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Abstract 30 

Humans possess three genetic isoforms of apolipoprotein E (ApoE)—ApoE2, ApoE3 and ApoE4—that 31 

confer differential risk for Alzheimer’s disease (AD); however, the underlying mechanisms are poorly 32 

understood. This study sought to investigate the impact of human ApoE isoforms on brain energy 33 

metabolism, an area significantly perturbed in preclinical AD. A TaqMan custom array was performed to 34 

examine the expression of a total of 43 genes involved in glucose and ketone body transport and 35 

metabolism focusing on cytosolic oxidation in human ApoE gene-targeted replacement (hApoE-TR) 36 

female mice. Consistent with our previous findings, brains expressing ApoE2 exhibited the most robust 37 

profile, whereas brains expressing ApoE4 displayed the most deficient profile on the uptake and 38 

metabolism of glucose, the primary fuel for the brain. Specifically, the three ApoE brains differed 39 

significantly in facilitated glucose transporters, which mediate the entry of glucose into neurons, and 40 

hexokinases, which act as the “gateway enzyme” in glucose metabolism. Interestingly, on the uptake and 41 

metabolism of ketone bodies, the secondary energy source for the brain, ApoE2 and ApoE4 brains 42 

showed a similar level of robustness, whereas ApoE3 brains presented a relatively deficient profile. 43 

Further, ingenuity pathway analysis (IPA) indicated that the PPAR-γ/PGC-1α signaling pathway could be 44 

activated in the ApoE2 brain and inhibited in the ApoE4 brain. Notably, PGC-1α overexpression 45 

ameliorated ApoE4-induced deficits in glycolysis and mitochondrial respiration. Overall, our data provide 46 

additional evidence that human ApoE isoforms differentially modulate brain bioenergetic metabolism, 47 

which could serve as a potential mechanism contributing to their discrete risk impact in AD.   48 
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Significance Statement  49 

We uncovered hexokinase as a key cytosolic point in the glucose metabolism that is differentially 50 

modulated by the three ApoE genotypes. The differences in hexokinase expression and activity exhibited 51 

in the three ApoE brains may underlie their distinct impact on brain glucose utilization and further 52 

susceptibility to AD. Therefore, a therapeutic approach that could circumvent the deficiencies in the 53 

cytosolic metabolism of glucose by providing glucose metabolizing intermediates, e.g., pyruvate, may 54 

hold benefits for ApoE4 carriers, who are at high risk for AD. The bioenergetic robustness may translate 55 

into enhanced synaptic activity and, ultimately, reduces the risk of developing AD and/or delays the onset 56 

of clinical manifestation.   57 
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Introduction 58 

Alzheimer’s disease (AD) currently affects 35 million people worldwide, including 5.4 million Americans. 59 

This number is predicted to nearly triple by 2050, projected to 13.8 million (Alzheimer's, 2016). Despite 60 

the extensive research effort put forth over the last two decades, the cause of AD remains elusive, and no 61 

effective treatment is currently available. The growing number of AD cases, along with continuous 62 

failures in AD drug development (Cummings et al., 2014), underscores the urgent need for advancement 63 

in the area of AD therapy. To that end, a better understanding of the mechanisms that counteract AD risk 64 

could potentially lead to new strategies aimed at AD prevention and early intervention. 65 

 66 

The genetic polymorphism of human apolipoprotein E (ApoE) has been shown to confer differential 67 

susceptibility to late-onset AD, which accounts for the majority of the AD cases (Farrer et al., 1997). The 68 

three major isoforms, ApoE2, ApoE3 and ApoE4, are the products of three alleles at a single gene locus 69 

on the long arm of chromosome 19. The most common isoform, ApoE3, is present in approximately 75% 70 

of the population and is believed to be risk-neutral. ApoE2 is rare, occurring in 5% of the population, and 71 

it shows protection against AD. In contrast, ApoE4 exists in 20% of the population; however it comprises 72 

nearly 65% of AD cases (Kim et al., 2009; Liu et al., 2013). Clinically, ApoE4 carriers exhibit accelerated 73 

rates of cognitive decline related to aging and AD (Craft et al., 1998; Martins et al., 2005; Caselli et al., 74 

2009; Caselli et al., 2011). On the molecular level, ApoE4 has been associated with aggravated AD 75 

neuropathology, enhanced neuroinflammation, deregulated lipid metabolism, mitochondrial dysfunction, 76 

and impaired synaptic plasticity (Nagy et al., 1995; Chang et al., 2005; Rapp et al., 2006; Klein et al., 77 

2010; Rodriguez et al., 2014).  78 

 79 

Previous studies have primarily focused on identifying AD risk mechanisms conferred by ApoE4, and 80 

relatively few studies have explored the role of ApoE2 in relation to AD. ApoE2 has been found to slow 81 

AD progression and be positively associated with cognitive functions during aging (Nagy et al., 1995; 82 

Craft et al., 1998; Martins et al., 2005; Shinohara et al., 2016). Results from pre-clinical studies are in line 83 



 

 4 

with the clinical findings. Forced expression of ApoE2 attenuated the progressive loss of synaptic 84 

integrity induced by ApoE4 (Klein et al., 2010). Gene delivery of ApoE2 markedly reduced brain amyloid 85 

pathology in an AD mouse model (Zhao et al., 2016). Recently, a non-biased proteomics study from our 86 

lab revealed that the ApoE2 brain possessed the most robust regulatory mechanisms for synaptic 87 

transmission (Woody et al., 2016). Collectively, these studies suggest that ApoE2 brains are subjected to 88 

neuroprotective mechanisms; the uncovering of which may lead to novel AD prevention and risk 89 

reduction strategies. 90 

 91 

It has been proposed that protection against AD should greatly precede AD onset. Indeed, the preclinical 92 

development of AD could last 10-20 years prior to its clinical manifestation. One of the major changes 93 

that typically occurs in the preclinical AD brain is the perturbed brain energy metabolism. Cognitively 94 

normal individuals at risk for AD, including those carrying ApoE4, showed reduced cerebral metabolism 95 

of glucose (Reiman et al., 2004, 2005). Treatment with a ketogenic agent improved cognitive functions in 96 

ApoE3 carriers but not ApoE4 carriers (Reger et al., 2004; Henderson et al., 2009), suggesting that ApoE 97 

genetic status affects brain ketone body utilization. Further, a pathway-focused gene profiling study 98 

revealed that mouse brains expressing ApoE2 exhibited the most robust profile in insulin-like growth 99 

factor 1 signaling and glucose transport (Keeney et al., 2015). Taken together, these findings suggest that 100 

human ApoE genetic status influences brain energy metabolism; however, the underlying mechanisms 101 

remain unclear. In the present study, we examined the pathways involved in the transport and metabolism 102 

of glucose and ketone bodies, the primary and secondary energy source for the brain, in humanized ApoE 103 

mouse and cell models.  104 
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Materials and Methods 105 

Animals 106 

All the animal work presented has been approved by the Institutional Animal Care and Use Committee 107 

(IACUC) of the University of Kansas and followed NIH guidelines for the care and use of laboratory 108 

animals. Six-month-old human ApoE2, ApoE3, and ApoE4 gene-targeted replacement (hApoE2-TR, 109 

hApoE3-TR, and hApoE4-TR) female mice were obtained from Taconic Biosciences. These mice express 110 

levels of human ApoE protein similar to human tissue in the brain regions that are most affected by AD. 111 

Additionally, immunohistochemistry analyses revealed that human ApoE protein is predominantly 112 

expressed in the glia, which recapitulates the pattern of ApoE expression in the non-demented human 113 

brains (Sullivan et al., 2004). Therefore, utilization of this animal model would allow for direct 114 

measurement and comparison of human ApoE isoform-specific effects in vivo.  115 

 116 

Cell Culture  117 

Mouse neuroblastoma cell line Neuro-2a (N2a) was purchased from American Type Culture Collection 118 

(ATCC) (CCL-131). N2a cells were grown in Dulbecco's Modified Eagle Medium (DMEM, High 119 

Glucose) (Gibco, 11965092) supplemented with 10% Fetal Bovine Serum (FBS) (Gibco, 16000044). 120 

Cells were sub-cultivated every 3-4 days and maintained at 37 °C in a humidified atmosphere with 5% 121 

CO2. A new vial of frozen cell stock was recovered when the passage number exceeded 21.  122 

