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INTRODUCTION 
 

Aging, the greatest risk factor for life-threatening 

disorders, lead to cancer, diabetes, cardiovascular and 

neurodegenerative conditions [1, 2]. Brain aging, a high-

risk factor for dementia, changes the structure and 

function of brain and stimulates a gradual but detectable 

cognitive decline [3, 4]. The hallmarks contribute to the 

aging process including loss of proteostasis, dysregulated 

nutrient sensing, mitochondrial dysfunction and cellular 

senescence [5]. It is reported that the number of people 

aged 65 years and older will increase to 19.3% in 2030 

[6], and about 1 % people suffering from dementia at the  

 

age of 60 [7]. These problems push us to probe the 

process, reasons and hallmarks of aging and explore the 

methods of anti-aging. 

 

Polyamines (Figure 1), spermidine and spermine, are 

essential for cell viability, proliferation, function and 

differentiation [8–11]. The levels of polyamines in the 

brain of aging are gradually decrease with the progress of 

aging [12]. Autophagy, a self-degradative process, 

induces lysosomes to degrade intracellular component 

such as long-lived proteins, pathogen and scavenging 

damaged organelles [13, 14]. It is reported that autophagy 

plays an important role in protecting neurodegenerative 
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ABSTRACT 
 

The natural polyamine spermidine and spermine have been reported to ameliorate aging and aging-induced 
dementia. However, the mechanism is still confused. An aging model, the senescence accelerated mouse-8 
(SAMP8), was used in this study. Novel object recognition and the open field test results showed that oral 
administration of spermidine, spermine and rapamycin increased discrimination index, modified number, inner 
squares distance and times. Spermidine and spermine increased the activity of SOD, and decreased the level of 
MDA in the aging brain. Spermidine and spermine phosphorylate AMPK and regulate autophagy proteins (LC3, 
Beclin 1 and p62). Spermidine and spermine balanced mitochondrial and maintain energy for neuron, with the 
regulation of MFN1, MFN2, DRP1, COX IV and ATP. In addition, western blot results (Bcl-2, Bax and Caspase-3, 
NLRP3, IL-18, IL-1β) showed that spermidine and spermine prevented apoptosis and inflammation, and elevate 
the expression of neurotrophic factors, including NGF, PSD95and PSD93 and BDNF in neurons of SAMP8 mice. 
These results indicated that the effect of spermidine and spermine on anti-aging is related with improving 
autophagy and mitochondrial function. 
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disease and anti-aging [15]. The administration of 

spermidine and spermine induces autophagy to prolong 

the life of Drosophila and ameliorates age-induced 

memory impairment [16–18]. Mitochondria, the main and 

essential organelles, are responsible for the generation of 

ATP, the function and survival of neurons, the regulation 

of apoptosis and inflammation and reactive oxygen 

species (ROS) in eukaryotic cells [19–24]. Spermidine 

extends the lifespan of mice and exerts cardioprotective 

effects by enhancing cardiac autophagy, mitophagy and 

mitochondrial respiration [25]. Many lines of evidence 

support autophagy defection and mitochondrial 

dysfunction in the pathogenesis of aging and dementia  

[1, 26–31].  

 

Based on these results, the senescence accelerated mouse-

8 (SAMP8), a classical accelerated aging animal model, 

exhibiting systematic aging syndromes at the age of 

seven-month [32, 33], was employed in this study. 

Spermidine and spermine might ameliorate cognitive 

dysfunction by inducing autophagy and ameliorating 

mitochondrial dysfunction in SAMP8 mice. 

 

RESULTS 
 

Spermidine and spermine ameliorate memory 

retention loss in SAMP8 mice 
 

Novel object recognition test (ORT) and open field test 

(OFT) were used to investigate the neuroprotective  

 

 
 

Figure 1. Scheme illustrates de novo synthesis of 
polyamines from ornithine. ODC, ornithine decarboxylase; 
dcAdoMet, decarboxylated s-adenosyl-L-methionine; SPDSY, 
spermidine synthase; SPMSY, spermine synthase; MTA PAO, 
polyamine oxidase; SSAT, spermidine/spermine N(1) 
acetyltransferase; SMO, spermine oxidase. 

effect of spermidine and spermine on SAMP8 mice. 

After the treatment of spermidine, spermine and 

rapamycin, the ability of memory retention was greatly 

improved (Figure 2) in SAMP8 mice. Spermidine, 

spermine and rapamycin significantly improved the 

time duration of exploring the novel object (Figure 2A, 

2B) in ORT. Mice in spermidine, spermine and 

rapamycin groups were more likely to stay and move in 

inner squares (Figure 2C–2F) in OFT.  

 

Spermidine and spermine alleviates oxidative stress 

in the brain of SAMP8 

 

We evaluated the effect of polyamine and rapamycin on 

oxidative stress. Spermidine, spermine and rapamycin 

decreased the levels of MDA in the brain of SAMP8 

mice (Figure 3A). The activity of SOD was particularly 

increased in the group of spermidine, spermine and 

rapamycin (Figure 3B). These results indicated that 

spermidine, spermine and rapamycin greatly ameliorate 

oxidative stress in SAMP8. 

 

Spermidine and spermine increase synaptic 

plasticity and neurotrophic factors in SAMP8 

 

The expression of neurotrophic factors and synaptic 

proteins were detected in all groups (Figure 4). Nerve 

growth factor (NGF), brain-derived neurotrophic factor 

(BDNF), postsynaptic density-95 (PSD95) and 

postsynaptic density-93 (PSD93) was obviously 

improved in the group of spermine, spermidine and 

rapamycin. 

 

Spermidine and spermine redress mitochondrial 

dysfunction in SAMP8 
 

As shown in Figure 5, the expression of proteins related 

to mitochondrion, including MFN1, MFN2 and COX IV, 

were greatly improved in spermidine, spermine and 

rapamycin groups (Figure 5B, 5C, 5E). Spermidine, 

spermine and rapamycin obviously induced the 

phosphorylation of DRP 1 (Figure 5D). The 

concentration of ATP was lower in SAMP8 group than in 

spermidine, spermine and rapamycin groups (Figure 4F). 

 

Spermidine and spermine phosphorylate AMPK and 

induce autophagy in SAMP8 

 

The level of phosphorylated AMPK in SAMR1 group is 

lower than SAMP8 group. After the treatment of 

spermidine, spermine and rapamycin, the level of 

phosphorylation of AMPK was elevated (Figure 6A, 

6B). The level of proteins related to autophagy 

including Beclin 1 and LC3II was significantly 

increased in spermidine, spermine and rapamycin 

groups (Figure 6A, 6C, 6E). The expression of p62 was 
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lower in spermidine, spermine and rapamycin groups 

(Figure 6D). 

