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Acute administration of ketone beta-hydroxybutyrate
downregulates 7T proton magnetic resonance spectroscopy-
derived levels of anterior and posterior cingulate GABA and
glutamate in healthy adults
Antoine Hone-Blanchet1, Botond Antal1,2, Liam McMahon2, Andrew Lithen2, Nathan A. Smith3,4, Steven Stufflebeam1, Yi-Fen Yen1,
Alexander Lin1, Bruce G. Jenkins1, Lilianne R. Mujica-Parodi 1,2,5,6,7 and Eva-Maria Ratai1,7✉

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2022

Glucose metabolism is impaired in brain aging and several neurological conditions. Beneficial effects of ketones have been
reported in the context of protecting the aging brain, however, their neurophysiological effect is still largely uncharacterized,
hurdling their development as a valid therapeutic option. In this report, we investigate the neurochemical effect of the acute
administration of a ketone d-beta-hydroxybutyrate (D-βHB) monoester in fasting healthy participants with ultrahigh-field proton
magnetic resonance spectroscopy (MRS). In two within-subject metabolic intervention experiments, 7 T MRS data were obtained in
fasting healthy participants (1) in the anterior cingulate cortex pre- and post-administration of D-βHB (N= 16), and (2) in the
posterior cingulate cortex pre- and post-administration of D-βHB compared to active control glucose (N= 26). Effect of age and
blood levels of D-βHB and glucose were used to further explore the effect of D-βHB and glucose on MRS metabolites. Results show
that levels of GABA and Glu were significantly reduced in the anterior and posterior cortices after administration of D-βHB.
Importantly, the effect was specific to D-βHB and not observed after administration of glucose. The magnitude of the effect on
GABA and Glu was significantly predicted by older age and by elevation of blood levels of D-βHB. Together, our results show that
administration of ketones acutely impacts main inhibitory and excitatory transmitters in the whole fasting cortex, compared to
normal energy substrate glucose. Critically, such effects have an increased magnitude in older age, suggesting an increased
sensitivity to ketones with brain aging.
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INTRODUCTION
Human brain energetics are primarily dependent on glucose
metabolism. Steady glucose supply and metabolism ensure the
maintenance of resting potentials and generation of action
potentials, synthesis of neurotransmitters and neuromodulators,
cerebral production of adenosine triphosphate (ATP), and enables
general functional adequacy [1, 2]. Disturbances in glucose
metabolism are a main hallmark of metabolic conditions (e.g.
insulin resistance, Type-2 diabetes mellitus) but glucose hypome-
tabolism is also generally accepted as an effect of normal
physiological brain aging [3]. Imaging studies show that older
chronological age in cognitively normal adults is correlated with
lower glucose utilization [4]. The expression of glucose transporter
proteins is reduced in healthy aging and correlates with decreased
glucose utilization [5]. In human physiology, frontal glucose

hypometabolism is correlated to decreases in cognitive perfor-
mance in non-demented healthy older adults [6, 7] and
hypotheses suggest it may be linked to the onset [8, 9] and
development [10] of Alzheimer’s disease (AD) and other
neurodegenerative disorders [11–13].
Historically, restoring impaired glucose metabolism through

insulin supplementing has had limited success mainly because
brain aging and glucose hypometabolism are associated with
hyperinsulinemia and reduced insulin signaling in the brain
[14, 15]. An alternate way of alleviating physiological con-
sequences of impaired glucose metabolism is to supplement the
brain with an alternative fuel source. Evidence suggests that
ketones beta-hydroxybutyrate (D-βHB) and acetoacetate (AcAc),
whether endogenously produced or supplemented, may repre-
sent such an alternative fuel source [16]. Although the
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metabolism of ketones in fasting conditions has long been
established [17], more recent works have shown that ketone
supplements in the absence of glucose can supply up to a third
of brain energy requirements in short ketosis [18]. In prolonged
fasting, studies have shown that the human liver can produce
ketones at a rate of 100–150 g/day, enough to supplement the
brain’s daily energy needs [19, 20]. Interestingly, metabolism of
ketones is not significantly affected by aging [21] and remains
relatively stable, suggesting a different metabolic pathway for
ketones in the aging brain. Moreover, studies suggest that
ketones may exert neuroprotective properties in the aging brain.
Recent evidence suggest ketones can reverse functional brain
network instability [22], a functional correlate of decreased
cognitive acuity considered a potential marker for brain aging.
Other results show blood oxygen level-dependent signal
changes in older people after administration of ketones,
showing cerebral consumption of ketones and improving
cognitive performance [23].
Ketones also seem to demonstrate potential benefits in

