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Abstract
Anorexia nervosa is a disorder associated with serious adverse health outcomes, for which there is currently considerable 
treatment ineffectiveness. Characterised by restrictive eating behaviours, distorted body image perceptions and excessive 
physical activity, there is growing recognition anorexia nervosa is associated with underlying dysfunction in excitatory 
and inhibitory neurometabolite metabolism and signalling. This narrative review critically explores the role of N-methyl-
d-aspartate receptor-mediated excitatory and inhibitory neurometabolite dysfunction in anorexia nervosa and its associated 
biomarkers. The existing magnetic resonance spectroscopy literature in anorexia nervosa is reviewed and we outline the 
brain region-specific neurometabolite changes that have been reported and their connection to anorexia nervosa psychopa-
thology. Considering the proposed role of dysfunctional neurotransmission in anorexia nervosa, the potential utility of zinc 
supplementation and sub-anaesthetic doses of ketamine in normalising this is discussed with reference to previous research 
in anorexia nervosa and other neuropsychiatric conditions. The rationale for future research to investigate the combined use 
of low-dose ketamine and zinc supplementation to potentially extend the therapeutic benefits in anorexia nervosa is subse-
quently explored and promising biological markers for assessing and potentially predicting treatment response are outlined.

Key Points 

Zinc deficiency may contribute to the pathogenesis of 
anorexia nervosa via multiple physiological pathways 
including glutamatergic and GABAergic signalling, 
N-methyl-d-aspartate receptor regulation, astrocyte dys-
function and pro-inflammatory signalling.

A growing body of neurobiological evidence indicates 
that low-dose ketamine and zinc are independently effi-
cacious in treating neuropsychiatric conditions, including 
anorexia nervosa.

Via dual modulation of the N-methyl-d-aspartate recep-
tor, the novel combination of low-dose ketamine with 
zinc may engage the necessary mechanisms to uncou-
ple dysfunctional neural circuits and normalise those 
required for addressing impairments in executive control, 
reward processing and interoceptive awareness.

1 Introduction

Anorexia nervosa (AN) is an eating disorder sub-type 
diagnosed in around 1% of the population today [1], which 
is clinically defined by severe malnutrition, ritualised and 
restrictive eating behaviours, an overwhelming fear of 
gaining weight and excessive physical activity [2]. Despite 
signals indicating homeostatic distress [3–5], individuals 
living with AN often deny being ill and resist treatment 
[6]. This treatment resistance likely contributes to chronic 
disease, as whilst on average it takes between 5 and 10 
years from AN diagnosis to recovery [7], between 30 and 
60% of people experience an enduring illness even at 30 
years follow-up [8, 9]. Concerningly, this extended dis-
ease burden  may lead to increased mortality from medical 
complications [10] and suicide [11].

Current treatments for AN typically incorporate the 
use of antidepressants alone, or in combination with 
psychotherapy and dietary interventions that emphasise 
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weight restoration [12, 13]. Whilst these measures have 
contributed to improvements in some cases, their efficacy 
in promoting functional remission in AN is limited [5, 
12], and to date no medication or physical therapies have 
been approved for AN [13–15]. Lack of treatment efficacy 
across existing treatment options for AN is of critical con-
cern [16], as repeated failures not only promote treatment 
hesitancy, but also lead to disease progression, potentially 
past the point amenable to appropriate therapeutic inter-
vention. Accordingly, clinical and research specialists have 
called for a revision of existing treatments, increased inno-
vative research into safe and neurobiologically informed 
novel treatments for AN, and for the establishment of 
associated treatment biomarkers to optimise treatment 
prescription [17, 18].

The glutamatergic hypothesis, which proposes that distur-
bances in excitatory and inhibitory neuronal signalling are 
involved in the pathogenesis and maintenance of dysfunc-
tional cognition and behaviour, has previously been applied 
to psychiatric conditions [19]. Recently, this framework was 
explored in AN [20], with support from preclinical [21–23] 
and clinical research [24, 25]. The efficacy of sub-anaes-
thetic doses of ketamine (0.1–3.0 mg/kg); an N-methyl-
d-aspartate receptor (NMDAr) non-competitive antagonist, 
in promoting rapid and significant reductions in behavioural 
and psychological symptoms of AN is gaining increasing 
recognition [26, 27]. However, low-dose ketamine is not 
effective in all cases of AN and therapeutic effects dissipate 
with time, suggesting that although ketamine is capable of 
ameliorating neuropsychiatric pathology, the system may 
tend back towards the pathological wiring.

Recently, Hermens et al. [20] critically discussed the 
role of zinc deficiency in the pathogenesis of glutamater-
gic dysfunction in AN, providing a preliminary outline of 
the rationale for combined low-dose ketamine and zinc 
supplementation as a treatment for AN. Expanding on this, 
the current review synthesises relevant evidence to argue 
that whilst low-dose ketamine may stimulate the synaptic 
remodelling necessary for therapeutic relief in AN, long-
term functional maintenance of these synaptic changes 
may be supported by zinc supplementation. Specifically, 
this review addresses: (a) the pathogenesis of excitatory 
and inhibitory neurotransmitter dysfunction in AN with a 
focus on the role of zinc deficiency and caloric restriction; 
(b) relevant biomarkers in AN and the case for investigat-
ing central cellular mediators of metabolism and synaptic 
plasticity; (c) neurometabolites associated with AN; (d) 
the mechanisms and previous therapeutic uses of zinc and 
low-dose ketamine in neuropsychiatric conditions and AN; 
and (e) the neurobiological rationale for exploring their 
combined use.

This rationale is not exclusive to AN, as the combination 
of zinc with low-dose ketamine may extend the therapeutic 

effects of ketamine (and the associated neurobiological 
changes) previously reported in psychiatric disorders [28]. 
However, the use of zinc as an adjunct to low-dose ketamine 
in AN is of particular interest because zinc deficiency has 
been reported in participants with AN [29–32]. The extent 
that the proposed neurobiological rationale may apply to 
other neuropsychiatric conditions in which altered neuro-
transmission is similarly implicated is noted, but does not 
form a major focus of this review. The rationale for the inde-
pendent use of low-dose ketamine or zinc in normalising 
aberrant synaptic plasticity and neurotransmission associ-
ated with AN and other psychiatric conditions has been 
previously reviewed [33–35]. Whilst the evidence regarding 
the use of low-dose ketamine and zinc in treating psychiat-
ric conditions is discussed, the reader should refer to these 
reviews for a more comprehensive analysis.

2  Literature Search

A literature search in the electronic databases PubMed, 
SCOPUS and Web of Science was performed up to Novem-
ber 2022. An analysis of relevant publications generated 
with a search strategy including MeSH and free-text key-
words such as “ketamine”, “zinc”, “magnetic resonance 
spectroscopy”, “anorexia nervosa”, “neurotransmitter*”, 
“gluta*”, “GABA” and “blood biomarker*” was conducted. 
Consistent with the scope and aims of a narrative review 
[36, 37], stringent inclusion criteria were not imposed apart 
from the inclusion of magnetic resonance spectroscopy 
(MRS) studies conducted in AN populations. No constraint 
was placed on publication date and English-language stud-
ies only were included. Animal and human studies were 
considered, and no restrictions were placed for the type of 
article; case-studies, case-series, population-based studies, 
randomised controlled trials (RCTs), reviews, systematic 
reviews, meta-analyses, clinical trials and theoretical papers 
were included in this narrative review. Secondary screening 
of each publication’s reference lists and snowballing tech-
niques (SCOPUS) were implemented to identify additional 
eligible articles for inclusion.

3  Glutamatergic Dysfunction in Anorexia 
Nervosa

To critically discuss the pathogenesis of glutamatergic dys-
function in AN and its implications for cognitive function, 
it is necessary to briefly review the principles of synaptic 
plasticity and the critical function of the NMDAr in mediat-
ing this.
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3.1  NMDAr and Synaptic Plasticity

The NMDAr (see Fig. 1) is a heterotetrametric membrane 
receptor composed of two obligatory GluN1 subunits and 
different constellations of the GluN2 (A-D) or GluN3 (A-B) 
subunits [38, 39], although the specific subunit composi-
tion varies throughout the cortex [40, 41]. Whilst the GluN1 
subunit appears to be a common prerequisite for the expres-
sion of functional NMDArs, it is the GluN2/3 subunits that 
largely determine the bio-physiological properties of the ion 
channel, such as mean conductance time and sensitivity to 
 Mg2+ block [42]. The NMDAr is expressed both synapti-
cally and extra-synaptically and activation of these spatially 
distinct populations independently influences synaptic plas-
ticity processes [43]. At the synapse, excitatory (glutamate) 
and inhibitory (gamma-amino butyric acid [GABA]) sig-
nalling exerts a push–pull relationship on the post-synaptic 
membrane potential [44]. Whilst α-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor (AMPAr) and 
GABA receptor (GABAr) activation and ion conductance 
is critical to this process, the NMDAr is necessary for adjust-
ing the synaptic weights within a distributed neural network 
[45], which ultimately encodes experience, explicit behav-
iour and memory [46].

