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ABSTRACT

Defective mitophagy is consistently found in postmortem brain and iPSC-derived neurons from
Alzheimer disease (AD) patients. However, there is a lack of extensive examination of mitophagy
status in serum or cerebrospinal fluid (CSF), and the clinical potential of mitophagy biomarkers has
not been tested. We quantified biomarkers of mitophagy/autophagy and lysosomal degradation
(PINK1, BNIP3L and TFEB) in CSF and serum from 246 individuals, covering mild cognitive impairment
due to AD (MCI-AD, n=100), dementia due to AD (AD-dementia, n=100), and cognitively unim-
paired individuals (CU, n =46), recruited from the Czech Brain Aging Study. Cognitive function and
brain atrophy were also assessed. Our data show that serum and CSF PINK1 and serum BNIP3L were
higher, and serum TFEB was lower in individuals with AD than in corresponding CU individuals.
Additionally, the magnitude of mitophagy impairment correlated with the severity of clinical indica-
tors in AD patients. Specifically, levels of PINK1 positively correlated with phosphorylated (p)-MAPT/
tau (181), total (t)-MAPT/tau, NEFL (neurofilament light chain), and NRGN (neurogranin) levels in CSF
and negatively with memory, executive function, and language domain. Serum TFEB levels negatively
correlated with NEFL and positively with executive function and language. This study reveals
mitophagy impairment reflected in biofluid biomarkers of individuals with AD and associated with
more advanced AD pathology.

Abbreviation: AB: amyloid beta; AD: Alzheimer disease; AVs: autophagic vacuoles; BNIP3L: BCL2
interacting protein 3 like; CU: cognitively unimpaired; CSF: cerebrospinal fluid; LAMP1: lysosomal-
associated membrane protein 1; MAPTLC3/LC3: microtubule associated protein 1 light chain 3; MCI:
mild cognitive impairment; NRGN: neurogranin; NEFL: neurofilament light chain; p-MAPT/tau: phos-
phorylated microtubule associated protein tau; PINK1: PTEN induced kinase 1; t-MAPT/tau: total
microtubule associated protein tau; TFEB: transcription factor EB; TMT: Trail Making Test.

ARTICLE HISTORY
Received 25 September 2023
Revised 26 March 2024
Accepted 4 April 2024

KEYWORDS
Autophagy; BNIP3L; mild
cognitive impairment;
mitophagy; PINK1; TFEB

Introduction and dysfunctional cytoplasmic components, including orga-

nelles, misfolded protein aggregates, among others [6,7].
Mitophagy is a subtype of autophagy that recognizes and
degrades damaged or superfluous mitochondria. Autophagy
and mitophagy are required to maintain cellular and mitochon-
drial homeostasis, respectively; they also maintain energy bal-
ance and cell signaling processes that ensure cellular resilience
and survival [8-10]. Our previous studies in postmortem brain

Alzheimer disease (AD) is the leading cause of neurocognitive
disorder in adults, affecting more than 50 million individuals
worldwide [1,2]. Lecanemab and donanemab, antibodies to p-
amyloid (AP) developed for pharmacotherapeutic use in AD
patients, represent one of the very few promising approaches
for managing early stages of AD. While it is exciting that these
drugs reduced the rate of AD-associated memory loss by

approximately 35% during phase 3 clinical trials, it is unfortu-
nate that drugs or strategies that cure AD-associated cognitive
decline have not yet been discovered [3,4]. To overcome the
roadblocks and knowledge gaps that hinder the development of
such therapies, an improved mechanistic understanding of AD
is urgently needed. Another need is for clinically useful diag-
nostic, therapeutic, and/or prognostic biomarkers of AD [5].
Macroautophagy/autophagy is a cellular self “garbage clear-
ance” system through which cells eliminate and recycle damaged

from AD patients showed that the rate of mitophagy decreases
with patient age and that capacity for mitophagy is lower in AD
patient-derived iPSC neurons. Data from several animal model
support the idea that reduced mitophagy is associated with
increased AD risk and pathophysiology [11,12]. Autophagy
and mitophagy are impaired in AD as evidenced by reduced
autophagy/mitophagy event (using electron microscopy techni-
ques), low colocalization of the mitochondrial protein TOMM20
to the lysosomal protein LAMP2, and altered levels/activities of
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key autophagy/mitophagy proteins such as ULKI1, AMPK,
PICALM, BECNI1, PI3P, AMBRA1, TBK1, BCL2L13, PINK1,
BNIP3L/NIX, DISC1, BNIP3, PS1, CTSB (cathepsin B), and
CTSD [6,12-15]. Reduced mitophagy is likely a “culprit”, but
not a “bystander” of AD, as pharmacological (NAD™ precursors,
urolithin A, actinonin, kaempferol, rhapontigenin [11,12]) and
genetic (e.g., overexpression of PINK1 [16]) upregulation of
mitophagy restore mitochondrial homeostasis, abrogated AD-
related pathology, and reduced memory loss in animal models
of AD. The latter results are consistent with the idea that reduced
mitophagy is a critical determinant of AD development and
suggest that the levels of mitophagy proteins could have poten-
tial as biomarkers of AD progression and/or diagnosis. In the
context of developing new interventions targeting mitochondrial
function, we wanted to investigate whether key substances
involved in mitophagy are altered in AD and whether they can
be detected in body fluids [17]. Additionally, we wanted to
explore the feasibility of developing mitophagy biomarkers for
clinical AD assessment.

