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Abstract 

Background Alzheimer’s disease (AD) cerebrospinal fluid (CSF) core biomarkers (Aβ42/40 ratio, p-tau, and t-tau) 
provide high diagnostic accuracy, even at the earliest stage of disease. However, these markers do not fully reflect 
the complex AD pathophysiology. Recent large scale CSF proteomic studies revealed several new AD candidate bio-
markers related to metabolic pathways. In this study we measured the CSF levels of four metabolism-related proteins 
not directly linked to amyloid- and tau-pathways (i.e., pyruvate kinase, PKM; aldolase, ALDO; ubiquitin C-terminal 
hydrolase L1, UCHL1, and fatty acid-binding protein 3, FABP3) across the AD continuum. We aimed at validating 
the potential value of these proteins as new CSF biomarkers for AD and their possible involvement in AD pathogen-
esis, with specific interest on the preclinical phase of the disease.

Methods CSF PKM and ALDO activities were measured with specific enzyme assays while UCHL1 and FABP3 levels 
were measured with immunoassays in a cohort of patients composed as follows: preclinical AD (pre-AD, n = 19, 
cognitively unimpaired), mild cognitive impairment due to AD (MCI-AD, n = 50), dementia due to AD (ADdem, n = 45), 
and patients with frontotemporal dementia (FTD, n = 37). Individuals with MCI not due to AD (MCI, n = 30) and subjec-
tive cognitive decline (SCD, n = 52) with negative CSF AD-profile, were enrolled as control groups.

Results CSF UCHL1 and FABP3 levels, and PKM activity were significantly increased in AD patients, already at the pre-
clinical stage. CSF PKM activity was also increased in FTD patients compared with control groups, being similar 
between AD and FTD patients. No difference was found in ALDO activity among the groups.

UCHL1 showed good performance in discriminating early AD patients (pre-AD and MCI-AD) from controls 
(AUC ~ 0.83), as assessed by ROC analysis. Similar results were obtained for FABP3. Conversely, PKM provided the best 
performance when comparing FTD vs. MCI (AUC = 0.80). Combination of PKM, FABP3, and UCHL1 improved the diag-
nostic accuracy for the detection of patients within the AD continuum when compared with single biomarkers.

Conclusions Our study confirmed the potential role of UCHL1 and FABP3 as neurodegenerative biomarkers for AD. 
Furthermore, our results validated the increase of PKM activity in CSF of AD patients, already at the preclinical phase 
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of the disease. Increased PKM activity was observed also in FTD patients, possibly underlining similar alterations 
in energy metabolism in AD and FTD.

Keywords Alzheimer’s disease, Cerebrospinal fluid, Biomarkers, Preclinical AD, Pyruvate kinase, Aldolase, Ubiquitin 
C-terminal hydrolase L1, Fatty acid-binding protein 3

Background
Alzheimer’s disease (AD) is a neurodegenerative disor-
der associated with progressive cognitive, behavioural, 
and functional impairment. AD progresses along a con-
tinuum, that ranges from an extended preclinical disease 
(asymptomatic phase), through mild cognitive impair-
ment (MCI) to the final stage of dementia [1].

The preclinical phase begins 10 to 20 years before the 
onset of clinical symptoms [1]. During this initial phase, 
neurodegeneration has already started, with a gradual 
loss of synapses and neurons, possibly caused by extra-
cellular accumulation of amyloid-β (Aβ) plaques and 
formation of intracellular neurofibrillary tangles of 
hyperphosphorylated tau protein (p-tau) [2, 3].

Currently, the diagnosis of AD is based on the com-
bination of clinical evaluation and neuropsychological 
assessment together with brain imaging and cerebro-
spinal fluid (CSF) biomarkers. Screening tools able to 
identify AD patients at the earliest stages of the disease 
have become of fundamental importance in clinical tri-
als, where disease-modifying therapies may have better 
chances of success if implemented before the occurrence 
of an overt neurodegeneration.

Within this paradigm, the 2018 NIA-AA (National 
Institute on Aging – Alzheimer’s Association) research 
framework [1] proposed to shift the definition of AD 
from a clinical-pathological construct towards a biologi-
cal entity, characterized by the association of AD-related 
neuropathological processes with changes in biological 
markers. The core biomarkers are integrated within the 
AT(N) system, an open categorical classification proce-
dure that considers Amyloidosis, Tauopathy, and Neuro-
degeneration biomarkers [4]. The concomitant presence 
of amyloidosis and tauopathy biomarkers is mandatory 
for the biomarker-based diagnosis of AD, while neuro-
degeneration markers, which are not specific for AD, 
are rather used to stage disease severity. Importantly, the 
research framework combines the cognitive staging of 
AD across the entire spectrum of the disease (i.e., cog-
nitively unimpaired, MCI, and dementia phase) with the 
biomarker characterization via the AT(N) system. The 
cognitively unimpaired subjects with biomarker positiv-
ity for amyloidosis and tauopathy (A + /T +) are classi-
fied as preclinical AD (pre-AD). This approach formally 
defines this group of AD patients exhibiting molecular 
alterations before the onset of cognitive deficits and is 

therefore of utmost interest for investigating new candi-
date biomarkers or the pathological processes of the early 
disease.

