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Recent genetic findings have highlighted the importance of metabolic factors in contributing to risk for anorexia nervosa. The
treatment of anorexia nervosa, however, has largely not yet attempted to modulate metabolic pathways, given that knowledge and
understanding of potential metabolic targets and treatment goals remain limited. In search of potential metabolic mechanisms at
play in psychiatric disorders, we look at the brain and beyond, focusing on ketones, related molecules, and nutritional therapies, e.g.
the ketogenic diet, highlighting their brain and behavioural effects. The aim of this review is therefore to summarize knowledge on
the physiology of ketones and related molecules, as well as evidence on their role on energy balance, brain, and behaviour. We
then review the role ketones might have on the pathophysiology of anorexia nervosa, and how the intake of exogenous ketones
and ketone precursors might impact on brain and behaviour in anorexia nervosa. We conclude with an hypothesised model
explaining the potential role of ketones in the pathophysiology of anorexia nervosa and propose that exogenous ketones and
ketone precursors could be an alternative source of brain energy in this illness and deserve further investigation.
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INTRODUCTION
In the last years, a shift in the conceptualization of anorexia nervosa
(AN) from being purely a brain-based disorder to a multi-factorial
disease implicating a combination of psychiatric, metabolic, and
anthropometric factors is emerging [1]. Genetic factors related to
metabolism are important in AN [2], but their association with
cognitions and behaviours characteristic of Eating Disorders (ED) in
the general population is not clear yet [3]. Hence metabolic factors
might be crucial for the transition from symptoms to a full-blown
disorder, and might also be implicated in the maintenance of AN.
Shifts in metabolism as precursors/catalysts of AN-like symptoms
have been documented since Keys’ famous “Minnesota’ studies [4],
however the role of metabolic factors in the pathophysiology of AN
is not clear and complex to study.
Metabolism and metabolic markers are closely interconnected

with nutrition. Substantial literature and evidence-based guide-
lines support medical nutrition therapy, i.e., refeeding, in the
service of weight restoration and to offset the impact of starvation
[5]. In medical settings, indeed, nutrition has traditionally been
used as an adjunctive treatment to improve lipid or glucose
metabolism and thereby aid disorders like hypercholesterolemia

and diabetes [6]. In AN, although refeeding is an integral part of
treatment, the potential role of nutrition in targeting cognitions
and behaviours of AN, hence having a role beyond weight
restoration per se, with the potential to change brain metabolism
and function, has largely been overlooked.
Amongst nutritional ‘therapies’ ketogenic diets, in particular, have

been shown to influence several biological processes, including
mitochondrial energy metabolism, inflammatory processes, oxida-
tive stress, monoaminergic activity in the brain, and slowing down
the progression of neuro-degeneration [7, 8], and hence are
considered ‘metabolic therapies’ in themselves [9–11]. In particular,
recent evidence points to the ketogenic diet (KD) as a potential
treatment for neurodegenerative and neuropsychiatric conditions
[12, 13]. Initially used by clinicians in the 1920s as a treatment for
epilepsy [14], this high-fat, moderate protein, low-carbohydrate diet
facilitates the production of ketone bodies (KBs: D-β−hydroxybuty-
rate (D-BHB) and aceto-acetate (AcAc)) from fatty acids, which serve
as an alternative fuel, diverting away from the use of glucose as
main energy source of the brain. By adhering to a sustained KD, an
individual achieves a level of nutritional ketosis [15], characterized by
high levels of blood ketones. Ketones are actively transported to the
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brain via Mono-Carboxylate transporters, where they are used as
energy sources preferentially to glucose, and where they can
mitigate the energy gap during times of glucose deprivation or
increased energy demands [16]. This is evident for example in
fasting states, during chronic energy restriction (with a significant
reduction in caloric intake), and following significant [17] carbohy-
drate restriction [18, 19].
Fasting ketosis has a sexual dimorphism, in that pre-menopausal

women develop fasting ketosis faster than men. This has been
suggested to associate with a divergence in metabolic profiles
between men and women [20]. The metabolic response to calorie
restriction also differs between women and men; a recent review
highlighted increased lipid metabolism during calorie restriction in
women [21]. Women seem to rely more on lipolysis to release
substrates in circulation in the context of fasting and exercise
compared to men (who rely more on carbohydrate metabolism [22]).

