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ABSTRACT 

 

 

 

BRAIN PROTEIN SYNTHESIS RATES AND ENERGY SENSING IN SULFUR-AMINO ACID 
RESTRICTED MICE 

 

 

 

Protein homeostasis (proteostasis) is the maintenance of the cellular proteome through protein 

synthesis, folding, trafficking, and degradation. Loss of proteostasis is considered one of the 

hallmarks of aging and is a driver for age-related neurodegenerative diseases. Dietary sulfur 

amino acid restriction (SAAR), a life-/healthspan extending treatment, activates mechanisms 

that maintain proteostasis in the liver. However, it is unknown if dietary SAAR activates 

mechanisms promoting proteostatic maintenance in the brain. To address this knowledge gap, 

wild-type male C57Bl/B6 mice were fed one of two levels of SAAR (expressed as % kcal); 0.18% 

methionine and 0% cysteine (Low SAAR) or 0.12% methionine and 0% cysteine (High SAAR), or a 

matched control diet sufficient (0.85-0.88%) in methionine. Deuterium enriched water was 

used to measure rates of newly synthesized proteins and DNA (as a marker of cellular 

proliferation). Brains were collected at days 1, 3, 7, 14, 21, and 35 of treatment. Mitochondrial, 

cytosolic, and mixed fractions of frontal cortex were analyzed for rates of protein synthesis and 

cell proliferation using GC/MS. A one phase association was used to determine the rate of the 

rise of newly synthesized protein and DNA to capture the kinetic parameter k (1/d). 

Phosphorylated and total protein content for AMP-protein kinase (AMPK), ribosomal Protein S6 
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(RPS6) and eukaryotic Initiation Factor 2 (eIF2) were measured at day 1 (acute) and day 35 

(long-term) via western blot. Mitochondrial protein synthesis rates were significantly greater in 

the Low SAAR diet compared to the matched control diet, but did not differ in the cytosolic and 

mixed fractions. Protein synthesis rates in all fractions of the High SAAR diet were not different 

from control. There was no significant difference in cell proliferation rates between the SAAR 

diets and their control matched diets. However, in the High SAAR diet, as reflected by greater 

protein synthesis to DNA synthesis ratios, more newly synthesized proteins were allocated 

toward mitochondrial proteome maintenance rather than cell proliferation compared to 

control. At day 1, eIF2 activation tended to greater (p=0.0922) in the Low SAAR diet compared 

to control, but was not different at day 35 in the Low SAAR or High SAAR diets. AMPK activation 

did not differ in the Low SAAR or High SAAR diet compared to their controls at day 1 and day 

35. RPS6 activation was not significantly different at day 1 or day 35 in either SAAR diet 

compared to their controls. This is the first study to simultaneously assess rates of protein 

synthesis and cell proliferation in the frontal cortex during dietary SAAR, as well as assess 

activation of key energy sensing proteins. The results from this study show that despite 

restriction of the sulfur amino acids, rates of protein synthesis were maintained in the cytosolic 

and mixed fractions with Low SAAR, while the rate of mitochondrial protein synthesis was 

greater than the control group with Low SAAR but not High SAAR. Dietary SAAR also promoted 

allocation of more newly synthesized proteins towards maintenance of the existing proteome, 

with less for new cell proliferation. 

 

 



iv 
 

TABLE OF CONTENTS 
 

 

 

ABSTRACT ...................................................................................................................................................... ii 

CHAPTER I: INTRODUCTION .......................................................................................................................... 1 

Purpose of Study .............................................................................................................................. 4 

Statement of Problem ...................................................................................................................... 4 

Hypothesis ....................................................................................................................................... 4 

CHAPTER II: LITERATURE REVIEW ................................................................................................................. 5 

Age-Related Neurodegenerative Diseases are on the Rise ............................................................. 5 

Effects of Advancing Age on the Brain ......................................................................................... 5 

Impaired Energy Sensing is a Driver of Brain Aging and ND ....................................................... 8 

Loss of Protein Homeostasis is a Key Player in Brain Aging and ND ........................................ 14 

Lifespan-Extending Interventions and Protein Homeostasis .................................................... 16 

The Sulfur Amino Acids: Methionine and Cysteine ................................................................... 17 

Methionine’s Role in Initiation of Protein Synthesis ......................................................... 17 

Role in Methylation and Oxidant Defense ........................................................................ 18 

Dietary Sulfur Amino Acid Restriction (SAAR) Extends Longevity ................................................. 19 

Mechanisms of SAAR-induced lifespan/healthspan extension ................................................ 20 

SAAR and Proteostasis ................................................................................................................. 21 

Gaps in Knowledge ....................................................................................................................... 22 

CHAPTER III: METHODS ............................................................................................................................... 24 

Animal Care ................................................................................................................................... 24 

Animal Diet Composition ............................................................................................................. 24 

Study Design ................................................................................................................................. 25 

Differential Centrifugation .......................................................................................................... 25 

Preparation of Alanine for Analysis via Gas Chromatography-Mass Spectrometry ............... 26 

GC/MS Analysis of Alanine .......................................................................................................... 27 

DNA Isolation and Derivation ...................................................................................................... 28 

Tissue Homogenization and Western Blotting........................................................................... 29 

Statistics ........................................................................................................................................ 30 

CHAPTER IV: RESULTS ................................................................................................................................. 31 



v 
 

Mitochondrial Protein Synthesis Rates are Greater with Low SAAR Diet ............................... 31 

SAAR Does Not Activate Energy Sensing Proteins ..................................................................... 32 

Cell Proliferation Tends to be Slower in the High SAAR Diet ................................................... 35 

Newly Synthesized Proteins are Allocated Towards Proteome Maintenance Under High 

SAAR .............................................................................................................................................. 35 

CHAPTER V: DISCUSSION ............................................................................................................................ 37 

Summary of Findings .................................................................................................................... 37 

Brain Energy Sensing Pathways are not Activated by SAAR ..................................................... 38 

Mechanisms Favoring Proteostasis are Maintained During Dietary SAAR .............................. 40 

Comparisons to other lifespan-extending interventions ............................................................... 44 

Limitations .................................................................................................................................... 46 

Conclusions and Future Directions ............................................................................................. 46 

REFERENCES ................................................................................................................................................ 49 



1 
 

 

CHAPTER I: INTRODUCTION 
 

 

 

Chronic disease is defined as a physical or mental condition that persists for more than 

one year, requires continued medical attention, and restricts function in daily life (Goodman, 

Posner et al. 2013). Nearly half of all adults aged 50 and older in the United States are living 

with at least one age-related chronic disease (Parekh, Goodman et al. 2011), including 

neurodegenerative diseases (NDs) such as Alzheimer’s disease (AD) and Parkinson’s Disease 

(PD). Living with a ND can greatly decrease the quality of life of the individual and their families 

(Batista and Pereira 2016). The consequences of living with a ND can include loss of personal 

independence, greater financial burden, increased stress to family and caregivers, and loss of 

life.  

Aging is the primary risk factor for developing age-related NDs. However, lifestyle 

factors such as nutrition have a strong contribution to the development of NDs. High 

consumption of foods high in fat and sugar, which are commonly found in the American diet, 

has been linked to a greater risk of developing a ND (Kanoski and Davidson 2011, Graham, 

Harder et al. 2016). With an increase in life-expectancy, the number of ND cases is expected to 

rise (Fernández-Ruiz 2019). Much research has been geared towards reducing symptoms and 

pathologies associated with NDs, however, there is no cure for these diseases. AD, which is the 

most common ND, and AD-related dementias have become a funding priority for the federal 

government with upwards of $3.1 billion of funding in 2020 (Alzheimer's Association 2020).  
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Despite major advances in AD research, many treatments have not advanced past the 

clinical trial phase (Oxford, Stewart et al. 2020). One major factor contributing to the failure of 

many clinical trials is the stage of the disease at the point of treatment initiation (Oxford, 

Stewart et al. 2020). AD, like many other NDs, is a disease that develops throughout many years 

before the onset of symptoms. When treatment is started, AD-associated pathology may have 

already caused irreversible damage, rendering that treatment ineffective. Rather than 

countering a disease that may have already caused irreversible damage, a more effective 

method would be to prevent or delay the onset of the disease. One approach is to focus on 

increasing healthspan, the period of life spent in good health, free from the chronic diseases 

and disabilities of aging (Kaeberlein 2018), which would delay NDs and other diseases. Lifestyle 

choices such as nutrition are powerful variables that can be modulated to prolong healthspan. 

Moreover, healthy nutrition can exert whole-body changes, contributing to disease resistance 

(Marsman, Belsky et al. 2018, Moore, Hughes et al. 2018, Di Renzo, Gualtieri et al. 2019). 

Therefore, identifying interventions that target both diet and the process of aging, ultimately 

prolonging healthspan, are critical for the prevention of chronic diseases such as AD.  

In particular, a dietary intervention called sulfur-amino acid restriction (SAAR) has 

gained interest for its life/healthspan-extending effects. SAAR extends longevity and delays age-

related pathologies in animal models including rats (Zimmerman 2003), mice (Miller, Buehner 

et al. 2005), C. elegans (Cabreiro, Au et al. 2013), and Drosophila (Lee, Kaya et al. 2014). SAAR’s 

effects on longevity may be due to a variety of systemic improvements in the organism. For 

example, SAAR has been shown to improve glucose homeostasis (Luo, Yang et al. 2019), 

increase energy expenditure (Malloy, Krajcik et al. 2006), decrease bodyweight (Malloy, Krajcik 
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et al. 2006), decrease levels of inflammatory markers (Sharma, Dixon et al. 2019), and activate 

stress-resistance genes (Wang, Wang et al. 2019). Despite the vast amounts of animal studies, 

the literature on the use of dietary SAAR as an intervention to improve health in humans is 

limited due to the small number of studies. However, the few studies show great promise in 

improving health. For instance, a 16-week methionine restricted diet increased fat oxidation in 

obese adults with metabolic syndrome, but did not change body composition, which may be 

attributed to the lack of restricting cysteine along with methionine (Plaisance, Greenway et al. 

2011). Another study showed that six days of a SAAR diet increases gene activity of enzymes 

involved in lipid breakdown in overweight or obese women (Olsen, Øvrebø et al. 2020).  

One potential, less-extensively studied mechanism contributing to SAAR’s 

life/healthspan extension, is maintenance of protein homeostasis (proteostasis). Cellular 

proteostasis is maintained by a network of processes including protein synthesis, folding, 

transport, repair, and degradation (Morimoto and Cuervo 2009). Loss of proteostasis is a driver 

of age-related diseases including NDs (Cheng, North et al. 2018). Maintaining proteostasis is 

crucial for brain health, and potentially for the prevention of age-related NDs (Martínez, 

Khatiwada et al. 2018, Kurtishi, Rosen et al. 2019). We have previously shown that in mice, 

dietary SAAR activates energy sensing proteins involved in the maintenance of proteostasis 

within liver tissue (Pettit, Jonsson et al. 2017, Jonsson, Margolies et al. 2021).  However, the 

impact of dietary SAAR on brain energy sensing and proteostasis has not been investigated. 

Given our previous findings that SAAR improved mechanisms of liver mitochondrial proteome 

maintenance, we hypothesized that SAAR will activate energy sensing pathways to maintain 

mitochondrial proteostasis in the brain. Given that most dietary SAAR studies use a range of 
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0.12% to 0.18% SAAR, this study will compare two levels of dietary SAAR on rates of protein 

synthesis and activation of energy sensing pathways in the brain over a 35-day period. The data 

collected from this study will provide valuable information about how dietary SAAR impacts 

mechanisms to maintain proteostasis in the brain and whether it could be a potential treatment 

improve healthy brain aging.  

PURPOSE OF STUDY 

 

The purpose of this study is to identify how brain proteostasis is influenced by dietary 

sulfur-amino acid restriction (SAAR). Specifically, the study is designed to investigate the effects 

of SAAR on protein synthesis, cell proliferation, and markers of energy sensing in murine brain.  

STATEMENT OF PROBLEM 

 

A driver for age-related neurodegenerative disease is loss of proteostasis. The loss of 

proteostasis can result in neuronal death. Maintaining proteostasis and the ability to adapt to 

stress is essential for healthy brain aging. Dietary SAAR improves proteostatic mechanisms in 

liver. However, it is not known whether those mechanisms are activated within the brain and if 

their activation is due to/associated with increased activity of energy sensing pathways.  

HYPOTHESIS 

 

We hypothesize that dietary SAAR will decrease rates of brain protein synthesis in the 

cytosolic and mixed sub-cellular fractions, while the mitochondrial proteome will be 

maintained. We also hypothesize that SAAR will have greater activation of proteins involved in 

cellular adaptation to stress. 
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CHAPTER II: LITERATURE REVIEW 

 

 

 

AGE-RELATED NEURODEGENERATIVE DISEASES ARE ON THE RISE 

 

Aging is the primary risk factor for developing neurodegeneration and conditions such 

as mild-cognitive impairment and Alzheimer’s Disease (AD) (Zonderman, Fozard et al. 2000). 

The consequences of neurodegenerative diseases (NDs) are far-reaching. Progressive loss of 

cognitive function or motor function are some of many consequences associated with age-

related neurodegeneration. Loss of cognitive function can lead to the loss of personal 

independence and susceptibility to other mental conditions such as anxiety and depression 

(Geda, Roberts et al. 2008). In the United States, AD is the most common ND and healthcare 

costs for treatment exceed $305 billion and is expected to continue rising (Wong 2020). The 

global population of persons living with NDs has doubled from 1990 to 2016 (Nichols, Szoeke et 

al. 2019) and is estimated to triple by the year 2050 (Nichols and Vos 2020). The continued rise 

in the number of persons with ND is a major societal challenge that needs immediate 

intervention.  

EFFECTS OF ADVANCING AGE ON THE BRAIN 

 

Aging is the progressive decline in physiological function of an organism that increases 

susceptibility to disease and death (López-Otín, Blasco et al. 2013). The related metabolic and 

structural changes that occur in the brain with advancing age are termed “brain aging” within 

this document. Brain aging is associated in a decline in cognitive performance that impacts the 

ability to reason, produce and recall memories, and execute motor function (Harada, Natelson 
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Love et al. 2013). The volume and weight of the brain declines at a rate of 5% every decade 

after the age of 40 (Svennerholm, Boström et al. 1997). The age-associated loss of brain volume 

and weight have been attributed to decreased gray and white matter volumes of the parietal, 

temporal, and prefrontal regions of the brain (Raz, Ghisletta et al. 2010). In fact, the prefrontal 

cortex experiences the largest decline in volume as aging progresses (Fjell, Westlye et al. 2009). 

Importantly, the prefrontal cortex has important roles in executive function which include 

decision making and reasoning (Kolb, Mychasiuk et al. 2012). Age-related changes in the brain 

lead to and are further exaggerated in the most common NDs. For example, patients with AD 

have reduced gray matter and white matter volume in the prefrontal region (Canu, McLaren et 

al. 2011) and those with Parkinson’s Disease (PD) have altered white matter integrity in the 

frontal lobe (Karagulle Kendi, Lehericy et al. 2008). 

As aging progresses, interactions between brain regions become dysregulated 

(Andrews-Hanna, Snyder et al. 2007), with decreased neural activity in some regions and 

compensatory overactivation of others (Park and Reuter-Lorenz 2009). Persistent localized 

overactivation of a brain region, particularly the hippocampus, could predispose that region to 

developing neurodegenerative-related pathologies (Bakker, Gregory et al. 2012). Demyelination 

of axons also occurs as aging progresses, contributing to the loss in brain volume and 

connectivity within brain regions (Bartzokis, Beckson et al. 2001). 

The anatomical and physiological changes that occur as the brain ages may be explained 

by a set of interconnected drivers of aging (López-Otín, Blasco et al. 2013, Mattson and 

Arumugam 2018). One of the drivers of brain aging is mitochondrial dysfunction. Neurons rely 

on oxidative phosphorylation to meet their high energetic demands (Zheng, Boyer et al. 2016). 
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One of the byproducts of oxidative phosphorylation is reactive oxygen species (ROS). 

Persistently high production of ROS can damage neuronal structures. Antioxidant defenses exist 

to counteract ROS. However, neurons have naturally low levels of antioxidants (Fernandez-

Fernandez, Almeida et al. 2012) and antioxidant levels decline as age progresses (Iskusnykh, 

Zakharova et al. 2022). Furthermore, the high concentration of polyunsaturated lipids within 

the brain make it more susceptible to ROS damage (Rauchová, Vokurková et al. 2012).  