The measurement of amyloidosis and tauopathy bio-
markers in CSF (i.e., Aβ42/40 ratio, p-tau, and total tau 
(t-tau)) provides high diagnostic accuracy, even at the 
preclinical stage of AD [5]. However, these biomark-
ers do not fully describe the complex and multifactorial 
pathogenic process taking place in AD across its differ-
ent stages. Indeed, even though the dysregulation of the 
amyloid processing and tau-related hyperphosphoryla-
tion and neurodegeneration are at the core of the bio-
logical definition of AD, several other molecular changes 
have been reported across the Alzheimer’s continuum 
[6]. Furthermore, the limited results of amyloid-targeting 
therapies demonstrate that additional pathological path-
ways are implicated in neurodegeneration leading to AD 
dementia [7]. Accordingly, the use of global and unbiased 
proteomic approaches has been instrumental for identi-
fication of new AD biomarkers, linked to pathways dif-
ferent from those currently assessed [8–12]. For instance, 
recent studies integrated mass spectrometry data across 
multiple cohorts to obtain consensus modules and clus-
ters of proteins showing altered levels in CSF and brain 
of AD patients [8–11]. Among the pathways of inter-
est, energy metabolism, immune response but also lipid 
metabolism and protein processing have shown consist-
ent alteration in CSF of AD patients [8, 10, 11]. However, 
some of these candidate biomarkers have never been vali-
dated in large cohorts including AD patients at different 
stages. In this work, we focused on measuring the activ-
ity of pyruvate kinase isoform M (PKM) and aldolase 
(ALDO) two glycolytic enzymes that have been consist-
ently found increased in AD CSF [13], together with the 
levels of ubiquitin C-terminal hydrolase L1 (UCH-L1), 
and fatty acid-binding protein 3 (FABP3), two proteins 
involved respectively in protein processing [14] and lipid 
metabolism [15], also found to be increased in AD CSF in 
large scale proteomic studies [9, 10].

The four candidates were measured here in a large and 
well-characterized cohort including patients affected 
by AD at different stages (i.e., preclinical AD, MCI due 
to AD, and AD dementia). The patients within the AD 
continuum were compared with control groups (MCI 
not due to AD and asymptomatic individuals with sub-
jective cognitive decline) and with patients affected by 
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frontotemporal dementia (FTD), representing the second 
most prevalent neurodegenerative dementia. We aimed 
at evaluating the potential role of PKM, ALDO, FABP3, 
and UCHL1 as CSF biomarkers useful to characterise 
the AD continuum and understand the role of metabolic 
pathways in early AD pathogenesis [16].

Methods
Study participants
The patients included in this study were enrolled at the 
Centre of Memory Disturbances of the University of 
Perugia. The cohort included 233 patients evaluated in 
our center between 2013 and 2021. All patients under-
went a standardized assessment including medical his-
tory, physical and neurological examination, laboratory 
tests, and neuropsychological evaluation including 
Mini-Mental State Examination (MMSE). To obtain a 
complete characterization of early AD patients (pre-AD 
and MCI-AD), a comprehensive neuropsychological bat-
tery was used. It included traditional paper–pencil tests, 
such as Trail Making test (TMT), Digit Symbol Substi-
tution Test (DSST), Rey- Auditory Verbal Learning Test 
(RAVLT), and, in a small subset (n = 41) also computer-
ized tasks from Cambridge Neuropsychological Test 
Automated Battery (CANTAB). Brain imaging (com-
puted tomography or magnetic resonance imaging, MRI) 
or 18Fluoro-2-deoxyglucose positron emission tomogra-
phy (FDG-PET), were also performed in selected cases, 

according to clinical suspicion. Demographic and clinical 
data of all the patients included in the study are reported 
in Table 1. All the patients undergone CSF analysis using 
automated Lumipulse® technology for Aβ42/Aβ40 
ratio, t-tau, and p-tau 181. For patient initially screened 
with other non-automated immunoassays (2013 -2018) 
the measurements were repeated with the Lumipulse® 
platform. The patients were then classified as A + /A-, 
T + /T-, N + /N- according to the method described by 
Bellomo et  al. [17] (cut-off values Aβ42/Aβ40 = 0.072, 
95% CI 0.07–0.074; t-tau = 50, 95% CI 46.2–52.3; p-tau 
181 = 393, 95% CI 359–396).Briefly, after assessing the 
proportion of AD cases and control cases on clustered 
data, cut-off values were assessed by reclassifying the 
whole cohort, significantly increasing the sample size 
[17]. The cohort enrolled in this work was composed of 
AD patients at different stages: 45 patients affected by 
dementia due to AD (ADdem), 50 patients with mild cog-
nitive impairments due to AD (MCI-AD), and 19 cogni-
tively unimpaired subjects with preclinical Alzheimer’s 
disease (pre-AD), all diagnosed according to the 2018 
NIA-AA criteria with a A + /T + CSF profile [1]. We also 
included 30 patients affected by mild cognitive impair-
ments not due to AD (MCI) [18] and 37 patients affected 
by FTD [19, 20], none of them having A + /T + CSF pro-
file. As a control group, we selected 52 subjects with sub-
jective cognitive decline (SCD) [21] who underwent CSF 
analysis for diagnostic reasons. SCD group included both 

