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ABSTRACT

Introduction: The trace element selenium (Se) is crucial for the biosynthesis of selenoproteins. Both neurode-
velopment and the survival of neurons that are subject to stress depend on a regular selenoprotein biosynthesis
and sufficient Se supply by selenoprotein P (SELENOP).

Hypothesis: Neuro-regeneration after traumatic spinal cord injury (TSCI) is related to the Se status.

Study design: Single-centre prospective observational study.

Patients and methods: Three groups of patients with comparable injuries were studied; vertebral fractures
without neurological impairment (n = 10, group C), patients with TSCI showing no remission (n = 9, group GO),
and patients with remission developing positive abbreviated injury score (AIS) conversion within 3 months
(n = 10, group G1). Serum samples were available from different time points (upon admission, and after 4, 9 and
12h, 1 and 3 days, 1 and 2 weeks, and 1, 2 and 3 months). Serum trace element concentrations were determined
by total reflection X-ray fluorescence, SELENOP by ELISA, and further parameters by laboratory routine.
Results: Serum Se and SELENOP concentrations were higher on admission in the remission group (G1) as
compared to GO. During the first week, both parameters remained constant in C and GO, whereas they declined
significantly in the remission group. Similarly, the concentration changes between admission and 24 h were most
pronounced in this group of recovering patients (G1). Binary logistic regression analysis including the delta of Se
and SELENOP within the first 24 h indicated an AUC of 90.0% (CI: 67.4%-100.0%) with regards to predicting
the outcome after TSCI.

Conclusion: A Se deficit might constitute a risk factor for poor outcome after TSCI. A dynamic decline of serum Se
and SELENOP concentrations after admission may reflect ongoing repair processes that are associated with
higher odds for a positive clinical outcome.

1. Introduction

and shock (early phase), and finally by a more complex local and sys-
temic inflammatory response during the second phase after injury.

Traumatic spinal cord injury (TSCI) is a devastating and life-chan-
ging event that affects both the local site of injury and the entire body.
TSCI causes severe medical, psychological, social and economic chal-
lenges for concerned patients, their families and the health care system
[1]. Despite palliative treatment having improved considerably during
recent years [2], causal therapy options and valid monitoring techni-
ques are either missing or lacking sufficient clinical evidence to im-
plement their routine use [3-5]. TSCI is characterized by different ad-
jacent phases; initially by the mechanical trauma, the spinal damage

The initial immune response involves a variety of migrating and
infiltrating inflammatory cells, such as neutrophils and monocytes, and
their immediate activities. The second phase is characterised by a dis-
tinct release of cytokines, chemokines, matrix-metalloproteinases and
specific growth-factors [6-9]. The subsequent tissue remodelling ne-
cessitates anabolic, proteolytic and protective pathways acting in con-
cert and timely at the site of injury. In addition, the release of en-
dogenous signaling substances, such as cortisol, glucagon and
epinephrine is paramount during tissue healing, thereby dynamics of
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Fig. 1. Blood sampling (BS) scheme. Eleven blood samples per patient were taken at admission (0 h), 4h, 9h, 12 h, 1 day (1 d), 3 d, 1 week (1 w), 2 w, 1 month (1 m),

2 m and 3 m after TSCI.

Table 1
ASIA Impairment Scale (AIS) classification in relation to the clinical state.

AIS Grade Clinical State

A Complete—No motor or sensory function is preserved in the sacral
segments S4-S5

B Incomplete—Sensory but not motor function is preserved below the
NLI and includes the sacral segments S4-S5

C Incomplete—Motor function is preserved below the NLI, and more
than half of key muscles below the NLI have a muscle grade less than
3

D Incomplete—Motor function is preserved below the NLI, and at least
half of key muscles below the NLI have a muscle grade of 3 or more

E Normal—Motor and sensory function is normal

disease-related factors are traceable in peripheral blood of patients after
TSCI [10,11].

Next to hormones, certain trace elements are involved in develop-
mental and regenerative processes. Zinc (Zn) is present as cofactor in
more than 300 enzymes and is linked to the remodeling mechanisms
after injury of numerous types of tissues via e.g. Zn-dependent pro-
teases, transcription factors and RNA-polymerase [12,13]. In particular,
the Cu-/Zn-dependent superoxide dismutase (SOD1) decreases the
oxidative stress and attenuates the MMP-9 mediated blood-brain barrier
(BBB) disruption as shown in a rodent model of spinal cord injury (SCI)
[14]. This is noteworthy, due to ischemic and damaged neuronal tissue
being affected by lipid peroxidation of the cell membrane resulting in
local edema and inflammation [15-18].

The group of selenocysteine (Sec)-containing selenoproteins con-
tributes to protecting cells from oxidative damage, especially via the
families of Se-dependent glutathione peroxidases (GPX) and thior-
edoxin reductases (TXNRD). In particular, the phospholipid hydroper-
oxide glutathione peroxidase (PHGPx, GPX4) as well as both the cyto-
solic TXNRD1 and mitochondrial TXNRD2 have proven to be essential
for survival [19,20]. GPX4 plays an important role in neuroprotection,
as it degrades oxidized lipids, prevents peroxidation of polyunsaturated
fatty acids and constitutes the central regulatory element in ferroptosis
[21]. Cell death from ferroptosis results in the release of immunogenic
cell components and lipid metabolites that cause an increased local and
systemic inflammatory response. Notably, a missing Gpx4 expression in
adult mice triggered a ferroptosis-related loss of spinal motor neurons
[22].

