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2Mental Health, San Francisco Veterans Affairs Medical Center, San Francisco, CA 94121, USA

SDepartment of Psychiatry and Behavioral Sciences, University of California, San Francisco, CA
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Abstract

In search of interventions targeting brain dysfunction and underlying cognitive impairment in
schizophrenia, we look at the brain and beyond to the potential role of dysfunctional systemic
metabolism on neural network instability and insulin resistance in serious mental illness. We

note that disrupted insulin and cerebral glucose metabolism are seen even in medication-naive
first-episode schizophrenia, suggesting that people with schizophrenia are at risk for Type 2
diabetes and cardiovascular disease, resulting in a shortened life span. Although glucose is the
brain’s default fuel, ketones are a more efficient fuel for the brain. We highlight evidence that

a ketogenic diet can improve both the metabolic and neural stability profiles. Specifically, a
ketogenic diet improves mitochondrial metabolism, neurotransmitter function, oxidative stress/
inflammation, while also increasing neural network stability and cognitive function. To reverse
the neurodegenerative process, increasing the brain’s access to ketone bodies may be needed. We
describe evidence that metabolic, neuroprotective, and neurochemical benefits of a ketogenic diet
potentially provide symptomatic relief to people with schizophrenia while also improving their
cardiovascular or metabolic health. We review evidence for KD side effects and note that although
high in fat it improves various cardiovascular and metabolic risk markers in overweight/obese
individuals. We conclude by calling for controlled clinical trials to confirm or refute the findings
from anecdotal and case reports to address the potential beneficial effects of the ketogenic diet in
people with serious mental illness.
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INTRODUCTION

Traditionally, nutrition has been used as adjunctive therapy for improving lipid profiles,
blood glucose, insulin resistance, and diabetes, however, it has not been thought of as a
metabolic therapy affecting the structure and function of the brain, despite preliminary
evidence otherwise [1]. For example, diet has been shown to have an effect on core
symptoms of pediatric epilepsy [2]. Recent therapeutic focus has shifted towards the
influence of nutrition on neural network brain stability, brain-derived neurotrophic factor,
ATP energy function and neurotransmitter balance [1,3]. Diet, in particular ketogenic diets,
have been identified to influence several biological processes, including mitochondrial
energy metabolism, inflammatory processes, oxidative stress, monoaminergic activity, and
progression of neuro-degeneration, and hence are considered a metabolic therapy itself [4].
Many neurological diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
epilepsy, bipolar disorder (BD), schizophrenia (SZ), and major depressive disorder (MDD)
are characterized by cerebral glucose hypometabolism, insulin resistance, neurotransmitter
imbalances, mitochondrial dysfunction, oxidative stress, and inflammation as potential
causative factors [5,6]. Insulin resistance is a risk factor for dementia [7], cognitive
deterioration later in life in those with type 2 diabetes mellitus (T2DM), and mood disorder,
such as depression [8,9] as well as cognitive dysfunction in youth [10]. Reductions in left
hippocampal grey matter volume have also been found to be common to MDD, BD, and
SZ [11], showcasing the close neural interaction shared by these conditions. Therefore, new
interventional approaches of metabolic psychiatry prevention and treatment targets must be
further studied and may have the potential to yield universal improvements in psychiatric
conditions through neuronal access to metabolic changes with nutritional ketones [11]. We
review the current body of evidence for the effects of Ketogenic Diets (KD) on neuronal
networks.

The KD has been identified as a potential treatment for neurodegenerative and
neuropsychiatric conditions [12—14]. Initially used by clinicians in the 1920s as a treatment
for epilepsy, this high-fat, moderate protein, low-carbohydrate diet releases ketone bodies
(principally p-hydroxybutyrate (B-HB) and acetate) from the breakdown of fat and serves as
an alternative fuel, diverting away from the use of glucose as the body’s main energy source
[15]. See figure 1. Adhering to a sustained KD, an individual achieves a level of nutritional
ketosis, contrary to and well below pathological ketoacidosis by diet instead of starvation.
[16]. During times of glucose deprivation or increased energetic demands, the brain has
evolved to utilize ketones to preserve and augment critical central functions [17]. This is
evident in a fasting state such as during sleep, when ketones can increase and maintain
circulating ketone bodies, especially p-HB. Increased levels of p-HB have been reported to
improve symptoms of various age-related diseases [18], thereby providing a rationale for the
development of therapeutic ketogenic interventions in neurodegenerative diseases [19].

KETONES ARE FUEL FOR THE BRAIN AND BODY

Although the human brain is only 2% of the body’s volume, it consumes over 20% of
its energy at rest [20], and accordingly, the brain is particularly vulnerable to changes in
metabolism. While glucose is normally considered to be the brain’s default fuel, ketones
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provide 27% more free energy than glucose [21]. People with insulin resistance cannot use
glucose effectivity, with obvious consequences for brain function such that insulin resistance
is an early risk-factor for dementia later in life [9]. In neurodegenerative conditions, the
brain is unable to use glucose effectively due to both glial and neuronal changes in glucose
transportation, in addition to changes in cellular respiration enzymatic activities, and insulin
signaling [17]. During times of glucose deprivation or increased energetic demands, the
brain has evolved to utilize ketones to preserve and augment critical central functions
thereby providing a rationale for the development of therapeutic ketogenic interventions in
AD and other neurodegenerative diseases. Ketones are released from free fatty acids taken
up by the liver after glycogen stores are depleted in a fasting state. Mattson et al. suggest that
this fuel switch is accompanied by biological adaptations of neural networks in the brain that
optimize their function [14]. As might be expected, cognitive impairments in schizophrenia
are related to brain insulin resistance, supporting its role in the pathophysiology of cognitive
dysfunction in SZ [22]. Ketones are anti-inflammatory, decrease production of reactive
oxygen species, and upregulate mitochondrial biogenesis in the brain [16].

BENEFITS OF THE KETOGENIC DIET

Nutritional ketosis is associated with improvement in metabolic health and mitochondrial
function [16]. For example, a randomized controlled trial of 119 participants by McClernon
et al. [23] reported participants assigned to a KD versus a low fat diet had significant
decreases in body mass index (BMI) after six months, alongside mood improvements,

and a significant reduction in negative affect and hunger [20]. Similarly, participants in

an uncontrolled intervention study experienced a decrease in insulin levels and BMI, as
well as an improvement in cognitive function assessing working memory and speed of
processing after 12 weeks [24]. As a result of the extracellular changes that occur during
ketosis, intracellular sodium concentrations would be expected to decrease correspondingly,
which is a common feature of mood-stabilizing medications [25]. The utilization of ketone
bodies by the brain instead of glucose has been proposed to bypass glucose hypometabolism
commonly associated with neurological diseases, evidenced in a study by Cunnane et al.
[26] who found that uptake of ketone bodies in individuals with AD has a beneficial

effect on cognitive outcomes. Ketone bodies may also provide neural benefits to younger
individuals and those not yet in a hypometabolic state, as ketones increase Gibbs free
energy exchange for ATP by 27% compared to glucose, potentially representing a more
efficient fuel for the brain [21,27]. In addition to bypassing glucose hypometabolism

in the brain, ketone bodies have several favorable metabolic adaptations in regards to
neurotransmitter imbalances, oxidative stress, and inflammation, characteristic of several
neurological diseases [5]. While there may be other neurobiological mechanisms, see Table
1 and Figure 2 for potential mechanistic effects.

