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Abstract: Anxiety disorders comprise persistent, disabling conditions that are distributed across
the globe, and are associated with the high medical and socioeconomic burden of the disease.
Within the array of biopsychosocial treatment modalities—including monoaminergic antidepressants,
benzodiazepines, and CBT—there is an unmet need for the effective treatment of anxiety disorders
resulting in full remission and recovery. Nutritional intervention may be hypothesized as a promising
treatment strategy; in particular, it facilitates relapse prevention. Low-carbohydrate high-fat diets
(LCHF) may provide a rewarding outcome for some anxiety disorders; more research is needed before
this regimen can be recommended to patients on a daily basis, but the evidence mentioned in this
paper should encourage researchers and clinicians to consider LCHF as a piece of advice somewhere
between psychotherapy and pharmacology, or as an add-on to those two.
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1. Introduction

Anxiety disorders comprise a group of persistent, disabling conditions that are distributed across
the globe, and are associated with a high burden of the disease being a great cost in the course of
healthcare expenses, due to commonly ruling one out from social, professional, and/or educational
duties [1-7].

Although intensive research on genetics, neuroimaging, blood-testing, and neurochemical markers
has been carried out, the studies failed to determine the anxiety biomarkers, as the majority of them
showed solitary findings which sometimes were neither replicable, nor consistent with each other [8].

The array of treatment modalities is still limited in efficacy with regard to remission, prognosis,
and relapse prevention. There is an unmet need for novel strategies in the treatment of anxiety
disorders, including treatments that fall outside of pharmacotherapy and psychosocial intervention.

1.1. Neurotransmission and Gut-Microbiota Interplay in Anxiety

1.1.1. Monoamines

Within the exploration of the possible biological causes of anxiety, there is evidence on serotonergic
and noradrenergic transmission defects in the mechanism of anxiety; there is a need to explore more
treatment options to treat these disorders, and a diet regimen could be one of them. The monoaminergic
hypothesis led to the development of selective and nonselective inhibitors of serotonin transporters
and/or norepinephrine, with the aim of monoaminergic transmission augmentation [9-11]. There is
a strong correlation between enhanced noradrenergic activity and fear and anxiety. Additionally,
the neurons of the chief noradrenergic projection center in the central nervous system, the locus
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coeruleus, are hyperactive during anxiety, and the excitation of this part of the brain is related to
symptoms such as stress and anxiety responses [9]. Furthermore, pharmacotherapeutic confirmation
points towards the involvement of the serotonergic system in the brain [9].

1.1.2. Hypothalamic-Pituitary-Adrenal Axis, Divalent Ions, Inflammation, and Reactive Oxygen
Species in Anxiety

Another factor is the disturbance of the hypothalamic—pituitary—adrenal axis (HPA), which is
seen to have elevated cortisol levels. However, hypocortisolism has also been noted [12]. Factors
such as the divalent ions of zinc or magnesium (the digestion of which is controlled partly by the
human microbiota [13]) may exert effects on the progression of the cortical brain-derived neurotrophic
factor (zinc and magnesium), N-methyl-p-aspartate (NMDA) antagonists’ mechanisms of action,
and neuromodulation. The mechanism of action also highlights the linkage between anxiety and some
divalent ion deficiencies [14,15]. Inflammation and oxidative stress are also being linked to the anxiety
process. The former was consistently found to affect anxiety-related brain regions, i.e., the anterior
cingulate cortex, amygdala, and insula, which may result from cytokine effects on monoamines
and glutamate. Increased inflammatory cytokines are, in turn, associated with increased oxidative
stress, and the generation of reactive oxygen species (ROS) and reactive nitrogen species. The latter
could be linked with obsessive-compulsive disorder and panic disorders’ etiologies, which show
statistically-significant levels of some antioxidant enzymes and malondialdehyde [16-18].

1.1.3. Excess Glutamate

With regard to glutamate, its relationship to anxiety has also already been established. This chief
excitatory neurotransmitter in the human brain was found to play a vital role in anxiety. The mechanism
consists of NMDA receptor complex activation, which requires both glutamate (which could be depleted
by the LCHEF diet, as described below) and its co-agonist, glycine. p-cycloserine, for instance, being a
partial agonist—at the glycine recognition site—of the glutamatergic NMDA receptor, can act as a
cognitive enhancer to augment exposure strategies during the cognitive-behavioral therapy of anxiety
disorders [19,20].

1.1.4. GABA Deficiency

Additionally, the main inhibitory gamma-aminobutyric acid (GABA) dysfunctions have been
discussed in studies as being responsible for mood fluctuations in affective disorders and the
psychopathology of fear (the acquisition, storage, and extinction of fear memory); this has not
only been proven theoretically but also practically, by the rapid reduction of symptomatology, anxiety,
and sleep disorders when allosteric modulators of GABA were given [21-23]. In patients with General
Anxiety Disorder (GAD), the number of GABA type A (GABA-A) receptors is reduced in the temporal
lobe [24]; patients with panic disorders also have reduced GABA-A receptor numbers in the parietal,
temporal and frontal cortexes, the left hippocampus, and the precuneus [25]. Likewise, GABA is
responsible for the inhibition of cortisol excretion in stress, and corticotropin-releasing hormone
excretion, which also supports the hypothesis that, when altered, GABA could intensify the risk
of depression and/or anxiety [23]. Persistent Selective Serotonin Reuptake Inhibitor (SSRls) intake
enhances the cortical GABA concentrations observed in both patients and healthy controls, and are
compatible with the antidepressant drug-induced potentiation of GABA release as a mechanism
underlying antidepressant effects. Similarly to SSRIs, tricyclic antidepressants that increase the
concentration of noradrenaline and serotonin take part in GABAergic transmission modulation.
The noradrenergic neuration of GABAergic interneurons increases the GABAergic transmission in the
frontal, sensorimotor, and entorhinal cortices; parts of the hippocampus; and the basolateral amygdala.
Additionally, significant decreases in the left temporal pole GABA-A receptors were found in a PET
study with female GAD patients. Studies have shown that infusions of GABA or GABA-A receptor
agonists into the amygdala lessened the measures of anxiety in several animal subjects, while infusions
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of GABA antagonists managed to show anxiogenic properties [26]. The role of GABA has long been
observed as being central to the regulation of anxiety, and this neurotransmitter system is the target of
benzodiazepines (and related drugs) used to treat anxiety disorders effectively [27].

