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Abstract: Nimodipine is well characterized for the management of aneurysmal subarachnoid
hemorrhage and has been shown to promote a better outcome and less delayed ischemic neurological
deficits. Animal and clinical trials show neuroprotective efficacy following nerve injuries. We showed
a neuroprotective effect on Neuro2a cells. Subsequent microarray analysis revealed—among
others—fatty acid 2-hydroxylase (FA2H) upregulated by nimodipine in vitro, which is a component
of myelin synthesis. Differentiated Neuro2a cells were analyzed for nimodipine-mediated survival
considering stress treatment in comparison to nifedipine-treatment. Cell survival was determined
by measurement of LDH activity in the culture medium. Nimodipine decreased surgery-like
stress-induced cell death of differentiated Neuro2a cells. Neuro2a cell culture was analyzed for
changes in FA2H expression induced by nimodipine or nifedipine in surgery-like stress conditions.
We analyzed expression levels of FA2H mRNA and protein by qPCR using fa2h specific primers or
a FA2H-specific antibody in nimodipine or nifedipine non- and pre-treated Neuro2a cell culture,
respectively. Nimodipine but not nifedipine increases FA2H protein levels and also significantly
increases mRNA levels of FA2H in both undifferentiated and differentiated Neuro2a cells. Our
findings indicate that higher expression of FA2H induced by nimodipine may cause higher survival
of Neuro2a cells stressed with surgery-like stressors.
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1. Introduction

Nimodipine as well as nifedipine are 1,4-dihydropyridine L-type calcium channel antagonists.
Nifedipine is used in the treatment of hypertension [1], the vasospastic form of angina pectoris
(Prinzmetal’s angina) [2], Raynaud’s disease [3], and premature labor [4]. Nimodipine is recommended
for the management of aneurysmal subarachnoid hemorrhage (aSAH) and has a proven effect in
reducing poor outcome and delayed ischemic neurological deficits (DIND) following aSAH [5,6].
In skull base, laryngeal and maxillofacial surgery in animal experiments [7–10], and clinical series
it shows a beneficial effect [11–16]. These results were linked to neuroprotection described by
Nuglisch et al. [17]. An off-label use of oral nimodipine improved the regeneration of peripheral
facial nerve paresis after maxillofacial surgery [14]. Also nifedipine shows neuroprotective activity at
least on dopaminergic substantia nigra neurons in rats [18]. Neuroprotection by nimodipine but not by
nifedipine was shown in nerve growth factor (NGF)-differentiated PC12 neuronal cells [19]. Recently
we showed that the survival of Neuro2a cells was significantly higher when cells were pre-treated
with nimodipine prior to oxidative, mechanical and heat-induced stress [20]. These represent stressors,
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which may occur during surgery as described before [20]. Besides mechanical stress, nerve tissue
may be affected intraoperatively by an increase in temperature caused by the microscope and the
bipolar coagulation or by dryness and ionic shifts. Based on this study we analyzed the cell survival of
differentiated Neuro2a cells and the protective effect of nifedipine on Neuro2a cells. Gene expression
pattern of nimodipine-treated and non-treated cells by microarray were analyzed to get insight into
molecular processes linked to the neuroprotective effects of nimodipine. One of the differentially
regulated genes was analyzed in more detail. Fatty acid 2-hydroxylase (FA2H) is crucial for de novo
synthesis of 2-hydroxy fatty acids, which are incorporated in 2-hydroxy galactolipids. These are
thought to play important roles in lipid-lipid and lipid-protein interactions in myelin [21–25]. In the
present study, we analyzed FA2H mRNA levels regulation in dependence on nimodipine but not
on nifedipine.