Mitochondrial dysfunction is interconnected with another driver of brain aging; 

neuroinflammation. One of the most notable events driving neuroinflammation that occur with 

aging is the activation of microglia and astrocytes (Kwon and Koh 2020). In a healthy state, 

microglia and astrocytes release pro-inflammatory cytokines including IL-6, IL-1β, and TNF to 

protect from dangerous stimuli and to remodel synapses (Weinhard, Di Bartolomei et al. 2018). 

However, in an aged brain, microglia and astrocytes are chronically activated, which may 

contribute to metabolic dysfunction and degeneration (Vandenbark, Offner et al. 2021), as well 

as sustained inflammatory signaling that can cause neuronal injury. Moreover, neurons within 

the central nervous system are post-mitotic cells that have limited capabilities to recover from 

injury (Huebner and Strittmatter 2009). 

Because the drivers of aging are tightly interconnected, improvement or deterioration 

of one driver can profoundly impact others. For example, ROS produced from mitochondria of 

inflammatory cells such as astrocytes can damage proteins (Sheng, Hu et al. 2013). Because of 

limited protein repair mechanisms (Chondrogianni, Petropoulos et al. 2014), damaged proteins 

must be degraded and replaced to maintain a functional proteome. However, an accumulation 

of damaged proteins may overwhelm degradation mechanisms (Cuanalo-Contreras, Mukherjee 
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et al. 2013), thus resulting in the loss of proteostasis. Additionally, protein aggregates can 

activate pro-inflammatory signals (Currais, Fischer et al. 2017, Bevan-Jones, Cope et al. 2020).  

In contrast, a shared characteristic of many lifespan-extending interventions or long-

lived animal models is the maintenance of proteostasis. A global reduction of protein synthesis 

has been observed in many lifespan-extending interventions and long-lived animal models, 

which may relieve the burden of protein folding and degradation mechanisms (Drake, Bruns et 

al. 2014, Drake, Bruns et al. 2015). Interestingly, mitochondrial proteostasis is maintained in 

life-extending interventions or long-lived animal models, which is indicative of a prioritization of 

the mitochondria (Hamilton and Miller 2017). However, proteostasis is regulated, in part, by 

energy sensing pathways, which also become dysregulated during the aging process (Mattson 

and Arumugam 2018). Therefore, it is important to consider interventions that can improve 

multiple drivers of aging to maximize the improvement of other drivers of aging. The next 

sections will focus on impaired energy sensing and loss of proteostasis due to their strong role 

in the development of NDs (Mattson and Arumugam 2018, Hohn, Tramutola et al. 2020) . 

IMPAIRED ENERGY SENSING IS A DRIVER OF BRAIN AGING AND ND 

 

Brain cell types including neurons have high energetic demands that must be constantly 

maintained (Attwell and Laughlin 2001). Therefore, any fluctuation in energy balance must be 

rapidly counteracted to maintain neuronal function and survival (Ronnett, Ramamurthy et al. 

2009). AMP-activated protein kinase (AMPK) is a master regulator of energy homeostasis and 

stress-adaptation. AMPK becomes activated in conditions of low ATP availability such as caloric 

restriction and amino acid deprivation (Steinberg and Carling 2019). AMPK regulates 
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metabolism of carbohydrates, lipids, and proteins to maintain a sufficient pool of nutrients 

necessary to maintain cellular metabolism under conditions of nutrient stress (Hardie, Ross et 

al. 2012). Activated AMPK is responsible for the induction of stress adaptation signaling 

including amplification of the antioxidant response (Zimmerman, Baldinger et al. 2015), 

mitochondrial biogenesis (Zong, Ren et al. 2002), and autophagy (Egan, Kim et al. 2011).  

Furthermore, key energy sensing proteins including the mechanistic target of rapamycin 

(mTOR) and eukaryotic initiation factor 2 (eIF2), are involved in the dynamic regulation of 

energy homeostasis. Activation of mTOR promotes anabolic pathways to increase protein 

synthesis and cellular proliferation, and inhibits pathways involved in catabolism including 

autophagy (Saxton and Sabatini 2017). eIF2 functions as an amino acid sensor within the cell. 

Under conditions of low nutrient status, mTOR is inhibited and eIF2 becomes activated to 

preserve nutrients necessary to maintain cellular function (Jonsson, Margolies et al. 2019). 

However, dysregulated activity of AMPK, mTOR, and eIF2 has been observed in NDs. 

Dysregulated nutrient sensing is considered a driver of brain aging (Mattson and Arumugam 

2018). The ability for AMPK, mTOR, and eIF2 to direct strong transcriptional programs in 

response to nutrient stress make them viable targets to improve brain aging and reduce age-

related cognitive decline.  

For instance, one study found that human brains with AD have an abnormal 

accumulation of phosphorylated AMPK in neurons, particularly in neurons that contain 

neurofibrillary tangles, which are aggregates of hyperphosphorylated Tau and are considered a 

hallmark of AD (Vingtdeux, Davies et al. 2011). Furthermore, β-amyloid oligomers, which are 

protein aggregates of β-amyloid and considered another hallmark of AD,  activate AMPK and its 
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chronic activation promotes the loss of dendritic spines (Mairet-Coello, Courchet et al. 2013). 

Furthermore, inhibition of AMPK activity by compound C decreases amyloid-β associated 

inhibition of long-term potentiation (Ma, Chen et al. 2014). Interestingly, differences in the 

protein content of the two α-subunits needed to regulate AMPK activity have been observed in 

post-mortem brain samples of AD patients, who have greater AMPKα1 isoform protein content 

while AMPKα2 protein content was less than their age-matched controls. In the same study, 

cognitive impairment and synaptic density were rescued by repressing AMPKα1 activity in a 

mouse model of AD (Zimmermann, Yang et al. 2020). These studies indicate that dysregulated 

AMPK activity could be a driver of age-related NDs. 

AMPK is a direct inhibitor of mTOR. Despite hyperactivation of AMPK, which should 

inhibit mTOR, mTOR hyperactivity has been observed in PD (Zhu, Yang et al. 2019) and AD 

(Hodges, Reynolds et al. 2018). This observation depicts a major dysregulation of the energy 

sensing systems within the brain during a diseased state (Diagram 1). However, hyperactivation 

of mTOR can occur before the onset of AD, reflected by an abnormal accumulation of activated 

mTOR in post-mortem brain tissue of patients with mild-cognitive decline (Tramutola, Triplett 

et al. 2015). Furthermore, post-mortem brains from patients with AD have significantly greater 

protein content of ribosomal protein S6 (RPS6), a protein directly downstream of mTOR that is 

necessary for protein synthesis (An, Cowburn et al. 2003). An upregulation of protein synthesis 

through mTOR contributes to the accumulation of tau, which is considered another hallmark of 

AD (Caccamo, Magrì et al. 2013). Moreover, the degradation of protein aggregates through 

autophagy is inhibited by mTOR activation, further worsening the toxic accumulation of β-

amyloid oligomers (Yang, Stavrides et al. 2011), which can lead to neuronal death (Yang, Wang 
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et al. 2017). However, AMPK is a potent activator of autophagy, and hyperactive AMPK 

contributes to synaptic loss through an autophagy-mediated process (Domise, Sauvé et al. 

2019). Therefore, the relationship between AMPK and mTOR during age-related NDs needs to 

be explored further. 

When activated by stresses such as low amino acid conditions, eIF2 reduces protein 

synthesis and activates the integrated stress response (ISR). The ISR coordinates stress-adaptive 

responses to maintain cellular homeostasis by reducing protein synthesis and activating 

cytoprotective genes (Jonsson, Margolies et al. 2019). Interestingly, in post-mortem brain tissue 

of AD patients, there is aberrant hyperactivation of eIF2 (Ojo, Reed et al. 2021). Chronic 

activation of eIF2 and the ISR have been shown to disrupt memory consolidation and lead to 

neuronal apoptosis (Bond, Lopez-Lloreda et al. 2020).  

Major dysregulation of the key energy sensing pathways, AMPK, mTOR, and eIF2, is 

evident during NDs (Diagram 1). Specifically, the hyperactivation of AMPK, mTOR, and eIF2, 

may be due to negative feedback from multiple processes going awry during the diseased state. 

Therefore, delaying the development of NDs by restoring normal signaling through 

energy/nutrient sensing during a pre-diseased state through pharmacological or dietary 

interventions may be a feasible option. Metformin, for example, activates AMPK and reduces 

oxidative stress in hippocampal neurons of Wistar rats, which leads to an improvement in 

cognition during aging (Gorgich, Parsaie et al. 2021). Another study shows that metformin 

activates AMPK in hippocampus and improves cognitive function in mice (Li, Chaudhari et al. 

2019). Rapamycin, an inhibitor of mTOR, decreases neurodegeneration and accumulation of β-

amyloid and phosphorylated Tau in a rat model of accelerated aging (Kolosova, Vitovtov et al. 
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2013). Additionally, inhibition of eIF2 through transfection decreases levels of β-amyloid 

accumulation in 5XFAD mice by reducing levels of the β-site APP cleaving enzyme-1, which is 

the rate-limiting enzyme involved β-amyloid production (O'Connor, Sadleir et al. 2008). 

Restoring energy/nutrient sensing, through the use of pharmacological interventions or other 

forms, can heavily influence and improve other drivers of aging, including the loss of protein 

homeostasis.  
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LOSS OF PROTEIN HOMEOSTASIS IS A KEY PLAYER IN BRAIN AGING AND ND 

 

Maintenance of the proteome, which is essential for cell function, occurs via a dynamic 

system that is constantly responding to cell-intrinsic and extrinsic factors, including energy 

sensing.  A network of mechanisms are required to maintain protein homeostasis or 

“proteostasis,” including protein synthesis, folding, trafficking, and degradation (Webster, 

Gildea et al. 2020). Protein synthesis is the production of new proteins that are involved in 

various biological processes such as signaling and structure formation. Protein synthesis or 

translation is highly prone to errors, with 15% of all translated proteins containing at least one 

error in their amino-acid sequence, which can lead to irregular protein folding and/or 

aggregation. Furthermore, damaged proteins begin to accumulate through a decline in 

chaperoning and degradation systems as age progresses, as depicted by mathematical 

modeling and experiments in C. elegans  (Santra, Dill et al. 2019). Moreover, the loss of 

proteostasis is a common feature of NDs including AD and PD (Yerbury, Ooi et al. 2016). Protein 

aggregation of β-amyloid or phosphorylated Tau, which are two hallmarks of AD, can become 

toxic to cells and cause neuronal death (Trojanowski, Goedert et al. 1998, Murphy and Levine 

2010). In PD, the clearance of aggregates of the protein alpha-synuclein is impaired, which is 

strongly associated with the death of dopaminergic neurons involved in the motor control of 

movement (McKinnon, De Snoo et al. 2020).  

Processes to maintain proteostasis become overwhelmed or dysfunctional as age 

progresses. Chaperones, which are molecules that assist with proper folding of nascent 

peptides, become overburdened with the increasing amount of age-related protein misfolding 
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(Santra, Dill et al. 2019). Additionally, the concentration of chaperones declines with advancing 

age (Yang, Huang et al. 2014), further limiting the capacity to handle protein misfolding.  

Mechanisms to degrade misfolded or damaged proteins decline as age progresses. For 

example, the ubiquitin-proteasome system (UPS), which tags damaged or misfolded proteins 

for degradation, has a reduction in activity in several regions of the brain including the 

prefrontal cortex and hippocampus (Dulka, Pullins et al. 2020). The decline in proteasomal 

activity has been attributed to various factors including decreased levels of ubiquitin (Almási, 

Murlasits et al. 2021), or interactions with oligomerized proteins that inhibit the formation of 

the proteasome (Thibaudeau, Anderson et al. 2018). Reduced or aberrant proteasomal activity 

is a major player in PD (Cook, Stetler et al. 2012) and AD (Ciechanover and Kwon 2015).  

Protein synthesis must occur in order to replace proteins that have been damaged or 

degraded. However, in the context of brain aging and NDs, protein synthesis declines, which is 

inconsistent with increased mTOR activity observed in NDs A decline in protein synthesis in 

frontal cortex, cerebellum, and brainstem has been observed in rats three months and older, 

demarcating differences in protein synthesis once neural tissue has been fully developed 

(Dwyer, Fando et al. 1980). Similarly, old rats compared to young rats exhibit significant 

reductions in brain protein synthesis (Fando, Salinas et al. 1980). A decline in protein synthesis 

is also present in age-related NDs. Post-mortem brains from patients with AD have greater 

phosphorylation of eIF2, which reduces global protein synthesis in response to cellular stress 

(Oliveira, Lourenco et al. 2021). Furthermore, aggregation of β-amyloid and phosphorylated-

Tau interfere and reduce ribosomal protein synthesis, which may interfere the process of 

replacing damaged proteins with healthy proteins (Evans, Benetatos et al. 2019).  
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LIFESPAN-EXTENDING INTERVENTIONS AND PROTEIN HOMEOSTASIS 

 

Interventions shown to extend lifespan in the laboratory, such as caloric restriction and 

low-protein diets, share the common trait of activation of mechanisms to maintain 

proteostasis. Caloric restriction, for instance, is a dietary intervention that reduces total calories 

without malnutrition, resulting in greater longevity in various experimental models (Speakman 

and Mitchell 2011). Diets low in protein and higher in carbohydrates (LPHC) are also associated 

with an extension in longevity (Le Couteur, Solon-Biet et al. 2016). Both of these lifespan-

extending diets activate AMPK and inhibit mTOR (Rühlmann, Wölk et al. 2016, Ma, Wang et al. 

2018). As mentioned previously, AMPK activation can induce transcriptional programs involved 

in stress-resistance, while mTOR inhibition conserves energy by reducing energetically costly 

processes such as protein synthesis. For instance, mice fed a calorically restricted diet for 10 

months had an improvement in cognition compared to a control diet, and immunofluorescence 

of hippocampal tissue showed lower mTOR and RPS6 expression (Dong, Wang et al. 2016). 

Another study found that mice deficient in Apolipoprotein E undergoing caloric restriction for 

20 or 64 weeks, have increased activation of AMPK and inhibition of mTOR compared to ad-

libitum mice, which decreased Tau phosphorylation and improved cognitive performance in 

Morris water maze test  (Rühlmann, Wölk et al. 2016). Another lifespan-extending intervention, 

rapamycin treatment, inhibits mTOR and has been shown to reduce cortical β-amyloid levels 

and improve memory deficits in 12 month-old  hAPP(J20) mice (Van Skike, Hussong et al. 2021). 

Additionally, inhibition of mTOR activity in hippocampus of mice treated with a LPHC diet was 

associated with stronger neuron integrity (Wahl, Solon-Biet et al. 2018). These studies show 



17 
 

that experimental targeting of energy sensing pathways promotes maintenance of proteostasis, 

and may serve as an intervention to improve the brain aging process.  

THE SULFUR AMINO ACIDS: METHIONINE AND CYSTEINE 

 

Methionine and cysteine are two of the four sulfur-containing amino acids. Methionine 

is an essential amino acid that cannot be endogenously synthesized and, therefore, must be 

obtained through the diet. Cysteine is a non-essential amino acid that can be synthesized from 

methionine or obtained from the diet. Common food sources of methionine and cysteine are 

red meats, fish, and eggs. Methionine holds important roles in initiation of protein synthesis, 

methylation of DNA, polyamine synthesis, and redox sensing (Lim, Kim et al. 2019).  

Methionine’s Role in Initiation of Protein Synthesis 

 

In mammals, methionine is required to initiate protein translation. During initiation of 

protein translation, the 40S ribosomal subunit is bounded by factors eIF-1, eIF-1A, and eIF-3 

(Asano 2000). Initiator methionyl tRNA binds to factor eIF-2 (Asano 2000). Then, a group of 

factors of eIF-4 bring a strand of mRNA to the ribosome. Once the strand of mRNA has been 

brought to the 40S ribosomal subunit, eIF-3 associates with eIF-4G and opens the strand of 

mRNA. The 40S ribosomal subunit, in conjunction with methionyl tRNA and all the eIFs, begins 

to scan the mRNA strand in search for the AUG codon, which codes for methionine. Once the 

methionine start codon is found, the 60S ribosomal subunit attaches to the 40S ribosomal 

subunit and forms the 80S initiation complex. The process of protein translation continues with 

subsequent elongation and termination.  
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Role in Methylation and Oxidant Defense 

 

Methionine is the precursor to S-adenosylmethionine (SAM). SAM is the main methyl 

donor to DNA, lipids, and proteins, and is a ubiquitous substrate used in many metabolic 

reactions (Obeid 2013). Through the action of methionine adenosyltransferase (MAT), 

methionine receives adenosine to its sulfur-containing region, which produces SAM. Once SAM 

donates its methyl groups, S-adenosylhomocysteine (SAH) is produced. SAH is an inhibitor of 

SAM, so it must be further broken down into homocysteine, or remethylated back to 

methionine (Caudill, Wang et al. 2001). Homocysteine is produced when SAH is broken down 

through the action of SAH hydrolase. In the transsulfuration pathway, cystathionine-B-synthase 

synthesizes cystathionine from homocysteine. Cystathionine-y-lyase then hydrolyzes 

cystathionine to produce cysteine. Cysteine is a precursor to hydrogen sulfide (H2S), which is a 

major signaling molecule and is involved in protection from oxidative stress (Xie, Liu et al. 

