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ABSTRACT
Spironolactone has produced beneficial effects in animal models of
neurodegenerative disorders. However, the underlying mechanisms of this agent on
neurons and glia are mostly unknown. Therefore, we aimed to show the effects of
spironolactone and fludrocortisone, a mineralocorticosteroid receptor agonist, on
neuronal and glial toxicity induced by N-methyl-D-aspartate (NMDA) activation
and chloroquine, an autophagy inhibitor, in the cell culture. We exposed the
SHSY5Y neuroblastoma and 1321N1 astrocytoma exposed to NMDA (25µM), or
chloroquine (40µM) for 24 and 48h to induce neuronal and glial toxicity.
Spironolactone (1, 10, and 20µM) or fludrocortisone (300nM) were also added to
the cells for 24 and 48h. Cell survival was measured using the MTT assay. Neurons
and astrocytes treated with NMDA and spironolactone (1, 10, and 20µM) for 24
and 48h had lower cell death compared with the NMDA-treated group. Moreover,
cells treated with NMDA and fludrocortisone for 24 and 48h had higher viability in
comparison to the NMDA-treated group. The neuronal cells treated with
chloroquine and spironolactone (10 and 20µM) for 24h had higher cell viability
compared with the chloroquine group. Chloroquine plus spironolactone (20µM)
treatment for 24 and 48h increased cell viability of astrocytes compared with the
chloroquine-treated group. Moreover, the treatment of neurons and astrocytes with
chloroquine plus fludrocortisone for 24h decreased cell death. Spironolactone and
fludrocortisone protected neurons and astrocytes against NMDA- and chloroquineinduced toxicity. The mechanism of neuronal and glial protective effects of
spironolactone possibly related to the inhibition of the mineralocorticosteroids.
However, spironolactone might affect other non-mineralocorticoid systems.
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INTRODUCTION
Spironolactone is a potassium-sparing diuretic with beneficial effects in cardiovascular disorders [1]. This agent is a
non-selective aldosterone antagonist, which affects other
steroid receptors such as androgen, glucocorticoid, and progesterone receptors [2]. Spironolactone has also exerted immunomodulatory effects in the peripheral tissues and the
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central nervous system (CNS) [3, 4]. Moreover, spironolactone has produced a memory-enhancing activity in human
subjects [5] and suppressed neuronal injury after ischemia in
animal models [6]. In a stroke model, this agent reduced the
infarct size by inhibiting the mineralocorticosteroids receptors (MR)s [6]. However, there are some inconsistencies
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regarding the role of MRs in neuronal survival [7, 8]. Therefore, other mechanisms other than the inhibition of MRs may
be involved in the central effects of spironolactone.
MRs are mainly expressed in the kidney and are the main
target of aldosterone [9]. However, some evidence shows the
distribution of these receptors throughout the CNS [10].
Neuronal cells contain both the MRs and glucocorticoid receptors (GRs) [11]. MRs are extensively expressed in the
hippocampus [12]. These receptors are involved in cognitive-behavioral responses and cell apoptosis in limbic structures [5]. Aldosterone, at high concentrations, activates
these receptors and induces apoptosis in neurons [13]. However, aldosterone protected the rat neuronal cultures against
the staurosporine-induced apoptosis [13]. Furthermore, the
overexpression of the MRs in the forebrain of ischemic animals attenuated neuronal loss [14]. Glial cells also express
both the MRs and the GRs [15]. However, there are limited
data about the functions of the MRs on glial cells.
Glial cells have vital roles in the physiological function
of the CNS. Therefore, glial dysfunction contributes to numerous neurological disorders [16]. Astrocytes are glial cells
with crucial importance in several brain functions, including
the regulation of neurotransmitters such as glutamate [16].
Glutamate has a unique role in neuronal function and neurotoxicity [16]. The high concentrations of glutamate in the
extracellular space and overactivation of N-methyl-Daspartate (NMDA) receptors play a leading role in neurodegenerative disorders [17]. There are some conflicting results regarding the interaction of NMDA receptors and MRs.
