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Abstract

Glucose is the brain’s principal energy substrate. In Alzheimer’s disease (AD), there appears to be a pathological decrease in the brain’s
ability to use glucose. Neurobiological evidence suggests that ketone bodies are an effective alternative energy substrate for the brain.
Elevation of plasma ketone body levels through an oral dose of medium chain triglycerides (MCTs) may improve cognitive functioning
in older adults with memory disorders. On separate days, 20 subjects with AD or mild cognitive impairment consumed a drink containing
emulsified MCTs or placebo. Significant increases in levels of the ketone@dbgigroxybutyrate §-OHB) were observed 90 min after
treatment £ = 0.007) when cognitive tests were administeng®HB elevations were moderated by apolipoprotein E (APOE) genotype
(P = 0.036). Fore4+ subjects3-OHB levels continued to rise between the 90 and 120 min blood draws in the treatment condition,
while the-OHB levels ofe4— subjects held constanP(< 0.009). On cognitive testing, MCT treatment facilitated performance on the
Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-cog)-fosubjects, but not fot4+ subjects P = 0.04). Higher
ketone values were associated with greater improvement in paragraph recall with MCT treatment relative to placebo across all subjects
(P = 0.02). Additional research is warranted to determine the therapeutic benefits of MCTs for patients with AD and how4A @ ks
may mediatg-OHB efficacy.
© 2003 Elsevier Science Inc. All rights reserved.

Keywords: B-Hydroxybutyrate; Ketone bodies; Alzheimer’'s disease; Mild cognitive impairment; APOE; Cognition; Neuropsychology

1. Introduction Ketone bodies may provide an alternative energy sub-
strate in AD. Ketone bodies are normally produced from
Converging evidence suggests that impaired glucosefat stores as an alternative to glucose during periods of
metabolism may contribute to the cognitive deficits observed sustained hypoglycemia, such as during a fast or when
in Alzheimer's disease (AD). The hippocampus is espe- very few carbohydrates are consumed. In humans, ketone
cially vulnerable to glucose insufficien¢¥3], and in AD, infusion delays and reduces hormonal responses to acute
cerebral glucose metabolism is reduced by 20—40psIn hypoglycemig1] and improves cognitive functionind8].
addition, the reduction in glucose metabolism rate correlatesIn addition, 3-hydroxybutyrate §-OHB), one type of ke-
with senile plague densitji5], one of the neuropatholog- tone body, appears to protect hippocampal neurons from
ical hallmarks of AD. Intravenous and oral administration beta-amyloid—4, (AB1—42) toxicity in culture [9]. B-OHB
of glucose facilitates cognitive function in AD, presumably also preserves neuronal integrity and stability during glu-
by increasing availability of glucose to the brdin3,12] cose deprivation in rat hippocampal slidé$.
This strategy is not viable as a long term therapy, however, The purpose of this study was to explore whether hy-
due to the numerous deleterious effects of hyperglycemia. perketonemia improves cognitive functioning in individuals
with memory disorders. We tested the hypothesis that acute
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and attention in individuals with AD or mild cognitive im-  is a test of selective attentighO], and paragraph recdH].
pairment. Prior results have demonstrated that the effects ofTwo comparable forms of the protocol were counterbal-
increasing the availability of glucose and presumably other anced between study visits.

energetic substrates may differ according to apolipoprotein

E (APOE) genotypg4]. Therefore, we also examined cog- 2.4, g-OHB assays

nitive differences between subjects witt#{-) and without

(e4—) the APOE&e4 allele, a genetic risk factor of sporadic Serum levels of3-OHB were measured enzymatically

AD, in response to elevategtOHB. [19], using procedure 310-UV (Sigma Diagnostics, Inc.).
2 Methods 2.5. Satistical analysis
2.1. Participants The effects of MCT treatment og-OHB levels and cog-

nition were assessed with mixed model repeated measures

The sample consisted of 20 individuals with probable analyses of covariance (ANCOVAs) with the APOE geno-
AD (n = 15; NINCDS-ADRDA criteria; 9= e4+) [14] type entered as the independent factdr{ versus4—) and
or amnestic mild cognitive impairment (= 5; 1 = g4+) test condition (placebo or MCT) as a within subjects factor.
[16]. Participants’ mean age was 74.7.05 = 6.7) with For B-OHB levels, body mass index (BMI) was used as a
an average of 13.3 years of educationdS= 3.3). They covariate, and for cognitive measur@sQHB levels at the
were mildly to moderately cognitively impaired with a mean time of cognitive testing were used as a covariate.
Mini-Mental State Examination (MMSE) of 22.0 (3. =
5.5). All subjects were free from any significant medical,
neurological, or psychiatric iliness other than mild depres- 3. Results
sion. Four subjects were taking anti-depressants. Five sub-
jects were receiving cholinesterase inhibitors. Subjects were3-1. p-OHB levels