2. Results

We found, according to recent data in undifferentiated Neuro2a cells, that also differentiated
Neuro2a cells are protected from mechanical, heat and oxidative stress by nimodipine, or at least to
a lower extent by nifedipine. We analyzed the transcription of FA2H in dependence on nimodipine
or nifedipine treatment, respectively. We observed that nimodipine but not nifedipine significantly
increases the expression of FA2H mRNA in Neuro2a cells up to 10× (undifferentiated cells, p < 0.0001)
or 25× (differentiated cells, p < 0.0001) depending on general fitness of the cells compared to reference
cells. In contrast to this, the FA2H mRNA expression is decreased or increased by the stressors
themselves. We also detected higher FA2H protein levels in nimodipine but not nifedipine pre-treated
Neuro2a cells.

2.1. Survival of Nimodipine-Treated Differentiated Neuro2a Cells

Cell death was determined by measuring lactate dehydrogenase (LDH) activity in cell
culture supernatant.

Osmotic stress was induced by treating the nimodipine pre-treated cells and untreated cells with
150 mM NaCl. All tested nimodipine concentrations led to a reduced cytotoxicity. 1, 10 or 20 µM
nimodipine reduces the cytotoxicity of NaCl from 91% (untreated cells) to 55 (p = 0.0005), 53 (p = 0.0002)
and 68% (p = 0.0055), respectively (Figure 1A).

1 µM nimodipine did not reduce cytotoxicity of 1.8% EtOH (40%, p = 1). 10 or 20 µM nimodipine
reduced the cytotoxicity of EtOH slightly but significantly to 33% (p = 0.0052) and 37% (p = 0.0029),
respectively (Figure 1B).

Mechanical stress was induced by adding two steel beads (2 mm) to each well of a 24 well-plate
of pre-treated or untreated cells, respectively, and shaking the plate at 500 rpm for 30 s. Nimodipine
reduced the cytotoxicity from 61% (untreated cells) to 53% (1 µM nimodipine), 51% (10 µM nimodipine)
and 54% (20 µM nimodipine, p < 0.005 each) (Figure 1C).

Heat stress was induced by transferring the nimodipine pre-treated cells and the control cells
to 42 ◦C for 2, 4 or 6 h, respectively. After heat incubation, cells were returned to 37 ◦C. All tested
concentrations of nimodipine led to a reduction of cytotoxicity induced by heat. When incubated
at 42 ◦C for 2 h, nimodipine reduces cytotoxicity from 60% to 46%, 36%, and 37% (p < 0.005 each),
concerning 4 h heat incubation from 71% to 47%, 48%, and 54% (p < 0.005 each), concerning 6 h
heat incubation from 100% to 78%, 61%, and 78% (p < 0.005 each) for 1, 10 and 20 µM nimodipine,
respectively (Figure 1D).
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Figure 1. Lactate dehydrogenase (LDH) activity measurement after stress on differentiated, 
nimodipine pre-treated Neuro2a cells. Values are given as the mean ± SD (error bars) of one 
representative out of at least three biologically independent experiments. Nim = nimodipine (in μM); 
single asterisk = p < 0.05 compared to non-treated cells; double asterisks = p < 0.005 compared to 
non-treated cells. (A) Oxidative stress (EtOH, 2%); (B) osmotic stress (NaCl, 150 mM); (C) heat stress 
(4 or 6 h at 42 °C, respectively); (D) mechanical stress. 

2.2. Survival of Nifedipine-Treated Neuro2a Cells 

In undifferentiated Neuro2a cells nifedipine was not able to reduce cytotoxicity induced by the 
investigated stressors, moreover it showed significantly higher cytotoxicity in higher doses, at least 
concerning osmotic and oxidative stress (Figure 2A). In detail, 20 μM nifedipine in combination with 
oxidative stress increases cell death from 25% to 34% (p < 0.005). Combined with osmotic stress,  
20 μM nifedipine increases cell death from 46% to 74% (p < 0.005). None of the other treatments 
showed significant changes compared to corresponding non-treated controls. 