disease. Introduction of the ketogenic diet shows improvements
in cognitive function in AD [24, 25], mild cognitive impairment
[26–29] and healthy older adults with memory deficits [30].
Importantly, preliminary results suggest that metabolism of
ketones remains unaffected by AD pathology, suggesting a
route to supplement the brain’s energy needs and potentially
delay the evolution of the disease [21, 31, 32]. Additionally,
several works have shown that ketones promote antiepileptic
effects [33–36] in children [37, 38] and adults [39] with drug-
resistant epilepsy. Results in pediatrics are most striking, with
multiple clinical trials showing significant seizure frequency
reduction [37] and lasting improvements [40]. Preclinical works
also suggest the administration of ketones promotes anti-
inflammatory effects in stress [41, 42] and caloric restriction [43]
paradigms.
The mechanisms by which ketones alleviate symptoms

associated with glucose hypometabolism are not well under-
stood. Specifically, the neurochemical characterization of
ketones in humans is incomplete and warranted to further
assess its therapeutic potential in physiological brain aging. In
this perspective, proton magnetic resonance spectroscopy (1H-
MRS) allows the non-invasive estimation of cerebral metabolites
in a region of interest. MRS can assess static and dynamic
changes in brain metabolism following an intervention or
physiological challenge [44, 45]. Metabolites that can be reliably
estimated at higher field strength include main inhibitory
neurotransmitter gamma-aminobutyric acid (GABA), excitatory
neurotransmitter glutamate (Glu), and glutamine (Gln). Glu is
also a known substrate for energy and is critical in the astrocytic
and neuronal synthesis of GABA, Gln and glutathione. The
cycling of Glu and Gln depends on essential precursors glucose
and lactate and is thus particularly relevant in the study of brain
energy metabolism [46].
The overarching aim of this study is to provide an under-

standing of the acute effect of a single administration of ketones
in the human brain. Here, we investigate the neurochemical effect
of an acute administration of d-beta-hydroxybutyrate (D-βHB) in
healthy, cognitively normal adults. Specifically, in Experiment 1,
we investigate the effect of an acute administration of D-βHB on
metabolites in the anterior cingulate cortex, using a within-subject
design. In Experiment 2, using a similar design in a larger sample
size with a broader age-range, we investigate the effect of
separate administrations of D-βHB and glucose on metabolites in
the posterior cingulate cortex, and the relationships between
effects of D-βHB and glucose with age. This will provide a better
understanding of regional (anterior and posterior MRS acquisi-
tions), temporal (pre-and-post-D-βHB) and functionally compara-
tive (D-βHB and glucose) effect of ketones on brain metabolic
compounds.

METHODS AND MATERIALS
Population
In Experiment 1, data were obtained from 16 healthy participants (eight
males, age range 20–50). In Experiment 2, data were obtained from 26
healthy participants (13 males, age range 25–79). Cognitively normal adults
were recruited through ad-placement for the Boston (MA, USA)
metropolitan area. Participants were screened for contraindications for
MRI and metabolic challenge procedure. Participants with a history of
insulin resistance and diabetes mellitus were excluded; screening of
participants included testing of homeostatic model assessment for insulin
resistance (HOMA-IR), assessment of blood glucose (HbA1c) and Standar-
dized Mini-Mental State Examination (SMMSE) to ensure cognitive
normality. Participants with neurological or psychiatric conditions, brain
injury, or currently battling life-threatening illness (e.g. cancer) were
excluded. Participants were also excluded if they were following or had
followed in the previous six months a low-carbohydrate or ketogenic diet.
Participants were matched for sex independently in Experiments 1 and 2
(see Table 1 for participants’ characteristics). Study design and recruitment
effort were approved by the Internal Review Board at Massachusetts
General Hospital and informed consent was obtained.