 123 

Induction of N2a cell differentiation 124 

N2a cells were plated at a density of 1×105/mL in complete culture medium. 24 hours later, cells were 125 

treated with 20 μM retinoic acid (RA) (Sigma-Aldrich) in DMEM supplemented with 2% FBS. The 126 

medium containing RA was refreshed every 48 hours. Cells were subjected to morphological and 127 

biochemical analyses after 96 hours incubation with RA. Differentiated N2a cells were defined by 128 

neuron-like morphology and the enhanced protein expressions of neuronal markers such as NeuN, 129 

synaptophysin, and PSD95.  130 
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Plasmids and Transfection 131 

Human ApoE2, ApoE3 and ApoE4 cDNA clones expressed in the mammalian vector pCMV6 with C-132 

terminal Myc- DDK Tag were procured from OriGene Technologies. ApoE3 cDNA clone (NM_000041) 133 

was directly purchased from OriGene. ApoE2 and ApoE4 cDNA clones were generated by genetic 134 

modification of ApoE3 cDNA sequence. Specifically, ApoE2 cDNA clone was obtained by mutation on 135 

nucleotide position 388 T to C, resulting in a Cysteine to Arginine substitution in codon 112. ApoE4 136 

cDNA clone was obtained by mutation on nucleotide position 526 C to T, which resulted in an Arginine 137 

to Cysteine substitution in codon 158. PGC-1α (NM_008904) mouse cDNA clone was also purchased 138 

from OriGene. For all the experiments, empty pCMV6 vector was used as control plasmid. For plasmid 139 

transfection, 2 μg human ApoE2, ApoE3 and ApoE4 cDNA were introduced to undifferentiated or 140 

differentiated N2a cells using lipofectamine 3000 transfection reagent (Invitrogen). For undifferentiated 141 

N2a cells, treatment or assays were performed 48 hours post-transfection. Differentiated N2a cells were 142 

evaluated 96 hours after transfection. ApoE4-expressing cells were transfected with 500 ng mouse PGC-143 

1α. Cells were incubated with plasmid DNA/transfection reagent complex for 48 hours prior to protein 144 

expression analysis and further experiments.  145 

 146 

Cell Lines Stably Expressing Human ApoE Isoforms 147 

N2a cells stably expressing human ApoE isoforms were generated as described below. Briefly, a kill 148 

curve titration was performed on N2a cells to determine the optimal concentration of geneticin (G418, 149 

Gibco). Cells were then transfected with 2 μg human ApoE2, ApoE3 and ApoE4 cDNA using 150 

lipofectamine 3000 according to the manufacturer’s instructions. 48 hours after transfection, the medium 151 

containing transfection complexes was replaced with complete N2a culture medium containing 600 152 

μg/mL G418. Cells stably transfected were selected for 10 days, then dissociated from the plates and 153 

subjected to serial dilution in 96-well plates. Wells containing single cell were marked and colonies 154 

formed in those wells were considered to be monoclonal. Cells were maintained in a humidified 37°C, 5% 155 

CO2 environment and G418 were replenished every 3-4 days. An individual colony in each well was 156 
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transferred to one well in 24-well plates for further expansion. Cell lines stably expressing ApoE at 157 

similar levels, as determined by immunoblotting analysis, were used in the study. 158 

 159 

Western Immunoblotting 160 

Transfected cells were washed twice by cold Dulbecco's phosphate-buffered saline (dPBS) and lysed with 161 

Neuronal Protein Extraction Reagent (N-PER) (Thermo Scientific, 87792) supplemented with protease 162 

and phosphatase inhibitors (Thermo Scientific, A32965). Cortical tissue homogenates were prepared from 163 

cortices of 6-month-old female hApoE-TR mice using Tissue Protein Extraction Reagent (T-PER) 164 

(Thermo Scientific, 78510) containing protease and phosphatase inhibitors. Protein concentrations of the 165 

cell extracts and tissue homogenates were determined by BCA protein assay kit (Thermo Scientific, 166 

23225). Immunoblotting analyses were carried out as previously published (Woody et al., 2016). The 167 

following primary antibodies were used: anti-NeuN (1:1000, Cell Signaling Technology, D3S3I), anti-168 

synaptophysin (1:1000, Cell Signaling Technology, 5461S), anti-PSD95 (1:1000, Cell Signaling 169 

Technology, 3450S), anti-apolipoprotein E (1:5000, Millipore, 178479), anti-hexokinase I (1:4000, Cell 170 

Signaling Technology, C35C4), anti-hexokinase II (1:2000, Cell Signaling Technology, C64G5), anti-171 

PGC-1α (1:1000, Millipore Sigma, ST1201), anti-β-actin (1:5000, Thermo Scientific, PA5-16914), anti-172 

β-tubulin (1:5000, Thermo Scientific, MA5-11732). Secondary antibodies were species-specific 173 

horseradish peroxidase-conjugated immunoglobulins purchased from Thermo Scientific. Protein bands 174 

were visualized using chemiluminescence (BioRad) on C-Digit Blot Scanner (LI-COR). Band densities 175 

were quantified using the Image Studio Version 4.0 image digitizing software with signal normalized to 176 

loading control proteins. 177 

 178 

ATP Levels 179 

ATP contents were determined using CellTiter-Glo Luminescent Cell Viability Assay (Promega) 180 

according to the manufacturer's instructions. ATP levels were normalized to the protein content in each 181 

sample. 182 
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 183 

ApoE Gene Expression 184 

The gene expression of ApoE after transfection was measured by real-time PCR as previously described 185 

(Calero et al., 2009). Genomic DNA was extracted from N2a cells transfected with human ApoE2, 186 

ApoE3, ApoE4 cDNA and mock vector by PureLink Genomic DNA Mini Kit (Invitrogen) following 187 

manufacturer's instructions. The primers were synthesized and purchased from Integrated DNA 188 

Technologies. The sequences of the primers were: 5’- CGGACATGGAGGACGTGT -3’ (Forward) and 189 

5’- CTGGTACACTGCCAGGCA -3’ (Reverse) for ApoE2, 5’- CGGACATGGAGGACGTGT -3’ 190 

(Forward) and 5’- CTGGTACACTGCCAGGCG -3’ (Reverse) for ApoE3, 5’- 191 

CGGACATGGAGGACGTGC -3’ (Forward) and 5’- CTGGTACACTGCCAGGCG -3’ (Reverse) for 192 

ApoE4. DNA amplification was performed on 100 ng of genomic DNA mixed with 1× Power SYBR 193 

Green PCR Master Mix (Applied Biosystems) and 0.3 μM of each primer under the following protocol: 194 

stage 1: AmpErase UNG activation at 50°C for 2 min; stage 2: AmpliTaq Gold DNA Polymerase 195 

activation at 95 °C for 10 min; stage 3: denature at 95 °C for 15 s followed by annealing/extension at 196 

60 °C for 1 min, for 40 cycles. Negative control contained the same reaction mixture without DNA. All 197 

the reactions were run in quadruplet. The fluorescence was detected on QuantStudio 7 Flex Real-Time 198 

PCR System (fast 96-well format) and data were calculated by the comparative Ct (ΔCt) method.  199 

 200 

TaqMan Gene Array Profiling 201 

TaqMan gene expression array cards (96 well plate format, which enables analysis of 2 samples against 202 

48 genes) were custom manufactured at Applied Biosystem. A list of 43 genes and 5 candidate control 203 

genes examined in the array can be found in Fig. 1-1. Total RNA was extracted from cortex tissues of 6-204 

month-old female hApoE-TR mice using PureLink RNA Mini Kit (Invitrogen). RNA quantity was 205 

determined using Qubit Assay Kits (Invitrogen) and RNA quality was analyzed using Agilent RNA 6000 206 

Nano Kit on Agilent 2100 Bioanalyzer system. RNA samples with RNA integrity number (RIN) greater 207 

or equal to 8 were converted to cDNA using the High Capacity RNA-to-cDNA Master Mix (Applied 208 
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Biosystem) on a T100 thermocycler (Bio-Rad). Taqman qRT-PCR reaction was carried out on 209 

QuantStudio 7 Flex Real-Time PCR System (Applied Biosystem) under the following thermal cycling 210 

conditions: AmpErase UNG activation at 50°C for 2 min; AmpliTaq Gold DNA Polymerase activation at 211 

95 °C for 10 min followed by 40 cycles of denaturation at 95 °C for 15 s and annealing/extension at 60 °C 212 

for 1 min. Each reaction mixture contained 10 ng cDNA samples mixed with 1× TaqMan Universal PCR 213 

