 27.9 84.3± 8.4 114.0± 46.5 92.4± 12.6 −* 0.11

Insulin 4–24 µU/mL 13.38± 5.71 10.37± 4.63 13.70± 3.78 10.72± 4.20 −* 0.18

HOMA-IR <2.4 4.15± 2.18 3.01± 1.68 4.58± 1.94 2.86± 1.29 −* 0.08

Glycosylated hemoglobin 4.8–5.9% 5.73± 0.91 5.45± 0.62 6.10± 1.52 5.65± 0.61 −* 0.50

Total cholesterol <200 mg/dL 186.6± 36.4 183.8± 34.9 168.0± 22.1 187.4± 33.9 −* 0.57

HDL cholesterol M > 55 mg/dL; F > 65 mg/dL 55.7± 15.4 54.7± 19.7 54.9± 19.7 51.7± 13.5 −* 0.92

LDL cholesterol <100 mg/dL 111.1± 28.9 107.9± 20.3 89.0± 27.0 109.0± 28.5 −* 0.24

Triglycerides 0–200 mg/dL 95.4± 34.6 122.1± 106.9 118.4± 64.5 123.7± 38.4 −* 0.29

Transferrin 200–360 mg/dL 225.5± 38.6 234.7± 29.2 222.0± 32.9 223.3± 24.3 −* 0.85

Iron 59–158 µg/dL 86.6± 25.0 86.1± 23.9 78.6± 27.5 91.3± 27.5 −* 0.77

Vitamin B12 191–663 pg/mL 303.5± 105.2 399.8± 221.4 283.9± 65.7 252.3± 105.4 −* 0.047§

Folate 3.1–17.5 ng/mL 6.77± 3.79 7.30± 3.45 6.11± 1.92 5.68± 1.25 −* 0.67

Creatinine M 0.73–1.18 mg/dL; F 0.55–1.02 mg/dL 0.86± 0.23 0.90± 0.23 1.02± 0.28 0.94± 0.16 −* 0.29

Total proteins 6.6–8.7 g/dL 6.28± 0.51 6.25± 0.32 6.19± 0.35 6.43± 0.36 −* 0.68

Albumin 55–69% 56.9± 4.7 57.4± 3.9 58.8± 2.0 59.5± 4.7 −* 0.41

White blood cell count 4.00–10.00× 103/µL 6.51± 1.90 6.12± 0.87 6.38± 1.62 6.60± 1.86 −* 0.90

Red blood cell count M 4.30–5.70× 106/µL; F 3.80–5.20× 106/µL 4.26± 0.42 4.27± 0.32 4.40± 0.39 4.29± 0.58 −* 0.88

Hemoglobin M 13.2–17.3 g/dL; F 11.7–15.5 g/dL 13.03± 1.19 12.96± 1.12 13.46± 1.44 13.01± 1.55 −* 0.81

Erythrosedimentation rate <15 mm/1sth 20.1± 21.0 14.7± 8.7 17.5± 12.3 15.2± 15.6 −* 0.76

(Continued)
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TABLE 1 (Continued)

Variable NV AD (N = 44) FTD (N = 13) VaD (N = 8) MCI
(N = 10)

CTRL
(N = 15)

p

Biomarker concentrations in CSF

tau <404 pg/mL 491.5± 405.9 308.9± 148.9 436.3± 503.5 657.0± 373.8 – 0.40

p-tau <56.5 pg/mL 80.1± 34.0 50.5± 20.5 84.7± 46.3 105.7± 54.7 – 0.050

β-amyloid >599 pg/mL 546.2± 341.5 689.5± 281.3 509.3± 204.7 676.2± 198.5 – 0.57

β-amyloid/tau >1.6 1.88± 2.76 2.92± 1.99 4.10± 4.66 1.58± 1.41 – 0.42

β-amyloid/p-tau >11.5 8.17± 7.49 15.91± 10.41 8.10± 5.87 9.93± 9.49 – 0.14

§ : vitamin B12 FTD vs. MCI p = 0.056 (borderline significant). *: missing values due to technical fault. AD, Alzheimer’s disease; FTD, frontotemporal dementia; VaD, vascular dementia; MCI, mild cognitive impairment; CTRL, control subjects; NV, normal values;
HOMA-IR, HOmeostasis Model Assessment-Insulin Resistance; CSF, cerebrospinal fluid; M, male; F, female.

TABLE 2 Plasma energy metabolic substrates (lactate, pyruvate) oxidative stress marker malondialdehyde (MDA), amino acid precursors (AAPs) tyrosine (Tyr), tryptophan (Trp), methionine (Met), and phenylalanine
(Phenyl-) of the study populations.

Variable AD (N = 44) FTD (N = 13) VaD (N = 8) MCI (N = 10) CTRL (N = 15) p Post hoc

Energy metabolic substrates

Lactate (NV 0.4–2.0 µmol/mL) 1.65± 0.61 1.60± 0.54 1.87± 0.69 1.74± 0.50 1.38± 0.30 0.28

Pyruvate (NV 0.042–0.130 µmol/mL) 0.15± 0.06 0.17± 0.05 0.19± 0.07 0.14± 0.05 0.06± 0.03 <0.0001 A

Lactate/Pyruvate ratio 12.20± 5.93 9.81± 3.11 10.93± 5.01 13.65± 5.31 29.07± 16.48 <0.0001 B

Oxidative stress marker

Malondialdehyde (µmol/L) 10.80± 3.52 10.47± 2.83 13.38± 4.32 11.73± 2.70 3.62± 0.86 <0.0001 C

Amino acid precursors

Tyrosine (µmol/L) 53.5± 10.5 55.3± 14.4 58.0± 16.0 52.4± 15.3 53.4± 12.8 0.89

Tryptophan (µmol/L) 43.7± 8.5 44.9± 9.1 47.0± 12.0 47.8± 11.8 40.9± 6.5 0.49

Methionine (µmol/L) – – – – – –

Phenylalanine (µmol/L) 51.6± 9.0 55.4± 11.5 60.6± 11.3 53.4± 5.9 57.7± 9.7 0.10

Post hoc comparisons (Dunn-Sidak). A: AD vs. CTRL p < 0.0001; FTD vs. CTRL p < 0.0001; VaD vs. CTRL p < 0.0001; MCI vs. CTRL p = 0.002. B: AD vs. CTRL p < 0.0001; FTD vs. CTRL p < 0.0001; VaD vs. CTRL p < 0.0001; MCI vs. CTRL p = 0.0002. C: AD vs.
CTRL p < 0.0001; FTD vs. CTRL p < 0.0001; VaD vs. CTRL p < 0.0001; MCI vs. CTRL p < 0.0001. AD, Alzheimer’s disease; FTD, frontotemporal dementia; VaD, vascular dementia; MCI, mild cognitive impairment; CTRL, control subjects; NV, normal values.
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(Murley and Rowe, 2018). The fact that MCI subjects and dementia
patients shared similar Tyr and Trp deficits indicates that the
reduced AAPs within brain structures may occur at an early stage
of the progression from aging to MCI to dementia (Jongsiriyanyong
and Limpawattana, 2018).

The absence of differences in Tyr or Trp precursors between
MCI subjects and dementia patients is not surprising considering
that several neurological and metabolic conditions show MCI to
be more similar to AD than to the declined cognitive function
that occurs in healthy aging. Indeed, MCI presents atrophy of
medial temporal lobe areas and the posterior cingulate cortex
(Fennema-Notestine et al., 2009), hypoperfusion of parietal cortices
and the hippocampus (Habert et al., 2011), and hypometabolism in
temporoparietal and posterior cingulate cortices (Kim et al., 2010).
Moreover, lower CFS amyloid β (Aβ42), from poor brain clearance,
and elevated CSF concentrations of total and phosphorylated tau,
which have previously been reported in MCI (Anderson, 2019) are
also confirmed in the current study. Interestingly, MCI patients
showed higher p-tau synthesis than FTD, suggesting a higher brain
anabolic activity.

4.1. Some potential mechanisms
underlying reduced CSF AAPs

Several factors shared by AD, FTD, VaD, and MCI may explain
the overutilization of amino acids in the brain, leading to lower
AAPs in the CSF compartment. These factors include insulin
resistance, the biosynthesis of neuropathological markers and the
mutual influence of these two elements on each other (Aquilani
et al., 2022).

Insulin resistance (Apelt et al., 1999; Bigl et al., 2003; Mazzola
and Sirover, 2003; Freude et al., 2009; Ahmed et al., 2014,
2016; Cooper et al., 2015; Hong et al., 2021; Aquilani et al.,
2022) reduces glucose utilization in mitochondria by blocking the
mitochondrial pyruvate dehydrogenase enzyme complex (Lazar,
2002) thus leading to impaired energy generation. Given the brain’s
inability to process fatty acids for energy production (Griffin and
Bradshaw, 2017), an excess of AAs is used in the tricarboxylic acid
cycle (TCA) as an energy substrate (Burns et al., 2010; Griffin and
Bradshaw, 2017). The alterations of anaerobic glucose breakdown
in AD patients were likely more pronounced than in the other
dementia subtypes and in MCI, thus accounting for high CSF
lactate. Translocated intestinal bacteria, bacterial amyloid, and
toxins may increase brain inflammation, favoring the development
of insulin resistance (Bhattacharjee and Lukiw, 2013; Friedland,
2015; Zhao et al., 2015; Aquilani et al., 2022).

Another mechanism increasing AAP utilization is promoted by
the Aβ that can activate mTOR signaling (Li et al., 2005; Caccamo
et al., 2011), which stimulates the synthesis of tau protein, the main
component of the neurofibrillary tangles (Jahrling and Laberge,
2015), and mitochondrial activity (Schieke et al., 2006).

