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Abstract: This review discusses the effects and mechanisms of a ketogenic diet on neurodegenera-
tive diseases on the basis of available evidence. A ketogenic diet refers to a high-fat, medium-
protein, and low-carbohydrate diet that leads to a metabolic shift to ketosis. This review systemati-
cally summarizes the scientific literature supporting this effective treatment approach for neuro-
degenerative diseases, including effects on mitochondrial function, oxidative stress, neuronal apop-
tosis, neuroinflammation, and the microbiota—gut-brain axis. It also highlights the clinical evidence
for the effects of the ketogenic diet in the treatment of Alzheimer's disease, Parkinson's disease, and
motor neuron disease. Finally, it discusses the common adverse effects of ketogenic thera-
py. Although the complete mechanism of the ketogenic diet in the treatment of neurodegenerative
diseases remains to be elucidated, its clinical efficacy has attracted many new followers. The keto-
genic diet is a good candidate for adjuvant therapy, but its specific applicability depends on the type
and the degree of the disease.
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1. INTRODUCTION

The adult brain accounts for approximately 2% of body
weight and approximately 20-23% of the body's energy re-
quirements, mainly in the form of glucose. When glucose
supply is insufficient, the brain uses ketones (also known as
ketone bodies [KBs]) as the main reserve fuel [1]. The keto-
genic diet (KD) was developed in 1921 by Dr. Wilder as an
effective treatment for children with refractory epilepsy, and
it can improve cognition and behavior to a certain extent in
children with drug-resistant epilepsy [2]. In recent years, KD
has been demonstrated to be beneficial in several neuro-
degenerative diseases, including Alzheimer's disease (AD),
Parkinson's disease (PD), and amyotrophic lateral sclerosis
(ALS) [3]. The classic high-fat, low-carbohydrate KD has an
energy ratio (fat to nonfat) of 4:1. The most common KD is
one based on long-chain triglycerides. Because of the high
percentage of fats (approximately 90%) and the drastic
change in dietary habits, classic KD is difficult to maintain
for an extended period. To increase adaptability, a diet based
on medium-chain triglycerides (MCT) [4] instead of long-
chain triglycerides is preferred. The main fatty acids in MCT
are octanoic acid and decanoic acid [5], which are more
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efficiently absorbed than long-chain fatty acids and quickly
transported to the liver by albumin and then transformed into
KBs by fatty acid oxidation in mitochondria [6]. The modi-
fied Atkins diet (MAD), first introduced in 2003, includes
fewer restrictions [7]; it recommends limited consumption of
carbohydrates, ie., 10 and 20 g per day for children and
adults, respectively, and encourages fat consumption to
maintain the level of KBs. MAD consists of 27% protein,
39% carbohydrates, and 34% total fat, and is supplemented
with (R)-3-hydroxybutyl (R)-3-hydroxybutytate, which sup-
plies 30% of the calories in this diet. Murray ef al. examined
the effects of MAD on the physical and cognitive abilities of
rats [8]. They concluded that MAD improved cognitive func-
tion and may help treat a range of nervous disorders with
metabolic changes.

Mitochondrial dysfunction, the antioxidant system, anti-
inflammatory response, anti-apoptotic signaling, and the
brain-gut axis are the main pathophysiological features of neu-
rodegenerative diseases. The neuroprotective effects of KD
are mainly due to long-lasting metabolic changes in the central
nervous system during its long-term application [9]. KD caus-
es a shift in energy metabolism toward ketone production and
fatty acid oxidation, which enhances mitochondrial function,
anti-inflammatory ability, endogenous antioxidant effect, and
anti-apoptotic activity, and improves the energy supply of the
brain [10-12]. Long-term consumption of KD may alter mito-
chondrial function mainly by diminishing the production of
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Fig. (1). Direct and indirect (microbiota—gut-brain axis) effects of KD on neurodegenerative diseases. (4 higher resolution/colour version of

this figure is available in the electronic copy of the article).

reactive oxygen species (ROS), increasing the expression of
uncoupling proteins (UCPs), and promoting the production of
adenosine triphosphate (ATP) to improve mitochondrial activ-
ity [11]. Neuronal UCPs (UCP2, UCP4, BMCP1/UCP5) are
integral membrane proteins located in the mitochondrial inner
membrane, which positively affect neuronal function by pre-
venting neuronal degeneration through regulating UCP-
mediated proton transport and ROS production [13]. Neuronal
mitochondrial UCP4 mediates the adaptive shift in energy
metabolism and increases the resistance of neurons to meta-
bolic and oxidative stress [14].

KD improves the serum level of brain-derived neu-
rotrophic factor (BDNF) both in humans [15] and in a rat
model of irritable bowel syndrome [16]. BDNF promotes
neuronal differentiation, increases synaptic plasticity, and
influences dopaminergic neurotransmission and neurogene-
sis in the hippocampus [17]. The expression of several nerve
growth factors, including neurotrophic protein 3 (NT-3) [18]
and glial line-derived neurotrophic factor (GDNF) [19], has
also been found to be increased in hippocampal neurons after
calorie restriction.

