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ABSTRACT

Translocator protein 18 kDa (TSPO) is predominantly located in the mitochondrial outer membrane, playing
an important role in steroidogenesis, inflammation, cell survival and proliferation. Its expression in central
nervous system, mainly in glial cells, has been found to be upregulated in neuropathology, and brain injury.
In this study, we investigated the anti-oxidative and anti-inflammatory effects of a group of TSPO ligands
from the N,N-dialkyl-2-phenylindol-3-ylglyoxylamide class (PIGAs), highlighting the involvement of
neurosteroids in their pharmacological effects. To this aim we used a well-known in vitro model of
neurosteroidogenesis: the astrocytic C6 glioma cell line, where TSPO expression and localization, as well as
cell response to TSPO ligand treatment, have been established. All PIGAs reduced L-buthionine-(S,R)-
sulfoximine (BSO)-driven cell cytotoxicity and lipid peroxidation. Moreover, an anti-inflammatory effect was
observed due to the reduction of inducible nitric oxide synthase and cyclooxygenase-2 induction in LPS/IFNy
challenged cells. Both effects were blunted by aminoglutethimide (AMG), an inhibitor of pregnenolone
synthesis, suggesting neurosteroids' involvement in PIGA protective mechanism. Finally, pregnenolone
evaluation in PIGA exposed cells revealed an increase in its synthesis, which was prevented by AMG pre-
treatment. These findings indicate that these TSPO ligands reduce oxidative stress and pro-inflammatory
enzymes in glial cells through the de novo synthesis of neurosteroids, suggesting that these compounds could
be potential new therapeutic tools for the treatment of inflammatory-based neuropathologies with
beneficial effects possibly comparable to steroids, but potentially avoiding the negative side effects of long-
term therapies with steroid hormones.
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1. Introduction

Translocator protein (TSPO) 18 kDa (Papadopoulos et al., 2006) has been originally described as a peripheral
binding site for diazepam and named peripheral-type benzodiazepine receptor (PBR) to distinguish it from
the central benzodiazepine/GABAA receptor. TSPO, located in the outer mitochondrial membrane, has been
involved in numerous functions, such as steroidogenesis (Casellas et al., 2002; Lacapere and Papadopoulos,
2003; Papadopoulos et al., 1997; Midzak et al., 2015), inflammation (Torres et al., 2000; Wilms et al., 2003;
Liu et al., 2014), stress adaptation (Biggio et al., 2007), apoptosis (Veenman et al., 2007; Veenman et al.,
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2008), and cell proliferation (Beinlich et al., 2000; Li et al., 2007; Austin et al., 2013). At central level, TSPO is
mainly expressed in microglia (Casellas et al., 2002; Gavish et al., 1999) as well as in reactive astrocytes
(Kuhlmann and Guilarte, 2000; Maeda et al., 2007), where its constitutive expression has been found to be
upregulated in sites of acute brain injury and in different neuropathologies (Banati, 2002; Chen and Guilarte,
2008; Kannan et al., 2009; Batarseh and Papadopoulos, 2010). Therefore, TSPO is recognized to be a marker
of neuroinflammation and neurodegeneration (Cagnin et al., 2001; Venneti et al., 2006; Liu et al., 2014).
Currently, it is also considered an attractive therapeutic target, as TSPO ligands have shown to have
protective effects in several in vitro and animal models of neurodegenerative/neurologic diseases with
inflammation-related features (Barron et al., 2013; Leaver et al., 2012; Girard et al., 2008; Da Pozzo et al.,
2015). Several studies have shown that some TSPO ligands reduce the activation of astrocytes and microglia
after neurodegenerative insult in vivo (Ryu et al., 2005; Veiga et al., 2005). Their antiinflammatory and
neuroprotective effects have been ascribed to multiple mitochondrial functions, including the modulation of
neurosteroids' synthesis (Veenman and Gavish, 2012). TSPO binds cholesterol with high affinity, and, in
concerted action with steroidogenic acute regulatory protein (StAR) (Chen et al., 2014; Papadopoulos et al.,
2015), plays a key role in cholesterol translocation from the outer to the inner mitochondrial membrane
(Papadopoulos et al., 2006; Papadopoulos et al., 2007). The first and rate-limiting-step in the biosynthesis of
all steroid hormones is the conversion of cholesterol to pregnenolone, which is accomplished by the cleavage
of the cholesterol side chain, catalyzed by the P450 side chain cleavage (P450scc) enzyme. Indeed,
pregnenolone is the precursor of all steroids/neurosteroids (Lacapere and Papadopoulos, 2003), many of
which are known to exert neuroprotective effects (Borowicz et al., 2011).

