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ABSTRACT:
INTRODUCTION:

Diet is an integral element of every individual's health. Its impact on the functioning of the
human body has fascinated scientists for years. One of the diets that alters the mechanism of
the body's functioning is the ketogenic diet. The impact of the ketogenic diet on various
disorders is still under investigation. It is known to have shown numerous benefits in reducing
epileptic seizures, but its impact on other neurological disorders is less known. In this

literature review, the efficacy of ketogenic therapies was assessed in Alzheimer's disease.
AIM OF STUDY:

Review of the current literature (since 2018) on the effects of implementing a ketogenic diet

in patients with Alzheimer's disease.
MATERIALS AND METHODS:

The review was based on data gathered from the PubMed database using the keywords:
'ketogenic diet in Alzheimer’s disease,' 'ketogenic therapies Alzheimer disease,' and 'ketogenic

diet in neurological disease’.
SUMMARY:

The ketogenic diet enhances the daily functioning of Alzheimer's patients. It significantly
improves their cognitive functions, and changes in brain blood flow are visible in imaging

studies. The ketogenic diet also positively modulates the gut microbiome in Alzheimer's
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patients. It represents a promising option in combating cognitive symptoms of Alzheimer's

disease.

KEY WORDS: Health; Diet; Ketogenic diet; Alzheimer’s disease; Diet in neurological

diseases; Nutrition; Ketone bodies;

INTRODUCTION:

Alzheimer's disease is a neurodegenerative brain disorder. It is characterized by the
presence of progressive and chronic deficits in at least two domains of cognitive function:

attention, memory, language, visuospatial skills, and executive functions. [1]

For the assessment of cognitive functions, screening tests specifically designed for this
purpose can be utilized. NICE (National Institute for Health and Care Excellence)
recommends the use of the 10-point Cognitive Screen (10-CS), 6-Item Cognitive Impairment
Test (6CIT), 6-Item Screener, 6-Item Memory Impairment Screen (MIS), Mini-Cog, or Test
Your Memory (TYM) [2]. When interviewing a close relative or informant of an individual
suspected of dementia, the consideration of supplementing these tests with structured tools
such as the Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE) or the

Functional Activities Questionnaire (FAQ) is advised [2].

The ketogenic diet is a high-fat and low-carbohydrate diet (protein intake is adequate
to meet requirements) [3]. Its implementation leads to the creation of a metabolic state in the
body similar to fasting, resulting in increased production of ketone bodies, namely B-
hydroxybutyrate (BHB), acetoacetate (AcC), and acetone [3]. Ketone bodies serve as an
energy source for cells in the body, alongside glucose [4]. In neurodegenerative diseases, the
absorption, transport, and metabolism of glucose are often impaired. Therefore, a shift from

glucose to ketone bodies as an energy source improves mitochondrial function, increases ATP
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production, and stabilizes synaptic activity [5, 6]. Ketone bodies also have a modulating effect
on inflammatory processes and oxidative stress, as they act as signaling molecules involved in
post-translational protein modifications [3]. They activate the transcription factor NRF2
(nuclear factor erythroid 2-related factor 2), leading to the transcription of antioxidant genes
[7, 8]. An increase in the production of mitochondrial uncoupling proteins (UCP),
hyperacetylation of Foxo3a (forkhead box O3), and Mt2 (metallothionein-2) is also observed
due to the action of BHB (inhibitor of histone deacetylases) [9]. All these mechanisms enable
the reduction of reactive oxygen species in the body, which can be destructive to the nervous
system. The ketogenic diet is also considered promising for its impact on the biosynthesis of

GABA, which is an inhibitory neurotransmitter [10].

In Alzheimer's disease, there is a deposition of f-amyloid peptide and accumulation of
TAU protein in the cytoplasm of neurons. This leads to neuronal death, decline in cognitive
function, and behavioral disturbances [11]. The deposition of B-amyloid and TAU protein is
accompanied by the activation of microglia and astrocytes [12]. These cells release pro-
inflammatory cytokines and chemokines, causing chronic neuroinflammation. In turn,
neuroinflammation promotes neurodegeneration and P-amyloid production [I1].
Hyperglycemia is also associated with neuroinflammation, leading to oxidative stress, which
may trigger the amyloid cascade in Alzheimer's disease [11]. There is a correlation between
high carbohydrate intake and increased deposition of B-amyloid [13]. Alzheimer's disease may
also result from insulin resistance, which affects insulin signaling and promotes the deposition
of B-amyloid peptide and TAU protein [14]. Additionally, the expression of the apolipoprotein
E4 (ApoE4) allele, typical for type 2 diabetes and recognized as a risk factor for Alzheimer's

disease, is shared [15].