The ability of the NMDAr to dynamically regulate synap-
tic plasticity is associated with its unique mode of activation, 
which requires the binding of glutamate and glycine to the 
GluN2 subunit and GluN1 subunits, respectively, in addition 
to the simultaneous depolarisation of the post-synaptic neu-
ron to remove a  Mg2+ ion from its channel pore [44, 45, 47]. 
This dual activation of the NMDAr acts as a coincidence 

detector [45]; both pre-synaptic signalling and post-synaptic 
depolarisation are needed for NMDAr activation. Building 
on the principles of Hebbian learning [48], modern neurosci-
ence has established that plasticity is spike-timing depend-
ent, such that the timing and frequency of pre-post synaptic 
firing are critical to the subsequent direction of synaptic 
plasticity, and therefore information encoding and process-
ing [49, 50]. Strong correlated firing between the pre- and 
post-synapse, with the presynaptic neurons firing within 40 
milliseconds or less of the postsynaptic neurons, leads to a 
NMDAr-mediated surge in intracellular  Ca2+, which via a 
host of second messengers, promotes long-term potentiation 
(LTP). Conversely, the synapse undergoes long-term depres-
sion (LTD) when pre- and post-synaptic neuron firing is not 
correlated, stimulating a small increase in NMDA-mediated 
intracellular  Ca2+ [44, 49]. This strengthening (LTP) and 
weakening (LTD) of synaptic connections that subserves 
neuroplasticity is not a unidimensional process, but includes 
changes in dendritic spine numbers and numbers of synaptic 
contacts, neurotransmitter release probability and its auto-
regulatory and post-synaptic effects, membrane sensitivity, 
expression of re-uptake transporters, AMPAr/NMDAr mem-
brane density and AMPAr/NMDAr subunit composition [46, 
47].

Increasing evidence indicates NMDAr and AMPAr subu-
nit composition as key regulators of neuroplasticity [47], 
and changes to the composition (e.g. genetic and/or envi-
ronmentally induced) may contribute to dysfunctional neu-
rotransmission in AN [22, 51]. A relevant example of this 
is that NMDAr subunit composition regulates neural meta-
plasticity; the dynamic threshold for LTP/LTD that varies as 

Fig. 1  N-methyl-d-aspartate (NMDA) receptor and its ligand binding sites. Note: zinc binds to the GluN2/3 subunit allosteric sites, whilst keta-
mine binds at the deep channel blocker site within the receptor pore. Created on BioRender.com with Publication and Licensing Rights obtained
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a function of prior activation [47]. Increased expression of 
the GluN2B subunit, which decreases the GluN2A/B ratio, 
favours LTP, whilst a relative increase in GluN2A expression 
requires stronger stimulation to induce LTP [47]. Notably, 
during early mammalian development, the composition of 
NMDAr gradually tends towards GluN2A dominance with 
a concurrent GluN2B decrease, which is thought to suppress 
excessive LTP and help establish mature synapse formation 
for refined cortical activity [52, 53]. Considering the activa-
tion of the NMDAr mediates the degree and direction of syn-
aptic plasticity [46], any modification of its stereochemistry 
(e.g. chemical modification and/or subunit composition), 
and thus its biophysical properties, almost certainly would 
influence neuroplasticity.

3.2  Pathogenesis

3.2.1  Zinc Deficiency

Zinc is an essential dietary trace element within the human 
body that is involved in a myriad of biological processes, 
serving a catalytic, structural and regulatory function 
in metabolism, oxidative stress, gene regulation and the 
immune system [54, 55]. Within the brain, zinc is primarily 
bound to proteins; however, a portion (approximately 15%) 
is found concentrated in synaptic vesicles of glutamatergic 
neurons in the hippocampus, prefrontal cortex (PFC) and 
amygdala [34, 56]. Termed zinc-enriched neurons (ZENs), 
zinc is co-released with glutamate into the synaptic cleft 
upon stimulation, with measurements of extracellular zinc 
levels in hippocampal tissue that range from sub-micromolar 
to greater than 100 micromolar depending on the level of 
neuronal activity [57, 58].

The role of zinc deficiency in the pathophysiology of 
major depressive disorder (MDD) and schizophrenia [33, 34, 
59, 60], and more generally in perturbed learning, memory 
and attention has previously been demonstrated [61, 62]. 
Zinc deficiency in AN has also been reported in studies 
using peripheral blood samples and urinalysis [29, 31], 
and dietary intake assessments [30, 32], consistent with the 
fact that the physiological availability of zinc is exclusively 
determined by dietary intake [34]. However, the degree to 
which peripheral zinc measures accurately indicate levels 
in the brain, and how synaptic zinc signalling is impacted 
in psychiatric conditions are not well understood. It should 
be noted that changes in ZEN signalling may occur irre-
spective of dietary factors, as chronically elevated cortisol 
levels, which are present in AN [3], cause dendritic and syn-
aptic atrophy of glutamatergic neurons in the PFC and hip-
pocampus, whilst stimulating dendritic arborisation in the 
nucleus accumbens (NAc) and amygdala [63, 64]. Holding 
the distribution of ZENs to be valid [34, 56], this could lead 

to a disproportionate loss of zinc regulation in the frontal 
regions.

Whilst the implications of zinc deficiency are undoubt-
edly multiple owing to its diverse physiological role, one 
consequence of significance to glutamatergic dysfunction is 
the decrease in homeostatic allosteric inhibition of NMDAr 
activity [61, 65]. Functionally, decreased zinc-mediated 
inhibition of the NMDAr leads to greater calcium  (Ca2+) 
conductance, increasing the probability of  Ca2+-induced 
excitotoxicity [66]. In rodents, zinc restriction leads to sig-
nificantly increased synaptic expression of GluN2A and 
GluN2B NMDAr subunits in glutamatergic neurons of the 
hippocampus and PFC [67]. Notably, mice with the great-
est vulnerability in activity-based anorexia (ABA) models 
(e.g. most weight loss, most running) had the highest lev-
els of NMDAr density on the post-synaptic hippocampal 
pyramidal neurons [68], indicating that zinc deficiency-
induced changes in NMDAr expression may contribute to 
AN pathogenesis.

Changes in glutamatergic NMDAr GluN2A/B subunit 
expression may be particularly relevant to zinc deficiency-
mediated glutamatergic dysfunction in AN, as zinc’s 
NMDAr inhibition varies according to the specific subu-
nit. Specifically, zinc voltage-independent inhibition of the 
GluN2A subunit occurs at much lower (5–80 nanomolar) 
levels (i.e. higher affinity) than the GluN2B subunit (1.6–9.5 
micromolar) [69, 70]. Zinc also binds to the amino terminal 
domain of the GluN3 sub-unit; however, the exact nature of 
its binding dynamics and subsequent effects on activity are 
not well established [71]. In fact, compared with GluN1 and 
GluN2 sub-units, very little is known about the GluN3 sub-
unit, albeit growing evidence indicates it has a critical role 
in shaping early post-natal central nervous system (CNS) 
development in the thalamus, hypothalamus, brain stem, hip-
pocampal and parahippocampal areas [72].

Zinc deficiency may also contribute to altered inhibi-
tory (GABA) signalling, as zinc normally exerts inhibitory 
action on GABAergic signalling via the NMDAr [73] and 
the  GABAA receptor [74, 75]. Albeit the exact nature of 
zinc’s effects are complicated by reports of zinc-mediated 
potentiation of GABA release [62, 76], a discrepancy likely 
due in part to the subunit specific regulation of GABAr by 
zinc [77]. The link between zinc deficiency and altered neu-
rotransmission extends beyond its regulatory effects on the 
NMDAr and  GABAA receptor, as the enzymatic catabolism 
of glutamate by glutamate dehydrogenase is normally sup-
pressed by zinc [78, 79]. Thus, zinc deficiency may result 
in greater enzyme-mediated glutamate breakdown (i.e. 
decreased glutamate). This is consistent with the decreased 
levels of glutamate neurometabolites reported in some pro-
ton (1H)-MRS studies of AN [25, 80, 81].

