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Since immune cells need to produce oxidant and inflammatory compounds to carry out their defensive function,

when uncontrolled, they may be responsible for the generation of oxidative-inflammatory stress that would not only

cause their functional deterioration (immunosenescence) but could also increase these stresses in the body,

accelerating the aging process. Given that phagocytes (neutrophils in humans and macrophages in mice) are the

main immune cell type that generates oxidants throughout the “respiratory burst” in which NADPH oxidase and

xanthine oxidase enzymes participate, they were proposed to play a central role in oxi-inflamm-aging.

aging  immune cells  oxidative stress  inflammatory stress  biological age

1. Introduction

The aging process can have multiple definitions depending on the perspective from which it is considered. From a

biological point of view, the aging process may be defined as the progressive and general deterioration of the

functions of the organism that leads to a lower ability to react to changes and preserve homeostasis adaptively .

Homeostasis includes all processes that organisms use to actively maintain or adjust to appropriate conditions

necessary for survival. Thus, although aging should not be considered a disease (it would be absurd to think of an

illness that affects 100% of people), it is the main risk factor for the occurrence of chronic age-related diseases .

There are three physiological systems, the nervous, endocrine, and immune systems, in charge of maintaining

body homeostasis. Moreover, these systems are in continuous communication, constituting a

neuroimmunoendocrine system, which allows the preservation of homeostasis and, therefore, of health . With

aging, there is a functional decline of these homeostatic systems and an impairment in the communication between

them , which translates into a worse capacity to mount an adequate response to a variety of stressors. The

decay of this capacity, which has also been referred to as decreased homeodynamic space  or decreased

homeostatic resilience , is what results in higher morbidity and mortality. Nevertheless, the age-related changes

in these homeostatic systems are established at different rates in each subject, which translates into a different

rate of aging or biological age of individuals with identical chronological age .

2. Following the Free Radical and Mitochondrial Theory of
Aging

Many theories were proposed to explain how the process of aging occurs. Among them, the free radical theory of

aging proposed by Harman  and further developed by several authors  is probably the most widely

accepted one. This epigenetic theory proposes that aging is the consequence of damage accumulation by
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deleterious oxidation of biomolecules caused by the high reactivity of the free radicals and reactive oxygen species

(ROS) produced in our cells because of the necessary use of oxygen. Oxygen (O 2) is essential for the synthesis

of adenosine triphosphate (ATP) in the mitochondrial respiratory chain, which is believed to be the primary site of

ROS production, acting as the final acceptor of four electrons, generating one molecule of water. However, when

the reduction in oxygen is not full, reactive oxygen species are generated. Thus, when oxygen captures one

electron, the superoxide anion (O 2− ) is formed, which can lead to hydrogen peroxide (H 2O 2) and hydroxyl

radical (OH − ). O 2− and OH − are free radicals given that they have an unpaired electron, which makes them

highly reactive towards all biomolecules, whereas H 2O 2 is not. Even though H 2O 2 is not a free radical, it can

result in OH − being considered as an important oxidant. Hence, the term reactive oxygen species (ROS) is

generally used to include them all. These ROS act as second messengers and coordinate several molecular

pathways within the cells . Nevertheless, they have to be quickly neutralized by antioxidant defenses to avoid

the generation of oxidative damage to the different cellular components. Thus, all aerobic organisms have

developed antioxidant defenses, both enzymatic and non-enzymatic, to keep these ROS between appropriate

ranges. However, with aging, there is an imbalance between oxidant and antioxidant compounds in favor of the

former due to uncontrolled production of oxidants and/or due to a decrease in antioxidant defenses, which

generates what is known as an oxidative stress situation. The establishment of oxidative stress exposes cells to a

pro-oxidant environment that entails the accumulation of damage of the different biomolecules (proteins, lipids and,

nucleic acids), loss of function, and cell death.

