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Abstract: Penitrem A (PA) is a food mycotoxin produced by several terrestrial and few marine
Penicillium species. PA is a potent tremorgen through selective antagonism of the calcium-dependent
potassium BK (Maxi-K) channels. Discovery of natural products that can prevent the toxic effects
of PA is important for food safety. Astaxanthin (AST) is a marine natural xanthophyll carotenoid
with documented antioxidant activity. Unlike other common antioxidants, AST can cross blood brain
barriers (BBBs), inducing neuroprotective effects. Docosahexaenoic acid (DHA) is polyunsaturated
ω-3 fatty acid naturally occurring in fish and algae. DHA is essential for normal neurological
and cellular development. This study evaluated the protective activity of AST and DHA against
PA-induced toxicity, in vitro on Schwann cells CRL-2765 and in vivo in the worm Caenorhbitidis elegans
and Sprague Dawley rat models. PA inhibited the viability of Schwann cells, with an IC50 of 22.6 µM.
Dose-dependent treatments with 10–100 µM DHA significantly reversed the PA toxicity at its IC50

dose, and improved the survival of Schwann cells to 70.5%–98.8%. Similarly, dose-dependent
treatments with 10–20 µM AST reversed the PA toxicity at its IC50 dose and raised these cells’
survival to 61.7%–70.5%. BK channel inhibition in the nematode C. elegans is associated with
abnormal reversal locomotion. DHA and AST counteracted the in vivo PA BK channel antagonistic
activity in the C. elegans model. Rats fed a PA-contaminated diet showed high levels of glutamate
(GLU), aspartate (ASP), and gamma amino butyric acid (GABA), with observed necrosis or absence
of Purkinjie neurons, typical of PA-induced neurotoxicity. Dopamine (DA), serotonin (5-HT),
and norepinephrine (NE) levels were abnormal, Nitric Oxide (NO) and Malondialdehyde (MDA)
levels were significantly increased, and total antioxidant capacity (TAC) level in serum and brain
homogenates was significantly decreased in PA-treated rats. DHA and AST treatments effectively
counteracted the toxic effects of PA and normalized most biochemical parameters in rats. DHA and
AST can be useful food additives to prevent and reverse PA food-induced toxicity.
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1. Introduction

Penitrem A (PA) is a halogenated indole alkaloidal mycotoxin produced by the fungus
Penicillium crustosum and several other terrestrial and few marine Penicillium species [1]. PA is one of a
group of tremor-producing agents through its selective antagonistic effect on the calcium-dependent
Maxi-K (BK) potassium channels in brain [2]. The most toxic fungus P. crustosum occurs frequently
in spoiled food and feed and produces a large number of secondary metabolites and mycotoxins;
in addition to PA, several other penitrem analogues and precursors are produced [3]. PA is the most
potent tremorgen and BK channel antagonist among the penitrems. P. crustosum is found in nuts [4],
fruits, meats, cereals [5], and cheeses [6]. The growth substrate had a distinctive effect on the mycotoxin
production ability of this fungus. For example, P. crustosum produces considerable amounts of PA when
fermented on cheese due to the high protein and amino acid contents of this substrate required for the
biosynthesis of PA [7]. Several PA-induced neurological effects have been reported in animals during
the past 30 years [8]. A few cases of human neurotoxicities have also been linked with penitrems [9].
Even though the primary target of PA is the central nervous system (CNS), the exact mechanism of
PA’s action in brain is still unknown [10]. Neuropharmacological studies of PA showed its selective
excitatory and inhibitory effects on neurotransmitters in the CNS [10].

Astaxanthin (AST) is a natural marine xanthophyll keto-carotenoid occurring in microalgae,
plankton, krill, and seafood. AST is responsible for the distinctive reddish coloration of salmon,
trout, and crustaceans such as shrimp and lobster. It also occurs in several yeasts, fungi, plants,
and the feathers of some birds, including flamingos and quail [11]. AST attenuates oxidative stress and
inflammation mediators, and showed beneficial effects in non-cardiovascular disease [12]. In addition,
AST decreased the markers of lipid peroxidation [13], inflammation [14], and thrombosis [15].
AST exerts multiple protective effects in the brain, because it is capable of crossing blood–brain
barriers (BBBs), unlike many other antioxidant molecules [16].

Docosahexaenoic acid (DHA, all-cis-docosa-4,7,10,13,16,19-hexa-enoic acid) is a 22-carbon ω-3
fatty acid commonly found in cold-water fish oil , and is commercially produced by the microalgae
Crypthecodinium cohnii and Schizochytrium species [17]. DHA is a major component of brain gray matter
and of the retina in most mammalian species, and is considered essential for normal neurological
and cellular development [18]. There has been recent interest in DHA, particularly concerning its
promising role as a micronutrient for neurodevelopment, neuro-recognition, and neurodegeneration
disorders [19]. DHA also showed an emerging preventive role for neuropsychiatric disorders such as
psychosis [19] and affective disorders [20].

The aim of this study is to reverse or prevent toxicities expected to result from the exposure to
PA contaminants in foods by using two common marine natural products, AST and DHA. Therefore,
this study evaluated the protective activity of AST and DHA against the in vitro PA-induced toxicity
using Schwann cells CRL-2765 (in vitro model), and the nematode C. elegans and Sprague Dawley rats
in vivo models.

2. Results

2.1. Schwann Cells (RSC 96 ATCC CRL-2765) In Vitro Model

2.1.1. In Vitro Effects of PA on Neuronal Schwann Cell (RSC 96 ATCC CRL-2765) Proliferation
and Survival

Exposure of Schwann cells RSC 96 [21] to increasing concentrations of PA for 24 h resulted
in significant dose-dependent suppressive effects on these cells’ survival, with an IC50 of 22.6 µM
(Figure 1). PA at a concentration of 4 µM and higher induced a statistically significant decrease in
survival (p < 0.05) of the Schwann cells in comparison to the vehicle-treated control. At a concentration
of 50 µM PA, only 12.6 ± 0.5% (mean ± SEM, p < 0.05) of the cells survived, in comparison to the
vehicle-treated control.
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Figure 1. Dose-dependent survival of Schwann cells upon exposure to increasing concentrations of
penitrem A (PA) for 24 h. All values are relative to the vehicle control (100% survival). Values presented
as mean (n = 4) in triplicate p < 0.05, log IC50 = 1.354.

2.1.2. Protective Effects of AST and DHA against the PA-Induced Toxicity to Schwann Cells

PA at a dose of 22.6 µM decreased the Schwann cells’ survival to 49.8%, compared to the vehicle
control dimethyl sulfoxide (DMSO) group. Two different treatment doses of DHA and AST were used
to study potential protective effects against the PA-induced cytotoxicity to Schwann cells. Combined
10–100 µM DHA treatments with 22.6 µM PA raised the percent Schwann cell survival to 70.5%–98.8%,
respectively (Figure 2). Similarly, combined 10 µM or 20 µM treatments of AST with 22.6 µM PA
treatment raised the percent Schwann cell survival to 61.7% and 75.2%, respectively.
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Figure 2. Protective effects of combined DHA and AST treatments against the cytotoxicity of PA at its
IC50 value (22.6 µM) on Schwann cells. Treatment groups compared with the vehicle-treated control
(DMSO) groups. Error bars indicate SEM for at least n = 4 in triplicate, p < 0.05, compared to their
respective DMSO-treated control group. Different letters (a–g) indicate significant differences (p ≤ 0.05).
PA = penitrem A, AST = astaxanthin, DHA = docosahexaenoic acid; DMSO: dimethyl sulfoxide.

2.2. Caenorhbditis elegans In Vivo Model

The nematode C. elegans is a valid in vivo model with numerous advantages, including the
availability of the complete C. elegans genome sequence, rapid growth rate, ease of culturing, short life
cycle, and the correlation of many basic physiological processes and stress responses with higher
organisms (e.g., humans). This makes C. elegans a genetically tractable model to dissect cellular
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processes in vivo. BK channel inhibition in the nematode C. elegans is associated with abnormal
locomotion behavior. This behavior includes an increase in the number of times the worm stops
and reverses its direction, which can be easily assessed and quantified. This model was used to
assess the PA-induced BK channel antagonistic effects with a broad dose range (1–50 µM) and known
documented activity [22–25].

