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Abstract

Aging, amyloid deposition, and tau-related pathology are key contributors to the onset and
progression of Alzheimer’s disease (AD). However, AD is also associated with brain
hypometabolism and deficits of mitochondrial bioenergetics. Plasma acylcarnitines (ACCs) are
indirect indices of altered fatty acid beta-oxidation (FAO) and ketogenesis has been found to be
decreased upon aging. Furthermore, in elderly subjects, alterations in plasma levels of specific
ACCs have been suggested to predict conversion to Mild Cognitive Impairment (MCI) or AD. In this
study, we assayed plasma profiles of ACCs in a cohort of healthy elderly (HC), MCl subjects, and AD
patients. Compared to HC or MCl subjects, AD patients showed significant lower plasma levels of
several medium-chain ACCs. Furthermore, in AD patients, these lower concentrations were
associated with lower prefrontal gray matter volumes and the presence of cognitive impairment.
Interestingly, lower levels of medium-chain ACCs were also found to be associated with lower
plasma levels of 2-hydroxybutyric acid. Overall, these findings suggest that altered metabolism of

medium-chain ACCs and impaired ketogenesis can be metabolic features of AD.
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1. Introduction

Aging, amyloid deposition, and tau-related pathology are key contributors to the onset and
progression of Alzheimer’s disease (AD; Herrup, 2010). Impaired energy metabolism has also been
associated with brain aging and suggested to favour AD (Costantini et al., 2008; Mosconi et al.,
2008). In that respect, compelling evidence indicate that age-dependent metabolic changes
promote mitochondrial, endosomal-lysosomal as well as peroxisomal dysfunctions. All these
phenomena play a role in the development of AD-related neuronal loss and cognitive decline
(Cataldo et al., 2000; Kou et al., 2011; Lin and Beal, 2006; Perez et al., 2015).

Glucose hypometabolism is an important early feature of the AD brain. Furthermore, several
studies have indicated a direct correlation by which the occurrence of more severe degrees of
hypometabolism can predict a more precipitous course of the disease (Cunnane et al., 2011; de
Leon et al., 1983; Dukart et al., 2013; Frackowiak et al., 1981; Jack Jr. et al., 2010; Lehmann et al.,
2013). Mechanisms involved in AD-related glucose hypometabolism are not completely known
but evidence indicate that defective brain glucose transport, altered glycolysis, or amyloid beta
(AB)-dependent deregulation of mitochondrial function as well as AB—mediated neurotoxicity
participate in AD progression and development (Sullivan and Brown, 2005; Winkler et al., 2015).
Chronic glucose hypometabolism also acts, indirectly, on the modulation of enzymatic activities
that promote oxidative stress, another major contributing factor to AD pathogenesis (Mosconi et
al., 2008).

Compelling evidence indicate that mitochondria play a pivotal role in AD-related
hypometabolism (Chen and Zhong, 2013; Readnower et al., 2011). In preclinical AD models,
mitochondrial deficits have been shown to precede the appearance of plaque deposition and
neurofibrillary tangles, thereby supporting the idea that the organelle dysfunction is an early
modulator of the AD-related pathological cascade (Yao et al., 2009). In that respect, decreased
expression or activity of several mitochondrial enzymes such as pyruvate dehydrogenase,
isocitrate dehydrogenase, alpha-ketoglutarate dehydrogenase (0KGDH), and cytochrome C
oxidase (COX; Bubber et al., 2005) have been found in the AD brain. Similar findings have been
shown in preclinical AD models (Ciavardelli et al., 2010; Rhein et al., 2009). Interestingly, AD-
related mitochondrial deficits also occur outside of the Central Nervous System (CNS). In that
regard, COX deficiency, decreased activity of dKGDH, and altered mitochondrial fission and fusion

have been described to occur in lymphocytes, platelets, and fibroblasts of AD patients (Leuner et



al., 2012; Sorbi et al., 1983; Wang et al., 2008) as well as in skeletal muscles of preclinical AD
models (Schuh et al., 2014).

Furthermore, it is conceivable that when standard energetic sources are falling behind, the
AD brain is forced to rely on alternative energy substrates. In this view, ketone bodies may play an
important role (ladecola, 2015; Vanltallie, 2015). Ketone bodies are produced by the catabolism
of fatty acids (FA), a process operated by liver mitochondria. Interestingly, functional deficits in
hepatic mitochondrial and/or peroxisomal FA metabolism have been indicated as potential
contributors to AD-related cognitive impairment (Astarita and Piomelli, 2011). Moreover, in aging
rats, decreased hepatic peroxysomal FA beta-oxidation (FAO) has been linked to the development
of alterations in the lipid composition of the brain (Yang et al., 2014).

Alterations of hepatic FAO can affect brain functioning. In that regard, ketone bodies are
substrates that, in elderly subjects, may become an energetic source to be used, for brain
functioning, as alternative to glucose. This concept is supported by findings indicating that healthy
elderly brains increase consumption of energy substrates that are alternative to glucose when
glucose utilization decreases, thereby suggesting a compensatory role played by these metabolites
in coping with brain energy demand (Hoyer et al., 1991).

Plasma acylcarnitines (ACCs) are indirect indicators of hepatic FAO (Schooneman et al.,
2015, 2013; Villarreal-Pérez et al., 2014). Furthermore, free carnitine and ACCs play a significant
role in the modulation of brain metabolism (Jones et al., 2010). Of note, specific plasma ACCs
have been found to be decreased in healthy elderly subjects converting to MCl or AD (Mapstone
et al., 2014).

In this study, we evaluated plasma ACC levels in a cohort of AD patients, MCl subjects, and
age-matched healthy controls (HC). Correlations between levels of ACCs, plasma 2-hydroxybutyric
acid (b-HBA), and degrees of cognitive competence, assessed with the Mini-Mental State
Examination (MMSE), were also evaluated in the three study groups. Finally, structural changes
occurring in brains of the three cohorts were investigated with voxel-based morphometry (VBM)
and magnetic resonance imaging (MRI). These structural volumes were then correlated with ACC

levels.

2. Materials and methods



2.1. Participants and ethics committee

A cohort of 107 individuals of whom 35 were suffering from probable AD, 38 had a
diagnosis of MCI, and 34 were healthy matched volunteers was enrolled for this study. AD and
MCI patients were recruited by the memory clinic of the Santa Lucia Foundation (Rome, Italy). All
individuals recruited as eligible for the study went through clinical examination,
neuropsychological testing, and MRI. Subjects gave written informed consent to a research
protocol approved by the Joint Ethics Committee of the Santa Lucia Foundation.

HC were recruited through local advertisements and were screened using an extensive
neuropsychological test battery in order to exclude subjects with dementia or mild cognitive
impairment. To obtain a global index of cognitive impairment, we employed the MMSE (Folstein
et al., 1975). MMSE scores were adjusted for age and education level (Measso et al., 1993). The
instrument is brief and easy to administer and is widely used to screen for cognitive deterioration
(Tsoi et al., 2015). Subjects were also asked to perform the Multiple Features Targets Cancellation
Task (MFTC; Gainotti et al., 2001), a test that assesses visuospatial explorative abilities and
psychomotor processing speed, the Immediate Visual Memory task (Gainotti et al., 1978), and the
face recognition Benton test (Benton et al., 1983). Moreover, we administered the Copy and
Delayed Recall of Rey-Osterrieth's complex picture test (CROP and ROPR, respectively; Osterrieth,
1944) and the Freehand Copying of Drawings with and without landmarks (Gainotti et al., 1977) to
evaluate visual perception/constructional praxis, perceptual organizational skills, planning, and
problem-solving. We also chose several tests from the mental deterioration battery (MDB;
Carlesimo et al., 1996) to provide information about functioning of different cognitive domains
such as language (MDB Sentence Construction), verbal memory [MDB Rey's 15-word Immediate
Recall (RIR) and Delayed Recall (RDR)], logical reasoning [MDB Raven's Progressive Matrices’ 47
(PM47)], and language [MDB Phonological (PVF), and Semantic (SVF) Verbal Fluency]. Finally, set-
shifting, cognitive flexibility and resistance to interference were assessed using the Modified
Wisconsin Card Sorting Test (MWCST; Heaton et al., 1999). None of the HC subjects showed signs
of cognitive deficits (Table 1, Supplementary Table 1).

