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Abstract 

Huntington’s disease (HD) is a devastating neurodegenerative disorder caused by aggregation of the mutant hunting-
tin (mHTT) protein, resulting from a CAG repeat expansion in the huntingtin gene HTT. HD is characterized by a vari-
ety of debilitating symptoms including involuntary movements, cognitive impairment, and psychiatric disturbances. 
Despite considerable efforts, effective disease-modifying treatments for HD remain elusive, necessitating exploration 
of novel therapeutic approaches, including lifestyle modifications that could delay symptom onset and disease pro-
gression. Recent studies suggest that time-restricted eating (TRE), a form of intermittent fasting involving daily caloric 
intake within a limited time window, may hold promise in the treatment of neurodegenerative diseases, including HD. 
TRE has been shown to improve mitochondrial function, upregulate autophagy, reduce oxidative stress, regulate 
the sleep–wake cycle, and enhance cognitive function. In this review, we explore the potential therapeutic role 
of TRE in HD, focusing on its underlying physiological mechanisms. We discuss how TRE might enhance the clearance 
of mHTT, recover striatal brain-derived neurotrophic factor levels, improve mitochondrial function and stress-response 
pathways, and synchronize circadian rhythm activity. Understanding these mechanisms is critical for the development 
of targeted lifestyle interventions to mitigate HD pathology and improve patient outcomes. While the potential ben-
efits of TRE in HD animal models are encouraging, future comprehensive clinical trials will be necessary to evaluate its 
safety, feasibility, and efficacy in persons with HD.
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Background
Huntington’s disease (HD) is an inherited autosomal-
dominant neurodegenerative disorder characterized 
by abnormal movement control (including involuntary 
choreatic movements, poor fine motor control, and 
balance impairment), cognitive decline, and psychi-
atric symptoms [1]. The disease is caused by expan-
sion of a triplet repeat (CAG) in the Huntingtin gene 
which encodes the huntingtin protein (HTT), where 
a repeat length of 40 or more is known to eventually 
cause symptomatic HD and a repeat length of 36–39 is 
considered incompletely penetrant [2–4]. Penetrance 
is influenced by a number of factors including somatic 
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expansion of CAG in the brain that is thought to con-
tribute to the rate of disease progression in a length- 
and tissue-dependent manner [5, 6]. The resulting 
mutant huntingtin (mHTT) protein induces neuronal 
dysfunction by disrupting various cellular components 
and pathways, resulting in oxidative damage, tran-
scriptional dysregulation, excitotoxicity, and bioen-
ergetic deficiencies [7–9]. As the disease progresses, 
areas outside the brain become affected, leading to 
atrophy of skeletal muscle, cardiac failure, and dys-
function in the circadian rhythm [10, 11].

Incomplete understanding of the precise functions of 
wild-type HTT paired with the heterogeneous harm-
ful effects caused by mHTT has made the underlying 
pathology difficult to target therapeutically. For exam-
ple, there is a well-known connection between CAG 
repeat length and age at disease onset at the popula-
tion level, yet there is much variability in individual 
symptom timing, progression, and severity [12, 13]. 
Genome-wide association studies have highlighted 
DNA repair mechanisms, mitochondrial redox factors, 
and CAA alleles as major contributors to this variabil-
ity [14, 15]. Additionally, environmental factors and 
lifestyle habits are thought to also modify the age of 
onset and the severity of disease [16, 17]. Identifying 
and addressing these lifestyle habits could hold thera-
peutic potential in delaying HD progression.

Pharmacological interventions often target a very 
specific aspect of disease or physiologic process. 
Because mHTT has effects on so many areas of func-
tion, lifestyle interventions that can affect multiple 
processes and pathways may be more beneficial and 
are worthy of investigation. Growing evidence sug-
gests that a form of intermittent fasting (IF) known as 
time-restricted eating (TRE)—defined by consuming 
all daily caloric intake within a 6–8-h time window and 
fasting the remainder of the 24-h day—may attenuate 
the progression of neurodegenerative diseases [18–21]. 
TRE may be particularly well-suited for use in the HD 
population because of its ability to induce autophagy 
and clear mHTT, upregulate Sirtuin 1 (SIRT1) and 
stimulate brain-derived neurotrophic factor (BDNF) 
production, improve mitochondrial bioenergetics 
and prevent oxidative stress via mediation of peroxi-
some proliferator-activated receptor gamma coactiva-
tor 1-alpha (PGC-1α), and regulate circadian function. 
In this review, we explore the role of TRE as a dietary 
intervention for HD. Here, we highlight all published 
articles directly related to the effects of TRE in HD, 
summarize the underlying physiologic mechanisms 
associated with the diet, and examine its therapeutic 
potential in HD pathology and symptomology.

Methods
The literature search was performed in PubMed, MED-
LINE, and Google Scholar databases with the following 
keywords: “Huntington’s disease”, “time-restricted eat-
ing”, “time-restricted feeding”, “dietary fasting”, “dietary 
restriction”, “intermittent fasting”, “fasting”, “fast/feed 
cycle”, “circadian modulation”, and/or “circadian rhythms”. 
Abstracts were reviewed, and articles that examined the 
effects of any form of dietary fasting in the context of HD 
(animals or humans) were included after the full-text was 
retrieved (Table  1). References of the included studies 
were also screened. Studies on fasting in non-HD models 
were excluded.

HD pathogenesis
HD is a trinucleotide repeat expansion disease caused 
by a mutant form of the HTT protein. HTT is produced 
ubiquitously in the human body and although its func-
tion has not been fully elucidated, it is reported to be 
involved in transcriptional regulation, cell morphology 
and cytoskeleton function, the immune system, cellular 
metabolism, synaptic function, and antiapoptotic activity 
[22–24]. The resulting mHTT from a CAG repeat greater 
than 36 is thought to cause HD-specific pathology in stri-
atal GABAergic spiny projection neurons (SPNs). The 
neurotoxic effects of the protein lead to cell death and 
subsequent frontostriatal circuitry malfunction that pro-
duce hyperkinetic then hypokinetic motor symptoms as 
the disease progresses [25]. Although the primary pathol-
ogy is regionally specific, eventually all areas of the brain 
become affected, contributing to the cognitive, motor, 
and psychiatric symptomology observed in HD.

The exact mechanism of HD pathophysiology is not 
fully known; however, a hallmark of HD is the presence of 
mHTT aggregates and inclusion bodies inside cells [26]. 
In vitro, in vivo, and postmortem human HD brain stud-
ies have identified age-dependent accumulation of striatal 
intranuclear and cytoplasmic mHTT inclusions [27–29]. 
Controversially, some in  vitro models do not form inclu-
sion bodies; however, further exploration suggests that 
the brain microenvironment and the aging process may 
be required for mHTT inclusion formation [30–32]. These 
inclusion bodies are thought to play a role in the neuronal 
dysfunction and cell death found in HD and are a primary 
target for therapeutic intervention where the prevention 
of HTT gene expression or improved clearance of mHTT 
aggregates both serve as theorized potential treatments for 
the disease. With recent advances in gene therapy technol-
ogy, many trials have attempted to lower mHTT in per-
sons with HD; however, unfortunately all trials to date have 
failed to significantly improve clinical outcomes. Reasons 
for this are speculative and not fully understood. Likely 
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contributing factors include somatic expansion and the fact 
that the breadth of system dysfunction in HD is difficult to 
collectively address with targeted pharmacologic therapies.

An additional contributing factor to the pathophysi-
ology of HD is the deficiency of BDNF in the striatum. 
BDNF is an essential protein involved in the survival 
and proliferation of neurons in the peripheral and cen-
tral nervous systems. Specifically, BDNF produced from 
cortical pyramidal neurons is required for proper corti-
costriatal synaptic connections and survival of GABAe-
rgic SPNs [33]. BDNF has also been found to have 
neuroprotective effects against the NMDA-dependent 
excitotoxicity, a hypothesized contributing factor to HD 
pathogenesis [34]. Substantial decreases in striatal BDNF 
levels observed in HD are thought to contribute to the 
onset and severity of motor dysfunction [33, 35]. Res-
toration of these levels may have therapeutic potential, 
though several drawbacks to direct BDNF replacement 
exist: proper administration requires an invasive proce-
dure, control over gene expression in vivo is limited, epi-
leptogenic risk may be increased, and potentially harmful 
neural effects may be seen in humans which have not 
been observed in models with short lifespans [36–39].

The pathogenesis of HD is further convoluted by dis-
turbances in cellular metabolism and oxidative damage. 

