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1 | BACKGROUND

Sporadic Alzheimer’s disease (AD) is the most common form of
senescence-related dementia, and is clinically characterized by neu-

Abstract

Introduction: Sporadic Alzheimer’s disease (AD) is strongly correlated with impaired
brain glucose metabolism, which may affect AD onset and progression. Ketolysis has
been suggested as an alternative pathway to fuel the brain.

Methods: RNA-seq profiles of post mortem AD brains were used to determine whether
dysfunctional AD brain metabolism can be determined by impairments in glycolytic and
ketolytic gene expression. Data were obtained from the Knight Alzheimer’s Disease
Research Center (62 cases; 13 controls), Mount Sinai Brain Bank (110 cases; 44 con-
trols), and the Mayo Clinic Brain Bank (80 cases; 76 controls), and were normalized to
cell type: astrocytes, microglia, neurons, oligodendrocytes.

Results: In oligodendrocytes, both glycolytic and ketolytic pathways were significantly
impaired in AD brains. Ketolytic gene expression was not significantly altered in neu-
rons, astrocytes, and microglia.

Discussion: Oligodendrocytes may contribute to brain hypometabolism observed in
AD. These results are suggestive of a potential link between hypometabolism and dys-
myelination in disease physiology. Additionally, ketones may be therapeutic in AD due

to their ability to fuel neurons despite impaired glycolytic metabolism.

KEYWORDS
Alzheimer’s disease, astrocytes, glycolysis, ketolysis, metabolic RNA-seq profiles, microglia, neu-
rons, oligodendrocytes

rodegeneration that progressively impairs memory and behavior. Amy-
loid and tau buildup in the brain have been the dominant hypothe-
ses of AD etiology and the target of numerous AD treatments. How-
ever, amyloid-targeted treatments have been largely unsuccessful,
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contributing to controversy about its role in disease etiology.2?
Whether these classic phenotypes are the primary causes of AD or sim-
ply consequential of other mechanisms remains largely unknown.

In early 2-Fluoro-2-deoxy-D-glucose positron emission tomography
(FDG-PET) studies, it was observed that AD patients presented with
regional reductions in cerebral rate of glucose (CMRg) use.* It is now
widely accepted that impaired brain glucose metabolism is strongly
correlated with disease severity® and that regional CMRg declines
throughout the progression from normal cognition to clinically rele-
vant AD.” Therefore, it has been suggested that AD-associated neu-
rodegeneration may be the result of a starving brain. Although these
studies categorize AD in a metabolic framework and are not specific to
cell type, the interpretations have been largely neurocentric and have
not accounted for glial cells, which make up a large portion of metabol-
ically active cells in the brain.”?

Glial cells (i.e., astrocytes, oligodendrocytes, microglia), in addition
to their numerous functions in regulating blood-brain barrier integrity
and permeability, recycling neurotransmitters,'° producing insulating
myelin to maintain structural axonal integrity,'* and providing immune
support,'2 also play metabolic roles in sustaining neuronal function.
Glia are capable of supplying neurons with aerobic glycolysis-produced
lactate.!3 Although glucose is considered the major energy fuel for
neuronal activity, glia-derived lactate provides neuronal fuel under
prolonged stimulation.!* Astrocytes can use fatty acids to produce
ketones, which have also been hypothesized to fuel neurons.'®> Addi-
tionally, astrocytes and oligodendrocytes are connected to each other
via gap junctions,'® positioning them to sense bioenergetic changes
and respond accordingly due to their physical proximity to neurons and
their connections to the blood-brain barrier. As essential contributors
to neuronal metabolism,” it is likely that they contribute to impaired
brain glucose metabolism in AD brains.

The efficacy of metabolic strategies in AD, including diets, have been
explored in both animal AD models and human AD patients. In both
rodents and humans, exogenous ketone administration and ketogenic
diets are effective at improving AD pathology,81? likely because brain
ketone (acetoacetate) uptake is normal in AD patients.2° Many stud-
ies have hypothesized that ketones fuel the brain under AD-induced
impairments in brain glucose metabolism.2°-22 While impaired brain
glucose metabolism has been demonstrated by downregulated expres-
sion of glycolytic genes in the hippocampus,?® ketolytic gene expres-
sion has not been previously evaluated. Our study focused on whether
dysfunctional AD brain glucose metabolism could be identified by
impairments in glycolytic gene expression in neurons, astrocytes, oligo-
dendrocytes, and microglia, and explored the extent to which ketolytic
gene expression is altered in AD patients. RNA-seq profiles of post
mortem AD brains from several available datasets were used to com-
pare glycolytic and ketolytic gene expression between AD patients
and cognitively normal (CN) controls. We provide evidence that AD
affects both glycolytic and ketolytic metabolism within regions of the
brain relevant to AD. Our findings suggest that ketone-induced alle-
viation of AD symptoms may be due to their ability to fuel neurons
under glycolytic dysfunction, and support investigation of glia-targeted

therapies.
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HIGHLIGHTS

* Glycolytic genes were impaired in Alzheimer’s disease
(AD) oligodendrocytes.