The expression of neuronal selenoenzymes depends on a sufficiently
high Se supply, maintained by the hepatically-derived plasma protein
selenoprotein P (SELENOP). Mice with genetically inactivated Selenop
expression exhibit growth and developmental aberrations [23], and
may develop neurological dysfunction and epileptic seizures [24].
Under physiological conditions, brain selenoprotein protein expression
is hierarchically maintained through a prioritized Se supply [25].
However, in severe diseases the SELENOP-dependent Se transport can
be disrupted, as observed in sepsis and septic shock [26]. Under these
conditions, survival of patients strongly correlates to their Se status
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Table 2
Patients’ clinical characteristics.
Variables All cases  Control C  No Remission P-value
(n =29) (n =10) remission Gl (n =10)
GO (n=09)
Sex
Female 10 (34) 5 (50) 2(22) 3(30) P =1.000
Male 19 (66) 5 (50) 7 (78) 7 (70)
Age
min 15 27 22 15 P =0.898
max 75 71 65 75
median (IQR) 48.0 41.0 49.0 (41.0, 49.5 (27.5,
(32.0, (34.0, 60.0) 59.0)
59.0) 57.3)
Etiology
Fall 9 (31) 3 (30) 2(22) 4 (40) P =0.695
Other 4 (14) 0(0) 2(22) 2 (20)
Traffic 16 (55) 7 (70) 5 (56) 4 (40)
AO
A 21 (72) 8 (80) 5 (56) 8 (80) P =0.266
B 6 (21) 2 (20) 2 (22) 2 (20)
C 2(7) 0 (0) 2(22) 0 (0)
NLI
Cervical 7 (24) 0(0) 2 (22) 5 (50) P =0.276
Lumbar 3(10) 0 (0) 1(11) 2 (20)
Thoracical 9 (31) 0 (0) 6 (67) 3(30)
None 10 (34) 10 (100) 0 (0) 0 (0)
Paralysis
Complete 11 (38) 0 (0) 7 (78) 4 (40) P =0.375
Paraplegia
Complete 13 0(0) 0 (0) 1 (10)
Tetraplegi-
a
Incomplete 4(14) 0(0) 1(11) 3(30)
Paraplegia
Incomplete 3 (10) 0 (0) 1(11) 2 (20)
Tetraplegi-
a
No paralysis 10 (34) 10 (100) 0 (0) 0 (0)
Initial AIS
A 10 (34) 0(0) 7 (78) 3(30) P = 0.056
B 5(17) 0 (0) 2 (22) 3 (30)
C 4(14) 0 (0) 0(0) 4 (40)
E 10 (34) 10 (100) 0 (0 0 (0)
Final AIS
A 7 (24) 0 (0) 7 (78) 0 (0) P = 0.002
B 4 (14) 0(0) 2(22) 2 (20)
C 2(7) 0(0) 0 (0) 2 (20)
D 6 (21) 0(0) 0 (0) 6 (60)
E 10 (34) 10 (100) 0 (O 0 (0)

Abbreviations: AO, AO classification; AIS, American Spinal Injury Association
(ASIA) Impairment Scale; NLI, neurological level of injury. Age is expressed as
mean years + sd. Neurological remission was defined as improvement in AIS.
Comparing GO and G1 P-values were analysed with the Mann-Whitney-U test
and show differences between GO and G1.
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Fig. 2. Dynamic changes in serum Zn concentrations. Average Zn concentrations (mean *+ SE) in the groups of patients with no remission (G0), remission (G1) and
control show a dynamic pattern (A). In the first hours after admission, the groups display significant differences of Zn concentrations as compared to the initial value
(B, p-values). Strongest differences in Zn concentrations are observed between the initial value and 9 h after admission (C). Test and p-values are indicated as follows:
%, p < 0.05; %%, p < 0.01; and ==, p < 0.001. Normal distributions were assessed by Shapiro-Wilks Test followed by t-test analyses; (+) indicates Wilcoxon signed

rank test analysis.

[27]. Whether the declining Se concentrations in blood are secondary to
an impaired hepatic biosynthesis and secretion of SELENOP [28] or due
to an increased demand by SELENOP-target tissues [29] remains to be
determined.

Serum analyses of cytokines [9,30-32], chemokines [6,32], growth
factors [9,33] and trace elements [34] may mirror neuro-regenerative
processes during recovery. Therefore, we sought to investigate into the
correlation of Se and SELENOP concentrations during TSCI and sub-
sequent treatment and neurological remission. The findings of our study
are intended to improve clinical risk assessment as a basis for discussing
on whether a supplemental Se supply should be considered as a
meaningful adjuvant treatment option in TSCI or not.