It has been shown that the interaction of NMDA receptors
and MRs affected the function of the hippocampus [18]. A
study showed that MRs are essential for the survival of hippocampal neurons [19]. Moreover, MR activation decreased
the overall activity of NMDA receptors [20]. On the other
hand, Xiao et al. showed that NMDA-induced neurotoxicity
is independent of MRs [21]. Glutamate receptors and MRs
have a substantial role in the pathogenesis of the neurodegenerative disorder. Therefore, we proposed that MR
modulators may affect NMDA-induced neuronal and glial
loss.
According to new evidence, autophagy is another system
that plays an important role in neuronal survival and neurodegeneration [22]. Autophagy-lysosome is a de novo system
that is responsible for the degradation and clearance of the
misfolded proteins and damaged organelles [23]. Autophagy
inhibitors, such as chloroquine, induce cell apoptosis [24,
25]. Some evidence has shown that the MRs modulators
affected autophagy. Aldosterone and spironolactone stimulate autophagy flux [26, 27]. Moreover, aldosterone activates
oxidative stress and autophagy in renal podocytes [28]. In
contrast, the inhibition of autophagy increased the toxicity of
aldosterone on theses peripheral cells [28]. It has been proposed that autophagy may suppress MR toxic effects in the
peripheral tissues [28]. However, spironolactone and MRs
agonists' effects on neuronal and glial autophagy are mostly
unidentified. Therefore, this study aimed to show the neuronal and glial protective effects of spironolactone and
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fludrocortisone, an MR agonist, against NMDA activation
and autophagy inhibition in cell culture.
MATERIALS AND METHODS
Materials
The human SH-SY5Y neuroblastoma and 1321N1 astrocytoma cell lines were purchased from the Pasteur Institute
(Tehran, Iran). Dulbecco's modified Eagle's medium and
Ham's nutrient mixture F-12 (DMEM/F12), fetal bovine serum (FBS), and Penicillin-Streptomycin were obtained from
Gibco® life technologies™ (USA). NMDA, spironolactone,
fludrocortisone, chloroquine, and Dimethyl sulfoxide
(DMSO) were procured from the Sigma-Aldrich (USA).
Spironolactone and fludrocortisone were dissolved in cell
culture medium (FBS 1%) plus DMSO (1%). We considered
the cell culture medium (FBS 1%) plus DMSO (1%) as the
control group.
Neuronal and astrocyte cell Cultures
The SH-SY5Y neuronal cells and 1321N1 astrocyte cells
were seeded on a plate until they become confluent. Then the
cells at the density of 1x105cells/well were transferred to the
96-well plates containing DMEM/F12 (1:1), fetal bovine
serum (10 %), penicillin (100 U/ml), and streptomycin (100
µg/ml). The cells were maintained in a humidified atmosphere of 95% air /5% CO2 and at 37°C during the experiment.
Study design and treatments
The optimum concentration of each agent was defined
according to the concentrations used in a pilot study and
previous investigations [29]. In two separate sets of experiments, neuronal and astrocyte, cells were exposed to the
NMDA (25µM) or chloroquine (40µM) for 24 and 48h. The
treatment groups for the NMDA set of experiment were as
follow: 1) control, 2) NMDA (25µM) plus DMSO (1%), 3)
NMDA plus spironolactone (1 µM), 4) NMDA plus spironolactone (10 µM), 5) NMDA plus spironolactone (20 µM), 6)
NMDA plus fludrocortisone (300 nM), 7) NMDA plus spironolactone (10µM) plus fludrocortisone (300nM). The
treatment groups for the chloroquine set of experiment were
as follow: 1) control, 2) Chloroquine (40µM) plus DMSO
(1%), 3) chloroquine (40µM) plus spironolactone (1 µM), 4)
chloroquine (40µM) plus spironolactone (10 µM), 5) chloroquine (40µM) plus spironolactone (20 µM), 6) chloroquine
(40µM) plus fludrocortisone (300nM), and 7) chloroquine
(40µM) plus spironolactone (10 µM) plus fludrocortisone
(300nM).