Study design
Experiments 1 and 2 were designed as within-subject metabolic
interventions, where data were obtained before and after intake of a
bolus. Participants were asked to come in a fasted state (i.e., following
overnight fast). Procedures were performed at the same time of day, from
8:00 to 11:00, with bolus intake scheduled at 9:30. For Experiment 2
participants came in for two visits and allocation of the D-βHB or glucose
bolus was randomized. Participants gave a blood sample at baseline,
followed by pre-bolus MR acquisition. Participants were taken out of the
MR scanner and administered the bolus, followed by a blood sample
10min later. This timing allowed for repositioning in the scanner and
acquisition of anatomical data in time to acquire MRS past the 30min time
point, which corresponds to peak brain βHB concentration observed in
previous study [22]. After post-bolus MR acquisition, participants gave a
final blood sample (see Fig. 1).

Bolus
Boluses were administered as liquid drinks in unlabeled containers and
prepared with concentrations of D-βHB (0.4 g/mL) and glucose (0.25 g/mL)
relative to the participants’ weight (395mg D-βHB per kg of body weight).
The D-βHB bolus was prepared with a transparent ketone (R)−3-
hydroxybutyl (R)−3-hydroxybutyrate monoester (Pure ΔG Ketone Ester,
HVMN Inc., Miami FL USA) diluted with water (volume ratio 1:1.6). D-βHB is
produced endogenously from the metabolism of fatty acids in a state of
hypoglycemia or fasting, and supplemented D-βHB is quickly metabolized
and elevates blood D-βHB levels to millimolar levels [47–49]. In Experiment
2, the glucose drink was prepared with an orange flavor (Fisherbrand
Glucose Tolerance Test Beverage, Fisher Scientific Inc., Pittsburg PA USA)
and calorie-matched with the D-βHB drink to ensure within-subject control
of caloric intake.

Blood sampling
Blood was drawn with a pin-prick needle and blood sample strips were
analyzed with a Precision Xtra monitoring system (Abbott Laboratories,
IL USA).

Table 1. Participants’ characteristics and demographics.

Experiment 1 Experiment 2

Age (mean ± SD) 39.6 ± 18.8 years 50.7 ± 16.1 years

Age range (years) 20–50 25–79

Total sample size 16 26

Sex 8 Women 13 Women

8 Men 13 Men

Baseline SMMSE 29.9 ± 0.31 29.8 ± 0.73

Baseline HOMA-IR 3.43 ± 1.37 4.15 ± 1.80

Baseline HBA1C 5.19 ± 0.30 5.21 ± 0.30

A. Hone-Blanchet et al.

798

Neuropsychopharmacology (2023) 48:797 – 805



Magnetic resonance imaging (MRI)
Anatomical images were obtained from an ultrahigh-field 7 T Siemens MR
scanner (Siemens Healthineers, Erlangen, Germany) with a homebuilt 32-
channel head coil. High resolution T1-weighted images were acquired with
a T1 (MEMPRAGE) sequence with TR 2530ms, TE 1.61ms, TI 1100ms, slice
thickness 1.00mm, 190 slices, field of view 256 x 256mm2, flip angle 7
degrees, isotropic resolution 1 x 1 x 1mm.

Proton magnetic resonance spectroscopy (MRS)
MRS was performed with a single-voxel stimulated echo acquisition mode
(STEAM) sequence with TE 5.00ms, TR 4500ms, TM 75ms, water
suppression bandwidth 132 Hz, 80 averages in a 20x20x20mm2 voxel,
acquisition bandwidth 4000 Hz, vector size 2048 points, RF pulse duration
3200ms and with 3D outer volume suppression interleaved with variable
power and optimized relaxation (VAPOR) water suppression. Unsuppressed
water acquisition was obtained with similar parameters in four averages.
Frequency and eddy current corrections were performed prior to data
processing. Concentration levels were estimated with LC Model [50] and
metabolites were excluded when Cramer-Rao Lower Bounds (CRLBs)
exceeded 20% to ensure reliability in analyses. Metabolites were analyzed
in absolute concentration levels (i.e. relative to water) and normalized to
creatine+phosphocreatine (Cr+ PCr; tCr) to control for potential tissue
inhomogeneity [51]. Segmentation of the voxel was performed with
Gannet 3.0 [52] and SPM 12 prior to statistical analyses to obtain tissue
fraction of gray matter (GM), white matter (WM) and cerebrospinal fluid
(CSF), and to perform partial volume correction using a two-compartment
model and GABA alpha-correction [53]. The LC Model basis set used for
quantification was described previously and used in prior works with
ultrahigh-field MRS [54]. Averaged spectra macromolecules using meta-
bolite nulling inversion-recovery experiments (acquisition parameters:

