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Brain iron dyshomeostasis is a feature of Alzheimer’s disease. Conventionally, research

has focused on non-heme iron although degradation of heme from hemoglobin subunits

can generate iron to augment the redox-active iron pool. Hemopexin both detoxifies

heme to maintain iron homeostasis and bolsters antioxidant capacity via catabolic

products, biliverdin and carbon monoxide to combat iron-mediated lipid peroxidation.

The aim of the present study was to examine the association of cerebrospinal

fluid levels (CSF) hemopexin and hemoglobin subunits (α and β) to Alzheimer’s

pathological proteins (amyloid and tau), hippocampal volume and metabolism, and

cognitive performance. We analyzed baseline CSF heme/iron proteins (multiplexed mass

spectrometry-based assay), amyloid and tau (Luminex platform), baseline/longitudinal

neuroimaging (MRI, FDG-PET) and cognitive outcomes in 86 cognitively normal, 135

mild-cognitive impairment and 66 Alzheimer’s participants from the Alzheimer’s Disease

Neuroimaging Initiative-1 (ADNI-1) cohort. Multivariate regression analysis was performed

to delineate differences in CSF proteins between diagnosis groups and evaluated their

association to amyloid and tau, neuroimaging and cognition. A p-value ≤ 0.05 was

considered significant. Higher hemopexin was associated with higher CSF amyloid

(implying decreased brain amyloid deposition), improved hippocampal metabolism and

cognitive performance. Meanwhile, hemoglobin subunits were associated with increased

CSF tau (implying increased brain tau deposition). When dichotomizing individuals with

mild-cognitive impairment into stable and converters to Alzheimer’s disease, significantly

higher baseline hemoglobin subunits were observed in the converters compared

to non-converters. Heme/iron dyshomeostasis is an early and crucial event in AD

pathophysiology, which warrants further investigation as a potential therapeutic target.
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FIGURE 3 | APOEε4, diagnosis and follow-up time adjusted multivariate analysis demonstrating significant positive association between CSF hemopexin (HPX) and (i)

apolipoprotein E (APOE), (ii) β-amyloid (Aβ), (iii) hippocampal glucose (FDG) metabolism and (iv) Rey Auditory Verbal Learning Test (RAVLT). Unstandardized coefficient

(β), standard error (ε) and p-values are stated along with correlation graphs. A p ≤ 0.05 was considered significant.

× 10−5, p = 0.010) and non-significantly decreased CSF Aβ

(β = −0.768, ε = 0.737, p = 0.299), and significantly increased
ptau (β = 0.857, ε = 0.246, p= 0.001) levels.

Relationships Between Baseline CSF HPX,
Hbα and Hbβ With MCI Conversion to AD
Since MCI represents a heterogenous group at heightened
risk of converting to AD, we assessed baseline levels of
CSF HPX, Hbα and Hbβ and determined their relationship
with disease progression. Baseline CSF HPX levels were
significantly lower in MCI biomarker-positive individuals
compared to MCI biomarker-negative individuals (p = 0.012).
However, CSF Hbα and Hbβ were higher in biomarker-
positive MCI individuals compared to those that were MCI that
was biomarker-negative (p = 0.022 and 0.0034, respectively;
Figure 4). The significant changes observed in MCI were
not evident in the CN group (Figure 4). When evaluating
conversion status only in those MCI subjects that were
biomarker-positive, baseline levels of Hbα and Hbβ were
significantly higher in MCI-c compared to MCI-nc (p = 0.0068
and 0.0048, respectively; Figure 5), while HPX levels were
similar (p= 0.453).

DISCUSSION

Consistent with our hypothesis, we demonstrate higher levels
of CSF HPX were associated with improved: (1) CSF APOE,
(2) CSF Aβ levels, (3) hippocampal glucose metabolism and
(4) cognitive performance. Moreover, CSF Hb subunits were
significantly higher in MCI-c compared to MCI-nc and were
associated with decreased CSF Aβ and increased CSF ptau. The
present CSF study extends our recent plasma study (Ashraf et al.,
2020a), and solidifies evidence for the involvement of heme/iron
dyshomeostasis in the pathogenesis of AD.

