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Protective effect of arachidonic acid and linoleic
acid on 1-methyl-4-phenylpyridinium-induced
toxicity in PC12 cells
Kim San Tang
Abstract

Background: Parkinson’s disease is a neurodegenerative disorder that is being characterized by the progressive loss
of dopaminergic neurons of the nigrostriatal pathway in the brain. The protective effect of omega-6 fatty acids is
unclear. There are lots of contradictions in the literature with regard to the cytoprotective role of arachidonic acid.
To date, there is no solid evidence that shows the protective role of omega-6 fatty acids in Parkinson’s disease. In
the current study, the potential of two omega-6 fatty acids (i.e. arachidonic acid and linoleic acid) in alleviating
1-methyl-4-phenylpyridinium (MPP+)-induced cytotoxicity in PC12 cells was examined.

Methods: Cultured PC12 cells were either treated with MPP+ alone or co-treated with one of the omega-6 fatty
acids for 1 day. Cell viability was then assessed by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay.

Results: Cells treated with 500 μM MPP+ for a day reduced cell viability to ~70% as compared to control group.
Linoleic acid (50 and 100 μM) significantly reduced MPP+-induced cell death back to ~85-90% of the control value.
The protective effect could be mimicked by arachidonic acid, but not by ciglitazone.

Conclusions: Both linoleic acid and arachidonic acid are able to inhibit MPP+-induced toxicity in PC12 cells. The
protection is not mediated via peroxisome proliferator-activated receptor gamma (PPAR-γ). Overall, the results suggest
the potential role of omega-6 fatty acids in the treatment of Parkinson’s disease.
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Background
Parkinson’s disease is a neurodegenerative disease that
affects 1-2% of people above 65 years of age. In popula-
tion over 85 years old, the prevalence of the disease in-
creases to 3-5% [1]. The disease is being characterized
by the progressive loss of dopaminergic neurons in the
midbrain's substantial nigra [2]. The clinical motor
symptoms that are associated with Parkinson’s disease
are bradykinesia, involuntary tremor, postural instabil-
ity, muscle weakness and rigidity [3].
PC12, a cell line derived from a pheochromocytoma

of the rat adrenal medulla, is used widely as a model
for catecholaminergic transmission. These cells are
popular because they are able to synthesize and release
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catecholamines in a similar manner as dopaminergic
neurons and adrenal medullary chromaffin cells [4].
Unlike chromaffin cells, PC12 cells only synthesize very
small amount of adrenaline [5-7]. PC12 cells treated
with 1-methyl-4-phenylpyridinium (MPP+), a neurotoxin
that causes parkinsonism, were extensively used as a
model of Parkinson’s disease in vitro [8-10]. MPP+ has
been shown to induce apoptosis, dissipation of mitochon-
drial membrane permeability, and elevation of intracellu-
lar reactive oxygen species level in PC12 cells [11].
Omega-6 fatty acids are polyunsaturated fatty acids

[12]. These fatty acids play a crucial role in growth de-
velopment and brain function. There are several types of
omega-6 fatty acids, and the key ones are linoleic acid
and arachidonic acid. Linoleic acid can be obtained from
diet, such as vegetable oil [13]. Linoleic acid cannot be
synthesized by the body, and thus it is necessary to
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obtain linoleic acid from diet sources [14]. Therefore,
linoleic acid is classified as one of the essential fatty
acids. On the other hand, arachidonic acid is not consid-
ered as one of the essential fatty acids since the body
can synthesize arachidonic acid from linoleic acid [15].
Meat, fish, and egg are the main dietary source of ara-
chidonic acid [13,16,17].
To date, there is no direct evidence that shows the pro-

tective role of omega-6 fatty acids in in vitro Parkinson’s
model. This is the first study to examine the protective
role of linoleic acid and arachidonic acid and their poten-
tial interaction in a Parkinson’s disease model simulated
by exposing PC12 cells to MPP+ neurotoxin.

