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16 ABSTRACT: Alzheimer’s disease (AD) is a slow-progressing disease of the brain characterized by 

17 symptoms such as impairment of memory and other cognitive functions. AD is associated with an 

18 inflammatory process that involves astrocytes and microglial cells, among other components. 

19 Astrocytes are the most abundant type of glial cells in the central nervous system (CNS). They are 

20 involved in inducing neuroinflammation. The present study uses astrocyte-neuron co-cultures to 

21 investigate how ARN14494, a serine palmitoyltransferase (SPT) inhibitor, affects the CNS in terms 

22 of anti-inflammation and neuroprotection. SPT is the first rate-limiting enzyme in the de novo 

23 ceramide synthesis pathway. Consistent evidence suggests that ceramide is increased in AD brain 

24 patients. After β-amyloid 1-42 injury in an in vitro model of AD, ARN14494 inhibits SPT activity 

25 and the synthesis of long-chain ceramides and dihydroceramides that are involved in AD progression. 

26 In mouse primary cortical astrocytes, ARN14494 prevents the synthesis of pro-inflammatory 

27 cytokines TNFα and IL1β, growth factor TGFβ1, and oxidative stress–related enzymes iNOS and 

28 COX2.  ARN14494 also exerts neuroprotective properties in primary cortical neurons. ARN14494 

29 decreases neuronal death and caspase-3 activation in neurons, when the neuroinflammation is 

30 attenuated in astrocytes. These findings suggest that ARN14494 protects neurons from β-amyloid 1-

31 42-induced neurotoxicity through a variety of mechanisms, including anti-oxidation, anti-apoptosis, 

32 and anti-inflammation. SPT inhibition could therefore be a safe therapeutic strategy for ameliorating 

33 the pathology of Alzheimer’s disease. 

34 INTRODUCTION

35 The symptoms of Alzheimer’s disease (AD) include a progressive loss of memory, neuronal death, 

36 inflammation, and a debilitation of intellectual capacity.1-3
 The exact etiopathogenesis of AD is still 

37 unclear. According to the amyloid cascade hypothesis, amyloid plaques formed by aggregates of 

38 amyloid β (Aβ) peptide generated by the proteolytic cleavages of APP are central to AD pathology. 

39 According to the tau hyperphosphorylation hypothesis, the excessive or abnormal phosphorylation of 

40 tau is central to AD pathology.4,5 There are multiple etiological and pathogenetic hypotheses 
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41 concerning AD pathogenesis, including oxidative stress6,7, cholesterol8, metallobiology9, 

42 dysregulation of neurotransmitters10-13 and insulin.14 Although the precise mechanisms are not fully 

43 understood, inflammation plays a central role in AD development.15,16  Aβ promotes an inflammatory 

44 response mediated by microglia and astrocytes, stimulating activation. Glial activation involves 

45 morphological changes, astrogliosis, including an increase in the number, size, and motility of 

46 astrocytes and a change in the expression of many proteins. Astrocyte activation can produce nitric 

47 oxide (NO) and other pro-inflammatory mediators, which amplify the inflammatory response.17-19 

48 Reactive astrocytes also synthesize cytokines, including interleukin-1β (IL-1β), tumor necrosis 

49 factor-α (TNF-α), and transforming growth factor β (TGF-β), which contribute to brain inflammation 

50 and neuronal injury.20-24 There is consistent support for a link between ceramides and AD. Several 

51 studies have demonstrated the involvement of saturated fatty acids in neuroinflammation mediated 

52 by glial cells. Ceramides, a class of sphingolipids, are increased in AD patients25-27 and may 

53 contribute to AD pathogenesis. Serine palmitoyltransferase (SPT) catalyzes the first step in 

54 sphingolipid biosynthesis. In AD, it regulates ceramide levels through elevated serine 

55 palmitoyltransferase long chain 1 (SPTLC1) and serine palmitoyltransferase long chain 2 (SPTLC2) 

56 levels.28 Activation of SPT increases ceramide levels, whereas inhibition decreases ceramide levels, 

57 both in vitro and in vivo.29,30 In addition, inhibiting the de novo ceramide synthesis decreases Aβ 

58 production, while exogenous ceramides increase Aβ production.31 SPT is therefore considered a novel 

59 target for AD treatment. SPT condenses the palmitic acid of the precursor palmitoyl-coenzyme A 

60 with serine to produce ketosphinganine, the precursor characteristic of all sphingolipids32. This is the 

61 first step in the de novo ceramide synthesis pathway.33,34 SPT comprises two different subunits, LCB1 

62 and LCB2. Two additional small subunits confer full enzymatic activity to the protein.35 

63 Malfunctioning of SPT correlates with many pathological conditions including emphysema36, 

64 cardiovascular disease37, and metabolic disorders.38 Activation of astrocytes by palmitic acid is 

65 mediated by SPT, and activated astrocytes increase β-secretase (BACE1) levels in neurons.39 In 

66 addition, subcutaneous administration of L-cycloserine, one of the few available SPT inhibitors, 
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67 downregulates levels of both Aβ and phosphorylated tau in murine cortex,40 pointing to SPT 

68 inhibition as a possible therapeutic strategy for AD. There are currently very few known SPT 

69 inhibitors. In 2008, Pfizer filed a patent for a series of novel SPT inhibitors, mainly for cardiovascular 

70 diseases and metabolic disorders. (Patent: WO2008/084300) Here, using a novel synthetic strategy, 

71 we synthesized and characterized the most promising compound, ARN14494. This compound was 

72 characterized in neuronal cells to determine its ability to reduce ceramide levels and SPT activity in 

73 vitro. In addition, we used a β-amyloid-induced inflammatory model in cortical astrocyte-neuron co-

74 cultures to investigate ARN14494’s effects. ARN14494 displayed anti-inflammatory and 

75 neuroprotective effects in the context of Aβ 1-42 injury.

