
Erythropoietin Upregulates Brain Hemoglobin Expression and Supports
Neuronal Mitochondrial Activity

N. K. Singhal1 & K. Alkhayer1 & J. Shelestak1 & R. Clements1 & E. Freeman1
& J. McDonough1

Received: 15 August 2017 /Accepted: 19 February 2018 /Published online: 1 March 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Multiple sclerosis (MS) is a neuro-inflammatory and demyelinating disease. Downregulation of neuronal mitochondrial gene
expression and activity have been reported in several studies of MS.We have previously shown that hemoglobin-β (Hbb) signals
to the nucleus of neurons and upregulates H3K4me3, a histone mark involved in regulating cellular metabolism and differen-
tiation. The present study was undertaken to evaluate the effect of erythropoietin (EPO) on the upregulation of hemoglobin and
mitochondrial-associated neuroprotection. We found that administering EPO (5000 IU/kg intraperitoneally) to mice upregulated
brain Hbb expression, levels of H3K4me3, expression of mitochondrial complex III, complex V, and mitochondrial respiration.
We also found that the neuronal mitochondrial metabolite N-acetylaspartate (NAA), a marker of neuronal mitochondrial activity,
was increased with EPO treatment. Further, wemeasured the effects of EPO on preventingmitochondrial deficits in the cuprizone
toxic demyelinating mouse model of MS. We found that EPO prevented cuprizone-mediated decreases in Hbb, complex III, and
NAA. Our data suggest that EPO mediated regulation of Hbb supports neuronal energetics and may provide neuroprotection in
MS and other neurodegenerative diseases where a dysfunction of mitochondria contributes to disease.
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Introduction

In multiple sclerosis (MS), demyelination, axonal, and neuronal
degeneration accumulate over time and result in progressive
neurological disability [1, 2]. In early relapse remitting stages
of disease (RRMS), inflammatory demyelination results in less
efficient conduction of nerve impulses and neurological impair-
ment. These impairments generally resolve over a period of
weeks due to redistribution of sodium channels and
remyelination [3]. Neurons are high respiring cells with a large
metabolic demand, and in MS, they are particularly vulnerable
to changes in energy supply due to demyelination and redistri-
bution of Na+ channels along axons. Decreases in neuronal
energetics inMS lead to defects in ion homeostasis, conduction,
and axonal transport and can result in cell death [4, 5]. In

RRMS, this pathology is resolved and conduction is restored.
However, neurons and axons are damaged during inflammatory
demyelinating events. This damage accumulates with succes-
sive relapses ultimately leading to permanent neurological dis-
ability. Over time, many patients advance to secondary progres-
sive stages of disease (SPMS) where accumulation of damage
and loss of neurons leads to permanent disability underscoring
the need for neuroprotective therapies for MS [6].

Mitochondrial involvement in neurodegeneration anddisabil-
ity in MS is supported by previous studies showing decreased
expression of nuclear encoded mitochondrial electron transport
chain genes in neurons and reduced mitochondrial respiration in
MS cortex [7–11]. Consistent with these data, in vivo magnetic
resonance imaging (MRI) and spectroscopy (MRS) studies have
shown that the neuronal respiratory marker N-acetylaspartate
(NAA) is decreased inMS cortex prior to brain atrophy suggest-
ing that defects in neuronal respiration precede neurodegenera-
tion [12, 13]. Reductions in mitochondrial activity contribute to
axonal pathology inMS by impairing signal conduction and ax-
onal transport [5]. These changes, including mitochondrial dys-
functionanddecreased levels ofNAA,havealsobeen reported in
the cuprizonemousemodel forMS [14]. In the cuprizonemouse
model of MS, demyelination and activation of microglia are
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experimentally induced by cuprizone which is incorporated into
the diet.After cuprizone feeding oligodendrocyte apoptosis, acti-
vation of microglia, axonal damage, and motor impairment are
apparent [15, 16].

