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ABSTRACT: Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease with complicated pathogenesis
with variable presentation and disease progression. There is a
critical need for a panel of biomarkers to provide clinicians and
researchers with additional information. In this study, multiplex
immunoassays were used to screen a number of cytokines,
growth factors, and iron-related proteins. ALS patients had significantly higher plasma levels of L-ferritin and lower concentrations of transferrin when compared to healthy controls and
together classified a test group of subjects with 82% accuracy.
Duration of ALS symptoms correlated positively with levels of
monocyte chemoattractant protein 1 (MCP-1) and negatively
with levels of granulocyte-macrophage colony stimulating factor
(GM-CSF). The biomarker profile suggests iron homeostasis is
disrupted in ALS patients, and changes in ferritin and transferrin
(Tf) appear to be indicators of ongoing inflammatory processes.
The data demonstrate a plasma biomarker profile in ALS
patients that may differ from published reports of cerebrospinal
fluid biomarkers.
Muscle Nerve 42: 95–103, 2010

Amyotrophic lateral sclerosis (ALS) is characterized by degeneration of both upper and lower
motor neurons.1 Its heterogeneity with regard to
region of onset and rate of progression complicates research into mechanisms and treatment, as
well as prompt and accurate diagnosis. A number
of genetic and environmental risk factors have
been proposed, although each is likely to account
for only a small proportion of disease cases.
Previous attempts to identify biomarkers characteristic of ALS patients and disease processes
have highlighted the lack of information provided
by single biomarkers due to considerable overlap
in expression levels between groups.2 Several studies have examined proteomic proﬁles of ALS
patients compared to various control groups and
suggested biomarkers that may aid classiﬁcation of
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subjects.3–5 Unlike many previous approaches, we
have chosen to focus on low-abundance cytokines
and trophic factors with an antibody-based
approach for appropriate antigen speciﬁcity and
efﬁciency of measurement. Previously we used this
multiplex immunoassay approach to identify a proﬁle of biomarkers in cerebrospinal ﬂuid (CSF) that
were altered by ALS.6 The availability of a biomarker assay for blood rather than CSF would
greatly facilitate diagnosis and monitoring of disease progress. The ﬁrst question addressed in this
study was whether a panel of biomarkers could be
identiﬁed in the plasma that would support the
clinical diagnosis of ALS. Second, we determine
the relationship, if any, between the plasma and
previously reported CSF biomarker panels to determine whether the plasma may provide insights
into mechanisms of disease pathogenesis. Finally,
multiple studies have demonstrated that the H63D
HFE gene variant is associated with sporadic ALS,7–
10
since 25% of subjects possess at least one
H63D allele. The expression of variant forms of
the HFE protein affects a range of cellular functions11 including innate immunity processes12,13 as
well as iron homeostatic mechanisms that are supposedly part of the disease process in ALS.14,15
Thus, we determined whether the H63D HFE gene
variant is associated with altered proﬁles in the
panel of biomarkers.

MATERIALS AND METHODS
Patients
and
Samples.

Blood samples were
obtained by venipuncture from ALS patients who
attend a single ALS clinic and from normal controls between 8 AM and 12 noon. All patients met
revised El-Escorial criteria for clinically deﬁnite,
probable, probable laboratory-supported, or possible ALS.1 The normal controls consisted of
spouses and nonrelated caregivers of ALS patients
and volunteers from the community. Although
individual ethnicity data were not available for the
study subjects, the majority of subjects were Caucasian. After genotyping samples for the H63D and
C282Y HFE variants, the study subjects were then
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separated into four groups: Wt/Wt ALS patients,
H63D/Wt ALS patients, Wt/Wt controls, and H63D/
Wt controls. Group sizes were approximately
matched according to the number of H63D/Wt
ALS patients, and the most recently obtained consecutive samples within each group were chosen.
All samples used in this analysis were collected
between 2004 and 2008. Subjects who carry C282Y
HFE polymorphisms were excluded from the analysis due to the small numbers with this gene variant. All subjects provided informed consent. This
study was approved by the Institutional Review
Board of the Penn State Milton S. Hershey Medical
Center and Penn State College of Medicine. Samples from both ALS and control subjects were
handled identically. When the samples were
obtained they were centrifuged immediately, and
plasma was separated and placed into a 80 C
freezer. Samples were later thawed on ice and centrifuged to remove any particulate matter. A protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
Missouri) was added, and samples were refrozen at
80 C in 200 lL aliquots until use.
HFE Genotyping. DNA was puriﬁed from leukocytes using the QIAamp DNA Mini kit (Qiagen, Valencia, California). All patients were genotyped for
the H63D and C282Y HFE polymorphisms by
restriction fragment length analysis as previously
reported.10
Multiplex Cytokine Bead Assay. Multiplex analysis
was performed on plasma samples diluted 1:3
using the Bio-Plex Human 27-plex panel of cytokines and growth factors (Bio-Rad, Hercules, California). The proteins measured in this panel are
shown in Supporting Information Table 1. The
assay was performed according to the manufacturer’s protocol, as previously reported.6 Each sample was analyzed twice, and the coefﬁcient of variance was less than 10% for each sample.
Immunoassays. In addition to the proteins in the
Bio-Plex panel, we determined other proteins of
interest as follows. Plasma levels of b2-microglobulin (US Biological, Swampscott, Massachusetts),
transferrin (Tf) (Bethyl Laboratories, Montgomery,
Texas), C-reactive protein (CRP) (R&D Systems,
Minneapolis, Minnesota), and pro-hepcidin (DRG
International, Mountainside, New Jersey) were
assayed by enzyme-linked immunosorbent assay
(ELISA) according to each manufacturer’s protocol. CRP data were only available for 54 subjects.
Levels of H-ferritin were assayed by ELISA using
rabbit antirecombinant H-ferritin antiserum as previously reported16 and goat antirabbit secondary
antibody. L-ferritin was measured by immunoradiometric assay (Siemens Medical Solutions, Malvern,
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Pennsylvania) according to the manufacturer’s
instructions. The antibody used in this assay targets
human spleen ferritin which is largely composed
of the L-ferritin subunit, and thus is referred to as
‘‘L-ferritin’’ herein. The standard curve for monocyte chemoattractant protein 1 (MCP-1) in the
multiplex assay was not usable, and thus each sample was analyzed separately for MCP-1 expression
by anti-human MCP-1 ELISA (GE Healthcare, Piscataway, New Jersey).