DHA and AST Counteracted PA’s BK Channel Antagonistic Activity in C. elegans Model

We used this experimental system to assess the ability of DHA and AST to protect the worm
against PA’s BK channel antagonistic effect. A PA dose of 2 µM was selected based on previous
studies [22–24]. Combined treatment of 50 µM DHA with 2 µM PA significantly reduced the number
of C. elegans reversals, suggesting the counteraction of PA’s BK channel antagonistic effects (Figure 3).
Similarly, 50 µM AST treatment reduced the number of C. elegans reversals, and hence counteracted
the PA BK channel antagonistic activity (Figure 4).
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Figure 3. The protective activity of DHA against PA’s BK (Maxi-K) channel inhibitory effects in
C. elegans model. Wild type N2 strain treated with 50 µM DHA, 2 µM PA, and combined DHA (50 µM)
and PA (2 µM) treatments. Treatment groups were compared with DMSO (vehicle control). Error bars
indicate SEM for at least n = 12. p < 0.05 compared to their respective DMSO-treated control group.
Different letters (a–c) indicate significant differences (p ≤ 0.05). PA = penitrem A, AST = astaxanthin,
DHA = docosahexaenoic acid.
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Figure 4. The protective activity of astaxanthin (AST) against the PA’s BK channel inhibitory effects in
C. elegans model. Wild type N2 strain treated with AST 50 µM, PA 2 µM, and combined AST 50 µM with
PA 2 µM. Error bars indicate SEM for at least n = 12. p < 0.05 compared to their respective DMSO-treated
control group. Different letters (a–d) indicate significant differences (p ≤ 0.05). PA = penitrem A,
AST = astaxanthin, DHA = docosahexaenoic acid.
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2.3. Sprague Dawley Rat In Vivo Model

Three-month old Sprague Dawley rats (100–120 g) were purchased and acclimated to animal
house facility conditions at a temperature of 18–25 ◦C, with a relative humidity of 55% to 65%, and a
12-h light/dark cycle for one week prior to the experiments. The animals were maintained on a
standard laboratory diet (protein: 160.4, fat: 36.3, and fiber 41 g/kg) and had free access to food and
water. Animals were divided into eight groups (10 rats/group), housed in filter-top polycarbonate
cages, and maintained on their respective diet for four weeks. The maximum oral dose of PA for severe
spontaneous tremor was 8 mg/kg body weight [26]. PA-treated groups were fed on high PA diet
containing 46.5 mg/kg diet. AST-treatment group animals were administered AST dissolved in corn
oil by oral gavage at a dose of 12 mg/kg body weight. Similarly, DHA-treated group animals were
administered the treatment in corn oil at a 250 mg/kg body weight dose using oral gavage. The animals
were observed daily for signs of toxicity and visually observed tremorgenic syndromes after four
weeks. Animals were euthanized by cervical dislocation after blood sample collection, and brain
samples were dissected and homogenized for the determination of neurotransmitters, total antioxidant
capacity (TAC), malondialdehyde (MDA), and nitric oxide (NO) levels. Another portion of each animal
brain was dissected and fixed in 10% formalin for histopathological studies.

2.3.1. DHA and AST Counteract the Toxic Effects of PA on Amino Acid and Monoamine
Neurotransmitters in Sprague Dawley Rats

The AST monotherapy control group had normal values of aspartate, glutamate,
and norepinephrine (NE); however, there was significant inhibition in gamma amino butyric acid
(GABA) and elevation of the dopamine (DA) and 5-hydroxytryptophan (5-HT) values, when compared
with vehicle control group (Figures 5 and 6). The DHA monotherapy-treated group had significantly
lower glutamate and GABA levels, and significantly elevated NE and 5-HT in brain homogenate,
when comparing with the vehicle control values (Figures 5 and 6). Combined treatment of AST + DHT
exhibited significant elevation in aspartate, DA, and 5-HT levels, in addition to significantly reduced
glutamate and NE levels in brain homogenates, in comparison with the vehicle control group
(Figures 5 and 6). The PA-fed group showed significant elevation in aspartate, glutamate, GABA,
DA, and 5-HT levels, while only NE significantly decreased in brain homogenate, compared to
the other treatment and vehicle control groups. Combined treatment of PA with AST normalized
aspartate level (Figure 5a) and significantly decreased GABA level (Figure 5c), and increased NE
level (Figure 6c). AST/PA treatment showed significant improvement in glutamate (Figure 5b),
dopamine (Figure 6a), and 5-HT levels (Figure 6b) when compared with the PA-treated group.
Moreover, combined DHA/PA treatment significantly reduced glutamate level (Figure 5b), elevated
NE levels (Figure 6c), and normalized GABA (Figure 5c), DA (Figure 6a), and 5-HT (Figure 6b) levels,
compared with PA-treated group. AST + DHA/PA treatment normalized aspartate and glutamate
levels, significantly decreased GABA and NE levels, and ameliorated the PA-induced elevated DA and
5-HT levels, when compared with PA-fed group.
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Figure 5. Effects of monotherapy and combined treatments of DHA and AST on PA-induced amino
acid and neurotransmitter levels in Sprague Dawley rat brain homogenates. (a) aspartate; (b) glutamate;
(c) GABA levels. Different letters (a–d) indicate significant differences (p ≤ 0.05). PA = penitrem A,
AST = astaxanthin, DHA = docosahexaenoic acid.
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Figure 6. Effects of monotherapy and combined treatments of DHA and AST on PA-induced
monoamines neurotransmitter levels in Sprague Dawley rat brain homogenates. (a) dopamine;
(b) serotonin (5-HT); (c) norepinephrine. Different letters (a–e) indicate significant differences (p ≤ 0.05).
PA = penitrem A, AST = astaxanthin, DHA = docosahexaenoic acid.
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2.3.2. DHA and AST Significantly Increased TAC Value in PA-Treated Sprague Dawley Rat Serum and
Tissue Homogenates

PA is known to induce oxidative damage and reduce total antioxidant capacity (TAC) level.
TAC was significantly reduced in Sprague Dawley rat serum or tissue homogenates in the PA-fed
group (Figure 7). AST and DHA monotherapy-treated groups had significantly elevated TAC in
the animal’s serum or tissue homogenates, but TAC was slightly reduced in combined AST and
DHA-treated group (Figure 7). Monotherapy and combined AST and DHA treatments significantly
increased TAC values in serum and tissue homogenates of PA-treated animals compared to the group
treated with only PA (Figure 7).

Mar. Drugs 2016, 14, 208  7 of 18 

 

2.3.2. DHA and AST Significantly Increased TAC Value in PA‐Treated Sprague Dawley Rat Serum 

and Tissue Homogenates   

PA  is known  to  induce oxidative damage and  reduce  total antioxidant capacity  (TAC)  level. 

TAC was significantly reduced in Sprague Dawley rat serum or tissue homogenates in the PA‐fed 

group (Figure 7). AST and DHA monotherapy‐treated groups had significantly elevated TAC in the 

animal’s  serum  or  tissue  homogenates,  but  TAC  was  slightly  reduced  in  combined  AST  and 

DHA‐treated group (Figure 7). Monotherapy and combined AST and DHA treatments significantly 

increased TAC values  in  serum  and  tissue homogenates of PA‐treated  animals  compared  to  the 

group treated with only PA (Figure 7).   

 

Figure 7. Effects of monotherapy and combined AST and DHA on total antioxidant capacity (TAC) 

individually and combined with PA in Sprague Dawley rat serum or tissue homogenates. (a) Tissue 

TAC;  (b)  Serum  TAC.  Different  letters  (a–g)  indicate  significant  differences  (p  ≤  0.05).   

PA = penitrem A, AST = astaxanthin, DHA = docosahexaenoic acid. 