The free radical theory of aging has been criticized by several authors, doubting its usefulness to explain how the

aging process occurs, indicating that oxidative damage does not represent the cause of aging . For example,

Gladyshev  concludes that the role of ROS in aging is not universal, with the idea that aging still occurs under

anaerobic conditions in yeast cells. However, it is not correct to apply the idea of aging to unicellular organisms

since aging should be understood in the physiological context of pluricellular animals with sexual reproduction.

Some other concerns that were put forward against the role of ROS in aging were based on some works in which

increased oxidative stress has led to increased longevity . These results, however, far from dismantling the

free radical theory of aging, can be explained due to a hormetic response. Thus, a short-term increase in ROS

production can cause an adaptive response by increasing antioxidant expression , whereas chronic ROS

levels beyond a certain threshold are still damaging for cellular components. Other claims against the free radical

theory of aging are some studies in which the use of antioxidants did not increase longevity in mammals, as some

authors stated . Nevertheless, confusion between maximum and mean longevity is one of the reasons for this

criticism. Actually, species with higher longevity have fewer antioxidants because they do not need them since they

produce a lower amount of ROS . In addition, there are some other examples in which ingestion of a diet

enriched in antioxidants increases longevity, as will be discussed in the last section of this review. Another

argument against the theory is the fact that overexpression of antioxidant enzymes does not extend the lifespan of

invertebrates (Drosophila melanogaster) and mammals ( Mus musculus ) . However, caution should be taken

when interpreting the causes of aging by the use of genetically manipulated animals, as they can develop other

adaptive mechanisms to counteract a specific mutation. Interestingly, a 20% increase in lifespan was observed

when upregulation of catalase expression was targeted to the mitochondria specifically .
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3. Oxidation and Inflammation, Always Together. Oxi-
Inflamm-Aging

Even though inflamm-aging is not included as one of the nine hallmarks of aging, possible because these

hallmarks were focused on markers within the cells, there is a universal agreement that aging is accompanied by

the establishment of a low-grade chronic inflammation at the systemic level . This chronic inflammatory stress is

established when there is an imbalance between pro-inflammatory compounds and anti-inflammatory compounds

in favor of the former. It is known that immune cells need to produce pro-inflammatory mediators to carry out their

defensive functions. Thus, inflammation is not a negative phenomenon per se since it is needed to maintain life

through a constant struggle to preserve the integrity of the individuals . However, this response has to be

tightly regulated and finished shortly after the resolution of the noxious agent, which is mainly achieved by the

triggering of an anti-inflammatory response by immune cells. Nevertheless, as we age, this transient inflammatory

process becomes chronic . It was suggested that this could happen due to the persistence of the antigenic

challenge or weakening of the regulatory systems of the immune response . We propose that this chronic

inflammatory stress can be the result of the establishment of chronic oxidative stress by the immune system’s

activity. Currently, it is clear that oxidation and inflammation are linked processes since excessive or uncontrolled

free radical production can induce an inflammatory response, and free radicals are inflammatory effectors .

Indeed, both oxidation and inflammation occur when the immune system responds to the invasion of pathogens.

This chronic inflammation is characterized by mononuclear immune cell infiltration (monocytes, macrophages, and

lymphocytes) to different tissues where these cells produce excessive ROS and pro-inflammatory mediators to

conclude this situation but, at the same time, generate tissue damage and fibrosis. Therefore, a continued and

active oxidant response by immune cells can lead to cellular damage due to ROS overproduction, which can also

recruit other inflammatory cells leading to additional pro-inflammatory and oxidant production amplifying cellular

damage . Different pathways were proposed to mediate the connection between both inflammation and

oxidation (reviewed in ). Continuing with the idea that mitROS production is the first event in the aging

process, it was demonstrated that mtDNA fragments generated due to continued ROS leakage in the mitochondria

over time act as danger or damage-associated molecular patterns (DAMPs) that can bind to pattern recognition

receptors (PRR) and through activation of the nuclear transcription factor kappa b (NF-κB) could activate the

expression of pro-inflammatory cytokines, boosting inflamm-aging . Moreover, it is also known that mitROS

can activate NACHT, LRR, and PYD domains containing protein 3 (NLRP3) inflammasome, which leads to the

processing and secretion of the pro-inflammatory cytokines interleukin-1 and 18 .

