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Abstract: Aging is the leading factor in many diseases. During aging, a lot of proteins and pathways are
dramatically changed, which may serve as potential aging biomarkers and targets for anti-aging drug
development. In this review, we summarize the current progress in aging-related biomarkers and
pathways that have been identified by proteomics. We find that many proteins in metabolism pathways
are involved in aging process, which have a positive- or a negative-correlation. Changes in many have
strong relationship with aging, including mTOR pathway, pro-inflammatory pathway, insulin/insulin-
like signaling pathway, mitochondrial function pathway.
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1. Introduction

As the world’s population grows, the elderly persons are also rapidly increasing in number. Ageing
affects all organ systems by changing molecular, cellular and physiological characteristics, and
contributes to cognitive decline, heart disease, neurodegeneration, cancer and many other diseases ™.
Therefore, it is important to study the complex mechanisms behind aging process [?. Scientists have
considered aging as a shared cause of diseases, and developed numerous hallmarks using transcriptome,
epigenetic, proteome, microbiome, metabolome, and even imaging data 1. These hallmarks contain
impaired DNA repair, genomic instability, epigenetic alterations, toxicants accumulation, mitochondrial
dysfunction, dysregulated metabolism, stem cell exhaustion and telomere attrition 1,

Protein is the basic material of life activities and undertakes most of the work in organs. For example,
telomeres are ends of chromosomes that get shorter after each replication. Its length is associated with
age and life span B, Since proteomics provides of higher coverage and more in-depth analyze of proteins,
proteomics is a powerful tool for the identification of aging factors. Currently, it is certain that aging
involves proteins and pathways in many parts of the body working together. These biomarkers are
important for revealing the underlying mechanisms of aging and development of aging interventions.
Indeed, several critical factors and pathways have been identified by proteomics.

Therefore, in this review, we specifically focus on aging-related factors and pathways identified by
proteomics and analyze their potential mechanisms of action. Biomarkers of metabolism and immune
system in brain, kidney and skin are summarized from published studies, which can monitor the proteins
that are related with the aging process and predict trends of aging 1. Biomarkers are downregulated or
upregulated due to aging, with some exceptions of dysregulation. We find that proteins involved in
metabolism are significantly affected by aging, as well as metabolism pathways. Activation or inhibition
of cell pathways result in changes in cellular products and cell properties. Here, pathways related to pro-
inflammatory, insulin signaling, and mitochondrial functions are discussed.

2. Aging-Related Biomarkers

Numerous proteins have been found to be associated with aging, which may serve as biomarkers for
this process. As age growing, proteins in different organs of the body have different responses, some are
upregulated or downregulated, while others remain constant (Table 1).

Nerve cells of the central nervous system have little ability to regenerate, neurons are long-lived cells
that live as long as human. Therefore, neurons experience a long age-related decline [, and protein
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alterations in the brain are crucial potential markers to the aging process. Age associated disease such as
Alzheimer’s disease (AD) shows change in protein structure and abundance. As brain ages, IgG (Ighg2c),
B2m, inflammatory proteases such as lysozyme 2 (Lyz2) and cathepsin D (Ctsd) and protease inhibitor
cystatin 3 (Cst3) showed changes in relationships. CD5 antigen-like protein (Cd5l), potentially harmful
to autoimmunity, is suggested to be upregulated as aging. Most importantly, 14-3-3 proteins YWHAZ
and YWHAB-demonstrated a strong association with brain aging, memory, and such features-are
abundant in AD patients ["],

Table 1: Biomarkers indicating aging process summarized from previous studies.