Table 1 Demographics and clinical features of the selected cohort

SCD Subjective cognitive decline MCI Mild cognitive impairment pre-AD preclinical Alzheimer’s disease MCI-AD Mild cognitive impairment due to Alzheimer’s disease 
ADdem Alzheimer’s disease with dementia, FTD Frontotemporal dementia IQR Interquartile range MMSE Mini-Mental State Examination SD Standard deviation

Variable Overall SCD MCI pre-AD MCI-AD ADdem FTD

n 233 52 30 19 50 45 37

Age (years) mean ± SD 70.5 ± 7.8 65.5 ± 9.0 71.0 ± 8.1 73.6 ± 5.8 72.5 ± 5.9 74.0 ± 6.4 68.4 ± 6.4

Sex (male) n (%) 99 (42.5) 28 (53.8) 14 (46.7) 6 (31.6) 16 (32.0) 15 (33.3) 20 (54.1)

MMSE median [IQR] 25.0 [22.0, 28.0] 28.0 [27.8, 29.0] 25.0 [23.2, 28.0] 27.0 [27.0, 28.5] 24.0 [22.0, 27.0] 15.0 [11.0, 19.0] 25.0 [23.0, 26.0]

Years of Education mean ± SD 9.4 ± 4.6 10.9 ± 4.3 9.0 ± 5.0 12.2 ± 3.5 9.1 ± 4.8 7.6 ± 3.8 9.5 ± 4.5

ATN profile, n (%)
 A-T-N- 73 (31.3) 38 (73.1) 17 (56.7) 0 (0.0) 0 (0.0) 0 (0.0) 18 (48.6)

 A + T-N- 14 (6.0) 3 (5.8) 4 (13.3) 0 (0.0) 0 (0.0) 1 (2.2) 6 (16.2)

 A + T + N- 14 (6.0) 0 (0.0) 0 (0.0) 7 (36.9) 7 (14.0) 0 (0.0) 0 (0.0)

 A + T + N + 96 (41.2) 0 (0.0) 0 (0.0) 12 (63.2) 42 (84.0) 44 (97.8) 0 (0.0)

 A-T-N + 5 (2.1) 1 (1.9) 2 (6.7) 0 (0.0) 0 (0.0) 0 (0.0) 2 (5.4)

 A-T + N- 15 (6.4) 6 (11.5) 5 (16.7) 0 (0.0) 0 (0.0) 0 (0.0) 4 (10.8)

 A-T + N + 14 (7.0) 4 (7.7) 2 (6.7) 0 (0.0) 1 (2.0) 0 (0.0) 7 (18.9)

AD profile, n (%)
 Normal AD biomarkers 73 (31.3) 38 (73.1) 17 (56.7) 0 (0.0) 0 (0.0) 0 (0.0) 18 (48.6)

 AD pathologic change 14 (6.0) 3 (5.8) 4 (13.3) 0 (0.0) 0 (0.0) 1 (2.2) 6 (16.2)

 AD profile 112 (48.0) 0 (0.0) 0 (0.0) 19 (100.0) 49 (98.0) 44 (97.8) 0 (0.0)

 Non-AD pathologic change 34 (15.6) 11 (21.2) 9 (30.0) 0 (0.0) 1 (2.0) 0 (0.0) 13 (35.1)
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subjects with a normal CSF profile or a non-AD biomark-
ers profile showing tauopathy and/or neurodegenerative 
biomarkers, as well as 3 subjects with amyloidosis. SCD 
individuals with the concurrent presence of amyloido-
sis and tauopathy (A + /T +) were excluded from the 
study. Table 1 reports the AT(N) classification for all the 
patients included in this study, grouped for diagnosis. 
For analysing the correlations with cognitive scores, we 
considered patients with a follow-up of at least 1.5 years 
(n = 77, range 1.5–8 years).

All the procedures involving human subjects were per-
formed following Helsinki Declaration. All the patients 
and/or their legal representatives gave informed written 
consent for the lumbar puncture and the inclusion in 
the study that was approved by the local Ethics Commit-
tee (Comitato Etico Aziende Sanitarie Regione Umbria 
19,369/AV and 20,942/21/OV).

Human CSF samples
Lumbar puncture was performed according to interna-
tional guidelines [22–24] and standardized procedures 
[25]. Briefly, 10–12  mL of CSF was collected in sterile 
polypropylene tubes (Sarstedt 62.610.210) and centri-
fuged for 10  min (2000 × g), at room temperature. Ali-
quots of 0.5 mL were frozen at -80  °C in polypropylene 
tubes (Sarstedt 72.730.007) pending analysis.

The levels of the CSF AD biomarkers (Aβ1-42/Aβ40 
ratio, t-tau, and p-tau) were measured in all the samples 
by using the Lumipulse G600-II platform (Fujirebio Inc).