1.1.5. Gut Microbiota

Furthermore, the intestinal microbiota have various functions in the organism, including the
synthesis of certain bacteria groups that replenish the absorption of ions, calcium and iron, and the
transformation of fatty acids, stimulating the development of the immune system and protective
functions [13]. The relationship between the development of depression, the immune response,
and bowel function is currently explained by the phenomenon of ‘leaky gut syndrome’. The research
revealed that ‘tight junctions’—connections between the cells of the intestinal epithelium—deteriorate
under stress, which in turn leads to the translocation of intestinal bacteria through the intestinal barrier
into the circulatory system [28].

To summarize, at present, antidepressants augment monoaminergic transmission and also
strengthen GABA transmission, the lowered concentration of which is frequently observed in anxiety
disorders [9,23].

Among monoaminergic drugs, cognitive-behavioral therapy, or occasional benzodiazepine use,
there is a lot to be discovered in the nutrition regimen regarding decreasing anxiety symptoms. The aim
of this mini-review is to bring together the existing knowledge of the ways in which certain types of
food components affect anxiety.

1.2. Low Carbohydrate Diets and Their Hypothesized Impact on Anxiety Treatment

1.2.1. Low-Carbohydrate Diets

Dietary modification as a treatment intervention modality has been widely discussed since the 19th
century [29-31]. A very low-carb diet (up to ca. 50 g carbohydrates per day [32]), the LCHF-ketogenic
diet (KD), was the typical treatment for diabetes mellitus (DM) throughout the 19th century [33,34].
A dietary regimen that provided ketosis was found in the treatment amended by the physicians
of ancient Greece, including for epilepsy, by altering their patients” diet, mostly by the ‘complete
abstinence of food and drink’ [35].

Diets with low amounts of carbohydrate consumption (low-carb) seem promising both for
weight mass optimization among mentally ill patients and for their possible anxiolytic effect. A diet
is characterised as being low-carb high-fat (LCHF) when fat comprises >70% of the daily calorie
consumption, with sugars being 5-15%, and the rest of the calories being supported by proteins [32].

Although there are various types of LCHF diets, like the Atkins diet, modified Atkins diet,
low-glycemic index treatment diet, and the medium-chain triglyceride (MCT) KD [36-38], we will focus
on the biological aspect of the mechanism of ketosis. As has previously been said, a very low-carb KD
and starvation have something in common, and the process is called ketosis. The difference between
physiological ketosis and pathological ketoacidosis (which is seen in DM type 1 or prolonged starvation)
is a major limiting factor in the production of ketones [39]. Ketosis, the state of the overproduction of
acetoacetate, p-3-hydroxybutyrate, and acetone (called collectively ‘the ketone bodies’) by the liver,
takes place when carbohydrates are removed from the diet (or during starvation). Ketosis seems to
only ‘imitate” starvation, being different from it, as the daily caloric intake stays on a normal, or even
higher, level. The restriction of carbohydrates to under 50 g induces glycogen depletion and ketone
production due to the mobilization of fat stored in the adipose tissue, which is the main mechanism
associated with a decrease in body weight. Very low-carbohydrate diets and mild low-carbohydrate
diets (the latter is commonly defined as carbohydrate consumption up to 130 g per day) differ in the
type of body mass loss. In the review by Hashimoto et al. 2016, very low-carb diets were associated
with a decrease in fat mass, but mild low-carb diets were not associated with a decrease in fat mass,
although both were associated with bodyweight decrease [40]. Furthermore, the Prospective Urban
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Rural Epidemiology (PURE) study [41] showed that high carbohydrate consumption (over 60% of
daily calories) was linked with an adverse impact on total mortality and non-cardiovascular disease
mortality. On the other hand, higher fat consumption was associated with a lower risk of total mortality,
non-cardiovascular disease mortality, and stroke [41].

The direct and indirect influence on the central nervous system of KD can be observed in
the increasing of the cerebral blood flow, and the decreasing the mammalian target of rapamycin
(mTOR) [42] by the increase of the level of endothelial nitric oxide synthase protein expression,
but also passively (indirectly). The indirect, ‘passive’, effects on the central nervous system are
supposed to be mediated by microbiota through an increase of short-chain fatty acids and a decrease
of GABA [43]. Bacteria such as Akkermansia muciniphila and Lactobacillus are known as short-chain
fatty acid producers [44]. It is known that the KD induces anorexigenic effects: decreased adenosine
monophosphate-activated protein (AMP) phosphorylation, and an increase of post-meal free fatty acids.
KD has also appetite stimulant (orexigenic) abilities: it increases the brain’s GABA concentrations of
AMP, and decreases reactive oxygen species (ROS) [45].

In a study on the KD mechanism in epilepsy treatment—by Calderon et al.—in which rodents
were set on a two weeks KD trial, the ketone levels in their urine were measured along with GABA,
glutamate levels, and weight. Not only did the rats on KD gain weight by only about 1.2 g, whilst
the control group gained 20.8 g, but the levels of their neurotransmitters changed significantly in
favor of GABA. In probes of microdialysate, the glutamate levels declined non-significantly between
KD (3.5 + 0.6 pM) and the control group (5.18 + 0.73 uM) (p = 0.08), while the GABA levels were
significantly higher (47 + 8 nM) in rats kept in the KD group compared to the control rats (26 + 3 nM)
(p <£0.03) [45]. This mechanism of KD could be supportive of anxiety disorder treatments.