Tissue/cell type Factors Changes with ~ Species
aging
Human skin Tubulin Beta-3 Upregulated Human
Individual level Insulin/Insulin-like Growth Factor 1 (IGF-1) Downregulated Mice

Ovarian Surface Epithelium  Mechanistic Target of Rapamycin (nTOR) Upregulated Human
Ovary Mechanistic Target of Rapamycin (MTOR) Upregulated Mice
Skeletal muscle 5’-adenosine monophosphate (AMP)- Upregulated Mice
activated protein kinase (AMPK)

Dermal fibroblasts, Ovary Sirtuins (SIRT1) Downregulated Mice
Peripheral blood mononuclear Sirtuins (SIRT2) Downregulated  Human
cells
Ovary Sirtuins (SIRT3) Downregulated Mice
Dermal fibroblasts, Ovary Sirtuins (SIRT6) Downregulated Mice
Kidney Aldehyde Dehydrogenase 1 (Aldhlal) Upregulated Mice
Kidney Ceramidase (Asahl) Upregulated Mice
Kidney Glutaredoxin-1(GlIrx1) Downregulated Mice

Individual level (Mitochondria) Thioredoxin-dependent peroxide

reductase/Peroxiredoxin 3 (PrxI1l)

Upregulated Human

Plasma GFAP Upregulated Mice
Kidney, Skeletal muscle Phosphoenolpyruvate Carboxykinase (Pckl) Downregulated Mice
Kidney Aldehyde dehydrogenase 1 (Aldhlal) Upregulated Mice
Kidney 1gGs Upregulated Mice
Kidney Glutaredoxin-1 (Glrx1) Downregulated Mice
Kidney Glutathione peroxidase-3 (Gpx3) Upregulated Mice

White blood cell Interleukin-1p Upregulated Mice

The kidney is another organ that is widely studied for aging. Aldehyde dehydrogenase 1 (Aldhlal)
is the most upregulated biomarker that is found in the loop of Henle of aged mouse kidneys 2. The
mechanism behind its high expression in the kidney is still unclear. In aging kidney, ceramidase (Asahl)
is highly expressed, which hydrolyzes ceramide into sphingosine. In line with this, ceramide C16
significantly decreased . Moreover, peroxisome-associated proteins which contain enzyme that
catalyze reactions are downregulated. However, studies showed that nicotinamide mononucleotide
(NMN) treatment could increase peroxisomal proteins, as well as Glutaredoxin-1 (Glrx1), an enzyme
that repairs oxidation 2,

Metabolism related proteins are major factors that affect aging, many of which have been discovered
by proteomics. For example, insulin/insulin-like growth factor 1 (IGF-1) participates in metabolism
regulations and senses glucose . Decreasing IGF-1 levels is likely to increase lifespan of mice [,
Mammalian target of Rapamycin (mTOR), which senses amino acids and other nutrients, increases in
human ovarian surface epithelium with age I, In mice, mTOR is also upregulated in aged ovaries, and
inhibition of mTOR promotes longevity in animal, while the mechanism still remains unclear 1. One
possible theory is that the accumulation of cytosolic proteins that occurs during aging may be caused by
mTORI activity. 5-adenosine monophosphate (AMP)-activated protein kinase (AMPK) regulates
metabolism and other physiological processes %, In the skeletal muscles, it is upregulated with age.
Sirtuins link metabolism with protein activation and aging. The most common types of Sirtuins in
humans, SIRT1 and SIRT3, are both downregulated during aging. Mouse SIRT1, SRT3 and SIRT6 levels
are also decreased in aged ovaries [°,

As age increases, levels of protein within the immune system are also affected. Interleukin-1p, a type
of inflammatory cytokine, is upregulated with aging. Antimicrobial peptides and lectins are major
histocompatibility complex (MHC) proteins, which are all upregulated as age increases [,

Lastly, protein markers in human skin cells can also indicate aging. A recent study indicates that
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Tubulin Beta-3 chain, a component of microtubules, may be a reliable biomarker for human skin aging.
As human skin ages, the amount of Tubulin Beta-3 increases, showing a positive correlation 121,
Moreover, mutations in the Tubulin Beta-3 chain may result in neurological disorders. Thioredoxin-
dependent peroxide reductase (PrxIll), and peroxiredoxins 1 and 2 are also upregulated. However, 6-
phosphofructokinase, platelet type, and cornifin-B are dysregulated during aging 2. Another research
has identified eight potential biomarkers for human skin aging using peptide location fingerprinting,
which are biglycan, collagen VI alpha-3, fibulin-1, and galectin-7 from the dermis and keratins (K)-2
and —10, desmoplakin and heat shock protein 70 (HSP70) from the epidermis. These potential candidates
of biomarkers may impact homeostasis, functionality, and damage mechanism of the skin [,

3. Aging-Related Pathways

Several above proteins belong to known biological pathways, such as mTOR signaling, pro-
inflammatory pathway, insulin/insulin-like signaling and mitochondrial function related pathways. The
specific relationship can be identified using Kyoto Encyclopedia of Genes and Genomes (KEGG) or
Gene ontology (GO) pathway enrichment analyses.