In the MCI group, diagnosis of amnestic multi-domain MCI was made by trained
neurologists who interviewed patients and next-of-kin (Petersen and Morris, 2005). Adopted
criteria for MCl were: 1) subjective memory impairment confirmed by a score below the normality

cut-off in at least one episodic memory test of the MDB or presence of impairment in cognitive



areas other than memory (Supplementary Table 1); 2) lack of fulfillment of National Institute of
Health/National Institute on Aging (NIH/NIA)criteria for dementia (McKhann et al., 2011); 3)
presence of normal scores on Instrumental Activities of Daily Living (IADL) and a total Clinician
Dementia Rating scale (CDR) score of 0.5, consistently with minimal impairment in daily living
activities; 4) lack of any evidence and clinical signs of neurological and psychiatric disorders that
could be responsible for memory deficits; 5) MRI scans lacking signs of focal lesions as computed
according to the semi-automated method recently published by our group (lorio et al., 2013;
minimal diffuse changes or minimal lacunar lesions of white matter were however allowed); 6)
absence of signs of moderate-to-severe depression and/or anxiety as confirmed by scores on
Beck's Depression Inventory and Hamilton Anxiety Rating scale (14 was the cut-off score for both
scales).

AD patients met clinical criteria established by the NIH/NIA and the Alzheimer's Association
(McKhann et al., 2011). According to these criteria, we selected AD patients with mild disease
severity and a CDR score of 1.0. All the AD subjects were sampled at the time of the diagnosis and
none was taking acetylcholinesterase inhibitors or psychotropic drugs (antidepressants,
benzodiazepines, and antipsychotics). Normative data and cut-off scores on neuropsychological
tests calibrated for the Italian population were employed (Carlesimo et al., 1996). Exclusion
criteria were: 1) major medical illnesses; 2) comorbidity with primary psychiatric or neurological
disorders (e.g., schizophrenia, major depression, stroke, Parkinson’s disease, seizure disorders,
head injuries with loss of consciousness); 3) substance abuse or addiction according with the DSM-
IV and IV-TR criteria; 4) lack of a reliable caregiver, defined as someone enforcing patient
compliance with assessment procedures as well as able to keep in touch with the patient at least
twice a week (with at least one personal visit per week); 5) MRI evidence of parenchymal
abnormalities or neoplasms. White matter lesions were considered present if radiological finding
of hyperintense regions were found on proton-density (PD)/T2—weighted images. Evidence of a
single prior ischemic or hemorrhagic event, multiple lacunar infarcts or microhemorrhages (2 or
more), cerebral contusions, encephalomalacia, aneurysms, vascular malformations, subdural
hematoma, or space-occupying lesions (e.g., arachnoid cysts or brain tumors, such as meningioma)
were also set as exclusion criteria; and 6) Hachinski score higher than 4. Finally, patients with
cognitive deficits secondary to systemic disorders like unbalanced diabetes, heart diseases, or
other major medical illnesses, were excluded.

The demographic and clinical features of the study subjects are summarized in Table 1.



HC, MCl, and AD patients did not significantly differ for age, gender, and diabetes
prevalence. HC subjects showed higher education levels compared to AD patients. In all the study
participants, using the Abbott Architect system (Abbott, lllinois, USA) in accordance with
manufacturer instructions, we assessed plasma levels of glucose, albumin, and triglyceride as well
as the enzymatic activity of glutamate-oxaloacetate transaminase (GOT) and glutamic-pyruvate

transaminase (GPT). All the analyses revealed no differences among the three cohorts (Table 1).

2.2. Cognitive and behavioural assessments

Two trained neuropsychologists made the cognitive and behavioural assessments while
two trained physicians (a neurologist and a psychiatrist) established the diagnosis. Inter-rater
reliability levels for the diagnostic procedure and the neuropsychological and illness awareness
assessment were set at k>0.80. The MMSE was administered to obtain a global index of cognitive
functioning. The Neuropsychiatric Inventory (NPI; Cummings et al., 1994) was employed to
measure the presence and or severity of neuropsychiatric symptoms. Mean values of MMSE
scores and NPI total scores of HC, MCl, and AD subjects are shown in Table 1. NPI total scores
were higher in MCl and AD patients compared to HC. Furthermore, AD patients had higher NPI

total scores compared to MCI subjects.

2.3. Measurement of plasma acylcarnitine and 2-hydroxybutyric acid (b-HBA) concentrations

Blood samples (10 mL) were, after overnight fasting (1111 hours), collected from forearm
veins in BD Vacutainer TM tubes containing ethylenediaminetetracetic acid (Beckton Dickinson,
Franklin Lakes, NJ). Plasma aliquots were prepared by centrifugation at 3000 rpm and 4°C for 15
minutes and stored at -80°C until analysis. Direct Injection Mass Spectrometry (DIMS) analysis of
plasma samples was performed, as previously described (Rizza et al., 2014), using the NeoBase
non-derivatized MSMS Kit (Perkin Elmer Life and Analytical Sciences, Turku, Finland). Briefly, 100
uL of the extraction solution (NeoBase Non-derivatized Assay Solution, Perkin EImer) containing
internal standards were added to plasma samples (10 JIL). Stable isotopes labeled internal
standards, target analytes, MS transition and abbreviations are listed in Supplementary Table 2.
The liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) system consisted

of a Waters Alliance HT 2795 HPLC Separation Module coupled to a Waters Quattro Ultima Pt ESI



tandem quadrupole mass spectrometer. The instrument was operated in positive electrospray
ionization mode using MassLynx V4.0 Software (Waters Corporation, Milford, MA, USA) with auto
data processing by NeolLynx (Waters). DIMS analysis was performed injecting 30 UL of sample
solutions into the ion source directly by a narrow peek tube. An isocratic run using the flow
solvent solution (NeoBase Non-derivatized Assay Solution, Perkin Elmer) as mobile phase was
performed. The following changes in flow rate were applied: 0.200 mL min™ for 0.350 min; 0.030
mL min™ for 0.500 min; 0.045 mL min™ for 0.25 min; 0.5 mL min™ for 0.200 min. Total run time
was 1.8 minutes. The mass spectrometer ionization source settings were optimized for maximum
ion yields for each analyte (Supplementary Table 2). Capillary voltage was 3.5 kV, source
temperature was 120°C, desolvation temperature was 350°C, and the collision cell gas pressure
was 3-3.50*10° mbar Argon. All data are expressed as ptmol Lt