Master Mix.  214 

 215 

Data were analyzed using the PCR Array Data Analysis Software (QIAGEN). Relative gene expression 216 

levels or fold change (FC) relative to the comparison group were calculated by the comparative Ct (ΔΔCt) 217 

method, with Ct denoting threshold cycle. Normalization factor calculation based on the geometric mean 218 

of multiple control genes was performed for selection of the endogenous control genes (Vandesompele et 219 

al., 2002). Samples collected from 4 animals per ApoE genotype group were included in the analysis. For 220 

each sample, ΔCt was calculated as the difference in average Ct of the target gene and the endogenous 221 

control gene. For each ApoE genotype, mean 2-ΔCt was calculated as the arithmetic mean of 2-ΔCt of the 4 222 

samples in the group. FC was then calculated as mean 2-ΔCt (ApoE genotype group) divided by mean 2-ΔCt 223 

(comparison group). The 2-ΔCt values for each target gene between two ApoE genotype groups were 224 

statistically compared using Student’s t-test; p < 0.05 was considered statistically significant. The p-225 

values were adjusted by Bonferroni correction. The heat map graphically demonstrated the hierarchical 226 

clustering of gene expression data. Distances between samples and target genes were calculated based on 227 

ΔCt values using Pearson’s correlations. The volcano plot displayed FC in the X-axis versus p-values in 228 

the Y-axis, which enabled the overview of gene fold regulation and identification of genes with fold 229 

change to the statistical significance level. 230 

 231 

IPA Network Analysis 232 

Data containing gene identifiers and corresponding fold change relative to the comparison group (ApoE3) 233 

were uploaded to IPA (Ingenuity Pathway Analysis). IPA Upstream Regulator Analysis identifies 234 
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transcriptional regulators of the genes in the dataset which could explain the observed gene expression 235 

changes. The analysis predicts likely relevant upstream molecules by assessing how many known 236 

downstream targets are present.  The prediction is based on the information stored in the Ingenuity 237 

Knowledge Base and literature references. A p-value was calculated to evaluate whether there is a 238 

significant overlap between the set of genes examined and genes regulated by a specific transcriptional 239 

factor. A z-score was calculated to predict the state of the upstream regulator: activating (z-score ≥ 2) or 240 

inhibiting (z-score ≤ -2). 241 

 242 

Hexokinase Activity 243 

Hexokinase activity assay was performed as previously described (Ding et al., 2013). The assay is based 244 

upon the reduction of nicotinamide adenine dinucleotide (NAD+) through a coupled reaction with 245 

glucose-6-phosphate dehydrogenase and is determined spectrophotometrically by measuring the increase 246 

in absorbance at 340 nm. 150 μL reaction mixes containing 13.3 mM MgCl2, 0.112 M glucose, 0.55 mM 247 

adenosine 5' triphosphate, 0.227 mM NAD+ and 1 IU/mL glucose-6-phosphate dehydrogenase in 0.05 M 248 

Tris-HCl buffer, pH 8.0 was loaded in each well of 96-well microplate. The plate was incubated at room 249 

temperature for 15 minutes to achieve temperature equilibration. 20 μg whole cell lysates were added to 250 

start the reaction. Hexokinase solution prepared by dissolving hexokinase (Sigma) in 0.05 M Tris-HCl 251 

buffer, pH 8.0 served as positive control. Assay buffer without sample served as negative control. 252 

Absorbance (A) at 340 nm was recorded every 1 min for 30 minutes at 30 °C. ΔA/min from initial linear 253 

portion of the curve was used to calculate the enzyme activity. 254 

 255 

Mitochondrial Respiration and Glycolysis 256 

The XF96 Extracellular Flux Analyzer (Seahorse Bioscience), which measures oxygen consumption rate 257 

(OCR) and extracellular acidification rate (ECAR), was used to examine the ApoE isoform-specific 258 

effects on mitochondrial respiration and glycolysis in N2a cells. Transfected cells were seeded at a 259 

density of 3.1 × 105 cells/cm2 in the 96-well culture plate provided with the flux pack (Seahorse 260 
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Bioscience). Mito Stress Test and the Glycolysis Stress Test were performed according to manufacturer’s 261 

instructions.  262 

 263 

For Mito Stress Test, cell growth medium was replaced with pre-warmed assay medium (XF base 264 

medium supplemented with 5.5 mM glucose, 2 mM glutamine and 1 mM sodium pyruvate, pH 7.4) and 265 

incubated in 37°C incubator without CO2 for 1 hour prior to the test. OCR was measured under basal 266 

condition followed by sequential injection of the compounds:  ATP synthase inhibitor oligomycin (2 267 

μg/mL), ETC accelerator FCCP (1 μM), and a mix of mitochondrial electron transport chain (ETC) 268 

complex inhibitors rotenone (1 μM) and antimycin A (1 μM) to measure ATP-linked respiration, maximal 269 

respiration, and non-mitochondrial respiration, respectively.  270 

 271 

For Glycolysis Stress Test, cell growth medium was replaced with pre-warmed assay medium (XF base 272 

medium containing 2 mM glutamine, pH 7.4) and incubated in 37°C incubator without CO2 for 1 hour 273 

before the assay. ECAR was measured under basal condition followed by serial addition of compounds. 274 

The initial injection was a saturating concentration of glucose (10 mM), which provided the measurement 275 

of glycolysis rate under basal conditions. The addition of oligomycin (2 μg/mL) inhibited ATP generation 276 

and thus shunted the energy production to glycolysis, with the subsequent increase in ECAR revealing the 277 

maximum glycolytic capacity of the cells. The final injection, 2-deoxy-D-glucose (2-DG) (50 mM), 278 

terminated the glycolysis, as the phosphorylated product of 2-DG cannot be metabolized by 279 

phosphoglucose isomerase. 280 

 281 

To examine the impact of human ApoE isoforms on cells’ ability of utilizing ketone bodies, OCR was 282 

measured in N2a-ApoE cells receiving sequential injections of the substrate, which was vehicle control or 283 

β-hydroxybutyrate (5 mM), oligomycin (5 μg/mL) and FCCP (1 μM). OCR and ECAR values were 284 

normalized to the total protein content in each well. Data were analyzed using Seahorse XF Cell Mito 285 

Stress Test Report Generator. 286 
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 287 

Lactate Production Assay 288 

Lactate fluorometric assay kit (K607-100) (BioVision Inc) was used to determine lactate levels according 289 

to the manufacturer's instructions. Briefly, differentiated N2a cells transfected with ApoE isoforms were 290 

incubated in DMEM without FBS or glucose for 1 hour. The medium was refreshed and cells were 291 

incubated in 37°C incubator without CO2 for another 1 hour. The assay was started by adding 10 mM 292 

glucose to each well of transfected cells followed by incubation in 37°C, 5% CO2 for 10 minutes.  10 μL 293 

medium was collected from each sample and incubated with reaction mix for 30 minutes at room 294 

temperature. The fluorescence was detected at ex/em 540/35 nm using a plate reader (BioTek). Lactate 295 

levels were normalized to protein content in each sample. 296 

 297 

Statistical Analysis 298 

Each experiment was performed independently at least three times. Data are presented as mean ± standard 299 

error of the mean (SEM). All statistical analyses in the present study were performed using GraphPad 300 

Prism 6. One-way ANOVA with Bonferroni post-hoc test were performed to compare mean values 301 

among the three ApoE genotype groups. A p-value < 0.05 was considered statistically significant and the 302 

degree of significance was represented by the number of asterisk and/or pound sign.  303 
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Results 304 

We sought to identify the energy substrate and specific metabolic pathways that are differentially affected 305 

by human ApoE isoforms. TaqMan gene expression profiling was conducted on cortical tissues collected 306 

from 6-month-old hApoE-TR female mice to evaluate the ApoE isoform-dependent differences in the 307 

molecular processes of brain uptake and metabolism of glucose and ketone bodies, two primary energy 308 

fuels for the brain.  The diagram shown in Fig. 1A illustrates the transporters and major metabolic 309 

pathways examined in the gene array analysis. A complete list of the 48 genes grouped according to the 310 

functional class can be found in Fig. 1-1. Fold change (FC) relative to expression levels in the comparison 311 

group (ApoE2 or ApoE3) with the corresponding p-value are indicated in Fig. 1-2. The group heat map 312 

shown in Fig. 1B revealed both distinct and consistent patterns among the three ApoE brains. Specifically, 313 

the gene expression profile associated with ApoE4 appeared most distinct from ApoE2 and ApoE3 brains; 314 

in comparison, ApoE2 and ApoE3 brains shared some similarities.  315 

 316 

ApoE2-expressing brains possessed the most robust metabolic profile in glucose uptake and 317 

glycolysis 318 

We first examined the gene expression profiles in brain uptake and metabolism of glucose, the primary 319 

fuel utilized by the brain. The volcano plots showed the FCs and p-values for significant differences in 320 