Long aliphatic chain saturated, monosaturated, or poly-
unsaturated fatty acids (SAFAs, MUFAs, and PUFAs, re-
spectively) are the main types of dietary fatty acids (FAs)
[20]. Some of the neuroprotective effects of KD may be me-
diated by polyunsaturated fatty acids; treatment with KD
increased the levels of the neuroprotective omega-3 (n-3)
PUFA in the brain and serum [21]. However, PUFAs exhibit
different properties regarding inflammatory potential: n-6
PUFAs promote inflammation and atherosclerosis, whereas
n-3 PUFAs restore healthy microbiota composition and in-
crease the production of anti-inflammatory compounds [22].
Moreover, n-3 PUFAs improve cognitive processes and
maintain synaptic function and plasticity, and are thus con-
sidered to have anti-aging properties. Low levels of n-3
PUFAs are known to be associated with inflammatory out-
comes in neuropsychiatric and neurological diseases [23-25].

Among PUFA derivatives, endocannabinoids (eCBs) are
some of the oldest signaling molecules in vertebrates [26,
27], and there are many eCB-related pathways in the brain
[28, 29]. Notably, eCB function underscores the role of li-
pids in synaptic activity, neuroplasticity, and neuroendocrine
function [30-32], which highlights the importance of dietary
lipids for maintaining specific molecular systems and mech-
anisms that regulate neural function and the possibility of
preventing or treating brain diseases through dietary regula-
tion (Fig. 1).

2. MECHANISMS OF THE NEURAL PROTECTIVE
EFFECTS OF THE KETOGENIC DIET

2.1. Regulation at the Mitochondrial Level: Antioxida-
tion, Uncoupling Proteins, and ATP Generation

There is growing evidence that ketones play a neural pro-
tective role through various mechanisms at the mitochondrial
level, including increased levels of UCPs, enhanced antioxi-
dant activity (reduced production of ROS), and ATP synthe-
sis [11, 33] (Fig. 2). KD exerts its antioxidant effects on mi-
tochondria mainly by regulating the function of mitochondri-
al respiratory complexes, decreasing ROS, and increasing
antioxidant levels. Rats fed with KD showed an increased
level of glutathione in hippocampal mitochondria [34] and
enhanced activity of antioxidant enzymes in the hippocam-
pus [35].

The oxidative stress resistance conferred by KD is main-
ly attributable to KBs [36]. B-hydroxybutyrate (BHB) and
acetoacetate together reduced the production of ROS by mi-
tochondrial respiratory complex I, and acetoacetate increased
the survival rate of hippocampal cell lines by reducing the
production of ROS [37, 38]. BHB promotes oxidative stress
resistance, which is critical for the improvement of cognitive
function by decreasing the production of mitochondrial ROS
(mtROS), increasing the expression of antioxidant enzymes,
and reducing the expression of histone deacetylase (HDAC)
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Fig. (2). Neuroprotective mechanisms of the ketogenic diet. (4 higher resolution/colour version of this figure is available in the electronic

copy of the article).

[10, 39]. Similarly, in mice, BHB inhibited HDAC in a dose-
dependent manner [40], which was associated with an in-
creased expression of forkhead box O3(FOXO3a), superox-
ide dismutase (SOD)2, and catalase, thus increasing the anti-
oxidant defense [41-43]. Moreover, BHB seems to inhibit
HDAC?2 in nerve cells, suggesting that further research on
the protective effect of KD on neurons is warranted [44]. In
addition to the upregulation of antioxidant defense induced
by BHB, ketones also exert antioxidant function directly by
increasing antioxidant activity [34]. In cultured hippocampal
neurons, BHB or ACA reduced ROS, and infusion of BHB
reduced hippocampal lipid peroxidation [45].

Moreover, ketones protect hippocampal neurons against
mitochondrial respiratory complex dysfunction [46]. In rats
with traumatic brain injury, KD treatment led to increased
protein levels of NAD(P)H: quinone oxidoreductase 1
(NQO1), SODI1, and SOD?2 in cortical homogenate, which
prevented mitochondrial dysfunction mediated by oxidative
stress [47]. KD regulates the ratio between the oxidized and
reduced forms of nicotinamide adenine dinucleotide
(NAD/NADH) [48, 49]. A study reported that four weeks of
exposure to KBs in association with glucose deprivation sig-
nificantly restored the stability and activity of mitochondrial
complex I and increased ATP synthesis and NAD'/NADH
ratio, suggesting that ketones facilitate the repair of complex
I damage [50]. Ketones also affect mitochondrial function by
preventing the prolonged opening of mitochondrial permea-
bility transition pore (mPTP), which attenuates mtROS-
induced cell damage and alleviates neurodegenerative dis-
eases [51]. In neurons isolated from rat brain sections, treat-
ment with BHB + ACA reduced mtROS production, inhibit-
ed mPTP opening, and decreased H,0,-induced cell death
[36].

The overall goal of mitochondrial uncoupling is to reduce
ROS, and KD promotes mitochondrial respiration and signif-
icantly reduces ROS production by activating UCPs
[52]. KD increases the expression and activity of UCPs in
the hippocampus and enhances the efficiency of the mito-
chondrial electron transport chain by increasing UCP expres-
sion and reducing mitochondrial membrane potential [53],
which leads to mitochondrial uncoupling and reduced pro-
duction of mtROS [54-58].

Moreover, KD stimulates mitochondrial activity and in-
creases ATP concentration in the brain [59, 60]. BHB has
been shown to significantly increase ATP production in iso-
lated brain mitochondria [61].