Cell Viability Assay
The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay was used to measure the cell viability of neurons and astrocytes. Briefly, the MTT reagent (5
mg/ml) was added to the wells contained the cells and treatments and incubated for 4h. After dissolving the precipitate
in DMSO (100µl), the absorbance of each well was measured at 570 nm by a microplate reader (Synergy HT, Bio-
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tek®). Higher absorbance showed a higher level of living
cells.
Statistical analysis
The results were analyzed using the one-way analysis of
variance (ANOVA) followed by the LSD test. The P <0.05
was considered statistically significant. The SPSS software
(version 23) was used to analyze the data.
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RESULTS
Neuroprotective and glioprotective effects of spironolactone and fludrocortisone against NMDA
Treatment of SHSY5Y neuronal and 1321N1 astrocyte
cultures with NMDA (25µM) plus DMSO (1%) for 24 and
48h significantly decreased the cell viability in comparison
to the control groups (P<0.001) (Fig. 1). Neuronal and astrocyte cells treated with NMDA plus spironolactone (1, 10,
and 20µM) for 24 and 48h had lower cell death compared
with the NMDA-treated group (P<0.001) (Fig. 1). Moreover,
cells treated with NMDA plus fludrocortisone for 24 and
48h had higher viability in comparison to the NMDA-treated
group (P<0.05) (Fig. 1). The treatment of neuronal cells with
NMDA plus spironolactone (10µM) plus fludrocortisone for
48h reduced cell toxicity in comparison to the NMDA plus
spironolactone (10µM) group. The treatment of astrocytes
with NMDA plus spironolactone (10µM) plus fludrocorti-
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sone for 24h showed a decreased cell viability compared
with both NMDA plus spironolactone (10µM) (P=0.004)
and NMDA plus fludrocortisone (P=0.017) groups.
Neuroprotective and glioprotective effects of spironolactone and fludrocortisone against chloroquine
SHSY5Y neuronal and 1321N1 astrocyte cells treated
with chloroquine (40µM) plus DMSO (1%) for 24 and 48h
had lower cell viability compared with the control group
(P<0.001) (Fig. 2). The neuronal cells treated with chloroquine plus spironolactone (10 and 20µM) for 24h had higher
cell viability in comparison to the chloroquine plus DMSO
(1%) group (P= 0.001) (Fig. 2). The neuronal cells treated
with chloroquine plus spironolactone (1 and 10µM) for 48h
had higher cell viability in comparison to the chloroquine
plus DMSO (1%) group (P<0.001, and p=0.007, respectively) (Figure 2). The addition of spironolactone (1 and 10µM)
to chloroquine for 24 and 48h did not affect astrocytes viability in comparison to the chloroquine plus DMSO group
(P>0.05) (Fig. 2). In contrast, chloroquine plus spironolactone (20µM) treatment for 24 and 48h increased cell viability of astrocytes compared with chloroquine plus DMSO
(1%) (P=0.003, and P=0.012, respectively). Moreover,
treatment of neurons and astrocytes with chloroquine plus
fludrocortisone for 24h decreased cell death compared with
the chloroquine plus DMSO groups (P<0.001, and P=0.016,

Figure 1. The protective effects of spironolactone and fludrocortisone against N-methyl-D-aspartate (NMDA)-induced toxicity in
SHSY5Y neuronal and 1321N1 astrocyte cultures. The cells exposed to the administered agents for 24 and 48h and the cell viability
was measured using the MTT assay. Data were shown as mean + standard deviation of four experiment. ††: shows P-value lower than
0.001 compared with the control group, * and **: P<0.05 and P<0.001 compared with the NMDA group, and ‡: P<0.001 compared
with the NMDA + spironolactone (10μM) + fludrocortisone-treated group. N: NMDA (25μM), S: Spironolactone (1, 10, and 20μM),
and F: fludrocortisone (300nM). SH 24 and SH48: SHSY5Y neuronal cells treated for 24 and 48h, N124 and N148: 1321N1 astrocyte
cells treated for 24 and 48h.