Studies of post-mortem HD brains, adult HD skeletal 
muscles, and human HD cell lines have revealed ubiq-
uitous bioenergetic dysregulation, indicative of the 
meaningful role HTT plays in mitochondrial energy 
metabolism [40, 41]. Post-mortem HD brain analysis 
reveals significant glycolytic and electron transport chain 
enzyme activity deficiencies, in addition to increased 
levels of oxidative damage in the caudate and putamen 
[42]. Growing evidence suggests that mHTT can inhibit 
mitochondrial function directly, and indirectly via aber-
rant transcriptional regulation [43]. The expression of 
PGC-1α, a key transcriptional co-factor involved in mito-
chondrial biogenesis, cellular respiration, and reactive 
oxygen species (ROS) detoxification, is thought to be a 
potential link between transcriptional dysregulation and 
mitochondrial dysfunction in HD [44, 45]. Clinically, 
metabolic dysregulation and bioenergetic imbalance have 
been associated with lower body weight and body mass 
index primarily observed via reduced bone mineral den-
sity and variably decreased lean body mass and truncal 
fat in persons with premanifest and manifest HD [46–
48]. There may be sex-dependent differences which need 
to be explored [48]. While weight loss is associated with 
the clinical progression of HD, it is important to note 
that body weight is not found to causally affect disease 

Table 1  Summary of studies exploring the effects of dietary fasting and TRE in HD

HD Huntington’s disease; N171-82Q transgenic mouse model of HD that expresses the N-terminal 171 amino acids of human huntingtin protein with 82 
polyglutamine repeats; YAC128 transgenic mouse model of HD that contains a full-length human huntingtin gene modified with a 128 CAG repeat expansion; Q175 
transgenic mouse model of HD that contains human huntingtin gene exon 1 sequence with ~ 179 CAG repeats; BACHD transgenic mouse model of HD that expresses 
full-length human huntingtin gene modified to contain loxP-flanked human mutant huntingtin exon 1 sequence with 97 mixed CAA-CAG repeats; ADF alternate day 
fasting; TRE time-restricted eating; TRKD time-restricted ketogenic diet; mHTT mutant huntingtin protein; BDNF brain-derived neurotrophic factor; mTOR mechanistic 
target of rapamycin; SIRT1 sirtuin 1; HRV heart rate variability; cUHDRS composite unified Huntington’s disease rating scale; ↑: increase; ↓: decrease

Study Models/patients  Intervention Fasting/feeding time per cycle Results

Duan et al. [85] N171-82Q HD mice 3-month ADF 24-h/24-h Delayed disease onset; slowed disease 
progression; ↑ survival; ↑ motor function; 
↓ brain atrophy; ↓ mHTT aggregate forma-
tion and apoptotic protease activation; 
normalized blood glucose regulation; ↓ 
tissue wasting and weight loss; ↑ BDNF 
and protein chaperone levels in brain

Ehrnhoefer et al. [79] YAC128 HD mice 1-week TRE 18-h/6-h ↓ mTOR; ↑ SIRT1; ↑ neuronal autophagy; ↓ 
cortical mHTT protein

Wang et al. [130] Q175 HD mice 3-month TRE 18-h/6-h ↑ Circadian locomotor activity; ↑ coordina-
tion in onset of sleep; ↑ HRV; ↑ motor 
function; restoration of HD-relevant mark-
ers in striatal gene expression analysis

Whittaker et al. [131] BACHD mice 3-month TRE 18-h/6-h ↑ Circadian locomotor activity; ↑ time 
spent sleeping during rest phase; ↑coor-
dination in onset of sleep; ↑ HRV; ↑ motor 
function

Phillips et al. [113] N-of-1, unblinded clinical trial  
of a 41-year-old male 
patient with HD

48-week TRKD 2 meals/day, 1 h/meal, no snacks Improvements in motor symptoms, 
activities of daily living, cUHDRS score, 
behavioral problems, irritability, mood-
related quality of life; no change in cogni-
tion; weight remained stable, no reported 
adverse effects



Page 4 of 13Wells et al. Translational Neurodegeneration           (2024) 13:17 

progression [49]. mHTT interference of the mitochon-
drial respiratory chain is thought to be at least in part 
responsible for a reduced anaerobic threshold observed 
in persons with HD where muscle wasting and compen-
satory increases in caloric intake are commonly seen. 
This resulting shunt to glycolysis and lactic acid produc-
tion is expected to accelerate muscle atrophy and disease 
severity [41, 50].

Attenuation of aberrant cellular metabolic processes 
involved in HD remains a potential target for thera-
peutic intervention [46–48]. Many preclinical studies 
have explored various metabolic interventions that have 
shown promise, although none to date have translated to 
an efficacious treatment in humans with HD, highlighting 
the vast differences in metabolism between rodents and 
humans [51–54]. Considering the complex pathogenesis 
of HD, it is evident that either a combinatorial therapeu-
tic approach or a singular treatment strategy capable of 
attenuating multiple underlying components of the dis-
ease is desperately needed.

Models of fasting
Dietary fasting is a broad term used to describe when a 
person does not take in any calories during a certain time 
of the day, the week, or the month. Fasting protocols in 
humans can take many different forms and are typically 
exercised because of religious beliefs, cultural practices, 
health-seeking behavior, or popular dietary trends [55]. 
IF, also referred to as intermittent metabolic switching 
and intermittent energy restriction, is a type of dietary 
fasting that involves alternating between eating and 
fasting on a regular schedule. Some common schedules 
include the 5:2 diet, where eating is unrestricted 5 days 
of the week and fasting is practiced two days of the week; 
the alternate day fasting, where fasting is practiced every 
other day; and TRE, where fasting for a specific number 
of hours, usually greater than 12 and commonly between 
16 and 18, is practiced daily [55, 56]. Additionally, TRE 
protocols can vary depending on the timing of the eating 
window, frequently described as early-TRE (eTRE) (e.g., 
eating from 8:00 am to 2:00 pm) or delayed-TRE (dTRE) 
(e.g., eating from 12:00 pm to 8:00 pm) [57]. Recent lit-
erature has begun to delineate the benefits and challenges 
of each approach. In an animal study that directly com-
pared eTRE and dTRE, both featuring high-fat diets, the 
two schedules equally improved glucose tolerance; how-
ever, weight gain and insulin resistance were higher in the 
dTRE group [58]. Another similar study of high-fat diets 
found that although rats in each group consumed a simi-
lar number of calories, the body weight gain was higher 
and markers of the circadian clock were delayed in the 
dTRE group [59]. When comparing the two approaches 
in adult men with obesity, similar improvements in 

glucose tolerance were observed between dTRE and 
eTRE [60]. Future studies are needed to further elucidate 
differences between the two TRE approaches both in 
practicality and in the effect on health.

It is important to note that dietary fasting is differ-
ent from caloric restriction (CR), which is defined by a 
chronic and sustained reduction in energy intake without 
incurring malnutrition [61, 62]. CR has been well studied 
and is associated with longevity in preclinical studies and 
various health benefits in humans; however, the practice 
has proven to be exceedingly challenging to sustain as a 
lifestyle intervention, with reported clinical dropout rates 
reaching as high as 40% in some trials [61, 63]. Although 
caloric intake may be reduced with fasting, the majority 
of studies described below and mechanisms underlying 
the health benefits of fasting are achieved when caloric 
intake remains equivalent to normal ad libitum diets. The 
focus, therefore, lies on the metabolic switch that occurs 
between states of energy consumption and fasting.

Underlying mechanisms of fasting in HD
The exact biochemical and physiologic mechanisms 
underlying all the health benefits associated with dietary 
fasting remain to be fully elucidated. However, mount-
ing evidence over the past few decades has uncovered 
many noteworthy findings. Specific data from preclini-
cal and clinical studies reveal that TRE may have impli-
cations in HD onset and progression. Here, we highlight 
mechanisms associated with IF and TRE that may hold 
therapeutic interest: clearance of mHTT, recovery of 
striatal BDNF levels, improvement of mitochondrial and 
stress-response function, and circadian rhythm regula-
tion (Figs. 1 and 2).

Autophagy and mHTT clearance
Maintenance of proper cell function, especially of perma-
nent cells such as neurons, depends heavily on the cellu-
lar autophagic system, a degradation pathway responsible 
for the removal of damaged proteins and organelles, pro-
tein complexes and aggregates, and pathologic substances 
[64, 65]. Deficiencies in autophagy have been associated 
with a host of diseases such as viral and bacterial infec-
tions, cancer, and specific neurodegenerative diseases 
characterized by protein aggregation [66–69]. A multi-
factorial dysregulation and dysfunction of the autophagic 
system has been reported in cellular and rodent models 
of HD and in human HD tissues. This is believed to con-
tribute to the accumulation of damaged organelles and 
mHTT aggregates that result in subsequent neurotoxic-
ity [70–72]. Both soluble and aggregated forms of mHTT 
are expected to be degraded preferentially through 
autophagy, therefore restoration of the cellular mecha-
nism holds therapeutic potential [69, 73]. Several studies 
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have demonstrated that pharmacologic induction of the 
autophagic system leads to attenuation of mHTT aggre-
gation and a reduction in mHTT-mediated toxicity in cell 
and animal HD models [70, 74, 75].

It is well-recognized that fasting is a potent stimulator 
of autophagy. At the molecular level, both the mecha-
nistic target of rapamycin (mTOR) and AMP-activated 
protein kinase (AMPK) play a key role in mediating 
autophagic activity. States of prolonged energy restric-
tion result in decreased insulin and IGF-1 levels that 
diminish mTOR activity, and an increased AMP/ATP 
ratio that stimulates AMPK. This combination induces 
autophagy by activating the mammalian autophagy-
initiating kinase ULK1 [76]. In mice, fasting has been 
shown to dramatically upregulate neuronal autophagy 
as evidenced by increased abundance of autophagosome 
formation and decreased neuronal mTOR activity [77]. A 
two-week TRE intervention in healthy humans revealed 
that serum mRNA expression levels of ULK1 and other 
proteins involved in autophagy induction were signifi-
cantly increased and remained elevated for the duration 
of the restricted feeding schedule [78].

The effects of TRE and IF have recently been explored 
in HD animal models (Table  1). In the YAC123 trans-
genic HD mouse model, 24-h fasting induced autophagy 
that resulted in significant reductions in mHTT protein 
levels in the liver, an organ that relies on autophagy for 
basal function [79]. Further analysis revealed that mRNA 
expression of the mutant HTT transgene in fasted mice 
was equivalent to that in the non-fasted mice, suggest-
ing that fasting does not affect gene expression and that 
autophagic degradation is likely responsible for mHTT 
protein clearance. The same study also examined cor-
tical brain tissue in YAC123 mice after one-week TRE 

consisting of an 18-h fasting and 6-h feeding schedule. 
Compared to mice with ad  libitum access to food, the 
TRE schedule downregulated mTOR activity, increased 
the overall number of neuronal autophagic vesicles, and 
reduced cortical mHTT protein levels. The findings sug-
gest that TRE has the potential to increase the clear-
ance of mHTT protein in the mammalian brain through 
fasting-induced autophagy and indicate a need for 
future studies in human subjects and persons with HD 
to explore the translation and clinical relevance of these 
physiologic effects.