KETOSIS AND METABOLIC ADAPTATION TO STARVATION
Ketogenesis is the biochemical process through which the body
generates KBs in the liver from fatty acids as a source of energy [23].
Produced continuously in low concentrations under normal physio-
logical conditions, the production of KBs rapidly increases in response
to starvation, fasting, and prolonged exercise, or in dysregulated
metabolic states, such as type 1 diabetes [24]. KBs are used by the
brain, the heart, the kidney, and smooth muscles, while concurrently
preserving vital glucose/gluconeogenic reserves [25]. Although the
human brain is only 2% of the body volume, it consumes over 20% of
its energy at rest, and accordingly the brain is particularly vulnerable
to changes in metabolism [26]. While glucose is the brain’s default
fuel, KBs provide 27% more free energy than glucose [27] while also
causing less oxidative stress [28] and, therefore, they are highly
effective energy substrates under conditions of low glucose. Indeed,
KBs can provide up to 60% of the brain energy needs during fasting
and reduction of glucose availability [29]. Notably, after 3 days of
fasting a switch occurs and, instead of glucose, lipids and the resulting
ketones are utilised as the primary source of fuel [29].
KBs and glucose metabolism are strongly linked to each other

[30]. There is evidence that some neurons (e.g., glutamatergic
neurons in the rat hippocampus) may preferentially use D-BHB for
the generation of Acetyl-CoA, even if glucose is present [31].
Furthermore, KBs represent the main fuel of choice in humans in
specific conditions (such as endurance exercise). Five separate
studies of 39 high-performance athletes undergoing nutritional
ketosis showed increased triacylglycerol oxidation in skeletal
muscle and decreased glycolysis and lactate production [32]. This
is important in this context, as increased lactate levels have been
related to decreased motivation to exert effort [33]. The metabolic
fuel shift in athletes occurred even in the presence of normal
muscle glycogen, co-ingested carbohydrates, and elevated insulin
[32]. Several mechanisms have been proposed to explain the
reduction of the glycolytic flow by KBs, including an inhibitory
feedback of glycolysis by a high acetyl-CoA/CoA or NADH/NAD+
(nicotinamide adenine dinucleotide) ratio and the involvement of
uncoupling proteins (UCP2, UCP3, UCP4) [34]. In healthy resting
conditions, the energy balance is maintained by a feedback loop
mechanism at the level of the pyruvate dehydrogenase complex
since the downstream metabolites such as ATP and Acetyl-CoA act
as negative regulators. Hence, as more KBs are metabolized in the
mitochondria to form Acetyl-CoA, less glucose is utilized [31, 35].

OTHER EFFECTS OF KETONE BODIES AND KETOGENIC DIET ON
THE BRAIN
In addition to their role in body and brain metabolism, KBs have
been (directly or indirectly via effects secondary to a ketogenic
diet) shown to have other effects on the brain. In addition to brain
metabolism, KBs affect regulation of cell signalling, neuronal firing,

the release of glutamate, and gene expression modulation in the
brain or neuronal cultures [36, 37]. There is also evidence of effects
of exogenous ketones on circulating dopamine in humans and
mice. [38, 39]. KBs act as signalling molecules that coordinate a
complex responsive network in the brain [35].
KBs also modulate neuronal excitability through several mechan-

isms; for example, via a reduction in neuronal firing secondary to a
direct or indirect regulation of the activity of several ion channels,
particularly potassium ATP-sensitive (K-ATP) channels [40, 41]. The
effect of ketones on neuronal firing is one of the main mechanisms
through which ketogenic diets might have their beneficial effect on
epilepsy [42] It has been shown that physiological concentrations of
D-BHB and AcAc reduced the spontaneous firing rate of neurons [43],
and restored energy status, calcium homeostasis, and M-channel
activity [42] in slices from different rodent brain regions. A critical role
of K-ATP channels as mediating the effect of KBs activity on neuronal
firing has been emphasized in a mouse genetic model with enhanced
KB metabolism [44, 45].
Further, KBs have also been shown to impair the release of the

excitatory neurotransmitter glutamate [46, 47]. D-BHB directly
inhibits the neuronal vesicular glutamate transporter (VGLUT) by
binding to its allosteric site [48]. VGLUTs promote glutamate
uptake in synaptic vesicles for subsequent release [49]. By limiting
glutamate uptake into synaptic vesicles, KBs were shown to
reduce the secretion of glutamate into the synaptic cleft, thus
further blocking post-synaptic neuronal excitability [50].
KBs have also been found to promote long–term adaptive