Imbalance of the GABA/glutamate neurotransmitters and glutamate excitotoxicity are
predominant features of neurological diseases, from epilepsy [28] to AD [29], which have
been shown to be corrected by KD [29-31]. A study by Olson et al. 31 demonstrated

that a KD reduced seizures in a mouse model of epilepsy and that this was associated
with an increase in GABA/glutamate and decrease in excitotoxicity. Similarly, in another
study, Kraeuter et al. [32] pharmacologically manipulated GABA/glutamate balance to
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generate a mouse model of SZ and reported normalization of symptoms after three weeks
of exogenous B-HB administration. It has been generally accepted that oxidative stress
contributes to most, if not all, chronic diseases, including SZ, BD, and MDD [6]. The

KD has a myriad of corrective mechanisms of oxidative stress in neurological disorders,
which have been reviewed in depth elsewhere [30,33]. Oxidative stress and inflammation
are mutually reinforcing disease states [5,30], with recent post-mortem and in-vivo human
evidence demonstrating the association between brain inflammation and mental illness [34].
This is also seen in other mental illnesses, as a study by Marques et al. (2019) found
increased inflammatory markers (translocator protein) in the brains of living SZ patients
[35].

A 2019 study by Athinarayanan et al. [36] investigated the effects of the KD compared

to usual care in patients with T2DM over two years, finding significant improvements in
restoring cardiometabolic function whilst utilizing less medication. This was evident through
reductions in HbA1c, fasting glucose, fasting insulin, BMI, blood pressure, and triglycerides
in the KD group. There was also a resolution of diabetes in the KD group (53.5% reversal,
17.6% remission) but not in the control group. Similar reductions in HbAlc, BMI, and
medication use when comparing KD to usual care in T2DM patients have been reported

in other studies investigating effects after 10 weeks and one-year [37,38]. Furthermore,

a recent five-year clinical trial of the KD in patients with T2DM has found similar

positive cardiometabolic changes, demonstrating the potential for beneficial long-term
outcomes [39]. The increase of small LDL particles is a common characteristic of diabetic
dyslipidemia, and this has been found to be reversed by a KD [40]. Correspondingly, these
positive cardiometabolic changes have been credited to lower the risk of cardiovascular
disease in the T2DM population. Conversely, a recent review by Parry-Strong et al. [41]
investigated the effects of the KD on T2DM, concluding that the diet may cause reductions
in HbAlc, however, evidence of an advantage over other strategies is limited and further
research is needed to provide definitive evidence.

CLINICAL EVIDENCE OF THE KETOGENIC DIET IN NEUROLOGICAL
CONDITIONS

The KD first came to prevalence following its use in epilepsy in the 1920s and is currently
mainly used in children with treatment resistant seizures [42]. Current research investigating
the KD in epileptic adults does not show effects as favorable to those found in children,

with fewer adult studies reporting seizure freedom or reduction compared to studies in
children [42,43], possibly because adults typically fix their own meals and their eating is
not monitored. A 2018 randomized controlled trial by Kverneland et al. [44] investigated the
effects of a modified Atkins diet on adult epileptic patients. This diet also induces ketosis

by limiting individuals to a maximum carbohydrate intake of 20 g/day. When compared to

a control group, the intervention group showed significant reductions in seizure frequency,
however, this was only a moderate reduction of 25%.

The accumulation of amyloid plaques through mitochondrial dysfunction, glucose
hypometabolism, and neuronal loss are hallmark features of AD [29,45]. Recent
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management strategies for AD have been aimed at modifying dietary and lifestyle habits,
with the KD gaining traction as an intervention [29]. Several preclinical studies on the KD in
Alzheimer’s have yielded promising results. Circulating ketone bodies of B-HB were found
to attenuate the toxic effects of the amyloid beta peptide and protect mitochondrial function
[46]. Additionally, studies in animal models have proved encouraging, with Van Der Auwera
et al. [47] finding a 25% reduction in amyloid beta levels in mice on a KD compared to
controls.

The use of the KD as an anticonvulsant intervention in BD was first proposed in

2001 by El-Mallakh and Paskitti [25], highlighting the diet’s positive effects on glucose
hypometabolism. However, there has been a lack of available human data investigating

KD in BD. The first case series by Phelps, Siemers, and EI-Mallakh [48] focused on

two female patients with BD who were assigned a KD and maintained nutritional ketosis
for up to three years. Both patients experienced the mood stabilizing effects commonly
seen with medication, with no adverse reactions reported. It was hypothesized that the

diet reduced intracellular sodium and calcium, which acidified blood plasma and stabilized
mood [48]. The energy metabolism of ATP generated in BD is incapable of sustaining

the sodium-potassium pump in neurons, which may cause a depressed state in conditions
of severe ATP use deficiency, and a manic state in less severe ATP use deficiency [49].
This has led to the KD being hypothesized as an effective therapeutic intervention in BD
due to positive effects on mitochondrial metabolism and function [50]. The underlying
characteristics shared by these neurological conditions can also be evidenced in MDD.

The mood stabilization effects of the KD have been identified as potentially recreating the
pharmacological effects of mood stabilizing medication whilst circumventing detrimental
side effects [15,25]. Reductions in neuroinflammation associated with KDs has been
suggested to provide antidepressant effects and subsequently improve symptoms in patients
with mood disorders [51,52]. Similarly in PD, the antioxidant and anti-inflammatory effects
of the KD have been identified as neuroprotective mechanisms to potentially slow or halt
progression of the disease [33]. Research has found that the presence of B-HB in PD patients
have been found to be neuroprotective, supporting KD as a therapeutic intervention for PD
[46,53].

Effective glucose metabolism maintains global excitatory neural network function [54].
Therefore, low availability of energy substrates can reduce synaptic function and lead

to neural network instability [55], as is the case with the glucose hypometabolism that

the discussed neurological conditions share. Neural network instability has recently been
identified as a potential link to recurrent seizures in epilepsy and the use of the KD as a
metabolic therapy has been speculated to provide a buffer against neural excitability and
promote normal function [56]. The effects of the KD on mitochondrial function may be
from improving ATP energy metabolism, likely improving neuronal homeostasis and also
enabling higher resilience to neural damage during seizures [57]. The link between epilepsy
and SZ has been well established, and the efficacy of some anti-epileptic medications in SZ
patients suggests shared disease mechanisms [58]. There seems to be an association between
metabolism and neural network stability and given the established success of the KD as a
therapeutic intervention in epilepsy, it is likely that it will produce the same results in SZ.
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SCHIZOPHRENIA, METABOLISM, INFLAMMATION, AND NEURONAL
TARGETS

SZ is diagnosed based on positive symptoms, such as delusions and hallucinations, and
negative symptoms, such as anhedonia and amotivation. It is also characterized by cognitive
deficits that are responsible for poor social and occupational outcomes [59]. Neuroleptic
medications treat positive symptoms, but they have not been able to improve cognition,

nor do they target pathophysiological mechanisms thought to underlie these deficits.
Furthermore, antipsychotic use is frequently associated with motor and metabolic side
effects [54]. Therefore, research is additionally focusing on both interventional strategies
targeting brain dysfunction and the potential role of systemic metabolic dysfunction. In
understanding the etiology of SZ, a leading theory is the abnormal neurodevelopment
hypothesis which includes the influences of genetics, prenatal and perinatal disorders, and
its combined interaction with environmental factors [60]. Another condition characterized
by abnormal neurodevelopment is epilepsy [61], and given the observed ability of the

KD to improve symptoms of epilepsy in pharmaco-resistant children [42], it suggests the
possibility that the KD may be beneficial in controlling other potential neurodevelopmental
conditions such as SZ.