Methods
Materials
PC12 cells were purchased from the American Type
Culture Collection (ATCC, CRL-1721.1). Dulbecco's
Modified Eagle Medium (DMEM), horse serum and fetal
bovine serum were Gibco products of Life Technologies
(Grand Island, NY, USA). Arachidonic acid, linoleic
acid, methylthiazolyldiphenyl-tetrazolium bromide (MTT),
ciglitazone and bisphenol A diglycidyl ether (BADGE)
were obtained from Sigma-Aldrich (Malaysia). 96-well
culture plates were purchased from Corning (Lowell,
MA, USA).

Cell culture
PC12 cells were grown in DMEM medium, containing
4.5 g/L glucose, supplemented with 10% horse serum
and 5% fetal bovine serum. The cells were maintained at
37°C in an environment consisting of 95% air and 5%
carbon dioxide. The medium was changed every other
day. For the experiments, the cells were seeded at a
density of 5 × 104 cells per well in 96-well culture plates
for an overnight before subjected to experimental
treatment.

Induction of cell death
Twenty-four hours after plating, MPP+ was used to in-
duce death in PC12 cells. To examine the effect of
omega-6 fatty acids, cultures were exposed to linoleic
acid or arachidonic acid alone or with MPP+ for 1 day.
These fatty acids were initially diluted in DMSO to a
stock concentration of 200 mM and stored in −20°C be-
fore use.

Cell viability assay
The protective effect of compounds on cell viability
was assessed by using MTT conversion assay. The cells
were incubated with MTT solution (final concentration,
0.5 mg/ml) in the dark for 4 h at 37°C. The dark-blue
formazan crystals formed in intact cells were solubi-
lized with isopropanol solution acidified with 0.1 N
HCl. The optical density of each well was measured
with a microplate reader at the test wavelength of
570 nm. Optical density is directly proportional to the
number of living cells in culture. The data obtained
were then expressed as percentage of viable cells rela-
tive to the untreated control group value.

Statistical analysis
Each treatment was performed in duplicate or triplicate
and each experiment was repeated at least three times.
Statistical differences between experimental groups were
determined by performing one-way analysis of variance
(ANOVA) and the Newman-Keuls multiple comparison
test. A level of P < 0.05 was considered statistically
significant.

Results
In this study, MPP+ was employed as a tool to study the
cell death. This compound causes loss of dopaminergic
marker in the nigrostriatal neurons and a significant
drop of dopamine level in the striatum of primates.
Thus, MPP+-induce neuronal cell death is one of the
common experimental models that is widely used to
study the pathogenesis of Parkinson’s disease [8-10].
MPP+ is able to induce many pathological changes asso-
ciated with cellular dysfunction such as neuronal cyto-
skeletal lesions, apoptosis, increases in mitochondrial
permeability and intracellular calcium level. Treatment
with MPP+ (500 μM) alone for 1 day yielded significant
cell death to ~70% of control value (Figure 1).
Here, the potential protective role of two omega-6

fatty acids, namely arachidonic acid and linoleic acid
was explored. PC12 cells were treated with MPP+ in the
presence or absence of linoleic acid or arachidonic acid.
As measured by MTT assay, MPP+-induced toxicity
was attenuated in a dose-dependent manner when cul-
tures were exposed to linoleic acid (1–100 μM) for
1 day (Figure 1). A significant amount of protection
was observed in PC12 cells treated with linoleic acid
(50–100 μM) when compared to MPP+-treated group
(Figure 1). The cell viability was significantly increased
to 85% and 90% of control value when treated with 50 μM
and 100 μM of linoleic acid, respectively (Figure 1). Treat-
ment with linoleic acid alone had no prominent effect on
cell viability (Figure 2).
The cell survival was enhanced when treated with ara-

chidonic acid alone (Figure 3). Interestingly, a severe
toxic effect was seen when the PC12 cells were treated
with a high dose of arachidonic acid (Figure 3). The ma-
jority of PC12 cells were dead when treated with
100 μM of arachidonic acid. Despite of the high dose,
treatment with arachidonic acid (25–50 μM) completely
reverted MPP+-induced cell death back to or above
the untreated control value (Figure 4). The protection is