2. Patients, materials and methods
2.1. Study design

The clinical study was performed at the BG Trauma Centre
Ludwigshafen, Department of Paraplegiology, Rhineland-Palatinate
(Rheinland-Pfalz), Germany, according to the principles expressed in
the Declaration of Helsinki in its current form. Patients were included
after giving informed consent and willingness to participate in the
study. Exclusion criteria were non-traumatic SCI, traumatic brain in-
jury, severe abdominal trauma, traumatic amputation of extremities,
coma and all patients with an additional major trauma apart from SCIL.
Participants were not given methylprednisolone sodium succinate
during study participation. Collectively, blood samples were available
from 28 patients (10 female, 18 male) affected by TSCI, between 2011
and 2016. Upon admission after injury (t1; t1 = O h after admission to
the clinic) to the end of follow up after 3 months (t11; t11 = 3 m after
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admission), 11 blood samples per patient were taken at specific time
points based on our standardized protocol [8,10] (Fig. 1). Immediately
after drawing blood, samples were allowed to coagulate for 20 min and
were then centrifuged at 3000 rmp, separated and stored at —80 °C.
Our prospective observational study had been approved by the ethics
committee of the University of Heidelberg (#S-514/2011) and the
Landesiarztekammer Rheinland-Pfalz (#837.188.12 / 8289-F), Ger-
many. The study was registered in the German Clinical Trials Register
DRKS (Study-ID: DRKS00009917/ Date of Registration: 23.03.2016/
Universal Trial Number (UTN): U1111-1179-1620). The database en-
compasses a total of 144 patients. Some samples are missing due to the
complexity of the critical early interventions and due to loss during
follow up.

Neurological remission was defined as positive conversion of AIS
(Table 1) grades within 12 weeks after trauma. All ISNCSCI examina-
tions were performed by the head physical therapist at the BG Trauma
Center. Initial ISNCSCI examinations were performed within the first
72h after admission [10]. The patients’ demographics are given in
Table 2.

Trace element analysis was carried out at an analytical lab remote
from the study site, and by personnel blinded to the clinical char-
acteristics of the serum samples. The measurements were performed by
total reflection X-ray fluorescence (TXRF) using a benchtop TXRF de-
vice (PicoFox S2, Bruker nano, Berlin, Germany), with the protocol and
assay characteristics described recently [35]. SELENOP concentrations
were analyzed by an enzyme-linked immunosorbent assay (ELISA) ac-
cording to the manufacturer's instructions (selenOtest”, ICI im-
munochemical intelligence GmbH, Berlin, Germany).



R.A. Heller et al.

Journal of Trace Elements in Medicine and Biology 51 (2019) 141-149

9 6
Kruskal-Wallis, p = 0.073
A co [no remission]
80 © G1 [remission]
[ C [control]
4
70 Ttest, p = 0.907
—_— T 1
=
g
‘; 60 T-test, p = 0.025
(7] —
=2
50 ;t: T-test, p = 0.044
S
= A
40 ©
1]
=
Q
T o
30
A—o
0 hours 4 hours 9hours 12 hours 1 day 3 days 1 week 2weeks 1month 2months 3 months A
. GO [no remission] -2
. G1 [remission] Age Sex
o 1.00 ® 20 o female
3
® 075 @ 40 4 male
60
2 0.50 L4
0.25
* *k *
ooo{ " ""77" - . =
0 hours 4 hours 9 hours 12 hours 1 day 3 days 1 week 2weeks 1 month 2months 3 months GO [no remission]  G1 [remission] C [Control]

Fig. 3. Dynamic changes in serum Se concentrations. Average Se concentrations (mean = SE) in the groups of patients with no remission (G0), remission (G1) and
control show a dynamic pattern (A). Significant differences to the initial value do particularly develop in the remission group G1 (B). The differences become
strongest 24 h after admission (C). Test and p-values are indicated as follows: %, p < 0.05; #x, p < 0.01; and ===, p < 0.001. Normal distributions were assessed by
Shapiro-Wilks Test followed by t-test analyses; (+) indicates Wilcoxon signed rank test analysis.

2.2. Matching

Matching took place between the 144 patients based on the criteria
age, sex, aetiology and AO classification as well as based on the neu-
rological level of injury. In cases where more than one match was found
for a case of non-remission, patients with the most comparable clinical
data profile were chosen. According to an established protocol [8,10],
we matched 10 patients with SCI and neurological remission (Group
1 =G1) with 9 patients without neurological remission (Group
0 = GO). Furthermore, 10 patients with an isolated vertebral fracture
without neurological impairment served as a suitable and comparable
control group (Group C=C).

2.3. Related work

The register has already been used to address certain scientific is-
sues [6,30]. This study was performed based on the status of the reg-
ister, and therefore different numbers of patients as well as different
matched pairs of patients according to the inclusion and matching
criteria were available. All samples were collected in a prospective
approach, and some cases were enrolled in more than one study.

2.4. Statistical analysis

Location shifts between groups were assessed via parametric (T-
Test) or non-parametric testing (Kruskal-Wallis Test, Man-Whitney-U
Test and Wilcoxon signed-rank Test) at all timepoints according to the
presence or absence of normal distribution assessed via Shapiro Wilks
test. Categorial variables were evaluated using the Chi-square test.

Group differences between all subgroups were assessed via the non-
parametric Kruskal-Wallis Test, whereas the non-parametric Man-
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Whitney-U Test assessed differences between two unpaired samples.
Location shifts between paired samples were assessed using the
Wilcoxon signed-rank Test if normal-distribution was not given.
Otherwise the parametric t-test was used. Test and p-value are in-
dicated. As this is an exploratory post-hoc analysis all p-values are to be
interpreted descriptively. They are not adjusted for multiple testing.
Statistical calculations were performed with R version 3.2.3 [36,37].
Figures were created using the package” ggplot2” [38].