« Ketolytic genes were significantly downregulated in AD
oligodendrocytes.

* Ketolytic gene expression was unchanged in AD neurons,
astrocytes, and microglia.

* Both ketolytic and glycolytic pathways may be therapeutic
targets for treating AD.

RESEARCH IN CONTEXT

1. Systematic review: A growing body of evidence demon-
strates that Alzheimer’s disease (AD) is strongly corre-
lated with impaired glucose metabolism and implicates
metabolic dysfunctionin AD onset and progression. How-
ever, the degree to which glia contribute to impaired glu-
cose metabolism and whether ketone metabolism is also
impaired in AD is unknown.

2. Interpretation: RNA-seq profiles of post mortem brains
illustrate widespread glycolytic and ketolytic dysfunc-
tion in oligodendrocytes in brain regions relevant to AD
pathology. They also demonstrate impairments in gly-
colytic but not ketolytic gene expression in neurons.
These findings suggest that oligodendrocytes play a
larger role in AD metabolic dysfunction than previously
thought and that ketones may be therapeutic in AD due
to their ability to fuel the brain.

3. Future directions: We propose further analyses of the
contributions of glial cells in AD energy metabolism, and
further investigation of potential links between oligoden-
drocyte hypometabolism, dysmyelination, and AD pathol-
ogy. These results implicate both glycolytic and ketolytic
dysregulation in AD pathology, which may provide future
therapeutic targets for treating AD.

2 | METHODS

RNA-seq data were analyzed from three available datasets: Knight
Alzheimer’s Disease Research Center (Knight-ADRC), Mayo Clinic
Brain Bank (Mayo), and Mount Sinai Brain Bank (MSBB). RNA-seq data
were normalized to four cell types using cell-specific markers (Table S1
in supporting information).2* Analysis of variance (ANOVA) P-values
and Cohen’s d effect size were reported for neurons, astrocytes, oligo-
dendrocytes, and microglia. Each dataset was filtered to include only
AD cases and CN controls. Table S2 in supporting information con-

tains Clinical Dementia Ratings (CDR) and Braak scoring for AD cases
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and controls from the Knight-ADRC and MSBB datasets. CDR scores
were unavailable from the Mayo dataset. A chi-squared test showed
that AD cases were more likely to have CDR scores >1.0 in both
the Knight-ADRC and MSBB datasets (P-values = 5.944 x 10713 and
9.308 x 10773, respectively), indicating that CDR and Braak staging
were congruent. We recognize that slight variations in diagnostic cri-
teria among the three datasets, as well as inherent limitations of using
neuropathology to classify AD (e.g., variation in clinical presentation)?>
may introduce some differences in the case selection process. We also
recognize that the lack of co-morbidities, especially diabetes, in these
datasets may limit the implications of some of analyses. However, the
criteria used by each dataset are consistent with current diagnostic
criteria, 2 and both CDR and Braak staging indicate that AD cases were
selected.

Individuals were excluded from each dataset if their sex was missing.
Genes were required to have expression levels > 10 (transcript counts
produced by Salmon?’) in at least 85% of the samples. Genes were
also excluded when the ANOVA of RNA expression between males and
females in either AD cases or CN controls had a P-value <.05, excluding
sex-specific differences in gene expression. The number of genes that
had sufficient support but were removed from the analysis due to dif-
ferential expression based on sex in AD cases but not CN controls for
each cell type is shown in Table S3 in supporting information. Table S4
in supporting information shows the number of genes, number of cases,
and number of controls that passed our filtering criteria for each brain
region. Although the number of genes passing all filters varied by cell
type, the number of cases and controls passing all filters for each cell
type was the same across a brain region.

Bonferroni corrections?® were used to establish « values for each
dataset using the remaining genes (Tables S5 and Sé in supporting
information). Additionally, we determined the empirical distribution of
ANOVA P-values across all genes, both metabolic and non-metabolic,
by calculating the ANOVA P-values for each gene and determining the
top 5% of differentially expressed genes in each brain region for each
cell type (i.e., empirical P-value of .05; Table S7 in supporting infor-
mation). While the Bonferroni correction provides a statistical cut-
off of significance, the empirical P-value provides a distribution of the
observed gene expressions regardless of a global skew in differential
gene expression (i.e., all genes may exceed a Bonferroni correction, but
the empirical P-value will cap the results at the top 5% of differen-
tially expressed genes across the entire dataset). Therefore, glycolytic
or ketolytic genes with ANOVA P-values less than or equal to the Bon-
ferroni a value and less than or equal to the empirical P-value thresh-
oldindicated the strongest support for differential expression between
AD and CN controls and were classified as significant. Genes that met
either the Bonferroni-corrected significance threshold or the empirical
P-value suggested significance but were not included in our prioritized
list of genes.