76 RESULTS AND DISCUSSION

77 In the present study, we characterized a new SPT inhibitor, ARN14494 as a new tool for AD 

78 treatment. ARN14494 was obtained by a novel synthetic strategy reported in Table 1. Compound 7 

79 was prepared according to a modified procedure reported by Pfizer (WO2008/084300). In brief, 

80 commercial acid 1 was converted to the corresponding acyl chloride and then reacted with amide 2 

81 in almost quantitative yield. Aromatic nucleophilic substitution at the fluorine center with 

82 ditertbutylmalonate gave in good yield compound 3. Catalytic hydrogenation of 3 in the presence of 

83 10% palladium on carbon afforded quantitatively the amine 4 which was reacted with BOC-

84 piperidone under reductive amination conditions to obtain the N-alkylated piperidine 5. Sequential 

85 deprotection of the BOC, hydrolysis of both tertbutyl esters, decarboxylation and ring closure gave 

86 in excellent yield the lactam 6. Nucleophilc substitution of 6 with the corresponding chloroacetamide 

87 (WO2008/084300) afforded the target molecule 7 in good yield.
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89 Table 1. Synthesis of compound ARN14494. a) oxalyl chloride; MeHN2·HCl, TEA, H2O, 0 °C, 94%; b) 

90 ditButylmalonate, NaH, DFM, 64%; c) Pd/C, HCOONH4, MeOH, 100%; d) N-BOC-piperidone, AcOH, NaBH(OAc)3, 

91 DCE, 60%; e) TosOH, Tol/H2O, 100 °C, 87%; f) R-COCH2Cl, K2CO3, ACN/H2O, 68%.

92  

93 ARN14494 was tested in vitro on microsomal preparations of HEK293. The compound showed 

94 SPT inhibition activity with a mean effective concentration (IC50) of 27.3 ± 3.06 nM. This compound 

95 was originally reported by Pfizer for the treatment of cardiovascular diseases and metabolic disorders 

96 (WO2008/084300) and was here initially characterized in two neuronal cell lines: mouse 

97 neuroblastoma Neuro-2a and human astrocytoma CCF-STTG1 cells. Cultures of Neuro-2a and CCF-

98 STTG1 cells treated with ARN14494 for 24 h displayed a concentration-dependent reduction in SPT 

99 activity (Figure 1A, B). The ability of the compound to inhibit SPT activity on cell cultures is lower 

100 when compare to the inhibition activity demonstrated on HEK293 microsomal preparations and is 

101 respectively: N2a IC50= 9.5 ± 6.36 μM and CCF-STTG1 IC50= 10 ± 8.48 μM. This inhibition was 

102 accompanied by a reduction of the de novo synthesis of total ceramide and dihydroceramide levels in 

103 Neuro-2a cells (Figure 1C, E) and CCF-STTG1 cells (Figure 1D, F), which were identified and 

104 quantified by liquid chromatography/mass spectrometry (LC/MS). 
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105

106 Figure 1. ARN14494 is a potent SPT inhibitor, and it decreases ceramide and dihydroceramide levels in mouse Neuro-

107 2a and human CCFSTTG1 cells. Effects of ARN14494 (n=3) on SPT activity in mouse N2a (Fig. 1A) and human 

108 CCFSTTG1 (Fig. 1B) cells. Effects of ARN14494 on ceramide and dihydroceramide levels in Neuro-2a (Fig. 1 C-E) and 

109 CCFSTTG1 (Fig. 1 D-F) cells. Data represent mean ± SEM of three independent experiments performed in triplicate. 

110 **p<0.01, ***p<0.001 vs CTRL. One-way ANOVA followed by Newman-Keuls test. 

111

112 Cultured astrocytes and neurons were used to demonstrate how ARN14494 could have anti-

113 inflammatory and neuroprotective properties. We investigated the effects of ARN14494, using a β-

114 amyloid-induced inflammatory model in cortical astrocyte-neuron co-cultures. Primary mouse 

115 astrocytes were treated with different concentrations of β-amyloid 1-42 (Aβ1-42) for 24 h. The 

116 activity levels of SPT increased significantly in astrocytes upon treatment with Aβ1-42 10 μM (Figure 

117 2A). For subsequent experiments treating astrocytes with ARN14494, we selected the dose of Aβ1-
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7

118 42 10 μM. The coadministration with a dose-dependent amount of ARN14494 (1-5-10 μM) caused a 

119 concentration-dependent reduction in SPT activity (Figure 2B). 

120

121

122 Figure 2. ARN14494 inhibits SPT activity in mouse primary astrocytes. Effect of an increase dose of Aβ1-42 on SPT 

123 activity in mouse primary astrocytes (Fig. 2A). Effect of an increase of ARN14494 on SPT activity in mouse primary 

124 astrocytes (Fig 2B). Data represent mean ± SEM of three independent experiments. ***p<0.001 vs CTRL, ##p<0.01, 

125 ###p<0.001 vs Aβ1-42. One-way ANOVA followed by Newman-Keuls test.