1.2.2. Gut Microbiota and the Steroid Pathway in the Potentiation of GABA Transmission in
Low-Carbohydrate Diets

Furthermore, GABA can be synthesized by the gut microbiota residents: Lactobacilli and
Bifidobacteria (Lactobacillus brevis, Bifidobacterium dentium, Bifidobacterium adolescentis,
and Bifidobacterium infantis). Lactobacillus rhamnosus has been proven for its therapeutical potential
in modulating the expression of central GABA receptors, mediating depression and anxiety-like
behaviors [46], which links the possible anxiolytic outcome effect with the gut microbiome. It was
suggested that the LCHF diet, and—in general—the inhibition of glycolysis in the brain, could reduce
neuronal excitability through the potentiation of GABA transmission via the steroid pathway [47,48].
Forte et al. [47] reported a novel mechanism for the reduction of network hyperexcitability by the
inhibition of glycolysis, which involves the potentiation of the shunting inhibition in excitatory neurons,
in which a glucose analogue—2-deoxy-p-glucose—potentiates the extra-synaptic tonic GABAergic
current through the activation of neurosteroidogenesis. There seems to exist a linkage with the
gut-brain axis, neurosteroids, and GABA-A interplay, while neuronal GABA-A receptors are one of
the prime molecular targets of neurosteroids [49]. As some gut microbiota residents could be called
‘manufacturers of GABA’, the gut microbiota diversity seems to influence positively the circulating
steroid levels, in particular, that of allopregnanolone. Prebiotic consumption could improve frequently
co-existing anxiety disorder symptoms through the promotion of undisturbed non-rapid eye movement
(NREM) sleep and stress-related REM sleep rebound, and the prevention of stress-induced reductions
in gut microbial alpha diversity [49,50].

Increasingly, low-carb diets are being used to treat behavioral and mood disorders such as attention
deficit disorder, for which diets that are low in sugar and high in fatty acids are recommended [51].
Still, little is known about KD and gut microbiota dependence with regard to mental health. Mostly,
the evidence found focuses on the effect of KD on the gut microbiota of children with either
epilepsy [43,52-54] or autism [55]. Only some articles focus on adult patients, but most focus on
subjects with significant comorbidities; such literature is to be found on sclerosis multiplex, in which
KD restores the impaired gut microbiome in patients with sclerosis multiplex [56]. Similar data can be
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found on professional athletes; in a study by Murtaza et al. [57], the researchers found statistically
significant differences in some bacteria species between the stool microbiota profiles of those athletes
consuming the LCHF diet compared with their baseline measurements. Moreover, tests performed
on mice suggest a beneficial role of KD for gut microbiota [43,58]. As a ketogenic diet modifies the
gut microbiome, the preservation of proper gut health through the implementation of fermented
food (i.e., yogurt, water and milk kefir, kimchi, fermented vegetables) or pre/probiotics consumption
(which does not interfere with the assumptions of KD) seem important. It is possible that taking
probiotics could help prevent composition disorders of the gut microbiota as a consequence of chronic
stress, and the depletion of inflammation and the increasing of serotonin biosynthesis probiotics could
be an element of anxiety disorder relapse prevention.

1.2.3. Anti-Inflammatory Effect of the Ketogenic Diet and Fatty Acids

It is hypothesized that a ketogenic diet may reduce inflammation [59]. Compared with glucose
metabolism, the metabolism of ketone bodies produces fewer ROS, which contribute to inflammation.
Ketolytic metabolism produces fewer free radicals and ROS, affecting the mitochondrial Q coenzyme
pair and the cytoplasmic glutathione couple [59,60].

Some research indicates the benefit in the outcome of anxiety when the consumption of
particular fats in the diet is increased, i.e., the essential polyunsaturated fatty acids (EPUFAs),
also called vitamin F, and omega-3 fatty acids. The clinician-advised dosing of the two omega-3
fatty acids—eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)—is at least 1.5-2.5 g daily
consumption [61,62]. The American Psychiatric Association guidelines support omega-3 consumption
for the mentally ill, through the consumption of at least 1 g of EPA and DHA daily, which is in-line with
the guidelines of the American Heart Association [63]. DHA plays a role in the brain’s cellular structure
construction, because as much as 20% of the brain is composed of it. All omega-3 formulations exhibit
anti-inflammatory activity and help to maintain brain cells’ stability, with linkages to neurotransmitters’
(serotonin, dopamine) proper functioning [64]. Nowadays, with higher depression morbidity in society,
studies are showing that omega-3 fatty acids are eaten rarely and in lower doses than in the past
decades [64,65]. The proposed mechanisms of action are presented in Figure 1.

Inflammation Anxiolytic
and ROS Effect

KETOGENIC DIET E
WITH PROBIOTICS

Gut
microbiota

Ketogenic diet mechanism of actions

‘ —excitation

‘ —inhibition
ROS—reactive oxygen species
GABA—gamma amino butyric acid

HPA axis—hypothalamic-pituitary-adrenal axis

Figure 1. Ketogenic diet mechanisms of action.
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1.2.4. The ‘Ketogenic Menu’

The “clean keto” version of KD is mostly based on ‘healthy” macronutrients, such as low-processed
food, i.e., fat sources such as free-range egg yolks, and polyunsaturated fatty acids such as olive, canola,
and grapeseed oil, oily fish, and nuts. As for proteins, fish, meat, cheese, egg whites (mostly high-fat
protein sources) are recommended, and carbohydrates are limited to mostly unprocessed, low glycemic
index carbohydrates (which are ‘smuggled’ through green vegetable consumption, brown rice, etc.).
A professional dietician’s guidance is advised. The previously-mentioned divalent ions linked to
anxiety can also be supplied in the LCHF menu, i.e., through zinc-rich foods such as oysters (which are
low-carbohydrate meals) and other seafood, etc. Magnesium can be found mostly in green leafy
vegetables, while selenium is found in seafood, poultry, fish, and eggs, which all are favorable choices
in LCHEF diets [35].

