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Supplementary Table 1 | Hormonal and energetic features of neurodegenerative disorders of 

ageing  

 

Disease: 
monogenic (%);  

age of onset  

Disruption of brain and whole-body 
energetics: supply of fuel to the brain and 
transformation into ATP in neurons and 

other cell types  

References Changes in hormones 
modulating energy 

homeostasis and neural 
function (plasma unless 

specified) 

References 

Alzheimer 
disease 

 
 ~5%  

 
(usually >70 y) 

Progressive ↓ brain glucose metabolism 
from asymptomatic to MCI to AD in 
hippocampus, entorhinal cortex, 
precuneus, posterior cingulate, temporal 
CX and frontal lobes; ↓CBF; ↓BBB and 
cellular/neuronal transport of glucose  
(↓ GLUT1, GLUT3, GLUT4); ↓glycolysis, ↓ 
hexokinase in ApoE4 vs. ApoE2; ↓ TCA 

cycle (↓ Pyruvate dehydrogenase, -

KGDH, Lactate dehydrogenase).  
↓ mitochondrial biogenesis, fission/fusion 

and mitophagy; ↓PPAR/PGC-1 ApoE4 vs 
ApoE2;  
↓ AMPK; ↓ Glucose-dependent, 
protective tau O-GlcNAcylation; ↓glial 
and oligodendrocyte lactate support of 

neurons;  microglial glucose use (TREM2-
driven) and energetic switch (oxidative 
phosphorylation to glycolysis). No 
detectable change in brain ketone uptake 
or metabolism nor cerebral O2.  
 
↓ Appetite, ↓ BMI; weight loss, poor 
nutrition. Obesity and type 2 diabetes are 
risk factors in mid-life.  

1-13
 

 
Insulin resistance, both brain 
and whole body, and glucose 
intolerance. Aggregates of 
amylin in brain, 
neurovasculature and 

pancreas, with  monomeric 

form;  ghrelin, ghrelin 
acylation and ghrelin signaling 
in temporal cortex; 
dysregulated leptin signaling in 
hippocampus.  

Plasma:  Insulin; / amylin;  

/- GLP1/GIP; /- ghrelin;  

 leptin especially in women;  

 adiponectin. 

7,14-23
 

Parkinson 
disease 

 
ca. 5-15% 

 
(usually >60 y) 

↓ Brain glucose metabolism in striatum 
(caudate), premotor cortex, parieto-
occipital cortex and frontal cortex yet, 

conversely,  (debated) in cerebellum and 
pons; SNPC not resolvable. ↓ GLUT4; ↓ 
glycolysis; disruption of mitochondria in 
SNPC, including ↓ electron transport 

chain activity, excess Ca
2+

, fragmentation 

and ↓ mitophagy. Mutations (monogenic 
forms of PD) in PINK1, Parkin, LRRK2, DJ-1 
(PARK7) and SCNA are associated with 
disruption of mitochondrial function.  
 

↓ BMI and weight loss; visceral vs 
subcutaneous fat; ↓food intake 
(secondary, late phase). 

1,8,11,15,24-27
 Insulin resistance (brain and 

systemic);  Ghrelin receptor 
(GHSR) in SNPC (hIPS).  

Plasma:  ghrelin; /- leptin;  

/- adiponectin.  
 
 

15,27-30
  

Frontotemporal 
dementia 

 
ca 10-15% 

 
(~40-60 y) 

↓ Brain glucose metabolism pronounced 
and early (predating dementia) in frontal 
lobes, temporal cortex, anterior cingulate 
cortex, striatum, insula and thalamus; ↓ 
CBF; mitochondrial dysfunction, 
fragmentation, ↓mitophagy; reduced 

8,9,31-33
 Insulin resistance. Plasma:  

↑ insulin; - GLP1/GIP;  
↑/- ghrelin; ↑/- leptin. 

31,34,35
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 mitochondrial signalling with endoplasmic 
reticulum. 
 
Binge/over-eating; ↑ BMI and weight 
gain; sweetness preference and ↑ 
carbohydrate intake; ↑ resting and total 
energy expenditure. 