KD treatment activates the nuclear factor erythroid 2-
related factor 2 (Nrf2) signaling pathway and attenuates oxi-
dative stress [62, 63]. BHB may act as a cellular signaling
molecule that regulates the Nrf2 signaling pathway, which is
related to increased activity of the cellular endogenous anti-
oxidant system and can be activated by KBs [40, 62, 64, 65].
Consistent with these findings, rats fed with KD initially
exhibit decreased production of mtROS and increased ex-
pression of 4-hydroxy-2-nonenal (4-HNE), which activates
the Nrf2 pathway, one of the cell detoxification pathways
through the redox signaling system, leading to chronic cell
adaptation and triggering the oxidative stress response [66,
67]. In addition, KD plays an antioxidant role by regulating
the mammalian target of rapamycin (mTOR) signaling path-
way [68]; the expression of pS6 and pAkt (markers of
mTOR pathway activation) was decreased in the hippocam-
pus and liver of rats fed with KD [69]. BHB activates the
mTOR signaling pathway and increases the phosphorylation
level of mTOR in cells [70].

2.2. Ketogenic Diet has an Anti-apoptotic Effect

Apoptosis is programmed cell death, and blocking apop-
tosis increases the survival rate of neurons in neurodegenera-
tive diseases [71]. In addition to antioxidant and metabolic
effects, anti-apoptotic effects also contribute to neuroprotec-
tion. Diminished expression of the pro-apoptotic factors
clusterin or caspase-3 was detected in animals fed with KD,
suggesting significant anti-apoptotic effects [12, 72-74]. Fur-
thermore, KD increases the activity of calbindin [75, 76],
which acts as an intracellular calcium buffer to enable neu-
rons to survive, and inhibits the dissociation of the pro-
apoptotic factor Bad from the chaperone 14-3-3 [45]. In ad-
dition, KD inhibits nerve cell apoptosis by reducing the ex-
pression levels of Bax [77], and decreases apoptosis in hip-
pocampal cells by inhibiting the AMPK pathway and HSP70
expression [78].
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Fig. (3). Anti-inflammatory mechanisms of the ketogenic diet. (4 higher resolution/colour version of this figure is available in the electronic

copy of the article).

2.3. Anti-inflammatory Role of the Ketogenic Diet

Neuroinflammatory pathways are associated with cogni-
tive impairment and neurodegenerative diseases. The major
components of long-chain triglycerides, such as docosahex-
aenoic acid (DHA) and arachidonic acid (ARA), and their
mediators regulate several key cognitive processes, such as
neurotransmission and neuroinflammation [23, 79, 80]. Pre-
vious studies report that several agents derived from DHA,
which showed strong anti-inflammatory activity in vivo and
in target microglial cells, were detected in the brain [81-85].
Impaired expression of DHA and its derived agents was ob-
served in Alzheimer's disease [86, 87], which accelerated
aging in mice [88].

Recent studies suggest that the role of KBs in reducing
inflammatory responses contributes to their neuroprotective
effect [89, 90] (Fig. 3). Several studies on neuroinflamma-
tion in humans or rodents demonstrate that KD inhibits the
activation of microglia induced by 1-methyl-4-phenyl-
1,2,3,6,tetrahydropyridine  (MPTP), and exerts anti-
inflammatory effects by reducing the level of proinflamma-
tory cytokines and inflammatory markers [91-93]. An in-
crease in BHB induced by KD inhibits inflammation and
blocks the expression of interleukin (IL)-1p in neutrophils or
in the nucleotide-binding oligomerization domain-like recep-
tor protein 3 (NLRP3) inflammasome, which controls the
activation and release of caspase-1 [94-96]. Moreover, other
studies have shown that KD activates peroxisome prolifera-
tor-activated receptors (PPARs), which inhibit the pro-
inflammatory nuclear transcription factor kB (NF-xB) sig-
naling pathway, downregulate the expression of COX2 in-
volved in the inflammatory response, and induce nitric oxide
and cytokine synthase [21, 65, 97-99]. BHB also regulates
hydroxy carboxylic acid 2 (HCA 2) to limit neuroinflamma-
tion and plays a neuroprotective role [98, 100]. The interac-
tion between BHB and HCA?2 leads to increased prostaglan-
din D2 synthesis, which inhibits NF-«kB and inflammatory
signaling [11]. When BHB binds to HCA1 or FAs bind to
GPRA40, the expression of the scaffold protein B-arrestin-2
(B-Arr2, ARRB2) increases, resulting in the inhibition of
ARRB2-dependent NRLP3 inflammasome function [11,
101, 102]. In addition, KD and BHB also have a direct effect
on microglia associated with neuroinflammation, leading to
microglial polarization toward the neuron-regenerative and

protective M2-like phenotypes [102]. However, high concen-
trations of BHB increase the expression levels of inflamma-
tory signaling molecules, such as NF-«kB, tumor necrosis
factor (TNF)-a, IL-6, and IL-1p [103]. Therefore, the over-
all effect of KD on inflammation may be influenced by the
concentration of KBs in local tissues.