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Figure 2. The protective effects of spironolactone and fludrocortisone against chloroquine-induced toxicity in SHSY5Y neuronal and
1321N1 astrocyte cultures. The cells exposed to the administered agents for 24 and 48h and the cell viability was measured using the
MTT assay. Data were shown as mean + standard deviation of four experiment. ††: shows P-value lower than 0.001 compared with the
control group, * and **: P<0.05 and P<0.001 compared with the chloroquine group, and ‡ and ‡‡: P<0.05 and P<0.001 compared with
the chloroquine + spironolactone (10μM) + fludrocortisone-treated group. Ch: chloroquine (40μM), S: Spironolactone (1, 10, and
20μM), and F: fludrocortisone (300nM). SH 24 and SH48: SHSY5Y neuronal cells treated for 24 and 48h, N124 and N148: 1321N1
astrocyte cells treated for 24 and 48h.
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respectively) (Fig. 2). The addition of fludrocortisone to
chloroquine for 48h did not affect cell viability in comparison to the chloroquine-treated group (P>0.05) (Fig. 2). Furthermore, treatment of neurons with chloroquine plus spironolactone (10µM) plus fludrocortisone for 24 decreased cell
viability (P<0.001) while the treatment for 48h increased cell
viability (P=0.004) compared with the chloroquine plus spironolactone groups (Fig. 2). Astrocytes treated with chloroquine plus spironolactone (10µM) plus fludrocortisone for
24 and 48h had lower cell viability compared with the chloroquine plus fludrocortisone-treated groups (P=0.001, and
P=0.042, respectively) (Fig. 2).
DISCUSSION
The present study showed that spironolactone protected
neurons and astrocytes against the NMDA activation- and
autophagy inhibition-induced toxicity. Although several
studies have shown the beneficial effects of spironolactone
in animal models of stroke [30] and neuropathic pain[4],
there are limited data regarding the neuronal and glial protective effects of this agent. A study by Sun and his colleagues showed that spironolactone reduced the neuropathic
pain by inhibiting the microglia and suppressing the proinflammatory cytokines in mice [4]. Moreover, Frieler et al.
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have shown that spironolactone exerted anti-inflammatory
and microglial-suppressive activities and protected animals
in a stroke model [31]. Another study has proposed that the
beneficial effects of spironolactone in a stroke model are
related to the suppression of epidermal growth factor in the
CNS [6]. Our study showed that spironolactone protected
neurons and astrocytes, and these direct neuronal and astrocytes protective effects might contribute to its beneficial
changes in cerebrovascular disorders.
In our study, fludrocortisone, an aldosterone agonist with
little activity on glucocorticoid receptors [32], partially inhibited the neuronal and glial protective effects of spironolactone against the NMDA-induced cell toxicity. Therefore,
spironolactone interaction with other systems may have a
role in its neuronal and astrocytic protective effects against
NMDA-induced toxicity. Recent studies have demonstrated
that spironolactone reduced free radicals in the ischemic
tissues [33] and increased the expression of neuroprotective
growth factors in astrocytes [34]. Moreover, spironolactone
has decreased the expression of NMDA receptors and suppressed the activation of these receptors in mice [4]. A study
by Sun et al. have suggested that microglial inhibition may
also influence spironolactone effects on the NMDA receptors in neurons [4]. Our study showed that spironolactone
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reduced the detrimental effects of NDMA receptor activation
on neurons. The activation of the NMDA receptors causes
the influx of cations, especially calcium into neurons and
glial cells [35]. The elevated level of intracellular calcium
activates the apoptotic pathways in neurons [35]. This process is called excitotoxicity and is an essential characteristic
of neurodegenerative disorders [36]. The results of the present study may imply that the desirable effects of spironolactone in neurodegenerative disorders may be related to the
suppression of NMDA receptors and excitotoxicity. Moreover, the protective effects of spironolactone against NMDA
over-activation are not entirely dependent on MRs.
