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Introduction: Iron is crucial for brain function, but excessive iron is neurotoxic.
Abnormally high brain iron accumulation is one of the pathogenic factors in
Alzheimer's disease (AD). Therefore, understanding the mechanistic basis of iron
dyshomeostasis in AD is vital for disease mitigation. Calcium, another essential
bioelement involved in cell signaling, also exhibits dysregulated homeostasis in
AD. Calcium ion (Ca®*) signaling can influence iron homeostasis through multiple
effectors. Our previous studies identified Ca?*/calmodulin (CAM)-dependent
protein kinase kinase 2 (CAMKK2) as a regulator of transferrin (TF)-bound iron
trafficking through the TF receptor (TFRC). Given CAMKK2's high expression in
brain cells, it was hypothesized that abnormal CAMKK2-TF/TFRC signaling may
underlie excessive iron deposition in AD brains. This study aims to retrospectively
investigate CAMKK2, TF, TFRC proteins, and iron content in temporal cortex
tissues from AD patients and cognitively normal (CN) individuals, postmortem.

Methods: Postmortem temporal cortex tissues from 74 AD patients,
27 Parkinson'’s disease (PD) patients, and 17 CN individuals were analyzed for
CAMKK2, TF, and TFRC protein levels by Western blotting. Additionally,
prefrontal/temporal cortex tissues from 30 CN individuals of various ages
were examined for age-related effects. Iron content in cortical tissues was
measured using a colorimetric assay.

Results: CAMKK2, TF, and TFRC levels were significantly decreased in AD patients’
temporal cortices compared to CN individuals, independent of age or
postmortem interval-related changes. PD patients’ also exhibited similar
reductions in CAMKK2/TF/TFRC levels. The increased iron content in AD
brains was significantly correlated with reduced TF/TFRC protein levels.

Discussion: Building on the previous identification of CAMKK2 as a regulator of
TF/TFRC trafficking and iron homeostasis, the findings from this study suggest
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that downregulation of CAMKK2 in AD cortices may disrupt TF/TFRC signaling and
contribute to iron overloading and neurodegeneration through iron-induced
toxicity. The decreased levels of TF/TFRC and increased iron in AD brains may
result from enhanced clearance or post-trafficking degradation of TF/TFRC due to
CAMKK2 downregulation. Restoring CAMKK2 levels in the AD brain could offer a
novel therapeutic approach to reestablish iron homeostasis. Further studies are
needed to explore the pathways linking CAMKK2 and iron dysregulation in AD and
other neurodegenerative diseases.

KEYWORDS

Alzheimer's disease, calcium, Ca?*/calmodulin (CaM)-dependent protein kinase kinase 2,
homeostasis, iron, Parkinson'’s disease, transferrin, transferrin receptor

1 Introduction

Iron is an essential element for the development and
functionality of the human brain. Its ability to exist in multiple
oxidation states, primarily ferrous (Fe**) and ferric (Fe®*), enables it
to participate in various redox reactions and form stable complexes
with other biomolecules such as oxygen, nitrogen, and sulfur atoms
(Sédnchez et al,, 2017). This versatility, combined with its efficiency in
electron carrying, makes iron indispensable in a wide range of
biological processes, from energy production and oxygen
transport to DNA synthesis and metabolic regulation (Abbaspour
etal., 2014). However, the same properties that make iron useful also
render it potentially toxic, as iron is a strong promoter of reactive
oxygen species (ROS) that can drive the oxidation of proteins, lipid
peroxidation, and nucleic acid modifications, ultimately
compromising vital cellular functions and leading to cell death
(Gutteridge and Halliwell, 2018). Consequently, anomalies in
iron distribution and concentration in different tissues are
associated with various diseases, including neurodegenerative
diseases such as Alzheimer’s disease (AD), in which abnormal
iron deposition in the brain has been identified as a pathogenic
factor (Liu et al., 2018; Levi et al., 2024; Bartzokis et al., 2007).

The iron level generally increases in the aging brain (Bartzokis
et al., 1997), but in AD, there is a dramatic increase in brain iron
content (Altamura and Muckenthaler, 2009). Magnetic resonance
imaging (MRI) has shown higher iron concentrations in the deep
gray matter and neocortical regions in AD patients (N = 100)
compared to cognitively normal (CN) individuals (N = 100)
(Damulina et al, 2020). Iron binds to amyloid beta (AB) and
influences its toxicity in the central nervous system (Joppe et al.,
2019; Butterfield and Kanski, 2001). Studies have demonstrated that
iron accumulates in the same brain regions in AD patients
characterized by hallmark AP deposition, such as the
hippocampus, parietal cortex, and motor cortex (Good et al,
1992; Dedman et al, 1992; Zecca et al, 2004), suggesting a
connection between iron dysregulation and AD pathology.
whether primary
neurodegenerative process in AD or its

consequence of disease progression remains an open question.

However, iron is a actor in the

alteration is a

Unlike most organs, the brain is protected by a vascular barrier
that tightly regulates the flow of cells, ions, and molecules from
peripheral circulation into the brain. The brain receives all its iron
from the peripheral circulation, with the primary pathway for iron
uptake being mediated by the blood-brain barrier (BBB), composed
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of cerebrovascular endothelial cells (Mills et al., 2010). Almost all
iron in the serum is bound to transferrin (TF), a serum iron
transporter glycoprotein (Tolosano, 2015). TF-bound iron must
cross the BBB to supply underlying tissues, a process facilitated
by the transferrin receptor (TFRC), which is present on both the
apical and basal plasma membranes of brain endothelial cells
(Nielsen et al., 2023). TFRC-mediated endocytosis of iron-bound
TF through clathrin-coated vesicles is primarily responsible for the
transendothelial intake of iron (Mills et al., 2010). Additionally,
ferritin, an iron-binding and iron-storage protein circulating in the
serum, can permeate the BBB via ferritin receptors (Li et al., 2010;
Fisher et al., 2007), contributing to transmembrane iron transport.
Furthermore, multiple non-TF-bound iron (NTBI) transport
mechanisms exist, involving divalent metal-ion transporters such
as ZIP14, ZIP18, and DMT]1, which are crucial for brain iron
homeostasis (Knutson, 2019). Both TF-dependent and TF-
independent mechanisms may contribute to iron transport across
the BBB, as evidenced by hypotransferrinemic mice (with less than
1% of normal circulating transferrin) having normal amounts of
brain iron (Beard et al., 2005). Once iron enters the endothelial cells,
various pathways may regulate its transcytosis, involving both
intracellular and abluminal iron transport (Mills et al., 2010).
Moreover, different brain cell types, including neurons, astroglia,
and oligodendrocytes, have specific preferences for iron transport
and metabolism to maintain homeostasis. Pinpointing the defects
underlying abnormal iron homeostasis in AD is a monumental task
and remains poorly understood. One approach to uncovering the
root cause of iron dyshomeostasis-mediated neurodegeneration in
AD is to identify defects in the regulatory elements controlling
receptor-mediated TF trafficking in the human brain.

Calcium, like iron, is essential for maintaining normal brain
function. Calcium ions (Ca®") act as crucial second messengers in
cellular signaling. Disruptions in Ca** homeostasis and signaling are
critical in the pathogenesis of neurodegenerative diseases, including
AD (Alzheimer’s Association Calcium Hypothesis W, 2017). Recent
studies suggest that calcium-induced iron dysregulation contributes
to neurodegeneration, highlighting a complex interplay between
calcium and iron signaling (Nunez and Hidalgo, 2019). In my
previous research, I have identified Ca®*/Calmodulin (CAM)
Dependent Protein Kinase Kinase 2 (CAMKK2) as a novel
regulator of receptor-mediated transferrin (TF) trafficking across
various cell types (Sabbir, 2018). CAMKK2, a serine/threonine
kinase, is activated upon binding to Ca**/CAM in response to
increased intracellular Ca** concentrations (Kitani et al., 1997). It
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is expressed in a variety of cell types, including neurons (Marcelo
et al,, 2016) and BBB endothelial cells (Sabbir et al., 2020). Using
proteomics approaches and CRISPR/Cas9-mediated
CAMKK?2 deletion in human embryonic kidney (HEK293) and
hepatoma-derived HepG2 cells, I have demonstrated that
CAMKK?2 TFRC-mediated
endocytosis of TF, leading to abnormal accumulation of TF and

deletion results in  defective
altered phosphorylation of TF at multiple serine and threonine
residues (Sabbir, 2018). Additionally, we found that hemizygous
deletion of CAMKK?2 in transformed human endothelial cells
(EA.hy926) increases TF uptake and transcytosis, as well as alters
subcellular trafficking of TF (Sabbir et al,, 2020). Furthermore,
Camkk2 knockout (Camkk27") mice exhibited a significant
increase in total TF in the brain and spinal cord, and a decrease
of TF in liver tissues (Sabbir, 2020a). These findings establish a
strong connection between CAMKK?2 activity and iron homeostasis
through regulation of receptor-mediated TF trafficking, making
CAMKK?2 an ideal target for study in AD brains. Based on these
observations, it is hypothesized that CAMKK2, TF, and TFRC
protein levels may be altered in AD brains, contributing to the
dysregulated iron homeostasis observed in the diseased brains.

To address this hypothesis, the abundance of CAMKK?2, TF, and
TFRC proteins was analyzed in temporal cortex tissues derived from
74 AD patients and 17 age-matched CN individuals, postmortem. It
is important to note that the definition of a CN individual was based
on the neuropathological diagnosis reported by the respective brain
repository, ~which may change based on subsequent
neuropathological/molecular examination of the postmortem
brains used in this study. Additionally, temporal cortical tissues
obtained from 27 Parkinson’s disease (PD) patients were analyzed to
determine if the anticipated abnormalities in CAMKK2/TF/TFRC
were specific to AD or also present in other forms of dementia,
specifically PD. Furthermore, a cohort of temporal/prefrontal
cortical tissues derived from a total of 30 CN individuals,
consisting of different age groups ranging from prenatal,
postnatal, toddler, early to middle childhood, adolescents, adults,
and elderly individuals, was used to assess any age-related effects on

the anticipated results.

2 Methods
2.1 Postmortem human brain tissue

Frozen (-80°C) temporal cortex tissue samples (9 CN
individuals, 74 AD patients, and 27 PD patients) were obtained
from the University of Florida Neuromedicine Human Brain and
Tissue Bank, Florida, USA. This cohort of tissue samples was
previously used in another study investigating the role of
Cholinergic Receptor Muscarinic 1 (CHRMI1) in AD (Sabbir
et al,, 2022). For detailed sample information, see Supplementary
Table S2 in Sabbir et al. (2022). Additionally, a cohort of prefrontal/
temporal cortex tissue from 30 CN individuals of different age
groups
(18 weeks), postnatal (36 weeks), toddler (3 years), early to
middle childhood (4-8 years), adolescents (13-14 years), adults
(42 years), and elderly individuals (72-90 years) was kindly provided
by Dr. Richard Deth of the Barry and Judy Silverman College of

(Supplementary Table SI), ranging from prenatal,
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Pharmacy, Nova Southeastern University, Florida, USA. Dr. Deth
obtained these samples from the National Institutes of Health (NTH)
Neurobiobank (NBB) 2219).
Furthermore, cortical tissues from eight elderly CN individuals
(mean age + SD: 71.5 + 12.39 years) from the NIH NBB cohort
were added to the Florida Neuromedicine Human Brain CN cohort

repository  (Request number:

as age-matched samples for comparison with the AD and PD patient
cohorts, bringing the total number of adult CN tissue samples to 17.

Hippocampus and cerebellum tissue from four CN individuals
were also used to characterize brain region-specific abundance of
CAMKK?2 protein. The hippocampus tissue samples (deidentified
sample numbers: #4456 and #1848) were provided by the NIH NBB
(sample request number: 1883) and the cerebellum samples
(deidentified sample numbers: #A21-006 and #A20-031) were
provided by the University of Florida Neuromedicine Human
Brain and Tissue Bank. Detailed information on these samples
can be found in the supplementary tables published in Sabbir
et al. (2022).