2.3.3. DHA and AST Significantly Decreased the Oxidative Stress Markers Nitric Oxide (NO) and 

Malondialdehyde (MDA) in PA‐Treated Sprague Dawley Rat Serum or Tissue Homogenates. 

PA  is  known  to  induce  oxidative  stress,  and  is  therefore  expected  to  increase  the  levels  of 

oxidative stress markers NO and MDA in animal models. PA treatment significantly increased NO 

and MDA  levels  in Sprague Dawely rat serum or brain homogenates  (Figures 8 and 9). Single or 

combined  treatment with AST  and/or DHA  did  not  affect  the  base  levels  of NO  and MDA  in 

Sprague Dawley  rats,  compared  to  vehicle‐treated  control  (Figures  8  and  9). Monotherapy  and 

combined AST  and DHA‐treatments  significantly  decreased NO  and MDA  levels  in  serum  and 

brain homogenates of PA‐treated Sprague Dawley  rat,  compared  to  individual PA‐treated group 

(Figures 8 and 9).   

 

Figure  8.  Effects  of  monotherapy  and  combined  AST  and  DHA  on  nitric  oxide  (NO)  levels 

individually  and  combined  in  PA‐treated  Sprague  Dawley  rat  brain  homogenates  and  serum.   

(a)  brain  homogenates NO;  (b)  serum NO. Different  letters  (a–f)  indicate  significant  differences   

(p ≤ 0.05). PA = penitrem A, AST = astaxanthin, DHA = docosahexaenoic acid. 

Figure 7. Effects of monotherapy and combined AST and DHA on total antioxidant capacity (TAC)
individually and combined with PA in Sprague Dawley rat serum or tissue homogenates. (a) Tissue
TAC; (b) Serum TAC. Different letters (a–g) indicate significant differences (p ≤ 0.05). PA = penitrem A,
AST = astaxanthin, DHA = docosahexaenoic acid.

2.3.3. DHA and AST Significantly Decreased the Oxidative Stress Markers Nitric Oxide (NO) and
Malondialdehyde (MDA) in PA-Treated Sprague Dawley Rat Serum or Tissue Homogenates

PA is known to induce oxidative stress, and is therefore expected to increase the levels of oxidative
stress markers NO and MDA in animal models. PA treatment significantly increased NO and MDA
levels in Sprague Dawely rat serum or brain homogenates (Figures 8 and 9). Single or combined
treatment with AST and/or DHA did not affect the base levels of NO and MDA in Sprague Dawley
rats, compared to vehicle-treated control (Figures 8 and 9). Monotherapy and combined AST and
DHA-treatments significantly decreased NO and MDA levels in serum and brain homogenates of
PA-treated Sprague Dawley rat, compared to individual PA-treated group (Figures 8 and 9).
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Figure 8. Effects of monotherapy and combined AST and DHA on nitric oxide (NO) levels individually
and combined in PA-treated Sprague Dawley rat brain homogenates and serum. (a) brain homogenates
NO; (b) serum NO. Different letters (a–f) indicate significant differences (p ≤ 0.05). PA = penitrem A,
AST = astaxanthin, DHA = docosahexaenoic acid.
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Figure 9. Effects of monotherapy and combined AST and DHA on malondialdehyde (MDA) levels
individually and combined in PA-treated Sprague Dawely rat brain homogenates and serum. (a) brain
homogenates MDA; (b) serum MDA. Different letters (a–g) indicate significant differences (p ≤ 0.05).
PA = penitrem A, AST = astaxanthin, DHA = docosahexaenoic acid.

2.3.4. AST and DHA Prevented PA-Induced Histopathological Changes in Sprague Dawely Rat Brain
(Cerebrum and Cerebellum)

PA treatments in animals induce distinct histopathological and histochemical changes.
Histological examination of the vehicle-treated Sprague Dawely rats control brain cerebellum and
cerebrum showed normal histological and Purkinjie cells patterns (Figure 10a,b and Figure S1).
Monotherapy and combined AST and DHA and vehicle-treated control rats also showed no
histopathological changes (Figures S2–S4). Histopathological examination of the rat brains fed
a PA-contaminated diet showed necrosis of Purkinje cells, vacuolization of molecular cell layer,
and necrosis or even absence of Purkinje cells in cerebellum section (Figure 11a,d). They also showed
necrosis of neurons and neurophagia in cerebrum sections (Figure 11b and Figure S5) and focal cerebral
hemorrhage in cerebrum sections (Figure 11c). Monotherapy and combined AST and DHA-treatments
markedly improved and nearly normalized the pathological changes of the PA-treated rat cerebellum
and cerebrum sections (Figures 12–14 and Figures S6–S8).
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Figure 10. Histology of brain section for vehicle-treated control group rats: (a) Cerebellum section
showing no histopathological changes with normal Purkinje cells pattern (H & EX400); (b) Cerebrum
section of vehicle-treated control rats showing normal histological pattern (H & EX400).
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Figure  12. Histopathology  of AST  and PA‐treated  rat  brain  sections.  (a) AST  and PA‐treated  rat 

cerebellum  section  showing necrosis of  some Purkinje  cells, whereas other  cells are normal  (H & 
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Figure 11. Histopathology of PA-treated rat brain sections. (a) PA-treated rat cerebellum section
showing necrosis of Purkinje cells and vacuolization of molecular cell layer (H & EX400); (b) PA-treated
rat cerebrum section showing necrosis of neurons and neuronophagia (H & EX400); (c) PA-treated
rat cerebrum section showing focal cerebral hemorrhage (H & EX400); (d) PA-treated rat cerebellum
section showing necrosis or even absence of Purkinje cells (H & EX100). PA = penitrem A.
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Figure 12. Histopathology of AST and PA-treated rat brain sections. (a) AST and PA-treated
rat cerebellum section showing necrosis of some Purkinje cells, whereas other cells are normal
(H & EX400); (b) AST and PA-treated rat cerebrum section showing necrosis of some neurons
(H & EX400). PA = penitrem A, AST = astaxanthin.
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Figure 13. Histopathology of DHA and PA-treated rat brain sections. (a) DHA and PA-treated rat
cerebellum section showing normal Purkinje cells (H & EX400); (b) DHA and PA-treated rat cerebrum
section showing necrosis of some neurons (H & EX400). PA = penitrem A, DHA = docosahexaenoic acid.
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3. Discussion

The main peripheral nervous system glia is Schwann cells, which play a major role in the formation
and regeneration of axons. Hence, Schwann cells represent an excellent in vitro cell culture model to
study neurotoxicity [21]. In addition to its BK channel antagonistic effects, PA inhibited the proliferation
of the human triple negative breast cancer MDA-MB-231 cells via the suppression of the total cellular
β-catenin levels [22]. The purpose of this study is to assess the ability of DHA and AST to prevent and
reverse PA toxicity in different models. PA dose-dependently inhibited the viability and proliferation
of Schwann cells, with an IC50 of 22.6 µM (Figure 1). Combined treatment of Schwann cells with PA
at its IC50 dose with a range of DHA treatments (10–100 µM) significantly prevented the PA toxicity,
and improved the survival of Schwann cells to 70.5%–98.8% (Figure 2). Similarly, combined 10–20 µM
treatments of AST with PA at its IC50 dose prevented its toxicity and raised these cells’ survival to
61.7%–70.5%. The nematode C. elegans was used to assess the PA BK channel inhibition and protective
activities of DHA and AST [22–25]. BK channel inhibition in C. elegans is associated with abnormal
worm locomotion behavior: increased reversal locomotion (i.e., increased the number of times in
which the worm stops and reverses its direction). This number can be easily recorded and quantified
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to reflect the degree of BK channel antagonism [22–24]. PA showed BK channel inhibitory activity in
the C. elegans model in treatment levels as low as 1 µM, based on the observed increased reversals
number exhibited by treated worms compared to the vehicle (DMSO) control [22,23]. The long
chain polyunsaturated ω-3 fatty acid DHA was recently reported as a BK channel agonist, reversibly
activating the human large conductance Ca2+- and voltage gated K+ (Slo-1 BK) in cell free patches
at 500 nM concentration, and hence proposed as a hypotensive entity [25]. DHA enhanced the BK
channel activity in a β-subunit-dependent manner [27]. Therefore, DHA was able to lower the blood
pressure of the wild type, but not the slo-1 knockout mice [28]. In the current study, DHA treatment
counteracted PA’s BK channel antagonistic effects in the C. elegans model by showing a significant
decrease in the number of the PA/DHA treated worm reversals, compared with PA-treated worm
(Figure 3).