Based on this link between oxidation and inflammation, the oxidative-inflammatory theory of aging emerged  to

provide a more complete and integrative vision of the most relevant processes involved in the aging process. Thus,

aging would be the consequence of chronic oxidative stress, associated with inflammatory stress, which would

cause the deterioration of the function of all cells of the individual, but would have a greater impact on those of the

homeostatic systems, that is, the nervous, endocrine, and immune systems, which would explain the lower ability

to maintain homeostasis that occurs with aging and leads to increased morbidity and mortality. Furthermore, this

theory introduced the involvement of the immune system in the greater or lesser oxidation and inflammation that

appears as we age. Since immune cells need to produce oxidant and inflammatory compounds to carry out their
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defensive function, when uncontrolled, they may be responsible for the generation of oxidative-inflammatory stress

that would not only cause their functional deterioration (immunosenescence) but could also increase these

stresses in the body, accelerating the aging process. Given that phagocytes (neutrophils in humans and

macrophages in mice) are the main immune cell type that generates oxidants throughout the “respiratory burst” in

which NADPH oxidase and xanthine oxidase enzymes participate, they were proposed to play a central role in oxi-

inflamm-aging .

4. Can Immunosenescence Be a Marker of the Rate of Aging
in Each Individual?

As was previously mentioned, the age-related decline that the homeostatic systems undergo does not take place at

the same rate in a group of individuals of the same species and the exact chronological age. This fact led to the

concept of biological age, which means the real rate of aging of an individual. However, several different

parameters were proposed as biomarkers of biological age (telomere length , DNA methylation , plasma

proteome profile , among others; we focus on those involving the function and redox state of the immune cells.

In order to be a marker of the rate of aging, the values of a given parameter have to be related to the lifespan of an

individual. Thus, our research group focused on finding which of the age-related changes in the functions exerted

by immune cells can be related to the longevity of mice. In this context, we first demonstrated that prematurely

aging mice that have an inadequate response to stress show at the adult age immune function parameters and

oxidative stress parameters closer to old animals, and they have a shorter lifespan . Afterward, a battery of

immune function and oxidative stress parameters were analyzed in adult mice and then left to naturally age until

death, and the individual lifespan of each mouse was written down. Throughout multiple linear regression, we were

able to develop mathematical models for lifespan prediction based on the values of immune function and oxidative

stress parameters that mice showed at the adult age , demonstrating that both the function and oxidative stress

of immune cells from mice at the adult age relate to their lifespan. With these results, and with the previous

investigations showing that the age-related changes in the function and oxidative stress parameters follow similar

patterns in mice and humans , we focused on developing a mathematical model throughout multiple linear

regression for estimation of the biological age based on the immune cells’ function, which we called the

ImmunolAge, in humans, with the Immunity Clock . The Immunity Clock encompasses five immune function

variables: neutrophil chemotaxis and phagocytosis abilities, lymphocyte chemotaxis and proliferation abilities, as

well as cytotoxic natural killer activity. Based on the status of these immune functions in an individual, we can

estimate their aging rate. Accordingly, we demonstrated that women with anxiety, as is further discussed in the next

section, have a higher ImmunolAge than their chronological age, which means that they are aging at a faster rate.

On the opposite side, we found out that centenarians exhibited a lower ImmunolAge than their chronological age,

which confirms the idea of extremely long-lived people aging at a slower rate.

With respect to oxidative stress parameters, we established a Redox signature of Aging and Longevity throughout

principal components analysis, by which in a 2D-graph we were able to differentiate age groups based on their

antioxidant and oxidant markers . While adult, mature and elderly were different groups, nonagenarians showed
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overlapping areas with adult signatures, suggesting that a controlled redox balance underlies healthy aging.