 

Figure 2. LDH activity measurement after stress on nifedipine pre-treated Neuro2a cells.  
(A) Undifferentiated Neuro2a; (B) differentiated Neuro2a. Values are given as the mean ± SD (error 
bars) of one representative out of at least three biologically independent experiments. Nif = 
nifedipine; mechanical = mechanical stress; NaCl = osmotic stress (150 mM); EtOH = oxidative stress 
(2%); 4 h = 4 h heat stress; 6 h = 6 h heat stress; single asterisk = p < 0.05 compared to non-treated cells. 

In differentiated Neuro2a increase of cell death by combination of stress and nifedipine is also 
true for osmotic and oxidative stress. In heat-stressed cells, nifedipine was able to significantly 
reduce cell death in dosages of 10 and/or 20 μM compared to non-treated controls, but remains not 

Figure 1. Lactate dehydrogenase (LDH) activity measurement after stress on differentiated, nimodipine
pre-treated Neuro2a cells. Values are given as the mean ± SD (error bars) of one representative out
of at least three biologically independent experiments. Nim = nimodipine (in µM); single asterisk =
p < 0.05 compared to non-treated cells; double asterisks = p < 0.005 compared to non-treated cells.
(A) Oxidative stress (EtOH, 2%); (B) osmotic stress (NaCl, 150 mM); (C) heat stress (4 or 6 h at 42 ◦C,
respectively); (D) mechanical stress.

2.2. Survival of Nifedipine-Treated Neuro2a Cells

In undifferentiated Neuro2a cells nifedipine was not able to reduce cytotoxicity induced by the
investigated stressors, moreover it showed significantly higher cytotoxicity in higher doses, at least
concerning osmotic and oxidative stress (Figure 2A). In detail, 20 µM nifedipine in combination with
oxidative stress increases cell death from 25% to 34% (p < 0.005). Combined with osmotic stress, 20 µM
nifedipine increases cell death from 46% to 74% (p < 0.005). None of the other treatments showed
significant changes compared to corresponding non-treated controls.
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Figure 2. LDH activity measurement after stress on nifedipine pre-treated Neuro2a cells.
(A) Undifferentiated Neuro2a; (B) differentiated Neuro2a. Values are given as the mean ± SD
(error bars) of one representative out of at least three biologically independent experiments.
Nif = nifedipine; mechanical = mechanical stress; NaCl = osmotic stress (150 mM); EtOH = oxidative
stress (2%); 4 h = 4 h heat stress; 6 h = 6 h heat stress; single asterisk = p < 0.05 compared to
non-treated cells.
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In differentiated Neuro2a increase of cell death by combination of stress and nifedipine is also
true for osmotic and oxidative stress. In heat-stressed cells, nifedipine was able to significantly reduce
cell death in dosages of 10 and/or 20 µM compared to non-treated controls, but remains not as efficient
as nimodipine (Figure 2B). In detail, 20 µM nifedipine in combination with oxidative stress increases
cell death from 36% to 55% (p < 0.005). Combined with osmotic stress, 20 µM nifedipine increases cell
death from 71% to 85% (p < 0.005). 10 µM nifedipine reduced cell death from 70% to 40% (p = 0.0045)
when cells were incubated at 42 ◦C for 4 h. Concerning 6 h incubation at 42 ◦C, 10 and 20 µM reduced
cell death from 68% to 49% (p < 0.05) and 51% (p < 0.05), respectively. None of the other treatments
showed significant changes compared to corresponding non-treated controls.

2.3. Expression Levels of FA2H mRNA in Undifferentiated Neuro2a Cells

Nimodipine treatment enhances FA2H mRNA levels by 7–10 times compared to non-treated
undifferentiated Neuro2a cells.

Oxidative (EtOH) stress increases FA2H expression to approx. 7× (p < 0.05). Nimodipine
combined with EtOH leads to upregulation up to 20× (p < 0.005). Nifedipine alone increases FA2H
mRNA level to approx. 3× (p < 0.005), but the combination of nifedipine and oxidative stress leads to
an induction up to 18 times, which is statistically significantly lower than the induction achieved by
nimodipine (p < 0.005) (Figure 3A).