As mentioned, insulin resistance and obesity have been historically linked to SZ, even
before the advent of antipsychotic medication [62]. Importantly, antipsychotic medication
may worsen cognitive dysfunction in SZ patients [63]. A recent meta-analysis affirms

the presence of disrupted glucose metabolism and insulin resistance in medication-naive
first-episode SZ patients, suggesting that SZ itself, and not just the medication used to treat
it, increases the risk of T2DM, cardiovascular morbidity and mortality, and more generally,
accelerated aging [62]. Even young people with SZ are prone to diseases associated with
aging including metabolic disease [64,65] and cognitive deficits [66,67]. Mitochondrial
dysfunction is a potential mechanism underlying the association between SZ and glucose
dysregulation [68]. SZ is also associated with systemic inflammation, as a study found
significantly increased inflammatory markers on PET scan in the microglia of SZ patients
compared to healthy controls [35]. Genome-wide studies have confirmed patients with SZ to
have an inherent genetic predisposition to insulin resistance [69,70].

FUNCTIONAL DYSCONNECTIVITY IN SCHIZOPHRENIA

Human neuroscience has benefitted from the use of functional MRI (fMRI) to elucidate the
functional neuroanatomical underpinnings of cognition associated with injury, illness, and
age. fMRI has been used for more than two decades to assess neural function in specific
regions of the brain as subjects perform a variety of tasks varying in difficulty and made
more difficult by the overlay of scanner noise and physical restraint. More recently, the field
discovered that much can be learned about the function of the brain by studying spontaneous
oscillations of brain activity during rest, avoiding confounding factors of motivation and
intellect for task performance [71]. Just as significant was the discovery that functional
connectivity could be assessed by correlating oscillating activity in one region of the brain
with another. This likely reflects the scaffolding between different brain areas, when they

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sethi and Ford

Page 7

are repeatedly co-active, recalling Hebb’s rule: “units that fire together, wire together” [72].
While functional dysconnectivity is related to cognitive deficits in SZ, it is not specific to a
particular neural network or cognitive domain [73]. As might be expected, this resting-state
functional connectivity is consistent with structural connectivity, as it is calculated over long
periods of time [74].

Accordingly, most of the functional connectivity literature reports on static measures of
connectivity, without regard to state fluctuation or transitions between moments in time in
the resting scan time series. Recently, we [75-78] and others [1] have broadened this to
include measures of functional network stability from moment to moment. Specifically,
network stability reflects dynamic connectivity by assessing how long a network of
independent nodes, within and between brain regions, maintains a stable connection.
Network instability increases with age, cognitive deficits, and in T2DM [1].

KETOSIS STABILIZES BRAIN NETWORKS

Muiica-Parodi et al. [1] reported that a one-week KD increases functional brain network
stability, restoring it to that seen in younger people. They showed that in younger (<50
years old) adults, nutritional ketosis stabilized functional networks. Most importantly, in

a separate, larger sample, they found network instability increased with age and with
decreases in cognitive functioning [1], with the aging effect being accelerated in young
people with T2DM. Although ketosis has a significant cumulative and synergistic effect
over the years, these network changes occurred with a single week of ketosis, suggesting
short-term adaptations to network stability are feasible with a KD. Ruling out any effects
of weight loss on network stability, the authors reported similar network stabilization when
giving participants a single exogenous ketone ester drink.

KETOGENIC DIETS AND SYMPTOMS IN SCHIZOPHRENIA

It is thought that the mechanism of KD bypassing glucose hypometabolism in patients
with SZ helps increase oxygen consumption, improves ATP energy metabolism, and
induces brain-derived neurotrophic factor to improve cognition [3,54,79]. In a postmortem
analysis study by Sullivan et al. [80] investigating the brains of mouse models of SZ,

the authors reported a 19%-22% decrease in glucose transporter expression, GLUT1 and
GLUTS3, and in glycolytic genes. These brains also unveiled a 22% increase in the p-HB
importer (MCT1), suggesting that the brain may be compensating for cerebral glucose
hypometabolism by upregulating its facility to transport ketone bodies. Therefore, the brain
with SZ may be metabolically prepared to respond to a KD. Further studies of KD in animal
models have yielded favorable results [32,81,82], however, clinical evidence in human
subjects is limited to case reports and small pilot studies [83—-85]. A case report by Palmer
[85] reported on two instances of SZ patients who experienced a drastic improvement in
symptoms after adopting a KD. Neither patient started a KD to treat their SZ, however,
within two-to-four weeks, both patients noticed a dramatic reduction in symptoms of
psychosis and subsequently stopped all antipsychotic medications. Similar results were
reported in a case study by Kraft and Westman [83], whereby a patient with a 50-year
history of SZ reported a resolution in longstanding symptoms of auditory hallucinations

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sethi and Ford

Page 8

after one week of initiating a KD. Upon 12-month follow-up, the authors reported that the
patient was able to adhere to the diet, only having 2-3 isolated episodes of consuming
carbohydrates around holidays, however, these periods did not correspond with a recurrence
in her symptoms.

A pilot case series by Gilbert-Jaramillo et al. [86] investigated the effects of a 2000 kcal,
3:1 KD (3 parts fat to every 1 part protein and carbohydrate) over six weeks on twins
diagnosed with SZ. Both participants had tried numerous medications to resolve their
symptoms, however, these were unsuccessful. Medications were continued throughout the
study. Unfortunately, both participants struggled with compliance to the diet, reporting
difficulty due to onset of severe high sugar food cravings after 14 days of the KD. The
Positive and Negative Syndrome Scale (PANSS) was used as a measure of SZ symptoms,
which decreased modestly alongside body fat over the six-week intervention. Although the
study showed that the KD can have short-term benefits on psychiatric condition, metabolic
function and body composition in young adults, results were limited due to a lack of
compliance to the KD. Efforts to improve the compliance are needed for the field to move
forward, and alternate ways to promote ketosis should be explored. Ultimately, blood ketone
levels should be monitored to allow the most flexibility in ketogenic treatments.

A recent study by Danan et al. [87] investigated the effects of the KD on patients with
severe, persistent mental illness whose symptoms were poorly controlled with neuroleptic
medication. Of the 31 patients, 12 were diagnosed with SZ, however, two of the SZ
patients dropped out due to inability to adhere to the KD for >14 days. Throughout the
duration of the study period, the patients were voluntarily admitted to a psychiatric hospital
6 days per week to allow for close monitoring. During these periods they were given
ketogenic meals, however, for up to 36 consecutive hours on the weekends they were
unsupervised. The duration of the intervention ranged from 6 to 248 days, with significant
improvements in symptoms of depression (Hamilton Depression Rating Scale, Montgomery-
Asberg Depression Rating Scale) and SZ (PANSS), alongside metabolic health measures
of BMI, blood pressure, blood glucose, and triglycerides. All 10 patients with SZ recorded
improvements in PANSS scores, with a mean reduction from 91.4 to 49.3. The minimal
clinically significant change in PANSS of 16.5 was achieved in all 10 patients, however,
the average reduction of 42.1 points is far above this and is therefore supportive of the

KD as an interventional strategy for SZ [88]. Study limitations include retrospective data,
sample, and unique controlled conditions where intervention was applied. Also, there was
no hospitalized, diet as usual control group for comparison with the KD patients; it is
possible that just being in the hospital is associated with improvement in PANSS. The

high compliance rate of 90% was likely due to food being prepared 6 days per week in a
controlled monitored setting.

