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18 Abstract

19 Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous 

20 system (CNS). Recently, ketogenic diet (KD) supplementation has attracted great interests. 

21 Therefore, we established the cuprizone (CPZ)-induced demyelination mouse model, to 

22 investigate the possible neuroprotective effect of KD on the hippocampus of mice. We found that 

23 KD significantly elevated the level of serum β-hydroxybutyric acid and improved behavioral, 

24 motor abnormalities, impaired spatial learning and memory of CPZ-induced demyelination mice. 

25 Meanwhile, KD lessened the hippocampal demyelination by enhancing the expression of mature 

26 oligodendrocytes (OLs), which was revealed by the elevated expression of MBP and CNPase, as 

27 well as the luxol fast blue-staining intensity. Furthermore, KD inhibits the activation of microglia 

28 (especially M1-liked microglia) and reactive astrocytes. Interestingly, KD attenuated the 

29 CPZ-induced oxidative stress by decreasing the malondialdehyde (MDA) content and restoring 

30 the glutathione (GSH) levels. In addition, the double immunofluorescence staining revealed that 

31 KD enhanced the expression of SIRT1 in astrocytes, microglia and mature oligodendrocytes. 

32 Concomitantly, western blot demonstrated that KD increased the expression of SIRT1, 

33 phosphorylated-AKT, mTOR and PPAR-γ. In conclusion, KD exerted a neuroprotective effect on 

34 CPZ-induced demyelination mice and this activity was associated with the modulation of the 

35 SIRT1/PPAR-γ and SIRT1/P-Akt/mTOR pathways.

36 Keywords: multiple sclerosis, ketogenic diet, demyelination, hippocampus, SIRT1
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37 Introduction

38 Multiple sclerosis (MS) is a chronic inflammatory disorder of the central nervous system (CNS) 

39 and is a debilitating and demyelinating disease.1 Up to present time, the treatments for MS include  

40 immunomodulatory, immunosuppressive and antibody mediated approaches, while these are only 

41 partially effective, or have side effects.2,3 Therefore, new strategies are being developed to slow 

42 down MS progression. Among these complementary approaches, ketogenic diet (KD) has gained 

43 increasing attention for the treatment of MS.4,5 KD is a high fat, low carbohydrate and adequate 

44 protein diet, which leads to the production of ketone bodies within the liver for producing 

45 adenosine triphosphate (ATP).6 Recently, clinical trials in patients with MS have revealed that 

46 medium chain triglycerides (MCT)-KD can improve learning and memory of these individuals.7 

47 Although KD supplements were taken by MS patients,8 available data at present are insufficient to 

48 clearly explain the mechanism. Thus, more research is still required in this field. 

49 During myelin regeneration, OPCs need to be recruited into the lesioned area, and differentiated 

50 into myelin-associated oligodendrocytes (OLs). Previous studies have reported that the poor 

51 remyelination in MS may be partly due to the neuroinflammation, which results in myelin 

52 dysfunction and poor regeneration of the glial scar.9 Excessive activation of microglia is 

53 associated with secretion of a large amounts of pro-inflammatory cytokines, as well as the release 

54 of neurotoxic substances, and nitric oxide, thereby aggravating the damage of neurons and myelin 

55 loss.10 In addition, reactive astrocytes inhibit the migration of OPCs to the lesion site by secreting 

56 chemokine such as MIP-3α (CCL-20), and thereby promote demyelination.11 Futhermore, 

57 myelination failure is associated with axon damage, which leads to deficits in cognition (e.g. 

58 memory and attention). Cuprizone (CPZ) is a compound that can mimic toxic demyelination of 
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59 MS.12,13 The CPZ-induced demyelination model exhibited white matter deficits, astrocyte and 

60 microglia activation, as well as cognitive impairments and few motor function deficits. Therefore, 

61 this is a suitable animal model for the present study, to explore the effects of KD on behavioral 

62 abnormalities, myelination and neuroinflammation.14,15 

63 Accumulating data has revealed that oxidative stress serves an important role in MS 

64 pathogenesis. Several antioxidant enzymes such as superoxide dismutase (SOD), glutathione 

65 peroxidase (GPX) and catalase responsible for scavenging cellular ROS. Recent studies have 

66 reported that mice exposed to CPZ exhibit enhanced oxidative stress, which is characterized by 

67 the decreased activity of GSH-Px, and the increased concentration of MDA.16 Interestingly, KD 

68 treatment ameliorated the experimental autoimmune encephalomyelitis (EAE, a murine model for 

69 MS)-induced cognitive deficits in mice by attenuating the robust immune response and oxidative 

70 stress.17 However, it remains poorly understood whether KD can improve the clinical symptoms 

71 and cognitive impairment in CPZ-induced demyelination partly by suppressing oxidative stress. 

72 Silent mating type information regulation 2 homologue 1 (SIRT1), which is a member of the 

73 sirtuin family, has been shown to have neuroprotective effects in neurodegenerative diseases. 

74 Several studies have indicated that SIRT1 plays an indispensable role in modulating neuronal 

75 plasticity and cognitive function.18,19 Importantly, the SIRT1-dependent deacetylation of the pH 

76 domain of Akt is necessary for the activation of the protein.20. SIRT1 can promote the 

77 phosphorylation and activation of Akt.21 Several lines of evidence have demonstrated that SIRT1 

78 plays a neuroprotective role by inhibiting the oxidative stress pathway.22 Recent findings have 

79 revealed that the remyelination of EAE model mice is increased by activating the 

80 phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR signaling pathway, which is necessary for 
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81 oligodendrocyte survival and axon myelination.23 In addition, mTOR activation can promote the 

82 differentiation of OPCs into mature OLs and enhance the myelination in the brain.24 Remarkably, 

83 some studies have confirmed that peroxisome proliferator-activated receptor (PPAR-γ) can 

84 promote the recovery from demyelination through its direct effect on OLs.25

85 In the brain, the hippocampus play a crucial role in learning and memory. Dysfunction of the 

86 hippocampus may cause cognitive defects. MS-associated cognitive dysfunction appears early 

87 during the course of the disease. Demyelination is one of the hallmarks in MS. However, so far, 

88 the complex pathological mechanism of hippocampal damage caused by demyelination has not 

89 been well revealed. Therefore, we analyze in detail the neuroprotective effect of KD on 

90 CPZ-induced demyelination in the hippocampus, and to identify the potential underlying 

91 mechanisms.