Considering the differing affinity of zinc for the Glu2A/2B 
subunits [82] and previous reports that perisynaptic zinc 
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levels reach levels sufficient to occupy high (GluN2A) but 
not low (GluN2B) affinity NMDAr after bursts of stimula-
tion [57], the degree of activity-mediated inhibition exerted 
by zinc at glutamatergic neurons may depend on the state 
of NMDAr subunit expression. In animal models of AN, 
decreased GluN2A and increased GluN2B subunit expres-
sion on glutamatergic neurons are found [22, 83], suggesting 
decreased zinc-mediated NMDAr inhibition may occur inde-
pendent of gross  changes in zinc levels. However, these per-
isynaptic zinc  measurements were established in vitro [57], 
with others reporting levels greater than 100 micromolar 
[58]. Furthermore, the impact of pathological conditions on 
perisynaptic zinc levels has not been established, therefore 
such conclusions remain speculative until further research 
is conducted. Notably, cultured rodent cortical interneurons 
display an altered subunit ratio, with up to a five-fold higher 
2A-2B subunit expression compared with pyramidal neu-
rons [84, 85]. Compared with the aforementioned studies of 
zinc’s activity in cultured glutamatergic neurons [57, 58], 
the impact of this differential NMDAr subunit expression 
on zinc’s NMDAr-mediated regulation of inhibitory neuron 
activity is not understood and requires investigation.

3.2.2  Caloric Restriction and Hyperactivity

The observation of core features of AN; self-imposed star-
vation, weight loss and hyperactivity, in response to food 
restriction and access to a running wheel has provided a 
valuable preclinical model for investigating the neurobiology 
of AN (see reviews [23, 86]). Preclinical ABA models have 
demonstrated these behaviours are associated with a host 
of physiological changes relevant to glutamatergic function, 
including increased extracellular glutamate in the NAc [22], 
and increased expression of GluN2B NMDAr subunit in the 
hippocampus [68, 87, 88]. Notably, Aoki et al. [88] found 
the extent of GluN2B levels in dendritic spines positively 
correlated with weight loss in the ABA group, but not in a 
group that was subjected to similar food restriction, suggest-
ing excessive activity is a key driver of GluN2B upregula-
tion. Region-specific morphological changes in dendrites of 
glutamatergic pyramidal neurons in the hippocampal cornu 
ammonis 1 have also been reported, with branch degenera-
tion in the rostral-dorsal region and increased branching in 
the ventral region [89]. Furthermore, a recent ABA study 
found a maladaptive reduction in glutamatergic spine den-
sity and a change in AMPAr and NMDAr membrane stabil-
ity in the medial PFC (mPFC), which was associated with 
impaired cognitive control [90]. The changes are not limited 
to excitatory signalling, with changes in GABAergic neuron 
subunit composition noted within the hippocampus [91, 92] 
and amygdala [93]. Morphological changes in the GABAe-
rgic axons have also been noted [94], with increased con-
tact providing a protective effect against ABA vulnerability. 

Therefore, the vulnerability to AN, and the specific type and 
severity of behaviours developed is likely to manifest as a 
function of both excitatory and inhibitory mechanisms.

The changes in AMPAr and NMDAr composition found 
across ABA studies [22, 68, 87, 95] provide strong evidence 
that glutamatergic dysfunction may contribute to the mala-
daptive symptoms observed in AN. The increased relative 
expression of the GluN2B subunit is particularly notable, 
as this subunit is implicated in antidepressant [96] and eat-
ing behaviour [51, 97], antidepressant effects of ketamine 
[98] and ketamine-induced changes in brain connectivity 
[99]. More broadly, the increase in hippocampal and NAc 
GluN2B subunit expression noted in animal models of AN 
may recapitulate a period of heightened neuroplasticity that 
contributes to dysfunctional circuit formation and suscep-
tibility to psychiatric disorders [53, 100]. However, it must 
be noted there is healthy speculation of the degree to which 
the ABA model accurately captures AN, which is founded 
upon some discordance in psychological, behavioural and 
pathophysiological features [101]. Despite these limitations, 
the ABA model is currently the most robust model for AN, 
replicating many of the behaviours and pathophysiology 
observed in humans [86].

3.2.3  Inflammation and Astrocyte Dysfunction

Elevated levels of pro-inflammatory cytokines, interleu-
kin-1B, interleukin-6, and tumor-necrosis factor-alpha, 
have been reported in adolescent and young adult par-
ticipants living with AN [102, 103], and these may indi-
rectly promote glutamatergic dysfunction. Stress and 
inflammation are associated with zinc deficiency [79], 
and decreased zinc within ZENs of the hippocampus pro-
mote increased HPA-axis activity [61], potentially creat-
ing a self-reinforcing cycle. Furthermore, increased pro-
inflammatory cytokines activate the enzyme indoleamine 
2,3-dioxygenase, which metabolises tryptophan into qui-
nolinic acid [104]. Not only does the increased metabo-
lism of tryptophan reduce the pool available for seroto-
nin (5-HT) synthesis, which itself is implicated in AN 
[5, 105], but the increase in quinolinic acid stimulates 
NMDAr activity [79].

Glutamatergic dysfunction may arise as a conse-
quence of astrocyte damage caused by pro-inflammatory 
cytokines, leading to impaired extra-synaptic glutamate 
recycling [106]. Astrocytes regulate extra-synaptic uptake 
and enzymatic conversion of glutamate to glutamine, 
before transport of glutamine back to the pre-synaptic bou-
ton for conversion by glutaminase to glutamate [107]. A 
dehydration-induced AN model found that the glutamate-
glutamine homeostasis was disturbed in the orbitofrontal 
cortex and mPFC (including infralimbic, pre-limbic and 
anterior cingulate cortex) of young female rats, and this 
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was driven by decreased astrocyte density and glutamate 
transporter (i.e. GLT-1) expression [21]. This is consist-
ent with previous research showing increased GLT-1 lev-
els in the pre-synaptic membrane of excitatory neurons 
and astrocytes in the hippocampus dampened the severity 
of food restriction-evoked running behaviour in an ABA 
model [95].

The role of astrocytes extends beyond glutamate recy-
cling, with growing research demonstrating they are criti-
cal mediators of neuronal energy supply [108]. This is not 
to mention the release of gliotransmitters (e.g. D-serine 
and adenosine triphosphate) and neuropeptides (e.g. brain-
derived neurotrophic factor [BDNF]) by astrocytes and their 
influence on neuronal function [109], the complexity of 
which is only beginning to be understood [110]. No longer 
considered simply scaffolding cells of the CNS, AN-related 
disturbances in astrocyte function may participate in the 
pathogenesis and maintenance of glutamatergic dysfunction. 
Whilst astrocyte dysfunction has yet to be conclusively dem-
onstrated in participants with AN, evidence suggests that 
decreased nutrient intake and increased pro-inflammatory 
cytokines in AN [102, 103] may stimulate astrocytes to tran-
sition to a reactive phenotype [111], resulting in disturbed 
glutamate turn-over and potentially excitotoxicity. Recently, 
increased glial fibrillary acidic protein expression, an indica-
tor of astrocyte injury, was reported in a sample of acutely 
underweight participants with AN compared with healthy 
controls [112], lending further support to this potential 
mechanism. However, until such findings are replicated in 
clinical samples of AN and peripheral glial fibrillary acidic 
protein levels are shown to reflect astrocytic activity in the 
CNS, strong inferences regarding the contribution of proin-
flammatory signalling and astrocyte activity to glutamater-
gic dysfunction in AN, especially when based on peripheral 
measures, are cautioned.

3.3  Cognitive Deficits and the Glutamatergic 
System

Anorexia nervosa is characterised by complex psychological, 
cognitive and behavioural difficulties, including compulsive 
and inflexible behaviours, emotion dysregulation, distorted 
perceptions of self particularly around body image, and 
restrictive eating behaviours despite malnourishment [105, 
113–115]. Supported by a growing body of neuroimaging 
findings, it is now understood these maladaptive behaviours 
are associated with altered processing in the anterior cingu-
late cortex (ACC), precuneus, thalamus, insula, striatum, 
NAc and hypothalamus [114–119]. Dysfunctional excita-
tory and inhibitory activity and connectivity within and 
between these regions is thought to contribute to errors in 
food-associated reward prediction [120], errors in processing 
and awareness of motivational, emotional and feeding cues, 

and hormonal signals [3, 5, 113], and a bias towards nega-
tive appraisals of self (particularly body image) [121]. These 
errors in information processing are thought to drive core 
cognitive deficits in executive control, reward processing and 
interoceptive awareness that manifest as cognitive inflex-
ibility [122, 123], detail-focussed processing [124], harm 
avoidance [125] and impaired emotional regulation [126].