2.2 Western blotting (WB) and
immunodetection

The approach used for quantifying target proteins in
postmortem brain tissue by WB was previously described in
detail by Sabbir et al. (2020); Sabbir et al. (2022). Increasingly,
total protein staining has become the standard for normalizing
Western blot quantifications, as housekeeping proteins like
GAPDH may vary in disease states and thus lead to erroneous
results if used for normalization (Pillai-Kastoori et al., 2020).
Consequently, total cellular protein staining was employed for
normalization in this study, a method rigorously validated in our
previous work (Sabbir et al, 2020; Sabbir et al, 2022). Anti-
CAMKK?2 (catalog number: Sc-100364), anti-TF (catalog number:
sc-365871), anti-TFRC (catalog number: sc-51829), anti-MAPT
(catalog number: sc-58860), anti-CHRM1 (catalog number: sc-
365966) and anti-GAPDH (catalog number: Sc-25778) antibodies
were purchased from Santa Cruz Biotechnology. The CAMKK?2, TF,
and TFRC antibodies were previously used in different publications
of ours and, therefore, validated (Sabbir, 2018; Sabbir et al., 2020;
Sabbir, 2020a; Sabbir et al., 2022).

2.3 Quantification of iron content in
cortical tissues

The iron content in cortical tissues was measured using a
colorimetric technique with an Iron Assay Kit (Catalog Number
MAKO025; Sigma Inc.). Due to the unavailability of the relatively
large amount of tissue (>10 mg) required for the colorimetric iron
assay, the iron content was not measured in the PD cortices. In this
assay, an acidic buffer was used to release iron from the tissue
samples (>10 mg) by rapidly homogenizing them in 4-10 volumes
of Iron Assay Buffer supplied with the kit, using a Sonic
Dismembrator (Fisherbrand™ Model 120). The homogenized
samples were then centrifuged at 16,000 g for 10 min at 4°C to
remove insoluble material. To measure the Fe®* iron, the samples
were reduced using an iron reducer supplied with the kit, which
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CAMKK2 mRNA and protein expression in the hippocampus, cortex, and cerebellum of human brains. (A, B): Violin plots showing CAMKK2 and TF
MRNA expression in primary human brain tissues. TPM: Transcripts per million. The data used for this analysis were obtained from the GTEx portal on
9 June 2024. Sample sizes for CAMKK2 and TF are as follows: hippocampus N = 197, cortex N = 255, cerebellum N = 251/241 respectively. Box plots are
shown as median, 25th, and 75th percentiles. For representative images of coronal sections of the human brain showing the sample collection
regions from respective brain areas, please see Sabbir et al. (2022). (C—F): Immunoblots showing the abundance of CAMKK2 (C), TF (D), CHRM1 (E), and
GAPDH (F) in the hippocampus, temporal cortex, and cerebellum samples derived from different CN individuals. The human subject identification
numbers are written on the top panel. The asterisk indicates a neonatal brain whose sex was not reported. Blue and red highlights indicate female and
male sex, respectively. The red-dotted rectangle indicates abnormal levels of CAMKK2, TF, and CHRML1 proteins in the hippocampus tissue of CN sample

#1848 compared to sample #4456.

allows for the determination of total iron (Fe** and Fe**). The
released iron reacts with a chromogen to produce a colorimetric
product, which is measured at 593 nm and is proportional to the
amount of iron present. The Fe** content was calculated as the
difference between the total iron (measured in the presence of the
iron reducer) and the Fe’* content (measured with the assay buffer
alone). A standard curve was generated each time the assay was
performed. The total iron content of the tissue was expressed in
nmol per 10 mg of tissue.

2.4 Statistical analysis

Statistical analysis was performed using GraphPad Prism
software version 10.2.3 (403), 21 April 2024. Expression levels of
the protein of interest in CN and AD/PD groups were normalized to
a reference CN sample (Sample ID: A21-006; 100%) to facilitate
comparison across immunoblots from independent experiments or
biological replicates (Sabbir et al., 2020). Group comparisons were
assessed using unpaired parametric t-tests for pairwise comparisons
and one-way ANOVA (randomized) followed by Dunnett’s post hoc
multiple comparison test for analyses involving three or more
groups (Dunn, 1964; Siegel, 1956). Statistical significance was
defined as p < 0.05. Pearson correlation tests or simple linear
regression analyses were performed considering that protein
expression, age at death, or postmortem intervals (PMI) or tissue
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iron content values approximated Gaussian distributions. The
correlation coefficient (r) ranges from -1 to +1, where r =
1 indicates a perfect positive correlation, r = 0 to 1 indicates
variables tend to increase or decrease together, r = 0 indicates no
correlation, and r = —1 to 0 indicates one variable increases as the
other decreases; r = —1 indicates a perfect negative correlation.
Additionally, in simple linear regression analysis, a positive slope
indicates that Y increases with increasing X, while a negative slope
indicates that Y decreases with increasing X.

3 Results

3.1 Expression of CAMKK2 and TF in the
hippocampus, cortex and cerebellum tissues

CAMKK?2 and TF proteins have been reported to be expressed in
various regions of the mammalian brain, involving different brain
cell types (Sabbir, 2018; Abe et al., 2022; Sabbir, 2020b). The gene
expression data archived in the human Genotype-Tissue Expression
(GTEx) database reveals differential expression patterns of
CAMKK2 and TF across brain regions, with transcripts per
(TPM)
hippocampus for CAMKK2 (Figure 1A) and hippocampus >

million levels ranked as cerebellum > cortex >

cortex > cerebellum for TF (Figure 1B). Based on these
information, immunoblotting was performed to assess the
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TABLE 1 Summary of the major findings observed in terms of statistical comparison of CAMKK2, TF, and TFRC protein levels, iron content, age, gender, and

PMI factors in CN, AD, and PD.

Protein/Factor

Young vesus Old

CAMKK2 Unaltered with increasing age Normal Significantly decreased Significantly decreased
TF Unaltered with increasing age Normal ‘ Significantly decreased ‘ Significantly decreased
TFRC Significantly decreased with increasing age Normal ‘ Significantly decreased ‘ Significantly decreased
Iron Not done Normal Significantly increased Not done

Protein/Factor

Postmortem Interval (PMI)

Tissue Iron content

CAMKK2 CN: not significant/AD: not significant/PD: not
significant

TF CN: not significant/AD: significant/PD: significant

TFRC CN: not significant/AD : not significant/PD: not
significant

Age

CN: not signifcant/AD : significant/PD: not significant

CN: not signifcant/AD : not sifgnificant/PD: not
significant

CN: not signifcant/AD : significant/PD: not significant

CN: not signifcant/ AD: not
significant
CN: not signifcant/ AD: significant

CN: not signifcant/ AD: significant

CN: not signifcant/ AD: significant

abundance of CAMKK2 and TF proteins in the hippocampus,
cortex, and cerebellum tissues obtained postmortem from
normal (CN) individuals (Figures 1C-F).
showed the presence of CAMKK2 as
immunoreactive bands of approximately 70-75 kDa (kDa) in all
three regions (Figure 1C), corresponding to the known CAMKK2
isoforms, as validated in previous studies (Sabbir, 2020b). Similarly,

cognitively
Immunoblotting

TF was detected as an ~80 kDa protein in the hippocampus, cortex,
and cerebellum (Figure 1D), consistent with earlier findings in
postmortem human tissues (Sabbir, 2018). Notably, CAMKK2-
specific bands were absent in sample #1848, which also showed
reduced levels of both TF and the muscarinic cholinergic receptor
type 1 (CHRM1) (Figures 1C-F, red dotted rectangle). Though,
sample #1848 was classified as CN by the NIH NBB, the reduced
expression of CHRMI in the hippocampus relative to sample
#4456  suggests  the
neurodegenerative condition, as CHRM1 loss in the hippocampus
has been linked to such conditions (Sabbir et al., 2022).

possibility of an  undiagnosed

3.2 CAMKK2 and TF protein levels remain
unaffected by aging, while TFRC levels
decline in older individuals

The abundance of CAMKK2 and TF proteins were not
significantly affected by the aging process, while TFRC protein
A cohort of
prefrontal cortex tissues (Table 1, N = 30), primarily from
Brodmann Area 10 (BA10), derived from CN individuals with
ages ranging from prenatal (18 weeks) to elderly (72-90 years)
was analyzed.

The abundance of CAMKK2, TF, and TFRC proteins in the
cortical regions of the human brain postmortem was quantified

levels tended to decline in older individuals.

using immunoblotting. The quantification was based on
immunoblots (Figures 2A-]), followed by plotting the mean
CAMKK?2, TF, and TFRC protein levels with respect to age

(Figures 2K-M, respectively). Simple linear regression analysis
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revealed no significant difference in CAMKK2 and TF protein
levels with increasing age (CAMKK2 vs. age: Slope = —0.6477,

p-value = 0.6439, R-squared = 0.0077; TF vs. age:
Slope = -0.1406, p-value = 0.3372, R-squared = 0.0329).
However, TFRC protein levels in the temporal cortex

significantly decreased with age (TFRC vs. age: Slope = —-2.597,
p-value = 0.0078, R-squared = 0.2271), indicating that the reduction
in TFRC protein levels may depend on increasing age (Figure 2M).
Furthermore, a comparison of CAMKK2, TF, and TFRC protein
levels with postmortem interval (PMI) using simple linear
regression (CAMKK?2 vs. PMI: Slope = —3.373, p-value = 0.3895,
R-squared = 0.02656; TF vs. PMI: Slope = 0.1102, p-value = 0.7906,
R-squared = 0.002561; TFRC vs. PMI: Slope = 0.3863, p-value =
0.8948, R-squared = 0.00063) revealed that the alterations in protein
abundance within the temporal cortex tissues of old and young CN
individuals were not dependent on PMIs (Table 1).

Opverall, these findings indicate that CAMKK2 and TF protein
levels remain relatively unchanged with increasing age, while TFRC
protein levels decrease (Table 1). These results encourage further
study of these protein levels in Alzheimer’s brains to better
understand the disease pathology.

3.3 Characterization of AD and PD brain
tissue cohorts using microtubule-associated
protein tau (MAPT) profiling

A cohort of 17 CN, 74 AD, and 27 PD cortical tissue samples,
derived from postmortem brains [Supplementary Table S2 in Sabbir
etal. (2022)], were used to analyze CAMKK?2, TF, and TFRC protein
abundance and iron contents. The primary characterization of these
tissue samples as CN, AD, or PD was performed by the respective
brain repositories [Supplementary Table S2 in Sabbir et al. (2022)].
However, an immunoblotting using an anti-MAPT antibody was
conducted (Figure 3) to further validate the disease nature of these
tissues, specifically AD, based on the hypothesis that MAPT
aggregates (polymerization), commonly known as neurofibrillary

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1469751

Sabbir 10.3389/fcell.2024.1469751
mm Cognitively Normal (CN) anterior prefrontal cortex =1 CN temporal cortex
mm Alzheimer’s temporal cortex
A
:Age (Years)
=CAMKK2
B
“LTFRC
=CAMKK2
C
LTF
D
L TIGM2
E
K Slope =-0.647
_ $© o 10004 p=0.6439 (ns)
S V. 2@ AN AP AD NN LS .
T A DU S 5 = . .
3 PSS egtl 3, .
— . P Q£ H500] e
10079913713 42 72 73 73 79 90 90 =~ | ‘Age (Yrs) < 5 g e R
o “icawkke 232 [oo° °® A21-006
IS} 4 L]
0 . . S .
- 0 20 40 60 80 100
100-fue SR ER & = TFRC 8 _ 150 Age (¥re)
- @ =
75 W CAMKK2 2l e Slope=-0.1406  A21-006
3 £ 100 p = 0.3372 (ns) °
100 2=
1o V- ! o
75 - - - T L
I 1001 0O 20 40 60 80 100
Age (Yrs)
75- @
-l--b— memz g 80,
° =
3 & 6007 o Slope = -2.597
J 8% g8 P =00078 (significant)
2 © 400
= O &
82
o~
o
hid
[T
= 0 20 40 60 80 100
Age (Yrs)
FIGURE 2