2016). Furthermore, methionine is a precursor to glutathione, which is a major antioxidant 

within the body. In addition to being a precursor to important biomolecules, methionine itself is 

a strong anti-oxidant. Methionine is highly prone to oxidation due to its sulfur-containing 

residue. Once oxidized, methionine becomes methionine sulfoxide, which can be converted 

back to methionine by methionine sulfoxide reductases. Overexpression of methionine 

sulfoxide reductases can protect tissue from oxidative damage and extend lifespan in various 

animal organisms (Cabreiro, Picot et al. 2008) 
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DIETARY SULFUR AMINO ACID RESTRICTION (SAAR) EXTENDS LONGEVITY  

 

In 1993, a seminal study was published describing an extension of longevity by reducing 

dietary methionine content. In this study, Orentreich and colleagues randomly assigned 60 

Fischer 344 male rats to one of two diets: one that contained a standard amount of methionine, 

0.86% of total dietary kcals, or a restricted amount of methionine, 0.17%. Orentreich and 

colleagues tracked the lifespan of the rats and fascinatingly, methionine restricted rats died at a 

much slower rate than rats on the standard 0.86% methionine diet. Overall, methionine 

restricted rats lived roughly 200 days longer (1059 vs 818 days) and had a maximum lifespan of 

1252 days compared to 1116 days for the standard diet (Orentreich, Matias et al. 1993). The 

results of Orentreich’s study were verified by another study that restricted methionine and 

increased mean and maximum lifespan of Fischer 344 rats by 42% and 44% (Richie, Leutzinger 

et al. 1994). Extension of lifespan through methionine restriction was further expanded to other 

experimental models including other strains of rats (Zimmerman 2003), mice (Miller, Buehner 

et al. 2005), Drosophila (Lee, Kaya et al. 2014), and C. elegans (Cabreiro, Au et al. 2013). 

Lifespan-extension with methionine restriction is eliminated if cysteine is present in the diet 

(Elshorbagy, Valdivia-Garcia et al. 2011); that is, the experimental diet needs to have a 

restricted methionine content and be devoid of cysteine. The dietary restriction of methionine 

and cysteine is referred to as sulfur amino acid restriction (SAAR).  

Interestingly, long-lived animal models have altered methionine metabolism. For 

example, Ames dwarf mice, which live around three to four years, roughly 50% longer than 

other mouse strains, have increased activity of MAT and SAH that could potentially confer 

stronger antioxidant properties (Uthus 2003). The long-lived naked mole rat, which can live 
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from 10 to 30 years, exhibits a youthful physiology throughout its lifespan until death and has 

lower levels of circulating methionine (Lewis, Rubinstein et al. 2018). These studies illustrate 

that longevity may be extended through altered sulfur amino acid metabolism.  

MECHANISMS OF SAAR-INDUCED LIFESPAN/HEALTHSPAN EXTENSION 

 

An important observation is that dietary SAAR extends both longevity and healthspan. 

The extension of healthspan is attributed to the many systemic changes that dietary SAAR 

induces. In mice and rats, SAAR increases energy expenditure (Hasek, Stewart et al. 2010), 

reduces body weight, and improves glucose tolerance through reductions in fasting insulin, 

insulin-like growth factor, and leptin (Orentreich, Matias et al. 1993, Miller, Buehner et al. 2005, 

Lees, Król et al. 2014). Furthermore, SAAR increases fatty acid oxidation (Malloy, Perrone et al. 

2013), which may explain the reduction in adiposity (Hasek, Boudreau et al. 2013).  It should be 

noted that different levels of dietary restriction have different metabolic outcomes. For 

example, mice that undergo 0.25% SAAR are heavier in weight compared to mice on a 0.17% 

SAAR diet. Mice on a 0.34% SAAR diet do not have any changes in weight compared to mice on 

a control diet.Conversely, a diet lower than 0.12% methionine induced rapid weight loss and 

caused early death in mice (Forney, Wanders et al. 2017). 

Decreased markers of oxidative stress are also observed in rats undergoing SAAR, which 

are not due to increased glutathione levels (Maddineni, Nichenametla et al. 2013), as one study 

has reported previously. However, other studies have reported a decrease in hepatic and blood 

glutathione levels, which is paradoxical for a life-/healthspan extending intervention. Despite 

the decrease in glutathione, there is an increase in glutathione reductase and thioredoxin 
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reductase, as well as a decrease in ROS production by mitochondria, which might compensate 

for the reduced glutathione concentrations (Tamanna, Kroeker et al. 2019). Interestingly, there 

is a 5- to 10-fold increase in systemic fibroblast growth factor 21 (FGF21) hours after initiation 

of a SAAR diet (Wanders, Stone et al. 2016). FGF21 is an important hormone that is released 

during states of nutrient stress and is involved in glucose homeostasis, lipid metabolism, and 

overall energy metabolism (Tezze, Romanello et al. 2019). FGF21 deficient mice undergoing 

dietary SAAR do not exhibit the commonly seen increase in energy expenditure and 

improvements in insulin sensitivity in response to SAAR (Wanders, Forney et al. 2017). 

However, dietary SAAR reduces markers of hepatic and white adipose tissue inflammation 

independently of FGF21 (Sharma, Dixon et al. 2019), suggesting that there are multiple 

mechanisms driving the healthspan extending benefits of SAAR.  

SAAR AND PROTEOSTASIS 

 

Improved mechanisms to maintain proteostasis is a shared characteristic of lifespan-

extending interventions (Hamilton and Miller 2017). A key mediator of proteostatic processes is 

eIF2, which becomes activated under low amino acid conditions to halt global protein synthesis 

in order to avoid depletion of the amino acid pool (Anthony, McDaniel et al. 2004). Activation 

of eIF2 is observed in hepatic tissue under SAAR (Wanders, Stone et al. 2016, Nichenametla, 

Mattocks et al. 2018). Furthermore, activation of hepatic eIF2 results in the preferential 

translation of mRNAs involved in the metabolic changes observed during SAAR (Jonsson, 

Margolies et al. 2019). Importantly, SAAR activates the protein kinase R–like endoplasmic 

reticulum (ER) kinase (PERK), which holds an important role in the induction of protein 

degradation pathways (Jonsson, Margolies et al. 2019). Additionally, SAAR reduces SAM levels, 
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which is negative regulator of mTOR (Gu, Orozco et al. 2017). Inhibition of mTOR reduces global 

rates of protein synthesis and is a characteristic of lifespan-extending interventions and long-

lived animal models (Drake, Bruns et al. 2014). Previous studies have shown that dietary SAAR 

decreases hepatic protein synthesis in mixed and cytosolic fractions, while maintaining 

mitochondrial protein synthesis (Pettit, Jonsson et al. 2017, Nichenametla, Mattocks et al. 

2018, Jonsson, Margolies et al. 2021).Therefore, we may conclude that mTOR and its 

downstream targets including RPS6 are inhibited.  

When rates of protein synthesis are expressed relative to rates of cellular proliferation, 

we can gauge where newly synthesized proteins are being allocated. Despite rates of hepatic 

mitochondrial protein synthesis being maintained during dietary SAAR, rates of cellular 

proliferation decrease, suggesting preferential allocation of newly synthesized proteins towards 

maintaining the mitochondrial proteome (Hamilton and Miller 2017, Jonsson, Margolies et al. 

2021), which is consistent with other lifespan-extending interventions (Miller, Drake et al. 2014, 

Jonsson, Margolies et al. 2021). Mitochondria are necessary to produce ATP to maintain cellular 

bioenergetic demands. A loss or decline of the mitochondrial proteome impairs cellular 

function and worsens other drivers of aging. Therefore, maintaining mitochondrial integrity is 

essential for health.  

GAPS IN KNOWLEDGE 

 

Cognitive decline is strongly associated with brain aging and age-related NDs. Dietary 

SAAR delays age-related cognitive decline in 15 and 18 month old mice by improving synaptic 

structure and increasing mitochondrial biogenesis. Additionally, in the same study, dietary 
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SAAR decreased markers of oxidative stress and neuroinflammation (Ren, Wang et al. 2021). An 

improvement in cognition during dietary SAAR may be due to activation of proteostatic 

mechanisms. However, there are no studies to date investigating proteostasis and energy 

sensing in frontal cortex during dietary SAAR. Dietary SAAR decreases rates of protein synthesis 

in cytosolic and mixed fractions of hepatic tissue, while the mitochondrial proteome is 

maintained. SAAR also decreases rates of cellular proliferation in hepatic tissues, suggesting 

that newly synthesized proteins are allocated towards proteome maintenance. SAAR activates 

energy sensing proteins such as eIF2 and AMPK in hepatic, adipose, and endothelial tissue 

(Bárcena, Quirós et al. 2018, Longchamp, Mirabella et al. 2018, Wang, Wang et al. 2019). 

Furthermore, different levels of dietary SAAR are used in the literature, which impacts 

metabolic phenotype in mice, but it is unknown if proteostasis and energy sensing are affected 

by different levels of dietary SAAR.  This study will reduce the gap in knowledge by comparing 

two levels of dietary SAAR to their control diets on rates of protein synthesis and cell 

proliferation in the frontal cortex, as well as activation of key energy/nutrient sensing proteins.  
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CHAPTER III: METHODS 
 

 

 

ANIMAL CARE 

 

80 male wild-type C57BL/6J mice aged 3-6 months old were housed at Rutgers 

University in standard shoebox cages on a 12-hour light/dark cycle and building temperature 

maintained at 23°C. All animal protocols complied with NIH Care and Use of Laboratory Animal 

standards and were approved by the Rutgers University Institutional Animal Care and Use 

Committee. 

ANIMAL DIET COMPOSITION  

 

Four experimental diets were used in this study. Two diets with 18% fat (percentages 

are reported as kcal of total diet) were either methionine-sufficient (0.88%), referred to as 

regular-fat control (Low SAAR Control; product code 510072; Dyets, Inc.) or contained 

restricted amounts of methionine (0.18%) and no cysteine (Low SAAR; product code 510071; 

Dyets, Inc.). The two other diets contained 60% fat and were either methionine-sufficient 

(0.85%; High SAAR Control; product code A11051306; Research Diets, Inc.) or restricted 

amounts of methionine (0.12%) and no cysteine (High SAAR; product code A11051305; 

Research Diets, Inc.). All diets were isocaloric and isonitrogenous, maintained by increasing 

glutamic acid content when methionine content was decreased. The diets were given in 

pelleted form.  
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STUDY DESIGN 

 

Mice were divided into the four experimental diet groups: Low SAAR Control, Low SAAR, 

High SAAR Control and High SAAR (n=20 for each diet). Mice had ad libitum access to their food 

and were on their diets for a duration of 1, 3, 7, 14, 21, and 35 days (n=3/timepoint/diet, except 

for day 7 which had n=5 animals/diet). At the beginning of the experimental diets, mice were 

intraperitoneally injected with a bolus of 99% deuterium oxide (2H2O) in 0.9% saline relative to 

60% of their body weight. Drinking water was subsequently switched to contain 8% 2H2O. 2H2O 

is used to simultaneously monitor rates of protein and DNA synthesis by measuring 

incorporation of deuterium into sites with non-labile hydrogens of alanine and deoxyribose, 

respectively. This study design permits assessment of the rates of protein synthesis (k) for both 

shorter and longer-lived proteins. Animals were fasted for four hours and euthanized by 

decapitation. Brains, bone marrow, and the plasma fraction of blood were collected and frozen 

in liquid nitrogen. Tissue was stored at -80°C until analyses.  

DIFFERENTIAL CENTRIFUGATION 

 

Frontal cortex was sectioned from whole-brain under chilled conditions. 50-60 mg of 

frontal cortex was pulverized under liquid nitrogen using a mortar and pestle. 40 mg of 

pulverized frontal cortex was aliquoted for assessment of alanine deuterium enrichment, and 

15 mg for deoxyribose enrichment. Differential centrifugation was used to isolate tissue 

fractions enriched in cytosolic, mitochondrial, and mixed proteins. Using a Bullet Blender® 

(NextAdvance, Troy, NY, USA), tissue was bead homogenized at 1:10 in mitochondrial isolation 

buffer and (100 mM KCl, 40 mM Tris HCl, 10 mM Tris Base, 5 mM MgCl2, 1 mM EDTA, 1 mM 
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ATP, pH 7.5) with HALT protease inhibitors (HALT, Thermo Scientific, Rockford IL) for two three-

minute rounds at level three. After homogenization, tissue was centrifuged at 800g for 10 

minutes at 4°C to obtain the mixed pellet. To obtain the mitochondrial pellet, supernatant from 

the mixed fraction was centrifuged at 9000g for 10 minutes at 4°C. To obtain the cytosolic 

fraction, supernatant from the mitochondrial fraction was collected and mixed an equal volume 

of 14% sulfosalicylic acid and incubated on ice for one hour. After the one-hour incubation 

completed, the mixture was centrifuged at 16,000g for 10 minutes at 4°C to obtain the cytosolic 

pellet.  

Mixed, mitochondrial, and cytosolic pellets were rinsed with 500 µl of 100% ethanol and 

centrifuged at 1000g for 1 minute at 4°C. The pellets were then rinsed with 500 µl of 100% 

water and centrifuged at 1000g for 1 minute at 4°C. Both wash steps were repeated. 

Afterwards, 250uL 1M NaOH was added to the mixed and cytosolic pellets and shaken in 50°C 

heat for 15 minutes at 900 rpm. Next, 3 mL of 6M HCl was added to the cytosolic tube, 6 mL to 

the mixed tube, and 1.5 mL to the mitochondrial tube. All tubes were then hydrolyzed at 120°C 

for 24 hours.  

PREPARATION OF ALANINE FOR ANALYSIS VIA GAS CHROMATOGRAPHY-MASS 

SPECTROMETRY 

 

After hydrolysis, samples were ion-exchanged and dried down at low-temperature for 

24 hours using a speedvac. Dried samples were reconstituted with 1 mL of MilliQ water. 500 µL 

of sample was mixed with 500 µL of acetonitrile, 50 µL of 1M K2HPO4, and 20 µL of 

pentafluorobenzyl bromide. The mixture was tightly sealed, vortexed thoroughly, and 

incubated at 100°C for 1 hour. After the incubation, 600 µL of ethyl acetate was added and 
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vortexed. The organic layer was removed and placed in glass vials and dried under nitrogen. 

Samples were reconstituted in 500 µL of ethyl acetate and sealed for gas chromatography/mass 

spectrometry (GC/MS) analysis.  

GC/MS ANALYSIS OF ALANINE 

 

Samples were analyzed for alanine on DB225 gas chromatograph column. Starting 

temperature was 100°C and increased by 10°C every minute until it reached a final temperature 

of 220°C. Helium was the carrier gas and methane was the reagent gas. The mass-to-charge 

ratios of 448, 449, and 450 were pentafluorobenzyl-N,N-di(pentafluorobenzyl)alaninate 

derivatives were recorded, and quantified using ChemStation software (Agilent Technologies, 

Santa Clara, CA, USA). Deuterium enrichment into alanine was calculated as the mass of alanine 

plus an addition of deuterium (M+1), divided by the sum of M+0 and M+0 (Hellerstein and 

Neese 1999). The newly synthesized fraction of brain proteins was calculated by dividing the 

enrichment of deuterium from body water in plasma.  Body water enrichment of deuterium 

was measured in 125 µL of plasma that was placed into inverted plastic microcentrifuge tubes 

with a rubber O-ring and placed on a heat block at 80 °C overnight. During the incubation, 

evaporated water from the plasma was captured at the top of the tube. The water was 

collected and underwent proton exchange with 10 M NaOH and acetone overnight. The proton 

exchanged samples were derived in hexanes and into anhydrous sodium sulfate before they 

went GC/MS analysis.  Using mass isotopomer distribution analysis (MIDA), the fraction of 

newly synthesized proteins was normalized to plasma 2H2O enrichment by individual animal as 

described previously (Miller, Robinson et al. 2012, Drake, Bruns et al. 2015). 
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DNA ISOLATION AND DERIVATION 

 

15 mg of powdered brain frontal cortex was used for DNA isolation using the DNA mini 

kit protocols (Qiagen, Valencia, CA, USA). After DNA was isolated, 50 µ of nuclease S1 and 

potato acid phosphatase was added to the sample tubes and incubated at 37°C for 24 hours. 