Erythropoietin (EPO) is a well-known hematopoietic
growth factor generally produced in the kidney, liver,
and brain [17]. During brain development, EPO plays an
important role in production and differentiation of neuro-
nal precursor cells [18–20]. EPO also causes differentia-
tion of oligodendrocyte progenitor cells into mature oligo-
dendrocytes [21]. EPO also possess anti-oxidative, anti-in-
flammatory, and anti-apoptotic properties [22, 23] and has
demonstrated neuroprotective properties under hypoxic, ox-
idative, and ischemic conditions [24–26]. Increased endog-
enous EPO expression or EPO injection induces neuronal
hemoglobin expression and has been linked to increased
neuronal survival under hypoxic conditions [27]. We have
previously reported that over expression of hemoglobin-β
(Hbb) signals to the nucleus in neurons and upregulates
H3K4me3, a histone mark involved in regulating cellular
metabolism and differentiation [28]. In the present study,
we have investigated the effect of EPO in maintaining
hemoglobin expression, levels of H3K4me3, and neuronal
mitochondrial activity in the cuprizone toxin-induced de-
myelinating mouse model of MS.

Materials and Methods

Animal Treatment

Wild-type male C57BL6J mice (6 weeks) were obtained from
Jackson laboratory. Mice were injected intraperitoneally with
EPO (EMD Millipore) (5000 U/Kg weight of mice) [16] or
phosphate buffer saline (PBS). After 24 h, mice were
sacrificed via cervical dislocation. The brain was dissected
out and cortical gray matter was isolated from the brain for
all experiments. For the cuprizone model, mice were fed a diet
containing 0.3% cuprizone diet for 6 weeks (Teklad,Madison,
WI). To determine the effect of EPO on preventing pathology
resulting from cuprizone treatment, a control group and
cuprizone-treated mice were also injected intraperitoneally
with EPO every other day for the last 3 weeks of cuprizone
feeding.

Western Blotting

Western blots for H3K4Me3, mitochondrial respiratory
complexes [ubiquinol-cytochrome c reductase core protein
II (Uqcrc2 or complex III) and ATP synthase (Atp5a1 or
complex V)] and Hbb were performed from the nuclear,
mitochondrial, and cytoplasmic fraction isolated from corti-
cal gray matter of mice. Mitochondria were isolated by a

modified method of Schnaitman and Greenawalt, 1968
[29]. In brief, 10% homogenates of cortical gray matter
tissue were made in MSHE+BSA (210 mM mannitol,
70 mM sucrose, 5 mM HEPES, 1 mM EGTA, and 0.5%
BSA) with a glass homogenizer at 4 °C. Homogenates
were centrifuged at 1000×g for 10 min at 4 °C. The pellet
contains unbroken cells, nuclei, plasma membranes, and
debris and the supernatant contains the mitochondrial and
cytoplasmic fraction. The supernatant was centrifuged again
at 8000×g for 10 min at 4 °C. The pellet (mitochondrial
fraction) obtained was re-suspended in a minimal volume
of MSHE+BSA. The supernatant contains the cytoplasmic
fraction. Protein concentration (mg/ml) was determined
using Bradford Assay reagent (Bio-Rad). Proteins were sep-
arated by SDS-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. Blots were incubat-
ed with their respective primary antibodies and then sec-
ondary antibodies conjugated with HRP. Blots were then
developed by using luminol (Santa Cruz Biotechnologies,
Dallas, TX). Primary antibodies were procured for
H3K4me3 and H3 (Abcam, Cambridge, MA), Hbb (Santa
Cruz Biotechnologies, Dallas, TX), complex III and com-
plex V (Mitosciences), GAPDH (Millipore, Temecula, CA),
and Aralar (Transduction laboratories).

Respirometry

A Seahorse Bioscience XF-24 Extracellular Analyzer
(Seahorse Bioscience, Billerica, MA) was used to measure
oxygen consumption rate (OCR) in mitochondria isolated
from cortical gray matter of control, and EPO-treated mice.
Mitochondria were isolated by the same method described
for western blot. For the Seahorse XF-24 assay, mitochon-
dria were diluted 10 times in cold 1X MAS + substrate
(70 mM sucrose, 220 mM mannitol, 2 mM HEPES,
10 mM KH2PO4, 5 mM MgCl2, 1 mM EGTA, and 0.2%
bovine serum albumin +10 mM succinate and 2 μM rote-
none), then plated on the XF assay plate in equal concen-
tration (5 μg). Fifty microliter of mitochondrial suspension
was delivered to each well (except for background correc-
tion wells). The XF cell culture micro-plate was centrifuged
at 2000×g for 20 min at 4 °C to adhere the mitochondria.
The plate was then transferred to the XF analyzer and the
experiment initiated. Injection of ADP (4 mM final),
oligomycin (2.5 μg/ml final), carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP) (4 mM final),
and antimycin A (4 mM final) were added sequentially
and the OCR was measured in picomole per minute.
Spare respiratory capacity was calculated by substracting
basal respiration from maximal respiration (respiration after
FCCP treatment). Statistical significance was measured by
two-tailed Student’s t test. P value ≤ 0.05 was considered
statistically significant.
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Measurement of NAA by HPLC

