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Aging is a discrete phenomenon and hard to understand. A coordinated and gradual loss of structure and function causes 
impaired responsiveness at cellular and organ levels. It makes an aged individual prone to several chronic diseases and 
opportunistic infections. The failed interplay among different organ systems is what orchestrates aging. Simultaneously, the 
involvement of more molecular participants makes it more challenging to understand and examine. This mini-review 
comprehensively reviewed physiological changes in immune aging and their correlation with overall aging anomalies.  
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Introduction 
The field of 'immunophysiology' is not new but has 

not been sufficiently explored in every dimension. 
Deteriorating physiological parameters with growing 
age are known; however, its relationship with 
inflammaging has not been established. Their causal 
relationship requires in-depth analysis. This is quite 
certain that modulation in the immune system does 
affect the physiological functions of various organs. 
Physiological deterioration with aging is also evident1,2. 
However, how various interactors of aging-immune 
components affect physiological aspects requires a 
focused investigation. In the present review, we aim to 
provide an overview of deteriorating physiological 
parameters at the organ level and their associations with 
immune aging, particularly in inflammaging.  

Aging Muscle: an elevated M2 macrophage may dampen 
muscle regeneration and recovery 

The aged muscle becomes weaker and more prone 
to damage. Moreover, recovery and regeneration are 
diminished, which correlates with reduced muscle 
mass in aging. A decline in the serum level of sex 
hormones, including estrogen, testosterone, and 
androgen, is positively associated with a decline in 
muscle mass and elevated sarcopenia3. Existing pieces 
of evidence suggest a potential role of chronic 
inflammation in muscle weakening and sarcopenia4. 
Przybyla et al.5 have shown that aged muscles show 
the same level of CD68+ macrophages compared to 

young ones after the injury. Also, report show that 
aging does not have an essential role in deploying 
myeloid cells in young vs. old muscles during muscle 
injury. However, their capacity to heal in old muscles 
may be questionable. It is pertinent to mention that 
augmented muscle fibrosis in aging6 can also be 
correlated with M1/M2 macrophage dichotomy and 
elevated levels of inflammatory markers.  

Furthermore, there is reduced leukocyte 
recruitment in prolonged and extensive injury. This 
could be because the assessed level of injury to the 
old muscle is much more extensive than the young 
ones7, which might impair the recruitment and 
function of leukocytes, thus delaying muscle 
regeneration and diminishing muscle force. 
Additionally, Chronic inflammation, i.e., 
'inflammaging,' is a critical feature of aging with 
proinflammatory cytokines like TNF-α, TGF-β and 
IFN-γ in dominance4. Besides, a paradoxical 
antinflammatory cytokine IL-10 increase in aging is 
well established8. SASPs interfere with the self 
renewable capacity of muscles either by CCN1 
mediated mechanisms or via PI3/Akt pathway9, thus 
contributing towards muscle weeknes an dampened 
function in aging. As discussed earlier in the section, 
the recruitment of macrophages after muscle injury 
can regulate muscle regeneration after injury. 
However, a biased M2 phenotype of recruiting 
macrophages may dampen muscle regeneration and 
recovery. A proinflammatory milieu has been 
reported to promote the M1-biased phenotype. 
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Oppositely, old muscles feature elevated M2-biased 
phenotype (CD206+ high, CD163+high)10 that can be 
correlated with the paradoxical abundance of IL-10 in 
aging. This biased increase in M2 phenotype can also 
contribute to muscle fibrosis in aging11. 
 

Aging Liver: Compromised oxidative and proliferative 
capacities gradually get accumulated 