Amyotrophic 
lateral sclerosis 
 
 ca 10% 
 

(~50-60 y) 
 
 
 

Complex pattern of changes in glucose 
metabolism differ to FTD; ↓frontal cortex, 

motor cortex, parietal cortex vs  in 
midbrain, cerebellum, spinal cord; white 
matter loss linked to metabolic deficits; 
mitochondrial dysfunction with ↓PGC-

1↓oxidative phosphorylation and TCA, 
↓ PPP, ↓ ATP and compromised 
mitochondrial quality control in skeletal 
muscle, spinal cord, motor neurons and 
cerebral neurons; metabolic changes 
linked to glial dysfunction, ↓astrocyte 
glycogen metabolism and metabolic 
flexibility, ↓lactate provision to neurons; 
↓ oligodendrocyte lactate provision to 
axons with ↓ monocarboxylate 
transporter; ↓ myelin channel integrity. 
 
↓ BMI and weight loss (poor prognosis), 
dysphagia and malnutrition (late phase); 
↑ resting energy expenditure and 

hypermetabolism;  cholesterol and 
dyslipidemia. 
 

8,31-33,36-42
 

 
Insulin resistance and glucose 
intolerance, but modest and 
inconsistent alterations in 
plasma hormones; - amylin; - 
GLP1/GIP; ↓/- ghrelin;  
↑/- leptin; ↑ adiponectin. 

31,34,43,44
 

Huntington 
disease 

 
Inherited  

(ca. 8-10% are 
de novo 

mutations) 
(~30-50 y) 

↓Glucose metabolism in frontal cortex, 
temporal cortex, basal ganglia (MSNs), 
seen before diagnosis, and also in 
asymptomatic mutation carriers:  
↓ GLUT3-mediated neuronal glucose 
uptake; ↓ Glycolysis and ↓ATP; 

mitochondrial disruption, ↓PGC

↓ PPAR↓TCA and oxidative 
phosphorylation, redox imbalance; 
↓axonal delivery of mitochondria (and 
other cargo) to synapses; astrocyte 
metabolic switch to fatty acids (striatum); 
↓ lactate supply to neurons.  
 
↓ BMI, progressive weight loss, despite 
no initial ↓ caloric intake (and even a 
marked ↑ in consumption in some 
patients); insulin resistance. 

45-51
 Insulin resistance and glucose 

intolerance in some studies. 
Plasma: no consistent 
alterations in insulin;  
↑/- ghrelin; ↓/- leptin;  
↓/ - adiponectin  

15,52
 

 

Except for HD, most classes of NDAs are polygenic and multifactorial: abnormalities are shown principally 

for idiopathic, non-familial forms of the disorders. There are several variants of FTD, mainly defined 

according to clinical profile. Common risk genes and symptoms are increasingly aligning FTD with ALS in a 

“spectrum” of disorders. The precise pattern of changes depends upon the FTD variant and specific gene 

mutations. For all NDAs, neurotoxic proteins (soluble forms and higher order aggregates) and their poor 
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clearance are incriminated in core neuropathology. Further, NDAs are all characterized by axonal-synaptic 

disruption, neuronal cell loss, glial dysfunction, neuroinflammation and neurovascular anomalies from 

blood-brain barrier breakdown to perturbed microvasculature to microvessel leakage. As described, a 

core feature of NDAs, starting prior to diagnosis, is defective brain energetics, glucose supply and 

mitochondrial generation of ATP, together with disrupted secretion and actions of hormones modulating 

brain energy homeostasis, food intake, synaptic function and neuronal integrity. Brain glucose 

metabolism is almost always measured by FDG-PET (see Box 2). All NDAs are associated with alterations in 

BMI and body weight
31,32,36

. Alterations shown in columns 2 and 4 are the most robust and consistently 

observed. Abbreviations not in main text: BBB, blood brain barrier; BMI, body mass index; CBF, cerebral 

blood flow; -KGDH, -Ketoglutarate dehydrogenase; LRRK2, Leucine-rich Repeat Kinase 2; MSN, medium 

spiny neuron; PARK, Parkinson-related; PGC, Peroxisome Proliferator-activated Receptor Co-activator; 

PINK, Phosphotensin-induced kinase; PPP – pentose phosphate pathway; SCNA, synuclein; SNPC, 

substantia nigra pars compacta and TREM2, Triggering receptor expressed on myeloid cells 2. 
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Supplementary Table 2 | Hormones modulating energy intake and homeostasis via actions in the 

brain, and their relevance to the treatment of neurodegenerative disorders of ageing as characterized 

by their functional effects in vivo 

Hormone 
 

Synthesis in 
periphery  

 
Synthesis in the 

brain 

Receptors for 
hormone  

 
Major sites of 
action in brain 

NDA under 
study  

 
Selective 
ligands  

(indication if 
authorized) 

Influence of 
hormones 

(agonists) on food 
and energy intake  

Central actions of hormones 
(agonists) and in vivo effects in 

models of NDAs  

Further 
information 
(references)  

Insulin 
Pancreatic islet 
beta cells. 
 