Since iron is required for Hb oxygen transport, alterations
in CSF levels of Hbα and Hbβ chains support the hypothesis
of disrupted iron homeostasis in AD (Altinoz et al., 2019). We
observed higher CSF Hbα and Hbβ levels in MCI-c compared
to MCI-nc while no significant differences were obtained
between CN, MCI, and AD according to syndrome diagnosis–
with or without further stratification by CSF biomarker status.
Apparently, high Hb subunit levels increase the risk of AD
pathogenesis. We suggest elevated CSF Hb subunits are due to
leakage from damaged neurons (Richter et al., 2009) in the more
toxic milieu of the MCI-c brain. Note, a stringent methodology
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FIGURE 4 | Violin plots showing CSF levels of (i) hemopexin, (ii) hemoglobin subunits α and (iii) hemoglobin subunits β in (A) cognitively normal (B) and mild-cognitive

impaired individuals, stratified by biomarker status based on a threshold of total tau/Aβ (<0.27, depicts biomarker-negative and ≥0.27, biomarker-positive). Two-tailed

t-testing was used to assess differences with values reported as median and interquartile range as well as t and p-values. An FDR corrected p-value ≤ 0.0397 was

considered significant. Hemopexin and hemoglobin subunits were measured in arbitrary units (a.u.) on a natural log scale.

was employed to ensure removal of plasma proteins from CSF
samples and avoid false results (Spellman et al., 2015).

Hb breakdown leads to the release of free heme, which
is prevented from generating free radicals by being bound
to HPX (Hvidberg et al., 2005; Hahl et al., 2013, 2017).
HPX appears to confer neuroprotection as we demonstrated
higher levels of HPX are associated with improved hippocampal
metabolism and maintained cognitive performance. The heme-
HPX complex is internalized by cells and then detoxified
through induction of heme-oxygenase 1. Heme-oxygenase
1 degrades heme into iron, which is safely scavenged by
ferritin. The remaining heme porphyrin ring is degraded to
produce the anti-oxidants, biliverdin and carbon monoxide
(Eskew et al., 1999; Sung et al., 2000; Vanacore et al.,
2000). Combined, such metabolism maintains neuronal iron
homeostasis and provide neuroprotection. Previously, Aβ has
been shown to bind to heme (Atamna and Boyle, 2006), our
finding of decreased CSF Aβ and so increased parenchyma

Aβ deposition (Grimmer et al., 2009) is associated with
lower levels of CSF HPX suggests that opportunistic Aβ as
opposed to HPX, forms complexes with heme in the brain
parenchyma (Figure 6). This precludes detoxification via HPX-
heme complexes promoting peroxidation (Pramanik and Dey,
2011; Lu et al., 2014; Flemmig et al., 2018). The peroxidase
activity of Aβ-heme complexes have been shown to induce
peptide dimer formation, which in turn enhance Aβ fibrillization
(Al-Hilaly et al., 2013). This proposition is favored by our
concomitant finding of decreased CSF Aβ (increased brain
amyloid deposition) is associated with increased CSF Hbβ (with
Hbα excluded from analysis due to collinearity with Hbβ).
Additionally, formation of the Aβ-heme complex can decrease
heme bioavailability resulting in functional heme deficiency
(Atamna and Boyle, 2006). Moreover, the positive association
between Hb subunits and ptau we observed may reflect
excessive build-up of Hb-derived heme that aggravates tau-
derived N-terminal free-amine (R1T) aggregation, prolonging
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FIGURE 5 | Violin plots showing CSF levels of hemopexin and hemoglobin subunits α and β in individuals with mild-cognitive impairment (MCI-nc) remaining stable

and those converting (MCI-c) to Alzheimer’s disease. Only those MCI subjects that are CSF biomarker-positive were included in the analysis. The biomarker status

was based on a threshold of total tau/Aβ (<0.27 is biomarker-negative and ≥0.27 is biomarker-positive). Two-tailed t-testing was used to assess differences with

values reported as median and interquartile range as well as t and p-values. An FDR corrected p-value ≤ 0.0397 was considered significant. Hemopexin and

hemoglobin subunits were measured in arbitrary signal intensity units on a natural log scale.

FIGURE 6 | Free heme liberated from hemoglobin subunits α and β is scavenged by hemopexin. However, in the presence of accruing Alzheimer’s pathology, this

binding between hemopexin and heme may become disrupted enabling free heme to interact with β-amyloid (Aβ), thus promoting iron dyshomeostasis. This may lead

to tau aggregation and oxidative stress mediated neurodegeneration in Alzheimer’s disease.

peroxidation and perpetuating neuronal oxidative stress (Pirota
et al., 2016).

Since AD is a complex disorder characterized by multifaceted
disease processes, the effect sizes we obtained in this study were
small, albeit significant. This suggests that HPX and Hb subunits
may not be the most appropriate biomarkers to differentiate
between diagnostic groups. However, this study highlights their

importance in disease pathogenesis, especially as Hb subunits are
elevated in AD-affected brain regions e.g., inferior temporal gyrus
(Wu et al., 2004).