3. Results

The current study was designed as a prospective and explorative
clinical observation study. Data analysis was performed as a matched
pairs analysis. Matching criteria included age, sex, aetiology and AO-
classification [39].

3.1. Demographics

A total of 29 patients were enrolled in the study consisting of 10
females and 19 males. The median age was 48.0 (IQR: 32.0, 59.0) years.
Table 2 provides an overview on the demographics of the patients. No
significant differences were present regarding age, gender, aetiology,
AO classification or NLI between patients with and without neurolo-
gical remission (referred to as G1 and GO, respectively).

All patients enrolled in GO and G1 were initially treated surgically
within 24h after admission and underwent laminectomy. All 29 pa-
tients in GO, G1 and C were affected by vertebral fractures. The dis-
tribution of AIS grades at discharge (p = 0.002) differed significantly
between GO and G1 (Table 2).
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Fig. 4. Dynamic changes in serum SELENOP concentrations. Average SELENOP concentrations (mean * SE) in the groups of patients with no remission (GO),
remission (G1) and control show a dynamic pattern (A). Significant differences to the initial value do particularly develop in the remission group G1 from 3 d to 2
weeks after admission (B). The SELENOP concentrations at 24 h after admission do not differ significantly (C). Test and p-values are indicated as follows: , p < 0.05;
#%, p < 0.01; and =%, p < 0.001. Normal distributions were assessed by Shapiro-Wilks Test followed by t-test analyses; (+) indicates Wilcoxon signed rank test

analysis.

3.2. Serum analysis and comparison of the remission (G1) and no-remission
(GO) group

Dynamic serum patterns of serum Zn, Se and SELENOP concentra-
tions were determined (Figs. 2-4). Part A indicates the serum con-
centrations in mean *+ SE. Part B shows the group differences of each
timepoint compared to the initial value estimated via the p-value
(Wilcoxon signed rank test indicated with “+”, otherwise via t-test if
normal distribution was given). Part C analyses the difference between
the initial value and the corresponding timepoint within the first 24 h
where the biggest difference is detected.

3.3. Zinc

Fig. 2 indicates the dynamic pattern of serum Zn concentrations in
the three groups of patients. Zinc decreased initially in all groups fol-
lowed by a constant increase from 9h to 1 month. Thereafter mean Zn
levels showed a discordant development in G1 versus GO, and a sig-
nificant difference was detected at 3 months after admission.

3.4. Selenium and Selenoprotein-P

Fig. 3 shows Se and Fig. 4 presents the SELENOP concentrations.
During the observational period of 3 months, mean serum levels of Se
and SELENOP initially declined reaching their minimum 24h after
admission in G1. In GO both parameters showed little variation in the
first seven days after admission. After 1 week, Se and SELENOP con-
centrations increased in both GO and G1 and remained elevated as
compared to admission.

3.5. Dynamics within the first 24 h

The highest delta during the first 24 h is calculated by subtracting
the lowest value of each patient from the corresponding value at ad-
mission. The results are shown in part C of Figs. 2-4, indicating that
changes in the Se concentration differ significantly 24 h after admission
(Se 24 h: p = 0.044). SELENOP and Zn concentrations showed no sig-
nificantly different dynamics during the first 24 h in GO and G1 (results
at maximal deviations from admission: SELENOP 24 h: p = 0.327; Zn
9h: p = 0.236).

3.6. Binary logistic model

A binary logistic regression model was set up to evaluate the diag-
nostic value of the dynamic changes in Se, SELENOP and Zn con-
centrations within the first 24 h as a tool for prediction of neurological
remission. Fig. 5 presents the sample size (n), Akaike Information Cri-
terion (AIC) [40], Bayesian Information Criterion (BIC) [41], and Area
under the Curve (AUC) for the relation of concentration changes to
outcome within the first 24 h in an univariate model (Model 1, Model 2
and Model 3) and combined in a multivariate analysis (Model 4 and
Model 5). With respect to the AIC the AUC indicated that the combined
Model 5 provided the overall best predictive performance. The ROC
curve for the favoured logistic regression model is shown in Fig. 6 and
presented a value of 90.0% (CI: 67.4%-100.0%), while the model
specifics are given in Table 3. The ROC analysis provides additional
deeper insight into the predictive capacity of the variables as the ad-
justed odds ratios (Table 3) are strongly differing from 1 (Se: O; SE-
LENOP: 0.05).
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Fig. 5. Model characteristics for univariate (Model 1, Model 2 and Model 3) and multivariate binary logistic regression analysis (Model 4 and Model 5). The Figure
displays the included number of complete cases (A), the resulting models Akaike Information Criterion (AIC) (B), the Bayesian Information Criterion (BIC) (C) and the
corresponding Area under the Curve (AUC) of the Receiver Operator Characteristics analysis (ROC) with respect to remission (D).

4. Discussion

The current study analysed the dynamic concentration patterns of
Se, SELENOP and Zn in relation to the clinical outcome after TSCI to
evaluate their potential as prognostic biomarkers for neuroregenera-
tion. Serum samples from patients were obtained during the acute,
subacute and intermediate phases subsequent to TSCI. The first 24 h are
of particular interest and relevance for clinicians [42], therefore blood
samples were initially obtained at a higher rate. Our database covers
144 patients enrolled from 2011 to 2016, and enabled us to perform a
matched-pair analysis.