To this end, we pursued the following three aims. First, we
quantified mitophagy biomarkers in cerebrospinal fluid (CSF)
and serum from biomarker-defined individuals in various
stages of AD and cognitively unimpaired (CU) individuals
and determined whether mitophagy biomarker levels corre-
lated with AD stage. Also, we explored whether these changes
are influenced by a major genetic risk factor for sporadic AD,
APOE (apolipoprotein E) 4. Second, it was determined
whether quantitative clinical biomarkers of AD pathology
(i.e., amyloid beta 42 [AP42], AP42/40, phosphorylated
MAPT/tau (181) (p-MAPT/tau [181]) and total MAPT/tau
(t-MAPT/tau) neurodegeneration (NEFL [neurofilament
light chain]), synaptic dysfunction (NRGN [neurogranin]),
cognitive status and brain atrophy correlated with biomarkers
of mitophagy. Third, it was determined whether mitophagy
biomarkers in serum and CSF correlated with each other. We
included biomarkers of various mitophagy steps: PINKI
(PTEN induced kinase 1; a mitochondrial kinase crucial for
mitophagy activation), BNIP3L (BCL2 interacting protein 3
like; a mitophagy receptor), and TFEB (transcription factor
EB; a master regulator of lysosome biogenesis and autopha-
gy) [6,10].

Our results demonstrated that mitophagy markers in CSF
and serum are changed in AD continuum, mitophagy activa-
tors PINK1 and BNIP3L increased while TFEB decreased,
indicating the impairment in the final step of autophagy-
lysosomal degradation. Furthermore, mitophagy biomarkers
were related to the severity of AD pathology.

To the best of our knowledge, this is the first study to
evaluate quantitative measures of mitophagy in human CSF
and serum in the prodromal stages of AD.

Results

Changes of mitophagy proteins in CSF and serum from
CU, AD-MCI, and AD dementia

Using commercially available ELISA kits, PINK1 was detected
in CSF, but BNIP3L and TFEB were not. This could reflect
that the antigen concentration in CSF was below the level of
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detection (tested with all commercially available kits). PINKI,
BNIP3L, and TFEB were detected in normal serum using
commercially available ELISA Kkits.

In CSF, the levels of PINKI1 differed significantly among
patient subgroups (F [2] = 19.92, p = <0.001, 5* = 0.14): More
specifically, PINK1 was significantly higher in AD dementia
individuals (1.3 +0.2 ng/mL) than in MCI-AD (1.1 0.2 ng/
mL) (p<.001) and CU (1.0£0.3ng/mL) (p<.001)
(Figure 1A). Similar results were observed in serum (F [2] =
4.57, p=0.012 #” = 0.04) with higher PINK1 in AD dementia
individuals (6.4 £ 13.3 ng/mL) than in MCI-AD (3.2 + 6.8 ng/
mL) (p=0.008) (Figure 1B). The levels of BNIP3L in serum
also differed between study subgroups (F [2] = 3.96, p = 0.020,
n*>=0.03) with significantly higher BNIP3L in AD dementia
individuals (2.9 +2.1 ng/mL) than in MCI-AD (2.1 +1.2ng/
mL) (p =0.015) (Figure 1C). In contrast, serum levels of TFEB
were significantly lower in AD dementia individuals (670.1 £
368.6 pg/mL) than in MCI-AD (744.3 +351.9 pg/mL) (p=
0.033) and CU (966.5 +1562.5 pg/mL) (p=0.040) (F [2]=
6.20, p=0.002, #°=0.04) (Figure 1D). These data are sum-
marized in Table 2.

To evaluate the genetic contribution of the APOE &4 allele on
the differences of these three proteins between AD and controls,
we added the APOE genotype into the ANCOVA analysis as
a covariate (APOE e4+ vs e4-). This step did not substantially
change the results between mitophagy markers and the study
cohorts. There were still significant differences among patient
subgroup with the levels of CSF PINKI1 (F [2]=20.34,
p=<0.001, 172 =0.12), levels of serum PINKI1 (F [2]=4.56,
p=0012, #°=0.04), levels of serum BNIP3L (F [2]=4.50,
p=0.012, 112=0.03) and levels of serum TFEB (F [2] =6.30,
p=0.002, #* =0.05).

To assess the contribution of neurodegeneration to the
differences in CSF PINKI levels between AD and controls,
we included CSF levels of neurofilament light chain (NEFL),
a biomarker of neurodegeneration, as a covariate in the
ANCOVA analyzes. This step did not substantially change
the results between the mitophagy markers and the study
cohorts: particularly the effect sizes remained unchanged
and the differences among patient subgroups were still sig-
nificant differences with the levels of CSF PINKI1 levels (F [2]
=20.55, p=<0.001, 172:0.14), serum PINKI1 levels (F [2] =
4.68, p=0.011, 172 =0.04), serum BNIP3L levels (F [2] =5.71,
p=0.004, 112=0.04) and serum TFEB levels (F [2] =4.338
p=0.014, n> = 0.04).

Correlation of mitophagy markers (PINK1, BNIP3L, and
TFEB) with AD biomarkers (AB42/40, AB42, p-MAPT/tau
[181], t-MAPT/tau, NEFL, NRGN), AT(N) framework,
cognitive status, and AD-related brain structures

The data were analyzed to determine associations between
mitophagy biomarkers (PINK1, BNIP3L, TFEB), AD bio-
markers (AB42/40, AB42, p-MAPT/tau [181], t-MAPT/tau),
and markers of neurodegeneration and synaptic dysfunc-
tion (NEFL and NRGN, respectively). Weak to moderate
correlations were found between PINKI1 in CSF and AD
biomarkers in CSF. More specifically, PINK1 correlated
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Figure 1. Changes in mitophagy biomarkers across AD continuum. Violin plots of ANCOVA analyzes (A-D) levels of mitophagy markers PINK1, BNIP3L, and TFEB in
biomarker-defined individuals. (A) CSF PINK1 showed higher levels in AD dementia compared to MCI-AD and CU groups. (B) Serum PINK1 showed higher levels in AD
dementia compared to MCI-AD group. (C) Serum BNIP3L showed higher levels in AD dementia compared to MCI-AD group. (D) Serum TFEB showed lower levels
in AD dementia compared to MCI-AD and CU groups. Notes: Data were adjusted for sex and age. *** =p <.001, ** =p < .01, * = p <.05. Abbreviations: AD, Alzheimer
disease; MCl, mild cognitive impairment; CSF, cerebrospinal fluid; CU, cognitively unimpaired.