However, the ketogenic diet has its weaknesses. Its use requires special medical care,
as side effects can occur. First, gastrointestinal complaints such as nausea, vomiting and
obstruction occur due to excessive fat intake. [26] It should be noted that ketosis has an
anorexigenic effect, which can be used to treat obesity, [27] but is not beneficial in patients

with neurodegenerative diseases. [26]

RECENT FINDINGS AND RESEARCH GAPS:

The use of fluorodeoxyglucose positron emission tomography (FDG-PET) can

visualise abnormal glucose metabolism in the brain, which occurs from the earliest stages in
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patients with Alzheimer's disease, but also in asymptomatic individuals at risk of Alzheimer's
disease. Areas in the brain with hypometabolism show impaired glucose utilisation, but can
still efficiently take up ketone bodies. [16] While the exact reasons for the onset of
Alzheimer's disease after the age of 65 are not fully understood, the most significant genetic
risk factor identified in this age group is the presence of the €4 allele of the apolipoprotein E
gene (APOE4). [17] In one study using PET scans in patients with Alzheimer's disease, it was
shown that daily intake of caprylidene for 45 days was associated with increased blood flow
in specific brain areas in patients lacking the E allele of apolipoprotein 4. [17] Another goal
was to investigate potential variations in the impact of caprylidene on regional cerebral blood
flow (rCBF) between individuals who are positive for the APOE4 allele and those who are
negative for it. Individuals who did not possess the €4 allele showed a noticeable increase in
regional cerebral blood flow (rCBF) in the left superior lateral temporal cortex, as determined
by the analysis of a specific volume of interest (sVOI), following a 45-day caprylidene diet (p
= 0.04). This finding was additionally supported by statistical parametric mapping (spm). [17]
Statistical parametric mapping (spm) revealed that the anterior cerebellum, left inferior
temporal cortex, and hypothalamus exhibited prolonged increases in regional cerebral blood
flow (rCBF) in individuals without the €4 allele. On the contrary, patients carrying the &4

allele did not demonstrate these alterations in rCBF. [17]

A randomised trial published in 2021 involving 26 patients (21 of whom completed
the study) also showed a positive effect of the ketogenic diet on the development of
Alzheimer's disease. A baseline assessment was performed in the week prior to the start of the
treatment period, followed by assessments at week 6 and 12. Patients' cognitive function and
quality of life were assessed. Cognition was assessed using the Addenbrookes Cognitive
Examination - III (ACE-III) scale. During the ketogenic diet, patients achieved sustained
physiological ketosis (12-week mean beta-hydroxybutyrate level: 0.95 x 0.34 mmol/l).
Compared with the usual diet, patients taking the ketogenic diet increased mean within
individual ADCS-ADL ( (+3.13 + 5.01 points, P = 0.0067) and QOL- (+ 3.37 £ 6.86 points, P
= 0.023). ACE-III also increased, but not significantly (+ 2.12 + 8.70 points, P = 0.24).
Changes in cardiovascular risk factors were mostly favourable and side effects were mild. [18]
The study concludes that implementing a 12-week modified ketogenic diet in Alzheimer's
disease patients seems to result in high rates of retention, adherence, and safety. When
compared to a regular diet supplemented with low-fat healthy-eating guidelines, individuals