Low baseline CSF HPX levels were observed in MCI
individuals who are CSF biomarker-positive, concomitant with
elevated levels of CSF Hbα and Hbβ subunits, which would
contribute to inefficient HPX scavenging of heme in AD
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pathogenesis. This is consistent with the association of low CSF
HPX levels with low CSF Aβ, high CSF ptau, increased glucose
hypometabolism and cognitive decline, i.e., disease progression
(although not MCI conversion to AD). In our previous study
(Ashraf et al., 2020a), plasma HPX was associated with brain
amyloid deposition, albeit from a different cohort. HPX is
an abundant plasma protein that is also expressed by both
neurons and glia (Morris et al., 1993), with the majority of
CSF HPX produced intrathecally in normal human subjects
(Garland et al., 2016). While matched plasma and CSF were
not available from the present cohort, considering our previous
plasma (Ashraf et al., 2020a) and current CSF HPX findings,
we suggest the decreased CSF HPX associated with decreased
CSF Aβ and increased ptau, and disease progression (albeit not
MCI conversion to AD), may result from: abnormally greater
HPX export from the CSF to the plasma compartment; decreased
neuroglial HPX synthesis; and/or increased brain parenchymal
low density lipoprotein receptor-related protein 1 (LRP1)-
mediated scavenging (Hvidberg et al., 2005). Interestingly, LRP1
is rather a promiscuous receptor andAPOE andAβ are all ligands
(Ashraf et al., 2019a) as well as HPX (Hvidberg et al., 2005). We
have previously suggested that low CSF melanotransferrin (MTf)
levels in MCI-c compared to MCI-nc (diagnosed according to
clinical syndrome) may have been due to attenuated competitive
clearance of Aβ due to its low levels in the CSF (Ashraf et al.,
2019a). We propose a similar situation may occur here, with low
CSF HPX levels arising from increased export from the CSF to
the blood at the choroid plexus, due to lesser competition from
Aβ and APOE, whose levels are low in the CSF when HPX is low,
via their common receptor, LRP1. Evidently, not only does the
relationship between CSF and plasma protein levels needs to be
elucidated withmatched samples from the same subjects, but also
the relationship between brain parenchymal and CSF protein.

It is worth noting that the correlations in this study are
weak but significant. Since correlational analysis does not equate
to causation, further studies need to be undertaken, including
measurement of HPX and Hb subunits in a separate set of
samples, preferably with matched CSF and plasma samples, to
assess the reproducibility of the associations observed in the
ADNI dataset. Further investigations are required to determine a
possible causal relationship between HPX and AD pathogenesis.
Importantly, studies should temporally evaluate CSF HPX and
Hb subunits in prodromal AD subjects to understand how
the levels of proteins fluctuate with disease progression. Since
we did not assess the functional status of HPX, it is possible
that there is loss of the scavenging capabilities of HPX due to
oxidative modification (Hahl et al., 2017) in AD. Additional
studies will help to assess whether replenishing HPX function
through resurrection of normal heme and iron biology would
be a useful therapeutic approach to ameliorate oxidative stress-
mediated neurodegeneration.

We did not find significant alterations in CSF protein levels
between CN, MCI and AD. This could be attributed to local
regional variability in their levels, particularly in disease-affected
brain areas that may not lead to changes in CSF proteins levels,
since CSF levels results from the summed metabolism of the
whole brain.

Most importantly, iron dyshomeostasis is an attractive
proposition to investigate, as it is not specific to AD, but also
observed in other neurodegenerative diseases. The close ties of
iron to the pathological proteins (Robinson et al., 2018), Aβ,
tau, α-synuclein and TDP43, means that successful therapeutic
targets involving iron biology would be translatable to several
neurodegenerative diseases.

In conclusion, heme/iron dyshomeostasis is an early and
crucial event in AD pathophysiology, which warrants thorough
investigation as a potential therapeutic target.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This
data can be found here: https://ida.loni.usc.edu/pages/access/
studyData.jsp.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by As per ADNI protocols, all procedures performed
in studies involving human participants were in accordance with
the ethical standards of the institutional and/or national research
committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. More details can
be found at adni.loni.usc.edu. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

AA contributed to the study concept, design and carried out
the data analysis, and drafted the manuscript. MD helped revise
the manuscript. P-WS contributed to data interpretation and
revised the manuscript. All authors read and approved the
final manuscript.