Centenarians, in this case, were characterized by the highest antioxidant capacities, which could indicate that at

this age, they need this high antioxidant component to maintain appropriate redox balance or that only those that

can express high antioxidant defenses are those that reach high longevity.

In this context, some other research groups also proposed other markers of immunosenescence to estimate the

rate of aging. For example, Alpert and collaborators proposed an IMM-AGE score  based on different immune

subsets frequency dynamics through aging, and it was found to predict mortality better than other aging clocks

based on epigenetic parameters such as DNA methylation, i.e., Epigenetic Clock . More recently, Sayed and

colleagues proposed an inflammatory clock of aging (iAge) developed by machine learning based on soluble

markers of chronic inflammation . Altogether, our results and others demonstrate that a small battery of immune

function and redox parameters of immune cells, as well as inflammatory markers, can be useful for the

determination of the aging rate of an individual, that is, the quantification of their biological age.

References

1. López-Otín, C.; Kroemer, G. Hallmarks of Health. Cell 2021, 184, 33–63.

2. De la Fuente, M.; Miquel, J. An update of the oxidation-inflammation theory of aging: The
involvement of the immune system in oxi-inflamm-aging. Curr. Pharm. Des. 2009, 15, 3003–3026.

3. Del Rey, A.; Besedovsky, H.O. Immune-Neuro-Endocrine Reflexes, Circuits, and Networks:
Physiologic and Evolutionary Implications. Front. Horm. Res. 2017, 48, 1–18.

4. De la Fuente, M. Oxidation and Inflammation in the Immune and Nervous Systems, a Link
Between Aging and Anxiety. In Handbook of Immunosenescence; Fulop, T., Franceschi, C.,
Hirokawa, K., Pawelec, G., Eds.; Springer: Dordrecht, The Netherlands, 2018.

5. Rattan, S.I. Healthy ageing, but what is health? Biogerontology 2013, 14, 673–677.

6. Rattan, S.I. Molecular gerontology: From homeodynamics to hormesis. Curr. Pharm. Des. 2014,
20, 3036–3039.

7. Harman, D. Aging: A theory based on free radical and radiation chemistry. J. Gerontol. 1956, 11,
298–300.

8. Harman, D. The biologic clock: The mitochondria? J. Am. Geriatr. Soc. 1972, 20, 145–147.

9. Miquel, J.; Economos, A.C.; Fleming, J.; Johnson, J.E., Jr. Mitochondrial role in cell aging. Exp.
Gerontol. 1980, 15, 575–591.

10. Miquel, J. An update on the oxygen stress-mitochondrial mutation theory of aging: Genetic and
evolutionary implications. Exp. Gerontol. 1998, 33, 113–126.

[43]

[37]

[44]



Immune Cells in Oxi-Inflamm-Aging | Encyclopedia.pub

https://encyclopedia.pub/entry/16301 6/8

11. Barja, G. Updating the mitochondrial free radical theory of aging: An integrated view, key aspects,
and confounding concepts. Antioxid. Redox Signal. 2013, 19, 1420–1445.

12. Zhang, J.; Wang, X.; Vikash, V.; Ye, Q.; Wu, D.; Liu, Y.; Dong, W. ROS and ROS-Mediated
Cellular Signaling. Oxid. Med. Cell. Longev. 2016, 2016, 4350965.

13. Gladyshev, V.N. The free radical theory of aging is dead. Long live the damage theory! Antioxid.
Redox Signal. 2014, 20, 727–731.

14. Sadowska-Bartosz, I.; Bartosz, G. Effect of antioxidants supplementation on aging and longevity.
BioMed Res. Int. 2014, 2014, 404680.