2.4. Ketogenic Diet Plays an Indirect Protective Role
through the Microbiota—gut-Brain Axis

Large cohort studies driven by advances in sequencing
technology demonstrated a relationship between the intestinal
microbiome and brain structure in healthy and diseased states
[104, 105], which led to the establishment of the microbiota—
gut-brain axis. There is a complex relationship between intes-
tinal microbiome and KD, and specific microbiome/probiotics
have been shown to be useful in animal models of nervous
system disease in vivo [106]. The potential mechanisms of
KD-based therapy targeting the gut microbiome in clinical
studies of neurological diseases may provide new avenues for
treatment. Furthermore, by altering the composition of the
microbiome, it is possible to infer how KD contributes to a
protective role in various CNS diseases. Studies have shown
that the intake of fructooligosaccharides (FOS) and galactooli-
gosaccharides (GOS) in soluble dietary fiber produces short-
chain fatty acids (SCFAs); FOS and GOS increase the expres-
sion of brain-derived neurotrophic factor (BDNF) and N-
methyl-D-aspartate receptor (NMDAR) subunits in the hippo-
campus, which are key factors in memory and synaptic plas-
ticity [107]. Memory dysfunction and altered expression of
neurotrophic factors in the hippocampus induced by stress can
be restored with probiotic treatment [108]. The dysbiosis of
the intestinal microbiome is associated with neurodegenerative
diseases, such as AD [20, 109, 110], PD [111-113], and ALS
[114-116]. The intestinal microbiome composition is affected
by diet, which has a positive effect on metabolism and in-
flammation through changes in the intestinal microbiota or the
production of SCFAs as metabolites of intestinal microorgan-
isms [117, 118]. KDs have been demonstrated to affect the
abundance and diversity of the intestinal microbiome [119,
120] and microbial-derived molecules that play a role in CNS
homeostasis and neuroprotection [121]. Treatment with the
modified Mediterranean KD (MMKD) for 6 weeks improved
the levels of AD biomarkers in the cerebrospinal fluid of pa-
tients with mild cognitive impairment (MCI) by regulating the
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gut microbiome; the abundance of Enferobacteriaceae, Ak-
kermansia, Slackia, Christensenellaceae, and Erysipelotria-
ceae increased, whereas that of Bifidobacterium and Lachno-
bacterium decreased [122].

The effect of KD intervention on the brain is mediated
indirectly by short-chain fatty acids (SCFAs), which are pro-
duced by Akkermansia and Lactobacillus [123, 124], and
transported by monocarboxylate transporters expressed on
the astrocytes of blood-brain barrier (BBB). SCFAs have a
neuroprotective effect and improve learning and memory
[125, 126], similar to KD-related Akkermansia [127]. In pa-
tients with MCI, the abundance of Akkermansia was signifi-
cantly increased after KD treatment [122]. Notably, the
abundance of pro-inflammatory organisms, such as Desul-
fovibrio [128], which produces hydrogen sulfide and de-
stroys the intestinal mucosal barrier, was reduced after KD
treatment [129]. The reduction in Desulfovibrio and increase
in Akkermansia and Lactobacillus may improve the function
of the BBB and neurovascular function, including cerebral
blood flow (CBF); improve metabolic condition; and reduce
the risk of AD [119].

However, because carbohydrates are the basic source of
energy for microbes, a low-carbohydrate KD reduces the
overall diversity of gut microbes [130]. Moreover, the neu-
roprotective effect of KD exerted via the intestinal microbi-
ome is affected by individual factors, such as gender, age
and race, and further research is needed to explore the specif-
ic mechanism.

3. KETOGENIC DIET AND NEURODEGENERATIVE
DISEASES

3.1. Mild Cognitive Impairment

DHA has a neuroprotective effect on cognitive decline
[131, 132]. In particular, some studies reveal a positive cor-
relation between n-3 PUFAs and basic neurobiological pro-
cesses, especially cognitive processes [23, 133]. Notably,
some clinical trials have reported improvements in cognitive
performance in patients with MCI after increased intake of
DHA. Dietary supplementation with N-3 PUFAs is correlat-
ed with improved total cognitive function, perceptual speed,
space image efficiency, and working memory of MCI pa-
tients with MCI [134]. A randomized, double-blind, place-
bo-controlled trial demonstrated that DHA improved cogni-
tive function and reduced the production of blood amyloid
beta (AP) in MCI patients with MCI [132]. Remarkably, it
has been reported that supplementation with PUFAs im-
proved cognitive function in older adults with the lowest
plasma DHA levels [135]. These promising studies further
emphasize the importance of assessing the dietary intake of
n-3 PUFAs and the effects of supplementation of these FAs
in subjects at risk for cognitive decline.

The potential mechanisms for the effects of KD on pa-
tients with MCI are reported (Table 1). A randomized con-
trolled trial showed improved Alzheimer's Disease Assess-
ment Scale-Cognitive Subscale (ADAS-cog) scores in AP-
OE4(-) subjects after KD treatment, and higher ketone levels
were strongly associated with the improved ability of para-
graph recall [136]. In another study on MCI, after 6 weeks of
intervention, the verbal memory of subjects on a low-
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carbohydrate diet improved, and ketone levels were positive-
ly correlated with memory performance [137]. Moreover, a
randomized, placebo-controlled trial revealed that KD im-
proved the serum level of KBs and the memory of patients
with MCI after they received 56 g/day of MCT for 24 weeks
[138]. In another study involving patients with MCI, com-
pared to the group on a diet recommended by the National
Institute on Aging, the group on the MAD showed a signifi-
cantly higher memory composite score and improved mood
compared to baseline [139]. Fortier et al. randomized 52
subjects with MCI to a 30 g/day ketogenic medium chain
triglyceride (kMCT) or placebo treatment; a 230% increase
in ketone metabolism and improved measures of episodic
memory, language, executive function, and processing speed
were observed in the kMCT group, suggesting a positive
correlation between increased ketone uptake and several
cognitive indicators. The authors concluded that this long-
term ketogenic intervention is safe and feasible in patients
with MCI, and significantly improves cognitive scores in
multiple domains [140]. Moreover, an MMKD reduces tau
protein levels and improves CSF AB42 levels, cerebral per-
fusion, cerebral ketone body uptake, and memory in patients
with MCI [141]. Another study reported that a 57-year-old
woman diagnosed with MCI and metabolic syndrome
showed significant improvement in cognitive function after a
12-week KD intervention [142]. To date, few studies have
investigated the effects of KD on MCI, and more clinical
studies are needed to reveal the potential role of KD in the
prevention and treatment of cognitive decline.