negatively with Ap42/40 (r=-0.214, p<.001), and posi-
tively with AB42 (r=0.285, p<.001), p-MAPT/tau (181)
(r=0.381, p<.001), and t-MAPT/tau (r=0.423, p<.001).
PINKI1 also exhibited moderate positive correlation with
NEFL (r=0.294, p<.001) and NRGN (r=0.490, p <.001)
in CSF. Serum BNIP3L correlated positively with serum
NEFL (r=0.181, p=0.004). Serum TFEB correlated nega-
tively with NEFL in CSF (r=-0.132, p=0.038) and serum
(r=-0.202, p=0.001) (Figure 2).

The severity of AD pathology was evaluated using the
AT(N) framework, and these data were analyzed for rela-
tionships with PINK1, BNIP3L, and TFEB. The results
revealed weak positive correlation between PINK1 in CSF
and A+T+N- vs. A+T-N- (r=0.274, p=0.028) and A+T+N+
vs. A+T+N- (r=0.238, p=0.009) (Figure 2). In addition,
PINK1 in CSF showed weak negative correlation
with a memory domain (r=-0.242, p=0.007), executive
function (r=-0.206, p=0.024), and a language domain

(r=-0.186, p=0.038). Serum PINK1 showed similar weak
negative correlation with attention and working memory (r
=-0.193, p=0.034). In contrast, serum TFEB correlated
positively with executive function (r=0.266, p=0.002),
a language domain (r=0.241, p=0.006) (Figure 2), and
entorhinal thickness (r=0.221, p=0.014). No other correla-
tions were observed between mitophagy biomarkers in CSF
or serum and AD-related brain structural change

(Figure 2).

Correlation between mitophagy markers (PINK1, BNIP3L,
and TFEB) in all study groups

Levels of PINK1 in CSF did not correlate with levels of PINK1
in serum (r=0.106, p=0.162). PINKI in serum correlated
positively with BNIP3L in serum (r=0.185, p=0.008). No
other correlations between mitophagy markers were detected
(Figure 3).



AUTOPHAGY 1871

Table 1. Characteristic of study participants.

Memory Clinic Cohort P-values
AD-MCl vs. AD AD MCI AD Dementia

All patients AD Dementia AD-MCI Patients CU Controls Dementia vs. CU vs. CU
Demographic characteristics N=200 N=100 N=100 N=46
Age, years 714 (7.9) 70.3 (8.6) 72.5 (6.9) 63.9 (9.4) 0.16 <0.001 <0.001
Female, n (%) 121 (60.5) 64 (64.0) 57 (57.0) 30 (65.2) 0.31 0.11 0.39
Education, years 14.4 (3.0) 14.0 (2.9) 147 (3.1) 15.6 (2.9) 0.16 0.29 0.01
APOE €4 positive, n (%)* 110 (55.0) 52 (52.0) 58 (58.0) 5(10.9) 0.78 <0.001 <0.001
MMSE score 22.0 (4.8) 18.5 (4.2) 24.9 (3.0) 29.0 (1.3) <0.001 <0.001 <0.001
GDS-15 33 (2.7) 3.6 (3.1) 3.0 (2.4) 22(22) 0.43 0.29 0.04
BAI 8.8 (7.6) 9.11 (7.5) 8.6 (7.6) 9.3 (6.6) 0.91 0.92 0.99
Comorbidities**
Hypertension, n (%) 89 (44.5) 41 (41.0) 48 (48.0) 17 (36.9) 0.78 0.89 0.99
Hypercholesterolemia, n (%) 66 (33.0) 32 (32.0) 34 (34.0) 13 (28.2) 0.99 0.99 0.99
Ischemic heart disease, n (%) 12 (6.0) 6 (6.0) 6 (6.0) 0 (0) 0.99 0.31 0.28
Chronic obstructive pulmonary disease, n (%) 14 (7.0) 5 (5.0) 9 (9.0) 1(2.2) 0.52 0.32 0.82
Thyroid disease, n (%) 37 (18.5) 16 (16.0) 21 (21.0) 10 (21.7) 0.83 0.80 0.52
Neuropsychological tests
DS-F? - 72 (2.2) 8.4 (2.0) 9.4 (2.4) 0.002 0.05 <0.001
DS-B? - 3.7 (1.7) 51(1.7) 6.6 (1.7) <0.001 <0.001 <0.001
TMT A? - 107.1 (56.0) 64.4 (32.3) 37.2 (13.1) <0.001 0.002 <0.001
TMT B? - 272.3 (61.9) 198.8 (86.5) 103.6 (60.7) <0.001 <0.001 <0.001
p-VF? - 25.1 (10.3) 37.2 (13.4) 47.4 (12.7) <0.001 <0.001 <0.001
S-VF? - 11.6 (5.2) 16.5 (5-3) 27.2 (6.2) <0.001 <0.001 <0.001
BNT? - 9.9 (5.0) 6.2 (4.5) 1.7 (1.7) <0.001 <0.001 <0.001
coT? - 9.4 (3.9 13.0 (2.4) 15.5 (0.7) <0.001 0.003 <0.001
ROCF-C® - 18.0 (10.5) 25.3 (6.6) 30.0 (3.3) <0.001 0.007 <0.001
LM-IR? - 46 (3.4) 8.2 (4.2) 18.0 (4.4) <0.001 <0.001 <0.001
LM-DR? - 1.6 (2.4) 3.7 (4.6) 15.8 (5.4) 0.005 <0.001 <0.001
Brain structures
Hippocampal volume (mm?) - 6625.1 6692.84 7753.0 0.91 <0.001 <0.001

(862.7) (847.5) (755.9)
Entorhinal cortical thickness (mm) - 2.6 (0.4) 2.7 (0.3) 3.0 (0.4) 0.42 <0.001 <0.001
Parahippocampal cortical thickness (mm) - 2.3 (0.3) 24 (0.2) 2.6 (0.2) 0.06 0.004 <0.001
Gray matter volume (mm?) - 540783.2 559119.6 594469.5 0.12 0.002 <0.001
(44811.5) (52236.7) (31371.8)

Ventricular volume (mm?) - 49033.5 (17036.1) 47526.6 (19204.2) 41637.7 (29888.3) 0.93 0.43 0.33

Data are presented as N (%) and mean (SD) unless otherwise specified.