Concentration patterns of Zn provided no significant information
regarding the presence or absence of neurological remission after
3months. These findings were in contrast to our expectations and
question the need for supplemental Zn as an adjuvant treatment option
for SCI [43,44]. In contrast, the analysis of the Se biomarkers total
serum Se and SELENOP concentrations may offer the perspective of
utilizing their changes for predicting regeneration success in the context
of TSCI. The Se and SELENOP data are in agreement with results from
previous studies investigating the relevance of Se in the context of
traumatic brain injury (TBI) [45,46], ALS [47,48] and SCI [17,49,50]
confirming the positive association of Se status with a favourable
clinical outcome after central nervous tissue injury. Previous animal
experiments also attempted to pharmacologically reduce lipid perox-
idation during the anterograde degeneration process via pre-treatment
of cats with a combination of the antioxidants a-tocopherol (200 IU)
and Se (50 ug) once daily for 5 days (p.o.). The results indicated the
potential to significantly diminish the anterograde degeneration pro-
cess by supplemental antioxidants or trace elements like Se that are
supporting the biosynthesis of endogenous enzymatic antioxidative
defense systems [17]. Confirming results have been obtained by
Mitchell et al. in 1986 suggesting that free radicals are of prime

importance in motor neuron disease [50]. Similarly, Chen et al. re-
ported that Se-enriched supplements provided some protection in SCI
through up-regulating the expression of ciliary neurotrophic factor
(CNTF) and its receptor-a (CNTF-Ra) [49]. As Se-related effects are
exerted mainly through changes in the biosynthesis of selenoproteins, it
can be assumed that a sufficiently high Se status at the time of injury
contributes to a better expression of antioxidative enzymes, to an im-
proved and timely adapted immune response and a more beneficial
clinical outcome.

This assumption is supported by the results of our study due to
higher Se concentrations in G1 as compared to GO at admission. The
observed significant decline of serum Se concentrations in patients with
a beneficial neurological remission may be explained by an increased
demand of actively regenerating tissue for selenoprotein biosynthesis
and might thus present a surrogate marker of the repair process. And
inversely, the absence of changes in Se status after TSCI may indicate an
insufficient tissue repair activity, likely associated with a failing re-
generation process. If these interpretations of the study data proved
reproducible in larger follow-up studies, active Se supplementation
after injury may constitute a promising adjuvant treatment option for
supporting selenoprotein biosynthesis at the site of injury. In addition,
such an intervention would increase hepatic SELENOP production as a
readily available circulating Se transport form directly available to
uptake by the injured tissue for increasing intracellular selenoprotein
expression and supporting the regenerative process. Similar strategies
using supplemental Se have been tested in patients with sepsis [51] or
undergoing cardiac surgery [52], providing a useful blueprint for the
underlying kinetics and suitable dosages of Se supplementation.

Further studies are needed to better evaluate the predictive poten-
tial of Se and SELENOP as biomarkers of regeneration odds, and to test
the clinical potential of adjuvant Se supplementation to injured patients
with proven low Se status to support their repair processes and increase
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Fig. 6. ROC (Receiver Operator Characteristic) curve analysis of the favoured multivariate Model 5 indicating its AUC (Area under the Curve) and the corresponding
confidence interval (CI) for predicting remission as a function of changes in serum Se and SELENOP concentrations during the first 24 h after admission.

Table 3
Specifics of the predictive model.
Variable crude OR adjusted OR P (Wald’s P (LR-
(95%CI) (95%CI) test) test)
Delta Se 0.05 (0,2.4) 0 (0,392.3) 0.343 0.01
Delta SELENOP  0.45 (0.1,2.1) 0.05 (0,124.5) 0.448 0.245

the likelihood of regeneration.
4.1. Limitations

Our study is limited by the relatively small patient size due to the
infrequency of this debilitating injury in a single study unit. In this
explorative study we were only able to enrolling patients with slightly
differing initial AIS into both the remission and non-remission group.
Differences between the patients in these groups may thus contribute to
possible misinterpretation. Therefore, the current data and conclusions
need to be interpreted with care and require a verification in larger
studies.

4.2. Strengths

This study provides a detailed overview regarding the dynamics of

changes in serum Se, SELENOP und Zn concentrations during the post-
traumatic period. Two important biomarkers of Se status were eval-
uated in parallel at a remote lab from the clinics, thereby reducing
experimental bias of our analyses. Moreover, despite the rarity of this
disease, the data and biobank that were successfully established al-
lowed an effective matching of the groups. Moreover, the frequent
blood drawings and standardized asservation of samples allowed a
detailed time-resolved analysis of several diagnostic parameters.

5. Conclusion

High normal Se levels may contribute to a positive outcome after
traumatic spinal cord injury (TSCI). The dynamic changes of serum Se
and SELENOP concentrations within the first 24 h of admission were
translated into a promising tool for predicting neurological remission
with an AUC of 90.0% in the ROC analysis. These results support the
importance of trace elements in severe diseases and support strategies
considering an adjuvant Se supplementation during therapy. Larger
studies and intervention trials are now needed to evaluate whether
supplemental Se contributes to recovery and neurological remission
after severe trauma.



R.A. Heller et al.

Funding

This work was supported by the Deutsche Forschungsgemeinschaft

(DFG Research Unit 2558 TraceAge, Scho 849/6-1 to LS).