15. Honda, Y.; Honda, S. Oxidative stress and life span determination in the nematode
Caenorhabditis elegans. Ann. N. Y. Acad. Sci. 2002, 959, 466–474.

16. Ristow, M.; Schmeisser, S. Extending life span by increasing oxidative stress. Free Radic. Biol.
Med. 2011, 51, 327–336.

17. Mesquita, A.; Weinberger, M.; Silva, A.; Sampaio-Marques, B.; Almeida, B.; Leão, C.; Costa, V.;
Rodrigues, F.; Burhans, W.C.; Ludovico, P. Caloric restriction or catalase inactivation extends
yeast chronological lifespan by inducing H2O2 and superoxide dismutase activity. Proc. Natl.
Acad. Sci. USA 2010, 107, 15123–15128.

18. Yang, W.; Hekimi, S. A mitochondrial superoxide signal triggers increased longevity in
Caenorhabditis elegans. PLoS Biol. 2010, 8, e1000556.

19. Schulz, T.J.; Zarse, K.; Voigt, A.; Urban, N.; Birringer, M.; Ristow, M. Glucose restriction extends
Caenorhabditis elegans life span by inducing mitochondrial respiration and increasing oxidative
stress. Cell Metab. 2007, 6, 280–293.

20. Barja, G. The flux of free radical attack through mitochondrial DNA is related to aging rate. Aging
2000, 12, 342–355.

21. Jang, Y.C.; Pérez, V.I.; Song, W.; Lustgarten, M.S.; Salmon, A.B.; Mele, J.; Qi, W.; Liu, Y.; Liang,
H.; Chaudhuri, A.; et al. Overexpression of Mn superoxide dismutase does not increase life span
in mice. J. Gerontol. A Biol. Sci. Med. Sci. 2009, 64, 1114–1125.

22. Mockett, R.J.; Sohal, B.H.; Sohal, R.S. Expression of multiple copies of mitochondrially targeted
catalase or genomic Mn superoxide dismutase transgenes does not extend the life span of
Drosophila melanogaster. Free Radic. Biol. Med. 2010, 49, 2028–2031.

23. Schriner, S.E.; Linford, N.J.; Martin, G.M.; Treuting, P.; Ogburn, C.E.; Emond, M.; Coskun, P.E.;
Ladiges, W.; Wolf, N.; Van Remmen, H.; et al. Extension of murine life span by overexpression of
catalase targeted to mitochondria. Science 2005, 308, 1909–1911.

24. Franceschi, C.; Bonafè, M.; Valensin, S.; Olivieri, F.; De Luca, M.; Ottaviani, E.; De Benedictis, G.
Inflamm-aging. An evolutionary perspective on immunosenescence. Ann. N. Y. Acad. Sci. 2000,



Immune Cells in Oxi-Inflamm-Aging | Encyclopedia.pub

https://encyclopedia.pub/entry/16301 7/8

908, 244–254.

25. Vida, C.; González, E.M.; De la Fuente, M. Increase of oxidation and inflammation in nervous and
immune systems with aging and anxiety. Curr. Pharm. Des. 2014, 20, 4656–4678.

26. Fülöp, T.; Larbi, A.; Witkowski, J.M. Human Inflammaging. Gerontology 2019, 65, 495–504.

27. Khansari, N.; Shakiba, Y.; Mahmoudi, M. Chronic inflammation and oxidative stress as a major
cause of age-related diseases and cancer. Recent Pat. Inflamm. Allergy Drug Discov. 2009, 3,
73–80.

28. Federico, A.; Morgillo, F.; Tuccillo, C.; Ciardiello, F.; Loguercio, C. Chronic inflammation and
oxidative stress in human carcinogenesis. Int. J. Cancer 2007, 121, 2381–2386.

29. Su, Y.J.; Wang, P.W.; Weng, S.W. The Role of Mitochondria in Immune-Cell-Mediated Tissue
Regeneration and Ageing. Int. J. Mol. Sci. 2021, 22, 2668.