P values are comparisons using Tukey post hoc tests (one-way analysis of variance was used to test the main between group differences).

Abbreviations: MCl, mild cognitive impairment; AD, Alzheimer disease; CU, cognitively unimpaired; APOE, apolipoprotein E; MMSE, Mini Mental State Examination;
GDS-15, Geriatric Depression Scale, 15-item version; BAI, Beck Anxiety Inventory; DS-F, Digit Span Forward; DS-B, Digit Span Backward; TMT, Trail Making Test; p-VF,
phonemic verbal fluency (letters N, K, P); S-VF, semantic verbal fluency (animals); BNT, Boston Naming Test (30 odd-items version), number of errors; CDT, Clock
Drawing Test; ROCF-C, Rey-Osterrieth Complex Figure, copy condition; LM-IR, Logical Memory Story |, immediate recall; LM-DR, Logical Memory Story |, delayed
recall.

*Missing genotype data in n=35.

**Missing data in AD dementia (n=5), AD MCI (n=1), CU controls (n=6).
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Figure 2. Mitophagy biomarkers vs Alzheimer disease (AD) phenotype. *, ** and *** denote p < 0.05, p <0.01 and p < 0.001, respectively. Partial Pearson correlation
for AD biomarkers, ATN and brain structures was adjusted for age and sex or in the case of cognition, for age, sex, and education. Blue asterisks denote significance
after Holm-Bonferroni correction for multiple comparisons. CSF, cerebrospinal fluid; “A”, amyloid; “T", tau; “N”, neurodegeneration; +, abnormal; -, normal; AB42/42,
amyloid beta 42 to 40 ratio; AB42, amyloid beta 42; p-MAPT/tau (181), phosphorylated MAPT/tau (181); t-MAPT/tau, total MAPT/tau; NEFL, neurofilament light chain;
NRGN, neurogranin.
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Figure 3. Correlation between mitophagy biomarkers in serum and CSF. Notes:
Pearson correlation, ***=p <.001, **=p <.01, *=p <.05. Abbreviations: CSF,
cerebrospinal fluid.

Discussion

We investigated the alteration of mitophagy markers among
patients with AD (MCI-AD and AD dementia) and CU indi-
viduals. Our data from 246 biomarker-defined individuals
show a significant change in levels of CSF and serum-based
mitophagy biomarkers in the AD continuum. This study
reveals that mitophagy activators PINKI1 in CSF and serum
and BNIP3L in serum are higher in AD dementia individuals
than in MCI-AD and CU controls, while serum TFEB,
a master regulatory of lysosomal biogenesis, is lower in AD
dementia than in MCI-AD individuals and CU controls inde-
pendently of APOE status or levels of neurodegeneration.
These findings are consistent with the hypothesis that mito-
phagy defects contribute to AD pathology and progression
and suggest the impairment in the final stage of autophagy -
lysosomal degradation.

Historically, the first evidence that autophagy plays a role
in protein homeostasis and surveillance in the human brain
was the presence of highly abundant autophagosomes and
prelysosomal autophagic vacuoles (AVs) in neocortical and
hippocampal pyramidal neurons and dystrophic neurites
(including synaptic terminals) of AD patients, while similar
pathology was absent from brains of normal control indivi-
duals [18]. Subsequently, it was shown that AVs in brain
tissue and protein markers of AVs such as MAP1LC3/LC3
(microtubule associated protein 1 light chain 3)-II increase
with increasing AD progression/severity, being higher in later
Braak stage than in early Braak stage AD patients and normal
controls [19].

Evidence provided here supports the idea that mitophagy
plays a role in AD pathology, demonstrating that PINKI in
CSF and serum and BNIP3L in serum increase with
advanced AD disease severity. Earlier studies report similar
observations: upregulated levels of mitophagy activators,
PINK1 and PRKN, were also found in the hippocampal biop-
sies of patients with sporadic AD and were accompanied by
abnormally  increased  mitochondrial  content  [20].
Additionally, a similar alteration was found in the fibroblasts
of the same patients suggesting an impaired mitochondrial

function in peripheral tissue [20] as well as accumulation of
AVs containing abnormal mitochondria [21], suggesting
reduced mitophagic flux in cells from AD patients.
Increased levels of PRKN and “mitophagy tag” p-S65-Ub
levels in brain biopsies from patients with AD compared to
controls also suggest the impairment in the final degradation
step of mitophagy [22].

It is important to note, that several studies of human brain
biopsies have found reduced PINK1 levels in brains with AD
pathology [16,23,24] For example, Vaillant-Beuchot and his
team described decreased levels of PINK1 in Alzheimer brain
biopsies compared to control samples, but in the same paper,
they presented increased levels of PINK1 in APPswe cells
compared to control cells [24]. Brain samples showed elevated
levels of LC3-1/II (autophagosome markers), which, similar to
our work, was interpreted as intracellular autophagosome
accumulation and dysfunctional lysosomal degradation [18].
Likewise, a comprehensive study of hippocampal CA1 pyra-
midal neurons also demonstrated that autophagy increases in
early-stage AD (Braak stage III) and subsequently decreases in
late-stage (Braak stage V), reflected by the accumulation of
LC3-II and SQSTM1/p61 and increased autolysosomal size
and total area [25].