92 Materials and methods

93 Animals 

94 Male C57BL/6 mice (7 weeks old) were obtained from the Jinan Pengyue Experimental Animal 

95 Company (Jinan, China). The mice were housed under normal environmental conditions (22 ± 

96 2°C) with 12 hours/12 hours light/dark cycles and fed ad libitum. Animals procedures were 

97 performed in accordance with the Guidelines for Care and Use of Laboratory Animals of 

98 Shandong University and the animal studies in this research waere approved by the Animal Ethics 

99 Committee of Shandong University (permit number 20191018).

100 Experimental design

101 In order to induce demyelination, mice were given 0.2% (w/w) CPZ (Sigma-Aldrich Inc., St. 

102 Louis, MO, USA) mixed into a regular diet of ground standard rodent chow for 5 weeks. The 
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103 animal subjects were randomly assigned into three groups (A) ND group, mice were fed with 

104 normal diet; (B) CPZ+ND group, mice were fed with normal diet with 0.2 % CPZ; (C) CPZ+KD 

105 group, mice in the KD (Table 1)-administered groups were fed with CPZ, n=8 animals per group.

106 All mice received a nutritionally balanced diet provided by the animal feed manufacturer 

107 Beijing HFK Bioscience CO., LTD (Beijing, China). KD was performed as previously described 

108 by Hao et al., the ratio of 3:1 for fat:nonfat (protein and carbohydrates).26  In brief, the aim of KD 

109 was to induce ketosis. Micronutrient composition of the KD used in the current experiment is 

110 listed in Table 1.

111 Body weight

112 During the entire test period, body weights was measured at 8:00-9:00 in the morning every two 

113 days. 

114 Behavioral and cognitive tests

115 Open field test (OF)

116 The OF was performed as previously described by Zhang et al.27 The arena was lit by 

117 lightemitting diode lightings placed above the arena. The mouse was placed in the center of the 

118 open field box (45 cm long ×  45 cm wide ×  30 cm high), with a short, one minute explore the 

119 maze and then mice were monitored for fives minutes in the square open field with a video 

120 tracking software. After testing each mouse, wipe the field and spray with alcohol to avoid 

121 disturbing the results. The analysis of OF was carried out by SMART 3.0 (Panlab Harvard 

122 Apparatus, Spain). 

123 Rotarod test (RT)

Page 6 of 44

ACS Paragon Plus Environment

Journal of Agricultural and Food Chemistry



124 Motor coordination and balance were evaluated using a rotarod apparatus (Panlab, Barcelona, 

125 Spain). The RT was performed as previously described by Janssen et al.28 The length of time that  

126 the animals were able to stay on the device was recorded as latency to fall (seconds). The mice 

127 were subjected to three trials at accelerating speeds from 4 rpm to 40 rpm. In each experiment, 

128 latency to fall was measured. Animals rested for 30 minutes between trials to avoid fatigue. The 

129 average latency time of three trials was calculated for the analysis.

130 Morris water maze (MWM)

131 MWM is a test which forces experimental animals to swim and learn to find a hidden platform in 

132 the water. It is most commonly used to test the spatial memory. The MWM for both practice and 

133 testing purposes was designed using SMART 3.0 (Panlab Harvard Apparatus, Spain). The MWM 

134 consisted of a circular pool (diameter of 120 cm, depth of 36 cm) and was filled with water to a 

135 depth of 30 cm and maintained at 22 ± 1°C. The water maze area was divided into four equal 

136 quadrants (N, S, E and W) with equal size and release points were designed at each quadrant. The 

137 escape platform was submerged 2 cm below the water surface and located in the center of the 

138 northeast quadrant. MWM was done according to a previously published protocol,29 the hidden 

139 platform task was given four times a day for five consecutive days. Mice remained on the platform  

140 for 15 seconds and then removed from the tank. If a mouse failed to find the platform within 60 

141 seconds, it was gently guided to it. The animals were allowed to stay on the platform for 15 

142 seconds until the next experiment began. On day six, the platform was removed and each mouse 

143 was allowed to swam freely for 60 seconds. Distance to target, the number of platform crossings 

144 and the time spent in the target quadrant were calculated by computer software. 

145 Tissue preparation
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146 Upon euthanasia, the mice were treated with ketamine and xylazine by intravenous injection, 

147 each mouse was perfused with PBS and the brain was extracted at the study end point on day 35.  

148 Brains were washed with ice-cold phosphate buffered saline (PBS) as previously described.30 

149 Then, some mouse brains were dissected and immersed in 4 % paraformaldehyde (PFA) for 24 

150 hours, 5 μm thick sections from brain samples were prepared from paraffin-embedded blocks. 

151 Some mouse brains were used for isolation of the hippocampus. The isolated hippocampi were 

152 used immediately or preserved at -80℃.

153 Biochemical parameters

154 Measurement of blood ketone body and determination of β-hydroxybutyric acid levels in 

155 hippocampus

156 Every 7 days from the start of the experiment, tail-vein blood ketone body was measured under 

157 the fed state, using a handheld ketone meter (Blood ketone body tester, T-1, Beijing Yicheng 

158 bioelectronics Co., Ltd Beijing, China).31 All the samples were taken at the same time. At day 35, 

159 mouse brains were removed and the hippocampus was separated. Hippocampal homogenate was 

160 then prepared. The supernatant was collected at 1,000 × g for 20 minutes. The concentration of 

161 β-hydroxybutyric acid in the hippocampus was detected by mouse β-hydroxybutyric acid ELISA 

162 kit (Shanghai Jianglai Industrial Limited By Share Ltd, China), according to manufacturer’s 

163 protocol.