Osmotic (NaCl) stress increases FA2H mRNA expression to approx. 220× (p < 0.005) and shows
higher expression levels compared to nimodipine alone (p < 0.005). Also the combination of nimodipine
and NaCl leads to an upregulation (65×, p < 0.005) of FA2H expression, but it remains lower than
upregulation by NaCl alone. Nifedipine increases FA2H expression to 2× (p < 0.005). In combination
with osmotic stress, nifedipine induces a 41× (p = 0.0001) higher FA2H expression. This also means,
that nimodipine as well as nifedipine, the latter one even to a higher extend, repress the upregulation
of FA2H induced by NaCl (Figure 3B).
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Figure 3. Fatty acid 2 hydroxylase (FA2H) mRNA levels in undifferentiated Neuro2a cells. Values are
given as the mean ± SD (error bars) of one representative out of at least three biologically independent
experiments. (A) Oxidative stress; (B) osmotic stress; (C) heat stress; (D) mechanical stress. nt = no
drug pre-treatment; Nim = nimodipine pre-treatment (20 µM); Nif = nifedipine pre-treatment (20 µM);
nontreated = no stress application; mechanical = mechanical stress; NaCl = osmotic stress (150 mM);
EtOH = oxidative stress (2%); 4 h = 4 h heat stress; 6 h = 4 h; single asterisk = p > 0.05 (NOT significant)
compared to each other. All other samples show p < 0.05 compared to each other each.
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Heat induces FA2H to approx. 2× (4 h, p < 0.005) or 3× (6 h, p ≤ 0.005), respectively. It is also
upregulated (7× for 4 h, p < 0.005, and 6× for 6 h, p < 0.005) for heat-induced stress following
nimodipine treatment and higher than in cells only treated with nimodipine. Nifedipine alone does
not enhance FA2H mRNA levels, but in combination with 4 h heat stress an upregulation is detectable
(3×, p < 0.005). This remains significantly lower than FA2H induction by nimodipine in corresponding
conditions (p < 0.005) (Figure 3C).

Mechanical stress alone reduces FA2H expression approx. 3× (p < 0.005), and FA2H expression is
higher (30×) for cells pre-treated with nimodipine and stressed by mechanical manipulation compared
to reference cells, stressed cells or cells treated with nimodipine only (p < 0.005 each). Cells treated with
nifedipine show also higher levels of FA2H mRNA, but they only reach an extension of 2× (nifedipine
alone, p < 0.005) or 4× (nifedipine treatment followed by mechanical stress, p < 0.005) (Figure 3D).
Asterisks in Figure 3 indicate NON-significance in comparison to relevant samples.

2.4. Expression Levels of FA2H in Differentiated Neuro2a Cells

Nimodipine treatment enhances FA2H mRNA levels up to 7–25 times compared to nontreated
differentiated Neuro2a cells.

Osmotic (NaCl) stress increases FA2H expression to approx. 66× (p < 0.005) and shows higher
expression levels compared to nimodipine alone (25×, p < 0.005). Also the combination of nimodipine
and NaCl leads to an upregulation (37×, p < 0.005) of FA2H expression, but it remains lower than
upregulation by NaCl alone (p < 0.005). Nifedipine increases FA2H expression to 3.5x both with and
without osmotic stress (p < 0.005 each). This also means, that nimodipine as well as nifedipine, the
latter one even to an higher extend, repress the upregulation of FA2H induced by NaCl (p < 0.005)
(Figure 4B).

Heat induces FA2H to approx. 1.4× (4 h, p < 0.05) and 3× (6 h, p < 0.05). It is also upregulated
(7× for 4 h and 15× for 6 h, p < 0.005 each) for heat-induced stress following nimodipine treatment and
at least slightly higher than in cells only treated with nimodipine. Nifedipine alone enhances FA2H
mRNA levels (2×, p < 0.005) and also in combination with heat stress an upregulation is detectable
(1.5× for 4 h and 4× for 6h, p < 0.005 each). This remains significantly lower than FA2H induction by
nimodipine in corresponding conditions (p < 0.005 each) (Figure 4C).