TR= 2 s and TI= 675ms) were also included in the 7 T LC Model basis
sets as previously described [54].
In Experiment 1, the voxel was positioned over the anterior cingulate

cortex, with the horizontal midline of the voxel aligned with the top of the
corpus callosum on the sagittal plane and centered on the interhemi-
spheric fissure on the axial plane (see Fig. 1). In Experiment 2, the voxel was
positioned in the posterior cortex, encompassing parts of the median
posterior cingulate cortex and precuneus. Post-bolus MRS data in
Experiment 1 and 2 were obtained 45min after intake of bolus. This
timeframe is based on a pharmacokinetics time-course of brain D-βHB with
3 T MRS showing brain levels of D-βHB peak 30min after administration
and remain stable up to 90min post-bolus [22].

Statistical analyses
Normality of distribution and heterogeneity of variances were verified with
the Shapiro–Wilk test and Levene’s test. When these could not be verified,
analyses of variance were computed with the Kruskal-Wallis nonparametric
test andWilcoxon test for post-hoc comparisons. Repeated-measures analyses
of variance (RM-ANOVA) were computed to assess the effect of 1) Treatment
(D-βHB) and 2) Time (pre-bolus and post-bolus) on metabolites in the anterior
voxel (Experiment 1) and effect of 1) Treatment (D-βHB and glucose), and 2)
Time (pre-bolus and post-bolus) on metabolites in the posterior voxel
(Experiment 2). Post-hoc pairwise comparisons with Bonferroni correction
were computed when the RM-ANOVA proved significant.
In Experiment 2, linear regression models were used to assess the effect

of 1) Age and 2) blood levels of D-βHB (as predicting variables) on
metabolites levels (as dependent variables) in the posterior voxel. Results
are reported significant at α= 0.05 after correcting for false discovery rate
with the Hochberg-Benjamini procedure [55]. All statistical analyses were
computed with R statistical packages [56].
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RESULTS
Experiment 1: acute D-βHB modulates anterior cingulate
metabolites
Normality of distribution could not be verified in levels of GABA
(P= 0.013) and Glu (P= 0.021). Nonparametric Kruskal-Wallis
analysis shows that GABA (Χ2(1, N= 15)= 10.02, P= 0.002) and
Glu (Χ2(1, N= 15)= 5.95, P= 0.015) levels were significantly
reduced in the anterior voxel after administration of D-βHB. Levels
of GABA/tCr (Χ2(1, N= 15)= 21.98, P < 0.001) and Glu/tCr (Χ2(1,
N= 15)= 10.52, P= 0.002) were also significantly reduced. Levels
of tCr were not significantly changed after D-βHB (P= 0.66). Levels
of Gln and other metabolites did not significantly change (see
Fig. 2).

Experiment 2: acute D-βHB, but not glucose, modulates
posterior cingulate metabolites
RM-ANOVA with factors Time (pre-and post-bolus) and Treatment
(D-βHB and glucose) showed a significant interaction between
factors in the effect on levels of GABA (F(1,21)= 20.16, P < 0.001)
and Glu (F(1,25)= 15.0, P < 0.001). For levels of posterior GABA,
post-hoc comparisons showed that differences between pre-and
post-bolus were significant in the D-βHB condition (P < 0.001) but
not glucose (P= 0.685). Similarly, differences in levels of Glu
between pre-and post-bolus were significant in the D-βHB
condition (P < 0.001) but not glucose (P= 0.685). No other
metabolites we significantly modulated (see Fig. 2).
Similar results were obtained in levels of GABA/tCr

(F(1,21)= 27.7, P < 0.001) and Glu/tCr (F(1,25)= 34.76, P < 0.001).
Post-hoc pairwise comparisons showed that levels of GABA/tCr

decreased in the D-βHB condition (P < 0.001) but not glucose
(P= 0.755). Levels of Glu/tCr decreased in the D-βHB condition
(P < 0.001) but not glucose (P= 0.872) (see Fig. 2).

Experiment 2: acute D-βHB age-dependently modulates
posterior GABA and Glu
Linear regression models showed that age predicted changes in
levels of posterior GABA (ΔGABA; adjR2= 0.172, β=−0.46,
P= 0.031) and Glu (ΔGlu; adjR2= 0.225, β=−0.51, P= 0.009)
with administration of D-βHB (see Fig. 3).