164 Serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), nitrogen 

165 creatinine (Cr) and blood urea nitrogen (BUN) detection

166 AST, ALT, Cr and BUN ELISA kits were purchased from Nanjing Jiancheng Bioengineering 

167 Institute (Nanjing, China). The blood was collected into microvette tubes (EDTA free) and 
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168 centrifuged at 1,300 × g for 10 minutes. The isolated serum samples were transferred to Eppendorf 

169 tubes. The transaminase activity, serum creatinine and urea nitrogen concentration in serum were 

170 measured according to the manufacturers instructions. Light absorbance was measured with an 

171 ultraviolet light-visible spectrophotometer (U-3900H, Hitachi Corporation, Japan) at the 

172 corresponding wavelengths.32

173 Measurement the GSH-Px, GSH, and MDA levels in hippocampus

174 Hippocampi were homogenized with cold Tris-HCl buffer (pH 7.4) to obtain 10% homogenate 

175 (w/v). The activity of GSH-Px, and content of GSH and MDA were determined following the 

176 manufacturer’s recommendations. GSH-Px assay kit, GSH assay kit and MDA assay kit were 

177 obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

178 Histopathological examination

179 Hematoxylin and eosin (H&E) staining

180 The brain sections were deparaffinized in xylene and rehydrated in a graded ethanol series (100%, 

181 90%, 75%). The brain sections washed in PBS three times, each time for 5 minutes. Then the 

182 sections were stained with H&E for histopathology.33

183 Nissl staining 

184 The brain sections were first hydrated in Milli-Q water for 20 minutes and then placed under 

185 agitation in cresyl violet staining solution for 10 minutes before being rinsed in Milli-Q water. 

186 Brain slices were rehydrated in a descending ethanol series (75%, 90%, 100%). Slices were 

187 cleared in xylene for 5 minutes before being covered with neutral balsam and coverslip.34

188 Immunohistochemistry and immunofluorescence double-labeling 

189 Immunohistochemistry
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190 Paraffin embedded sections were de-waxed and rehydrated, and microwaved for 20 minutes in 

191 10 mM citrate buffer (pH 6.0) for antigen retrieval. Endogenous peroxidase activity was quenched  

192 by 3% hydrogen peroxide, and slides were washed with PBS and then blocked with 20 % normal 

193 goat serum for 20 miuntes. Then the sections were incubated overnight at 4°C with specific 

194 primary antibodies.35 The primary antibodies used are described in Table 2. Secondary 

195 biotinylated goat anti-rabbit IgG (H+L) were applied at a 1:500 dilution (Proteintech, USA) for 2 

196 hours at room temperature, and an avidin-biotin-peroxidase complex kit (ABC Kit, Vector 

197 Laboratories, Burlingame, UK) was used for immunostaining. Cell counting in the hippocampus 

198 was performed using Image J (NIH) and calculated by the average value. The microphotographs 

199 were taken on a Leica DMLB microscope at 40 × magnification.36

200 Immunofluorescence double-labeling

201 Immunofluorescence double-labeling was used to identify cells that express SIRT1.37 Briefly, 

202 dewaxed paraffin sections were subjected to heat-mediated antigen retrieval (citrate buffer, pH 

203 6.0). Brain sections were co-incubated with mouse anti-SIRT1 (Abcam, 1:200), rabbit anti-NG2 

204 (Merck; 1:400), rabbit anti-CNPase (Merck; 1:200), rabbit anti-Iba-1 (Abcam;1:50), rabbit 

205 anti-GFAP (Millipore, 1:500), overnight at 4°C. The following day, the sections were washed 3 

206 times with fresh PBS for 3 minutes each, and incubated with FITC 488-conjugated secondary 

207 antibody (goat anti-mouse, 1:100)/Cy3-conjugated secondary antibody (goat anti-rabbit, 1:100) in 

208 the dark for 1 hour at room temperature. Nuclei were counterstained with 

209 4´,6´-diamidino-2-phenylindole (DAPI, 0.5 µg/ml) at room temperature. After washing 3 times 

210 with fresh PBS for 3 minutes each, the sections were mounted in Dako Fluorescence Mounting 
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211 Medium (S3023, Dako Cytomation GmbH, Hamburg, Germany) and sealed with cover slips. All 

212 images were taken using a Nikon Eclipse Ti-E epifluorescence inverted microscope.

213 Western blot

214 The hippocampus was lysed for total protein extraction by MinuteTM Total Protein Extraction Kit 

215 (Invent Biotechnologies). The concentration of protein was measured by BCA Protein Assay Kit 

216 (Sheng gong® Sangon Biotech). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

217 (SDS-PAGE) was uesed to separate the proteins (25 μg) from each sample and then 

218 electrophoretically transferred to polyvinyl difluoride membranes by electrophoresis (Millipore, 

219 Billerica, MA, USA). The membrane was blocked in 5% skim milk in Tris-buffered saline 

220 solution pH 7.4 for 2 hours at room temperature and incubated with the primary antibody at 4°C 

221 overnight. The following antibodies were used: rabbit anti-CNPase (Proteintech, 1:10,000), mouse 

222 anti-SIRT1 (Millipore Corporate, 1:2,000), rabbit anti-p-Akt (Ser473) (Abcam, 1:125), rabbit 

223 anti-mTOR (Abcam, 1:2,000), rabbit anti-PPAR-γ (Abcam, 1:800), β-actin (Proteintech, 1:10,000), 

224 GAPDH (Ambion, 1:20,000). The following day, the membranes were washed with TBST for 5 

225 minutes × 3 times, and incubated with secondary antibody (goat anti-rabbit/goat anti-mouse IgG) 

226 conjugated with horseradish peroxidase at a dilution of 10,000 (MultiSciences) for 1 hour (room 

227 temperature) and washed three times with TBST. The proteins were determined using an ECL 

228 western blot detection kit (Amersham Biosciences, NJ, USA). Band density traces and 

229 quantification were determined and the expression levels of these proteins were quantified by 

230 comparison with the levels of ND. 