BDNF recovery
TRE and IF are well-documented stimulants for the 
expression of BDNF, a protein mediator of brain function 
involved in neurogenesis, synaptic plasticity, and neu-
ronal stress resistance [80]. When in a fasted state, glyco-
gen stores are depleted, and fatty acids are released into 
the blood for energy use and ketone body production. It 
is thought that one specific ketone, β-hydroxybutyrate 
(BHB), acts as a molecular signal to induce BDNF expres-
sion in neurons as one of the brain’s natural stress-
response mechanisms [81]. Recent data reveal that BHB 
can directly upregulate BDNF expression in neurons of 
the cerebral cortex and hippocampus in cell culture and 
in vivo [82, 83]. Many preclinical studies in animal mod-
els of Alzheimer’s disease and Parkinson’s disease consist-
ently support the ability of TRE and IF to increase levels 
of BDNF in the mammalian brain [84]. When applied to 
the N171-82Q transgenic HD mouse model, alternate 
day fasting for 3 months significantly increased levels of 
BDNF in the striatum and cerebral cortex by 3–4 folds 
compared to transgenic mice maintained on an ad  libi-
tum diet. Interestingly, wild-type mice maintained on the 

Fig. 1  Model of mechanisms underlying the therapeutic potential of time-restricted eating in Huntington’s disease (HD). Scheduled daily eating 
and fasting, known as time-restricted eating (TRE), in HD and non-HD human and animal studies reveals that the practice increases autophagic 
activity which is thought to decrease aggregation of the mutant huntingtin protein (mHTT), stimulates production of brain-derived neurotrophic 
factor (BDNF), improves metabolic functions, promotes oxidative stress resistance, decreases reactive oxygen species (ROS), and improves measures 
of circadian rhythm function. Created with BioRender.com
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IF diet in the same study also showed a  3–4-fold increase 
in BDNF levels when compared to wild-type mice eat-
ing ad  libitum [85]. The study additionally found that 
IF in transgenic mice, when compared to those on an 
ad libitum diet, delayed HD symptom onset, slowed dis-
ease progression, improved survival and motor function, 
reduced brain atrophy, decreased mHTT aggregate for-
mation and apoptotic protease activation, normalized 
blood glucose levels, and prevented tissue wasting and 
weight loss. It is expected that these benefits arise from 
restoration of striatal BDNF levels paired with processes 

of upregulated autophagy, improved metabolic regula-
tion, and cytoprotective oxidative stress resistance.

Bioenergetic regulation and oxidative stress response
Mitochondrial biogenesis is a process by which cells pro-
duce new mitochondria, often in response to metabolic 
challenges and transcription factors that promote cellu-
lar stress resistance. PGC-1α, AMPK, and SIRT1 are key 
regulators of mitochondrial biogenesis, a process severely 
hindered in HD [86–88]. When looking at striatal neu-
rons from moderate-to-severe grade HD patients, there 

Fig. 2  Potential neuroprotective effects mediated by time-restricted eating in Huntington’s disease (HD). a Chronic caloric exposure increases levels 
of insulin and IGF-1 and decreases the cellular AMP/ATP ratio, leading to activation of mTOR and downregulation of AMPK activity, respectively. 
As a result, autophagic processes are not stimulated and mHTT protein aggregates accumulate, which further inhibit cellular autophagic activity. 
Decreased SIRT1 in a fed state and decreased BDNF expression seen in HD pathology result in downregulation of PGC-1α and subsequent oxidative 
stress, neurodegeneration, and metabolic dysregulation. b Fasting in TRE downregulates mTOR and upregulates AMPK, which stimulate autophagy 
through ULK1 activation. Increased autophagy is known to reduce mHTT aggregate formation in neurons. Fasting in TRE also upregulates SIRT1, 
which has been shown to potentiate PGC-1α and promote oxidative stress resistance and mitochondrial biogenesis. States of fasting additionally 
result in increased peripheral blood levels of BHB which upregulate BDNF expression. BDNF induces neurogenesis and synaptic plasticity 
and activates PGC-1α for further metabolic regulation and antioxidant effects. Created with BioRender.com
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are significant grade-dependent reductions in the num-
ber and density of mitochondria that correlate with 
marked decreases in PGC-1α expression [89]. Analysis of 
striatal neurons from persons with HD, knock-in HD ani-
mal models, and HD cell lines reveals significant reduc-
tions in PGC-1α mRNA expression and target genes [45, 
90]. Knockdown of PGC-1α in neuronal cell cultures 
not only inhibits mitochondrial biogenesis, but also 
eliminates the ability of BDNF to promote synaptogen-
esis [91]. Upregulating PGC-1α can additionally enhance 
BDNF expression, and it is thought that the two proteins 
exhibit a bidirectional positive feedback relationship 
[92]. AMPK, acting as a metabolic sensor responsive to 
an increased AMP/ATP ratio, is also thought to directly 
activate PGC-1α, thereby potentiating its mitochondrial 
regulatory role in maintaining metabolic homeostasis 
[93]. Brain tissues from persons with HD also exhibit 
decreased SIRT1 mRNA and protein levels [94, 95]. 
SIRT1 is thought to promote cell survival and mediate 
important neuroprotective processes in part through its 
ability to upregulate BDNF expression [96]. Studies in 
the N171-82Q and BACHD transgenic mouse models of 
HD display that overexpression of SIRT1 improves motor 
function, prevents cortical and striatal atrophy, and 
attenuates neuronal cell death in the striatum [97, 98]. 
The polyphenol, resveratrol, has displayed neuroprotec-
tive properties in HD animal models through activation 
of SIRT1 and PGC-1α, resulting in ameliorated mHTT 
peripheral tissue damage, improved motor coordination, 
and reduced striatal atrophy [51, 99, 100].

The numerous interactions of PGC-1α are further 
expanded by its key role in cellular oxidative stress-
response signaling. PGC-1α suppresses ROS and acti-
vates mitochondrial antioxidant cascades through 
increased expression of nuclear factor erythroid 2-related 
factor 2 (Nrf2), copper/zinc superoxide dismutase, man-
ganese SOD (SOD2), catalase, and glutathione peroxi-
dase GPx-1 [101, 102]. Nrf2 is a transcription factor that 
has recently gained specific attention in neurodegenera-
tive therapeutic research due to its role in modulating 
expression of antioxidant genes and regulation of mito-
chondrial function [103–105]. Overexpressing PGC-1α 
in HD transgenic mice ameliorates motor dysfunction 
and neurodegeneration by reducing oxidative stress and 
mHTT aggregates [106]. In a transgenic HD rat model, 
overexpression also increases neuronal mitochondrial 
density and cell survival [107].

Emerging evidence suggests that IF and TRE stimulate 
mitochondrial biogenesis and oxidative stress-resistance. 
When fasting, increases in BHB and the ratio of AMP/
ATP stimulate release of BDNF and activate AMPK, 
respectively. Expression of SIRT1 is also elevated in 
response to the metabolic challenge. As a result, BDNF, 

AMPK, and SIRT1 each serve to potentiate PGC-1α for 
maintenance of cellular bioenergetic regulation and oxi-
dative stress resistance. IF in C. elegans promotes lon-
gevity and mitochondrial homeostasis through AMPK 
activation [108]. In diabetic mice, fasting every other 
day induces mitochondrial biogenesis through upregula-
tion of SIRT1/AMPK signaling and activation of PGC-1α 
in the liver [109]. IF in diabetic mice improves cogni-
tive function through enhanced mitochondrial biogen-
esis and energy metabolism gene expression, specifically 
increased PGC-1α and phosphorylated AMPK, in the 
hippocampus [110]. Importantly, the aforementioned 
studies established these findings in models unrelated 
to HD and it remains to be known if the same processes 
would be observed in the context of HD pathology. That 
said, TRE for one week, with daily fasting periods of 18 
h and eating periods of 6 h, does result in significantly 
increased mRNA levels of SIRT1, a known PGC-1α stim-
ulant, in the cortex of YAC128 transgenic HD mice [79].

While data on fasting and bioenergetic regulation in 
persons with HD are yet to be explored, a prospective 
study of 56 overweight and obese subjects engaging in 
Ramadan IF, consisting of daily fasting for roughly 15 h 
for one month, resulted in significantly increased expres-
sion of the antioxidant genes SOD2 and Nrf2 [111]. A 
recent 36-month longitudinal study of 99 older adults 
with mild cognitive impairment compared subjects who 
fasted regularly twice a week from sunrise to sunset to 
those who did not fast, and found that the regular fast-
ing group exhibited significant increases in SOD activity, 
decreased C-reactive protein levels, decreased markers of 
DNA damage, and improved cognitive status from base-
line to follow-up [21]. Another study found that 5 weeks 
of TRE (18-h fast/6-h feed) improved insulin sensitivity, 
blood pressure, and oxidative stress in men with predia-
betes [112]. Recently, and intriguingly, a case study in a 
41-year-old male HD patient with progressively dete-
riorating symptoms, reported that a 48-week combined 
metabolic strategy of TRE paired with a ketogenic diet 
resulted in improvements of motor symptoms, activi-
ties of daily living, composite Unified HD Rating Scale 
(UHDRS) score, and psychiatric symptoms [113]. Since 
this is a case study, it is not possible to precisely deter-
mine the mechanism of the improvements. While a 
placebo effect or improved control of the participant’s 
diabetes could help explain the effect, the authors 
hypothesized that there was enhanced brain and muscle 
energy metabolism and mitochondria function, possibly 
through upregulation of PGC-1α. No biochemical meas-
ures were undertaken, but it has set the stage for a small 
single-arm, open-label trial on ketogenetic diets in HD 
(ID ACTRN12620000281998) [114].
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The accumulating data indicate a potential clinical 
application for TRE in HD; however, further knowledge 
is needed to better understand the underlying mecha-
nisms and the efficacy in mediating bioenergetic function 
and oxidative stress resistance in persons with HD.