A study on over 121,000 participants concluded that high stress and high neuroticism levels were
associated with poorer diet quality; however, poor diet quality did not predict emotional or mental
health problems [66]. Although the data suggest that enhancing diet quality may not hold promise in
preventing mental disorders, patients may benefit from a specific type of nutrition regimen whilst they
are mentally ill [67,68]. These findings could help establish the right dietary regimen to enhance the
GABAergic transmission and support the gut-brain axis.

2. Conclusions

Although there is a growing body of literature that links nutrition to mood, little can be found on the
proposed biological mechanisms of action of certain micro- and macronutrients on neurotransmission,
leaving studies with, mainly, epidemiological data [69,70]. There is also evidence with regard to the
gut-brain axis, in which some species of bacteria have the ability to generate the neuroendocrine
hormones and/or neuroactive compounds involved in a key aspect of neurotransmission [46], which may
be responsible for the anxiolytic effect. There is also the vital fact that metabolic acidosis—which is
a potentially life-threatening condition that can appear due to ketoacidosis caused by starvation,
diabetes, lactate acidosis, alcohol ingestion, or renal failure—is also represented by ketone bodies in
the urine and blood, but it differs in those levels of in the blood and urine (due to the lower blood pH
in ketoacidosis than in physiological ketosis) [71].

The findings rationalize the need for more detailed, longitudinal research on the ways in which
diet and microbiome interactions may be better understood and managed in order to optimize the
reduction of anxiety for the benefit of the patients. LCHF diets, in some anxiety disorders, may provide
a rewarding outcome, but more research is needed before this regimen can be recommended to patients
on a daily basis; however, the evidence mentioned in this paper should encourage psychiatrists
to recommend LCHEF diets as advice somewhere between psychotherapy and pharmacology, or as
an add-on to those two. In our mind, the LCHF diet is a promising, well-accepted diet regimen
which has an impact on anxiety disorders, supporting mainly long-term relapse prevention strategies,
in combination with the already-approved strategies.

Author Contributions: Study conception and design: A.W. (Adam Wlodarczyk); acquisition of data: A.W. (Adam
Wrtodarczyk) and A.W. (Aleksandra Wielewicka); analysis and interpretation of data: A.W. (Adam Wiodarczyk)
and WJ.C,; drafting of the manuscript: A.W. (Adam Wtodarczyk) and A.W. (Aleksandra Wielewicka); critical
revision: W.J.C. All authors have read and agreed to the published version of the manuscript.

Funding: The work was completed as a part of grant no. 02-0039/07/221 from the Medical University of
Gdarnisk, Poland.

Conflicts of Interest: Adam Wlodarczyk has received research support from Actavis, Eli Lilly, Minerva
Neurosciences, Sunovion Pharmaceuticals, KCR, Janssen, Otsuka, Apodemus, Cortexyme, and Acadia. Wiestaw
Jerzy Cubata has received research support from Actavis, Alkermes, Allergan, Angelini, Auspex, Biogen,
Bristol-Myers Squibb, Cephalon, Eli Lilly, Ferrier, Forest Laboratories, Gedeon Richter, GW Pharmaceuticals,
Janssen, KCR, Lundbeck, Orion, Otsuka, Sanofi, and Servier; he has served on speakers’ bureaus for Adamed,
Angelini, AstraZeneca, Bristol-Myers Squibb, Celon, GlaxoSmithKline, Janssen, Krka, Lekam, Lundbeck,



Nutrients 2020, 12, 3822 7 of 10

Novartis, Orion, Pfizer, Polfa Tarchomin, Sanofi, Servier, and Zentiva; and he has served as a consultant
for GW Pharmaceuticals, Janssen, KCR, Quintiles, and Roche. Aleksandra Wielewicka: n/a.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Bandelow, B.; Michaelis, S. Epidemiology of anxiety disorders in the 21st century. Dialogues Clin. Neurosci.
2015, 17, 327-335. [PubMed]

World Health Organization. ICD-10: International Statistical Classification of Diseases and Related Health
Problems: Tenth Revision, 2nd ed.; World Health Organization: Geneva, Switzerland, 2004; Available online:
https://apps.who.int/iris/handle/10665/42980 (accessed on 20 September 2020).

Kessler, R.C.; Petukhova, M.; Sampson, N.A.; Zaslavsky, A.M.; Wittchen, H.-U. Twelve-month and lifetime
prevalence and lifetime morbid risk of anxiety and mood disorders in the United States. Int. . Methods
Psychiatry Res. 2012, 21, 169-184. [CrossRef] [PubMed]

Leon, A.C.; Portera, L.; Weissman, M.M. The social costs of anxiety disorders. Br. ]. Psychiatry Suppl.
1995, 19-22. [CrossRef] [PubMed]

Baxter, A.J.; Vos, T.; Scott, KM.; Ferrari, A.].; Whiteford, H.A. The global burden of anxiety disorders in 2010.
Psychol. Med. 2014, 44, 2363-2374. [CrossRef]

Stein, D.]J.; Scott, K.M.; de Jonge, P.; Kessler, R.C. Epidemiology of anxiety disorders: From surveys to
nosology and back. Dialogues Clin. Neurosci. 2017, 19, 127-136. [CrossRef] [PubMed]

Andlin-Sobocki, P.; Wittchen, H.U. Cost of anxiety disorders in Europe. Eur. ]. Neurol. 2005, 12, 39-44.
[CrossRef] [PubMed]

Maron, E.; Nutt, D. Biological markers of generalized anxiety disorder. Dialogues Clin. Neurosci.
2017, 19, 147-158. [CrossRef] [PubMed]

Montoya, A.; Bruins, R.; 1 Katzman, M.A.; Blier, P. The noradrenergic paradox: Implications in the
management of depression and anxiety. Neuropsychiatr. Dis. Treat. 2016, 12, 541-557. [CrossRef] [PubMed]
Rickels, K.; Mangano, R.; Khan, A. A double-blind, placebo-controlled study of a flexible dose of venlafaxine
ER in adult outpatients with generalized social anxiety disorder. J. Clin. Psychopharmacol. 2004, 24, 488-496.
[CrossRef]