The interrelationship between insulin resistance and
neuropathological markers may further explain AAP
overutilization. Hyperinsulinemia increases the phosphorylation
of tau proteins (Clodfelder-Miller et al., 2006; Planel et al., 2007),
the formation of senile plaques (De la Monte and Wands, 2005),
and inhibits the degradation of extraneuronal Aβ (Qiu et al., 1998).
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TABLE 4 Cerebrospinal fluid (CSF)/plasma ratios (CSF/P) of AAPs and phenylalanine.

Variable AD
(N = 44)

FTD
(N = 13)

VaD
(N = 8)

MCI
(N = 10)

CTRL
(N = 15)

p Post hoc

AAPs

CSF/P Tyrosine 0.17± 0.06 0.14± 0.04 0.09± 0.05 0.12± 0.04 0.25± 0.08 <0.0001 A

CSF/P Tryptophan 0.05± 0.03 0.05± 0.02 0.04± 0.02 0.06± 0.04 0.10± 0.03 0.0005 B

CSF/P Methionine – – – – – –

CSF/P Phenylalanine 0.22± 0.1 0.19± 0.1 0.16± 0.07 0.18± 0.05 0.32± 0.08 0.0007 C

Post hoc comparisons (Dunn-Sidak). A: AD vs. CTRL p = 0.012; FTD vs. CTRL p = 0.0008; VaD vs. CTRL p < 0.0001; MCI vs. CTRL p = 0.0002. B: AD vs. CTRL p = 0.0002; FTD vs. CTRL
p = 0.004; VaD vs. CTRL p = 0.006; MCI vs. CTRL p = 0.039. C: AD vs. CTRL p = 0.009; FTD vs. CTRL p = 0.004; VaD vs. CTRL p = 0.002; MCI vs. CTRL p = 0.004. CSF, cerebrospinal fluid; AD,
Alzheimer’s disease; FTD, frontotemporal dementia; VaD, vascular dementia; MCI, mild cognitive impairment; CTRL, control subjects; AAPs, Amino Acid Precursors of neurotransmitters:
tyrosine for dopamine and catecholamines; tryptophan for serotonin; methionine for acetylcholine.

In turn, both Aβ and tau further impair brain insulin
signaling (Biundo et al., 2018) (vicious cycle). Brain amino
acid overutilization in FTD may follow increased synthesis of
protein aggregates (Raz et al., 2016), including cellular p-tau
(Lee et al., 2001) and FTD-transactive response DNA-binding
protein-43 (TDP-43) (Davidson et al., 2007; Hu and Grossman,
2009).

In VaD brain tissue, AA overutilization may be due to increased
amyloid synthesis and deposition (Bell et al., 2010). Amyloid
formation is due to prolonged vasculotoxic and neurotoxic effects
of vascular damage-induced hypoxia and blood-brain barrier
permeability (Wardlaw et al., 2013; Iadecola, 2017; Sweeney
et al., 2018; Nation et al., 2019). On the other hand, cerebral
vessel disease contributes to approximately half of all dementias
(Iadecola, 2017). In turn, Aβ42 deposition (Iadecola, 2017;
Kisler et al., 2017; Montagne et al., 2017) and tau protein
(Bennett et al., 2018) cause vascular damage. Vessel damage-
induced ischemia leads to reduced oxygen supply and further
reduction of monoamine neurotransmitters. Indeed, the syntheses
of biogenic amines are very sensitive to a reduced oxygen
supply, as tyrosine dehydrolase and tryptophan hydroxylase
activities need molecular oxygen for catalyzing the syntheses of
monoamine neurotransmitters (Frazer and Hensler, 1999; Kuhar
et al., 1999). Previous studies have documented that vascular
damage contributes to cognitive decline (Zlokovic, 2011; Snyder
et al., 2015; Gottesman et al., 2017; Iadecola, 2017; Sweeney et al.,
2018).

It is of clinical interest to note that individuals with early
cognitive impairment may have brain capillary damage and BBB
disruption in the hippocampus, independently of neuropathologic
marker deposition (Nation et al., 2019).

Brain amino acid overutilization from increased protein
synthesis may also occur in subjects with MCI following the
upregulation of brain genes associated with anabolic processes and
mitochondrial energy generation in synaptic genes (Berchtold et al.,
2014).

In the current study, the reduction of CSF Met, a precursor of
choline, which is the essential substrate for ACh synthesis, was only
found in AD and FTD cohorts. This suggests that VaD patients and
MCI subjects have a better conservation of the cholinergic system,
although MCI subjects had a reduced forebrain, the pacemaker
of cholinergic transmission (Peter et al., 2021). We speculate that
the choline formed from Met could ensure the formation of
ACh, thus limiting the negative impact of basal forebrain atrophy.

TABLE 5 Cerebrospinal fluid (CSF) neurotransmitter amino acid
precursors (AAPs), phenylalanine, energy metabolic substrates (lactate
and pyruvate), oxidative stress marker malondialdehyde (MDA) in the
study populations.

Variables AD FTD VaD MCI

AAPs

Tyrosine ↓ ↓ ↓ ↓

Tryptophan ↓ ↓ ↓ ↓

Methionine ↓ ↓ = =

Phenylalanine ↓ ↓ ↓ ↓

Energy substrates

Lactate ↑ = = =

Pyruvate ↑ ↑ ↑ ↑

Lactate/Pyruvate
ratio

↓ ↓ ↓ ↓

MDA ↑ ↑ ↑ ↑

↑Indicates increase in comparison to controls. ↓Indicates reduction in
comparison to controls. =Indicates no significant changes in comparison to controls.
CSF, cerebrospinal fluid; AD, Alzheimer’s disease; FTD, frontotemporal dementia; VaD,
vascular dementia; MCI, mild cognitive impairment.

Maintaining ACh generation as far as possible is important because
ACh released under the activity of cholinesterase supplies choline
to neurons (Taylor and Brown, 1999).

It is important to consider that another source of brain choline
is the phosphatidylcholine catabolism (Taylor and Brown, 1999).

4.2. Energy metabolic substrates and
oxidative stress

In the current study, the high levels of pyruvate both in
plasma and CSF, together with the finding of normal plasma lactate
concentrations, low lactate/pyruvate ratios in FTD, VaD, and MCI
suggest that mitochondrial dysfunction is more prevalent than
dysfunction in the glycolytic pathway in the brain and extracerebral
districts. The current investigation confirms a previous study
reporting high CSF levels of pyruvate in AD and VaD (Parnetti
et al., 2000). The derangements of both cell mitochondrial structure
and enzymes leading to impaired energy production (ATP) have
been reviewed in several studies (Mosconi et al., 2008; Ferreira et al.,
2010; Verri et al., 2012). The high CSF and plasma pyruvate levels
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FIGURE 1

Some impacts of CSF metabolic alterations on neuronal plasticity, synaptic plasticity, and transmission. AAPs, amino acid precursors; AD, Alzheimer’s
disease; FTD, frontotemporal dementia; MCI, mild cognitive impairment; VaD, vascular dementia; MDA, malondialdehyde; ACh, acetylcholine; LTP,
long-term potentiation; ATP, adenosine triphosphate.

and low lactate/pyruvate ratios in experimental groups indicate
that (1) the deficit of energy production (hypometabolism) (Liguori
et al., 2015, 2016) is due to combined defects of anaerobic and
aerobic metabolism energy-producing in brain and extra-brain
organs/tissues; and (2) the alterations of the aerobic pathway of
energy generation are more pronounced than the alterations of the
anaerobic metabolism.

The high lactate in AD patients is in line with previous
investigations reporting elevated CSF lactate (Liguori et al., 2015,
2016).

The high MDA levels found in all the experimental groups
analyzed in the current study suggest that abnormal mitochondrial
activity is responsible for the increased generation of free radicals
and the development of a state of oxidative stress leading to
cell membrane lipolysis. The lipid hyper-oxidation can have a
devastating impact on brain and extra brain cell integrity due to
an excess of free radicals that results in cell lysis (Sharp et al., 2004;
Huerta-Alardín et al., 2005), contributing to brain and extra brain
tissue atrophy.

High plasma and CSF pyruvate indicates an inefficient aerobic
pathway of energy generation. Reduced pyruvate utilization in TCA
is likely to be an effect of cell insulin resistance. Another important
negative effect of low pyruvate utilization in the TCA cycle is the
reduction of choline formation and consequently ACh synthesis
(Taylor and Brown, 1999). Both energy deficit and oxidative stress
lead to brain (and extra brain) cell destruction.

Given that the levels of lactate in the plasma and CSF
compartments correlate in AD and FTD while those of pyruvate
in plasma and CSF only correlate in AD, we postulate that
plasma supplies these substrates to AD and FTD brains. The

supply of lactate is not only extremely useful during exercise
(Ide et al., 1999, 2000), in which the brain increases lactate uptake,
but also maintains cerebral blood flow regulation as far as possible
(Hein et al., 2006; Yamanishi et al., 2006; Gordon et al., 2008).

4.3. Potential impact of the study
metabolic alterations on neuroplasticity,
synapse plasticity, and transmission

The results of this study suggest that metabolic alterations may
potentially lead to the worsening of brain structural and functional
changes and to the progression of cerebral damage (Figure 1).

Low AAPs indicate that the lack of neurotransmitter formation,
the first step of neurochemical transmission processes, may
contribute to deficits in synaptic transmission. The reductions of
the essential Trp, Phenyl-, and Met can impair the structure and
function of the neuronal network (Shepherd and Huganir, 2007;
Bramham, 2008) by limiting the rate of protein synthesis and
activation, in particular for the remodeling of synapse plasticity.