Similarly, although not reported as a direct BK channel agonist like DHA, AST has been reported
to decrease blood pressure values, improving cardiovascular remodeling and oxidative stress [28].
BK channel activity influences blood pressure by setting vascular tone [29]. In the current study, 50 µM
treatment of AST significantly decreased the number of reversals in C. elegans treated with 2 µM PA,
compared to individual PA-treated worms (Figure 4). Therefore, AST is proposed to provide protection
and was able to reverse PA-induced BK channel blocking toxicity in the C. elegans model.

The results of the rodent study indicated that PA-treated animals showed a significant increase in
the levels of aspartate (Asp), glutamate (Glu), GABA, DA, and 5-HT, along with a significant decrease
in the NE level (Figures 4 and 5). The voltage and Ca2+-activated K+ channels are involved in the
regulation of neurotransmitter release and neuronal excitability [30]. The PA-induced BK channel
antagonistic effect may correlate with and justify the abnormality in Asp, Glu, GABA, DA, 5-HT,
and NE levels in the PA-treated group. The higher dopamine level in the PA-treated group compared
to vehicle-treated group might be a self-defense mechanism to protect against the tremor via the
activation of dopaminergic neurons [31]. The higher DA level might be explained by a possible
adrenergic link involved in the PA-induced tremor [31].

A growing body of evidence collected from epidemiological, clinical, and pre-clinical studies
suggests that nutraceuticals, including the ω-3 polyunsaturated fatty acid DHA, have a protective
effect on the development of some features associated with neurodegenerative diseases [32].
Over the last decade, several groups have reported the neuroprotective action of DHA against
dopaminergic neuronal degeneration in animal models [33]. Multiple reports showed DHA’s
mechanisms of action via its impact on neuronal functions, leading to neuro-rescue, neuro-restoration,
and functional recovery [33–35]. DHA exhibited anti-inflammatory and anti-oxidant properties,
also acting as a stimulator of the cellular signaling pathways involved in neuronal survival [36].
DHA supplementation enhanced the recovery of the DA-ergic system, restored the monoamine
neurotransmission, and normalized hypothalamic–pituitary–adrenal axis (HPA) function in
MDA [37]. DHA supplementation also enhanced serotoninergic and dopaminergic neurotransmission,
decreased the levels of several HPA axis hormones in mice, and showed antidepressant-like effects
in animal models [37]. Combined DHA treatment with PA in this study significantly inhibited the
glutamate level, elevated NE (Figure 6c) level, and normalized GABA (Figure 5c), DA (Figure 6a),
and 5-HT (Figure 6b) levels, compared to the PA-treated group.

AST improved the oxidative stress markers in most of the brain region by improving the
antioxidant enzymes in various disease models [38]. AST maintained the viability of dopaminergic
neuronal SH-SY5Y cells as assessed by the MTT assay [39], which may justify the higher DA level in the
AST-treated group versus the vehicle control group. Combined treatment of AST with PA normalized
the aspartate level, significantly decreased the GABA level (Figure 5c), and increased the NE level
(Figure 6c). Combined AST with PA treatment also showed significant improvement in glutamate
(Figure 5b), DA (Figure 6a), and 5-HT (Figure 6b) levels versus the PA-treated group. Combined AST
and DHA with PA treatments effectively counteracted the effect of PA on the aspartate, glutamate,
and GABA levels. They also restored the normal DA and 5-HT levels. The counteracting effect of
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AST and DHA for PA-induced BK channel antagonistic activity in the C. elegans model might have
restored the normal levels of targeted neurotransmitters. Oxidative stress induces BBB permeability,
promoting oxidative damage, mediating mitochondrial injury, and exacerbating neuro-inflammation.
AST has been shown to increase the level of antioxidant enzymes in various disease models [39].
The decrease in the TAC in the PA-treated rats might indirectly increase the oxidative damage of
DNA. Monotherapy and combined DHA and AST treatments with PA significantly raised the TAC
values (Figure 7) compared to the PA-treated group. NO generation by inducible nitric oxide synthase
(iNOS) plays a key role in cytokine-mediated cell destruction. DHA suppressed the expression of the
iNOS gene and the production of NO [40]. Combined treatment of DHA or AST with PA reduced
PA-induced NO generation (Figure 8). Individual use of DHA or AST with PA was more effective in
preventing NO generation than the combined use of both compounds with PA treatment.

Lipid peroxidation damages biological membranes, leading to changes in membrane fluidity
and function. Many lipid peroxidation products exert cytotoxic effects and alter cell signaling.
AST’s chemical structure has two oxygenated groups on each ring structure, which enhances its
antioxidant capacity. AST is a potent free radical scavenger, potent quencher of reactive oxygen,
chain breaking antioxidant, including singlet oxygen and one-and two-electron oxidants [41]. In the
current study, PA administration enhanced lipid peroxidation, as indicated by the significant increase
in MDA level (Figure 9), which directly correlates with free radical-mediated toxicity. Combined
treatment of AST or DHA with PA resulted in a significant improvement in MDA level.

The other important findings of the present study are notable improvements in the cerebellum
and cerebrum sections in PA-treated groups when combined with either AST or DHA treatments.
An important signature of neurological disorders is the significant loss of Purkinjie cells [42].
PA selectively damages the cerebellum via exocitotoxic actions on the Purkinjie cells in the vermis,
producing a syndrome characterized by sustained tremors [8]. The GABA-ergic Purkinjie cells are
especially sensitive to PA’s actions, where signs of ischemic neuronal death have been observed [42].
The results of this study are in agreement with literature animal data that showed partial loss of
Purkinjie cells in PA-treated rats. PA-treated rat cerebellum sections in this study showed necrosis of the
Purkinje cells and vacuolization of molecular cell layer (Figure 11a). Some sections occasionally showed
an absence of Purkinjie cells (Figure 11d). Cerebrum sections of the PA-treated group showed necrosis of
neurons, neuronophagia, and focal cerebral hemorrhage, compared to the vehicle-treated control group.
AST reduced brain cell death [43]. DHA was previously reported to protect against aluminum-induced
alteration of rat brain Purkinjie cells and granular layer [44]. AST and DHA succeeded in counteracting
the PA-induced oxidative stress markers, which may justify the improvements in brain sections of
PA-treated group by co-treatments with AST (Figure 12) or DHA (Figure 13). It is also evident that
brain sections of either AST with PA or DHA with PA showed better improvement profiles compared
to the triple combination treatments of PA, DHA, and AST (Figure 14), suggesting the preference to
use either AST or DHA for in vivo prevention of PA-induced brain toxicity.

4. Materials and Methods

4.1. Chemicals

Standard PA was purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). AST was
purchased from Nutrex Hawaii Inc. Kailua-Kona, HI, USA. DHA was purchased from DSM Nutritional
Products, Columbia, MD, USA.

4.2. PA Production

PA (95% HPLC purity) was produced by three-week static fermentation of iTEM 7046
Penicillium crustosum on SPS media (skimmed milk 2%–potato extract 2%–sucrose 2%) or on sterilized
barley in 5 L Erlenmeyer flasks at 25 ◦C using the method described by El Banna and Leister (1988) [5].
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4.3. PA Isolation and HPLC Quantitation

PA was extracted following the method described by Rundberget and Wilkins 2002b [45].
About 20 g fermented barley flasks were grinded and extracted with CH3CN–H2O (9:1, v/v) and
homogenized for 1 h using an automatic shaker. The homogenates were filtered, and the crude extracts
were evaporated under vacuum to dryness. The residue was reconstituted in 5 mL CH3CN–H2O
(7:3, v/v) and subjected to preparative C-18 column (250 mm × 10 mm, 5 µm) reversed phase HPLC
purchased from a Phenomenex, Torrance, CA, USA. PA was eluted at 4 mL/min using gradient elution
starting with CH3CN–0.05 mM CH3COONH4 (4:6, v/v), which increased over 20 min to 9:1 (v/v) at
λmax 223 and 295 nm. The retention time of PA was 1.2 min.