Iron Measurement and Calculation of Tf Satura-

The total amount of iron in the plasma was
determined by digesting the plasma in ultrapure
nitric acid (JT Baker, 9598-00; Phillipsburg, New
Jersey), 1:4 v/v, and samples were heated to 60 C
for 24 h. The digested samples were diluted 1:100
in ddH2O, and then analyzed on a Perkin Elmer
Atomic Absorption Spectrometer 600 series (Waltham, Massachusetts). Tf saturation was calculated
as Tf saturation (%) ¼ plasma iron (mol/L)/[2 
Tf (mol/L)]  100. Replicate sample variation
with this approach is <5%, and an external standard was included in every set of analyses.
tion.

Statistical Analysis. Normal distribution of analyte
expression was assessed with the Kolmogorov–Smirnov test. Biomarker concentrations were compared
between groups via t-test or Mann–Whitney U-test,
as appropriate. Correlations between markers and
duration of symptoms and age were assessed by
Spearman’s or Pearson correlation coefﬁcients, as
appropriate. The chi-square test was used to assess
frequency differences between groups. Biomarker
expression levels were adjusted for age differences
by linear regression.
To determine the ability of the biomarkers to
distinguish ALS patients from control subjects,
each of the samples was randomly separated into
either a training or a test group. The training
group was designed to include 2/3 of ALS patients
and 2/3 of controls. The test group was designed
to include 1/3 of ALS patients and 1/3 of controls. The training set of subjects was then used to
create a logistic regression model according to the
pattern of biomarker expression. Classiﬁcation of
samples in the test set was performed incorporating expression of L-ferritin and Tf, the two
markers with the lowest P-values, plus gender and
HFE genotype into the logit function. Statistical
analyses were performed using SigmaStat 2.03
(SPSS, Chicago, Illinois) and GraphPad Prism
4.03 (GraphPad Software, San Diego, California).
P-values were considered to be signiﬁcant at the
0.05 level.
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July 2010

Table 1. Subject demographics given as median (interquartile range).
Control
rs1799945 genotype
n
age (y)
gender (male:female)
onset (limb:bulbar)
duration of disease (mo.)
clinically definite (n)
clinically probable (n)
clinically probable-lab. supported (n)
clinically possible (n)

ALS

Wt/Wt

H63D/Wt

Wt/Wt

H63D/Wt

p

19
54 (47-75)
12:7

17
58 (50–70)
10:7

18
61 (48–75)
11:7
12:6
19 (12–28)
4
8
6
0

11
60 (48–72)
7:4
6:5
11 (9-19)
4
2
2
3

0.98
0.99
0.39
0.14
0.07

P-values indicate comparisons for all groups.

