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Introduction 

Ageing is defined as the time-related deterioration of 

physiological functions necessary for survival and 

reproduction.1 Senescence refers to the progressive 

decline in tissue homeostasis after reproductive 

maturity, increasing susceptibility to mortality.2 

Although ageing is influenced by both genetic and 

environmental factors, its underlying mechanisms 

remain incompletely understood. Classical 

evolutionary views—from Medawar’s mutation-

accumulation concept to Williams’ antagonistic 

pleiotropy and Kirkwood’s disposable soma theory—

regarded ageing as a by-product of natural selection 

rather than an adaptive trait.1, 4 However, recent 

evidence shows that genetic and epigenetic pathways 

influence lifespan and that dietary or pharmacological 

interventions can modify ageing trajectories. 5 This 

article reviews ageing theories and their relevance to 

pathology, summarising histopathological 

manifestations and potential interventions while 

identifying key knowledge gaps. An integrative and 

translational approach that bridges basic biology with  
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clinical applications will be essential to advance 

effective interventions and improve health span. 

Evolutionary Theories of Ageing 

 Mutation Accumulation Theory 

 Proposed by Medawar (1952),1 this theory suggests 

that deleterious mutations expressed late in life 

persist because natural selection weakly acts 

beyond reproductive age. Examples include 

Huntington’s disease, which manifests post-

reproduction. While it explains persistence of 

harmful alleles, it does not account for variability 

in ageing rates among species. Recent genomic 

studies support this theory by identifying genes 

under positive selection for reproductive success 

that may harbour deleterious late-life effects, 

illustrating how early-life fitness advantages can 

result in genetic burdens later in life. 6 

 Disposable Soma Theory 

 Kirkwood (1977)4 proposed that organisms 

allocate finite resources between reproduction and 

somatic maintenance. Post-reproductive somatic 
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decline results from evolutionary prioritisation of 

reproduction. This theory highlights trade-offs but 

lacks detail on molecular pathways. 

 Antagonistic Pleiotropy 

 Williams (1957) 3 suggested that certain genes 

enhance early-life fitness but exert harmful effects 

in later life. For example, high sex hormone 

activity enhances reproduction but increases risk of 

prostate cancer in older males. Molecular evidence 

supports the role of pleiotropic genes in ageing. 6 

Critical Perspective: 

Evolutionary theories explain the persistence of 

ageing traits but do not elucidate proximate molecular 

mechanisms. Integration with molecular biology is 

necessary for a complete understanding. 

Systemic Theories of Ageing 

 Neuroendocrine Theory 

     This theory attributes ageing to dysregulation of 

the hypothalamic–pituitary–adrenal (HPA) axis, 

reducing stress adaptation.5 Age-related declines in 

growth hormone and sex steroids support this view, 

although similar patterns of ageing in species with 

simpler neuroendocrine systems suggest this 

mechanism may be secondary (Dilman, 1994).7 

 Immunologic Theory 

    Walford (1969) 8 proposed that deterioration of the 

immune system with age leads to increased 

infections, cancer, and autoimmunity. 

Contemporary evidence, including T-cell decline 

and chronic low-grade inflammation 

(inflammageing), supports this theory.9 

Critical Perspective: 

Systemic theories emphasise regulatory dysfunction 

but often blur causality. Systems biology tools, such 

as omics integration and network modelling, are 

needed to delineate interactions across systems. 

Molecular and Cellular Theories 

 Error Catastrophe Theory 

     Orgel (1963) proposed that transcriptional and 

translational errors accumulate over time, 

impairing proteins. However, this theory lacks 

robust empirical support. 10 

 Free Radical/Oxidative Stress Theory 

Harman (1956)11 hypothesised that reactive oxygen 

species (ROS) cause cumulative molecular damage. 

While oxidative stress correlates with ageing, 

antioxidant therapies show inconsistent results, and 

ROS also serve important signalling functions. 12 

 DNA Damage and Repair 

    Accumulation of DNA damage and failure of repair 

mechanisms contribute to genomic instability. 

Progeroid syndromes such as Werner’s syndrome 

highlight this role.13 

 Telomere Attrition Theory 

     Progressive telomere shortening induces cellular 

senescence, leading to growth arrest.14 However, 

cross-species correlations between telomere length 

and lifespan are inconsistent. 

Critical Perspective: 

Molecular theories offer mechanistic clarity but often 

examine isolated pathways. Cellular senescence, 

driven by multiple ageing triggers, appears to be a 

central unifying process. Senescent cells exhibit β-

galactosidase activity and secrete pro-inflammatory 

mediators, contributing to "inflammageing".15 Multi-

omics approaches are essential to understand these 

interactions. 