3.2. Alzheimer’s Disease

AD is a progressive neurodegenerative disease, the most
common form of dementia, characterized by memory loss
and a reduced ability to perform daily activities. Low glu-
cose metabolism, mitochondrial dysfunction, extracellular
AP plaque accumulation, and intracellular tau neurofibrillary
tangles are the recognized biochemical and histopathological
markers of AD [143-145]. KD treatment may have a positive
effect on AD, mainly through the following molecular bio-
logical mechanisms: improvement of CBF in the hypothala-
mus; decrease in mTOR through an increase in endothelial
nitric oxide synthase; upregulated expression of P-
glycoprotein in transporter amyloid plaques; and improve-
ment in the integrity of the BBB [119].

The ability of glucose utilization in the brains of patients
with AD is pathologically reduced. Progressive cognitive
decline in patients with AD is associated with decreased glu-
cose uptake and metabolism [146]. In addition, decreased
glucose uptake in these patients may be associated with the
downregulation of the glucose transporter GLUT1 in the
brain [89, 147]. Furthermore, a high glycemic diet is associ-
ated with the amyloid burden in the brain [148]; thus, using
KBs instead of glucose to provide energy may prevent the
accumulation of AP in the brain and further reduce the risk
of AD. There is increasing preclinical evidence that KD acts
as an effective treatment for AD. In an AD mouse model,
KD improved the learning and memory functions, and re-
duced the level of AP and phosphorylated tau deposition
[149]. A study on AD treatment showed that a Mediterrane-
an diet improved metabolic status by reducing systemic
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Number Subjects, n Trial Type

KD Duration

Outcome References

NR 5 Crossover RCT

1 meal consumed 90
min before tests

Improved ADAS-COG scores in ApoE4(-)
subjects and higher ketone levels were
more correlated with the improved ability
for paragraph recall after KD treatment

[136]

NCT00777010 23 Parallel RCT

6 weeks

Improved verbal memory performance [137]

NCT01669200 6 Parallel RCT

24 weeks

Improved memory [138]

NCT02521818 14 Parallel RCT

12 weeks

At 6th week, compared to the NIA group,

the MAD group had a significantly higher

memory composite score compared to [139]

baseline, and the mood of subjects in the
MAD group was improved

NCT02551419 52 Parallel RCT

6 months

Episodic memory, language, executive
function, and processing speed were im-
proved in ketogenic medium chain triglyc-
erides groups compared to baseline. In-
creased uptake of brain ketone was posi-
tively correlated to several cognitive scales.

[140]

NCT02984540 20 Crossover RCT

6 weeks

Increased CSF AB42 and reduced tau pro-
tein, increased cerebral perfusion and cere-
broketone body uptake;
improvement in memory after a modified [141]
Mediterranean-ketogenic diet (MMKD)
compared to the American Heart Associa-
tion diet (AHAD)

inflammation [150]. In adult rats, KD affected the synaptic
morphology of the CA1 and dentate gyrus of the hippocam-
pus [151]. In addition, in young healthy mice, KD interven-
tion seemed to enhance cerebrovascular function, increase
the abundance of beneficial gut microbiota, improve meta-
bolic status, and reduce the risk of AD [123].

As mentioned earlier, mitochondrial dysfunction is
thought to be involved in the etiology of AD [152]. In elder-
ly dogs, KD significantly improved mitochondrial function
and decreased the level of amyloid precursor protein (APP)
after MCT intervention at 2g/kg/d [153]. Mitochondrial dys-
function and the corresponding decline in respiratory chain
function affected the processing of APP, leading to increased
production of AP fragments [154]. However, it has been
shown in mouse models that KD improves motor function
but does not affect AB40 or AB42 levels [155, 156]. Ketones
are also critical for alleviating the toxicity of AP, whereas [3-
hydroxybutyrate reduces the toxicity of substance AB42 in
cultured hippocampal neurons and enables the cells to over-
come amyloid-induced pyruvate dehydrogenase dysfunction
[157]. In AD mouse models, ketones prevented AB42 (the
pathological signature of AD) from entering neurons, thus
reducing the burden of AP and greatly improving learning
and memory [158].

Several clinical studies suggest that ketogenic therapy
benefits patients with AD by increasing plasma ketone levels
and improving cognition (Table 2). A study including 20
subjects with AD or mild cognitive impairment treated with

drinks containing emulsified MCT or placebo reported that
B-hydroxybutyric acid levels were significantly increased
and cognitive function was significantly improved in sub-
jects treated with MCT [136]. Henderson et al. administered
MCT to subjects with mild and moderate AD, which in-
creased serum levels of KBs and improved cognitive func-
tion, but no such effect was observed in subjects with the
APOE4(+) genotype [159]. Moreover, APOE4(-) patients
showed increased blood flow to specific brain regions, in-
cluding the left upper lateral temporal cortex, anterior cere-
bellum, left lower temporal cortex, and hypothalamus [160].
Polymorphisms in APOE, ILIB, and IDE may influence
cognitive responses to ketosis in patients with mild-to-
moderate AD [161]. It has been revealed that patients on KD
showed significantly higher Alzheimer's Disease Coopera-
tive Study-activities of daily living (ADCS-ADL) and quali-
ty of life- Alzheimer's disease (QOL-AD) scores were signif-
icantly increased in patients on KD compared to those on a
conventional diet; however, no improvement in memory was
observed [162]. After 12 weeks of KD intervention in 20
patients with mild-to-moderate AD, significant improve-
ments were observed in both the number—symbol coding test
and the real-time logical memory test [163]. After admin-
istration of a potent ketogenic agent-ketone monoester
(KME) for 20 months, one patient with AD showed im-
provement in mood, affect, self-care, and cognitive and daily
activity performance [164]. A recent study on patients with
mild-to-moderate AD treated with MCT supplements for 1
month showed increased brain uptake of acetoacetic acid,
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Table 2. The clinical research on KD in AD.
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Number Subjects, n Trial Type