Plasma levels of b-HBA were measured by an enzymatic spectophotometric EnzyChrom™
ketone body assay kit (EKBD-100; BioAssay Systems, Hayeard, CA, USA) according to manufacturer
instructions. 5HL of plasma were used for the measurement. Absorbance at 340 nm was
measured in a Spectra max 190 microplate reader (Molecular Devices, Sunnyvale, CA, USA). b-
HBA concentrations were further confirmed by gas-chromatography coupled to mass
spectrometry (GC-MS; Bomba et al., 2013). Plasma samples (100 |IL) were treated with cold 0.1%
(V/V) methanolictrichloroacetic acid (200 pL) and internal standard (**C, succinic acid; IS) was
added to give a final concentration of 10 Lig mL™. Samples were centrifuged at 17000 g for 30 min
and 100 pL supernatants were collected and dried in a SpeedVac™ system (Thermo Scientific,
Milan, Italy). Dried extracts were derivatized with 20 YL of 20 mg mL™ of methoxyamine
hydrochloride (Sigma-Aldrich, Shnelldorf, Germany) solution in pyridine for 60 min at 70°C
followed by reaction with 20 pL of N,O-bis(trimethylsilyl)trifluoroacetamide with 1% of
trimethylchlorosilane (Sigma-Aldrich) for 60 min at 70°C. GC-MS analysis was performed using a
6890N gas-chromatograph equipped with a 7863 Series auto-sampler and coupled with a 5973N
mass spectrometer (Agilent Technologies, Palo Alto, CA, USA) that operated in electron impact
ionization mode. Three microliters were injected in pulsed-splitless mode by applying a pressure
of 80 psi. The injector temperature was kept at 250°C. Chromatographic separations were
performed using a fused silica capillary column HP-5MS (30m x 0.25 mm, Agilent Technologies).
Helium was used as carrier gas at a constant flow rate of 1 mL min™’. The GC oven was
programmed as follows: start at 70°C (hold time 1 min) raised at 4°C min™ to 300°C (hold time 5

min). The mass spectrometer was automatically calibrated using per-fluorotributylamine as



calibration standard. For quantification, the mass spectrometer was used in the selective ion
monitoring mode and mass spectra were recorded in positive modes by monitoring the following
ions: m/z 191 for b-HBA and 251 for *3C, succinic acid (IS). Mass spectrometer parameters were:
interface temperature: 300°C, ion source: 250°C, and quadrupole: 150°C. Quantification of b-HBA
was performed using the external standard method and the IS correction (Bomba et al., 2013). To
further validate the analysis, we also employed the standard addition method. To that aim, we
used unspiked samples and two 400 and 800ng mL™ b-HBA spikes (n=3). The standard addition
analysis provided values that were in agreement with those obtained with the external standard
method. Data acquisition was performed using the G1701CA ChemStation software (Agilent

Technologies).

2.4. Image acquisition and data processing

All the study subjects underwent the same imaging protocol which included standard
clinical sequences (FLAIR, DP-T2-weighted) and a whole-brain 3D high-resolution T1-weighted
sequence acquired with a 3T Allegra MR imager (Siemens, Erlangen, Germany). Volumetric whole-
brain T1-weighted images were obtained in the sagittal plane using a modified driven equilibrium
Fourier transform (MDEFT) sequence (TE/TR = 2.4/7.92 ms, flip angle 152, voxel-size 1x1x1 mm3).
All planar sequence acquisitions were obtained in the plane of the AC—PC line. Particular care was
taken to center subjects head in the head coil and to restrain their movements with cushions.
T1-weighted images were processed and examined by using the SPM8 software (Wellcome
Department of Imaging Neuroscience Group, London, UK; http://www. fil.ion.ucl.ac.uk/spm) and
the VBMS toolbox (http://dbm.neuro.uni-jena.de/vbm.html) running in Matlab 2007b
(MathWorks, Natick, MA, USA). The toolbox extends the unified segmentation model (Ashburner
and Friston, 2005) consisting of MRI field intensity inhomogeneity correction, spatial normalization
and tissue segmentation at several pre-processing steps to further improve the quality of data pre-
processing. At the beginning, to increase the signal-to-noise ratio in the data, an optimized block
wise nonlocal-means filter (Coupé et al., 2006) was applied to MRI scans using the Rician noise
adaption (Wiest-Daessle et al., 2008). After that step, an adaptive maximum “ex post”
segmentation approach extended by partial volume estimation was employed to divide MRI scans
into gray matter (GM), white matter (WM) and Cerebro-Spinal Fluid (CSF). The segmentation step

was finished by applying a spatial constraint to the segmented tissue probability maps based on a



hidden Markow Random Field model (Cuadra et al., 2005). The process was performed to remove
isolated voxels that were unlikely to be part of a certain tissue class and to close holes in clusters
of connected voxels of a certain class, thereby producing a higher signal-to-noise ratio of the final
tissue probability maps. Finally, the iterative high-dimensional normalization approach, provided
by the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL,;
Ashburner, 2007; Bergouignan et al., 2009) toolbox, was applied to the segmented tissue maps in
order to register them to the stereotactic space of the Montreal Neurological Institute (MNI).
Tissue deformations were used to modulate participants GM tissue maps and compare volumetric
differences across groups. Voxel values of the resulting normalized and modulated GM segments
indicated the probability (between 0 and 1) that a specific voxel belonged to the relative tissue.
Finally, modulated and normalized GM segments were written with an isotropic voxel resolution
of 1.5 mm? and smoothed with an 8 mm FWHM Gaussian kernel. Segmented, normalized,

modulated and smoothed GM images were then used for analyses.

2.5. Statistical analysis

One-way analysis of the variance (ANOVA) followed by Fischer LSD post-hoc test was
performed in order to highlight main differences between each study group. When the
assumption of the homogeneity of the variance was rejected by Levene test, the Kruskal-Wallis
test followed by multiple comparisons of mean ranks was performed. Correlations between
plasma analyte concentrations and neuropsychological scores were assessed by Spearman’s
correlation analysis. Unsupervised hierarchical cluster analysis and supervised multivariate partial
least squares-discriminant analysis (PLS-DA) was performed after data mean centering, unit
variance scaling (van den Berg et al., 2006), and log transformation of metabolite concentrations.
Variable Importance in Projection (VIP) scores were calculated by estimating the importance of
each variable used in the PLS-DA model. A variable with a VIP score higher than one is considered
important in the PLS-DA model (Le Cao et al., 2008). Receiver operating characteristic (ROC)
analysis was performed using the ROC curve analysis tool ROCCET (ROC curve explorer and tester
available at http://www.roccet.ca) (Xia et al., 2013). Correction for multiple comparisons was
performed using the false discovery rate (FDR) method. Corrected p-values were considered
statistically significant when less than 0.050. Statistical analysis was performed using Statistica 6.0

(Statsoft, Tulsa, OK) software and MetaboAnalyst statistical analysis module (Xia et al., 2009).



Volumetric GM differences were assessed by ANOVA and single group-by-group t-tests. To
identify the brain regions in which patients showed GM volumetric changes that correlated with
ACC levels, several multiple regression models (separating group —i.e. HC, MCl and AD, and
biological measures —i.e. ACCs) were adopted using the biological measure as regressor and age
as covariate of no interest. Statistical analyses were carried out at voxel level using SPM8
(www.fil.ion.ucl.ac.uk/spm/software/spm8). Correlations were considered statistically significant
when p<0.050 as assessed with Family-Wise Error (FWE) correction, a procedure accounting for
multiple testing. Correlation analysis took in account only spatially-contiguous clusters with a size
of 30 voxels or greater. Finally, to obtain fine anatomical localization of statistical results, the
Automated Anatomical Labeling (AAL; Tzourio-Mazoyer et al., 2002) was used. The procedure
allows the inclusion of all the main gyri and sulci of the cerebral cortex and subcortical and deep

GM structures for a total of 90 anatomical volumes of interest.

3. Results

3.1. Plasma ACC profiles of the study cohort

Plasmatic ACC concentrations were measured in HC, MCI, and AD subjects (Fig. 1 and
Supplementary Table 3). Plasma levels of several medium-chain ACCs such as octanoylcarnitine
(C8), decenoylcarnitine (C10:1), decanoylcarnitine (C10), dodecenoylcarnitine (C12:1),
lauroylcarnitine (C12), tetradecenoylcarnitine (C14:1), and tetradecadienoylcarnitine (C14:2) and
other ACCs such as oleylcarnitine (C18:1) and acetyl carnitine (C2) were found to be lower in AD
patients compared to HC or MCl subjects. Furthermore, compared to MCl subjects, free carnitine
(CO) levels were significantly lower in AD patients. No differences in plasma levels of other short-
chain, dicarboxy or 3-hydroxy-ACCs were found. Within-group correlation maps of plasma ACCs
were built for HC individuals (Fig. 2A), MCI subjects (Fig. 2B), and AD patients (Fig. 2C). Significant
associations between medium-chain ACCs, ranging from C8 to C14:2, were found in each study

group.