RESULTS

Control subjects and ALS patients did not differ in
either age or gender distributions. No differences
were found between ALS patients for region of
onset, duration of symptoms, or El-Escorial classiﬁcation based on HFE genotype (Table 1). The correlation of analyte expression with age was determined independent of ALS disease (Table 2). A
number of inﬂammatory cytokines increased with
increasing age as did b2M and the trophic factor
VEGF. Only pro-hepcidin decreased with advancing age. Age-adjusted values of each of these
markers were used for subsequent analyses.
Biomarkers were screened for associations with
ALS, region of onset, and disease progression independent of HFE genotype (Table 3). L-ferritin and
Tf levels were both associated with the diagnosis of
ALS, while plasma pro-hepcidin expression was
associated only with region of onset. Two proteins,
MCP-1 and granulocyte-macrophage colony stimulating factor (GM-CSF), were associated with duration of symptoms; MCP-1 levels increased, whereas
GM-CSF concentrations decreased with longer duration. For classiﬁcation of subjects by presence or
absence of ALS, all samples were randomly separated into a training set and a test set and matched
for disease status and HFE genotype, as described
in Materials and Methods (Table 4). No differences were found between the two groups based on
age, gender, duration of symptoms, HFE genotype,
or El-Escorial classiﬁcation of the ALS patients.
The training set was used to determine a logistic
regression function characteristic of disease status.
Only L-ferritin and Tf had P-values < 0.1 (L-ferritin: P ¼ 0.031; Tf: P ¼ 0.063). These two markers
were used to classify the test set with 82% accuracy,
80% sensitivity, and 83% speciﬁcity.
The secondary aim of this study was to assess biomarkers associated with the H63D HFE polymorphism. All subjects were initially grouped according
to genotype (Wt/Wt vs. H63D/Wt) regardless of ALS
status (Table 5). L-ferritin and Tf were both
Plasma Biomarkers and ALS

increased in the plasma of H63D carriers, and interferon gamma (IFN-c), G-CSF, and regulated on activation normal T-cell expressed and presumably
secreted (RANTES) were decreased in the plasma of
these subjects. The expression of these ﬁve proteins
was then assessed by considering ALS patients and
controls separately. Within the healthy control
group, HFE genotype had no impact on the expression of any markers. Within the ALS patient group,
those patients with an H63D allele had higher
plasma levels of L-ferritin, and lower levels of IFN-c,
G-CSF, and RANTES compared to the ALS Wt/Wt
group. The presence of the H63D allele negated the
increase in Tf associated with ALS, and thus Tf levels
were not different between the ALS Wt/Wt and ALS
H63D/Wt groups.
A number of ﬁndings in this study suggest disrupted iron regulation in association with either
ALS or the H63D HFE allele. Within the control
group, increasing plasma iron levels were associated with increasing levels of IP-10 (r ¼ 0.403, P ¼
0.020). Within the ALS group, increasing iron levels were associated with increasing levels of MIP-1a
Table 2. Correlations of analytes with subject age.
Age Correlations
Marker
B2M
MCP-1
Eotaxin
VEGF
IL-7
MIP-1b
IP-10
IL-12 (p70)
IL-10
IFN-gamma
IL-1ra
IL-6
pro-hepcidin
IL-13
PDGF

r

p

0.645
0.437
0.377
0.373
0.348
0.346
0.342
0.341
0.340
0.329
0.324
0.290
0.281
0.251
0.248

<0.001
<0.001
0.002
0.002
0.005
0.005
0.006
0.006
0.006
0.008
0.009
0.020
0.026
0.046
0.048
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Table 3. Biomarkers affected by disease status.

L-ferritin (ng/mL)
Tf (ug/mL)

Control

ALS

p

25.78 (14.64–49.84)
3098 (2058–3945)

66.17 (26.10–91.23)
2262 (1754–3365)

0.002
0.052

Limb

Bulbar

p

213.5 (43.5–400.0)
545.8 (364.0–715.1)

483.3 (330.9–745.2)
338.8 (234.1–480.1)

0.004
0.060

ALS Patients

Pro-hepcidin (ng/mL)
IP-10 (pg/mL)

Duration of Symptoms

MCP-1
GM-CSF

r

p

0.500
0.435

0.006
0.018

Values given as median (interquartile range).

(r ¼ 0.410, P ¼ 0.030), and decreasing levels of
RANTES (r ¼ 0.399, P ¼ 0.035).
A key regulator of iron is hepcidin, an acute
phase reactant that is increased in inﬂammatory
states.17 There was no difference in the plasma concentration of pro-hepcidin, the precursor of hepcidin, between the control group and the ALS
patients. Because of the suspected role of inﬂammatory processes in ALS, the relationship of iron to
those processes13 and the putative regulatory interaction between hepcidin and some cytokines, the
association of pro-hepcidin with plasma iron and
inﬂammatory markers was assessed (Table 6, Fig. 1).
Control subjects but not ALS patients were characterized by a negative correlation between IL-6 and
pro-hepcidin. In control subjects, pro-hepcidin was
also negatively correlated with IL-1b and IL-10,
whereas pro-hepcidin was positively correlated with
IL-1b in ALS Wt/Wt subjects and ALS patients
grouped together independent of HFE genotype.
DISCUSSION

The results of this study support our hypotheses
that there are plasma biomarkers that can distinguish ALS patients from normal control subjects.