Rickels, K.; Zaninelli, R.; McCafferty, J.; Bellew, K.; Iyengar, M.; Sheehan, D. Paroxetine treatment of
generalized anxiety disorder: A double-blind, placebo-controlled study. Am. ]. Psychiatry 2003, 160, 749-756.
[CrossRef]

Jakuszkowiak-Wojten, K.; Landowski, J.; Wiglusz, M.S.; Cubata, W.J. Cortisol as an indicator of
hypothalmic-pitituary-adrenal axis dysregulation in patients with panic disorder: A literature review.
Psychiatr. Danub. 2015, 27, S445-5451. [PubMed]

Singewald, N.; Sinner, C.; Hetzenauer, A.; Sartori, S.B.; Murck, H. Magnesium deficient diet alter
depression-and anxiety-related behavior in mice—Influence of desipramine and Hypericum perforatum
extract. Neuropharmacology 2004, 47, 1189-1197. [CrossRef] [PubMed]

Hermann, A. Probiotics supplementation in prophylaxis and treatment of depressive and anxiety disorders -
a review of current research. Psychiatr. Pol. 2019, 53, 459-473. [CrossRef] [PubMed]

Jacka, EN.; Overland, S.; Stewart, R.; Tell, G.S.; Bjelland, I.; Mykletun, A. Association between magnesium
intake and depression and anxiety in community-dwelling adults: The Hordaland Health Study. Aust. N. Z.
J. Psychiatry 2009, 43, 45-52. [CrossRef] [PubMed]

Kuloglu, M.; Atmaca, M.; Tezcan, E.; Ustundag, B.; Bulut, S. Antioxidant enzyme and malondialdehyde
levels in patients with panic disorder. Neuropsychobiology 2002, 46, 186-189. [CrossRef]

Kuloglu, M.; Atmaca, M.; Tezcan, E.; Gecici, O.; Tunckol, H.; Ustundag, B. Antioxidant enzyme activities and
malondialdehyde levels in patients with obsessive-compulsive disorder. Neuropsychobiology 2002, 46, 27-32.
[CrossRef]

Hassan, W.; Silva, C.E.; Mohammadzai, I.U.; da Rocha, ].B.; Landeira-Fernandez, J. Association of oxidative
stress to the genesis of anxiety: Implications for possible therapeutic interventions. Curr. Neuropharmacol.
2014, 12, 120-139. [CrossRef]

Hofmann, S.G. Cognitive processes during fear acquisition and extinction in animals and humans:
Implications for exposure therapy of anxiety disorders. Clin. Psychol. Rev. 2008, 28, 199-210. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/26487813
https://apps.who.int/iris/handle/10665/42980
http://dx.doi.org/10.1002/mpr.1359
http://www.ncbi.nlm.nih.gov/pubmed/22865617
http://dx.doi.org/10.1192/S0007125000293355
http://www.ncbi.nlm.nih.gov/pubmed/7794589
http://dx.doi.org/10.1017/S0033291713003243
http://dx.doi.org/10.31887/DCNS.2017.19.2/dstein
http://www.ncbi.nlm.nih.gov/pubmed/28867937
http://dx.doi.org/10.1111/j.1468-1331.2005.01196.x
http://www.ncbi.nlm.nih.gov/pubmed/15877777
http://dx.doi.org/10.1176/appi.focus.16205
http://www.ncbi.nlm.nih.gov/pubmed/32015708
http://dx.doi.org/10.2147/NDT.S91311
http://www.ncbi.nlm.nih.gov/pubmed/27042068
http://dx.doi.org/10.1097/01.jcp.0000138764.31106.60
http://dx.doi.org/10.1176/appi.ajp.160.4.749
http://www.ncbi.nlm.nih.gov/pubmed/26417813
http://dx.doi.org/10.1016/j.neuropharm.2004.08.010
http://www.ncbi.nlm.nih.gov/pubmed/15567428
http://dx.doi.org/10.12740/PP/92392
http://www.ncbi.nlm.nih.gov/pubmed/31317970
http://dx.doi.org/10.1080/00048670802534408
http://www.ncbi.nlm.nih.gov/pubmed/19085527
http://dx.doi.org/10.1159/000067810
http://dx.doi.org/10.1159/000063573
http://dx.doi.org/10.2174/1570159X11666131120232135
http://dx.doi.org/10.1016/j.cpr.2007.04.009

Nutrients 2020, 12, 3822 8 of 10

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.
34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

Hofmann, S.G.; Sawyer, A.T.; Asnaani, A. p-cycloserine as an augmentation strategy for cognitive behavioral
therapy of anxiety disorders: An update. Curr. Pharm. Des. 2012, 18, 5659-5662. [CrossRef]

Mohler, H. The GABA system in anxiety and depression and its therapeutic potential. Neuropharmacology
2012, 62, 42-53. [CrossRef]

Pehrson, A.L.; Sanchez, C. Altered y-aminobutyric acid neurotransmission in major depressive disorder:
A critical review of the supporting evidence and the influence of serotonergic antidepressants. Drug Des.
Dev. Ther. 2015, 9, 603—-624. [CrossRef] [PubMed]

Kalueff, A.V.; Nutt, D.J. Role of GABA in anxiety and depression. Depress. Anxiety 2007, 24, 495-517.
[CrossRef] [PubMed]

Gross, C.; Hen, R. The developmental origins of anxiety. Nat. Rev. Neurosci. 2004, 5, 545-552. [CrossRef]
[PubMed]

Fatemi, S.H.; Folsom, T.D. GABA receptor subunit distribution and FMRP-mGIluR5 signaling abnormalities in
the cerebellum of subjects with schizophrenia, mood disorders, and autism. Schizophr. Res. 2015, 167, 42-56.
[CrossRef] [PubMed]

Nuss, P. Anxiety disorders and GABA neurotransmission: A disturbance of modulation. Neuropsychiatr. Dis. Treat.
2015, 11, 165-175. [CrossRef] [PubMed]

Lydiard, R.B. The role of GABA in anxiety disorders. J. Clin. Psychiatry 2003, 64, 21-27.