3.2. Assessment of ACCs as disease biomarkers by multivariate and ROC data analysis



The ACC predictive power to discriminate between HC, MCI, and AD subjects was tested by
unsupervised hierarchical clustering and supervised PLS-DA approaches. A heatmap visualization
(Fig. 3A), a commonly used feature for unsupervised clustering, as well as a PLS-DA score plot (Fig.
3B) showed that AD patients can be, in part, set apart from MCl and HC subjects. However, both
methods failed to segregate HC subjects from MCl individuals. As for PLS-DA, the R%Y was 0.486,
thereby indicating a low discriminating power of the model. We also checked the predictive
power of this model by evaluating the Q%Y. Q2Y was found to be lower than 0.500 (Q%Y=0.271),
thereby suggesting poor predictive power of the PLS-DA model. Medium-chain ACCs stood as the
main discriminating variable accounting for the separation of AD patients from HC and MCI
subjects (Fig. 3C). VIP scores were in fact higher than 1 for C8 to C14:2 ACCs.

To assess the sensitivity and specificity of single ACCs or ratios between ACC pairs, we
performed ROC analysis. A ROC curve can be described as the area under the curve (AUC), a
parameter that indicates the test strength where an ideal marker should give an AUC=1. In
contrast, AUC values less than 0.7 indicate poor classification accuracy. Single ACCs were found to
be poor predictors and unable to discriminate between the three study groups. Therefore, we
evaluated ACC ratios. ACC ratios have been often shown to be better indicators of disease and/or
physiological status compared to absolute ACC concentrations (Hall et al., 2014; Krug et al., 2012).
Figures 3E and 3F show ROC analyses based on best predictor ratios. Improved prediction power
was observed when analysis was performed on ratio of ACC pairs. The C12:1/C14 ratio was found
useful for discriminating between HC and AD subjects (AUC=0.800; sensitivity=80%;
specificity=60%) while the C14:1/C14 ratio did separate MCl from AD patients (AUC=0.818;
sensitivity=70%; specificity=80%). We did not find single ACC values or ratios between ACC pairs
that could, with acceptable specificity and selectivity, differentiate between MCl and HC subjects

(Fig. 3D).

3.3. Correlations between plasmatic ACCs and behavioural performances of the study groups

To assess potential relationships between plasma levels of target metabolites and cognitive
performances of study subjects, we investigated, with Spearman correlation analysis, correlations
between ACC levels and MMSE or NPI total scores. No significant correlations were found in HC
and MCl subjects. In contrast, in AD patients, positive significant correlations appeared when

plotting MMSE scores and levels of medium-chain ACCs (Table 2, Supplementary Fig. 1). Finally,



no significant correlations between ACC levels and NPI total scores were found in the AD study

group.

3.4. Correlations between plasma ACC profiles and regional gray matter (GM) variations

C10 directly correlates with the other medium-chain ACCs found to be significantly
different in the AD group when compared to the HC or MCI. We therefore selected this
metabolite as representative for the whole class of medium-chain ACCs. Associations between
C10 levels and GM volume changes, assessed by VBM-MRI, were then evaluated in brain areas of
HC, MCl, and AD patients. Positive relationships between C10 levels and GM volumes were found
in the left or right interface between Brodmann areas (BA) 3-4 and 6 of MCl and AD patients,
respectively (Fig. 4, Table 3). The same correlations were confirmed for other medium-chain ACCs
such as C8 (Supplementary Fig.2, Supplementary Table 5) and C12 (Supplementary Fig.3,

Supplementary Table 6). No significant correlations were found in the HC group.

3.5. Analysis of plasma 2-hydroxybutyric acid (b-HBA) in the study cohort

Plasma concentrations of b-HBA were evaluated in a representative subset of HC, MCl, and
AD subjects (n=20; Fig. 5). Analysis was first performed using a standard spectrophotometric
assay. b-HBA levels were measurable in HC samples but found to be below the limit of the assay
sensitivity in several MCl and AD samples. We therefore decided to assess plasma samples with a
GC-MS method that we have previously employed (Bomba et al., 2013).

Mean plasma b-HBA concentrations (and SD) were 24114, 21417, and 127 pumol L™ for HC,
MCI, and AD, respectively. One-way ANOVA indicated significant differences between the study
groups [F(2, 56)=4.01, p=0.022]. Post-hoc test showed that b-HBA concentrations were
significantly lower in AD patients compared to HC (p=0.008) and MCI subjects (p=0.041; Fig. 5).

Of note, plasma levels of b-HBA positively correlated with levels of C2 and medium-chain
ACCs such as C10, C12, C12:1, C14, C14:2, and C14:1 in AD patients (Fig. 6C, Supplementary Table
4). No significant correlations were found between b-HBA levels and levels of short, dicarboxy-
ACCs, 3-hydroxy-ACCs or long chain ACCs (data not shown). Furthermore, we did not find
significant correlations between plasma levels of medium-chain ACCs and b-HBA in HC subjects or

MCI patients (Fig. 6A, B). In AD patients, higher b-HBA levels were associated with higher MMSE



scores (p=0.51, p=0.026; Fig. 6F). The same correlation was not found in HC or MCl subjects (Fig.
6D, E). Finally, no correlation between b-HBA levels and NPI total scores was found in our study

cohorts (data not shown).

4. Discussion

In the present study, we found that, compared to HC or MCl subjects, plasma levels of
medium-chain ACCs were significantly lower in AD patients. Plasma levels of medium-chain ACCs
have been recently reported to decrease upon physiological aging (Houtkooper et al., 2011) in
mice, but, to our knowledge, this is the first report indicating that the phenomenon is also
occurring in AD patients. Recently, ACCs such as propionylcarnitine (C3) and 3-hydroxy-
hexadecenoylcarnitine (C16:1-OH) have been shown to be predictive of conversion to MCl or AD
(Mapstone et al., 2014). In our cohorts, plasma concentrations of C16:1-OH were below the
sensitivity of the analytical assay. Furthermore, we did not find significant differences for plasma
levels of C3 in the three study groups. However, partially in agreement with the Mapstone study,
we found C3 levels in MCl patients (0.4+0.2umol L") that showed a trend toward statistical
significance (p=0.083) compared to levels of HC subjects (0.5+0.2pmol L™*). In the same study
(Mapstone et al., 2014), the authors did not find significant differences in terms of medium-chain
ACCs. However, it should be noted that the study pooled together MCl and AD patients, thereby
potentially obliterating the AD-driven effects with the higher medium-chain ACC levels carried by
MCl individuals.

The variations in plasma ACC levels that we have found in the AD group are unlikely
dependent on the nutritional status of the study subjects. All the study participants showed
overlapping plasma levels of glucose, albumin, and triglyceride as well as GOT and GPT activities.
NPI appetite/eating sub-scores were also comparable (data not shown), thereby indicating a
homogeneous nutritional status across all the study groups.

Using PLS-DA and ROC analysis, we found that ACC ratios singled out AD patients from MCI
and HC subjects. In contrast, multivariate and univariate approaches failed to reveal differences
between HC and MCl individuals and indicated low predictive power for these metabolites as
biomarkers for the two groups. Therefore, medium-chain ACCs do not appear as useful

biomarkers to predict phenotypic conversion from HC to MCI.