ApoE2 brains (Fig. 2B) and ApoE4 brains (Fig. 2C) in comparison with ApoE3 brains. Of the 12 genes 321 

analyzed, two exhibited significantly higher levels in ApoE2 brains versus ApoE3 brains, including solute 322 

carrier family 2, member 4 (Slc2a4, FC = 2.05, p = 0.040) and hexokinase 2 (Hk2, FC = 1.19, p = 0.022). 323 

In contrast, a comparison between ApoE4 and ApoE3 brains yielded three genes that were significantly 324 

downregulated in ApoE4 brains: solute carrier family 2, member 3 (Slc2a3, FC = 0.68, p = 0.037), 325 

hexokinase 1 (Hk1, FC = 0.76, p = 0.025), and hexokinase 2 (Hk2, FC = 0.79, p = 0.024).  326 

 327 

Next, we evaluated the gene expression profiles in other glucose metabolic pathways, including pyruvate 328 

transport and metabolism, pentose phosphate pathway, and glycogen utilization. The volcano plot 329 
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indicated that 14 out of 18 genes we examined showed greater expression in ApoE2 brains than in ApoE3 330 

brains (Fig. 2E). In comparison, 10 out of 18 genes showed lower expression in ApoE4 brains than in 331 

ApoE3 brains (Fig. 2F). Genes that differed significantly included dihydrolipoamide S-acetyltransferase 332 

(Dlat, FC = 1.16, p = 0.033) and phosphogluconate dehydrogenase (Pgd, FC = 0.85, p = 0.021).  Together, 333 

these data indicate that the ApoE2 brain possesses the most robust profile in glucose uptake and 334 

metabolism, particularly the glycolysis. In contrast, the ApoE4 brain bears the most deficient profile in 335 

glucose utilization. 336 

 337 

We further validated the results of the gene array study using independent mRNA quantitation and 338 

immunoblot analyses.  Among the genes that differed significantly between the ApoE genotype groups, 339 

we were particularly interested in Hk1/2 for two reasons: (1) the expression levels of both hexokinase 1 340 

and hexokinase 2 were significantly higher in ApoE2 brains compared to ApoE4 brains; and (2) 341 

hexokinase is the “gate-way” enzyme that catalyzes the initial step in glucose metabolism. Consistent 342 

with the results from the gene array study, protein expression of hexokinase 1 was significantly lower in 343 

ApoE4 brains than in ApoE2 (FC = 0.55, p = 0.001) and ApoE3 brains (FC = 0.66, p = 0.035) (Fig. 2I). 344 

Similarly, ApoE2 brains exhibited significantly higher protein levels of hexokinase 2 than in both ApoE3 345 

(FC = 1.40, p = 0.029) and ApoE4 brains (FC = 1.83, p = 0.002) (Fig. 2J).  346 

 347 

ApoE2-expressing cells exhibited the most potent glycolytic activity and mitochondrial respiration. 348 

We used cell models expressing human ApoE2, ApoE3, and ApoE4 (N2a-ApoE2, N2a-ApoE3, and N2a-349 

ApoE4) to further study how ApoE isoforms modulate glucose metabolism, focusing on hexokinase and 350 

glycolysis. Gene expression and protein levels of ApoE were comparable in N2a cells transfected with 351 

human ApoE2, ApoE3 and ApoE4 cDNA clones (Fig. 3A and 3C). The primers used for PCR 352 

amplification for each genotype were highly specific as the difference in Ct value between positive and 353 

negative was at least 11 cycles, suggesting that the specific amplifications are 2048-fold more efficient 354 

than the non-specific ones (Fig. 3B). In line with our findings in the hApoE-TR mice, N2a cells 355 
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transfected with ApoE2 exhibited significantly higher protein levels of hexokinase 2 than cells transfected 356 

with ApoE3 (FC = 1.21, p = 0.022) (Fig. 3E). Hexokinase 1 protein levels were also higher in ApoE2-357 

transfected cells; however, the difference was not statistically significant (FC = 1.14, p = 0.205) (Fig. 3D). 358 

In contrast, cells transfected with ApoE4 showed significantly lower protein expression of both 359 

hexokinase 1 (FC = 0.71, p = 0.016) and hexokinase 2 (FC = 0.69, p = 0.002) than those transfected with 360 

ApoE3 (Fig. 3D-E). Additionally, we examined hexokinase activity in the whole cell lysates collected 361 

from transfected cells. Consistent with the protein expression data, N2a-ApoE2 cells showed significantly 362 

higher hexokinase activity (FC = 1.25, p = 0.0002), whereas N2a-ApoE4 cells exhibited significantly 363 

lower (FC = 0.86, p = 0.026) hexokinase activity than N2a-ApoE3 cells (Fig. 3F).  364 

 365 

Because hexokinase is the “pacemaker” for glycolysis, and its expression was modulated by ApoE 366 

isoforms, we subsequently assessed glycolytic function in N2a-ApoE cells by glycolysis stress test. 367 

Kinetic graph displayed extracellular acidification rate (ECAR) versus time before and after sequential 368 

injections of modulating compounds (Fig. 4A). Individual parameters for glycolysis were calculated and 369 

shown in Fig. 4C. Basal glycolysis rate was significantly lower in ApoE4-expressing cells compared to 370 

ApoE2-expressing (FC = 0.65, p <0.0001) and ApoE3- expressing cells (FC = 0.76, p = 0.017). 371 

Oligomycin-induced increase in ECAR was significantly larger, suggesting a higher maximum glycolytic 372 

capacity in ApoE2-expressing cells than in ApoE3-expressing cells (FC = 1.17, p = 0.012). ApoE2-373 

expressing cells also had greater glycolytic reserve (FC = 1.19, p = 0.008). Compared with ApoE2-374 

expressing cells, the glycolytic capacity was significantly lower in ApoE4-expressing cells (FC = 0.74, p 375 

< 0.0001). Similarly, the glycolytic reserve was markedly lower in ApoE4-expressing cells (FC = 0.95, p 376 

= 0.001). 377 

 378 

In addition to glycolysis, we also evaluated the impact of human ApoE isoforms on mitochondrial 379 

respiration by performing mito stress test on N2a-ApoE cells (Fig. 4D). The basal mitochondrial 380 

respiration rate was significantly higher in cells expressing ApoE2 than in cells expressing ApoE3 (FC = 381 



 

 16 

1.13, p = 0.004) (Fig. 4E). N2a-ApoE4 cells showed significantly lower basal respiration than N2a-382 

ApoE2 cells (FC = 0.81, p < 0.0001). ApoE2-expressing cells demonstrated significantly higher maximal 383 

respiratory capacity than ApoE3-expressing cells (FC = 1.11, p = 0.021). In comparison, ApoE4-384 

expressing cells exhibited significantly lower maximal respiratory capacity than ApoE3-expressing (FC = 385 

0.85, p = 0.001) and ApoE2-expressing cells (FC = 0.76, p < 0.0001) (Fig. 4E). Additionally, the spare 386 

respiratory capacity was the lowest in ApoE4-expressing cells (FC = 0.77, p = 0.0001 vs ApoE3, FC = 387 

0.71, p < 0.0001 vs ApoE2) (Fig. 4F), suggesting that cells expressing ApoE4 may produce less ATP in 388 

response to an increase in energy demand, which may render these cells vulnerable to cellular stress. 389 

Consistent with more robust glycolysis and mitochondrial respiration, ATP levels were significantly 390 

higher in N2a-ApoE2 cells than N2a-ApoE3 cells (FC = 1.25, p < 0.0001) (Fig. 4B). By contrast, ATP 391 

levels were significantly lower in N2a-ApoE4 cells (FC = 0.81, p < 0.0001). Collectively, these data 392 

indicate that ApoE2-expressing cells are the most bioenergetically robust whereas ApoE4-expressing 393 

cells are relatively deficient in both glycolytic activity and mitochondrial respiration.  394 