modifications through changes in gene expression. Notably, KBs play
a role in upregulating the expression of the Brain-Derived
Neurotrophic Factor (BDNF) in the central nervous system [51]. BDNF
is crucial in the development of neuronal circuits regulating cognition,
anxiety, and eating-related behaviours [52–54]. Effects of KBs on BDNF
have been shown in exposure to a ketogenic diet in humans and
rodents. For example, an up-regulation of BDNF expression has been
shown in cerebral cortical neurons in mice through D-BHB action
[17, 51]. Exploratory studies in human adults have found associations
between D-BHB and plasma BDNF either secondary to a KD
intervention or in the context of exogenous ketone ingestion [55–57].
All together these data indicate that KBs exhibit diverse effects

on the brain that might be relevant to psychiatric disorders
characterized by dysfunction in energy metabolism [58, 59].
In contrast, mixed findings are available on the effect of the KD

on brain serotonin and dopamine levels, with evidence of an
increase in dopamine but not serotonin [60] in rodents, and a
study on children on a KD showing a decrease in serotonin and
dopamine metabolites in CSF [61]. The KD seems to modulate
serotonin metabolism [62] and down-regulate serotonin in the
colon (whilst increasing brain BDNF) in an animal model of
irritable bowel syndrome [63].
Evidence on the gut-brain axis has proliferated in recent years,

with important insights into the crucial role of some gut cells (e.g.
the enterochromaffin cells) in gut-brain signalling [64–68]. The
enterochromaffin cells in fact are affected by diet, for example by
‘sensing’ diets high in fat and sugar content and releasing serotonin
in response [69]. Serotonin release in the gut can modulate brain
circuits and in turn affect emotion and behaviour [70].
An additional way in which KB and the KD can impact on the

brain is via their effect on gut microbiome. There is increasing
evidence of the impact of the KD on gut microbiome [65, 71], and
many studies show a positive effect of this diet on gut dysbiosis
[13, 72–75]. However, the breadth of evidence on this topic goes
beyond the scope of the current review.

EXOGENOUS KETONE SUPPLEMENTATION AND KETOGENIC
PRECURSORS
An alternative approach to obtain the putative benefits of KBs,
without the dietary restrictions inherent to the KD, involves
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supplementation with “exogenous ketones” (EKs) [67, 76]. See
Table 1 for an overview on EKs. EK precursors were developed to
generate a dose-dependent transient increase of blood KBs
regardless of dietary macronutrient intake. EK precursors can
induce a rapid and controlled ketosis within minutes to hours in
contrast to KDs, which require 3 to 5 days of strict dietary
intervention [77]. They may represent an alternative tool to induce
ketosis for individuals unwilling to adhere to a KD or when the KD
is contraindicated [76]. EK precursors have been suggested as a
therapeutic tool in chronic disease, with impact on metabolic,
cognitive and immune function amongst others [78], but evidence
is still scarce.
Several EK precursors are under investigation and include

medium-chain triglycerides (MCTs) of various chain length, D-BHB
salts, and R-1,3-Butandiol (R-1,3-BD). Synthetic Ketone Esters (KE)
combining some of these precursors by ester bonds have also
been developed. Upon oral intake, KEs are cleaved by gastric and
blood esterases and their individual ketone precursor components
released into systemic circulation where they are converted to KBs
by the liver. Below, we briefly review the most well described EK
precursors that have been tested in humans and highlight some
of their reported cerebral metabolic effects.

Medium-chain triglycerides
Ketogenic Medium-chain triglycerides (MCTs) are made of
saturated fats of six to ten carbons in chain length. They are
rapidly hydrolysed by gastric lipase [79], and the resulting medium
chain free fatty acid (MCFFA) rapidly absorbed, and directly
oxidized by the liver, bypassing the carnitine regulatory pathway

and leading to efficient ketone production. Bolus ingestion of
emulsified MCTs provides a rapid increase in blood KBs. MCFFA
chain length of 8 carbons (C8) provides the highest amount of
blood KBs, while MCFFA of 10 carbons (C10) are less potent at
producing ketones [80]. MCTs can specifically affect brain function
and increasing research has shown improvements in neurobeha-
vioral symptoms -including anxiety- and cognitive function with
MCT intake [81, 82].
Intake of an MCT-based ketogenic drink for 6 months improved