Cortex, 
hippocampus 
(low, 
controversial) 
 

Insulin1R, acts via 
IRS 1 and 2 
subunits. 
Heterodimerizes 
with insulin-like 
growth hormone-
1R.  
 
Hypothalamus 
(including arcuate), 
cortex, 
hippocampus, 
cerebellum, SNPC, 
VTA, nucleus 
accumbens 

MCI, AD, PD  
 
Insulin, mainly 
intra-nasal for 
NDAs. 
 
Insulin Determir 
and other 
analogues (T2D). 
 

 FI and appetite;  

 GLUT3/4 to 
plasma 
membrane;  

 brain glucose;  

 thermogenesis  

 Cognition, LTP and LTD.Facilitation 
of - glutamatergic - synaptic plasticity 
(hippocampus, nucleus accumbens 
and VTA).  

Mouse models of AD:  LTP;  A 

load;  microglial activation.  

1-5
  

Amylin 
Pancreatic islet 
beta cells. 
 
Several 
hypothalamic 
nuclei, 
brainstem 

Amylin R1-3, 
heterodimerizes 
with calcitonin 1R 
(two isoforms) and 
RAMP1-3. 
 
Hypothalamus, 
amygdala, VTA, 
nucleus accumbens, 
cortex, brainstem, 
area postrema, 
lateral dorsal 
tegmental nucleus. 

AD 
 
Salmon 
calcitonin 
 
Pramlintide 
(non-
aggregating, 
non 
amyloidogenic 
analogue) (T2D) 
 

 Meal size; 

-/ Satiation;  

 Glucagon;  

 Adiposity/body 
weight.  
 
Leptin sensitizer 
and facilitator 

Complex, beneficial actions of 
monomeric amylin. Mouse models of 

AD:  Cognition;  A load by  efflux 

and  pTau;  inflammation.  
Conversely, aggregates of amylin are 
neurotoxic, pro-apoptotic, pro-
inflammatory, induce microvessel 
damage and hyperglycemia.  
Amylin receptor analogue 
(Pramlintide) blunts disruption of 
cognition and neurotoxic actions of 

A 

6-9
 

GLP1  
Mainly distal 
small intestine, 
ileum, colon: 
enteroendocrine 
L-cells. 
 
Hippocampus, 
brainstem, 
hypothalamus 

GLP1R  
 
Hypothalamus 
(including arcuate), 
nucleus tractus 
solitarious, VTA, 
SNPC, cortex, 
hippocampus, 
brainstem, 
cerebellum. 

AD, PD.  
Also Wolfram 
syndrome, 
mood disorders, 
schizophrenia, 
stroke (± T2D), 
epilepsy. 
  
Long-acting 
Exendin, 
Liraglutide, 
Lixenatide, 
Semaglutide 
(T2D). 
Gliptins (DPP 4 
inhibitors) 
prevent GLP-1 
breakdown 

Brain:  FI and 
appetite, possible 
insulin sensitizer. 
 
Pancreas: 
insulinotropic,  

 Glucagon,  

-cell apoptosis, 

 -cell 
proliferation.  

Mouse models of AD :  Cognition 

and LTP;  neurogenesis and 
synaptogenesis (hippocampus);  

 Excitotoxicity;  Apoptosis and 

synapse loss;  inflammation and 

oxidative stress;  microvessel 

damage,  A/plaques and pTau 
tangles.  

Mouse models of PD:  survival and 
motor function;  

 inflammation and oxidative stress; 

 glucose tolerance;  

Mouse models of ALS:  motor 

function and  weight loss;  

 apoptosis and motor neuron loss 
(spinal cord).  

Mouse models of HD: survival and 

10-14
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(T2D).  motor function;  Htt accumulation in 
striatum, cortex and pancreas; 
Improved glucose regulation. 

GIP 
Mainly 
duodenum, 
jejunem; 
enteroendocrine 
K-cells. 
 