Experiment 2: blood levels of D-βHB predict modulations of
posterior GABA and Glu
Linear regression models controlled for age showed that blood
levels of D-βHB predicted changes in levels of posterior GABA
(ΔGABA; adjR2= 0.26, β=−0.54, P= 0.009) and Glu (ΔGlu; adjR2=
0.285, β=−0.56, P= 0.004) with administration of D-βHB. The
significant relationships observed show that a larger increase in
blood levels of D-βHB (ΔD-βHB; D-βHBFinal -D-βHBBaseline) correlated
with ΔGABA and ΔGlu (see Fig. 3). Levels of blood glucose were not
correlated with changes in levels of GABA (P= 0.12) or Glu
(P= 0.82) following administration of D-βHB.

Experiment 2: blood levels of D-βHB predict posterior MRS D-
βHB levels
Linear regression showed that blood levels of D-βHB predicted
MRS D-βHB (adjR2= 0.41, β= 0.66, P < 0.001); the relationship
remained significant when controlled for age (adjR2= 0.37,
β= 0.64, P= 0.011) (see Fig. 4).
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DISCUSSION
Beneficial effects of ketones have been reported in brain aging,
AD and drug-resistant epilepsy. While such results are promising,
the neurophysiological effect of ketones remains largely unchar-
acterized, hurdling its development as a therapeutic option in
glucose hypometabolism. Here, we investigated the neurochem-
ical effect of an acute administration of D-βHB in fasting healthy
participants with ultrahigh-field MRS. Our main results show that
levels of GABA and Glu were significantly reduced in the anterior
and posterior cortices after administration of D-βHB but not
glucose. Importantly, the magnitude of the effect was significantly
correlated with older age. Moreover, blood levels of D-βHB
predicted cerebral levels of D-βHB.
Our results show that levels of GABA and Glu were significantly

reduced after administration of D-βHB. This effect seems general-
ized to the entire cortex, as results were significant in voxels
located in the anterior and posterior cingulate regions, in two
different cohorts. Previous works support the idea of decreased
glutamatergic activity after the administration of ketones and
several mechanisms have been proposed. Studies have reported
that D-βHB inhibits vesicular glutamate transporters responsible
for storing glutamate into synaptic vesicles at glutamatergic
synapses [57]. Other works have shown that D-βHB also acutely
activates synthesis of kynurenic acid, an endogenous glutamater-
gic antagonist [58]. Recent works also showed that administration
of D-βHB, at physiological concentration levels similar to human
ketosis, resulted in inhibitory action at NMDA receptors,

preventing receptor activation in the presence of agonists [59].
Such synaptic effects are supported by the antiepileptic literature,
as authors suggest that ketones alter brain handling of glutamate
[60]. Additional evidence suggests that astrocyte metabolism is
more active in ketosis, resulting in enhanced conversion of Glu to
Gln, which leads to more efficient removal of synaptic Glu and,
hypothetically, to the upregulated conversion of Gln to GABA [60],
which is conflicting to our results on GABA post-D-βHB. Others
suggest that when D-βHB replaces glucose as the primary fuel in
cultured glutamatergic neurons, glutamate transmission becomes
downregulated which reduces glutamatergic excitatory output
and thus reduces glutamate-related seizures [61].
A second hypothesis to explain the reduced levels of Glu in

hypoglycemia and ketosis resides in the utilization of Glu as a
second-choice anaplerotic substrate in the TCA cycle. Oxidation of
Glu for energy has been argued before [62, 63] and works suggest
astrocytes oxidize Glu at a higher rate than glucose [64]. In
hippocampal slices during prolonged hypoglycemia, levels of Glu
decreased significantly and were restored to normal levels by
administration of dextrose [65]. The authors suggest that
decreases in Glu demonstrate its use as substrate for anaplerosis
when glucose remains unavailable for a prolonged period. In
hypoglycemia, the pyruvate carboxylase reaction is the main
anaplerotic reaction to support the TCA cycle but only for a certain
period as pyruvate reserves become exhausted. A second
anaplerotic reaction producing oxaloacetate from α-
ketoglutarate recruits Glu to enter the TCA cycle and synthesize