Development of colorimetric assays for evaluating CSF 
ALDO and PKM activities
CSF ALDO and PKM activities were assessed by estab-
lishing two colorimetric NADH-coupled reaction assays 
starting from published protocols [26, 27]. Briefly, PKM 
activity was measured by incubating 100 µL of CSF with 
200 µL of reaction buffer composed of 1 M  MgCl2, 2.5 M 
KCl, 0.1 M ADP, 0.013 M NADH, 0.155 M PEP, and 7 U/
mL of LDH in 0.2 M Imidazole–HCl buffer, pH 7.2. Simi-
larly, CSF ALDO activity was measured by incubating 
150 µL of each CSF sample with 150 µL of 87 mM Tris–
HCl buffer containing 1.9 mM Fructose 1,6 diphosphate, 
0.13  mM NADH, and 1.7 U/mL of α-Glycerophosphate 
Dehydrogenase/Triosephosphate Isomerase enzyme 
solution. Our assays for PKM and ALDO measure an 
enzyme activity relative to all the isoforms possibly pre-
sent in CSF for both enzymes [28, 29]. The reactions were 
monitored in a Clariostar (BMG Labtech, Germany) plate 
reader. For both ALDO and PKM, an enzymatic activ-
ity was calculated by recording the absorbance (OD) at 
340 nm for 40 min at 25 °C and considering the decrease 
in absorbance from the initial linear portion of the curve. 
One unit of ALDO is defined as the amount of enzyme 

which converts one micromole of fructose 1.6 diphos-
phate to dihydroxyacetone phosphate and glyceraldehyde 
3-phosphate, while one unit of PKM causes the oxidation 
of one micromole of NADH per minute.

Two pre-constituted CSF pools were loaded in each run 
as internal quality control. For both assays the intra-run 
coefficient of variation was < 10% and the inter-run coef-
ficient of variation was < 20% (Supplementary Table 1).

Measurement of CSF UCHL1 and FABP3 levels
CSF UCHL1 levels were measured using the Human 
UCHL1/PGP.5 DuoSet ELISA (R&D Systems DY6007-
05). Reaction wells of a 96-well plate (Greiner bio-one, 
code 655,061) were coated with mouse anti-Human 
UCHL1 capture antibody (150 µg/well) in PBS and incu-
bated overnight (ON) at room temperature (RT). Plates 
were then emptied out, washed 4 times with a buffer con-
taining 0.05% Tween-20 in PBS and blocked for 2  h at 
RT with 1% BSA-PBS. The plates were washed 3 times, 
and Human UCHL1 Standard (ranging from 3.91 pg/well 
to 250  pg/well) and 100 µL of each CSF samples, were 
loaded and incubated ON at 4 °C with a constant shaking 
(450 rpm). After washing, biotinylated sheep anti-Human 
UCHL1 detection antibody was added to each well 
(188 µg/well) and the plates were incubated for 2 h at RT 
(450 rpm). The plates were further washed and incubated 
with 100 µL/well of Streptavidin-HRP diluted in 1% BSA-
PBS for 20 min at RT (450 rpm). After additional wash-
ing, the wells were developed with the TMB solution. 
The reaction was stopped with 100 µL of 1 M  H2SO4. The 
absorbance (450 nm and 630 nm) was read in a Clariostar 
(BMG Labtech, Germany) plate reader.

CSF FABP3 levels were measured by using a commer-
cially available kit (Hycult Biotech, HK402) and following 
previously published procedures [30].

For both UCHL1 and FABP3 measurements, 2 pre-
constituted CSF pools were loaded as an internal quality 
control in each run. For UCHL1, the intra-assay coeffi-
cient of variation (CV) was 2.9% while the inter-assay 
CV was 3.0% (Supplementary Table  1). Limit of detec-
tion was 14.8 pg/mL. For FABP3 intra-assay CV was 3.4% 
while the inter-assay one was 9.7%, the limit of detection 
corresponded to 102 pg/mL.

APOE genotyping
APOE genotype was available for 93 out of 233 patients 
included in this study (AD, n = 18; MCI-AD, n = 30; pre-
AD, n = 9; MCI, n = 12; SCD, n = 17; FTD, n = 7). Geno-
typing was carried out by using DNA microarrays kit 
(EUROArray APOE Direct, Euroimmun) and following 
the manufacturer’s instructions.
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Statistical analysis
The data analysis was performed by using the R software 
v 3.6 [31]. Shapiro–Wilk test was applied to assess data 
normality distribution. To determine the optimal sample 
size, a power analysis was performed on previous data 
collected for FABP3 [32]. According to the results, a min-
imum of 25–30 patients for the AD and control groups 
had to be included in the cohort to obtain significant 
differences in biomarker distributions (p-value < 0.05, 
power t-test ≥ 0.8). Parametric or non-parametric tests 
were applied when appropriate. Linear regression analy-
ses were performed to assess the effect of storage time 
in days on biomarker levels. β expresses the slope of 
the linear regressions in picograms per millilitre per 
day ± standard error of the mean (SEM).