Circadian regulation
A less studied, yet common characteristic of HD is circa-
dian rhythm disturbance and sleep–wake cycle dysfunc-
tion. Exemplified by disruptions in sleep and shifted sleep 
timing that worsen with disease severity and correlate 
with poor cognitive performance and psychiatric symp-
toms, many persons with premanifest and manifest HD 
experience increased sleep onset latency, decreased sleep 
quality, abnormal sleep architecture and efficiency visu-
alized by polysomnography, increased daytime sleepi-
ness, and later wake times [115–118]. Transgenic mouse 
models of HD also display similar sleep–wake cycle and 
circadian dysfunction that is thought to be related to 
the pathophysiologic function of the suprachiasmatic 
nucleus (SCN) in the hypothalamus, the brain’s princi-
pal circadian clock, that results in progressively declining 
rhythm amplitudes and disruptions in circadian regula-
tion of heart rate and body temperature [119, 120]. The 
Q175 knock-in model of HD reveals gene dosage- and 
age-related degradation of circadian rhythms, observed 
through deficits in locomotor activity, suggestive of a 
relationship between HD pathology and circadian dis-
ruption [121]. However, the exact mechanism underly-
ing circadian dysfunction and sleep–wake disturbance 
observed in persons with HD remains to be fully under-
stood. Nonetheless, it is well known that insufficient 
duration of quality sleep has a negative impact on daily 
living for all persons, including those who are neuro-
logically healthy. The sleep and circadian abnormalities 
observed in HD are assumed to contribute to symptom 
severity and potentially disease progression and are 
hence a target for therapeutic intervention [122].

The SCN in the hypothalamus is the central clock that 
drives the body’s rhythms in alertness, feeding, and body 
temperature. Environmental light conditions serve as 
the primary temporal cue for circadian regulation that is 
mediated by the SCN. Additional clocks with influence 
on the body’s sleep–wake cycle also exist in peripheral 
tissues where cellular circadian rhythms are intimately 
related to metabolic pathways [123]. Because of this, data 
primarily from animal studies suggest that meal timing 
entrains the circadian clock through tissue-specific regu-
lation [124]. Controlling the feeding rhythm specifically 
through TRE can coordinate circadian synchronization 
by regulating peripheral clocks [125]. This is thought 
to be an underlying mechanism in studies wherein 
TRE results in improved sleep quality and duration in 

overweight human subjects and patients with metabolic 
syndrome [126, 127].

While no studies examining TRE and circadian modu-
lation have been conducted in persons with HD, mouse 
models of HD have revealed progressive, age-dependent 
SCN impairment that can potentially be circumvented 
through peripheral clock regulation by TRE as evi-
denced by its benefit in SCN-lesioned mice [128, 129]. 
The effects of 3-month TRE (18-h fast/6-h feed during 
the middle of the active phase) on circadian function in 
the Q175 and BACHD mouse models of HD have also 
revealed many notable findings. Compared to transgenic 
mice on an ad libitum diet, both studies found that TRE-
treated mice experienced improved measures of locomo-
tor activity, sleep onset and awakening time, heart rate 
variability, and motor performance [130, 131]. These data 
support the need for further exploration in persons with 
HD where circadian-based treatment strategies could 
serve to delay HD progression and improve quality of life.

Potential adverse effects and important 
considerations
Considering the existing data on TRE in animals and 
humans, it is apparent that the diet may promote adap-
tive cellular responses responsible for a range of neuro-
logic health benefits. However, applying a lifestyle habit 
that has been associated with weight loss is a primary 
safety concern in a disease like HD, which is known for 
causing weight loss especially in later stages of disease 
[46]. It is reassuring, however, that a study evaluating 
the safety and tolerability of TRE (16-h fast/8-h feed) in 
healthy midlife and older adults for six weeks found that 
the diet had no influence on body mass, lean mass, bone 
density, or nutrient intake, although it is important to 
note that the subjects were advised by a dietitian on how 
to maintain healthy daily caloric consumption within the 
restricted eating window [132]. Another randomized 
controlled trial in young men performing resistance 
training found that eight weeks of TRE (20-h fast/4-h 
feed 4 days/week) reduced energy intake but did not 
adversely affect lean mass or muscle performance [133]. 
Additionally, it is noteworthy that weight loss associated 
with IF and TRE is primarily found in studies with over-
weight and obese subjects [134]. It is also interesting that 
alternate day fasting for three months in HD transgenic 
mice reduced the amount of tissue wasting and weight 
loss when compared to mice eating ad libitum [85]. These 
data may be related to an adaptive response of increased 
growth hormone release in states of fasting that exists to 
protect muscle mass and vital organ functions [135].

Persons with premanifest and manifest HD have also 
been found to consume a higher number of calories when 
compared to age-matched controls, which is thought to 
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be related to increased involuntary muscle activity and 
energy expenditure and/or a hypermetabolic state [136, 
137]. Given the limited timeframe in TRE where all daily 
calories should be consumed, it could be challenging for 
some individuals to successfully maintain the diet. More-
over, because the later stages of HD are associated with 
significant cognitive impairment, another consideration 
is that a strict TRE diet may be difficult to adhere to, and 
for this reason may be more practical in persons that are 
premanifest or in the early stages of disease.

Additionally, the optimal timing of TRE induction 
remains to be fully understood where e-TRE (eating 
breakfast and lunch) may maximize specific metabolic 
and circadian benefits; however, d-TRE (eating lunch and 
dinner) may align better with biologic variations in hun-
ger and social schedules that could support mental and 
emotional well-being [138].

Another consideration is that the healthful effects 
associated with TRE in non-HD human studies are in 
the context of functional mitochondria. Future work is 
needed to better understand how the dietary strategy 
will affect HD patients who have known mitochondrial 
dysfunction from early life onwards. It is possible that 
states of fasting may force metabolism to try and gener-
ate ATP increasingly from aerobic glycolysis, a process 
that normal aging brains are found to avoid and one that 
is thought to worsen neurodegenerative pathology due to 
increased ROS stress [139, 140]

It is also worth emphasizing that, although fasting 
habits have revealed great health potential, the dietary 
strategy may have limited efficacy, specifically in neu-
rodegenerative diseases, if it is not combined with ade-
quate consumption of highly nutritious foods that are 
associated with neurologic health and longevity [141, 
142]. For example, recent literature has uncovered an 
association between gut dysbiosis and HD pathogen-
esis, highlighting the importance of promoting healthy 
gut microbiota through dietary management, probiotic 
consumption, and avoidance of ultra-processed foods 
[143–145]. In addition, lipid homeostasis, which depends 
on diet composition, appears to be compromised in HD, 
where sphingolipids may serve as mediators of cellular 
stress response and HD pathology [146]. Consumption 
of foods high in healthy unsaturated fats, omega-3 fatty 
acids, fiber, and antioxidants, and low in refined sug-
ars and saturated fats, such as the Mediterranean diet, 
may be associated with improved clinical outcomes in 
HD and could potentially augment the benefits of TRE 
[141]. Considering the multifactorial metabolic deficits 
present in HD and the resulting risks of muscle wasting, 
the maintenance of body composition and skeletal mus-
cle mass depends heavily on sufficient caloric and, more 
specifically, protein intake—an important consideration 

if TRE is applied to persons with HD [147]. Notably, the 
rodent studies highlighted in this review focused on TRE 
and did not explore the effects of specific dietary com-
position on measured outcomes, which is a logical next 
step. Lastly, given the metabolic defects characteristic of 
HD, it is difficult to generalize findings on fasting benefits 
from healthy populations to HD, hence why clinical stud-
ies are exceedingly necessary.

Conclusions and future directions
Considering the available data, it seems the time is right 
to try this intervention in the HD population. The first 
step will need to be a robust assessment of the safety and 
feasibility of the diet. It will be imperative to determine 
if persons with HD can consistently adhere to the diet 
while maintaining body weight before long-term trials 
can assess the efficacy of TRE as a potential lifestyle treat-
ment strategy for disease modification. Future studies 
will also need to explore the optimal schedule of fasting 
and feeding and investigate the type of food consumption 
that will be most advantageous. The therapeutic potential 
of TRE may be additionally augmented when paired with 
a diet that is associated with improved neurologic health 
such as the Mediterranean diet. If proven safe, it is rea-
sonable to suspect that the TRE’s potential neuroprotec-
tive effects may provide more benefit to persons in earlier 
stages of disease where underlying pathologic processes 
may be halted before significant later stage neuronal 
damage and striatal atrophy set in. Further exploration 
and clinical analysis of TRE in HD in the near future will 
hopefully clarify its potential to serve as a viable thera-
peutic option for persons living with this debilitating 
disease.