 395 

ApoE2 and ApoE4 brains displayed similar robustness in the metabolism of ketone bodies. 396 

Brain ketone body uptake is mediated by the monocarboxylic acid transporters (MCTs) (Pierre and 397 

Pellerin, 2005), and the metabolism of ketone bodies occurs exclusively in the mitochondria. Several 398 

clinical studies reported that ApoE4 carriers did not benefit from a ketogenic agent (Reger et al., 2004; 399 

Costantini et al., 2008b), suggesting that individuals with ApoE4 may be deficient in the transporters that 400 

control the cellular uptake of ketone bodies or/and mitochondrial enzymes that convert the ketone bodies 401 

to their metabolites. Unexpectedly, both ApoE2 and ApoE4 brains demonstrated robust profiles in ketone 402 

body uptake and metabolism (Fig. 5A). More specifically, all five genes examined showed greater 403 

expression in ApoE2 (Fig. 5B) and ApoE4 brains (Fig. 5C) than in ApoE3 brains. Two genes exhibited 404 

significantly higher levels in ApoE2 brains than in ApoE3 brains, including 3-hydroxybutyrate 405 

dehydrogenase, type 1 (Bdh1, FC = 1.31, p = 0.0004) and solute carrier family 16, member 1 (Slc16a1, 406 

FC = 1.18, p = 0.019). 407 
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 408 

To further assess the effects of ApoE genotypes on cell capability to metabolize ketone bodies, we 409 

measured OCR in N2a-ApoE cells receiving sequential injections of substrate, β-hydroxybutyrate (BHB) 410 

or vehicle control, ATP synthase inhibitor oligomycin, and mitochondrial uncoupler FCCP. For all three 411 

ApoE genotypes, FCCP-induced response was significantly greater in the BHB-treated group than in the 412 

vehicle-treated group, suggesting that N2a cells are capable of metabolizing ketone bodies for energy 413 

supply (Fig. 5D-F). When normalized to their corresponding vehicle-treated groups, maximal OCR after 414 

FCCP injection was significantly higher in cells expressing ApoE2 and ApoE4 than in cells expressing 415 

ApoE3. The values of FCCP-induced maximal respiration rate in BHB-treated group divided by the mean 416 

of vehicle-treated group in each ApoE genotype were compared using one-way ANOVA with Bonferroni 417 

correction (Fig. 5G). In comparison with ApoE3-expressing cells, both ApoE2-expressing (FC = 1.30, p = 418 

0.007) and ApoE4-expressing cells (FC = 1.25, p = 0.026) showed significantly higher maximal 419 

mitochondrial respiration upon BHB treatment. Collectively, our data indicate that cells expressing 420 

ApoE2 and ApoE4 are robust in metabolizing ketone bodies, whereas cells expressing ApoE3 are less 421 

efficient in ketone body utilization. 422 

 423 

Upstream regulator PGC-1α was predicted to be activated in the ApoE2 brain. 424 

To further understand the biological relevance of the changes in gene expression, we conducted a 425 

regulatory pathway and molecular network analysis using the Ingenuity Pathway Analysis (IPA). IPA 426 

predicted that Ppargc1a, which encodes peroxisome proliferator-activated receptor-gamma coactivator 1 427 

alpha (PGC-1α), would be activated in the ApoE2 brain compared to the ApoE3 brain (z-score = 2.507, p-428 

value of overlap = 1.13E-12). Additionally, IPA predicted that peroxisome proliferator-activated receptor 429 

gamma (PPAR-γ) would be inhibited in the ApoE4 brain compared to the ApoE2 brain (z-score = -2.146, 430 

p-value of overlap = 1.46E-09), which is consistent with our previous observations of lower PPAR-γ 431 

expression in the brains of ApoE4-TR mice in comparison with ApoE2-TR mice (Keeney et al., 2015). 432 

To validate the results from bioinformatic analysis, mRNA and protein levels of PGC-1α were determined 433 
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in the cortices of hApoE-TR mice. In line with the prediction, ApoE2 brains expressed significantly 434 

higher levels of PGC-1α mRNA than in ApoE3 (FC = 1.13, p = 0.009) and ApoE4 brains (FC = 1.25, p = 435 

0.0003) (Fig. 6A). Protein level of PGC-1α was significantly lower in ApoE4 brains than in ApoE3 brains 436 

(FC = 0.70, p = 0.026) (Fig. 6B). Consistent with tissue data, cells expressing ApoE4 showed markedly 437 

lower protein levels of PGC-1α than cells expressing ApoE2 (FC = 0.75, p = 0.005) (Fig. 6C). 438 

 439 

PGC-1α overexpression ameliorated bioenergetic deficits in N2a cells stably expressing ApoE4. 440 

Given that PGC-1α activation may underlie the bioenergetic robustness in ApoE2-expressing cells, we 441 

hypothesized that PGC-1α overexpression might be capable of ameliorating ApoE4-induced bioenergetic 442 

deficits. To test this hypothesis, N2a cells stably expressing ApoE4 were transfected with empty vector or 443 

vectors expressing mouse PGC-1α. Hexokinase protein expression, activities, as well as cellular 444 

bioenergetics were assessed in the transfected cells. Cells stably expressing ApoE2 served as positive 445 

control. Interestingly, we found that PGC-1α modulated hexokinase isozymes in opposite directions. 446 

Specifically, PGC-1α overexpression significantly increased hexokinase 1 expression (FC = 1.41, p = 447 

0.004) but decreased hexokinase 2 expression (FC = 0.73, p = 0.012) in ApoE4-expressing cells (Fig. 6D-448 

E). Additionally, PGC-1α overexpression significantly improved the enzymatic activity of hexokinase 449 

(FC = 1.23, p < 0.0001) (Fig. 6F), likely attributed to enhanced hexokinase 1 expression.   450 

 451 

Although both hexokinase isoforms are expressed in a variety of cell types, cells that are sensitive to 452 

insulin, such as adult muscle cells, express primarily hexokinase 2, whereas cells that rely heavily on 453 

glycolysis for energy production, such as neurons, express predominantly hexokinase 1 (Mandarino et al., 454 

1995; Wilson, 2003). Additionally, it has been proposed that hexokinase 1 remains associated with 455 

mitochondria to promote glycolysis whereas hexokinase 2 dynamically translocates between cytosol and 456 

mitochondria where it directs the metabolic fate of glucose between anabolic (glycogen synthesis and 457 

pentose phosphate shunt) and catabolic (glycolysis) metabolism (Wilson, 2003; John et al., 2011). To 458 

examine the functional consequence of the differential regulation of hexokinase expression by PGC-1α, 459 
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glycolytic function was evaluated in ApoE4-expressing cells transfected with PGC-1α. Sequential 460 

injections of glucose, oligomycin, and 2-DG measured basal glycolysis, glycolytic capacity, and non-461 

glycolytic acidification (Fig. 6G). Glucose-induced increase in ECAR was significantly lower in ApoE4-462 

expressing cells than in ApoE2-expressing cells (FC = 0.62, p = 0.0002), suggesting that ApoE4-463 

expressing cells had a lower basal glycolytic rate (Fig. 6H). Unexpectedly, PGC-1α overexpression did 464 

not increase basal glycolysis in ApoE4-expressing cells. However, maximum glycolytic capacity was 465 

greatly improved by PGC-1α overexpression (FC = 1.33, p = 0.003). Further, PGC-1α overexpression 466 

completely reversed ApoE4-induced defects in glycolytic reserve capacity (FC = 1.99, p < 0.0001) (Fig. 467 

6H). These results indicate that the enhanced PGC-1α activity ameliorated ApoE4-associated deficits in 468 

glycolysis and the improvement in glycolytic function by PGC-1α is attributable in part to an increase in 469 

hexokinase 1 expression.  470 

 471 

Given that PGC-1α is the master regulator of mitochondrial biogenesis and oxidative phosphorylation, we 472 

also examined the effect of PGC-1α overexpression on mitochondrial respiration in cells stably 473 

expressing ApoE4. Higher levels of basal and maximal OCR following FCCP injection were observed in 474 

ApoE4-expressing cells transfected with PGC-1α than those transfected with mock control (Fig. 6J). 475 

Quantitative analysis confirmed that PGC-1α overexpression significantly improved basal (FC = 1.36, p = 476 

0.0002) and maximal mitochondrial respiration (FC = 1.51, p < 0.0001) in ApoE4-expresssing cells (Fig. 477 