Histopathological Changes 

Recognisable microscopic and gross features of 

ageing include: 

 Nervous system: neuronal loss, neurofibrillary 

tangles, lipofuscin accumulation.16 

 Cardiovascular: myocardial fibrosis, arterial 

stiffening. 17 

 Respiratory: alveolar elasticity loss, pigment 

deposition.18 

 Renal: glomerulosclerosis, tubular atrophy. 18 

 Endocrine: thyroid follicular involution, adrenal 

cortical thinning. 18 

 Musculoskeletal: osteoporotic bone, cartilage 

degeneration. 18 

Geropathology and Biomarkers 

Geropathology uses lesion scoring to assess organ-

specific biological age. Combining histological 

findings with epigenetic clocks and proteomics offers 

a promising approach to measure biological age 

beyond chronological age. 19,20 
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Prevention and Interventions 

 Lifestyle: regular physical activity and antioxidant-

rich diets preserve tissue function.15 

 Caloric Restriction: shown to extend lifespan and 

reduce pathology in animal models.21 

 Pharmacology: drugs like metformin,22 rapamycin, 

23 and senolytics24 show promise but require more 

long-term human studies. 

Future Directions 

 Develop validated histopathological biomarkers of 

ageing. 20 

 Integrate molecular, imaging, and pathology data 

for predictive modelling. 5 

 Conduct longitudinal trials of geroprotective 

agents. 22,23 

 Investigate long-lived species like the naked mole-

rat for resistance mechanisms. 25 

Conclusions 

Ageing is a multifactorial process involving 

evolutionary trade-offs, systemic dysregulation, and 

cumulative molecular damage. Pathological changes 

across organ systems provide quantifiable markers for 

research and clinical applications. Integrating 

geropathology with systems biology will be essential 

to transform basic research into clinical interventions 

aimed at extending healthspan. 

Declarations 

Conflict of Interest 

The authors declare that they have no known 

competing financial interests or personal relationships 

that could have appeared to influence the work 

reported in this paper. 

Funding 

This research did not receive any specific grant from 

funding agencies in the public, commercial, or not-

for-profit sectors. 

Ethical Approval 

Not applicable. This article is a review and does not 

involve any studies with human or animal 

participants. 

Data Availability 

The data supporting the findings of this study are 

available from the corresponding author upon 

reasonable request. 

Authors' Contributions Details 

VVM was involved in Conceptualisation, Design, 

Definition of intellectual content, Data acquisition 

Data analysis, Manuscript preparation, editing and 

review of the manuscript.  

VMP was involved in Conceptualisation, Definition 

of intellectual content, Literature search, Data 

acquisition, Manuscript editing and review 

References 
 

1. Medawar PB. An unsolved problem of biology. 

London: H.K. Lewis; 1952. 

2. Kirkwood TB. Understanding the odd science of 

aging. Cell. 2005 Feb 25;120(4):437-47. doi: 

10.1016/j.cell.2005.01.027. PMID: 15734677 

3. Williams GC. Pleiotropy, natural selection, and 

the evolution of senescence. Evolution. 

1957;11(4):398-411. doi:10.2307/2406060. 

4. Kirkwood TB. Evolution of ageing. Nature. 1977 

Nov 24;270(5635):301-4. doi: 10.1038/270301a0. 

PMID: 593350. 

5. Partridge L, Gems D. Mechanisms of ageing: 

public or private? Nat Rev Genet. 2002 

Mar;3(3):165-75. doi: 10.1038/nrg753. PMID: 

11972154. 

6. Flatt T, Schmidt PS. Integrating evolutionary and 

molecular genetics of aging. Biochim Biophys 

Acta. 2009 Oct;1790(10):951-62. doi: 

10.1016/j.bbagen.2009.07.010. Epub 2009 Jul 18. 

PMID: 19619612; PMCID: PMC2972575. 

7. Dilman VM. Development, ageing, and disease: a 

new rationale for an intervention strategy. Chur: 

Harwood Academic Publishers; 1994. 

8. Walford RL. The immunologic theory of ageing. 

Copenhagen: Munksgaard; 1969. 

9. Fulop T, Larbi A, Pawelec G, Khalil A, Cohen 

AA, Hirokawa K, Witkowski JM, Franceschi C. 

Immunology of aging: the birth of inflammaging. 

Clin Rev Allergy Immunol. 2021;64(2):109–122. 

doi:10.1007/s12016-021-08899-6. 