KD Duration

Outcome References

NR 15 Crossover RCT

1 meal consumed 90 min
before tests

Improved ADAS-COG scores in ApoE4(-) subjects
and higher ketone levels were more correlated with
the improved ability of paragraph recall after KD
treatment

[136]

NCT00142805 152 Parallel RCT 90 days

AC-1202, an oral ketogenic compound, can increase

serum ketone body rapidly in AD patients, resulting

in a significant difference in ADAS-COG score be-

tween the placebo group and the population groups,

whereas APOE4(-) subjects had the most significant
effect after taking AC-1202.

[159]

NCT00142805 131 Parallel RCT 90 days

Variations of APOE, IL1B, and IDE may influence
cognitive responses to ketosis in patients with mild to [161]
moderate AD

NR 1 Single-arm

20 months

Improvement in mood, affect, self-care, and cognitive

164
and daily activity performance (164]

NCT02709356 15 Parallel RCT 1 month

Increased ketone supply without affecting brain glu-
cose utilization to increase total brain energy metabo- [165]
lism

NR 15 Single-arm 12 weeks

Increased ADAS-cog score by 4.1 point [166]

NR 16 Parallel RCT 45 days

Increased blood flow to specific brain regions in
ApoE4(-) patients, including the left upper lateral
temporal cortex, anterior cerebellum, left lower tem-
poral cortex, and hypothalamus.

[160]

NR 20 Crossover RCT 12 weeks

At 8 weeks, patients showed significant improvement
on tests of immediate and delayed logical memory
tests compared to baseline. At 12 weeks, they showed
significant improvements in numerical digit-symbol
coding test and immediate logical memory test com-
pared to baseline.

[163]

ACTRN126180
01450202

21 Randomized 12 weeks
crossover

Improvement in daily function and quality of life, and [162]

no improvement in memory

suggesting that KD compensated for the observed brain glu-
cose deficiency in AD [165]. A single-arm study revealed
that KD improved the mean ADAS-cog scores by 4.1 points
in patients with AD [166].

In summary, KD has both direct and indirect effects on
the progression of AD. These studies suggest that ketogenic
therapy does improve cognitive outcomes in patients with
AD, but the APOE4 genotype may influence the response to
metabolic ketosis [40, 159].

3.3. Parkinson's Disease

The main pathological mechanism in PD is the degenera-
tion of dopaminergic neurons in the substantia nigra of the
midbrain, resulting in motor and non-motor disorders. De-
creased activity of mitochondrial complex I is thought to
play a vital role in the death of dopaminergic neurons in the
dense part of the substantia nigra. Ketones bypass complex |
to provide an alternative fuel source for neurons at risk while
enhancing mitochondrial function and increasing ATP pro-
duction. A study in vitro demonstrated that mitochondrial

respiratory chain dysfunction exogenously induced by com-
plex I and II inhibitors rotenone and 3-nitropropionic acid,
respectively, was improved by KBs [46]. 1-methyl-4-phenyl-
1,2,3, 6-tetrahydropyridine (MPTP) is mainly used to pro-
duce an animal model of PD because of its ability to induce
the death of dopaminergic substantia nigra cells both in vivo
and in vitro. In an in vitro experiment, 4 mM J-
hydroxybutyrate was shown to protect cultured mesence-
phalic neurons from the toxic effects of MPTP on the mito-
chondrial respiratory chain [157]. Similarly, continuous sub-
cutaneous infusion of B-hydroxybutyrate protected mice
from dopaminergic neuronal degeneration upon MPTP injec-
tion mediated by a complex II-dependent mechanism that led
to enhanced mitochondrial respiration and ATP production
[167]. A study on a mouse model of PD revealed that oc-
tanoic acid (C8) significantly reduced MPTP-induced dam-
age to dopaminergic neurotransmission in the striatum,
which may be associated with the increased metabolic activi-
ty in the mitochondria of the striatum [168]. Moreover, KD
protects dopaminergic neurons in rat models of PD by up-
regulating glutathione [169].
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Table 3. The clinical research on KD in PD.
Number Subjects, n Trial Type KD Duration Outcome References
NR 5 Single-arm 28 days Decreases in total UPDRS [183]
ACTRN12617000027 Impr(?vements in MDS-UPDRS I scores, improve-
314 47 Parallel RCT 8 weeks ment in both motor and nonmotor symptoms, greater [184]
improvement in non-motor symptoms
Improvement in vocabulary access and working
NCT00777010 14 Parallel RCT 8 weeks memory, no differences in MDS-UPDRS-III or finger [185]
tapping