Abundance of CAMKK2, TF, and TFRC proteins in the anterior prefrontal/temporal cortex of CN individuals of different ages, from infants to
adolescents, adults, and the elderly. (A=J): Immunoblots showing the abundance of CAMKK2 (A, F), TFRC (B, G), TF (C, H), and transglutaminase 2
(TGM2) (D, 1) in individuals of different age groups. Panels E and J represent Oriole-stained SDS-PAGE gels showing the protein loading
corresponding to the respective top panel immunoblots. Yellow arrows indicate that the corresponding blot was incubated with the TFRC
antibody without stripping the previously applied CAMKK2 antibody. The age at death of the individuals corresponding to the brain samples is shown
in years in the top panel below sample numbers. The CN sample #A21-006 was loaded twice and used in each SDS-PAGE as a reference sample for
normalization of the blots. The relative amount of respective proteins in each sample was calculated as a percentage of the CN control sample #A21-
006 used to normalize all samples in the same blot. This approach ensures that different immunoblots generated under different experimental
conditions during the study are comparable. (K—=M): Scatter plots showing the relative abundance (average of three independent experiments with
one replicate each) of CAMKK2, TF, and TFRC proteins in individuals of different age groups. The red and blue filled data points indicate AD patient
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FIGURE 2 (Continued)

sample and the CN reference sample (#A21-006), respectively. The blue dotted lines in K-M scatter plots represent the simple linear regression line
of the data, and the p-value represents whether the slope is significantly non-zero. If the slope is significantly non-zero (p-value <0.05), it suggests that
the independent variable (e.g., age) has a significant effect on the dependent variable (e.g., protein abundance). ns: not significant. The regression lines

were drawn using GraphPad Prism software.
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FIGURE 3

Verification of the nature of the disease in AD patient samples
using the MAPT pathological marker, compared with CN and PD
samples. (A, D, F): Immunoblots showing the relative abundance of
MAPT in temporal cortex tissues derived from postmortem

human brains. The sample identification numbers are provided on the
top panel of each immunoblot. Males and females are highlighted in
blue and red, respectively. CN, AD, and PD samples are color-coded
blue, red, and green, respectively. Panels (B, C) and (E, G) represent
Oriole-stained SDS-PAGE gels showing the protein loading
corresponding to the respective top panel immunoblots. HMW: high
molecular weight.

tangles (NFTs), a hallmark pathological feature of AD brains
(Binder et al., 2005), would be expected in the AD cortical
tissues but not in the PD and CN tissues.
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Six MAPT isoforms are present in the human brain and their
molecular weight ranges between 45 and 65 kDa (Park et al,, 2016).
MAPT aggregates appear as a high molecular weight smear in Western
blot (Watanabe et al., 1999; Sergeant et al., 2001; Wu et al,, 2021; Zhou
et al., 2018; Tarutani et al., 2021; Li et al., 2021; Santa-Maria et al., 2012;
Chukwu et al., 2018; Humpel, 2015; Jackson et al., 2016; Berger et al.,
2007; Takaichi et al,, 2021). Immunoblotting revealed the appearance
of multiple bands of varying intensities in the 45-65 kDa regions in
the immunoblots derived from the CN (n = 9) and PD (n = 13)
tissues (Figures 3A-G), indicating the presence of MAPT isoforms.
In contrast, MAPT appeared as a high molecular weight smear
ranging from 50 to 250 kDa in the 22 AD samples that were
analyzed (Figures 3A-C). The presence of the high molecular
weight MAPT smear in the AD samples indicates NFT
pathology, which was not present in the CN and PD samples.
This further confirmed the disease nature of the AD tissue samples
used in this study. It is important to note that some of the PD
patients also exhibited a faint high molecular weight MAPT signal
in the immunoblots (Sample IDs A21-010 and A21-011),
indicating the presence of NFT pathologies. Overall, these
findings confirmed the presence of distinct AD pathologies in
the AD patient cohorts.

3.4 Significant reduction of CAMKK2 in
AD patient temporal cortices compared to
age-matched CN individuals

Immunoblotting was performed to quantify CAMKK2 protein
levels in the temporal cortex tissues derived from AD patients and
CN individuals, postmortem (Figures 4A, D, and Supplementary Figures
S1A, D). Quantification based on the immunoblots revealed a significant
reduction (p < 0.0001) of CAMKK?2 protein levels in the AD cortices
compared to CN individuals (Figure 6A). The abundance of cortical
CAMKK?2 protein in male (n = 36) and female (n = 38) AD patients
exhibited no significant difference (p = 0.2505) in an unpaired t-test
(Figure 6B), indicating this phenomenon is not affected by gender. When
CAMKK?2 protein levels in AD and CN patients were plotted based on
their age at the time of death, simple linear regression analysis indicated
that the variation in cortical abundance of CAMKK2 protein is not
significantly associated with age in both CN (CAMKK2 in CN vs. Age:
Slope: -9.245, p-value = 0.0929, R-squared = 0.01768) and AD
(CAMKK2 in AD vs. Age: Slope: 0.01904, p-value = 0.9601,
R-squared = 0.00003497) patients (Figures 6C, D). Interestingly, the
plot involving CAMKK2 protein levels versus age in AD patients
revealed a cluster of individuals with very low CAMKK2 protein
levels in the age range between 70 and 80 years. This prompted
segmenting the data into 10-year intervals, revealing a significant
difference between CAMKK2 protein levels in those who died at the
age of 70-80 compared to <70, <90, and <100 age groups (Figure 6E).
Additionally, CAMKK?2 protein levels in AD and CN patients were also
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FIGURE 4

CAMKK2, TF, TFRC, and GAPDH protein levels in the temporal cortex of AD patients, with a CN individual (A21-006) used as a reference sample for
normalization. (A—D): Immunoblots showing the relative abundance of CAMKK2 (A), TF (B), TFRC (C), and GAPDH (D) in temporal cortex tissues derived
from human brains, postmortem. The sample identification numbers are provided on the top panel of each immunoblot. Males and females are
highlighted in blue and red, respectively. CN and AD samples are color-coded blue and red, respectively. The yellow arrow indicates that the
corresponding immunoblot was incubated with a different primary antibody (TFRC) without stripping the previously used primary antibody (TF). Protein
loading for samples in immunoblots A-D is verified in the corresponding Oriole-stained gel shown in Figure 3B.

plotted based on the PML. Simple linear regression analysis indicated that
the variation in CN individuals’ temporal cortical CAMKK2 protein
levels was not significantly related to their PMI (CAMKK?2 in CN vs.
PMI: Slope: 6.323, p-value = 0.9129, R-squared = 0.0008250;
Figure 6F). In contrast, variation in the CAMKK?2 protein levels
in AD cortices was significantly related to their PMI

Frontiers in Cell and Developmental Biology

(CAMKK2 in AD vs. PMI: Slope: 6.323, p-value
R-squared = 0.0008250; Figure 6G).

Overall, these results indicate a significant reduction in
CAMKK?2 protein levels in AD cortices compared to age-matched
CN individuals, which may be associated with an age-related
phenomenon. However, the possibility that reduced CAMKK2 in

0.9129,
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CAMKK2, TF, TFRC, and GAPDH protein levels in the temporal cortex of CN individuals, including the reference CN individual (A21-006), and PD
patients. (A—D): Immunoblots showing the relative abundance of CAMKK2 (A), TF (B), TFRC (C), and GAPDH (D) in temporal cortex tissues derived from
human brains, postmortem. The sample identification numbers are provided on the top panel of each immunoblot. Males and females are highlighted in
blue and red, respectively. CN, AD, and PD samples are color-coded blue, red and green, respectively. Protein loading for samples in immunoblots

A-D is verified in the corresponding Oriole-stained gel shown in Figure 3E.

AD brains is due to PMI can be considered a false result since this was
not observed in CN brains and PD brains (Table 1), as described in
subsequent sections. Additionally, the distribution of PMI values was
not significantly different and was comparable; for example, the mean +
standard deviation for AD (N = 74), PD (N = 27), and CN (N = 17)
were 11.76 + 7.35, 10 + 5.6, and 15.24 + 12.12, respectively.
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3.5 Significant reduction of CAMKK2 in
PD patient temporal cortices compared to
age-matched CN individuals

Immunoblotting was performed to quantify CAMKK2 protein
levels in the temporal cortex tissues derived from PD (N = 27,
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FIGURE 6

Alteration of CAMKK2 in the temporal cortex of AD and PD patients compared to CN individuals, postmortem, and correlation with age of death and

PMI. (A): Scatter plot showing CAMKK2 protein levels in the temporal cortex tissues obtained from 17 CN individuals and 74 AD and 27 PD patients,

postmortem. The mean protein abundance value (%) compared to a reference CN sample (#A21-006) was obtained by averaging the protein abundance

values from 3 independent experiments (immunoblotting) with 2 replicates in each, using the same tissue lysates. The red filled data point and the

yellow arrow in the scatter plots (A, C, F) indicate the data point referring to the reference protein sample (#A21-006). Data are presented as Mean + SEM.

p-values by Ordinary One-Way ANOVA followed by Dunnett's Multiple Comparisons test. (B): Scatter plot showing temporal cortical CAMKK2 abundance

in male (n = 36) and female (n = 38) patients within the AD cohort (N = 74). p-value by unpaired t-test. Ns = not significant. (C, D, F, G): Scatter plots

showing the abundance of CAMKK2 proteins (%, Mean from (A) in the temporal cortex combined with the age variables and PMI of the CN individuals
(Continued)
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FIGURE 6 (Continued)

(C and F, respectively) and AD patients (D and G, respectively). The cyan arrow in D indicates a cluster of data showing significantly low (<50%
compared to the CN reference sample) CAMKK2 protein levels in patients who died within 70-80 years of age. (E): Scatter plot showing the
CAMKK2 protein levels (% mean from (A) in the temporal cortex derived from different age groups of AD patients. p-value by One-Way ANOVA followed
by Dunnett's Multiple Comparisons test. The regression lines were drawn using GraphPad Prism software.

5 female and 22 male) patients postmortem (Figures 5A, D).
Quantification based on the immunoblots revealed a significant
reduction (p < 0.0001) of CAMKK2 protein levels in the PD cortices
compared to CN individuals (Figure 6A). Although the male-to-
female ratio of the PD patients was disproportionate and not ideal
for statistical comparison, an unpaired f-test with Welch’s
correction revealed no significant difference (p = 0.2763) between
the mean CAMKK?2 levels in male and female PD patients’ cortices.
Furthermore, simple linear regression analysis indicated that the
variations in PD patients’ temporal cortical CAMKK?2 protein levels
were not significantly related to their age (CAMKK?2 in PD vs. age:
Slope:  0.1032, p-value 0.9025, R-squared 0.0006124;
Supplementary Figure S2A) or PMI (CAMKK2 in PD vs. PMIL:
Slope:  -1.403, 0.1779, 0.07137;
Supplementary Figure S2B), indicating a disease-specific event

p-value R-squared =
not depending on PMI or age variables.

Overall, these findings indicate that CAMKK2 protein levels
in the PD temporal cortices are significantly reduced (Table 1).
However, this reduction was not related to age or PMI,
an observation similar to what was found in the cortices of

AD patients.

3.6 Significant reduction of TF and TFRC in
AD patients’ temporal cortices compared to
age-matched CN individuals

Immunoblotting was performed to quantify TF and TFRC
protein levels in the temporal cortex tissues derived from AD
(Figures 4B, C, and Supplementary Figures S1B, C respectively)
and PD (5B&C respectively) patients, postmortem. Quantification
based on the immunoblots revealed a significant reduction of both
TF and TFRC protein levels in the AD cortices (p
0.0010 and <0.0001 respectively) but only reduction of TFRC in
PD (p < 0.001) patients compared to CN individuals (Figures 7A, B).
The cortical TF and TFRC contents in male (n = 36) and female (n =
38) AD patients exhibited no significant difference (p
0.5720 and 0.2505 t-test
(Supplementary Figures S2C, D), indicating this phenomenon is

respectively) in an unpaired
not affected by gender.