                              Journal of Interdisciplinary Dental Sciences, Vol.14, No.2 July.-Dec. 2025, 24-27              27 

How to cite this Article:  

Vinodkumar MP, Murgod VV. The Biology of 

Ageing: Pathological Mechanisms and Future 

Directions. Journal of Interdisciplinary Dental 

Sciences. 2025;14 (2):24-27 

 

10. Orgel LE. The maintenance of the accuracy of 

protein synthesis and its relevance to ageing. Proc 

Natl Acad Sci U S A. 1963;49(4):517–521. 

doi:10.1073/pnas.49.4.517. 

11. Harman D. Ageing: a theory based on free radical 

and radiation chemistry. J Gerontol. 

1956;11(3):298-300. doi:10.1093/geronj/11.3.298. 

12. Gladyshev VN. The free radical theory of ageing 

is dead. Antioxid Redox Signal. 2014;20(4):558-

63. doi:10.1089/ars.2020.8131. 

13. Hoeijmakers JHJ. DNA damage, repair and 

ageing. Nat Rev Mol Cell Biol. 2023;24:35-50. 

doi:10.1038/s41580-022-00479-y. 

14. Shay JW, Wright WE. Telomeres and telomerase: 

implications for ageing. Nat Rev Mol Cell Biol. 

2019;20:299-309. doi:10.1038/s41580-018-0037-

1. 

15. Booth FW, Roberts CK, Laye MJ. Lack of 

exercise is a major cause of chronic diseases. 

Compr Physiol. 2020;10(1):1-53. 

doi:10.1002/cphy.c170050. 

16. Boyle PA, Yu L, Wilson RS, Leurgans SE, 

Schneider JA, Bennett DA. Person-specific 

contribution of neuropathologies to cognitive loss 

in old age. Ann Neurol. 2018;83(1):74-83. 

doi:10.1002/ana.25123. 

17. Vakka A, Warren JS, Drosatos K. Cardiovascular 

aging: from cellular and molecular changes to 

therapeutic interventions. J Cardiovasc Aging. 

2023;3(3):23. doi: 10.20517/jca.2023.09. Epub 

2023 May 4. PMID: 37274126; PMCID: 

PMC10238104. 

18. Shock NW, Greulich RC, Andres RA, Arenberg D, 

Costa PT, Lakatta EG, et al. Normal human 

ageing: The Baltimore Longitudinal Study of 

Ageing. Washington (DC): NIH; 1984. NIH 

Publication No. 84-2450. 

19. Horvath S, Raj K. DNA methylation-based 

biomarkers and the epigenetic clock theory of 

ageing. Nat Rev Genet. 2018;19(6):371-84. 

doi:10.1038/s41576-018-0004-3. 

20. Ferrucci L, Gonzalez-Freire M, Fabbri E, 

Simonsick E, Tanaka T, Moore Z, et al. Measuring 

biological ageing in humans: A quest. Ageing 

Cell. 2020;19(2):e13080. doi:10.1111/acel.13080. 

21. Most J, Tosti V, Redman LM, Fontana L. Calorie 

restriction and ageing in humans. Annu Rev Nutr. 

2021;41:27-47. doi:10.1146/annurev-nutr-122020-

010407. 

22. Barzilai N, Crandall JP, Kritchevsky SB, Espeland 

MA. Metformin as a tool to target ageing. Cell 

Metab. 2016;23(6):1060-5. 

doi:10.1016/j.cmet.2016.05.011. 

23. Johnson SC, Rabinovitch PS, Kaeberlein M. 

mTOR is a key modulator of ageing and age-

related disease. Nature. 2013;493(7432):338-45. 

doi:10.1038/nature11861. 

24. Kirkland JL, Tchkonia T. Senolytic drugs: from 

discovery to translation. Science. 

2023;379(6630):eadd6446. 

doi:10.1126/science.add6446. 

25. Buffenstein R. The naked mole-rat: a new long-

living model for human ageing research. J 

Gerontol A Biol Sci Med Sci. 2005;60(11):1369-

77. doi:10.1093/gerona/60.11.1369. 

Corresponding Author: 

Dr. Vinodkumar MP 

Professor and Head, Dept. of Oral and 

Maxillofacial Pathology and Microbiology 

SB Patil Institute for Dental Sciences and 

Research, Bidar, Karnataka (India) 

Email id: drvinodkumarop@gmail.com 
 
 

 

mailto:drvinodkumarop@gmail.com

	Dr. Vinodkumar MP