FUNDING

The authors would like to thank Biotechnology and Biological
Sciences Research Council (BBRSC), King’s College London and
Perspectum Diagnostics Ltd., for funding AA’s industrial Ph.D.
studentship. The authors would also like to thank National
Health Service (NHS) for funding MD and Higher Education
Funding Council of England for funding P-WS. Data collection
and sharing for this project was funded by grants from the
National Institutes of Health (U01 AG024904) and Department
of Defense (award number W81XWH-12-2-0012). ADNI was
funded byNIA, NIBIB and through generous contributions from:
AbbVie, Alzheimer’s Association; Alzheimer’s Drug Discovery
Foundation; Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-
Myers Squibb Company; CereSpir, Inc.; Cogstate; Eisai Inc.; Elan
Pharmaceuticals, Inc.; Eli Lilly and Company; EuroImmun; F.
Hoffmann-La Roche Ltd and its affiliated company Genentech,
Inc.; Fujirebio; GE Healthcare; IXICO Ltd.; Janssen Alzheimer
Immunotherapy Research & Development, LLC.; Johnson
& Johnson Pharmaceutical Research & Development LLC.;

Frontiers in Molecular Biosciences | www.frontiersin.org 10 December 2020 | Volume 7 | Article 590979

https://ida.loni.usc.edu/pages/access/studyData.jsp
https://ida.loni.usc.edu/pages/access/studyData.jsp
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Ashraf et al. Low CSF Hemopexin Associated With Alzheimer’s

Lumosity; Lundbeck; Merck & Co., Inc.; Meso Scale Diagnostics,
LLC.; NeuroRx Research; Neurotrack Technologies; Novartis
Pharmaceuticals Corporation; Pfizer Inc.; Piramal Imaging;
Servier; Takeda Pharmaceutical Company; and Transition
Therapeutics. The Canadian Institutes of Health Research also
provided funds to support ADNI clinical sites in Canada.
Private sector contributions were facilitated by the Foundation
for the National Institutes of Health (www.fnih.org). The
grantee organization is the Northern California Institute for
Research and Education, and the study was coordinated by the
Alzheimer’s Therapeutic Research Institute at the University of
Southern California.

ACKNOWLEDGMENTS

We express our appreciation to all participants in the ADNI
studies. Data used in preparation of this article were obtained
from the ADNI database (adni.loni.usc.edu). As such, ADNI
investigators contributed to study design and implementation,
and provided data but did not participate in analysis or writing
of this report. For a complete listing of ADNI investigators,
see http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/
ADNI_Acknowledgment_List.pdf. ADNI data are disseminated
by the Laboratory for Neuro Imaging at the University of
Southern California.

REFERENCES

Al-Hilaly, Y. K., Williams, T. L., Stewart-Parker, M., Ford, L., Skaria, E.,

Cole, M., et al. (2013). A central role for dityrosine crosslinking of

amyloid-beta in Alzheimer’s disease. Acta Neuropathol Commun. 1:83.

doi: 10.1186/2051-5960-1-83

Altinoz,M. A., Guloksuz, S., Schmidt-Kastner, R., Kenis, G., Ince, B., and Rutten, B.

P. F. (2019). Involvement of hemoglobins in the pathophysiology of Alzheimer’s

disease. Exp. Gerontol. 126:110680. doi: 10.1016/j.exger.2019.110680

Ashraf, A., Alepuz Guillen, J. A., Aljuhani, M., Hubens, C., and So, P. W.

(2019a). LowCerebrospinal fluid levels ofmelanotransferrin are associated with

conversion of mild cognitively impaired subjects to Alzheimer’s disease. Front.

Neurosci. 13:181. doi: 10.3389/fnins.2019.00181

Ashraf, A., Ashton, N. J., Chatterjee, P., Goozee, K., Shen, K., Fripp, J., et al. (2020a).

Plasma transferrin and hemopexin are associated with altered Abeta uptake and

cognitive decline in Alzheimer’s disease pathology.Alzheimers. Res. Ther 12, 72.

doi: 10.1186/s13195-020-00634-1

Ashraf, A., Clark, M., and So, P. W. (2018). The aging of iron man. Front. Aging

Neurosci. 10:65. doi: 10.3389/fnagi.2018.00065

Ashraf, A., Jeandriens, J., Parkes, H. G., and So, P. W. (2020b). Iron

dyshomeostasis, lipid peroxidation and perturbed expression of

cystine/glutamate antiporter in Alzheimer’s disease: evidence of ferroptosis.