Conflict of interest

RAH, JS, TB, PH, PAG, AM and BB have nothing to declare in re-

lation to this study. LS holds shares in selenOmed GmbH, a company
involved in Se status assessment and supplementation.

Acknowledgements

We thank Vartitér Seher and Katja Schreiber for excellent technical

support, and the patients and controls for participating in this study.

References

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9

—

[10]
[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

L.A. Tetreault, S. Karadimas, J.R. Wilson, P.M. Arnold, S. Kurpad, J.R. Dettori,
M.G. Fehlings, The natural history of degenerative cervical myelopathy and the rate
of hospitalization following spinal cord injury: an updated systematic review, Glob.
Spine J. 7 (2017) 28s-34s.

J.W. Rowland, G.W. Hawryluk, B. Kwon, M.G. Fehlings, Current status of acute
spinal cord injury pathophysiology and emerging therapies: promise on the horizon,
Neurosurg. Focus 25 (5) (2008) E2.

Y. Ito, Y. Sugimoto, M. Tomioka, N. Kai, M. Tanaka, Does high dose methyl-
prednisolone sodium succinate really improve neurological status in patient with
acute cervical cord injury?: a prospective study about neurological recovery and
early complications, Spine 34 (20) (2009) 2121-2124.

B.K. Kwon, E.B. Okon, W. Plunet, D. Baptiste, K. Fouad, J. Hillyer, L.C. Weaver,
M.G. Fehlings, W. Tetzlaff, A systematic review of directly applied biologic thera-
pies for acute spinal cord injury, J. Neurotrauma 28 (8) (2011) 1589-1610.

N. Evaniew, E.P. Belley-Cote, N. Fallah, V.K. Noonan, C.S. Rivers, M.F. Dvorak,
Methylprednisolone for the treatment of patients with acute spinal cord injuries: a
systematic review and meta-analysis, J. Neurotrauma 33 (5) (2016) 468-481.
R.A. Heller, T.F. Raven, T. Swing, K. Kunzmann, V. Daniel, P. Haubruck, M. Akbar,
P.A. Grutzner, G. Schmidmaier, B. Biglari, A. Moghaddam, CCL-2 as a possible early
marker for remission after traumatic spinal cord injury, Spinal Cord 55 (11) (2017)
1002-1009.

B.K. Kwon, A.M. Stammers, L.M. Belanger, A. Bernardo, D. Chan, C.M. Bishop,
G.P. Slobogean, H. Zhang, H. Umedaly, M. Giffin, J. Street, M.C. Boyd,

S.J. Paquette, C.G. Fisher, M.F. Dvorak, Cerebrospinal fluid inflammatory cytokines
and biomarkers of injury severity in acute human spinal cord injury, J.
Neurotrauma 27 (4) (2010) 669-682.

A. Moghaddam, C. Child, T. Bruckner, H.J. Gerner, V. Daniel, B. Biglari,
Posttraumatic inflammation as a key to neuroregeneration after traumatic spinal
cord injury, Int. J. Mol. Sci. 16 (4) (2015) 7900-7916.

A. Moghaddam, A. Sperl, R. Heller, K. Kunzmann, V. Graeser, M. Akbar,

H.J. Gerner, B. Biglari, Elevated serum insulin-like growth factor 1 levels in patients
with neurological remission after traumatic spinal cord injury, PloS One 11 (7)
(2016) e0159764.

B.K. Kwon, W. Tetzlaff, J.N. Grauer, J. Beiner, A.R. Vaccaro, Pathophysiology and
pharmacologic treatment of acute spinal cord injury, Spine J. 4 (4) (2004) 451-464.
C.H. Tator, I. Koyanagi, Vascular mechanisms in the pathophysiology of human
spinal cord injury, J. Neurosurg. 86 (3) (1997) 483-492.

L. Rink, P. Gabriel, Zinc and the immune system, Proc. Nutr. Soc. 59 (4) (2000)
541-552.

1. Wessels, M. Maywald, L. Rink, Zinc as a gatekeeper of immune function, Nutrients
9 (12) (2017).

F. Yu, H. Kamada, K. Niizuma, H. Endo, P.H. Chan, Induction of mmp-9 expression
and endothelial injury by oxidative stress after spinal cord injury, J. Neurotrauma
25 (3) (2008) 184-195.

D.K. Anderson, P. Demediuk, R.D. Saunders, L.L. Dugan, E.D. Means, L.A. Horrocks,
Spinal cord injury and protection, Ann. Emerg. Med. 14 (8) (1985) 816-821.

D.J. Donnelly, P.G. Popovich, Inflammation and its role in neuroprotection, axonal
regeneration and functional recovery after spinal cord injury, Exp. Neurol. 209 (2)
(2008) 378-388.

E.D. Hall, J.M. Braughler, Role of lipid peroxidation in post-traumatic spinal cord
degeneration: a review, Central Nerv. Syst. Trauma 3 (4) (1986) 281-294.

A. Trivedi, A.D. Olivas, L.J. Noble-Haeusslein, Inflammation and spinal cord injury:
infiltrating leukocytes as determinants of injury and repair processes, Clin.
Neurosci. Res. 6 (5) (2006) 283-292.