Mechanical stress alone has no effect on FA2H expression, but FA2H expression is higher (20×) for
cells pre-treated with nimodipine and subsequently stressed by mechanical manipulation compared to
reference cells (p < 0.005), stressed cells (p < 0.005) or cells treated with nimodipine only (p < 0.005).
Nimodipine alone increases FA2H expression 11× (p < 0.005). Cells treated with nifedipine show also
higher levels of FA2H mRNA, but they only reach an extension of 2× (nifedipine alone, p < 0.005) or
2.5× (nifedipine treatment followed by mechanical stress, p < 0.005). This remains significantly lower
than upregulation of FA2H by nimodipine in corresponding conditions (p < 0.005 each) (Figure 4D).
Asterisks in Figure 4 indicate NON-significance in comparison to relevant samples.

Taken together, nimodipine significantly increases expression of FA2H in both undifferentiated
and differentiated cells compared to reference cells and compared to cells treated with stressor alone,
except for osmotic stress. In contrast to that the induction of FA2H by nifedipine remains considerably
lower than the induction by nimodipine.
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2.6. Protein Levels of FA2H in Differentiated Neuro2a Cells 
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Oxidative, mechanical and heat stress application to Neuro2a cells after nimodipine pre-treatment 

Figure 4. FA2H mRNA levels in differentiated Neuro2a cells. Values are given as the mean ± SD
(error bars) of one representative out of at least three biologically independent experiments.
(A) Oxidative stress; (B) osmotic stress; (C) heat stress; (D) mechanical stress. nt = no drug pre-treatment;
Nim = nimodipine pre-treatment (20 µM); Nif = nifedipine pre-treatment (20 µM); nontreated = no
stress application; mechanical = mechanical stress; NaCl = osmotic stress (150 mM); EtOH = oxidative
stress (2%); 4 h = 4 h heat stress; 6 h = 6 h heat stress; single asterisk = p > 0.05 (NOT significant)
compared to each other. All other samples show p < 0.05 compared to each other each.

2.5. Protein Levels of FA2H in Undifferentiated Neuro2a Cells

Nimodipine pre-treatment of undifferentiated Neuro2a cells leads to slightly higher levels of FA2H
protein compared to non-treated or nifedipine pre-treated samples (Figure 5, no stress). Oxidative,
mechanical and heat stress application to Neuro2a cells after nimodipine pre-treatment lead also to
minor higher amounts of FA2H compared to nifedipine or non-treated cells (Figure 5, stress). FA2H
protein is more strongly induced by osmotic stress alone than by nimodipine or nifedipine (Figure 5,
osmotic stress).
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Figure 5. FA2H protein levels in undifferentiated Neuro2a cells. 20 µg total protein was loaded per
sample on a 12% sodium dodecyl sulfate-polyacryl amide (SDS-PAA) gel. One representative out of
at least three biologically independent experiments is displayed. Nim = nimodipine pre-treatment
(20 µM); Nif = nifedipine pre-treatment (20 µM) nt = no drug pre-treatment; anti-FA2H = rabbit
anti-FA2H antibody (1:1000); anti-GAPDH = mouse anti-GAPDH antibody (1:5000; loading control).