Abbreviations
AMPK	� AMP-activated protein kinase
BACHD	� Transgenic mouse model of HD that expresses full-length 

human huntingtin gene modified to contain loxP-flanked 
human mutant huntingtin exon 1 sequence with 97 mixed CAA-
CAG repeats

BDNF	� Brain-derived neurotrophic factor
BHB	� β-Hydroxybutyrate
CR	� Calorie restriction
HD	� Huntington’s disease
HTT	� Huntingtin protein
IF	� Intermittent fasting
mHTT	� Mutant huntingtin protein
mTOR	� Mechanistic target of rapamycin
N171-82Q	� Transgenic mouse model of HD that expresses the N-terminal 

171 amino acids of human huntingtin protein with 82 polyglu-
tamine repeats

Nrf2	� Nuclear factor erythroid 2-related factor 2
PGC-1α	� Peroxisome proliferator-activated receptor gamma coactivator 

1-alpha
Q175	� Transgenic mouse model of HD that contains human huntingtin 

gene exon 1 sequence with ~ 179 CAG repeats
ROS	� Reactive oxygen species
SCN	� Suprachiasmatic nucleus



Page 10 of 13Wells et al. Translational Neurodegeneration           (2024) 13:17 

SIRT1	� Sirtuin 1
SOD2	� Manganese superoxide dismutase
SPN	� Spiny projection neuron
TRE	� Time-restricted eating
YAC128	� Transgenic mouse model of HD that contains a full-length 

human huntingtin gene modified with a 128 CAG repeat 
expansion

Acknowledgements
Not applicable

Author contributions
RW conceived the study, performed the literature search, tabulated the 
results, prepared the figures, and drafted the manuscript. LN, AH, and AM 
each provided critical input to the manuscript, supervised its preparation, and 
performed revisions. All authors have read and approved the final manuscript.

Funding
This work was supported by VA VISN20 Northwest PADRECC (LEN and ALH) 
with additional grant support from VA CSRD IK2CX00253 to LEN.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or 
analyzed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 15 November 2023   Accepted: 23 February 2024

References
	 1.	 Huntington G. On chorea. J Neuropsychiatry Clin Neurosci. 

1872;15(1):109–12. 
	 2.	 MacDonald ME, AMbrose CM, Duyao MP, Datson N. A novel gene 

containing a trinucleotide repeat that is expanded and unstable on 
Huntington’s disease chromosomes The Huntington’s Disease Collabo-
rative Research Group. Cell. 1993;72(6):971–83. 

	 3.	 Kay C, Collins JA, Miedzybrodzka Z, Madore SJ, Gordon ES, Gerry N, 
et al. Huntington disease reduced penetrance alleles occur at high 
frequency in the general population. Neurology. 2016;87(3):282–8. 

	 4.	 Reilmann R, Leavitt BR, Ross CA. Diagnostic criteria for Huntington’s 
disease based on natural history. Mov Disord. 2014;29(11):1335–41. 

	 5.	 Swami M, Hendricks AE, Gillis T, Massood T, Mysore J, Myers RH, Wheeler 
VC. Somatic expansion of the Huntington’s disease CAG repeat in the 
brain is associated with an earlier age of disease onset. Hum Mol Genet. 
2009;18(16):3039–47.

	 6.	 Kennedy L, Evans E, Chen CM, Craven L, Detloff PJ, Ennis M, Shelbourne 
PF. Dramatic tissue-specific mutation length increases are an early 
molecular event in Huntington disease pathogenesis. Hum Mol Genet. 
2003;12(24):3359–67.

	 7.	 Johri A, Calingasan NY, Hennessey TM, Sharma A, Yang L, Wille E, et al. 
Pharmacologic activation of mitochondrial biogenesis exerts wide-
spread beneficial effects in a transgenic mouse model of Huntington’s 
disease. Hum Mol Genet. 2012;21(5):1124–37.

	 8.	 Pandey M, Rajamma U. Huntington’s disease: the coming of age. J 
Genet. 2018;97(3):649–64.

	 9.	 Podvin S, Reardon HT, Yin K, Mosier C, Hook V. Multiple clinical features 
of Huntington’s disease correlate with mutant HTT gene CAG repeat 
lengths and neurodegeneration. J Neurol. 2019;266(3):551–64. 

	 10.	 van der Burg JM, Bjorkqvist M, Brundin P. Beyond the brain: widespread 
pathology in Huntington’s disease. Lancet Neurol. 2009;8(8):765–74.

	 11.	 Smarr B, Cutler T, Loh DH, Kudo T, Kuljis D, Kriegsfeld L, et al. Circadian 
dysfunction in the Q175 model of Huntington’s disease: network analy-
sis. J Neurosci Res. 2019;97(12):1606–23. 

	 12.	 Gusella JF, MacDonald ME, Lee JM. Genetic modifiers of Huntington’s 
disease. Mov Disord. 2014;29(11):1359–65.

	 13.	 Langbehn DR, Hayden MR, Paulsen JS, and the P-HDIotHSG. CAG-repeat 
length and the age of onset in Huntington disease (HD): a review and 
validation study of statistical approaches. Am J Med Genet B Neuropsy-
chiatr Genet. 2010;15(2):397–408. 

	 14.	 Consortium GMoHsDG-H. CAG repeat not polyglutamine length deter-
mines timing of Huntington’s disease onset. Cell. 2019;178(4):887–900.
e14. 

	 15.	 Consortium GMoHsDG-H. Identification of genetic factors that modify 
clinical onset of Huntington’s disease. Cell. 2015;162(3):516–26. 

	 16.	 Wexler NS, Lorimer J, Porter J, Gomez F, Moskowitz C, Shackell E, et al. 
Venezuelan kindreds reveal that genetic and environmental factors 
modulate Huntington’s disease age of onset. Proc Natl Acad Sci. 
2004;101(10):3498–503.

	 17.	 Trembath MK, Horton ZA, Tippett L, Hogg V, Collins VR, Churchyard A, 
et al. A retrospective study of the impact of lifestyle on age at onset of 
Huntington disease. Mov Disord. 2010;25(10):1444–50. 

	 18.	 Anton S, Ezzati A, Witt D, McLaren C, Vial P. The effects of intermittent 
fasting regimens in middle-age and older adults: current state of 
evidence. Exp Gerontol. 2021;156:111617. 

	 19.	 Hadem IKH, Majaw T, Kharbuli B, Sharma R. Beneficial effects of dietary 
restriction in aging brain. J Chem Neuroanat. 2019;95:123–33.

	 20.	 Fontana L, Ghezzi L, Cross AH, Piccio L. Effects of dietary restriction 
on neuroinflammation in neurodegenerative diseases. J Exp Med. 
2021;218(2):e20190086.

	 21.	 Ooi TC, Meramat A, Rajab NF, Shahar S, Ismail IS, Azam AA, Sharif R. 
Intermittent fasting enhanced the cognitive function in older adults 
with mild cognitive impairment by inducing biochemical and meta-
bolic changes: A 3-year progressive study. Nutrients. 2020;12(9):2644.

	 22.	 Zuccato C, Tartari M, Crotti A, Goffredo D, Valenza M, Conti L, et al. 
Huntingtin interacts with REST/NRSF to modulate the transcription of 
NRSE-controlled neuronal genes. Nat Genet. 2003;35(1):76–83.

	 23.	 Tousley A, Iuliano M, Weisman E, Sapp E, Richardson H, Vodicka P, et al. 
Huntingtin associates with the actin cytoskeleton and alpha-actinin 
isoforms to influence stimulus dependent morphology changes. PLoS 
ONE. 2019;14(2):e0212337.

	 24.	 O’Regan GC, Farag SH, Ostroff GR, Tabrizi SJ, Andre R. Wild-type 
huntingtin regulates human macrophage function. Sci Rep. 
2020;10(1):17269.

	 25.	 Berardelli A, Noth J, Thompson PD, Bollen EL, Curra A, Deuschl G, et al. 
Pathophysiology of chorea and bradykinesia in Huntington’s disease. 
Mov Disord. 1999;14(3):398–403.

	 26.	 Davies SW, Turmaine M, Cozens BA, DiFiglia M, Sharp AH, Ross CA, 
et al. Formation of neuronal intranuclear inclusions underlies the 
neurological dysfunction in mice transgenic for the HD mutation. Cell. 
1997;90(3):537–48.

	 27.	 Yang H, Yang S, Jing L, Huang L, Chen L, Zhao X, et al. Truncation of 
mutant huntingtin in knock-in mice demonstrates exon1 huntingtin is 
a key pathogenic form. Nat Commun. 2020;11(1):2582.

	 28.	 Lunkes A, Lindenberg KS, Ben-Haïem L, Weber C, Devys D, 
Landwehrmeyer GB, et al. Proteases acting on mutant huntingtin 
generate cleaved products that differentially build up cytoplasmic and 
nuclear inclusions. Mol Cell. 2002;10(2):259–69.

	 29.	 Landles C, Sathasivam K, Weiss A, Woodman B, Moffitt H, Finkbeiner S, 
et al. Proteolysis of mutant huntingtin produces an exon 1 fragment 
that accumulates as an aggregated protein in neuronal nuclei in Hun-
tington disease. J Biol Chem. 2010;285(12):8808–23.

	 30.	 Consortium Hi. Induced pluripotent stem cells from patients with Hun-
tington’s disease show CAG-repeat-expansion-associated phenotypes. 
Cell Stem Cell. 2012;11(2):264–78.



Page 11 of 13Wells et al. Translational Neurodegeneration           (2024) 13:17 	

	 31.	 Jeon I, Lee N, Li JY, Park IH, Park KS, Moon J, et al. Neuronal properties, 
in vivo effects, and pathology of a Huntington’s disease patient-derived 
induced pluripotent stem cells. Stem Cells. 2012;30(9):2054–62.

	 32.	 Kaye J, Reisine T, Finkbeiner S. Huntington’s disease iPSC models-using 
human patient cells to understand the pathology caused by expanded 
CAG repeats. Fac Rev. 2022;11:16.

	 33.	 Zuccato C, Cattaneo E. Role of brain-derived neurotrophic factor in 
Huntington’s disease. Prog Neurobiol. 2007;81(5–6):294–330.

	 34.	 Martire A, Pepponi R, Domenici MR, Ferrante A, Chiodi V, Popoli P. BDNF 
prevents NMDA-induced toxicity in models of Huntington’s disease: the 
effects are genotype specific and adenosine A2A receptor is involved. J 
Neurochem. 2013;125(2):225–35.