Altered synapse proteins could be responsible for alterations
of the synaptic response to subsequent neurotransmitter release
(Todorova and Blokland, 2017), reduced dendritic and spine
growth, and synaptogenesis (Wong and Ghosh, 2002; Mattson
et al., 2008).

Brain mitochondria dysfunction and reduced energy
production (ATP), as inferred by pyruvate accumulation,
reduces synaptic function and plasticity that normally depend on
mitochondria (Cheng et al., 2010; Amaral and Pozzo-Miller, 2012;
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FIGURE 2

Description of some physiological metabolic interrelationships between neuronal mitochondria and synapse plasticity and activity. ATP, adenosine
triphosphate.

Ivannikov et al., 2013; Manczak et al., 2013; Brot et al., 2014; Su
et al., 2014).

Moreover, deficit in ATP generation does not support (or only
to a very small degree) synaptic vesicle recruitment and release,
protein phosphorylation processes (Stefani et al., 1997; Attwell
and Laughlin, 2001; Verstreken et al., 2005; Valenti et al., 2014),
neurotransmitter release via vesicle exocytosis and mobilization, or
dendritic remodeling (Cheng et al., 2010; Valenti et al., 2014).

Inadequate mitochondrial ATP production impairs long-term-
potentiation (LTP) (Cunha et al., 1996), a well-documented
experimental model of learning and memory (Morris, 2013).

Brain ATP deficit reduces the development of neuronal pre-
and post-synaptic compartments, the generation of membrane
potential, synaptic vesicle recruitment and release, and protein
phosphorylation activities (Stefani et al., 1997; Attwell and
Laughlin, 2001; Verstreken et al., 2005; Valenti et al., 2014).

As mitochondrial and synaptic plasticity influence each
other (Figure 2; Amaral and Pozzo-Miller, 2012), deficits in
synaptic plasticity lead to reduced mitochondrial biogenesis.
Indeed, some signaling pathways regulating neuroplasticity, such
as estrogen, growth factors, and nitric oxide (Foy et al., 2008;
Brinton, 2009; Harooni et al., 2009; Minichiello, 2009), change
mitochondrial formation (Williams et al., 1998; Gutsaeva et al.,
2008; Klinge, 2008; Renton et al., 2010). Impaired synaptic
activation and LTP formation (Mattson and Liu, 2003) can reduce
mitochondrial energy production, Ca2+ pump activity and gene
expression.

Mitochondria damage-increased ROS and high oxidative stress
expose both demented patients and MCI subjects to DNA
mutations (Mattson and Liu, 2003) and mitochondrial damage
(vicious circle). Oxidative stress is associated with synaptic
impairments, in particular in aging (Brawek et al., 2010). This
contributes to explaining the cognitive impairment in the MCI
subjects in the current study.

4.4. Limitations

There is a need for future investigations to overcome the
limitations of this study.

Other common neurodegenerative dementias such as
Parkinson’s disease dementia and dementia with Lewy bodies
were not considered in this study.

The results of the study should be confirmed in a larger
population of FTD, VaD patients, and MCI subjects. We believe
this is especially important for CSF lactate levels. Indeed, in the
current investigation, we also found high CSF lactate levels in FTD,
VaD patients and MCI subjects although they were not statistically
significant, probably because of the small sample sizes.

Another limit of the study is that the brain magnetic resonance
imaging was performed, but due to differences in protocols could
not be used to draw any correlation and analysis.

In the current study we did not analyze and discuss other
signaling molecules including glutamate, which plays a critical role
in synaptic plasticity and energy cellular metabolism (Mattson et al.,
1995; Trenkner et al., 1996) by increasing mitochondrial oxygen
consumption and thereby ATP production (Schuchmann et al.,
2005; Mattson, 2007). In our opinion, possible differences in CSF
glutamate among the dementia subtypes and between the dementia
subtypes and MCI may be particularly important.

4.5. Future research

The results of the current and previous studies (Aquilani et al.,
2020, 2022) may raise the question of whether oral supplementation
with a specific cluster of AAs including adequate amounts of
Tyr, Trp, Phenyl-, and Met could improve patients’ levels in the
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CSF compartment while reducing CSF pyruvate accumulation
in patients with AD, FTD, and VaD, and subjects with MCI.
Moreover, it may be important to document whether the addition
of antioxidant agents to the AA cluster could reduce brain oxidative
stress.

5. Conclusion

The study shows that similar brain reductions in the
amino acid precursors of cholinergic, adrenergic, serotonergic
neurotransmitters, altered energy substrates, and increased
oxidative stress may be shared by patients with Alzheimer’s disease,
vascular, and frontotemporal dementias, and subjects with mild
cognitive impairment.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The study was approved by the Local Ethical Committee of
Ospedale San Raffaele-Istituto di Ricovero e Cura a Carattere
Scientifico-Milano, Italy (Project identification code: MAIR2016;
Ethical Approval: 130/INT/2016; date: 8 September 2016). The
studies were conducted in accordance with the local legislation
and institutional requirements. The participants or their legal
representatives provided their written informed consent to
participate in this study.

Author contributions

RA, AC, and MV contributed to the conception and design
of the study. PI, GP, MB, MV, and MD contributed to the

methodology. FB, DB, ED, MC, and AB contributed to the
acquisition of data for the study. RM performed the statistical
analysis. RA contributed to the interpretation of data for the
study and wrote the first draft of the manuscript. MV and MC
wrote sections of the manuscript. All authors contributed to the
manuscript revision, and read and approved the submitted version.

Funding

Funds were received for open access publication fee from
Professional Dietetics S.p.A., Milano, Italy.

Conflict of interest

This study received funding (fee for publication) from
Professional Dietetics S.p.A., Milano, Italy. The funder was not
involved in the study design, collection, analysis, interpretation
of data, the writing of this article or the decision to submit it
for publication. No author declares any other competing interests,
except for RA and AC. RA was Scientific Consultant of Professional
Dietetics, Milano, Italy. AC was Associate Editor of Frontiers in
Neurology, specialty section in Dementia and Neurodegenerative
Diseases.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Ahmed, R., Irish, M., Piguet, O., Halliday, G., Ittner, L., Farooqi, S., et al. (2016).
Amyotrophic lateral sclerosis and frontotemporal dementia: Distinct and overlapping
changes in eating behaviour and metabolism. Lancet Neurol. 15, 332–342.

Ahmed, R., MacMillan, M., Bartley, L., Halliday, G., Kiernan, M., Hodges, J., et al.
(2014). Systemic metabolism in frontotemporal dementia. Neurology 83, 1812–1818.
doi: 10.1212/WNL.0000000000000993

Albert, M., DeKosky, S., Dickson, D., Dubois, B., Feldman, H., Fox, N., et al.
(2011). The diagnosis of mild cognitive impairment due to Alzheimer’s disease:
Recommendations from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 7,
270–279. doi: 10.1016/j.jalz.2011.03.008

Amaral, M., and Pozzo-Miller, L. (2012). Intracellular Ca2+ stores and Ca2+ influx
are both required for BDNF to rapidly increase quantal vesicular transmitter release.
Neural Plast 2012:203536. doi: 10.1155/2012/203536

Anderson, N. (2019). State of the science on mild cognitive impairment (MCI). CNS
Spectr. 24, 78–87. doi: 10.1017/S1092852918001347

Apelt, J., Mehlhorn, G., and Schliebs, R. (1999). Insulin-sensitive GLUT4 glucose
transporters are colocalized with GLUT3-expressing cells and demonstrate a

chemically distinct neuron-specific localization in rat brain. J. Neurosci. Res. 57,
693–705.

Aquilani, R., Costa, A., Maestri, R., Cotta Ramusino, M., Perini, G., Boselli, M.,
et al. (2022). Is the brain undernourished in Alzheimer’s disease? Nutrients 14:1872.
doi: 10.3390/nu14091872

Aquilani, R., Costa, A., Maestri, R., Cotta Ramusino, M., Pierobon, A., Dossena,
M., et al. (2020). Mini nutritional assessment may identify a dual pattern of
perturbed plasma amino acids in patients with Alzheimer’s disease: A window
to metabolic and physical rehabilitation? Nutrients 12:1845. doi: 10.3390/nu1206
1845

Aquilani, R., Verri, M., Iadarola, P., Arcidiaco, P., Boschi, F., Dossena, M.,
et al. (2004). Plasma precursors of brain catecholaminergic and serotonergic
neurotransmitters in rehabilitation patients with ischemic stroke. Arch. Phys. Med.
Rehabil. 85, 779–784. doi: 10.1016/j.apmr.2003.06.030

Arvanitakis, Z., Capuano, A., Leurgans, S., Bennett, D., and Schneider, J. (2016).
Relation of cerebral vessel disease to Alzheimer’s disease dementia and cognitive
function in elderly people: A cross-sectional study. Lancet Neurol. 15, 934–943. doi:
10.1016/S1474-4422(16)30029-1

Frontiers in Aging Neuroscience 12 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1237469
https://doi.org/10.1212/WNL.0000000000000993
https://doi.org/10.1016/j.jalz.2011.03.008
https://doi.org/10.1155/2012/203536
https://doi.org/10.1017/S1092852918001347
https://doi.org/10.3390/nu14091872
https://doi.org/10.3390/nu12061845
https://doi.org/10.3390/nu12061845
https://doi.org/10.1016/j.apmr.2003.06.030
https://doi.org/10.1016/S1474-4422(16)30029-1
https://doi.org/10.1016/S1474-4422(16)30029-1
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1237469 August 10, 2023 Time: 15:38 # 13