Figure 1 Linoleic acid inhibits MPP+-induced cell death. Cultured PC12 cells were subjected to 500 μM MPP+ in the absence or presence of
different concentrations of linoleic acid (LA) (1–100 μM) for 24 h at 37°C. Number of viable cells was determined by MTT assay. The control was
set to 100% survival. Data are means ± SEM (n = 3). Data were analyzed using one-way ANOVA and Neuman-Keuls’ test. Means with superscripts a

and b are significantly different at P < 0.05 comparing control and 500 μM MPP+ only-treated groups, respectively.
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unlikely to be mediated via peroxisome proliferator-
activated receptor gamma (PPAR-γ) since the effect
could not be mimicked by agonist ciglitazone (1 μM)
(Figure 5). Furthermore, the cell viability upon MPP+-
treatment is slightly higher, although statistically insig-
nificant, in the presence of a PPAR-γ antagonist,
Figure 2 The effect of linoleic acid on PC12 cells. PC12 cells in culture
for 24 h at 37°C. Number of viable cells was determined by MTT assay. The
(n = 3). Data were analyzed using one-way ANOVA and Neuman-Keuls’ test
compared to the control.
BADGE (10 μM). Although both arachidonic acid and
linoleic acid show significant protection at 10 μM and
50 μM concentrations, respectively, simultaneous treat-
ment of both fatty acids did not produce any add-
itional protective effect against MPP+-induced cell
death (Figure 6).
were exposed to increasing doses of linoleic acid (LA) from 1–100 μM
control was set to 100% survival. Data are expressed as means ± SEM
. None of the data from treated-groups are statistically different when



Figure 3 The effect of arachidonic acid on PC12 cells. Cultured PC12 cells were subjected to various concentrations arachidonic acid (AA)
(1–100 μM) for 24 h at 37°C. Number of viable cells was determined by MTT assay. The control was set to 100% survival. Data shown are means ± SEM
(n = 3). Data were analyzed using one-way ANOVA and Neuman-Keuls’ test. Means with superscript a are significantly different at P < 0.05 comparing
control.
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Discussion
In the current work, MPP+-induced PC12 cell death was
attenuated by two omega-6 fatty acids, namely linoleic
acid and arachidonic acid. The latter is a type of polyun-
saturated fatty acids, which is found mainly in brain
Figure 4 Arachidonic acid attenuates MPP+-induced cell death. PC12 c
acid (AA) (1–50 μM) for 24 h at 37°C. Number of viable cells was determined
means ± SEM (n = 3). Data were analyzed using one-way ANOVA and Neuma
P < 0.05 comparing control and 500 μM MPP+ only-treated groups, respective
tissues. It has many physiological roles, for example,
blood clotting, brain development and can act as a sig-
naling molecule in the brain [18-20]. The role of arachi-
donic acid on cytoprotection is rather controversial from
the literature. The enzymatic oxidation of arachidonic
ells were exposed to 500 μM MPP+ in the different doses of arachidonic
by MTT assay. The control was set to 100% survival. Data are expressed as
n-Keuls’ test. Means with superscripts a and b are significantly different at
ly.



Figure 5 Ciglitazone does not attenuate MPP+-induced cell death. PC12 cells were treated with 500 μM MPP+, 1 μM ciglitazone, 10 μM
BADGE, or combinations of these compounds for 24 h at 37°C. Number of viable cells was determined by MTT assay. The control was set to
100% survival. Data are means ± SEM (n = 3). Data were analyzed using one-way ANOVA and Neuman-Keuls’ test. Means with superscripts a and b

are significantly different at P < 0.05 comparing control and 500 μM MPP+ only-treated groups, respectively.