performance in several cognitive functions, such as memory, task
switching, attention, in individuals with mild-cognitive impairment
[83]. In addition, a positive effect on Alzheimer’s Disease
symptoms has been shown following intake of a MCT
C8 supplement [84, 85]. In healthy participants, MCTs can increase
brain NAD redox ratio [86], which is known to be decreased in
psychotic disorders [87]. Interestingly MCTs rich in C10 had a
beneficial effect on the frequency of seizures or paroxysmal events
in individuals with drug-resistant epilepsy, despite absent or very
low levels of ketosis [88]. This suggests that C10 might have a
direct mechanism of action perhaps unrelated to ketosis.

D-Beta-Hydroxybutyrate salt
Perhaps the most physiological way to raise blood ketones is via the
oral intake of D-Beta-Hydroxybutyrate (D-BHB). Exogenous D-BHB is
directly absorbed into the circulation, with some of it being
converted to AcAc by the liver, and both ketones being distributed
throughout the body. Oral D-BHB increases blood KBs to millimolar
levels [89]. At the same dose, D-BHB is significantly more ketogenic
and provides fewer calories than a racemic mixture of D and L-BHB

Table 1. Overview of the main exogenous ketones and their metabolism.

Compound Description Effects/Uses References

Medium-chain
triglycerides (MCTs)

Saturated fats of six to ten carbons
in chain length. Rapidly
hydrolyzed by gastric lipase.
Medium chain free fatty acids
(MCFFA) are rapidly absorbed and
directly oxidized by the liver.

Efficient ketone production.
Improved brain function, including
cognitive function and
neurobehavioral symptoms such as
anxiety. Positive effect on Alzheimer’s
Disease symptoms. Brain NAD redox
ratio increase. Beneficial for epilepsy.

Acquistapace, Patel et al. [79]; St-
Pierre, Vandenberghe et al. [80];
Wang and Mitchell [82]; Hollis,
Mitchell et al. [81]; Fortier,
Castellano et al. [83]; Schoeler,
Orford et al. [88]; Reger, Henderson
et al. [84]; Newport, VanItallie et al.
[85]; Xin, Ipek et al. [86]; Dwir,
Khadimallah et al. [87]

D-Beta-Hydroxybutyrate
salt

Oral intake raises blood ketones.
Directly absorbed into circulation,
converted to AcAc by liver. More
ketogenic and provides fewer
calories than racemic D and L-BHB
or MCT.

Increases blood ketones to millimolar
levels. Rapidly metabolized by brain,
heart, and kidneys. Potential
therapeutic use in cardiac and
chronic kidney diseases.

Cuenoud, Hartweg et al. [89];
Stubbs, Cox et al. [90]; Cuenoud,
Hartweg et al. [89]

R-1,3-Butanediol Rapidly absorbed in the gut,
converted to D-BHB and AcAc by
liver. Similar increase in blood KB
compared to D-BHB.

Potential use in endurance exercise. Desrochers, David et al. [91];
Falkenhain, Daraei et al. [92]; Scott,
Laursen et al. [93]; Shaw, Merien
et al. [94]

Ketone ester (R)-3-
hydroxybutyl (R)-3-
hydroxybutyrate

Synthetic ketone ester cleaved by
blood esterase to release D-BHB
and R-1,3-BD. Increases blood KBs
following consumption.

Athletic performance improvement,
weight loss. Potential cognitive and
executive function enhancement.
Reduction of GABA and Glu in
cortices. Increase in brain network
stabilization.

Stubbs, Cox et al. [90]; Soto-Mota,
Vansant et al. [95]; Cox, Kirk et al.
[32]; Stubbs, Cox et al. [96]; Evans
and Egan [97]; Avgerinos, Mullins
et al. [98]; Hone-Blanchet, Antal
et al. [99]; Mujica-Parodi, Amgalan
et al. [100]

Ketone diester 1,3-
butanediol acetoacetate

Combines 2 molecules of AcAc
and one molecule of racemic 1,3-
BD linked by 2 ester bonds.
Induces therapeutic ketosis.
Achieves millimolar blood KBs.

Preclinical and clinical use in
achieving therapeutic ketosis.

D’Agostino, Pilla et al. [101]; Leckey
[102]

Ketone diester bis
hexanoyl R-1,3-
butatanediol

Combines two MCFFA hexanoic
acids esterified on a R-1,3-BD
backbone. Efficiently cleaved by
esterase. Increases blood ketone
concentration to millimolar level.