126 Ceramides can be formed by de novo synthesis through the action of SPT. Ceramides with various 

127 chain lengths can influence different cellular processes and are critical in several diseases. In AD 

128 patients, accumulation of C:18 and C:24 ceramides is associated with disease progression.25 This led 

129 us to investigate ceramides of different lengths. Astrocytes treated with an increased dose of Aβ1-42 

130 (1-5-10 µM) showed increased ceramide levels of (d16:0) and its precursor dihydroceramide (d16:0). 

131 We observed similar results with other species of sphingolipids: ceramide (d18:0), (d24:0), (d24:1), 

Page 7 of 41

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8

132 and dihydroceramides (d18:0), (d24:0), (d24:1). The major effect was observed using Aβ1-42 10 μM 

133 (Supplementary Figure S1A-B). We next treated astrocytes with Aβ1-42 10 μM for 24 h. The increase 

134 of ceramides (d16:0), (d18:0), (d24:0), (d24:1), and dihydroceramides (d16:0), (d18:0), (d24:0), 

135 (d24:1) observed after Aβ1-42 administration was completely blocked by incubating astrocytes with 

136 10 μM ARN14494 (Figure 3A-B).  These results agree with inhibition of SPT by ARN1449.

137

138
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139 Figure 3. ARN14494 decreases ceramide and dihydroceramide levels in primary cortical astrocytes treated with Aβ1-42. 

140 Effects of ARN14494 at 24h of incubation on different ceramide (A) and dihydroceramide (B) levels on mouse primary 

141 astrocytes treated with Aβ1-42 10µM. Data represent mean ± SEM of three independent experiments performed in 

142 triplicate. *p<0.05, **p<0.01, ***p<0.001 vs ctrl, ##p<0.01, ###p<0.001 vs Aβ1-42 10μM. Two-way ANOVA followed 

143 by Bonferroni’s test.

144

145 In addition to the production of cytokines TNFα and IL1β, the amyloid β plaques also produce 

146 growth factor such as TGFβ1 in glial cells and neurons.41,42 TGFβ1 exerts mostly anti-apoptotic and 

147 anti-inflammatory functions, and is involved in several neurodegenerative diseases including AD. 

148 Increased levels of TGFβ1 were found in AD brain.43 Here, we demonstrated that ARN14494 can 

149 decrease mRNA levels and protein release of TGFβ1 in astrocytes treated with Aβ1-42 (Figure 4). 

150 We examined the possible effects of ARN14494 in suppressing the release of TNF-α, IL-1β, and 

151 TGFβ in mouse primary astrocytes. We measured the mRNA levels of TNF-α, IL-1β, and TGFβ1 at 

152 various time points (3 h, 6 h, 12 h, 24 h) and found them to be upregulated in the astrocytes treated 

153 with Aβ1-42 10μM (Figure 4A,B,C). TNF-α and IL-1β mRNA levels increased significantly after 3 

154 h, with a maximum rate increase between 3 h and 6 h. The highest level of TGFβ1 mRNA was reached 

155 after 24 h. When astrocytes were exposed to Aβ1-42 10μM, the accumulation of TNF-α, IL-1β, and 

156 TGFβ1 was observed at 24 h. To investigate the anti-inflammatory properties of ARN14494, we 

157 treated astrocytes with 10μM ARN14494 and found significantly decreased mRNA levels of TNF-α, 

158 IL-1β, and TGFβ1 (Figure 4A-B-C). 10 μM ARN14494 inhibited the expression of TNF-α, IL-1β, 

159 and TGFβ1 in Aβ-astrocyte cells (Figure 4D).
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163 Figure 4. Effect of ARN14494 on Aβ1-42-induced expression of TNF-α, IL1 β, and TGF-1β mRNA and production of 

164 TNF-α, IL1 β, and TGF-1β. Primary astrocytes were pretreated with 10 μM of ARN14494 for 24 h. Intact cells were 

165 treated with 10 μM of Aβ1-42, then TNF-α (A), IL1 β (B), and TGF-1β (C) mRNA expression was measured 3-6-12-24 

166 h later in cell lysates. Protein production was measured 24 h later in cell medium (D). Data represent mean ± SEM of 

167 three independent experiments. *p<0.05, **p<0.01, ***p<0.001 vs CTRL, #p<0.05, ##p<0.0, ###p<0.001 vs Aβ1-42. 

168 One-way ANOVA followed by Newman-Keuls test. 

169

170 Astrocyte activation can produce NO, a diffusible gas involved in the pathogenesis of several 

171 neurodegenerative disorders. At higher concentrations, NO is neurotoxic.  NO can induce neuronal 

172 damage by disrupting the neuronal mitochondrial electron transport chain.44 Increased levels of iNOS 

173 mRNA and enzymatic activity have been demonstrated in animal models of cerebral ischemia.45 

174 Among the different pro-inflammatory parameters that we evaluated in astrocyte cultures in response 
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175 to Aβ, we also observed a dose-dependent reduction of NO production in the culture media 

176 (Supplementary Figure S2). Our results suggest that ARN14494 treatment significantly prevented an 

177 increase in NO levels as induced by Aβ1-42. The inhibitory effect of ARN14494 on this neurotoxic 

178 molecule is likely related to the regulation of the expression of iNOS, responsible for NO synthesis. 

179 In agreement, iNOS mRNA and protein expression were upregulated in Aβ1-42-activated astrocytes 

180 after 24 h. Pre-treatment with ARN14494 10 µM reduced iNOS expression (Figure 5 A,B). Moreover, 

181 COX-2 is frequently observed in a wide range of inflammatory disease. COX-2 induction and 

182 subsequent production of prostaglandins by activated microglia and astrocytes is known to be one of 

183 the major contributors to neuroinflammation. According to our study, Aβ1-42 increased COX-2 

184 expression at the mRNA and protein levels (Figure 5C-D), most probably by inhibition of NF-kB. 