Redox Biol. 32:101494. doi: 10.1016/j.redox.2020.101494

Ashraf, A., and So, P.-W. (2020). Spotlight on ferroptosis: iron-dependent

cell death in alzheimer’s disease. Front. Aging Neurosci. 12:196.

doi: 10.3389/fnagi.2020.00196

Ashraf, A., Stosnach, H., Parkes, H. G., Hye, A., Powell, J., So, P. W., et al. (2019b).

Pattern of altered plasma elemental phosphorus, calcium, zinc, and iron in

Alzheimer’s disease. Sci. Rep. 9:3147. doi: 10.1038/s41598-019-42217-7

Atamna, H., and Boyle, K. (2006). Amyloid-beta peptide binds with heme to form

a peroxidase: relationship to the cytopathologies of Alzheimer’s disease. Proc.

Natl. Acad. Sci. U.S.A. 103, 3381–3386. doi: 10.1073/pnas.0600134103

Ayton, S., Faux, N. G., Bush, A. I., and Alzheimer’s Disease Neuroimaging,

I. (2015). Ferritin levels in the cerebrospinal fluid predict Alzheimer’s

disease outcomes and are regulated by APOE. Nat. Commun. 6:6760.

doi: 10.1038/ncomms7760

Blalock, E. M., Chen, K. C., Sharrow, K., Herman, J. P., Porter, N. M., Foster, T.

C., et al. (2003). Gene microarrays in hippocampal aging: statistical profiling

identifies novel processes correlated with cognitive impairment. J. Neurosci. 23,

3807–3819. doi: 10.1523/JNEUROSCI.23-09-03807.2003

Cabral, C., Morgado, P. M., Campos Costa, D., Silveira, M., and Alzheimers

Disease Neuroimaging, I. (2015). Predicting conversion from MCI to AD with

FDG-PET brain images at different prodromal stages. Comput. Biol. Med. 58,

101–109. doi: 10.1016/j.compbiomed.2015.01.003

Chuang, J. Y., Lee, C. W., Shih, Y. H., Yang, T., Yu, L., and Kuo, Y. M.

(2012). Interactions between amyloid-beta and hemoglobin: implications

for amyloid plaque formation in Alzheimer’s disease. PLoS ONE 7:e33120.

doi: 10.1371/journal.pone.0033120

Davatzikos, C., Bhatt, P., Shaw, L. M., Batmanghelich, K. N., and Trojanowski,

J. Q. (2011). Prediction of MCI to AD conversion, via MRI, CSF

biomarkers, and pattern classification. Neurobiol. Aging 32, 2322.e2319–2327.

doi: 10.1016/j.neurobiolaging.2010.05.023

Davatzikos, C., Genc, A., Xu, D., and Resnick, S. M. (2001). Voxel-

based morphometry using the RAVENS maps: methods and validation

using simulated longitudinal atrophy. Neuroimage 14, 1361–1369.

doi: 10.1006/nimg.2001.0937

Dubois, B., Feldman, H. H., Jacova, C., Hampel, H., Molinuevo, J. L.,

Blennow, K., et al. (2014). Advancing research diagnostic criteria for

Alzheimer’s disease: the IWG-2 criteria. Lancet Neurol. 13, 614–629.

doi: 10.1016/S1474-4422(14)70090-0

Eskew, J. D., Vanacore, R.M., Sung, L., Morales, P. J., and Smith, A. (1999). Cellular

protection mechanisms against extracellular heme. heme-hemopexin, but not

free heme, activates the N-terminal c-jun kinase. J. Biol. Chem. 274, 638–648.

doi: 10.1074/jbc.274.2.638

Fan, Y., Batmanghelich, N., Clark, C. M., Davatzikos, C., and Alzheimer’s

Disease Neuroimaging, I. (2008). Spatial patterns of brain atrophy in

MCI patients, identified via high-dimensional pattern classification,

predict subsequent cognitive decline. Neuroimage 39, 1731–1743.

doi: 10.1016/j.neuroimage.2007.10.031

Fischl, B. (2012). FreeSurfer. Neuroimage 62, 774–781.

doi: 10.1016/j.neuroimage.2012.01.021

Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove,

C., et al. (2002). Whole brain segmentation: automated labeling of

neuroanatomical structures in the human brain. Neuron 33, 341–355.

doi: 10.1016/S0896-6273(02)00569-X

Fischl, B., Salat, D. H., Van Der Kouwe, A. J., Makris, N., Segonne,

F., Quinn, B. T., et al. (2004). Sequence-independent segmentation

of magnetic resonance images. Neuroimage 23(Suppl 1), S69–84.

doi: 10.1016/j.neuroimage.2004.07.016

Flemmig, J., Zamocky,M., andAlia, A. (2018). Amyloid beta and free heme: bloody

new insights into the pathogenesis of Alzheimer’s disease. Neural. Regen. Res.