3.1. mTOR Pathway

mTOR signaling can be activated by protein kinase B (PKB, also known as Akt) signaling pathway
(14 Increased mTOR activity causes pathological change *°l. Growing evidence indicates that
Rapamycin, the mTOR inhibitor, has the function of prolonging lifespan in various organisms including
yeast, worms, flies and mammals [6-2%], The mechanism is speculated to be decreased mRNA translation,
increased mitochondrial function, stem cell function enhancement and immune regulation 1,

3.2. Pathways Related to Pro-Inflammatory

Upregulation of pro-inflammatory pathways is one of the hallmarks of aging. The upregulation of
pro-inflammatory are shown in the aging of mice lungs and the plasma of human 2223, |L-1p signaling
pathway plays an important role of regulating the pro-inflammatory. The signature of IL-1B signaling
pathway appeared in capillary endothelial cells, mesothelial and smooth muscle cells, but not other
mesenchymal cell types 22, Inflammatory pathways are evolutionarily conserved and so do the most
biological pathways changing with age ?* 24, Leukocyte activation which releases the inflammatory
molecule is detected to be overrepresented in kidney aging 1. The main protein of blood coagulation
which related with aging-- fibrinogen and fibronectin are also shown to have strong connection with pro-
inflammatory state [2% 261,

3.3. Insulin/IGF-I pathway

Insulin/IGF-1 signaling plays a key role in lifespan regulation ?71, It takes part in the aging of human
and the growth, proliferation, maturation of cells 128 21, AKT2 is a key protein in insulin signaling
pathway, which decreases with aging 3. Insulin or IGF-1 stimulation induces AKT-dependent
phosphorylation of FOXO proteins, which is important in regulating aging . It has been found that
aging has influence on the aggregation and the toxicity of polyglutamine (polyQ) B3, Insulin-like
signaling can reduce the aggregation and toxicity of polyQ through DAF-16 and HSF1. Therefore, the
inhibition of HSF1 can both enhance the aggregation of polyQ and suppress the insulin-like signaling
pathway for longevity 341,

3.4. Mitophagy Pathway

Mitochondria maintains cellular homeostasis by removing damaged mitochondria that accumulates
in aged individuals through 'mitochondria’. Mitochondrial dysfunction is associated with many human
diseases, especially age-related diseases, such as Parkinson's disease (PD), Alzheimer's disease (AD),
amyotrophic lateral sclerosis (ALS), metabolic diseases, certain cancer and age-related cardiovascular
disease (CVD) %31, Moreover, Basisty et al. has concluded that when interventions are performed to slow
aging, mitophagy pathway is the most affectable pathway 2%,
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3.5. Other Pathways

NAD+ is reduced with aging and can cause the decreasing of the muscle mass [*¢:371. And the Preiss-
Handler pathways can produce the NAD+ 2% 381 TNF receptor is also involved in a series of pathways
that are important in aging. For instance, TNF receptor 1 (TNFRSF1A) and 2 (TNFRSF1B) are related
with the function and disease of aging %41, Therefore, the TNF/TNFR pathway and its downstream
pathways, such as IKK/NF-«B pathway and caspase cascade apoptosis pathway may play important roles
in the aging process %31,

4. Challenges and Future Perspectives

Proteins are the ultimate effectors of physiological activity and are viable candidates for biomarkers
and anti-aging treatment. However, the major obstacle in protein study using proteome is the insufficient
technology and method of identification, as well as the detection of low-abundant proteins. As
technology continues to advance, mass spectrometry-based proteomics, proximity extension assay (PEA)
and aptamer-based proteomics (SOMAscan) assay have achieved great success. We can learn more about
biomarkers, pathways, and interventions for aging in organisms, which allows for the identification of
novel clinical biomarkers and new clues to the mechanisms of aging. More importantly, how to use these
findings we have obtained to delay aging and avoid age-related diseases remains to be further studied.