Desbonnet, L.; Garrett, L.; Clarke, G.; Kiely, B.; Cryan, J.E; Dinan, T.G. Effects of the probiotic Bifidobacterium
infantis in the maternal separation model of depression. Neuroscience 2010, 170, 1179-1188. [CrossRef]
Banting, W. Letter on Corpulence Addressed to the Public. Obes. Res. 1993, 1, 153-163. [CrossRef]
Johnstone, A.M.; Horgan, G.W.; Murison, S.D.; Bremner, D.M.; Lobley, G.E. Effects of a high-protein ketogenic
diet on hunger, appetite, and weight loss in obese men feeding ad libitum. Am. . Clin. Nutr. 2008, 87, 44-55.
[CrossRef]

Paoli, A.; Bosco, G.; Camporesi, E.M.; Mangar, D. Ketosis, ketogenic diet and food intake control: A complex
relationship. Front. Psychol. 2015, 2, 27. [CrossRef]

Ludwig, D.S. The Ketogenic Diet: Evidence for Optimism but High-Quality Research Needed. J. Nutr. 2020,
150, 1354-1359. [CrossRef] [PubMed]

Einhorn, M. Lectures on Dietetics; Saunders: Philadelphia, PA, USA, 1922.

Morgan, W. Diabetes Mellitus: Its History, Chemistry, Anatomy, Pathology, Physiology, and Treatment. Illustrated
with Woodcuts, and Cases Successfully Treated; Homoeopathic Publishing Company: London, UK, 1877.
Hippocrates. Epidemics 2; Smith, W.D., Ed.; Harvard University Press: Cambridge, MA, USA, 1994; Volume 7,
p- 46.

Atkins, R.C. Dr. Atkins’” New Diet Revolution; M. Evans & Company: New York, NY, USA, 2002.

Rezaei, S.; Harsini, S.; Kavoosi, M.; Badv, R.S.; Mahmoudi, M. Efficacy of low glycemic index treatment in
epileptic patients: A systematic review. Acta Neurol. Belg. 2018, 118, 339-349. [CrossRef] [PubMed]

Liu, Y.-M.; Wang, H.-S. Medium-chain triglyceride ketogenic diet, an effective treatment for drug-resistant
epilepsy and a comparison with other ketogenic diets. Biomed. J. 2013, 36, 9-15. [CrossRef] [PubMed]
Krebs, H.A. The regulation of the release of ketone bodies by the liver. Adv. Enzyme Regul. 1966, 4, 339-354.
[CrossRef]

Hashimoto, Y.; Fukuda, T.; Oyabu, C.; Tanaka, M.; Asano, M.; Yamazaki, M.; Fukui, M. Impact of
low-carbohydrate diet on body composition: Meta-analysis of randomized controlled studies. Obes. Rev.
2016, 17, 499-509. [CrossRef] [PubMed]

Dehghan, M.; Mente, A.; Zhang, X.; Swaminathan, S.; Li, W.; Mohan, V,; Igbal, R.; Kumar, R.;
Wentzel-Viljoen, E.; Rosengren, A.; et al. Associations of fats and carbohydrate intake with cardiovascular
disease and mortality in 18 countries from five continents (PURE): A prospective cohort study. Lancet 2017,
390, 2050-2062. [CrossRef]

Wiodarczyk, A.; Wiglusz, M.S.; Cubata, W.J. Ketogenic diet for schizophrenia: Nutritional approach to
antipsychotic treatment. Med. Hypotheses 2018, 118, 74-77. [CrossRef]

Olson, C.A.; Vuong, H.E.; Yano, ] M.; Liang, Q.Y.; Nusbaum, D.J.; Hsiao, E.Y. The gut microbiota mediates
the anti-seizure effects of the ketogenic diet. Cell 2018, 174, 497. [CrossRef]

Rodriguez-Carrio, J.; Salazar, N.; Margolles, A.; Gonzélez, S.; Gueimonde, M.; de Los Reyes-Gavilan, C.G.;
Sudrez, A. Free Fatty Acids Profiles Are Related to Gut Microbiota Signatures and Short-Chain Fatty Acids.
Front. Immunol. 2017, 8, 823. [CrossRef]


http://dx.doi.org/10.2174/138161212803530916
http://dx.doi.org/10.1016/j.neuropharm.2011.08.040
http://dx.doi.org/10.2147/DDDT.S62912
http://www.ncbi.nlm.nih.gov/pubmed/25653499
http://dx.doi.org/10.1002/da.20262
http://www.ncbi.nlm.nih.gov/pubmed/17117412
http://dx.doi.org/10.1038/nrn1429
http://www.ncbi.nlm.nih.gov/pubmed/15208696
http://dx.doi.org/10.1016/j.schres.2014.10.010
http://www.ncbi.nlm.nih.gov/pubmed/25432637
http://dx.doi.org/10.2147/NDT.S58841
http://www.ncbi.nlm.nih.gov/pubmed/25653526
http://dx.doi.org/10.1016/j.neuroscience.2010.08.005
http://dx.doi.org/10.1002/j.1550-8528.1993.tb00605.x
http://dx.doi.org/10.1093/ajcn/87.1.44
http://dx.doi.org/10.3389/fpsyg.2015.00027
http://dx.doi.org/10.1093/jn/nxz308
http://www.ncbi.nlm.nih.gov/pubmed/31825066
http://dx.doi.org/10.1007/s13760-018-0881-4
http://www.ncbi.nlm.nih.gov/pubmed/29368115
http://dx.doi.org/10.4103/2319-4170.107154
http://www.ncbi.nlm.nih.gov/pubmed/23515148
http://dx.doi.org/10.1016/0065-2571(66)90027-6
http://dx.doi.org/10.1111/obr.12405
http://www.ncbi.nlm.nih.gov/pubmed/27059106
http://dx.doi.org/10.1016/S0140-6736(17)32252-3
http://dx.doi.org/10.1016/j.mehy.2018.06.022
http://dx.doi.org/10.1016/j.cell.2018.06.051
http://dx.doi.org/10.3389/fimmu.2017.00823