Aquilani et al. 10.3389/fnagi.2023.1237469

Attwell, D., and Laughlin, S. (2001). An energy budget for signaling in the grey
matter of the brain. J. Cereb. Blood FlowMetab. 21, 1133–1145. doi: 10.1097/00004647-
200110000-00001

Bell, R., Winkler, E., Sagare, A., Singh, I., LaRue, B., Deane, R., et al. (2010). Pericytes
control key neurovascular functions and neuronal phenotype in the adult brain and
during brain aging. Neuron 68, 409–427. doi: 10.1016/j.neuron.2010.09.043

Bennett, R., Robbins, A., Hu, M., Cao, X., Betensky, R., Clark, T., et al. (2018).
Tau induces blood vessel abnormalities and angiogenesis-related gene expression in
P301L transgenic mice and human Alzheimer’s disease. Proc. Natl. Acad. Sci. U.S.A.
115, E1289–E1298. doi: 10.1073/pnas.1710329115

Berchtold, N., Sabbagh, M., Beach, T., Kim, R., Cribbs, D., and Cotman, C.
(2014). Brain gene expression patterns differentiate mild cognitive impairment from
normal aged and Alzheimer’s disease. Neurobiol. Aging 35, 1961–1972. doi: 10.1016/j.
neurobiolaging.2014.03.031

Bhattacharjee, S., and Lukiw, W. (2013). Alzheimer’s disease and the microbiome.
Front. Cell Neurosci. 7:153. doi: 10.3389/fncel.2013.00153

Bigl, M., Apelt, J., Eschrich, K., and Schliebs, R. (2003). Cortical glucose metabolism
is altered in aged transgenic Tg2576 mice that demonstrate Alzheimer plaque
pathology. J. Neural Transm. 110, 77–94. doi: 10.1007/s00702-002-0772-x6

Biundo, F., Del Prete, D., Zhang, H., Arancio, O., and D’Adamio, L. (2018). A role
for tau in learning, memory and synaptic plasticity. Sci. Rep. 8, 3184. doi: 10.1038/
s41598-018-21596-3

Blair, L., Frauen, H., Zhang, B., Nordhues, B., Bijan, S., Lin, Y., et al. (2015).
Tau depletion prevents progressive blood-brain barrier damage in a mouse model of
tauopathy. Acta Neuropathol. Commun. 3:8. doi: 10.1186/s40478-015-0186-2

Bramham, C. (2008). Local protein synthesis, actin dynamics, and LTP
consolidation. Curr. Opin. Neurobiol. 18, 524–531. doi: 10.1016/j.conb.2008.09.013

Brawek, B., Löffler, M., Wagner, K., Huppertz, H., Wendling, A., Weyerbrock, A.,
et al. (2010). Reactive oxygen species (ROS) in the human neocortex: Role of aging
and cognition. Brain Res. Bull. 81, 484–490. doi: 10.1016/j.brainresbull.2009.10.011

Brinton, R. (2009). Estrogen-induced plasticity from cells to circuits: Predictions for
cognitive function. Trends Pharmacol. Sci. 30, 212–222. doi: 10.1016/j.tips.2008.12.006

Brot, S., Auger, C., Bentata, R., Rogemond, V., Ménigoz, S., Chounlamountri, N.,
et al. (2014). Collapsin response mediator protein 5 (CRMP5) induces mitophagy,
thereby regulating mitochondrion numbers in dendrites. J. Biol. Chem. 289, 2261–
2276. doi: 10.1074/jbc.M113.490862

Burns, J., Johnson, D., Watts, A., Swerdlow, R., and Brooks, W. (2010). Reduced lean
mass in early Alzheimer disease and its association with brain atrophy. Arch. Neurol.
67, 428–433. doi: 10.1001/archneurol.2010.38

Caccamo, A., Maldonado, M., Majumder, S., Medina, D., Holbein, W., Magrí,
A., et al. (2011). Naturally secreted amyloid-beta increases mammalian target of
rapamycin (mTOR) activity via a PRAS40-mediated mechanism. J. Biol. Chem. 286,
8924–8932. doi: 10.1074/jbc.M110.180638

Cerejeira, J., Lagarto, L., and Mukaetova-Ladinska, E. (2012). Behavioral and
psychological symptoms of dementia. Front. Neurol. 3:73. doi: 10.3389/fneur.2012.
00073

Cheng, A., Hou, Y., and Mattson, M. (2010). Mitochondria and neuroplasticity. ASN
Neuro 2:e00045. doi: 10.1042/AN20100019

Clodfelder-Miller, B., Zmijewska, A., Johnson, G., and Jope, R. (2006). Tau is
hyperphosphorylated at multiple sites in mouse brain in vivo after streptozotocin-
induced insulin deficiency. Diabetes 55, 3320–3325. doi: 10.2337/db06-0485

Cooper, C., Sommerlad, A., Lyketsos, C., and Livingston, G. (2015). Modifiable
predictors of dementia in mild cognitive impairment: A systematic review and meta-
analysis. Am. J. Psychiatry 172, 323–334. doi: 10.1176/appi.ajp.2014.14070878

Cummings, J., Devanand, D., and Stahl, S. (2022). Dementia-related psychosis
and the potential role for pimavanserin. CNS Spectr. 27, 7–15. doi: 10.1017/
S1092852920001765

Cunha, R., Vizi, E., Ribeiro, J., and Sebastião, A. (1996). Preferential release of
ATP and its extracellular catabolism as a source of adenosine upon high- but not
low-frequency stimulation of rat hippocampal slices. J. Neurochem. 67, 2180–2187.
doi: 10.1046/j.1471-4159.1996.67052180.x

Davidson, Y., Kelley, T., Mackenzie, I., Pickering-Brown, S., Du Plessis, D.,
Neary, D., et al. (2007). Ubiquitinated pathological lesions in frontotemporal lobar
degeneration contain the TAR DNA-binding protein, TDP-43. Acta Neuropathol. 113,
521–533. doi: 10.1007/s00401-006-0189-y

De la Monte, S., and Wands, J. (2005). Review of insulin and insulin-like growth
factor expression, signaling, and malfunction in the central nervous system: Relevance
to Alzheimer’s disease. J. Alzheimers Dis. 7, 45–61. doi: 10.3233/jad-2005-7106

Fennema-Notestine, C., McEvoy, L., Hagler, D. Jr., Jacobson, M., and Dale, A.
(2009). The Alzheimer’s Disease Neuroimaging Initiative. Structural neuroimaging in
the detection and prognosis of pre-clinical and early AD. Behav. Neurol. 21, 3–12.
doi: 10.3233/BEN-2009-0230

Ferreira, I., Resende, R., Ferreiro, E., Rego, A., and Pereira, C. (2010). Multiple
defects in energy metabolism in Alzheimer’s disease. Curr. Drug Targets 11, 1193–1206.
doi: 10.2174/1389450111007011193

Foy, M., Baudry, M., Diaz Brinton, R., and Thompson, R. (2008). Estrogen and
hippocampal plasticity in rodent models. J. Alzheimers Dis. 15, 589–603. doi: 10.3233/
jad-2008-15406

Frazer, A., and Hensler, J. (1999). “Serotonin,” in Basic neurochemistry: Molecular,
cellular and medical aspects, 6th Edn, eds G. Siegel, B. Agranoff, R. Albers, S. Fisher,
and M. Uhler (Philadelphia, NY: Lippincott-Raven Publishers), 263–283.

Freude, S., Schilbach, K., and Schubert, M. (2009). The role of IGF-1 receptor
and insulin receptor signaling for the pathogenesis of Alzheimer’s disease: From
model organisms to human disease. Curr. Alzheimer Res. 6, 213–223. doi: 10.2174/
156720509788486527

Friedland, R. (2015). Mechanisms of molecular mimicry involving the microbiota
in neurodegeneration. J. Alzheimers Dis. 45, 349–362. doi: 10.3233/JAD-142841

Gabryelewicz, T., Styczynska, M., Luczywek, E., Barczak, A., Pfeffer, A., Androsiuk,
W., et al. (2007). The rate of conversion of mild cognitive impairment to dementia:
Predictive role of depression. Int. J. Geriatr. Psychiatry 22, 563–567. doi: 10.1002/gps.
1716

Gordon, G., Choi, H., Rungta, R., Ellis-Davies, G., and MacVicar, B. (2008). Brain
metabolism dictates the polarity of astrocyte control over arterioles. Nature 456,
745–749. doi: 10.1038/nature07525

Gottesman, R., Schneider, A., Zhou, Y., Coresh, J., Green, E., Gupta, N., et al.
(2017). Association between midlife vascular risk factors and estimated brain amyloid
deposition. JAMA 317, 1443–1450. doi: 10.1001/jama.2017.3090

Griffin, J., and Bradshaw, P. (2017). Amino acid catabolism in Alzheimer’s disease
brain: Friend or foe? Oxid. Med. Cell Longev. 2017:5472792. doi: 10.1155/2017/
5472792

Grothe, M., Heinsen, H., and Teipel, S. (2013). Longitudinal measures of cholinergic
forebrain atrophy in the transition from healthy aging to Alzheimer’s disease.
Neurobiol. Aging 34, 1210–1220. doi: 10.1016/j.neurobiolaging.2012.10.018

Grothe, M., Zaborszky, L., Atienza, M., Gil-Neciga, E., Rodriguez-Romero, R.,
Teipel, S., et al. (2010). Reduction of basal forebrain cholinergic system parallels
cognitive impairment in patients at high risk of developing Alzheimer’s disease. Cereb.
Cortex 20, 1685–1695. doi: 10.1093/cercor/bhp232