Figure 6 Simultaneous treatment with arachidonic acid and linoleic acid. PC12 cells were exposed to 500 μM MPP+ in the absence or
presence of 10 μM arachidonic acid (AA), 50 μM linoleic acid (LA) or combination of both, for 24 h at 37°C. Number of viable cells was determined by
MTT assay. The control was set to 100% survival. Data are means ± SEM (n = 3). Data were analyzed using one-way ANOVA and Neuman-Keuls’ test.
Means with superscripts a and b are significantly different at P < 0.05 comparing control and 500 μM MPP+ only-treated groups, respectively.
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acid produces pathological inflammatory mediators such
as prostacyclins, thromboxane A2 and leukotrienes [21].
Arachidonic acid has been shown to cause apoptosis and
cell death in many different cell types [22-25]. Many
studies reported that arachidonic acid is cytotoxic even
at concentartions of 50–100 μM in most cell lines [26].
Concentrations of arachidonic acid above 100 μM are
able to induce necrosis in a variety of cells. Moreover,
intravenous injection of high dose of arachidonic acid
has been shown to cause sudden death in rabbit [27].
However, it is uncertain if arachidonic acid has any dir-
ect effect on cell viability on in vivo study. In this study,
high dose of arachidonic acid (100 μM) has been shown
to cause severe toxicity to cultured PC12 cells (Figure 3).
Despite this, concentrations of arachidonic acid up to

50 μM are protective against MPP+ insult in these cells
(Figure 4). In addition, treatment with arachidonic acid
alone improves the percentage of viable PC12 cells
above the control value. The results of this study are
consistent with several other reports demonstrating that
arachidonic acid is indeed protective. For example, ara-
chidonic acid can protect rat hippocampal slices against
oxidative stress induced by hydrogen peroxide and glu-
tamate [28]. Furthermore, arachidonic acid can also pro-
tect rat cardiac myocytes and gastric mucosa against
ischemic and ethanol insults, respectively [29,30].
Astrocytes are the major source of arachidonic acid in

the brain [31-33]. Astrocytes can synthesize and release
arachidonic acid. Astrocytes and neurons are located very
close to one another. Thus, astrocytes are able to supply
neurons with arachidonic acid. Astrocytes play significant
roles in maintaining neuronal function and survival in the
brain. The protective roles of astrocytes depend mainly on
the substances that they release into and take up from the
extracellular space, a microenvironment that is shared be-
tween astrocytes and neurons. In Parkinson’s disease, the
role of astrocytes might be impaired. For example, MPP+

has been demonstrated to induce toxicity in astrocyte cul-
ture. MPP+ causes failure of energy metabolism in astro-
cytes and therefore, impairs the glutamate uptake capacity
of these cells [34]. High level of extracellular glutamate
can cause excitotoxicity to the surrounding neurons
[35-37]. In addition to that, a lack of neuronal supply of
arachidonic acid could also be one of the factors that
causes neuronal death in Parkinson’s disease. Hence, fur-
ther studies could be carried out to elucidate the effect of
endogenous arachidonic acid by either using pre-
conditioned media or astrocyte co-cultures.
The critical micelle concentration (CMC) values re-

ported for arachidonic acid and linoleic acid are quite
similar (~10-60 μM) [26,38], hence concentrations above
this level could form micelles that reduce the effectiveness
of the compound when introduced into the medium. Des-
pite of the potential limitation, both arachidonic acid and
linoleic acid were found to be able to protect against
MPP+-induced cell death in a dose-dependent manner
(Figures 1 and 4). In addition, a significant amount of
protection started to be seen when the cells treated with
2.5 μM of arachidonic acid, a concentration below its
CMC value (Figure 4). Although some concentrations used
here were above the CMC, biophysical analyses of fatty
acids in water showed that micelles were rarely formed
below pH 9.0 [39]. In fact, the pH of culture medium used
in this study was maintained as close to the physiological
pH as possible using CO2. Furthermore, the bicarbonate
presents in the culture medium is a weak buffer and is able
to prevent drastic pH changes. Bicarbonate is not only a
non-toxic substance, but has nutritional value.
In addition to cytoprotection, arachidonic acid also ex-

hibits growth-promoting effects on PC12 cells. The op-
tical density obtained from MTT assay is directly
proportional to the cell viability provided that there is
no any other inference substance in this assay. Micelle
formation is likely to be increased when higher concen-
trations of fatty acids are used. Therefore, one may argue
that the formation of micelles may interfere with the op-
tical density measurement of MTT assay and thus pro-
duces a false dose-dependent increase in cell viability as
seen in arachidonic acid treatment (Figure 3). However,
this is unlikely to be the case because the trend was not
obvious when the cells were treated with increasing con-
centrations of linolenic acid, a compound with similar
CMC value as arachidonic acid (Figure 2).
It has also been reported that arachidonic acid concen-