To assess the statistical significance of the tested bio-
markers among the diagnostic groups, analysis of covari-
ance (ANCOVA) on ranked variables was applied, using 
age, sex, and APOE genotype as covariates. Multiple 
comparison correction was performed using Tukey’s test. 
Correlations were calculated according to Spearman and 
Bonferroni correction was used in case of multiple corre-
lations testing. pROC package [33] was used to assess the 
diagnostic performance of the biomarkers using Receiver 
Operator Characteristics analysis (ROC). ROC analysis 
parameters (area under the curve, AUC, 95% confidence 
intervals, sensitivity, specificity, and cut-off values) were 
calculated using 2000 bootstrap replicates. Cut-off val-
ues were calculated using Youden’s index. Multivariable 
analysis was performed using stepwise logistic regression 
(glm function in R, package stats), the stepAIC function 
from the package MASS [34] was used for model selec-
tion according to Akaike Information Criterion. Com-
parisons among the ROC curves were made using the 
DeLong test from the function roc.test (package pROC).

Results
Effect of the long-term storage on the candidate 
biomarkers
We evaluated the effect of the long-term storage on 
the stability of ALDO, PKM, FABP3, and UCHL1 by 
measuring either the activity or the levels of the can-
didate biomarkers in CSF samples selected for this 
study (n = 233), which were collected between 2013 
and 2021 (Supplementary Fig.  1). Linear regression 
analysis showed that there was no significant relation 
between storage time and biomarkers values (PKM, 
β [slope ± SEM] = 0.0007 ± 0.0004 mEU/mL per day 
p = 0.052; ALDO, β = 0.00009 ± 0.00005 mEU/mL per 
day p = 0.084; UCHL1, β = -0.044 ± 0.023  pg/mL per 
day p = 0.060; FABP3, β = 0.010 ± 0.020  pg/mL per day 
p = 0.576).

Demographic and clinical data of the selected cohort
Demographic and clinical features of the cohort are 
reported in Table 1.

A significant difference in terms of age was observed 
among the groups (p < 0.0001). AD (pre-AD, MCI-AD, 
and ADdem) and MCI patients showed higher mean age 
compared with SCD group, while FTD patients did not 
show any difference when compared with MCI and SCD. 
The frequency of male and female among the groups was 
similar.

We evaluated the difference in the cognitive perfor-
mance of the patients considering the MMSE score 
recorded at the baseline. As expected, it was significantly 
lower in all AD groups (MCI, MCI-AD, and ADdem) 
compared with SCD. Considering AD patients, MMSE 
decreased across pre-AD, MCI-AD, and ADdem groups, 
with ADdem having the lowest value. FTD showed signif-
icantly lower MMSE values compared with SCD subjects 
and pre-AD patients, but no difference was observed in 
comparison with MCI and MCI-AD patients (for all the 
comparisons the results of the statistical analysis are 
reported in Supplementary Table 2).

Levels of the CSF candidate biomarkers in the diagnostic 
groups
The levels and the activity of the candidate biomarkers 
and the concentration of the core AD biomarkers are 
reported in Supplementary Table 2, while the patterns of 
the core CSF AD biomarkers Aβ42/40 ratio, p-tau, and 
t-tau, used for AT(N) classification, are reported in Sup-
plementary Fig. 2.

The difference between the biomarkers across the diag-
nostic groups were evaluated by ANCOVA including 
age, sex, and APOE genotype as covariates. Analysing 
the new candidate CSF biomarkers, significantly higher 
PKM activity was found in ADdem and MCI-AD patients 
compared with SCD and MCI groups. Pre-AD subjects 
also showed higher PKM activity than the MCI group. In 
FTD, PKM activity was increased compared to both SCD 
and MCI. Conversely, no significant difference in ALDO 
activity was found among the groups (Fig. 1 A and Sup-
plementary Table 1 and Supplementary Table 2).

The concentration of UCHL1 was significantly higher 
in AD patients (pre-AD, MCI-AD, ADdem) with respect 
to SCD and MCI. In FTD, UCHL1 levels were not signifi-
cantly different compared with control groups (Fig.  1 A 
and Supplementary Table 1 and Supplementary Table 2). 
FABP3 levels in CSF were significantly higher across the 
AD continuum compared with SCD and MCI (Fig.  1 A 
and Supplementary Table 1 and Supplementary Table 2), 
whereas the levels of FABP3 in FTD patients were simi-
lar to those measured in MCI and SCD groups. Interest-
ingly, the levels of both UCHL1 and FABP3 significantly 
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increased already in pre-AD patients compared with 
SCD and MCI, indicating that these changes are present 
in cognitively unimpaired patients with a positive CSF 
profile for the core AD biomarkers.

Correlation analyses
The correlation analysis among new candidate biomark-
ers and classical AD CSF biomarkers is reported in 
Fig. 1B, while Supplementary Table 3 includes the corre-
lation of the candidate biomarkers with the demographic 
and neuropsychological parameters.