Classical synthetic TSPO ligands are the isoquinoline carboxamide PK11195 (1-(2-chlorophenyl)-N-methyl-N-
(1-methylpropyl)-3-isoquinoline-carboxamide) and Ro5-4864 (4'-chlorodiazepam) (Rupprecht et al., 2010).
In particular, PK11195 has shown to bind exclusively to TSPO, differently from Ro5-4864, which requires
other mitochondrial protein components to show its binding capacity. PK11195 inhibited the secretion of
pro-inflammatory cytokines (Klegeris et al., 2000), the proliferation of monocytes (Bessler et al., 1992) and
reduced the production of nitric oxide (NO), the expression of cyclooxygenase (COX)-2, and the amount of
tumor necrosis factor (TNF)-a after lipopolysaccharide (LPS) stimulation of cultured rodent and human
microglia (Wilms et al., 2003; Choi et al., 2002). PK11195 has also shown to possess anti-proliferative effects
in C6 rat glioma cells, where TSPO expression and sub-cellular localization has been established, as well as
cell response to TSPO ligand treatment (Chelli et al., 2004; Chelli et al., 2005). Therefore, in the present study
we used C6 cells, which provide a pure source of astroglial-derived cells, where the combination of LPS plus
cytokines can induce the transcription of pro-inflammatory enzymes (Meli et al., 2001; Mattace Raso et al.,
2006). Here, the capability of some synthetic N,N-dialkyl-2- phenylindol-3-ylglyoxylamides (PIGAs), a class of
potent and selective TSPO ligands (Da Settimo et al., 2008) Table 1) to reduce lipid peroxidation and
inflammatory response was evaluated. Lipid peroxidation, as a result of oxidative stress, was induced by cell
glutathione (GSH) depletion through L-buthionine—(S,R)-sulfoximine (BSO), an inhibitor of y-glutamyl
cysteine synthetase (Raso et al., 2011). The antiinflammatory effect of PIGAs was assessed evaluating the
modulation of pro-inflammatory enzymes (inducible nitric oxide synthase [INOS] and COX-2) expression
induced by LPS/IFN-y. Furthermore, the involvement of neurosteroids in the protective effect of these
compounds against oxidative stress or inflammatory insults was assessed by using aminoglutethimide (AMG),
a well-known inhibitor of the P450scc enzyme.

2. Materials and methods
2.1 Drugs and materials

Fetal bovine serum (FBS), cell culture media and supplements were purchased from Cambrex Bio Science
Verviers (B-800; Verviers, Belgium). Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)- 2,5-



diphenyltetrazolium bromide (MTT), DL-aminoglutethimide (AMG), L-buthionine-(S,R)-sulfoximine (BSO),
ethylenediaminetetraacetic acid (EDTA) solution, malondialdehyde (MDA), thiobarbituric acid (TBA) and
trichloroacetic acid (TCA), bovine serum albumin, protease and phosphatase inhibitors (leupeptin, trypsin
inhibitor, phenylmethylsulfonylfluoride, PMSF, sodium orthovanadate, Na3V0O4) were purchased from
Sigma-Aldrich (St Louis, MO, USA). 1-(2- chlorophenyl-N-methyl-1-methylpropyl)-3-isoquinolinecarboxamide
(PK11195) was obtained from Tocris Bioscience (Ellisville, MO, USA). Synthetic N,N-dialkyl-2-phenylindol-3-
ylglyoxylamides, PIGA 795, 796, 823 and 1136 are reported in Table 1.