Independent of nutritional state. Stubbs, Blade et al. [103]; Chen,
Blonquist et al. [104]; Crabtree,
Blade et al. [105]
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or medium chain triglyceride. In a whole-body ketone positron
emission tomography pilot study, it was observed that after D-BHB
consumption, the ketone tracer 11C-acetoacetate is rapidly metabo-
lized by the brain, but mostly by the heart and the kidneys. Beyond
brain energy rescue, this opens additional opportunities for
therapeutic exploration of D-BHB supplements as a “super fuel” in
cardiac and chronic kidney diseases. While D-BHB, the natural and
metabolically active ketone, is rapidly metabolized to energy, L-BHB
is not and is slowly eliminated via the urine [89, 90].

R-1,3-Butanediol
Following ingestion, R-1,3-butanediol (R-1,3-BD) is rapidly absorbed
in the gut and increases blood R-1,3-BD before undergoing rapid
hepatic conversion to D-BHB and AcAc [91]. Recently, R-1,3-BD has
been tested in human and show similar increase in blood KB
compared to D-BHB [92]. In the context of endurance exercise,
racemic R + S-1,3-Butanediol was also tested in human alone or in
combination with a glucose supplement [93, 94].

Ketone ester (R)-3-hydroxybutyl (R)-3-hydroxybutyrate
(R)-3-hydroxybutyl (R)-3-hydroxybutyrate (HHB-KE) is a synthetic
ketone ester where D-BHB and R-1,3-BD are held together by an
ester bond. HHB-KE is cleaved by blood esterase to release its
individual components and increases significantly blood KBs [90]
following acute and chronic consumption [95]. HHB-KE has been
tested in humans for its athletic improving and weight loss properties
[32, 96], and more recently for the potential beneficial effects on
cognition and executive functions in both healthy young men [97]
and in cognitively intact adults [98]. In a brain Magnetic Resonance
Spectroscopic (MRS) study in healthy participants, oral intake of HHB-
KE was shown to reduce GABA and Glu in the anterior and posterior
cortices, an effect specific to HHB-HE and not observed after
administration of glucose [99]. HHB-HE was also shown to increase
brain network stabilization [100], a measure correlated with brain
activity and cognitive acuity, suggesting that dietary interventions
resulting in ketone utilization increase available brain energy and thus
may show potential in protecting the aging brain.

Ketone diester 1,3-butanediol acetoacetate
R,S-1,3-butanediol acetoacetate diester (BD-AcAc2) combine 2
molecules of acetoacetate (AcAc) and one molecule of racemic
1,3-BD linked by 2 ester bonds [101]. BD-AcAc2 has been shown to
induce therapeutic ketosis in several pre-clinical models and in
one clinical study performed in elite athletes, where millimolar of
blood KBs were achieved [102].

Ketone diester bis hexanoyl R-1,3-butanediol
A novel ketone ester, bis hexanoyl R-1,3-butanediol (BH-BD)
combines two MCFFA hexanoic acids esterified on a R-1,3-BD
backbone. Pre-clinical results demonstrated that BH-BD is
efficiently cleaved by esterase into its individual components,
which can then be metabolized into BHB [103]. Acute and chronic
studies in healthy adults demonstrate that BH-BD dose depen-
dently increased blood ketone concentration to millimolar level
independent of nutritional state [104, 105].

THE POTENTIAL ROLE OF KETONES IN THE
PATHOPHYSIOLOGY OF ANOREXIA NERVOSA
AN is principally characterized by severe restriction of food intake.
This severe food restriction overrides physiological feeding
requirements, with associated undernutrition, starvation, and a
series of serious medical complications including: extremely low
weight, cardiovascular instability, bone demineralisation, and
cachexia [106]. In addition to its effects on the body, AN also
has effects on the brain. Evidence from an international
consortium showed that severely underweight individuals diag-
nosed with AN differed in cortical thickness, volume of subcortical
regions, and (albeit to a lesser degree) of cortical areas compared

to normal-weight controls and patients with partially recovered
weight [68]. Moreover, larger effects were associated with a lower
Body Mass Index (BMI), thus emphasizing the strong impact of
undernutrition and starvation on the brain [68]. In a narrative
review, Ayton & Ibrahim [107] highlight the role of KBs and the KD
in AN in the context of broader metabolic influences and dietary
intake in AN.