When TF protein levels in AD, PD, and CN patients were
plotted based on their age at the time of death, simple linear
regression analysis indicated that the variation in cortical
abundance of TF protein is not significantly associated with
age in CN (TF in CN vs. Age: Slope: 0.5574, p-value = 0.2343,
R-squared = 0.09289) individuals but is significantly associated
with age in AD (TF in AD vs. Age: Slope: 1.056, p-value = 0.0121,
R-squared = 0.08428) and PD (TF in PD vs. Age: Slope: -3.012,
p-value <0.0001, R-squared = 0.5757) patients (Figures 7C-E).
Interestingly, though in AD and PD patients decrease in TF
content significantly correlated with age, the slopes indicate an
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increase in TF content with age in AD patients, while in PD
patients it is the reverse (Figures 7D, E). Plotting TFRC content
with age followed by simple regression analysis revealed that
these variations are not significantly interdependent in CN
individuals (TFRC in CN vs. Age: Slope: 1.020, p-value
0.5112, R-squared = 0.02930), AD (TFRC in AD vs. Age:
Slope: 0.4413, p-value = 0.2233, R-squared = 0.02052), and PD
(TFRC in PD vs. Age: Slope: -1.249, p-value 0.1287,
0.08986) groups 7F-H).
Furthermore, the plots involving TF/TFRC protein levels

R-squared (Figures

= patient
versus age in AD and PD patients revealed a cluster of
individuals with very low TF/TFRC protein levels in the age
range between 70 and 80 years. Segmentation of this data into 10-
year intervals revealed a significant difference between TF/TFRC
protein levels in those who died at the age of 70-80 compared
to <70, <90, and <100 age groups (Supplementary Figure S2E).
Overall, these findings indicate that both TF and TFRC in the
cortex of AD and PD patients significantly decreased, which
could be due to disease modification. Furthermore, based on the
trend line in the regression analysis (Figures 7C-H) and age-wise
segmentation of the datasets (Supplementary Figures S2E), it may
be concluded that AD patients with high TF content lived longer
compared to those with low cortical TF content. The TFRC
abundance also showed a somewhat similar trend.

Plotting TF and TFRC protein levels in CN, AD, and PD
individuals with PMI followed by simple linear regression
analysis (Supplementary Figures S3A-F) indicated that the
variation in cortical TF with PMI is not significantly associated
in CN individuals (TF in CN vs. PMI: Slope: 0.1971, p-value =
0.7659, R-squared = 0.006094; Supplementary Figure S3A), AD (TF
in AD vs. PMI: Slope: -0.7688, p-value = 0.1545, R-squared =
0.02796; Supplementary Figure S3B) and PD (TF in PD vs. PMI:
Slope: -0.0725, p-value 0.9248, R-squared 0.0003639;
Supplementary Figure S3C) patients. In contrast, TFRC protein
level was found to be significantly associated with PMI in AD (TFRC
in AD vs. PMI: Slope: -1.074, p-value = 0.0174, R-squared = 0.07609;
Supplementary Figure S3E) but not in the CN (TFRC in CN vs. PMI:

Slope: 0.3298, p-value = 0.7782, R-squared = 0.005451;
Supplementary Figure S3D) and PD (TFRC in PD vs. PMI:
Slope: -0.9503, p-value = 0.3753, R-squared = 0.03156;

Supplementary Figure S3F) patient groups.

In summary, TF and TFRC protein levels in the temporal
cortices of AD patients were significantly reduced compared to
age-matched CN individuals (Table 1). This reduction was not
gender-dependent. Age-related analyses showed a significant
increase in TF levels with age in AD patients and a decrease
in PD patients, while TFRC levels did not show significant age-
related trends in any group (Table 1). Notably, low TF/TFRC
levels were observed in AD and PD patients within the 70-
80 age range, indicating a potential critical period for
disease progression. PMI significantly impacted TFRC levels
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Alteration of TF and TFRC in the temporal cortex of AD and PD patients compared to CN individuals, postmortem, and correlation with age of death. (A, B):
Scatter plots showing TF and TFRC protein levels in the temporal cortex tissues obtained from 17 CN individuals, 74 AD patients, and 27 PD patients, postmortem. The
mean protein abundance value (%) compared to a reference CN sample (#A21-006, solid red data point indicated by a yellow arrow) was obtained by averaging the
protein abundance values from 3 independent experiments (immunoblotting) with 2 replicates each, using the same tissue lysates. The solid red filled data point

and the yellow arrow in the scatter plots (A, B, C, F) indicate the data point referring to the reference protein sample (#A21-006). Data are presented as Mean + SEM.
p-values were determined by Ordinary One-Way ANOVA followed by Dunnett's Multiple Comparisons test. (C—H): Scatter plots showing the abundance of TF (C—E)
and TFRC (F-G) proteins (%, Mean from (A) in the temporal cortex combined with the age variables of the CN individuals (C, F), respectively, AD patients (D, G),
respectively, and PD patients (E, H), respectively). The cyan arrows in D and G indicate a cluster of data showing significantly low (<50% compared to the CN reference
sample) CAMKK2 protein levels in AD patients who died within 70—-80 years of age. The regression lines were drawn using GraphPad Prism software.
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FIGURE 8

Altered temporal cortical tissue iron content in AD patients compared to CN individuals, postmortem, correlated with altered TF and TFRC protein
content and the age of death. (A, B): Scatter plots showing total iron content in the temporal cortex tissues obtained from 17 CN individuals and 74 AD
patients, postmortem. p-values were determined by unpaired t-test. (B, C): Scatter plots showing the temporal cortex tissue iron content combined with
the age variables of the CN individuals (B) and AD patients (C). (D—1): Scatter plots showing the temporal cortex tissue iron content combined with
the cortical CAMKK2, TF, and TFRC protein levels of the CN individuals and AD patients. The regression lines were drawn using GraphPad Prism software

in AD patients but not TF levels, suggesting the complexity = among the three groups. If PMI affected the integrity of one
of postmortem changes or the possibility that this is an artifact  protein in one group, it would be expected to impact the
since the PMI values were not significantly different others as well.
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3.7 Significantly increased iron content in
the AD brain compared to age-matched CN
individuals

The iron content in CN (n = 9) and AD patients’ (N = 74)
cortices was measured by colorimetric analysis to correlate with
altered CAMKK2, TF, and TFRC protein levels. The iron content
in the temporal cortex tissue was found to be significantly

increased (p-value = 0.0038, Figure 8A) compared to age-
matched CN individuals. No gender-specific difference was
found in cortical iron abundance within the AD patient

cohorts. Plotting iron content and age in CN (n = 9) and AD

patients (n = 74) revealed a significant positive correlation
between age and iron content in the AD brains (Iron in AD
brains vs. Age: Slope = 0.07414, p-value <0.0001, R-squared =
0.4889; Figure 8C), but not in the CN brains (Iron in CN brains
vs. Age: Slope = —0.003644, p-value = 0.8706, R-squared =
0.009060; Figure 8B). Furthermore, plotting CAMKK2, TF,

and TFRC contents with iron content in the temporal cortices

revealed no significant correlation between these factors and iron
content in CN brains (Iron in CN brains vs. CAMKK2/TF/TFRC:
Slope = 0.003494/0.01012/0.005976, p-value = 0.4167/0.1391/
0.4549, R-squared 0.09618/0.2846/0.08205  respectively;
Figures 8D, F, H). In contrast, in the AD brains, TF and
TFRC contents were found to be positively correlated with
iron content (Iron in AD brains vs. TF/TFRC: Slope
0.009325/0.01018, p-value 0.0055/0.0105, R-squared
0.1024/0.08746 respectively; Figures 8G, I), whereas CAMKK2
(Iron in AD brains vs. CAMKK2: Slope = 0.004870, p-value =
0.2087, R-squared = 0.02186; Figure 8E) was not found to be
significantly correlated with iron content.

In conclusion, the findings reveal a significant increase in
iron content in the temporal cortices of AD patients compared
to CN individuals, with age being a significant factor in the
AD group (Table 1). Additionally, TF and TFRC levels
show positive correlations with iron content in AD brains,
suggesting their potential role in iron dysregulation in
Alzheimer’s disease.

4 Discussion

Iron dysregulation is a well-established feature of AD
pathology (Liu et al., 2018; Levi et al.,, 2024; Spotorno et al,
2020), and this study provides the first evidence linking
abnormally low levels of CAMKK2, TF, and TFRC proteins to
significantly increased iron content in the temporal cortices of
AD patients Though the
comparative nature of this postmortem study does not

compared to CN individuals.

establish a direct cause-and-effect relationship, it has been
previously demonstrated that there is a link between
CAMKK?2 loss and abnormal receptor-mediated TF-bound
iron trafficking and iron homeostasis (Sabbir, 2018; Sabbir
et al,, 20205 Sabbir, 2020a). This link is reportedly supported
by experiments involving CRISPR/Cas9-mediated CAMKK2
deletion in transformed human cells (Sabbir, 2018; Sabbir
et al, 2020), small interfering RNA-based knockdown in
cultured primary rat dorsal root ganglion neurons (Sabbir,
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2018), and CAMKK2 knockout mouse models (Sabbir, 2020a).
The significant reduction in temporal cortical CAMKK2 protein
levels of both AD and PD patients compared to CN individuals
aligns with previous studies suggesting a critical role for
CAMKK?2 in brain cells, specifically in neuronal function
(Sakagami et al, 2000; Sakagami et al., 1998) and iron
homeostasis (Sabbir, 2018; Sabbir, 2020a). Notably, the
reduction in CAMKK2 was not influenced by age or PMI,
indicating that the observed differences are likely disease-
specific rather than age-related phenomena. One important
question that arises from this study is whether the loss of
CAMKK?2 could be an initiating event in AD pathogenesis.
This seems unlikely because no hallmark AD pathological
features were observed in CAMKK2 knockout adult mouse
brains, although some hippocampus-dependent long-term
memory (LTM)-based behaviors, such as spatial memory
formation, were affected, while others, such as contextual,
trace fear, and passive avoidance, were not (Peters et al,
2003). Furthermore, although CAMKK2 is expressed in the
this  study, of
CAMKK?2 in mice exhibited no apparent loss of cerebellar
Purkinje cells, indicating that the loss of CAMKK2 in mice is
not directly deleterious to neuronal survival (Peters et al., 2003).
Additionally it is important to note that CAMKK?2 activity can be
independently modulated by several upstream kinases, including

cerebellum, as confirmed in deletion

glycogen synthase kinase 3 (GSK3), cyclin-dependent kinase 5
(CDK5), and cAMP-activated protein kinase A (PKA) (Green
et al, 2011; Racioppi and Means, 2012), which have been
implicated in an array of neurodegenerative disorders,
including AD (Llorens-Martin et al., 2014; Hooper et al., 2008;
Kremer et al., 2011), PD (Golpich et al., 2015; Morales-Garcia
et al, 2013; Choi and Koh, 2018) and Huntington’s disease
(Cheung and Ip, 2012; Kawauchi, 2014). Previously, it was
demonstrated that loss of CAMKK2 leads to cholinergic
signaling-mediated abnormal Ca** release response, indicating
a defective cholinergic pathway (Sabbir, 2020a). Cholinergic
hypofunction and abnormal calcium signaling are both
important parameters of AD pathogenesis (Alzheimer’s
Association Calcium Hypothesis W, 2017; Sabbir et al., 2022),
and this finding establishes a novel connection between these
signaling events through CAMKK2. Therefore, it is likely that the
loss of CAMKK2 may result from the dysregulation of one or
more of these cell signaling pathways, which warrants further
investigation. However, the novel finding that this loss is
associated with significantly higher iron content and
abnormally low TF/TFRC levels in the temporal cortex of AD
patients compared to CN individuals provides important insights
into AD pathogenesis.