tration in the cerebrospinal fluid is ~1 μM [40]. How-
ever, due to the close anatomical proximity between
neurons and astocytes, it is not surprising for the neu-
rons to be instantly exposed to high local concentration
of arachidonic acid physiologically beyond the level that
was measured from cerebrospinal fluid. Thus, the con-
centrations used in this study could be physiologically
relevant and it is not unrealistic to see such a protection
at these concentrations.
PPAR-γ is a nuclear receptor which acts as a transcrip-

tional regulator of multiple genes and subsequently pro-
moting cell differentiation, proliferation and survival in
many cell types. It has been reported that PPAR-γ is
present in PC12 cells [41,42]. Previous studies have
shown that arachidonic acid and its metabolites such as
prostaglandins can activate PPAR-γ [43]. The results
from this study show that ciglitazone, a PPAR-γ agonist,
could not protect the PC12 cells from MPP+-induced
death (Figure 5). Thus, the involvement of PPAR-γ sig-
nalling pathway in cytoprotection can be excluded from
this study.
Linoleic acid has been shown to be able to protect

necrotic and apoptotic cell death induced by palmitic
acid [44]. In this study, linoleic acid has also been shown
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to reduce cell death in PC12 cells induced by MPP+.
Linoleic acid is the precursor for the synthesis of arachi-
donic acid [45]. Most mammals, including human are
able to convert linoleic acid to arachidonic acid [15].
The metabolic conversion occurs mainly in liver and
brain, and is mediated by delta-5 and delta-6 desaturase
[46]. In fact, these enzymes have been shown to be
present in various mammalian cells and tissues [47,48].
Interestingly, the metabolic conversion of linoleic acid to
arachidonic acid has also been demonstrated in many
cultured mammalian cells [49,50]. Nonetheless, the pos-
sibility that the protective effect of linoleic acid is
achieved via the in vitro metabolic conversion pathway
cannot be excluded. These two fatty acids are likely to
share and mediate the same downstream protective
mechanisms since no additional protection against MPP
+-induced cell death was seen when PC12 cells were
simultaneously treated with linoleic acid and arachidonic
acid (Figure 6).

Conclusions
In conclusion, both linoleic acid and arachidonic acid can
effectively protect PC12 cells against toxicity caused by
MPP+. However, further studies are required to elucidate
the protective pathway of these fatty acids. For instance,
the mechanisms that lead to cellular toxicity such as anti-
oxidant, anti-inflammatory and anti-apoptotic properties
shall be explored further. The findings from this study
suggest that omega-6 fatty acids could have a potential
therapeutic or preventive role in Parkinson’s disease.

Abbreviations
MPP+: 1-methyl-4-phenylpyridinium; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; ANOVA: Analysis of variance; BADGE: Bisphenol A
diglycidyl ether; CMC: Critical micelle concentration; PPAR-γ: Peroxisome
proliferator-activated receptor gamma.

Competing interests
The author declares no competing interests. The author alone is responsible
for the content and writing of the paper.

Acknowledgements
The author would like to thank Ms. Ooi Huei Si for her technical assistance in
culturing PC12 cells and performing the MTT assay. This study was supported
by Monash University Malaysia Seed Grant (BCHH-SS-2-02-2010) and the
Department of Higher Education (Malaysia)’s FRGS Grant (FRGS/1/2012/SKK01/
MUSM/03/1).

Received: 26 September 2014 Accepted: 1 December 2014
Published: 19 December 2014

References
1. Cheng D, Jenner AM, Shui G, Cheong WF, Mitchell TW, Nealon JR, Kim WS,

McCann H, Wenk MR, Halliday GM: Lipid pathway alterations in
Parkinson's disease primary visual cortex. PLoS One 2011, 6:e17299.

2. Damier P, Hirsch E, Agid Y, Graybiel A: The substantia nigra of the human
brain II. Patterns of loss of dopamine-containing neurons in Parkinson's
disease. Brain 1999, 122:1437–1448.