Many of these aspects of AN are replicated in preclini-
cal ABA models that describe changes in the glutamatergic 
system. Previous reviews of these studies have highlighted 
changes in the composition of AMPAr, NMDAr and GABAr 
within the hippocampus, amygdala and NAc are associated 
with anxiety-like behaviour, impaired inhibitory control and 
hyperactivity [23, 86]. Although valuable, these models are 
not capable of replicating the complex cognitive, behav-
ioural and psychological aspects of AN. The clinical litera-
ture has provided some insight into the involvement of the 
glutamatergic system in these aspects of AN. Three 1H-MRS 
studies have investigated the association between excitatory 
and inhibitory neurometabolites and AN symptoms [24, 81, 
127]. The earliest of these studies by Ohrmann et al. [81] 
reported decreased levels of the composite neurometabo-
lite measure Glx (glutamate, GABA and glutamine) in the 
rostral ACC of participants with AN were correlated with 
increased levels of depression. Maier et al. [24] reported a 
significant negative correlation between anterior insula lev-
els of Glx and weight and shape concerns in participants 
with AN as measured by the Eating Disorder Examination 
Questionnaire. They concluded decreased Glx in this region 
may contribute to greater negative body image perceptions, 
a conclusion in line with subsequent work highlighting the 
insula’s role in interoceptive awareness [113]. Notably, 
N-acetyl-aspartate (NAA) levels in the insula were also 
negatively associated with shape concerns, suggesting dys-
functional processing in the insula may be due to neuronal 
loss. In a recent study, Westwater et al. [127] found reduced 
glutamate and NAA levels in the right inferior lateral PFC 
were associated with a higher propensity for automatic rou-
tine-like behaviours.

4  Biomarkers of Glutamatergic Dysfunction

4.1  Blood Biomarkers

If the changes in NMDAr composition and neurotransmit-
ter signalling noted from preclinical research similarly con-
tribute to glutamatergic dysfunction in participants AN, the 
identification of neurotrophic factors and cellular pathways 
that regulate these mechanisms may serve as valuable bio-
markers for evaluating AN severity and treatment response 
[4, 128]. The expression of BDNF, a neurotrophin key to 
sustained functional changes in synaptic plasticity [129], 
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may participate in the susceptibility for AN as decreased 
serum BDNF levels compared with healthy controls have 
been reported [128, 130, 131]. Decreased BDNF signalling 
may also occur in the zinc-deficient AN state, as preclinical 
studies indicate zinc independently activates both the tyros-
ine receptor kinase-β receptor and the BDNF membrane 
receptor [132]. Functionally, animal studies have shown 
reduced BDNF signalling can lead to neuronal shrinkage 
and dendritic loss [133], which can result in cognitive defi-
cits [134].

Despite the association with AN, the reliability and valid-
ity of BDNF as a biomarker is questionable. Currently, there 
is no consensus regarding the optimal time to measure keta-
mine-treatment induced increases in BDNF, with preclinical 
studies indicating the window of detection ranged from 2 to 
72 hours post-ketamine [135, 136]. Methodological varia-
tions in intra- and inter-individual blood sampling time may 
also confound results, as BDNF levels display a natural and 
sexually dimorphic diurnal rhythm [137, 138]. Specifically, 
male individuals display greater absolute levels of BDNF 
and greater diurnal variation compared with female indi-
viduals. Furthermore, blood processing conditions such 
as ambient temperature and time spent clotting can influ-
ence BDNF measurements [139]. This is not to mention 
the considerable debate on whether peripheral serum and 
plasma samples reflect CNS levels, with the evidence en 
masse indicating only moderate correlations [140]. New 
methods focused on the analysis of extracellular vesicles 
enriched for a neuronal origin can provide improvements in 
the validity of a peripheral biomarker analysis [141]; how-
ever, standard enzyme-linked immunosorbent assay methods 
remain widely used, despite known variations in commercial 
kits [142]. Accordingly, more central regulators of synap-
tic plasticity mechanisms may serve as robust biomarker 
alternatives.

Two such central regulators of relevance to AN are the 
mammalian target of rapamycin (mTOR) and the silent mat-
ing type information regulation 2 mammalian homologue 
(Sirtuin 1 [SIRT1]), as they are associated with caloric 
restriction [83, 143, 144], and are known to mediate neu-
rotrophic expression [145, 146]. SIRT1 is a nicotinamide 
adenine dinucleotide  (NAD+) dependent deacetylase that 
suppresses mTOR activity [147]. Together, mTOR and 
SIRT1 are responsible for integrating nutrient and cel-
lular stress signals and mediating adaptive metabolic and 
endocrine responses [83, 144]. In the starved state, limited 
nutrient availability and growth factors, such as insulin and 
insulin-like growth factor-1 [148], promote increased SIRT1 
activation [143, 149]. Moreover, prolonged fasting increases 
the biosynthesis of  NAD+ [150], fuelling further SIRT1 acti-
vation. Animal studies have shown SIRT1 activation pro-
duces AN-like behaviours and caloric restriction leads to 
increased foraging and hyperactivity in rodents, which is 

blocked by SIRT1 knock-out [151, 152]. SIRT1 activity may 
be a particularly important mediator of AN pathogenesis, as 
upregulation of SIRT1 leads to decreased 5-HT levels and 
increased anxiety-like behaviours in rodents [153]. Further-
more, the NMDAr subunit GluN2A is suppressed by SIRT1 
[83], resulting in a decreased GluN2A/GluN2B ratio. Whilst 
many questions remain to be addressed, the preclinical find-
ings showing SIRT1 activation alone can produce AN-like 
behaviours [151, 152] and accelerate the progression of 
ABA models [83] suggest treatments that impinge on this 
central regulator (i.e. zinc) may target a core regulator of 
AN pathophysiology.

4.2  MRS

Aberrant excitatory and inhibitory neurotransmission has 
been reported in preclinical models of depression and AN; 
however, this has predominantly come from animal stud-
ies capable of measuring changes at the cellular scale [86, 
154, 155]. Although the sensitivity of MRS measurements 
(2–4  cm3 voxels) pale in comparison to that achievable with 
imaging methodologies in preclinical research (nanometers), 
MRS offers a non-invasive way to measure neurometabolites 
in defined two-dimensional or three-dimensional cortical 
volumes, allowing for the identification of disease-specific 
biomarkers [156], which have previously been shown to 
correlate with the clinical response of ketamine [157]. The 
existing MRS literature (including 1H and phosphorous-31 
(31P) in AN is summarised (Table 1) and critically evalu-
ated here.

Within the literature, most studies investigated markers 
of neuronal integrity (e.g. NAA) [158–161]. Regarding the 
studies that measured brain neurometabolites involved in 
excitatory and inhibitory neurotransmission, five investi-
gated glutamate independent of Glx [25, 127, 162–164], six 
quantified the composite Glx [24, 80, 81, 163, 165, 166] 
and only one study measured GABA [25]. Compared with 
healthy controls, significantly decreased levels of glutamate 
in participants with AN were only reported in one study 
[25]. Conversely, glutamine levels were not significantly 
changed. Considering that pre-synaptic glutamate replen-
ishment is driven by astrocytic conversion of glutamine to 
glutamate [107], the findings of Godlewska et al. [25] sug-
gest dysfunctional neurotransmission in AN may be medi-
ated in part by impaired astrocyte function. Whilst this is 
contradicted by the lack of glutamate change recorded in 
three studies [162–164], these studies were conducted using 
a 1.5–3 Tesla scanner. Quantification of glutamate at such 
field strengths is confounded by a glutamine and glutathione 
chemical overlap (reviewed in [167]).

Six studies associated changes in brain neurometabo-
lites with measures of AN symptoms; four with body mass 
index (BMI) [80, 161, 164, 168], and two with other eating 
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disorder symptoms [24, 81]. Within the frontal lobe, Cas-
tro-Fornieles et al. [80] found improvements in BMI were 
associated with significant increases in NAA levels, a meas-
ure of neuronal integrity. Notably, they also found improve-
ments in BMI were associated with increased insulin-like 
growth factor-1 and decreased cortisol, suggesting these 
may serve as treatment biomarkers. In a subsequent study, 
Castro-Fornieles et al. [165] found total cholineand creatine 
were increased in AN, and normalised following serotonin-
selective re-uptake inhibitor treatment. Roser et al. [164] 
and Rzanny et al. [161] similarly found markers of neuronal 
density and membrane integrity in what they termed the 
‘frontal white matter’, namely the ratios of NAA/Cho and 
phosphodiester/phosphate, were associated with BMI, such 
that decreases in these ratios was associated with lower BMI 
in participants with AN compared with healthy controls.