4.4. Proliferation Assay

Schwann cells CRL 2765 (ATCC, Manassas, VA, USA) were plated at a density of 1 × 104 cells
per well (6 wells/group) in 96-well culture plates using the ATCC-recommended media (Dulbecco’s
Modified Eagle’s Medium, DMEM), and allowed to adhere overnight for growth studies [23]. Next day,
cells were divided into different groups and fed serum-free DMEM media supplemented with
experimental treatments or vehicle-treated control media. Viable cell count was determined using the
MTT colorimetric assay. The absorbance was measured at 570 nm on a BioTek Synergy2 microplate
reader (BioTek, Winooski, VT, USA). The number of cells per well was calculated against a standard
curve prepared at the start of the experiment. The IC50 value for each tested sample was calculated by
nonlinear regression of log concentration versus the % survival, implemented in GraphPad PRISM
version 5.0, GraphPad Software, Inc, La Jolla, CA, USA.

4.5. Caenorhabditis elegans Strains

The wild type N2 Bristol strain of C. elegans and the slo-1 knockout strain NM1968 slo-1 (js379)
V were obtained from the Caenorhabditis Genetics Center, University of Minnesota. Worm stocks
were maintained on nematode growth medium (NGM) plates pre-seeded with E. coli OP50
(Caenorhabditis Genetics Center) as a food source at 20 ◦C [22].

4.5.1. Preparation of Assay Plates

Stock solutions were prepared in DMSO. Proper dilutions to achieve final concentrations were
conducted in NGM agar after autoclaving at ~50 ◦C. Final DMSO concentration was 28 mM. This DMSO
concentration does not have any effects on C. elegans locomotion [22,23]. All plates were seeded with
~100 µL E. coli OP50.

4.5.2. Locomotion Assay: Number of Reversals Count

The setup for the reversal assay was as follows: 30–40 synchronized L1 stage larvae of N2 and
NM1968 slo-1 (js379) V strains were transferred to NGM plates seeded with E. coli OP50 containing
50 µM of DHA or AST, 2 µM of PA, co-treatments with DHA or AST (50 µM) and PA (2 µM), and DMSO
(vehicle control). The plates incubated for 42 h at 20 ◦C. At the end of the incubation period, L4 larvae
were individually transferred to a plain un-seeded NGM plate and allowed to crawl for one min to
acclimatize and allow for the removal of any residual bacteria that may be adherent to the worm.
The reversals were then counted for 3 min. Statistical variations of reversal numbers in different
treatments were compared using one-way-ANOVA.

4.6. Sprague Dawley Rats

Sprague Dawley rats (100–120 g) were purchased from Animal House Colony (Giza, Egypt)
maintained on a standard laboratory diet and water ad libitum at the Animal House Laboratory,
National Research Centre, Cairo, Egypt. All animals received humane care in compliance with the
guidelines of the Animal Care and Use Committee of the National Research Centre, Cairo, Egypt.
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To prepare PA-contaminated rat food, one kilogram of barley containing 465 mg PA was evenly
and homogenously mixed with nine kilograms of the standard rat diet so that the final concentration
of PA in this food mixture was 46.5 mg/kg.

Experimental rats were divided into eight groups (10 rats/group) as follows:
Group 1: Control saline (10 mL/kg, oral). Group 2: AST (12 mg/kg, oral) [46]. Group 3: DHA

(250 mg/kg, oral). Group 4: AST (12 mg/kg, oral) + DHA (250 mg/kg, oral). Group 5: PA (46.5 mg/kg
on diet). Group 6: PA (46.5 mg/kg on diet) + AST (12 mg/kg, oral). Group 7: PA (46.5 mg/kg on
diet) + DHA (250 mg/kg, oral). Group 8: PA (46.5mg/kg on diet) + AST (12 mg/kg, oral) + DHA
(250 mg/kg, oral). Groups received the above-mentioned treatments daily for four weeks. Animals
were observed daily. After collection of blood sample, animals were euthanized by cervical dislocation,
and samples of brain were dissected and homogenized for determination of neurotransmitters, TAC,
MDA, and NO. Another portion of the brain of each animal was dissected and fixed in natural formalin
10% for histopathological studies.

4.6.1. Histopathological Examination

Tissue specimens of rat brains of all experimental treatments were collected at the study end and
fixed in neutral buffered formalin, processed by conventional method, embedded in paraffin, sectioned
at 4–5 µm, and stained by haematoxylin and eosin (H & E, [47]).

4.6.2. Determination of Brain Amino Acids and Monoamines

Each brain tissue was weighed and homogenized in 75% aqueous HPLC grade methanol
(10% v/v). The homogenate was spun at 4000 rpm for 10 min, and the supernatant was divided
into two halves; the first was dried under vacuum and used for GABA (γ-amino-butyric acid)
and glutamate determination, whereas the second half was used for monoamine determination.
Brain aspartate, glutamate, and GABA were detected by quantitative HPLC using the precolumn
phenyl isothiocyanate (PITC, Edman’s Reagent) derivatization technique according to Heinrikson and
Meredith’s 1984 method [48]. Brain monoamines were immediately extracted from the trace elements
and lipids by the use of solid phase extraction CHROMABOND column NH2 phase cat. No. 730031.
The sample was then injected directly into an AQUA column 150 mm × 4.6 mm, 5 µm C18, purchased
from Phenomenex, USA under the following conditions: mobile phase 20 mM potassium phosphate,
pH 2.5, flow rate 1.5 mL/min, UV 210 nm. Norepinephrine, dopamine, and serotonin were separated
after 12 min, according to the method of Pagel et al. (2000) [49].

Calculations:

Concentration of monoamine of standard (µg) =
Area of under curve × 100

Area of standard under curve

4.6.3. Measurement of Total Antioxidant Capacity in Serum and Brain Homogenate

Serum and tissue TAC were determined according to the method described by Koracevic et al.
(2001) [50].

4.6.4. Determination of Nitric Oxide in Serum and Brain Homogenate

Serum and tissue NO were determined according to the method described by Montgomery and
Dymock (1961) [51].

4.6.5. Assessment of Lipid Peroxidation by Measurement of MDA in Brain Tissue

Brain tissue samples (0.05–0.1 g) were homogenized in phosphate buffer (pH 7.4) to give 20%
(w/v) homogenate. This homogenate was centrifuged at 1700 rpm at 4 ◦C for 10 min. The supernatant
was stored at −70 ◦C until analysis. This supernatant (20%) was used for the determination of lipid
peroxidation according to the method described by Ruiz-Larrea et al. (1994) [52]. In brief, 4.5 mL
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working reagent: 1 volume of (0.8 g thiobarbituric acid dissolved in 100 mL of 10% perchloric acid) and
3 volumes of (20% trichloroacetic acid) were added to 0.5 mL of sample and incubated for 20 min in a
boiling water bath then left to cool at room temperature before centrifugation at 3000 rpm for 5 min
at 0 ◦C. The pink color was colorimetrically measured at wavelength 532 nm, against blank solution,
which was prepared by the addition of 0.5 mL of distilled water to 4.5 mL working reagent, using a
V-530 UV/Vis spectrophotometer (American German laboratory spectrophotometer: 1002, wave length
range: 325–1000 nm, band width 2 nm, power: 220 V–50/60 Hz; 84 southaven Ave Medford NY
11763-3740 USA). The level of lipid peroxidation was expressed as nM MDA/g brain tissue.