3. Jankovic J: Parkinson’s disease: clinical features and diagnosis. J Neurol
Neurosurg Psychiatry 2008, 79:368–376.
4. Xu J, Tang KS, Lu VB, Weerasinghe CP, Tse A, Frederick WT: Maintenance of
quantal size and immediately releasable granules in rat chromaffin cells
by glucocorticoid. Am J Physiol Cell Physiol 2005, 289:C1122–C1133.

5. Byrd JC, Hadjiconstantinou M, Cavalla D: Epinephrine synthesis in the
PC12 pheochromocytoma cell line. Eur J Pharmacol 1986, 127:139–142.

6. Tang KS, Tse A, Tse FW: Differential regulation of multiple populations of
granules in rat adrenal chromaffin cells by culture duration and cyclic
AMP. J Neurochem 2005, 92:1126–1139.

7. Tang KS, Wang N, Tse A, Tse FW: Influence of quantal size and cAMP on
the kinetics of quantal catecholamine release from rat chromaffin cells.
Biophys J 2007, 92:2735–2746.

8. Cheng B, Yang X, Chen C, Cheng D, Xu X, Zhang X: D-β-hydroxybutyrate
prevents MPP+-induced neurotoxicity in PC12 cells. Neurochem Res 2010,
35:444–451.

9. Chalimoniuk M, Stolecka A, Ziemińska E, Stępień A, Langfort J, Strosznajder
JB: Involvement of multiple protein kinases in cPLA2 phosphorylation,
arachidonic acid release, and cell death in in vivo and in vitro models of
1‐methyl‐4‐phenylpyridinium‐induced parkinsonism–the possible key
role of PKG. J Neurochem 2009, 110:307–317.

10. Patel MY, Panchal HV, Ghribi O, Benzeroual KE: The neuroprotective effect of
fisetin in the mptp model of parkinson's disease. J Park Dis 2012, 2:287–302.

11. Chen J, Tang XQ, Zhi JL, Cui Y, Yu HM, Tang EH, Sun SN, Feng JQ, Chen PX:
Curcumin protects PC12 cells against 1-methyl-4-phenylpyridinium
ion-induced apoptosis by bcl-2-mitochondria-ROS-iNOS pathway.
Apoptosis 2006, 11:943–953.

12. Goodnight SH, Harris WS, Connor WE, Illingworth D: Polyunsaturated fatty
acids, hyperlipidemia, and thrombosis. Arterioscler Thromb Vasc Biol 1982,
2:87–113.

13. Meyer BJ, Mann NJ, Lewis JL, Milligan GC, Sinclair AJ, Howe PR: Dietary
intakes and food sources of omega-6 and omega-3 polyunsaturated
fatty acids. Lipids 2003, 38:391–398.

14. Singh M: Essential fatty acids, DHA and human brain. Indian J Pediatr
2005, 72:239–242.

15. Salem N, Pawlosky R, Wegher B, Hibbeln J: In vivo conversion of linoleic
acid to arachidonic acid in human adults. Prostaglandins Leukot Essent Fat
Acids 1999, 60:407–410.

16. Gibson R: Australian fish—An excellent source of both arachidonic acid
and ω-3 polyunsaturated fatty acids. Lipids 1983, 18:743–752.

17. Li D, Ng A, Mann NJ, Sinclair AJ: Contribution of meat fat to dietary
arachidonic acid. Lipids 1998, 33:437–440.

18. Marcus AJ: The role of lipids in platelet function: with particular reference
to the arachidonic acid pathway. J Lipid Res 1978, 19:793–826.

19. Silver M, Smith J, Ingerman C, Kocsis J: Arachidonic acid-induced human
platelet aggregation and prostaglandin formation. Prostaglandins 1973,
4:863–875.

20. Bazan NG: Lipid signaling in neural plasticity, brain repair, and
neuroprotection. Mol Neurobiol 2005, 32:89–103.

21. Kuehl FA, Egan RW: Prostaglandins, arachidonic acid, and inflammation.
Science 1980, 210:978–984.

22. Macdonald NJ, Perez‐Polo JR, Bennett AD, Taglialatela G: NGF‐resistant
PC12 cell death induced by arachidonic acid is accompanied by a
decrease of active PKC zeta and nuclear factor kappa B. J Neurosci Res
1999, 57:219–226.

