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Editorial

Introduction

Amyotrophic lateral sclerosis (ALS) is characterized by the 
progressive degeneration of upper and lower motor neurons. 
Typical clinical features of ALS are limb paralysis, muscle 
atrophy, dysphagia, dysarthria, shortness of breath, and 
respiratory failure. Approximately 90% of ALS cases are 
classified as sporadic ALS, the remaining 10% are classified 
as familial.[1,2] Researchers have found that the survival of 
ALS patients is related to several factors, including clinical 
phenotype, age at onset, sex, early presence of respiratory 
failure, and treatment with riluzole. We recently found that 
there is a potential linear relationship in ALS between serum 
lactate and motor deterioration, and that slower lactate 
elimination rate might be associated with faster disease 
progression.[3] In addition, several studies have reported that 
nutritional status is closely related to the survival time of ALS 
patients, and there exists a U‑shaped association between 
patients’ body mass index (BMI) and mortality.[1,4] The main 
cause of malnutrition (BMI ≤18.5 kg/m²) in ALS patients is 
an imbalance between intake and consumption, and some 
symptoms, such as dysphagia, can lead to insufficient energy 
intake. More importantly, recent studies have shown that 
ALS patients are in states of hypermetabolism.[5,6]

Hypermetabolism in Amyotrophic Lateral 
Sclerosis

It is difficult to explain the association between 
hypermetabolism and ALS, but it has been found in mutant 
Cu Zn‑superoxide dismutase (SOD1) transgenic mice as well 
as in ALS patients. Resting energy expenditure (REE) is one 
reason for increased consumption for ALS.[6] Dupuis et al.[7] 
found that SOD1G86R and SOD1G93A mice have increased REE 

compared to control mice. Desport et al.[8] found that REE 
significantly increased by an average of 14% in 168 ALS 
patients compared to the calculated value, and 62.3% of 
ALS patients were considered hypermetabolic. Bouteloup 
et al.[5] confirmed that hypermetabolism existed in 48% of 
all ALS patients, but there was no significant improvement 
in survival time between the hypermetabolism and normal 
metabolism groups (P = 0.08). In contrast to these studies, 
Vaisman et al.[9] found that the measured REE as a percentage 
of the predicted REE was not different between the groups 
and was within the normal range, i.e., ±10% of the predicted 
rate; however, the measured and predicted REEs were 
significantly lower in ALS patients, and when normalizing 
REE by lean body mass (LBM), REE/LBM was significantly 
higher in ALS patients than that in the healthy controls.

Ketogenic Diet in Amyotrophic Lateral 
Sclerosis

Ketone bodies are three small water‑soluble molecules of 
acetoacetate, 3‑hydroxybutyrate, and acetone. They are 
produced from acetyl‑CoA by enzymatic synthesis in the 
mitochondria of hepatocytes and can pass the blood-brain 
barrier and intramuscular capillary walls. When the body 
is under extended periods of fasting or glucose deficiency, 
instead of glucose, ketone bodies serve as the primary energy 
resource of the brain.[10]
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A ketogenic diet consists of one that is high in fats and low 
in carbohydrates, simulating of a fasting state. Initially, 
a ketogenic diet proved to be an effective therapy in 
pharmacoresistant epilepsy. It has also been found effective in 
some neurodegenerative diseases and mitochondriopathies, 
which might involve mitochondrial impairment.[11] As 
previously mentioned, ALS could be caused by an energy 
imbalance, which is a common phenomenon in SOD1 
transgenic mice as well as ALS patients. A ketogenic diet 
could also be a potential therapy for ALS. Some studies 
showed that mitochondrial complex I activity is decreased 
in ALS, and that ketone bodies can restore the function of 
this complex.[12]

Adenosine monophosphate‑activated protein kinase (AMPK) 
is a type of intracellular pressure sensor that maintains energy 
homeostasis. AMPK is activated during energy stress by 
various upstream kinases that require phosphorylation 
of threonine 172 within the catalytic subunit.[13] As a 
consequence of AMPK activation, glucose intake and fatty 
acid oxidation are increased, while cholesterol, lipid, and 
protein synthesis are inhibited.[14] We recently found that 
increased activity levels of AMPK caused decreased levels of 
heat shock proteins 70 (HSP70) in SOD1G93A mutant mice.[15] 
HSP70 are molecular chaperones that help newly synthesized 
protein to fold correctly and they play an important role in 
stress‑induced protein denaturation.[16] It was found that 
calorie‑restricted (CR) SOD1G93A mice had higher AMPK 
activity, lower HSP70 expression, and shorter survival time 
compared to standard ad libitum (AL) SOD1G93A mice; in 
contrast, SOD1G93A mice that fed a high‑fat diet had inhibited 
AMPK activity, increased HSP70 expression, and longer 
survival time compared to that of standard AL SOD1G93A 
mice;[15] therefore, we might conclude that a high‑fat diet 
could improve ALS survival time by inhibiting AMPK 
activity.