Reflecting the high prevalence of AN in female indi-
viduals, the imaging literature on brain neurotransmitters 
has almost exclusively been conducted in female samples, 
with only two studies including male individuals diagnosed 
with AN [80, 164], albeit at small numbers (one and two, 
respectively). The age of participants is similarly skewed, 
with samples primarily consisting of adolescents and young 
adults (mean = 20.5 years), although two studies included 
older adults (41 and 30) [25, 161]. Furthermore, variation 
in magnetic field strength (1.5-Tesla) and a predominance of 
studies using 1.5 and 3 Tesla scanners further complicates 
the findings, as the capacity to accurately discern the spec-
troscopic signature of chemically similar glutamate, GABA 
and glutamine from the composite Glx is limited at these 
field strengths without editing sequences [169]. It should be 
noted that the only study that found reduced glutamate in 
AN was conducted at 7 Tesla [25]. At present, the heteroge-
neity in MRS methodology and findings belies the forma-
tion of confident inferences about the degree and locality 
of dysfunctional neurotransmission in AN, specifically that 
of glutamate, glutamine and GABA. Future MRS research 
that (1) is conducted at high (3–7 Tesla) field strengths, (2) 
uses advanced MRS pulse sequence design and editing tech-
niques to reliably quantify glutamate, GABA, glutathione 
and glutamine [170] and (3) meets the recently developed 
minimum MRS design and reporting standards [171] is 
needed in AN.

5  Zinc and Ketamine

Despite the mixed MRS evidence investigating excitatory 
and inhibitory neurometabolite profiles, participants living 
with AN have responded positively to zinc and low-dose 
ketamine treatment independently [35, 172, 173]. Consid-
ering, zinc and low-dose ketamine modulate excitatory and 

inhibitory signalling through binding to two different sites 
on the NMDAr (see Fig. 1), an exploration of their inde-
pendent mechanisms of action and treatment applications 
is warranted to develop the rationale for their combination.

5.1  Zinc Mechanism

The proposed mechanisms of zinc therapeutic effects have 
predominantly been inferred from preclinical studies of 
induced zinc deficiency, which have observed increases 
in NMDAr expression [67] and hippocampal extracellular 
glutamate [174], decreased neurogenesis [175] and altered 
monoaminergic signalling [33]. Furthermore, as reviewed 
in Sect. 3.3, zinc supplementation may normalise gluta-
matergic function by re-establishing homeostatic glutamate 
metabolism, regulation of both the NMDAr and GABAr, and 
decreasing pro-inflammatory cytokine signalling. Notably, 
there is some preclinical evidence to indicate zinc’s interac-
tion with the NMDAr is critical to its action, as antagonism 
of the receptor occluded zinc’s antidepressant effects [176].

Preclinical research has also shown zinc’s antidepressant 
effects are associated with changes in AMPAr sub-unit and 
synaptic protein expression in the PFC [177], serotoner-
gic receptor expression in the hippocampus and increased 
activation of the mTOR [33], BDNF and cAMP-response 
element binding intracellular signalling pathways [34]. In 
part, zinc’s up-regulation of BDNF and cAMP-response ele-
ment binding expression occurs via its interaction with the 
G-protein-coupled receptor (GPR-39), as decreased GPR-
39 signalling, either dietary induced and genetic knockout, 
reduced cAMP-response element binding and BDNF expres-
sion in the frontal cortex [67] and hippocampus [178, 179]. 
Similar to ketamine, mTOR phosphorylation is critical to 
zinc’s antidepressant effects, as rapamycin occluded the 
effects of a single dose of zinc in rodents [177]. Thus, zinc 
treatment may assist in re-establishing functional neural cir-
cuit dynamics by promoting synaptogenesis and regulating 
excitatory and inhibitory signalling.

5.2  Zinc Treatment

Zinc’s therapeutic treatment outcomes have primarily been 
observed in preclinical and clinical studies on depression, 
which have previously been reviewed in great detail [33, 
34]. Compared with male rats fed with zinc supplemented 
diets, male rats fed with a zinc-deficient diet show increased 
depression-like (anhedonia and anxiety) and anorexia-like 
(severe weight-loss) behaviour [180], and separate studies 
have shown zinc supplementation is capable of ameliorating 
these depressive symptoms [176, 177, 181]. Clinically, zinc 
supplementation has led to clinical improvements in depres-
sive symptoms both as a monotherapy [182–184] and as an 
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adjunct to typical antidepressants [185], even in treatment-
resistant cases [186, 187]. One double-blind placebo-con-
trolled RCT assessed the effect of 220 mg of zinc sulphate 
as an adjunct to 6 mg of risperidone (an antipsychotic) in 
schizophrenia [188]. The study reported significant improve-
ments in both positive and negative symptomology and a 
reduction in aggressive behaviour, compared with the ris-
peridone active control. In AN, several RCTs have demon-
strated that zinc supplementation results in rapid weight gain 
in children [31] and adults [173], and decreased depression/
anxiety in adolescents living with AN [30].

Hermens et al. [20] recently outlined the zinc deficiency-
induced model of glutamatergic dysfunction in AN, pro-
posing that zinc supplementation would play a key role in 
ameliorating this pathophysiology. However, they suggest 
stronger NMDAr antagonism, beyond the allosteric modula-
tion of zinc, may be required to produce long-term therapeu-
tic outcomes in the chronic AN state. Low doses of ketamine 
presents as a promising candidate to fulfil the therapeutic 
role as an NMDAr antagonist combined with zinc supple-
mentation, especially considering its utility in alleviating 
glutamatergic dysfunction implicated in other psychiatric 
conditions [35, 154], as suggested by Petrilli et al. [34].

5.3  Ketamine Mechanism

The mechanisms of action of ketamine are primarily dis-
cussed with respect to its role as a non-competitive NMDAr 
antagonist; however, the reader is referred to previous 
reviews describing its impact on opioid, serotonergic and 
dopaminergic systems [189, 190]. Owing to the fast-firing 
properties of parvalbumin and calbindin/calretinin-binding 
GABAergic interneurons in the mPFC [191, 192], low-dose 
ketamine is thought to preferentially block the NMDAr of 
these neurons. In rodents, this results in increased gluta-
matergic neurotransmission in the PFC, due to disinhibition 
of glutamatergic pyramidal neurons [154, 193], as evidenced 
by increased gamma-band firing [194] and increased extra-
cellular glutamate and glutamate cycling in this region [195, 
196].

At glutamatergic synapses, preclinical studies show 
ketamine-mediated NMDAr inhibition decreases miniature 
excitatory post-synaptic potentials, and inactivates eukary-
otic elongation factor-2, a protein that normally suppress 
post-synaptic protein synthesis [197]. This leads to increased 
AMPAr and BDNF expression [135, 146]. Extra-synaptic 
NMDAr are similarly inhibited by low-dose ketamine, and 
this too stimulates an increase in the expression of BDNF 
and vascular endothelial growth factor [145, 146], proteins 
involved in synaptogenesis via an mTOR-dependent path-
way [146]. Importantly, it is the combination of these effects 
that underpins the antidepressant effects of ketamine [155]. 
For instance, selective knockdown of GluN2B subunits in 

NMDAr expressed by GABA interneurons, including soma-
tostatin and parvalbumin sub-types [193], occludes the 
antidepressant action of ketamine. This was also observed 
when synaptic protein synthesis or activity was blocked, via 
mTOR inhibition [146], AMPAr antagonism [135, 136] or 
in animals lacking a functional BDNF gene [198].

The mechanism of action of ketamine also involves 
interactions with the monoaminergic systems. Extracellular 
serotonin levels are increased following a sub-anaesthetic 
ketamine dose [199], and pharmacological blockade of 5-HT 
signalling prevent the antidepressant effects of ketamine 
[200]. Notably, the effect of ketamine on the 5-HT systems 
is stereoisomer and metabolite specific [201]. In the dopa-
minergic system, ketamine stimulates increased activity in 
the ventral tegmental area, leading to an increase in mPFC 
dopaminergic signalling [196, 202]. The subsequent increase 
in dopamine-1 (D1) receptor activation in the mPFC upregu-
lates NMDAr and AMPAr expression [40, 203, 204], which, 
via an increase in neuron excitability, promotes synapse for-
mation and potentiation in the mPFC. Pothula et al. [205] 
had demonstrated the importance of this mechanism of 
action of ketamine, as selective knockdown of the D1 recep-
tor in the mPFC completely occludes the antidepressant 
behavioural effects. This is consistent with the role of the 
D1 receptor activation, which stimulates increased AMPAr 
and NMDAr expression and neuron excitability [204].