Preliminary analytic data of approximately half (13) of the participants to date in a

Stanford open label, single arm pilot trial in an outpatient population was recently presented
and revealed benefits with the KD on patients with BD and schizophrenia. This cohort
included 13 patients, 10 with BD and 3 with schizophrenia, with 1 drop out. Participants
were provided KD metabolic therapy for 16 weeks and had initially weekly and after one-
month, biweekly clinical evaluations with a psychiatrist and nutritionist coach. Metabolic
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improvements achieved overall included 10% decrease in BMI, 19% reduction in absolute
fat mass, systolic/diastolic blood pressure decrease, and 31% reduction in visceral adipose
tissue. Metabolic syndrome was reversed in all who met criteria at the outset of the study
(3). Additional metabolic biomarkers improvements included a 28% decrease in hs-CRP,

a high sensitivity inflammatory metabolic marker and 21% reduction in triglycerides.
Psychiatric improvements were also observed, with an overall 16% improvement in life
satisfaction (MANSA Quality of Life), 34% improvement in Clinical Global Impression,
25% reduction in depressive symptoms on patient health questionnaire and 28% reduction in
sleep quality with Pittsburgh Sleep Quality Index [15,89]. The preliminary results suggests
that a KD as a metabolic and mental clinical therapeutic intervention offers promise.

SAFETY AND COMMON SIDE EFFECTS OF KETOGENIC THERAPIES

Among 16 published controlled clinical trials with more than 25 subjects for parallel design,
or fewer than 15 subjects for crossover design, total cholesterol decreased in one study [90],
increased in one study [53], and did not change in other 6 studies [91-96]. High-density
lipoprotein cholesterol increased in 4 out of 12. Low-density lipoprotein cholesterol was
unchanged in most studies, but increased in two studies [53,97]. Triglycerides decreased by
50 percent in reported studies [91,94,95,97-100] and blood pressure decreased by 33 percent
[96,97]. C-reactive protein significantly decreased in one study [97]. These data suggest a
KD improves various cardiovascular risk markers in overweight/obese subjects.

The adverse effects most commonly reported initially in KDs include fatigue, constipation,
weight loss, and transient hyperlipidemia [14,25], however, these side effects have been
found to improve with continued adherence to the diet [14]. The weight loss effect is
welcome for many, particularly in individuals with obesity, however, would need to be
monitored regularly depending on the medical condition. Additionally, lipid profiles in
individuals starting a KD have been shown to acutely increase when beginning the diet, but
normalize after approximately one year [101]. Normal healthy lipid profiles have been found
to persist in long term KD use, in excess of three years [102]. It is worth noting that the
carbohydrate composition of diets in studies varied, from the traditional KD which typically
consists of 20 g/day, to those which consist of 50 g/day or roughly 30-40% of caloric

intake. Therefore, adverse effects may not be homogenous across all studies. Individuals
undergoing the medicalized version of the KD should be monitored and given corresponding
supplementation if needed [14].

Diet adherence and compliance has been mixed and remains a barrier to successful
application of the KD [42]. A meta-analysis of compliance rates in adults with epilepsy

on the KD reported a 45% overall compliance rate [103], with the modified Atkins diet
yielding higher compliance rates. Similar results were found in an observational study of
139 adult patients with epilepsy treated with a KD, 48% of patients discontinued the diet

or were lost to follow-up [104]. The main reason cited for discontinuation was difficulty
adhering and having enough external food choices. However, recently the food environment
has shifted to become more ketogenic friendly than previously [40]. A 2018 by Hallberg et
al. reported a 83% compliance rate to the KD after one year in patients with T2DM [37].
Compliance rates of other diets are not dissimilar from those previously reported of the KD,
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as adherence to a gluten free diet has been reported to be between 17-45% in adults with
coeliac disease [105], and a 26.4% adherence to a Mediterranean diet in individuals 65 or
older [106]. Recent trials of the KD in T2DM have shown adherence rates of nearly 50%
at five years, whilst maintaining improvements in cardiometabolic health markers [39] and
exhibiting no major adverse effects [41].

CONCLUSIONS

In the search for interventions addressing brain dysfunction underlying cognitive impairment
in SZ and bipolar illness, we look comprehensively at the brain and beyond to the potential
role of dysfunctional central and systemic metabolism. Evaluating metabolic dysfunction
can also help us understand the pathophysiology of serious mental illness. Diverting
attention towards cardiovascular metabolism and addressing neural network stability and
insulin resistance may advance developments in treatment. The mechanisms of action

of a KD include efficient energy mitochondrial metabolism, neurotransmitter function,
improving neural network stability and improvements in oxidative stress and inflammation.
The metabolic, neuroprotective, and neurochemical benefits of the KD have the potential
to provide symptomatic relief to patients, in SMI, yet this is limited by a lack of robust
clinical trial data specifically in mental health. To reverse this neurodegenerative process,
increasing neurons’ access to ketone bodies may be critical. Numerous clinical reviews
have called for further research to confirm anecdotal and case findings [5,6,81,82], as early
evidence of positive effects of the KD on schizophrenic and bipolar symptoms warrant
further investigation and require confirmation through controlled clinical trials.

ACKNOWLEDGMENTS

We thank Adam Ainen for assistance in writing and formatting this review.

FUNDING

Baszucki Brain Research Foundation (SS, JMF). Senior Research Career Scientist IkK6CX002519 (JMF); R21
MH127498 (JMF).

DATA AVAILABILITY

Data sharing not applicable to this article as no datasets were generated or analyzed during
the current study.

REFERENCES

1. Mujica-Parodi LR, Amgalan A, Sultan SF, Antal B, Sun X, Skiena S, et al. Diet modulates
brain network stability, a biomarker for brain aging, in young adults. Proc Natl Acad Sci U S A.
2020;117:6170-7. [PubMed: 32127481]

2. Kossoff EH, Krauss GL, McGrogan JR, Freeman JM. Efficacy of the Atkins diet as therapy for
intractable epilepsy. Neurology. 2003;61:1789-91. [PubMed: 14694049]

3. Marosi K, Kim SW, Moehl K, Scheibye-Knudsen M, Cheng A, Cutler R, et al. 3-Hydroxybutyrate
regulates energy metabolism and induces BDNF expression in cerebral cortical neurons. J
Neurochem. 2016;139:769-81. [PubMed: 27739595]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sethi and Ford

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 11

. Lopresti AL, Jacka FN. Diet and bipolar disorder: A review of its relationship and potential

therapeutic mechanisms of action. J Altern Complement Med. 2015;21:733-9. [PubMed:
26348597]

. Norwitz NG, Dalai SS, Palmer CM. Ketogenic diet as a metabolic treatment for mental illness. Curr

Opin Endocrinol Diabetes Obes. 2020;27:269-74. [PubMed: 32773571]

. Morris G, Puri BK, Carvalho A, Maes M, Berk M, Ruusunen A, et al. Induced Ketosis as

a Treatment for Neuroprogressive Disorders: Food for Thought? Int J Neuropsychopharmacol.
2020;23:366-84. [PubMed: 32034911]

. Antal B, McMahon LP, Sultan SF, Lithen A, Wexler DJ, Dickerson B, et al. Type 2 diabetes

mellitus accelerates brain aging and cognitive decline: Complementary findings from UK Biobank
and meta-analyses. Elife. 2022 May 24;11:e73138. [PubMed: 35608247]

. Watson KT, Simard JF, Henderson VW, Nutkiewicz L, Lamers F, Rasgon N, et al. Association

of Insulin Resistance with Depression Severity and Remission Status: Defining a Metabolic
Endophenotype of Depression. JAMA Psychiatry. 2021;78:439-41. [PubMed: 33263725]

. Schnaider Beeri M, Goldbourt U, Silverman JM, Noy S, Schmeidler J, Ravona-Springer R, et al.