4.6.6. Statistical Analysis

The biochemical parameters were analyzed by repeated measures, one-Way ANOVA followed by
Tukey’s test. Differences with p < 0.05 were considered statistically significant.

5. Conclusions

DHA and AST treatments effectively counteracted the PA-induced toxic effects and normalized
most biochemical parameters in cell culture, in vitro, as well as in the nematode C. elegans and rat
in vivo models. The in vivo counteracting effects of AST and DHA for PA’s BK channel antagonism
might be attributed to restoring the normal levels of targeted neurotransmitters.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/14/11/208/s1,
Figures S1–S8: Additional histopathology sections showing the PA-induced toxicity and DHA and AST protective
effects in rat brains.
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Abbreviations

The following abbreviations were used in this manuscript:

AST Astaxanthin
AUC Area Under the Curve
BBB Blood Brain Barrier
C. elegans Caenorhbdities elegans
CNS Central Nervous System
DA Dopamine
DHA Docosahexaenoic Acid
DMEM Dulbecco’s Modified Eagle’s Medium
DMSO Dimethyl Sulfoxide
ASP Aspartate
GLU Glutamate
GABA Gamma-Amino Butyric Acid
5-HT 5-Hydroxytryptamine (Serotonin)
HPLC High Performance Liquid Chromatography
iNOS Inducible Nitric Oxide Synthase
NGM Nematode Growth Medium
NE Norepinephrine
NO Nitric Oxide
MDA Malondialdehyde
P. crustosum Penicillium crustosum
PA Penitrem A
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TAC Total Antioxidant Capacity
HPA Hypothalamic–Pituitary–Adrenal Axis
PITC Phenyl isothiocyanate

References

1. Netz, N.; Opatz, T. Marine indole alkaloids. Mar. Drugs 2015, 13, 4814–4914. [CrossRef] [PubMed]
2. Cavanag, J.B.; Holton, J.L.; Noltan, C.C.; Ray, C.C.; Naik, D.E.; Mantle, P.G. The effects of tremorgenic

mycotoxin penitrem A on the rat cerebellum. Vet. Pathol. 1998, 35, 53–63. [CrossRef]
3. Angel, M.A.; Thomas, R.; Christiane, K.F.; Gunnar, S.; Eriksen, A.B. Neurotoxicity of Penicillium crustosum

secondary metabolites. Toxicon 2012, 60, 1428–1435.
4. Overy, D.P.; Seifert, K.A.; Savard, M.E.; Frisvad, J.C. Spoilage fungi and their mycotoxins in commercially

marketed chestnuts. Int. J. Food Microb. 2003, 15, 69–77. [CrossRef]
5. El-Banna, A.A.; Leistner, L. Production of penitrem A by Penicillium crustosum isolated from food stuffs.

Int. J. Food Microb. 1988, 7, 9–17. [CrossRef]
6. Lund, F.; Filtenborg, O.; Frisvad, J.C. Associated mycoflora of cheese. Food Microb. 1995, 12, 173–180.

[CrossRef]
7. Campbell, I.M. Secondary metabolism and microbial physiology. Adv. Microb. Physiol. 1984, 25, 1–60.

[PubMed]
8. Eriksen, G.S.; Hultin-Jaderlund, K.; Moldes-Anaya, A.; Schonheit, J.; Bemhoft, A.; Jaeger, G.; Rundberger, T.;

Skaar, L. Poisoning of dogs with tremorgenic Penicillium Toxins. Med. Mycol. 2010, 48, 188–196. [CrossRef]
[PubMed]

9. Lewis, P.R.; Donoghue, M.B.; Hocking, A.D.; Cook, L.; Granger, L.V. Tremor syndrome associated with
fungal toxin: sequelae of food contamination. Med. J. Aust. 2005, 182, 582–584. [PubMed]

10. Moldes-Anaya, A.; Fonnum, F.; Eriksen, G.S.; Rundberget, T.; Walaas, S.I.; Wigestrand, M.B. In vitro
neuropharmacological evaluation of penitrem-induced tremorgenic syndromes: Importance of the
GABAergic system. Neurochem. Int. 2011, 59, 1074–1081. [CrossRef] [PubMed]

11. Hussein, G.; Sankawa, U.; Goto, H.; Matsumoto, K.; Watanabe, H. Astaxanthin, a carotenoid with potential
in human health and nutrition. J. Nat. Prod. 2006, 69, 443–449. [CrossRef] [PubMed]

12. Liu, X.; Shibato, T.; Hisaka, S.; Osawa, T. Astaxanthin inhibits reactive oxygen species-mediated cellular
toxicity in dopaminergic SA-SY5Y cells via mitochondria-targeted protective mechanism. Brain Res. 2009,
1254, 18–27. [CrossRef] [PubMed]

13. Iwamoto, T.; Hosoda, K.; Hirano, R.; Kurata, H.; Matsumoto, A.; Miki, W.; Kamiyama, M.;
Itakura, H.; Yamamoto, S.; Konda, K. Inhibition of low density lipoprotein oxidation by astaxanthin.
J. Atheroscler. Thromb. 2000, 7, 216–222. [CrossRef] [PubMed]

14. Choi, S.K.; Park, Y.S.; Choi, D.K.; Chang, H.I. Effect of astaxanthin on the production of NO and the
expression of Cox-2 and i NOS in LPS-stimulated BV2 microglial cells. J. Microb. Biotechnol. 2008, 18,
1990–1996.

15. Khan, S.K.; Malinski, T.; Mason, R.P.; Kubant, R.; Jacob, R.F.; Fujioka, K.; Denstaedts, J.; King, T.J.;
Jackson, H.L.; Hieber, A.D.; et al. Novel astaxanthin prodrug (CDX-085) attenuates thrombosis in a mouse
model. Thromb. Res. 2010, 126, 299–305. [CrossRef] [PubMed]

16. Guertin, M.; Huntley, M.E.; Olaizola, M. Haematococcus astaxanthin application for human health and
nutrition. Trends Biotechnol. 2003, 21, 210–216. [CrossRef]

17. Hammond, H.G.; Mayhew, D.A.; Naylor, M.W.; Ruecker, F.A.; Mast, R.W.; Sander, W.J. Safety assessment
of DHA-rich microalgae from Schizochytrium Sp.: I. Subchronic rat feeding study. Regul. Toxicol. Pharmacol.
2001, 33, 192–204. [CrossRef] [PubMed]

18. Caviello, G.; Palozza, P.; Piccioni, E.; Maggiano, N.; Frattuci, A.; France-Schelli, P.; Bartoli, G.M. Dietary
supplementation with eicosapentaenoic and docosahexaenoic acid inhibit growth of Morris hepatocarcinoma
3924A in rats: Effects on proliferation and apoptosis. Int. J. Cancer 1998, 75, 699–705. [CrossRef]

19. Amminger, G.P.; Schafer, M.R.; Papageorgiou, K.; Klier, C.M.; Cotton, S.M.; Mackinnon, A.; MCGorry, P.D.;
Berger, G.E. Long-omega-3 fatty acids for indicated prevention of psychotic disorders: A randomized,
placebo-controlled trial. Arch. Gen. Psychiatry 2010, 67, 146–154. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/md13084814
http://www.ncbi.nlm.nih.gov/pubmed/26287214
http://dx.doi.org/10.1177/030098589803500105
http://dx.doi.org/10.1016/S0168-1605(03)00086-2
http://dx.doi.org/10.1016/0168-1605(88)90067-0
http://dx.doi.org/10.1016/S0740-0020(95)80094-8
http://www.ncbi.nlm.nih.gov/pubmed/6398620
http://dx.doi.org/10.3109/13693780903225821
http://www.ncbi.nlm.nih.gov/pubmed/19886763
http://www.ncbi.nlm.nih.gov/pubmed/15938687
http://dx.doi.org/10.1016/j.neuint.2011.08.014
http://www.ncbi.nlm.nih.gov/pubmed/21924313
http://dx.doi.org/10.1021/np050354+
http://www.ncbi.nlm.nih.gov/pubmed/16562856
http://dx.doi.org/10.1016/j.brainres.2008.11.076
http://www.ncbi.nlm.nih.gov/pubmed/19101523
http://dx.doi.org/10.5551/jat1994.7.216
http://www.ncbi.nlm.nih.gov/pubmed/11521685
http://dx.doi.org/10.1016/j.thromres.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/20728920
http://dx.doi.org/10.1016/S0167-7799(03)00078-7
http://dx.doi.org/10.1006/rtph.2001.1458
http://www.ncbi.nlm.nih.gov/pubmed/11350202
http://dx.doi.org/10.1002/(SICI)1097-0215(19980302)75:5&lt;699::AID-IJC7&gt;3.0.CO;2-U
http://dx.doi.org/10.1001/archgenpsychiatry.2009.192
http://www.ncbi.nlm.nih.gov/pubmed/20124114