2.2 Synthesis of PIGA derivatives

PIGA compounds were synthesized essentially following experimental procedures already reported
(Primofiore et al., 2004; Taliani et al., 2007). Briefly, the appropriate 2-arylindoles, commercially available or
simply obtained with a one-step Fischer indole synthesis, were acylated with oxalyl chloride, in anhydrous
diethyl ether, at room temperature, to yield the corresponding 2-arylindolylglyoxylyl chlorides. These last
derivatives were then allowed to react with the appropriate dialkylamine, in the presence of triethylamine,
in dry toluene solution, at room temperature, to give the target PIGAs (Primofiore et al., 2004; Taliani et al.,
2007).

2.3 Cell culture

The rat C6 cells, originated from a rat brain glioma, were purchased from the American Type Culture
Collection (ATCC). C6 cells were maintained in Dulbecco's modified essential medium (DMEM) containing
10% FBS supplemented with 100 U/ml penicillin and 100 mg/ml streptomycin at 37 °C in a humidified
incubator under 5% CO2 and 95% air. Cells were passaged at confluence by using a solution of 0.025% trypsin
and 0.01% EDTA and they were used between passages 54-58. C6 cells at such passage number have
predominantly an astrocytic phenotype (Parker et al., 1980; Goya et al., 1996; Mangoura et al., 1989), a cell
population playing a crucial role in brain antioxidant defence and in many housekeeping functions (Maragakis
and Rothstein, 2006, Barreto et al., 2011).

2.4 Cell viability

Cell viability was determined by MTT assay (Esposito et al., 2010). Briefly, C6 cells (2.5 x 103 /well) were
plated to a final volume of 150 pl and cultured for three days in a 96-well plate. After 24 h ofstarvation in
serum free Dulbecco's modified Eagle's medium (DMEM) F-12, cells were stimulated with BSO (10 mM) alone
orin presence of PIGA 795, or 796, or 823, or 1136 (10 uM) or PK11195 (3 uM). All compounds were dissolved
in DMSO. The final DMSO percentage of 0.5% (v/v) allows the optimal solubilization of PIGAs, PK11195 and
AMG in aqueous solutions and no effect on the measured parameters has been shown, through appropriate
preliminary experiments performed with and without vehicle. Control and BSO wells received the same
amount of DMSO. Cells were then incubated with 25 pl of MTT (5 mg/ml) for 3 h at 37 °C. Thereafter, cells
were lysed with 100 pl of lysis buffer [50% (v/v) N,N-dimethylformamide, 20% (w/v) sodium dodecyl sulfate,
pH 4.5]. After 20 h incubation at 37 °C, the optical densities (0D620) for the serial dilutions of compounds
were compared with the OD of control wells to obtain a concentration-effect toxicity curve (data not shown)
or BSO-challenged wells to assess cell viability. Cell viability percentage was calculated as drug treated
OD/control OD x 100.

2.5 Malondialdehyde measurement

Cells (3 x 105 /P60 dish) were cultured for 3 days to confluence in complete medium, then were starved for
24 h in serum free DMEM/ F12. Then, cells were stimulated with BSO (10 mM) alone or in presence of PIGA
795, or 796, or 823, or 1136 (10 uM) or PK11195 (3 uM). In another set of experiments AMG (50 uM) was
added 1 h prior to PIGA treatment. The concentration of these compounds was chosen on the basis of cell
viability experiments (see Supplemental data). PIGAs and AMG were first dissolved in absolute DMSO and



then diluted with DMEM. The final DMSO concentration in wells was 0.5% (v/v). After 18 h MDA was
evaluated in cell lysates, as a marker of lipid peroxidation, by the method described by (Draper and Hadley,
1990). MDA standards were prepared by using 1,1,3,3-tetramethoxypropane in PBS. Each sample (900 pl)
was mixed with 10% TCA (2 ml), centrifuged at 1260g for 10 min, then 0.5% TBA was added (1.3 ml). After 20
min at 100 °C, fluorescence of the mixture was measured with a Perkin— Elmer spectrofluorimeter (model LS-
5B; Perkin Elmer, Boston, MA, USA) at the wavelengths of 530 and 550 nm, respectively, for excitation and
emission. The MDA quantities were calculated by linear regression analysis of the standard curve. Values
were expressed as pmol MDA/mg proteins.