 

Spermidine and spermine ameliorate apoptosis in 

SAMP8 

 

We detected the expression of apoptotic proteins to 

illuminate the effect of spermidine, spermine on 

neuronal apoptosis (Figure 7). The level of Bax and 

cleaved Caspase-3 increased and Bcl-2 decreased in 

SAMP8 group. Spermidine, spermine and rapamycin 

sharply decreased the expression of Bax (Figure 7B) 

and cleaved Caspase-3 (Figure 7C) and obviously 

increased the level of Bcl-2 (Figure 7B). Increased 

apoptotic cells were stained brown in SAMP8 group, 

compared to SAMR1 group (Figure 7B). While the  

 

 
 

Figure 2. Spermidine and spermine ameliorates cognitive dysfunction in behavioral test in SAMP8. (A, B) Discrimination index 
and paths in novel object recognition. (C) The modified number in open field test. (D) The distance of inner squares in open field test. (E) Time 
spent in the inner squares in open field test. (F) The paths of respective groups. Data represent mean ± SEM (n = 10 per group). #P < 0.05, ##P 
< 0.01, ###P < 0.001 vs. SAMR1; *P < 0.05, **P < 0.01, ***P < 0.001 vs. SAMP8. 



 

www.aging-us.com 6404 AGING 

 
 

Figure 3. Spermidine and spermine attenuates oxidative stress in SAMP8. (A) The level of MDA in brain. (B) The level of ROS in the 
brain. Data represent mean ± SEM (n = 6 per group). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. SAMR1; *P < 0.05, **P < 0.01, ***P < 0.001 vs. 
SAMP8. 

 

 
 

Figure 4. The effect of spermidine and spermine on neurodegeneration in SAMP8. (A) Western blot of NGF, PSD93, PSD95 and 
BDNF. (B) The expression of BDNF in the brain. (C) The expression of NGF in the brain. (D) The expression of PSD93 in the brain. (E) The 
expression of PSD95 in the brain. (Data represent mean ± SEM (n = 3 per group). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. SAMR1; *P < 0.05, **P < 
0.01, ***P < 0.001 vs. SAMP8. 
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TUNEL-positive cells were greatly decreased in the 

brain slice of spermine, spermidine and rapamycin 

groups in both hippocampus and cortex. 

 

Spermidine and spermine attenuate inflammation in 

SAMP8 

 
As shown in Figure 8, the level of inflammatory 

proteins, including NLRP3, IL-1β and IL-18 was 

obviously increased in SAMP8 group (Figure 8). After

the treatment of spermidine, spermine and rapamycin, 

the expression of inflammatory proteins (NLRP3, IL-1β 

and IL-18) were decreased sharply. These results 

indicated that spermidine, spermine could depress 

inflammation in the brain of SAMP8 mice. 

 
DISCUSSION 
 

In this study, we demonstrated that long-time 

administration of polyamines, spermidine and spermine,

 

 
 

Figure 5. Spermidine and spermine redress mitochondrial dysfunction in SAMP8. (A) The western blot of mitochondrial protein. 
(B) The expression of MFN1 in the brain. (C) The expression of MFN2 in the brain. (D) The expression of P-DRP1 in the brain. (E) The 
expression of COX IV in the brain. (F) The concentration of ATP in the brain. Data represent mean ± SEM (n = 3 per group). #P < 0.05, ##P < 
0.01, ###P < 0.001 vs. SAMR1; *P < 0.05, **P < 0.01, ***P < 0.001 vs. SAMP8. 
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delay brain aging and improved cognitive dysfunction 

in SAMP8. We further explored the mechanism of 

polyamine spermidine and spermine in anti-brain aging. 

 

Brain aging is characterized by cognitive dysfunction, 

neuronal loss and synapse loss [34–36]. At the early 

stage of brain aging, visual recognition memory decline 

is a potential marker. The ORT is designed based on the 

visual memory to examine the exploration of a novel 

object. According to the times to explore the novel 

object and movement paths, spermidine and spermine 

promoted memory retrieval. The OFT is designed to 

examine locomotor activity and anxious emotional 

based on the time spent in the inner square, distance in 

the inner square and the activity of lifting fore legs 

upwards, scratching face, and licking foot. Spermidine 

and spermine significantly relieve the tension of mice. 

PSD95 and PSD93, the major scaffolding protein at 

excitatory synapses and in postsynaptic densities 

(PSDs), are crucial for synapse maturation and plasticity 

 

 
 

Figure 6. Spermidine and spermine phosphorylate AMPK and inducing autophagy in SAMP8. (A) The western blot of autophagy 
protein. (B) The expression of P-AMPK in the brain. (C) The expression of Beclin in the brain. (D) The expression of p62 in the brain. (E) The 
expression of LC3 in the brain. Data represent mean ± SEM (n = 3 per group). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. SAMR1; *P < 0.05, **P < 
0.01, ***P < 0.001 vs. SAMP8. 
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[37, 38]. The expression of PSD93 and PSD95 is 

greatly improved after the treatment of spermidine, 

spermine and rapamycin, in line with the results of ORT 

and open field test. The expression of brain-derived 

neurotrophic factor (BDNF), related to synaptic 

plasticity, neurogenesis, learning memory and cognition 

[39–41], is reported to decline in neurons [42, 43]. 

Nerve growth factor (NGF) promotes survival and 

maintains the phenotype of neurons in the central 

nervous system (CNS) [44, 45]. In our study, the level 

of NGF and BDNF increased highly in the mice treated 

with spermidine and spermine.  

 

Oxidative stress, imbalance in aerobic metabolism, 

induces reactive oxygen species (ROS) which lead to 

neuronal apoptosis in neurodegenerative disease  

[46–48]. Mitochondrial damage can also induce 

oxidative phosphorylation and stimulate cell death [49]. 

Superoxide dismutase (SOD) provides a primary 

defense against oxidation stress by scavenging free 

radicals. Malondialdehyde (MDA), an index of lipid per 

oxidation, indicates the overproduction of ROS [50]. In 

this study, spermidine, spermine and rapamycin 

robustly decreased MDA levels. The activity of SOD 

was also obviously improved in spermidine, spermine 

and rapamycin groups, when compared with SAMP8. 

All these results indicated that spermidine, spermine 

and rapamycin suppressed oxidative stress in SAMP8 

mice. 