Starvation and energy for the brain in AN
Behavioural characteristic of AN, such as caloric restriction and
undereating, lead to low nutrient and fat intake, eventually
leading to starvation (Fig. 1). In healthy individuals, once the
starved state is established, mild ketosis is reached after 12–14 h
of fasting [108] and ketones sharply increase after 24–28 h of
water-only fasting [109]. At this stage, ketones will become the
main source of energy for the brain, as discussed above, and will
provide faster fuel (especially for the brain) than glucose. Although
this has not been directly shown in AN, brain PET studies in AN
show brain glucose hypometabolism, with lower brain glucose
metabolism being ‘state’ rather than ‘trait’ dependent, and
potentially due to low BMI and starvation [110]. However, to date
there are no studies directly measuring brain KB utilization in AN
[110], and few reporting ketosis in individuals with AN [111].

THE LINK BETWEEN METABOLISM AND BEHAVIOUR IN
ANIMAL MODELS OF AN
So far, it has been difficult to model AN in mice, as the aetiology of
the disorder likely involves complex interactions between genetic,
environmental, social, and cultural factors [112]. Several
approaches involving genetic, environmental and/or dietary
manipulations have been used. The activity-based AN model
(ABA) has been widely used in preclinical studies of AN. This well-
established model resembles key aspects of AN, like self-
starvation, excessive running, severe weight loss, loss of repro-
ductive cycles, hypothermia, hyperghrelinemia and hypoleptine-
mia [113]. In the ABA paradigm, peripubertal mice are singly
housed with ad libitum access to water and a running wheel. Mice
are food-restricted and access to food is limited to few hours per
day. During the experimental paradigm, mice typically engage in
excessive running till exhaustion and prefer to run instead of
eating even if food is available. Previous studies [114–116] have
shown that providing a high fat and low carbohydrate diet
interferes with the cascade leading to self-starvation and death in
ABA. The fat content of the diet was the protective factor in both,
preventing the initial self-starvation, and rescuing animals once
the starvation began. A study [117, 118] found that a class of
hypothalamic neurons called Agouti-related peptide neurons
(AgRP) control compulsive exercise and survival in the ABA model.
AgRP neurons residing in the arcuate nucleus of the hypothala-
mus promote adaptation during starvation by controlling nutrient
partitioning and peripheral substrate preference [119, 120]. They
have also been implicated in circuitry controlling non-feeding

Fig. 1 Potential vicious cycle involving ketone bodies and
starvation in anorexia nervosa (AN). AN reduces nutrient and fat
intake, leading to interconnected changes in peripheral and brain
metabolism. These alterations contribute to decreased anxiety and
neurocircuit dysfunction, which further drive behavioral dysfunction
and reinforce the cycle.
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behaviour, including that associated with reward, anxiety and
compulsive like behaviours [121–123]. Chronic disruption of the
AgRP circuit led to a severe reduction of food intake and induced
100% lethality in the ABA model. Reduced levels of free fatty acids
and low glucose levels paralleled this event. Further, chemoge-
netic activation of the AgRP neurons promoted the development
of compulsive exercise, but not anxiety-like behaviours [117].
Importantly, and consistent with previous evidence, the death

of animals with AgRP impaired circuity was prevented by an
exposure to a high-fat diet. The elevated fat content in the
diet also prevented the long-term behavioural impact of food-
restricted mice with elevated exercise volume such as compulsive
exercise. This study [117] identified a fundamental feeding circuit
that couples metabolic peripheral changes with anxious and
compulsive behaviours causing AN-like symptoms in mice. An
additional study [124] validated the importance of the AgRP circuit
in promoting maladaptive feeding behaviour. In line with these
preclinical observations, individuals with AN have elevated
circulating blood levels of AgRP compared to controls [125] and
AgRP levels have been associated with cognitive rigidity in these
individuals [126]. Altogether, this preclinical evidence supports a
link between alterations in fat metabolism and AN-related
behavioural changes.