Fig. 3 Associations of age and levels of D-βHB with levels of MRS metabolites. Scatterplots representing (A) the association of age with
ΔGABA and (B) the association of age with ΔGlu levels, (C) the association of blood levels of D-βHB with ΔGABA and (D) the association of
blood levels of D-βHB with ΔGlu, in the context of administration of D-βHB in Experiment 2. Age is given in years, ΔD-βHB is given in mM and
metabolite levels are given in arbitrary units (A.U.). Confidence interval are 95% for the regression lines.
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aspartate. Previous MRS results also support the idea of elevated
oxidation of Glu in hypoglycemia [66, 67], but this potential
explanation for decreased Glu is unlikely within the present study
where overnight fasting lowered blood glucose levels but did not
induce hypoglycemia.
Importantly, D-βHB is a source of acetyl-CoA and oxidative

energy but cannot serve as a precursor of anaplerotic pathway via
pyruvate carboxylase [68]. At the cellular level, D-βHB administra-
tion inhibits glucose metabolism in astrocytes in cell cultures and
hippocampal slices, but this decrease in glycolysis is paralleled by
an increased astrocytic metabolism of pyruvate [69]. This suggests
that ketone administration may not restore levels of amino acids,
including Glu, in hypoglycemia and perhaps partly explains
reduced levels of Glu we observed in the post-D-βHB condition,
and unchanged levels of Glu post-glucose in Experiment 2. It is
possible that administration of glucose quickly normalized levels
of Glu, preventing us from measuring a significant difference with
MRS, similarly to the results of Rao and colleagues (2010) where
dextrose administration restored levels of Glu in rodents. Previous
evidence also suggests that brain glucose may be harder to
quantify with MRS [22].
The rationale for explaining the reduction in GABA levels after

administration of D-βHB is less clear. Previous works in cultured
astrocytes have shown that D-βHB suppresses GABA-transaminase
time- and dose-dependently, suggesting that D-βHB may transi-
ently reduce catabolism and recapture of GABA. Authors suggest
this could potentially lead to increased GABA concentrations and
prolonged synaptic GABAergic action, reducing the probability of
induction of glutamatergic seizures [70]. Another hypothesis
suggests that ketosis increases astrocytic metabolism, leading to
a more efficient removal of Glu from the synaptic cleft, an
upregulated conversion of Gln to GABA and a higher ratio of GABA
to Glu [60]. However, another study showed that administration
D-βHB, but not acetone, resulted in inhibitory action at GABAA

receptor sites [59]. Concentrations of D-βHB greater than 0.1 mM
inhibited the agonist effect of GABA to GABAA receptors, with a
maximal effect obtained at concentrations over 5 mM. This
suggests that D-βHB could exert an inhibitory effect to both
excitatory and inhibitory transmissions, effectively acting as a
neuromodulator. Importantly, the results show that although
D-βHB showed an inhibitory effect on GABA receptors, for the
same dose, its effect was stronger at inhibiting NMDA receptors,
suggesting increased efficacy at inhibiting glutamatergic excita-
tory transmission [59]. Additionally, different doses of D-βHB
altered 13C-MRS spectra levels of GABA, Glu and Gln in cortical
brain slices, with different effects. The highest dose (+2.5 mmol/L)
significantly decreased levels of both GABA and Glu compared to
both glucose administration and lower doses of D-βHB
(0.25–1.25mmol/L) [71] consistent with our findings. This

physiological concentration of ketones is closest to levels we
report in blood samples post-D-βHB (see Table 2 and Table 4 in
Supplementary). These results demonstrate how the dosage of D-
βHB may affect observed GABA concentrations and support the
long-lasting effect of D-βHB observed in a previous MRS study [22].
Importantly, our results show no significant modulation of levels

of Gln. Stable levels of Gln suggest unaffected activity of
glutamine synthetase, the catalysis enzyme which transforms
Glu into Gln in astrocytes, before Gln is transported back to
presynaptic neurons for regeneration of Glu. This suggests that
production of the main precursor for Glu is not modulated by
administration of glucose or D-βHB. Previous MRS works have
suggested that Glu-Gln cycling may remain stable in hypoglyce-
mia [66]. Other results have shown a decrease in astrocytic Gln
content with the administration of D-βHB compared to glucose,
although the effect was small and obtained at high concentrations
of D-βHB. Inhibition of glutamine synthetase in the presence of D-
βHB (0.25mMol/L) significantly reduced levels of both Gln and
GABA [71]. In the present study, it is unlikely that concentrations of
D-βHB were not high enough, but it is possible that the timeframe
of MRS was suboptimal to capture changes in Gln. Importantly,
inhibition of glutamine synthetase is conflicting to previously cited
work [60], highlighting that some hypotheses explaining fluctua-
tions of Glu and GABA are mutually exclusive.
Together, results from the literature support our findings on