Diets of Different Calorie Constitutions for 
Amyotrophic Lateral Sclerosis

Previous studies found that caloric restriction was 
beneficial to age‑related diseases and prolonged lifespan in 
healthy insects, rodents, and nonhuman primates.[17] Some 
researchers have subsequently focused on the CR diet and its 
effect on ALS patients. Contrary to the hypothesis, Pedersen 
and Mattson[18] found that the age of disease onset in CR 
mice was not significantly different from that in AL mice, 
and the duration of the disease was significantly less in the 
CR mice than in the AL mice (P < 0.01). Similarly, Hamadeh 
et al.[19] showed that the age of mice at clinical onset was 
even younger in CR mice than in AL mice, and CR mice 
tended to reach end point sooner, although there was no 
significant difference between the two groups. In addition, 
they found that CR increased mitochondrial biogenesis, 
lipid peroxidation, and inflammation. This decreased the 
mitochondrial oxidative capacity and cellular stress response, 
and led to heightened apoptosis, which finally resulted in a 
faster clinical onset and shorter lifespan in the mutant SOD1 

transgenic mouse models.[20] In our recent study, the negative 
effect of a CR diet on ALS was again confirmed when clinical 
onset was shortened by 10 days (P = 0.003) and survival time 
was shorter (P < 0.001) in SOD1G93A‑CR mice compared to 
that in SODG93A‑AL mice;[15] therefore, it appears that the 
CR diet is not an appropriate therapy for ALS.

In contrast to the CR diet, the ketogenic and high‑fat 
diets seem to be beneficial to ALS patients. The results 
of three studies based on mutant SOD1 transgenic mouse 
models indicated that the ketogenic diet‑fed SOD1G93A 
mice maintained motor function longer and had a 
significantly longer survival time than standard diet‑fed 
mice.[21] Ari et al.[21] demonstrated that the ketogenic diet 
and Deanna Protocol (a diet consisting of 10% arginine 
alpha‑ketoglutarate, 1.0% gamma aminobutyric acid, 0.1% 
ubiquinol, 10% medium‑chain triglyceride)‑fed mice had a 
significantly longer survival time than the standard diet‑fed 
mice. In studies on high‑fat diet and its effect on ALS, it was 
shown that the clinical onset was significantly slower and 
the survival time was significantly longer compared to that 
in the standard diet‑fed mice.[7,15] Dupuis et al.[7] considered 
the improvement of nutritional status as an explanation to 
longer survival in the high‑fat diet‑fed mice because of their 
significantly higher body weight.

In clinical practice, some researchers investigated the 
different effects of a high‑carbohydrate diet and a high‑fat 
diet on patients with ALS.[22‑24] After 12 weeks of nutritional 
intervention, BMI of the patients increased in both groups, 
while no significant change in median serum lipid levels 
was observed. The researchers did not analyze the survival 
of the two diet groups because no controls were enrolled 
in the study.[22] In another randomized, double‑blind, 
placebo‑controlled trial, ALS patients were divided, 
respectively, into three groups as follows: an isocaloric 
diet group, a   high‑carbohydrate/hypercaloric diet (HC/
HC)   group, and a high‑fat/hypercaloric diet (HF/HC) 
group. Diet intervention was maintained for 4.0  months 
and follow‑up continued for 5.0  months. The estimated 
median survival in the HC/HC group appeared to be longer 
compared to that in the other groups but there was no 
statistically significant difference (P = 0.07); however, the 
survival in the HF/HC group was unexpectedly shorter. 
The researchers believed that the results were unreliable 
because the participants no longer maintained the study diet 
after the end of follow‑up.[23]

Antioxidant Intake in Amyotrophic Lateral 
Sclerosis

In addition to these energy intake studies, Nieves et al.[25] 
recently adopted a condensed version of the Food Frequency 
Questionnaire for 302 ALS patients to assess their daily 
dietary intake. The effects of different foods on ALS 
Functional Rating Scale‑Revised score and forced vital 
capacity were analyzed. Food that reduces the risk of ALS 
or that is rich in antioxidants is classified as “good”, whereas 
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food that causes oxidative stress or increases the risk of 
ALS is classified as “bad”. The study found that intake of 
vegetables and foods high in antioxidants and carotenoids 
was associated with higher ALS function when diagnosed.