Hippocampus, 
olfactory bulb, 
cerebellum 
 

GIPR  
 
Hippocampus, 
cortex, olfactory 
bulb 

AD (Dual GIP-
GLP-1 agonists), 
PD 
  
2-Ala

2
-GIP 

2-Ala
2
-GIP-Glu-

PAL 
  

Brain:  FI alone, 
also appear to 
potentiate actions 
of GLP-1. 
 
Pancreas: 

insulinotropic;  

-cell apoptosis 

and  -cell 
proliferation 
 

Mouse models of AD:  Cognition and 

LTP;  BDNF and neurogenesis 

(hippocampus);  -synuclein; 

inflammation and  oxidative stress. 

Mouse models of PD:  motor 
function.  
 
Dual GIP/GLP-1 agonists have 
superior efficacy compared to 
selective ligands in models of AD and 
PD. 

15-17
 

Ghrelin 
Mainly stomach 
and duodenum: 
ghrelinergic cells 
 
 

GHS-R1a 
for functionally 
active acetylated 
ghrelin 
 
Pituitary, 
hypothalamus 
(including arcuate), 
amygdala, 
hippocampus, 
SNPC, VTA, raphe 
nuclei, cortex, 
brainstem 
 
 

None in clinical 
NDA trials yet. 
 
Relamorelin 
(gastroparesis in 
PD and T2D); 
Anamorelin 
(anorexia and 
cachexia in 
cancer). 
 
Acyl-ghrelin 
MK-0777, 
LY444711, 
HM01 (antag) 

Brain:  FI 
(appetite, 

reward);  Energy 
expenditure. 
 
Pancreas:  

 glucose- 
simulated insulin 
release. 
 

Gut:  gastric 
emptying/motility 

Mouse models of AD:  Cognition and 

LTP;  pCREB and neurogenesis 
(hippocampus);  

 synapse loss and disruption of 

plasticity;  Aload/toxicity and  

 pTau; Inflammation and oxidative 

stress;  mitochondrial function;  
Insulin-induced glucose uptake.  

Mouse models of PD:  Locomotion 

and  dopamine release; 

Mitochondrial function;  PGC-1;  

Sirtuin1/3; Inflammation and 
oxidative stress.  
 
Mouse model of HD: normalization of 
body weight and energy expenditure; 

 GHS-R1 levels. 

18-23
 

Leptin 
Mainly adipose 
tissue; 
adipocytes 
  
Prefrontal 
cortex, other 
cortical regions, 
hippocampus 

Leptin-bR (“ObR”), 
five other splice 
variants known 
 
Hypothalamic nuclei 
(including arcuate), 
cortex, 
hippocampus 
brainstem, VTA, 
thalamus 
 
 

None in clinical 
NDA trials yet. 
 
Leptin; 
Leptin116-130 
(active 
fragment); 
Metreleptin 
(lipodystrophy). 
Sensitizers like 
Withaferin A to 
reduce insulin 
resistance. 

 FI and appetite; 

 Thermogenesis,  

 Energy 
expenditure 

Mouse models of AD:  Cognition and 

LTP;  NMDAR- plasticity and AMPAR 

insertion (hippocampus);  

Neurogenesis and synaptic density;  

Mitochondrial function;  

Aaggregation/fibrils and pTau; 

 Inflammation;  Apoptosis.  

Mouse models of PD:  pCREB and 
BDNF. 
Mouse model of ALS, leptin knock-out 
leads to: Slower disease progression; 

 Body weight and fat mass;  Energy 
output. 

24-29
 

Adiponectin 
Mainly adipose 
tissue; 
adipocytes, also 
muscle cells 
(autocrine) 
 
Uncertain? At 
most, very 
modest 
expression 

AdipoR1, AdipoR2,  
T-Cadherin 
 
Hypothalamus, 
brainstem, cortex, 
nucleus 
basomagno-
cellularis 
 

None in clinical 
NDA trials yet. 
 
AdipoRon, 
Osmotin, 
Arctigenin 

 FI and appetite;  

 Glucose uptake 
and glycolysis 
(hippocampus). 
 
Insulin sensitizer. 

Mouse models of AD:  cognition and 

LTP;  neurite outgrowth and 

dendritogenesis;  Aaggregation 

and pTau; inflammation and  

 oxidative stress. 