Anorexia nervosa, anxiety, and ketone bodies
Anxiety is a common occurrence in the acute phases of AN and
lifetime [127–129]. In a recent study, we have shown the
longitudinal relationship between anxiety and ‘fasting’ (i.e., food
restriction to control weight or weight gain, a behaviour typical of
AN) in adolescence [130]. It has been hypothesized that in some
individuals, particularly those that are anxious premorbidly (who
are also at higher risk of developing AN), starvation has a
beneficial anxiolytic effect [74]. However, traditional anxiolytic
treatments (i.e., selective serotonin reuptake inhibitors –SSRIs) are
not beneficial during the starved state in patients with AN. Among
other reasons, this probably involves changes in the availability of
pre-synaptic serotonin and glucose hypo-metabolism, which are
characteristic of acute AN [131–133].
Importantly, substantial emerging work is pointing to metabolic

and mitochondrial dysfunctions in the brain and periphery in the
context of anxiety [134–137]. Emerging evidence also suggests the
effectiveness of KD in exerting anxiolytic effects, possibly by
improving transport and control of energy substrates in key brain
regions involved in anxiety regulation, such as the medial
prefrontal cortex [81]. Recent reviews have summarized the
evidence supporting the impact of low carbohydrate/KD diets on
anxiety and mood disorders [13, 138] although the small number
of studies and their great heterogeneity may undermine the
interpretation of the results, it would appear that the use of these
diets has a beneficial effect in psychiatric conditions characterized
among other things by anxiety dysregulation.
Given the evidence highlighted above, it is plausible that

additionally to providing faster and essential (given the depletion
of glucose) fuel for the brain, KBs will, through their membrane
stabilization properties and anxiety-reducing effect [139] lead to a
state of reduced anxiety, facilitating a vicious cycle that will persist
due to these positive effects.
Starvation also promotes alterations in peripheral metabolism

and in brain mitochondria, further resulting in behavioural and
neurocircuit dysfunction (Fig. 1). Excessive exercise might also
contribute to maintain this vicious cycle, given that physical
activity induces the release of KBs (in particular D-BHB) into the
bloodstream [139]. Accordingly, it is possible that maintenance of
AN symptoms is partly due to the positive effect of ketosis on
reducing anxiety in the starved state in vulnerable individuals,
hence breaking the vicious cycle highlighted in Fig. 1 might be
difficult during refeeding without replacing the anxiolytic effect of
ketosis.

POTENTIAL BENEFITS OF EXOGENOUS KETONES/KETOGENIC
DIET ON PSYCHOPATHOLOGY AND BRAIN FUNCTIONS
RELATED TO AN
There is evidence that ketones and MCTs might improve anxiety in
humans and animal models. Recent preclinical work has
supported the effectiveness of an MCT diet to reduce anxiety-
like behaviours and improve social competitiveness [81], a
behavioural component that is deterred by high anxiety both in
animal models and humans [75, 140, 141].
Mechanistically, the study by Hollis et al. showed that MCT

treatment leads to changes in mitochondrial protein content and
function in the medial prefrontal cortex (mPFC) and the nucleus
accumbens (NAc), two brain regions critically implicated in
executive function, motivation and rewards, among other func-
tions [81]. Further, sub-chronic (7 days) oral administration of
exogenous ketone supplements, such as KE, KS and KS-MCT
evoked an anxiolytic effect in wild type and transgenic rat model
on elevated plus maze in correlation with increased levels of BHB
[142]. The KD might be also beneficial at the cognitive and
behavioral levels, improving sleep, female sexual function, and
non-compulsive physical activity, as shown in a previous study in
female patients with obesity [18].

A potential role for exogenous ketones and related molecules
in refeeding or treatment of AN
All the evidence reviewed above led us to put forward a model
whereby exogenous ketones supplementation in AN could help
both behaviour, comorbid psychopathology (e.g., anxiety), and
dysfunctional metabolism through pleiotropic effects. These
involve hormonal and metabolic regulation, increased mitochon-
drial energy metabolism, decreased inflammatory processes and
oxidative stress, and modulation of neurotransmitter activity.
Critically, for individuals with AN, KB supplementation could also
promote skeletal muscle anabolism [143] (Fig. 2). We suggest that
nutritional ketosis could protect individuals with AN from the
detrimental effects of starvation while still contributing to the
‘positive’ metabolic effects of KBs on the brain and behaviour
through synergistic mechanisms. Critically, nutritional/exogenous
ketosis could provide additional energy without breaking the
ketosis state and its positive anxiolytic effects.
So far, only two studies, one with a small number of patients