231 Statistical analysis
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232 All statistical analyses were carried out in SPSS 25.0 software. Data were reported as mean ± 

233 error of the mean (SEM). One-way analysis of variance (ANOVA) with Tukey post hoctest (for 

234 multiple comparisons) was used for the comparison among groups. P value less than 0.05 was 

235 considered statistically significant. As compared with the ND groups: *P<0.05, **P<0.01, 

236 ***P<0.001; as compared with the CPZ+ND groups: #P<0.05, ##P<0.01, ###P<0.001.

237 Results

238 Effect of KD on CPZ-induced alterations in body weight 

239 A significant reduction in body weight was found in the KD group in comparison with ND 

240 group (Figure 1). The present study demonstrated that CPZ intoxication caused a significant 

241 decrease in the body weight of mice. Interestingly, compared to mice in the CPZ+ND group, the 

242 body weight of mice in the CPZ+KD group significantly increased from day four, up to the end of 

243 experiment (Figure 1, P<0.001). 

244 Behavioral tests 

245 OF

246  The decrease in exploration and increase in anxiety of mice have been reported in the CPZ 

247 models.38,39 The present study showed that mice in the CPZ+ND group traveled shorter distance at 

248 the center area and in the overall area of the apparatus, when compared to mice in the ND group 

249 (Figures 2A-2C). Futhermore, the time spent in the central area was significantly lower in the 

250 CPZ+ND group, when compared to the ND group (Figures 2A and 2D, P<0.001), Interestingly, 

251 the central area travel distance, total distance and time spent were all significantly increased in 

252 KD-treated mice, when compared to mice in the CPZ+ND group (Figure 2). These data suggests 
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253 that KD decreases the anxiety-like behavior, thereby increasing the exploratory behavior of mice 

254 by promoting remyelination.

255 The RT was designed to assess the motor coordination of mice. The motor coordination and 

256 balance were monitored using the accelerated rotarod test after mice were fed with CPZ for five 

257 weeks. Consistent with a previous study,40 we found that mice in the CPZ+ND group had a 

258 significantly reduced mean latency to fall on the rotarod apparatus, when compared to the ND 

259 group (Figure 2E, P<0.001), suggesting that CPZ-intoxication indeed impairs motor coordination. 

260 When compared to the ND group, KD treated mice stayed significantly longer on the rotarod 

261 apparatus (Figure 2E, P<0.001). However, there was no difference between the ND group and 

262 CPZ+KD group. These results indicate that KD treatment prevented the motor deficits induced by 

263 CPZ. 

264 The learning and memory impairment of mice that received CPZ were assessed using the 

265 MWM test. On day six of the MWM test, learning and memory were assessed during the probe 

266 trial (Figure 2F). Mice in the ND+CPZ group traveled longer distances to the target, when 

267 compared to control mice (Figures 2F and 2G, P<0.001). Furthermore, compared to the control 

268 group, the platform crossing times and platform quadrant residence duration of mice significantly 

269 decreased in the CPZ-treated group (Figures 2F, 2H and 2I; P<0.001). In addition, decreased 

270 distance to target, and increased platform crossing time and platform quadrant residence time were 

271 observed in KD-treated mice, when compared to mice in the CPZ+ND group (Figures 2G-2I, 

272 P<0.01). These findings suggest that KD can recover the CPZ-induced learning and memory 

273 deficits.

274 Biochemical parameters 
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275 The level of blood ketone body and β-hydroxybutyrate acid in hippocampi of mice significantly 

276 increased in the CPZ+KD group, when compared to the CPZ+ND and ND groups (Figures 3A and 

277 3B, P<0.001). The levels of AST, ALT, Cr and BUN in mice were determined after five weeks of 

278 CPZ induction. No significant differences were observed (Figures 3C-3F). These results suggest 

279 that all animals had normal liver and kidney function.

280 Demyelination quantification

281 To assess the content of myelin in the hippocampus, the myelination was evaluated by MBP 

282 immunohistochemistry. As shown in Figures 4A, 4B and 4C, the CPZ fed in mice caused a 

283 marked demyelination in the hippocampus. Compared with the ND group, CA1, CA2 and CA3 

284 region of the hippocampus suffered from severe myelin loss in the CPZ+ND group (Figures 

285 4A-4B3). However, the MBP immunohistochemistry revealed an increased staining of fibers, 

286 which typically appeared disc-like, compact, and at times extended radially in the marked areas of 

287 the hippocampus, after KD administration (Figures 4A-4C3). Furthermore, the analysis of the 

288 hippocampal sections demonstrated the significantly elevated immunodensity of MBP in 

289 KD-treated mice when compared with the CPZ+ND group, at day 35 (Figure 4E, P<0.05), 

290 suggesting that KD plays an important role in protecting the myelin sheet.

291 NG2 glia residing at or close to demyelination lesions function as oligodendrocyte precursor 

292 cells or some extent generate astrocytes after CNS insults. In the present study, CPZ+ND group 

293 showed an increased in the number of NG2+ OPCs in comparison to control group (P<0.001). 

294 While, KD treatment significantly reduced the number of NG2+ OPCs in CPZ mice (Figures 4D 

295 and 4F). CNPase is a myelin-associated enzyme expressed exclusively by differentiating OLs. A 

296 decreased expression of CNPase in the hippocampus was found in mice that received CPZ, and a 
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297 certain extent of protection was observed in KD treated mice at five weeks post-induction (Figures 

298 4G and 4H). The demyelinating areas in the hippocampus were filled with NG2+ OPCs in mice 

299 receiving CPZ, indicating that the recruitment of NG2+ OPCs to the lesions was normal, but these 

300 OPCs might have difficulties to differentiate into mature OLs. Furthermore, the KD treatment 

301 protected myelin sheaths by promoting the differentiation of OPCs into mature OLs.

302 Morphology of the hippocampus

303 H&E staining in the hippocampus was performed to detect the neuronal integrity and 

304 orderliness. The general morphology of the hippocampus and neurons in the ND group was 

305 well-preserved (Figure 5A). The area marked with a black box represents the DG area of the 

306 hippocampus. Figure 5B presents the partial enlargement of Figure 5A. As shown in Figure 5B, 

307 neuron atrophy was found in the DG of the hippocampus of mice after receiving CPZ. 