2.6. Protein Levels of FA2H in Differentiated Neuro2a Cells

Nimodipine pre-treatment leads to faintly higher levels of FA2H protein compared to non-treated
or nifedipine-treated samples also in differentiated Neuro2a cells (Figure 6, no stress). Oxidative,
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mechanical and heat stress application to Neuro2a cells after nimodipine pre-treatment lead also to
higher amounts of FA2H compared to nifedipine or non-treated cells (Figure 6, stress). Osmotic stress
does not induce FA2H expression as strong as found in qPCR.
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3. Discussion

Nimodipine is a dihydropyridine calcium antagonist with a long history and a good safety
profile. Its neuroprotective effect has been shown in several clinical trials [5,11–13,16,26,27] and animal
experiments [7–9]. We showed in 2014 that nimodipine is capable of protecting undifferentiated
Neuro2a cells from cell death caused by mechanical, heat and oxidative stress. This was now proven
for differentiated Neuro2a cells, which supports the idea of nimodipine acting neuroprotective.

In contrast to that, a protective effect of nifedipine concerning surgery-like stressors on Neuro2a
cells was only observed concerning heat-induced stress on differentiated cells. This could be due to a
special role of heat-shock proteins, which function as regulators for apoptotic cell death [28]. Also,
Lecht et al. found in 2012 that nifedipine showed lower neuroprotective efficacy than nimodipine [19].
In other studies also nifedipine showed a beneficial effect on several cell lines [18,29,30], but no
surgery-like stress models were included. Regarding the fact that nimodipine does not reduce cell
death to very low levels but at least in part only slightly, we believe that the neuroprotective effect
of nimodipine does not necessarily rely on its function as a Ca2+ blocking agent, but is rather a side
effect. This could also be a reason that nifedipine does not show a neuroprotective impact and that no
dose-dependency was observed. Furthermore, pre-conditioning that was done in this study is often
known to be not dose-dependent.

However, very little is known about the molecular mechanism of the neuroprotection in general
and for the mechanism traced back on nimodipine. Therefore we performed microarray analysis
whereupon fatty acid 2-hydroxylase exhibited to be upregulated.

Sphingolipids play an important role in many types of molecular processes. 2-hydroxy fatty acid
containing sphingolipids are common in nervous tissue and are components of myelin. About 1/3 of
lipids found in myelin are galactosylceramides (GC) or sulfatides (3-sulfate esters of GC) in both, CNS
and PNS [31–33]. Fatty acid 2-hydroxylase (FA2H) provides 2-hydroxy fatty acids for de novo synthesis
of GC and sulfatides [23,34,35], although myelination can be performed without 2-hydroxy fatty acids
at least in mice [33,36]. In this case, myelin is unstable and tends to degrade [33,37]. Therefore FA2H
seems to be required for the production of 2-hydroxy GCs in order to provide stability of myelin
sheath [33]. Mutations in the FA2H-gene lead to leukodystrophy with spastic paresis and dystonia [38].
Upregulation of fa2h may lead to a more actual myelination or re-myelination after nerve tissue
damage during surgery. Wang et al. showed that nimodipine promotes re-myelination of peripheral
nerves after injury [10]. Moreover, Zhang and David suggest that L-type Ca2+ channels, the target
of nimodipine, are only active in paranodal demyelination, but not in intact myelinated axons [39].
This suggests that nimodipine in vivo can only work in myelin damaged nerves.
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All these findings are in consistence with our findings of FA2H mRNA and protein upregulation
by nimodipine. Nimodipine increases levels of FA2H mRNA as well as FA2H protein in both
undifferentiated and differentiated cells to higher extent as seen in reference cells and stressed cells,
except for osmotic stress. However, mRNA and proteins levels cannot be directly linked to each other.
This may be due to translational regulation processes. The upregulation of FA2H may contribute
to better survival of stressed Neuro2a cells pre-treated with nimodipine—also except for osmotic
stress—shown previously by our workgroup [20]. Especially in mechanical stress, which is strongly
linked to surgical manipulation in patients, regulation of FA2H without nimodipine may be analogous
to processes in vivo. In none of the analyzed conditions an upregulation of FA2H by nifedipine was
observed. The fact that nifedipine does not upregulate FA2H is in contrast to the assumption that the
protective effect of nimodipine is linked to Ca2+ channels.