NAAwas measured in cortical gray matter by high performance
liquid chromatography (HPLC) as described elsewhere [30]. A
10% tissue homogenate was made in 90% methanol followed
by vacuum drying. The dry powder was dissolved in 1 ml dis-
tilled water and purified by ion exchange column (Biorad). The
eluate was lyophilized and dissolve in 300–400 μl of distilled
water. Samples were run with mobile phase (0.1 M KH2PO4,

0.025 M KCl, pH 4.5) in a Whatman Partisil 10 SAX anion-
exchange column (4.6 mm× 250 mm) in an Agilent 1100 series
HPLC value system. The NAA peak was detected with an
Agilent 1100 series UV detector at 214 nm at a flow-rate of
1.5 ml/min. NAA peak areas were acquired with Agilent
Chemstation software. NAA concentrations were determined
in triplicate and statistical significance of differences in NAA
concentration was determined with a two-tailed Student’s t test,
with p values ≤0.05 considered statistically significant.

Black-Gold Staining

Mice were sacrificed by cervical dislocation and brains were
removed and post-fixed in 4% paraformaldehyde overnight.
Brains were treated with increasing concentration of 10, 20,
and 30% sucrose for cryoprotection. Brains were sliced into
30-μm thick sections using a cryotome. Black-gold staining
was performed as previously described [31]. Brain sections
were washed with saline then incubated in 0.3% black-gold
solution for 10–12 min at 60 °C. After this, sections were
washed with saline twice followed by fixation in 1% sodium
thiosulfate for 3 min. Again sections were washed with saline
three times, and mounted on glass slides using glycerol.
Images were taken using bright field microscopy.

Myelin Basic Protein Immunostaining

Brain sections were washed with PBS three times then
blocked with 5% normal donkey serum made in PBS for 2 h
at 4 °C. Sections were then washed with PBS three times
followed by overnight incubation with primary antibody
(Rabbit polyclonal anti-MBP, Cell signaling) for myelin basic

Fig. 1 Levels of Hbb and H3K4me3 are increased in mouse brains
(cortical gray matter) treated with a single injection of EPO. a
Representative western blot for Hbb/GAPDH from mice treated with
EPO. b Densitometry of western blots show that Hbb is increased in
brains of EPO-treated mice compared to controls. c Representative

western blot for H3K4me3/H3 from brain nuclear fractions of mice treat-
ed with EPO. dDensitometry shows that H3K4me3 is increased in brains
of EPO-treated mice as compared to controls (n = 3). Data are expressed
as a percentage of control with the highest control set at 100%. Error bars
indicate SEM. *p < 0.05 versus control, **p < 0.01 versus control

Fig. 2 Protein expression of complex III and complex Vare increased in
mouse brains treated with a single injection of EPO. a Representative
western blots for complex III, complex V, and Aralar from brain
mitochondrial fractions of mice treated with EPO. b Densitometry of
western blots for complex III and complex V show that they are
increased in brains of EPO-treated mice compared with controls (n = 3).
Data are expressed as a percentage of control with the highest control set
at 100%. Error bars indicate SEM. *p < 0.05 versus control, **p < 0.01
versus control
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protein (MBP) at 4 °C. Again sections were washed with PBS
three times followed by incubation with secondary antibody
(Donkey anti-rabbit Alexa-488, Abcam) for 3 h at 4 °C.
Sections were washed again with PBS and mounted on glass
slides using EverBrite mounting medium. Images were taken
using an Olympus Fv1000 confocal microscope.

Results

Changes in Levels of Hbb and H3K4me3
in EPO-Treated Mice

To elucidate mechanisms involved in EPO-mediated neuro-
protection [32] we treated mice with EPO and measured its
effects on levels of Hbb and H3K4me3, a histone methyl mark
that has previously been shown to regulate expression of
genes involved in oxidative phosphorylation [33]. We per-
formed western blotting and found that EPO increased levels
of Hbb in cortical gray matter by 1.8 fold as compared to mice
treated with PBS as expected (Fig. 1a, b). We also found that

treating mice with EPO increased levels of H3K4me3 by 1.7
fold in cortical graymatter compared tomice treated with PBS
(Fig. 1c, d).