 

AMP-activated kinase (AMPK), an intracellular  

energy sensor, promotes autophagy through the 

phosphorylation of AMPK [51–53]. In the brain of 

spermidine, spermine and rapamycin, the expression of 

P-AMPK is improved, compared to SAMP8. Polyamine 

(putrescine, spermidine and spermine; Figure 1) have 

been reported to decrease with age in the brain of rats 

and humans [54, 55]. Here we show that the 

administration of exogenous spermidine and spermine 

meliorate the cognitive dysfunction. It is reported that 

spermidine induced autophagy to protect age-induced 

memory impairment [16] and attenuated brain aging 

[17]. Spermine has been proved to ameliorate age-

induced neurodegeneration in an autophagy-dependent

 

 
 

Figure 7. Spermidine and spermine depress apoptosis in SAMP8. (A) The western blot of apoptotic protein. (B) The expression of Bax 
and Bcl-2 in the brain. (C) The expression of Caspase-3 in the brain. (D) TUNEL staining in cortex. Scale bar: 50μm. Data represent mean ± SEM 
(n = 3 per group). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. SAMR1; *P < 0.05, **P < 0.01, ***P < 0.001 vs. SAMP8. 
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manner [56]. Autophagy is a self-eating mechanism and 

eliminates the aggregated protein and dysfunction 

organelles in autolysosomes [57]. Autophagy is a 

multistep process that includes initiation, membrane 

nucleation and phagophore formation, phagophore 

expansion, fusion with the lysosome and degradation. 

LC3 family proteins are attached to autophagosomal 

membranes, where they participate in cargo recognition 

and recruitment of the phagophore by interacting with 

various autophagy receptors. Prominent examples of 

autophagy receptors are p62 (also known as SQSTM1), 

which recognize ubiquitinated proteins or organelles 

targeted for degradation. Beclin 1, the core complexes 

controlling autophagosomes maturation, promotes 

autophagy [58–60]. In our study, we can saw the 

expression of autophagy-related proteins, including 

Beclin 1 and LC 3 II, decline in SAMP8 group. 

Spermidine and spermine, especially rapamycin, 

increased Beclin 1 and LC 3 II and decreased p62 in 

mice brain. Based on these results, spermidine and 

spermine phosphorylated AMPK and then induced 

autophagy in SAMP8 mice.  

A very important function of the mitochondrial in the 

cell is to produce ATP, the energy used for a variety of 

metabolic reactions. Cells transport damage in their 

nuclear and mitochondrial genomes to organelles, then 

the quality control mechanisms determine the 

consequences of the cell and the organism during aging 

[30]. Mitochondrial dysfunction and impaired 

autophagy are the hallmarks of aging [61]. Autophagy 

and mitochondrial biogenesis are crucial to the quality 

and balance of mitochondria. Mitochondrial fusion is 

related to various proteins, including mitofusin-1 

(MFN1) and mitofusin-2 (MFN2). Mitochondrial 

fission is connected with dynamin-related protein 1 

(DRP1) [62, 63]. Cytochrome c oxidase IV (COX IV), 

deficient in aging [64], is an important mitochondrial 

marker enzyme that is positively correlated with 

respiration [65]. The expression of mitochondrial fusion 

(MFN1 and MFN2) apparently increases in spermidine, 

spermine and rapamycin groups, but was accompanied 

with lower phosphorylation of mitochondrial fission 

protein DRP 1. Mitochondria maintained balance and 

quality through mitochondrial fission and fusion in the

 

 
 

Figure 8. Spermidine and spermine ameliorate inflammation in SAMP8. (A) The western blot of inflammatory protein. (B) The 
expression of NLRP3 in the brain. (C) The expression of IL-1β in the brain. (D) The expression of IL-18 in the brain. Data represent mean ± SEM 
(n = 3 per group). #P < 0.05, ##P < 0.01, ###P < 0.001 vs. SAMR1; *P < 0.05, **P < 0.01, ***P < 0.001 vs. SAMP8. 
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brain of polyamine-treating group. The ATP 

concentration increased in spermidine, spermine and 

rapamycin groups. These results demonstrated that 

spermidine and spermine ameliorated mitochondrial 

dysfunction to produce the energy for cell survival. 

 

NLRP3, an inflammasomes receptor, can interact with 

Beclin 1 directly and undergo polyubiquitination which 

was recognized by the UBA domain of p62 protein. 

Subsequently, p62 targeted the NLRP3 inflammasome 

to the LC3-mediated autophagy [66]. NLRP3 regulates 

its downstream target caspase-1 and subsequent 

maturation of interleukin-1β (IL-1β) and IL-18 [67, 68]. 

Beclin 1, a coiled-coil protein, also interacts with 

multiple apoptotic proteins such as Bcl-2 (an anti-

apoptosis protein) [60]. In this experiment, the 

expression of proinflammatory factor (NLRP3, IL-1β, 

IL-18 and caspase-1) and pro-apoptosis protein (Bax 

and caspase-3) and TUNEL-positive cells were sharply 

down-regulated in polyamine and rapamycin groups. 

We demonstrated that polyamine induced autophagy to 

attenuate inflammation and apoptosis in the aging brain. 

 

In this study, we illustrated that polyamine could 

ameliorate brain aging, which might be related to 

autophagy and mitochondrial dysfunction. The further 

mechanism still needs to be studied.  

 

MATERIALS AND METHODS  
 

Mice 
 

Three-month-old male senescence-accelerated mouse 

prone 8 (SAMP8) and senescence-accelerated mouse 

resistant 1 (SAMR1) mice were purchased from the 

Peking University Health Science Center. The mice 

were housed in a specific pathogen-free animal room. 

The procedures applied in the study were carried out 

according to the Guiding Principles for the Care and 

Use of Laboratory Animals that were adopted and 

promulgated by the United States National Institutes of 

Health. 

 

Drug treatments 
 

Polyamine spermidine (2 mmol/L, Aladdin) and 

spermine (2 mmol/L, Sigma) were diluted in drinking 

water according to previous experiment [16]. Mice were 

respectively treated with saline, spermidine, spermine 

and rapamycin (0.78mg/kg/d, Sigma, intragastric 

administration) for 8 weeks.  

 

Object recognition test (ORT) 
 

The mice were placed individually in the testing arena (40 

cm in length, 40 cm in width, 40 cm in height), fora 

period of 5 minutes with no objects present. Two identical 

objects were placed in the central part of the chamber, 

equally distant from the perimeter to be tested on the next 

day. Interactions with both objects were recorded for 5 

minutes with a digital video camera mounted overhead. 

The mice were placed in the chamber again with two 

objects (a familiar object from the preceding test and a 

novel object) to test memory retention on the third day. 

Interactions with both objects were recorded for 5 

minutes. During the testing, the condition including the 

spatial location for the objects remained the same. After 

each test, the arena was cleaned with a solution of 70 % 

ethanol to avoid olfactory cues. Discrimination index 

(exploration of novel object/total exploration time), novel 

percent time and percent alterations were measured in this 

experiment. 

 

Open field test (OFT) 

 

The open field test apparatus is constructed of white 

wooden square, which is divided into 25squares (16 

peripheral and 9 central). The mice were singly placed 

in the center of a square arena (Med Associates Inc., St. 

Albans, USA, 100 cm × 100 cm) to move freely for 5 

minutes. Animal behavior was videotaped by a video 

camera mounted overhead. After each test, the arena 

was cleaned with a solution of 70% ethanol.  