185 Moreover, COX2 expression was markedly inhibited by ARN14494 10 µM. These results suggest 

186 that ARN14494 suppresses the expression of neuroinflammatory molecules in Aβ-stimulated 

187 astrocytes
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205 Figure 5. Effect of ARN14494 on Aβ1-42-induced iNOS, COX2 mRNA expression and iNOS, COX2 protein expression.  

206 Primary astrocytes were pretreated with 10 μM of ARN14494 for 24 h. Intact cells were treated with 10 μM of Aβ1-42, 

207 then iNOS (A) and COX2 (C) mRNA expression was measured 6 h later in cell lysates. The protein expression of iNOS 

208 (B) and COX2 (D) was measured by Western blot 24 h later, and data normalized by GAPDH. Data represent mean ± 

209 SEM of three independent experiments. **p<0.01, ***p<0.001 vs CTRL, ##p<0.01 vs Aβ1-42. One-way ANOVA 

210 followed by Newman-Keuls test
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13

212 Aβ1-42 induces morphological changes in astrocytes, but does not cause increased astrocyte cell 

213 death.46 The increased release of inflammatory mediators from astrocytes is associated with neuronal 

214 toxicity. Using a β-amyloid-induced inflammatory model in cortical astrocyte-neuron co-cultures, we 

215 demonstrated the neuroprotective effects of ARN14494. Astrocytes were treated with ARN14494 10 

216 μM and Aβ1-42 10 μM. The conditioned media was subsequently used to treat the primary neurons 

217 for 48 h. We observed a decrease of cell viability, then neuronal death with Aβ1-42 10 μM. 

218 Pretreatment of astrocytes with ARN14494 10 μM significantly reduced neuronal death in this model 

219 (Figure 6A). These results show that components released in the conditioned media of astrocytes 

220 mediate neuronal death, and that ARN14494 is able to counteract this process.

221

222

223

224

225

226

227

228

229

230

231

232 Figure 6. Factors secreted from astrocytes mediate β-amyloid-induced neurotoxicity. Primary cortical neurons were 

233 treated for 48 h with conditioned medium from mouse primary astrocytes treated with 10 μM Aβ1-42 and/or 10 μM 
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234 ARN14494. Values are ATP release from neurons into medium, expressed as percentage of CTRL (6A).  ARN14494 

235 inhibits Aβ1-42-induced neuron apoptosis. (B) The morphological features of apoptosis were monitored by fluorescence 

236 microscopy after staining with Hoechst 33342. Neurons that exhibited reduced nuclear size, chromatin condensation, 

237 intense fluorescence, and nuclear fragmentation were considered apoptotic. Pretreatment with ARN14494 10 μM for 24 

238 h decreased the number of apoptotic neurons during Aβ1-42 injury. (C) Quantitative analysis of apoptotic neurons. Data 

239 represent mean ± SEM of three independent experiments. ***p<0.001 vs CTRL, ###p<0.001 vs Aβ1-42. One-way 

240 ANOVA followed by Newman-Keuls test.

241

242 Next, we measured neuronal damage. Neuronal toxicity was analyzed by staining with Hoechst 

243 33342. Aβ1-42 10 μM increased the number of apoptotic neurons as compared to controls. 

244 Pretreatment with ARN14494 10 μM protected neurons from β-amyloid induced apoptosis (Figure 

245 6B). Quantification of apoptotic neurons is shown in Figure 6C. The finding that astrocytes induce 

246 neuronal toxicity led us to investigate caspase-3, an apoptotic marker. Inflammatory mediators are 

247 secreted in response to Aβ46 and active forms of caspase-3 are found in AD brain47. To investigate if 

248 astrocytes influence caspase-3 activity, we analyzed cell lysate of neurons treated with astrocyte-

249 conditioned media on western blot (Figure 7A). Treatment of neuronal cultures with Aβ1-42 10 μM 

250 for 48 h significantly increased the amount of cleaved caspase-3 in cell lysate, when compared to 

251 control cells. Pretreatment with different concentrations of ARN14494, from 1 μM to 10 μM, reduced 

252 the β-amyloid-induced accumulation of cleaved caspase-3 (Figure 7B). These results suggest that 

253 secreted factors from astrocytes may intensify caspase-3 activation in response to β-amyloid.
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267

268 Figure 7. Astrocyte-conditioned medium induced an increase in caspase-3 activity. Western blot (A) of cell lysate from 

269 rat primary cortical neurons treated with astrocyte-conditioned medium. Neurons were exposed for 24 h to Aβ1-42 10 

270 μM with and without pretreatment with ARN14494 10 μM. (B) Bar chart showing the amount of cleaved caspase-3 

271 following standardization to GAPDH in each sample. The data presented as mean ± SEM of three individual experiments. 

272 ***p < 0.001 vs. control, ##p< 0.01, ###p < 0.001 vs Aβ1-42.