We selected 20 genes associated with glycolysis??3° and other
aspects of brain glucose metabolism®3! (Figure 1A,B, Table 57) to char-
acterize the glycolytic expression profiles of AD patients and CN con-
trols. We selected genes that encode the insulin receptor (INSR) and

insulin receptor substrates (IRS1, IRS2); glucose transporters (SLC2A1,

SLC2A3, SLC2A4); and enzymes of glycolysis, which include hexoki-
nase (HK1, HK2), glucose-6-phosphate isomerase (GPI), phosphofruc-
tokinase (PFKM, PFKL, PFKP), aldolase (ALDOA), triose phosphate iso-
merase (TPI1), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
phosphoglycerate kinase (PGK1), phosphoglycerate mutase (PGAM1),
enolase (ENO2), pyruvate kinase (PKM), and pyruvate dehydrogenase
(PDHA1).

We also selected six genes specific to ketone transport (i.e., facilitate
ketone transport across the blood-brain barrier into neurons and astro-
cytes) and metabolism to acetyl coenzyme A (CoA; Figure 2)3233 to
determine whether ketolytic genes are affected by AD. These include
monocarboxylate transporters (MCT) 1, 2, and 4 (encoded by SLC16A1,
SLC16A7, SLC16A3, respectively), beta-hydroxybutyrate dehydroge-
nase (BDH1), 3-oxoacid CoA transferase 1 (OXCT1/SCOT, succinyl-
CoA:3-ketoacid coenzyme A transferase 1), and acetoacetyl-CoA thi-
olase/thiolase (ACAT1). Although ketone production has been detected
in astrocytes in regions of the brain involved in regulating food intake
(e.g., ventromedial hypothalamus),3* the extent to which astrocytic
ketone production in other regions of the brain contribute to fueling
neurons is largely unknown. Therefore, because our main objective for
this study was to determine the extent to which ketolytic metabolism
machinery was intact in AD to allow ketones to fuel the brain, we

focused on ketone catabolism.

2.1 | Knight-ADRC

Washington University School of Medicine in St. Louis obtained pari-
etal lobe tissue of post mortem brains for research purposes, as
approved by their institutional review board. Tissue Lyser LT and
RNeasy Mini Kit (Qiagen) were used to extract RNA from the frozen
brains for RNA-seq. lllumina HiSeq 4000 sequencing generated paired-
end read lengths of 2 x 150 base pairs with a mean coverage of 58.14
+ 8.62 million reads per sample. CDR scores3> were calculated regu-
larly pre mortem, and other measurements, including Braak staging,3¢
were collected post mortem during the autopsy. Additional details on
sequencing protocols are reported by Li et al.?* We used the neu-
ropathology diagnosis for each sample to separate AD cases from con-
trols. In total, we analyzed 86 AD cases (33 males and 53 females) and
15 controls (5 males and 10 females) from the Knight-ADRC dataset.

2.2 | Mayo Clinic Brain Bank

We used the Advanced Medicines Partnership—Alzheimer’s Disease
(AMP-AD) portal (synapse ID = 5,550,404; accessed January 2017)
to download the RNA-seq data from the Mayo Clinic Brain Bank. lllu-
mina HiSeq 2000 sequencing was conducted on each sample and pro-
duced 2 x 101 paired end reads, averaging 134.9 million reads per
sample. Additional details on sequencing, quality control procedures,
and neuropathology criteria are reported by Allen et al.>” Only def-
inite AD diagnoses and CN controls were included in our analyses.

A definite AD diagnosis was made according to National Institute of
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FIGURE 1 Glycolytic genes analyzed and their roles in brain glucose metabolism—insulin signaling (A) and glycolysis (B). Insulin controls the
uptake of glucose via the insulin signaling pathway, which involves activation of the insulin receptor (INSR), phosphorylation of insulin receptor
substrates (IRS1, IRS2), and the subsequent translocation of insulin-sensitive GLUT4 transporters to the plasma membrane (A). Glucose is
transported into blood-brain barrier epithelia, neurons, and glia through GLUT transporters (GLUT1, GLUT2, GLUT4) into the cytoplasm, where it
is metabolized to pyruvate in glycolysis, transported into the mitochondrial matrix, and converted to acetyl coenzyme A for tricarboxylic acid cycle

oxidation (B)