Mitochondrial Activity Is Altered in EPO-Treated Mice

We then measured levels of mitochondrial electron transport
chain subunits by western blotting and found that expression
of subunits from mitochondrial complex III and complex V
were increased in brains of EPO-treated mice by 1.5-fold and
2.7-fold respectively compared to mice treated with PBS
(Fig. 2). To determine the effects of EPO on mitochondrial
respiration, we performed respirometry with a Seahorse XF-

Fig. 4 NAA concentration was measured by HPLC in mouse brains
treated with a single injection of EPO. a Representative HPLC
chromatograms for quantification of NAA from EPO-treated and control
mouse brain tissue. The NAA peak eluted at 5.1 min. b Quantitation of
average NAA concentrations were measured in duplicate from EPO-
treated and control brains (n = 3). Error bars indicate SEM. *p < 0.05
versus control

Fig. 3 Neuronal mitochondrial respirationmeasurements inmouse brains
treated with a single injection of EPO. a Graph shows OCR of
mitochondria isolated from cortical gray matter of control and EPO
treated mice . b Quantitation of basal respiration and maximal
respiratory capacity (after addition of the uncoupler FCCP) were
determined for mitochondria isolated from brains of control and EPO
treated mice (n = 3). Brackets represent spare respiratory capacity for
EPO-treated mitochondria. **p < 0.01 versus control
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24 respirometer. We measured OCR in mitochondria isolated
from cortical gray matter of control (PBS treated) and EPO-
treated mice. We found that EPO increased spare respiratory
capacity by 2.2-fold compared to PBS-treated mice (Fig. 3).
To measure the activity of neuronal mitochondria, we mea-
sured the concentration of NAA in cortical gray matter of
control and EPO-treated mice by HPLC. We found a signifi-
cant increase in NAA concentration in EPO-treated mice as
compared to PBS-treated mice (Fig. 4).

EPO Restores Hbb, Complex III Expression,
and NAA Levels in the Cuprizone Mouse Model of MS

To investigate whether EPO can support neuronal mitochon-
dria under pathological conditions, we tested its effects on
preventing reduced Hbb, complex III, and NAA levels in the
cuprizone mouse model of MS. We performed western blots
for Hbb in nuclear fractions and complex III in mitochondrial
fractions (Fig. 5a–d). We found that Hbb and complex III

expression was maintained in EPO-treated mice. We also an-
alyzed NAA levels and found that NAA was reduced in
cuprizone-treated mice by 1.5 fold compared to controls and
this decrease in NAA concentration was restored by EPO.
Restoration of NAA indicates that EPO increased neuronal
mitochondrial activity (Fig. 5e).

EPO Restores MBP Levels but Not Myelin
in the Cuprizone Mouse Model of MS

To confirm the loss of myelin induced by cuprizone, we
performed black-gold and MBP staining which shows clear
demyelination of cortical neurons in cuprizone-treated mice
compared to control (Fig. 6). Interestingly, we did not find
any recovery in black-gold staining for myelin in the
cuprizone-EPO treated group as compared to cuprizone
alone (Fig. 6a, b) but there is significant recovery in MBP
staining in the cuprizone-EPO treated group as compared to
cuprizone alone (Fig. 6c, d).

Fig. 5 EPO reverses the effects of cuprizone on Hbb, complex III, and
NAA levels. a Representative western blots for Hbb/H3 from cortical
nuclear fractions of mice treated with cuprizone and EPO. b
Densitometry of western blots show that Hbb levels decrease in brains
of cuprizone-treated mice which were rescued by EPO-treatment (n = 3).
c Representative western blots for complex III/Aralar from cortical mito-
chondrial fractions of mice treated with cuprizone and EPO. d
Densitometry of western blots show that complex III levels decrease in

brains of cuprizone-treated mice which were rescued by EPO-treatment
(n = 3). e NAA concentration was measured by HPLC. Bar graph shows
average NAA concentrations were decreased in cuprizone fed mice. All
experiments were performed in duplicate with three animals per group.
NAA concentrations were preserved in cuprizone fed mice treated with
EPO. Error bars indicate SEM. *p < 0.05 versus control, **p < 0.01 ver-
sus control. #p < 0.05 versus cuprizone
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Discussion