It is important to emphasize that, in AD patients, levels of medium-chain ACCs correlate
with degrees of cognitive performances as assessed by the MMSE. This finding suggests that low
levels of medium-chain ACCs may be associated with metabolic changes involved in AD-related
cognitive decline. In order to assess whether differential ACC profiles correlate with differences in
GM volumes occurring in the brain of MCl and AD patients, we performed a VBM-MRI analysis of
scans of the three study groups. The analysis revealed direct correlations between plasma levels
of medium-chain ACCs such as C8, C10, and C12 and regional changes in GM volumes that
occurred in the precentral gyrus (BA6) of MCl and AD patients. Interestingly, previous studies
showed glucose hypometabolism and concurrent BA6 alterations in brains of MCI or AD patients
(Barbeau et al., 2008; Canu et al., 2011; Rabinovici et al., 2007; Zheng et al., 2014). The premotor
cortex has been shown to be consistently activated in functional MRI studies focused on
investigating changes in working memory processes (Owen et al., 2005). This region is in fact
known to play a critical role in maintaining memory-related visuospatial attention. Furthermore, a
previous VBM-MRI study showed the occurrence of premotor cortical atrophy in MCl patients,
thereby offering a neuroanatomical basis for the working memory deficits observed in these
patients (Yao et al., 2012). Overall, with the limitation of a cross-sectional study, our findings
suggest a structural relationship between brain integrity and plasma levels of medium-chain ACCs,
thereby providing preliminary experimental evidence for a working hypothesis postulating that
lower plasma concentrations of these metabolites are associated with the progression of AD- or
MCl-related regional brain atrophy. The hypothesis needs to be confirmed by future longitudinal
studies.

An additional aspect of the study is offered by the fact that ACC plasma levels reflect the
metabolite hepatic turnover. The liver accounts for most of the FAO, the process that controls
ACC production. Thus, plasma levels of ACCs mainly depend on hepatic ACC metabolism
(Schooneman et al., 2015), a phenomenon that has been demonstrated in primates (Bell et al.,
1982).

Interestingly, we found that plasma medium-chain ACCs are, in each study group, cross-
connected. This finding suggests that lower levels of different medium-chain ACCs that we find in
the AD cohort are likely associated with pathological alterations of a common (still undefined)
pathway that affects hepatic mitochondrial and/or peroxisomal FAO.

Defective hepatic FAO can eventually lead to impaired ketogenesis and lower levels of plasma

ketones (Fukao et al., 2004). This possibility is further supported by the decrease of circulating



free carnitine (CO) found in AD patients as CO availability is a limiting factor for FAO and regulates
hepatic ketogenesis (McGarry et al., 1975). Ketones, like acetoacetate and b-HBA, are energy
substrates employed by the brain as alternative to glucose. Ketone bodies counteract neuronal
hyperexcitability, another contributing factor to AD-related neuronal loss (Vossel et al., 2013).
Therefore, one can speculate that altered peripheral FAO leads to impaired ketogenesis and
exacerbates the energy default as well as seizure susceptibility that occurs in the AD brain (Hertz
et al., 2015). Regional impairment of glucose uptake and utilization does not affect the brain
consumption of ketone bodies, thereby suggesting that, in the AD brain, these molecules act as
compensatory energy substrates (Castellano et al., 2015). In that pathological setting, it is
conceivable that impairment of hepatic ketogenesis may further exacerbate the brain energetic
deficits and be a critical aggravating factor for AD progression.

In order to evaluate the correlation between plasma levels of ACCs and ketogenesis, we
assessed plasma b-HBA levels in the three cohorts. Significant lower values were found in AD
patients when compared to HC or MCl subjects. It should be emphasized that, in AD patients,
plasma b-HBA levels directly correlated with levels of medium-chain ACCs and MMSE scores. The
positive correlation, in AD patients, between plasma levels of b-HBA and cognitive performances is
not completely surprising. Ketogenic diets and/or pharmacological manipulations aimed at
promoting ketogenesis have been shown to improve cognitive performances in preclinical AD
models as well as in cognitively impaired subjects or AD patients (Henderson et al., 2009; Reger et
al., 2004; Van der Auwera et al., 2005; Yao et al., 2011).

Overall, our findings lay the ground for the hypothesis that alterations of medium-chain ACC

metabolism are associated with impaired ketogenesis and can help to exacerbate AD pathology.

5. Conclusions

We have identified several alterations in ACC plasma levels, a biochemical signature that, if
confirmed in larger and longitudinal cohorts, can help the diagnostic differentiation of AD patients
from age-matched MCI or HC individuals. In our AD cohort, we have found significant lower levels
of medium-chain ACCs. This phenomenon can be related to defective functioning of hepatic FAO

and, in turn, promote impaired ketogenesis as well as cognitive deficits. Of note, lower plasma



levels of medium-chain ACCs were also found to correlate with regional decrease of GM volumes
in MCl and AD brains as well as, in AD patients, with decreased MMSE scores.

The association between levels of medium-chain ACCs and b-HBA may indicate that, in AD
patients, deficits of peripheral ACC production go along with impairment of liver ketogenesis and
lower availability of ketone bodies. As brain glucose hypometabolism is one AD feature, reduced
ketogenesis may play a synergistic detrimental role in exacerbating the energetic default that

occurs in the AD brain.
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Table 1. Demographic and clinical features of the study groups. Differences between the study

groups were assessed by one factor ANOVA followed by Fischer LSD post-hoc test or Kruskal-

Wallis test followed by multiple comparisons of mean ranks and XZ test (95% confidence

level). p-values less than 0.050 are shown in bold.

Characteristic HC? mcr® AD’ Levene | ANOVA/Kruskal- HCvs HCvs MCl vs Observed
test, p Wallis test, MCl, pf AD, pf AD, pf xz; critical
F'/H° (p) 1 (p)
Number of 34 38 35
participants
Gender 17/17 | 19/19 | 16/19 0.17; 5.99
(Male/Female) (0.92)
Age, mean (SD), 72 (4) 72 (3) 73 (4) 0.58 0.83(0.44) 0.50 0.56 0.20
years
Education level, 11 (4) 10 (5) 8 (4) 0.084 3.80 (0.025) 0.21 0.007 0.12
mean (SD), years
MMSE", mean (SD) | 27(2) | 25(2) | 18(5) | <0.001 | 67.72(<0.001) | <0.001 | <0.001 | <0.001
NPI (12 items)’ 5 (6) 12(11) | 25(21) | <0.001 | 34.72(<0.001) | 0.008 | <0.001 0.006
Diabetes 0(0) 2(5) 3(9) 2.26;5.99
prevalence, n (%) (0.32)
Glucose, 94 (15) 92 (11) 91 (13) 0.47 0.54 (0.58) 0.47 0.31 0.76
mean (SD),
mgdL™
Albumin, 3.9(0.4) | 3.9(0.3) | 3.8(0.3) 0.49 0.89 (0.41) 0.50 0.18 0.50
mean (SD),
gdL?
Triglycerides, 113 (34) | 113(57) | 110 (40) 0.42 0.03 (0.97) >0.99 0.83 0.82
mean (SD),
mg dL*
GOTj, 41 (12) 40 (9) 39 (9) 0.035 0.23 (0.89) >0.99 >0.99 >0.99
mean (SD),
L
GPTY, 17 (6) 17 (6) 19 (9) 0.51 0.65 (0.53) 0.86 0.29 0.38
mean (SD),
L

®Healthy controls; ® patients with mild cognitive impairment; “ Patients with Alzheimer’s disease; ¢ degrees of freedom:

2, 104; © degrees of freedom: 2, 107; "Fisher LSD post-hoc test or multiple comparisons of mean ranks; & degrees of

freedom: 2;h Mini mental state examination corrected for age and education level; iNeuropsychiatric inventory;j

. k . . | . . .
Glutamate-oxalacetate transaminase; ~ Glutamic-pyruvate transaminase; '|U: international units.




Table 2. Significant correlations between acylcarnitine plasma levels and cognitive performances in AD patients. Data are shown as
Spearman’s correlation coefficients (p) and p-values corrected for multiple testing using the false discovery rate (FDR) method. MMSE: Mini

Mental State Examination corrected for age and education level.

MMSE
Acylcarnitine p p°
Ci4:1 0.53 0.009
Ci12:1 0.51 0.009
Cis8:1 0.51 0.009
Cle 0.49 0.012
Ci14:2 0.48 0.012
C12 0.46 0.014
C8 0.46 0.014
C10 0.41 0.030
C2 0.39 0.038

*FDR corrected.



Table 3. Correlations between regional grey matter volumes and plasma levels of decanoylcarnitine (C10) occurring in the study groups. No

significant correlations between grey matter volumes and ACC plasma levels were found in HC subjects.