Beta-hydroxybutyrate
Acetoacetate

MCTs

B-hydroxybutyrate
BDH1
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MITOCHONDRIAL
MATRIX

TCA Cycle

FIGURE 2 Ketolytic genes analyzed and their roles in brain ketone
metabolism. Ketone bodies, beta-hydroxybutyrate and acetoacetate,
are transported through the plasma membrane of blood-brain barrier
epithelia, neurons, and glia through monocarboxylate transporters
(MCT1, MCT2, MCT4). They diffuse into the mitochondrial matrix,
where they are metabolized by BDH1, OXCT1, and ACAT1 to yield
acetyl coenzyme A for oxidation in the tricarboxylic acid cycle

Neurological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Association (NINCDS-
ADRDA) criteria,®® and had a Braak neurofibrillary tangles (NFT) stage
of IV or greater. Controls had a Braak NFT stage of Il or less, Con-
sortium to Establish a Registry for Alzheimer’s Disease (CERAD)37-41
neuritic and cortical plaque densities of zero or one, and lacked any
additional neuropathologic diagnoses. Two brain regions are included
in the Mayo Clinic Brain Bank: cerebellum and temporal cortex. In the
cerebellum, we analyzed 82 AD cases (34 males and 48 females) and
77 controls (40 males and 37 females). In the temporal cortex, we ana-
lyzed 82 AD cases (33 males and 49 females) and 78 controls (41 males
and 37 females).

2.3 | Mount Sinai Brain Bank

Mount Sinai Brain Bank RNA-seq data were downloaded from the
AMP-AD portal (synapse ID = 3,157,743; accessed January 2017). lllu-
mina HiSeq 2500 generated single-end reads of 100 nucleotides, aver-
aging 38.7 million reads per sample. RNA-seq data from the MSBB
include four brain regions: anterior prefrontal cortex, superior tem-
poral gyrus, parahippocampal gyrus, and inferior frontal gyrus. Using
CERAD-defined neuropathology, we limited our analyses to samples
that were definite AD (cases) and CN (controls). For the anterior pre-

frontal cortex, we included 139 AD cases (52 males and 87 females) and
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TABLE 1 P-values and Cohen’s d of glycolytic genes that met the Bonferroni-corrected a value and empirical P-value cutoffs for significance in

neurons, astrocytes, and oligodendrocytes, and microglia

Glycolytic P-values and Cohen'’s d-values

Dataset
Neuron MSBB parahippocampal gyrus
MSBB superior temporal gyrus
Astrocyte Mayo cerebellum

Mayo temporal cortex

MSBB frontal pole

Oligodendrocyte

MSBB inferior frontal gyrus

MSBB parahippocampal gyrus

Microglia MSBB superior temporal gyrus

Mayo cerebellum

Mayo temporal cortex

MSBB parahippocampal gyrus

Abbreviation: MSBB, Mount Sinai Brain Bank.

93 controls (42 males and 51 females) in our analyses. For the superior
temporal gyrus, we analyzed 148 AD cases (59 males and 89 females)
and 86 controls (43 males and 43 females). For the parahippocampal
gyrus, we analyzed 146 AD cases (50 males and 96 females) and 83
controls (39 males and 44 females). For the inferior frontal gyrus, we
analyzed 130 AD cases (49 males and 81 females) and 91 controls (47
males and 44 females).

3 | RESULTS

3.1 | Glycolysis

The number of genes that met the criteria outlined above varied among
datasets, brain regions, and cell types. Genes included in glycolytic
analyses for each cell type and brain region are included in Tables S8-11
in supporting information. P-values and Cohen’s d of glycolytic genes
that met the Bonferroni-corrected « value and empirical P-value cut-

offs for significance are included in Table 1.

Gene P Cohen’s d-value
PFKL 8.70x 10-13 1.515373
PFKL 5.91x10-6 0.900013
HK1 1.07 x 10-14 1.554021
IRS1 4.60x 10-15 1.581132
SLC2A3 1.00 x 10-14 1.556237
TPI1 5.48 x 10-9 0.996358377
TPI1 .000716 0.621992169
PFKM .000118 0.760133881
PGAM1 .00021 0.730112972
PKM .000258 0.719315744
TPI1 .000178 0.738811918
ENO2 7.13x10-12 1441230355
PFKM 7.63x 10-10 1.27078558
PGAM1 3.02x 10-9 1.21863907
PGK1 5.89 x 10-10 1.280517083
PKM 4.41x10-9 1.204070491
TPI1 5.19x10-11 1.369950693
ENO2 .00017 0.738741297
GPI .000386 0.695532656
PFKM .000154 0.743899193
PKM .000386 0.695485281
HK1 .001678 0.569799
PFKP 2.80x10-6 0.870544
SLC2A4 .000261 0.602561
ENO2 7.29 x 10-5 0.785553
3.1.1 | Neurons