Summary

In mutant SOD1 transgenic mouse models, a high‑caloric, 
high‑fat diet or ketogenic diet generally had protective effects 
on ALS; however, in the mouse models, the pathogenesis 
is mainly associated with oxidative stress. The effect of 
energy intake and diets on other ALS mechanisms should 
be further investigated. On the other hand, studies have 
provided certain evidences to support hypercaloric nutrition 
as a potential intervention for ALS patients, but large 
sample‑size, placebo‑controlled, double‑blinded trials are 
needed to provide further powerful evidences.

Financial support and sponsorship
This work was supported by a grant of the National Natural 
Science Foundation of China (No. 81030019).

References
1.	 Chen  L, Zhang  B, Chen  R, Tang  L, Liu  R, Yang Y, et  al. Natural 

history and clinical features of sporadic amyotrophic lateral sclerosis 
in China. J  Neurol Neurosurg Psychiatry 2015;86:1075‑81. doi: 
10.1136/jnnp‑2015‑310471.

2.	 Liu  R, Sheng  ZF, Cai  B, Zhang  YH, Fan  DS. Increased orexin 
expression promotes sleep/wake disturbances in the SOD1‑G93A 
mouse model of amyotrophic lateral sclerosis. Chin Med 
J 2015;128:239‑44. doi: 10.4103/0366‑6999.149214.

3.	 Zhang YJ, Fan  DS. Elimination rate of serum lactate is correlated 
with amyotrophic lateral sclerosis progression. Chin Med 
J 2016;129:28‑32. doi: 10.4103/0366‑6999.172561.

4.	 Paganoni S, Deng J, Jaffa M, Cudkowicz ME, Wills AM. Body mass 
index, not dyslipidemia, is an independent predictor of survival in 
amyotrophic lateral sclerosis. Muscle Nerve 2011;44:20‑4. doi: 
10.1002/mus.22114.

5.	 Bouteloup C, Desport JC, Clavelou P, Guy N, Derumeaux‑Burel H, 
Ferrier  A, et  al. Hypermetabolism in ALS patients: An early and 
persistent phenomenon. J  Neurol 2009;256:1236‑42. doi: 10.1007/
s00415‑009‑5100‑z.

6.	 Dupuis L, Pradat PF, Ludolph AC, Loeffler JP. Energy metabolism 
in amyotrophic lateral sclerosis. Lancet Neurol 2011;10:75‑82. doi: 
10.1016/S1474‑4422(10)70224‑6.

7.	 Dupuis L, Oudart H, René F, Gonzalez de Aguilar  JL, Loeffler  JP. 
Evidence for defective energy homeostasis in amyotrophic lateral 
sclerosis: Benefit of a high‑energy diet in a transgenic mouse model. 
Proc Natl Acad Sci U S A 2004;101:11159‑64. doi: 10.1073/pnas. 
0402026101.

8.	 Desport  JC, Torny  F, Lacoste  M, Preux  PM, Couratier  P. 
Hypermetabolism in ALS: Correlations with clinical and 
paraclinical parameters. Neurodegener Dis 2005;2:202‑7. doi: 
10.1159/000089626.

9.	 Vaisman N, Lusaus M, Nefussy B, Niv E, Comaneshter D, Hallack R, 
et  al. Do patients with amyotrophic lateral sclerosis  (ALS) have 
increased energy needs? J Neurol Sci 2009;279:26‑9. doi: 10.1016/j.
jns.2008.12.027.

10.	 Fukao T, Mitchell G, Sass JO, Hori T, Orii K, Aoyama Y. Ketone body 
metabolism and its defects. J Inherit Metab Dis 2014;37:541‑51. doi: 
10.1007/s10545‑014‑9704‑9.

11.	 Paoli  A, Bianco  A, Damiani  E, Bosco  G. Ketogenic diet in 
neuromuscular and neurodegenerative diseases. Biomed Res Int 
2014;2014:474296. doi: 10.1155/2014/474296.