The extent of CAMKK2 loss was found to be significantly lower
in AD compared to PD, indicating disease-specific differences.
There has been no previous report of CAMKK?2 involvement in PD
in the existing literature. However, a reduction in the activity of a
Ca’"/CAM-dependent protein kinase subfamily protein, CAMK?2,
in the hippocampus has been associated with a dopaminergic
neurotoxin-induced neurodegeneration mouse model exhibiting
PD-like behaviors (Moriguchi et al., 2012). Furthermore, Bohush
et al. reviewed the involvement of dysregulated Ca’>*/CAM

signaling in PD, highlighting the potential roles of multiple
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Ca’*/CAM kinases and downstream effectors (Bohush et al., 2021).
Therefore, while the findings presented in this study suggest the
involvement of CAMKK2 in PD, this needs further investigation.
Another possibility that cannot be excluded is that up to 50% of
patients with PD also develop AD pathologies (Ap plaques and
MAPT-containing neurofibrillary tangles) (Irwin et al, 2013),
potentially contributing to the observed CAMKK?2 reduction in
the PD patient cohorts. In AD patients, the decrease in
CAMKK2 was significant across different age groups, with a
notable cluster of individuals aged 70-80 years showing very
low CAMKK2 levels. This suggests a potential age-related
susceptibility window where CAMKK2 reduction is particularly
pronounced. The gender analysis indicated no significant
difference in CAMKK?2 levels between male and female AD
patients, underscoring that the reduction is consistent across
genders. Similarly, in PD patients, CAMKK2 levels were
significantly reduced compared to CN individuals, and this
reduction was not affected by age or PMI. This consistency
across two different neurodegenerative diseases highlights
CAMKK2’s
processes beyond AD.

potential role in broader neurodegenerative

This study also demonstrated significant reductions in TF and
TFRC protein levels in the temporal cortex of both AD and PD
patients compared to CN individuals. The reduction in TF and
TFRCin AD correlated with a significantly increased iron content
in the same tissue compared to CN individuals, suggesting a
possible link to the iron dysregulation observed in AD cortices
(Damulina et al., 2020; Spotorno et al., 2020; Smith et al., 1997;
Kim et al., 2023; Ayton et al., 2020). Typically, a linear
relationship between TF/TFRC content and iron content
would be expected, meaning that if TF/TFRC levels decrease
or increase, a similar decrease or increase in iron content would
occur. For instance, one study involving 14 AD, 8 elderly CN, and
8 young CN found a significant increase in both TF and iron in
the frontal cortex of AD patients compared to control groups
(Loeftler 1995).
postmortem tissues consistently observed decreased TF in AD,

et al, Conversely, another study using
particularly in the white matter of various cerebral cortical
regions, while changes in iron and ferritin were inconsistent
(Connor et al.,, 1992). However, this study observed an inverse
relationship: the decrease in TF/TFRC significantly correlated
with increased iron content in AD patients. This discrepancy
could be due to brain region specific differences. From a
mechanistic standpoint, this inverse relationship could occur if
TF/TFRC is degraded after completing its cycle of iron transport
or due to increased transcytosis of TF across the BBB. Notably,
our previous study demonstrated increased transcytosis of TF
across an in vitro BBB created using hypomorphic CAMKK2
of CAMKK2 by CRISPR/Cas9)
expressing EA.Hy926 cells, supporting this hypothesis
(Sabbir et al., 2020). Furthermore, CAMKK2 deletion has
been shown to affect TF post-translational modification,

(hemizygous deletion

specifically phosphorylation, which was reflected by the loss
of a negatively charged fraction of TF containing multiple
serine, tyrosine, and threonine residues in different cell
types, including neurons (Sabbir, 2018; Sabbir, 2020a).
Phosphorylation of proteins acts as a signal determining
protein function, trafficking, or fate (Bilbrough et al., 2022);
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however, TF phosphorylation has not been extensively studied
by other researchers. Interestingly, TFRC is a target for
phosphorylation by activated protein kinase C (PKC), which
provides a signal for receptor internalization (May et al., 1985;
May and Tyler, 1987), PKC is a calcium sensor (Jin et al., 2019)
and both CAMKK?2 and PKC are modulated by the effectors of
CAM that regulates endocytosis (Kennedy et al, 2023).
it possible  that
CAMKK?2 conditions, alterations in the post-translational

Therefore, is under reduced
modifications of TF and TFRC may underlie the abnormal
of these

However, the involvement of non-TF/TFRC-mediated iron

turnover proteins and iron dyshomeostasis.
transport mechanisms cannot be ignored in the context of
the observed increased iron content in the AD cortices.
These possibilities require further investigation to establish
the relationship between cortical TF/TFRC levels and iron
content. Additionally, the correlation analysis revealed a
complex relationship between TF levels and age in AD and
PD patients. In AD patients, TF levels increased with age, while
in PD patients, they decreased. This opposing trend suggests
disease-specific mechanisms affecting TF regulation. For TFRC,
no significant age-related trends were observed in any group,
indicating that the reduction in TFRC is likely a disease-specific
event rather than an age-related change.

One critical question that remains unaddressed is which
brain cell types are involved in the observed dysregulation of
the CAMKK-TF/TFRC-Iron dyshomeostasis in AD. This study

could not address this question due to the limitations of

performing immunohistochemical analysis on frozen
postmortem tissue, which does not preserve the cellular
details needed to pinpoint specific cell types with

dysregulated CAMKK2 signaling. Interestingly, a recent
study conducted immunohistochemical analysis on three
serial sections from the frontal cortex (Brodmann areas
11 and 12) of three AD patients and three CN individuals,
reporting no significant difference in the percentage of
CAMKK2-positive neurons between the groups (Gaff et al,,
2021). However, several factors suggest that this finding does
not contradict the results of the present study. First, the study
did not quantify CAMKK2 protein levels in individual brain
cells but rather counted CAMKK2-positive cells - a method that
introduces potential biases. Second, the small sample size (N =
3 per group) limits the statistical power, making it challenging
to detect subtle differences. Additionally, neurons were
identified based on morphological criteria, such as the
pyramidal soma shape and presence of visible nuclei and
nucleoli in brightfield images. This method introduces
the nucleolus (typically
0.5-3 microns) may not be visible in all neurons within a

subjective bias, especially since
single 5 pum-thick section, depending on sectioning angle and
cell size. Therefore, neuron identification solely based on
morphology lead
misidentification. Another important limitation is that the

is  suboptimal and could to
study used an anti-CAMKK2 antibody (catalog number: sc-
9629; Santa Cruz Biotechnology, Texas, USA) raised against a
rat C-terminal epitope, which has not been validated for human
proteins in paraffin-embedded brain tissue and negative

controls. This raises concerns about antibody specificity and
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potential cross-reactivity that could compromise the accuracy
of their results. Furthermore, immunohistochemical analysis,
in general, is not ideal for quantifying protein level reductions
between disease and control samples due to variable factors like
chromogenic exposure, which can yield artifactual differences.
To address these limitations comprehensively, future studies
and formaldehyde-fixed
postmortem human brain tissues with cell-type-specific

should leverage animal models
markers for neurons, astrocytes, and microglia. Such an
approach will allow precise identification of
CAMKK?2 dysregulation within specific cell types
provide clearer insights into cell-specific iron homeostasis

and

disruptions in AD. Meanwhile, existing literature provides
some insights. According to the Human Protein Atlas’s
single-cell RNA analysis, CAMKK2 is expressed in various

types,
astrocytes, and microglial cells (Karlsson et al., 2021).

brain cell including neurons, oligodendrocytes,

Several independent studies have also confirmed the
expression of CAMKK2 in these cell types: neurons (Kokubo
et al., 2009; Lee et al., 2022), oligodendrocytes (Cahoy et al.,
2008), microglia (Huang et al., 2020; Cortes et al., 2017),
astrocytes (Reyes-Ortiz et al., 2022), and endothelial cells
(Sabbir et al., 2020; Reihill et al,, 2007).
Immunohistochemical analysis of TF and the iron storage
protein ferritin, along with iron distribution in different
brain regions from cognitively normal individuals aged
28-49 years and 60-90 years, revealed that oligodendrocytes
contain much of the brain’s iron and iron-binding proteins
(Connor et al., 1990). Aging is associated with altered cellular
distribution of iron-binding proteins, specifically in glial cells
(Connor et al, 1990). A recent study using iPSC-derived
astrocytes and endothelial cells demonstrated that early-
stage AD levels of AP disrupt iron transport signals secreted
by astrocytes, affecting iron transport from endothelial cells
(Baringer et al., 2023). This finding indicates the potential role
of astrocytes and BBB endothelial cells in mediating brain iron
homeostasis. Additionally, cortical neurons express high levels
of both TF and TFRC (Abe et al., 2022). In the preclinical stage
of AD, significant abnormal iron elevation has been observed in
cortical neurons (Smith et al., 2010; Belaidi and Bush, 2016).
that CAMKK2-TF/TFRC-Iron
dyshomeostasis may originate in any of these cell types.
this
phenomenon to identify the specific cell types involved and

Therefore, it is evident

Future studies must systematically investigate
understand the underlying mechanisms.

Overall findings in this study and our previous studies
(Sabbir, 2018; Sabbir et al., 2020; Sabbir, 2020a) highlights
CAMKK?2 as a potential therapeutic target for modulating
diseases.
Understanding the mechanisms through which
CAMKK2 regulates TF and TFRC could lead to new

therapeutic strategies aimed at restoring proper iron balance

iron homeostasis in neurodegenerative

and mitigating the toxic effects of iron accumulation in the
brain. In this context, it is important to note that CAMKK2 has
emerged as a target for several neurological disorders (Kaiser
et al., 2023). For example, its loss-of-function polymorphisms,
missense mutations, and small nucleotide polymorphisms
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(SNPs) in humans are associated with behavioral disorders
including anxiety, bipolar disorder, and schizophrenia (Luo
2014; Erhardt et al., 2007; Scott 2015).
Furthermore, genetic deletion of Camkk2 in mice causes

et al, et al.,

bipolar-like behaviors, which have been shown to be
ameliorated by lithium treatment (Luo et al, 2014; Scott
et al., 2015). Lithium increases CaMKK2 activity (Luo et al,
2014; Scott et al,, 2015) by inhibiting its upstream regulator
GSK3 (Chatterjee and Beaulieu, 2022). Interestingly, in mice,
lithium treatment increases cortical iron, which is closely
associated with neurodegeneration, cognitive loss, and
parkinsonian features (Lei et al., 2017). Thus, there is a
connection between the modulation of the GSK3-CAMKK?2
pathway and iron homeostasis. While this connection is
currently obscure, it is likely to become clearer as more
details. Another

important point to highlight is that reliance on postmortem

research is conducted to wunravel the
tissue limits the ability to establish causality. Future studies
using animal models and longitudinal human studies could
provide deeper insights into the dynamic changes in CAMKK2,
TF, and TFRC during disease progression. Additionally,
exploring the molecular mechanisms linking CAMKK2 to
iron homeostasis could reveal new targets for intervention.
In conclusion, this study underscores the critical role of
CAMKK2, TF, and TFRC in maintaining iron homeostasis in
the brain and their significant alterations in AD and PD. These
findings avenues for research into the

open new

pathophysiological ~ mechanisms  of  neurodegenerative
diseases and highlight potential targets for therapeutic

intervention.
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SUPPLEMENTARY FIGURE S1

CAMKK2, TF, and TFRC protein levels in the temporal cortex tissues derived
from male and female CN individuals and AD patient’s brains, postmortem.
(A—D): Immunoblots showing the relative abundance of CAMKK2 (A), TF
(B), TFRC (C), and GAPDH (D) in temporal cortex tissues derived from human
brains, postmortem. The sample identification numbers are provided on the
top panel of each immunoblot. Males and females are highlighted in blue
and red, respectively. CN and AD samples are color-coded blue and red,
respectively.