 

TUNEL staining 
 

Brain paraffin sections were washed in xylene and 

rehydrated through a graded series of ethanol and 

double-distilled water. Then, the staining was 

performed according to the specification of TUNEL. 

Then slides were dehydrated through 70%, 95% and 

100% alcohol, cleared in xylene. Images were analyzed 

by using a light microscope and LEICA QWin Plus 

(Leica Microsystems, Wetzlar, Germany). 

 

Western blot analysis 

 

The brain tissues were homogenized and lysed in 

sample buffer (0.5 M Tris/HCl pH 6.8, 50% glycerol, 

10% sodium dodecyl sulphate (SDS), 1: 100 inhibitor 

proteases and phosphatases cocktail) on ice. We 

centrifuged the lysate and then boiled at 100 °C with 

loading buffer. The lysate (30μg protein) was 

fractionated by SDS-polyacrylamide gel electrophoresis 

(PAGE) and then transferred onto polyvinylidene 

fluoride sheets (PVDF) membranes. After being 

blocked with 5 %Bull Serum Albumin (BSA) dissolved 

in TBST for one and half hour at room temperature, 

transferred PVDF membranes were incubated overnight 

at 4 °C overnight with the primary antibodies. The 

membrane was incubated with secondary antibody 

(anti-rabbit or anti-mouse) for one and half hour at 
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room temperature. Routinely, protein load was detected 

by using a super enhanced chemiluminescence reagent 

(ECL; Applygen Technologies Inc., Beijing, China). 

 

Measurement of MDA, AOD, ROS and ATP 

 

The brain tissues were centrifuged with ice-cold saline. 

We used the supernatant to detect the levels of ROS, 

SOD, MDA and ATP according to the manufacturer’s 

instructions. The absorbance was read using Universal 

Microplate Spectrophotometer (Bio-Rad, Hercules, CA, 

USA). 

 

Statistical analysis 
 

Experimental values were given as means ± S.E.M. All 

statistical analysis was performed with SPSS 19.0 

statistical software (IBM, Endicott, NY). Two-way 

analysis of variance (ANOVA) was applied to analyze 

differences in data for the biochemical parameters 

among the different groups, followed by Dunnett’s 

significant post-hoc test for pair-wise multiple 

comparisons. The level of statistical significance for all 

tests was P < 0.05. 

 

AUTHOR CONTRIBUTIONS 
 

Shi-Jie Zhang designed the study. Ting-Ting Xu, Zhao 

Dai, Ben-Yue Li, Wen-Li Zhu, Xiao-Qi Liu, Hao-Fei 

Liu and Wei-Wu Cai conducted the experiment. Ting-

Ting Xu and Shi-Jie Zhang contributed to initial data 

analysis and interpretation, drafted the initial 

manuscript. Han Li, George K. Lau and Shui-Qing 

Huang helped revised the manuscript. Qi Wang and 

Shi-Jie Zhang supervised all aspects of the study, 

critically reviewed and revised the manuscript, and 

approved the final manuscript as submitted. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no competing 

interests. 

 

FUNDING 
 

This work was supported by the National Natural 

Science Foundation of China (No.81673627), 

Guangzhou Science Technology and Innovation 

Commission Technology Research Projects 

(201805010005). 

 

REFERENCES 
 

1. López-Otín C, Blasco MA, Partridge L, Serrano M, 
Kroemer G. The hallmarks of aging. Cell. 2013; 
153:1194–217. 

 https://doi.org/10.1016/j.cell.2013.05.039 
 PMID:23746838 

2. Kritsilis M, V Rizou S, Koutsoudaki PN, Evangelou K, 
Gorgoulis VG, Papadopoulos D. Ageing, Cellular 
Senescence and Neurodegenerative Disease. Int J Mol 
Sci. 2018; 19:E2937. 

 https://doi.org/10.3390/ijms19102937 
 PMID:30261683 

3. Cole JH, Franke K. Predicting Age Using Neuroimaging: 
Innovative Brain Ageing Biomarkers. Trends Neurosci. 
2017; 40:681–90. 

 https://doi.org/10.1016/j.tins.2017.10.001 
 PMID:29074032 

4. Valenzuela MJ, Breakspear M, Sachdev P. Complex 
mental activity and the aging brain: molecular, cellular 
and cortical network mechanisms. Brain Res Brain Res 
Rev. 2007; 56:198–213. 

 https://doi.org/10.1016/j.brainresrev.2007.07.007 
 PMID:17870176 

5. Meiners S, Eickelberg O, Königshoff M. Hallmarks of 
the ageing lung. Eur Respir J. 2015; 45:807–27. 

 https://doi.org/10.1183/09031936.00186914 
 PMID:25657021 

6. de Cabo R, Carmona-Gutierrez D, Bernier M, Hall MN, 
Madeo F. The search for antiaging interventions: from 
elixirs to fasting regimens. Cell. 2014; 157:1515–26. 

 https://doi.org/10.1016/j.cell.2014.05.031 
 PMID:24949965 

7. Evans DA, Funkenstein HH, Albert MS, Scherr PA, Cook 
NR, Chown MJ, Hebert LE, Hennekens CH, Taylor JO. 
Prevalence of Alzheimer’s disease in a community 
population of older persons. Higher than previously 
reported. JAMA. 1989; 262:2551–56. 

 https://doi.org/10.1001/jama.1989.03430180093036 
 PMID:2810583 

8. Miller-Fleming L, Olin-Sandoval V, Campbell K, Ralser M. 
Remaining Mysteries of Molecular Biology: The Role of 
Polyamines in the Cell. J Mol Biol. 2015; 427:3389–406. 

 https://doi.org/10.1016/j.jmb.2015.06.020 
 PMID:26156863 

9. Pegg AE. Functions of Polyamines in Mammals. J Biol 
Chem. 2016; 291:14904–12. 

 https://doi.org/10.1074/jbc.R116.731661 
 PMID:27268251 

10. Puleston DJ, Buck MD, Klein Geltink RI, Kyle RL, Caputa 
G, O'Sullivan D, Cameron AM, Castoldi A, Musa Y, 
Kabat AM, Zhang Y, Flachsmann LJ, Field CS, et al. 
Polyamines and eIF5A Hypusination Modulate 
Mitochondrial Respiration and Macrophage Activation. 
Cell Metab. 2019; 30:352–363.e8. 