273

274 Based on our finding, ARN14494 is a promising selective inhibitor of the serine 

275 palmitoyltransferase in an in vitro model of Alzheimer’s disease. We demonstrated that ARN14494 

276 decreases SPT activity in a dose-dependent manner in two neuronal cell lines: mouse neuroblastoma 

277 Neuro-2a and human astrocytoma CCF-STTG1 cells. We investigated how the downregulation of 

278 SPT is accompanied by a decrease of long-chain ceramides (C18:0, C24:0) and dihydroceramides. 

279 We used cultured astrocytes and neurons to show that astrocyte have an important role in 

280 neurodegeneration. Several studies have demonstrated that soluble factor secreted from astrocytes 

281 have an important role in Aβ-induced neurotoxicity. ARN14494 inhibits oligomeric Aβ-induced 
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282 overproduction of pro-inflammatory molecules including NO, TNF-α, IL1β, TGF1β, and pro-

283 inflammatory enzymes INOS and COX-2 in cultures of primary astrocytes. It also reduced Aβ 

284 neurotoxicity and caspase-3 activation treated with astrocyte-conditioned medium in cultures of 

285 cortical neurons. Based on these promising results, we are now planning in vivo studies on 

286 ARN14494 to further determine its anti-inflammatory and neuroprotective effects. 

287

288 METHODS

289 Chemistry. Chemical synthesis of ARN14494 is provided in the Supporting Information. 

290 Analytical stability is provided in the Supporting Information.

291 Cell cultures: Hek293, N2a and CCF-STTG1 cells. The Hek293 cell line was purchased from ATCC 

292 and grown in DMEM medium (Gibco), supplemented with 0.1% penicillin-streptomycin (EuroClone; 

293 MI,Italy ). The N2a cell line was purchased from ATCC and grown in DMEM medium (Gibco), 

294 supplemented with 0.1% penicillin-streptomycin (EuroClone; MI,Italy ), 2mM L-glutamine 

295 (EuroClone; MI, Italy), and 10% heat-inactivated foetal bovine serum (EuroClone; MI, Italy). The 

296 CCF-STTG1 cell line was purchased from Sigma-Aldrich and cultured in RPMI-1640 medium 

297 (EuroClone; MI, Italy), supplemented with 0.1% penicillin-streptomycin (EuroClone; MI, Italy), 

298 2mM L-glutamine (EuroClone; MI, Italy), and 10% heat-inactivated foetal bovine serum (EuroClone; 

299 MI, Italy). Cells were maintained at 37 °C in a 5% CO2 humidified atmosphere. 

300 Animals. Female C57BL/6J mice were purchased from Charles River Laboratories (Lecco, Italy). 

301 After arrival in our facilities, animals were housed in a temperature-controlled and humidity-

302 controlled room under a 12 h light /dark cycle (lights on at 7 a.m.) with water and food ad libitum. At 

303 least 24 h before the experiment, animals were brought to the experimental room and kept in a 

304 ventilated storage cabinet (Tecniplast S.p.A.; VA, Italy). Acoustic and olfactory stimuli were kept to 

305 a minimum. 

306 Ethics Statement. Experiments were carried out in accordance with Italian regulations on the 

307 protection of animals used for experimental purpose (D.M. 116192) and in accordance with European 

Page 16 of 41

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

308 Economic Community regulations (O.J. of E.C L358/1 12/181986). The protocol was approved by 

309 the Italian Ministry of Health.

310 Primary mouse cortical astrocytes. Mouse primary astrocyte cultures were prepared as previously 

311 described 48 with slight modifications. Briefly, on postnatal day 1-3 (P1-3) wild-type C57BL/6J 

312 mouse brain cortices were harvested in ice-cold Hank’s Balanced Salt Solution (GIBCO Life 

313 Technologies; MB, Italy). The midbrain, meninges, and blood vessels were removed by dissection. 

314 Tissue were digested in 0.25% Trypsin containing 0.1% EDTA (GIBCO Life Technologies; MB, 

315 Italy) at 37 °C for 30 min. Cells were dispersed by gentle trituration, and seeded in Dulbecco’s 

316 modified Eagle’s Medium DMEM (EuroClone; MI, Italy), with 10% fetal bovine serum (FBS; 

317 Euroclone; MI, Italy), 1% antibiotic solution (100 U/ml penicillin-100 μg/ml streptomycin), and 2mM 

318 L-glutamine (EuroClone; MI, Italy) in 56 cm2 dishes at 1.5x106 /dish. Cells were grown in the 37 °C 

319 incubator with 5% CO2. After 15 days in vitro, the microglia and oligodendrocyte progenitors were 

320 depleted by shaking, and the remaining astrocyte-enriched cultures were harvested from the dishes 

321 with trypsin. These cells were cultured for further experiments. 

322 Primary mouse cortical neurons. Primary neuronal cultures were prepared from C57BL/6J mice on 

323 embryonic day 16 according to the method described by49 with some modifications. The neocortices 

324 of 16-day mice embryos were collected and subjected to the procedure for isolating the neuronal cells. 

325 The cells were seeded in poly-D lysine hydrobromide (Sigma-Aldrich; MI, Italy) coated plate and 

326 cultured at 37 °C in a 5% CO2 humidified atmosphere in neurobasal medium (GIBCO Life 

327 Technologies; MB, Italy) supplemented with 2mM L-glutamine, penicillin (100U/ml), streptomycin 

328 (100U/ml), (EuroClone; MI, Italy), and 2% B27 (GIBCO Life Technologies; MB, Italy. Neurons 

329 were maintained in culture for 5 days in vitro.

330 Astrocyte-conditioned media (ACM). For preparation of ACM, confluent cultures of astrocytes in 

331 10 cm dishes were washed three times in PBS and fed with 10 ml of neurobasal medium. Astrocytes 

332 were treated with drugs for the indicated time. ACM was harvested after 48 h of conditioning and 
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333 filtered through a 0.2 μm syringe filter. Cortical neurons were cultured for 48 h and then processed 

334 for apoptosis studies.