	 35.	 Canals JM, Pineda JR, Torres-Peraza JF, Bosch M, Martín-Ibañez R, 
Muñoz MT, et al. Brain-derived neurotrophic factor regulates the 
onset and severity of motor dysfunction associated with enkepha-
linergic neuronal degeneration in Huntington’s disease. J Neurosci. 
2004;24(35):7727–39.

	 36.	 Xie Y, Hayden MR, Xu B. BDNF overexpression in the forebrain res-
cues Huntington’s disease phenotypes in YAC128 mice. J Neurosci. 
2010;30(44):14708–18.

	 37.	 Croll SD, Suri C, Compton DL, Simmons MV, Yancopoulos GD, Lindsay 
RM, et al. Brain-derived neurotrophic factor transgenic mice exhibit 
passive avoidance deficits, increased seizure severity and in vitro hyper-
excitability in the hippocampus and entorhinal cortex. Neuroscience. 
1999;93(4):1491–506.

	 38.	 Miranda-Lourenço C, Ribeiro-Rodrigues L, Fonseca-Gomes J, Tanqueiro 
SR, Belo RF, Ferreira CB, et al. Challenges of BDNF-based therapies: from 
common to rare diseases. Pharmacol Res. 2020;162: 105281.

	 39.	 Sims SK, Wilken-Resman B, Smith CJ, Mitchell A, McGonegal L, Sims-
Robinson C. Brain-derived neurotrophic factor and nerve growth factor 
therapeutics for brain injury: the current translational challenges in 
preclinical and clinical research. Neural Plast. 2022;2022:3889300.

	 40.	 Lodi R, Schapira AH, Manners D, Styles P, Wood NW, Taylor DJ, Warner TT. 
Abnormal in vivo skeletal muscle energy metabolism in Huntington’s dis-
ease and dentatorubropallidoluysian atrophy. Ann Neurol. 2000;48(1):72–6.

	 41.	 Ciammola A, Sassone J, Sciacco M, Mencacci NE, Ripolone M, Bizzi 
C, et al. Low anaerobic threshold and increased skeletal muscle 
lactate production in subjects with Huntington’s disease. Mov Disord. 
2011;26(1):130–7.

	 42.	 Browne SE, Bowling AC, MacGarvey U, Baik MJ, Berger SC, Muqit MM, 
et al. Oxidative damage and metabolic dysfunction in Huntington’s 
disease: selective vulnerability of the basal ganglia. Ann Neurol. 
1997;41(5):646–53.

	 43.	 Jin YN, Johnson GV. The interrelationship between mitochondrial 
dysfunction and transcriptional dysregulation in Huntington disease. J 
Bioenerg Biomembr. 2010;42(3):199–205.

	 44.	 Che HV, Metzger S, Portal E, Deyle C, Riess O, Nguyen HP. Localization 
of sequence variations in PGC-1α influence their modifying effect in 
Huntington disease. Mol Neurodegener. 2011;6(1):1.

	 45.	 Cui L, Jeong H, Borovecki F, Parkhurst CN, Tanese N, Krainc D. Transcrip-
tional repression of PGC-1alpha by mutant huntingtin leads to mito-
chondrial dysfunction and neurodegeneration. Cell. 2006;127(1):59–69.

	 46.	 Ogilvie AC, Nopoulos PC, Schultz JL. Quantifying the onset of unin-
tended weight loss in Huntington’s disease: a retrospective analysis of 
Enroll-HD. J Huntingt Dis. 2021;10(4):485–92.

	 47.	 Goodman AO, Barker RA. Body composition in premanifest Hunting-
ton’s disease reveals lower bone density compared to controls. PLoS 
Curr. 2011;3:Rrn1214.

	 48.	 Costa de Miranda R, Di Lorenzo N, Andreoli A, Romano L, De Santis GL, 
Gualtieri P, De Lorenzo A. Body composition and bone mineral density 
in Huntington’s disease. Nutrition. 2019;59:145–9.

	 49.	 van der Burg JMM, Weydt P, Landwehrmeyer GB, Aziz NA. Effect of body 
weight on age at onset in Huntington disease: a Mendelian randomiza-
tion study. Neurol Genet. 2021;7(4):e603.

	 50.	 Bozzi M, Sciandra F. Molecular Mechanisms underlying muscle wasting 
in Huntington’s disease. Int J Mol Sci. 2020;21(21):8314.

	 51.	 Ho DJ, Calingasan NY, Wille E, Dumont M, Beal MF. Resveratrol protects 
against peripheral deficits in a mouse model of Huntington’s disease. 
Exp Neurol. 2010;225(1):74–84.

	 52.	 Andreassen OA, Dedeoglu A, Ferrante RJ, Jenkins BG, Ferrante KL, 
Thomas M, et al. Creatine increase survival and delays motor symptoms 

in a transgenic animal model of Huntington’s disease. Neurobiol Dis. 
2001;8(3):479–91.

	 53.	 Hersch SM, Schifitto G, Oakes D, Bredlau AL, Meyers CM, Nahin R, Rosas 
HD. The CREST-E study of creatine for Huntington disease: a rand-
omized controlled trial. Neurology. 2017;89(6):594–601.

	 54.	 Demetrius L. Of mice and men. When it comes to studying ageing and 
the means to slow it down, mice are not just small humans. EMBO Rep. 
2005;6(Supp 1):39–44.

	 55.	 Patterson RE, Laughlin GA, LaCroix AZ, Hartman SJ, Natarajan L, Senger 
CM, et al. Intermittent fasting and human metabolic health. J Acad Nutr 
Diet. 2015;115(8):1203–12.

	 56.	 Wang Y, Wu R. The effect of fasting on human metabolism and psycho-
logical health. Dis Mark. 2022;2022:5653739.

	 57.	 Liu J, Yi P, Liu F. The effect of early time-restricted eating vs later time-
restricted eating on weight loss and metabolic health. J Clin Endocrinol 
Metab. 2023;108(7):1824–34.

	 58.	 Delahaye LB, Bloomer RJ, Butawan MB, Wyman JM, Hill JL, Lee HW, et al. 
Time-restricted feeding of a high-fat diet in male C57BL/6 mice reduces 
adiposity but does not protect against increased systemic inflamma-
tion. Appl Physiol Nutr Metab. 2018;43(10):1033–42.

	 59.	 Shimizu H, Hanzawa F, Kim D, Sun S, Laurent T, Umeki M, et al. Delayed 
first active-phase meal, a breakfast-skipping model, led to increased 
body weight and shifted the circadian oscillation of the hepatic clock 
and lipid metabolism-related genes in rats fed a high-fat diet. PLoS 
ONE. 2018;13(10):e0206669.

	 60.	 Hutchison AT, Regmi P, Manoogian ENC, Fleischer JG, Wittert GA, Panda 
S, Heilbronn LK. Time-restricted feeding improves glucose tolerance in 
men at risk for type 2 diabetes: a randomized crossover trial. Obesity 
(Silver Spring). 2019;27(5):724–32.

	 61.	 Flanagan EW, Most J, Mey JT, Redman LM. Calorie restriction and aging 
in humans. Annu Rev Nutr. 2020;40:105–33.

	 62.	 Redman LM, Ravussin E. Caloric restriction in humans: impact on 
physiological, psychological, and behavioral outcomes. Antioxid Redox 
Signal. 2011;14(2):275–87.

	 63.	 Hofer SJ, Carmona-Gutierrez D, Mueller MI, Madeo F. The ups and 
downs of caloric restriction and fasting: from molecular effects to clini-
cal application. EMBO Mol Med. 2022;14(1):e14418.

	 64.	 Mehrpour M, Esclatine A, Beau I, Codogno P. Overview of macroau-
tophagy regulation in mammalian cells. Cell Res. 2010;20(7):748–62.

	 65.	 Dunn WA Jr. Autophagy and related mechanisms of lysosome-medi-
ated protein degradation. Trends Cell Biol. 1994;4(4):139–43.

	 66.	 Qu X, Yu J, Bhagat G, Furuya N, Hibshoosh H, Troxel A, et al. Promotion 
of tumorigenesis by heterozygous disruption of the beclin 1 autophagy 
gene. J Clin Invest. 2003;112(12):1809–20.

	 67.	 Liang XH, Kleeman LK, Jiang HH, Gordon G, Goldman JE, Berry G, et al. 
Protection against fatal Sindbis virus encephalitis by beclin, a novel Bcl-
2-interacting protein. J Virol. 1998;72(11):8586–96.

	 68.	 Levine B. Eating oneself and uninvited guests: autophagy-related 
pathways in cellular defense. Cell. 2005;120(2):159–62.

	 69.	 Rubinsztein DC. The roles of intracellular protein-degradation pathways 
in neurodegeneration. Nature. 2006;443(7113):780–6.

	 70.	 Ravikumar B, Vacher C, Berger Z, Davies JE, Luo S, Oroz LG, et al. Inhibi-
tion of mTOR induces autophagy and reduces toxicity of polyglutamine 
expansions in fly and mouse models of Huntington disease. Nat Genet. 
2004;36(6):585–95.

	 71.	 Martinez-Vicente M, Talloczy Z, Wong E, Tang G, Koga H, Kaushik S, et al. 
Cargo recognition failure is responsible for inefficient autophagy in 
Huntington’s disease. Nat Neurosci. 2010;13(5):567–76.

	 72.	 Martin DD, Ladha S, Ehrnhoefer DE, Hayden MR. Autophagy in 
Huntington disease and huntingtin in autophagy. Trends Neurosci. 
2015;38(1):26–35.