Diabetes mellitus in midlife and the risk of dementia three decades later. Neurology. 2004;63:1902—
7. [PubMed: 15557509]

. Van Eersel MEA, Joosten H, Gansevoort RT, Dullaart RPF, Slaets JPJ, Izaks GJ. The interaction of
age and type 2 diabetes on executive function and memory in persons aged 35 years or older. PLoS
One. 2013;8:82991. [PubMed: 24367577]

Brosch K, Stein F, Schmitt S, Pfarr J-K, Ringwald KG, Thomas-Odenthal F, et al. Reduced
hippocampal gray matter volume is a common feature of patients with major depression,

bipolar disorder, and schizophrenia spectrum disorders. Mol Psychiatry. 2022 Jul 15. doi: 10.1038/
$41380-022-01687-4

Brietzke E, Mansur RB, Subramaniapillai M, Balanza-Martinez V, Vinberg M, Gonzalez-Pinto
A, et al. Ketogenic diet as a metabolic therapy for mood disorders: Evidence and developments.
Neurosci Biobehav Rev. 2018;94:11-6. [PubMed: 30075165]

Kraeuter AK, Phillips R, Sarnyai Z. Ketogenic therapy in neurodegenerative and psychiatric
disorders: From mice to men. Prog Neuro-Psychopharmacol Biol Psychiatry. 2020;101:109913.
McDonald TJW, Cervenka MC. Ketogenic Diets for Adult Neurological Disorders.
Neurotherapeutics. 2018;15:1018-31. [PubMed: 30225789]

Yu B, Ozveren R, Dalai SS. Ketogenic diet as a metabolic therapy for bipolar disorder: Clinical
developments. Neurosci Biobehav Rev. 2018 Nov;94:11-6. [PubMed: 30075165]

Miller VJ, Villamena FA, Volek JS. Nutritional ketosis and mitohormesis: Potential implications
for mitochondrial function and human health. J Nutr Metab. 2018 Feb 11;2018:5157645.
[PubMed: 29607218]

Kapogiannis D, Avgerinos KI. Brain glucose and ketone utilization in brain aging and
neurodegenerative diseases. Int Rev Neurobiol. 2020;154:79-110. [PubMed: 32739015]

Han YM, Ramprasath T, Zou MH. B-hydroxybutyrate and its metabolic effects on age-associated
pathology. Exp Mol Med. 2020;52:548-55. [PubMed: 32269287]

Tao Y, Leng SX, Zhang H. Ketogenic diet: an effective treatment approach for neurodegenerative
diseases. Curr Neuropharmacol. 2022 Aug 30. doi: 10.2174/1570159X20666220830102628
Raichle ME, Gusnard DA. Appraising the brain’s energy budget. Proc Natl Acad Sci U S A. 2002
Aug 6;99(16):10237-9. [PubMed: 12149485]

Veech RL. The therapeutic implications of ketone bodies: The effects of ketone bodies in
pathological conditions: Ketosis, ketogenic diet, redox states, insulin resistance, and mitochondrial
metabolism. Prostaglandins Leukot Essent Fat Acids. 2004;70:309-19.

Wijtenburg SA, Kapogiannis D, Korenic SA, Mullins RJ, Tran J, Gaston F, et al. Brain

insulin resistance and altered brain glucose are related to memory impairments in schizophrenia.
Schizophr Res. 2019;208:324-30. [PubMed: 30760413]

McClernon FJ, Yancy WS, Eberstein JA, Atkins RC, Westman EC. The effects of a low-
carbohydrate ketogenic diet and a low-fat diet on mood, hunger, and other self-reported symptoms.
Obesity. 2007;15:182. [PubMed: 17228046]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sethi and Ford

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

Page 12

Mohorko N, Cerneli(:—Bizjak M, Poklar-Vatovec T, Grom G, Kenig S, Petelin A, et al. Weight loss,
improved physical performance, cognitive function, eating behavior, and metabolic profile in a
12-week ketogenic diet in obese adults. Nutr Res. 2019;62:64—77. [PubMed: 30803508]

El-Mallakh RS, Paskitti ME. The ketogenic diet may have mood-stabilizing properties. Med
Hypotheses. 2001;57:724—-6. [PubMed: 11918434]

Cunnane SC, Courchesne-Loyer A, St-Pierre V, Vandenberghe C, Pierotti T, Fortier M, et al. Can
ketones compensate for deteriorating brain glucose uptake during aging? Implications for the risk
and treatment of Alzheimer’s disease. Ann N Y Acad Sci. 2016;1367:12-20. [PubMed: 26766547]

Sato K, Kashiwaya Y, Keon CA, Tsuchiya N, King MT, Radda GK, et al. Insulin, ketone bodies,
and mitochondrial energy transduction. FASEB J. 1995;9:651-8. [PubMed: 7768357]

Bough KJ, Rho JM. Anticonvulsant mechanisms of the ketogenic diet. Epilepsia. 2007;48:43-58.
[PubMed: 17241207]

Rusek M, Pluta R, Utamek-Koziot M, Czuczwar SJ. Ketogenic diet in alzheimer’s disease. Int J
Mol Sci. 2019;20:3892. [PubMed: 31405021]

Morris G, Puri BK, Maes M, Olive L, Berk M, Carvalho AF. The role of microglia in
neuroprogressive disorders: mechanisms and possible neurotherapeutic effects of induced ketosis.
Prog Neuropsychopharmacol Biol Psychiatry. 2020 Apr 20;99:109858. [PubMed: 31923453]
Olson CA, Vuong HE, Yano JM, Liang QY, Nusbaum DJ, Hsiao EY. The Gut Microbiota Mediates
the Anti-Seizure Effects of the Ketogenic Diet. Cell. 2018;173:1728-41.e13. [PubMed: 29804833]

Kraeuter AK, Mashavave T, Suvarna A, van den Buuse M, Sarnyai Z. Effects of beta-
hydroxybutyrate administration on MK-801-induced schizophrenia-like behaviour in mice.
Psychopharmacology. 2020;237:1397-405. [PubMed: 31993694]

Norwitz NG, Hu MT, Clarke K. The mechanisms by which the ketone body p-p-hydroxybutyrate
may improve the multiple cellular pathologies of parkinson’s disease. Front Nutr. 2019 May
14:6:63.

Enache D, Pariante CM, Mondelli V. Markers of central inflammation in major depressive
disorder: A systematic review and meta-analysis of studies examining cerebrospinal fluid,

positron emission tomography and post-mortem brain tissue. Brain Behav Immun. 2019;81:24-40.
[PubMed: 31195092]

Marques TR, Ashok AH, Pillinger T, Veronese M, Turkheimer FE, Dazzan P.et al.
Neuroinflammation in schizophrenia: meta-analysis of in vivo microglial imaging studies. Psychol
Med. 2019;49:2186-96. [PubMed: 30355368]

Athinarayanan SJ, Adams RN, Hallberg SJ, McKenzie AL, Bhanpuri NH, Campbell WW, et al.
Long-term effects of a novel continuous remote care intervention including nutritional ketosis

for the management of type 2 diabetes: A 2-year nonrandomized clinical trial. Front Endocrinol.
2019;10:348.