A significant correlation with age was documented 
for the classical CSF AD biomarkers, namely Aβ42/40 
ratio (r = -0.40, p < 0.001), t-tau (r = 0.28, p < 0.001), and 
p-tau (r = 0.27, p < 0.001), as well as for the candidate bio-
markers: UCHL1 (r = 0.24, p < 0.001), FABP3 (r = 0.29, 
p < 0.001), PKM (r = 0.29, p < 0.001), and ALDO (r = 0.26, 
p < 0.001). UCHL1 and FABP3 were significantly associ-
ated with the Aβ42/40 ratio (r = -0.38, p < 0.001; r = -0.28, 
p < 0.001). Both t-tau and p-tau exhibited stronger posi-
tive correlations with UCHL1 (r = 0.64, p < 0.001; r = 0.56, 
p < 0.001), FABP3 (r = 0.70, p < 0.001; r = 0.64, p < 0.001), 
and PKM (r = 0.58, p < 0.001; r = 0.61, p < 0.001). PKM 
also correlated with ALDO (r = 0.54, p < 0.001), UCHL1 
(r = 0.28, p < 0.001), and FABP3 (r = 0.62, p < 0.001). 

FABP3 correlated with ALDO (r = 0.59, p < 0.001) and 
UCHL1 (r = 0.48, p < 0.001).

We also evaluated the association between the CSF bio-
markers and MMSE at baseline (Supplementary Table 3). 
The strongest correlations were found with the core AD 
biomarkers. We found a significant correlation between 
Aβ42/40 ratio, t-tau, and p-tau with MMSE (r = -0.30, 
r = -0.41, r = -0.33; p < 0.001 for all the correlations). For 
the new candidate biomarkers, after adjusting for mul-
tiple comparisons, we found a weak, though signifi-
cant correlation with MMSE at the baseline for UCHL1 
(r = -0.27, p < 0.001).

We also assessed whether the levels of the candidate 
biomarkers were associated with the annual decline in 
MMSE in a subgroup composed of 77 patients followed-
up for at least 1.5 years (SCD n = 16, MCI n = 7, pre-AD 
n = 15, MCI-AD n = 22, AD n = 6, FTD n = 11) No signifi-
cant correlations were found for any of the biomarkers 
analysed.

Diagnostic performance of the new candidate biomarkers
The diagnostic performance of the new candidate bio-
markers PKM, UCHL1, and FABP3 was first assessed 
by univariate ROC analysis (the complete analysis for 
each biomarker, including sensitivity and specificity 

Fig. 1 Levels of biomarkers across the diagnostic groups. A Combined boxplots and scatter plots showing the CSF activity of PKM (mU/mL) 
and ALDO (mU/mL) and the concentration of FABP3 (pg/mL) and UCHL1 (pg/mL) in the diagnostic groups presented as median and interquartile 
range. Analysis was performed by ANCOVA. Symbols indicate the significant comparisons versus SCD ($), MCI (*) and FTD (#). The number 
of symbols indicates the level of statistical significance: p < 0.05, p < 0.01, p < 0.001. B Correlation plot (Spearman) for the CSF biomarkers panel 
in the whole cohort. White colour indicates no significant correlation
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and confidence intervals is reported in Supplementary 
Table 4). Since ALDO activity was similar across different 
diagnostic groups, it was excluded from further analy-
ses. In Fig. 2A we summarized the AUCs for the differ-
ent markers and comparisons using a clustered heatmap. 
UCHL1 and FABP3 showed a very similar performance 
in distinguishing ADdem and MCI-AD patients from 
SCD and MCI with AUCs ranging from 0.81 to 0.84 
(Fig.  2A). For pre-AD patients, UCHL1 was superior 
to FABP3 and PKM showing an AUC of 0.82 vs. MCI 
patients and 0.83 vs. SCD (Fig. 2A, B). Conversely FABP3 

and PKM accuracy was lower, showing an AUC of 0.78 
and 0.69 respectively (pre-AD vs. SCD, Fig. 2B).

When UCHL1 and FABP3 were used for differentiat-
ing ADdem from FTD an accuracy of 0.75 and 0.73 was 
obtained, respectively. Conversely, PKM was not able 
to achieve an adequate discrimination between ADdem 
and FTD (AUC 0.48, Fig.  2A), suggesting that similar 
pathological processes involving the glycolytic pathway 
take place in patients affected by these two neurode-
generative diseases. On the other hand, PKM provided 
the best performance for the comparisons FTD vs. SCD 

Fig. 2 Diagnostic performance of the candidate CSF biomarkers PKM, FABP3, and UCHL1. A Heatmap of the AUCs of the single biomarkers for all 
diagnostic comparisons. B ROC curves of the candidate biomarkers in differentiating control subjects (SCD and MCI; CTRL) from AD patients 
(AD continuum; pre-AD, MCI-AD, and ADdem) and FTD, as well as FTD from AD continuum. Univariate ROC analysis was performed to assess 
the diagnostic value of the single biomarkers, whereas the diagnostic performance of the combined biomarkers was evaluated using a logistic 
regression model
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(AUC 0.77) and FTD vs. MCI (AUC 0.80), for which 
UCHL1 and FABP3 showed lower diagnostic accuracy 
(AUC within the range 0.61–0.64).