308 Furthermore, the arrangement of hippocampal neurons in mice in the CPZ+ND group was 

309 irregular, while a normal neuronal morphology was observed in the hippocampal DG area of mice 

310 after treatment with KD (Figure 5B). 

311 Nissl staining was utilized to evaluate the effects of CPZ-induced typical neuropathological 

312 changes in the hippocampus. These present results revealed that the arrangement of granular 

313 neurons in the dentate gyrus in the ND group was relatively linear, and the Nissl bodies were 

314 abundant. The CPZ+ND group appeared to have neuronal pyknosis and disorganized neuronal 

315 layering as compared to the ND group, while KD treatment exhibited a recovering effect on 

316 hippocampal neuronal damage.

317 Effects of KD on microglia in the CPZ-induced demyelination model
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318 Microglia activation was visualized using CD68 immunohistochemical staining, and microglia 

319 polarization was investigated in the hippocampus by CD16/32 immunohistochemistry staining 

320 (representing the M1-liked microglia). It has been reported that microglia are activated in mice 

321 after receiving CPZ, especially M1 phenotype microglia.41,42 M1 microglia can produce 

322 proinflammatory cytokines, such as IL-1β, IL-6 and TNF-α, which subsequently enhance myelin 

323 loss. Remarkably, in the hippocampus, the number of CD68+ cells (representing activated 

324 microglia, Figures 6A and 6C, P<0.001) and CD16/32+ cells (Figures 6B and 6D, P<0.001) both 

325 increased after five weeks of feeding with CPZ, while the number of CD68+ cells and CD16/32+ 

326 cells decreased after KD administration (Figures 6C and 6D, P<0.001). These present findings 

327 suggest that KD can inhibit the CPZ-induced activation of microglia, and especially reduce the 

328 number of M1-like microglia.

329 Effects of KD on astrocyte activation in the CPZ-induced demyelination model

330 Immunohistochemical staining of GFAP was used to evaluate astrogliosis. Gudi et al. reported 

331 that astrocytes are activated in mice after receiving CPZ.43 Consistent with other previously 

332 reported studies, the number of GFAP+ cells was significantly higher in the CPZ+ND group than 

333 in the ND group. However, after five weeks post-induction, the KD treatment group exhibited 

334 fewer GFAP+ cells in the hippocampus, and a significant decrease in the number of GFAP+ cells 

335 was observed in the CPZ+KD group (Figure 7C, P<0.001). Reactive astrogliosis manifested 

336 through the significant increase in GFAP immunoreactivity, which is clearly visible around the 

337 lesioned hippocampal area in mice that received CPZ (Figures 7A and 7B). Figure 7B presents the 

338 magnification of the black-labeled box in Figure A, which marks the CA3 region of the 

339 hippocampus. As shown in Figure 7B, the morphology of reactive astrocytes revealed that there 
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340 was less swelling in the hippocampus of KD-treated mice, when compared to CPZ mice. Evidence 

341 has revealed that astrocytes play an important role in neuronal resilience and remyelination in the 

342 CNS.44 During the development of the CNS, astrocytes secrete axonal growth factors and release 

343 various neurotrophic factors, such as nerve growth factor (NGF) and basic fibroblast growth factor 

344 (bFGF), to maintain the survival of neurons and to promote the growth of neuronal processes.45,46 

345 However, reactive astrocytes can mediate neuroinflammation, leading to neuronal damage, and 

346 release some inflammatory factors that prevent myelin sheath regeneration.47 Therefore, reduction 

347 of the extent of astrogliosis might be beneficial for neuronal development and remyelination. 

348 More importantly, we found that KD can inhibit the CPZ-induced activation of astrocytes and 

349 regulate the astroglial morphology, in order to return to normal conditions, suggesting that KD 

350 provides a supportive environment for neuronal growth and remyelination.

351 KD decreased the oxidative stress in the hippocampus of CPZ-fed mice 

352 A former study demonstrated that CPZ intoxication increases oxidative stress, which in turn, 

353 triggers apoptosis in mature OLs.48 This perturbation of biochemical redox state could lead to 

354 neuronal changes and cognitive impairment in CPZ-treated mice and inhibit remyelination.16 In 

355 the present study, the GSH content and GSH-Px activity were nearly two-folds lower in CPZ+ND 

356 group, when compared to the ND group (Figures 8A and 8B, P<0.001). However, compared with 

357 the CPZ+ND group, the GSH content and GSH-PX activity were significantly increased in the 

358 KD+CPZ group (Figures 8A and 8B, P<0.01). In addition, as shown in Figure 8C, the 

359 concentration of MDA significantly higher in the CPZ+ND group than the ND group (P<0.001). 

360 However, the MDA content significantly decreased after KD treatment (P<0.001). Thus, our data 

361 suggest that KD inhibits oxidative stress in CPZ-fed mice.
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362 SIRT1-expressing cells in the hippocampus

363 The double-staining with cellular markers revealed SIRT1 expression in NG2+ OPCs (Figure 

364 9A), CNPase+ OLs (Figure 9B), Iba-1+ microglia (Figure 9C), and GFAP+ astrocytes (Figure 9D) 

365 in the hippocampus. We found that more of the SIRT1 deposits co-localized with GFAP+ cells in 

366 the CPZ+KD, when compared to the CPZ+ND groups (Figure 9D). Some of the Iba-1+ microglia 

367 and CNPase+ OLs co-localized with SIRT1 staining (Figure 9C) in the ND, CPZ+ND and 

368 CPZ+KD groups. However few NG2 positive OPCs expressed SIRT1 in the ND, CPZ+ND and 

369 CPZ+KD groups (Figures 9A and 9B). The small images in the right-most column in Figure 9 

370 present the magnification of the white-labeled region.