The panel of distinguishing biomarkers, however,
is very different in plasma than that reported in
CSF.6 In this study L-ferritin and Tf were used in a
logistic regression model to classify the presence
or absence of ALS with 82% accuracy. Our ﬁnding
of higher L-ferritin in patients with ALS is consistent with a previous study, although that study did
not ﬁnd any changes in Tf levels.14 In a recent
abstract, plasma ferritin concentrations also correlated with disease progression.15 Values for Tf in
our study fell outside the 95% conﬁdence level
when they were considered independently, but we
included Tf in the logistic regression model to
improve the accuracy for identifying ALS patients.
Including Tf supports the concept of using a biomarker panel for disease status classiﬁcation rather
than relying on one protein or setting artiﬁcial limits for biologically and clinically meaningful expression changes for proteins. In addition to identifying potential biomarkers for the disease, our
observation that plasma levels of MCP-1 and GMCSF levels were associated with duration of symptoms suggest these proteins could be biomarkers
for disease progression.

Table 4. Demographics of training and test sets.

Control (n)
ALS (n)
clinically definite
clinically probable
clinically probable-laboratory supported
clinically possible
onset limb:bulbar
duration of disease (mo.)
Age (y)
Sex (male:female)
HFE (Wt/Wt:H63D/Wt)

Training Set

Test Set

24
19
5
6
5
3
11:8
18 (11–27)
58 (49–72)
27:16
22:21

12
10
3
2
5
0
7:3
12 (10–25)
59 (43–77)
13:9
15:7

p

0.39
0.52
0.60
0.94
0.99
0.19

Values given as median (interquartile range).
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Table 5. Biomarkers affected by HFE genotype.
Wt/Wt
IFN-gamma (pg/mL)
G-CSF (pg/mL)
Tf (ug/mL)
RANTES (pg/mL)
L-ferritin (ng/mL)

132.8
38.17
2281
7394
27.88

IFN-gamma (pg/mL)
G-CSF (pg/mL)
Tf (ug/mL)
RANTES (pg/mL)
L-ferritin (ng/mL)

129.4
35.94
2487
7305
23.04

IFN-gamma (pg/mL)
G-CSF (pg/mL)
Tf (ug/mL)
RANTES (pg/mL)
L-ferritin (ng/mL)

167.1
39.74
2214
6851
41.17

H63D/Wt

All Subjects
(116.6–178.3)
(32.41–45.28)
(1831–3234)
(4966–9752)
(15.46–67.51)
Control Subjects
(117.6–175.8)
(31.98–43.97)
(1952–3408)
(5471–9934)
(14.60–49.17)
ALS Patients
(112.7–221.5)
(33.32–46.85)
(1433–3428)
(4966–10590)
(18.90–79.52)

p

121.3
34.80
3098
5951
40.15

(100.8–145.0)
(31.85–38.54)
(2251–4189)
(4675–7753)
(23.04–87.53)

0.022
0.043
0.045
0.049
0.050

129.4
35.56
3225
6540
34.22

(108.6–152.4)
(31.85–39.74)
(2640–4198)
(4446–8899)
(15.18–59.82)

NS
NS
NS
NS
NS

103.2
34.62
2465
5536
82.92

(93.83–130.0)
(29.05–35.65)
(2153–3496)
(4964–6925)
(38.78–145.4)

0.033
0.028
NS
0.044
0.029

Values given as median (interquartile range).

patients. Knowledge of the HFE genotype may be
critical to rule out false-positives if ferritin is going
to be part of the diagnostic proﬁle in ALS. Low
plasma ferritin levels are used in Restless Legs
Syndrome to support decisions regarding diagnosis
and design treatment strategies (for review see
Ref. 18).
Most biomarker studies in ALS, particularly
those that focus on biomarker panels, have evaluated CSF.2,6 Using an approach similar to this
study on plasma, we previously identiﬁed ALS-associated biomarkers in CSF that were capable of distinguishing ALS patients from a group of neurological disease control subjects.6 Unlike the ﬁnding

Our secondary aim addressed the association of
the H63D HFE variant with altered expression of
biomarkers, particularly those associated with ALS.
Five proteins in our panel were associated with the
H63D allele, and two of them were also in the ALS
proﬁle. Thus, the H63D allele is associated with
protein expression changes, and it can be a confounder in studies aimed at identifying biomarkers
for ALS. Similar conclusions were reached in our
report on CSF biomarker panels.6 Of particular
note is that ferritin levels in plasma are inﬂuenced
by HFE genotype, and ferritin, as mentioned, has
been reported in two studies14,15 in addition to
this study as being consistently increased in ALS

Table 6. Correlations of markers with pro-hepcidin.
Control

Iron
L-ferritin
H-ferritin
Tf
IL-1b
IL-6
IL-10
TNF-alpha
CRP

ALS

Wt/Wt

H63D/Wt

All

Wt/Wt

H63D/Wt

All

0.265
0.322
0.197
0.433
0.156
0.564
0.253
0.345
0.335
0.172
0.373
0.128
0.300
0.212
0.240
0.338
0.056
0.837

0.412
0.133
0.039
0.881
0.447
0.082
0.206
0.443
0.287
0.264
0.360
0.155
0.306
0.232
0.230
0.376
0.429
0.144