M.V. Kasaikina, D.L. Hatfield, V.N. Gladyshev, Understanding selenoprotein func-
tion and regulation through the use of rodent models, Biochim. Biophys. Acta 1823
(9) (2012) 1633-1642.

U. Schweizer, L. Schomburg, New insights into the physiological actions of sele-
noproteins from genetically modified mice, Iubmb Life 57 (11) (2005) 737-744.
S.J. Dixon, K.M. Lemberg, M.R. Lamprecht, R. Skouta, E.M. Zaitsev, C.E. Gleason,
D.N. Patel, A.J. Bauer, A.M. Cantley, W.S. Yang, B. Morrison 3rd, B.R. Stockwell,
Ferroptosis: an iron-dependent form of nonapoptotic cell death, Cell 149 (5) (2012)

148

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

Journal of Trace Elements in Medicine and Biology 51 (2019) 141-149

1060-1072.

L. Chen, W.S. Hambright, R. Na, Q. Ran, Ablation of the ferroptosis inhibitor glu-
tathione peroxidase 4 in neurons results in rapid motor neuron degeneration and
paralysis, J. Biol. Chem. 290 (47) (2015) 28097-28106.

L. Schomburg, U. Schweizer, B. Holtmann, L. Flohe, M. Sendtner, J. Kohrle, Gene
disruption discloses role of selenoprotein P in selenium delivery to target tissues,
Biochem. J. 370 (Pt 2) (2003) 397-402.

K.E. Hill, J. Zhou, W.J. McMahan, A.K. Motley, R.F. Burk, Neurological dysfunction
occurs in mice with targeted deletion of the selenoprotein P gene, J. Nutr. 134 (1)
(2004) 157-161.

L. Schomburg, U. Schweizer, Hierarchical regulation of selenoprotein expression
and sex-specific effects of selenium, Biochim. Biophys. Acta 1790 (11) (2009)
1453-1462.

X. Forceville, D. Vitoux, R. Gauzit, A. Combes, P. Lahilaire, P. Chappuis, Selenium,
systemic immune response syndrome, sepsis, and outcome in critically ill patients,
Crit. Care Med. 26 (9) (1998) 1536-1544.

M.W. Angstwurm, L. Engelmann, T. Zimmermann, C. Lehmann, C.H. Spes, P. Abel,
R. Strauss, A. Meier-Hellmann, R. Insel, J. Radke, J. Schuttler, R. Gartner, Selenium
in intensive care (SIC): results of a prospective randomized, placebo-controlled,
multiple-center study in patients with severe systemic inflammatory response syn-
drome, sepsis, and septic shock, Crit. Care Med. 35 (1) (2007) 118-126.

K. Renko, P.J. Hofmann, M. Stoedter, B. Hollenbach, T. Behrends, J. Kohrle,

U. Schweizer, L. Schomburg, Down-regulation of the hepatic selenoprotein bio-
synthesis machinery impairs selenium metabolism during the acute phase response
in mice, Faseb J. 23 (6) (2009) 1758-1765.

R.F. Burk, K.E. Hill, G.E. Olson, E.J. Weeber, A.K. Motley, V.P. Winfrey, L.M. Austin,
Deletion of apolipoprotein E receptor-2 in mice lowers brain selenium and causes
severe neurological dysfunction and death when a low-selenium diet is fed, J.
Neurosci. 27 (23) (2007) 6207-6211.

A. Moghaddam, A. Sperl, R. Heller, H.J. Gerner, B. Biglari, sCD95L in serum after
spinal cord injury, Spinal Cord 54 (11) (2016) 957-960.

D. Demjen, S. Klussmann, S. Kleber, C. Zuliani, B. Stieltjes, C. Metzger, U.A. Hirt,
H. Walczak, W. Falk, M. Essig, L. Edler, P.H. Krammer, A. Martin-Villalba,
Neutralization of CD95 ligand promotes regeneration and functional recovery after
spinal cord injury, Nat. Med. 10 (4) (2004) 389-395.

K. Janssen, M. Rickert, T. Clarner, C. Beyer, M. Kipp, Absence of CCL2 and CCL3
ameliorates central nervous system grey matter but not white matter demyelination
in the presence of an intact blood-brain barrier, Mol. Neurobiol. 53 (3) (2016)
1551-1564.

T. Ferbert, C. Child, V. Graeser, T. Swing, M. Akbar, R. Heller, B. Biglari,

A. Moghaddam, Tracking spinal cord injury: differences in cytokine expression of
IGF-1, TGF- B1, and sCD95I can be measured in blood samples and correspond to
neurological remission in a 12-week follow-up, J. Neurotrauma 34 (3) (2017)
607-614.

D.K. Heyland, R. Dhaliwal, U. Suchner, M.M. Berger, Antioxidant nutrients: a sys-
tematic review of trace elements and vitamins in the critically ill patient, Intensive
Care Med. 31 (3) (2005) 327-337.