13, 1170–1174. doi: 10.4103/1673-5374.235021

Garland, P., Durnford, A. J., Okemefuna, A. I., Dunbar, J., Nicoll, J. A., Galea,

J., et al. (2016). Heme-hemopexin scavenging is active in the brain and

associates with outcome after subarachnoid hemorrhage. Stroke 47, 872–876.

doi: 10.1161/STROKEAHA.115.011956

Grimmer, T., Riemenschneider,M., Forstl, H., Henriksen, G., Klunk,W. E.,Mathis,

C. A., et al. (2009). Beta amyloid in Alzheimer’s disease: increased deposition

in brain is reflected in reduced concentration in cerebrospinal fluid. Biol.

Psychiatry 65, 927–934. doi: 10.1016/j.biopsych.2009.01.027

Hahl, P., Davis, T., Washburn, C., Rogers, J. T., and Smith, A. (2013). Mechanisms

of neuroprotection by hemopexin: modeling the control of heme and iron

homeostasis in brain neurons in inflammatory states. J. Neurochem. 125,

89–101. doi: 10.1111/jnc.12165

Hahl, P., Hunt, R., Bjes, E. S., Skaff, A., Keightley, A., and Smith, A.

(2017). Identification of oxidative modifications of hemopexin and

their predicted physiological relevance. J. Biol. Chem. 292, 13658–13671.

doi: 10.1074/jbc.M117.783951

Hardy, J. A., and Higgins, G. A. (1992). Alzheimer’s disease: the amyloid cascade

hypothesis. Science 256, 184–185. doi: 10.1126/science.1566067

Frontiers in Molecular Biosciences | www.frontiersin.org 11 December 2020 | Volume 7 | Article 590979

http://www.fnih.org
http://adni.loni.usc.edu/
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgment_List.pdf
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgment_List.pdf
https://doi.org/10.1186/2051-5960-1-83
https://doi.org/10.1016/j.exger.2019.110680
https://doi.org/10.3389/fnins.2019.00181
https://doi.org/10.1186/s13195-020-00634-1
https://doi.org/10.3389/fnagi.2018.00065
https://doi.org/10.1016/j.redox.2020.101494
https://doi.org/10.3389/fnagi.2020.00196
https://doi.org/10.1038/s41598-019-42217-7
https://doi.org/10.1073/pnas.0600134103
https://doi.org/10.1038/ncomms7760
https://doi.org/10.1523/JNEUROSCI.23-09-03807.2003
https://doi.org/10.1016/j.compbiomed.2015.01.003
https://doi.org/10.1371/journal.pone.0033120
https://doi.org/10.1016/j.neurobiolaging.2010.05.023
https://doi.org/10.1006/nimg.2001.0937
https://doi.org/10.1016/S1474-4422(14)70090-0
https://doi.org/10.1074/jbc.274.2.638
https://doi.org/10.1016/j.neuroimage.2007.10.031
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1016/j.neuroimage.2004.07.016
https://doi.org/10.4103/1673-5374.235021
https://doi.org/10.1161/STROKEAHA.115.011956
https://doi.org/10.1016/j.biopsych.2009.01.027
https://doi.org/10.1111/jnc.12165
https://doi.org/10.1074/jbc.M117.783951
https://doi.org/10.1126/science.1566067
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Ashraf et al. Low CSF Hemopexin Associated With Alzheimer’s

Hvidberg, V., Maniecki, M. B., Jacobsen, C., Hojrup, P., Moller, H. J.,

and Moestrup, S. K. (2005). Identification of the receptor scavenging

hemopexin-heme complexes. Blood 106, 2572–2579. doi: 10.1182/blood-2005-

03-1185

Jack, C. R. Jr., Bernstein, M. A., Borowski, B. J., Gunter, J. L., Fox, N. C., Thompson,

P. M., et al. (2010). Update on the magnetic resonance imaging core of the

Alzheimer’s disease neuroimaging initiative. Alzheimers. Dement 6, 212–220.

doi: 10.1016/j.jalz.2010.03.004

Jagust, W. J., Bandy, D., Chen, K., Foster, N. L., Landau, S. M., Mathis,

C. A., et al. (2010). The Alzheimer’s disease neuroimaging initiative

positron emission tomography core. Alzheimers. Dement 6, 221–229.

doi: 10.1016/j.jalz.2010.03.003

Jagust,W. J., Landau, S. M., Shaw, L.M., Trojanowski, J. Q., Koeppe, R. A., Reiman,

E. M., et al. (2009). Relationships between biomarkers in aging and dementia.

Neurology 73, 1193–1199. doi: 10.1212/WNL.0b013e3181bc010c

Lu, N., Li, J., Tian, R., and Peng, Y. Y. (2014). Key roles of Arg(5), Tyr(10) and his

residues in abeta-heme peroxidase: relevance to Alzheimer’s disease. Biochem.