In the present study, fludrocortisone exerted neuroprotective and astrocyte protective activity against the NMDAinduced toxicity. Previous studies have shown that MR activation increased the anti-apoptotic factors such as Bcl2 and
Bcl-XL and protected the rat hippocampus from the kainateinduced neurotoxicity [37, 38]. Furthermore, the MR agonists exerted an anti-apoptotic action in primary neuronal
culture [39]. Lai et al. showed that MR activation is essential for the survival of hippocampal neurons [19]. Recent
evidence has demonstrated that MR receptors in the brain
activate anti-apoptotic signaling mechanism [40]. Aldosterone also protected spinal neurons against glutamate neurotoxicity [41]. It has been documented that MRs modulate
glutamate neurotransmission in the hippocampus [42].
Moreover, these receptors tune the synaptic NMDA receptors [43]. Therefore, the activation of the MRs may be beneficial against neurotoxic and gliotoxic insults, though this
system may produce detrimental effects on neuronal vasculature [6].
Recent studies have shown that autophagy is closely related to neurotoxicity and neurodegenerative disorders [44].
Correia et al. have documented that autophagy deficit preceded the formation of the neurofibrillary tangle [45]. Moreover, autophagy suppression led to neurodegeneration in
animal models [46]. The impaired autophagy in astrocytes
also influences neuronal survival and increases the neurological deficit in animal models [47]. The MR agonists and antagonists affect autophagy in the peripheral tissues [27, 48].
However, there is limited information regarding the MR
effects on autophagy in neurons and astrocytes. Our study
showed that both spironolactone and fludrocortisone protected the neuronal and glial cells against autophagy inhibition.
Previous researches have shown that spironolactone restores
the normal function of autophagy and protects peripheral
cells from mechanical stress [27]. Aldosterone increased the
autophagy markers in podocyte cell culture [26]. Moreover,
autophagy inhibition enhances the toxic effects of aldosterone on podocytes [26]. However, the MR function in the
CNS is different from the peripheral tissues. On the contrary,
MR activation may enhance autophagy and protect neurons
and astrocytes. Moreover, both spironolactone and fludrocortisone may enhance autophagy machinery and protect
neurons and astrocytes against insults. In contrast, the use of
spironolactone plus fludrocortisone reduced the effects of
each agent. This may imply that over-activation of autopha-
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gy by two drugs may exert a toxic effect on neurons and
astrocytes. Moreover, the results of this study may demonstrate that the MRs may have a complex interaction with
autophagy. Spironolactone, at lower concentrations, may
only affect the autophagy-induced neurotoxicity and not the
astrocyte viability. In contrast, spironolactone, at higher concentrations, had modest effects on neurons and more marked
effects on astrocytes. Accordingly, spironolactone may influence different autophagy mechanisms in neurons and astrocytes. Another possibility may be different processes for
the regulation of autophagy in neurons and astrocytes.
This study had some limitations. We did not measure the
intracellular mechanisms involved in the NMDA activationand autophagy inhibition-induced neuronal and glial toxicity. It is desirable in future studies to investigate the effects of
spironolactone and fludrocortisone on cellular machinery
responsible for these processes.
CONCLUSION
The mechanism of neuronal and glial protective effects
of spironolactone possibly related to the MRs inhibition.
However, other systems rather than MRs may be involved in
the spironolactone protective effects against NMDA activation- and autophagy inhibition-induced neuronal and astrocytes toxicity.
ACKNOWLEDGMENT
We gratefully thank the Vice-chancellor for research affairs of the Shiraz University of Medical Science for the financial support. It is important to note that sponsor had no
role in the design of the study and collection, analysis, and
interpretation of data and in writing the manuscript.