2.6 Western blot analysis

After 24 h of starvation in serum free DMEM/F12, cells (3 x 105 /P60 dish) cells were stimulated with
lipopolysaccharide (LPS)/interferon (IFN)-y (1 pg/ml and 100 U/ml, respectively) alone or in presence of PIGA
795, or 796, or 823, or 1136 (10 uM) or PK11195 (3 uM) (data not shown). Alternatively, AMG (50 uM) was
added 1 h before PIGA treatment. After 24 h of PIGA incubation, cells were washed twice with ice cold
phosphate-buffered saline (PBS), harvested, and resuspended in 20 mM Tris-HCI (pH 7.5), 10 mM NaF, 150
mM NaCl, 1% Nonidet P-40, 1 mM PMSF, 1 mM Na3VO04, leupeptin (10 pg/ml) and trypsin inhibitor (10
pg/mil). After 40 min, whole cell lysates were obtained by centrifugation at 20,000g for 15 min at 4 °C. Protein
concentrations were estimated by the Bio-Rad protein assay using bovine serum albumin as standard. In
another set of experiments, cells were treated with PK11195 and PIGAs at 3 and 10 uM, respectively, for 24
h. After that, mitochondrial fractions were prepared and purified using Qproteome Mitochondria Isolation
Kit from Qiagen (Ding et al., 2012). Equal amount of protein (mitochondrial fraction as well as whole cell
lysates) was dissolved in Laemmli's sample buffer, boiled for 5 min, and subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (8%). Western blotting was performed by transferring proteins from slab
gel to a sheet of nitrocellulose membrane at 240 mA for 1 h at room temperature. The filter was then blocked
with 1x PBS and 5% non-fat dried milk for 40 min at room temperature and incubated with the specific anti-
iNOS (1:1000; Transduction Laboratories, Lexington, KY, USA), or anti COX-2 (1:500; Cayman Chemical, Ann
Arbor, Michigan, USA) or anti-StAR (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies in 1x
PBS, 5% non-fat dried milk and 0.1% Tween 20 overnight at 4 °C. Thereafter, the filters were incubated with
the secondary antibody (Jackson, West Grove, PA, USA) for 1 h at room temperature. Subsequently, the blot
was extensively washed with PBS, developed using enhanced chemiluminescence detection reagents
(Amersham Pharmacia Biotech, Piscataway, NJ) according to the manufacturer's instructions, and the
immune complex visualized by Imag Quant. The protein bands were scanned and densitometrically analyzed
with a model GS-700 imaging densitometer (Bio-Rad Laboratories, Milan, Italy). To ascertain that blots were
loaded with equal amounts of protein lysates, they were also incubated in the presence of the antibody
against the a-tubulin protein (Sigma-Aldrich, St Louis, MO, USA).

2.7 Pregnenolone assay

The pregnenolone production measurement in C6 cells, exposed to PIGA compounds (10 uM) or PK11195 (3
KuM) alone or with AMG (50 uM), was performed by competitive enzyme-linked immunoassay (ELISA). Briefly,
C6 cells were seeded in 96-well plates at a density of about 10,000 cells/well in a final volume of 100 pl and
the pregnenolone secretion into the medium was performed as previously described (Selleri et al., 2005).
The final concentration of DMSO and ethanol was constant for all the wells within each experiment and did
not exceed 0.5% (v/v), a concentration that on its own had no effect on steroid production. At the end of the
incubation period (2 h), the cell medium was used in an enzyme immunoassay for the direct quantitative
determination of pregnenolone, under the conditions recommended by the supplier (Pregnenolone ELISA,
the EiAsy Way, IBL Hamburg, Germany).

2.8. Data analysis



Data are reported as mean = S.E.M. values of three independent experiments, which were done at least three
times, each time with three or more independent observations. Data were subjected to analysis of variance
with a computerised package for statistical analysis. Comparisons were made using the Bonferroni or, when
appropriate, the Dunnett multiple comparison test. A P value <0.05 was considered significant.