reduced levels of Glu after administration of D-βHB. However,
results are not unanimous as to how ketones affect GABA and
partly conflict with what we report. Nonetheless, the same results
also suggest that the neurophysiological effects of D-βHB are
mechanistically complex (i.e. modulation of excitatory and
inhibitory transmissions [59]) and dose-dependent [71]. Moreover,
the effects of D-βHB are likely compartmentalized and exert
differential effects in neurons and astrocytes [72]. Considering the
clinical literature, these suggest that antiepileptic effects may
depend on inhibiting excitatory glutamatergic output rather than
on promoting inhibitory GABAergic mechanisms. MRS literature
suggests that modulation of GABAergic outputs can have
stimulatory, inhibitory, and neutral net effects on neuronal
metabolism, depending on the context [44, 73]. In this perspec-
tive, it is possible that ketones and D-βHB modulate both
glutamatergic and GABAergic components, with the resulting
net effect being a significantly reduced excitatory output [59].
Behavioral measurements are warranted to investigate the
potential effect of the modulation of glutamatergic metabolism.
Additionally, it should be noted that administration of ketones
during moderate fasting may help reach a new transient steady-
state, where metabolic rates of GABA, Glu and Gln are preserved.
In exploratory analyses, our results show that the magnitude of

the effect of D-βHB on ΔGlu and ΔGABA was predicted by age and

Fig. 4 Blood- and brain-derived levels of D-βHB. Box and whisker diagrams representing (A) blood levels of D-βHB pre- and post-D-βHB in
Experiment 2, (B) MRS levels of D-βHB pre- and post-D-βHB in Experiment 2, and (C) scatterplot representing the association of blood- and MRS-
derived levels of ΔD-βHB in Experiment 2. Blood ΔD-βHB is given in mM and MRS ΔD-βHB is given in arbitrary units (A.U.). Confidence interval is
95% for the regression line.
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blood levels of ΔD-βHB, and that cerebral levels of ΔD-βHB were
predicted by blood levels of ΔD-βHB. Previous MRS studies have
shown an effect of age on glucose metabolism. Levels of glucose
normalized to creatine were higher in older adults compared to
young, and even higher in AD patients compared to old,
suggesting higher levels of residual glucose and decreased
glucose utilization [4]. Ketone metabolism, however, is thought
to remain unaffected by normal brain aging [21]. Previous
evidence suggests that ketones will compete with glucose and
stored glycogen in both neurons [71] and astrocytes [64]. In the D-
βHB condition in Experiment 2, ketones were introduced acutely
and competed with glucose reserves, and the resulting effect may
have depended on individual glucose metabolism, and thus, age.
Larger effects on brain levels of GABA and Glu observed in older
participants suggest an increased response to ketones, which
could be primed by age-related decreased glucose utilization. The
decrease in cortical GABA with age is well documented in the MRS
literature [74–76] whereas the effect on Glu is more debated [77].
Our results also show that larger increases in blood ΔD-βHB

predicted larger changes in GABA, Glu and βHB. Prior works have
established that plasma levels of D-βHB are highly correlated with
their utilization in the brain [32, 78]. This could mean that
increased blood ΔD-βHB was caused by higher peripheral and
cerebral D-βHB utilization, which led to increased effects on
cerebral GABA and Glu. This is supported by previous research
showing that ketones may reverse network instability in older
people [22]. Taken together, our results suggest that relationships
between (1) age-induced impaired glucose utilization, (2) age-
independent ketone utilization and (3) peripheral and cerebral
levels of ketones may explain the observed modulation of cortical
levels of GABA and Glu in a ketone administration paradigm.
In this study, we assessed neurochemical characterization of

regional (anterior and posterior), temporal (pre- and post-D-βHB)
and functionally comparative (D-βHB and glucose) effect of
ketones on brain metabolites. Our results demonstrate the
limitations of MRS in interpretating cellular mechanisms by which
D-βHB alters cerebral metabolism. Future works focusing on
deciphering the discrepancies between neuronal and astrocytic
metabolism of ketones are warranted, as differences in metabo-
lism of glucose and response to hypoglycemia have been
established [79].
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