Hallberg SJ, McKenzie AL, Williams PT, Bhanpuri NH, Peters AL, Campbell WW, et al.
Effectiveness and Safety of a Novel Care Model for the Management of Type 2 Diabetes at 1 Year:
An Open-Label, Non-Randomized, Controlled Study. Diabetes Ther. 2018;9:583-612. [PubMed:
29417495]

McKenzie AL, Hallberg SJ, Creighton BC, Volk BM, Link TM, Abner MK, et al. A novel
intervention including individualized nutritional recommendations reduces hemoglobin Alc level,
medication use, and weight in type 2 diabetes. IMIR Diabetes. 2017;2:e6981.

Health Virta. Virta Health Highlights Lasting, Transformative Health Improvements In 5-

Year Diabetes Reversal Study, Available from: https://www.virtahealth.com/blog/virta-sustainable-
health-improvements-5-year-diabetes-reversal-study. Accessed 2022 Aug 29.

Athinarayanan SJ, Hallberg SJ, McKenzie AL, Lechner K, King S, McCarter JP, et al. Impact of

a 2-year trial of nutritional ketosis on indices of cardiovascular disease risk in patients with type 2
diabetes. Cardiovasc Diabetol. 2020;19:1-13. [PubMed: 31910850]

Parry-Strong A, Wright-McNaughten M, Weatherall M, Hall RM, Coppell KJ, Barthow C, et al.
Very low carbohydrate (ketogenic) diets in type 2 diabetes: a systematic review and meta-analysis
of randomised controlled trials. Diabetes Obes Metab. 2022 Aug 15. doi: 10.1111/dom.14837

. Martin-McGill KJ, Bresnahan R, Levy RG, Cooper PN. Ketogenic diets for drug-resistant epilepsy.

Cochrane Database Syst Rev. 2020 Jun 24;6(6):CD001903. [PubMed: 32588435]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.


https://www.virtahealth.com/blog/virta-sustainable-health-improvements-5-year-diabetes-reversal-study
https://www.virtahealth.com/blog/virta-sustainable-health-improvements-5-year-diabetes-reversal-study

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sethi and Ford

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 13

Liu H, Yang Y, Wang Y, Tang H, Zhang F, Zhang Y, et al. Ketogenic diet for treatment of
intractable epilepsy in adults: A meta-analysis of observational studies. Epilepsia Open. 2018;3:9-
17.

Kverneland M, Molteberg E, Iversen PO, Veiergd MB, Taubgll E, Selmer KK, et al. Effect of
modified Atkins diet in adults with drug-resistant focal epilepsy: A randomized clinical trial.
Epilepsia. 2018;59:1567-76. [PubMed: 29901816]

Wilkins HM, Swerdlow RH. Amyloid precursor protein processing and bioenergetics. Brain Res
Bull. 2017;133:71-9. [PubMed: 27545490]

Kashiwaya Y, Takeshima T, Mori N, Nakashima K, Clarke K, Veech RL. D-B-hydroxybutyrate
protects neurons in models of Alzheimer’s and Parkinson’s disease. Proc Natl Acad Sci U S A.
2000;97:5440-4. [PubMed: 10805800]

Van Der Auwera I, Wera S, Van Leuven F, Henderson ST. A ketogenic diet reduces amyloid beta
40 and 42 in a mouse model of Alzheimer’s disease. Nutr Metab. 2005;2:1-8.

Phelps JR, Siemers SV, EI-Mallakh RS. The ketogenic diet for type Il bipolar disorder. Neurocase.
2013;19:423-6. [PubMed: 23030231]

Campbell I, Campbell H. A pyruvate dehydrogenase complex disorder hypothesis for bipolar
disorder. Med Hypotheses. 2019 Sep;130:109263. [PubMed: 31383331]

Campbell I, Campbell H. Mechanisms of insulin resistance, mitochondrial dysfunction and the
action of the ketogenic diet in bipolar disorder. Focus on the PI3K/AKT/HIF1-a pathway. Med
Hypotheses. 2020;145:110299. [PubMed: 33091780]

Shamshtein D, Liwinski T. Ketogenic Therapy for Major Depressive Disorder: A Review of
Neurobiological Evidence. Recent Prog Nutr. 2021;2:1.

Ricci A, Idzikowski MA, Soares CN, Brietzke E. Exploring the mechanisms of action of the
antidepressant effect of the ketogenic diet. Rev Neurosci. 2020;31:637-48. [PubMed: 32406387]
Phillips MCL, Murtagh DKJ, Gilbertson LJ, Asztely FJS, Lynch CDP. Low-fat versus ketogenic
diet in Parkinson’s disease: A pilot randomized controlled trial. Mov Disord. 2018;33:1306—-14.
[PubMed: 30098269]

Henkel ND, Wu X, O’Donovan SM, Devine EA, Jiron JM, Rowland LM, et al. Schizophrenia: a
disorder of broken brain bioenergetics. Mol Psychiatry. 2022;27:2393-404. [PubMed: 35264726]
Tourigny DS, Karim MKA, Echeveste R, Kotter MRN, O’Neill JS. Energetic substrate availability
regulates synchronous activity in an excitatory neural network. PLoS One. 2019;14:e0220937.
[PubMed: 31408504]

Masino SA, Rho JM. Metabolism and epilepsy: Ketogenic diets as a homeostatic link. Brain Res.
2019;1703:26-30. [PubMed: 29883626]

Zarnowska IM. Therapeutic use of the ketogenic diet in refractory epilepsy: What we know and
what still needs to be learned. Nutrients. 2020;12:1-23.

Masino S Ketogenic Diet and Metabolic Therapies: Expanded Roles in Health and Disease. 2nd ed.
Oxford (UK): Oxford University Press; 2022.

Green MF. What are the functional consequences of neurocognitive deficits in schizophrenia? Am
J Psychiatry. 1996;153:321-30. [PubMed: 8610818]

Najas-Garcia A, Rufian S, Rojo E. Neurodevelopment or neurodegeneration: Review of theories
of schizophrenia Related papers Neurodegenerat ive Aspect s in Vulnerabilit y t o Schizophrenia
Spect rum Disorders. Actas Esp Psiquiatr. 2014;42:185-95. [PubMed: 25017496]

Bozzi Y, Casarosa S, Caleo M. Epilepsy as a neurodevelopmental disorder. Front Psychiatry.
2012;3:19. [PubMed: 22457654]

Pillinger T, Beck K, Gobjila C, Donocik JG, Jauhar S, Howes OD, et al. Impaired glucose
homeostasis in first-episode schizophrenia: A systematic review and meta-analysis. JAMA
Psychiatry. 2017;74:261-9. [PubMed: 28097367]

Reilly JL, Harris MSH, Keshavan MS, Sweeney JA. Adverse effects of risperidone on

spatial working memory in first-episode schizophrenia. Arch Gen Psychiatry. 2006;63:1189-97.
[PubMed: 17088499]

Kraeuter AK, Loxton H, Lima BC, Rudd D, Sarnyai Z. Ketogenic diet reverses behavioral
abnormalities in an acute NMDA receptor hypofunction model of schizophrenia. Schizophrenia
Res. 2015;169:491-3.