taking no other CNS medications.
With MCT treatment, ¢4— subjects’ B-OHB levels

2.2. Procedures increased from 0.04mM (B. = 0.02) at baseline to
0.54mM (SD. = 0.32) 90 min after treatment, and re-
The study was conducted with a double-blind placebo Mained at 0.52mM (®. = 0.25) 120 min after treatment.
controlled design with two study visits. During each &4+ subjects’3-OHB levels increased from 0.08 mM at
visit, subjects received one of two isocaloric conditions Paseline (D. = 0.08) to 0.43mM (D. = 0.16) 90min
(690 calories) in a randomized order: emulsified MCTs, or after MCT treatment, and rose to 0.68 MM.RS = 0.36)
emulsified long chain triglycerides as a placebo. NeoBee 120 min after treatment3-OHB levels increased signifi-
895 (Stepan, Inc.) was used for MCTs. To increase palata-Ccantly with treatment £[1, 32] = 6.11, P = 0.025), and
bility, heavy whipping cream was used as a source of there was a significant difference frROHB Ievels_at _d_lffer-
long chain triglycerides and as a source of long chain €Nt blood drawsK[2, 32] = 6.15, P = 0.006). Significant
mono- and di-glycerides for emulsification. MCTs (40ml) [ncreases if-OHB levels were observed 90 mln.after treat-
were blended with 152 ml heavy whipping cream to create Ment (¢ = 0.007). In addition, there was an interaction

the emulsified test sample. Heavy whipping cream alone P&tweere4 status and time of blood draw[2, 32] = 3.22,
(232 ml) was blended to create the placebo. P = 0.053). Contrasts revealed that tBeOHB levels for

Subjects fasted from 8:00 p.m. on the night prior to the &4+ subjects continued to rise between the 90 and 120 min

study visit. They arrived in the morning and blood was drawn Dl00d draws in the treatment condition, while {iéOHB
to determine plasm@-OHB levels and APOE genotyping '€Vels ofe4— subjects held constanP(= 0.009).

(first visit only). Subjects then consumed the test beverage

and rested quietly for 90 min, after which blood was drawn 3.2. Cognitive measures

and a 30-min cognitive testing session ensued. After testing,

a final blood draw was taken. On the ADAS-cog, subjects without the APQE-al-
lele showed improvement following MCT administration,
2.3. Neuropsychological measures wherease4+ subjects showed slightly worse performance

(Fig. 1). This pattern resulted in a significant conditionddy
Neuropsychological testing was performed by trained interaction ¢[1, 16] = 5.02, P = 0.039). Within thes4—
psychometrists using standardized procedures. The cog-group, there was a significant improvement in ADAS-cog
nitive protocol consisted of the Alzheimer’'s Disease As- scores following MCT treatmentF{1, 7] = 6.36, P =
sessment Scale-Cognitive Subscale (ADAS-c(dg)], the 0.04). In addition, within thee4— group the correlation be-
MMSE [5], the Stroop Color Word Interference Task which tween treatment ADAS-cog scores gsDHB levels at the
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For the Stroop Color Word Test, an ANCOVA revealed no

35 1 treatment effect £[1, 32] = 1.02, P = 0.33). In addition,
3 * no interaction betwees# status and condition was observed
25- 1 (F[1,28]=1.10, P = 0.31).
£ 2 A No differences in treatment effects were observed be-
é’v 2 i tween groups of subjects taking anti-depressant medications,
s § 1.5 cholinesterase inhibitors, or between diagnostic groups (AD
on 17 verses MCI).
T O
® O -0.57
g9
=, 0 4. Discussion
" <Dt 0.5 1
LE’ 11 Our results indicate that AD patients without an AP@E-
15 allele show cognitive improvements in response to acute el-
] evation of3-OHB levels. The oral dose of MCTs succeeded
2 in elevatingB-OHB levels an average of 7.7-fold, 90 min
251 after MCT treatment. These elevations were associated

e4- c4+ with cognitive facilitation on the ADAS-cog, a measure of
mental status change in AD patients, and paragraph recall.
Fig. 1. ADAS-cog mean change with MCT treatment; benefits of treatment In contrast. no treatment effects were observed on a test of
depended ore4 status {P = 0.039). Note: negative scores indicate lecti it ti
improvement on the ADAS-cog. selective attention. . . . .