In the current study, we focused on identifying interventions
that have the potential to prevent axonal damage during re-
lapse remitting phases of MS and slow or prevent permanent
disability. We utilized the cuprizone mouse model since it
mimics many of the pathological features of RRMS [15].
Previous reports have shown that EPO has neuroprotective
effects in animal models of MS and reduces axonal damage
in the cuprizone model [16, 32, 34]. EPO has been shown to
activate NF-kB and transcription of anti-oxidative and anti-
excitotoxic gene expression programs [35]. Our data suggest
that additional mechanisms are involved in this neuroprotec-
tion. Injection of EPO or EPO agonists have been shown to
increase hemoglobin expression in both erythrocytes and in

the brain of mice [36]. Alterations in Hbb expression in neu-
rons affects the expression of genes involved in mitochondrial
respiration [37] suggesting that enhanced mitochondrial res-
piration contributes to the mechanism of EPO mediated neu-
roprotection. It has been established that the neuronal mito-
chondrial metabolite NAA is decreased in MS brains and in
the cuprizone mouse model of MS [14, 30]. Levels of NAA
are dependent on oxidative phosphorylation and ATP produc-
tion in neurons [30, 38, 39]. Our data confirm that cuprizone-
induced demyelination caused a reduction in neuronal NAA
production. EPO treatment increased Hbb levels and restored
NAA levels in cuprizone-treated mice indicating that EPO
improves neuronal mitochondrial activity (Fig. 7).

Our group and others have shown that hemoglobin is
expressed in neurons in the rodent and human brain [10, 27,

Fig. 6 Effect of EPO on myelin
and MBP expression in the
cuprizone mouse model. a Black-
gold staining shows clear demye-
lination in corpus callosum in
cuprizone-treated mice (× 4 mag-
nification). b Black-gold staining
of cortex (× 10 magnification) in
cuprizone treated mice shows that
EPO had no effect on myelination
in cuprizone fed mice. c MBP
staining shows decreased MBP
expression in corpus callosum (×
4 magnification) and d cortex (×
20 magnification) in cuprizone-
treated mice. MBP expression
was enhanced with EPO treat-
ment in both corpus callosum and
cortex. Arrows denotes corpus
callosum
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28, 37, 40]. Hemoglobin α and β subunit mRNAs as well as
proteins have been found to be expressed in neurons in the
cortex, substantia nigra, and hippocampus. Changes in neuro-
nal hemoglobin expression or subcellular localization have
been linked to MS, Alzheimer’s disease, and Parkinson’s dis-
ease [28, 41, 42]. It has been shown that Hbb is localized to
both mitochondria and the nucleus in neurons [14, 28]. We
previously performed co-IP followed by LC-MS/MS to iden-
tify Hbb-interacting proteins. Consistent with its cytoplasmic
and nuclear localization, we found that Hbb interacts with
both mitochondrial and nuclear proteins including histones
in the human brain and in rat primary neurons [28]. We also
found that overexpression of the Hbb subunit in a neuroblas-
toma cell line increases H3K4me3 levels [28]. Consistent with
these findings we found an increase in Hbb expression and
H3K4me3 levels in EPO-treated mice compared to controls.
Our data suggest that transport of Hbb to the nucleus is im-
portant for its effects on mitochondrial function. H3K4me3 is
a histone mark which is present in actively transcribed regions
of chromatin and regulates expression of oxidative phosphor-
ylation genes [33]. Increased expression of the mitochondrial
respiratory genes complex III and complex V, in EPO-treated
mice suggests that EPO is acting to increase H3K4me3 meth-
ylation and gene expression through a Hbb-mediated pathway
(Fig. 7).

While EPO appears to protect neuronal mitochondria, it
also impacts oligodendrocytes. These myelinating cells are
most sensitive to the toxic effects of cuprizone which leads
to oligodendrocyte cell death and demyelination. EPO has
also been shown to cause differentiation of oligodendrocyte
progenitor cells [21]. The expression of MBP increases when
oligodendrocyte progenitors differentiate in to mature
myelinating oligodendrocytes. The enhanced MBP expres-
sion observed with EPO treatment of cuprizone-treated mice
suggests that EPO caused existing oligodendrocyte progenitor
cells to differentiate. EPO did not have any effect on
preventing demyelination resulting from cuprizone treatment
however. In conclusion, treatments that activate neuronal Hbb

expression may be therapeutic in neurodegenerative diseases
such asMSwhere a dysfunction of mitochondria contribute to
axonal damage and neurodegeneration.
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