SUPPLEMENTARY FIGURE S2

Correlation of CAMKK2 abundance with PMI or age of death variables in PD
patients and the effect of age or gender on the relative abundance of TF and
TFRC in AD patients. (A, B): Scatter plots showing the abundance of
CAMKK2 (%, Mean) in the temporal cortex combined with the PMI (A) and age
of death (B) variables of the PD patients. The regression lines were drawn
using GraphPad Prism software. (C, D): Scatter plots showing temporal
cortical abundance of TF and TFRC in male (n = 36) and female (n = 38)
patients within the AD cohort (N = 74). P-values were determined by
unpaired t-test. Ns = not significant. (E): Scatter plot showing the TF and
TFRC protein levels (%, mean from A) in the temporal cortex derived from
different age groups of AD patients. P-values were determined by One-Way
ANOVA followed by Dunnett's Multiple Comparisons test.

SUPPLEMENTARY FIGURE S3

Correlation of TF and TFRC abundance in the temporal cortex with PMI
variable in CN individuals, AD patients, and PD patients. (A—F): Scatter plots
showing the abundance of TF and TFRC (%, Mean) in the temporal cortex
combined with the PMI in CN individuals (A, D), respectively, AD patients
(B, E), respectively, and PD patients (C, F), respectively. The regression lines
were drawn using GraphPad Prism software. The solid red filled data point
and the yellow arrow in the scatter plots (A, D) indicate the data point
referring to the reference protein sample (#A21-006).

SUPPLEMENTARY TABLE S1

A cohort of prefrontal/temporal cortex tissue from 30 CN individuals of
different age groups. BA10: Brodmann area 10, PMI: Postmortem Interval,
RIN: RNA Integrity Number.

Bartzokis, G., Beckson, M., Hance, D. B., Marx, P., Foster, J. A, and Marder, S. R. (1997).
MR evaluation of age-related increase of brain iron in young adult and older normal males.
Magn. Reson Imaging 15 (1), 29-35. doi:10.1016/s0730-725x(96)00234-2

Bartzokis, G., Tishler, T. A., Lu, P. H,, Villablanca, P., Altshuler, L. L., Carter, M., et al.
(2007). Brain ferritin iron may influence age- and gender-related risks of
neurodegeneration. Neurobiol. Aging 28 (3), 414-423. doi:10.1016/j.neurobiolaging.
2006.02.005

Beard, J. L., Wiesinger, J. A., Li, N, and Connor, J. R. (2005). Brain iron uptake in
hypotransferrinemic mice: influence of systemic iron status. J. Neurosci. Res. 79 (1-2),
254-261. doi:10.1002/jnr.20324

Belaidi, A. A., and Bush, A. I. (2016). Iron neurochemistry in Alzheimer’s disease and
Parkinson’s disease: targets for therapeutics. J. Neurochem. 139 (S1), 179-197. doi:10.
1111/jnc.13425

Berger, Z., Roder, H., Hanna, A., Carlson, A., Rangachari, V., Yue, M., et al. (2007).
Accumulation of pathological tau species and memory loss in a conditional model of
tauopathy. J. Neurosci. Official ]. Soc. Neurosci. 27 (14), 3650-3662. doi:10.1523/
JNEUROSCI.0587-07.2007

Bilbrough, T., Piemontese, E., and Seitz, O. (2022). Dissecting the role of protein
phosphorylation: a chemical biology toolbox. Chem. Soc. Rev. 51 (13), 5691-5730.
doi:10.1039/d1cs00991e

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcell.2024.1469751/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2024.1469751/full#supplementary-material
https://doi.org/10.3390/metabo12070594
https://doi.org/10.3233/JAD-2009-1010
https://doi.org/10.1016/j.jalz.2016.12.006
https://doi.org/10.1038/s41380-019-0375-7
https://doi.org/10.1038/s41380-019-0375-7
https://doi.org/10.1101/2023.05.15.540795
https://doi.org/10.1016/s0730-725x(96)00234-2
https://doi.org/10.1016/j.neurobiolaging.2006.02.005
https://doi.org/10.1016/j.neurobiolaging.2006.02.005
https://doi.org/10.1002/jnr.20324
https://doi.org/10.1111/jnc.13425
https://doi.org/10.1111/jnc.13425
https://doi.org/10.1523/JNEUROSCI.0587-07.2007
https://doi.org/10.1523/JNEUROSCI.0587-07.2007
https://doi.org/10.1039/d1cs00991e
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1469751

Sabbir

Binder, L. I, Guillozet-Bongaarts, A. L., Garcia-Sierra, F., and Berry, R. W. (2005).
Tau, tangles, and Alzheimer’s disease. Biochimica Biophysica Acta (BBA) - Mol. Basis
Dis. 1739 (2), 216-223. doi:10.1016/j.bbadis.2004.08.014

Bohush, A., Le$niak, W., Weis, S., and Filipek, A. (2021). Calmodulin and its binding
proteins in Parkinson’s disease. Int. J. Mol. Sci. 22 (6), 3016. doi:10.3390/ijms22063016

Butterfield, D. A., and Kanski, J. (2001). Brain protein oxidation in age-related
neurodegenerative disorders that are associated with aggregated proteins. Mech. Ageing
Dev. 122 (9), 945-962. doi:10.1016/s0047-6374(01)00249-4

Cahoy, J. D., Emery, B., Kaushal, A., Foo, L. C., Zamanian, J. L., Christopherson, K. S.,
et al. (2008). A transcriptome database for astrocytes, neurons, and oligodendrocytes: a
new resource for understanding brain development and function. J. Neurosci. 28 (1),
264-278. doi:10.1523/J]NEUROSCI.4178-07.2008

Chatterjee, D., and Beaulieu, J. M. (2022). Inhibition of glycogen synthase kinase 3 by
lithium, a mechanism in search of specificity. Front. Mol. Neurosci. 15, 1028963. doi:10.
3389/fnmol.2022.1028963

Cheung, Z. H., and Ip, N. Y. (2012). Cdk5: a multifaceted kinase in neurodegenerative
diseases. Trends Cell Biol. 22 (3), 169-175. do0i:10.1016/j.tcb.2011.11.003

Choi, H., and Koh, S. H. (2018). Understanding the role of glycogen synthase kinase-3
in L-DOPA-induced dyskinesia in Parkinson’s disease. Expert Opin. Drug Metab.
Toxicol. 14 (1), 83-90. doi:10.1080/17425255.2018.1417387

Chukwu, J. E., Pedersen, J. T., Pedersen, L. O., Volbracht, C., Sigurdsson, E. M., and
Kong, X. P. (2018). Tau antibody structure reveals a molecular switch defining a
pathological conformation of the tau protein. Sci. Rep. 8 (1), 6209. doi:10.1038/s41598-
018-24276-4

Connor, J. R., Menzies, S. L., St Martin, S. M., and Mufson, E. J. (1990). Cellular
distribution of transferrin, ferritin, and iron in normal and aged human brains.
J. Neurosci. Res. 27 (4), 595-611. doi:10.1002/jnr.490270421

Connor, J. R, Snyder, B. S., Beard, J. L., Fine, R. E., and Mufson, E. J. (1992). Regional
distribution of iron and iron-regulatory proteins in the brain in aging and Alzheimer’s
disease. J. Neurosci. Res. 31 (2), 327-335. doi:10.1002/jnr.490310214

Cortes, M., Cao, M., Liu, H. L., Burns, P., Moore, C., Fecteau, G., et al. (2017). RNAseq
profiling of primary microglia and astrocyte cultures in near-term ovine fetus: a glial in
vivo-in vitro multi-hit paradigm in large mammalian brain. J. Neurosci. Methods 276,
23-32. doi:10.1016/j.jneumeth.2016.11.008

Damulina, A., Pirpamer, L., Soellradl, M., Sackl, M., Tinauer, C., Hofer, E., et al.
(2020). Cross-sectional and longitudinal assessment of brain iron level in alzheimer
disease using 3-T MRI. Radiology 296 (3), 619-626. doi:10.1148/radiol.2020192541

Dedman, D. J., Treffry, A., Candy, J. M., Taylor, G. A., Morris, C. M., Bloxham, C. A.,
et al. (1992). Iron and aluminium in relation to brain ferritin in normal individuals and
Alzheimer’s-disease and chronic renal-dialysis patients. Biochem. J. 287 (Pt 2), 509-514.
doi:10.1042/bj2870509

Dunn, O. J. (1964). Multiple comparisons using rank sums. Technometrics 6 (3),
241-252. doi:10.1080/00401706.1964.10490181

Erhardt, A, Lucae, S., Unschuld, P. G,, Ising, M., Kern, N,, Salyakina, D., et al. (2007).
Association of polymorphisms in P2RX7 and CaMKKb with anxiety disorders. J. Affect
Disord. 101 (1-3), 159-168. doi:10.1016/j.jad.2006.11.016

Fisher, J., Devraj, K., Ingram, J., Slagle-Webb, B., Madhankumar, A. B, Liu, X,, et al.
(2007). Ferritin: a novel mechanism for delivery of iron to the brain and other
organs. Am. J. Physiology-Cell Physiology 293 (2), C641-C649. doi:10.1152/ajpcell.
00599.2006

Gaff, J., Jackaman, C., Papadimitriou, J., Waters, S., McLean, C., and Price, P. (2021).
Immunohistochemical evidence of P2X7R, P2X4R and CaMKK2 in pyramidal neurons
of frontal cortex does not align with Alzheimer’s disease. Exp. Mol. Pathol. 120, 104636.
doi:10.1016/j.yexmp.2021.104636

Golpich, M., Amini, E., Hemmati, F., Ibrahim, N. M., Rahmani, B., Mohamed,
Z., et al. (2015). Glycogen synthase kinase-3 beta (GSK-3p) signaling:
implications for Parkinson’s disease. Pharmacol. Res. 97, 16-26. doi:10.1016/j.
phrs.2015.03.010

Good, P. F., Perl, D. P., Bierer, L. M., and Schmeidler, J. (1992). Selective
accumulation of aluminum and iron in the neurofibrillary tangles of Alzheimer’s
disease: a laser microprobe (LAMMA) study. Ann. Neurol. 31 (3), 286-292. doi:10.
1002/ana.410310310

Green, M. F,, Scott, J. W,, Steel, R, Oakhill, J. S., Kemp, B. E., and Means, A. R. (2011).
Ca2+/Calmodulin-dependent protein kinase kinase beta is regulated by multisite
phosphorylation. J. Biol. Chem. 286 (32), 28066-28079. doi:10.1074/jbc.M111.251504

Gutteridge, J. M. C., and Halliwell, B. (2018). Mini-Review: oxidative stress, redox
stress or redox success? Biochem. Biophys. Res. Commun. 502 (2), 183-186. doi:10.1016/
j.bbrc.2018.05.045

Hooper, C,, Killick, R., and Lovestone, S. (2008). The GSK3 hypothesis of Alzheimer’s
disease. J. Neurochem. 104 (6), 1433-1439. doi:10.1111/j.1471-4159.2007.05194.x

Huang, Y.-K,, Su, Y.-F,, Lieu, A.-S., Loh, J.-K,, Li, C.-Y., Wu, C.-H,, et al. (2020). MiR-
1271 regulates glioblastoma cell proliferation and invasion by directly targeting the
CAMKK?2 gene. Neurosci. Lett. 737, 135289. doi:10.1016/j.neulet.2020.135289

Humpel, C. (2015). Organotypic vibrosections from whole brain adult Alzheimer
mice (overexpressing amyloid-precursor-protein with the Swedish-Dutch-Iowa

Frontiers in Cell and Developmental Biology

18

10.3389/fcell.2024.1469751

mutations) as a model to study clearance of beta-amyloid plaques. Front. Aging
Neurosci. 7, 47. doi:10.3389/fnagi.2015.00047

Irwin, D. ], Lee, V. M., and Trojanowski, J. Q. (2013). Parkinson’s disease dementia:
convergence of a-synuclein, tau and amyloid-p pathologies. Nat. Rev. Neurosci. 14 (9),
626-636. doi:10.1038/nrn3549

Jackson, S. J., Kerridge, C., Cooper, J., Cavallini, A., Falcon, B., Cella, C. V., et al.
(2016). Short fibrils constitute the major species of seed-competent tau in the brains of
mice transgenic for human P301S tau. J. Neurosci. 36 (3), 762-772. doi:10.1523/
JNEUROSCI.3542-15.2016