The effects of ketamine on the dopaminergic system may 
also be stimulated by changes in AMPAr composition and 
neuronal firing patterns in brain regions involved in reward 
learning. Skiteva et al. [206] found one injection of low-
dose ketamine led to a removal of GluA2-lacking (calcium 
permeable) AMPAr from dopaminergic neurons in the ven-
tral tegmental area (VTA). Conversely, GluA2-lacking (cal-
cium permeable) AMPArs were inserted at glutamatergic 
synapses in the NAc. Such ketamine-induced alterations in 
AMPA calcium conductance of neurons within the meso-
limbic circuit may be of particular relevance to normalis-
ing dysfunctional reward-processing in AN, as one study 
reported changes in neural firing patterns (tonic vs phasic) 
in this circuit influenced drug-seeking behaviour [207, 208]. 
The dynamic interplay between these NMDAr-dependent 
and NMDAr-independent mechanisms engages the physi-
ological parameters required for synaptic plasticity, which is 
thoroughly covered in previous reviews [154, 155].

Considerable neuroimaging research in humans has also 
been conducted in an attempt to explain the rapid and pro-
found shifts in cognition, perception and psychological expe-
rience associated with low-dose ketamine. In structural mag-
netic resonance imaging and functional magnetic resonance 
imaging studies, the anti-depressant effects of low-dose keta-
mine treatment have been associated with NMDAr-medi-
ated synaptic remodelling in ventral striato-limbic regions, 
including decreased [209] and increased NAc volume [210], 
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and increased PFC, hippocampus, putamen, caudate, amyg-
dala and thalamus connectivity/volume [145, 209–212]. At 
a systems level, the effects of ketamine are observed as less 
integrated and more segregated brain networks, and there is 
evidence this ketamine-induced network reconfiguration is 
conserved across rodents and humans [213]. Considering the 
overlap in afflicted brain regions shared across the conditions 
[64, 105, 125, 214–216], it may be reasoned that low-dose 
ketamine may promote similar therapeutic responses in AN.

The effect of low doses of ketamine on brain neurome-
tabolites in clinical studies has also provided some insight 
into its acute and delayed effects on glutamatergic func-
tion. Increases in GABA [157] and Glx [217] levels within 
the mPFC were found following low-dose (0.1–0.5 mg/kg) 
intravenous ketamine in clinical samples, which predicted 
greater clinical response in obsessive compulsive disorder 
and depression, respectively. In a double-blind RCT of intra-
venous ketamine (0.5 mg/kg) in healthy individuals, Li et al. 
[218] reported a delayed effect, with a significant increase 
in glutamine-to-glutamine ratio in the pregenual ACC at 
24 hours post-ketamine treatment compared with saline-
injected controls. The implication of the role of pregenual 
ACC in ketamine’s treatment response was replicated in a 
sample (n = 17) with MDD [219], with an increased gluta-
mate level at 24 hours following a single dose of ketamine 
predictive of both greater clinical outcomes and heightened 
activity in this region. However, several studies have also 
reported no changes in brain neurometabolite levels follow-
ing ketamine treatment [220–222]. In part, these disparate 
findings may be explained by the exploration of effects of 
ketamine in healthy samples and neuropsychiatric condi-
tions, in addition to the significant variability in the brain 
region of interest and timing of the MRS scan (during 
administration up to 24 hours post).

5.4  Ketamine Treatment

In the preclinical literature, the rationale for low-dose keta-
mine treatment in AN has primarily been developed from 
models of depression [154], with growing preclinical evi-
dence showing low-dose ketamine opposes the pathophysiol-
ogy and maladaptive behaviours found in ABA and inflam-
mation-induced anorexia models [223]. Notably, one study 
found a single dose of ketamine (30 mg/kg) conferred resil-
ience to ABA-induced hyperactivity, anxiety and decreased 
food intake in adolescent female mice [224]. Clinically, the 
basis for exploring low-dose ketamine in AN has been heav-
ily influenced by the therapeutic effects in neuropsychiatric 
conditions that commonly co-present with AN, including 
MDD [225], suicidality [28, 226] and obsessive-compulsive 
disorder [27]. For instance, several RCTs have reported rapid 
antidepressant effects of intravenous ketamine in popula-
tions that had not responded to conventional treatments [27, 

227–229]. A recent treatment-resistant depression case-con-
trol study found intravenous ketamine (0.5 mg/kg) infused 
over 40 minutes led to improvements in optimism bias 
(tendency to update beliefs more after good than bad news) 
as early as 4 hours after infusion and these improvements 
mediated reductions in depressive symptoms 1-week post-
treatment [230]. However, this finding requires validation 
and replication, as the study sample included individuals 
undergoing concurrent anti-depressant treatment.

To date, no RCTs have investigated the use of low-dose 
ketamine in participants living with AN; however, prelimi-
nary reports indicate it can be a safe and clinically promising 
treatment option. The earliest known study, which included 
a small (n = 15) treatment-resistant sample of participants 
with AN, reported that nine participants responded posi-
tively following two to nine ketamine infusions (5–21 days), 
with prolonged remission and over half maintaining healthier 
eating for 2 years after hospital discharge [231]. The specific 
dose of ketamine was not clearly specified, with infusion 
delivered at “20mg per hour for 10 hours”. Three subsequent 
case reports [232–234], and three case series [229, 235, 236] 
reported similar findings, with improvements in depression, 
suicidality, as well as obsessive and compulsive restrictive 
eating behaviours and thoughts. Notably, two of these stud-
ies reported remission from chronic AN when a ketogenic 
diet was combined with low-dose ketamine treatment [233, 
236]. The vast majority of these studies demonstrated single 
and repeated sub-anaesthetic doses (0.4–1.2 mg/kg) were 
safe and did not produce any serious side effects. However, 
one case report noted an episode of apnoea in a 13-year-old 
individual with severe AN following ketamine (1.3 mg/kg) 
administration [237]. Despite the promising results reported, 
the generalisation of these findings is limited by small sam-
ple sizes, the primarily adult samples, variability in dose 
frequency, and the use of intramuscular or intravenous injec-
tions in all studies.

Setting aside methodological shortcomings of the emerg-
ing body of evidence, the profound responses to low doses 
of ketamine may provide hope to those suffering most 
severely from AN. In a case series of ketamine-assisted 
psychotherapy, participants reported “my eating disorder 
(ED) symptoms were greatly improved during the short 
treatment …. it was helpful to catch the vision of what life 
could be like without them”, and “the effect of easing my 
rigidity toward ED rules was extremely helpful at making 
me face challenges that were normally too anxiety provoking 
to face alone ([235], pg. 6). These responses, whilst subjec-
tive, suggest low-dose ketamine is capable of altering brain 
function in such a way that allows the obsessive behaviours 
and mental inflexibility characteristic of AN to subside, per-
mitting awareness of one’s own behaviour, internal dialogue 
and physiological state.
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Whilst low-dose ketamine administration appears neces-
sary to access this therapeutic window of neuroplasticity 
and the associated behavioural change, it is not sustained, as 
treatment response typically fails to persist past 7 days [154]. 
Multiple ketamine doses have proved effective in prolonging 
the therapeutic effects, with two case reports of ketamine 
delivered at 0.5 mg/kg over three and six sessions showing 
antidepressant effects at 1 and 2 months. However, treatment 
response is not seen in all individuals and relapse typically 
occurs within 2 weeks from treatment cessation [238]. This 
is not to mention the increased risk of adverse physiological 
(e.g. hepatotoxicity, memory difficulties and urinary tract 
dysfunction) and addictive consequences associated with 
repeated ketamine use [35], albeit low-dose ketamine is 
less addictive than other currently prescribed psychotropics 
[239]. Accordingly, alternative means by which the synaptic 
plasticity-induced therapeutic effects of low-dose ketamine 
can be maintained, without increasing patient risks and min-
imising barriers to acceptability are required.

6  Zinc as a Treatment Adjunct

The concept of zinc supplementation as an efficacious and 
safe adjunct to pharmacological treatments has been dem-
onstrated previously in the treatment of mood disorders 
[183–187] and schizophrenia [188]. Whilst this research 
indicates that zinc supplementation may be an effective 
adjuvant treatment for psychiatric conditions, Petrilli et al. 
[34] speculate that the combination of zinc with an NMDAr 
antagonist that targets D1 receptor activity may prove more 
effective in reducing glutamatergic dysfunction compared 
with typical psychotics, which work by binding to dopa-
mine-2 receptors, particularly within the nigro-striatal 
pathways [240]. They justify this by citing the more robust 
response found following clozapine, an antipsychotic with 
a higher affinity for D1 compared to dopamine-2 receptors, 
inferring the heightened response may be due to a stronger 
effect on NMDAr-mediated hyperactivity in the PFC [240]. 
Considering this in the context of the recent suggestions by 
Hermens et al. [20], the combination of ketamine with zinc 
supplementation warrants consideration.