CONFLICTS OF INTEREST
The author(s) declare(s) that there is no conflict of interest regarding the publication of this article

REFERENCES
1. Bertram Pitt M, Zannad F, Remme WJ, Cody R, Castigne A, Perez A,
et al. The effect of spironolactone on morbidity and mortality in
patients with severe heart failure. N Engl J Med 1999;341(10):709-17.
2. Struthers A, Krum H, Williams GH. A comparison of the
aldosterone‐blocking agents eplerenone and spironolactone. Clin
Cardiol 2008;31(4):153-8.
3. Ozacmak HS, Ozacmak VH, Barut F, Araslı M, Ucan BH. Pretreatment
with mineralocorticoid receptor blocker reduces intestinal injury
induced by ischemia and reperfusion: involvement of inhibition of
inflammatory response, oxidative stress, nuclear factor κB, and
inducible nitric oxide synthase. J Surg Res 2014;191(2):350-61.
4. Sun YE, Peng L, Sun X, Bo J, Yang D, Zheng Y, et al. Intrathecal
injection of spironolactone attenuates radicular pain by inhibition of
spinal microglia activation in a rat model. PLoS One 2012;7(6):e39897.
5. Rotenstein LS, Sheridan M, Garg R, Adler GK. Effect of
mineralocorticoid receptor blockade on hippocampal‐dependent
memory in adults with obesity. Obesity 2015;23(6):1136-42.
6. Dorrance AM, Osborn HL, Grekin R, Webb RC. Spironolactone
reduces cerebral infarct size and EGF-receptor mRNA in stroke-prone
rats. Am J Physiol Regul Integr Comp Physiol 2001;281(3):R944-R50.
7. Fischer AK, von Rosenstiel P, Fuchs E, Goula D, Almeida OF, Czéh B.
The prototypic mineralocorticoid receptor agonist aldosterone

This paper is available online at: http://ijpt.iums.ac.ir

[ Downloaded from ijpt.iums.ac.ir on 2022-10-06 ]

6

Powered by TCPDF (www.tcpdf.org)

influences neurogenesis in the dentate gyrus of the adrenalectomized
rat. Brain Res 2002;947(2):290-3.
8. Sloviter RS, Valiquette G, Abrams GM, Ronk EC, Sollas AL, Paul LA,
et al. Selective loss of hippocampal granule cells in the mature rat brain
after adrenalectomy. Science 1989;243(4890):535-8.
9. Taves MD, Gomez-Sanchez CE, Soma KK. Extra-adrenal
glucocorticoids and mineralocorticoids: evidence for local synthesis,
regulation, and function. Am J Physiol Endocrinol Metab
2011;301(1):E11-E24.
10. Oyamada N, Sone M, Miyashita K, Park K, Taura D, Inuzuka M, et al.
The role of mineralocorticoid receptor expression in brain remodeling
after cerebral ischemia. Endocrinology 2008;149(8):3764-77.
11. Joëls M, de Kloet ER. Mineralocorticoid and glucocorticoid receptors
in the brain. Implications for ion permeability and transmitter systems.
Prog Neurobiol 1994;43(1):1-36.
12. Le Menuet D, Lombès M. The neuronal mineralocorticoid receptor:
From cell survival to neurogenesis. Steroids 2014;91:11-9.
13. Macleod MR, Johansson IM, Söderström I, Lai M, Gidö G, Wieloch T,
et al. Mineralocorticoid receptor expression and increased survival
following neuronal injury. Eur J Neurosci 2003;17(8):1549-55.
14. Lai M, Horsburgh K, Bae SE, Carter RN, Stenvers DJ, Fowler JH, et al.
Forebrain mineralocorticoid receptor overexpression enhances memory,
reduces anxiety and attenuates neuronal loss in cerebral ischaemia. Eur
J Neurosci 2007;25(6):1832-42.