	 73.	 Ravikumar B, Duden R, Rubinsztein DC. Aggregate-prone proteins 
with polyglutamine and polyalanine expansions are degraded by 
autophagy. Hum Mol Genet. 2002;11(9):1107–17.

	 74.	 Sarkar S, Floto RA, Berger Z, Imarisio S, Cordenier A, Pasco M, et al. 
Lithium induces autophagy by inhibiting inositol monophosphatase. J 
Cell Biol. 2005;170(7):1101–11.

	 75.	 Walter C, Clemens LE, Müller AJ, Fallier-Becker P, Proikas-Cezanne 
T, Riess O, et al. Activation of AMPK-induced autophagy amelio-
rates Huntington disease pathology in vitro. Neuropharmacology. 
2016;108:24–38.



Page 12 of 13Wells et al. Translational Neurodegeneration           (2024) 13:17 

	 76.	 Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate 
autophagy through direct phosphorylation of Ulk1. Nat Cell Biol. 
2011;13(2):132–41.

	 77.	 Alirezaei M, Kemball CC, Flynn CT, Wood MR, Whitton JL, Kiosses WB. 
Short-term fasting induces profound neuronal autophagy. Autophagy. 
2010;6(6):702–10.

	 78.	 Erlangga Z, Ghashang SK, Hamdan I, Melk A, Gutenbrunner C, Nugraha 
B. The effect of prolonged intermittent fasting on autophagy, inflam-
masome and senescence genes expressions: an exploratory study in 
healthy young males. Hum Nutr Metab. 2023;32:200189.

	 79.	 Ehrnhoefer DE, Martin DDO, Schmidt ME, Qiu X, Ladha S, Caron NS, 
et al. Preventing mutant huntingtin proteolysis and intermittent fasting 
promote autophagy in models of Huntington disease. Acta Neuro-
pathol Commun. 2018;6(1):16.

	 80.	 Marosi K, Mattson MP. BDNF mediates adaptive brain and body 
responses to energetic challenges. Trends Endocrinol Metab. 
2014;25(2):89–98.

	 81.	 Mattson MP, Moehl K, Ghena N, Schmaedick M, Cheng A. Intermittent 
metabolic switching, neuroplasticity and brain health. Nat Rev Neuro-
sci. 2018;19(2):63–80.

	 82.	 Sleiman SF, Henry J, Al-Haddad R, El Hayek L, Abou Haidar E, Stringer 
T, et al. Exercise promotes the expression of brain derived neu-
rotrophic factor (BDNF) through the action of the ketone body 
β-hydroxybutyrate. Elife. 2016;5:e15092.

	 83.	 Marosi K, Kim SW, Moehl K, Scheibye-Knudsen M, Cheng A, Cut-
ler R, et al. 3-Hydroxybutyrate regulates energy metabolism and 
induces BDNF expression in cerebral cortical neurons. J Neurochem. 
2016;139(5):769–81.

	 84.	 Zhao Y, Jia M, Chen W, Liu Z. The neuroprotective effects of intermittent 
fasting on brain aging and neurodegenerative diseases via regulating 
mitochondrial function. Free Radic Biol Med. 2022;182:206–18.

	 85.	 Duan W, Guo Z, Jiang H, Ware M, Li XJ, Mattson MP. Dietary restriction 
normalizes glucose metabolism and BDNF levels, slows disease pro-
gression, and increases survival in huntingtin mutant mice. Proc Natl 
Acad Sci. 2003;100(5):2911–6.

	 86.	 Li PA, Hou X, Hao S. Mitochondrial biogenesis in neurodegeneration. J 
Neurosci Res. 2017;95(10):2025–9.

	 87.	 Jornayvaz FR, Shulman GI. Regulation of mitochondrial biogenesis. 
Essays Biochem. 2010;47:69–84.

	 88.	 Yuan Y, Cruzat VF, Newsholme P, Cheng J, Chen Y, Lu Y. Regulation of 
SIRT1 in aging: roles in mitochondrial function and biogenesis. Mech 
Ageing Dev. 2016;155:10–21.

	 89.	 Kim J, Moody JP, Edgerly CK, Bordiuk OL, Cormier K, Smith K, et al. 
Mitochondrial loss, dysfunction and altered dynamics in Huntington’s 
disease. Hum Mol Genet. 2010;19(20):3919–35.

	 90.	 Weydt P, Pineda VV, Torrence AE, Libby RT, Satterfield TF, Lazarowski ER, 
et al. Thermoregulatory and metabolic defects in Huntington’s disease 
transgenic mice implicate PGC-1alpha in Huntington’s disease neuro-
degeneration. Cell Metab. 2006;4(5):349–62.

	 91.	 Cheng A, Wan R, Yang JL, Kamimura N, Son TG, Ouyang X, et al. 
Involvement of PGC-1α in the formation and maintenance of neuronal 
dendritic spines. Nat Commun. 2012;3:1250.

	 92.	 Wrann CD, White JP, Salogiannnis J, Laznik-Bogoslavski D, Wu J, Ma D, 
et al. Exercise induces hippocampal BDNF through a PGC-1α/FNDC5 
pathway. Cell Metab. 2013;18(5):649–59.

	 93.	 Cantó C, Auwerx J. PGC-1alpha, SIRT1 and AMPK, an energy sens-
ing network that controls energy expenditure. Curr Opin Lipidol. 
2009;20(2):98–105.

	 94.	 Pallàs M, Pizarro JG, Gutierrez-Cuesta J, Crespo-Biel N, Alvira D, Tajes M, 
et al. Modulation of SIRT1 expression in different neurodegenerative 
models and human pathologies. Neuroscience. 2008;154(4):1388–97.

	 95.	 Tulino R, Benjamin AC, Jolinon N, Smith DL, Chini EN, Carnemolla A, 
Bates GP. SIRT1 activity is linked to its brain region-specific phospho-
rylation and is impaired in Huntington’s disease mice. PLoS ONE. 
2016;11(1):e0145425.

	 96.	 Xu J, Jackson CW, Khoury N, Escobar I, Perez-Pinzon MA. Brain SIRT1 
mediates metabolic homeostasis and neuroprotection. Front Endo-
crinol (Lausanne). 2018;9:702.

	 97.	 Jeong H, Cohen DE, Cui L, Supinski A, Savas JN, Mazzulli JR, et al. Sirt1 
mediates neuroprotection from mutant huntingtin by activation of the 
TORC1 and CREB transcriptional pathway. Nat Med. 2011;18(1):159–65.

	 98.	 Jiang M, Wang J, Fu J, Du L, Jeong H, West T, et al. Neuroprotective role 
of Sirt1 in mammalian models of Huntington’s disease through activa-
tion of multiple Sirt1 targets. Nat Med. 2011;18(1):153–8.

	 99.	 Lagouge M, Argmann C, Gerhart-Hines Z, Meziane H, Lerin C, Daussin 
F, et al. Resveratrol improves mitochondrial function and protects 
against metabolic disease by activating SIRT1 and PGC-1alpha. Cell. 
2006;127(6):1109–22.

	100.	 Naia L, Rosenstock TR, Oliveira AM, Oliveira-Sousa SI, Caldeira GL, Carmo 
C, et al. Comparative mitochondrial-based protective effects of resvera-
trol and nicotinamide in Huntington’s disease models. Mol Neurobiol. 
2017;54(7):5385–99. .

	101.	 St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, Jäger S, et al. Suppres-
sion of reactive oxygen species and neurodegeneration by the PGC-1 
transcriptional coactivators. Cell. 2006;127(2):397–408.

	102.	 Gureev AP, Shaforostova EA, Popov VN. Regulation of mitochondrial 
biogenesis as a way for active longevity: interaction between the Nrf2 
and PGC-1α signaling pathways. Front Genet. 2019;10:435.

	103.	 Hayes JD, Dinkova-Kostova AT. The Nrf2 regulatory network provides 
an interface between redox and intermediary metabolism. Trends 
Biochem Sci. 2014;39(4):199–218.

	104.	 Kim EN, Lim JH, Kim MY, Ban TH, Jang IA, Yoon HE, et al. Resveratrol, an 
Nrf2 activator, ameliorates aging-related progressive renal injury. Aging 
(Albany NY). 2018;10(1):83–99.

	105.	 Neilson LE, Quinn JF, Gray NE. Peripheral blood NRF2 expression 
as a biomarker in human health and disease. Antioxidants (Basel). 
2020;10(1):28.

	106.	 Handschin C, Rhee J, Lin J, Tarr PT, Spiegelman BM. An autoregu-
latory loop controls peroxisome proliferator-activated receptor 
gamma coactivator 1alpha expression in muscle. Proc Natl Acad Sci. 
2003;100(12):7111–6.

	107.	 Wareski P, Vaarmann A, Choubey V, Safiulina D, Liiv J, Kuum M, Kaasik 
A. PGC-1{alpha} and PGC-1{beta} regulate mitochondrial density in 
neurons. J Biol Chem. 2009;284(32):21379–85.

	108.	 Weir HJ, Yao P, Huynh FK, Escoubas CC, Goncalves RL, Burke-
witz K, et al. Dietary restriction and AMPK increase lifespan via 
mitochondrial network and peroxisome remodeling. Cell Metab. 
2017;26(6):884-96.e5.

	109.	 Zhang H, Zhang W, Yun D, Li L, Zhao W, Li Y, et al. Alternate-day fasting 
alleviates diabetes-induced glycolipid metabolism disorders: roles of 
FGF21 and bile acids. J Nutr Biochem. 2020;83:108403.

	110.	 Liu Z, Dai X, Zhang H, Shi R, Hui Y, Jin X, et al. Gut microbiota mediates 
intermittent-fasting alleviation of diabetes-induced cognitive impair-
ment. Nat Commun. 2020;11(1):855.