Interpreting results from studies that present decreased
levels of PINK1 is challenging, as the control samples did not
represent individuals without neurodegenerative pathology
[16,23,24]. The control brain biopsies in the study by Vaillant-
Beuchot et al. included six healthy controls and three patients
with amyotrophic lateral sclerosis, another neurodegenerative
disease that shares common neurodegenerative pathways
with AD [24]. Du et al. compared AD individuals (n=7)
with non-AD individuals (n =7), which included individuals
without A3 plaques but with positive neurofibrillary tangles
(Braak stage I-IV), again another neurodegenerative pathology
[16]. Sohn et al. compared APOE €4 carriers with non-carriers.
The APOE €4 non-carriers included seven individuals - six
patients — three with PART, two with AD, one with ARTAG,
and one normal individual. In other words, they investigated
the effect of the APOE polymorphism on mitophagy markers in
two clinical groups [23].

To date, limited data on the expression of autophagy/
mitophagy markers in human CSF and blood is available.
Mitophagy-associated proteins were investigated in human
biofluids with other neurological diseases [26,27]. Increased
PINK1 levels were found both in the serum and CSF of
patients with multiple sclerosis [27] and in the plasma of
individuals with Parkinson disease [26] compared to healthy
controls. Regarding AD, two previous studies also found that
increased levels of other protein activators of autophagy and
lysosomal pathways are higher in CSF in patients compared to
controls [28,29]. Specifically, EEA1 (early endosome anti-
gen 1), RAB3, RAB7 (endosomal proteins), LAMP1 (lysoso-
mal associated membrane protein 1) and LAMP2 (lysosomal
proteins), LC3 (a marker of autophagosomes) and LAMP2 (a
marker of AVs) were significantly higher in CSF of AD
patients than in controls [28,29]. In addition, LAMP-2-defi-
cient mice show accumulated AVs in many tissues (liver,
pancreas, muscle, and heart) [30], suggesting that altered
levels may indicate lysosomal dysfunction in AD.



Another possible explanation for the discrepancies between
brain biopsy and biofluid studies is that researchers working
with brain biopsies only examine certain regions of the brain
[16,23,24], but the biofluid variations likely reflect the overall
changes.

Cytoplasmatic accumulation of AVs and elevated levels of
various autophagy/mitophagy markers have been explored to
imply increased autophagy in neurons. However, the
increased numbers of autophagosomes and their markers
can also accumulate intracellularly (and in other biological
fluids) when the final step of autophagy/mitophagy is
impaired, and autophagosomes cannot fuse with lysosomes
[31]. To distinguish between increased autophagic response
and autophagy blockade, it was suggested to consider auto-
phagic flux [32].

TFEB is a master regulator of proteins involved in lyso-
some biogenesis and function and autophagic flux [33].
Here, we show that TFEB protein is less abundant in
serum of AD dementia individuals than in MCI-AD and
CU individuals, which is consistent with previous studies
showing lower expression of TFEB in monocytes and lym-
phocytes [34] and brain biopsies from individuals with AD.
In the hippocampus, expression of nuclear TFEB decreased
with increasing Braak-stage [35]. A study with iPCS-derived
neurons from patients with familial AD demonstrated low
TFEB, together with increased PINK1 and PRKN, and
abundant damaged mitochondria [36]. In addition, TFEB
knockdown mice show higher LC3B-I and LC3-II and more
abundant autophagosomes than control mice. The lysoso-
mal markers colocalize and co-purify with mitochondria in
TFEB-deficient cells, suggesting blockage in the late stages
of mitophagy [37]. Overall, these data imply that depletion
of TFEB impairs autophagy/mitophagy and could play
a role in AD pathology [35-37]. Conversely, some studies
suggest that upregulation/overexpression of TFEB promotes
degradation of Af} and tau aggregates, reduces cell apopto-
sis, and prevents memory impairment through autophagy-
lysosome pathway in AD transgenic mice [38-40]. Little is
known about TFEB expression in CSF. Only one study
analyzed the TFEB levels in CSF from AD patients and
controls. Even though they found elevated levels of auto-
phagosome marker LC3, they found no differences in TFEB
levels between the groups [28]. These negative results might
be due to the small sample size and heterogeneous cohort.
They included only 20 participants defined by
abnormal AD biomarkers (Ap42, p-MAPT/tau [181]),
t-MAPT/tau) but without any clinical definition [28]. To
the best of our knowledge, this is the first study to quantify
TFEB in CSF and serum from well-defined AD patients
stratified by clinical stages.

The findings of the present study reveal that expression of
mitophagy markers is affected primarily in later stages of AD
(i.e., AD dementia). However, evidence from animal models
of AD predict such changes in the early stages of AD (i.e.,
MCI-AD), and a study by Nixon and colleagues reported
increased expression of LC3-II in postmortem brain of
Braak stage I-II patients measured by western blot [19].
While additional studies are needed to resolve this discre-
pancy, it could indicate that changes in earlier stages of AD
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occur intracellularly and are released into the extracellular
space in very low concentrations and fell below the level of
detection. Our findings in the advanced stage of the disease
may reflect neurodegeneration when the metabolites are
released in extracellular space in higher concentrations and
are detectable by standard ELISA measurement. However, our
analyzes showed that adding CSF NEFL levels, a biomarker of
neurodegeneration, as a covariate in the ANCOVA analyzes
did not alter the results between the mitophagy markers and
the study cohorts.