After incubation, samples were transferred to a 13 x 800 glass tube. 150 µL of glacial acetic acid 

and 200 uL of pentafluorobenzylhydroxylamine was added to the sample and incubated at 

100°C for 30 minutes. After the incubation, samples were cooled-down at room-temperature 

for 10 minutes. Using a pipette repeater, 2 mL of acetic anhydride was added. 200 µL of n-

methylimidasole was added to the sample, vortexed, and quickly capped to avoid spillover from 

the reaction. The reaction was allowed to proceed for 15 minutes and afterwards, 3 mL of 

MilliQ water was added and vortexed. 1.25 mL of methylene chloride was added to each 

sample and properly vortexed. Samples were then spun at 150 g. The bottom liquid phase was 

carefully removed using a Pasteur pipette and transferred to another 13x800 glass tube 

containing granular anhydrous sodium sulfate. Addition of acetic anhydride and proceeding 

steps were repeated once. The mixture from the 13x800 glass tube was carefully transferred to 

a GC vial. Samples were dried down overnight using a speedvac at low temperature setting. 

Dried down samples were reconstituted in 80 µL of ethyl acetate and analyzed using a DB225 

gas chromatograph column. The fractional molar isotope at m/z 435 and 436 of deoxyribose 

was measured and quantified using ChemStation Software (Agilent Technologies, Santa Clara, 

CA, USA). 
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TISSUE HOMOGENIZATION AND WESTERN BLOTTING 

 

15 mg of brain frontal cortex was suspended in 112.5 mL of ice cold RIPA buffer (150 

mM sodium chloride, Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS (sodium dodecyl 

sulfate), 50 mM Tris, pH 8.0 with phosphatase and protease inhibitors (HALT, Thermo Scientific, 

Rockford, IL)) and sonicated for three rounds of 10 seconds on ice. After sonication, samples 

were centrifuged at 16,000g for 20 minutes. The supernatant was removed and placed into a 

new Eppendorf tube. Protein content was quantified using a bicinchoninic acid assay (BCA) 

according to the manufacturer’s protocol (Thermo Fisher, Rockford, IL). Timepoints chosen for 

western blotting were day 1 and day 35 to identify differences in protein content in response to 

both acute and long-term SAAR treatment.  

Each sample was diluted to a concentration of 2 µg/µL using 2X Laemmeli buffer. 50 µg 

of protein was loaded to 10-well and 26-well 10-20% Tris-HCl gels and separated by SDS-PAGE 

at 120V for 2 hours. After separation, proteins were transferred onto a polyvinylidenedifluoride 

(PVDF) membrane at 4°C for 45 minutes in chilled transfer buffer (20% methanol, 0.02% SDS, 

192 mM glycine, 25mM Tris, pH 8.3). Ponceau staining was used to confirm a successful 

transfer of proteins to the PVDF membrane. Membranes were blocked in 5% BSA diluted in Tris 

Buffered Saline with Tween (TBST) at room temperature for one hour. The following primary 

antibodies (Cell Signaling) were used and diluted in 5% BSA in TBST: phospho-AMPKα[Thr172] 

#2531S (1:500 dilution), AMPKα #2532S (1:1000 dilution), RpS6 phospho-Ser[240/244] #4858S 

(1:1000 dilution), Phospho-eIF2α (Ser51) (D9G8) XP #3398T (1:1000 dilution), eIF2α (D7D3) XP 

#5324T (1:1000 dilution) and RpS6 #2217S (1:1000 dilution).  Membranes were incubated with 

primary antibodies at 4°C overnight. After incubation, membranes were rinsed with TBST three 
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times for 10 minutes. Anti-rabbit horseradish peroxidase secondary antibody diluted 1:10,000 

in 5% BSA in TBST was applied to the membranes and incubated for 1 hour at room 

temperature while rocking. Membranes were then rinsed with TBST three times for 10 minutes. 

Proteins of interest were visualized using enhanced chemiluminescent reagent (SuperSignal 

West Femto Maximum Sensitivity Substrate, Thermo Scientific, Rockford, IL) and imaged using a 

FluorChemE imager (bio-techne/ProteinSimple, San Jose, CA). Immunoblotting for 

phosphorylated proteins was carried out first. Membranes were then stripped using stripping 

buffer (20 mL SDS 10% ,12.5 mL Tris HCl, 67.5 mL distilled water, 0.8 mL ß-mercaptoethanol, pH 

6.8) for 45 minutes at 50°C. After confirming removal of phospho-antibodies, membranes were 

re-probed for total protein.  

STATISTICS 

 

Statistical analysis was performed using PRISM GraphPad 9 Software (Graphpad 

Software, La Jolla, CA). Samples from SAAR mice were compared to those from the appropriate 

control group. Nonlinear regression of fraction new protein and DNA was calculated by using 

the mean value for the n= 3 animals of each timepoint for each dietary group. From the 

nonlinear regression, the slope of the curve (k) was calculated. For western blot analysis, 

average densitometry values were quantified using AlphaView SA (ProteinSimple, San Jose, CA) 

and groups were compared using an unpaired t-test. Statistical significance was set at p<0.05 or 

less. P values between 0.05 - 0.10 were reported as trends. 
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CHAPTER IV: RESULTS 
 

 

 

MITOCHONDRIAL PROTEIN SYNTHESIS RATES ARE GREATER WITH LOW SAAR DIET 

 

Rates of protein synthesis were measured in mixed, cytosolic, and mitochondrial 

fractions of brain frontal cortex with two levels of dietary SAAR. In animals on the Low SAAR 

diet, mitochondrial protein synthesis rates were significantly (p<0.0001) higher than the control 

diet (Figure 2A), however, no significant differences were observed in the cytosolic and mixed 

fractions. Unlike the Low SAAR diet, no significant differences were observed in rates of protein 

synthesis in animals on the High SAAR diet for the cytosolic, mixed, and mitochondrial fractions 

(Fig 2B).  
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SAAR DOES NOT ACTIVATE ENERGY SENSING PROTEINS 

 

In liver, dietary SAAR activates key energy sensors that are involved in regulating protein 

synthesis (Pettit, Jonsson et al. 2017, Nichenametla, Mattocks et al. 2018, Jonsson, Margolies et 

al. 2021). To measure acute and long-term activation of AMPK, RPS6, and eIF2, we compared 

phosphorylated protein relative total protein at day 1 and day 35 for both levels of dietary 

SAAR (Figures 3 & 4). At day 1, p/t AMPK (Fig 3A) and p/t RPS6 (Fig 3C) were not significantly 

different in animals on the Low SAAR diet compared to control. However, p/t eIF2 (Fig 3E) 

tended (p= 0.0922) to be greater in Low SAAR compared to control. At day 35, p/t-AMPK (Fig 

3B), p/t RPS6 (Fig 3D), and p/t eIF2 (Fig 3F) were not different in the Low SAAR diet compared 

to control. For the High SAAR diet, day 1 p/t AMPK (Fig 4A), and p/t RPS6 (Fig 4C) did not differ 

from the control. Day 1 p/t eIF2 was not included due to technical difficulties during western 

blotting procedure. At day 35, the High SAAR diet did not have any significant differences for 

p/t AMPK (Fig 4B), p/t RPS6 (Fig 4D), and p/t eIF2 (Fig 4F). 
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CELL PROLIFERATION TENDS TO BE SLOWER IN THE HIGH SAAR DIET 

 

To assess the influence of SAAR on brain cell proliferation, we measured rates of DNA 

synthesis. Low SAAR did not change DNA synthesis rates compared to control (Fig 5A). DNA 

synthesis rates tended to be slower (Fig 5B) in the High SAAR diet compared to control (p = 

0.0868).  

 

NEWLY SYNTHESIZED PROTEINS ARE ALLOCATED TOWARDS PROTEOME MAINTENANCE 

UNDER HIGH SAAR  

 

To assess the allocation of newly synthesized proteins for proteome maintenance versus 

for cellular proliferation, protein synthesis rates were expressed relative to DNA synthesis rates 

(PRO:DNA) for each subcellular fraction at each time point (Figure 6). At day 21 and 35, there 

were no significant differences between the Low SAAR diet and its control diet for the PRO:DNA 

ratios in the cytosolic, mixed, and mitochondrial fractions (Figure 7). PRO:DNA ratio in the 

mitochondrial fraction was significantly greater in the High SAAR diet at day 21 (Fig 6A) and day 

35 (Fig 6B) (p= 0.0482 and p= 0.0377) compared to control. The High SAAR diet had significantly 

greater (p=0.0192 and p=0.0366) PRO:DNA ratios in the mixed fraction at day 21 (Fig 6C) and 
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day 35 (Fig 6D). The cytosolic PRO:DNA ratio did not differ at day 21 (Fig 6E) in the High SAAR 

diet compared to control. Cytosolic PRO:DNA ratio was significantly greater (p=0.026) at day 35 

(Fig 6F) in the High SAAR diet compared to control at day 35. 

 



37 
 

CHAPTER V: DISCUSSION 
 

 

 

SUMMARY OF FINDINGS 

 

SAAR is a dietary intervention that extends longevity and improves health in 

experimental animal models (Orentreich, Matias et al. 1993, Miller, Buehner et al. 2005). 

Proper regulation of proteostasis is essential for maintaining cell function, and loss of 

proteostasis is a key driver of age-related ND (Yerbury, Ooi et al. 2016, Thibaudeau, Anderson 

et al. 2018, Kurtishi, Rosen et al. 2019). We have previously shown that dietary SAAR activates 

mechanisms of mitochondrial proteome maintenance in hepatic tissue (Pettit, Jonsson et al. 

2017, Jonsson, Margolies et al. 2021). However, it was previously unknown how dietary SAAR 

impacts proteostasis in murine brain. Here, we examined the rates of protein synthesis in three 

tissue fractions of frontal cortex from mice treated with two levels of dietary SAAR. We found 

that rates of protein synthesis in the cytosolic and mixed fractions were maintained during both 

levels of dietary SAAR compared to their sulfur-amino acid sufficient control diets. In fact, in the 

Low SAAR diet, rates of mitochondrial protein synthesis were greater than control, but did not 

see a difference in mitochondrial protein synthesis rates the High SAAR diet. To complement 

these protein synthesis results, we used western blotting to assess activation of key nutrient 

sensing proteins that are involved in regulating protein synthesis. We found that compared to 

control, activation of AMPK, RPS6, and eIF2 were not altered in either SAAR diet at an acute (1 

day) or longer term (35 days) time point. Lastly, to gain insight into the allocation of newly 

synthesized proteins, we assessed the rates of protein synthesis relative to the rates of DNA 
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synthesis (PRO:DNA). In the High SAAR diet, there was a greater allocation of newly synthesized 

proteins for maintenance of the existing proteome, rather than to cellular proliferation.  

BRAIN ENERGY SENSING PATHWAYS ARE NOT ACTIVATED BY SAAR  

 

AMPK is a sensor of cellular energy status and master regulator of metabolism that is 

activated under conditions of nutrient stress to maintain energetic homeostasis (Steinberg and 

Carling 2019). Intriguingly, hyperactivation of AMPK has been reported in AD (Mairet-Coello, 

Courchet et al. 2013, Ma, Chen et al. 2014).  However, many reports have argued that 

activating AMPK is beneficial for improving brain health, depicting a clear gap in knowledge of 

understanding when activation of AMPK is beneficial or harmful. For example, pharmacological 

activation of AMPK improves cognition in young mice (Kobilo, Guerrieri et al. 2014) and could 

protect against AD-associated cognitive decline (Zhang, Zhang et al. 2015). Pharmacological 

inhibition of electron transport chain complex I has also been shown to activate AMPK 

(Brunmair, Staniek et al. 2004, Jenkins, Sun et al. 2013). Interestingly, a seven-week 0.17% SAAR 

diet decreased mitochondrial content and activity of electron transport chain (ETC) complex I 

from total rat brain homogenate (Naudi, Caro et al. 2007). Therefore, we hypothesized that 

dietary SAAR would activate AMPK in brain frontal cortex. Contrary to our hypothesis, we did 

not detect any changes in AMPK activation in either of the SAAR diets at day 1 or day 35 (Figure 

3A, 3B, 4A and 4B). Very few studies have measured AMPK activation during dietary SAAR. In 

one study, dietary SAAR activated AMPK and delayed kidney senescence in 22 month old 

C57BL/6 mice that were fed a 0.15% SAAR diet (Wang, Wang et al. 2019). In liver tissue from 

progeroid mice, a 0.12% SAAR diet induced AMPK activation (Bárcena, Quirós et al. 2018). 

Furthermore, a 0.15% SAAR diet activated AMPK in primary mouse endothelial cells 
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(Longchamp, Mirabella et al. 2018). In another study, no changes in AMPK activation were 

observed in adipose tissue of F344 rats that underwent 0.17% dietary SAAR (Perrone, Mattocks 

et al. 2008). Therefore, SAAR-induced AMPK activation could be dependent on tissue type, 

however, this is the first study investigating AMPK activation in the brain in response to SAAR 

treatment.  

Cell growth is modulated by another key energy sensor, mTOR (Johnson, Rabinovitch et 

al. 2013). Inhibition or reduced activity of mTOR is a shared characteristic of lifespan-extending 

interventions and long-lived animals (Miller, Harrison et al. 2011, Johnson, Rabinovitch et al. 

2013). Amino acid availability, including methionine (Zhou, Ren et al. 2016, Meng, Yang et al. 

2020), regulates mTOR activity. RPS6 is a downstream effector of mTOR and activation of RPS6 

promotes protein synthesis (Chauvin, Koka et al. 2014). Given that methionine activates mTOR 

and the downstream target RPS6, we hypothesized that SAAR would inhibit mTOR with 

subsequent decreases in RPS6 activation. Contrary to our hypothesis, we did not observe any 

significant differences in activated RPS6. These results are interesting because methionine and 

its byproduct, SAM, have been established as potent activators of mTOR in HEK-293 cells, 

therefore, dietary SAAR should inhibit mTOR (Gu, Orozco et al. 2017). In one study, RNAseq 

analysis shows a decrease in expression of mRNA for proteins regulating global protein 

translation within 3 and 6 hours of dietary SAAR in liver tissue. Additionally, the authors 

mentioned they did not detect any changes in RPS6 activation in liver extracts at 1, 3, or 6 hours 

after initiating dietary SAAR (Stone, Ghosh et al. 2021).  

The beneficial effects of SAAR have been attributed to the activation of the integrated 

stress response (ISR) (Kilberg, Shan et al. 2009). Induction of the ISR through eIF2 activation 
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reduces general protein translation, but also directs preferential expression of stress responsive 

mRNAs, primarily through ATF4 activation (Kilberg, Shan et al. 2009). Amino acid deprivation 

results in phosphorylation of eIF2 via general control nondepressible 2 (GCN2) to maintain the 

amino acid availability (Zou, Ouyang et al. 2017). We have previously published that five weeks 

of dietary SAAR increased activation of hepatic eIF2 in male wild-type mice (Pettit, Jonsson et 

al. 2017, Jonsson, Margolies et al. 2021), a finding also reported by others (Nichenametla, 

Mattocks et al. 2018). Therefore, we explored eIF2 activation in brain following SAAR. Unlike 

hepatic tissue, we did not observe any significant change in eIF2 activation in brain, however, at 

day 1 of the Low SAAR diet, eIF2 activation tended to be greater (p= 0.0922) than the control 

diet, but at day 35 there was no significant difference. At day 35, the High SAAR diet did not 

have a significant difference in eIF2 activation compared to control. These results are surprising 

because amino acid deficiencies are detected in the piriform cortex and lead to GCN2 activation 

and subsequent activation of eIF2 (Hao, Ross-Inta et al. 2010). This observation leads to the 

question of whether eIF2 activation is brain region dependent or if changes in sulfur amino acid 

content were detected during a 0.12% or 0.18% SAAR diet.  