Biophys. Res. Commun. 452, 676–681. doi: 10.1016/j.bbrc.2014.08.130

Masters, C. L., Bateman, R., Blennow, K., Rowe, C. C., Sperling, R. A., and

Cummings, J. L. (2015). Alzheimer’s disease. Nat. Rev. Dis. Primers 1:15056.

doi: 10.1038/nrdp.2015.56

Morris, C. M., Candy, J. M., Edwardson, J. A., Bloxham, C. A., and Smith,

A. (1993). Evidence for the localization of haemopexin immunoreactivity

in neurones in the human brain. Neurosci. Lett. 149, 141–144.

doi: 10.1016/0304-3940(93)90756-B

Papanikolaou, G., and Pantopoulos, K. (2005). Iron metabolism and toxicity.

Toxicol. Appl. Pharmacol. 202, 199–211. doi: 10.1016/j.taap.2004.06.021

Percy, A. J., Yang, J., Chambers, A. G., Simon, R., Hardie, D. B., and Borchers, C.

H. (2014). Multiplexed MRM with internal standards for cerebrospinal fluid

candidate protein biomarker quantitation. J. Proteome Res. 13, 3733–3747.

doi: 10.1021/pr500317d

Petersen, R. C., Aisen, P. S., Beckett, L. A., Donohue, M. C., Gamst, A. C., Harvey,

D. J., et al. (2010). Alzheimer’s disease neuroimaging initiative (ADNI): clinical

characterization.Neurology 74, 201–209. doi: 10.1212/WNL.0b013e3181cb3e25

Petersen, R. C., Smith, G. E., Waring, S. C., Ivnik, R. J., Tangalos, E. G., and

Kokmen, E. (1999). Mild cognitive impairment: clinical characterization and

outcome. Arch. Neurol. 56, 303–308. doi: 10.1001/archneur.56.3.303

Pirota, V., Monzani, E., Dell’acqua, S., and Casella, L. (2016). Interactions between

heme and tau-derived R1 peptides: binding and oxidative reactivity. Dalton

Trans. 45, 14343–14351. doi: 10.1039/C6DT02183B

Pramanik, D., and Dey, S. G. (2011). Active site environment of heme-bound

amyloid beta peptide associated with Alzheimer’s disease. J. Am. Chem. Soc.

133, 81–87. doi: 10.1021/ja1084578

Reuter, M., Rosas, H. D., and Fischl, B. (2010). Highly accurate inverse

consistent registration: a robust approach. Neuroimage 53, 1181–1196.

doi: 10.1016/j.neuroimage.2010.07.020

Richter, F., Meurers, B. H., Zhu, C., Medvedeva, V. P., and Chesselet, M. F. (2009).

Neurons express hemoglobin alpha- and beta-chains in rat and human brains.

J. Comp. Neurol. 515, 538–547. doi: 10.1002/cne.22062

Robinson, J. L., Lee, E. B., Xie, S. X., Rennert, L., Suh, E., Bredenberg,

C., et al. (2018). Neurodegenerative disease concomitant proteinopathies

are prevalent, age-related and APOE4-associated. Brain 141, 2181–2193.

doi: 10.1093/brain/awy146

Segonne, F., Dale, A. M., Busa, E., Glessner, M., Salat, D., Hahn, H. K., et al. (2004).

A hybrid approach to the skull stripping problem in MRI. Neuroimage 22,

1060–1075. doi: 10.1016/j.neuroimage.2004.03.032

Segonne, F., Pacheco, J., and Fischl, B. (2007). Geometrically accurate topology-

correction of cortical surfaces using nonseparating loops. IEEE Trans. Med.