Among other results, we demonstrate a statistically sig-
nificant correlation between CSF PINKI1 and AD biomar-
kers, including a lower AB42/40 ratio and higher p-MAPT/
tau (181), t-MAPT/tau, NEFL, and NRGN. A weak positive
correlation between PINKI and AP42 found in the whole
sample as well as in the patient groups was unexpected but
not necessarily in contradiction with our finding of the
PINK reduction in clinical groups. Knowing that it is gen-
erally accepted that AB42 in clinical stages of AD does not
reflect the clinical severity nor disease activity, we expect
that other pathophysiological factors explaining the inter-
individual variability in AP42 May exist [41]. Also, more
severe AD pathology, according to the AT(N) framework,
correlated with higher PINKI in CSF. Also, serum TFEB
and serum BNIP3L levels were associated with the severity
of AD pathology, as demonstrated by the negative correla-
tion with NEFL (markers of neurodegeneration). Levels of
CSF PINK1 did not correlate with serum PINKI, and
serum PINK1 did not correlate with AD biomarkers, sug-
gesting that PINK1 is issued mainly from peripheral tissues.
However, the increased levels of PINK1 in AD also appear
in serum samples, which indirectly confirms the ubiquitous
nature of the mitochondrial alteration not limited to brain
tissue.

AD patients typically experience cognitive impairment,
especially affecting the memory domain. Data from animal
studies associate defects in autophagy/mitophagy in hippo-
campal neurons with reduced performance in memory tasks
[12,16,42], and it has been proposed that autophagy/mito-
phagy is crucial for memory formation [42]. Our data
demonstrate a negative correlation between CSF PINK1
and memory, executive function, and a language domain
and a negative correlation between serum PINKI and
attention and working memory. TFEB also correlated posi-
tively with executive function and a language domain.
These findings are consistent with the hypothesis that mito-
phagy is required for normal cognition. In animal models
of AD, it has been reported that pharmacological [11,12] or
genetic [16] stimulation of mitophagy can reverse memory
impairment.

Mitophagy markers were not associated with AD-related
changes in brain structure in the present study, in contrast to
previous reports that found brain-region-specific accumula-
tion of mitophagy markers in AD patients’ brain tissue
[19,20].

A strength of present study is the uniqueness of the patient
cohort followed in CBAS. As such, all study participants
underwent clinical examination, comprehensive neuropsycho-
logical assessment, brain MRI, and biomarker evaluation, and
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all studies were carried out at a single clinic and laboratory.
A limitation of the current study is the relatively small size of
the study cohort, especially the control group, which is mainly
caused by the difficulty in recruiting biomarker-defined
healthy elderly.

In summary, the upregulation of mitophagy activators in
serum and CSF and downregulation of TFEB in serum
of AD patients with dementia indicate impairment in auto-
phagy-lysosomal pathway degradation and suggest that dys-
regulation of autophagy/mitophagy plays a significant role
in onset and progression of AD. Our future research goals
are to improve the detection of low abundance mitophagy
markers in CSF and to conduct a longitudinal study of
mitophagy/autophagy biomarkers in biofluids of AD
patients.

Materials and methods
Participants

This study included 246 biomarker-defined participants
recruited from the Czech Brain Aging Study (CBAS) cohort,
the CBAS plus cohort at the Memory Clinic of Charles
University/Motol University Hospital, and the Department
of Neurology, Motol University Hospital in Prague, Czech
Republic. All study participants signed an informed consent
form approved by the local ethics committee (number EK218/
20) [18]. All participants included in the study were White
and of Czech nationality. Participants with cognitive deficit
(n=200) were referred to the Memory Clinic by general
practitioners or neurologists for cognitive complaints reported
by themselves or their informants. Cognitively unimpaired
(CU) older adult participants (n =46) had previously under-
gone lumbar puncture that was negative for pathological
conditions.

All study participants were subject to clinical evaluation,
including routine blood tests, cognitive assessment, brain
magnetic resonance imaging (MRI) and quantitative assess-
ment of AP in the brain. The majority of participants (n=
218) underwent lumbar puncture to donate CSF, which was
analyzed for A, p-MAPT/tau (181) and t-MAPT/tau; patients
who did not donate CSF (n =24) underwent PET imaging to
assess AP load.

Participants with AD dementia (n = 100) met the clinical criteria
for high likelihood of AD dementia, including evidence of AD
pathophysiology, progressive impairment in at least two cognitive
domains (i.e.,21.5 standard deviations [SD] lower memory test
score than the age- and education-adjusted norms as well as
similarly low score in at least one non-memory cognitive test)
and significant impairment in activities of daily living [43]. The
participants had CSF positive for AD biomarkers (reduced AfB42
and elevated p-MAPT/tau [181] [<620 pg/mL and >61 pg/mlL,
respectively] [44]) (n=93) and/or were positive for AP based on
18F-flutemetamol PET scan (n=9). In patients who did not
undergo CSF collection the neuronal injury was determined
based on visual rating of the hippocampus [45].

Participants with mild cognitive impairment due to AD (MCI-
AD) (n = 100) met the clinical criteria for high likelihood of aMCI
due to AD including memory complaints, evidence of memory
impairment (i.e., 21.5 SDs lower score than the age- and educa-
tion-adjusted norms in any memory test), but largely intact

activities of daily living and absence of dementia [46]. The parti-
cipants had CSF positive for AD biomarkers (reduced APp42 and
elevated p-MAPT/tau [181] [<620 pg/mL and >61 pg/mL, respec-
tively] [44]) (n=90) and/or were positive for AB based on PET
imaging (n = 8). In patients who did not undergo CSF collection,
the neuronal injury was determined based on visual rating of the
hippocampus [45]. As expected, MCI-AD scored lower than CU
participants and higher than AD dementia patients in all cognitive
tests (ps <.05).

CU participants (n = 46) met one of two sets of criteria.