In cell culture as well as in clinical approaches pre-treatment with nimodipine seems to be required
for better hearing preservation and/or nerve function after vestibular schwannoma surgery and better
survival of cells, respectively [14,15,20]. While optimal pre-treatment period for cell culture is 24 h [20],
best pre-treatment period for patients still needs to be defined.

Up to now we do not know any medication for protection of peripheral nerve tissue during
surgery besides nimodipine. Unfortunately many patients suffer from hearing loss and/or loss of
facial nerve function in vestibular schwannoma surgery, although nerve tissue itself is not damaged.
We want to put more effort on the development of molecular processes in order to care for better life
quality after surgery.

The potential function of nimodipine in processes of remyelination could open new possibilities
in regeneration of myelin. Especially diseases linked to demyelination such as MS or injuries require
remyelination [40]. At least in the CNS myelin sheaths can regenerate [41] and are targets of therapies
in MS [42]. In addition to known strategies for remyelination therapy such as cell transplantations or
antibody-based strategies [43], the induction of genes involved in remyelination could be an approach
for neurodegenerative diseases.

Nimodipine, but not nifedipine, increases the expression of FA2H and therefore may lead to better
(re-)myelination of nerves after surgery. We want to analyze this coherence in more detail in order to
find better prophylactic treatment during neurosurgical interventions.

4. Materials and Methods

4.1. Value of Experiments

All tests in this study were at least performed as three biological replicates.

4.2. Cell Culture

Neuro2a cells are used to study neuronal differentiation, axonal growth, and signaling
pathway [44].

Neuro2a cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 5% Fetal Calf Serum (FCS, Thermo Fisher Scientific)
for non-differentiated cells and 2.5% FCS for differentiated cells, respectively, 1% Non-essential amino
acids (NEAA, Thermo Fisher Scientific), and penicillin/streptomycin (100 U/mL/100 mg/mL, Thermo
Fisher Scientific) in cell culture 150 cm2 plastic flasks (Greiner, Frickenhausen, Germany) under
humidified atmosphere with 5% CO2 at 37 ◦C.

4.3. Nimodipine/Nifedipine Treatment

1 × 105 cells were seeded on 24-well plates (Greiner) for LDH assays or 1 × 106 cells were
seeded on 100 mm-dishes (TPP, Trasadingen, Switzerland) for qPCR or Western blot, respectively, and
incubated with 0, 1, 10, or 20 µM nimodipine or nifedipine (f.c.), respectively, diluted from a 1000×
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stock solution in EtOH abs. 24 h prior to stress application. Equal amounts of EtOH were added to
non-treated controls.

4.4. Stress Application

Cell stress was induced and following groups were analyzed:

A. Oxidative stress: Nimodipine or nifedipine pre-treated and control cells were treated with
2% EtOH.

B. Osmotic stress: Nimodipine or nifedipine pre-treated and control cells were treated with 150 mM
sodium chloride (NaCl).

C. Heat: Nimodipine or nifedipine pre-treated and control cells have been incubated at 42 ◦C for 4 h
or 6 h.

D. Mechanical stress: Nimodipine or nifedipine pre-treated and control cells were shaken with two
2 mm steel beads at 500 rpm for 30 s. Afterwards steel beads were magnetically removed.

After stress treatment cells were incubated for another 24 h under humidified atmosphere with
5% CO2 at 37 ◦C.

All tests were performed as technical triplicates.

4.5. Lactate Dehydrogenase (LDH) Assay

Cytotoxicity was analyzed by using the Cytotoxicity Detection Kit (LDH, Roche,
Grenzach-Wyhlen, Germany) following the manufacturer’s instructions. In brief, 100 µL freshly
prepared reaction mixture were added to each 100 µL of the cell culture medium and incubated for
20 min. Absorbance was measured at 492 nm. Adding 2% Triton X-100 to the cells resulted in totally
lysis and served as positive control (100% cell death). All tests were performed as biological triplicates,
each of which as technical triplicate (three wells per sample per plate). Wells were measured 4 times.