following the ketogenic diet showed enhancements in daily function and quality of life. [ 18]
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It is also worth mentioning a study from 2020. In the entire study, a total of 346
participants were screened, with 26 refusing to participate, and 198 being excluded. Cognitive
changes were assessed in a 6-month randomized controlled trial of ketogenic medium-chain
triglyceride (kMCT) compared to placebo in mild cognitive impairment (MCI). The kMCT
drink improved three domains — executive function, memory, and language: free and cued
recall (Trial 1; P = .047), verbal fluency (categories; P = .024), Boston Naming Test (total
correct answers; P = .033), the Trail-Making Test (total errors; P = .017). Higher ketones in
the serum correlated positively with changes in four cognitive tests. The kMCT group was
compared to the placebo group using analysis of covariance, with pre-intervention scores, sex,
age, education, and apolipoprotein E4 status considered as covariates. It is noteworthy that
this study also observed the metabolic profile in the serum of patients, which did not change
after 6 months of kKMCT use. This dispels concerns among scientists that the ketogenic diet

would negatively impact the lipid profile of patients [19].

In a 12-week study of 16 patients with mild to moderate Alzheimer's disease who were
taking a ketogenic formula based on medium-chain triglycerides, significant improvements
were observed in the digit-symbol encoding test and immediate logical memory test after
prior comparison of cognitive performance before, after four weeks, after eight weeks and
after the 12-week study. Significant improvements were also observed in the immediate and
delayed logical memory tests after the dietary (WMS-R: post 12 weeks logical memory
(immediate) 11.2 = 11.1, p = 0.001, logical memory (delayed) 6.4 + 10.2 p = 0.005, digit span
and spatial span was not significant; WAIS-III: digit-symbol coding post 12 weeks 44.0 +
21.6, p = 0.004, the block design was not significant; the Stroop test: strop effect (second)
post 12 weeks 94.4 + 40.6, p = 0.009, correct (numer) was not significant; TMT was not
significant). [20] Earlier, the same researchers discovered that a single dose of a medium-
chain triglyceride-based ketogenic formula (Ketonformula®) had cognitive-enhancing effects
on cognitive functions such as working memory, visual attention, and task switching in older
individuals without dementia Regarding cognitive performance, enhancements were noted in
the digit span test, Trail-Making Test B, and the overall score (Z =—-2.4, p = 0.017) following
the ketogenic meal. The improvement in executive functioning scores showed a positive
correlation with the plasma B-hydroxybutyrate level. The cognitive benefits were particularly
prominent in individuals with a relatively low baseline global score (Z = —2.8, p = 0.005),

compared to those with a high global score (Z =-0.7, p=0.51). [21]
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A comprehensive study that examined patients both after the application of a ketogenic
diet and after a 1-month washout period was performed. After the ketogenic diet, patients with
Alzheimer's showed an average improvement of 4.1 points in ADAS-cog scores (p = 0,02).
However, after the 1-month washout period, ADAS-cog scores returned to baseline values.
The conclusion from this study might be that the positive effects of the ketogenic diet persist
only during its application and diminish after discontinuation. In this research, serum -
hydroxybutyrate (BHB) levels exhibited a significant increase at months 1, 2, and 3 in
comparison to the baseline values (0.11 mmol/L at baseline vs. 0.52, 0.34, and 0.31 mmol/L;
P <.001), returning to the normal range by the end of the washout period (0.12 mmol/L). The
serum BHB findings generally correlated with urine ketone responses, with the exception of
one instance. In this study researchers also compare anthropometric measures, lipid status,
serum biomarkers, metabolic status but neither of them was not significant. Only dietary
intake of fat (baseline 90.6 g, after 3 months 166.7 g, p < 0.001) and carbohydrate (baseline
209.8 g, after 3 months 46.0 g, p <0.001) was significant.[22].

In 2019, researchers investigated whether the gut microbiome of patients with mild
cognitive impairment and Alzheimer's disease differs from that of cognitively normal older
adults and whether and how the Modified Mediterranean-Ketogenic Diet (MMKD) affects the
gut microbiome in relation to Alzheimer's disease biomarkers in cerebrospinal fluid (CSF).
Initially, it was demonstrated that individuals with normal cognitive function compared to
those with impaired cognitive function do not show significant differences in microbiome
diversity. However, surprisingly, several unique microbial signatures were detected in
individuals with mild cognitive impairment. The following conclusions were drawn:
Proteobacteria positively correlate with AB-42: AB-40, but fecal propionate and butyrate
correlate negatively with AB-42 in individuals with mild cognitive impairment. The
abundance of Enterobacteriaceae, Akkermansia, Slackia, Christensenellaceae, and
Erysipelotriaceae increases, while Bifidobacterium and Lachnobacterium decrease in the
MMKD group, and AHAD increases Mollicutes. MMKD slightly reduces fecal lactate and
acetate while increasing propionate and butyrate. Conversely, AHAD increases acetate and
propionate while reducing butyrate. It appears that specific microorganisms may correlate
with mild cognitive impairment. MMKD, on the other hand, may influence the improvement
of Alzheimer's disease biomarkers in cerebrospinal fluid by modulating the gut microbiome