 https://doi.org/10.1016/j.cmet.2019.05.003 
 PMID:31130465 

https://doi.org/10.1016/j.cell.2013.05.039
https://www.ncbi.nlm.nih.gov/pubmed/23746838
https://doi.org/10.3390/ijms19102937
https://www.ncbi.nlm.nih.gov/pubmed/30261683
https://doi.org/10.1016/j.tins.2017.10.001
https://www.ncbi.nlm.nih.gov/pubmed/29074032
https://doi.org/10.1016/j.brainresrev.2007.07.007
https://www.ncbi.nlm.nih.gov/pubmed/17870176
https://doi.org/10.1183/09031936.00186914
https://www.ncbi.nlm.nih.gov/pubmed/25657021
https://doi.org/10.1016/j.cell.2014.05.031
https://www.ncbi.nlm.nih.gov/pubmed/24949965
https://doi.org/10.1001/jama.1989.03430180093036
https://www.ncbi.nlm.nih.gov/pubmed/2810583
https://doi.org/10.1016/j.jmb.2015.06.020
https://www.ncbi.nlm.nih.gov/pubmed/26156863
https://doi.org/10.1074/jbc.R116.731661
https://www.ncbi.nlm.nih.gov/pubmed/27268251
https://doi.org/10.1016/j.cmet.2019.05.003
https://www.ncbi.nlm.nih.gov/pubmed/31130465


 

www.aging-us.com 6411 AGING 

11. Iacomino G, Picariello G, D’Agostino L. DNA and 
nuclear aggregates of polyamines. Biochim Biophys 
Acta. 2012; 1823:1745–55. 

 https://doi.org/10.1016/j.bbamcr.2012.05.033 
 PMID:22705882 

12. Sigrist SJ, Carmona-Gutierrez D, Gupta VK, Bhukel A, 
Mertel S, Eisenberg T, Madeo F. Spermidine-triggered 
autophagy ameliorates memory during aging. 
Autophagy. 2014; 10:178–79. 

 https://doi.org/10.4161/auto.26918 
 PMID:24262970 

13. De Rechter S, Decuypere JP, Ivanova E, van den Heuvel 
LP, De Smedt H, Levtchenko E, Mekahli D. Autophagy 
in renal diseases. Pediatr Nephrol. 2016; 31:737–52. 

 https://doi.org/10.1007/s00467-015-3134-2 
 PMID:26141928 

14. Cuervo AM, Bergamini E, Brunk UT, Dröge W, Ffrench 
M, Terman A. Autophagy and aging: the importance of 
maintaining “clean” cells. Autophagy. 2005; 1:131–40. 

 https://doi.org/10.4161/auto.1.3.2017 
 PMID:16874025 

15. Kang C, Elledge SJ. How autophagy both activates 
and inhibits cellular senescence. Autophagy. 2016; 
12:898–99. 

 https://doi.org/10.1080/15548627.2015.1121361 
 PMID:27129029 

16. Gupta VK, Scheunemann L, Eisenberg T, Mertel S, 
Bhukel A, Koemans TS, Kramer JM, Liu KS, Schroeder S, 
Stunnenberg HG, Sinner F, Magnes C, Pieber TR, et al. 
Restoring polyamines protects from age-induced 
memory impairment in an autophagy-dependent 
manner. Nat Neurosci. 2013; 16:1453–60. 

 https://doi.org/10.1038/nn.3512 
 PMID:23995066 

17. Eisenberg T, Knauer H, Schauer A, Büttner S, 
Ruckenstuhl C, Carmona-Gutierrez D, Ring J, Schroeder 
S, Magnes C, Antonacci L, Fussi H, Deszcz L, Hartl R, et 
al. Induction of autophagy by spermidine promotes 
longevity. Nat Cell Biol. 2009; 11:1305–14. 

 https://doi.org/10.1038/ncb1975 
 PMID:19801973 

18. Sacitharan PK, Lwin S, Gharios GB, Edwards JR. 
Spermidine restores dysregulated autophagy and 
polyamine synthesis in aged and osteoarthritic 
chondrocytes via EP300. Exp Mol Med. 2018; 50:123. 

 https://doi.org/10.1038/s12276-018-0149-3 
 PMID:30232322 

19. Reeve AK, Krishnan KJ, Turnbull DM. Age related 
mitochondrial degenerative disorders in humans. 
Biotechnol J. 2008; 3:750–56. 

 https://doi.org/10.1002/biot.200800066 
 PMID:18512864 

20. Hengartner MO. The biochemistry of apoptosis. 
Nature. 2000; 407:770–76. 

 https://doi.org/10.1038/35037710 
 PMID:11048727 

21. Chen H, Chan DC. Emerging functions of mammalian 
mitochondrial fusion and fission. Hum Mol Genet. 
2005 (suppl_2); 14 Spec No. 2:R283–89. 

 https://doi.org/10.1093/hmg/ddi270 
 PMID:16244327 

22. De Felice FG, Ferreira ST. Inflammation, defective 
insulin signaling, and mitochondrial dysfunction as 
common molecular denominators connecting type 2 
diabetes to Alzheimer disease. Diabetes. 2014; 
63:2262–72. 

 https://doi.org/10.2337/db13-1954 
 PMID:24931033 

23. Ertracht O, Malka A, Atar S, Binah O. The mitochondria 
as a target for cardioprotection in acute myocardial 
ischemia. Pharmacol Ther. 2014; 142:33–40. 

 https://doi.org/10.1016/j.pharmthera.2013.11.003 
 PMID:24275322 

24. Chang DT, Reynolds IJ. Mitochondrial trafficking and 
morphology in healthy and injured neurons. Prog 
Neurobiol. 2006; 80:241–68. 

 https://doi.org/10.1016/j.pneurobio.2006.09.003 
 PMID:17188795 

25. Eisenberg T, Abdellatif M, Schroeder S, Primessnig U, 
Stekovic S, Pendl T, Harger A, Schipke J, Zimmermann 
A, Schmidt A, Tong M, Ruckenstuhl C, Dammbrueck C, 
et al. Cardioprotection and lifespan extension by the 
natural polyamine spermidine. Nat Med. 2016; 
22:1428–38. 

 https://doi.org/10.1038/nm.4222 
 PMID:27841876 

26. Broadwater L, Pandit A, Clements R, Azzam S, Vadnal J, 
Sulak M, Yong VW, Freeman EJ, Gregory RB, 
McDonough J. Analysis of the mitochondrial proteome 
in multiple sclerosis cortex. Biochim Biophys Acta. 
2011; 1812:630–41. 

 https://doi.org/10.1016/j.bbadis.2011.01.012 
 PMID:21295140 

27. Dutta R, McDonough J, Yin X, Peterson J, Chang A, 
Torres T, Gudz T, Macklin WB, Lewis DA, Fox RJ, Rudick 
R, Mirnics K, Trapp BD. Mitochondrial dysfunction as a 
cause of axonal degeneration in multiple sclerosis 
patients. Ann Neurol. 2006; 59:478–89. 

 https://doi.org/10.1002/ana.20736 
 PMID:16392116 

28. Perez-Gracia E, Blanco R, Carmona M, Carro E, Ferrer I. 
Oxidative stress damage and oxidative stress responses 
in the choroid plexus in Alzheimer’s disease. Acta 
Neuropathol. 2009; 118:497–504. 