7  Two Sites of the Same Receptor

In light of the individual neurobiological mechanisms 
and shared target (the NMDAr), the novel combination 
of low-dose ketamine with zinc may provide a synergis-
tic action capable of extending the therapeutic effects on 

psychological, behavioural and cognitive symptoms of AN. 
Mechanistically, this synergistic action may come into effect 
by low-dose ketamine engaging the molecular and cellu-
lar processes necessary for synaptic remodelling; NMDAr 
non-competitive inhibition, increased BDNF and AMPAr 
expression, and increased glutamatergic firing, which con-
current zinc supplementation maintaining this through regu-
lating NMDAr and GABAergic function, BDNF signalling 
and SIRT1 activity (see Fig. 2). Considering zinc allosteri-
cally modulates the NMDAr, and that zinc levels may be 
depleted in AN [29–31, 79], the possibility that low-dose 
ketamine and zinc synergistically induce and sustain thera-
peutic neuroplasticity in AN is compelling, and has a sound 
neurobiological basis. Furthermore, considering the impli-
cation of glutamatergic dysfunction in both depression and 
AN, and the similarity in brain regions associated with this 
pathology, the mechanisms by which ketamine ameliorates 
of depression-like symptoms may be ‘transferred’ into the 
amelioration of anorexia-like behaviours and symptoms. 
Whether this is the case, and what the specific nature of this 
relationship is remain to be elucidated however.

Previous trials investigating the individual use of 
repeated doses of low-dose ketamine or zinc have demon-
strated considerable variability in the duration of response, 
lasting from days to months post-treatment cessation [26, 
154, 238]. The waning treatment effects of low-dose keta-
mine and zinc supplementation suggest the changes in syn-
aptic plasticity (increased neurotransmitter release, AMPAr 
and NMDAr expression and density, and number of syn-
aptic contacts) are: (a) not translated into the changes in 
gene expression needed for long-term consolidation; (b) 
reversed by the pathological state or (c) a combination of 
both. The novel combination of low-dose ketamine and zinc 
may address this.

Theoretically, through modulating glutamatergic and 
GABAergic neurotransmission, regulators of synaptic plas-
ticity (i.e. BDNF and mTOR), and proinflammatory signal-
ling (depicted in Fig. 2), combined low-dose ketamine and 
zinc may be able to uncouple dysfunctional neural circuits, 
and normalise those required for addressing impairments in 
executive control, reward processing and interoceptive aware-
ness [122–126]. For those living with AN, the possibility of 
improving their cognitive function may provide a more mean-
ingful reason for exploring novel treatments such as that pro-
posed here, in contrast to the typical focus placed on weight 
gain and the associated aberrant cognition [35]. Furthermore, 
normalisation of glutamatergic function within the brain 
regions associated with altered cognitive control, emotional 
and reward processing may promote adaptive, and sustaina-
ble behavioural changes that translate to long-term functional 
remission.



172 J. S. Mitchell et al.

Fi
g.

 2
  
a 

A
cu

te
 a

no
re

xi
a 

ne
rv

os
a 

(A
N

): 
a 

hy
pe

rg
lu

ta
m

at
er

gi
c 

st
at

e 
is

 p
ro

m
ot

ed
 d

ue
 t

o 
de

cr
ea

se
d 

zi
nc

-m
ed

ia
te

d 
N

-m
et

hy
l-d

-a
sp

ar
ta

te
 r

ec
ep

to
r 

(N
M

D
A

r)
 i

nh
ib

iti
on

 a
nd

 p
ro

-in
fla

m
m

at
or

y 
cy

to
ki

ne
s 

in
du

ce
d 

in
hi

bi
tio

n 
of

 a
str

oc
yt

e-
m

ed
ia

te
d 

gl
ut

am
at

e 
up

ta
ke

 a
nd

 re
cy

cl
in

g,
 re

su
lti

ng
 in

 d
ec

re
as

ed
 s

yn
ap

tic
 c

le
ft 

cl
ea

ra
nc

e.
 S

er
ot

on
in

 (5
-H

T)
 a

nd
 d

op
am

in
e 

(D
A

) s
ig

na
lli

ng
 a

re
 a

lte
re

d 
in

 A
N

, a
nd

 th
is

 m
ay

 in
flu

en
ce

 p
re

-s
yn

ap
tic

 n
eu

ro
tra

ns
m

itt
er

 g
lu

ta
m

at
e 

re
le

as
e.

 T
he

 re
su

lti
ng

 h
yp

er
gl

ut
am

at
er

gi
c 

st
at

e 
in

cr
ea

se
s c

al
ci

um
 c

on
du

ct
an

ce
 in

to
 th

e 
po

st-
sy

na
pt

ic
 n

eu
ro

n,
 c

on
tri

bu
tin

g 
to

 c
al

ci
um

-in
du

ce
d 

ex
ci

to
to

xi
ci

ty
. D

ec
re

as
ed

 n
ut

rie
nt

 s
ig

na
ls

 (i
ns

ul
in

/in
su

lin
-li

ke
 g

ro
w

th
 fa

ct
or

-1
) a

nd
 z

in
c 

de
fic

ie
nc

y 
m

ay
 p

ro
m

ot
e 

in
cr

ea
se

d 
si

le
nt

 m
at

in
g 

ty
pe

 in
fo

rm
at

io
n 

re
gu

la
tio

n 
2 

m
am

-
m

al
ia

n 
ho

m
ol

og
ue

 (
SI

RT
1)

 a
ct

iv
ity

, s
up

pr
es

si
ng

 m
am

m
al

ia
n 

ta
rg

et
 o

f 
ra

pa
m

yc
in

 (
m

TO
R

)-
m

ed
ia

te
d 

pr
ot

ei
n 

sy
nt

he
si

s, 
an

d 
pr

om
ot

in
g 

dy
sf

un
ct

io
na

l N
M

D
A

r-m
ed

ia
te

d 
sy

na
pt

ic
 p

la
sti

ci
ty

 v
ia

 
do

w
nr

eg
ul

at
io

n 
of

 G
lu

N
2A

 e
xp

re
ss

io
n.

 b
 C

hr
on

ic
 A

N
: d

ec
re

as
ed

 z
in

c-
m

ed
ia

te
d 

in
hi

bi
tio

n 
of

 G
A

BA
er

gi
c 

ne
ur

on
s (

vi
a 

N
M

D
A

 a
nd

  G
A

BA
A

 re
ce

pt
or

s)
 in

hi
bi

ts
 g

lu
ta

m
at

e 
re

le
as

e,
 a

nd
 d

ow
nr

eg
u-

la
te

s B
D

N
F 

an
d 

C
R

EB
 e

xp
re

ss
io

n 
(v

ia
 th

e 
G

PR
39

 re
ce

pt
or

). 
In

cr
ea

se
d 

SI
RT

1 
ex

pr
es

si
on

 le
ad

s t
o 

a 
hi

gh
er

 N
M

D
A

r G
lu

N
2B

 su
bu

ni
t r

at
io

, w
hi

ch
 c

ou
pl

ed
 w

ith
 d

ec
re

as
ed

 z
in

c-
m

ed
ia

te
d 

N
M

D
A

r 
in

hi
bi

tio
n,

 d
ec

re
as

ed
 g

lu
ta

m
at

e 
cl

ea
ra

nc
e,

 a
nd

 in
cr

ea
se

d 
ex

pr
es

si
on

 o
f c

al
ci

um
 p

er
m

ea
bl

e 
(C

P)
 A

M
PA

r, 
pr

om
ot

es
 d

ys
fu

nc
tio

na
l a

ct
iv

ity
 a

nd
 c

on
ne

ct
iv

ity
 in

 b
ra

in
 re

gi
on

s 
im

pl
ic

at
ed

 in
 A

N
. (
c)