Mar. Drugs 2016, 14, 208 17 of 18

20. McNamara, R.K. Evaluation of docosahexaenoic acid deficiency as a preventable risk factor for recurrent
affective disorders: Current status, future directions and dietary recommendations. Prostaglandins Leukot.
Essent. Fat. Acids 2009, 81, 223–231. [CrossRef] [PubMed]

21. Wang, L.; Sanford, M.T.; Xin, Z.; Lin, G.; Lue, T.F. Role of Schwann cells in the regeneration of penile and
peripheral nerves. Asian J. Androl. 2015, 17, 776–782. [PubMed]

22. Sallam, A.; Ayoub, N.; Foudah, A.; Gissendanner, C.; Meyer, S.; El Sayed, K. Indole diterpenoids as novel
inhibitors of the wnt/β-catenin pathway in breast cancer cells. Eur. J. Med. Chem. 2013, 70, 594–606.
[CrossRef] [PubMed]

23. Sallam, A.A.; Houssen, W.E.; Gissendanner, C.R.; Orabi, K.Y.; Foudah, A.I.; El Sayed, K.A. Bioguided
discovery and pharmacophore modeling of the mycotoxic indole diterpene alkaloids penitrems as breast
cancer proliferation, migration, and invasion inhibitors. Med. Chem. Commun. 2013, 4, 1360–1369. [CrossRef]
[PubMed]

24. Welz, C.; Krueger, N.; Schniederjans, M.; Miltsch, S.M.; Kruecken, J.; Guest, M.; Holden-Dye, L.; Harder, A.;
von Samson-Himmelstjerna, G. SLO-1 channels of parasitic nematodes reconstitute locomotor behavior and
emodepside sensitivity in Caenorhabditis elegans slo-1 loss of function mutants. PLoS Pathog. 2011, 7, e1001330.
[CrossRef] [PubMed]

25. Hoshi, T.; Xu, R.; Hou, S.; Heinemann, S.H.; Tian, Y. A point mutation in the human Slo-1 channel that
impairs its sensitivity to omega-3-docosahexaenoic acid. J. Gen. Physiol. 2013, 142, 507–522. [CrossRef]
[PubMed]

26. Moldes-Anaya, A.; Rundberget, T.; Fæste, C.K.; Eriksen, G.S.; Bernhoft, A. Neurotoxicity of
Penicillium crustosum secondary metabolites: Tremorgenic activity of orally administered penitrem A and
thomitrem A and E in mice. Toxicon 2012, 60, 1428–1435. [CrossRef] [PubMed]

27. Hoshi, T.; Tian, Y.; Xu, R.; Heinemann, S.H.; Hou, S. Mechanism of the modulation of BK potassium channel
complexes with different auxiliary subunit compositions by the omega-3 fatty acid DHA. Proc. Natl. Acad.
Sci. USA 2013, 110, 4822–4827. [CrossRef] [PubMed]

28. Hoshi, T.; Wissuwa, B.; Tian, Y.; Tajima, N.; Xu, R.; Bauer, M.; Heinemann, S.H.; Hou, S. Omega-3 fatty acids
lower blood pressure by directly activating large conductance Ca2+-dependent K+ channels. Proc. Natl. Acad.
Sci. USA 2013, 110, 4816–4821. [CrossRef] [PubMed]

29. Hussein, G.; Nakamura, M.; Zhao, Q.; Iguchi, T.; Goto, H.; Saakwa, U.; Watanabe, H. Antihypertensive and
neuroprotective effects of astaxanthin in experimental animals. Biol. Pharm. 2004, 28, 47–52. [CrossRef]

30. Lee, U.S.; Cu, J. BK channel activation: Structural and functional insights. Neuroscience 2010, 33, 415–423.
[CrossRef] [PubMed]

31. Potkonjak, D.; Filipovic, N.; Valjevac, K. The Effect of Mycotoxin Penitrem A on the Concentration of
Acetylcholine, Dopamine, Noradrenaline and 5-Hydroxytryptamine in Rat Brain. In Abstracts: Proceedings of
the Seventh International Congress of Pharmacology; Boissier, J.R., Lechat, P., Fichelle, J., Eds.; Pergamon Press:
London, UK, 1978; p. 574.

32. De Lau, L.M.I.; Breteler, M.M. Epidemiology of Parkinson’s disease. Lancet Neurol. 2006, 5, 525–535. [CrossRef]
33. Bousquet, M.; Gue, K.; Emond, V.; Julien, P.; Kang, J.X.; Cicchetti, F.; Calon, F. Transgenic conversion of

omega-6 into omega-3 fatty acids in a mouse model of Parkinson’s disease. J. Lipid Res. 2011, 52, 263–271.
[CrossRef] [PubMed]

34. Salem, N.; Litman, B.; Kim, H.Y.; Gawrisch, K. Mechanisms of actions of docosahexaenoic acid in the nervous
system. Lipids 2001, 36, 945–959. [CrossRef] [PubMed]

35. Jiang, L.H.; Liang, Q.Y.; Shi, Y. Pure docosahexaenoic acid can improve depression behaviors and affect HPA
axis in mice. Eur. Rev. Med. Pharmacol. Sci. 2012, 16, 1765–1773. [PubMed]

36. Paterniti, I.; Impellizzeri, D.; Di Paolo, R.; Esposito, E.; Gladman, S.; Yip, P.; Priestley, J.V.; Michael-Titus, A.T.;
Cuzzocrea, S. Docosahexaenoic acid attenuates the early inflammatory response following spinal cord injury
in mice: In-Vivo and in-Vitro studies. J. Neuroinflamm. 2014, 11, 6. [CrossRef] [PubMed]

37. Coulombe, K.; Saint-Pierre, M.; Cisbani, G.; St-Amour, I.; Gibrat, C.; Giguère-Rancourt, A.; Calon, F.;
Cicchetti, F. Partial neurorescue effects of DHA following a 6-OHDA lesion of the mouse dopaminergic
system. J. Nutr. Biochem. 2016, 30, 133–142. [CrossRef] [PubMed]