6K). Similarly, PGC-1α overexpression resulted in a marked elevation in the spare respiratory capacity 478 

(FC = 1.80, p = 0.012) and ATP-linked respiration (FC = 1.44, p = 0.0003) in ApoE4-expressing cells 479 

(Fig. 6L). Further, total ATP levels were significantly elevated by PGC-1α overexpression in ApoE4-480 

expressing cells (FC = 1.24, p = 0.0006), which may have resulted from improvements in glycolysis and 481 

mitochondrial respiration (Fig. 6I). Together, these results indicate that the enhanced PGC-1α activity 482 

counteracts the detrimental effects of ApoE4 in mitochondrial bioenergetics. 483 

 484 
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Differentiated N2a cells expressing ApoE2 exhibited the most potent hexokinase expression and 485 

glycolytic activity 486 

To confirm the above findings of the effects of ApoE isoforms on hexokinase and glycolysis were not a 487 

result of potentially altered metabolic profile associated with neuroblastoma cells, we differentiated N2a 488 

cells with retinoid acid in combination with serum deprivation and performed further analyses using this 489 

more physiologically relevant cell model. The differentiated N2a cells displayed a typical neuronal 490 

phenotype as demonstrated by both morphological and biochemical properties. As shown in Fig. 7B, the 491 

differentiated N2a cells contained one or more processes that were significantly longer than the diameter 492 

of the cell body. Additionally, protein expressions of NeuN, a widely-used marker for mature neurons, 493 

and markers for synapses, including synaptophysin and PSD95, were significantly enhanced after 96-hour 494 

incubation with RA (Fig. 7C-E), which further confirmed the differentiation. The differentiated N2a cells 495 

were then transfected with ApoE isoforms and hexokinase expression, enzyme activity and glycolytic 496 

function were evaluated. Consistent with the observations in undifferentiated N2a cells, differentiated 497 

N2a cells expressing ApoE2 exhibited significantly higher protein expression of both isoforms of 498 

hexokinase, HK1 (FC = 1.76, p = 0.0002) and HK2 (FC = 1.29, p = 0.025), as well as hexokinase activity 499 

(FC = 1.18, p = 0.0002) compared with those expressing ApoE4 (Fig. 7G-I). Furthermore, the greatest 500 

production of lactate, an end product of glycolysis, was detected in ApoE2-expressing differentiated N2a 501 

cells (FC = 1.33 vs ApoE3 group, p = 0.0003), and the least production was detected in ApoE4-502 

expressing differentiated cells (FC = 0.56 vs ApoE3 group, p < 0.0001) (Fig. 7J). These results confirm 503 

our previous findings of modulations of hexokinase and glycolysis by ApoE isoforms in neuroblastoma 504 

cells also exist in post-mitotic neurons.  505 
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Discussion 506 

Human ApoE isoforms have been shown to confer differential risk in late-onset AD, which comprises 95% 507 

of total AD cases. Previous work has primarily focused on the role of ApoE4 in AD pathogenesis, and 508 

few studies have explored the role of ApoE2 in relation to AD; yet, overall, the results of these studies 509 

suggest that ApoE2 is neuroprotective (Wu and Zhao, 2016). However, the underlying mechanisms by 510 

which ApoE2 confers neuroprotection remain largely unexplored. Results from the present study 511 

demonstrate that human ApoE isoforms differentially modulate brain uptake and cytosolic metabolism of 512 

the energy substrates, including glucose and ketone bodies (Fig. 8). Our data provide one potential 513 

mechanistic rationale for the neuroprotective effects associated with ApoE2 and the detrimental effects 514 

linked to ApoE4 in the aging and AD brain. 515 

 516 

Under normal physiological conditions, glucose is the sole substrate for energy production in the brain. 517 

Because neurons have a high energy requirement, their functionality depends heavily on glucose 518 

availability and utilization (Mosconi, 2013). The availability of glucose to cells is governed by the 519 

facilitated glucose transporters (GLUTs). Here we examined mRNA levels of major GLUTs in the brains 520 

of hApoE-TR mice, and detected no significant difference in glucose transporter 1 (GLUT1) expression 521 

among the three ApoE genotypes. However, significant reduction in glucose transport across the blood-522 

brain barrier without altered mRNA or protein expression of GLUT1 has been reported in hApoE4-TR 523 

mice, suggesting that the function of GLUT1 may involve post-translational modification (Alata et al., 524 

2015). In contrast to GLUT1, we found a significantly lower mRNA level of glucose transporter 3 525 

(GLUT3) in ApoE4 brains than in ApoE3 brains. GLUT3 is the predominant isoform in the neuron 526 

populations (Nagamatsu et al., 1992), and protein expression of GLUT3 has been shown to decrease in 527 

parallel with reduced cerebral glucose metabolism in AD-vulnerable brain regions (Simpson et al., 1994). 528 

Therefore, lower GLUT3 expression could lead to insufficient energy supply and perturbation of neuronal 529 

function in the ApoE4 brain. In addition, the mRNA level of glucose transporter 4 (GLUT4) was 530 

significantly higher in ApoE2 brains compared to ApoE4 brains, which is consistent with our previous 531 
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findings (Keeney et al., 2015). Further in-depth studies are required to determine the impact of ApoE 532 

isoforms on GLUTs activity. 533 

 534 

Glucose metabolism includes glycolysis in the cytoplasm, the tricarboxylic acid (TCA) cycle, and 535 

oxidative phosphorylation in the mitochondria. We found that the three ApoE genotypes differed 536 

significantly in the glycolysis, particularly hexokinase. Specifically, the ApoE2 and ApoE4 genotypes 537 

were associated with the most robust and deficient glycolytic function, which is likely attributable to their 538 

discrete impact on hexokinase expression. Despite the fact that ATP generated by glycolysis only 539 

accounts for a small percentage of total energy used in the brain, emerging evidence suggests that 540 

glycolysis plays a crucial role in maintaining synaptic functions. Several glycolytic enzymes have been 541 

found in the nerve terminals where they interact with the subunits of V-type  H+-ATPase (V-ATPase), a 542 

proton pump that mediates the concentration of neurotransmitters into synaptic vesicles and which 543 

therefore is crucial  for synaptic transmission (Lu et al., 2004). Chan et al. reported that the glycolysis 544 

flow controlled V-ATPase reassembly after the addition of glucose into glucose-deprived cells (Chan et 545 

al., 2016). Previously, we demonstrated that ApoE2 brains express significantly higher levels of the beta 546 

subunit of V-ATPase (Atp6v1B2) compared to both ApoE3 and ApoE4 brains (Woody et al., 2016). Here, 547 

we show that ApoE2 brains also possess the most robust metabolic profile for glycolysis, which provides 548 

a direct source of ATP and protons for V-ATPase. Therefore, our data indicate that the ApoE isoform-549 

mediated differential modulation of brain glucose metabolism could translate into a significant impact on 550 

neurotransmission through synaptic proteins with activities heavily relying on energy availability such as 551 

V-ATPase. The bioenergetic robustness may serve as an important mechanism underlying the cognition-552 

favoring and anti-AD properties associated with ApoE2. 553 

 554 

Apart from glucose, we also examined the impact of human ApoE isoforms on the metabolism of ketone 555 

bodies, the main alternative fuel for the brain under energy challenging conditions. Although clinical 556 

studies have shown that treatment with a ketogenic agent improved cognitive performance in AD patients, 557 
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the therapeutic benefits appeared to be confined to ApoE4 non-carriers (Reger et al., 2004; Costantini et 558 

al., 2008a; Henderson et al., 2009). This suggests that ApoE4 brains might be deficient in ketone body 559 

transport and/or key enzymes that metabolize ketone bodies. Intriguingly, our gene array data indicate a 560 

more robust metabolic profile for ketone body uptake and metabolism in both ApoE2 and ApoE4 brains 561 

compared to ApoE3 brains, suggesting that ApoE2 and ApoE4 brains are better equipped for ketone body 562 

utilization. In support of this notion, ApoE2- and ApoE4-expresssing cells metabolized ketone bodies 563 

more efficiently than ApoE3-expressing cells. Results from these studies provide an alternative 564 

explanation for the clinical observation that ketosis benefits ApoE3 carriers more than ApoE4 carriers. In 565 

the AD context, because the ApoE4 brain is associated with glucose hypometabolism, the robust ketone 566 

body metabolism could serve as an adaptive response to compensate for the bioenergetic deficits. We may 567 

speculate that the ApoE4 brain may possess an upper limit of ketone body utilization as a result of 568 

compensatory response. Consequently, the ApoE4 brain would not be able to further metabolize 569 

exogenously supplied ketone bodies for energy production and would thus not induce improved cognitive 570 

performance. However, robust ability in ketone body metabolism may be another important contributor to 571 

the intact cognition associated with ApoE2. 572 

 573 

Although the mechanism underlying ApoE isoform-specific modulation in brain energy metabolism is not 574 

clear, the transcription cofactor PGC-1α may play a critical role. PGC-1α down-regulation has been 575 

associated with extensive alterations in several metabolic pathways, particularly in oxidative 576 

phosphorylation and the mitochondrial electron transport chain (Cui et al., 2006; Taherzadeh-Fard et al., 577 