(1) Participants referred by the Department of Neurology
met the following criteria: underwent lumbar punc-
ture to exclude inflammatory disorder (e.g., facial
palsy, headache, back pain), were negative for patho-
logical and inflammatory markers in CSF and blood
(n=39), did not report cognitive complaints, demon-
strated cognitive performance within the age- and
education-adjusted normal range. In addition, they
had no evidence of hippocampal atrophy on MRI
and had normal results of AD biomarkers in CSF.

(2) among the patients followed in the CBAS study for
subjective cognitive decline (SCD) (n =7). These SCD
controls reported cognitive complaints that motivated
them to seek medical help, but they did not have any
impairment in activities of daily living and demon-
strated cognitive performance within the normal age-
and education-adjusted normal range [47]. In addi-
tion, they had no evidence of hippocampal atrophy
on MRI and had normal results of AD biomarkers in
CSF or on PET.

Demographic data and prevalence of the most common
comorbidities are shown in Table 1.

Within the AD dementia and MCI-AD group, there were
110 (55%) APOE &4 carriers: (84 APOE €4 heterozygotes and
26 APOE €4 homozygotes). There were five (10.9%) APOE ¢4
heterozygotes and no homozygotes in the CU group.

Besides the clinical classification, all the participants under-
going CSF collection (n = 218) were also classified according to
the AT(N) criteria framework. To define the AT(N) status, we
used CSF AP42 as “A”, CSF p-MAPT/tau (181) as “T”, and CSF
t-MAPT/tau as “N” [48]. These biomarkers were dichotomized
as normal (-) or abnormal (+), and the patients were divided
into four groups: A-T-N- (no pathology, n = 36), A+T-N- (amy-
loid pathology, n =38), A+T+N- (AD pathology, n=33), A+T
+N+ (AD pathology with neurodegeneration, n = 104) [16].

Exclusion criteria

Participants with moderate to severe white matter vascular
lesions on MRI (Fazekas score>2 points) or any primary
neurological or psychiatric disorders that could cause cogni-
tive or mitochondrial dysfunction (e.g., major depressive dis-
order, psychosis, Parkinson disease, Lewy body dementia,
frontotemporal lobar degeneration, substance abuse) were
excluded from the study. Patients with evidence of cancer,
diabetes, renal failure, cardiac failure, gait disorders,
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Memory Clinic Cohort P-values
AD-MCI vs. AD AD MCI AD Dementia

All patients AD Dementia AD-MCI Patients CU Controls Dementia vs. CU vs. CU
Mitophagy biomarkers N =200 N =100 N=100 N=46
CSF PINK1 ng/mL 1.2 (0.2) 1.3 (0.2) 1.1 (0.2) 1.0 (0.3) <0.001 0.09 <0.001
Serum PINK1, ng/mL 4.8 (10.7) 6.4 (13.3) 3.2 (6.8) 5.1 (10.1) 0.01 0.21 0.73
Serum BNIP3L, ng/mL 2.5(1.8) 2.9 (2.1) 2.1 (1.2) 2.7 (2.2) 0.02 0.48 0.60
Serum TFEB, pg/mL 705.0 (361.8) 670.1 (368.6) 744.3 (351.9) 966.5 (1562.5) 0.03 0.90 0.04
AD biomarkers
CSF AB42/40 0.04 (0.02) 0.04 (0.01) 0.04 (0.02) 0.09 (0.02) 0.74 <0.001 <0.001
CSF AB42, pg/mL 486.5 (187.2) 493.0 (203.2) 480.0 (170.5) 1138.8 (474.7) 0.99 <0.001 <0.001
CSF t-MAPT/tau, pg/mL 618.8 (409.2) 667.3 (465.0) 570.9 (341.3) 225.5 (113.1) 0.17 <0.001 <0.001
CSF p-MAPT/tau (181), pg/mL 101.9 (65.7) 107.4 (69.6) 96.4 (61.5) 37.2 (17.6) 0.29 <0.001 <0.001
Serum NEFL pg/mL 35.342 (26.4) 38.7 (21.0) 35.8 (31.2) 14.0 (5.6) 0.10 <0.001 <0.001
CSF NEFL pg/mL 1293.0 (910.3) 1571.2 (979.8) 1304.2 (864.1) 666.1 (455.3) 0.04 <0.001 <0.001
CSF NRGN, pg/mL 253.7 (103.8) 267.3 (107.8) 253.8 (101.6) 188.2 (70.8) 0.77 0.03 0.01

Data are presented as N (%) and mean (SD) unless otherwise specified.

P values are comparisons using Tukey post hoc tests (one-way analysis of covariance was used to test the main between group differences), °data were log-

tranformed.

Abbreviations: MCl, mild cognitive impairment; AD, Alzheimer's disease; CU, cognitively unimpaired; CSF, cerebrospinal fluid; NEFL, neurofilament light chain; NRGN,

neurogranin.

parkinsonian syndromes, hemiparesis, or any neurological
disease were also excluded from the study.

CSF and blood collection and processing

Blood samples were drawn by venipuncture, allowed to clot at
room temperature for 15 min, and centrifuged at 1700 x g at
20°C for 5min within 30 min of collection. Serum superna-
tant was collected, divided into 0.5 ml polypropylene aliquots,
and stored at — 80°C until further use.

CSF was obtained by lumbar puncture in a supine position
at L3/L4 or L4/L5, collected in 8-mL polypropylene tubes,
gently mixed, and centrifuged at 1700 x g at 20°C for 5 min
within 30 min of collection. CSF was aliquoted in polypropy-
lene tubes of 0.5 ml and stored at —80°C until analysis. Before
biomarker analysis, serum and CSF samples stored at — 80°C
were thawed and vortexed for 15 seconds.