Grey matter labels for cluster peak Correlation Cluster extent b t- . od e
(BA®) coefficient (mm’) P values | €QUIVZ" | xy,z (mm)
Group: MCI
Left precentral gyrus (BA 3-4-6) 0.74 695 0.028 5.79 4.60 -20, -16, 61
Group: AD
Right precentral gyrus (BA 3-4-6) 0.69 168 0.032 4.33 3.57 30, -25. 46

b . . . d . . . .
®Brodman area; ° Family-Wise Error corrected; “Voxelwise t-value; “ Voxelwise z-score; * Montreal Neurological Institute (MNI) coordinates.




Supplementary Table 1. Cognitive and neuropsychological battery administered to healthy control (HC) subjects, mild cognitive impairment
(MCI) and Alzheimer’s disease (AD) patients. The table depicts mean scores with the corresponding standard deviations (SD) as well as p values
from Levene test for homogeneity of variance, ANOVA or Kruskal-Wallis test, and Fischer LSD test or multiple comparison of mean ranks. Cut-off

values are also shown. Scores are corrected for age and education levels. NA: not applicable. NS: not significant.

Fisher LSD post-hoc
test/multiple comparison of

Mean (SD) mean ranks, p
Dependent Domain Levene test, ANOVA/Kruskal- HCvs HCvs
Cognitive Measures Measure (Range) Assessed cut-off HC McCI AD p Wallis, p McCI AD MCl vs AD
Face
Benton Face Recognition 0-54 recognition 38 47 (4) 46 (5) 28 (19) <0.001 0.006 NS 0.005 0.023
MDB Rey's 15-word Immediate Recall [RIR] 0-75 Memory 29 45 (8) 29 (7) 20 (10) NS <0.001 <0.001 <0.001 <0.001
MDB Rey's 15-word Delayed Recall [RDR] 0-15 Memory 5 10 (3) 5(3) 2 (3) NS <0.001 <0.001 <0.001 <0.001
Deductive

Raven's Progressive Matrices’ 47 [PM47] 0-36 reasoning 24 29 (6) 27 (4) 17 (7) NS <0.001 NS <0.001 <0.001
Immediate Visual Memory 0-22 Memory 14 21 (1) 20 82) 14 (5) <0.001 <0.001 NS <0.001 <0.001
Copy of Rey-Osterrieth's complex picture test (CROP) 0-36 Praxis 24 32 (3) 29 (6) 21 (9) 0.005 <0.001 0.005 <0.001 0.031
Recall of Rey-Osterrieth's complex picture test (ROP) 0-36 Memory/Praxis 6 17 (5) 11 (4) 5(5) NS <0.001 <0.001 <0.001 0.011
Phonological Verbal Fluency - Language 17 33810) 30(9) 22 (10) NS 0.003 NS <0.001 <0.001
Semantic Verbal Fluency (SVF) - Language 12 19 (5) 15 (3) 9(5) <0.001 <0.001 NS <0.001 0.002
Freehand Copying of Drawings 0-12 Praxis 7 11 (1) 10(2) 7 (3) 0.002 <0.001 NS <0.001 <0.001
Copying of drawings with programming 0-70 Praxis 62 65 (5) 64 (5) 48 (17) <0.001 <0.001 NS <0.001 <0.001

Sentence Construction 0-25 Language 8.72 21 (6) 16 (9) 10 (9) 0.014 <0.001 NS <0.001 NS

Multiple Features Targets Cancellation Task (MFTC)
time of performance (sec) - Attention 165 60 (20) 89(47) 141(112) <0.001 <0.001 <0.001 <0.001 NS
Multiple Features Targets Cancellation Task (MFTC) hits 0-13 9.9 11 (2) 10 (2) 9 (5) 0.009 0.03 0.037 NS NS
Multiple Features Targets Cancellation Task (MFTC)
false alarms 0-67 2.2 0.2 (0.5) 1(1) 5(7) <0.001 <0.001 NS 0.003 NS
Modified Wisconsin Card Sorting Test (MWCST) Executive
number of categories 0-6 functions 3 5.7 (0.8) 5(2) 3(2) <0.001 <0.001 NS 0.007 NS
Modified Wisconsin Card Sorting Test (MWCST)

perseverative errors 0-47 6.4 2 (3) 3(2) 7 (5) NS 0.009 NS 0.002 0.014

Modified Wisconsin Card Sorting Test (MWCST) non
perseverative errors 0-48 NA 2(2) 4(4) 5(3) 0.004 0.005 0.026 0.036 NS



Supplementary Table 2. Electrospray ionization mass spectrometry (ESI-MS) acquisition parameters employed for the analysis of plasma
acylcarnitines (ACCs). MS/MS transitions for each analysed ACC and the corresponding internal standard (IS, shown in bold), the optimal cone

potential (V), and collision energy (eV) are shown for each analyte. The capillary potential was 3.5kV.

Abbreviation Full name . . Collision
Transition Cone potential
IS energy

co Carnitine 161.9>102.9

D9CO 170.9>102.9 60 14

Cc2 Acetylcarnitine 204.0>84.9 60 14
D3C2 207.0>84.9

C3 Propionylcarnitine 218.0>84.9 60 15
D3C3 221.0>84.9
c4 Butyrylcarnitine 232.0>84.9

c3pc/caon | Malonvlcamnitine/3-Hydroxy- |, 0 o0y 60 15

butyrylcarnitine

D3C4 235.0>84.9
Cc5 Valerylcarnitine 246.0>84.9
C5:1 Tiglylcarnitine 244.0>84.9

iti - 70 16
C4DC/C50H MethylmannyIcarnltlln.e/3 262.0584.9

Hydroxy-valerylcarnitine

D9C5 255.0>84.9
C5DC/C60H GIutaryIcarn|t|ne/3'-lf|ydroxy- 276.0584.9

hexanoylcarnitine 20 20
Cc6DC Adipylcarnitine 290.0>84.9
D6C5DC 282.0>84.9
cé Hexanoylcarnitine 260.1>84.9

65 16
D3C6 263.1>84.9
cs:1 Octenoylcarnitine 286.1>84.9

Cc8 Octanoylcarnitine 288.1>84.9 75 18
D3C8 291.1>84.9




Supplementary Table 2. Continued.

Abbreviation

Full name

IS Transition Cone potential Collision energy

C10 Decanoylcarnitine 316.1>84.9

C10:2 Decadienoylcarnitine 312.1>84.9 75 19
C10:1 Decenoylcarnitine 314.1>84.9
D3C10 319.1>84.9
C12:1 Dodecenoylcarnitine 342.1>84.9

C12 Dodecanoylcarnitine 344.1>84.9 75 20
D3C12 347.1>84.9
c14 Tetradgcanoylca'rhitine 372.9584.9

(myristoylcarnitine)

Cl4:1 Tetradecenoylcarnitine 370.2>84.9 75 71
C14:2 Tetradecadienoylcarnitine 368.2>84.9
C14:0H 3-Hydroxy-tetradecanoylcarnitine 388.2>84.9
D3C14 375.2>84.9
Cil6:1 Hexadecenoylcarnitine 398.2>84.9
c16 Hexade.canoylca.rr.ﬂtine 400.2584.9

(palmitoylcarnitine) 7c 23
C16:1-OH 3-Hydroxy-hexadecenoylcarnitine 414.2>84.9
C16-OH 3-Hydroxy-hexadecanoylcarnitine 416.2>84.9
D3C16 403.2>84.9
c18 Octadecanoylca'r'nitine 428.3584.9

(Stearoylcarnitine)
c18:1 Octadecenoylf:érnitine 426.3584.9
(Oleylcarnitine)
c18:2 Octad'ecadienoyI'Cf:\rnitine 424.3584.9 80 24
(Linoleylcarnitine)

C18:1-OH 3-Hydroxy-octadecenoylcarnitine 442.3>84.9
C18-OH 3-Hydroxy-octadecanoylcarnitine 444.3>84.9
D3C18 431.3>84.9




Supplementary Table 3. Plasma acylcarnitine profiling of HC, MCl and AD participants. Data are expressed in umol Lt p-values less than 0.050

are shown in bold. NS: not significant.