4.6. RNA Isolation and cDNA Synthesis

Total RNA was isolated by RNeasyMaxiKit (Qiagen, Hilden, Germany) and eluted in 30 µL
H2O. cDNA was then synthesized via RevertAid First Strand Synthesis Kit (Thermo Fisher Scientific)
according to the manufacturer’s instructions using oligodT primer and 11 µL of the appropriate RNA.

4.7. qPCR

Quantitative PCR (qPCR) was carried out using SyGreen Mix (Nippon Genetics, Düren, Germany)
on a StepOnePlus Cycler (Thermo Fisher Scientific). Threshold cycle (95 ◦C for 3 s and 60 ◦C for 60 s)
for each PCR amplification was calculated by the cycler software. The specificity of PCR reaction
was verified by melting curve analysis of the amplified product for each sample. The oligonucleotide
sequences and their conditions for use are summarized in Table 1. GAPDH was used to normalize
expression levels. Reference cells’ gene expression was always set to value 1, and fold expression refers
to this. Fold expression was calculated using the ∆∆Ct-method.

All tests were performed as technical triplicates.

Table 1. Oligonucleotides used for qPCR. FA2H = oligonucleotide for fa2h; GAPDH = oligonucleotide
for gapdh; fwd = forward; rev = reverse; Tm = melting temperature.

Oligonucleotide Sequence (5′→3′) Tm (◦C) Fragment Size

qFA2H_fwd GGAGAAGTATGATGAGTGGGTTC 62 295 bp
qFA2H_rev GAAGCGGTGGATGACGTATT 62

qGAPDH_fwd GGAGAAACCTGCCAAGTATGA 62 223 bp
qGAPDH_rev CCTGTTGCTGTAGCCGTATT 62
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4.8. Protein Preparation

Cells were harvested using trypsinisation. Cell pellets were washed twice with PBS and afterwards
resuspended in 50 µL RIPA buffer (Millipore Corp., Darmstadt, Germany) containing HALT protease
and phosphatase inhibitor cocktail (Thermo Fisher Scientific). Samples were incubated on ice for
30 min while shaking to lyse the cells and subsequently centrifuged at 4 ◦C at 13,000 rpm for 20 min.
Supernatants were transferred to a new tube.

4.9. Protein Assay

Total protein was determined by using BioRad Protein Assay (BioRad, Munich, Germany)
according to the manufacturer’s instructions. In brief, 200 µL of diluted reagent was added to 10 µL
of an appropriate dilution of total protein samples in a 96 well plate (TPP). After 10 min incubation,
absorbance was measured at 595 nm using an InfinitePro 200 plate reader (Tecan, Männedorf,
Switzerland). Protein concentrations were calculated according to a standard curve.

4.10. Western Blotting

Equal amounts of total proteins were separated using 12% SDS-PAGE and electrophoretically
transferred to a PVDF membrane. Antibodies (rabbit anti-FA2H 1:1000 dilution, PA5-24728, Thermo
Fisher Scientific; mouse anti-GAPDH 1:5000 dilution, MA5-15738, Thermo Fisher Scientific) were
incubated with blots overnight at 4 ◦C, followed by incubation with secondary antibodies conjugated
with horseradish peroxidase (Sigma-Aldrich, Munich, Germany) for 1 h at room temperature.
The enhanced chemiluminescence (Pierce ECL, Thermo Fisher Scientific) was used to detect the bands.

4.11. Statistical Analysis

Significance was determined using one-way ANOVA as well as Student’s t-test. The reference for
the p-values is the nimodipine non-treated sample. Statistical significant differences are presented at
probability levels of p < 0.05 as results of both methods.

5. Conclusions

Nimodipine, but not nifedipine, increases the expression of FA2H and therefore may lead to better
(re-)myelination of nerves after surgery.
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