 
K

et
am

in
e 

an
d 

zi
nc

: k
et

am
in

e 
bi

nd
s 

to
 N

M
D

A
rs

 o
n 

G
A

BA
er

gi
c 

in
te

rn
eu

ro
ns

 in
 th

e 
pr

ef
ro

nt
al

 c
or

te
x,

 d
is

in
hi

bi
tin

g 
py

ra
m

id
al

 g
lu

ta
m

at
er

gi
c 

ne
ur

on
s 

an
d 

co
ns

eq
ue

nt
ly

 in
cr

ea
si

ng
 e

xt
ra

ce
llu

la
r 

gl
ut

am
at

e.
 In

cr
ea

se
d 

zi
nc

 s
im

ila
rly

 in
hi

bi
ts

 G
A

BA
er

gi
c 

in
te

rn
eu

ro
ns

. A
t t

he
 p

os
t-s

yn
ap

tic
 n

eu
ro

n,
 k

et
am

in
e 

an
d 

zi
nc

 in
hi

bi
t N

M
D

A
r a

ct
iv

ity
, l

ea
di

ng
 to

 d
ec

re
as

ed
 N

M
D

A
r-m

ed
ia

te
d 

ca
lc

iu
m

 
in

flu
x 

an
d 

re
du

ce
d 

N
M

D
A

r 
ex

pr
es

si
on

. S
yn

ap
tic

 a
nd

 e
xt

ra
-s

yn
ap

tic
 N

M
D

A
r 

ke
ta

m
in

e 
in

hi
bi

tio
n 

pr
om

ot
es

 p
ro

te
in

 (
A

M
PA

) 
sy

nt
he

si
s 

an
d 

m
em

br
an

e 
in

se
rti

on
. T

he
 c

om
bi

ne
d 

A
M

PA
r 

in
se

r-
tio

n 
an

d 
in

cr
ea

se
d 

ex
ci

ta
to

ry
 P

FC
 fi

rin
g 

dr
iv

es
 s

yn
ap

tic
 re

m
od

el
lin

g.
 Z

in
c 

an
d 

ke
ta

m
in

e 
in

cr
ea

se
 5

-H
T 

an
d 

D
A

 s
ig

na
lli

ng
; h

ow
ev

er
, t

he
 s

pe
ci

fic
 e

ffe
ct

s 
on

 p
re

-s
yn

ap
tic

 fi
rin

g 
ar

e 
no

t k
no

w
n.

 
In

cr
ea

se
d 

zi
nc

 le
ve

ls
 m

ay
 d

ow
nr

eg
ul

at
e 

SI
RT

1 
an

d 
pr

o-
in

fla
m

m
at

or
y 

cy
to

ki
ne

 a
ct

iv
ity

, p
ro

m
ot

in
g 

in
cr

ea
se

d 
sy

na
pt

ic
 p

ro
te

in
 sy

nt
he

si
s a

nd
 a

str
oc

yt
e-

m
ed

ia
te

d 
gl

ut
am

at
e 

cl
ea

ra
nc

e,
 re

sp
ec

tiv
el

y.
 

Th
e 

re
su

lti
ng

 c
ha

ng
es

 in
 p

re
-s

yn
ap

tic
 fi

rin
g,

 p
os

t-s
yn

ap
tic

 N
M

D
A

r a
nd

 A
M

PR
 e

xp
re

ss
io

n 
an

d 
co

m
po

si
tio

n,
 a

nd
 s

yn
ap

tic
 g

lu
ta

m
at

e 
cl

ea
ra

nc
e 

m
ay

 s
tim

ul
at

e 
re

gi
on

-s
pe

ci
fic

 s
yn

ap
tic

 re
m

od
el

-
lin

g.
 (d

) T
he

 h
ea

lth
y 

st
at

e:
 k

et
am

in
e 

an
d 

zi
nc

-in
du

ce
d 

ch
an

ge
s 

in
 p

re
-s

yn
ap

tic
 n

eu
ro

tra
ns

m
itt

er
 re

le
as

e,
 p

os
t-s

yn
ap

tic
 re

ce
pt

or
 e

xp
re

ss
io

n 
an

d 
gl

ut
am

at
e 

cl
ea

ra
nc

e 
m

ay
 b

e 
su

st
ai

ne
d 

by
 z

in
c’

s 
re

gu
la

to
ry

 a
ct

io
n.

 S
us

ta
in

ed
 z

in
c-

m
ed

ia
te

d 
N

M
D

A
r 

in
hi

bi
tio

n 
an

d 
re

du
ct

io
n 

in
 p

ro
-in

fla
m

m
at

or
y 

si
gn

al
lin

g 
pr

ev
en

ts
 r

el
ap

se
 o

f 
th

e 
hy

pe
rg

lu
ta

m
at

er
gi

c 
st

at
e,

 a
nd

 n
or

m
al

is
es

 G
A

BA
er

gi
c 

an
d 

5-
H

T 
ac

tiv
ity

. A
M

PA
r 

al
ph

a-
am

in
o-

3-
hy

dr
ox

y-
5-

m
et

hy
l-4

-is
ox

az
ol

ep
ro

pi
on

ic
 a

ci
d 

re
ce

pt
or

, B
D

N
F 

br
ai

n-
de

riv
ed

 n
eu

ro
tro

ph
ic

 f
ac

to
r, 

C
RE

B 
cA

M
P-

re
sp

on
se

 e
le

m
en

t b
in

di
ng

 p
ro

te
in

, E
AA

T  
ex

ci
ta

to
ry

 a
m

in
o 

ac
id

 tr
an

sp
or

te
r, 

G
PR

-3
9 

G
 p

ro
te

in
-c

ou
pl

ed
 re

ce
pt

or
 3

9,
 G

AB
A 

ga
m

m
a-

am
in

ob
ut

yr
ic

 a
ci

d,
 G

AB
Ar

 G
A

BA
 re

ce
pt

or
, I

L 
in

te
rle

uk
in

, T
N

F-
α 

tu
m

or
 n

ec
ro

si
s f

ac
to

r-a
lp

ha
. C

re
at

ed
 

on
 B

io
Re

nd
er

.c
om

 w
ith

 P
ub

lic
at

io
n 

an
d 

Li
ce

ns
in

g 
R

ig
ht

s o
bt

ai
ne

d



173Dual NMDA Receptor Modulation in Anorexia Nervosa

8  Conclusions

Effective and sustainable frontline treatment options for 
people living with AN are lacking, suggesting treatments 
are failing to address the precipitating and maintaining 
neurobiological mechanisms. Considering low-dose keta-
mine and zinc both target the NMDAr, a receptor inti-
mately involved in neurotransmitter signalling dynamics, 
an exploratory investigation of their combination with 
blood and neuroimaging biomarker measures may pro-
vide useful insight into the safety and tolerability of the 
novel treatment, and neurobiological correlates of clinical 
response. It is important to re-iterate the proposed ration-
ale for combining zinc with low doses of ketamine is not 
exclusive to AN, as their convergence at the NMDAr may 
provide synergistic therapeutic action in other neuropsy-
chiatric conditions (e.g. MDD) associated with gluta-
matergic dysfunction. In contrast to other neuropsychiat-
ric conditions, AN provides a robust model for exploring 
the potential therapeutic role that dual modulation of the 
NMDAr may have, as zinc deficiency has previously been 
reported in AN.

As a novel treatment option, the safety, tolerability and 
feasibility must be rigorously tested. Currently, there are no 
data on the combined use of low-dose oral ketamine and 
zinc either in AN or other neuropsychological conditions, 
nor on the neurobiological factors that moderate treatment 
response. Additionally, much of the current understanding 
of the neurobiological mechanisms of low-dose ketamine 
and zinc and therapeutic outcomes has come from preclini-
cal models focused on the antidepressant effects. Further 
to this point, the majority of preclinical research has been 
conducted with normal-weight animals, and hence, lacks 
generalisability to the malnourished state. Whilst there is 
a growing body of neuroimaging research exploring these 
mechanisms in vivo, future preclinical and clinical research 
examining the mechanisms and therapeutic effects of keta-
mine and zinc in the context of the complex physiological, 
behavioural and psychological disturbances associated with 
AN is required.

Of arguably equal importance is the need to investigate 
and associate treatment-induced changes in AN symptom-
atology with a detailed individualised analysis of brain 
neurometabolites and blood biomarkers. Whilst the exist-
ing MRS literature indicates dysfunctional glutamatergic 
transmission in the frontal lobe, ACC, parieto-occipital 
lobe and thalamus may contribute to AN, the findings 
are mixed and several key methodological limitations are 
present. Considering changes in excitatory and inhibi-
tory neurotransmission do not occur in isolation of each 
other, future MRS studies that robustly map excitatory and 

inhibitory neurometabolites are needed. Relatedly, blood 
biomarkers must be carefully considered, and should align 
with the treatment’s mechanism of action. In the case of 
combined low-dose ketamine and zinc for AN, such bio-
markers may include zinc, insulin/insulin-like growth fac-
tor-1, SIRT1 and mTOR. Specifically, SIRT1 and mTOR 
present as promising biomarkers for evaluating low-dose 
ketamine and zinc-induced changes in clinical symptoms 
and brain function owing to the proposed role they have 
in mediating treatments effects. In conclusion, the novel 
treatment combination of low-dose ketamine and zinc sup-
plementation may have therapeutic utility in AN because 
of their combined influence on glutamatergic function via 
modulation of the NMDAr.
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