Jin, Y. H,, Wu, X. S,, Shi, B,, Zhang, Z., Guo, X,, Gan, L, et al. (2019). Protein kinase C
and calmodulin serve as calcium sensors for calcium-stimulated endocytosis at
synapses. J. Neurosci. 39 (48), 9478-9490. doi:10.1523/JNEUROSCI.0182-19.2019

Joppe, K., Roser, A. E., Maass, F., and Lingor, P. (2019). The contribution of iron to
protein aggregation disorders in the central nervous system. Front. Neurosci. 13, 15.
doi:10.3389/fnins.2019.00015

Kaiser, J., Nay, K., Horne, C. R,, McAloon, L. M,, Fuller, O. K., Muller, A. G,, et al.
(2023). CaMKK?2 as an emerging treatment target for bipolar disorder. Mol. Psychiatry
28 (11), 4500-4511. doi:10.1038/s41380-023-02260-3

Karlsson, M., Zhang, C., Méar, L., Zhong, W., Digre, A., Katona, B, et al. (2021). A
single—cell type transcriptomics map of human tissues. Sci. Adv. 7 (31), eabh2169.
doi:10.1126/sciadv.abh2169

Kawauchi, T. (2014). Cdk5 regulates multiple cellular events in neural development,
function and disease. Dev. Growth Differ. 56 (5), 335-348. doi:10.1111/dgd.12138

Kennedy, G., Gibson, O., D, T. O. H., Mills, I. G., and Evergren, E. (2023). The role of
CaMKK?2 in Golgi-associated vesicle trafficking. Biochem. Soc. Trans. 51 (1), 331-342.
doi:10.1042/BST20220833

Kim, H. W,, Lee, S., Yang, J. H., Moon, Y., Lee, J., and Moon, W. J. (2023). Cortical
iron accumulation as an imaging marker for neurodegeneration in clinical cognitive
impairment spectrum: a quantitative susceptibility mapping study. Korean J. Radiol.
24 (11), 1131-1141. doi:10.3348/kjr.2023.0490

Kitani, T., Okuno, S., and Fujisawa, H. (1997). Molecular cloning of Ca2+/
calmodulin-dependent protein kinase kinase beta. J. Biochem. 122 (1), 243-250.
doi:10.1093/oxfordjournals.jbchem.a021735

Knutson, M. D. (2019). Non-transferrin-bound iron transporters. Free Radic. Biol.
Med. 133, 101-111. doi:10.1016/j.freeradbiomed.2018.10.413

Kokubo, M., Nishio, M., Ribar, T. J., Anderson, K. A., West, A. E.,, and Means, A. R. (2009).
BDNF-mediated cerebellar granule cell development is impaired in mice null for CaMKK2 or
CaMKIV. J. Neurosci. 29 (28), 8901-8913. doi:10.1523/JNEUROSCI.0040-09.2009

Kremer, A., Louis, J. V., Jaworski, T., and Van Leuven, F. (2011). GSK3 and
Alzheimer’s disease: facts and fiction. Front. Mol. Neurosci. 4, 17. doi:10.3389/fnmol.
2011.00017

Lee, A., Kondapalli, C., Virga, D. M, Lewis, T. L., Koo, S. Y., Ashok, A, et al. (2022).
Ap42 oligomers trigger synaptic loss through CAMKK2-AMPK-dependent effectors
coordinating mitochondrial fission and mitophagy. Nat. Commun. 13 (1), 4444. doi:10.
1038/541467-022-32130-5

Lei, P., Ayton, S., Appukuttan, A. T., Moon, S., Duce, J. A., Volitakis, L, et al. (2017).
Lithium suppression of tau induces brain iron accumulation and neurodegeneration.
Mol. Psychiatry 22 (3), 396-406. doi:10.1038/mp.2016.96

Levi, S., Ripamonti, M., Moro, A. S., and Cozzi, A. (2024). Iron imbalance in
neurodegeneration. Mol. Psychiatry 29 (4), 1139-1152. doi:10.1038/s41380-023-
02399-z

Li, L, Fang, C.J., Ryan, J. C,, Niemi, E. C,, Lebron, J. A, Bjérkman, P. J., et al. (2010).
Binding and uptake of H-ferritin are mediated by human transferrin receptor-1. Proc.
Natl. Acad. Sci. 107 (8), 3505-3510. doi:10.1073/pnas.0913192107

Li, L, Shi, R, Gu, J., Tung, Y. C,, Zhou, Y., Zhou, D,, et al. (2021). Alzheimer’s disease
brain contains tau fractions with differential prion-like activities. Acta Neuropathol.
Commun. 9 (1), 28. doi:10.1186/s40478-021-01127-4

Liu, J. L, Fan, Y. G, Yang, Z. S, Wang, Z. Y., and Guo, C. (2018). Iron and
Alzheimer’s disease: from pathogenesis to therapeutic implications. Front. Neurosci. 12,
632. doi:10.3389/fnins.2018.00632

Llorens-Martin, M., Jurado, J., Hernandez, F., and Avila, J. (2014). GSK-3, a pivotal
kinase in Alzheimer disease. Front. Mol. Neurosci. 7, 46. doi:10.3389/fnmol.2014.00046

Loeffler, D. A., Connor, J. R,, Juneau, P. L., Snyder, B. S., Kanaley, L., DeMaggio, A. J.,
et al. (1995). Transferrin and iron in normal, Alzheimer’s disease, and Parkinson’s
disease brain regions. J. Neurochem. 65 (2), 710-724. doi:10.1046/j.1471-4159.1995.
65020710.x

Luo, X. J,, Li, M, Huang, L., Steinberg, S., Mattheisen, M., Liang, G., et al. (2014).
Convergent lines of evidence support CAMKK?2 as a schizophrenia susceptibility gene.
Mol. Psychiatry 19 (7), 774-783. doi:10.1038/mp.2013.103

Marcelo, K. L., Means, A. R, and York, B. (2016). The Ca(2+)/calmodulin/
CaMKK2 Axis: nature’s metabolic CaMshaft. Trends Endocrinol. Metab. 27 (10),
706-718. doi:10.1016/j.tem.2016.06.001

May, W. S, Sahyoun, N., Jacobs, S., Wolf, M., and Cuatrecasas, P. (1985). Mechanism
of phorbol diester-induced regulation of surface transferrin receptor involves the action

frontiersin.org


https://doi.org/10.1016/j.bbadis.2004.08.014
https://doi.org/10.3390/ijms22063016
https://doi.org/10.1016/s0047-6374(01)00249-4
https://doi.org/10.1523/JNEUROSCI.4178-07.2008
https://doi.org/10.3389/fnmol.2022.1028963
https://doi.org/10.3389/fnmol.2022.1028963
https://doi.org/10.1016/j.tcb.2011.11.003
https://doi.org/10.1080/17425255.2018.1417387
https://doi.org/10.1038/s41598-018-24276-4
https://doi.org/10.1038/s41598-018-24276-4
https://doi.org/10.1002/jnr.490270421
https://doi.org/10.1002/jnr.490310214
https://doi.org/10.1016/j.jneumeth.2016.11.008
https://doi.org/10.1148/radiol.2020192541
https://doi.org/10.1042/bj2870509
https://doi.org/10.1080/00401706.1964.10490181
https://doi.org/10.1016/j.jad.2006.11.016
https://doi.org/10.1152/ajpcell.00599.2006
https://doi.org/10.1152/ajpcell.00599.2006
https://doi.org/10.1016/j.yexmp.2021.104636
https://doi.org/10.1016/j.phrs.2015.03.010
https://doi.org/10.1016/j.phrs.2015.03.010
https://doi.org/10.1002/ana.410310310
https://doi.org/10.1002/ana.410310310
https://doi.org/10.1074/jbc.M111.251504
https://doi.org/10.1016/j.bbrc.2018.05.045
https://doi.org/10.1016/j.bbrc.2018.05.045
https://doi.org/10.1111/j.1471-4159.2007.05194.x
https://doi.org/10.1016/j.neulet.2020.135289
https://doi.org/10.3389/fnagi.2015.00047
https://doi.org/10.1038/nrn3549
https://doi.org/10.1523/JNEUROSCI.3542-15.2016
https://doi.org/10.1523/JNEUROSCI.3542-15.2016
https://doi.org/10.1523/JNEUROSCI.0182-19.2019
https://doi.org/10.3389/fnins.2019.00015
https://doi.org/10.1038/s41380-023-02260-3
https://doi.org/10.1126/sciadv.abh2169
https://doi.org/10.1111/dgd.12138
https://doi.org/10.1042/BST20220833
https://doi.org/10.3348/kjr.2023.0490
https://doi.org/10.1093/oxfordjournals.jbchem.a021735
https://doi.org/10.1016/j.freeradbiomed.2018.10.413
https://doi.org/10.1523/JNEUROSCI.0040-09.2009
https://doi.org/10.3389/fnmol.2011.00017
https://doi.org/10.3389/fnmol.2011.00017
https://doi.org/10.1038/s41467-022-32130-5
https://doi.org/10.1038/s41467-022-32130-5
https://doi.org/10.1038/mp.2016.96
https://doi.org/10.1038/s41380-023-02399-z
https://doi.org/10.1038/s41380-023-02399-z
https://doi.org/10.1073/pnas.0913192107
https://doi.org/10.1186/s40478-021-01127-4
https://doi.org/10.3389/fnins.2018.00632
https://doi.org/10.3389/fnmol.2014.00046
https://doi.org/10.1046/j.1471-4159.1995.65020710.x
https://doi.org/10.1046/j.1471-4159.1995.65020710.x
https://doi.org/10.1038/mp.2013.103
https://doi.org/10.1016/j.tem.2016.06.001
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1469751

Sabbir

of activated protein kinase C and an intact cytoskeleton. J. Biol. Chem. 260 (16),
9419-9426. doi:10.1016/s0021-9258(17)39383-3

May, W. S., and Tyler, G. (1987). Phosphorylation of the surface transferrin receptor
stimulates receptor internalization in HL60 leukemic cells. J. Biol. Chem. 262 (34),
16710-16718. doi:10.1016/s0021-9258(18)49313-1

Mills, E., Dong, X. P, Wang, F,, and Xu, H. (2010). Mechanisms of brain iron
transport: insight into neurodegeneration and CNS disorders. Future Med. Chem. 2 (1),
51-64. doi:10.4155/fmc.09.140

Morales-Garcia, J. A., Susin, C., Alonso-Gil, S., Perez, D. ., Palomo, V., Perez, C., et al.
(2013). Glycogen synthase kinase-3 inhibitors as potent therapeutic agents for the
treatment of Parkinson disease. ACS Chem. Neurosci. 4 (2), 350-360. doi:10.1021/
cn300182¢g

Moriguchi, S., Yabuki, Y., and Fukunaga, K. (2012). Reduced calcium/calmodulin-
dependent protein kinase II activity in the hippocampus is associated with impaired
cognitive function in MPTP-treated mice. J. Neurochem. 120 (4), 541-551. doi:10.1111/
j.1471-4159.2011.07608.x

Nielsen, S. S. E., Holst, M. R,, Langthaler, K., Christensen, S. C., Bruun, E. H,, Brodin, B,
et al. (2023). Apicobasal transferrin receptor localization and trafficking in brain capillary
endothelial cells. Fluids Barriers CNS 20 (1), 2. doi:10.1186/s12987-022-00404-1

Nunez, M. T, and Hidalgo, C. (2019). Noxious iron-calcium connections in
neurodegeneration. Front. Neurosci. 13, 48. doi:10.3389/fnins.2019.00048

Park, S. A., Ahn, S. I, and Gallo, J. M. (2016). Tau mis-splicing in the pathogenesis of
neurodegenerative disorders. BMB Rep. 49 (8), 405-413. doi:10.5483/bmbrep.2016.49.
8.084