371 Effect of KD on the SIRT1/PPAR-γ/p-Akt/mTOR protein expression 

372 SIRT1 activation plays a protective role in neurodegenerative diseases of mice, and acts as a 

373 potential treatment for neurodegeneration in MS.49 A previous study revealed that the 

374 overexpression of SIRT1 protein exerts neuroprotective effects in EAE mice.50 Our results 

375 revealed that the protein expression of SIRT1 decreased in the CPZ+ND group, while the level of 

376 SIRT1 significantly increased after KD treatment (Figures 10A and 10B, P<0.001). This indicates 

377 that KD promotes the expression of SIRT1, and ameliorates the demyelination in the experimental 

378 model. Furthermore, the PPAR-γ protein expression significantly decreased in the CPZ+ND group, 

379 when compared to the ND group. Interestingly, the KD treatment dramatically downregulated the 

380 level of PPAR-γ (Figures 10E and 10F, P<0.001). Furthermore, the p-Akt and mTOR protein 

381 expression levels were significantly higher in the CPZ+KD group compared to the CPZ+ND 

382 group (Figures 10A, 10C and 10D; P<0.001). Recent reports have shown that activating the 

383 p-Akt/mTOR signaling pathway enhances CNS myelination.25,51 Thus, these present findings 
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384 suggest that KD may alleviate demyelination in the hippocampus by increasing the 

385 SIRT/PPAR-γ/p-Akt/mTOR protein expression.

386 Discussion

387 The present study investigated the effect of KD on demyelination in the hippocampus of mice 

388 during CPZ administration. We found that (1) KD could alleviate the demyelination in the 

389 hippocampus of CPZ-fed mice. (2) KD ameliorated the CPZ-induced learning and memory 

390 deficits. (3) KD promoted the OPCs differentiation and maturation. (4) KD suppressed the 

391 microglia activation and reactive astrocytes in the hippocampus of mice that received CPZ. (5) 

392 KD reduced the oxidative stress in the hippocampus of CPZ-fed mice. (6) KD increased the 

393 SIRT1, PPAR-γ, p-Akt and mTOR protein expression levels in the hippocampus.

394  In the present experiments, we found that the content of ketone bodies in blood and 

395 hippocampal β-hydroxybutyric acid significantly increased in the CPZ+KD group, while the blood 

396 glucose did not differ among groups (data not shown). These results indicate that the protective 

397 effect of KD in the hippocampus of mice during media with CPZ was partly due to the high levels 

398 of ketone bodies. Furthermore, in the present study, the ketosis effectively enhanced ketone body 

399 levels (3 mmol/L) in adult mice with KD treatment, suggesting that KD successfully induced the 

400 ketosis in the experiments. 

401 CPZ induced behavioral and motor abnormalities, and cognitive deficits, as demonstrated by the 

402 OF, RT and MWM tests, which agrees with previous reports.27,40 Motor dysfunction and 

403 behavioral disorders are correlated to the white matter damage caused by myelin loss, and may be 

404 correlated to the impaired regeneration ability of OLs and its progenitors.52 The present results 

405 show that KD treatment improved motor functions, spontaneous exploration and spatial memory 
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406 learning of mice that received CPZ, indicating that KD treatment ameliorates the CPZ-induced 

407 demyelination. Furthermore, H&E staining revealed that the nuclei of granule neurons in the 

408 hippocampus became pyknotic after the animals received CPZ, while the KD treatment decreased 

409 the damage to granule neurons in the DG areas of the hippocampus. Noteworthy, marked neuronal 

410 changes were observed in CPZ+ND-treated mice with increased pyknotic neurons and less visible 

411 Nissl bodies, while KD treatment reduced the damage to hippocampal neurons. This suggests that 

412 KD plays a critical role in neuroprotection in hippocampal neurons of mice that received CPZ. 

413 OPCs are located adjacent to the demyelinated lesions, and contributes to myelin repair. In the 

414 present study, CPZ induced a significant increased in NG2+ OPCs cells expression, which is in 

415 agreement with previous reports.53 However, treatment with KD resulted in the reduction of NG2+ 

416 OPCs cells expression. In addition, we found that KD administration improved the expression of 

417 MBP and upregulated the expression of CNPase in hippocampus of mice at day 35. These results 

418 further confirm that KD promote the differentiation of OPCs and the survival of mature OLs. 

419 Microglia activation plays an important role in demyelinating disorders. The classically 

420 activated M1 type microglia can exacerbates neuronal damage and aggravates the severity of 

421 demyelinating lesions.54,55 In the present study, the number of CD68+ and CD16/32+ cells 

422 significantly decreased in the CPZ+KD group compared with the CPZ+ND group. This suggests 

423 that KD can inhibit the activation of microglia and M1-liked microglia polarization in the 

424 hippocampus, which may generates an anti-inflammatory environment and promotes 

425 remyelination. 

426 Astrocytes, which is the important glial cells in CNS. It has been reported that reactive 

427 astrocytes is harmful for axonal regeneration and remyelination.56,57 Previous studies have 
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428 demonstrated that astrocyte ablation can improve the remyelination in the demyelination mouse 

429 model.58 The present study has similar findings, in which the density of GFAP+ cells significantly 

430 decreased at day 35 with KD administration. This suggests that the strategy of KD therapy in 

431 attenuating astrocyte activation is considered advantageous for myelin regeneration.

432 Oxidative stress is generally considered as a state of abundance of ROS.59 Reducing oxidative 

433 stress in the EAE model has been reported to increase the density of OPCs and improve the 

434 remyelination in the CNS.60 Ziegler et al. reported that KD exert a neuroprotective effect via  

435 reduction in oxidative stress.61 Our results revealed that the GSH content and activity of GSH-Px 

436 significantly increased, while the MDA content decreased after KD administration in the 

437 hippocampus. Therefore, we suggest that KD acts against CPZ-induced demyelination in the 

438 hippocampus at least by increasing antioxidant activity.