In addition, neuroinflammation and activated microglia
appear to play a role in the pathological process and progres-
sion of PD [21, 170-172]. Recent studies indicate that several
human leukocyte antigens (HLA)-DR-positive reactive mi-
croglia cells are found in the substantia nigra of patients with
PD [173, 174]. Activated microglia release various inflam-
matory factors, such as IL-1, IL-6, TNF-a, and IFN-y, and
chemokines, such as macrophage inflammatory protein-1a,
monocyte chemotactic protein-1, and prostaglandin E [175].
Compared to the control group, MPTP-treated mice fed with
KD showed reduced microglial activation; down-regulated
levels of IL-1 B, IL-6, and TNF-a proteins; and improved
motor dysfunction and neuronal loss [91]. Prostaglandin E
enhances the transmission of glutaminergic neurons by in-
hibiting astrocytes and glutamate reuptake, leading to excita-
tory neurotoxicity in the central nervous system [176, 177].
Nutritional ketosis may help in treating neurodegenerative
diseases by reducing astrocyte proliferation [178]. Moreover,
KD is reported to have anti-inflammatory effects on MPTP-
induced neurotoxicity [91].

KD is indeed effective for the improvement of motor
symptoms in PD [167, 168, 179]. A study demonstrated that
KD did not significantly affect the pharmacokinetics of L-
dopa [180]; however, Jabre et al. suggest that diet alters
levodopa absorption rather than affecting neural function,
which needs to be more thoroughly investigated [181]. Fur-
thermore, rats with PD consuming a KD showed enhanced
motor function, which was mainly manifested in the in-
creased effect of pramipexole [182].

Several clinical studies have shown the effects of KD on
patients with PD (Table 3). After 28 days of KD treatment,
all the symptoms of patients with PD were moderately or
significantly improved, and the movement disorder society-
sponsored revision of the unified Parkinson’s disease rating
scale (MDS-UPDRS) scores of most patients improved (an
average decline of 43.4%); however, a placebo effect could
not be excluded. Therefore, further research on the role of
KD in neuronal function in the maintenance of PD or other
neurodegenerative diseases is needed [183]. A randomized
controlled study, including 47 patients with PD who were
administered a low-fat diet or KD, showed that MDS-
UPDRS scores in both groups reduced significantly, whereas
the KD group showed greater improvement in non-motor
symptoms [184]. Nutritional ketosis has shown improvement
in lexical access and memory in PD, but no differences in
MDS-UPDRS-III or finger tapping scores [185].

These findings need to be further confirmed in large-
scale clinical trials. However, the application of KD is ex-
pected to be a new strategy for PD treatment.

3.4. Amyotrophic Lateral Sclerosis

ALS, the most common motor neuron disease [186], is
mostly sporadic, and few patients have a family history of
ALS [187]. This neurodegenerative disease is characterized
by a progressive loss of upper and lower motor neurons in
the brain and spinal cord [188], resulting in paralysis and
death, which typically occurs 2—-5 years after the onset of
symptoms, usually because of respiratory paralysis [189].
Therefore, there is a strong need for more effective treat-
ments for ALS. The pathogenesis of ALS mainly includes
excessive production of free radicals, the toxicity of excitato-
ry neurotransmitters, and a decrease in antioxidant capacity,
leading to mitochondrial membrane dysfunction, which
eventually leads to a change in energy balance and a de-
crease in the activity of mitochondrial electron transport
chain enzymes [190].

KDs reduce the level of glutamate in the synaptic gap
and improve disease progression by reducing hyperexcitabil-
ity [191]. In addition, the antioxidant capacity of endogenous
antioxidants is enhanced by KDs [192, 193]. Moreover, in
vitro cell culture studies have shown that KDs restore the
electron transport chain complex I activity. Recently, several
in vitro studies have suggested that sirtuins (SIRTs) are also
associated with ALS [194, 195]. SIRT3 prevents SODI1-
G93A-induced mitochondrial fragmentation and neuronal
apoptosis in vitro [196]. The expression of SIRTSs in primary
motoneurons increased after treatment with MCT, the main
source of KBs, and SIRT3 had a protective effect on mito-
chondrial breakage and neuronal death induced by SODI-
G93A [197]. Thus, KBs regulate sirtuin-mediated mitochon-
drial stress response and neuronal cell survival.

In recent years, there have been several studies on the
application of KBs in animal models of ALS (Table 4). In
the first study published in 2006, the authors observed the
effect of KD on motor neurons in the SOD/-G93A transgenic
mouse model of ALS, which was found to be preserved by
managing triglycerides (obtained by coconut oil fractiona-
tion), and mice with KD compared to control mice showed
aggravated movement ability and an increase in mitochon-
drial weight and ATP synthesis [198]. In another study, the
treatment of SOD1-G934 transgenic mice with caprylic acid
triglycerides, a substitute energy source in neuronal metabo-
lism, improved motor performance, prevented the loss of
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Table 4. The preclinical research on KD in ALS.
Model Animals, n Outcome References
. . Increased motor neuron survival and improvement in motor function; in-
SOD1-G93A transgenic ALS mice n=11 . . . . [198]
creased mitochondrial levels of weight and ATP synthesis
relieved the progression of weakness, protected the loss of motor neurons in
SOD1-G93A transgenic ALS mice n=35 the spinal cord, and increased the rate of oxygen consumption in the body's [199]
mitochondria

Mice fed with KD showed better motor performance on all motor function

SOD1-G93A transgenic ALS mice n=48 tests at 15 and 16 weeks of age compared to the control group. KD therapy [200]
significantly prolonged the survival time of SOD1-G93A mice by 4.2%.

spinal motoneurons, significantly increased the mitochondri-
al oxygen consumption rate in vivo, and increased the sur-
vival rate of treated mice (they lived for 6 days longer than
the control mice), suggesting that the improvement in motor
function is associated with an increase in motor neurons
[199]. In addition, after following the Deanna regimen based
on the KD, KD-fed mice exhibited better performance in all
motor function tests at 15 and 16 weeks of age than the con-
trol group, and KD treatment significantly extended the sur-
vival time of SOD1-G934 mice by 7.5% [200].