335 Microsomal membrane preparation. Cells were scraped off from plates with cold PBS 1X pH 7.4 

336 and collected by centrifugation (500g, 10 minutes, 4°C); cells pellets were re-suspended in buffer 

337 (50mM Hepes-NaOH pH8, 1mM EDTA), disrupted by sonication (2X for 20 seconds at 50% power 

338 and 50% pulsation) and centrifuged at 2500g for 2 minutes at 4°C. the resultant supernatants collected 

339 (total cell lysates) were then centrifuged  at 100000g for 30 minutes at 4°C and membranes pellets 

340 were re-suspended in buffer (50mM HEPES-NaOH pH8, 1mM EDTA).

341 Serine palmitoyltransferase Assay. The reactions were performed in triplicate containing 100 µg of 

342 microsomal preparation. Assay mix was prepared to achieve the final concentration of 500µM L-

343 serine, 40µM Pyridoxal 5’-phosphate, 100µM Palmitoyl-CoA, and 500nM L-[3H(G)]-Serine 

344 (PerkinElmer, NET248250UC, 1mCi/mL, specific activity 15-40 Ci/mmol). The reactions were 

345 stopped with the addition, in the following sequence, of 500 μl of 4:1 (MeOH/KOH):CHCl3, 500 μl 

346 of CHCl3, 500 μl of alkaline water, and 100 µl of NH4OH 2N. Radioactivity was measured by liquid 

347 scintillation counting (Microbeta2 Lumijet, Perkin Elmer Inc.).

348 Ceramide measurement. Astrocytes were treated with relative compounds for 24 h. Cells were 

349 washed twice with ice-cold phosphate-buffer saline, and lipids were extracted with the 

350 chloroform/methanol method. The organic phases were collected, dried under nitrogen, and dissolved 

351 in methanol/chloroform (3:1, vol/vol) for LC/MS analyses. Ceramides and dihydroceramides were 

352 analyzed by LC-MS/MS, using a Waters Acquity UPLC coupled with a Waters Xevo TQMS and 

353 interfaced with ESI. Metabolites were separated on a Waters Acquity BEH C18 1.7µm column (2.1 

354 x 50 mm) at 60 °C. A step gradient of 0.1% formic acid in acetonitrile/water (20:80 v/v) as solvent A 

355 and 0.1% formic acid in acetonitrile/isopropyl alcohol (20:80 v/v) as solvent B was applied at a flow 

356 rate of 0.4 mL/min. Detection was in the positive ionization mode. Capillary voltage was 3.0 kV and 

357 cone voltage was 25 V. The source temperature and desolvation temperatures were set at 120 °C and 

358 600 °C, respectively. Desolvation gas and cone gas (N2) flow were 800 and 50 l/h, respectively. 
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359 Ceramides were identified based on their LC retention times and MSn fragmentation patterns. 

360 Multiple-reaction-monitoring (MRM) mode was used to quantify C14:0 ceramide (m/z 510.0 > 492.0 

361 > 264.0), C16:0 ceramide (m/z 538.0 > 520.0 > 264.0), C18:0 ceramide (m/z 566.0 > 548.0 > 264.0), 

362 C20:0 ceramide (m/z 594.0 > 576.0 > 264.0), C22:0 ceramide (m/z 622.2 > 604.27 > 264.3), C24:0 

363 ceramide (C24:0 m/z 650.0 > 632.0 > 264.0), and C24:1 ceramide (C24:1 m/z 648.0 > 630.0 > 264.0). 

364 Detection and analysis were controlled by Waters MassLynx software version 4.1. Dihydroceramides 

365 (dHCer) were identified based on their LC retention times and MSn fragmentation patterns. Multiple-

366 reaction-monitoring (MRM) mode was used to quantify dHCer 16:0 (m/z 540.5 > 522.5 > 284.5), 

367 dHCer 18:0 (m/z 568.5 > 550.5 > 284.5), dHCer 24:0 (m/z 652.5 > 634.5 > 284.5), and dHCer 24:1 

368 (m/z 650.5 > 632.5 > 284.5). The total protein levels were measured by the BCA method. The total 

369 ceramides and dihydroceramides levels were normalized to the protein level, and then normalized to 

370 the control.50

371 Cell toxicity assay. The CellTiter-Glo® Luminescent Cell Viability Assay (Promega, MI, Italy) was 

372 used to determine the number of viable cells in culture. ARN14494 was freshly prepared in 

373 dimethylsulphoxide (DMSO), and Amyloid β-Protein 1-42 (Bachem; RM, Italy) was prepared in 

374 water. Cells (2X103) were seeded in 96-well plate in the appropriate culture medium. The next day, 

375 astrocytes were pre-treated for 1 h with ARN14494 before treatment with Amyloid β-Protein 1-42 

376 for an additional 24 h. Subsequently, cortical neurons were cultured with ACM for 24 h and processed 

377 for cell viability.