0.253
0.156
0.182
0.287
0.191
0.288
0.047
0.794
0.462
0.005**
0.483
0.003**
0.368
0.027*
0.175
0.307
0.256
0.181

0.358
0.145
0.185
0.463
0.158
0.531
0.123
0.657
0.579
0.012*
0.162
0.521
0.040
0.874
0.340
0.167
0147
0.587

0.297
0.405
0.436
0.180
0.612
0.060
0.318
0.340
0.236
0.484
0.073
0.832
0.045
0.894
0.368
0.266
0.433
0.250

0.026
0.897
0.113
0.558
0.319
0.098
0.232
0.227
0.413
0.026*
0.019
0.921
0.071
0.713
0.007
0.972
0.305
0.138

The correlation value is given for each measurement with the P value listed below. * and ** indicate P < 0.05 and P < 0.01, respectively.
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FIGURE 1. Correlation of plasma pro-hepcidin and IL-6 in disease and genotype subgroups. Pro-hepcidin and IL-6 levels were measured in each plasma sample as described in Materials and Methods. The relationship between pro-hepcidin and IL-6 was determined
within each group. These two proteins were correlated in control subjects grouped together independent of HFE genotype (r ¼
0.483, P ¼ 0.003), but not in ALS patients.

reported herein on plasma, biomarkers in CSF
that were associated with ALS suggested there was
a robust inﬂammatory process associated with the
disease. The absence of elevated cytokine expression in plasma is in agreement with most previous
studies that compared ALS patients with controls,2
although some studies identiﬁed alteration of individual cytokines in blood.19 Our panel included
not only a range of cytokines but also growth factors, and previous studies have also been inconsistent regarding altered plasma levels of growth factors in ALS.20,21 Inconsistent observations among
previous studies were hypothesized to reﬂect methodological differences as much as biology, thus our
approach using the identical biomarker proﬁle
analysis between CSF and plasma suggests that
inﬂammation associated with ALS is limited to the
100
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central nervous system (CNS) and is not reﬂected
in the plasma. However, elevated plasma L-ferritin
is associated with ALS. Cellular synthesis and secretion of ferritin is upregulated not only by iron
loading but also by inﬂammatory cytokines.22 To
address the possibility that the L-ferritin was associated with active inﬂammation in ALS patients, we
analyzed CRP levels, which suggested no general
inﬂammation. There was, however, no increase in
total plasma iron, Tf, or Tf saturation in association with the increased ferritin, suggesting there
are not increased iron stores in ALS patients.
There is no evidence for increased liver iron
stores in patients with ALS that could account for
an increase in plasma ferritin. This provides an
opportunity to speculate on the potential for ferritin in plasma to reﬂect the CNS inﬂammatory
MUSCLE & NERVE
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activity suggested by the CSF biomarker panel. The
source of L-ferritin in the blood is generally considered to be macrophages.23 Thus, the increase in
L-ferritin in plasma in ALS could reﬂect higher
activation and iron turnover in the macrophages
and perhaps brain microglia. There is little understanding about iron release from microglia in the
brain, but it is possible that the increased plasma
ferritin could reﬂect the activity of these cells in
the neurodegenerative process. It will be useful to
compare plasma ferritin levels in ALS patients to
levels of ferritin in patients with other neurodegenerative diseases to determine the speciﬁcity of
this ﬁnding for ALS. We cannot rule out that
plasma L-ferritin may also be released from parenchymal cells, particularly hepatocytes.24 Indeed,
the plasma ferritin increase in ALS could reﬂect
altered hepatic protein synthesis in ALS patients,
as was reported over 20 years ago.25 The observation that L-ferritin was even more increased in
ALS patients with the H63D gene variant is consistent with elevated plasma ferritin in individuals
with this gene variant.26 These observations support our conceptual framework that the presence
of this gene variant alters cell function in a manner that could facilitate disease-producing events
in ALS.
The other biomarker associated with ALS was
the iron transport protein, Tf, which was decreased
in ALS patients, but only when patients were
grouped together independent of genotype. When
HFE genotype plus ALS disease status was considered, any differences in plasma Tf concentration
between ALS and control were lost. Plasma Tf
mostly originates from the liver and typically
decreases with elevated iron stores27 or inﬂammation.28,29 Tf levels were not associated with
increased CRP or total iron levels, and Tf saturation was not different between ALS and controls.
Thus, it seems unlikely that the lower Tf is reﬂective of iron stores or inﬂammation. Similar to
higher L-ferritin in plasma, lower Tf levels may be
an additional indicator of CNS inﬂammation in
ALS, although hepatic dysfunction should also be
considered.
Markers Associated with Disease Duration. The
plasma concentration of MCP-1, a potent chemoattractant for monocyte lineage cells, increased with
longer duration of symptoms. ALS patients have
been shown to have elevated CSF levels of MCP-1,
although CSF levels of MCP-1 may not correlate
with disease progression.6,30,31 Thus, MCP-1 levels
may be useful for distinguishing ALS patients from
controls, and plasma levels may be an indicator of
disease progression. We have recently demonstrated that cells expressing the H63D HFE polyPlasma Biomarkers and ALS