[23].
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In 2023, conclusions were drawn from a fairly large study involving patients with
Alzheimer's disease, Parkinson's disease, and moderate cognitive impairment who followed
various diets, including the ketogenic diet. The ketogenic diet was used in all studies
involving patients with Parkinson's disease and showed significant improvement in patients'
balance and motor functions. In the group of patients with Alzheimer's disease and moderate
cognitive impairment, various ketogenic therapies were applied, including a ketogenic diet,
low-carbohydrate diet, modified Atkins diet, Mediterranean diet with coconut oil
supplementation, ketogenic diet with ketogenic medium-chain triglyceride (kMCT)
supplementation, as well as ketogenic supplements, including a ketogenic drink with kMCT,
oral ketogenic compounds (Axona and AC-1202), and MCT oil or emulsion. The ketogenic
diet slightly improved cognitive functions in patients, but this improvement was not
statistically significant. The Mediterranean diet, modified Atkins diet, and low-carbohydrate
diet showed statistically significant improvements in some cognitive measures. The use of
ketogenic supplements, drinks, or compounds showed variable results. Axona and AC-1202
compounds did not show a significant improvement in cognitive functions. Most MCT

supplements had a positive impact on cognitive functions when the diet was adhered to [24].

CONCLUSION:

The above results unequivocally indicate a promising positive impact of the ketogenic
diet in the therapy of Alzheimer's disease, especially in combating cognitive symptoms.
Large-scale randomized controlled trials, including long-term patient observations, are
necessary. However, the most significant obstacle will be the potential adverse effects of the
diet, including nausea, vomiting, diarrhea, constipation, fatigue, and hunger. [25] These
adverse effects can significantly hinder daily functioning and discourage patients from
adhering to the ketogenic diet, even despite its long-term positive benefits in combating the
disease. Maintaining the diet itself is also challenging, as it requires excluding a significant
number of food products with potential beneficial effects on the body. The diet may seem
monotonous during prolonged use. Nevertheless, it is worth considering the inclusion of the
ketogenic diet in the treatment of patients with Alzheimer's disease, as the benefits far

outweigh the potential inconveniences associated with the therapy. [26, 27]

106



1. Patient consent: Not applicable
2. Data obtained from PubMed
3. Ethical assessment: Not applicable

4. Author contributions:

- Conceptualization: Julia Samborska, Pawel Wigckowiak, Aleksandra Ogieto-Kowalczyk,
Karina Stelmaszak, Katarzyna Stencel, Marek Miskiewicz, Monika Wojtasik, Michal Glodzik,
Katarzyna Zak, Martyna Lecka

- Methodology: Julia Samborska, Karina Stelmaszak, Pawet Wigckowiak
- Software: Karina Stelmaszak, Monika Wojtasik, Martyna L.ecka
- Formal analysis: Marek Miskiewicz, Aleksandra Ogieto-Kowalczyk

- Data curation: Karina Stelmaszak, Katarzyna Stencel, Katarzyna Zak, Aleksandra Ogieto-

Kowalczyk
- Visualization: Karina Stelmaszak, Katarzyna Stencel, Julia Samborska, Katarzyna Stencel,

- Supervision: Karina Stelmaszak, Michal Glodzik, Marek Miskiewicz, Monika Wojtasik,
Michat Glodzik, Katarzyna Zak, Martyna Lecka

All authors have read and agreed to the published version of the manuscript.