After correcting for cell type, AD neurons displayed few signifi-
cant changes in glycolytic gene expression (Figure 3A). Differen-
tially expressed genes were downregulated in AD compared to con-
trols, which is consistent with previous studies documenting glucose
hypometabolism in AD brains.*2 PFKL met both the Bonferroni « value
and empirical P-value cutoffs for significance (Tables S5 and S7) in the
parahippocampal gyrus (MSBB; P = 8.70 x 10713; d = 1.525) and in
the superior temporal lobe (MSBB; P = 5.91 x 107¢; d = 0.9). Both
genes had large Cohen’s d effect sizes, indicating a strong association

between impaired PFKL expression and AD.

3.1.2 | Astrocytes
After correcting for cell type, astrocytes also displayed few significant
changes in glycolytic gene expression between AD brains and CN con-

trols (Figure S1 in supporting information). Significant astrocytic genes
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A. Glycolysis in Neurons
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FIGURE 3 Volcano plots of glycolytic gene expression from Alzheimer’s disease patients in neurons (A) and oligodendrocytes (B) from each
dataset. The -log10 P-values of genes are plotted versus the log2FoldChange along the X-axis. Bonferroni-corrected a-values are indicated by the
black dashed line and the empirical P-values are indicated by the blue dashed line. Genes with P-values below either cutoff are plotted above their

respective cutoff lines, marked in red, and labeled

were upregulated in AD brains compared to controls. These included
cerebellar HK1 (P = 1.07 x 10714; d = 1.554), IRS1 (P = 4.60 x 10715;
d=1.581),and SLC2A3 (P=1.00 x 10~14;d = 1.556; Figure S1, Table 1),
which exceeded the Bonferroni-adjusted « value (o« = 0.0025) and
empirical P-value (P = 2.618 x 10~14) cutoffs. The Cohen’s d of these
genes (Table 1) indicates a strong effect size and association between
the upregulated HK1, IRS1, and SLC2A3 expression in cerebellar astro-
cytes and AD.

3.1.3 | Oligodendrocytes

After correcting for cell type, oligodendrocytes displayed widespread

impairment of glycolytic gene expression (Figure 3B) that exceeded

all other cell types. All differentially expressed oligodendrocytic genes
were downregulated in AD brains compared to controls. The pari-
etal lobe (Knight-ADRC) and cerebellum (Mayo) were the only brain
regions that contained no significantly impaired expression. In the tem-
poral lobe, TPI1 (P = 5.48 x 107%; d = 0.996) met both the Bon-
ferroni a value (@ = 0.0025) and the more stringent empirical p-
value (P = 7.233 x 1077) cutoffs. In the frontal pole (MSBB), TPI1
(P = 0.000718; d = 0.621) was the only gene that exceeded both
Bonferroni-corrected (o = 0.0025) and empirical P-value (P =.003687)
significance. In the inferior frontal gyrus (MSBB), four genes met
both the Bonferroni a value (¢ = 0.0025) and empirical p-value
(P=.0003743) cutoffs for significance: PFKM (P =.000118;d = 0.760),
PGAM1 (P =.00021; d = 0.730), PKM (P = .000258; d = 0.719), TPI1
(P =.000178; d = 0.739). In the parahippocampal gyrus (MSBB), six
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B. Glycolysis in Oligodendrocytes
Knight Parietal Mayo Cerebellum Mayo Temporal Cortex
] | 10.0 | |
a 6] | | a ! a (Fom) |
o 1 ! 2 75 e e o g gy o ey R o TSI Sy wpuy
o 4 1 1 o o (em), 1 o o PDHA1 4 1
- ful=maRie | Td e
‘ L e B i HKZ {IRS1 1 B PRI SR € b S v EN R —
Lo e L L e 25 i . o .
0 — T — 0.0 T T — 0t T T t T
-0.4 0.0 0.4 -1.2 -0.8 -0.4 -1.25 -1.00 -0.75 -050 -0.25
Log, fold change Log, fold change Log, fold change
® NS @ |LogFC ® NS @ p-valueandlog;FC ® NS @ LogpFC @ p-valueandlog; FC
Total = 19 variables Total = 10 variables Total = 20 variables
MSBB Frontal Pole MSBB Inferior Frontal Gyrus Tissue MSBB Parahippocampal Gyrus
8] |
a | a 75 o
261 | e () 2
841 850 gy e ________. g ) I B
I e R e e ' e
| o e e ue . . (&noz) O | ._.” T
0 . T T T T 0.0 T T T T T
-0.4 -0.2 0.0 0.2 -0.6 -0.4 -0.2 0.0 -0.5 0.0
Log, fold change Log, fold change Log, fold change
® NS @ pvalueandlog; FC ® NS @ p-valeandlog;FC ® NS @ p-valeandlog, FC
Total = 20 variables Total = 20 variables Total = 20 variables
MSBB Superior Temporal Gyrus
i
Qa 75 i
e i
2 5.0 .
o et o o L o e e e e - .
_|I 2 5 ENO2 ——@—w; ————— T
L ° e e
0.0 T L T T T
-0.6 -0.4 -0.2 0.0