25,30-33
 

` 
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All hormones listed (see Supplementary Table 1 for alterations in NDAs) exert actions in the brain and other organs 

to influence food intake and energy homeostasis: they also exert a suite of effects relevant to treatment of NDAs. 

These hormones enter the brain (some aided by active transport systems) from the circulation via the BBB, 

circumventricular organs, hypothalamic tanycytes, the choroid plexus barrier and/or other mechanisms (only for 

adiponectin is evidence for entry weak). Synthetic ligands act centrally to varying degrees. For some hormones, 

there is evidence for synthesis in the brain itself, and the contribution of central vs peripheral pools to cerebral 

effects is not always clear. GLP-1 and GIP are incretins and having effects on the pancreas in addition to the brain. 

The influence of hormones on food and energy balance is exerted via modulation of autonomic (hypothalamus), 

reward (VTA and limbic system) and cognitive-executive function (cortex)
32

. Details are beyond the scope of this 

review but ghrelin and leptin exert actions via Agouti-related peptide/neuropeptide Y-containing neurons in the 

arcuate nucleus that promote appetite: they also act via arcuate-localized -melanocyte-stimulating hormone-

containing neurons coupled to melanocortin 4 receptors in the paraventricular nucleus that suppress food intake. 

The favourable influence of hormones on neuronal integrity/survival, synaptic plasticity and cognition has been 

most intensively studied in hippocampus, but also cortex, striatum/SNPC and other regions. Gliptins (dipeptidyl-

peptidase 4 inhibitors) prevent GLP-1 breakdown and may be beneficial for cognition in T2D (Table 3) but have not 

been adequately assessed in animal models of NDA. Conversely, many papers report robust actions of dual 

GIP/GLP-1 agonists with “superior efficacy” vs selective ligands in models of AD and PD, in which they enhance 

insulin sensitivity and improve glucose regulation
16,17,33

. Abbreviations not in main text: AMPA, α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid; CREB, cAMP-regulated binding element; FI, food intake; IRS, insulin receptor 

substrate; LTD, Long-term depression; LTP, Long-term potentiation; NMDA, N-methyl-D-aspartate; NTS, nucleus 

tractus solitarious; PVN, paraventricular nucleus; RAMP, Receptor-activity modifying protein: SNPC, substantia 

nigra, pars compacta; VMN, ventromedial nucleus and VTA, Ventrotegmental area. 
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Supplementary Box 1 | Cellular models to study altered bioenergetics in neurodegenerative disorders 
of ageing 
 

Cellular models are important in NDA research because they help identify molecular mechanisms 

underlying NDA, which may lead to new targets for therapeutic interventions. Cellular models also play a 

crucial role in the drug discovery process where they can be employed for large-scale therapeutic 

compound screening and drug discovery.   

Traditionally, immortalized human cell lines have been the most widely used cellular model of NDA, 

given their robustness and amenability to expansion1. Immortalized cells can be easily engineered to 

overexpress or down-regulate genes of interest or to precisely carry disease-causing mutations through 

CRISPR/Cas9-mediated knock-in. The impact of mitochondrial DNA (mtDNA) on cellular disease pathways 

in NDA can be investigated using special immortalized cell lines or cybrids, which are depleted of mtDNA 

and fused with patient-derived enucleated cells2,3. However, the terminal growth and division cycling of 

immortal cells, in conjunction with their high basal need for carbon intermediates that incorporate 

glucose carbon means that they are best used to address specific questions of fundamental 

metabolism4,5,6, and not as models of aging or to directly address neurodegenerative processes like 

senescence, epigenetic memory, and cell cycle regulation.  

Patient-derived primary cells are an alternative cellular model for NDA. Several peripheral cell types 

have been used to model NDA, including skin fibroblasts and blood cells7-10. Unlike immortalized cell 

lines, primary cells are not easily amenable to expansion, a feature that makes them less valuable for 

high-throughput methods. Furthermore, although they may closely represent the complex genetics of 

NDAs1, peripheral cells still do not faithfully reproduce the functional and metabolic features of brain 

cells. 

Metabolic interventions may be able to increase the relevance of immortalized cells and peripheral 

cells for the study of the bioenergetic features of NDA. For example, glucose-free medium containing 

galactose blocks glycolysis and forces the cells to exclusively use mitochondrial respiration, thereby 

allowing for mitochondrial-related defects to become apparent11. By using glucose deprivation to induce 

metabolic stress in immortalized cells, it is possible to identify counter-regulatory strategies that could 

become potential treatments for NDA12. Inhibitors of the electron transport chain can also be employed 

to discover strategies to correct the mitochondrial impairment of NDA13,14. 