https://doi.org/10.1016/j.bbamcr.2012.05.033
https://www.ncbi.nlm.nih.gov/pubmed/22705882
https://doi.org/10.4161/auto.26918
https://www.ncbi.nlm.nih.gov/pubmed/24262970
https://doi.org/10.1007/s00467-015-3134-2
https://www.ncbi.nlm.nih.gov/pubmed/26141928
https://doi.org/10.4161/auto.1.3.2017
https://www.ncbi.nlm.nih.gov/pubmed/16874025
https://doi.org/10.1080/15548627.2015.1121361
https://www.ncbi.nlm.nih.gov/pubmed/27129029
https://doi.org/10.1038/nn.3512
https://www.ncbi.nlm.nih.gov/pubmed/23995066
https://doi.org/10.1038/ncb1975
https://www.ncbi.nlm.nih.gov/pubmed/19801973
https://doi.org/10.1038/s12276-018-0149-3
https://www.ncbi.nlm.nih.gov/pubmed/30232322
https://doi.org/10.1002/biot.200800066
https://www.ncbi.nlm.nih.gov/pubmed/18512864
https://doi.org/10.1038/35037710
https://www.ncbi.nlm.nih.gov/pubmed/11048727
https://doi.org/10.1093/hmg/ddi270
https://www.ncbi.nlm.nih.gov/pubmed/16244327
https://doi.org/10.2337/db13-1954
https://www.ncbi.nlm.nih.gov/pubmed/24931033
https://doi.org/10.1016/j.pharmthera.2013.11.003
https://www.ncbi.nlm.nih.gov/pubmed/24275322
https://doi.org/10.1016/j.pneurobio.2006.09.003
https://www.ncbi.nlm.nih.gov/pubmed/17188795
https://doi.org/10.1038/nm.4222
https://www.ncbi.nlm.nih.gov/pubmed/27841876
https://doi.org/10.1016/j.bbadis.2011.01.012
https://www.ncbi.nlm.nih.gov/pubmed/21295140
https://doi.org/10.1002/ana.20736
https://www.ncbi.nlm.nih.gov/pubmed/16392116


 

www.aging-us.com 6412 AGING 

 https://doi.org/10.1007/s00401-009-0574-4 
 PMID:19597827 

29. Fang EF, Hou Y, Palikaras K, Adriaanse BA, Kerr JS, Yang 
B, Lautrup S, Hasan-Olive MM, Caponio D, Dan X, 
Rocktäschel P, Croteau DL, Akbari M, et al. Mitophagy 
inhibits amyloid-β and tau pathology and reverses 
cognitive deficits in models of Alzheimer’s disease. Nat 
Neurosci. 2019; 22:401–12. 

 https://doi.org/10.1038/s41593-018-0332-9 
 PMID:30742114 

30. Green DR, Galluzzi L, Kroemer G. Mitochondria and the 
autophagy-inflammation-cell death axis in organismal 
aging. Science. 2011; 333:1109–12. 

 https://doi.org/10.1126/science.1201940 
 PMID:21868666 

31. Todd K, Ghiso J, Rostagno A. Oxidative stress and 
mitochondria-mediated cell death mechanisms 
triggered by the familial Danish dementia ADan 
amyloid. Neurobiol Dis. 2016; 85:130–43. 

 https://doi.org/10.1016/j.nbd.2015.10.003 
 PMID:26459115 

32. Takeda T, Hosokawa M, Higuchi K. Senescence-
accelerated mouse (SAM): a novel murine model of 
accelerated senescence. J Am Geriatr Soc. 1991; 
39:911–19. 

 https://doi.org/10.1111/j.1532-5415.1991.tb04460.x 
 PMID:1885867 

33. Yagi H, Katoh S, Akiguchi I, Takeda T. Age-related 
deterioration of ability of acquisition in memory and 
learning in senescence accelerated mouse: SAM-P/8 as 
an animal model of disturbances in recent memory. 
Brain Res. 1988; 474:86–93. 

 https://doi.org/10.1016/0006-8993(88)90671-3 
 PMID:3214716 

34. Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, 
Hill R, Hansen LA, Katzman R. Physical basis of 
cognitive alterations in Alzheimer’s disease: synapse 
loss is the major correlate of cognitive impairment. 
Ann Neurol. 1991; 30:572–80. 

 https://doi.org/10.1002/ana.410300410 
 PMID:1789684 

35. Tsai J, Grutzendler J, Duff K, Gan WB. Fibrillar amyloid 
deposition leads to local synaptic abnormalities and 
breakage of neuronal branches. Nat Neurosci. 2004; 
7:1181–83. 

 https://doi.org/10.1038/nn1335 
 PMID:15475950 

36. Koffie RM, Meyer-Luehmann M, Hashimoto T, Adams 
KW, Mielke ML, Garcia-Alloza M, Micheva KD, Smith SJ, 
Kim ML, Lee VM, Hyman BT, Spires-Jones TL. 
Oligomeric amyloid beta associates with postsynaptic 
densities and correlates with excitatory synapse loss 

near senile plaques. Proc Natl Acad Sci USA. 2009; 
106:4012–17. 

 https://doi.org/10.1073/pnas.0811698106 
 PMID:19228947 

37. Sheng M, Hoogenraad CC. The postsynaptic 
architecture of excitatory synapses: a more quantitative 
view. Annu Rev Biochem. 2007; 76:823–47. 

 https://doi.org/10.1146/annurev.biochem.76.060805.
160029 

 PMID:17243894 

38. Dejanovic B, Huntley MA, De Mazière A, Meilandt WJ, 
Wu T, Srinivasan K, Jiang Z, Gandham V, Friedman BA, 
Ngu H, Foreman O, Carano RA, Chih B, et al. Changes in 
the Synaptic Proteome in Tauopathy and Rescue of 
Tau-Induced Synapse Loss by C1q Antibodies. Neuron. 
2018; 100:1322–1336.e7. 

 https://doi.org/10.1016/j.neuron.2018.10.014 
 PMID:30392797 

39. Fernandes BS, Gama CS, Ceresér KM, Yatham LN, Fries 
GR, Colpo G, de Lucena D, Kunz M, Gomes FA, 
Kapczinski F. Brain-derived neurotrophic factor as a 
state-marker of mood episodes in bipolar disorders: a 
systematic review and meta-regression analysis. J 
Psychiatr Res. 2011; 45:995–1004. 

 https://doi.org/10.1016/j.jpsychires.2011.03.002 
 PMID:21550050 

40. Murray PS, Holmes PV. An overview of brain-derived 
neurotrophic factor and implications for excitotoxic 
vulnerability in the hippocampus. Int J Pept. 2011; 
2011:654085–654085. 

 https://doi.org/10.1155/2011/654085 
 PMID:21966294 

41. Wolkowitz OM, Epel ES, Reus VI, Mellon SH. Depression 
gets old fast: do stress and depression accelerate cell 
aging? Depress Anxiety. 2010; 27:327–38. 