Log, fold change

® NS @ pvaue @ p-valueandlog, FC

Total = 19 variables

FIGURE 3 Continued

genes met the Bonferroni a value (a = 0.0025) and empirical P-value
(P =4.462 x 1077) cutoffs: ENO2, PFKM, PGAM1, PGK1, PKM, TPI (Fig-
ure 3B, Table 1). In the superior temporal gyrus (MSBB) four genes
met the Bonferroni a value (@ = 0.002632) and empirical P-value
(P=.0005621) cutoffs: ENO2 (P=.00017; d =0.738), GPI (P =.000386;
d = 0.695), PFKM (P = .000154, d = 0.744), PKM (P = .000386,
d=0.695).

3.1.4 | Microglia

After correcting for cell type, microglia displayed few significant
changes in AD brains (Figure S2 in supporting information). In the cere-
bellum (Mayo), HK1 (P = .001678; d = 0.57) and PFKP (P = 2.80 x 107¢;
d = 0.871) were upregulated, meeting both Bonferroni « value
(ex = 0.0025) and empirical P-value (P = .002181) cutoffs. In the tem-

poral cortex (Mayo), SLC2A4 (P = .000261; d = 0.603) was significantly
upregulated exceeding both the Bonferroni (&« = 0.0025) and empiri-
cal P-value (P =.00382) cutoffs. In the parahippocampal gyrus (MSBB),
ENO2 (P = 7.29 x 107°; d = 0.786) was significantly downregulated
and met both Bonferroni a value (o = 0.0025) and empirical P-value
(P =.00537) cutoffs.

3.2 | Ketolysis

The number of ketolytic genes that met the inclusion criteria out-
lined above also varied among datasets, brain regions, and cell types
(see Tables S12-15 in supporting information). P-values and the
Cohen’s d of ketolytic genes that met the Bonferroni-corrected a
value and empirical P-value cutoffs for significance are included in

Table 2.
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TABLE 2 P-values and Cohen’s d of ketolytic genes that met the Bonferroni-corrected a value and empirical P-value cutoffs for significance in

neurons and oligodendrocytes, and microglia

Ketolytic P-values and Cohen’s d-values: neurons

Dataset

Neuron MSBB inferior frontal gyrus

Oligodendrocyte Mayo temporal cortex
MSBB parahippocampal gyrus

MSBB superior temporal gyrus

Abbreviation: MSBB, Mount Sinai Brain Bank.

3.2.1 | Neurons

After correcting for cell type, neuronal ketolytic gene expression (Fig-
ure 4A) mimicked the pattern of downregulation observed in neu-
ronal glycolytic genes (Figure 3A). In the inferior frontal gyrus (MSBB),
SLC16A1 (P = .006371; d = 0.79) met both the Bonferroni a value
(o = 0.00833) and empirical P-value (P = .0001757) cutoffs for signifi-
cance (Table 2). The Cohen’s d for SLC16A1 indicates a medium effect
size and association with AD.

3.2.2 | Astrocytes

There were no astrocytic ketolytic genes that met both the Bonferroni-
corrected « value and empirical P-value cutoffs for significance (Fig-
ure S3 in supporting information), indicating no significant disruption

to astrocytic ketolytic gene expression in AD brains.

3.2.3 | Oligodendrocytes

After correcting for cell type, ketolytic gene expression in oligodendro-
cytes was significantly impaired in AD brains compared to CN controls
(Figure 4B), similar to glycolytic gene expression (Figure 3B). Two genes
met both the Bonferroni a value and empirical P-value cutoffs for sig-
nificance across three brain regions: BDH1 (P = 9.85 x 10710; d = 1.05)
in the temporal cortex (Mayo), OXCT (P = 8.69 x 1071, d = 1.35)
in the parahippocampal gyrus (MSBB), and BDH1 (P = .000191;
d = 0.732) in the superior temporal gyrus (MSBB; Table 2). These
analyses show that both brain glucose and ketone metabolism in
oligodendrocytes are impaired in AD and highly associated with

disease.

3.24 | Microglia

There were no microglial ketolytic genes that met both cutoffs for
significance (Figure S4 in supporting information), indicating no sig-
nificant disruption to microglial ketolytic gene expression in AD

brains.