439 The role of SIRT1 in inhibiting oxidative stress and demyelination has been described in a 

440 former study.49 The present immunohistochemical stainings revealed that there was more SIRT1 

441 expression in GFAP-positive astrocytes, some SIRT1 was co-expressed with Iba-1-positive 

442 microglia and CNPase-positive OLs, and few OPCs expressed SIRT1 in hippocampi of mice after 

443 KD feeding. In addition, there was more SIRT1 expression in GFAP-positive astrocytes in mice in 

444 the CPZ+KD group, when compared to the CPZ+ND group. It has been postulated that the 

445 neuroprotective roles of astrocytes with anti-inflammatory and anti-oxidative effects derive from 

446 the inhibition of the expression levels of IL-1β, and the increase in SOD2 enzyme activity via 

447 SIRT1 signaling activation.62,63 Interestingly, we found that KD treatment significantly increased 

448 the SIRT1 expression of CPZ-fed mice. These results suggest that KD treatment has a 

449 neuroprotective effect against demyelination via increased expression of SIRT1.
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450 In addition, SIRT1 and its numerous deacetylated substrates have been identified, such as 

451 PPAR-γ and PPAR-γ coactivator-1α.64,65 A previous study demonstrated that docosahexaenoic 

452 acid might influence the process of OPCs maturation through its PPAR-γ agonistic activity.66 Our 

453 results show that KD treatment increased the expression of PPAR-γ in the hippocampus, 

454 suggesting that KD can promote OPCs maturation in mice with CPZ-induced demyelination via 

455 the SIRT1/PPAR-γ signaling pathway. In addition, it has been reported that constitutively active 

456 p-Akt enhances the oligodendrocyte maturation in the CNS.51 The histone deacetylase SIRT1 

457 deacetylates Akt, and subsequently promotes the activation of Akt.20,67 Earlier studies have 

458 confirmed that both SIRT1 and Akt play important roles in neuronal survival.68,69 Moreover, it has 

459 been reported that the activation of the PI3K/p-Akt/mTOR signaling pathways can increase the 

460 number of OLs and enhance the remyelination in the EAE model.70 MTOR works as the substrate 

461 of p-AKT in the downstream signaling pathway, it plays an important role in OPCs differentiation 

462 during development in the CNS. In the present study, CPZ intoxication significantly 

463 downregulated the protein expression of p-AKT and mTOR. However, KD treatment enhanced 

464 the p-AKT and mTOR protein expression levels. Therefore, these present results suggest that the 

465 activation of the SIRT1/p-AKT/mTOR pathway by KD plays a critical role in protecting against 

466 CPZ-induced demyelination. 

467 Conclusion

468 In conclusion, these present results demonstrate that KD treatment exerts a protective effect in 

469 mice with CPZ-induced demyelination by improving spatial learning and memory, inhibiting the 

470 activation of astrocytes and microglia (especially the M1-like microglia), promoting OPC 

471 differentiation and maturation, and attenuating oxidative stress. Furthermore, KD plays a critical 
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472 role in protecting against CPZ-induced demyelination in the hippocampus by the SIRT1/PPAR-γ 

473 pathway and SIRT1/p-Akt/mTOR pathway. These findings indicate that KD can be used as an 

474 effective strategy to treat demyelinating diseases and ameliorate the clinical symptoms of MS.
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FIGURE CAPTIONS

Figure 1 Effect of KD on body weight changes of mice. The body weight of mice was measured 

every two days during the experiment. The data are presented as mean ± standard error of the 

mean (SEM).The significant effects between groups are indicated by asterisks (*P<0.05, 

***P<0.001), n=8. 

Figure 2 Behavioral test. (A) The representative images show the exploratory behavior of mice in 

the ND, CPZ+ND and CPZ+KD groups. (B) The total traveled distance. (C) The central distance 

traveled in the OF. (D) The time spent in the center area. (E) The average latency of mice to fall 

from the rotarod. KD treated mice had a significantly longer latency to fall, when compared to 

CPZ-alone treated mice, at five weeks post-induction. (F) Mouse trajectory during the probe trial. 

(G) Distance to target. (H) The number of platform crossings. (I) The time spent in the target 

quadrant. The green colored circle represents the starting point, while the red colored circle 

represents the terminal point. The date are presented as mean ± SEM (n=8). The green colored 

circle represents the starting point, while the red color circle represents the terminal point. The 

significant differences between ND groups are indicated: ***P<0.001. The significant differences 

between the CPZ+ND groups are indicated: ###P<0.001.

Figure 3 The concentration of β-hydroxybutyrate acid and the blood biochemical index were 

determined in mice with KD/ND treatment. (A) Mice in the CPZ+KD groups had significantly 

elevated concentration of blood ketone body, when compared to mice in the ND and CPZ+ND 

groups (n=8). (B) KD-treated mice had a significantly elevated concentration of 

β-hydroxybutyrate in hippocampus, when compared to ND-treated mice (n=4). (C-F) The ALT 

(C), AST (D), BUN (E) and Cr (F) of mice were determined after five weeks CPZ feeding with 
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KD/ND (n=8). The data were presented as mean ± SEM. The significant differences between ND 

groups are indicated: ***P<0.001. The significant differences between CPZ+ND groups are 

indicated: ###P<0.001.

Figure 4 Effect of KD on the myelination process in mice that received CPZ. The representative 

images show the MBP-stained coronal sections of the hippocampus in the ND group (A), 

CPZ+ND group (B) and CPZ+KD group (C) after five weeks post-induction. Scale bars = 200 µm. 

The black boxes represent the marked area in the hippocampus, as follows: black box 1 (A1, B1 

and C1) represents the CA1 region, black box 2 (A2, B2 and C2) represents CA3 region, and 

black box 3 (A3, B3 and C3) represents the DG. Scale bars = 100 µm. (D) The 

immunohistochemistry for NG2 after five weeks of CPZ feeding in mice. Scale bars = 200 µm. 