2009). Additionally, gene expression analysis of PGC-1α null mouse brain revealed significant down-578 

regulation of genes associated with neuronal functions (Lin et al., 2004; Ma et al., 2010). These findings 579 

suggest a pivotal role of PGC-1α in maintaining neuronal functions by controlling mitochondrial 580 

oxidative metabolism and energy homeostasis. In this study, we found significantly higher mRNA levels 581 

of PGC-1α in ApoE2 brains than in ApoE3 brains. In contrast, PGC-1α expression was the lowest in 582 

ApoE4 brains. In addition to lower protein expression, the activity of PGC-1α may also be diminished. 583 
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Theendakara et al. reported that forced expression of ApoE4 reduced mRNA and protein levels of sirtuin 584 

1 (Sirt1) (Theendakara et al., 2013), an enzyme that  mediates NAD+-dependent deacetylation of PGC-1α, 585 

thus enhancing its transcriptional activity (Cantó and Auwerx, 2009). Therefore, lower expression of Sirt1 586 

may result in reduced PGC-1α activation, which may underlie the bioenergetic deficits associated with 587 

ApoE4. Indeed, PGC-1α overexpression attenuated ApoE4-induced defects in glycolysis and 588 

mitochondrial respiration. To date, there is no report on Sirt1 expression and transcriptional regulation in 589 

the ApoE2 genotype. However, ApoE2 may modulate PGC-1α activity through a similar mechanism. 590 

Given that PGC-1α is a master regulator of mitochondrial oxidative metabolism, the higher expression 591 

and activity of PGC-1α may significantly contribute to the bioenergetic robustness associated with ApoE2. 592 

Further investigations are warranted to identify other upstream regulators and associated signaling 593 

pathways involved in ApoE-isoform-dependent role in glucose metabolism. 594 

 595 

Our results also suggest the potential benefit of pyruvate supplement in ApoE4 carriers. Suh et al. 596 

reported that the over-activation of poly (ADP-ribose) polymerase-1 (PARP-1) resulted in the depletion 597 

of cytosolic NAD+  followed by inhibition of glycolysis, leading to sustained energy failure and ultimately 598 

cell death (Suh et al., 2005). As a direct substrate for mitochondrial metabolism, pyruvate can be oxidized 599 

in the absence of cytosolic NAD+; therefore, it can bypass the restrictions imposed by PARP-1 and thus 600 

restore energy deficiency (Zilberter et al., 2015). Consistent with this concept, administration of pyruvate 601 

significantly improved neuronal survival in the brains of rats subjected to insulin-induced hypoglycemia 602 

(Suh et al., 2005). Therefore, pyruvate may provide a more efficient energy source for the ApoE4 brain 603 

by circumventing a sustained impairment in neuronal glucose utilization due to defects in glucose uptake 604 

and glycolysis (Fig. 8). More work is necessary to examine the therapeutic benefits of pyruvate in aging 605 

and AD brains, particularly in those bearing the ApoE4 genotype.  606 

 607 

We should point out that this study presented both technical strengths and limitations. One major concern 608 

was the utilization of a neuroblastoma cell line which may have altered metabolic phenotype compared 609 
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with post-mitotic neurons. To address this concern, we examined and confirmed the effects of ApoE 610 

isoforms on hexokinase and glycolysis in differentiated N2a cells, a more physiologically relevant 611 

neuronal model. The advantage of utilizing N2a cells was that the transfected cells expressed comparable 612 

human ApoE, which enabled the comparisons of the three ApoE isoforms in parallel and precluded 613 

compounding complexity resulting from the differences in ApoE expression levels as reported in the 614 

hApoE-TR mice (Riddell et al., 2008; Sullivan et al., 2011). Collectively, our findings from the combined 615 

utilization of the hApoE-expressing mouse as well as cell models provide complementary and consistent 616 

evidence that (a) human ApoE isoforms differentially modulate brain bioenergetic metabolism, and (b) 617 

the distinct functional properties of the ApoE isoforms rather than the differences in ApoE protein levels 618 

in the three isoform-expressing brains cause this differential modulation. Of the most significance, we 619 

pinpointed hexokinase as a key cytosolic point that the three ApoE isoforms differentially affect, which 620 

may contribute to their distinct impact on brain glucose utilization. The glycolytic robustness exhibited in 621 

ApoE2-expressing brains may translate into enhanced synaptic activity and ultimately the clinically-622 

proven cognition-favoring and anti-AD properties associated with this genotype.    623 
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Figure legends 763 

 764 

Fig. 1 Human ApoE isoforms differentially modulate brain energy metabolism. A) Schematic 765 

representation of brain energy substrate uptake and generation of acetyl-CoA. Hexokinase catalyzes the 766 

conversion of glucose to glucose-6-phosphate, a “branch-point” metabolite that has alternative metabolic 767 

fates. Acetyl-CoA is a critical point of convergence of glucose and ketone body metabolism. Brain 768 

glucose and ketone body uptake are strictly controlled by their respective transporters, glucose 769 

transporters (GLUTs) and monocarboxylate transporters (MCTs), respectively. The figure shows the key 770 

enzymes involved in the glucose and ketone body metabolic pathways. B) Gene expression profiles on 771 

energy substrate uptake and metabolism in the cortices of 6-month-old hApoE-TR female mice. The 772 

group heat map shows the expression of genes involved in glucose and ketone body transport and 773 

metabolism for all three ApoE genotypes. n=4 per ApoE genotype. A complete list of the 48 genes 774 

grouped according to the functional class can be found in Fig. 1-1. The relative expression (fold change; 775 

FC) with the corresponding p-value are indicated in Figure 1-2. 776 

 777 

Fig. 2 ApoE2-expressing brains exhibit the most robust profile on glucose uptake and glycolysis. A) 778 

The group heat map shows the expression of genes involved in glucose transport and glycolysis for all 779 

three ApoE genotypes. B-C) The volcano plots illustrate FCs (X-axis) and p-values (Y-axis) between B) 780 

ApoE2 brains versus ApoE3 brains and C) ApoE4 brains versus ApoE3 brains; significantly altered 781 

expression – Hk1/2: hexokinase 1/2; Slc2a3: solute carrier family 2 facilitated glucose transporter 3 782 

(Glut3); Slc2a4: solute carrier family 2 facilitated glucose transporter member 4 (Glut4). p < 0.05 was 783 

considered statistically significant with Student’s t test. D) The heat map shows the expression of key 784 

genes involved in pyruvate metabolism, glycogen utilization and pentose phosphate pathways for all three 785 

ApoE genotypes. E-F) The volcano plots show FCs (X-axis) and p-values (Y-axis) between (E) ApoE2 786 

brains versus ApoE3 brains and (F) ApoE4 brains versus ApoE3 brains; significantly altered expression – 787 

Dlat:  Dihydrolipoamide S-Acetyltransferase; Pgd: 6-Phosphogluconate dehydrogenase. p<0.05 by 788 
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Student’s t test. n = 4 per group. G-I) Gene and protein expression levels of hexokinase 1 were 789 

significantly lower in ApoE4 brains than in ApoE2 and ApoE3 brains. H-J) ApoE2 brains exhibited 790 

significantly higher levels of mRNA and protein expression of hexokinase 2. Results were compared 791 

using one-way ANOVA with Bonferroni post hoc test. All of the analyses were performed in the cortical 792 

tissues of the same 6-month-old hApoE-TR mice. *p<0.05, **p<0.01. n=4-5 per group. 793 

 794 

Fig. 3 Characterization of N2a cells expressing human ApoE isoforms. A) Gene expression levels of 795 

ApoE were determined in N2a-ApoE cells by real-time PCR. Amplification plots of three ApoE 796 

genotypes are shown. NC: negative control. Four replicates each group. B) Genomic DNA extracted from 797 