References

[1] Wyss-Coray, T. (2016) Ageing, neurodegeneration and brain rejuvenation. Nature, 539, 180-186.
[2] Yi, M., Ma, Y., Zhu, S., Luo, C., Chen, Y., Wang, Q., and Deng, H. (2020) Comparative proteomic
analysis identifies biomarkers for renal aging. Aging (Albany NY), 12, 21890-21903.

[3] Rutledge, J., Oh, H., and Wyss-Coray, T. (2022) Measuring biological age using omics data. Nat Rev
Genet.

[4] Guerville, F., De Souto Barreto, P., Ader, 1., Andrieu, S., Casteilla, L., Dray, C., Fazilleau, N.,
Guyonnet, S., Langin, D., Liblau, R., Parini, A., Valet, P., Vergnolle, N., Rolland, Y., and Vellas, B. (2020)
Revisiting the Hallmarks of Aging to Identify Markers of Biological Age. J Prev Alzheimers Dis, 7, 56-
64.

[5] Xia, X., Chen, W., McDermott, J., and Han, J.J. (2017) Molecular and phenotypic biomarkers of
aging. F1000Res, 6, 860.

[6] Deary, 1.J., Corley, J., Gow, A.J., Harris, S.E., Houlihan, L.M., Marioni, R.E., Penke, L., Rafnsson,
S.B., and Starr, J.M. (2009) Age-associated cognitive decline. Br Med Bull, 92, 135-52.

[7] Shuken, S.R., Rutledge, J., Iram, T., Losada, P.M., Wilson, E.N., Andreasson, K.1., Leib, R.D., and
Wyss-Coray, T. (2022) Limited proteolysis—-mass spectrometry reveals aging-associated changes in
cerebrospinal fluid protein abundances and structures. Nature Aging, 2, 379-388.

[8] Anisimov, V.N. and Bartke, A. (2013) The key role of growth hormone-insulin-IGF-1 signaling in
aging and cancer. Crit Rev Oncol Hematol, 87, 201-23.

[9] Escobar, K.A., Cole, N.H., Mermier, C.M., and VanDusseldorp, T.A. (2019) Autophagy and aging:
Maintaining the proteome through exercise and caloric restriction. Aging Cell, 18, e12876.

[10] Jeon, S.M. (2016) Regulation and function of AMPK in physiology and diseases. Exp Mol Med, 48,
e245.

[11] Gebert, N., Cheng, C.W., Kirkpatrick, J.M., Di Fraia, D., Yun, J., Schadel, P., Pace, S., Garside,
G.B., Werz, O., Rudolph, K.L., Jasper, H., Yilmaz, O.H., and Ori, A. (2020) Region-Specific Proteome
Changes of the Intestinal Epithelium during Aging and Dietary Restriction. Cell Rep, 31, 107565.

[12] Lehmann, S.G., Bourgoin-Voillard, S., Seve, M., and Rachidi, W. (2017) Tubulin Beta-3 Chain as
a New Candidate Protein Biomarker of Human Skin Aging: A Preliminary Study. Oxid Med Cell Longev,
2017, 5140360.

[13] Ozols, M., Eckersley, A., Mellody, K.T., Mallikarjun, V., Warwood, S., O'Cualain, R., Knight, D.,
Watson, R.E.B., Griffiths, C.E.M., Swift, J., and Sherratt, M.J. (2021) Peptide location fingerprinting
reveals modification-associated biomarker candidates of ageing in human tissue proteomes. Aging Cell,
20, e13355.

[14] Kelley, R.C., McDonagh, B., and Ferreira, L.F. (2018) Advanced aging causes diaphragm
functional abnormalities, global proteome remodeling, and loss of mitochondrial cysteine redox
flexibility in mice. Exp Gerontol, 103, 69-79.

[15] Bajwa, P., Nagendra, P.B., Nielsen, S., Sahoo, S.S., Bielanowicz, A., Lombard, J.M., Wilkinson,
J.E., Miller, R.A., and Tanwar, P.S. (2016) Age related increase in mTOR activity contributes to the

Published by Francis Academic Press, UK
-55-



Academic Journal of Medicine & Health Sciences

ISSN 2616-5791 Vol.3, Issue 2: 52-57, DOI: 10.25236/AJMHS.2022.030209

pathological changes in ovarian surface epithelium. Oncotarget, 7, 19214-27.