Gene P Cohen’sd
SLC16A1 6.50x 10-5 0.789925
BDH1 9.85x 10-10 1.05008

OXCT1 8.69x10-11 1.351187
BDH1 .000191 0.732589

4 | DISCUSSION

This study provides further evidence that energy substrate metabolism
is significantly disrupted in AD. We observed widespread impairments
in glycolytic gene expression and disruption of ketolytic gene expres-
sion in oligodendrocytes (Figure 3B). Oligodendrocytes are respon-
sible for producing myelin, which characterizes white matter in the
brain.*®> While AD has historically been classified as a gray matter dis-
ease due to the distribution of amyloid beta (AB) and tau NFT, and
gray matter atrophy,** recent evidence has shown that white mat-
ter abnormalities are prevalent in AD brains and are good predictors
of cognitive decline in individuals with mild cognitive impairment.*>
Studies in AD mouse models have shown that AD alters myelination
patterns and oligodendrocyte function before AS and tau pathologies
are detectable.*® Although we lack longitudinal evidence, our data
suggest oligodendrocyte dysfunction in AD. Our findings add support
to McKenzie et al.,*” which assessed oligodendrocytic gene expres-
sion in human post mortem AD brains and revealed key oligodendro-
cytic genes involved in myelin regulation that were highly associated
with AD. Their findings suggested that dysfunctional gene expression
in oligodendrocytes plays a causal role in downstream mitochondrial
and ribosomal defects that contribute to AD pathology. The data pre-
sented here fits within this proposed framework because oligodendro-
cytic gene expression was highly dysregulated across various datasets
and concentrated in regions of the brain relevant to AD pathology.
Interestingly, donepezil, an acetylcholinesterase inhibitor that is
commonly prescribed to AD patients, has been shown to promote
oligodendrocyte differentiation and remyelination.*® While our find-
ings further implicate impaired oligodendrocyte function in AD pathol-
ogy and support targeting oligodendrocytes in AD therapies, addi-
tional research will be necessary to determine whether impaired
oligodendrocytic gene expression is a major contributor to regional
hypometabolism observed in AD FDG-PET studies,*? and the extent
to which dysfunctional oligodendrocyte gene expression and down-
stream effects contribute to the pathogenesis and progression of AD.
Consistent with our initial hypothesis, neuronal ketolytic gene
expression was not significantly altered in AD brains, with the excep-
tion of one gene (Figure 4A). In the inferior frontal gyrus (MSBB),
monocarboxylate transporter 1 (MCT1, encoded by SLC16A1) was sig-

nificantly downregulated in AD neurons. However, MCT1 is primarily
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FIGURE 4 Volcano plots of ketolytic gene expression from Alzheimer’s disease patients in neurons (A) and oligodendrocytes (B) from each
dataset. The -log10 P-values of genes are plotted versus the log2FoldChange along the X-axis. Bonferroni-corrected a-values are indicated by the
black dashed line and the empirical P-values are indicated by the blue dashed line. Genes with P-values below either cutoff are plotted above their

respective cutoff lines, marked in red, and labeled

expressed in astrocytes and endothelial cells of the blood-brain barrier,
while MCT2 (encoded by SLC16A7) is primarily expressed in neurons.°
Neuronal SLC16A7 expression was not significantly altered (Figure 3A),
which indicates that ketone transport into neurons is intact in the AD
brain. Therefore, it is possible that cognitive improvements observed in

51-53 are due to

AD patients treated with ketones and ketogenic diets
the ability of ketones to fuel the brain despite glycolytic impairments.
We observed significant deficits in ketolytic gene expression in oligo-
dendrocytes that mirrored the patterns observed in glycolytic gene
expression, which demonstrates that impaired brain metabolism in AD
is not exclusive to neuronal glucose metabolism. Together, these find-
ings suggest that oligodendrocytes may play a larger role in the ener-
getic deficiency of AD pathology than previously thought. They also

suggest that improvements in AD symptoms observed with exogenous

ketone administration and ketogenic diets®* may be due to adequately
fueling neurons.

While ketolytic pathways appeared intact in neurons and astro-
cytes, changes in glycolytic gene expression were present in both pop-
ulations. We observed significant downregulation of neuronal phos-
phofructokinase, the rate-limiting enzyme of glycolysis, in two regions
of the brain within the temporal lobe (Figure 3A), which is consis-
tent with findings from previous studies.”>>5¢ AD-specific impair-
ments in PFKP expression likely contribute to impaired neuronal
glucose metabolism. Conversely, astrocytic glycolytic gene expres-
sion was significantly upregulated in the cerebellum (Figure S1), pos-
sibly as a compensatory mechanism for impaired neuronal glucose
metabolism. The observed widespread disruption of both ketolytic and

glycolytic genes in neurons suggests that current studies using the
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B.Ketolysis in Oligodendrocytes
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cerebellum as a reference region in AD PET studies,”” might require
reevaluation.