Immunological assays

A LUMIPULSE® G600II instrument (Fujirebio, Ghent,
Belgium) was used to measure CSF levels of Ap42, AP40,
t-MAPT/tau, p-MAPT/tau (181), and NRGN. In this car-
tridge-based system, monoclonal antibody-coated beads are
used for capture, and monoclonal antibodies are used for
detection. Luminiscence was measured at 477 nm [44].
Commercial enzyme-linked immunosorbent assay (ELISA;
UmanDiagnostics, 10-7001CE) was used to measure CSF
levels of NEFL. Protein levels of mitophagy biomarkers —
PINK1 in CSF and serum and BNIP3L and TFEB in
serum - were also quantified using commercially available
ELISA kits (FineTest, EH6731 for BNIP3L; MyBioSource,
MBS7607221 for PINK1 and MBS7612687 for TFEB) follow-
ing the manufacturer’s instructions. Serum and CSF samples
were measured in duplicate. At the end of the assay, absor-
bances were read at 450 nm using a microplate reader (Dynex
Technologies, Virginia, USA), and the protein concentration
was calculated by comparison with a standard curve. The
NEFL ELISA kit stated an intra-assay coefficient of variance

(CV%) of less than 8% and an inter-assay CV < 10%. The
BNIP3L, PINKI and TFEB ELISA kits stated an intra-assay
CV <5% and an inter-assay CV < 10%.

Neuropsychological assessment

Cognitive performance was assessed using the following tests:
(a) global cognitive function measured with Mini-Mental State
Examination/MMSE [49]; (b) attention and working memory
measured with the Forward/DS-F and Backward/DS-B Digit
Span subtests (from the Wechsler Adults Intelligence Scale -
Revised), and the Trail Making Test (TMT) A [50]; (c) memory
measured with the Logical Memory/LM immediate and
delayed recall, an adaptation from the Uniform Data Set (UDS-
cz 2.0) [51]; (d) language measured with the Boston Naming
Test (BNT-30), 30 odd-items version [52], and semantic verbal
fluency/S-VF, animals [53]; (e) executive function measured
with TMT B [50], and phonemic verbal fluency/P-VF (Czech
version with letters N, K, P) [53]; and (f) visuospatial function
measured with the Rey-Osterrieth Complex Figure Task/
ROCFT - the copy condition, and the Clock Drawing Test/
CDT [54]. The self-report Geriatric Depression Scale/GDS-15,
a 15-item version [55], and the Beck Anxiety Inventory/BAI
[56] were administered to evaluate anxiety and depressive
symptoms. Mean cognitive performance values (£SD) are listed
for each patient subgroup in Table 1.

MRI acquisition and analysis

MRI images were acquired on a 1.5T scanner (Siemens,
Erlangen, Germany) using T1-weighted three-dimensional
high-resolution magnetization-prepared rapid acquisition
with gradient echo sequence using the following parameters:
TR/TE/TI =2000/3.08/1100 ms, flip angle 15°, 192 continuous
partitions, slice thickness 1.0 mm, and in-plane resolution
Imm [57]. All images were inspected visually by
a neuroradiologist in a blinded manner. Patients whose MRI
data showed evidence of tumor, cortical infarct,
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hydrocephalus, or other major anatomical variation were
excluded from the study. Freesurfer automated suite (v7.1.0,
http://surfer.nmr.mgh.harvard.edu) was used to derived regio-
nal cortical thickness [58], subcortical areas and volumes [59],
as well as total hippocampal volume, entorhinal cortical thick-
ness, parahippocampal cortical thickness, total gray matter
volume, and ventricular volumes. Brain area and volume
measurements were normalized to the estimated total intra-
cranial volume (eTIV [60],) as follows: Vol,g=Vol,ay
—B(TIV aw—TIV nean); regional thickness measurements were
not eTIV-adjusted [61]. Morphometric characteristics of the
participants are listed in Table 1.

Statistical analysis

All data were standardized to z-scores. Data with non-normal
distribution were log-transformed (mitophagy markers, AD
biomarkers, hippocampal volume, ventricle volumes) prior to
transformation to z-scores.

Between-group differences in demographical characteris-
tics were evaluated using parametric one-way analysis of
variance (ANOVA) with Tukey post hoc tests for continuous
variables (age, years of education, Mini-Mental State
Examination, Geriatric Depression Scale and Beck Anxiety
Inventory score) and chi-square tests for dichotomous vari-
ables (sex, APOE €4 status).

Between-group differences in mitophagy markers were
evaluated using parametric one-way analysis of covariance
(ANCOVA), with Tukey post hoc test. Each ANCOVA
model included the mean value of the mitophagy biomarker
level as the outcome, the study group as a between-subject
factor, and covariates of age and sex.

The relationships between mitophagy markers (PINKI,
BNIP3L, TFEB), AD biomarkers (Ap42/40, Ap42, p-MAPT/
tau [181]), t-MAPT/tau, NEFL, NRGN), AT(N) profiles
and AD-related structures (hippocampal volume, gray matter
volume, ventricle volumes, entorhinal thickness, parahippo-
campal thickness) were evaluated using partial Pearson corre-
lation adjusted for age and sex. Pearson correlation adjusted
for age, sex, and years of education were used to establish the
relationship between mitophagy markers (PINK1, BNIP3L,
TFEB) with the cognitive composite domain (attention and
working memory, memory, executive function, language, and
visuospatial function). Holm-Bonferroni correction was used
to adjust for multiple comparisons.

Cognitive domains for the participants with AD-dementia
and AD-MCI were expressed as composite domain z-scores,
calculated as the average of z-scores for each of the tests
within the specific cognitive domain. The z-scores for TMT
A and B, and Boston Naming Test-30 were multiplied by
negative ones to express the values in the same direction as
the other neuropsychological values. The maximum time for
completion of the TMT A and B were 180 s and 300 s,
respectively, and those who were unable to complete the
tests were assigned a score of as 181 s and 301 s, respectively.

p-values <0.05 (*), 0.01 (**), and 0.001 (***) were consid-
ered statistically significant. Analyses were performed using
the R statistical language environment [62].
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