Given that the main causes of ALS are mitochondrial
dysfunction and motor neuron degeneration, KDs seem to
improve the symptoms by interfering with the main pathoge-
netic mechanisms of the disease.

3.5. Adverse Effects of Ketogenic Diets

Some adverse effects may occur during a long-term KD;
moreover, the high-fat ingredients of KD also decrease the
compliance of patients to the diet. However, under the guid-
ance of doctors, adverse effects can be effectively reduced,
and the safety of KD can be improved greatly through strict
monitoring of indications. Hypoglycemia [201] and dehydra-
tion [202] may occur at the early stage. Furthermore, the
most common adverse reactions are digestive problems, usu-
ally short-term, including nausea, vomiting, diarrhea, consti-
pation, and anorexia [203, 204]. The main causes of anorexia
include reduced secretion of the appetite-stimulating factor
neuropeptide Y (NPY) in the hypothalamus, increased chol-
ecystokinin secretion to reduce gastric motor function, and
increased levels of circulating growth hormone-releasing
peptide, which regulates appetite [205]. Therefore, patients
diagnosed with anorexia should be cautious or prohibited
from employing KD. However, these effects are usually
transient; gastrointestinal side effects can be reduced through
the gradual introduction of MCT and improved to some ex-
tent by increased intake of dietary fiber, sodium, and liquids,
with little need for drug intervention or diet cessation. Pa-
tients also exhibit certain long-term adverse reactions, in-
cluding hypercholesterolemia, hypertriglyceridemia, hyperu-
ricemia, abnormal liver function, ion disorders, atherosclero-
sis, low bone mineral density, cardiomyopathy, kidney
stones, optic neuropathy, anemia, vitamin and mineral defi-
ciency, and rare pancreatitis [9, 204, 205]. Increased free
fatty acids constitute an independent risk factor for insulin
resistance in patients with type 2 diabetes who already have
disorders of lipid metabolism, and they may increase the risk
of cardiovascular disease [206, 207]. In addition, rats ex-

posed to long-term KD have been shown to be at risk of
for myocardial fibrosis and decreased mitochondrial biogen-
esis in myocardial cells [208]; however, there is a lack of
relevant data from clinical trials. Clinically, the plan of KD
can be evaluated and modified by replenishing dietary fiber
and nutrients and regularly monitoring these biochemical
indexes; however, patients with pancreatitis should be cau-
tious or prohibited from using KD. There are individual dif-
ferences in the adverse reactions to KD, and the influencing
factors include gender, age, race, and underlying diseases. In
future research, more detailed inclusion criteria should be
formulated for clinical trials to reduce the incidence of ad-
verse reactions.

Because it is a high-fat, low-carbohydrate diet, KD may
result in metabolic effects and, ultimately, weight loss
through energy value restriction [205]. Considering that
some patients with neurological diseases are overweight or
obese, weight loss may be beneficial. For those who wish to
maintain or gain weight, it is recommended that calorie in-
take should be monitored and regulated during KD. Patients
with poor blood glucose control in diabetes are more prone
to serious side effects, such as acidosis caused by hyperketo-
nemia, but the incidence is relatively low in clinical studies
and may be further reduced through strict monitoring of in-
dications [209].

For patients with neurodegenerative diseases, especially
elderly patients, individualized KD treatment should be de-
veloped according to the existing underlying diseases of pa-
tients. Chronic KD treatment can lead to catabolic disorders
and reduced synthesis of functional proteins, and individuals
with neurodegenerative diseases are at high risk of malnutri-
tion, the symptoms of which lead to reduced food intake
[210]. In addition, these patients may experience food-
related movement disorders, such as chewing and swallow-
ing, taste and smell disorders, apraxia, and eating behavior
disorders [205]. Therefore, long-term application of KD
should be combined with the supplementation of dietary fi-
ber and other nutrients to prevent adverse reactions. Dynam-
ic monitoring of blood ketone and urinary ketone levels may
help assess the compliance of a patient to KD [11]. A re-
search that focused on brain fog during the menopausal tran-
sition showed that estrogen enhanced hippocampus-sensitive
learning and memory by increasing glucose metabolism, but
it damaged striatum-sensitive learning and memory by re-
ducing lactate and ketone body levels [211]. Therefore, for
menopausal women with cognitive impairment, if a ketogen-
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ic diet is needed for treatment, the dosage of the ketogenic
diet should be adjusted according to whether estrogen is
used, so as not to affect the ketogenic effect.

CONCLUSION

In conclusion, ketones freely cross the BBB and prevent
mitochondrial dysfunction, protect neurons from free radical
damage, and reduce oxidative stress and neuroinflammatory
response. The neuroprotective effect of KD is exerted
through the regulation of the intestinal microbiome. For
patients with neurodegenerative diseases, in addition to drug
therapy and rehabilitation, KD can also be considered as a
potential treatment. Under the guidance of professional doc-
tors to formulate diet plans, by reducing the percentage of
carbohydrates, increasing the fat and protein content, and
increasing the cellulose content of the diet, patients can
transform their diets into a KD. KD reduces the speed and
degree of neuronal degeneration, and alleviates the symp-
toms of neuronal degenerative diseases.
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