3. Results
3.1 Protective effect of PIGAs and PK11195 on BSO-driven cell death and lipid peroxidation

To evaluate the protective effect of all compounds on oxidative stress, C6 cells were challenged with BSO in
presence or not of PIGAs or the reference TSPO ligand PK11195, and then cell viability and MDA production
were determined. PIGAs and PK11195 were used at a fixed 10 pM and 3 uM concentration, respectively,
doses that produced no cytotoxic effects in preliminary experiments on cell viability (data not shown). As
reported in Fig. 1A, cell viability findings evidenced a significant decrease in BSO challenged cells, which was
prevented by all PIGAs (Fig. 1A). Conversely, PK11195, used as reference TSPO ligand, did not significantly
reverse BSO induced cell death. Consistently, PIGAs were able to significantly reduce MDA production (Fig.
1B). A similar result was also observed with the reference drug PK11195 (Fig. 1B). The involvement of
neurosteroids in the protective effect of PIGAs was indirectly demonstrated through its reversion by AMG,
an inhibitor of P450scc enzyme. PIGAs inhibitory effect was significantly blunted by the pharmacological
inhibition of neurosteroid synthesis. The AMG concentration was chosen on the basis of its efficacy in
blocking the production of pregnenolone. No significant effect on MDA production was demonstrated by
AMG in presence of BSO compared to that of BSO alone, even if a trend of increase was observed.

3.2. Effect of PIGAs on iNOS and COX-2 expression in C6 cells

The expression of iNOS and COX-2 was evaluated by Western blot analysis to determine the modulatory
effect of PIGAs on the induction of these enzymes by combined LPS and IFN-y. As shown in Fig. 2A and B, all
PIGA compounds induce a significant decrease of iNOS expression at 10 uM, as well as the reference drug
PK11195 used at 3 uM. Pre-treatment with AMG blunted the effect of PIGAs or PK11195 on iNOS expression
(Fig. 2A and B). No significant effect was demonstrated by AMG alone. A similar effect was evidenced on COX-
2 induced expression by LPS/ IFN-y stimulation (Fig. 3A and B). Indeed, all PIGAs reduced COX-2 increased
expression in challenged cells. When cells were pre-incubated with AMG, PIGA effect showed a full reversal
of COX-2 induction, but not for PIGA 1136, since AMG only partially reverted its effect.

3.3. StAR modulation by PIGAs in the mitochondrial fraction of C6 cells

Positioned at the cytosolic site of the outer mitochondrial membrane, StAR is functional in cholesterol
translocation and exhibit high activity as 37-kDa preprotein. After its cleavage in mitochondrial membrane
contact site, the 30 kDa inactive intra-mitochondrial StAR is produced (Bose et al., 2002). Here, we showed
that the stimulation of C6 cells with all tested PIGAs leads to an increase of the 30 kDa form of StAR after 24
h of incubation (Fig. 4), an indirect rate of cholesterol transfer into the mitochondria. A significant increase
of the inactive StAR protein was also observed after incubation with PK11195. 3.4. PIGAs induce
pregnenolone synthesis in C6 cell supernatant Among the de novo synthesized neurosteroids, we evaluated
the amount of pregnenolone, the first precursor of all neurosteroids in C6 cell supernatant (Table 2). As
expected, AMG treatment induced a decrease in pregnenolone synthesis of about 13%, whereas all PIGAs
increased its synthesis compared to that of control cells. Among all compounds, PIGA 823 induced a two-fold
increase in hormone production, being the most potent molecule. The reference drug PK11195 slightly
increases pregnenolone synthesis, and, as expected, AMG pre-treatment reverted PIGA-induced increase in
pregnenolone synthesis.