Gutsaeva, D., Carraway, M., Suliman, H., Demchenko, I., Shitara, H., Yonekawa, H.,
et al. (2008). Transient hypoxia stimulates mitochondrial biogenesis in brain subcortex
by a neuronal nitric oxide synthase-dependent mechanism. J. Neurosci. 28, 2015–2024.
doi: 10.1523/JNEUROSCI.5654-07.2008

Habert, M., Horn, J., Sarazin, M., Lotterie, J., Puel, M., Onen, F., et al. (2011).
Brain perfusion SPECT with an automated quantitative tool can identify prodromal
Alzheimer’s disease among patients with mild cognitive impairment. Neurobiol. Aging
32, 15–23. doi: 10.1016/j.neurobiolaging.2009.01.013

Hachinski, V., Iliff, L., Zilhka, E., Du Boulay, G., McAllister, V., Marshall, J., et al.
(1975). Cerebral blood flow in dementia. Arch. Neurol. 32, 632–637. doi: 10.1001/
archneur.1975.00490510088009

Harooni, H., Naghdi, N., Sepehri, H., and Rohani, A. (2009). The role of
hippocampal nitric oxide (NO) on learning and immediate, short- and long-term
memory retrieval in inhibitory avoidance task in male adult rats. Behav. Brain Res.
201, 166–172. doi: 10.1016/j.bbr.2009.02.011

Hasselmo, M., and Sarter, M. (2011). Modes and models of forebrain cholinergic
neuromodulation of cognition. Neuropsychopharmacology 36, 52–73. doi: 10.1038/
npp.2010.104

Hein, T., Xu, W., and Kuo, L. (2006). Dilation of retinal arterioles in response to
lactate: Role of nitric oxide, guanylyl cyclase, and ATP-sensitive potassium channels.
Invest. Ophtalmol. Vis. Sci. 47, 693–699. doi: 10.1167/iovs.05-1224

Hong, S., Han, K., and Park, C. (2021). The insulin resistance by triglyceride glucose
index and risk for dementia: Population-based study. Alzheimers Res. Ther. 13:9.
doi: 10.1186/s13195-020-00758-4

Hu, W., and Grossman, M. (2009). TDP-43 and frontotemporal dementia. Curr.
Neurol. Neurosci. Rep. 9, 353–358. doi: 10.1007/s11910-009-0052-3

Huerta-Alardín, A., Varon, J., and Marik, P. (2005). Bench-to-bedside review:
Rhabdomyolysis – an overview for clinicians. Crit. Care 9, 158–169. doi: 10.1186/
cc2978

Huey, E., Putnam, K., and Grafman, J. (2006). A systematic review of
neurotransmitter deficits and treatments in frontotemporal dementia. Neurology 66,
17–22. doi: 10.1212/01.wnl.0000191304.55196.4d

Iadecola, C. (2017). The neurovascular unit coming of age: A journey through
neurovascular coupling in health and disease.Neuron 96, 17–42. doi: 10.1016/j.neuron.
2017.07.030

Ide, K., Horn, A., and Secher, N. (1999). Cerebral metabolic response to
submaximal exercise. J. Appl. Physiol. 87, 1604–1608. doi: 10.1152/jappl.1999.87.5.
1604

Ide, K., Schmalbruch, I., Quistorff, B., Horn, A., and Secher, N. (2000). Lactate,
glucose and O2 uptake in human brain during recovery from maximal exercise.
J. Physiol. 522, 159–164. doi: 10.1111/j.1469-7793.2000.t01-2-00159.xm

Iturria-Medina, Y., Sotero, R., Toussaint, P., Mateos-Pérez, J., and Evans, A. (2016).
Alzheimer’s disease neuroimaging initiative. Early role of vascular dysregulation

Frontiers in Aging Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1237469
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1016/j.neuron.2010.09.043
https://doi.org/10.1073/pnas.1710329115
https://doi.org/10.1016/j.neurobiolaging.2014.03.031
https://doi.org/10.1016/j.neurobiolaging.2014.03.031
https://doi.org/10.3389/fncel.2013.00153
https://doi.org/10.1007/s00702-002-0772-x6
https://doi.org/10.1038/s41598-018-21596-3
https://doi.org/10.1038/s41598-018-21596-3
https://doi.org/10.1186/s40478-015-0186-2
https://doi.org/10.1016/j.conb.2008.09.013
https://doi.org/10.1016/j.brainresbull.2009.10.011
https://doi.org/10.1016/j.tips.2008.12.006
https://doi.org/10.1074/jbc.M113.490862
https://doi.org/10.1001/archneurol.2010.38
https://doi.org/10.1074/jbc.M110.180638
https://doi.org/10.3389/fneur.2012.00073
https://doi.org/10.3389/fneur.2012.00073
https://doi.org/10.1042/AN20100019
https://doi.org/10.2337/db06-0485
https://doi.org/10.1176/appi.ajp.2014.14070878
https://doi.org/10.1017/S1092852920001765
https://doi.org/10.1017/S1092852920001765
https://doi.org/10.1046/j.1471-4159.1996.67052180.x
https://doi.org/10.1007/s00401-006-0189-y
https://doi.org/10.3233/jad-2005-7106
https://doi.org/10.3233/BEN-2009-0230
https://doi.org/10.2174/1389450111007011193
https://doi.org/10.3233/jad-2008-15406
https://doi.org/10.3233/jad-2008-15406
https://doi.org/10.2174/156720509788486527
https://doi.org/10.2174/156720509788486527
https://doi.org/10.3233/JAD-142841
https://doi.org/10.1002/gps.1716
https://doi.org/10.1002/gps.1716
https://doi.org/10.1038/nature07525
https://doi.org/10.1001/jama.2017.3090
https://doi.org/10.1155/2017/5472792
https://doi.org/10.1155/2017/5472792
https://doi.org/10.1016/j.neurobiolaging.2012.10.018
https://doi.org/10.1093/cercor/bhp232
https://doi.org/10.1523/JNEUROSCI.5654-07.2008
https://doi.org/10.1016/j.neurobiolaging.2009.01.013
https://doi.org/10.1001/archneur.1975.00490510088009
https://doi.org/10.1001/archneur.1975.00490510088009
https://doi.org/10.1016/j.bbr.2009.02.011
https://doi.org/10.1038/npp.2010.104
https://doi.org/10.1038/npp.2010.104
https://doi.org/10.1167/iovs.05-1224
https://doi.org/10.1186/s13195-020-00758-4
https://doi.org/10.1007/s11910-009-0052-3
https://doi.org/10.1186/cc2978
https://doi.org/10.1186/cc2978
https://doi.org/10.1212/01.wnl.0000191304.55196.4d
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1152/jappl.1999.87.5.1604
https://doi.org/10.1152/jappl.1999.87.5.1604
https://doi.org/10.1111/j.1469-7793.2000.t01-2-00159.xm
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1237469 August 10, 2023 Time: 15:38 # 14

Aquilani et al. 10.3389/fnagi.2023.1237469

on late-onset Alzheimer’s disease based on multifactorial data-driven analysis. Nat.
Commun. 7:11934. doi: 10.1038/ncomms11934

Ivannikov, M., Sugimori, M., and Llinás, R. (2013). Synaptic vesicle exocytosis
in hippocampal synaptosomes correlates directly with total mitochondrial volume.
J. Mol. Neurosci. 49, 223–230. doi: 10.1007/s12031-012-9848-8

Jahrling, J., and Laberge, R. (2015). Age-related neurodegeneration prevention
through mTOR inhibition: Potential mechanisms and remaining questions. Curr. Top.
Med. Chem. 15, 2139–2151. doi: 10.2174/1568026615666150610125856

Janssens, J., Vermeiren, Y., van Faassen, M., van der Ley, C., Kema, I., and De
Deyn, P. (2020). Monoaminergic and kynurenergic characterization of frontotemporal
dementia and amyotrophic lateral sclerosis in cerebrospinal fluid and serum.
Neurochem. Res. 45, 1191–1201. doi: 10.1007/s11064-020-03002-5

Jongsiriyanyong, S., and Limpawattana, P. (2018). Mild cognitive impairment in
clinical practice: A review article. Am. J. Alzheimers Dis. Other Dement. 33, 500–507.
doi: 10.1177/1533317518791401

Kim, S., Seo, S., Yoon, D., Chin, J., Lee, B., Cheong, H., et al. (2010). Comparison
of neuropsychological and FDG-PET findings between early- versus late-onset mild
cognitive impairment: A five-year longitudinal study. Dement. Geriatr. Cogn. Disord.
29, 213–223. doi: 10.1159/000278422

Kisler, K., Nelson, A., Montagne, A., and Zlokovic, B. (2017). Cerebral blood flow
regulation and neurovascular dysfunction in Alzheimer disease. Nat. Rev. Neurosci.
18, 419–434. doi: 10.1038/nrn.2017.48

Klinge, C. (2008). Estrogenic control of mitochondrial function and biogenesis.
J. Cell Biochem. 105, 1342–1351. doi: 10.1002/jcb.21936

Kuhar, M., Couceyro, P., and Lambert, P. (1999). “Catecholamines,” in Basic
neurochemistry: Molecular, cellular and medical aspects, 6th Edn, eds G. Siegel, B.
Agranoff, R. Albers, S. Fisher, and M. Uhler (hiladelphia, NY: Lippincott-Raven
Publishers), 243–261.