N2a cells transfected with human ApoE cDNA or empty vector were amplified with specific primers for 798 

ApoE2, ApoE3 and ApoE4 genotyping. Three replicates per group. The difference in Ct values between 799 

positive and negative reactions across all genotypes was at least 10 cycles, which indicated the high 800 

specificity of the primers. C) ApoE protein levels were comparable among the three ApoE-transfected 801 

groups. D-E) Hexokinase expression was assessed in N2a-ApoE cells. Protein levels of hexokinase 1 and 802 

hexokinase 2 were significantly lower in ApoE4-transfected group than in ApoE2- and ApoE3-transfected 803 

groups. F) Hexokinase activities were determined in the cell lysates of N2a-ApoE cells. Hexokinase 804 

activity was the highest in N2a-ApoE2 cells, but the lowest in N2a-ApoE4 cells. Results were normalized 805 

to N2a-ApoE3 group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA. n=4-5 per 806 

group. 807 

 808 

Fig. 4 ApoE2-expressing cells are most robust in glycolytic function and mitochondrial respiration.  809 

A-B) Glycolytic stress tests were performed using the Seahorse XF96 Extracellular Flux Analyzer to 810 

measure the basal glycolysis, glycolytic capacity and glycolytic reserve in N2a-ApoE cells. Results were 811 

compared using one-way ANOVA with Bonferroni post hoc test. n=18-20 per group. *p<0.05, **p<0.01 812 

vs N2a-ApoE3 group. ###p<0.001, ####p< 0.0001 vs N2a-ApoE2 group by one-way ANOVA with 813 

Bonferroni post hoc test. C-E) Mitochondrial stress tests were performed using the Seahorse XF96 814 
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Extracellular Flux Analyzer to measure mitochondrial basal respiration, maximal respiration capacity and 815 

ATP-linked respiration in N2a-ApoE cells. n=18-20 per group. F) ATP levels were determined in cell 816 

lysates of N2a-ApoE cells. n=5 per group. Results were compared using one-way ANOVA with 817 

Bonferroni post hoc test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs N2a-ApoE3 group. 818 

###p<0.001, ####p<0.0001 vs N2a-ApoE2 group. 819 

 820 

Fig. 5 ApoE2 and ApoE4 brains present similar level of robustness on ketone body uptake and 821 

metabolism. A) The heat map shows the expression of genes involved in brain ketone body transport and 822 

metabolism in the cortices of 6-month-old hApoE-TR mice. B-C) The volcano plots illustrate fold 823 

changes and p-values between (B) ApoE2 brains versus ApoE3 brains and (C) ApoE4 brains versus 824 

ApoE3 brains; Highlighted significantly altered expression – Bdh1: β-hydroxybutyrate dehydrogenase, 825 

Slc16a1: monocarboxylate transporter 1; p < 0.05 was considered statistically significant with Student’s t 826 

test. D-G) The impact of ApoE isoforms on ketone body utilization was evaluated in N2a cells expressing 827 

human ApoE isoforms. N2a-ApoE cells received sequential injections of substrate (β-hydroxybutyrate or 828 

vehicle) and modulating compounds, and oxygen consumption rate (OCR) was measured by Seahorse 829 

XF96 Extracellular Flux Analyzer. The ketone body-metabolizing capacity of cells was represented by 830 

the maximum OCR measurement after FCCP injection. FCCP-induced OCR of cells treated with β-831 

hydroxybutyrate was normalized to the vehicle-treated group. Results were compared using one-way 832 

ANOVA with Bonferroni post hoc test. n=8 per group. *p<0.05, **p<0.01 vs N2a-ApoE3 group. BHB: 833 

β-hydroxybutyrate. 834 

 835 

Fig. 6 PGC-1α overexpression ameliorates ApoE4-induced deficiencies in glycolysis and 836 

mitochondrial respiration. A) qRT-PCR was performed to examine the gene expression level of PGC-837 

1α in the cortices of 6-month-old hApoE-TR mice. B-C) Protein expression of PGC-1α was determined in 838 

the cortices of the same hApoE-TR mice (B) and N2a-ApoE cells (C). Results were normalized to ApoE3 839 

group. *p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA, n=4-5 per group. D-E) Protein levels of 840 
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hexokinase 1 (D) and hexokinase 2 (E) were measured in ApoE4-expressing cells transfected with vectors 841 

expressing mouse PGC-1α or mock control. PGC-1α overexpression increased hexokinase 1 but 842 

decreased hexokinase 2 in cells expressing ApoE4. F) Hexokinase activity was determined in the whole 843 

cell lysates for the indicated groups. PGC-1α overexpression improved hexokinase activity in ApoE4-844 

expresssing cells. *p<0.05, ****p<0.0001 by one-way ANOVA, n=4-5 per group. G) ECAR was 845 

measured following sequential injections of glucose, oligomycin, and 2-DG in ApoE4-expressing cells 846 

transfected with mouse PGC-1α. H) Individual parameters for glycolysis, glycolytic capacity and 847 

glycolytic reserve were calculated for the indicated groups. I) ATP levels were measured in ApoE4-848 

expressing cells transfected with PGC-1α or empty vectors. Results were normalized to ApoE2 group. 849 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA with Bonferroni post hoc test.  n = 850 

6-7 per group. J) Mitochondrial OCR was measured in ApoE4-expressing cells transfected with mouse 851 

PGC-1α after sequential additions of oligomycin, FCCP, and antimycin A & rotenone as indicated. K-L) 852 

Quantification of individual parameters for basal respiration, maximal respiration, spare respiratory 853 

capacity, and ATP-linked respiration. Results were compared using one-way ANOVA with Bonferroni 854 

post hoc test. *p<0.05, ***p<0.001, ****p<0.0001 vs ApoE2 group. #p<0.05, ##p<0.01, ###p<0.001, 855 

####p<0.0001 vs ApoE4 group. n=18-20 per group.  856 

 857 

Fig. 7 Differentiated N2a cells expressing ApoE2 displayed the most potent hexokinase expression 858 

and glycolytic activity. A-B) N2a cell morphology was evaluated by phase contrast imaging. The 859 

formation of neuronal processes were observed after RA incubation for 96 hours. C-E) The differentiation 860 

of N2a cells was also confirmed by immunoblotting for markers of mature neurons. Expressions of NeuN, 861 

synaptophysin, and PSD95 were significantly increased in the differentiated N2a cells. n = 3-8 per group. 862 

F) ApoE expression levels were comparable in differentiated N2a cells transfected with ApoE isoforms. n 863 

= 6 per group. G-H) Protein expressions of hexokinase 1 and 2 were significantly higher in neuron-like 864 

differentiated N2a cells expressing ApoE2. n = 7-13 per group. I-J) Differentiated N2a cells expressing 865 

ApoE2 exhibited the most potent hexokinase activity and glycolytic function. Results were normalized to 866 
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ApoE3 group. n = 3-6 per group. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA 867 

with Bonferroni post hoc test.   868 

 869 

Fig. 8 Our working hypotheses and conclusions. The ApoE2 brain exhibits the most metabolically 870 

robust profile, whereas the ApoE4 brain presents the most deficient profile on the uptake and metabolism 871 

of glucose, the primary energy source for the brain. Particularly, these two ApoE genotypes are 872 

significantly different in the expression of GLUTs and hexokinases. On the uptake and metabolism of 873 

ketone bodies, the secondary fuel for the brain, both ApoE2 and ApoE4 brains show more robust profiles 874 

than the ApoE3 brain. PGC-1α may serve as an upstream master regulator of the bioenergetic robustness 875 

of ApoE2 whereas an inhibition of PPARγ signaling pathway may underlie the energy deficiency 876 

associated with ApoE4. In support of this notion, PGC-1α overexpression attenuated the bioenergetic 877 

deficits induced by ApoE4. A therapeutic approach that can bypass the deficiency in glucose uptake and 878 

glycolysis by providing glucose metabolizing intermediates, e.g. pyruvate, may hold the promise to 879 

reduce AD risk in ApoE4 carriers; however, a ketogenic strategy may provide a more meaningful benefit 880 

in ApoE3 than in ApoE4 carriers. 881 

 882 

Fig. 1-1 List of genes examined in the brains of hApoE-TR mice.  883 

 884 

Fig. 1-2 Relative gene expression in the brains of hApoE-TR mice.  885 
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