[16] Curran, S.P. and Ruvkun, G. (2007) Lifespan regulation by evolutionarily conserved genes essential
for viability. PLoS Genet, 3, e56.

[17] Hansen, M., Taubert, S., Crawford, D., Libina, N., Lee, S.J., and Kenyon, C. (2007) Lifespan
extension by conditions that inhibit translation in Caenorhabditis elegans. Aging Cell, 6, 95-110.

[18] Kaeberlein, M., Powers, R.W., 3rd, Steffen, K.K., Westman, E.A., Hu, D., Dang, N., Kerr, E.O.,
Kirkland, K.T., Fields, S., and Kennedy, B.K. (2005) Regulation of yeast replicative life span by TOR
and Sch9 in response to nutrients. Science, 310, 1193-6.

[19] Kapahi, P., Zid, B.M., Harper, T., Koslover, D., Sapin, V., and Benzer, S. (2004) Regulation of
lifespan in Drosophila by modulation of genes in the TOR signaling pathway. Curr Biol, 14, 885-90.
[20] zid, B.M., Rogers, A.N., Katewa, S.D., Vargas, M.A., Kolipinski, M.C., Lu, T.A., Benzer, S., and
Kapahi, P. (2009) 4E-BP extends lifespan upon dietary restriction by enhancing mitochondrial activity
in Drosophila. Cell, 139, 149-60.

[21] Weichhart, T. (2018) mTOR as Regulator of Lifespan, Aging, and Cellular Senescence: A Mini-
Review. Gerontology, 64, 127-134.

[22] Angelidis, 1., Simon, L.M., Fernandez, |.E., Strunz, M., Mayr, C.H., Greiffo, F.R., Tsitsiridis, G.,
Ansari, M., Graf, E., Strom, T.M., Nagendran, M., Desai, T., Eickelberg, O., Mann, M., Theis, F.J., and
Schiller, H.B. (2019) An atlas of the aging lung mapped by single cell transcriptomics and deep tissue
proteomics. Nat Commun, 10, 963.

[23] Tanaka, T., Biancotto, A., Moaddel, R., Moore, A.Z., Gonzalez-Freire, M., Aon, M.A., Candia, J.,
Zhang, P., Cheung, F., Fantoni, G., consortium, C.H.l., Semba, R.D., and Ferrucci, L. (2018) Plasma
proteomic signature of age in healthy humans. Aging Cell, 17, e12799.

[24] Cohen, A.A. (2018) Aging across the tree of life: The importance of a comparative perspective for
the use of animal models in aging. Biochim Biophys Acta Mol Basis Dis, 1864, 2680-2689.

[25] Takemon, Y., Chick, J.M., Gerdes Gyuricza, I., Skelly, D.A., Devuyst, O., Gygi, S.P., Churchill, G.A.,
and Korstanje, R. (2021) Proteomic and transcriptomic profiling reveal different aspects of aging in the
kidney. Elife, 10.

[26] Folsom, A.R., Wu, K.K., Davis, C.E., Conlan, M.G., Sorlie, P.D., and Szklo, M. (1991) Population
correlates of plasma fibrinogen and factor VII, putative cardiovascular risk factors. Atherosclerosis, 91,
191-205.

[27] Morley, J.F. and Morimoto, R.I. (2004) Regulation of longevity in Caenorhabditis elegans by heat
shock factor and molecular chaperones. Mol Biol Cell, 15, 657-64.

[28] Barbieri, M., Bonafe, M., Franceschi, C., and Paolisso, G. (2003) Insulin/IGF-I-signaling pathway:
an evolutionarily conserved mechanism of longevity from yeast to humans. Am J Physiol Endocrinol
Metab, 285, E1064-71.

[29] Wrigley, S., Arafa, D., and Tropea, D. (2017) Insulin-Like Growth Factor 1: At the Crossroads of
Brain Development and Aging. Front Cell Neurosci, 11, 14.