Lammers, F., Borchers, F., Feinkohl, I., Hendrikse, J., Kant, I., Kozma, P., et al.
(2018). Basal forebrain cholinergic system volume is associated with general cognitive
ability in the elderly. Neuropsychologia 119, 145–156. doi: 10.1016/j.neuropsychologia.
2018.08.005

Lazar, H. (2002). The insulin cardioplegia trial. J. Thorac. Cardiovasc. Surg. 123,
842–844. doi: 10.1067/mtc.2002.121041

Lee, V., Goedert, M., and Trojanowski, J. (2001). Neurodegenerative
tauopathies. Annu. Rev. Neurosci. 24, 1121–1159. doi: 10.1146/annurev.neuro.24.1.
1121

Li, X., Alafuzoff, I., Soininen, H., Winblad, B., and Pei, J. (2005). Levels of mTOR
and its downstream targets 4E-BP1, eEF2, and eEF2 kinase in relationships with tau
in Alzheimer’s disease brain. FEBS J. 272, 4211–4220. doi: 10.1111/j.1742-4658.2005.
04833.x

Liguori, C., Chiaravalloti, A., Sancesario, G., Stefani, A., Sancesario, G.,
Mercuri, N., et al. (2016). Cerebrospinal fluid lactate levels and brain [18F]FDG
PET hypometabolism within the default mode network in Alzheimer’s disease.
Eur. J. Nucl. Med. Mol. Imaging 43, 2040–2049. doi: 10.1007/s00259-016-
3417-2

Liguori, C., Stefani, A., Sancesario, G., Sancesario, G., Marciani, M., and Pierantozzi,
M. (2015). CSF lactate levels, τ proteins, cognitive decline: A dynamic relationship in
Alzheimer’s disease. J. Neurol. Neurosurg. Psychiatry 86, 655–659. doi: 10.1136/jnnp-
2014-308577

Liu, Y., Li, N., Zhou, L., Li, Q., and Li, W. (2014). Plasma metabolic profiling of
mild cognitive impairment and Alzheimer’s disease using liquid chromatography/mass
spectrometry. Cent. Nerv. Syst. Agents Med. Chem. 14, 113–120. doi: 10.2174/
1871524915666141216161246

Manczak, M., Sheiko, T., Craigen, W., and Reddy, P. (2013). Reduced VDAC1
protects against Alzheimer’s disease, mitochondria, and synaptic deficiencies.
J. Alzheimers Dis. 37, 679–690. doi: 10.3233/JAD-130761

Mariani, C., Defendi, S., Mailland, E., and Pomati, S. (2006). Frontotemporal
dementia. Neurol. Sci. 27, S35–S36. doi: 10.1007/s10072-006-0544-8

Matthews, D., Hosker, J., Rudenski, A., Naylor, B., Treacher, D., and Turner, R.
(1985). Homeostasis model assessment: Insulin resistance and beta-cell function from
fasting plasma glucose and insulin concentrations in man. Diabetologia 28, 412–419.
doi: 10.1007/BF00280883

Mattson, M. (2007). Mitochondrial regulation of neuronal plasticity. Neurochem.
Res. 32, 707–715. doi: 10.1007/s11064-006-9170-3

Mattson, M., Gleichmann, M., and Cheng, A. (2008). Mitochondria in
neuroplasticity and neurological disorders.Neuron 60, 748–766. doi: 10.1016/j.neuron.
2008.10.010

Mattson, M., and Liu, D. (2003). Mitochondrial potassium channels and uncoupling
proteins in synaptic plasticity and neuronal cell death. Biochem. Biophys. Res.
Commun. 304, 539–549. doi: 10.1016/s0006-291x(03)00627-2

Mattson, M., Lovell, M., Furukawa, K., and Markesbery, W. (1995). Neurotrophic
factors attenuate glutamate-induced accumulation of peroxides, elevation of
intracellular Ca2+ concentration, and neurotoxicity and increase antioxidant enzyme
activities in hippocampal neurons. J. Neurochem. 65, 1740–1751. doi: 10.1046/j.1471-
4159.1995.65041740.x

Mazzola, J., and Sirover, M. (2003). Subcellular alteration of glyceraldehyde-3-
phosphate dehydrogenase in Alzheimer’s disease fibroblasts. J. Neurosci. Res. 71,
279–285. doi: 10.1002/jnr.10484

McKhann, G., Knopman, D., Chertkow, H., Hyman, B., Jack, C. Jr., Kawas, C., et al.
(2011). 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. Alzheimers Dement. 7, 263–269. doi: 10.1016/j.jalz.
2011.03.005

Mesulam, M. (2004). The cholinergic lesion of Alzheimer’s disease: Pivotal factor or
side show? Learn. Mem. 11, 43–49. doi: 10.1101/lm.69204

Mesulam, M., Mufson, E., Levey, A., and Wainer, B. (1983). Cholinergic innervation
of cortex by the basal forebrain: Cytochemistry and cortical connections of the septal
area, diagonal band nuclei, nucleus basalis (substantia innominata), and hypothalamus
in the rhesus monkey. J. Comp. Neurol. 214, 170–197. doi: 10.1002/cne.902140206

Minichiello, L. (2009). TrkB signalling pathways in LTP and learning. Nat. Rev.
Neurosci. 10, 850–860. doi: 10.1038/nrn2738

Montagne, A., Barnes, S., Sweeney, M., Halliday, M., Sagare, A., Zhao, Z., et al.
(2015). Blood-brain barrier breakdown in the aging human hippocampus. Neuron 85,
296–302. doi: 10.1016/j.neuron.2014.12.032

Montagne, A., Zhao, Z., and Zlokovic, B. (2017). Alzheimer’s disease: A matter
of blood-brain barrier dysfunction? J. Exp. Med. 214, 3151–3169. doi: 10.1084/jem.
20171406

Morris, J. (1993). The Clinical Dementia Rating (CDR): Current version and scoring
rules. Neurology 43, 2412–2414. doi: 10.1212/wnl.43.11.2412-a

Morris, J. (2012). Revised criteria for mild cognitive impairment may compromise
the diagnosis of Alzheimer disease dementia. Arch. Neurol. 69, 700–708. doi: 10.1001/
archneurol.2011.3152

Morris, R. (2013). NMDA receptors and memory encoding. Neuropharmacology 74,
32–40. doi: 10.1016/j.neuropharm.2013.04.014

Mosconi, L., Pupi, A., and De Leon, M. (2008). Brain glucose hypometabolism and
oxidative stress in preclinical Alzheimer’s disease. Ann. N. Y. Acad. Sci. 1147, 180–195.
doi: 10.1196/annals.1427.007

Mufson, E., Counts, S., Fahnestock, M., and Ginsberg, S. (2007). Cholinotrophic
molecular substrates of mild cognitive impairment in the elderly. Curr. Alzheimer Res.
4, 340–350. doi: 10.2174/156720507781788855

Murley, A., and Rowe, J. (2018). Neurotransmitter deficits from frontotemporal
lobar degeneration. Brain 14, 1263–1285. doi: 10.1093/brain/awx327

Muth, K., Schönmeyer, R., Matura, S., Haenschel, C., Schröder, J., and Pantel, J.
(2010). Mild cognitive impairment in the elderly is associated with volume loss of
the cholinergic basal forebrain region. Biol. Psychiatry 67, 588–591. doi: 10.1016/j.
biopsych.2009.02.026

Nation, D., Sweeney, M., Montagne, A., Sagare, A., D’Orazio, L., Pachicano, M.,
et al. (2019). Blood-brain barrier breakdown is an early biomarker of human cognitive
dysfunction. Nat. Med. 25, 270–276. doi: 10.1038/s41591-018-0297-y

Parnetti, L., Gaiti, A., Brunetti, M., Avellini, L., Polidori, C., Cecchetti, R., et al.
(1995). Increased CSF pyruvate levels as a marker of impaired energy metabolism in
Alzheimer’s disease. J. Am. Geriatr. Soc. 43, 316–318. doi: 10.1111/j.1532-5415.1995.
tb07351.x

Parnetti, L., Reboldi, G., and Gallai, V. (2000). Cerebrospinal fluid pyruvate levels in
Alzheimer’s disease and vascular dementia. Neurology 54, 735–737. doi: 10.1212/wnl.
54.3.735

Pendlebury, S., and Rothwell, P. (2009). Prevalence, incidence, and factors
associated with pre-stroke and post-stroke dementia: A systematic review and meta-
analysis. Lancet Neurol. 8, 1006–1018. doi: 10.1016/S1474-4422(09)70236-4

Peter, J., Mayer, I., Kammer, T., Minkova, L., Lahr, J., Klöppel, S., et al. (2021). The
relationship between cholinergic system brain structure and function in healthy adults
and patients with mild cognitive impairment. Sci. Rep. 11:16080. doi: 10.1038/s41598-
021-95573-8

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

Pinto, C., Saleh Velez, F., Lopes, F., de Toledo Piza, P., Dipietro, L., Wang, Q.,
et al. (2017). SSRI and motor recovery in stroke: Reestablishment of inhibitory neural
network tonus. Front. Neurosci. 11:637. doi: 10.3389/fnins.2017.00637

Planel, E., Tatebayashi, Y., Miyasaka, T., Liu, L., Wang, L., Herman, M., et al.
(2007). Insulin dysfunction induces in vivo tau hyperphosphorylation through distinct
mechanisms. J. Neurosci. 27, 13635–13648. doi: 10.1523/JNEUROSCI.3949-07.2007

Qiu, W., Walsh, D., Ye, Z., Vekrellis, K., Zhang, J., Podlisny, M., et al. (1998).
Insulin-degrading enzyme regulates extracellular levels of amyloid beta-protein by
degradation. J. Biol. Chem. 273, 32730–32738. doi: 10.1074/jbc.273.49.32730