Although the mechanisms are not well established, ketones have
demonstrated therapeutic potential in improving cognition in both
mouse AD models!® and human AD patients.>® Several recent
studies have demonstrated that ketones enhance fuel availabil-
ity to the brain despite pathological impairments in brain glucose
metabolism.*?5258.5? One PET-based analysis of brain fuel metabolism
in AD showed that the cerebral metabolic rate of glucose was impaired
in AD patients, but the cerebral metabolic rate of acetoacetate was
unimpaired.2° Our analyses are consistent with these findings. We
show that glycolytic gene expression was significantly reduced in AD
neurons and oligodendrocytes (Figure 3), while ketolytic gene expres-
sion was not significantly altered in neurons, astrocytes, and microglia
(Figure 4A,S2). Although ketolytic gene expression was downregulated
in oligodendrocytes, unimpaired ketolytic gene expression in neurons,

astrocytes, and microglia may be sufficient to enable ketones to fuel

Log, fold change

® Ns @ pvae @ p-valueandlog; FC

Log, fold change

® NS @ p-valueandlog FC

Total = 6 variables Total = 5 variables

essential neuronal processes despite impairments in oligodendrocytic
ketone metabolism.

Regional brain atrophy is an AD phenotype observable later
in AD progression, in which areas of the brain associated with
memory are most severely affected.?C It is possible that the exten-
sively downregulated gene expression we observed in oligoden-
drocytes could simply be due to general regional brain atrophy.
However, we determined this to be unlikely because similar pat-
terns of widespread downregulation were not observed in neurons,
astrocytes, and microglia, which demonstrates that these impair-
ments are oligodendrocyte-specific. It is important to acknowledge
that we were not able to analyze the gene expression data with finer
resolution (i.e., parse out hippocampal gene expression from the tem-
poral lobe, etc.) due to limitations of the datasets, which likely skewed
some analyses toward insignificance. Additionally, as these data were
collected from post mortem brains, they provide no insight into corre-

lations between disease progression and changes in gene expression.
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Therefore, further research with finer resolution of gene expression
data as well as longitudinal studies performed in animal models of AD
will beimportant for assessing regional effects of AD on metabolic gene
expression and their correlations with disease progression.

Collectively, these findings support the characterization of AD as
a metabolic disorder. Our data demonstrate impairments in glycolytic
gene expression in neurons and oligodendrocytes that may be respon-
sible for the decrease in brain glucose uptake and metabolism observed
in AD patients in FDG-PET studies. These impairments were highly
concentrated in regions of the brain involved in cognition and behav-
ior (e.g., medial temporal lobe structures, frontal lobe), which is consis-
tent with AD pathology. These RNA-seq profiles revealed that neuronal
ketolytic gene expression was not significantly altered in AD brains,
indicating that AD-induced impairments in neural and white matter
metabolism are specific to glucose, which confirms previous reports of
ketone and FDG-PET imaging.*?°257¢0 Therefore, ketones may have
therapeutic potential in treating AD due to their ability to fuel the brain
despite impairments in brain glucose metabolism.

Overall, these data are clinically relevant in several aspects. They
provide evidence that impairments in oligodendrocyte metabolism
exist and may contribute to brain hypometabolism characteristic of AD.
In conjunction with findings by McKenzie et al.,*’ these data suggest
a potential link between brain hypometabolism and dysmyelination
observed in AD. Moreover, these data contribute to the growing body
of evidence demonstrating therapeutic potential of ketones and inter-
mediary metabolites in various neuropathological conditions. Recent
studies have indicated clinical benefit of betahydroxybutyrate in
AD®! and Parkinson’s disease,®? sodium phenylbutyrate-taurursodiol
in amyotrophic lateral sclerosis (ALS),61¢3 4-phenylbutyrate in Down’s
syndrome,®* and sodium butyrate in spinal cord injury.®®> Additionally,
clinical studies assessing the effects of ketosis in Parkinson’s disease
(NCT04477161, NCT03421899), multiple sclerosis (NCT03718247),
and other neurologic conditions are ongoing.

While the current view of AD is highly neurocentric, these find-
ings support further investigation of oligodendrocyte function in AD,
specifically in the regulation of myelin and energy metabolism, and
how they are potentially interlinked. Our findings suggest that future
studies investigating metabolic dysfunction in AD brains should tar-
getoligodendrocytes because genes involved in ketolysis and glycolysis

are both differentially expressed in that cell type in AD brains.
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