Peters, M., Mizuno, K, Ris, L., Angelo, M., Godaux, E., and Giese, K. P. (2003). Loss of
Ca2+/calmodulin kinase kinase beta affects the formation of some, but not all, types of
hippocampus-dependent long-term memory. J. Neurosci. 23 (30), 9752-9760. doi:10.
1523/JNEUROSCI.23-30-09752.2003

Pillai-Kastoori, L., Schutz-Geschwender, A. R., and Harford, J. A. (2020). A systematic
approach to quantitative Western blot analysis. Anal. Biochem. 593, 113608. doi:10.
1016/j.ab.2020.113608

Racioppi, L., and Means, A. R. (2012). Calcium/calmodulin-dependent protein kinase
kinase 2: roles in signaling and pathophysiology. J. Biol. Chem. 287 (38), 31658-31665.
doi:10.1074/jbc.R112.356485

Reihill, J. A., Ewart, M. A., Hardie, D. G., and Salt, I. P. (2007). AMP-activated protein
kinase mediates VEGF-stimulated endothelial NO production. Biochem. Biophys. Res.
Commun. 354 (4), 1084-1088. doi:10.1016/j.bbrc.2007.01.110

Reyes-Ortiz, A. M., Abud, E. M., Burns, M. S., Wu, ], Hernandez, S. J., Geller, N, et al.
(2022). Integrated transcriptome analysis of Huntington’s disease iPSC-derived and
mouse astrocytes implicates dysregulated synaptogenesis, actin, and astrocyte
maturation. bioRxiv. 2022 (07.28), 501170. doi:10.1101/2022.07.28.501170

Sabbir, M. G. (2018). Loss of Ca(2+)/calmodulin dependent protein kinase kinase
2 leads to aberrant transferrin phosphorylation and trafficking: a potential biomarker
for Alzheimer’s disease. Front. Mol. Biosci. 5, 99. doi:10.3389/fmolb.2018.00099

Sabbir, M. G. (2020a). CAMKK2-CAMK4 signaling regulates transferrin trafficking, turnover,
and iron homeostasis. Cell Commun. Signal. 18 (1), 80. doi:10.1186/s12964-020-00575-0

Sabbir, M. G. (2020b). CAMKK2-CAMK4 signaling regulates transferrin trafficking,
turnover, and iron homeostasis. Cell Commun. Signal 18 (1), 80. doi:10.1186/s12964-
020-00575-0

Sabbir, M. G., Speth, R. C,, and Albensi, B. C. (2022). Loss of cholinergic receptor
muscarinic 1 (CHRM1) protein in the Hippocampus and temporal cortex of a subset of
individuals with Alzheimer’s disease, Parkinson’s disease, or frontotemporal dementia:
implications for patient survival. J. Alzheimers Dis. 90 (2), 727-747. doi:10.3233/JAD-
220766

Sabbir, M. G., Taylor, C. G., and Zahradka, P. (2020). Hypomorphic CAMKK2 in
EA.hy926 endothelial cells causes abnormal transferrin trafficking, iron homeostasis
and glucose metabolism. Biochim. Biophys. Acta Mol. Cell Res. 1867 (10), 118763.
doi:10.1016/j.bbamcr.2020.118763

Frontiers in Cell and Developmental Biology

19

10.3389/fcell.2024.1469751

Sakagami, H., Saito, S., Kitani, T., Okuno, S., Fujisawa, H., and Kondo, H. (1998).
Localization of the mRNAs for two isoforms of Ca2+/calmodulin-dependent protein
kinase kinases in the adult rat brain. Brain Res. Mol. Brain Res. 54 (2), 311-315. doi:10.
1016/s0169-328x(97)00362-8

Sakagami, H., Umemiya, M., Saito, S, and Kondo, H. (2000). Distinct
immunohistochemical localization of two isoforms of Ca2+/calmodulin-dependent
protein kinase kinases in the adult rat brain. Eur. J. Neurosci. 12 (1), 89-99. doi:10.
1046/j.1460-9568.2000.00883.x

Sanchez, M., Sabio, L., Gélvez, N., Capdevila, M., and Dominguez-Vera, J. M. (2017).
Iron chemistry at the service of life. [UBMB Life 69 (6), 382-388. doi:10.1002/iub.1602

Santa-Maria, I, Varghese, M., Ksiezak-Reding, H., Dzhun, A., Wang, J., and Pasinetti,
G. M. (2012). Paired helical filaments from Alzheimer disease brain induce intracellular
accumulation of Tau protein in aggresomes. J. Biol. Chem. 287 (24), 20522-20533.
doi:10.1074/jbc.M111.323279

Scott, J. W., Park, E., Rodriguiz, R. M., Oakhill, J. S., Issa, S. M. A., O’Brien, M. T., et al.
(2015). Autophosphorylation of CaMKK2 generates autonomous activity that is
disrupted by a T85S mutation linked to anxiety and bipolar disorder. Sci. Rep. 5 (1),
14436. doi:10.1038/srep14436

Sergeant, N., Sablonniére, B., Schraen-Maschke, S., Ghestem, A., Maurage, C.-A.,
Wattez, A., et al. (2001). Dysregulation of human brain microtubule-associated tau
mRNA maturation in myotonic dystrophy type 1. Hum. Mol. Genet. 10 (19),
2143-2155. doi:10.1093/hmg/10.19.2143

Siegel, S. (1956). Nonparametric statistics for the behavioral sciences (New York:
McGraw-Hill).

Smith, M. A., Harris, P. L., Sayre, L. M., and Perry, G. (1997). Iron accumulation in
Alzheimer disease is a source of redox-generated free radicals. Proc. Natl. Acad. Sci.
U. S. A. 94 (18), 9866-9868. doi:10.1073/pnas.94.18.9866

Smith, M. A., Zhu, X., Tabaton, M., Liu, G., McKeel, D. W., Jr, Cohen, M. L., et al.
(2010). Increased iron and free radical generation in preclinical Alzheimer disease
and mild cognitive impairment. J. Alzheimers Dis. 19 (1), 363-372. d0i:10.3233/JAD-
2010-1239

Spotorno, N., Acosta-Cabronero, J., Stomrud, E., Lampinen, B., Strandberg, O. T., van
Westen, D, et al. (2020). Relationship between cortical iron and tau aggregation in
Alzheimer’s disease. Brain a ]. Neurology 143 (5), 1341-1349. doi:10.1093/brain/
awaa089

Takaichi, Y., Chambers, J. K., Takahashi, K., Soeda, Y., Koike, R., Katsumata, E., et al.
(2021). Amyloid B and tau pathology in brains of aged pinniped species (sea lion, seal,
and walrus). Acta Neuropathol. Commun. 9 (1), 10. doi:10.1186/540478-020-01104-3

Tarutani, A., Miyata, H., Nonaka, T., Hasegawa, K., Yoshida, M., Saito, Y., et al.
(2021). Human tauopathy-derived tau strains determine the substrates recruited for
templated amplification. Brain a J. Neurology 144 (8), 2333-2348. doi:10.1093/brain/
awab091

Tolosano, E. (2015). Increasing serum transferrin to reduce tissue iron overload due
to ineffective erythropoiesis. Haematologica 100 (5), 565-566. doi:10.3324/haematol.
2015.124966

Watanabe, A., Takio, K, and Thara, Y. (1999). Deamidation and isoaspartate
formation in smeared tau in paired helical filaments. Unusual properties of the
microtubule-binding domain of tau. J. Biol. Chem. 274 (11), 7368-7378. doi:10.
1074/jbc.274.11.7368

Wu, R, Li, L, Shi, R, Zhou, Y, Jin, N, Gu, J,, et al. (2021). Dephosphorylation
passivates the seeding activity of oligomeric tau derived from Alzheimer’s brain. Front.
Mol. Neurosci. 14, 631833. doi:10.3389/fnmol.2021.631833

Zecca, L., Youdim, M. B., Riederer, P., Connor, J. R., and Crichton, R. R. (2004). Iron,
brain ageing and neurodegenerative disorders. Nat. Rev. Neurosci. 5 (11), 863-873.
doi:10.1038/nrn1537

Zhou, Y., Shi, J., Chu, D., Hu, W., Guan, Z., Gong, C. X,, et al. (2018). Relevance of
phosphorylation and truncation of tau to the etiopathogenesis of Alzheimer’s disease.
Front. Aging Neurosci. 10, 27. doi:10.3389/fnagi.2018.00027

frontiersin.org


https://doi.org/10.1016/s0021-9258(17)39383-3
https://doi.org/10.1016/s0021-9258(18)49313-1
https://doi.org/10.4155/fmc.09.140
https://doi.org/10.1021/cn300182g
https://doi.org/10.1021/cn300182g
https://doi.org/10.1111/j.1471-4159.2011.07608.x
https://doi.org/10.1111/j.1471-4159.2011.07608.x
https://doi.org/10.1186/s12987-022-00404-1
https://doi.org/10.3389/fnins.2019.00048
https://doi.org/10.5483/bmbrep.2016.49.8.084
https://doi.org/10.5483/bmbrep.2016.49.8.084
https://doi.org/10.1523/JNEUROSCI.23-30-09752.2003
https://doi.org/10.1523/JNEUROSCI.23-30-09752.2003
https://doi.org/10.1016/j.ab.2020.113608
https://doi.org/10.1016/j.ab.2020.113608
https://doi.org/10.1074/jbc.R112.356485
https://doi.org/10.1016/j.bbrc.2007.01.110
https://doi.org/10.1101/2022.07.28.501170
https://doi.org/10.3389/fmolb.2018.00099
https://doi.org/10.1186/s12964-020-00575-0
https://doi.org/10.1186/s12964-020-00575-0
https://doi.org/10.1186/s12964-020-00575-0
https://doi.org/10.3233/JAD-220766
https://doi.org/10.3233/JAD-220766
https://doi.org/10.1016/j.bbamcr.2020.118763
https://doi.org/10.1016/s0169-328x(97)00362-8
https://doi.org/10.1016/s0169-328x(97)00362-8
https://doi.org/10.1046/j.1460-9568.2000.00883.x
https://doi.org/10.1046/j.1460-9568.2000.00883.x
https://doi.org/10.1002/iub.1602
https://doi.org/10.1074/jbc.M111.323279
https://doi.org/10.1038/srep14436
https://doi.org/10.1093/hmg/10.19.2143
https://doi.org/10.1073/pnas.94.18.9866
https://doi.org/10.3233/JAD-2010-1239
https://doi.org/10.3233/JAD-2010-1239
https://doi.org/10.1093/brain/awaa089
https://doi.org/10.1093/brain/awaa089
https://doi.org/10.1186/s40478-020-01104-3
https://doi.org/10.1093/brain/awab091
https://doi.org/10.1093/brain/awab091
https://doi.org/10.3324/haematol.2015.124966
https://doi.org/10.3324/haematol.2015.124966
https://doi.org/10.1074/jbc.274.11.7368
https://doi.org/10.1074/jbc.274.11.7368
https://doi.org/10.3389/fnmol.2021.631833
https://doi.org/10.1038/nrn1537
https://doi.org/10.3389/fnagi.2018.00027
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1469751

	Loss of calcium/calmodulin-dependent protein kinase kinase 2, transferrin, and transferrin receptor proteins in the tempora ...
	1 Introduction
	2 Methods
	2.1 Postmortem human brain tissue
	2.2 Western blotting (WB) and immunodetection
	2.3 Quantification of iron content in cortical tissues
	2.4 Statistical analysis

	3 Results
	3.1 Expression of CAMKK2 and TF in the hippocampus, cortex and cerebellum tissues
	3.2 CAMKK2 and TF protein levels remain unaffected by aging, while TFRC levels decline in older individuals
	3.3 Characterization of AD and PD brain tissue cohorts using microtubule-associated protein tau (MAPT) profiling
	3.4 Significant reduction of CAMKK2 in AD patient temporal cortices compared to age-matched CN individuals
	3.5 Significant reduction of CAMKK2 in PD patient temporal cortices compared to age-matched CN individuals
	3.6 Significant reduction of TF and TFRC in AD patients’ temporal cortices compared to age-matched CN individuals
	3.7 Significantly increased iron content in the AD brain compared to age-matched CN individuals

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