Rascovsky, K., Hodges, J., Knopman, D., Mendez, M., Kramer, J., Neuhaus, J.,
et al. (2011). Sensitivity of revised diagnostic criteria for the behavioural variant of
frontotemporal dementia. Brain 134, 2456–2477. doi: 10.1093/brain/awr179

Raz, L., Knoefel, J., and Bhaskar, K. (2016). The neuropathology and cerebrovascular
mechanisms of dementia. J. Cereb. Blood FlowMetab. 36, 172–186. doi: 10.1038/jcbfm.
2015.164

Frontiers in Aging Neuroscience 14 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1237469
https://doi.org/10.1038/ncomms11934
https://doi.org/10.1007/s12031-012-9848-8
https://doi.org/10.2174/1568026615666150610125856
https://doi.org/10.1007/s11064-020-03002-5
https://doi.org/10.1177/1533317518791401
https://doi.org/10.1159/000278422
https://doi.org/10.1038/nrn.2017.48
https://doi.org/10.1002/jcb.21936
https://doi.org/10.1016/j.neuropsychologia.2018.08.005
https://doi.org/10.1016/j.neuropsychologia.2018.08.005
https://doi.org/10.1067/mtc.2002.121041
https://doi.org/10.1146/annurev.neuro.24.1.1121
https://doi.org/10.1146/annurev.neuro.24.1.1121
https://doi.org/10.1111/j.1742-4658.2005.04833.x
https://doi.org/10.1111/j.1742-4658.2005.04833.x
https://doi.org/10.1007/s00259-016-3417-2
https://doi.org/10.1007/s00259-016-3417-2
https://doi.org/10.1136/jnnp-2014-308577
https://doi.org/10.1136/jnnp-2014-308577
https://doi.org/10.2174/1871524915666141216161246
https://doi.org/10.2174/1871524915666141216161246
https://doi.org/10.3233/JAD-130761
https://doi.org/10.1007/s10072-006-0544-8
https://doi.org/10.1007/BF00280883
https://doi.org/10.1007/s11064-006-9170-3
https://doi.org/10.1016/j.neuron.2008.10.010
https://doi.org/10.1016/j.neuron.2008.10.010
https://doi.org/10.1016/s0006-291x(03)00627-2
https://doi.org/10.1046/j.1471-4159.1995.65041740.x
https://doi.org/10.1046/j.1471-4159.1995.65041740.x
https://doi.org/10.1002/jnr.10484
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1101/lm.69204
https://doi.org/10.1002/cne.902140206
https://doi.org/10.1038/nrn2738
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.1084/jem.20171406
https://doi.org/10.1084/jem.20171406
https://doi.org/10.1212/wnl.43.11.2412-a
https://doi.org/10.1001/archneurol.2011.3152
https://doi.org/10.1001/archneurol.2011.3152
https://doi.org/10.1016/j.neuropharm.2013.04.014
https://doi.org/10.1196/annals.1427.007
https://doi.org/10.2174/156720507781788855
https://doi.org/10.1093/brain/awx327
https://doi.org/10.1016/j.biopsych.2009.02.026
https://doi.org/10.1016/j.biopsych.2009.02.026
https://doi.org/10.1038/s41591-018-0297-y
https://doi.org/10.1111/j.1532-5415.1995.tb07351.x
https://doi.org/10.1111/j.1532-5415.1995.tb07351.x
https://doi.org/10.1212/wnl.54.3.735
https://doi.org/10.1212/wnl.54.3.735
https://doi.org/10.1016/S1474-4422(09)70236-4
https://doi.org/10.1038/s41598-021-95573-8
https://doi.org/10.1038/s41598-021-95573-8
https://doi.org/10.1056/NEJMcp0910237
https://doi.org/10.3389/fnins.2017.00637
https://doi.org/10.1523/JNEUROSCI.3949-07.2007
https://doi.org/10.1074/jbc.273.49.32730
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1038/jcbfm.2015.164
https://doi.org/10.1038/jcbfm.2015.164
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1237469 August 10, 2023 Time: 15:38 # 15

Aquilani et al. 10.3389/fnagi.2023.1237469

Renton, J., Xu, N., Clark, J., and Hansen, M. (2010). Interaction of neurotrophin
signaling with Bcl-2 localized to the mitochondria and endoplasmic reticulum on
spiral ganglion neuron survival and neurite growth. J. Neurosci. Res. 88, 2239–2251.
doi: 10.1002/jnr.22381

Rocco, A., Afra, J., Toscano, M., Sirimarco, G., Di Clemente, L., Altieri, M., et al.
(2007). Acute subcortical stroke and early serotonergic modification: A IDAP study.
Eur. J. Neurol. 14, 1378–1382. doi: 10.1111/j.1468-1331.2007.01985.x

Román, G., Tatemichi, T., Erkinjuntti, T., Cummings, J., Masdeu, J., Garcia, J.,
et al. (1993). Vascular dementia: Diagnostic criteria for research studies. Report of the
NINDS-AIREN International Workshop. Neurology 43, 250–260. doi: 10.1212/wnl.43.
2.250

Saccaro, L., Pico, F., Chadenat, M., Richard, O., Launay, J., Bastenaire, B., et al.
(2022). Platelet, plasma, urinary tryptophan-serotonin-kynurenine axis markers in
hyperacute brain ischemia patients: A prospective study. Front. Neurol. 12:782317.
doi: 10.3389/fneur.2021.782317

Scheltens, P., Blennow, K., Breteler, M., de Strooper, B., Frisoni, G., Salloway, S., et al.
(2016). Alzheimer’s disease. Lancet 388, 505–517. doi: 10.1016/S0140-6736(15)01124-
1

Schieke, S., Phillips, D., McCoy, J. Jr., Aponte, A., Shen, R., Balaban, R., et al. (2006).
The mammalian target of rapamycin (mTOR) pathway regulates mitochondrial
oxygen consumption and oxidative capacity. J. Biol. Chem. 281, 27643–27652. doi:
10.1074/jbc.M603536200

Schuchmann, S., Buchheim, K., Heinemann, U., Hosten, N., and Buttgereit,
F. (2005). Oxygen consumption and mitochondrial membrane potential indicate
developmental adaptation in energy metabolism of rat cortical neurons. Eur. J.
Neurosci. 21, 2721–2732. doi: 10.1111/j.1460-9568.2005.04109.x

Sharp, L., Rozycki, G., and Feliciano, D. (2004). Rhabdomyolysis and secondary
renal failure in critically ill surgical patients. Am. J. Surg. 188, 801–806. doi: 10.1016/j.
amjsurg.2004.08.050

Shepherd, J., and Huganir, R. (2007). The cell biology of synaptic plasticity: AMPA
receptor trafficking. Annu. Rev. Cell Dev. Biol. 23, 613–643. doi: 10.1146/annurev.
cellbio.23.090506.123516

Sjögren, M., Minthon, L., Passant, U., Blennow, K., and Wallin, A. (1998).
Decreased monoamine metabolites in frontotemporal dementia and Alzheimer’s
disease. Neurobiol. Aging 19, 379–384. doi: 10.1016/s0197-4580(98)00086-4

Snyder, H., Corriveau, R., Craft, S., Faber, J., Greenberg, S., Knopman, D., et al.
(2015). Vascular contributions to cognitive impairment and dementia including
Alzheimer’s disease. Alzheimers Dement. 11, 710–717. doi: 10.1016/j.jalz.2014.10.008

Solerte, S., Gazzaruso, C., Schifino, N., Locatelli, E., Destro, T., Ceresini, G., et al.
(2004). Metabolic effects of orally administered amino acid mixture in elderly subjects
with poorly controlled type 2 diabetes mellitus. Am. J. Cardiol. 93, 23A–29A. doi:
10.1016/j.amjcard.2003.11.006

Stefani, G., Onofri, F., Valtorta, F., Vaccaro, P., Greengard, P., and Benfenati, F.
(1997). Kinetic analysis of the phosphorylation-dependent interactions of synapsin
I with rat brain synaptic vesicles. J. Physiol. 504, 501–515. doi: 10.1111/j.1469-7793.
1997.501bd.x

Su, B., Ji, Y., Sun, X., Liu, X., and Chen, Z. (2014). Brain-derived neurotrophic factor
(BDNF)-induced mitochondrial motility arrest and presynaptic docking contribute to
BDNF-enhanced synaptic transmission. J. Biol. Chem. 289, 1213–1226. doi: 10.1074/
jbc.M113.526129

Sweeney, M., Sagare, A., and Zlokovic, B. (2018). Blood-brain barrier breakdown
in Alzheimer disease and other neurodegenerative disorders. Nat. Rev. Neurol. 14,
133–150. doi: 10.1038/nrneurol.2017.188

Taylor, P., and Brown, J. (1999). “Acetylcholine,” in Basic neurochemistry: Molecular,
cellular and medical aspects, 6th Edn, eds G. Siegel, B. Agranoff, R. Albers, S. Fisher,
and M. Uhler (Philadelphia, NY: Lippincott-Raven Publishers), 213–242.