38. Rao, A.R.; Sindhuja, H.N.; Dharmesh, S.M.; Sankar, K.U.; Sarada, R.; Ravishankar, G.A. Effective inhibition
of skin cancer, tyrosinase, and antioxidative properties by astaxanthin and astaxanthin esters from the green
alga Haematococcus pluvialis. J. Agric. Food Chem. 2013, 61, 3842–3851. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.plefa.2009.05.017
http://www.ncbi.nlm.nih.gov/pubmed/19515544
http://www.ncbi.nlm.nih.gov/pubmed/25999359
http://dx.doi.org/10.1016/j.ejmech.2013.09.045
http://www.ncbi.nlm.nih.gov/pubmed/24211635
http://dx.doi.org/10.1039/c3md00198a
http://www.ncbi.nlm.nih.gov/pubmed/24273638
http://dx.doi.org/10.1371/journal.ppat.1001330
http://www.ncbi.nlm.nih.gov/pubmed/21490955
http://dx.doi.org/10.1085/jgp.201311061
http://www.ncbi.nlm.nih.gov/pubmed/24127525
http://dx.doi.org/10.1016/j.toxicon.2012.10.007
http://www.ncbi.nlm.nih.gov/pubmed/23085423
http://dx.doi.org/10.1073/pnas.1222003110
http://www.ncbi.nlm.nih.gov/pubmed/23487786
http://dx.doi.org/10.1073/pnas.1221997110
http://www.ncbi.nlm.nih.gov/pubmed/23487785
http://dx.doi.org/10.1248/bpb.28.47
http://dx.doi.org/10.1016/j.tins.2010.06.004
http://www.ncbi.nlm.nih.gov/pubmed/20663573
http://dx.doi.org/10.1016/S1474-4422(06)70471-9
http://dx.doi.org/10.1194/jlr.M011692
http://www.ncbi.nlm.nih.gov/pubmed/21115966
http://dx.doi.org/10.1007/s11745-001-0805-6
http://www.ncbi.nlm.nih.gov/pubmed/11724467
http://www.ncbi.nlm.nih.gov/pubmed/23208960
http://dx.doi.org/10.1186/1742-2094-11-6
http://www.ncbi.nlm.nih.gov/pubmed/24405628
http://dx.doi.org/10.1016/j.jnutbio.2015.11.014
http://www.ncbi.nlm.nih.gov/pubmed/27012630
http://dx.doi.org/10.1021/jf304609j
http://www.ncbi.nlm.nih.gov/pubmed/23473626


Mar. Drugs 2016, 14, 208 18 of 18

39. Liu, X.; Shibata, T.; Hisaka, S.; Osawa, T. Astaxanthin inhibits reactive oxygen species-mediated cellular
toxicity in dopaminergic SH-SY5Y cells via mitochondria-targeted protective mechanism. Brain Res. 2009,
1254, 18–25. [CrossRef] [PubMed]

40. Kielar, M.L.; Jegarajah, D.R.; Penfield, J.G.; Lu, C.Y. Docosahexaenoic acid decreases IRF-1 mRNA and thus
inhibits activation of both the IRF-E and NFκd response elements of the iNOS promoter. Transplantation
2000, 69, 2131–2137. [CrossRef] [PubMed]

41. Fassett, R.; Coombes, J. Astaxanthin: A potential therapeutic agent in cardiovascular diseases. Mar. Drugs
2011, 9, 447–465. [CrossRef] [PubMed]

42. Breton, P.; Bizot, J.C.; Buee, J.; De La Manche, I. Brain neurotoxicity of penitrem A: Electrophysiological,
behavioral and histopathological study. Toxicon 1998, 36, 645–655. [CrossRef]

43. Wang, H.Q.; Sun, X.B.; Xu, Y.X.; Zhao, H.; Zhu, Q.Y.; Zhu, C.Q. Astaxanthin upregulates heme oxygenase-1
expression through ERK1/2 pathway and its protective effect against β-amyloid-induced cytotoxicity in
SH-SY5Y cells. Brain Res. 2010, 1360, 159–167. [CrossRef] [PubMed]

44. Chaudhary, M.; Joshi, D.K.; Tripathi, S.; Kulshrestha, S.; Mahdi, A.A. Docosahexaenoic acid ameliorates
aluminum-induced biochemical and morphological alteration in rat cerebellum. Ann. Neurosci. 2014, 21, 5–9.
[PubMed]

45. Rundberget, T.; Wilkins, A.L. Determination of Penicillium toxins in food and feeds using liquid
chromatography-mass spectrometry. J. Chromatogr. A 2002, 964, 189–197. [CrossRef]

46. Katagiri, M.; Satoh, A.; Tsujis, S.; Shirasawa, T. Effect of astaxanthin-rich Haematococcus pluvialis extract on
cognitive function: A randomized, double-blind, placebo-controlled study. J. Clin. Biochem. Nutr. 2012, 51,
102–107. [CrossRef] [PubMed]

47. Bancraft, J.D.; Stevens, A.; Turner, D.R. Theory and Practice of Histological Techniques, 4th ed.; Bancroft, J.D.,
Stevens, A., Eds.; Churchill Livingston: Edinburgh, UK, 1996.

48. Heinrikson, R.L.; Meredith, S.C. Amino acid analysis by RP-HPLC: Precolumn derivatization with
phenylisothiocyanate. Anal. Biochem. 1984, 136, 65–74. [CrossRef]

49. Pagel, P.; Blome, J.; Wolf, H.U. High-performance liquid chromatographic separation and measurement
of various biogenic compounds possibly involved in the pathomechanism of Parkinson’s disease.
J. Chromatogr. B 2000, 746, 297–304. [CrossRef]

50. Koracevic, D.; Koracevic, G.; Djordjevic, V.; Andrejevic, S.; Cosic, V. Method for measurement of antioxidant
activity in human fluids. J. Clin. Pathol. 2001, 54, 356–361. [CrossRef] [PubMed]

51. Montgomery, H.A.C.; Dymock, J.F. The determination of nitrite in water. Analyst 1961, 86, 414–416.
52. Ruiz-Larrea, M.B.; Leal, A.M.; Liza, M.; Lacort, M.; de Groot, H. Antioxidant effects of estradiol and

2-hydroxyestradiol on iron induced lipid peroxidation of rat liver microsome. Steroids 1994, 59, 383–388.
[PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.brainres.2008.11.076
http://www.ncbi.nlm.nih.gov/pubmed/19101523
http://dx.doi.org/10.1097/00007890-200005270-00030
http://www.ncbi.nlm.nih.gov/pubmed/10852612
http://dx.doi.org/10.3390/md9030447
http://www.ncbi.nlm.nih.gov/pubmed/21556169
http://dx.doi.org/10.1016/S0041-0101(97)00084-6
http://dx.doi.org/10.1016/j.brainres.2010.08.100
http://www.ncbi.nlm.nih.gov/pubmed/20828541
http://www.ncbi.nlm.nih.gov/pubmed/25206046
http://dx.doi.org/10.1016/S0021-9673(02)00698-2
http://dx.doi.org/10.3164/jcbn.D-11-00017
http://www.ncbi.nlm.nih.gov/pubmed/22962526
http://dx.doi.org/10.1016/0003-2697(84)90307-5
http://dx.doi.org/10.1016/S0378-4347(00)00348-0
http://dx.doi.org/10.1136/jcp.54.5.356
http://www.ncbi.nlm.nih.gov/pubmed/11328833
http://www.ncbi.nlm.nih.gov/pubmed/7940617
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Schwann Cells (RSC 96 ATCC CRL-2765) In Vitro Model 
	In Vitro Effects of PA on Neuronal Schwann Cell (RSC 96 ATCC CRL-2765) Proliferation and Survival 
	Protective Effects of AST and DHA against the PA-Induced Toxicity to Schwann Cells 

	Caenorhbditis elegans In Vivo Model 
	Sprague Dawley Rat In Vivo Model 
	DHA and AST Counteract the Toxic Effects of PA on Amino Acid and Monoamine Neurotransmitters in Sprague Dawley Rats 
	DHA and AST Significantly Increased TAC Value in PA-Treated Sprague Dawley Rat Serum and Tissue Homogenates 
	DHA and AST Significantly Decreased the Oxidative Stress Markers Nitric Oxide (NO) and Malondialdehyde (MDA) in PA-Treated Sprague Dawley Rat Serum or Tissue Homogenates 
	AST and DHA Prevented PA-Induced Histopathological Changes in Sprague Dawely Rat Brain (Cerebrum and Cerebellum) 


	Discussion 
	Materials and Methods 
	Chemicals 
	PA Production 
	PA Isolation and HPLC Quantitation 
	Proliferation Assay 
	Caenorhabditis elegans Strains 
	Preparation of Assay Plates 
	Locomotion Assay: Number of Reversals Count 

	Sprague Dawley Rats 
	Histopathological Examination 
	Determination of Brain Amino Acids and Monoamines 
	Measurement of Total Antioxidant Capacity in Serum and Brain Homogenate 
	Determination of Nitric Oxide in Serum and Brain Homogenate 
	Assessment of Lipid Peroxidation by Measurement of MDA in Brain Tissue 
	Statistical Analysis 


	Conclusions 