[30] Martins, R., Lithgow, G.J., and Link, W. (2016) Long live FOXO: unraveling the role of FOXO
proteins in aging and longevity. Aging Cell, 15, 196-207.

[31] Brignull, H.R., Moore, F.E., Tang, S.J., and Morimoto, R.I. (2006) Polyglutamine proteins at the
pathogenic threshold display neuron-specific aggregation in a pan-neuronal Caenorhabditis elegans
model. J Neurosci, 26, 7597-606.

[32] Morley, J.F., Brignull, H.R., Weyers, J.J., and Morimoto, R.l. (2002) The threshold for
polyglutamine-expansion protein aggregation and cellular toxicity is dynamic and influenced by aging
in Caenorhabditis elegans. Proc Natl Acad Sci U S A, 99, 10417-22.

[33] Satyal, S.H., Schmidt, E., Kitagawa, K., Sondheimer, N., Lindquist, S., Kramer, J.M., and Morimoto,
R.1. (2000) Polyglutamine aggregates alter protein folding homeostasis in Caenorhabditis elegans. Proc
Natl Acad Sci U S A, 97, 5750-5.

[34] Morimoto, R.1. (2020) Cell-Nonautonomous Regulation of Proteostasis in Aging and Disease. Cold
Spring Harb Perspect Biol, 12.

[35] Dai, D.F., Karunadharma, P.P., Chiao, Y.A., Basisty, N., Crispin, D., Hsieh, E.J., Chen, T., Gu, H.,
Djukovic, D., Raftery, D., Beyer, R.P., MacCoss, M.J., and Rabinovitch, P.S. (2014) Altered proteome
turnover and remodeling by short-term caloric restriction or rapamycin rejuvenate the aging heart.
Aging Cell, 13, 529-39.

[36] Fang, E.F., Kassahun, H., Croteau, D.L., Scheibye-Knudsen, M., Marosi, K., Lu, H., Shamanna,
R.A., Kalyanasundaram, S., Bollineni, R.C., Wilson, M.A., Iser, W.B., Wollman, B.N., Morevati, M., Li,
J., Kerr, J.S,, Lu, Q., Waltz, T.B., Tian, J., Sinclair, D.A., Mattson, M.P., Nilsen, H., and Bohr, V.A. (2016)
NAD(+) Replenishment Improves Lifespan and Healthspan in Ataxia Telangiectasia Models via
Mitophagy and DNA Repair. Cell Metab, 24, 566-581.

[37] Goody, M.F. and Henry, C.A. (2018) A need for NAD+ in muscle development, homeostasis, and

Published by Francis Academic Press, UK
-56-



Academic Journal of Medicine & Health Sciences
ISSN 2616-5791 Vol.3, Issue 2: 52-57, DOI: 10.25236/AJMHS.2022.030209

aging. Skelet Muscle, 8, 9.

[38] Bogan, K.L. and Brenner, C. (2008) Nicotinic acid, nicotinamide, and nicotinamide riboside: a
molecular evaluation of NAD+ precursor vitamins in human nutrition. Annu Rev Nutr, 28, 115-30.

[39] Cauley, J.A., Barbour, K.E., Harrison, S.L., Cloonan, Y.K., Danielson, M.E., Ensrud, K.E., Fink,
H.A., Orwoll, E.S., and Boudreau, R. (2016) Inflammatory Markers and the Risk of Hip and Vertebral
Fractures in Men: the Osteoporotic Fractures in Men (MrOS). J Bone Miner Res, 31, 2129-2138.

[40] Gao, Q., Camous, X., Lu, Y.X., Lim, M.L., Larbi, A., and Ng, T.P. (2016) Novel inflammatory
markers associated with cognitive performance: Singapore Longitudinal Ageing Studies. Neurobiol
Aging, 39, 140-6.

[41] Schei, J., Stefansson, V.T., Eriksen, B.O., Jenssen, T.G., Solbu, M.D., Wilsgaard, T., and Melsom,
T. (2017) Association of TNF Receptor 2 and CRP with GFR Decline in the General Nondiabetic
Population. Clin J Am Soc Nephrol, 12, 624-634.

Published by Francis Academic Press, UK
-57-