 https://doi.org/10.1002/da.20686 PMID:20376837 

42. Xu Y, Cui C, Pang C, Christen Y, Luo Y. Restoration of 
impaired phosphorylation of cyclic AMP response 
element-binding protein (CREB) by EGb 761 and its 
constituents in Abeta-expressing neuroblastoma cells. 
Eur J Neurosci. 2007; 26:2931–39. 

 https://doi.org/10.1111/j.1460-9568.2007.05905.x 
 PMID:18001288 

43. Phillips HS, Hains JM, Armanini M, Laramee GR, 
Johnson SA, Winslow JW. BDNF mRNA is decreased in 
the hippocampus of individuals with Alzheimer’s 
disease. Neuron. 1991; 7:695–702. 

 https://doi.org/10.1016/0896-6273(91)90273-3 
 PMID:1742020 

44. Sofroniew MV, Howe CL, Mobley WC. Nerve growth 
factor signaling, neuroprotection, and neural repair. 
Annu Rev Neurosci. 2001; 24:1217–81. 

https://doi.org/10.1007/s00401-009-0574-4
https://www.ncbi.nlm.nih.gov/pubmed/19597827
https://doi.org/10.1038/s41593-018-0332-9
https://www.ncbi.nlm.nih.gov/pubmed/30742114
https://doi.org/10.1126/science.1201940
https://www.ncbi.nlm.nih.gov/pubmed/21868666
https://doi.org/10.1016/j.nbd.2015.10.003
https://www.ncbi.nlm.nih.gov/pubmed/26459115
https://doi.org/10.1111/j.1532-5415.1991.tb04460.x
https://www.ncbi.nlm.nih.gov/pubmed/1885867
https://doi.org/10.1016/0006-8993%2888%2990671-3
https://www.ncbi.nlm.nih.gov/pubmed/3214716
https://doi.org/10.1002/ana.410300410
https://www.ncbi.nlm.nih.gov/pubmed/1789684
https://doi.org/10.1038/nn1335
https://www.ncbi.nlm.nih.gov/pubmed/15475950
https://doi.org/10.1073/pnas.0811698106
https://www.ncbi.nlm.nih.gov/pubmed/19228947
https://doi.org/10.1146/annurev.biochem.76.060805.160029
https://doi.org/10.1146/annurev.biochem.76.060805.160029
https://www.ncbi.nlm.nih.gov/pubmed/17243894
https://doi.org/10.1016/j.neuron.2018.10.014
https://www.ncbi.nlm.nih.gov/pubmed/30392797
https://doi.org/10.1016/j.jpsychires.2011.03.002
https://www.ncbi.nlm.nih.gov/pubmed/21550050
https://doi.org/10.1155/2011/654085
https://www.ncbi.nlm.nih.gov/pubmed/21966294
https://doi.org/10.1002/da.20686
https://www.ncbi.nlm.nih.gov/pubmed/20376837
https://doi.org/10.1111/j.1460-9568.2007.05905.x
https://www.ncbi.nlm.nih.gov/pubmed/18001288
https://doi.org/10.1016/0896-6273%2891%2990273-3
https://www.ncbi.nlm.nih.gov/pubmed/1742020


 

www.aging-us.com 6413 AGING 

 https://doi.org/10.1146/annurev.neuro.24.1.1217 
 PMID:11520933 

45. Batchelor PE, Armstrong DM, Blaker SN, Gage FH. 
Nerve growth factor receptor and choline 
acetyltransferase colocalization in neurons within the 
rat forebrain: response to fimbria-fornix transection. J 
Comp Neurol. 1989; 284:187–204. 

 https://doi.org/10.1002/cne.902840204 
 PMID:2546981 

46. Allen RG, Tresini M. Oxidative stress and gene 
regulation. Free Radic Biol Med. 2000; 28:463–99. 

 https://doi.org/10.1016/S0891-5849(99)00242-7 
 PMID:10699758 

47. Mallis RJ, Buss JE, Thomas JA. Oxidative modification of 
H-ras: s-thiolation and S-nitrosylation of reactive 
cysteines. Biochem J. 2001; 355:145–53. 

 https://doi.org/10.1042/bj3550145 
 PMID:11256959 

48. Halliwell B. Reactive oxygen species and the central 
nervous system. J Neurochem. 1992; 59:1609–23. 

 https://doi.org/10.1111/j.1471-4159.1992.tb10990.x 
 PMID:1402908 

49. Wang Y, Xu E, Musich PR, Lin F. Mitochondrial 
dysfunction in neurodegenerative diseases and the 
potential countermeasure. CNS Neurosci Ther. 2019; 
25:816–24. 

 https://doi.org/10.1111/cns.13116 
 PMID:30889315 

50. Dias-Santagata D, Fulga TA, Duttaroy A, Feany MB. 
Oxidative stress mediates tau-induced 
neurodegeneration in Drosophila. J Clin Invest. 2007; 
117:236–45. 

 https://doi.org/10.1172/JCI28769 
 PMID:17173140 

51. Hayashi T, Hirshman MF, Fujii N, Habinowski SA, 
Witters LA, Goodyear LJ. Metabolic stress and altered 
glucose transport: activation of AMP-activated protein 
kinase as a unifying coupling mechanism. Diabetes. 
2000; 49:527–31. 

 https://doi.org/10.2337/diabetes.49.4.527 
 PMID:10871188 

52. Dasgupta B, Milbrandt J. Resveratrol stimulates AMP 
kinase activity in neurons. Proc Natl Acad Sci USA. 
2007; 104:7217–22. 

 https://doi.org/10.1073/pnas.0610068104 
 PMID:17438283 

53. Li Y, Chen C, Yao F, Su Q, Liu D, Xue R, Dai G, Fang R, 
Zeng J, Chen Y, Huang H, Ma Y, Li W, et al. AMPK 
inhibits cardiac hypertrophy by promoting autophagy 
via mTORC1. Arch Biochem Biophys. 2014; 558:79–86. 

 https://doi.org/10.1016/j.abb.2014.06.023 
 PMID:25009141 

54. Das R, Kanungo MS. Activity and modulation of 
ornithine decarboxylase and concentrations of 
polyamines in various tissues of rats as a function of 
age. Exp Gerontol. 1982; 17:95–103. 

 https://doi.org/10.1016/0531-5565(82)90042-0 
 PMID:7106211 

55. Vivó M, de Vera N, Cortés R, Mengod G, Camón L, 
Martínez E. Polyamines in the basal ganglia of human 
brain. Influence of aging and degenerative movement 
disorders. Neurosci Lett. 2001; 304:107–11. 

 https://doi.org/10.1016/S0304-3940(01)01776-1 
 PMID:11335066 

56. Vijayan B, Raj V, Nandakumar S, Kishore A, 
Thekkuveettil A. Spermine protects alpha-synuclein 
expressing dopaminergic neurons from manganese-
induced degeneration. Cell Biol Toxicol. 2019; 
35:147–59. 