30. Picca, A.; Calvani, R.; Coelho-Junior, H.J.; Marzetti, E. Cell Death and Inflammation: The Role of
Mitochondria in Health and Disease. Cells 2021, 10, 537.

31. Dan Dunn, J.; Alvarez, L.A.; Zhang, X.; Soldati, T. Reactive oxygen species and mitochondria: A
nexus of cellular homeostasis. Redox Biol. 2015, 6, 472–485.

32. Cannizzo, E.S.; Clement, C.C.; Sahu, R.; Follo, C.; Santambrogio, L. Oxidative stress, inflamm-
aging and immunosenescence. J. Proteom. 2011, 74, 2313–2323.

33. Chen, G.Y.; Nuñez, G. Sterile inflammation: Sensing and reacting to damage. Nat. Rev. Immunol.
2010, 10, 826–837.

34. Zhou, R.; Tardivel, A.; Thorens, B.; Choi, I.; Tschopp, J. Thioredoxin-interacting protein links
oxidative stress to inflammasome activation. Nat. Immunol. 2010, 11, 136–140.

35. Vida, C.; de Toda, I.M.; Cruces, J.; Garrido, A.; Gonzalez-Sanchez, M.; De la Fuente, M. Role of
macrophages in age-related oxidative stress and lipofuscin accumulation in mice. Redox Biol.
2017, 12, 423–437.

36. Blasco, M.A. Telomere length, stem cells and aging. Nat. Chem. Biol. 2007, 3, 640–649.

37. Horvath, S. DNA methylation age of human tissues and cell types. Genome Biol. 2013, 14, R115.

38. Enroth, S.; Enroth, S.B.; Johansson, Å.; Gyllensten, U. Protein profiling reveals consequences of
lifestyle choices on predicted biological aging. Sci. Rep. 2015, 5, 17282.

39. Martínez de Toda, I.; Maté, I.; Vida, C.; Cruces, J.; De la Fuente, M. Immune function parameters
as markers of biological age and predictors of longevity. Aging 2016, 8, 3110–3119.

40. Martínez de Toda, I.; Vida, C.; Garrido, A.; De la Fuente, M. Redox Parameters as Markers of the
Rate of Aging and Predictors of Life Span. J. Gerontol. A Biol. Sci. Med. Sci. 2020, 75, 613–620.



Immune Cells in Oxi-Inflamm-Aging | Encyclopedia.pub

https://encyclopedia.pub/entry/16301 8/8

41. Martínez de Toda, I.; Vida, C.; Sanz San Miguel, L.; De la Fuente, M. Function, Oxidative, and
Inflammatory Stress Parameters in Immune Cells as Predictive Markers of Lifespan throughout
Aging. Oxid. Med. Cell. Longev. 2019, 2019, 4574276.

42. Martínez de Toda, I.; Vida, C.; Díaz-Del Cerro, E.; De la Fuente, M. The Immunity Clock. J.
Gerontol. A Biol. Sci. Med. Sci. 2021, glab136, Epub ahead of print.

43. Alpert, A.; Pickman, Y.; Leipold, M.; Rosenberg-Hasson, Y.; Ji, X.; Gaujoux, R.; Rabani, H.;
Starosvetsky, E.; Kveler, K.; Schaffert, S.; et al. A clinically meaningful metric of immune age
derived from high-dimensional longitudinal monitoring. Nat. Med. 2019, 25, 487–495.

44. Sayed, N.; Huang, Y.; Nguyen, K.; Krejciova-Rajaniemi, Z.; Grawe, A.P.; Gao, T.; Tibshirani, R.;
Hastie, T.; Alpert, A.; Cui, L.; et al. An inflammatory aging clock (iAge) based on deep learning
tracks multimorbidity, immunosenescence, frailty and cardiovascular aging. Nat. Aging 2021, 1,
598–615.

Retrieved from https://encyclopedia.pub/entry/history/show/38777