HC mcl AD
Mean (SD?) Median Mean (SD?) Median Mean Median Levene test, ANOVA/Kruskal-
(Interquartile (Interquartile (sD?) (Interquartile p Wallis test, F°/H* HCvs MCl vs
Acylcarnitine range) range) range) ()" mcI® HC vs AD® AD®
co 34(7) 33 (9) 37 (8) 36 (9) 32 (7) 34(9) 0.61 3.55(0.032) NS NS 0.009
c2 9(3) 10 (5) 9(2) 9(3) 8 (4) 7(2) 0.28 4.62(0.012) NS 0.009 0.010
c3 0.5(0.2) 0.5(0.1) 0.4(0.2) 0.4(0.2) 0.5(0.2) 0.4 (0.3) 0.38 1.53(0.22) NS NS NS
c4 0.2 (0.1) 0.23 (0.06) 0.3(0.2) 0.2 (0.1) 0.2 (0.1) 0.2 (0.1) 0.083 0.51 (0.60) NS NS NS
c5 0.13 (0.04) 0.12 (0.04) 0.13 (0.04) 0.11 (0.05) 0.13(0.06)  0.12(0.09) 0.26 0.056 (0.95) NS NS NS
C5DC'/C60H 0,12 (0.03) 0.11 (0.04) 0.11(0.03) 0.11 (0.03) 0.10(0.03)  0.10(0.03) 0.99 1.58 (0.21) NS NS NS
ca:1 0.05 (0.02) 0.04 (0.03) 0.05 (0.06) 0.04 (0.02) 0.04(0.02)  0.04(0.01) 0.40 1.36 (0.26) NS NS NS
c8 0.2(0.1) 0.2(0.1) 0.2(0.2) 0.2(0.1) 0.12(0.06)  0.11(0.09) 0.004 17.54 (<0.001) NS 0.001 <0.001
cenc’ 0.18 (0.7) 0.15 (0.08) 0.16 (0.07) 0.14 (0.08) 0.16 (0.09)  0.14(0.07) 0.93 0.56 (0.57) NS NS NS
C10:1 0.11(0.04) 0.11 (0.05) 0.13 (0.06) 0.11(0.09) 0.08 (0.03)  0.08(0.03) <0.001 18.46 (<0.001) NS 0.003 <0.001
C10 0.3(0.1) 0.3(0.2) 0.4(0.2) 0.3(0.3) 0.2 (0.1) 0.2(0.1) 0.004 19.50 (<0.001) NS <0.001  <0.001
C12:1 0.09 (0.03) 0.09 (0.05) 0.10(0.09) 0.09 (0.06) 0.06 (0.03)  0.06 (0.04) 0.043 19.68 (<0.001) NS 0.001 <0.001
C12 0.07 (0.03) 0.08 (0.04) 0.09 (0.04) 0.08 (0.05) 0.05(0.02)  0.05 (0.03) 0.025 16.37 (<0.001) NS 0.003 <0.001
C14:2 0.03 (0.01) 0.03 (0.01) 0.03 (0.02) 0.03 (0.02) 0.02(0.01)  0.02(0.02) 0.007 19.56 (<0.001) NS 0.002 <0.001
C14:1 0.10 (0.04) 0.10 (0.05) 0.12 (0.05) 0.11 (0.06) 0.07 (0.04)  0.07(0.04) 0.23 10. 43 (<0.001) NS 0.009 <0.001

®Standard deviation; bdegrees of freedom: 2, 117; “degrees of freedom: 2, 120; YFDR corrected; © Fischer LSD post-hoc test or multiple comparison of mean ranks. oc:
dicarboxy-acylcarnitine.



Supplementary Table 3. Continued.

HC [\ Lel} AD
Mean (SD?) Median Mean (SD?) Median Mean Median Levene test, ANOVA/Kruskal-
(Interquartile (Interquartile (sb?) (Interquartile p Wallis test, F°/H* HC vs
Acylcarnitine range) range) range) (p)° mcl® HCvs AD°  MCl vs AD®

C14 0.030 (0.008) 0.030 (0.005) 0.03 (0.01) 0.03 (0.02) 0.03 (0.01) 0.03 (0.01) 0.009 3.09 (0.21) NS NS NS

C16 0.11(0.02) 0.10(0.02) 0.11 (0.03) 0.11 (0.04) 0.10(0.03) 0.10 (0.04) 0.042 2.93(0.23) NS NS NS
C18:2 0.038 (0.009) 0.04 (0.02) 0.05 (0.01) 0.04 (0.02) 0.04 (0.01) 0.03 (0.02) 0.026 6.90 (0.032) NS NS NS
c18:1 0.16 (0.04) 0.15 (0.05) 0.17 (0.04) 0.16 (0.07)  0.14(0.05)  0.14 (0.06) 0.18 3.54 (0.033) NS NS 0.009

C18 0.042 (0.009) 0.04 (0.01) 0.04 (0.01) 0.04(0.02)  0.04(0.01)  0.04(0.02) 0.093 0.56 (0.57) NS NS NS

®Standard deviation; bdegrees of freedom: 2, 117; “degrees of freedom: 2, 120; YFDR corrected; © Fischer LSD post-hoc test or multiple comparison of mean ranks; e
dicarboxy-acylcarnitine.



Supplementary Table 4. Significant correlations between plasma levels of beta-hydroxybutyric acid (b-HBA) and plasma acylcarnitines in AD

patients. Data are Spearman’s correlation coefficients (p) and p-values corrected for multiple testing using the false discovery rate (FDR) method.

b-HBA
Acylcarnitine p p°
c2 0.79 <0.001
Cci4 0.75 <0.001
C14:2 0.69 0.004
Ci14:1 0.66 0.007
C12 0.64 0.008
Ci12:1 0.62 0.010
C10 0.54 0.038

*FDR corrected.



Supplementary Table 5. Correlations between regional grey matter volumes and plasma levels of octanoylcarnitine (C8) occurring in the study
groups. No significant correlations between grey matter volumes and ACC plasma levels were found in HC subjects.

Grey matter labels for cluster peak Correlation Cluster extent b t- . od e
(BA?) coefficient (mm?3) P values | SAUIVZT | Xy, (mm)
Group: MCI
Left precentral gyrus (BA 3-4-6) 0.71 429 0.033 5.82 4.56 -20, -16, 66
Group: AD
Right precentral gyrus (BA 3-4-6) 0.63 123 0.038 4.17 3.52 28, -23, 49

b . . . d . . . .
®Brodman area; ° Family-Wise Error corrected; “Voxelwise t-value; “ Voxelwise z-score; * Montreal Neurological Institute (MNI) coordinates.



Supplementary Table 6. Correlations between regional grey matter volumes and plasma levels of dodecanoylcarnitine (C12) occurring in the
study groups. No significant correlations between grey matter volumes and ACC plasma levels were found in HC subjects.

Grey matter labels for cluster peak Correlation Cluster extent b t- . od e
(BA?) coefficient (mm?3) P values | SAUIVZT | Xy, (mm)
Group: MCI
Left precentral gyrus (BA 3-4-6) 0.66 98 0.040 5.70 4.38 -22,-18, 62
Group: AD
Right precentral gyrus (BA 3-4-6) 0.67 63 0.042 4.03 3.48 29, -19, 54

b . . . d . . . .
®Brodman area; ° Family-Wise Error corrected; “Voxelwise t-value; “ Voxelwise z-score; * Montreal Neurological Institute (MNI) coordinates.