MECHANISMS FAVORING PROTEOSTASIS ARE MAINTAINED DURING DIETARY SAAR 

 

To our knowledge, this is the first study to simultaneously assess rates of protein 

synthesis and cell proliferation in the frontal cortex during dietary SAAR. Different levels of 

dietary SAAR produce different metabolic phenotypes. For example, in another study, mice on 

a 0.25% SAAR diet weigh more than mice on 0.17% SAAR diet, which is the most commonly 

used diet throughout studies. Additionally, mice on a 0.12% SAAR diet have less adiposity than 

mice on a 0.17% diet. Furthermore, a SAAR diet below 0.12% causes rapid loss of body weight 
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and death  (Forney, Wanders et al. 2017). Therefore, we used two levels of dietary restriction, 

either 0.18% SAAR or 0.12% SAAR, to evaluate differences in rates of protein synthesis in 

different subcellular fractions of frontal cortex compared to their sulfur amino acid sufficient 

control diets.  We chose the frontal cortex due to its decline in volume as aging progresses and 

the loss of proteostasis being a contributing factor (Pabba, Scifo et al. 2017, Sabath, Levy-Adam 

et al. 2020). Therefore, this study provides insight into the effect of two levels of dietary SAAR 

on proteostasis in this important brain region.  

We have previously shown that mice undergoing the two levels of dietary SAAR used in 

this study have slower rates of hepatic protein synthesis in the cytosolic and mixed fractions, 

while the mitochondrial fraction maintains rates of protein synthesis compared to mice in the 

control diet (Jonsson, Margolies et al. 2021). Given our previous knowledge of protein synthesis 

and dietary SAAR, we hypothesized to see the same results as liver in frontal cortex.  

Contrary to our hypothesis, in animals on the Low SAAR diet, rates of protein synthesis 

were maintained in the cytosolic and mixed fraction. Additionally, we observed that, the 

mitochondrial protein synthesis rate was significantly greater than the control diet (Fig 2A). In 

the High SAAR diet, rates of protein synthesis were maintained in all subcellular fractions (Fig 

2B). These results are consistent with our observations that SAAR did not activate AMPK, RPS6, 

and eIF2, however, these findings in brain are in contrast to observations in other tissues. 

Another study found that protein synthesis was decreased in mixed protein fraction of liver, 

however, rates of protein synthesis in hippocampus were unaffected after 12 weeks of 0.17% 

SAAR (Nichenametla, Mattocks et al. 2018). In our previous studies we reported that rates of 

cytosolic, mixed, and mitochondrial protein synthesis in whole brain did not differ between a 
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rapamycin treated group, in which mTOR was inhibited, and controls (Reid, Linden et al. 2020), 

re-affirming our observation that brain could be spared from the global suppression of protein 

synthesis observed in peripheral tissues.  However, the lack of difference in rates of protein 

synthesis might occur from the dietary intervention itself. Glucose is the brain’s main source of 

energy, and under conditions of low or impaired glucose uptake, neurons can switch their fuel 

sources to ketone bodies, lactate, or amino acids (Mächler, Matthias et al. 2016). Carbohydrate 

content is not lowered under dietary SAAR, and instead, glucose metabolism is improved by 

dietary SAAR (Hasek, Stewart et al. 2010, Luo, Yang et al. 2019). Potentially, this might improve 

glucose metabolism within the brain, leading to the lack of use of amino acids as energy 

sources. A shift in neuronal substrate utilization from glucose to ketones occurs during caloric 

restriction in response to low glucose levels (Guo, Bakshi et al. 2015), however, it is unknown if 

dietary SAAR induces this same shift in substrate utilization. Therefore, brain metabolism under 

dietary SAAR should be studied to close that knowledge gap.   

Maintenance of the mitochondrial proteome is a shared characteristic in animal models 

that exhibit slowed aging and of life-/healthspan interventions (Hamilton and Miller 2017). 

Mitochondria have important roles within the cell that include ATP production, energy sensing, 

and stress-adaptation signaling (Rose, Santoro et al. 2017). A loss of mitochondrial function is 

considered to be a driver of brain aging (Mattson and Arumugam 2018). Our previous studies 

have shown that mTOR inhibition through chronic rapamycin feeding for 12 weeks maintains 

rates of mitochondrial protein synthesis in skeletal muscle of UM-HET3 mice (Drake, Peelor et 

al. 2013). Rates of mitochondrial protein synthesis are maintained in liver, heart, and skeletal 

tissue of B6DF21 mice undergoing caloric restriction for 6 weeks at a young, middle, and old 



43 
 

age (Miller, Robinson et al. 2012). As previously mentioned, hepatic mitochondrial protein 

synthesis rates are maintained under dietary SAAR, despite a decrease in cytosolic and mixed 

protein synthesis (Jonsson, Margolies et al. 2021). A unique finding from our study in brain was 

that rather than observing a maintenance of mitochondrial protein synthesis, as seen with our 

previous studies, rates of protein synthesis were greater in the Low SAAR diet compared to its 

control diet (Fig 2A). This unique finding in brain suggests that mitochondrial biogenesis is 

increased during a Low SAAR diet, potentially providing a mitohormetic effect to strengthen 

mitochondrial function, though, more research is needed to draw conclusions.  

Furthermore, it is important to consider protein synthesis in the context of cellular 

proliferation, which we accomplished by simultaneously measuring protein and DNA synthesis 

rates. The ratio of protein synthesis to DNA synthesis rates provides valuable insight into the 

allocation of newly synthesized proteins for proteome maintenance versus for newly 

proliferating cells, in response to dietary SAAR. In our study, rates of cellular proliferation 

tended (p=0.0868) to be lower (Fig 5B) in the High SAAR diet compared to control, while there 

was no significant difference in the Low SAAR compared to control (Fig 5A). Despite the slower 

rate of cell proliferation in the High SAAR diet, rates of protein synthesis were maintained in all 

fractions, indicating that more newly synthesized proteins were directed towards somatic 

maintenance. Allocation of newly synthesized proteins towards somatic maintenance of liver 

and skeletal muscle has been observed in long-lived Snell Dwarf Mice (Drake, Bruns et al. 2015) 

and a long-lived crowded litter model, which imposes nutrient stress on the mice by increasing 

litter size  (Drake, Bruns et al. 2014). Collectively, our studies show a preference for somatic 
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maintenance, especially for mitochondria, under life-/healthspan interventions and long-lived 

animal models.  

COMPARISONS TO OTHER LIFESPAN-EXTENDING INTERVENTIONS 

 

In this study, we show that during dietary SAAR, rates of protein synthesis are 

maintained in the brain, despite slower rates of cellular proliferation, suggesting somatic 

maintenance. Along with dietary SAAR, somatic maintenance is observed in response to other 

lifespan-extending interventions. For instance, caloric restriction maintains short and long-term 

rates of protein synthesis in heart, liver, and skeletal muscle, despite slower rates of cellular 

proliferation (Miller, Robinson et al. 2013). In the long-lived Snell Dwarf mice, which is a model 

of growth restriction, rates of protein synthesis are lower than control mice in skeletal muscle 

and heart, however, rates of cellular proliferation are also lower, indicating that newly 

synthesized proteins are being allocated towards somatic maintenance (Drake, Bruns et al. 

2015). Chronic administration of the lifespan extending mTOR inhibitor, rapamycin, maintains 

skeletal muscle mitochondrial protein synthesis despite a reduction in cytosolic and mixed 

fractions and slower rates of cellular proliferation (Drake, Peelor et al. 2013) 

It has been hypothesized that lifespan-extending interventions, including SAAR, may 

delay age-related cognitive decline. In one study, three months of dietary SAAR attenuated 

memory decline in 15 and 18 month old mice. The improvements in cognition are suggested to 

be mediated by an increase in hippocampus FGF21 concentration which increases expression of 

genes related to brain mitochondrial biogenesis in response to dietary SAAR (Ren, Wang et al. 

2021). Accordingly, we observed elevated rates of mitochondrial protein synthesis, a true 



45 
 

measure of mitochondrial biogenesis, in the Low SAAR diet compared to control (Fig 2A). A 

modest improvement in cognition and increased mitochondrial biogenesis related-genes have 

also been observed in mice that underwent caloric restriction and a low-protein high 

carbohydrate (LPHC) diet (Wahl, Solon-Biet et al. 2018). Long-lived Snell-Dwarf mice have 

better performance in cognitive tests at 3, 12, and 24 months of age compared to wild-type 

mice (Sharma, Haselton et al. 2010). Additionally, adult Snell-dwarf mice have greater 

generation of newborn neurons in the dentate gyrus compared to control mice (Sun, Evans et 

al. 2005). Cognitive performance is improved in 18 month old mice treated with a lifespan-

extending dose of rapamycin beginning at two months of age compared to control treated mice 

(Majumder, Caccamo et al. 2012). In contrast, a study in lemurs showed that life-long 30% 

calorie restriction extends life-/healthspan and preserves brain white matter, but accelerates 

the loss of grey matter with no differences in cognitive performance (Pifferi, Terrien et al. 

2018). These studies show that life-/healthspan extending interventions have the potential to 

be powerful tools to delay age-related declines in cognition, however, there a major gaps in 

knowledge in understanding the mechanisms driving those improvements.  

The activation of AMPK and inhibition of mTOR, to promote stress-resistance and/or 

somatic maintenance, is a common characteristic of lifespan extending interventions and of 

long-lived animal models. Dietary SAAR shares those same characteristics in various peripheral 

tissues (Pettit, Jonsson et al. 2017, Bárcena, Quirós et al. 2018, Wang, Wang et al. 2019), 

however, the effects of dietary SAAR in the brain are mostly unknown.  
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LIMITATIONS 

 

This study was specifically designed to measure rates of synthesis of both short-lived 

and long-lived proteins, with timepoints ranging from 1 to 35 days of dietary intervention 

(Miller, Wolff et al. 2015). The experimental design is not powered to detect differences in 

protein content at any single timepoint (n=3-5/timepoint). Therefore, the lack of statistical 

differences in activation of AMPK, RPS6, and eIF2, measured on day 1 and day 35 of treatment, 

may be influenced by the experimental design. Rates of protein synthesis were analyzed from 

frontal cortex which was fractionated into different subcellular compartments, but does not 

take into account specific brain cell types. Finally, this study only used male mice and, 

therefore, does not consider any potential sex-differences in SAAR-induced effects on nutrient 

sensing or proteostasis in the brain  

CONCLUSIONS AND FUTURE DIRECTIONS 

 

This is the first study to simultaneously assess rates of protein synthesis and cellular 

proliferation in brain frontal cortex in response to two levels of dietary SAAR in mice. In our 

previous study in liver, we found that rates of protein synthesis were lower the cytosolic and 

mixed fractions, while the mitochondrial fraction was maintained. We hypothesized that we 

would see the same results in brain as liver. Contrary to our hypothesis and to our surprise, we 

found that in the Low SAAR diet, there were greater rates of mitochondrial protein synthesis in 

the brain, suggesting that mechanisms promoting mitochondrial biogenesis and maintaining 

proteostasis were activated. Furthermore, a High SAAR diet promoted the allocation of more 

newly synthesized proteins towards somatic maintenance compared to control. To our surprise, 
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dietary SAAR did not activate the key energy sensing proteins, AMPK, RPS6 as a measure of 

mTOR activity, and eIF2 at day 1 and day 35. These results suggest that protein synthesis and 

energy sensing in brain may be handled differently under dietary SAAR compared to liver. The 

lack of differences between the SAAR diets and their control diets may be due to a lack of 

change in brain substrate metabolism, however, this unknown. To address the lack of 

difference in activation of energy sensing pathways, we recommend assessing how substrate 

metabolism in brain is affected by dietary SAAR. Furthermore, the observation that a Low SAAR 

diet with associated with greater rates of mitochondrial protein synthesis may implicate the 

idea that mitochondria are becoming more resilient. In the context of brain aging and NDs, 

more resilient mitochondria could potentially reduce ROS-induced damage to proteins and 

ameliorate signals to activate neuroinflammatory processes. Therefore, future studies should 

consider using dietary SAAR as an intervention to improve the brain aging process or age-

related ND pathologies.  

 

 

 

 

 

 

 



48 
 

 

 

 

 

 

 



49 
 

REFERENCES 
 

 

 

Almási, N., Z. Murlasits, A. Al-Awar, Á. Csonka, S. Dvorácskó, C. Tömböly, S. Török, D. Bester, A. Pósa, C. 

Varga and K. Kupai (2021). "Effects of aging on proteasomal-ubiquitin system, oxidative stress balance 

and calcium homeostasis in middle-aged female rat colon." Physiology International. 

Alzheimer's Association (2020). Federal Alzheimer's and Dementia Research Funding Reaches $3.1 

Billion Annually. 

An, W.-L., R. F. Cowburn, L. Li, H. Braak, I. Alafuzoff, K. Iqbal, I.-G. Iqbal, B. Winblad and J.-J. Pei (2003). 

"Up-Regulation of Phosphorylated/Activated p70 S6 Kinase and Its Relationship to Neurofibrillary 

Pathology in Alzheimer's Disease." The American Journal of Pathology 163(2): 591-607. 

Andrews-Hanna, J. R., A. Z. Snyder, J. L. Vincent, C. Lustig, D. Head, Marcus and R. L. Buckner (2007). 

"Disruption of Large-Scale Brain Systems in Advanced Aging." Neuron 56(5): 924-935. 

Anthony, T. G., B. J. McDaniel, R. L. Byerley, B. C. McGrath, D. R. Cavener, M. A. McNurlan and R. C. Wek 

(2004). "Preservation of Liver Protein Synthesis during Dietary Leucine Deprivation Occurs at the 

Expense of Skeletal Muscle Mass in Mice Deleted for eIF2 Kinase GCN2." Journal of Biological Chemistry 

279(35): 36553-36561. 

Asano, K. (2000). "A multifactor complex of eukaryotic initiation factors, eIF1, eIF2, eIF3, eIF5, and 

initiator tRNAMet is an important translation initiation intermediate in vivo." Genes & Development 

14(19): 2534-2546. 

Attwell, D. and S. B. Laughlin (2001). "An Energy Budget for Signaling in the Grey Matter of the Brain." 

Journal of Cerebral Blood Flow & Metabolism 21(10): 1133-1145. 

Bakker, A., Gregory, Marilyn, Caroline, Lauren, Craig, Michael, Susan, Amy and M. Gallagher (2012). 

"Reduction of Hippocampal Hyperactivity Improves Cognition in Amnestic Mild Cognitive Impairment." 

Neuron 74(3): 467-474. 



50 
 

Bárcena, C., P. M. Quirós, S. Durand, P. Mayoral, F. Rodríguez, X. M. Caravia, G. Mariño, C. Garabaya, M. 

T. Fernández-García, G. Kroemer, J. M. P. Freije and C. López-Otín (2018). "Methionine Restriction 

Extends Lifespan in Progeroid Mice and Alters Lipid and Bile Acid Metabolism." Cell Reports 24(9): 2392-

2403. 

Bartzokis, G., M. Beckson, P. H. Lu, K. H. Nuechterlein, N. Edwards and J. Mintz (2001). "Age-Related 

Changes in Frontal and Temporal Lobe Volumes in Men." Archives of General Psychiatry 58(5): 461. 

Batista, P. and A. Pereira (2016). "Quality of Life in Patients with Neurodegenerative Diseases." Journal 

of Neurology and Neuroscience 7(1). 

Bevan-Jones, W. R., T. E. Cope, P. S. Jones, S. S. Kaalund, L. Passamonti, K. Allinson, O. Green, Y. T. Hong, 

T. D. Fryer, R. Arnold, J. P. Coles, F. I. Aigbirhio, A. J. Larner, K. Patterson, J. T. O’Brien and J. B. Rowe 

(2020). "Neuroinflammation and protein aggregation co-localize across the frontotemporal dementia 

spectrum." Brain 143(3): 1010-1026. 

Bond, S., C. Lopez-Lloreda, P. J. Gannon, C. Akay-Espinoza and K. L. Jordan-Sciutto (2020). "The 

Integrated Stress Response and Phosphorylated Eukaryotic Initiation Factor 2α in Neurodegeneration." 

Journal of Neuropathology & Experimental Neurology 79(2): 123-143. 

Brunmair, B., K. Staniek, F. Gras, N. Scharf, A. Althaym, R. Clara, M. Roden, E. Gnaiger, H. Nohl, W. 

WaldhäUsl and C. FüRnsinn (2004). "Thiazolidinediones, Like Metformin, Inhibit Respiratory Complex I." 

Diabetes 53(4): 1052-1059. 

Cabreiro, F., C. Au, K.-Y. Leung, N. Vergara-Irigaray, Helena, T. Noori, D. Weinkove, E. Schuster, Nicholas 

and D. Gems (2013). "Metformin Retards Aging in C. elegans by Altering Microbial Folate and 

Methionine Metabolism." Cell 153(1): 228-239. 

Cabreiro, F., C. R. Picot, M. Perichon, J. Castel, B. Friguet and I. Petropoulos (2008). "Overexpression of 

Mitochondrial Methionine Sulfoxide Reductase B2 Protects Leukemia Cells from Oxidative Stress-

induced Cell Death and Protein Damage." Journal of Biological Chemistry 283(24): 16673-16681. 