12.	 Vielhaber  S, Kunz  D, Winkler  K, Wiedemann  FR, Kirches  E, 
Feistner  H, et  al. Mitochondrial DNA abnormalities in skeletal 
muscle of patients with sporadic amyotrophic lateral sclerosis. Brain 
2000;123(Pt 7):1339‑48. doi: 10.1093/brain/123.7.1339.

13.	 Carling D, Sanders MJ, Woods A. The regulation of AMP‑activated 
protein kinase by upstream kinases. Int J Obes  (Lond) 
2008;32 Suppl 4:S55‑9. doi: 10.1038/ijo.2008.124.

14.	 Hardie  DG. AMP‑activated/SNF1 protein kinases: Conserved 
guardians of cellular energy. Nat Rev Mol Cell Biol 2007;8:774‑85. 
doi: 10.1038/nrm2249.

15.	 Zhao Z, Sui Y, Gao W, Cai B, Fan D. Effects of diet on adenosine 
monophosphate‑activated protein kinase activity and disease 
progression in an amyotrophic lateral sclerosis model. J Int Med Res 
2015;43:67‑79. doi: 10.1177/0300060514554725.

16.	 Yenari  MA, Liu  J, Zheng  Z, Vexler  ZS, Lee  JE, Giffard  RG. 
Antiapoptotic and anti‑inflammatory mechanisms of heat‑shock 
protein protection. Ann N Y Acad Sci 2005;1053:74‑83. doi: 10.1196/
annals.1344.007.

17.	 Bruce‑Keller  AJ, Umberger  G, McFall  R, Mattson  MP. Food 
restriction reduces brain damage and improves behavioral 
outcome following excitotoxic and metabolic insults. Ann Neurol 
1999;45:8‑15. doi: 10.1002/1531-8249(199901)45:1%3C8::AID-
ART4%3E3.0.CO;2-V.

18.	 Pedersen WA, Mattson MP. No benefit of dietary restriction on disease 
onset or progression in amyotrophic lateral sclerosis Cu/Zn‑superoxide 
dismutase mutant mice. Brain Res 1999;833:117‑20. doi: 10.1016/
S0006-8993(99)01471-7.

19.	 Hamadeh MJ, Rodriguez MC, Kaczor JJ, Tarnopolsky MA. Caloric 
restriction transiently improves motor performance but hastens 
clinical onset of disease in the Cu/Zn‑superoxide dismutase mutant 
G93A mouse. Muscle Nerve 2005;31:214‑20. doi: 10.1002/mus. 
20255.

20.	 Patel  BP, Safdar  A, Raha  S, Tarnopolsky  MA, Hamadeh  MJ. 
Caloric restriction shortens lifespan through an increase in lipid 
peroxidation, inflammation and apoptosis in the G93A mouse, 
an animal model of ALS. PLoS One 2010;5:e9386. doi: 10.1371/
journal.pone.0009386.

21.	 Ari C, Poff AM, Held HE, Landon CS, Goldhagen CR, Mavromates N, 
et  al. Metabolic therapy with Deanna Protocol supplementation 
delays disease progression and extends survival in amyotrophic 
lateral sclerosis  (ALS) mouse model. PLoS One 2014;9:e103526. 
doi: 10.1371/journal.pone.0103526.

22.	 Dorst  J, Cypionka  J, Ludolph AC. High‑caloric food supplements 
in the treatment of amyotrophic lateral sclerosis: A prospective 
interventional study. Amyotroph Lateral Scler Frontotemporal 
Degener 2013;14:533‑6. doi: 10.3109/21678421.2013.823999.

23.	 Wills AM, Hubbard J, Macklin EA, Glass J, Tandan R, Simpson EP, 
et  al. Hypercaloric enteral nutrition in patients with amyotrophic 
lateral sclerosis: A randomised, double‑blind, placebo‑controlled 
phase 2 trial. Lancet 2014;383:2065‑72. doi: 10.1016/S0140‑6736(14) 
60222‑1.

24.	 Zhang HG, Chen L, Tang L, Zhang N, Fan DS. Clinical features 
of isolated bulbar palsy of amyotrophic lateral sclerosis in Chinese 
population. Chin Med J 2017;130:1768-72.

25.	 Nieves JW, Gennings C, Factor‑Litvak P, Hupf J, Singleton J, Sharf V, 
et al. Association between dietary intake and function in amyotrophic 
lateral sclerosis. JAMA Neurol 2016;73:1425‑32. doi: 10.1001/
jamaneurol.2016.3401.