 https://doi.org/10.1007/s10565-018-09449-1 
 PMID:30673990 

57. Mizushima N, Komatsu M. Autophagy: renovation of 
cells and tissues. Cell. 2011; 147:728–41. 

 https://doi.org/10.1016/j.cell.2011.10.026 
 PMID:22078875 

58. He C, Klionsky DJ. Regulation mechanisms and 
signaling pathways of autophagy. Annu Rev Genet. 
2009; 43:67–93. 

 https://doi.org/10.1146/annurev-genet-102808-
114910 

 PMID:19653858 

59. Mehrpour M, Esclatine A, Beau I, Codogno P. Overview 
of macroautophagy regulation in mammalian cells. Cell 
Res. 2010; 20:748–62. 

 https://doi.org/10.1038/cr.2010.82 
 PMID:20548331 

60. Liang XH, Jackson S, Seaman M, Brown K, Kempkes B, 
Hibshoosh H, Levine B. Induction of autophagy and 
inhibition of tumorigenesis by beclin 1. Nature. 1999; 
402:672–76. 

 https://doi.org/10.1038/45257 
 PMID:10604474 

61. Gallage S, Gil J. Mitochondrial Dysfunction Meets 
Senescence. Trends Biochem Sci. 2016; 41:207–09. 

 https://doi.org/10.1016/j.tibs.2016.01.005 
 PMID:26874922 

62. Vyas S, Zaganjor E, Haigis MC. Mitochondria and 
Cancer. Cell. 2016; 166:555–66. 

 https://doi.org/10.1016/j.cell.2016.07.002 
 PMID:27471965 

63. Zhang G, Frederick DT, Wu L, Wei Z, Krepler C, 
Srinivasan S, Chae YC, Xu X, Choi H, Dimwamwa E, Ope 
O, Shannan B, Basu D, et al. Targeting mitochondrial 
biogenesis to overcome drug resistance to MAPK 

https://doi.org/10.1146/annurev.neuro.24.1.1217
https://www.ncbi.nlm.nih.gov/pubmed/11520933
https://doi.org/10.1002/cne.902840204
https://www.ncbi.nlm.nih.gov/pubmed/2546981
https://doi.org/10.1016/S0891-5849%2899%2900242-7
https://www.ncbi.nlm.nih.gov/pubmed/10699758
https://doi.org/10.1042/bj3550145
https://www.ncbi.nlm.nih.gov/pubmed/11256959
https://doi.org/10.1111/j.1471-4159.1992.tb10990.x
https://www.ncbi.nlm.nih.gov/pubmed/1402908
https://doi.org/10.1111/cns.13116
https://www.ncbi.nlm.nih.gov/pubmed/30889315
https://doi.org/10.1172/JCI28769
https://www.ncbi.nlm.nih.gov/pubmed/17173140
https://doi.org/10.2337/diabetes.49.4.527
https://www.ncbi.nlm.nih.gov/pubmed/10871188
https://doi.org/10.1073/pnas.0610068104
https://www.ncbi.nlm.nih.gov/pubmed/17438283
https://doi.org/10.1016/j.abb.2014.06.023
https://www.ncbi.nlm.nih.gov/pubmed/25009141
https://doi.org/10.1016/0531-5565%2882%2990042-0
https://www.ncbi.nlm.nih.gov/pubmed/7106211
https://doi.org/10.1016/S0304-3940%2801%2901776-1
https://www.ncbi.nlm.nih.gov/pubmed/11335066
https://doi.org/10.1007/s10565-018-09449-1
https://www.ncbi.nlm.nih.gov/pubmed/30673990
https://doi.org/10.1016/j.cell.2011.10.026
https://www.ncbi.nlm.nih.gov/pubmed/22078875
https://doi.org/10.1146/annurev-genet-102808-114910
https://doi.org/10.1146/annurev-genet-102808-114910
https://www.ncbi.nlm.nih.gov/pubmed/19653858
https://doi.org/10.1038/cr.2010.82
https://www.ncbi.nlm.nih.gov/pubmed/20548331
https://doi.org/10.1038/45257
https://www.ncbi.nlm.nih.gov/pubmed/10604474
https://doi.org/10.1016/j.tibs.2016.01.005
https://www.ncbi.nlm.nih.gov/pubmed/26874922
https://doi.org/10.1016/j.cell.2016.07.002
https://www.ncbi.nlm.nih.gov/pubmed/27471965


 

www.aging-us.com 6414 AGING 

inhibitors. J Clin Invest. 2016; 126:1834–56. 
 https://doi.org/10.1172/JCI82661 
 PMID:27043285 

64. Müller-Höcker J, Pongratz D, Hübner G. Focal 
deficiency of cytochrome-c-oxidase in skeletal muscle 
of patients with progressive external ophthalmoplegia. 
Cytochemical-fine-structural study. Virchows Arch A 
Pathol Anat Histopathol. 1983; 402:61–71. 

 https://doi.org/10.1007/BF00695049 
 PMID:6318426 

65. Xin X, Tian Q, Yin G, Chen X, Zhang J, Ng S, Lu X. 
Reduced mitochondrial and ascorbate-glutathione 
activity after artificial ageing in soybean seed. J Plant 
Physiol. 2014; 171:140–47. 

 https://doi.org/10.1016/j.jplph.2013.09.016 
 PMID:24331429 

66. Salminen A, Kaarniranta K, Kauppinen A. Beclin 1 
interactome controls the crosstalk between apoptosis, 
autophagy and inflammasome activation: impact on 
the aging process. Ageing Res Rev. 2013; 12:520–34. 

 https://doi.org/10.1016/j.arr.2012.11.004 
 PMID:23220384 

67. Latz E, Xiao TS, Stutz A. Activation and regulation of the 
inflammasomes. Nat Rev Immunol. 2013; 13:397–411. 

 https://doi.org/10.1038/nri3452 
 PMID:23702978 

68. Schroder K, Tschopp J. The inflammasomes. Cell. 2010; 
140:821–32. 

 https://doi.org/10.1016/j.cell.2010.01.040 
 PMID:20303873 

https://doi.org/10.1172/JCI82661
https://www.ncbi.nlm.nih.gov/pubmed/27043285
https://doi.org/10.1007/BF00695049
https://www.ncbi.nlm.nih.gov/pubmed/6318426
https://doi.org/10.1016/j.jplph.2013.09.016
https://www.ncbi.nlm.nih.gov/pubmed/24331429
https://doi.org/10.1016/j.arr.2012.11.004
https://www.ncbi.nlm.nih.gov/pubmed/23220384
https://doi.org/10.1038/nri3452
https://www.ncbi.nlm.nih.gov/pubmed/23702978
https://doi.org/10.1016/j.cell.2010.01.040
https://www.ncbi.nlm.nih.gov/pubmed/20303873