Besides immortalized cells and peripheral cells, a third NDA model involves cellular reprogramming 

technology. The most common reprogramming approach is the derivation of induced pluripotent stem 

cells (iPSCs)15, which have revolutionized biomedical research because they can be derived from readily-
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accessible patient material (skin, blood, hair or urine) and can be transformed into essentially any cell 

type in the body. The use of iPSC-derived material as NDA models enables the study of human brain cells 

that are normally not accessible. iPSCs can be grown in large quantities and their genome can be 

precisely engineered16. Genome editing via CRISPR/Cas9 can overcome one of the major drawbacks of 

iPSC models, since line-to-line variability that can potentially hamper the identification of patient-specific 

traits17. Genome editing involves either correcting the mutation in patient-derived iPSCs or introducing 

selected mutations into control iPSCs18. Gene editing is more valuable for modelling monogenic NDA like 

Huntington’s disease (HD) compared to those caused by a complex combination of genetic and 

modifiable risk factors such as Alzheimer’s disease (AD).  

After thorough characterization and critical assessment of their whole genome, iPSCs can be 

differentiated into neuronal and glial cells to investigate the cellular energy homeostasis of various 

models NDA19, including AD20,21, Parkinson’s disease (PD)22-25, amyotrophic lateral sclerosis (ALS)26,27, and 

HD28-30. iPSC-derived neural cells from familial PD patients show defective bioenergetics23,24, altered 

response to oxidative stress22, and reduced mitochondrial volume fraction31. iPSC-derived neurons and 

astrocytes generated from familial AD patients suggest oxidative stress due to mitochondrial disruption 

as a central disease mechanism20. In addition to post-mitotic neurons and glia, iPSCs can be also 

differentiated into neural progenitor cells (NPCs) useful for drug discovery programs targeting 

mitochondria bioenergetics given their proliferative properties coupled to dependence on oxidative 

phosphorylation32,33. 

Reprogramming technologies can bypass iPSCs to yield post-mitotic neurons directly from peripheral 

fibroblasts34. Direct reprogramming may hold specific advantages for studying NDA as it enables the 

retention of aging-related cellular defects that are erased during the generation of iPSCs (reviewed in 

Mertens et al.35). Studies conducted on directly reprogrammed neurons (iNs) from aging individuals and 

from HD patients identified cellular signatures (especially mitochondrial) that were not apparent in 

neurons obtained from iPSCs36,37. During the generation of iPSCs, mitochondria acquire embryonic-like 

features regardless of the age of the original donor38. Conversely, iNs retain aging-associated 

mitochondrial defects which become even more evident than in the original fibroblasts given the 

increased bioenergetic reliance of neurons on oxidative phosphorylation39. Nonetheless, given the lack of 

an intermediate proliferative state, direct reprogramming does not allow genome editing interventions 

and high-throughput studies. A potential strategy to overcome these technical limitations of iNs may be 

directly reprogrammed neural stem cells (iNSCs)40.  



14 
 

A recent advance in the use of reprogramming technology for NDA research is the development of 

complex three-dimensional structures known as cerebral organoids or “mini-brains”41. iPSC-derived 

cerebral organoids can contain both glial and neuronal cells42. Microglia can also be developed within 

these self-assembled structures43. Cortical organoids may show metabolic stress, which could impair 

their use in disease modeling44,45. However, improved protocols indicate that brain organoids can allow 

the reproducible generation of data44. Cerebral organoids are starting to be used as new model systems 

for NDA46. The disease mechanisms and the effects of drugs have been modeled in organoids from AD 

patients47-49. Midbrain-specific organoids are also available to study the bioenergetics of PD50.  