15. Bohn MC, Howard E, Vielkind U, Krozowski Z. Glial cells express
both mineralocorticoid and glucocorticoid receptors. J Steroid Biochem
Mol Biol 1991;40(1-3):105-11.
16. Maragakis NJ, Rothstein JD. Mechanisms of disease: astrocytes in
neurodegenerative disease. Nat Clin Pract Neurol 2006;2(12):679.
17. Zhang Y, Li P, Feng J, Wu M. Dysfunction of NMDA receptors in
Alzheimer’s disease. Neurol Sci 2016;37(7):1039-47.
18. Maggio N, Segal M. Cellular basis of a rapid effect of
mineralocorticosteroid receptors activation on LTP in ventral
hippocampal slices. Hippocampus 2012;22(2):267-75.
19. Lai M, Seckl J, Macleod M. Overexpression of the mineralocorticoid
receptor protects against injury in PC12 cells. Mol Brain Res
2005;135(1):276-9.
20. Nair SM, Werkman TR, Craig J, Finnell R, Joëls M, Eberwine JH.
Corticosteroid regulation of ion channel conductances and mRNA
levels in individual hippocampal CA1 neurons. J Neurosci
1998;18(7):2685-96.
21. Xiao L, Feng C, Chen Y. Glucocorticoid Rapidly Enhances NMDAEvoked Neurotoxicity by Attenuating the NR2A-Containing NMDA
Receptor-Mediated
ERK1/2
Activation.
Mol
Endocrinol
2010;24(3):497-510.
22. Frake RA, Ricketts T, Menzies FM, Rubinsztein DC. Autophagy and
neurodegeneration. J Clin Invest. 2015;125(1):65-74.
23. Lee Y, Lee HY, Gustafsson ÅB. Regulation of autophagy by metabolic
and stress signaling pathways in the heart. J Cardiovasc Pharmacol.
2012;60(2):118.
24. Zaidi AU, McDonough JS, Klocke BJ, Latham CB, Korsmeyer SJ,
Flavell RA, et al. Chloroquine-Induced Neuronal Cell Death Is p53 and
Bcl-2 Family-Dependent But Caspase-Independent. J Neuropathol Exp
Neurol 2001;60(10):937-45.
25. Mauthe M, Orhon I, Rocchi C, Zhou X, Luhr M, Hijlkema KJ, et al.
Chloroquine inhibits autophagic flux by decreasing autophagosomelysosome fusion. Autophagy 2018;14(8):1435-55.
26. Wang B, Ding W, Zhang M, Li H, Guo H, Lin L, et al. Role of FOXO1
in aldosterone-induced autophagy: a compensatory protective
mechanism related to podocyte injury. Oncotarget 2016;7(29):4533151.
27. Li D, Lu Z, Xu Z, Ji J, Zheng Z, Lin S, et al. Spironolactone promotes
autophagy via inhibiting PI3K/AKT/mTOR signalling pathway and
reduce adhesive capacity damage in podocytes under mechanical stress.
Biosci Rep 2016;36(4):e00355.
28. Yuan Y, Xu X, Zhao C, Zhao M, Wang H, Zhang B, et al. The roles of
oxidative stress, endoplasmic reticulum stress, and autophagy in

Iranian J Pharmacol Ther. 2019 (Aug);17:1-6.

Keshavarz et al.
aldosterone/mineralocorticoid receptor-induced podocyte injury. Lab
Invest 2015;95(12):1374.
29. Zschocke J, Bayatti N, Clement AM, Witan H, Figiel M, Engele J, et al.
Differential promotion of glutamate transporter expression and function
by glucocorticoids in astrocytes from various brain regions. J Biol
Chem 2005;280(41):34924-32.
30. Dorrance AM. Stroke therapy: is spironolactone the Holy Grail?
Endocrinology 2008;149(8):3761-3.
31. Frieler R, Meng H, Duan S, Berger S, Schütz G, He Y, et al. Myeloidspecific deletion of the mineralocorticoid receptor reduces infarct
volume and alters inflammation during cerebral ischemia. Stroke
2011;42(1):179-85.