Todorova, V., and Blokland, A. (2017). Mitochondria and synaptic plasticity in the
mature and aging nervous system. Curr. Neuropharmacol. 15, 166–173. doi: 10.2174/
1570159x14666160414111821

Toledo, J., Arnold, S., Raible, K., Brettschneider, J., Xie, S., Grossman, M.,
et al. (2013). Contribution of cerebrovascular disease in autopsy confirmed

neurodegenerative disease cases in the National Alzheimer’s Coordinating Centre.
Brain 136, 2697–2706. doi: 10.1093/brain/awt188

Trenkner, E., el Idrissi, A., and Harris, C. (1996). Balanced interaction of growth
factors and taurine regulate energy metabolism, neuronal survival, and function of
cultured mouse cerebellar cells under depolarizing conditions. Adv. Exp. Med. Biol.
403, 507–517. doi: 10.1007/978-1-4899-0182-8_55

Valenti, D., de Bari, L., De Filippis, B., Henrion-Caude, A., and Vacca, R. (2014).
Mitochondrial dysfunction as a central actor in intellectual disability-related diseases:
An overview of Down syndrome, autism, Fragile X and Rett syndrome. Neurosci.
Biobehav. Rev. 46, 202–217. doi: 10.1016/j.neubiorev.2014.01.012

Van de Haar, H., Burgmans, S., Jansen, J., van Osch, M., van Buchem, M., Muller,
M., et al. (2016a). Blood-brain barrier leakage in patients with early Alzheimer disease.
Radiology 281, 527–535. doi: 10.1148/radiol.2016152244

Van de Haar, H., Jansen, J., van Osch, M., van Buchem, M., Muller, M., Wong, S.,
et al. (2016b). Neurovascular unit impairment in early Alzheimer’s disease measured
with magnetic resonance imaging. Neurobiol. Aging 45, 190–196. doi: 10.1016/j.
neurobiolaging.2016.06.006

Vellas, B., Guigoz, Y., Garry, P., Nourhashemi, F., Bennahum, D., Lauque, S., et al.
(1999). The Mini Nutritional Assessment (MNA) and its use in grading the nutritional
state of elderly patients. Nutrition 15, 116–122. doi: 10.1016/s0899-9007(98)00171-3

Vermeiren, Y., Janssens, J., Aerts, T., Martin, J., Sieben, A., Van Dam, D., et al.
(2016). Brain serotonergic and noradrenergic deficiencies in behavioral variant
frontotemporal dementia compared to early-onset Alzheimer’s disease. J. Alzheimers
Dis. 53, 1079–1096. doi: 10.3233/JAD-160320

Vermeiren, Y., Le Bastard, N., Van Hemelrijck, A., Drinkenburg, W., Engelborghs,
S., and De Deyn, P. (2013). Behavioral correlates of cerebrospinal fluid amino acid
and biogenic amine neurotransmitter alterations in dementia. Alzheimers Dement. 9,
488–498. doi: 10.1016/j.jalz.2012.06.010

Vermeiren, Y., Van Dam, D., Aerts, T., Engelborghs, S., and De Deyn, P.
(2014). Monoaminergic neurotransmitter alterations in postmortem brain regions
of depressed and aggressive patients with Alzheimer’s disease. Neurobiol. Aging 35,
2691–2700. doi: 10.1016/j.neurobiolaging.2014.05.031

Verri, M., Pastoris, O., Dossena, M., Aquilani, R., Guerriero, F., Cuzzoni, G.,
et al. (2012). Mitochondrial alterations, oxidative stress and neuroinflammation in
Alzheimer’s disease. Int. J. Immunopathol. Pharmacol. 25, 345–353. doi: 10.1177/
039463201202500204

Verstreken, P., Ly, C., Venken, K., Koh, T., Zhou, Y., and Bellen, H. (2005). Synaptic
mitochondria are critical for mobilization of reserve pool vesicles at Drosophila
neuromuscular junctions. Neuron 47, 365–378. doi: 10.1016/j.neuron.2005.06.018

Wardlaw, J., Smith, E., Biessels, G., Cordonnier, C., Fazekas, F., Frayne, R.,
et al. (2013). Neuroimaging standards for research into small vessel disease and its
contribution to ageing and neurodegeneration. Lancet Neurol. 12, 822–838. doi: 10.
1016/S1474-4422(13)70124-8

Williams, J., Thompson, V., Mason-Parker, S., Abraham, W., and Tate, W. (1998).
Synaptic activity-dependent modulation of mitochondrial gene expression in the rat
hippocampus. Brain Res. Mol. Brain Res. 60, 50–56. doi: 10.1016/s0169-328x(98)
00165-x

Wong, R., and Ghosh, A. (2002). Activity-dependent regulation of dendritic growth
and patterning. Nat. Rev. Neurosci. 3, 803–812. doi: 10.1038/nrn941

Xiang, Q., Bi, R., Xu, M., Zhang, D., Tan, L., Zhang, C., et al. (2017). Rare genetic
variants of the transthyretin gene are associated with Alzheimer’s disease in Han
Chinese. Mol. Neurobiol. 54, 5192–5200. doi: 10.1007/s12035-016-0065-2

Yamanishi, S., Katsumura, K., Kobayashi, T., and Puro, D. (2006). Extracellular
lactate as a dynamic vasoactive signal in the rat retinal microvasculature.Am. J. Physiol.
Heart Circ. Physiol. 290, H925–H934. doi: 10.1152/ajpheart.01012.2005

Zhao, Y., Dua, P., and Lukiw, W. (2015). Microbial sources of amyloid and relevance
to amyloidogenesis and Alzheimer’s disease (AD). J. Alzheimers Dis. Parkinsonism
5:177. doi: 10.4172/2161-0460.1000177

Zlokovic, B. (2011). Neurovascular pathways to neurodegeneration in Alzheimer’s
disease and other disorders. Nat. Rev. Neurosci. 12, 723–738. doi: 10.1038/nrn
3114

Frontiers in Aging Neuroscience 15 frontiersin.org

https://doi.org/10.3389/fnagi.2023.1237469
https://doi.org/10.1002/jnr.22381
https://doi.org/10.1111/j.1468-1331.2007.01985.x
https://doi.org/10.1212/wnl.43.2.250
https://doi.org/10.1212/wnl.43.2.250
https://doi.org/10.3389/fneur.2021.782317
https://doi.org/10.1016/S0140-6736(15)01124-1
https://doi.org/10.1016/S0140-6736(15)01124-1
https://doi.org/10.1074/jbc.M603536200
https://doi.org/10.1074/jbc.M603536200
https://doi.org/10.1111/j.1460-9568.2005.04109.x
https://doi.org/10.1016/j.amjsurg.2004.08.050
https://doi.org/10.1016/j.amjsurg.2004.08.050
https://doi.org/10.1146/annurev.cellbio.23.090506.123516
https://doi.org/10.1146/annurev.cellbio.23.090506.123516
https://doi.org/10.1016/s0197-4580(98)00086-4
https://doi.org/10.1016/j.jalz.2014.10.008
https://doi.org/10.1016/j.amjcard.2003.11.006
https://doi.org/10.1016/j.amjcard.2003.11.006
https://doi.org/10.1111/j.1469-7793.1997.501bd.x
https://doi.org/10.1111/j.1469-7793.1997.501bd.x
https://doi.org/10.1074/jbc.M113.526129
https://doi.org/10.1074/jbc.M113.526129
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.2174/1570159x14666160414111821
https://doi.org/10.2174/1570159x14666160414111821
https://doi.org/10.1093/brain/awt188
https://doi.org/10.1007/978-1-4899-0182-8_55
https://doi.org/10.1016/j.neubiorev.2014.01.012
https://doi.org/10.1148/radiol.2016152244
https://doi.org/10.1016/j.neurobiolaging.2016.06.006
https://doi.org/10.1016/j.neurobiolaging.2016.06.006
https://doi.org/10.1016/s0899-9007(98)00171-3
https://doi.org/10.3233/JAD-160320
https://doi.org/10.1016/j.jalz.2012.06.010
https://doi.org/10.1016/j.neurobiolaging.2014.05.031
https://doi.org/10.1177/039463201202500204
https://doi.org/10.1177/039463201202500204
https://doi.org/10.1016/j.neuron.2005.06.018
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1016/s0169-328x(98)00165-x
https://doi.org/10.1016/s0169-328x(98)00165-x
https://doi.org/10.1038/nrn941
https://doi.org/10.1007/s12035-016-0065-2
https://doi.org/10.1152/ajpheart.01012.2005
https://doi.org/10.4172/2161-0460.1000177
https://doi.org/10.1038/nrn3114
https://doi.org/10.1038/nrn3114
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	Several dementia subtypes and mild cognitive impairment share brain reduction of neurotransmitter precursor amino acids, impaired energy metabolism, and lipid hyperoxidation
	1. Introduction
	2. Materials and methods
	2.1. Population
	2.2. Procedures
	2.2.1. Clinical evaluation
	2.2.2. β–amyloid, tau and p-tau measurements in CSF compartment
	2.2.3. Plasma and CSF AA measurements
	2.2.4. Assessment of AA concentrations
	2.2.5. Plasma and CSF pyruvate, lactate, and malondialdehyde measurements
	2.2.6. Insulin and HOMA-IR

	2.3. Objectives
	2.4. Statistical analysis

	3. Results
	3.1. General characteristics of the study populations
	3.2. Plasma energy metabolic substrates (pyruvate, lactate), oxidative stress marker (MDA), AAPs Tyr, Trp, Met, and Phenyl-
	3.3. CSF energy metabolic substrates (pyruvate, lactate) oxidative stress marker (MDA), AAPs Tyr, Trp, Met, and Phenyl-
	3.4. CSF/plasma ratios (CSF/P)
	3.5. Correlations between plasma and CSF lactate, pyruvate, and MDA

	4. Discussion
	4.1. Some potential mechanisms underlying reduced CSF AAPs
	4.2. Energy metabolic substrates and oxidative stress
	4.3. Potential impact of the study metabolic alterations on neuroplasticity, synapse plasticity, and transmission
	4.4. Limitations
	4.5. Future research

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