4. Discussion

In the present study, the pharmacological profile of a class of potent and selective TSPO ligands was evaluated
performing in vitro experiments to address anti-oxidative and anti-inflammatory effects. Our results
demonstrate that all the tested PIGAs protected astrocytes from oxidative damage and reduced the
inflammatory response, by decreasing the induction of inducible isoforms of nitric oxide synthase and
cyclooxygenase. Furthermore, these compounds increased the concentrations of pregnenolone, the
precursor of all neurosteroids, in the conditioned medium from cultured C6 cells. Additionally, the blunting
of neurosteroid de novo synthesis, through P450scc inhibition, reverted anti-oxidative and anti-inflammatory
effects of the examined compounds. Collectively, these results indicate that these TSPO ligands may play a
role in neuroprotection, through regulation of endogenous neurosteroid production which modulates the
inflammatory response.

Actually, TSPO increased expression at central level has been shown in injured brain or in neurological
disorders, suggesting its relevance as a therapeutic target (Da Pozzo et al., 2015). Indeed, its induction in
inflammatory conditions has been interpreted as an attempt to counteract the overwhelming pro-
inflammatory state, as a compensatory mechanism to brain injury.

Neuroendocrinological studies have demonstrated that a variety of neuronal and glial functions are
influenced by the autocrine/paracrine actions of locally produced neurosteroids (Akk et al., 2007; Agis-Balboa
et al.,, 2006). After brain injury, progesterone and its metabolites (i.e. 5a-dihydroprogesterone and
allopregnanolone) can exert beneficial effects on neurons and glial cells, preventing thus cerebral oedema,
necrosis, apoptosis, and inflammation, since they enhance at the same time different neuroprotective
mechanisms (He et al., 2004; Djebaili et al., 2004; Shear et al., 2002; Hu et al., 2009; Guennoun et al., 2015).
In addition, the levels of these neurosteroids have been shown to be altered in anxiety and major depression
disorders, suggesting their involvement in the pathophysiology of such psychiatric disorders. Notably, the
anxiolytic properties of the N,N-di-n-propyl-2-(4-methylphenyl)indol-3-ylglyoxylamide (MPIGA) have been
associated to an increase in the production of progesterone and allopregnanolone, which are both
synthetized from the pregnenolone (Costa et al., 2011), strengthening the hypothesis that the beneficial
effects of this class of TSPO ligands are mediated by the pregnenolone and/or its metabolites.

A role for TSPO in dealing with reactive oxygen species (ROS)-in duced damage has been yet established
(Casellas et al., 2002). In particular, the ROS-driven brain damage is one of the major risk factors in the
development of several neurodegenerative disorders (i.e. aging and Alzheimer's disease) in which TSPO may
play a role (Repalli, 2014).

TSPO ligands are used for wide variety of applications such as neuroimaging agents, therapeutic target for
neurological and psychiatric disorders, brain damage and neuroinflammation (Rupprecht et al., 2010).
PK11195 and Ro5-4864 are considered to be prototype compounds and several classes of compounds have
been developed such as benzodiazepine derivatives, aryloxyanilide derivatives and isoquinoline carboxamide
derivatives (Taliani et al., 2011).

In the present study, we used C6 cells as a model of astrocytes for glutathione (GSH) depletion-induced
oxidative damage (Raso et al., 2011) to confirm the neuroprotective effect of PIGA compounds. The GSH and
GSH peroxidase system plays a major role in controlling cellular redox states, being the primary defence
mechanism for peroxide removal from the brain (Simonian and Coyle, 1996). All PIGAs no only reduced lipid
peroxidation, as evaluated by the secondary reactive product of ROS, MDA, but also reduced BSO-induced
cell death.

A pivotal role for NO and an excess of pro-oxidants in various brain areas has been recognized as responsible
for both neuronal functional impairment and structural damage. Similarly, COX-2, another known source of
oxidants, may account for stress-induced brain damage, as it is up-regulated in several brain diseases, such



as stroke, Alzheimer's dementia and seizures (Nogawa et al., 1997). The protective effects exerted by PIGAs
are strengthened by biochemical evidences, in that these compounds not only reduced the increase of lipid
peroxidation, but also iNOS and COX-2 expression, induced by LPS/IFNy. Interestingly, inhibitors of COX-2
activity prevent the increase of membrane lipid peroxidation mediators and the depletion of the main tissue
antioxidant (i.e. glutathione), suggesting that this enzyme isoform is involved in the accumulation of oxidative
mediators in injured brain (Madrigal et al., 2006).