Future studies will determine the comparative importance of iPSCs and directly derived neurons and 

organoids for advancing the understanding and therapy of NDA. This field is moving rapidly and is likely 

to become increasingly important in the shorter rather than long-term, both for characterisation of 

pathophysiological mechanisms like disruption of bioenergetics and also for drug discovery. 
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Supplementary Box 2 | Microvascular changes disrupting neurovascular coupling and brain energy 
supply in neurodegenerative disorders of ageing 
 
Microvascular degeneration causing progressive deterioration and leakage of the blood brain barrier is 

implicated in the 30% decline in pericyte number seen with age1. This process is exacerbated in AD, with 

widespread microvascular changes compromising brain structure, perfusion and function, and interfering 

with both pericyte and astrocyte control of cerebral vessels1-3. Microvascular changes in aging and AD 

disrupt brain glucose supply and metabolism without affecting brain oxygen metabolism, so the normally 

tight metabolic and neurovascular coupling is impaired4-7. Accordingly, deteriorating microvascular 

structure and blunted hemodynamic responsiveness decrease vascular delivery of fuel to the brain. 

However, neurovascular uncoupling may itself reflect abnormalities in synaptic function, not least the 

vasculature is under the control of various modes of neurotransmission. Hence, the cause and effect 

(perhaps circular) relationship between microvascular and neuronal changes is debated with respect to 

the pathogenesis of AD - and other NDAs2,6,8. Interestingly, microvascular changes affecting the blood-

brain barrier, brain perfusion and function are more apparent in the substantia nigra and striatum in PD 

than in AD, and these changes are linked to a marked interference with nigrostriatal dopaminergic 

transmission2. Leakage of the blood brain barrier is linked to neuroinflammation, including neuronal 

network dysfunction and enhanced cognitive impairment, caused by T cell infiltration and/or viral 

infections outside the brain9-11. Given the importance of microvascular dysfunction in vascular dementia, 

it is important to clarify the extent to which disruption of the cerebral microvasculature and subsequent 

interference with neuronal energy supply contributes to the pathophysiology and progression of AD, PD 

and other NDAs. 
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Supplementary Box 3 | Bioenergetics and therapeutics of ageing-related diseases of the retina: the eye 
as a window to the brain in neurodegenerative disorders of aging 
 
The retina - evolutionarily and embryonically speaking an outpost of the brain - has even higher energy 

needs (per gram of tissue) than the brain itself, with some 10-fold greater energy consumption than the 

neocortex in humans1. The retina generates ATP principally from glucose, with an additional role for 

lactate and fatty acids1-3. Energy consumption is strikingly high in GLUT3-bearing, opsin-equipped, self-

renewing, light-sensitive photoreceptors, where aerobic glycolysis is prominent which helps reduce the 

risk of oxidative stress. Energy requirements are also high in GLUT1-expressing retinal pigment epithelial 

cells that form the blood-retina barrier and promote transfer of glucose to photoreceptors. Retinal 

diseases, including age-related macular degeneration due to progressive loss of pigmented cells, diabetic 

retinopathy and glaucoma, are all strongly linked to a disruption of energy (glucose and lipid) 

metabolism, compromised mitochondrial ATP generation, and oxidative stress, as well as infiltration by 

inflammatory cells competing for glucose4-6. Preventing and treating the “retinal bioenergetics crisis” is 

attracting increasing interest to counter age-related disorders of vision, with potential approaches 

running from small molecules, to energy substitution to exposure to infra-red light3,6-8 Furthermore, 

several “retina-specific” mechanisms to conserve energy during ageing may also be present in the brain 

and would therefore be therapeutic targets in NDAs2,5,9. Finally, as a window on the brain, the eye is 

attracting attention in NDA, especially AD, because many ocular manifestations - like the accumulation of 

neurotoxic proteins - parallel those seen centrally, and can be monitored by a broad array of techniques 

potentially modifiable by novel therapeutics10-12. 
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Supplementary Figure 1 | Schematic depiction of energy supply and interrelationship between 

neurons and other cell types making up the neurovascular unit. Distribution of glucose (Glc) to and 

between various cell types following its capture from brain capillaries. Glucose reaches neurons and 

oligodendrocytes via astrocytes which possess end-feet attached to the capillary walls: it may also enter 

all cells types by free diffusion through the extracellular space. Astrocytes also provide energy to neurons 

and oligodendrocytes as lactate (Lac) which is generated from glucose via aerobic glycolysis (AG). 

Oligodendrocytes themselves deliver lactate to axons. The outer wall of brain capillaries is partially 

covered by contractile pericytes which control capillary diameter. Endothelial cells line the lumen. For 

details of glucose handling and ATP generation by individual components of this neurovascular unit, see 

Figure 1 of the main paper. 
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