378 Quantitative reverse transcription-polymerase chain reaction. Astrocytes were treated with 

379 relative compounds for 3, 6, 12 and 24 h, and their RNA was isolated using the Pure link RNA Mini 

380 Kit (Ambion). Real-time PCR procedures were carried out as described previously with some 

381 modification51. Total RNA was quantified using ND-2000 nanodrop spectrophotometer. Following 

382 determination of RNA concentration, 1 μg of total RNA was used for first-strand cDNA synthesis 

383 using the SuperScript ViloTM (Invitrogen). cDNA was amplified using quantitative real-time PCR 

384 with Assays on Demand premixed TaqMan primer/probe set for mouse TNF-α, IL1β, iNOS, COX2, 
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385 TFGβ1 (Applied Biosystem; Foster City, CA), and analyzed using an Applied Biosystems ViiATM7 

386 Real Time PCR System with relative quantification method normalized against HPRT (Applied 

387 Biosystem).

388 Enzyme-linked immunosorbent assay (ELISA). Astrocytes were treated with compounds for the 

389 indicated time as previously described. Endogenous mouse TNF- α and IL1β, secreted into the culture 

390 media following proinflammatory stimulation, were measured by sandwich enzyme-linked 

391 immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA). Optical densities were 

392 measured by Tecan microplate reader set to 450 nm wavelength. Each sample was assayed in 

393 triplicate, and 3 independent reactions were performed. All readings were normalized to the total cell 

394 protein content, and then the data were normalized to the control.

395 Western Blot. Protein concentrations of the astrocyte lysates were measured using the Pierce BCA 

396 protein assay kit (Thermo Scientific, Rockford,IL). Equal amounts (30μg) of protein were separated 

397 on 4-15% Mini –Protean® TGXTM Gel (Bio-Rad) and transferred to nitrocellulose membrane. 

398 Membranes were then blocked with 5% milk in 0.05% Tween 20-Tris buffered saline for 1 h and 

399 incubated overnight at 4 °C with primary antibodies, iNOS (Abcam, Cambridge, MA, USA), COX2 

400 (Abcam, Cambridge, MA, USA), and GAPDH (Millipore, Temecula, CA, USA). After washing in 

401 TBST, blots were incubated in (HRP)-conjugated goat anti-mouse (for iNOS 1:5000; for GAPDH 

402 1:5000; 1h at RT) or goat anti-rabbit (for COX2 1:5000; 1h at RT) secondary antibodies. The same 

403 procedure was performed for protein concentrations of the neuron lysates. Membrane was incubated 

404 with primary antibody cleaved caspase-3 1:1000 (Cell Signaling) in 1% milk, 0.05% Tween 20-Tris 

405 buffered saline overnight at 4 °C.  After washing in TBST, blot was incubated in (HRP)-conjugated 

406 goat anti-rabbit 1:5000 1h at RT. Finally, blots were developed using enhanced chemiluminescence 

407 (ECL) LiteAblot® Extend (EuroClone), and digitally imaged using a Fujifilm LAS4000 System. 

408 ImageJ software was used to quantify the signal intensity of the protein bands. 

409 Nitrite assay. NO synthesis in astrocytes was measured by a microplate assay method. Total NO 

410 metabolite concentration was determined using the Griess assay (Sigma Aldrich). The nitrate 

Page 20 of 41

ACS Paragon Plus Environment

ACS Chemical Neuroscience

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



21

411 reductase solution 10 μl and enzyme co-factors solution 10 μl were added to the sample. The plate 

412 was incubated for 2h at RT. Griess reagent A 50 μl and Griess reagent B 50 μl were added to the plate 

413 and incubated for 10 min at 25 °C. The nitrite concentration was then determined by measuring the 

414 absorbance at 540 nm.

415 Hoechst 33342 staining. Following 5 days in vitro, neurons were treated with ACM at 37 °C for 24 

416 h. The cells were washed twice with phosphate-buffered saline (PBS) and stained with Hoechst 33342 

417 staining solution (10 μg/ml). After 15 min of incubation in the dark, the cells were washed 3 times 

418 with cold PBS and then examined with the fluorescence microscope.

419 Statistical analysis. Data are presented as mean ± standard error of mean (SEM). Statistical analysis 

420 was performed using 1-way ANOVA followed by Newman-Keuls post-test where appropriate. P 

421 levels <0.05 were considered statistically significant. Statistical analysis was performed using Graph 

422 Pad Prism version 5.00 (Graph Pad Software, San Diego, USA).

423

424 ASSOCIATE CONTENT

425 Supporting Information

426 Supporting informations includes: Supporting Figure S1, Figure S2, and Synthesis of ARN14494. 

427 This material is available free of charge via the Internet at http://pubs.acs.org. 
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461 cyclooxygenase-2; BACE1, Beta-secretase 1; DMEM, Dulbecco’s modified Eagle’s Medium; FBS, 
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462 fetal bovine serum; HBSS, Hank’s Balanced Salt Solution; DMSO, dimethylsulphoxide; ACM 

463 Astrocyte-conditioned media.
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Table 1. Synthesis of compound ARN14494. a) oxalyl chloride; MeHN2·HCl, TEA, H2O, 0 °C, 94%; b) 
ditButylmalonate, NaH, DFM, 64%; c) Pd/C, HCOONH4, MeOH, 100%; d) N-BOC-piperidone, AcOH, 
NaBH(OAc)3, DCE, 60%; e) TosOH, Tol/H2O, 100 °C, 87%; f) R-COCH2Cl, K2CO3, ACN/H2O, 68%. 