51 
 

Caccamo, A., A. Magrì, D. X. Medina, E. V. Wisely, M. F. López-Aranda, A. J. Silva and S. Oddo (2013). 

"mTOR regulates tau phosphorylation and degradation: implications for Alzheimer's disease and other 

tauopathies." Aging Cell 12(3): 370-380. 

Canu, E., D. G. McLaren, M. E. Fitzgerald, B. B. Bendlin, G. Zoccatelli, F. Alessandrini, F. B. Pizzini, G. K. 

Ricciardi, A. Beltramello, S. C. Johnson and G. B. Frisoni (2011). "Mapping the Structural Brain Changes in 

Alzheimer's Disease: The Independent Contribution of Two Imaging Modalities." Journal of Alzheimer's 

Disease 26(s3): 263-274. 

Caudill, M. A., J. C. Wang, S. Melnyk, I. P. Pogribny, S. Jernigan, M. D. Collins, J. Santos-Guzman, M. E. 

Swendseid, E. A. Cogger and S. J. James (2001). "Intracellular S-Adenosylhomocysteine Concentrations 

Predict Global DNA Hypomethylation in Tissues of Methyl-Deficient Cystathionine β-Synthase 

Heterozygous Mice." The Journal of Nutrition 131(11): 2811-2818. 

Chauvin, C., V. Koka, A. Nouschi, V. Mieulet, C. Hoareau-Aveilla, A. Dreazen, N. Cagnard, W. Carpentier, 

T. Kiss, O. Meyuhas and M. Pende (2014). "Ribosomal protein S6 kinase activity controls the ribosome 

biogenesis transcriptional program." Oncogene 33(4): 474-483. 

Cheng, J., B. J. North, T. Zhang, X. Dai, K. Tao, J. Guo and W. Wei (2018). "The emerging roles of protein 

homeostasis-governing pathways in Alzheimer's disease." Aging Cell 17(5): e12801. 

Chondrogianni, N., I. Petropoulos, S. Grimm, K. Georgila, B. Catalgol, B. Friguet, T. Grune and E. S. Gonos 

(2014). "Protein damage, repair and proteolysis." Mol Aspects Med 35: 1-71. 

Ciechanover, A. and Y. T. Kwon (2015). "Degradation of misfolded proteins in neurodegenerative 

diseases: therapeutic targets and strategies." Experimental & Molecular Medicine 47(3): e147-e147. 

Cook, C., C. Stetler and L. Petrucelli (2012). "Disruption of Protein Quality Control in Parkinson's 

Disease." Cold Spring Harbor Perspectives in Medicine 2(5): a009423-a009423. 

Cuanalo-Contreras, K., A. Mukherjee and C. Soto (2013). "Role of Protein Misfolding and Proteostasis 

Deficiency in Protein Misfolding Diseases and Aging." International Journal of Cell Biology 2013: 1-10. 



52 
 

Currais, A., W. Fischer, P. Maher and D. Schubert (2017). "Intraneuronal protein aggregation as a trigger 

for inflammation and neurodegeneration in the aging brain." The FASEB Journal 31(1): 5-10. 

Di Renzo, L., P. Gualtieri, L. Romano, G. Marrone, A. Noce, A. Pujia, M. A. Perrone, V. Aiello, C. Colica and 

A. De Lorenzo (2019). "Role of Personalized Nutrition in Chronic-Degenerative Diseases." Nutrients 

11(8): 1707. 

Domise, M., F. Sauvé, S. Didier, R. Caillerez, S. Bégard, S. Carrier, M. Colin, C. Marinangeli, L. Buée and V. 

Vingtdeux (2019). "Neuronal AMP-activated protein kinase hyper-activation induces synaptic loss by an 

autophagy-mediated process." Cell Death & Disease 10(3). 

Dong, W., R. Wang, L.-N. Ma, B.-L. Xu, J.-S. Zhang, Z.-W. Zhao, Y.-L. Wang and X. Zhang (2016). "Influence 

of age-related learning and memory capacity of mice: different effects of a high and low caloric diet." 

Aging Clinical and Experimental Research 28(2): 303-311. 

Drake, J. C., D. R. Bruns, F. F. Peelor, 3rd, L. M. Biela, R. A. Miller, K. L. Hamilton and B. F. Miller (2014). 

"Long-lived crowded-litter mice have an age-dependent increase in protein synthesis to DNA synthesis 

ratio and mTORC1 substrate phosphorylation." Am J Physiol Endocrinol Metab 307(9): E813-821. 

Drake, J. C., D. R. Bruns, F. F. Peelor, L. M. Biela, R. A. Miller, B. F. Miller and K. L. Hamilton (2015). "Long-

lived Snell dwarf mice display increased proteostatic mechanisms that are not dependent on decreased 

mTORC 1 activity." Aging Cell 14(3): 474-482. 

Drake, J. C., F. F. Peelor, L. M. Biela, M. K. Watkins, R. A. Miller, K. L. Hamilton and B. F. Miller (2013). 

"Assessment of Mitochondrial Biogenesis and mTORC1 Signaling During Chronic Rapamycin Feeding in 

Male and Female Mice." The Journals of Gerontology: Series A 68(12): 1493-1501. 

Dulka, B. N., S. E. Pullins, P. K. Cullen, J. R. Moyer, Jr. and F. J. Helmstetter (2020). "Age-related memory 

deficits are associated with changes in protein degradation in brain regions critical for trace fear 

conditioning." Neurobiol Aging 91: 160-166. 

Dwyer, B. E., J. L. Fando and C. G. Wasterlain (1980). "Rat Brain Protein Synthesis Declines During 

Postdevelopmental Aging." Journal of Neurochemistry 35(3): 746-749. 



53 
 

Egan, D., J. Kim, R. J. Shaw and K.-L. Guan (2011). "The autophagy initiating kinase ULK1 is regulated via 

opposing phosphorylation by AMPK and mTOR." Autophagy 7(6): 643-644. 

Elshorbagy, A. K., M. Valdivia-Garcia, D. A. L. Mattocks, J. D. Plummer, A. D. Smith, C. A. Drevon, H. 

Refsum and C. E. Perrone (2011). "Cysteine supplementation reverses methionine restriction effects on 

rat adiposity: significance of stearoyl-coenzyme A desaturase." Journal of Lipid Research 52(1): 104-112. 

Evans, H. T., J. Benetatos, M. Van Roijen, L. G. Bodea and J. Götz (2019). "Decreased synthesis of 

ribosomal proteins in tauopathy revealed by non-canonical amino acid labelling." The EMBO Journal 

38(13). 

Fando, J. L., M. Salinas and C. G. Wasterlain (1980). "Age-dependent changes in brain protein synthesis 

in the rat." Neurochemical Research 5(4): 373-383. 

Fernandez-Fernandez, S., A. Almeida and Juan (2012). "Antioxidant and bioenergetic coupling between 

neurons and astrocytes." Biochemical Journal 443(1): 3-11. 

Fernández-Ruiz, J. (2019). "The biomedical challenge of neurodegenerative disorders: an opportunity for 

cannabinoid-based therapies to improve on the poor current therapeutic outcomes." British Journal of 

Pharmacology 176(10): 1370-1383. 

Fjell, A. M., L. T. Westlye, I. Amlien, T. Espeseth, I. Reinvang, N. Raz, I. Agartz, D. H. Salat, D. N. Greve, B. 

Fischl, A. M. Dale and K. B. Walhovd (2009). "High Consistency of Regional Cortical Thinning in Aging 

across Multiple Samples." Cerebral Cortex 19(9): 2001-2012. 

Forney, L. A., D. Wanders, K. P. Stone, A. Pierse and T. W. Gettys (2017). "Concentration-dependent 

linkage of dietary methionine restriction to the components of its metabolic phenotype." Obesity 25(4): 

730-738. 

Geda, Y. E., R. O. Roberts, D. S. Knopman, R. C. Petersen, T. J. H. Christianson, V. S. Pankratz, G. E. Smith, 

B. F. Boeve, R. J. Ivnik, E. G. Tangalos and W. A. Rocca (2008). "Prevalence of Neuropsychiatric Symptoms 

in Mild Cognitive Impairment and Normal Cognitive Aging." Archives of General Psychiatry 65(10): 1193. 



54 
 

Goodman, R. A., S. F. Posner, E. S. Huang, A. K. Parekh and H. K. Koh (2013). "Defining and Measuring 

Chronic Conditions: Imperatives for Research, Policy, Program, and Practice." Preventing Chronic 

Disease 10. 

Gorgich, E. A. C., H. Parsaie, S. Yarmand, F. Baharvand and M. Sarbishegi (2021). "Long-term 

administration of metformin ameliorates age-dependent oxidative stress and cognitive function in rats." 

Behavioural Brain Research 410: 113343. 

Graham, L. C., J. M. Harder, I. Soto, W. N. De Vries, S. W. M. John and G. R. Howell (2016). "Chronic 

consumption of a western diet induces robust glial activation in aging mice and in a mouse model of 

Alzheimer’s disease." Scientific Reports 6(1): 21568. 

Gu, X., J. M. Orozco, R. A. Saxton, K. J. Condon, G. Y. Liu, P. A. Krawczyk, S. M. Scaria, J. W. Harper, S. P. 

Gygi and D. M. Sabatini (2017). "SAMTOR is an S -adenosylmethionine sensor for the mTORC1 pathway." 

Science 358(6364): 813-818. 

Guo, J., V. Bakshi and A. L. Lin (2015). "Early Shifts of Brain Metabolism by Caloric Restriction Preserve 

White Matter Integrity and Long-Term Memory in Aging Mice." Front Aging Neurosci 7: 213. 

Hamilton, K. L. and B. F. Miller (2017). "Mitochondrial proteostasis as a shared characteristic of slowed 

aging: the importance of considering cell proliferation." The Journal of Physiology 595(20): 6401-6407. 

Hao, S., C. M. Ross-Inta and D. W. Gietzen (2010). "The sensing of essential amino acid deficiency in the 

anterior piriform cortex, that requires the uncharged tRNA/GCN2 pathway, is sensitive to wortmannin 

but not rapamycin." Pharmacology Biochemistry and Behavior 94(3): 333-340. 

Harada, C. N., M. C. Natelson Love and K. L. Triebel (2013). "Normal Cognitive Aging." Clinics in Geriatric 

Medicine 29(4): 737-752. 

Hardie, D. G., F. A. Ross and S. A. Hawley (2012). "AMPK: a nutrient and energy sensor that maintains 

energy homeostasis." Nature Reviews Molecular Cell Biology 13(4): 251-262. 



55 
 

Hasek, B. E., A. Boudreau, J. Shin, D. Feng, M. Hulver, N. T. Van, A. Laque, L. K. Stewart, K. P. Stone, D. 

Wanders, S. Ghosh, J. E. Pessin and T. W. Gettys (2013). "Remodeling the Integration of Lipid 

Metabolism Between Liver and Adipose Tissue by Dietary Methionine Restriction in Rats." Diabetes 

62(10): 3362-3372. 

Hasek, B. E., L. K. Stewart, T. M. Henagan, A. Boudreau, N. R. Lenard, C. Black, J. Shin, P. Huypens, V. L. 

Malloy, E. P. Plaisance, R. A. Krajcik, N. Orentreich and T. W. Gettys (2010). "Dietary methionine 

restriction enhances metabolic flexibility and increases uncoupled respiration in both fed and fasted 

states." Am J Physiol Regul Integr Comp Physiol 299(3): R728-739. 

Hellerstein, M. K. and R. A. Neese (1999). "Mass isotopomer distribution analysis at eight years: 

theoretical, analytic, and experimental considerations." Am J Physiol 276(6): E1146-1170. 

Hodges, S. L., C. D. Reynolds, G. D. Smith, T. S. Jefferson, S. O. Nolan and J. N. Lugo (2018). "Molecular 

interplay between hyperactive mammalian target of rapamycin signaling and Alzheimer’s disease 

neuropathology in the NS-Pten knockout mouse model." NeuroReport 29(13): 1109-1113. 

Hohn, A., A. Tramutola and R. Cascella (2020). "Proteostasis Failure in Neurodegenerative Diseases: 

Focus on Oxidative Stress." Oxid Med Cell Longev 2020: 5497046. 

Huebner, E. A. and S. M. Strittmatter (2009). Axon Regeneration in the Peripheral and Central Nervous 

Systems, Springer Berlin Heidelberg: 305-360. 

Iskusnykh, I. Y., A. A. Zakharova and D. Pathak (2022). "Glutathione in Brain Disorders and Aging." 

Molecules 27(1): 324. 

Jenkins, Y., T.-Q. Sun, V. Markovtsov, M. Foretz, W. Li, H. Nguyen, Y. Li, A. Pan, G. Uy, L. Gross, K. 

Baltgalvis, S. L. Yung, T. Gururaja, T. Kinoshita, A. Owyang, I. J. Smith, K. McCaughey, K. White, G. 

Godinez, R. Alcantara, C. Choy, H. Ren, R. Basile, D. J. Sweeny, X. Xu, S. D. Issakani, D. C. Carroll, D. A. 

Goff, S. J. Shaw, R. Singh, L. G. Boros, M.-A. Laplante, B. Marcotte, R. Kohen, B. Viollet, A. Marette, D. G. 

Payan, T. M. Kinsella and Y. Hitoshi (2013). "AMPK Activation through Mitochondrial Regulation Results 

in Increased Substrate Oxidation and Improved Metabolic Parameters in Models of Diabetes." PLoS ONE 

8(12): e81870. 



56 
 

Johnson, S. C., P. S. Rabinovitch and M. Kaeberlein (2013). "mTOR is a key modulator of ageing and age-

related disease." Nature 493(7432): 338-345. 

Jonsson, W. O., N. S. Margolies and T. G. Anthony (2019). "Dietary Sulfur Amino Acid Restriction and the 

Integrated Stress Response: Mechanistic Insights." Nutrients 11(6): 1349. 

Jonsson, W. O., N. S. Margolies, E. T. Mirek, Q. Zhang, M. A. Linden, C. M. Hill, C. Link, N. Bithi, B. Zalma, 

J. L. Levy, A. P. Pettit, J. W. Miller, C. Hine, C. D. Morrison, T. W. Gettys, B. F. Miller, K. L. Hamilton, R. C. 

Wek and T. G. Anthony (2021). "Physiologic Responses to Dietary Sulfur Amino Acid Restriction in Mice 

Are Influenced by Atf4 Status and Biological Sex." The Journal of Nutrition 151(4): 785-799. 

Kaeberlein, M. (2018). "How healthy is the healthspan concept?" GeroScience 40(4): 361-364. 

Kanoski, S. E. and T. L. Davidson (2011). "Western diet consumption and cognitive impairment: Links to 

hippocampal dysfunction and obesity." Physiology & Behavior 103(1): 59-68. 

Karagulle Kendi, A. T., S. Lehericy, M. Luciana, K. Ugurbil and P. Tuite (2008). "Altered Diffusion in the 

Frontal Lobe in Parkinson Disease." American Journal of Neuroradiology 29(3): 501-505. 

Kilberg, M. S., J. Shan and N. Su (2009). "ATF4-dependent transcription mediates signaling of amino acid 

limitation." Trends in Endocrinology & Metabolism 20(9): 436-443. 

Kobilo, T., D. Guerrieri, Y. Zhang, S. C. Collica, K. G. Becker and H. Van Praag (2014). "AMPK agonist 

AICAR improves cognition and motor coordination in young and aged mice." Learning & Memory 21(2): 

119-126. 

Kolb, B., R. Mychasiuk, A. Muhammad, Y. Li, D. O. Frost and R. Gibb (2012). "Experience and the 

developing prefrontal cortex." Proceedings of the National Academy of Sciences 109(Supplement_2): 

17186-17193. 

Kolosova, N. G., A. O. Vitovtov, N. A. Muraleva, A. E. Akulov, N. A. Stefanova and M. V. Blagosklonny 

(2013). "Rapamycin suppresses brain aging in senescence-accelerated OXYS rats." Aging 5(6): 474-484. 



57 
 

Kurtishi, A., B. Rosen, K. S. Patil, G. W. Alves and S. G. Møller (2019). "Cellular Proteostasis in 

Neurodegeneration." Molecular Neurobiology 56(5): 3676-3689. 

Kwon, H. S. and S.-H. Koh (2020). "Neuroinflammation in neurodegenerative disorders: the roles of 

microglia and astrocytes." Translational Neurodegeneration 9(1). 