To evaluate the involvement of neurosteroids in PIGAs' effects, we used AMG, a specific inhibitor of P450scc.
Here, we reported data indicating that PIGAs-induced reduction of oxidative stress, in the face of BSO induced
damage, is related to neurosteroid biosynthesis. Indeed, the partial reversal of MDA reduction in the
presence of the inhibitor AMG is suggestive of the capability of these molecules to induce their effects, at
least in part, through the de novo synthesis of neurosteroids.

Actually, the rate-limiting step of steroidogenesis, previously thought to be the production of pregnenolone,
is now also consideredthe cholesterol transfer from the outer to the inner mitochondrial membrane where
the P450scc is located (Charalampopoulos et al., 2008; Keller et al., 2004; Belelli et al., 2006). It has been
suggested that beyond TSPO, also steroidogenesis acute regulatory protein (StAR), localized in mitochondria,
is a critical protein in the regulation of cholesterol availability in peripheral and central steroidogenic cells
(Jung-Testas and Baulieu, 1998; Hauet et al., 2002; Sasso et al., 2010). A functional StAR/TSPO interaction
plays a key role in the regulatory mechanism, underpinning cholesterol shuttling (Papadopoulos and Miller,
2012). StAR, synthesized as a 37-kDa preprotein, is rapidly imported into the mitochondria, and processed to
the inactive mature 30-kDa form, found in the mitochondrial matrix. The N-terminal domain targets StAR in
the mitochondria, and its cleavage effectively terminates the delivery of cholesterol to P450scc and
consequently the synthesis of pregnenolone (Bose et al., 2002; Mathieu et al., 2002; Stocco, 2001; Thomson,
2003). Therefore, StAR moves cholesterol to the TSPO so that it reaches the inner mitochondrial membrane
where it will be metabolized to pregnenolone by P450scc. Indeed, the 37-kDa StAR is not processed to the
mature 30-kDa protein in TSPO-depleted cells or in the presence of TSPO antagonists (Hauet et al., 2005;
Gazouli et al., 2002), suggesting that TSPO plays a direct role in the activity and import of StAR into
mitochondria. In our experimental conditions, all PIGAs increased StAR (30-kDa) expression, suggesting an
increase in mitochondrial cholesterol import after cell treatment. The increase in mature 30-kDa StAR protein
after PIGAs treatment strengthened the relevance of TSPO and StAR interaction. Based on this evidence, the
increase of StAR induced by PIGAs could act in a coordinated manner to induce steroidogenesis and, in turn,
the increase of pregnenolone level induced by PIGAs in C6 cells. This latter event, and the reversal of PIGAs
activity by AMG, clearly suggested a neurosteroid-mediated protective effect for these compounds,
indicating the involvement of pregnenolone metabolites in PIGAs' effect. It is, indeed, conceivable to
hypothesize that a converging protective effect through the neuroprotective neurosteroids can occur, also
considering that the concentrations of pregnenolone metabolites in nervous tissues are not static, changing
dynamically under different physiological and pathological states.

In conclusion, this study brings novel evidences characterizing the role of TSPO ligands in inflammatory-based
conditions, illustrating a novel aspect in their mechanism of action, and could candidate these compounds
as preferred drugs in brain injury.

Appendix A. Supplementary data Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ejps.2016.04.006.

Abbreviations: TSPO, Translocator protein; PIGAs, N,N-dialkyl-2-phenylindol-3-ylglyoxylamides; BSO, L-
buthionine-(S,R)-sulfoximine; AMG, aminoglutethimide; PBR, peripheral-type benzodiazepine receptor;
StAR, steroidogenic acute regulatory protein; P450scc, P450 side chain cleavage enzyme; PK11195, 1-(2-
chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinoline-carboxamide; Ro5-4864, 4'-chlorodiazepam;



NO, nitric oxide; TNF, tumor necrosis factor; COX, cyclooxygenase; LPS, lipopolysaccharide; GSH, glutathione;
iNOS, inducible nitric oxide synthase; FBS, fetal bovine serum; DMSO, dimethyl sulfoxide; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; EDTA, ethylendiaminetetraacetic acid; MDA,
malondialdehyde; TBA, thiobarbituric acid; TCA, trichloroacetic acid; DMEM, Dulbecco's modified eagle
medium; IFN, interferon.
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Figure Legends
Fig. 1. Effects of PIGAs and PK11195 on BSO-induced citotoxicity and lipid peroxidation.