Figure legends

Figure 1. Acylcarnitine profiling of plasma collected from healthy HC, MCI and AD individuals.
Scatter plots show mean plasma concentrations of free carnitine (C0), acetylcarnitine (C2),
octanoylcarnitine (C8), decenoylcarnitine (C10:1), decanoylcarnitine (C10), dodecenoylcarnitine
(C12:1), dodecanoylcarnitine (C12), tetradecadienoylcarnitine (C14:2), tetradecenoylcarnitine
(C14:1), and octadecenoylcarnitine (C18:1) assayed in the study participants. Green squares
indicate HC subjects. Blue and red squares indicate MCI or AD patients, respectively. Red lines
and the plus symbols indicate median and mean values, respectively. Data are expressed in umol
L™, * indicates p-values less than 0.050 (one-way ANOVA followed by Fisher LSD test or Kruskal-

Wallis test followed by multiple comparisons of mean ranks).

Figure 2. Correlation heat maps and hierarchical clustering for plasma acylcarnitines of HC, MCl
or AD subjects. Heat maps show correlation coefficients calculated by Spearman’s rank
correlation analysis of plasma ACCs in HC subjects (A), MCI (B), and AD patients (C). Maps are
expressed in pseudocolors ranging from red (positive correlation) to green (negative correlation).
Hierarchical cluster analysis of target metabolites was performed taking in account correlation
coefficients set to cluster ACCs that showed similar trends in the three study cohorts. Note that
medium-chain ACCs are clustered with high degree of positive correlation in each study group

(white boxes).

Figure 3. Multivariate data and ROC analysis of plasma acylcarnitine profiles of HC, MCl and AD
subjects. Heatmap visualization of hierarchiacal clustering analysis based on plasma ACC profiles
of the three study groups (A). Euclidean distance was used for clustering. Each bar represents an
ACC coded with pseudocolors in accordance with metabolite concentrations and expressed with a
normalized scale ranging from blue (low level) to red (high level). Rows indicate samples while
columns depict analysed ACCs. PLS-DA score plot based on plasma ACC concentrations found in
the three study groups (B). Variable importance on projection (VIP) plot (C). VIP scores higher
than 1 indicate a high relevance for the selected ACC in the predictive model. Receiver operating
characteristic (ROC) analysis discriminating HC from MCI subjects (D), HC from AD subjects (E), and
MCI from AD subjects (F). Values of the area under the curve (AUC) with confidence intervals

(95% confidence level) are shown along with optimal cut-off corresponding to the higher



specificity and sensitivity for each potential biomarker. Ratios between medium-chain ACCs
(C14:1/ C14 and C12:1/ C14) were the best predictors in the discrimination of AD from HC or MCI

subjects.

Figure 4. Relationship between grey matter (GM) volumes and plasma levels of
decanoylcarnitine (C10) occurring in MCl and AD patients. Upper panels (A and B) depict
representative axial slices of the Montreal Neurological Institute (MNI) template showing two
clusters in which positive variations of GM volumes correlate with higher plasma levels of C10.
Panel A depicts a cluster located in the left precentral gyrus of MCl patients. Panel B depicts a
cluster in the right precentral gyrus of AD patients. Lower panels (C and D) show scatter graphs
depicting correlations between GM volumes and plasma levels of C10 in the cortical areas
illustrated in A for MCl and B for AD patients. Green circles indicate individual values for MCl, blue
circles indicate individual values for AD. Red plots refer to values found in HC subjects and are
shown as reference points for comparison with MCI or AD values. Scatter plots are created by
plotting mean volumetric values of areas in which correlations are statistically significant.
Coordinates (Z values) are in Montreal Neurological Institute (MNI) space. Linear fits are shown in

dotted lines.

Figure 5. Plasma 2-hydroxybutyric acid (b-HBA) concentrations in HC, MCI, and AD patients.
Scatter plots show mean concentrations of b-HBA measured in plasma collected from the study
participants. Green squares indicate HC subjects. Blue and red squares indicate MCl or AD
patients, respectively. Red lines and the plus symbols indicate median and mean values,
respectively. Data are expressed inumol L™, * indicates p-values less than 0.050 (one-way ANOVA

followed by Fisher LSD test).

Figure 6. Correlations between plasma 2-hydroxybutyric acid (b-HBA), plasma acylcarnitines
(ACCs) and Mini Mental State Examination (MMSE) scores in HC, MCIl, and AD subjects. The
upper panels show bar graphs depicting correlation coefficients of ACCs and b-HBA plasma
concentrations in HC (A), MCl subjects (B), and AD patients (C). Values are ranging from -1
(negative correlation) to 1 (positive correlation) and calculated by Spearman’s correlation analysis.
Red and green bars indicate positive or negative correlations, respectively. Plasma ACCs marked

with * are significantly associated with plasma b-HBA levels (p<0.050). Note that no significant



correlations are found in HC and MCI subjects while medium-chain ACCs positively correlate with
b-HBA in AD patients. The lower panels show correlation plots depicting the association between
plasma b-HBA levels and MMSE scores found in HC (D), MCl subjects (E), and AD patients (F). No
significant correlations are found in HC and MCI subjects while significant association between b-

HBA and MMSE is found in AD patients. MMSE scores are corrected for age and education level.

Supplementary Figure 1. Correlations between levels of medium-chain plasma acylcarnitines
(ACCs) and Mini Mental State Examination (MMSE) scores occurring in AD patients. Panels show
correlation plots depicting significant associations between plasma levels of acetylcarnitine (C2),
octanoylcarnitine (C8), decanoylcarnitine (C10), dodecenoylcarnitine (C12:1), dodecanoylcarnitine
(C12), tetradecadienoylcarnitine (C14:2), tetradecenoylcarnitine (C14:1), palmitoylcarnitine (C16),
oroctadecenoylcarnitine (C18:1) and MMSE scores of AD patients. Correlation significance was
assessed by Spearman’s correlation analysis. FDR corrected p-values less than 0.050 were

considered statistically significant.

Supplementary Figure 2. Relationship between grey matter (GM) volumes and plasma levels of
octanoylcarnitine (C8) occurring in MCl and AD patients. Upper panels (A and B) depict
representative axial slices of the Montreal Neurological Institute (MNI) template showing two
clusters in which positive variations of GM volumes correlate with higher plasma levels of C8.
Panel A depicts a cluster located in the left precentral gyrus of MCl patients. Panel B depicts a
cluster in the right precentral gyrus of AD patients. Lower panels (C and D) show scatter graphs
depicting correlations between GM volumes and plasma levels of C8 in the cortical areas
illustrated in A for MCl and B for AD patients. Green circles indicate individual values for MCl, blue
circles indicate individual values for AD. Red plots refer to values found in HC subjects and are
shown as reference points for comparison with MCI or AD values. Scatter plots are created by
plotting mean volumetric values of areas in which correlations are statistically significant.
Coordinates (Z values) are in Montreal Neurological Institute (MNI) space. Linear fits are shown in

dotted lines.

Supplementary Figure 3. Relationship between grey matter (GM) volumes and plasma levels of
dodecanoylcarnitine (C12) occurring in MCl and AD patients. Upper panels (A and B) depict

representative axial slices of the Montreal Neurological Institute (MNI) template showing two



clusters in which positive variations of GM volumes correlate with higher plasma levels of C12.
Panel A depicts a cluster located in the left precentral gyrus of MCl patients. Panel B depicts a
cluster in the right precentral gyrus of AD patients. Lower panels (C and D) show scatter graphs
depicting correlations between GM volumes and plasma levels of C12 in the cortical areas
illustrated in A for MCl and B for AD patients. Green circles indicate individual values for MCl, blue
circles indicate individual values for AD. Red plots refer to values found in HC subjects and are
shown as reference points for comparison with MCI or AD values. Scatter plots are created by
plotting mean volumetric values of areas in which correlations are statistically significant.
Coordinates (Z values) are in Montreal Neurological Institute (MNI) space. Linear fits are shown in

dotted lines.
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Highlights

Medium-chain plasma acylcarnitines decrease in Alzheimer’s disease patients.

Low ACCs are associated to lower prefrontal regional GM volumes and cognitive impairment in
AD.

Alteration of ACC metabolism may be associated with impaired ketogenesis in AD.