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sethi and Ford

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Page 14

Nguyen TT, Eyler LT, Jeste DV. Systemic biomarkers of accelerated aging in schizophrenia: A
critical review and future directions. Schizophr Bull. 2018;44:398-408. [PubMed: 29462455]
Ancoli-Israel S, Martin J, Jones DW, Caligiuri M, Patterson T, Harris MJ, et al. Sleep-disordered
breathing and periodic limb movements in sleep in older patients with schizophrenia. Biol
Psychiatry. 1999;45:1426-32. [PubMed: 10356624]

Kirkpatrick B, Messias E, Harvey PD, Fernandez-Egea E, Bowie CR. Is schizophrenia a syndrome
of accelerated aging? Schizophr Bull. 2008;34:1024-32. [PubMed: 18156637]

Rajasekaran A, Venkatasubramanian G, Berk M, Debnath M. Mitochondrial dysfunction in
schizophrenia: Pathways, mechanisms and implications. Neurosci Biobehav Rev. 2015;48:10-21.
[PubMed: 25446950]

Hackinger S, Prins B, Mamakou V, Zengini E, Marouli E, Br€i¢ L, et al. Evidence for genetic
contribution to the increased risk of type 2 diabetes in schizophrenia. Transl Psychiatry. 2018;8:1—
10. [PubMed: 29317594]

Liu Y, Li Z, Zhang M, Deng Y, Yi Z, Shi T. Exploring the pathogenetic association between
schizophrenia and type 2 diabetes mellitus diseases based on pathway analysis. BMC Med
Genomics. 2013;6:1-14. [PubMed: 23356856]

Raichle ME, MacLeod AM, Snyder AZ, Shulman GL. A default mode of brain function. Proc Natl
Acad Sci U S A. 2001;98:676-82. [PubMed: 11209064]

Hebb DO. The Organization of Behavior: A Neuropsychological Theory. New York (NY, US):
John Wiley & Sons, Ltd; 1949.

Sheffield JM, Barch DM. Cognition and resting-state functional connectivity in schizophrenia.
Neurosci Biobehav Rev. 2016;61:108-20. [PubMed: 26698018]

Zhang D, Snyder AZ, Shimony JS, Fox MD, Raichle ME. Noninvasive functional and structural
connectivity mapping of the human thalamocortical system. Cereb Cortex. 2010;20:1187-94.
[PubMed: 19729393]

Espinoza FA, Vergara VM, Damaraju E, Henke KG, Faghiri A, Turner JA, et al. Characterizing
whole brain temporal variation of functional connectivity via zero and first order derivatives of
sliding window correlations. Front Neurosci. 2019;13:634. [PubMed: 31316333]

Damaraju E, Allen EA, Belger A, Ford JM, McEwen S, Mathalon DH, et al. Dynamic functional
connectivity analysis reveals transient states of dysconnectivity in schizophrenia. Neurolmage
Clin. 2014;5:298-308. [PubMed: 25161896]

Faghiri A, Iraji A, Damaraju E, Belger A, Ford J, Mathalon D, et al. Weighted average of shared
trajectory: A new estimator for dynamic functional connectivity efficiently estimates both rapid
and slow changes over time. J Neurosci Methods. 2020;334:108600. [PubMed: 31978489]

Iraji A, Deramus TP, Lewis N, Yaesoubi M, Stephen JM, Erhardt E, et al. The spatial
chronnectome reveals a dynamic interplay between functional segregation and integration. Hum
Brain Mapp. 2019;40:3058-77. [PubMed: 30884018]

Brownlow ML, Jung SH, Moore RJ, Bechmann N, Jankord R. Nutritional ketosis affects
metabolism and behavior in sprague-dawley rats in both control and chronic stress environments.
Front Mol Neurosci. 2017;10:129. [PubMed: 28555095]

Sullivan CR, Mielnik CA, Funk A, O’Donovan SM, Bentea E, Pletnikov M, et al. Measurement of
lactate levels in postmortem brain, iPSCs, and animal models of schizophrenia. Sci Rep. 2019;9:1-
7. [PubMed: 30626917]

Kraeuter AK, van den Buuse M, Sarnyai Z. Ketogenic diet prevents impaired prepulse inhibition
of startle in an acute NMDA receptor hypofunction model of schizophrenia. Schizophr Res.
2019;206:244-50. [PubMed: 30466960]

Bostock ECS, Kirkby KC, Taylor BVM. The current status of the ketogenic diet in psychiatry.
Front Psychiatry. 2017;8:43. [PubMed: 28373848]

Kraft BD, Westman EC. Schizophrenia, gluten, and low-carbohydrate, ketogenic diets: A case
report and review of the literature. Nutr Metab. 2009;6:1-3.

Pacheco A, Easterling WS, Pryer MW. A pilot study of the ketogenic diet in schizophrenia. Am J
Psychiatry. 1965;121:1110-1. [PubMed: 14283310]

Palmer CM. Ketogenic diet in the treatment of schizoaffective disorder: Two case studies.
Schizophr Res. 2017;189:208-9. [PubMed: 28162810]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sethi and Ford

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Page 15

Gilbert-Jaramillo J, Vargas-Pico D, Espinosa-Mendoza T, Falk S, Llanos-Fernandez K, Guerrero-
Haro J, et al. The effects of the ketogenic diet on psychiatric symptomatology, weight and
metabolic dysfunction in schizophrenia patients. Clin Nutr Metab. 2018;1:1-5.

Danan A, Westman EC, Saslow LR, Ede G. The Ketogenic Diet for Refractory Mental IlIness: A
Retrospective Analysis of 31 Inpatients. Front Psychiatry. 2022;13:1421.

Hermes EDA, Sokoloff D, Stroup TS, Rosenheck RA. Minimum clinically important difference
in the positive and negative syndrome scale with data from the Clinical Antipsychotic Trials of
Intervention Effectiveness (CATIE). J Clin Psychiatry. 2012;73:526-32. [PubMed: 22579152]

Oz R, Wakeham D, Ketter T, Ketter T, Hooshmand F, Ketter T, et al. Impact of a Ketogenic Diet
on Metabolic and Psychiatric Health in Patients with Bipolar or Schizophrenia Iliness, Pilot Trial
Preliminary Analysis. In Proceedings of 5th Annual Metabolic Health Summit; 2022 May 5-8;
Santa Barba, CA, USA. Santa Barba (CA, USA): Metabolic Health Summit; 2022.