Le Couteur, D. G., S. Solon-Biet, V. C. Cogger, S. J. Mitchell, A. Senior, R. De Cabo, D. Raubenheimer and 

S. J. Simpson (2016). "The impact of low-protein high-carbohydrate diets on aging and lifespan." Cellular 

and Molecular Life Sciences 73(6): 1237-1252. 

Lee, B. C., A. Kaya, S. Ma, G. Kim, M. V. Gerashchenko, S. H. Yim, Z. Hu, L. G. Harshman and V. N. 

Gladyshev (2014). "Methionine restriction extends lifespan of Drosophila melanogaster under conditions 

of low amino-acid status." Nature Communications 5(1). 

Lees, E. K., E. Król, L. Grant, K. Shearer, C. Wyse, E. Moncur, A. S. Bykowska, N. Mody, T. W. Gettys and 

M. Delibegovic (2014). "Methionine restriction restores a younger metabolic phenotype in adult mice 

with alterations in fibroblast growth factor 21." Aging Cell 13(5): 817-827. 

Lewis, K. N., N. D. Rubinstein and R. Buffenstein (2018). "A window into extreme longevity; the 

circulating metabolomic signature of the naked mole-rat, a mammal that shows negligible senescence." 

GeroScience 40(2): 105-121. 

Li, W., K. Chaudhari, R. Shetty, A. Winters, X. Gao, Z. Hu, W. P. Ge, N. Sumien, M. Forster, R. Liu and S. H. 

Yang (2019). "Metformin Alters Locomotor and Cognitive Function and Brain Metabolism in 

Normoglycemic Mice." Aging Dis 10(5): 949-963. 

Longchamp, A., T. Mirabella, A. Arduini, M. R. Macarthur, A. Das, J. H. Treviño-Villarreal, C. Hine, I. Ben-

Sahra, N. H. Knudsen, L. E. Brace, J. Reynolds, P. Mejia, M. Tao, G. Sharma, R. Wang, J.-M. Corpataux, J.-

A. Haefliger, K. H. Ahn, C.-H. Lee, B. D. Manning, D. A. Sinclair, C. S. Chen, C. K. Ozaki and J. R. Mitchell 

(2018). "Amino Acid Restriction Triggers Angiogenesis via GCN2/ATF4 Regulation of VEGF and H2S 

Production." Cell 173(1): 117-129.e114. 



58 
 

López-Otín, C., M. A. Blasco, L. Partridge, M. Serrano and G. Kroemer (2013). "The Hallmarks of Aging." 

Cell 153(6): 1194-1217. 

Luo, T., Y. Yang, Y. Xu, Q. Gao, G. Wu, Y. Jiang, J. Sun, Y. Shi and G. Le (2019). "Dietary methionine 

restriction improves glucose metabolism in the skeletal muscle of obese mice." Food & Function 10(5): 

2676-2690. 

Ma, L., R. Wang, W. Dong and Z. Zhao (2018). "Caloric restriction can improve learning and memory in 

C57/BL mice probably via regulation of the AMPK signaling pathway." Exp Gerontol 102: 28-35. 

Ma, T., Y. Chen, V. Vingtdeux, H. Zhao, B. Viollet, P. Marambaud and E. Klann (2014). "Inhibition of AMP-

Activated Protein Kinase Signaling Alleviates Impairments in Hippocampal Synaptic Plasticity Induced by 

Amyloid." Journal of Neuroscience 34(36): 12230-12238. 

Mächler, P., Matthias, M. Elsayed, J. Stobart, R. Gutierrez, Alexandra, V. Kaelin, M. Zuend, Alejandro, I. 

Romero-Gómez, F. Baeza-Lehnert, S. Lengacher, Bernard, P. Aebischer, Pierre, L and B. Weber (2016). 

"In Vivo Evidence for a Lactate Gradient from Astrocytes to Neurons." Cell Metabolism 23(1): 94-102. 

Maddineni, S., S. Nichenametla, R. Sinha, R. P. Wilson and J. P. Richie (2013). "Methionine restriction 

affects oxidative stress and glutathione-related redox pathways in the rat." Experimental Biology and 

Medicine 238(4): 392-399. 

Mairet-Coello, G., J. Courchet, S. Pieraut, V. Courchet, A. Maximov and F. Polleux (2013). "The CAMKK2-

AMPK Kinase Pathway Mediates the Synaptotoxic Effects of Aβ Oligomers through Tau 

Phosphorylation." Neuron 78(1): 94-108. 

Majumder, S., A. Caccamo, D. X. Medina, A. D. Benavides, M. A. Javors, E. Kraig, R. Strong, A. Richardson 

and S. Oddo (2012). "Lifelong rapamycin administration ameliorates age-dependent cognitive deficits by 

reducing IL-1β and enhancing NMDA signaling." Aging Cell 11(2): 326-335. 

Malloy, V. L., R. A. Krajcik, S. J. Bailey, G. Hristopoulos, J. D. Plummer and N. Orentreich (2006). 

"Methionine restriction decreases visceral fat mass and preserves insulin action in aging male Fischer 

344 rats independent of energy restriction." Aging Cell 5(4): 305-314. 



59 
 

Malloy, V. L., C. E. Perrone, D. A. L. Mattocks, G. P. Ables, N. S. Caliendo, D. S. Orentreich and N. 

Orentreich (2013). "Methionine restriction prevents the progression of hepatic steatosis in leptin-

deficient obese mice." Metabolism 62(11): 1651-1661. 

Marsman, D., D. W. Belsky, D. Gregori, M. A. Johnson, T. Low Dog, S. Meydani, S. Pigat, R. Sadana, A. 

Shao and J. C. Griffiths (2018). "Healthy ageing: the natural consequences of good nutrition—a 

conference report." European Journal of Nutrition 57(S2): 15-34. 

Martínez, G., S. Khatiwada, M. Costa-Mattioli and C. Hetz (2018). "ER Proteostasis Control of Neuronal 

Physiology and Synaptic Function." Trends in Neurosciences 41(9): 610-624. 

Mattson, M. P. and T. V. Arumugam (2018). "Hallmarks of Brain Aging: Adaptive and Pathological 

Modification by Metabolic States." Cell Metabolism 27(6): 1176-1199. 

McKinnon, C., M. L. De Snoo, E. Gondard, C. Neudorfer, H. Chau, S. G. Ngana, D. M. O’Hara, J. M. 

Brotchie, J. B. Koprich, A. M. Lozano, L. V. Kalia and S. K. Kalia (2020). "Early-onset impairment of the 

ubiquitin-proteasome system in dopaminergic neurons caused by α-synuclein." Acta Neuropathologica 

Communications 8(1). 

Meng, D., Q. Yang, H. Wang, C. H. Melick, R. Navlani, A. R. Frank and J. L. Jewell (2020). "Glutamine and 

asparagine activate mTORC1 independently of Rag GTPases." Journal of Biological Chemistry 295(10): 

2890-2899. 

Miller, B. F., J. C. Drake, B. Naylor, J. C. Price and K. L. Hamilton (2014). "The measurement of protein 

synthesis for assessing proteostasis in studies of slowed aging." Ageing Research Reviews 18: 106-111. 

Miller, B. F., M. M. Robinson, M. D. Bruss, M. Hellerstein and K. L. Hamilton (2012). "A comprehensive 

assessment of mitochondrial protein synthesis and cellular proliferation with age and caloric 

restriction." Aging Cell 11(1): 150-161. 

Miller, B. F., M. M. Robinson, D. J. Reuland, J. C. Drake, F. F. Peelor, M. D. Bruss, M. K. Hellerstein and K. 

L. Hamilton (2013). "Calorie Restriction Does Not Increase Short-term or Long-term Protein Synthesis." 

The Journals of Gerontology Series A: Biological Sciences and Medical Sciences 68(5): 530-538. 



60 
 

Miller, B. F., C. A. Wolff, F. F. Peelor, 3rd, P. D. Shipman and K. L. Hamilton (2015). "Modeling the 

contribution of individual proteins to mixed skeletal muscle protein synthetic rates over increasing 

periods of label incorporation." J Appl Physiol (1985) 118(6): 655-661. 

Miller, R. A., G. Buehner, Y. Chang, J. M. Harper, R. Sigler and M. Smith-Wheelock (2005). "Methionine-

deficient diet extends mouse lifespan, slows immune and lens aging, alters glucose, T4, IGF-I and insulin 

levels, and increases hepatocyte MIF levels and stress resistance." Aging Cell 4(3): 119-125. 

Miller, R. A., D. E. Harrison, C. M. Astle, J. A. Baur, A. R. Boyd, R. De Cabo, E. Fernandez, K. Flurkey, M. A. 

Javors, J. F. Nelson, C. J. Orihuela, S. Pletcher, Z. D. Sharp, D. Sinclair, J. W. Starnes, J. E. Wilkinson, N. L. 

Nadon and R. Strong (2011). "Rapamycin, But Not Resveratrol or Simvastatin, Extends Life Span of 

Genetically Heterogeneous Mice." The Journals of Gerontology: Series A 66A(2): 191-201. 

Moore, K., C. F. Hughes, M. Ward, L. Hoey and H. McNulty (2018). "Diet, nutrition and the ageing brain: 

current evidence and new directions." Proceedings of the Nutrition Society 77(2): 152-163. 

Morimoto, R. I. and A. M. Cuervo (2009). "Protein Homeostasis and Aging: Taking Care of Proteins From 

the Cradle to the Grave." The Journals of Gerontology Series A: Biological Sciences and Medical Sciences 

64A(2): 167-170. 

Murphy, M. P. and H. Levine (2010). "Alzheimer's Disease and the Amyloid-β Peptide." Journal of 

Alzheimer's Disease 19(1): 311-323. 

Naudi, A., P. Caro, M. Jove, J. Gomez, J. Boada, V. Ayala, M. Portero-Otin, G. Barja and R. Pamplona 

(2007). "Methionine restriction decreases endogenous oxidative molecular damage and increases 

mitochondrial biogenesis and uncoupling protein 4 in rat brain." Rejuvenation Res 10(4): 473-484. 

Nichenametla, S. N., D. A. L. Mattocks, V. L. Malloy and J. T. Pinto (2018). "Sulfur amino acid restriction-

induced changes in redox-sensitive proteins are associated with slow protein synthesis rates." Annals of 

the New York Academy of Sciences 1418(1): 80-94. 

Nichols, E., C. E. I. Szoeke, S. E. Vollset, N. Abbasi, F. Abd-Allah, J. Abdela, M. T. E. Aichour, R. O. 

Akinyemi, F. Alahdab, S. W. Asgedom, A. Awasthi, S. L. Barker-Collo, B. T. Baune, Y. Béjot, A. B. 



61 
 

Belachew, D. A. Bennett, B. Biadgo, A. Bijani, M. S. Bin Sayeed, C. Brayne, D. O. Carpenter, F. Carvalho, F. 

Catalá-López, E. Cerin, J.-Y. J. Choi, A. K. Dang, M. G. Degefa, S. Djalalinia, M. Dubey, E. E. Duken, D. 

Edvardsson, M. Endres, S. Eskandarieh, A. Faro, F. Farzadfar, S.-M. Fereshtehnejad, E. Fernandes, I. Filip, 

F. Fischer, A. K. Gebre, D. Geremew, M. Ghasemi-Kasman, E. V. Gnedovskaya, R. Gupta, V. Hachinski, T. 

B. Hagos, S. Hamidi, G. J. Hankey, J. M. Haro, S. I. Hay, S. S. N. Irvani, R. P. Jha, J. B. Jonas, R. Kalani, A. 

Karch, A. Kasaeian, Y. S. Khader, I. A. Khalil, E. A. Khan, T. Khanna, T. A. M. Khoja, J. Khubchandani, A. 

Kisa, K. Kissimova-Skarbek, M. Kivimäki, A. Koyanagi, K. J. Krohn, G. Logroscino, S. Lorkowski, M. Majdan, 

R. Malekzadeh, W. März, J. Massano, G. Mengistu, A. Meretoja, M. Mohammadi, M. Mohammadi-

Khanaposhtani, A. H. Mokdad, S. Mondello, G. Moradi, G. Nagel, M. Naghavi, G. Naik, L. H. Nguyen, T. H. 

Nguyen, Y. L. Nirayo, M. R. Nixon, R. Ofori-Asenso, F. A. Ogbo, A. T. Olagunju, M. O. Owolabi, S. Panda-

Jonas, V. M. D. A. Passos, D. M. Pereira, G. D. Pinilla-Monsalve, M. A. Piradov, C. D. Pond, H. Poustchi, M. 

Qorbani, A. Radfar, R. C. Reiner, S. R. Robinson, G. Roshandel, A. Rostami, T. C. Russ, P. S. Sachdev, H. 

Safari, S. Safiri, R. Sahathevan, Y. Salimi, M. Satpathy, M. Sawhney, M. Saylan, S. G. Sepanlou, A. 

Shafieesabet, M. A. Shaikh, M. A. Sahraian, M. Shigematsu, R. Shiri, I. Shiue, J. P. Silva, M. Smith, S. 

Sobhani, D. J. Stein, R. Tabarés-Seisdedos, M. R. Tovani-Palone, B. X. Tran, T. T. Tran, A. T. Tsegay, I. 

Ullah, N. Venketasubramanian, V. Vlassov, Y.-P. Wang, J. Weiss, R. Westerman, T. Wijeratne, G. M. A. 

Wyper, Y. Yano, E. M. Yimer, N. Yonemoto, M. Yousefifard, Z. Zaidi, Z. Zare, T. Vos, V. L. Feigin and C. J. L. 

Murray (2019). "Global, regional, and national burden of Alzheimer's disease and other dementias, 

1990–2016: a systematic analysis for the Global Burden of Disease Study 2016." The Lancet Neurology 

18(1): 88-106. 

Nichols, E. and T. Vos (2020). "Estimating the global mortality from Alzheimer’s disease and other 

dementias: A new method and results from the Global Burden of Disease study 2019." Alzheimer's & 

Dementia 16(S10). 

O'Connor, T., K. R. Sadleir, E. Maus, R. A. Velliquette, J. Zhao, S. L. Cole, W. A. Eimer, B. Hitt, L. A. 

Bembinster, S. Lammich, S. F. Lichtenthaler, S. S. Hébert, B. De Strooper, C. Haass, D. A. Bennett and R. 

Vassar (2008). "Phosphorylation of the Translation Initiation Factor eIF2α Increases BACE1 Levels and 

Promotes Amyloidogenesis." Neuron 60(6): 988-1009. 

Obeid, R. (2013). "The Metabolic Burden of Methyl Donor Deficiency with Focus on the Betaine 

Homocysteine Methyltransferase Pathway." Nutrients 5(9): 3481-3495. 



62 
 

Ojo, J. O., J. M. Reed, G. Crynen, P. Vallabhaneni, J. Evans, B. Shackleton, M. Eisenbaum, C. Ringland, A. 

Edsell, M. Mullan, F. Crawford and C. Bachmeier (2021). "APOE genotype dependent molecular 

abnormalities in the cerebrovasculature of Alzheimer’s disease and age-matched non-demented brains." 

Molecular Brain 14(1). 

Oliveira, M. M., M. V. Lourenco, F. Longo, N. P. Kasica, W. Yang, G. Ureta, D. D. P. Ferreira, P. H. J. 

Mendonca, S. Bernales, T. Ma, F. G. De Felice, E. Klann and S. T. Ferreira (2021). "Correction of eIF2-

dependent defects in brain protein synthesis, synaptic plasticity, and memory in mouse models of 

Alzheimer's disease." Sci Signal 14(668). 

Olsen, T., B. Øvrebø, N. Haj-Yasein, S. Lee, K. Svendsen, M. Hjorth, N. E. Bastani, F. Norheim, C. A. 

Drevon, H. Refsum and K. J. Vinknes (2020). "Effects of dietary methionine and cysteine restriction on 

plasma biomarkers, serum fibroblast growth factor 21, and adipose tissue gene expression in women 

with overweight or obesity: a double-blind randomized controlled pilot study." Journal of Translational 

Medicine 18(1). 

Orentreich, N., J. R. Matias, A. DeFelice and J. A. Zimmerman (1993). "Low methionine ingestion by rats 

extends life span." J Nutr 123(2): 269-274. 

Oxford, A. E., E. S. Stewart and T. T. Rohn (2020). "Clinical Trials in Alzheimer’s Disease: A Hurdle in the 

Path of Remedy." International Journal of Alzheimer's Disease 2020: 1-13. 

Pabba, M., E. Scifo, F. Kapadia, Y. S. Nikolova, T. Ma, N. Mechawar, G. C. Tseng and E. Sibille (2017). 

"Resilient protein co-expression network in male orbitofrontal cortex layer 2/3 during human aging." 