	111.	 Madkour MI, El-Serafi AT, Jahrami HA, Sherif NM, Hassan RE, Awadallah 
S. Ramadan diurnal intermittent fasting modulates SOD2, TFAM, Nrf2, 
and sirtuins (SIRT1, SIRT3) gene expressions in subjects with overweight 
and obesity. Diabetes Res Clin Pract. 2019;155:107801.

	112.	 Sutton EF, Beyl R, Early KS, Cefalu WT, Ravussin E, Peterson CM. Early 
time-restricted feeding improves insulin sensitivity, blood pressure, and 
oxidative stress even without weight loss in men with prediabetes. Cell 
Metab. 2018;27(6):1212-21.e3.

	113.	 Phillips MCL, McManus EJ, Brinkhuis M, Romero-Ferrando B. Time-
restricted ketogenic diet in Huntington’s disease: a case study. Front 
Behav Neurosci. 2022;16:931636.

	114.	 Estevez-Fraga C, Tabrizi SJ, Wild EJ. Huntington’s disease clinical trials 
corner. J Huntingt Dis. 2023;12(2):169–85.

	115.	 Aziz NA, Anguelova GV, Marinus J, Lammers GJ, Roos RA. Sleep and 
circadian rhythm alterations correlate with depression and cogni-
tive impairment in Huntington’s disease. Parkinsonism Relat Disord. 
2010;16(5):345–50.

	116.	 Diago EB, Martínez-Horta S, Lasaosa SS, Alebesque AV, Pérez-Pérez J, 
Kulisevsky J, Del Val JL. Circadian rhythm, cognition, and mood disor-
ders in Huntington’s disease. J Huntingt Dis. 2018;7(2):193–8.

	117.	 Goodman AO, Rogers L, Pilsworth S, McAllister CJ, Shneerson JM, 
Morton AJ, Barker RA. Asymptomatic sleep abnormalities are a com-
mon early feature in patients with Huntington’s disease. Curr Neurol 
Neurosci Rep. 2011;11(2):211–7.

	118.	 Fitzgerald ES, Stout JC, Glikmann-Johnston Y, Anderson C, Jackson ML. 
Sleep, circadian rhythms, and cognitive dysfunction in Huntington’s 
disease. J Huntingt Dis. 2023;12(3):293–304.



Page 13 of 13Wells et al. Translational Neurodegeneration           (2024) 13:17 	

	119.	 Kudo T, Schroeder A, Loh DH, Kuljis D, Jordan MC, Roos KP, Colwell CS. 
Dysfunctions in circadian behavior and physiology in mouse models of 
Huntington’s disease. Exp Neurol. 2011;228(1):80–90.

	120.	 Morton AJ, Wood NI, Hastings MH, Hurelbrink C, Barker RA, Maywood 
ES. Disintegration of the sleep-wake cycle and circadian timing in 
Huntington’s disease. J Neurosci. 2005;25(1):157–63.

	121.	 Loh DH, Kudo T, Truong D, Wu Y, Colwell CS. The Q175 mouse model of 
Huntington’s disease shows gene dosage- and age-related decline in 
circadian rhythms of activity and sleep. PLoS ONE. 2013;8(7):e69993.

	122.	 Morton AJ. Circadian and sleep disorder in Huntington’s disease. Exp 
Neurol. 2013;243:34–44.

	123.	 Mohawk JA, Green CB, Takahashi JS. Central and peripheral circadian 
clocks in mammals. Annu Rev Neurosci. 2012;35:445–62.

	124.	 Zhang Z, Shui G, Li MD. Time to eat reveals the hierarchy of peripheral 
clocks. Trends Cell Biol. 2021;31(11):869–72.

	125.	 Li MD. Clock-modulated checkpoints in time-restricted eating. Trends 
Mol Med. 2022;28(1):25–35.

	126.	 Wilkinson MJ, Manoogian ENC, Zadourian A, Lo H, Fakhouri S, Shoghi 
A, et al. Ten-hour time-restricted eating reduces weight, blood pres-
sure, and atherogenic lipids in patients with metabolic syndrome. Cell 
Metab. 2020;31(1):92-104.e5.

	127.	 Gill S, Panda S. A Smartphone App reveals erratic diurnal eating pat-
terns in humans that can be modulated for health benefits. Cell Metab. 
2015;22(5):789–98.

	128.	 Bartlett DM, Cruickshank TM, Hannan AJ, Eastwood PR, Lazar AS, Ziman 
MR. Neuroendocrine and neurotrophic signaling in Huntington’s 
disease: implications for pathogenic mechanisms and treatment strate-
gies. Neurosci Biobehav Rev. 2016;71:444–54.

	129.	 Mulder CK, Papantoniou C, Gerkema MP, Van Der Zee EA. Neither the 
SCN nor the adrenals are required for circadian time-place learning in 
mice. Chronobiol Int. 2014;31(9):1075–92.

	130.	 Wang HB, Loh DH, Whittaker DS, Cutler T, Howland D, Colwell CS. Time-
restricted feeding improves circadian dysfunction as well as motor 
symptoms in the Q175 mouse model of Huntington’s disease. Eneuro. 
2018;5(1):ENEURO.0431-17.2017.

	131.	 Whittaker DS, Loh DH, Wang HB, Tahara Y, Kuljis D, Cutler T, et al. 
Circadian-based treatment strategy effective in the BACHD mouse 
model of Huntington’s disease. J Biol Rhythm. 2018;33(5):535–54.

	132.	 Martens CR, Rossman MJ, Mazzo MR, Jankowski LR, Nagy EE, Denman 
BA, et al. Short-term time-restricted feeding is safe and feasible in non-
obese healthy midlife and older adults. Geroscience. 2020;42(2):667–86.

	133.	 Tinsley GM, Forsse JS, Butler NK, Paoli A, Bane AA, La Bounty PM, et al. 
Time-restricted feeding in young men performing resistance training: a 
randomized controlled trial. Eur J Sport Sci. 2017;17(2):200–7.

	134.	 Welton S, Minty R, O’Driscoll T, Willms H, Poirier D, Madden S, et al. 
Intermittent fasting and weight loss: systematic review. Can Fam Phys. 
2020;66(2):117–25.

	135.	 Ho KY, Veldhuis JD, Johnson ML, Furlanetto R, Evans WS, Alberti KG, 
et al. Fasting enhances growth hormone secretion and amplifies the 
complex rhythms of growth hormone secretion in man. J Clin Invest. 
1988;81(4):968–75. 

	136.	 Marder K, Zhao H, Eberly S, Tanner CM, Oakes D, Shoulson I. Dietary 
intake in adults at risk for Huntington disease: analysis of PHAROS 
research participants. Neurology. 2009;73(5):385–92. 

	137.	 Christodoulou CC, Demetriou CA, Philippou E, Papanicolaou EZ. 
Investigating the dietary intake using the CyFFQ semi-quantitative 
food frequency questionnaire in Cypriot Huntington’s disease patients. 
Nutrients. 2023;15(5):1136.

	138.	 Regmi P, Heilbronn LK. Time-restricted eating: benefits, mechanisms, 
and challenges in translation. Iscience. 2020;23(6):101161. 

	139.	 Jodeiri Farshbaf M, Ghaedi K. Huntington’s disease and mitochondria. 
Neurotox Res. 2017;32(3):518–29. 

	140.	 Goyal MS, Vlassenko AG, Blazey TM, Su Y, Couture LE, Durbin TJ, et al. 
Loss of brain aerobic glycolysis in normal human aging. Cell Metab. 
2017;26(2):353-60.e3.

	141.	 Christodoulou CC, Demetriou CA, Zamba-Papanicolaou E. Dietary 
intake, mediterranean diet adherence and caloric intake in Hunting-
ton’s disease: a review. Nutrients. 2020;12(10):2946. 

	142.	 Martinez-Gonzalez MA, Martin-Calvo N. Mediterranean diet and life 
expectancy; beyond olive oil, fruits, and vegetables. Curr Opin Clin Nutr 
Metab Care. 2016;19(6):401–7. 

	143.	 Wasser CI, Mercieca EC, Kong G, Hannan AJ, McKeown SJ, Glikmann-
Johnston Y, et al. Gut dysbiosis in Huntington’s disease: associations 
among gut microbiota, cognitive performance and clinical outcomes. 
Brain Commun. 2020;2(2):fcaa110. 

	144.	 Kong G, Ellul S, Narayana VK, Kanojia K, Ha HTT, Li S, et al. An integrated 
metagenomics and metabolomics approach implicates the microbiota-
gut-brain axis in the pathogenesis of Huntington’s disease. Neurobiol 
Dis. 2021;148:105199. 

	145.	 Martínez Leo EE, Segura Campos MR. Effect of ultra-processed diet on 
gut microbiota and thus its role in neurodegenerative diseases. Nutri-
tion. 2020;71:110609. 

	146.	 Burtscher J, Pepe G, Maharjan N, Riguet N, Di Pardo A, Maglione V, et al. 
Sphingolipids and impaired hypoxic stress responses in Huntington 
disease. Prog Lipid Res. 2023;90:101224. 

	147.	 Brotherton A, Campos L, Rowell A, Zoia V, Simpson SA, Rae D. Nutri-
tional management of individuals with Huntington’s disease: nutritional 
guidelines. Neurodegener Dis Manag. 2012;2(1):33–43. 


	Dietary fasting and time-restricted eating in Huntington’s disease: therapeutic potential and underlying mechanisms
	Abstract 
	Background
	Methods
	HD pathogenesis
	Models of fasting
	Underlying mechanisms of fasting in HD
	Autophagy and mHTT clearance
	BDNF recovery
	Bioenergetic regulation and oxidative stress response
	Circadian regulation

	Potential adverse effects and important considerations
	Conclusions and future directions
	Acknowledgements
	References