The diagnostic groups within the AD continuum 
(pre-AD, MCI-AD, and ADdem) showed similar lev-
els of UCHL1 and FABP3 and similar activity of PKM. 
With the aim to understand if, in numerically larger 
groups, the combination of biomarkers was superior to 
the single biomarkers, we grouped the pre-AD, MCI-
AD, and ADdem in an “AD continuum” group and SCD 
/ MCI in a control group (CTRL). Subsequently, we 
performed multivariate analysis of the combination vs. 
the single biomarkers for different comparisons, also 
against the FTD group. Using logistic regression with 
stepwise backward model selection, we found that in 
all the tested comparisons, the three biomarkers were 
always retained in the final models. For the comparison 
AD continuum vs. CTRL, the combination of the three 
biomarkers slightly improved the diagnostic perfor-
mance when compared to UCHL1 alone (AUC = 0.87, 
specificity 70% sensitivity 90%), but without reaching 
statistical significance (p = 0.36). For the FTD vs. CTRL 
and FTD vs. AD continuum comparisons we obtained 
similar results, with an increase of AUC, sensitivity, 
and specificity but not significantly different from the 
best performing biomarkers used in isolation (PKM for 
FTD vs. CTRL, p = 0.59; UCHL1 for FTD vs. AD con-
tinuum p = 0.09, DeLong test). Globally, the combina-
tion of biomarkers somehow showed better diagnostic 

parameters but without having a clear-cut improve-
ment in performance.

CSF biomarker levels and APOE genotyping
We also investigated the effects of APOE genotype on the 
levels and activity of the CSF biomarkers on a subgroup 
of 93 patients for whom this information was available 
(AD, n = 18; MCI-AD, n = 30; pre-AD, n = 9; MCI, n = 12; 
CTRL, n = 17; FTD, n = 7) (Fig. 3).

The presence of at least one APOE ε4 allele had a clear 
influence on the levels of the amyloid peptides. Indeed, 
significantly lower levels of the Aβ42/40 ratio (p < 0.001) 
in CSF of patients with APOE ε4 genotype (APOE + : 
ε4/ε4 or ε3/ε4) were observed compared to those car-
rying the APOE—genotype (ε2/ε3 or ε3/ε3). The same 
trend was observed for Aβ42 alone (p < 0.01). Conversely, 
higher, though not significant, t-tau and p-tau levels were 
found in APOE + patients.

Among the new candidate biomarkers, UCHL1 
showed significantly higher levels in APOE + patients 
(p < 0.05), whereas similar activity/concentrations were 
observed for PKM, ALDO, and FABP3 across the differ-
ent genotypes.

Discussion
In this work we investigated the potential role of PKM, 
ALDO, FABP3, and UCHL1 as biomarkers to charac-
terize AD patients across the disease continuum, with 

Fig. 3 Level of biomarkers according to APOE genotype. Combined boxplots and strip plots showing the CSF activity of PKM (mEU/mL) 
and ALDO (mEU/mL) and the concentration of FABP3 (pg/mL) and UCHL1 (pg/mL) in APOE—(ε2/ε3 or ε3/ε3) and APOE + (ε4/ε4 or ε3/ε4) patients, 
independently from the clinical diagnosis. Data are shown as median and interquartile range
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particular interest for the preclinical and early stages of 
the disease.

Our data showed increased levels of UCHL1 and 
FABP3 in AD patients compared to non-AD (i.e., SCD, 
MCI, and FTD). The two markers had a good diagnos-
tic performance across the AD spectrum, with UCHL1 
showing the best capability to differentiate early AD 
(both preclinical and mild cognitive impairment) from 
SCD and MCI subjects. Higher levels of UCHL1 were 
previously found in CSF from a small group of AD 
patients compared with healthy controls, stable MCI, 
and patients affected by other dementias [35]. UCHL1 
is an enzyme particularly abundant in brain, expressed 
mostly in neurons [36]. This protein is involved in the 
regulation of the UPS, one of the main pathways of the 
cellular proteostasis network [37, 38]. UCHL1 removes 
ubiquitin from proteins destined to the proteasome path-
way (e.g., excess, oxidized or misfolded proteins), both in 
physiological and pathological conditions [37]. Impaired 
UCHL1 activity has been associated with several neuro-
degenerative diseases including AD, Parkinson’s disease, 
and Amyotrophic Lateral Sclerosis [35, 39–41]. Increased 
CSF levels of UCHL1 have been previously linked to neu-
ronal loss and traumatic brain injury [42, 43]; this associ-
ation with neurodegeneration is supported by the strong 
positive correlation we found between UCHL1 and tau 
markers in our cohort. On the other hand, UCHL1 levels 
were similar between patients affected by FTD and con-
trol groups. This result is in line with the data reported 
by Barschke and co-workers, who found no difference for 
UCHL1 levels in CSF of FTD patients carrying mutations 
in the C9orf72 gene with respect to non-carrier control 
subjects [44].

We also found significantly higher UCHL1 levels 
in CSF of patients with at least one APOE ε4 allele. To 
the best of our knowledge, this result has never been 
reported before, and it would be interesting to further 
investigate this association in larger cohorts.