Neurobiology of Aging 58: 180-190. 

Parekh, A. K., R. A. Goodman, C. Gordon and H. K. Koh (2011). "Managing Multiple Chronic Conditions: A 

Strategic Framework for Improving Health Outcomes and Quality of Life." Public Health Reports 126(4): 

460-471. 

Park, D. C. and P. Reuter-Lorenz (2009). "The Adaptive Brain: Aging and Neurocognitive Scaffolding." 

Annual Review of Psychology 60(1): 173-196. 



63 
 

Perrone, C. E., D. A. L. Mattocks, G. Hristopoulos, J. D. Plummer, R. A. Krajcik and N. Orentreich (2008). 

"Methionine restriction effects on 11β-HSD1 activity and lipogenic/lipolytic balance in F344 rat adipose 

tissue." Journal of Lipid Research 49(1): 12-23. 

Pettit, A. P., W. O. Jonsson, A. R. Bargoud, E. T. Mirek, F. F. Peelor, Y. Wang, T. W. Gettys, S. R. Kimball, B. 

F. Miller, K. L. Hamilton, R. C. Wek and T. G. Anthony (2017). "Dietary Methionine Restriction Regulates 

Liver Protein Synthesis and Gene Expression Independently of Eukaryotic Initiation Factor 2 

Phosphorylation in Mice." The Journal of Nutrition 147(6): 1031-1040. 

Pifferi, F., J. Terrien, J. Marchal, A. Dal-Pan, F. Djelti, I. Hardy, S. Chahory, N. Cordonnier, L. Desquilbet, 

M. Hurion, A. Zahariev, I. Chery, P. Zizzari, M. Perret, J. Epelbaum, S. Blanc, J.-L. Picq, M. Dhenain and F. 

Aujard (2018). "Caloric restriction increases lifespan but affects brain integrity in grey mouse lemur 

primates." Communications Biology 1(1). 

Plaisance, E. P., F. L. Greenway, A. Boudreau, K. L. Hill, W. D. Johnson, R. A. Krajcik, C. E. Perrone, N. 

Orentreich, W. T. Cefalu and T. W. Gettys (2011). "Dietary Methionine Restriction Increases Fat 

Oxidation in Obese Adults with Metabolic Syndrome." The Journal of Clinical Endocrinology & 

Metabolism 96(5): E836-E840. 

Rauchová, H., M. Vokurková and J. Koudelová (2012). "Hypoxia-Induced Lipid Peroxidation in the Brain 

During Postnatal Ontogenesis." Physiological Research: S89-S101. 

Raz, N., P. Ghisletta, K. M. Rodrigue, K. M. Kennedy and U. Lindenberger (2010). "Trajectories of brain 

aging in middle-aged and older adults: Regional and individual differences." NeuroImage 51(2): 501-511. 

Reid, J. J., M. A. Linden, F. F. Peelor, R. A. Miller, K. L. Hamilton and B. F. Miller (2020). "Brain Protein 

Synthesis Rates in the UM-HET3 Mouse Following Treatment With Rapamycin or Rapamycin With 

Metformin." The Journals of Gerontology: Series A 75(1): 40-49. 

Ren, B., L. Wang, L. Shi, X. Jin, Y. Liu, R. H. Liu, F. Yin, E. Cadenas, X. Dai, Z. Liu and X. Liu (2021). 

"Methionine restriction alleviates age-associated cognitive decline via fibroblast growth factor 21." 

Redox Biology 41: 101940. 



64 
 

Richie, J. P., Jr., Y. Leutzinger, S. Parthasarathy, V. Malloy, N. Orentreich and J. A. Zimmerman (1994). 

"Methionine restriction increases blood glutathione and longevity in F344 rats." FASEB J 8(15): 1302-

1307. 

Ronnett, G. V., S. Ramamurthy, A. M. Kleman, L. E. Landree and S. Aja (2009). "AMPK in the brain: its 

roles in energy balance and neuroprotection." Journal of Neurochemistry 109: 17-23. 

Rose, G., A. Santoro and S. Salvioli (2017). "Mitochondria and mitochondria-induced signalling molecules 

as longevity determinants." Mech Ageing Dev 165(Pt B): 115-128. 

Rühlmann, C., T. Wölk, T. Blümel, L. Stahn, B. Vollmar and A. Kuhla (2016). "Long-term caloric restriction 

in ApoE-deficient mice results in neuroprotection via Fgf21-induced AMPK/mTOR pathway." Aging 8(11): 

2777-2789. 

Sabath, N., F. Levy-Adam, A. Younis, K. Rozales, A. Meller, S. Hadar, S. Soueid-Baumgarten and R. Shalgi 

(2020). "Cellular proteostasis decline in human senescence." Proceedings of the National Academy of 

Sciences 117(50): 31902-31913. 

Santra, M., K. A. Dill and A. M. R. De Graff (2019). "Proteostasis collapse is a driver of cell aging and 

death." Proceedings of the National Academy of Sciences 116(44): 22173-22178. 

Saxton, R. A. and D. M. Sabatini (2017). "mTOR Signaling in Growth, Metabolism, and Disease." Cell 

168(6): 960-976. 

Sharma, S., T. Dixon, S. Jung, E. C. Graff, L. A. Forney, T. W. Gettys and D. Wanders (2019). "Dietary 

Methionine Restriction Reduces Inflammation Independent of FGF21 Action." Obesity 27(8): 1305-1313. 

Sharma, S., J. Haselton, S. Rakoczy, S. Branshaw and H. M. Brown-Borg (2010). "Spatial memory is 

enhanced in long-living Ames dwarf mice and maintained following kainic acid induced 

neurodegeneration." Mechanisms of Ageing and Development 131(6): 422-435. 

Sheng, W. S., S. Hu, A. Feng and R. B. Rock (2013). "Reactive Oxygen Species from Human Astrocytes 

Induced Functional Impairment and Oxidative Damage." Neurochemical Research 38(10): 2148-2159. 



65 
 

Speakman, J. R. and S. E. Mitchell (2011). "Caloric restriction." Molecular Aspects of Medicine 32(3): 159-

221. 

Steinberg, G. R. and D. Carling (2019). "AMP-activated protein kinase: the current landscape for drug 

development." Nature Reviews Drug Discovery 18(7): 527-551. 

Stone, K. P., S. Ghosh, J. P. Kovalik, M. Orgeron, D. Wanders, L. C. Sims and T. W. Gettys (2021). "The 

acute transcriptional responses to dietary methionine restriction are triggered by inhibition of ternary 

complex formation and linked to Erk1/2, mTOR, and ATF4." Scientific Reports 11(1). 

Sun, L. Y., M. S. Evans, J. Hsieh, J. Panici and A. Bartke (2005). "Increased Neurogenesis in Dentate Gyrus 

of Long-Lived Ames Dwarf Mice." Endocrinology 146(3): 1138-1144. 

Svennerholm, L., K. Boström and B. Jungbjer (1997). "Changes in weight and compositions of major 

membrane components of human brain during the span of adult human life of Swedes." Acta 

Neuropathologica 94(4): 345-352. 

Tamanna, N., K. Kroeker, K. Braun, S. Banh and J. R. Treberg (2019). "The effect of short-term 

methionine restriction on glutathione synthetic capacity and antioxidant responses at the whole tissue 

and mitochondrial level in the rat liver." Experimental Gerontology 127: 110712. 

Tezze, C., V. Romanello and M. Sandri (2019). "FGF21 as Modulator of Metabolism in Health and 

Disease." Front Physiol 10: 419. 

Thibaudeau, T. A., R. T. Anderson and D. M. Smith (2018). "A common mechanism of proteasome 

impairment by neurodegenerative disease-associated oligomers." Nature Communications 9(1). 

Tramutola, A., J. C. Triplett, F. Di Domenico, D. M. Niedowicz, M. P. Murphy, R. Coccia, M. Perluigi and D. 

A. Butterfield (2015). "Alteration of mTOR signaling occurs early in the progression of Alzheimer disease 

(AD): analysis of brain from subjects with pre-clinical AD, amnestic mild cognitive impairment and late-

stage AD." Journal of Neurochemistry 133(5): 739-749. 



66 
 

Trojanowski, J. Q., M. Goedert, T. Iwatsubo and V. M. Y. Lee (1998). "Fatal attractions: abnormal protein 

aggregation and neuron death in Parkinson's disease and Lewy body dementia." Cell Death & 

Differentiation 5(10): 832-837. 

Uthus, E. (2003). "Altered methionine metabolism in long living Ames dwarf mice." Experimental 

Gerontology 38(5): 491-498. 

Van Skike, C. E., S. A. Hussong, S. F. Hernandez, A. Q. Banh, N. Derosa and V. Galvan (2021). "mTOR 

Attenuation with Rapamycin Reverses Neurovascular Uncoupling and Memory Deficits in Mice Modeling 

Alzheimer's Disease." The Journal of Neuroscience 41(19): 4305-4320. 

Vandenbark, A. A., H. Offner, S. Matejuk and A. Matejuk (2021). "Microglia and astrocyte involvement in 

neurodegeneration and brain cancer." Journal of Neuroinflammation 18(1). 

Vingtdeux, V., P. Davies, D. W. Dickson and P. Marambaud (2011). "AMPK is abnormally activated in 

tangle- and pre-tangle-bearing neurons in Alzheimer’s disease and other tauopathies." Acta 

Neuropathologica 121(3): 337-349. 

Wahl, D., S. M. Solon-Biet, Q.-P. Wang, J. A. Wali, T. Pulpitel, X. Clark, D. Raubenheimer, A. M. Senior, D. 

A. Sinclair, G. J. Cooney, R. De Cabo, V. C. Cogger, S. J. Simpson and D. G. Le Couteur (2018). "Comparing 

the Effects of Low-Protein and High-Carbohydrate Diets and Caloric Restriction on Brain Aging in Mice." 

Cell Reports 25(8): 2234-2243.e2236. 

Wanders, D., L. A. Forney, K. P. Stone, D. H. Burk, A. Pierse and T. W. Gettys (2017). "FGF21 Mediates the 

Thermogenic and Insulin-Sensitizing Effects of Dietary Methionine Restriction but Not Its Effects on 

Hepatic Lipid Metabolism." Diabetes 66(4): 858-867. 

Wanders, D., K. P. Stone, L. A. Forney, C. C. Cortez, K. N. Dille, J. Simon, M. Xu, E. C. Hotard, I. A. 

Nikonorova, A. P. Pettit, T. G. Anthony and T. W. Gettys (2016). "Role of GCN2-Independent Signaling 

Through a Noncanonical PERK/NRF2 Pathway in the Physiological Responses to Dietary Methionine 

Restriction." Diabetes 65(6): 1499-1510. 



67 
 

Wang, S.-Y., W.-J. Wang, J.-Q. Liu, Y.-H. Song, P. Li, X.-F. Sun, G.-Y. Cai and X.-M. Chen (2019). 

"Methionine restriction delays senescence and suppresses the senescence-associated secretory 

phenotype in the kidney through endogenous hydrogen sulfide." Cell Cycle 18(14): 1573-1587. 

Webster, B. M., H. K. Gildea and A. Dillin (2020). "Protein homeostasis from the outside in." Nature Cell 

Biology 22(8): 911-912. 

Weinhard, L., G. Di Bartolomei, G. Bolasco, P. Machado, N. L. Schieber, U. Neniskyte, M. Exiga, A. 

Vadisiute, A. Raggioli, A. Schertel, Y. Schwab and C. T. Gross (2018). "Microglia remodel synapses by 

presynaptic trogocytosis and spine head filopodia induction." Nature Communications 9(1). 

Wong, W. (2020). "Economic Burden of Alzheimer Disease and Managed Care Considerations." 

American Journal of Managed Care: 177-183. 

Xie, Z.-Z., Y. Liu and J.-S. Bian (2016). "Hydrogen Sulfide and Cellular Redox Homeostasis." Oxidative 

Medicine and Cellular Longevity 2016: 1-12. 

Yang, A., C. Wang, B. Song, W. Zhang, Y. Guo, R. Yang, G. Nie, Y. Yang and C. Wang (2017). "Attenuation 

of β-Amyloid Toxicity In Vitro and In Vivo by Accelerated Aggregation." Neuroscience Bulletin 33(4): 405-

412. 

Yang, D.-S., P. Stavrides, P. S. Mohan, S. Kaushik, A. Kumar, M. Ohno, S. D. Schmidt, D. Wesson, U. 

Bandyopadhyay, Y. Jiang, M. Pawlik, C. M. Peterhoff, A. J. Yang, D. A. Wilson, P. St George-Hyslop, D. 

Westaway, P. M. Mathews, E. Levy, A. M. Cuervo and R. A. Nixon (2011). "Reversal of autophagy 

dysfunction in the TgCRND8 mouse model of Alzheimer's disease ameliorates amyloid pathologies and 

memory deficits." Brain 134(1): 258-277. 

Yang, S., S. Huang, Marta, X.-J. Li and S. Li (2014). "Age-Dependent Decrease in Chaperone Activity 

Impairs MANF Expression, Leading to Purkinje Cell Degeneration in Inducible SCA17 Mice." Neuron 

81(2): 349-365. 



68 
 

Yerbury, J. J., L. Ooi, A. Dillin, D. N. Saunders, D. M. Hatters, P. M. Beart, N. R. Cashman, M. R. Wilson and 

H. Ecroyd (2016). "Walking the tightrope: proteostasis and neurodegenerative disease." Journal of 

Neurochemistry 137(4): 489-505. 

Zhang, L., S. Zhang, I. Maezawa, S. Trushin, P. Minhas, M. Pinto, L.-W. Jin, K. Prasain, T. D. T. Nguyen, Y. 

Yamazaki, T. Kanekiyo, G. Bu, B. Gateno, K.-O. Chang, K. A. Nath, E. Nemutlu, P. Dzeja, Y.-P. Pang, D. H. 

Hua and E. Trushina (2015). "Modulation of Mitochondrial Complex I Activity Averts Cognitive Decline in 

Multiple Animal Models of Familial Alzheimer's Disease." EBioMedicine 2(4): 294-305. 

Zheng, X., L. Boyer, M. Jin, J. Mertens, Y. Kim, L. Ma, L. Ma, M. Hamm, F. H. Gage and T. Hunter (2016). 

"Metabolic reprogramming during neuronal differentiation from aerobic glycolysis to neuronal oxidative 

phosphorylation." eLife 5. 

Zhou, Y., J. Ren, T. Song, J. Peng and H. Wei (2016). "Methionine Regulates mTORC1 via the T1R1/T1R3-

PLCβ-Ca2+-ERK1/2 Signal Transduction Process in C2C12 Cells." International Journal of Molecular 

Sciences 17(10): 1684. 

Zhu, Z., C. Yang, A. Iyaswamy, S. Krishnamoorthi, S. G. Sreenivasmurthy, J. Liu, Z. Wang, B. C.-K. Tong, J. 

Song, J. Lu, K.-H. Cheung and M. Li (2019). "Balancing mTOR Signaling and Autophagy in the Treatment 

of Parkinson’s Disease." International Journal of Molecular Sciences 20(3): 728. 

Zimmerman, J. (2003). "Nutritional control of aging." Experimental Gerontology 38(1-2): 47-52. 

Zimmerman, K., J. Baldinger, B. Mayerhofer, A. Atanasov and V. M. D. (2015). "Activated AMPK boosts 

the Nrf2/HO-1 signaling axis—A role for the unfolded protein response." Free Radical Biology and 

Medicine: 417-426. 

Zimmermann, H. R., W. Yang, N. P. Kasica, X. Zhou, X. Wang, B. C. Beckelman, J. Lee, C. M. Furdui, C. D. 

Keene and T. Ma (2020). "Brain-specific repression of AMPKα1 alleviates pathophysiology in Alzheimer’s 

model mice." Journal of Clinical Investigation 130(7): 3511-3527. 

Zonderman, A., J. Fozard, R. Brookmeyer, S. Gray and C. Kawas (2000). "Age-specific incidence rates of 

Alzheimer's disease." Journal of Neurology: 2072-2077. 



69 
 

Zong, H., J. M. Ren, L. H. Young, M. Pypaert, J. Mu, M. J. Birnbaum and G. I. Shulman (2002). "AMP 

kinase is required for mitochondrial biogenesis in skeletal muscle in response to chronic energy 

deprivation." Proceedings of the National Academy of Sciences 99(25): 15983-15987. 

Zou, K., Q. Ouyang, H. Li and J. Zheng (2017). "A global characterization of the translational and 

transcriptional programs induced by methionine restriction through ribosome profiling and RNA-seq." 

BMC Genomics 18(1). 

 