23. Scorrano L, Penzo D, Petronilli V, Pagano F, Bernardi P: Arachidonic acid
causes cell death through the mitochondrial permeability transition
implications for tumor necrosis factor-α apoptotic signaling. J Biol Chem
2001, 276:12035–12040.

24. Vento R, D'Alessandrod N, Giulian M, Lauricella M, Carabillo M, Tesoriere G:
Induction of apoptosis by arachidonic acid in human retinoblastoma
Y79 cells: involvement of oxidative stress. Exp Eye Res 2000, 70:503–517.

25. Chen Q, Galleano M, Cederbaum AI: Cytotoxicity and apoptosis produced
by arachidonic acid in Hep G2 cells overexpressing human cytochrome
P4502E1. J Biol Chem 1997, 272:14532–14541.

26. Pompeia C, Lima T, Curi R: Arachidonic acid cytotoxicity: can arachidonic
acid be a physiological mediator of cell death? Cell Biochem Funct 2003,
21:97–104.

27. Silver MJ, Hoch W, Kocsis JJ, Ingerman CM, Smith JB: Arachidonic acid
causes sudden death in rabbits. Science 1974, 183:1085–1087.

28. Wang Z-J, Liang C-L, Li G-M, Yu C-Y, Yin M: Neuroprotective effects of
arachidonic acid against oxidative stress on rat hippocampal slices.
Chem Biol Interact 2006, 163:207–217.



Tang Lipids in Health and Disease 2014, 13:197 Page 8 of 8
http://www.lipidworld.com/content/13/1/197
29. Mackay K, Mochly-Rosen D: Arachidonic acid protects neonatal rat cardiac
myocytes from ischaemic injury through ϵ protein kinase C. Cardiovasc Res
2001, 50:65–74.

30. Hollander D, Tarnawski A, Ivey K, DeZeery A, Zipser R, McKenzie W Jr,
McFarland W: Arachidonic acid protection of rat gastric mucosa against
ethanol injury. J Lab Clin Med 1982, 100:296–308.

31. Moore SA, Yoder E, Murphy S, Dutton GR, Spector AA: Astrocytes, not
neurons, produce docosahexaenoic acid (22: 6ω‐3) and arachidonic acid
(20: 4ω‐6). J Neurochem 1991, 56:518–524.

32. Sanfeliu C, Hunt A, Patel AJ: Exposure toN-methyl-d-aspartate increases
release of arachidonic acid in primary cultures of rat hippocampal
neurons and not in astrocytes. Brain Res 1990, 526:241–248.

33. Strokin M, Sergeeva M, Reiser G: Docosahexaenoic acid and arachidonic
acid release in rat brain astrocytes is mediated by two separate isoforms
of phospholipase A2 and is differently regulated by cyclic AMP and
Ca2+. Br J Pharmacol 2003, 139:1014–1022.

34. Di Monte DA, Tokar I, Langston JW: Impaired glutamate clearance as a
consequence of energy failure caused by MPP+ in astrocytic cultures.
Toxicol Appl Pharmacol 1999, 158:296–302.

35. Choi DW: 6. Glutamate receptors and the induction of excitotoxic
neuronal death. Prog Brain Res 1994, 100:47–52.

36. Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl RW, Kanai
Y, Hediger MA, Wang Y, Schielke JP: Knockout of glutamate transporters
reveals a major role for astroglial transport in excitotoxicity and
clearance of glutamate. Neuron 1996, 16:675–686.

37. Tang KS, Suh SW, Alano CC, Shao Z, Hunt WT, Swanson RA, Anderson CM:
Astrocytic poly (ADP‐ribose) polymerase‐1 activation leads to bioenergetic
depletion and inhibition of glutamate uptake capacity. Glia 2010,
58:446–457.