Moreno B, Bellido D, Sajoux |, Goday A, Saavedra D, Crujeiras AB, et al. Comparison of a very
low-calorie-ketogenic diet with a standard low-calorie diet in the treatment of obesity. Endocrine.
2014;47:793-805. [PubMed: 24584583]

Genco A, lenca R, Ernesti |, Maselli R, Casella G, Bresciani S, et al. Improving Weight Loss by
Combination of Two Temporary Antiobesity Treatments. Obes Surg. 2018;28:3733-7. [PubMed:
30173286]

Goday A, Bellido D, Sajoux I, Crujeiras AB, Burguera B, Garcia-Luna PP, et al. Short-Term safety,
tolerability and efficacy of a very low-calorie-ketogenic diet interventional weight loss program
versus hypocaloric diet in patients with type 2 diabetes mellitus. Nutr Diabetes. 2016;6:e230.
[PubMed: 27643725]

Johnstone AM, Horgan GW, Murison SD, Bremner DM, Lobley GE. Effects of a high-protein
ketogenic diet on hunger, appetite, and weight loss in obese men feeding ad libitum. Am J Clin
Nutr. 2008;87:44-55. [PubMed: 18175736]

Samaha FF, Igbal N, Seshadri P, Chicano KL, Daily DA, McGrory J, et al. A Low-Carbohydrate
as Compared with a Low-Fat Diet in Severe Obesity. N Engl J Med. 2003;348:2074-81. [PubMed:
12761364]

Yancy WS, Olsen MK, Guyton JR, Bakst RP, Westman EC. A Low-Carbohydrate, Ketogenic Diet
versus a Low-Fat Diet to Treat Obesity and Hyperlipidemia: A Randomized, Controlled Trial. Ann
Intern Med. 2004 May 18;140(10):769-77. [PubMed: 15148063]

Yancy WS, Westman EC, McDuffie JR, Grambow SC, Jeffreys AS, Bolton J, et al. A randomized
trial of a low-carbohydrate diet vs orlistat plus a low-fat diet for weight loss. Arch Intern Med.
2010;170:136-45. [PubMed: 20101008]

Bhanpuri NH, Hallberg SJ, Williams PT, McKenzie AL, Ballard KD, Campbell W, et al.
Cardiovascular disease risk factor responses to a type 2 diabetes care model including nutritional
ketosis induced by sustained carbohydrate restriction at 1 year: An open label, non-randomized,
controlled study. Cardiovasc Diabetol. 2018;17:1-16. [PubMed: 29301528]

Hyde PN, Sapper TN, Crabtree CD, LaFountain RA, Bowling ML, Buga A, et al. Dietary
carbohydrate restriction improves metabolic syndrome independent of weight loss. JCI Insight.
2019 Jun 20;4(12):e128308. [PubMed: 31217353]

Hall KD, Chen KY, Guo J, Lam YY, Leibel RL, Mayer LE, et al. Energy expenditure and body
composition changes after an isocaloric ketogenic diet in overweight and obese men. Am J Clin
Nutr. 2016;104:324-33. [PubMed: 27385608]

100. Saslow LR, Mason AE, Kim S, Goldman V, Ploutz-Snyder R, Bayandorian H, et al. An online

intervention comparing a very low-carbohydrate ketogenic diet and lifestyle recommendations
versus a plate method diet in overweight individuals with type 2 diabetes: A randomized
controlled trial. J Med Internet Res. 2017 Feb 13;19(2):e36. [PubMed: 28193599]

101. Klein P, Janousek J, Barber A, Weissberger R. Ketogenic diet treatment in adults with refractory

epilepsy. Epilepsy Behav. 2010;19:575-9. [PubMed: 20937568]

102. Cervenka MC, Patton K, Eloyan A, Henry B, Kossoff EH. The impact of the modified Atkins diet

on lipid profiles in adults with epilepsy. Nutr Neurosci. 2016;19:131-7. [PubMed: 25383724]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sethi and Ford

103.

104.

105.

106.

Page 16

Ye F, Li XJ, Jiang WL, Sun H-B, Liu J. Efficacy of and patient compliance with a ketogenic diet
in adults with intractable epilepsy: A meta-analysis. J Clin Neurol. 2015;11:26-31. [PubMed:
25628734]

Cervenka MC, Henry BJ, Felton EA, Patton K, Kossoff EH. Establishing an Adult Epilepsy
Diet Center: Experience, efficacy and challenges. Epilepsy Behav. 2016;58:61-8. [PubMed:
27060389]

Leffler DA, Edwards-George J, Dennis M, Schuppan D, Cook F, Franko DL, et al. Factors

that influence adherence to a gluten-free diet in adults with celiac disease. Dig Dis Sci.
2008;53:1573-81. [PubMed: 17990115]

Féart C, Samieri C, Rondeau V, Amieva H, Portet F, Dartigues J-F, et al. Adherence to a
mediterranean diet, cognitive decline, and risk of dementia. JAMA. 2009;302:638-48. [PubMed:
19671905]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 17

Ketogenic diet —— 1 Insulin/Glucagon I

.

FAs <
‘0
LIVER CAT-1f °
/ o
Fatty acid
oxidization Acetyl-CoA
o~
Acetyl-CoA Aceto acetyl-CoA
Acetoacetate > > Acetoacetate
BHB \
CO
2 Acetone /
Figurel.

A depiction of the biochemistry of ketogenesis in the liver and brain. Prolonged glucose
restriction leads to an increased glucagon to insulin ratio, which leads to release of free
fatty acids into the bloodstream. Free fatty acids are taken up into liver mitochondria
where they are used to produce acetyl coenzyme A (Acetyl-CoA). These molecules then
enter ketogenesis through the formation of ketone bodies. Acetyl-CoA is converted into
acetoacetate, which then allows for reversible reduction to beta hydroxybutyrate (BHB), as
well as acetone. These ketone bodies then exit the liver and enter peripheral tissues and

the brain, which is facilitated by monocarboxylic acid transporters. When in situ, BHB can
be converted back into acetoacetate, serving as an eventual source of acetyl-CoA to release
energy via the tricarboxylic acid cycle. Abbreviations: Acetyl-CoA, acetyl coenzyme A;
BHB, beta- hydroxybutyrate; CAT, carnitine acylcarnitine translocase; CO,, carbon dioxide;
FAs, fatty acids; MCT, monocarboxylic acid transporter; TCA, tricarboxylic acid.

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sethi and Ford

Page

Mitochondrial
biogenesis

Improved
network |

More stability
Ketogenic diet ketones to

fuel neurons

Reductio
n of ROS

Improved IS
and reduced Reduced

visceral fat systemic
inflammation

Figure 2.
A diagram depicting a basic mechanistic model of the ketogenic diet and its potential

benefits. Neurobiological and physiological mechanisms of the ketogenic diet are shown in
rectangular boxes, with corresponding effects in circles. The flow chart depicts at a high
level possible mechanisms of ketogenic diet on cognition and mental health functioning.
Abbreviations: IS, insulin sensitivity, ROS, reactive oxygen species.

J Psychiatr Brain Sci. Author manuscript; available in PMC 2022 December 07.

18

mproved
function



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Sethi and Ford

Table 1.

Page 19

Potential mechanistic effects of the ketogenic diet underpinning neurological conditions.

Neural Deficit

Neural Symptom

Ketogenic Therapy Effect

Mitochondrial dysfunction Decrease in energy level production

Induces mitochondrial biogenesis

Oxidative stress and

Increase in ROS leading to neuronal damage

Decreases ROS levels with ketone bodies; increases

inflammation HDL cholesterol levels for neuroprotection

Na/K ATPase loss of function Impaired ATP production via oxidative Provides alternative energy source via ketosis,
phosphorylation replenishes acetyl-CoA

Imbalance in monoaminergic Changes in behavior and emotion due to imbalance | Regulates neurotransmitter metabolites via ketone

activity in neurotransmitter concentrations bodies and intermediates

GABA/glutamate imbalance Depressive and mania symptoms, unsustainable Increases GABA levels whilst decreasing glutamate

energy requirements, and neuronal damage

levels

Abbreviations: ATP, adenosine triphosphate; GABA, gamma-aminobutyric acid; HDL, high-density lipoprotein; K, potassium; Na, sodium; ROS,

reactive oxygen species.
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