32. Groch S, Wilhelm I, Lange T, Born J. Differential contribution of
mineralocorticoid and glucocorticoid receptors to memory formation
during sleep. Psychoneuroendocrinology 2013;38(12):2962-72.
33. Schiffrin EL. Effects of aldosterone on the vasculature. Hypertension
2006;47(3):312-8.
34. Savitz SI, Fisher M. Future of neuroprotection for acute stroke: in the
aftermath of the SAINT trials. Ann Neurol 2007;61(5):396-402.
35. Lau A, Tymianski M. Glutamate receptors, neurotoxicity and
neurodegeneration. Pflugers Arch 2010;460(2):525-42.
36. Dong XX, Wang Y, Qin ZH. Molecular mechanisms of excitotoxicity
and their relevance to pathogenesis of neurodegenerative diseases. Acta
Pharmacol Sin 2009;30(4):379-87.
37. McCullers DL, Herman JP. Adrenocorticosteroid receptor blockade and
excitotoxic challenge regulate adrenocorticosteroid receptor mRNA
levels in hippocampus. J Neurosci Res 2001;64(3):277-83.
38. Almeida O, Conde G, Crochemore C, Demeneix B, Fischer D, Hassan
A, et al. Subtle shifts in the ratio between pro-and antiapoptotic
molecules after activation of corticosteroid receptors decide neuronal
fate. FASEB J 2000;14(5):779-90.
39. Crochemore C, Lu J, Wu Y, Liposits Z, Sousa N, Holsboer F, et al.
Direct targeting of hippocampal neurons for apoptosis by
glucocorticoids is reversible by mineralocorticoid receptor activation.
Mol Psychiatry 2005;10(8):790-8.
40. Wnuk A, Kajta M. Steroid and xenobiotic receptor signalling in
apoptosis and autophagy of the nervous system. Int J Mol Sci
2017;18(11):2394.
41. Ogata T, Nakamura Y, Tsuji K, Shibata T, Kataoka K. Steroid
hormones protect spinal cord neurons from glutamate toxicity.
Neuroscience 1993;55(2):445-9.
42. Karst H, Berger S, Turiault M, Tronche F, Schütz G, Joëls M.
Mineralocorticoid receptors are indispensable for nongenomic
modulation of hippocampal glutamate transmission by corticosterone.
Proc Natl Acad Sci U S A 2005;102(52):19204.
43. Mikasova L, Xiong H, Kerkhofs A, Bouchet D, Krugers HJ, Groc L.
Stress hormone rapidly tunes synaptic NMDA receptor through
membrane dynamics and mineralocorticoid signalling. Sci Rep.
2017;7(1):8053.
44. Menzies FM, Fleming A, Caricasole A, Bento CF, Andrews SP,
Ashkenazi A, et al. Autophagy and Neurodegeneration: Pathogenic
Mechanisms and Therapeutic Opportunities. Neuron 2017;93(5):101534.
45. Correia SC, Resende R, Moreira PI, Pereira CM. Alzheimer's diseaserelated misfolded proteins and dysfunctional organelles on autophagy
menu. DNA Cell Biol 2015;34(4):261-73.
46. Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y, SuzukiMigishima R, et al. Suppression of basal autophagy in neural cells
causes neurodegenerative disease in mice. Nature 2006;441(7095):8859.
47. Di Malta C, Fryer JD, Settembre C, Ballabio A. Autophagy in
astrocytes: a novel culprit in lysosomal storage disorders. Autophagy
2012;8(12):1871-2.
48. Shaw SY, Tran K, Castoreno AB, Peloquin JM, Lassen KG, Khor B, et
al. Selective modulation of autophagy, innate immunity, and adaptive
immunity by small molecules. ACS Chem Biol 2013;8(12):2724-33.

This paper is available online at: http://ijpt.iums.ac.ir