Nutrients 2020, 12, 3822 90f 10

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Calderén, N.; Betancourt, L.; Herndndez, L.; Rada, P. A ketogenic diet modifies glutamate,
gamma-aminobutyric acid and agmatine levels in the hippocampus of rats: A microdialysis study.
Neurosci. Lett. 2017, 642, 158-162. [CrossRef]

Paoli, A.; Mancin, L.; Bianco, A.; Thomas, E.; Mota, ].F,; Piccini, F. Ketogenic Diet and Microbiota: Friends or
Enemies? Genes 2019, 10, 534. [CrossRef] [PubMed]

Forte, N.; Medrihan, L.; Cappetti, B.; Baldelli, P; Benfenati, F. 2-Deoxy-p-glucose enhances tonic
inhibition through the neurosteroid-mediated activation of extrasynaptic GABA, receptors. Epilepsia
2016, 57, 1987-2000. [CrossRef] [PubMed]

Hartman, A.L.; Gasior, M.; Vining, E.P.; Rogawski, M.A. The neuropharmacology of the ketogenic diet.
Pediatr. Neurol. 2007, 36, 281-292. [CrossRef] [PubMed]

Carver, C.M.; Reddy, D.S. Neurosteroid interactions with synaptic and extrasynaptic GABAA receptors:
Regulation of subunit plasticity, phasic and tonic inhibition, and neuronal network excitability.
Psychopharmacology 2013, 230, 151-188. [CrossRef] [PubMed]

Thompson, R.S.; Vargas, F.; Dorrestein, P.C.; Chichlowski, M.; Berg, B.M.; Fleshner, M. Dietary prebiotics alter
novel microbial dependent fecal metabolites that improve sleep. Sci. Rep. 2020, 10. [CrossRef] [PubMed]
Millichap, J.G.; Yee, MM. The diet factor in attention-deficit/hyperactivity —disorder.
Pediatrics 2012, 129, 330-337. [CrossRef] [PubMed]

Lindefeldt, M.; Eng, A.; Darban, H.; Bjerkner, A.; Zetterstrom, C.K.; Allander, T.; Andersson, B.; Borenstein, E.;
Dahlin, M.; Prast-Nielsen, S. The ketogenic diet influences taxonomic and functional composition of the gut
microbiota in children with severe epilepsy. NP] Biofilms Microbiomes 2019, 5. [CrossRef]

Zhang, Y,; Zhou, S.; Zhou, Y,; Yu, L.; Zhang, L.; Wang, Y. Altered gut microbiome composition in children
with refractory epilepsy after ketogenic diet. Epilepsy Res. 2018, 145, 163-168. [CrossRef]

Xie, G.; Zhou, Q.; Qiu, C.Z,; Dai, WK,; Wang, H.P;; Li, YH.; Liao, ].X.; Lu, X.G,; Lin, S.F,; Ye, ].H.; et al.
Ketogenic diet poses a significant effect on imbalanced gut microbiota in infants with refractory epilepsy.
World |. Gastroenterol. 2017, 23, 6164-6171. [CrossRef]

Newell, C.; Bomhof, M.R; Reimer, R.A ; Hittel, D.S.; Rho, ].M.; Shearer, J. Ketogenic diet modifies the gut
microbiota in a murine model of autism spectrum disorder. Mol. Autism 2016, 7, 37. [CrossRef]
Swidsinski, A.; Dorffel, Y.; Loening-Baucke, V.; Gille, C.; Goktas, O.; Reisshauer, A.; Neuhaus, J.;
Weylandt, K.H.; Guschin, A.; Bock, M. Reduced mass and diversity of the colonic microbiome in patients
with multiple sclerosis and their improvement with ketogenic diet. Front. Microbiol. 2017, 8, 1141. [CrossRef]
[PubMed]

Murtaza, N.; Burke, L.M.; Vlahovich, N.; Charlesson, B.; O'Neill, H.; Ross, M.L.; Campbell, K.L.; Krause, L.;
Morrison, M. The effects of dietary pattern during intensified training on stool microbiota of elite race
walkers. Nutrients 2019, 11, 261. [CrossRef] [PubMed]

Ma, D.; Wang, A.C,; Parikh, L; Green, S.J.; Hoffman, J.D.; Chlipala, G.; Murphy, M.P.; Sokola, B.S.; Bauer, B.;
Hartz, AM.S,; et al. Ketogenic diet enhances neurovascular function with altered gut microbiome in young
healthy mice. Sci. Rep. 2018, 8, 6670. [CrossRef] [PubMed]

Sullivan, P.G.; Rippy, N.A.; Dorenbos, K.; Conception, R.C.; Agarwal, A.K.; Rho, ]. M. The ketogenic diet
increases mitochondrial uncoupling protein levels and activity. Ann Neurol. 2004, 55, 576-580. [CrossRef]
[PubMed]

Veech, R.L. 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. Fatty Acids 2004, 70, 309-319. [CrossRef] [PubMed]

Lakhan, S.E.; Vieira, K.F. Nutritional therapies for mental disorders. Nutr. J. 2008, 7, 2. [CrossRef] [PubMed]
Lim, S.Y;; Kim, E.J.; Kim, A.; Lee, H].; Choi, H.J.; Yang, S.J. Nutritional factors affecting mental health.
Clin. Nutr. Res. 2016, 5, 143-152. [CrossRef]

Freeman, M.P,; Hibbeln, J.R.; Wisner, K.L.; Davis, ]. M.; Mischoulon, D.; Peet, M.; Keck, PE.; Marangell, L.B., Jr.;
Richardson, A.].; Lake, J.; et al. Omega-3 fatty acids: Evidence basis for treatment and future research in
psychiatry. J. Clin. Psychiatry 2006, 67, 1954-1967. [CrossRef]

Martinez-Cengotitabengoa, M.; Gonzalez-Pinto, A. Nutritional supplements in depressive disorders.
Actas Esp. Psiquiatr. 2017, 45, 8-15.