38. Serth J, Lautwein A, Frech M, Wittinghofer A, Pingoud A: The inhibition of
the GTPase activating protein-Ha-ras interaction by acidic lipids is due to
physical association of the C-terminal domain of the GTPase activating
protein with micellar structures. EMBO J 1991, 10:1325.

39. Ouellet M, Emond V, Chen CT, Julien C, Bourasset F, Oddo S, LaFerla F,
Bazinet RP, Calon F: Diffusion of docosahexaenoic and eicosapentaenoic
acids through the blood–brain barrier: An in situ cerebral perfusion
study. Neurochem Int 2009, 55:476–482.

40. Pilitsis JG, Coplin WM, O'Regan MH, Wellwood JM, Diaz FG, Fairfax MR,
Michael DB, Phillis JW: Free fatty acids in cerebrospinal fluids from
patients with traumatic brain injury. Neurosci Lett 2003, 349:136–138.

41. Fuenzalida KM, Aguilera MC, Piderit DG, Ramos PC, Contador D, Quinones V,
Rigotti A, Bronfman FC, Bronfman M: Peroxisome proliferator-activated
receptor gamma is a novel target of the nerve growth factor signaling
pathway in PC12 cells. J Biol Chem 2005, 280:9604–9609.

42. Tjalkens RB, Liu X, Mohl B, Wright T, Moreno JA, Carbone DL, Safe S:
The peroxisome proliferator-activated receptor-gamma agonist 1,1-bis
(3'-indolyl)-1-(p-trifluoromethylphenyl) methane suppresses manganese-
induced production of nitric oxide in astrocytes and inhibits apoptosis in
cocultured PC12 cells. J Neurosci Res 2008, 86:618–629.

43. Dozsa A, Dezso B, Toth BI, Bacsi A, Poliska S, Camera E, Picardo M, Zouboulis CC,
Biro T, Schmitz G, Liebisch G, Ruhl R, Remenyik E, Nagy L: PPARgamma-
mediated and arachidonic acid-dependent signaling is involved in
differentiation and lipid production of human sebocytes. J Investig
Dermatol 2014, 134:910–920.

44. Beeharry N, Lowe JE, Hernandez AR, Chambers JA, Fucassi F, Cragg PJ,
Green MH, Green IC: Linoleic acid and antioxidants protect against DNA
damage and apoptosis induced by palmitic acid. Mutat Res Fundam Mol
Mech Mutagen 2003, 530:27–33.

45. Youdim KA, Martin A, Joseph JA: Essential fatty acids and the brain:
possible health implications. Int J Dev Neurosci 2000, 18:383–399.

46. Farooqui AA: Transport, synthesis, and incorporation of n–3 and n–6
fatty acids in brain glycerophospholipids. In Beneficial Effects of Fish Oil on
Human Brain. New York: Springer; 2009:47–78.

47. Martinelli N, Girelli D, Malerba G, Guarini P, Illig T, Trabetti E, Sandri M, Friso S,
Pizzolo F, Schaeffer L: FADS genotypes and desaturase activity estimated by
the ratio of arachidonic acid to linoleic acid are associated with
inflammation and coronary artery disease. Am J Clin Nutr 2008, 88:941–949.
48. Pedrono F, Blanchard H, Kloareg M, D'Andrea S, Daval S, Rioux V, Legrand P:
The fatty acid desaturase 3 gene encodes for different FADS3 protein
isoforms in mammalian tissues. J Lipid Res 2010, 51:472–479.

49. Isseroff R, Ziboh V, Chapkin R, Martinez D: Conversion of linoleic acid into
arachidonic acid by cultured murine and human keratinocytes. J Lipid Res
1987, 28:1342–1349.

50. Mathers L, Bailey M: Enzyme deletions and essential fatty acid metabolism
in cultured cells. J Biol Chem 1975, 250:1152–1153.

doi:10.1186/1476-511X-13-197
Cite this article as: Tang: Protective effect of arachidonic acid and
linoleic acid on 1-methyl-4-phenylpyridinium-induced toxicity in PC12
cells. Lipids in Health and Disease 2014 13:197.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Materials
	Cell culture
	Induction of cell death
	Cell viability assay
	Statistical analysis

	Results
	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Acknowledgements
	References