These results are consistent with previous literature
demonstrating that cognitive responses to increased ener-
time of testing was 0.48, but failed to achieve significance, genc substr.ates- depend on APOE genot{AJ]e. Interest_-

ingly, the direction of thes4 effect was consistent with

perhaps due to low powern = 9). . . i S a5
The repeated measures ANCOVA with paragraph recall as repgrts of insulin effgcts. The cognitive fgnctlonlngaﬂ .
subjects improved with elevated energetic substrates, while

the dependent measure revealed a significant interaction be- . . AP

¢4+ subjects showed no benefit. This finding suggests that
tween the effects of treatment aBedOHB values measured AD patients with varvina APOE genotvoes mav have dif-
just before testingK[1, 16] = 4.71, P = 0.045). Subjects P ying g yp y

. . ferent dose-response patterns. It is also possible that the
whoseB-OHB levels were higher showed improved para- : .
. L . differences between APOE genotypes reflect differences in
graph recall with MCT administration & 0.50, P = 0.02). athoohvsiolo
Fig. 2 displays the scatterplot for this relationship. When P phy ay-

L . Interestingly, the cognitive benefits were observed in the
the outlier is removed from the analysis, a moderate effect c4— aroun even thouah MCT treatment resulted in sianif-
size remainedr(= 0.43) indicating a trend in the hypothe- group g 9

sized direction P = 0.067). Within thes4— group,3-OHB icantly hlgh_e.rB—OHI.S levels n e4+ subjects by the end
) . . of the cognitive testing session. These results suggest that
levels at the time of testing also correlated with the change

. ; o the differential cognitive effects are not simply due to a
in paragraph recall, but failed to reach significance, perhapsreoluceol availability of ketones isd+ subjects. It is pos-
due to low powerf = 0.52, P = 0.15). Y I i P

sible thate4— subjects were better able to utilize ketones
than weree4+ subjects, resulting in lowep-OHB levels

and greater cognitive improvement. This possibility suggests
. 1.2 APOE-related differences in ketone body metabolism. Prior
% 1 - studies have demonstrated other APOE-specific differences
% ) in energy metabolisn]. Further examination of pharma-
5 08 - cokinetic response patterns in memory-impaired patients of
S 06 - g differing APOE genotypes may confirm our findings.
& o S = The mechanism mediating ketones’ effect on cognition
§ 044 - o= is unclear. The rapid improvement in some areas of cogni-
@ 02 0 tive functioning suggests that ketones may function as an
o - alternative fuel for cerebral neurons in MCI or AD patients.
0 ' ! ! ' ' ! AD patients exhibit defects in cerebral glucose metabolism
20 A5 -10 5 0 5 10 which may arise from many factors, such as toxi@ A
Paragraph Recall Change Scores peptides[9] or from more general disturbances in lipid

Fig. 2. Relationship betwedsOHB levels at the time of cognitive testing homeostasis. Althoth aCEtyI-COA IS genera”y prOVIded to

and the change in paragraph recall following MCT treatmeng 0.50, the trlcar_boxyllc ac_ld (TCA) CyCIe from egCOIyS|S' when
P =0.02. glucose is not availabl@-OHB can serve as an alternate
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substrate to generate acetyl-Cofl1l]. Additionally, [5] Folstein MF, Folstein SE, McHugh PR. Mini-mental state. J Psychiatr
acetyl-CoA from ketone bodies may not require glycolyti- Res 1975;12:189-98. _
cally derived oxaloacetate (OAA) to enter the TCA cycle, [6] Hertz L, Yu ACH, Kala G, Schousboe A. Neuronal-astrocytic

since. to a large extent. cerebral neurons lack pvruvate car and cytosolic-mitochondrial metabolite trafficking during brain
! 9 ! u pyruv. ) activation, hyperammonemia and energy deprivation. Neurochem Int

boxylase and do not derive OAA from pyruvate. Instead, 2000:37:83-102.
neurons may replenish TCA intermediates from glutamine [7] Hoyer S. Oxidative energy metabolism in Alzheimer brains. Studies
provided by astrocytes (the glutamine cyc[é]. In AD, in early-onset and late onset cases. Mol Chem Neuropathol

glial cells remain relatively intact and may continue to 1992,16:207-24. _ .
[8] Izumi Y, Ishii K, Katsuki H, Benz AM, Zorumski CF.

proylde TCA |n.termed|ates. to neur.ons. This and other po- Beta-Hydroxybutyrate fuels synaptic function during development.
tential mechanisms of action require further study. Future Histological and physiological evidence in rat hippocampal slices. J
studies may also confirm the differential treatment effects Clin Invest 1998;101:1121-32.

for APOE<4+ and €4— subjects in a Iarger sample with [9] Kashiwaya Y, Takeshima T, Mori N, Nakashima K, Clarke K, Veech

several MCT doses. Additionally, the cognitive effects of RL. D-B-Hydroxybutyrate protects neurons in models of Alzheimer's
and Parkinson’s disease. PNAS 2000;97:5440-4.

'O”QTt?Tm eIevatl_on of3-OHB Ievel§ _may_support that [10] Lezak MD. Neuropsychological assessment. New York: Oxford
feasibility and efficacy of MCT administration as a novel University Press; 1995.
therapeutic strategy. [11] Magistretti PJ. Brain energy metabolism. In: Zigmond MJ, Bloom

FE, Landis SC, Roberts JL, Squire LR, editors. Fundamental
neuroscience. San Diego: Academic Press; 1999. p. 389-413.
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