Bodnar, L.M.; Wisner, K.L. Nutrition and Depression: Implications for Improving Mental Health Among
Childbearing-Aged Women. Biol. Psychiatry 2005, 58, 679-685. [CrossRef]


http://dx.doi.org/10.1016/j.neulet.2017.02.014
http://dx.doi.org/10.3390/genes10070534
http://www.ncbi.nlm.nih.gov/pubmed/31311141
http://dx.doi.org/10.1111/epi.13578
http://www.ncbi.nlm.nih.gov/pubmed/27735054
http://dx.doi.org/10.1016/j.pediatrneurol.2007.02.008
http://www.ncbi.nlm.nih.gov/pubmed/17509459
http://dx.doi.org/10.1007/s00213-013-3276-5
http://www.ncbi.nlm.nih.gov/pubmed/24071826
http://dx.doi.org/10.1038/s41598-020-60679-y
http://www.ncbi.nlm.nih.gov/pubmed/32123201
http://dx.doi.org/10.1542/peds.2011-2199
http://www.ncbi.nlm.nih.gov/pubmed/22232312
http://dx.doi.org/10.1038/s41522-018-0073-2
http://dx.doi.org/10.1016/j.eplepsyres.2018.06.015
http://dx.doi.org/10.3748/wjg.v23.i33.6164
http://dx.doi.org/10.1186/s13229-016-0099-3
http://dx.doi.org/10.3389/fmicb.2017.01141
http://www.ncbi.nlm.nih.gov/pubmed/28702003
http://dx.doi.org/10.3390/nu11020261
http://www.ncbi.nlm.nih.gov/pubmed/30682843
http://dx.doi.org/10.1038/s41598-018-25190-5
http://www.ncbi.nlm.nih.gov/pubmed/29703936
http://dx.doi.org/10.1002/ana.20062
http://www.ncbi.nlm.nih.gov/pubmed/15048898
http://dx.doi.org/10.1016/j.plefa.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/14769489
http://dx.doi.org/10.1186/1475-2891-7-2
http://www.ncbi.nlm.nih.gov/pubmed/18208598
http://dx.doi.org/10.7762/cnr.2016.5.3.143
http://dx.doi.org/10.4088/JCP.v67n1217
http://dx.doi.org/10.1016/j.biopsych.2005.05.009

Nutrients 2020, 12, 3822 10 of 10

66.

67.

68.

69.

70.

71.

Schweren, L.J.S.; Larsson, H.; Vinke, P.C.; Li, L.; Kvalvik, L.G.; Arias-Vasquez, A.; Haavik, J.; Hartman, C.A.
Diet quality, stress and common mental health problems: A cohort study of 121,008 adults. Clin. Nutr. 2020.
[CrossRef] [PubMed]

Murphy, M.; Mercer, ].G. Diet-Regulated Anxiety. Int. J. Endocrinol. 2013, 2013, 701967. [CrossRef] [PubMed]
Bot, M,; Brouwer, I.A.; Roca, M.; Kohls, E.; Penninx, B.W.].H.; Watkins, E.; van Grootheest, G.; Cabout, M.;
Hegerl, U.; Gili, M; et al. Effect of Multinutrient Supplementation and Food-Related Behavioral Activation
Therapy on Prevention of Major Depressive Disorder Among Overweight or Obese Adults with Subsyndromal
Depressive Symptoms. The MooDFOOD Randomized Clinical Trial. JAMA 2019, 321, 858-868. [CrossRef]
[PubMed]

Jacka, EN.; Pasco, J.A.; Mykletun, A.; Williams, L.J.; Hodge, A.M.; O’Reilly, S.L.; Nicholson, G.C,;
Kotowicz, M.A.; Berk, M. Association of Western and traditional diets with depression and anxiety
in women. Am. J. Psychiatry 2010, 167, 305-311. [CrossRef] [PubMed]

Davison, K.M.; Kaplan, B.J. Food intake and blood cholesterol levels of community-based adults with mood
disorders. Davison Kaplan BMC Psychiatry 2012, 12. [CrossRef] [PubMed]

Von Geijer, L.; Ekelund, M. Ketoacidosis associated with low-carbohydrate diet in a non-diabetic lactating
woman: A case report. J. Med. Case Rep. 2015, 9, 224. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.clnu.2020.06.016
http://www.ncbi.nlm.nih.gov/pubmed/32654840
http://dx.doi.org/10.1155/2013/701967
http://www.ncbi.nlm.nih.gov/pubmed/24027581
http://dx.doi.org/10.1001/jama.2019.0556
http://www.ncbi.nlm.nih.gov/pubmed/30835307
http://dx.doi.org/10.1176/appi.ajp.2009.09060881
http://www.ncbi.nlm.nih.gov/pubmed/20048020
http://dx.doi.org/10.1186/1471-244X-12-10
http://www.ncbi.nlm.nih.gov/pubmed/22333556
http://dx.doi.org/10.1186/s13256-015-0709-2
http://www.ncbi.nlm.nih.gov/pubmed/26428083
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Neurotransmission and Gut-Microbiota Interplay in Anxiety 
	Monoamines 
	Hypothalamic-Pituitary-Adrenal Axis, Divalent Ions, Inflammation, and Reactive Oxygen Species in Anxiety 
	Excess Glutamate 
	GABA Deficiency 
	Gut Microbiota 

	Low Carbohydrate Diets and Their Hypothesized Impact on Anxiety Treatment 
	Low-Carbohydrate Diets 
	Gut Microbiota and the Steroid Pathway in the Potentiation of GABA Transmission in Low-Carbohydrate Diets 
	Anti-Inflammatory Effect of the Ketogenic Diet and Fatty Acids 
	The ‘Ketogenic Menu’ 


	Conclusions 
	References