(n= 5) and a case report, employed the KD in individuals with AN
[66, 144]. In the study by Calabrese et al. [66] individuals with AN
(weight-recovered but still symptomatic) were given a KD diet,
with a macronutrient ratio of 70% fat, 20% protein and 10%
carbohydrate, with the aim of inducing a stable degree of ketosis
for at least 4 weeks. Ketamine injections were used in combination
with the KD. Despite the small number of patients, individuals with
AN showed some improvements as evidenced by both a decrease
in the Eating Disorders Examination-Questionnaire scores (particu-
larly on the global scale and eating restraint subscale) and a
decrease in the clinical impairment assessment [66]. However, no
changes were reported on acceptance of self and body, lack of
symptomatic behaviour, social and emotional connection, and BMI.
The study also showed no adverse effects, nor active suicidal
ideation, secondary to the KD diet, hence suggesting a KD diet is
feasible in individuals with AN who are weight-recovered.
Another study, the only one of its kind, administered MCT to

patients with AN, with the aim of investigating changes in gut
hormones in response to MCTs [145]. This study used a high
( > 6 g/day), medium (1–6 g/day) and low (0 g/day) MCT supple-
ment for 6 weeks as an add-on to treatment as usual (cognitive
behavioural therapy with nutrition treatment) for AN and showed
an increase in acylated ghrelin [145]. Tolerability of MCT
supplementation was shown and no adverse effects were
reported.
Although recent studies have primarily examined ketogenic

interventions in weight-restored patients [66], there is a strong
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theoretical basis for considering the role of KBs or KD in refeeding
of AN individuals. Moreover, although KBs might be promising in
the treatment of AN, several considerations are required,
including: 1. the need for a balanced nutritional/refeeding
protocol that meets all nutritional requirements in individuals
with acute AN; and 2. the need for a multi-pronged approach
which will require a combination of psychotherapy, nutritional and
other approaches, as well as ketone-based interventions. There-
fore KBs or KD are unlikely to be a stand-alone treatment for AN,
but might offer benefits in integration with other treatment
approaches. Given the cognitive and behavioural effects of KBs
highlighted above, and the need to promote balanced nutritional
intake and not reinforce restrictive eating, we suggest that they
might complement existing psychotherapy treatments.
Additionally, rigorous clinical trials are needed to establish the

safety, feasibility, and efficacy of any ketone-based approach.

SUMMARY AND FUTURE DIRECTIONS
Evidence that alterations in metabolism might play a role in the
development of AN is increasing, however the role of nutrition as a
treatment per se contributing to recovery in AN has not been
adequately studied. Shifts in metabolism during fasting states give
a prominent role to ketones, which are a more effective source of
energy, particularly for the brain, as compared to glucose. Ketones
have multiple effects on the brain and behaviour; hence,
exogenous ways of supplementing ketones have been increasingly
studied in relation to psychiatric disorders. The anxiolytic effect of
EK as well as the sexual dimorphism of fasting ketosis give rise to
interesting speculations about the role starvation-induced ketosis
might have in AN. Metabolic changes involving ketones that occur
following fasting and related physiological and brain changes are
likely to be relevant to the pathophysiology of AN. Links between

ketosis, fat metabolism, and behaviour relevant to AN have also
been identified in animal models. Currently, there are no effective
pharmacological/nutritional treatments for AN, either to treat the
acute phase or to prevent relapse. However, early evidence of
positive effects of exogenous ketones, including and going beyond
the KD, on symptoms of AN warrant further investigation. We
present here a model postulating that by addressing underlying
aberrant metabolic characteristics, nutritional ketosis (exogenously
induced) might prove to be a novel and useful adjunctive
therapeutic approach to treat AN. Future studies in rodents, as
well as parallel studies in individuals with AN, are warranted in
which either a KD or specific ketone supplementation are given as
potential treatments, both as a proof of principle in support of
human clinical studies and as the means to achieve a mechanistic
understanding of their effects at the cellular, molecular and circuit
levels. Further investigation of ketosis and the effects of exogenous
ketones in AN might benefit from a longitudinal perspective,
across stages of illness, and using an integrated approach
-including studying other metabolic and hormonal factors. This
approach would allow a broader understanding of metabolic
changes occurring over time, and in a wider context.
Lastly, a more integrated view of pathophysiological changes

that are triggered by starvation and that occur in AN, that goes
beyond a focus on behaviour as purely brain-mediated, but
integrates how behaviour is modulated and impacted upon by
metabolism is likely to shed light on our understanding and
therapeutic approaches to this highly lethal disorder.
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