Also FABP3 showed good diagnostic performance in 
discriminating AD patients from controls, with increased 
median levels of FABP3 already at the pre-AD stage. 
This confirms FABP3 as a sensitive biomarker of pre-
dementia neurodegeneration as previously reported [30, 
32]. However, FABP3 levels were similar between FTD 
and controls, with a similar pattern to UCHL1 across 
the AD spectrum. Previous studies showed a significant 
increase of FABP3 in CSF of AD patients [30, 32, 45, 46], 
as well as in other neurodegenerative disorders, includ-
ing Creutzfeldt-Jacob disease (CJD), vascular demen-
tia (VAD), and Dementia with Lewy Bodies (DLB) [32, 
47, 48], while no data were available for FTD patients 
before our work. In summary, FABP3 shows a different 

behaviour across neurodegenerative disorders. The rea-
son of these differences is currently unknown, and fur-
ther cross-sectional studies should be undertaken to 
better understand the specificity of this marker for AD 
and its involvement in the pathological processes leading 
to dementia.

We also measured the activity of the glycolytic enzymes 
PKM and ALDO in the selected cohort. The activity of 
these two enzymes was previously assayed post-mortem 
in brain tissues of AD patients and controls, revealing a 
significant increase of PKM activity in AD [49]. Our work 
represents the first study in which CSF PKM and ALDO 
activities were measured in a large and well-character-
ized cohort across the AD continuum. While ALDO did 
not show any difference among the diagnostic groups, 
PKM activity was increased in AD patients already at 
the preclinical stage. Interestingly, PKM activity was 
increased also in FTD patients, showing levels similar to 
the ADdem group. Both FTD and AD are characterised 
by glucose hypometabolism in the brain, usually assessed 
with FDG-PET to support differential diagnosis since 
the areas interested during disease progression are dif-
ferent [50, 51]. The increase of CSF PKM activity in both 
AD and FTD patients might be assumed as a proxy bio-
marker either for altered glucose metabolism occurring 
in the brain of these subjects [52] or for a general neuro-
degeneration process, where PKM is released in CSF due 
to cell death. Importantly, the change in PKM activity in 
pre-AD patients may support the view that alteration of 
glucose metabolism could be an early event even preced-
ing the onset of clinical symptoms as it has been found 
using imaging techniques [53]. Mechanistic evidence 
also supports the impact of glucose metabolism altera-
tions in AD pathogenesis. PKM catalyses the transfer of 
a phosphoryl group from phosphoenolpyruvate (PEP) 
to ADP generating ATP and pyruvate in a rate-limiting 
step of glycolysis. Pyruvate can be further metabolized in 
mitochondria to produce ATP via oxidative phosphoryla-
tion or fermented in the cytosol by lactate dehydrogenase 
(LDH) to produce lactic acid. However, in some condi-
tions, lactate is produced despite the presence of oxygen, 
switching ATP production from oxidative phosphoryla-
tion to aerobic glycolysis in a process described by War-
burg [54]. This effect has been studied also in AD, where 
it seems to induce a de-differentiation process, linked to 
several deficits which are considered hallmark of AD like 
synaptic failure, neuronal degeneration, and activation 
of apoptotic pathways [54–56]. A recent work showed 
that PKM is involved in this metabolic reprogramming 
towards aerobic glycolysis and acts not just as an enzyme 
of glucose catabolism, but also as a nuclear factor pro-
moting neuronal fate loss and vulnerability [54]. PKM 
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is strongly expressed in brain of AD patients and seems 
to regulate γ-secretase activity and, indirectly, the pro-
duction of the Aβ peptides [55]. Of interest, it has been 
shown that the stability of PKM is regulated by the deu-
biquitinating activity of UCHL1 [56], suggesting an indi-
rect link between UCHL1 and glucose metabolism.

When interpreting our results, it should be noted that 
they are limited by a relatively small size of the pre-AD 
group. Additionally, our enzyme assay for PKM measures 
the total kinase activity of all isoforms which may be pre-
sent in brain and CSF with different functional roles [57]. 
Therefore, the use of complementary techniques (i.e., 
ELISA or mass spectrometry) is warranted to allow the 
identification and quantification of PKM isoforms in CSF, 
possibly clarifying the specific roles of these proteins in 
neurodegeneration processes. Considering the interest-
ing results we obtained for this enzyme, detailed pre-ana-
lytical assessment of PKM activity in CSF should also be 
carried out to define operating procedures for the meas-
urement of this enzyme in CSF. Finally, considering the 
evidence for a dysfunctional carbohydrate metabolism in 
AD [52], the characterization and measurement of other 
key glycolytic enzymes is needed to fully understand how 
metabolic changes impact AD pathogenesis.

Conclusions
In conclusion, our study confirms the potential role of 
UCHL1 and FABP3 as biomarkers of AD neurodegenera-
tive processes. Furthermore, our results validated PKM 
activity as a novel CSF biomarker to monitor changes of 
the glycolytic pathway in AD and FTD. The alteration of 
these proteins in CSF allowed to recognize AD patients 
already at the preclinical stage of the disease and before 
cognitive impairment occurred. However, while UCHL1 
and FABP3 appeared to be specific for AD, PKM activ-
ity increased in both AD and FTD patients, underlining 
that these two diseases may share alterations of energy 
metabolism that should be further explored as candidate 
pathways involved in dementia.
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