(E-F) Quantitative analysis of the MBP immunodensity (E) and the number of NG2+ cells (F) in 

the hippocampus in mice in each group. (G) Detection of the protein levels of CNPase in the 

hippocampus in the ND, CPZ+ND and CPZ+KD groups; β-actin was used as an internal control 

for normalization. (H) The quantitative analysis of CNPase levels was performed by western blot 

in the ND, CPZ+ND and CPZ+KD groups. The data are presented as mean ± SEM (n=4). The 

significant differences between ND groups are indicated: *P<0.05, ***P<0.001. The significant 

differences between CPZ+ND groups are indicated: #P<0.05, ###P<0.001.

Figure 5 Histological images of the hippocampus. (A) H&E staining of the hippocampus of mice 

in the ND, CPZ+ND and CPZ+KD groups at day 35. Scale bars = 200 µm. (B) H&E staining of 

the DG area of the hippocampus, and the black arrows point to pyknotic cells, Figure 5B is the 

partial enlargement of Figure 5A. (C) Nissl staining of the DG in the hippocampus at day 35. 

Scale bars = 100 µm.
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Figure 6 The immunohistochemistry for the microglia in the hippocampus at day 35 after 

induction. (A-B) The representative brain sections stained for CD68+ cells (A) and CD16/32+ cells 

(B) are shown in the hippocampus in the ND, CPZ+ND and CPZ+KD groups. (C-D) Quantitative 

analysis of the number of CD68+ cells (C) and CD16/32+ cells (D) in the hippocampus in each 

group. The data are presented as mean ± SEM (n=4). Scale bars = 200 µm. The significant 

differences between ND groups are indicated as *P<0.05, ***P<0.001. The significant differences 

between CPZ+ND groups are indicated as ###P<0.001.

Figure 7 GFAP immunohistochemistry staining in the hippocampus of mice. (A) The 

representative brain sections stained for GFAP are shown in the hippocampus of mice in the ND, 

CPZ+ND and CPZ+KD groups. Scale bars = 200 µm. (B) The morphological differences of 

GFAP-stained cells among the different groups. The magnification of the black-labeled box in 

Figure A, which marked the CA3 region of the hippocampus. Scale bars = 20 µm. (C) 

Quantitative analysis of the number of GFAP+ cells in the hippocampus of mice in each group. 

The data are presented as mean ± SEM (n=4). The significant differences between ND groups are 

indicated: ***P<0.001. The significant differences between CPZ+ND groups are indicated: 

###P<0.001.

Figure 8 Oxidative stress was assessed by detecting the GSH levels, GSH-Px activity and MDA 

content. (A-C) The GSH levels (A), GSH-Px activity (B) and MDA content (C) of the 

hippocampus were measured at day 35, after mice received CPZ. The data were presented as mean 

± SEM (n=4). The significant differences between ND groups are indicated: *P<0.05, ***P<0.001. 

The significant differences between CPZ+ND groups are indicated: ##P<0.01, ###P<0.001.
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Figure 9 The immunofluorescence double-staining for SIRT1 with NG2, CNPase, Iba-1 and 

GFAP. The SIRT1 protein expression of OPCs, OLs, microglia and astrocytes in the CA1 region 

of the hippocampus at 35 days post-induction. SIRT1 (green) was expressed by OPCs (red, A), 

OLs (red, B), microglias (red, C) and astrocytes (red, D), as demonstrated by the orange-yellow 

mixed color. The nuclei were stained with DAPI. Scale bars = 50 µm.

Figure 10 KD promotes the protein expression of SIRT1, p-Akt, mTOR and PPAR-γ in the 

CPZ-induced model. (A) Representative examples of the western blot analysis, demonstrating the 

expression levels of SIRT1, p-Akt, mTOR and PPAR-γ in the hippocampus at day 35, and β-actin 

was used as an internal control for normalization. (B-D) Quantitative analysis of the SIRT1 level 

(B), p-Akt level (C) and mTOR level (D) by western blot in the ND, CPZ+ND and CPZ+KD 

groups. (E) Representative western blot images of PPAR-γ in the hippocampus at day 35, and 

GAPDH was used as an internal control for normalization. (F) Quantitative analysis of the 

PPAR-γ level by western blot in the ND, CPZ+ND and CPZ+KD groups. The data are presented 

as mean ± SEM (n=4). The significant differences between ND groups are indicated: **P<0.01, 

***P<0.001. The significant differences between CPZ+ND groups are indicated: #P<0.05, 

###P<0.001. 

Graphical abstract
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Table 1. Composition of the ND and KD used in the present experiment

       ND KD

Casein

Sucrose

Maltodextrin

Corn starch

L-Cystine

Cellulose

V1002 vitamin mixa 

M1003G mineral mix 

Choline bitartrate

Tert-butyl-hydroquinone

Soybean oil

MCT oil

MCT powderb 

Total (gram)

Ketogenic ratio

Weight

(grams/kg)

200.000

132.000

100.000

397.500

3.000

50.000

10.000

35.000

2.500

0.014

70.000

/

/

1000.014

0.080:1

Energy density 

(kcal/g)

0.800

0.528

0.400

1.590

0.012

/

0.040

/

/

/

0.630

/

/

4.000

Weight

(grams/kg)

194.000

/

/

/

3.000

23.500

10.000

35.000

2.500

0.014

85.000

370.000

277.000

1000.014

3.060:1

Energy density 

(kcal/g)

0.776

/

/

/

0.012

/

0.040

/

/

/

0.765

3.330

1.830

6.753

a Containing 100 % (w/w) sucrose.

b Containing 72 % (w/w) fat, 2.2 % (w/w) protein, 1.2 % (w/w) sucrose, 22.2 % (w/w) cellulose.
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Table 2. Primary antibodies in the experiments

Protein Primary Antibodies Manufacturers Dilution 

ratio

Astrocytes

Myelin proteolipid protein      

Microglia/macrophage

M1 microglia

OPCs

anti-GFAP rabbit polyclonal 

antibody

anti-MBP rabbit polyclonal antibody 

anti-CD68 rabbit polyclonal antibody

anti-CD16/32 rabbit polyclonal 

antibody

anti-NG2 rabbit polyclonal antibody

Dako 

Cytomation 

Millipore

Abcam

Abcam

Chemicon

1:200

1:1,000

1:600

1:600

1:200
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Figure 10
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