morphism secrete greater levels of MCP-1 compared to cells expressing either Wt HFE or C282Y
HFE.32 Thus, although not affected by HFE polymorphisms in this study using plasma, the association of the H63D HFE variant with ALS and the
association of MCP-1 levels with progression of
ALS is worthy of continued monitoring and
analysis.
Plasma GM-CSF levels declined with disease
progression, but we previously reported higher
CSF GM-CSF levels in ALS patients.6 GM-CSF
crosses the blood–brain barrier33 and is a potent
immune stimulator.34 Lower GM-CSF in plasma
could indicate increased transport into the CSF
from plasma, but CNS sources of GM-CSF also
exist.35 Therefore, we cannot unequivocally interpret the higher CSF levels as being directly related
to the decreasing plasma levels observed in this
study, but such an interpretation would be consistent with increased CNS inﬂammation in ALS and
with GM-CSF as a marker of disease progression.
GM-CSF also acts on neurons to upregulate the
antiapoptotic molecules Bcl-2 and Bcl-XL.33 Thus,
it is possible that any increased movement of GMCSF from plasma to brain is part of a neuroprotective effort. However, the observation of increased
CNS levels of GM-CSF coupled with an increase in
MCP-1 with increasing duration of disease support
activation of microglia and macrophages that may
contribute to disease progression.36
Loss of Correlation between Iron Regulation and
Cytokine Expression. Pro-hepcidin expression is

used as an indicator of hepcidin, a systemic regulator of iron absorption and distribution.37 Hepcidin
functions to limit the bioavailability of circulating
iron. It promotes iron accumulation in macrophages and is probably a key player in the iron
withholding defense.38 The synthesis of pro-hepcidin is reportedly increased in response to
increased IL-6,39 but we found a negative correlation between IL-6 and pro-hepcidin in the plasma
of control subjects. This correlation was lost in the
ALS patients, suggesting an uncoupling of the
tightly controlled relationship between iron and
the inﬂammatory response by macrophages. The
effect of this uncoupling could be increased iron
release by macrophages that could exacerbate the
disease processes and be related to the increased
ferritin. Consistent with this concept is the loss of
correlation between pro-hepcidin and the other
interleukins also measured in this study, and in
particular the reversal of the correlation with IL-1b
between control and ALS subjects.
Impact of H63D HFE on the Biomarker Profile. Five
proteins were associated with the presence of the
H63D HFE allele. Two of these proteins, L-ferritin
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and Tf, were identiﬁed as part of the ALS proﬁle,
and the impact of the H63D allele on the ALS proﬁle has already been discussed. Three cytokines, GCSF, RANTES, and IFN-c, were reduced in ALS
patients who carry an H63D allele, but they were
not part of the proﬁle seen in the ALS patients
with Wt HFE. The decrease in these cytokines in
the presence of the H63D allele could have direct
relevance to disease pathogenesis and to stratiﬁcation of treatments based on genotype. G-CSF has
been explored for use in ALS patients to induce
mobilization of hematopoietic stem cells to cross
the blood–brain barrier and potentially provide
neuroprotection in regions of motor neuron
death.40 ALS patients who carry the H63D allele
may be less responsive to G-CSF treatments
because of lower baseline levels.
Both RANTES (CCL5) and IFN-c were lower in
ALS patients with the H63D HFE allele compared
to Wt/Wt ALS patients. RANTES recruits and
activates monocytic lineage cells and TH1 lymphocytes.41 IFN-c is produced by TH1 lymphocytes and
activates macrophage-family cells inducing them to
produce the toxic mediators IL-1, IL-6, and TNFa.42 The decrease in RANTES and IFN-c in the
H63D HFE ALS patients may reduce activation of
microglia and may explain the trend in some studies toward a later onset of disease in H63D carriers.9,10 The interaction between iron and cytokines, however, is complex.
In conclusion, a biomarker panel associated
with ALS could be identiﬁed in the plasma, but
the proteins that constitute the panel differed
from previously reported CSF biomarkers. This
may suggest plasma biomarkers are of limited use
for revealing pathogenic events in ALS but are reﬂective of the disease process. However, our results
suggest plasma expression of L-ferritin and Tf are
consistent with the inﬂammatory proﬁle in ALS
identiﬁed in a previous publication that used CSF.6
We thank all of the patients who participated in this study, Dave
Mauger, PhD for statistical assistance, and Scot Kimball, PhD and
Lydia Kutzler for technical expertise. This work was supported by
funds from The Judith and Jean Pape Adams Charitable Foundation, The Paul and Harriett Campbell Fund for ALS Research, The
Zimmerman Family Love Fund, and the ALS Association Greater
Philadelphia Chapter.
REFERENCES
1. Brooks BR, Miller RG, Swash M, Munsat TL; World Federation of
Neurology Research Group on Motor Neuron Diseases. El Escorial
revisited: revised criteria for the diagnosis of amyotrophic lateral
sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord
2000;1:293–299.
2. Bowser R, Cudkowicz M, Kaddurah-Daouk R. Biomarkers for amyotrophic lateral sclerosis. Expert Rev Mol Diagn 2006;6:387–398.
3. Pasinetti GM, Ungar LH, Lange DJ, Yemul S, Deng H, Yuan X, et al.
Identiﬁcation of potential CSF biomarkers in ALS. Neurology 2006;
66:1218–1222.
4. Ranganathan S, Nicholl GC, Henry S, Lutka F, Sathanoori R, Lacomis D, et al. Comparative proteomic proﬁling of cerebrospinal ﬂuid