Protective effect of PIGA 795, 796, 823, 1136 or PK 11195 on BSO damage was shown: cell viability (panel A)
and MDA production (panel B) were determined. 18 h after BSO stimulation, cell viability or MDA content in
cell lysates was evaluated. For the evaluation of MDA levels, aminoglutethimide (AMG, 50 uM) was added 1
h before PIGAs incubation (10 uM). Data were expressed as mean + SEM of three independent experiments.
***p < 0.001 vs untreated cells; #P < 0.05, ##P < 0.01 and ###P < 0.001 vs BSO; °P < 0.05 and °*° P < 0.001 vs
the respective PIGA alone.

Fig. 2. Effects of PIGAs and PK11195 on INFy/LPS-induced iNOS expression in C6 cells.

Shown are representative immunoblots for iNOS expression. C6 cells were stimulated with LPS/IFNy in
presence of PK11195 or PIGA 795 (panel A) or PIGA 796, PIGA 823 or PIGA 1136 (panel B). Neurosteroid
involvement was assessed pre-incubating C6 cells with AMG. a-tubulin protein expression was used as a
loading control. The densitometric quantification of all determinations of three independent experiments is
also reported in lower panel. All data are expressed as mean £ SEM. ***P < 0.001 vs untreated control; # P <
0.05, ##P < 0.01 and ###P < 0.001 vs LPS/IFN-y. °P < 0.05, °°P < 0.01, and °°° P < 0.001 vs the respective PIGA
alone.

Fig. 3. Effects of PIGAs and PK11195 on INFy/LPS-induced COX-2 expression in C6 cells. Shown are
representative immunoblots for COX-2 expression. Cells were treated with LPS/IFNy as described in Methods
section in presence of PK11195 or PIGA 795 (panel A) or PIGA 796, PIGA 823 or PIGA 1136 (panel B).
Neurosteroid involvement was assessed pre-incubating C6 cells with AMG. a-tubulin protein expression was
used as a loading control. Respective densitometric analysis of protein bands is also reported in lower panel
and obtained from three separated experiments. All data are expressed as mean + SEM. ***P b 0.001 vs
untreated control; #P < 0.05, ##P < 0.01 and ###P < 0.001 vs LPS/IFN-y; °P < 0.05 and °°° P < 0.001 vs the
respective PIGA alone.

Fig. 4. Effects of PIGAs and PK11195 on StAR protein expression in C6 cells.

Cells were treated with PIGAs (10 uM) and PK 11195 (3 uM) for 24 h in serum-free medium. A representative
immunoblot is shown. The densitometric quantification of all determinations of three independent
experiments is also reported. All data are expressed as mean + SEM. Basal level of protein expression was
also reported. *P b 0.05, **P b 0.01, and ***P b 0.001 vs untreated control cells.



Table 1

General structure of the N,N-dialkyl-2-phenylindol-3-ylglyoxylamides PIGAs.
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Compound Ry Ra Ra Ar Ref.
PICA 795 (CH,)5CH, (CH,)sCH; H 4-F-CqHy Primofiore et al. (2004)
PIGA 796 (CHy)sCH; (CH3)5CH4 H 4-Cl-CeH,y Primofiore et al. (2004)
PIGA 823 CH,CeHs CH,CH, a 4-Cl-CoH, Da Settimo et al. (2008)
PIGA 1136 (CHy)5CH, (CH3)5CH, H naphth-2-yl Barresi et al. (2015)
Table 2
Stimulatory effect of PIGA 795, 796, 823 and 1136 or PK 1195 on pregnenolone
biosynthesis and its reversal by AMG. The pregnenolone production of untreated
control cells was designated as 100%. Results are expressed as mean + S.E.M.
from at least three independent experiments.
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