D.J. Hughes, T. Duarte-Salles, S. Hybsier, A. Trichopoulou, M. Stepien,

K. Aleksandrova, K. Overvad, A. Tjonneland, A. Olsen, A. Affret, G. Fagherazzi,
M.C. Boutron-Ruault, V. Katzke, R. Kaaks, H. Boeing, C. Bamia, P. Lagiou, E. Peppa,
D. Palli, V. Krogh, S. Panico, R. Tumino, C. Sacerdote, H.B. Bueno-de-Mesquita,
P.H. Peeters, D. Engeset, E. Weiderpass, C. Lasheras, A. Agudo, M.J. Sanchez,

C. Navarro, E. Ardanaz, M. Dorronsoro, O. Hemmingsson, N.J. Wareham,

K.T. Khaw, K.E. Bradbury, A.J. Cross, M. Gunter, E. Riboli, I. Romieu,

L. Schomburg, M. Jenab, Prediagnostic selenium status and hepatobiliary cancer
risk in the European prospective investigation into cancer and nutrition cohort, Am.
J. Clin. Nutr. 104 (2) (2016) 406-414.

R. Development, Core Team, R: A Language and Environment for Statistical
Computing, R Foundation for Statistical Computing, Vienna, Austria, 2015.

X. Robin, N. Turck, A. Hainard, N. Tiberti, F. Lisacek, J.C. Sanchez, M. Muller,
PROC: an open-source package for R and S+ to analyze and compare ROC curves,
BMC Bioinf. 12 (2011) 77.

H. Wickham, ggplot2: elegant graphics for data analysis, J. Stat. Softw. 35 (1)
(2010) 65-88.

L. Audigé, Development and validation of a new generation for spine injury clas-
sification, Spine Classification and Severity Measures, 1st edn., Thieme, Stuttgart,
2009, pp. 503-507.

H. Akaike, Likelihood of a model and information criteria, J Econometrics 16 (1)
(1981) 3-14.

G. Schwarz, Estimating the dimension of a model, Ann. Stat. 6 (2) (1978) 461-464.
M.F. Dvorak, V.K. Noonan, N. Fallah, C.G. Fisher, J. Finkelstein, B.K. Kwon,

C.S. Rivers, H. Ahn, J. Paquet, E.C. Tsai, A. Townson, N. Attabib, C.S. Bailey,

S.D. Christie, B. Drew, D.R. Fourney, R. Fox, R.J. Hurlbert, M.G. Johnson,

A.G. Linassi, S. Parent, M.G. Fehlings, R. Network, The influence of time from injury
to surgery on motor recovery and length of hospital stay in acute traumatic spinal
cord injury: an observational Canadian cohort study, J. Neurotrauma 32 (9) (2015)
645-654.

Y. Wang, X. Me, L. Zhang, G. Lv, Supplement moderate zinc as an effective treat-
ment for spinal cord injury, Med. Hypotheses 77 (4) (2011) 589-590.

Y. Wang, R. Su, G. Lv, Y. Cao, Z. Fan, Y. Wang, L. Zhang, D. Yu, X. Mei, Supplement
zinc as an effective treatment for spinal cord ischemia/reperfusion injury in rats,
Brain Res. 1545 (2014) 45-53.

P. Doering, M. Stoltenberg, M. Penkowa, J. Rungby, A. Larsen, G. Danscher,
Chemical blocking of zinc ions in CNS increases neuronal damage following trau-
matic brain injury (TBI) in mice, PloS One 5 (4) (2010) e10131.

M. Naziroglu, N. Senol, V. Ghazizadeh, V. Yuruker, Neuroprotection induced by N-



R.A. Heller et al.

[47]

[48]

[49]

acetylcysteine and selenium against traumatic brain injury-induced apoptosis and

calcium entry in hippocampus of rat, Cell. Mol. Neurobiol. 34 (6) (2014) 895-903.

A.O. Estevez, K.L. Morgan, N.J. Szewczyk, D. Gems, M. Estevez, The neurodegen-
erative effects of selenium are inhibited by FOXO and PINK1/PTEN regulation of
insulin/insulin-like growth factor signaling in Caenorhabditis elegans,
Neurotoxicology 41 (2014) 28-43.

M. Vinceti, N. Solovyev, J. Mandrioli, C.M. Crespi, F. Bonvicini, E. Arcolin,

E. Georgoulopoulou, B. Michalke, Cerebrospinal fluid of newly diagnosed amyo-
trophic lateral sclerosis patients exhibits abnormal levels of selenium species in-
cluding elevated selenite, Neurotoxicology 38 (2013) 25-32.

X.B. Chen, H. Yuan, F.J. Wang, Z.X. Tan, H. Liu, N. Chen, Protective role of

149

[50]

[51]

[52]

Journal of Trace Elements in Medicine and Biology 51 (2019) 141-149

selenium-enriched supplement on spinal cord injury through the up-regulation of
CNTF and CNTF-Ralpha, Eur. Rev. Med. Pharmacol. Sci. 19 (22) (2015) 4434-4442.
J.D. Mitchell, B.W. East, I.A. Harris, R.J. Prescott, B. Pentland, Trace elements in the
spinal cord and other tissues in motor neuron disease, J. Neurol. Neurosurg.
Psychiatry 49 (2) (1986) 211-215.

M.W. Angstwurm, J. Schottdorf, J. Schopohl, R. Gaertner, Selenium replacement in
patients with severe systemic inflammatory response syndrome improves clinical
outcome, Crit. Care Med. 27 (9) (1999) 1807-1813.

C. Benstoem, A. Goetzenich, S. Kraemer, S. Borosch, W. Manzanares, G. Hardy,

C. Stoppe, Selenium and its supplementation in cardiovascular disease-what do we
know? Nutrients 7 (5) (2015) 3094-3118.