Imaging 26, 518–529. doi: 10.1109/TMI.2006.887364

Shah, R. C., Buchman, A. S., Wilson, R. S., Leurgans, S. E., and Bennett,

D. A. (2011). Hemoglobin level in older persons and incident

Alzheimer disease: prospective cohort analysis. Neurology 77, 219–226.

doi: 10.1212/WNL.0b013e318225aaa9

Shaw, L. M., Vanderstichele, H., Knapik-Czajka, M., Figurski, M., Coart, E.,

Blennow, K., et al. (2011). Qualification of the analytical and clinical

performance of CSF biomarker analyses in ADNI. Acta Neuropathol. 121,

597–609. doi: 10.1007/s00401-011-0808-0

Shaw, L. M., Waligorska, T., Fields, L., Korecka, M., Figurski, M., Trojanowski,

J. Q., et al. (2018). Derivation of cutoffs for the elecsys((R)) amyloid

beta (1-42) assay in Alzheimer’s disease. Alzheimers Dement. 10, 698–705.

doi: 10.1016/j.dadm.2018.07.002

Sled, J. G., Zijdenbos, A. P., and Evans, A. C. (1998). A nonparametric method for

automatic correction of intensity nonuniformity inMRI data. IEEE Trans. Med.

Imaging 17, 87–97. doi: 10.1109/42.668698

Smith, A., and Mcculloh, R. J. (2015). Hemopexin and haptoglobin: allies

against heme toxicity from hemoglobin not contenders. Front. Physiol. 6:187.

doi: 10.3389/fphys.2015.00187

Spellman, D. S., Wildsmith, K. R., Honigberg, L. A., Tuefferd, M., Baker, D.,

Raghavan, N., et al. (2015). Development and evaluation of a multiplexed

mass spectrometry based assay for measuring candidate peptide biomarkers

in Alzheimer’s disease neuroimaging initiative (ADNI) CSF. Proteomics Clin.

Appl. 9, 715–731. doi: 10.1002/prca.201400178

Sung, L., Shibata, M., Eskew, J. D., Shipulina, N., Morales, P. J., and Smith,

A. (2000). Cell-surface events for metallothionein-1 and heme oxygenase-1

regulation by the hemopexin-heme transport system. Antioxid. Redox Signal.

2, 753–765. doi: 10.1089/ars.2000.2.4-753

Tolosano, E., and Altruda, F. (2002). Hemopexin: structure, function, and

regulation. DNA Cell Biol. 21, 297–306. doi: 10.1089/104454902753759717

Vanacore, R. M., Eskew, J. D., Morales, P. J., Sung, L., and Smith, A. (2000). Role

for copper in transient oxidation and nuclear translocation ofMTF-1, but not of

NF-kappa B, by the heme-hemopexin transport system. Antioxid. Redox Signal.

2, 739–752. doi: 10.1089/ars.2000.2.4-739

Wu, C. W., Liao, P. C., Yu, L., Wang, S. T., Chen, S. T., Wu, C. M., et al. (2004).

Hemoglobin promotes abeta oligomer formation and localizes in neurons and

amyloid deposits. Neurobiol. Dis. 17, 367–377. doi: 10.1016/j.nbd.2004.08.014

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Ashraf, Dani and So. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org 12 December 2020 | Volume 7 | Article 590979

https://doi.org/10.1182/blood-2005-03-1185
https://doi.org/10.1016/j.jalz.2010.03.004
https://doi.org/10.1016/j.jalz.2010.03.003
https://doi.org/10.1212/WNL.0b013e3181bc010c
https://doi.org/10.1016/j.bbrc.2014.08.130
https://doi.org/10.1038/nrdp.2015.56
https://doi.org/10.1016/0304-3940(93)90756-B
https://doi.org/10.1016/j.taap.2004.06.021
https://doi.org/10.1021/pr500317d
https://doi.org/10.1212/WNL.0b013e3181cb3e25
https://doi.org/10.1001/archneur.56.3.303
https://doi.org/10.1039/C6DT02183B
https://doi.org/10.1021/ja1084578
https://doi.org/10.1016/j.neuroimage.2010.07.020
https://doi.org/10.1002/cne.22062
https://doi.org/10.1093/brain/awy146
https://doi.org/10.1016/j.neuroimage.2004.03.032
https://doi.org/10.1109/TMI.2006.887364
https://doi.org/10.1212/WNL.0b013e318225aaa9
https://doi.org/10.1007/s00401-011-0808-0
https://doi.org/10.1016/j.dadm.2018.07.002
https://doi.org/10.1109/42.668698
https://doi.org/10.3389/fphys.2015.00187
https://doi.org/10.1002/prca.201400178
https://doi.org/10.1089/ars.2000.2.4-753
https://doi.org/10.1089/104454902753759717
https://doi.org/10.1089/ars.2000.2.4-739
https://doi.org/10.1016/j.nbd.2004.08.014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