383x190mm (232 x 232 DPI) 
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ARN14494 is a potent SPT inhibitor, and it decreases ceramide and dihidroceramide levels in mouse Neuro-
2a and human CCFSTTG1 cells. Effects of ARN14494 (n=3) on SPT activity in mouse N2a (Fig. 1A) and 

human CCFSTTG1 (Fig. 1B) cells. Effects of ARN14494 on ceramide and dihidroceramide levels in Neuro-2a 
(Fig. 1 C-E) and CCFSTTG1 (Fig. 1 D-F) cells. Data represent mean ± SEM of three independent experiments 
performed in triplicate. **p<0.01, ***p<0.001 vs CTRL. One-way ANOVA followed by Newman-Keuls test. 
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Figure 2. ARN14494 inhibits SPT activity in mouse primary astrocytes. Effect of an increase dose of Aβ1-42 
on SPT activity in mouse primary astrocytes (Fig. 2A). Effect of an increase of ARN14494 on SPT activity in 

mouse primary astrocytes (Fig 2B). Data represent mean ± SEM of three independent experiments. 
***p<0.001 vs CTRL, ##p<0.01, ###p<0.001 vs Aβ1-42. One-way ANOVA followed by Newman-Keuls 

test. 
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ARN14494 decreases ceramide and dihidroceramide levels in primary cortical astrocytes treated with Aβ1-
42. Effects of ARN14494 at 24h of incubation on different ceramide (A) and dihidroceramide (B) levels on 
mouse primary astrocytes treated with Aβ1-42 10µM. Data represent mean ± SEM of three independent 

experiments performed in triplicate. *p<0.05, **p<0.01, ***p<0.001 vs ctrl, ##p<0.01, ###p<0.001 vs 
Aβ1-42 10μM. Two-way ANOVA followed by Bonferroni’s test. 
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Effect of ARN14494 on Aβ1-42-induced expression of TNF-α, IL1 β, and TGF-1β mRNA and production of 
TNF-α, IL1 β, and TGF-1β. Primary astrocytes were pretreated with 10 μM of ARN14494 for 24 h. Intact cells 

were treated with 10 μM of Aβ1-42, then TNF-α (A), IL1 β (B), and TGF-1β (C) mRNA expression was 
measured 3-6-12-24 h later in cell lysates. Protein production was measured 24 h later in cell medium (D). 
Data represent mean ± SEM of three independent experiments. *p<0.05, **p<0.01, ***p<0.001 vs CTRL, 

#p<0.05, ##p<0.0, ###p<0.001 vs Aβ1-42. One-way ANOVA followed by Newman-Keuls test. 
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. Effect of ARN14494 on Aβ1-42-induced iNOS, COX2 mRNA expression and iNOS, COX2 protein expression. 
 Primary astrocytes were pretreated with 10 μM of ARN14494 for 24 h. Intact cells were treated with 10 μM 

of Aβ1-42, then iNOS (A) and COX2 (C) mRNA expression was measured 6 h later in cell lysates. The 
protein expression of iNOS (B) and COX2 (D) was measured by Western blot 24 h later, and data normalized 

by GAPDH. Data represent mean ± SEM of three independent experiments. **p<0.01, ***p<0.001 vs 
CTRL, ##p<0.01 vs Aβ1-42. One-way ANOVA followed by Newman-Keuls test 
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Factors secreted from astrocytes mediate β-amyloid-induced neurotoxicity. Primary cortical neurons were 
treated for 48 h with conditioned medium from mouse primary astrocytes treated with 10 μM Aβ1-42 and/or 

10 μM ARN14494. Values are ATP release from neurons into medium, expressed as percentage of CTRL 
(6A).  ARN14494 inhibits Aβ1-42-induced neuron apoptosis. (B) The morphological features of apoptosis 
were monitored by fluorescence microscopy after staining with Hoechst 33342. Neurons that exhibited 
reduced nuclear size, chromatin condensation, intense fluorescence, and nuclear fragmentation were 

considered apoptotic. Pretreatment with ARN14494 10 μM for 24 h decreased the number of apoptotic 
neurons during Aβ1-42 injury. (C) Quantitative analysis of apoptotic neurons. Data represent mean ± SEM 

of three independent experiments. ***p<0.001 vs CTRL, ###p<0.001 vs Aβ1-42. One-way ANOVA 
followed by Newman-Keuls test. 
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Astrocyte-conditioned medium induced an increase in caspase-3 activity. Western blot (A) of cell lysate from 
rat primary cortical neurons treated with astrocyte-conditioned medium. Neurons were exposed for 24 h to 
Aβ1-42 10 μM with and without pretreatment with ARN14494 10 μM. (B) Bar chart showing the amount of 
cleaved caspase-3 following standardization to GAPDH in each sample. The data presented as mean ± SEM 

of three individual experiments. ***p < 0.001 vs. control, ##p< 0.01, ###p < 0.001 vs Aβ1-42. 
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Figure S1. Aβ1-42 increases ceramide and dihydroceramide levels in primary cortical astrocytes. Effect of 
Aβ1-42 after 24h of incubation at different concentrations (1-5-10 μM) in mouse primary astrocytes on 

different ceramide (A) and dihydroceramide (B) levels. Data represent mean ± SEM of three independent 
experiments performed in triplicate. *p<0.05, **p<0.01, ***p<0.001 vs ctrl. Two-way ANOVA followed by 

Bonferroni’s test. 
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ARN14494 inhibits NO production in Aβ1-42-treated astrocytes. Primary cortical astrocytes were treated 
with Aβ1-42 10 μM for 24 h and then with an increased dose of ARN14494 (1-5-10 μM). Nitrite content was 

measured using the Griess reaction. Data represent mean ± SEM of three independent experiments. 
***p<0.001 vs CTRL, ##p<0.01, ###p<0.001 vs Aβ1-42. One-way ANOVA followed by Newman-Keuls 

test. 
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