102

Plasma Biomarkers and ALS

5.

6.
7.
8.

9.

10.
11.

12.

13.

14.

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.
29.
30.

between living and post mortem ALS and control subjects. Amyotroph Lateral Scler 2007:1–7.
Ramstrom M, Ivonin I, Johansson A, Askmark H, Markides KE,
Zubarev R, et al. Cerebrospinal ﬂuid protein patterns in neurodegenerative disease revealed by liquid chromatography-Fourier transform ion cyclotron resonance mass spectrometry. Proteomics 2004;4:
4010–4018.
Mitchell RM, Freeman WM, Randazzo WT, Stephens HE, Beard JL,
Simmons Z, et al. A CSF biomarker panel for identiﬁcation of
patients with amyotrophic lateral sclerosis. Neurology 2009;72:14–19.
Goodall EF, Greenway MJ, van Marion I, Carroll CB, Hardiman O,
Morrison KE. Association of the H63D polymorphism in the hemochromatosis gene with sporadic ALS. Neurology 2005;65:934–937.
Restagno G, Lombardo F, Ghiglione P, Calvo A, Cocco E, Sbaiz L,
et al. HFE H63D polymorphism is increased in patients with amyotrophic lateral sclerosis of Italian origin. J Neurol Neurosurg Psychiatry 2007;78:327.
Sutedja NA, Sinke RJ, Van Vught PW, Van der Linden MW, Wokke
JH, Van Duijn CM, et al. The association between H63D mutations
in HFE and amyotrophic lateral sclerosis in a Dutch population.
Arch Neurol 2007;64:63–67.
Wang XS, Lee S, Simmons Z, Boyer P, Scott K, Liu W, et al.
Increased incidence of the Hfe mutation in amyotrophic lateral sclerosis and related cellular consequences. J Neurol Sci 2004;227:27–33.
Lee SY, Patton SM, Henderson RJ, Connor JR. Consequences of
expressing mutants of the hemochromatosis gene (HFE) into a
human neuronal cell line lacking endogenous HFE. FASEB J 2007;
21:564–576.
Roy CN, Custodio AO, de Graaf J, Schneider S, Akpan I, Montross
LK, et al. An Hfe-dependent pathway mediates hyposideremia in
response to lipopolysaccharide-induced inﬂammation in mice. Nat
Genet 2004;36:481–485.
Wang L, Johnson EE, Shi HN, Walker WA, Wessling-Resnick M,
Cherayil BJ. Attenuated inﬂammatory responses in hemochromatosis
reveal a role for iron in the regulation of macrophage cytokine translation. J Immunol 2008;181:2723–2731.
Goodall EF, Haque MS, Morrison KE. Increased serum ferritin levels
in amyotrophic lateral sclerosis (ALS) patients. J Neurol 2008;255:
1652–1656.
Qureshi M, Cudkowicz ME, Schoenfeld D, Paliwal Y, Nelson K, Rogers J, et al. Elevated serum ferritin level correlate with faster disease
course in ALS. Neurology 2009;72(Suppl 3):A418.
Cheepsunthorn P, Palmer C, Connor JR. Cellular distribution of ferritin subunits in postnatal rat brain. J Comp Neurol 1998;400:73–86.
Nemeth E, Valore EV, Territo M, Schiller G, Lichtenstein A, Ganz T.
Hepcidin, a putative mediator of anemia of inﬂammation, is a type
II acute-phase protein. Blood 2003;101:2461–2463.
Allen RP, Earley CJ. Restless legs syndrome: a review of clinical and
pathophysiologic features. J Clin Neurophysiol 2001;18:128–147.
Kolarcik C, Bowser R. Plasma and cerebrospinal ﬂuid-based protein
biomarkers for motor neuron disease. Mol Diagn Ther 2006;10:
281–292.
Cronin S, Greenway MJ, Ennis S, Kieran D, Green A, Prehn JH,
et al. Elevated serum angiogenin levels in ALS. Neurology 2006;67:
1833–1836.
Nygren I, Larsson A, Johansson A, Askmark H. VEGF is increased in
serum but not in spinal cord from patients with amyotrophic lateral
sclerosis. Neuroreport 2002;13:2199–2201.
Torti FM, Torti SV. Regulation of ferritin genes and protein. Blood
2002;99:3505–3516.
Crichton RR, Wilmet S, Legssyer R, Ward RJ. Molecular and cellular
mechanisms of iron homeostasis and toxicity in mammalian cells. J
Inorg Biochem 2002;91:9–18.
Beigel J, Fella K, Kramer PJ, Kroeger M, Hewitt P. Genomics and
proteomics analysis of cultured primary rat hepatocytes. Toxicol In
Vitro 2008;22:171–181.
Nakano Y, Hirayama K, Terao K. Hepatic ultrastructural changes
and liver dysfunction in amyotrophic lateral sclerosis. Arch Neurol
1987;44:103–106.
Njajou OT, Houwing-Duistermaat JJ, Osborne RH, Vaessen N, Vergeer J, Heeringa J, et al. A population-based study of the effect of the
HFE C282Y and H63D mutations on iron metabolism. Eur J Hum
Genet 2003;11:225–231.
Raja KB, Pountney DJ, Simpson RJ, Peters TJ. Importance of anemia
and transferrin levels in the regulation of intestinal iron absorption
in hypotransferrinemic mice. Blood 1999;94:3185–3192.
Cunietti E, Chiari MM, Monti M, Engaddi I, Berlusconi A, Neri MC,
et al. Distortion of iron status indices by acute inﬂammation in older
hospitalized patients. Arch Gerontol Geriatr 2004;39:35–42.
Gabay C, Kushner I. Acute-phase proteins and other systemic
responses to inﬂammation. N Engl J Med 1999;340:448–454.
Baron P, Bussini S, Cardin V, Corbo M, Conti G, Galimberti D, et al.
Production of monocyte chemoattractant protein-1 in amyotrophic
lateral sclerosis. Muscle Nerve 2005;32:541–544.