1. Conflict of interest: Not applicable

2. Funding: Not applicable

3. Institutional review board statement: Not applicable
4. Statement of informed consent: Not applicable

5. Data availability statement: Not applicable

107



REFERENCES:

[1] Harvey P.D.: Domains of cognition and their assessment. Dialogues Clin. Neurosci., 2019;

21 (3): 227-237

[2] National Institute for Health and Care Excellence. NG97. Dementia: assessment,
management and support for people living with dementia and their carers: NICE. London

2018; www.nice.org.uk/guidance/ng97 (accesss: 02.12.2023)

[3] Puchalska P, Crawford PA (2017) Multi-dimensional Roles of Ketone Bodies in Fuel
Metabolism, Signaling, and Therapeutics. Cell Metab 25: 262-284

[4] Hui S, Cowan AJ, Zeng X, Yang L, TeSlaa T, Li X, Bartman C, Zhang Z, Jang C, Wang L,
Lu W, Rojas J, Baur J, Rabinowitz JD (2020) Quantita-tive Fluxomics of Circulating
Metabolites. Cell Metab 32: 1-13

[5] Wtlodarek D (2019) Role of Ketogenic Diets in Neurodegenerative Di-seases (Alzheimer’s

Disease and Parkinson’s Disease). Nutrients 11: 1-11

[6] Rusek M, Pluta R, Utamek-Koziot M, Czuczwar SJ (2019) Ketogenic Diet in Alzheimer’s
Disease. Int J Mol Sci 20: 1-19

[7] Gupta L, Khandelwal D, Kalra S, Gupta P, Dutta D, Aggarwal S (2017) Ketogenic diet in
endocrine disorders: Current perspectives. J Post-grad Med 63: 242-251

[8] Yang H, Shan W, Zhu F, Wu J, Wang Q (2019) Ketone Bodies in Neu-rological Diseases:

Focus on Neuroprotection and Underlying Mecha-nisms. Front Neurol 10: 1-11

[9] Newman JC, Verdin E (2014) Ketone bodies as signaling metabolites. Trends Endocrinol
Metab 25: 42-52

[10] McDonald TJW, Cervenka MC (2017) Ketogenic Diets for Adults With Highly
Refractory Epilepsy. Epilepsy Curr 17: 346-350

[11] Lilamand M, Mouton-Liger F, Di Valentin E, Sanchez Ortiz M and Paquet C (2022)
Efficacy and Safety of Ketone Supplementation or Ketogenic Diets for Alzheimer’s Disease:

A Mini Review. Front. Nutr. 8:807970. doi: 10.3389/thut.2021.807970

[12] Heppner FL, Ransohoff RM, Becher B. Immune attack: the role of inflammation in
Alzheimer disease. Nat Rev Neurosci. (2015) 16:358—72. doi: 10.1038/nrn3880

108


http://www.nice.org.uk/guidance/ng97

[13] Taylor MK, Sullivan DK, Mortris JK, Vidoni ED, Honea RA, Mahnken JD, et al. High
glycemic diet is related to brain amyloid accumulation over one year in preclinical
Alzheimer’s disease. Front Nutr. (2021) 27:741534. doi: 10.3389/fnhut.2021.741534
eCollection 2021.

[14] Matsuzaki T, Sasaki K, Tanizaki Y, Hata J, Fujimi K, Matsui Y, et al. Insulin resistance is
associated with the pathology of Alzheimer disease: the Hisayama Study. Neurology. (2010)
75:764-70. doi: 10.1212/WNL.0b013e3181eee25f

[15] Li X, Song D, Leng SX. Link between type 2 diabetes and Alzheimer’s disease: from
epidemiology to mechanism and treatment. Clin Interv Aging. (2015) 10:549—-60. eCollection
2015. doi: 10.2147/CIA.S74042

[16] Cunnane SC, Courchesne-Loyer A, Vandenberghe C, St-Pierre V, Fortier M, Hennebelle
M, et al. Can ketones help rescue brain fuel supply in later life? Implications for cognitive
health during aging and the treatment of Alzheimer’s disease. Front Mol Neurosci. (2016)
9:53. doi: 10.3389/fnmol.2016.00053

[17] Nare Torosyan, Chakmeedaj Sethanandha, Joshua D. Grill, Michelle L. Dilley, Jooyeon
Lee, Jeffrey L. Cummings, Celine Ossinalde, Daniel H. Silverman, Changes in regional
cerebral blood flow associated with a 45 day course of the ketogenic agent, caprylidene, in
patients with mild to moderate Alzheimer's disease: Results of a randomized, double-blinded,
pilot study, Experimental Gerontology, Volume 111, 2018, Pages 118-121, ISSN 0531-5565,
https://doi.org/10.1016/j.exger.2018.07.009.