MUSCLE & NERVE

July 2010

31. Kuhle J, Lindberg RL, Regeniter A, Mehling M, Steck AJ,
Kappos L, et al. Increased levels of inﬂammatory chemokines
in amyotrophic lateral sclerosis. Eur J Neurol 2009;16:771–
774.
32. Mitchell RM, Lee SY, Randazzo WT, Simmons Z, Connor JR. Inﬂuence of HFE variants and cellular iron on monocyte chemoattractant
protein-1. J Neuroinﬂammation 2009;6:6.
33. Schabitz WR, Kruger C, Pitzer C, Weber D, Laage R, Gassler N, et al.
A neuroprotective function for the hematopoietic protein granulocyte-macrophage colony stimulating factor (GM-CSF). J Cereb Blood
Flow Metab 2008;28:29–43.
34. Ponomarev ED, Shriver LP, Maresz K, Pedras-Vasconcelos J, Verthelyi D, Dittel BN. GM-CSF production by autoreactive T cells is
required for the activation of microglial cells and the onset of experimental autoimmune encephalomyelitis. J Immunol 2007;178:
39–48.
35. Volmar CH, Ait-Ghezala G, Frieling J, Paris D, Mullan MJ. The
granulocyte macrophage colony stimulating factor (GM-CSF) regulates amyloid beta (Abeta) production. Cytokine 2008;42:
336–344.

Plasma Biomarkers and ALS

36. Boillee S, Yamanaka K, Lobsiger CS, Copeland NG, Jenkins NA, Kassiotis G, et al. Onset and progression in inherited ALS determined
by motor neurons and microglia. Science 2006;312:1389–1392.
37. Nemeth E, Tuttle MS, Powelson J, Vaughn MB, Donovan A, Ward
DM, et al. Hepcidin regulates cellular iron efﬂux by binding to ferroportin and inducing its internalization. Science 2004;306:2090–2093.
38. Ganz T. The role of hepcidin in iron sequestration during infections
and in the pathogenesis of anemia of chronic disease. Isr Med Assoc
J 2002;4:1043–1045.
39. Wrighting DM, Andrews NC. Interleukin-6 induces hepcidin expression through STAT3. Blood 2006;108:3204–3209.
40. Cashman N, Tan LY, Krieger C, Madler B, Mackay A, Mackenzie I,
et al. Pilot study of granulocyte colony stimulating factor (G-CSF)mobilized peripheral blood stem cells in amyotrophic lateral sclerosis (ALS). Muscle Nerve 2008;37:620–625.
41. de Nadai P, Chenivesse C, Gilet J, Porte H, Vorng H, Chang Y, et al.
CCR5 usage by CCL5 induces a selective leukocyte recruitment in
human skin xenografts in vivo. J Invest Dermatol 2006;126:2057–2064.
42. Gordon S. Alternative activation of macrophages. Nat Rev Immunol
2003;3:23–35.

MUSCLE & NERVE

July 2010

103