[18] Phillips, M.C.L., Deprez, L.M., Mortimer, G.M.N. et al. Randomized crossover trial of a
modified ketogenic diet in Alzheimer’s disease. Alz Res Therapy 13, 51 (2021).
https://doi.org/10.1186/s13195-021-00783-x

[19] Fortier, M, Castellano, C-A, St-Pierre, V, et al. A ketogenic drink improves cognition in
mild cognitive impairment: Results of a 6-month RCT. Alzheimer's Dement. 2021; 17: 543—
552. https://doi.org/10.1002/alz.12206

[20] Miho Ota, Junko Matsuo, Ikki Ishida, Harumasa Takano, Yuma Yokoi, Hiroaki Hori,
Sumiko Yoshida, Kinya Ashida, Kentaro Nakamura, Takeshi Takahashi, Hiroshi Kunugi,
Effects of a medium-chain triglyceride-based ketogenic formula on cognitive function in
patients with mild-to-moderate Alzheimer’s disease, Neuroscience Letters, Volume 690, 2019,

Pages 232-236, ISSN 0304-3940, https://doi.org/10.1016/j.neulet.2018.10.048

109


https://doi.org/10.1016/j.exger.2018.07.009
https://doi.org/10.1186/s13195-021-00783-x
https://doi.org/10.1002/alz.12206
https://doi.org/10.1016/j.neulet.2018.10.048

[21] Ota, M., Matsuo, J., Ishida, I. et al. Effect of a ketogenic meal on cognitive function in
elderly adults: potential for cognitive enhancement. Psychopharmacology 233, 3797-3802
(2016). https://doi.org/10.1007/s00213-016-4414-7

[22] Matthew K. Taylor, Debra K. Sullivan, Jonathan D. Mahnken, Jeffrey M. Burns, Russell
H. Swerdlow, Feasibility and efficacy data from a ketogenic diet intervention in Alzheimer's
disease, Alzheimer's & Dementia: Translational Research & Clinical Interventions, Volume 4,

2018, Pages 28-36, ISSN 2352-8737, https://doi.org/10.1016/j.trci.2017.11.002.

[23] Ravinder Nagpal, Bryan J. Neth, Shaohua Wang, Suzanne Craft, Hariom Yadav,
Modified Mediterranean-ketogenic diet modulates gut microbiome and short-chain fatty acids
in association with Alzheimer's disease markers in subjects with mild cognitive impairment,
Nagpal, Ravinder et al. eBioMedicine, Volume 47, 529 — 542, 2019,
https://doi.org/10.1016/j.ebiom.2019.08.032

[24] Susan Price, Todd M. Ruppar, Ketogenic therapies in Parkinson's disease, Alzheimer's
disease, and mild cognitive impairment: An integrative review, Applied Nursing Research,

Volume 74, 2023, 151745, ISSN 0897-1897, https://doi.org/10.1016/j.apnr.2023.151745.

[25] Neal EG, Chaffe H, Schwartz RH, Lawson MS, Edwards N, Fitzsimmons G, et al. A
randomized trial of classical and medium chain triglyceride ketogenic diets in the treatment of

childhood epilepsy. Epilepsia 2009;50:1109—-17

[26] Wilodarek D (2019) Role of Ketogenic Diets in Neurodegenerative Di-seases

(Alzheimer’s Disease and Parkinson’s Disease). Nutrients 11: 1-11

[27] Paoli A, Bosco G, Camporesi EM, Mangar D (2015) Ketosis, ketogenic diet and food

intake control: a complex relationship. Front Psychol 6: 1-9

110


https://doi.org/10.1007/s00213-016-4414-7
https://doi.org/10.1016/j.trci.2017.11.002
https://doi.org/10.1016/j.ebiom.2019.08.032
https://doi.org/10.1016/j.apnr.2023.151745