The aging liver undergoes several degenerative 
changes including; decreased blood flow, decreased 
LDL cholesterol, increased activity of alkaline 
phosphatase, accumulation of lipofuscin bodies, and 
hepatocyte polyploidy, where liver structure and 
function decline. An increase inthe production of 
proinflammatory molecules is quite evident12. Almost 
40% of the total volume loss in the blood is contributed 
by a decrease in blood volume in the liver. A reduction 
in albumin and CRPs that regulate the oncotic pressure 
and blood volume are correlated with aging. Changes in 
cellular architecture due to the deposition of unwanted 
substances throughout life can cause the thickening of 
sinusoidal endothelial cells, thus constricting the 
molecular exchange across the blood barrier13. The 
gradual accumulation of liver toxins due to 
compromised oxidative capacity and anti-proliferation 
complexes like CEBP-α-Brm-HDAC1 help reduce the 
proliferative capacity of liver cells in aging14. 
Accumulation of senescent cells in the liver with aging 
causes the release of anti-proliferative factors, including 
p21, p16 and p53, which can cause tissue damage and 
chronic liver diseases15. These senescent cells also result 
in increased transportation of conjugated bilirubin and 
contribute towards insulin resistance via Akt signaling, 
thus causing perturbed liver function in aging. Alteration 
in autophagy for liver resident macrophages has been 
shown to increase the production of proinflammatory 
cytokines in aging, which correlates with age-related 
morbidity, and an increase in oxidative stress16. SASPs 
contributes towards these cytokines and promotes faty 
cell accumulation and steatosis in aged liver17. 
Accumulation of oxidative stress contributes to the 
progression of age-associated fatty liver diseases18. 
Aging promotes cell adhesion markers like ICAM-1 
production, which causes inflow/deposition of 
inflammatory cells at hepatic sinusoidal walls, thus 
promoting dysfunctional microcirculation, macrophage 
aggregation, and impaired blood flow19. Increased 
ICAM-1 expression has also been correlated with the 
increased production of IL-6 and IL-1, thus contributing 
to heightened liver inflammation and increased CD68+ 
macrophages in the sinusoidal area in aging20. This 

interplay between the availability of oxidative stressors 
and pro-inflammatory molecules (TNF-α, IL-1 and IL-6) 
in the liver contributes to anomalous maintenance of live 
function in aging. 
 

Aging Heart: Persistently inflamed endothelial cells produce 
proinflammatory cytokine and affect cardiovascular 
loadgradually  

The aged cardiovascular system shows a radical 
morphological and functional shift. An increase in the 
stiffness of large vessels in the heart causes elevated 
systolic blood pressure and decreased diastolic pressure, 
thus causing increased left ventricular load21,22. 
Attenuated calcium flux in aging causes reduced left 
ventricular compliance and delayed relaxation. Aging 
promotes mineralization of collagen and accumulation 
of advanced glycation end products (AGEs), that allows 
the deposition of ECM and glycosamineglycans, thus 
causing firbrosis in resident cells23. Fibrosis in resident 
myocytes and calcified valves can cause decreased 
reactivity of baroreceptors and chemoreceptors, reducing 
cardiac output. Aged myocytes show decreased 
sensitivity to β-adrenergic receptors. Dysfunctional 
endothelial nitric oxide synthase in aging myocytes 
results in a decrease in nitric oxide production. 
Subsequently, the amplified release of ROS leads  
to rigidity of vessels and vascular inflammation24.  
This vascular rigidity in aging has also been  
associated with increased glycosylated proteins, 
matrix metalloproteinase activity and angiotensin-2 
responsiveness25. Accumulation of cholesterol-loaded 
immune cells, senescent cells, and excessive secretion 
of pro-inflammatory cytokines from aged endothelial 
cells cause insistent vascular inflammation, and there is 
evidence that the spread of vascular inflammation to 
other allied tissues can cause systemic changes in the 
circulatory system26. 
 

This persistent low-grade inflammation at the 
endothelium lining of blood vessels, induced by 
SASP accumulation, causes increased levels of 
adhesion molecules like ICAM-1 and VCAM-127 that 
induce leukocyte adhesion. Under prevailing 
inflammatory conditions, hyperactivated monocytes 
activate the leukocytes. Under these conditions, 
endothelial cells also adapt to mesenchymal cells 
(endothelial to mesenchymal transition, EndMT), 
causing more monocyte adhesion due to increased 
adhesion molecules expressions and ECM deposition. 
This also allows access to deep in the vessel wall. All 
these changes gradually direct the migration of 
smooth muscle cells from tunica media into the inner 
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intima, where calcified plaque is formed under the 
influence of various inflammatory factors like TGF-
β28. This increases the intima-media thickness (IMT) 
and promotes plaque formation. Alteration in cardiac 
vasculature, influenced by these immune-modulatory 
changes, thus leads to ventricular wall thickness 
causing ventricular hypertrophy resulting in 
compromised cardiac output and vascular load29. It 
can be further related to common age-associated 
cardiovascular conditions like arterial fibrillation. 
Age-associated chages in T-cell repertoire30 have also 
been correlated with metabolic and immunological 
dysfunction31 leading towards cardiac dysfunction32. 
It can be concluded that failure of the endothelial 
compartment in aging can be targeted for therapeutic 
interventions in cardiovascular diseases. 
 

Aging Kidney: Proinflammatory cytokines gradually reduces 
kidney function 

Aging does not necessarily cause renal diseases. 
However, the kidney displays a discrete array of 
physiological and morphological changes that might 
contribute to renal pathology in aged individuals. The 
nephron function is declined with age, which correlates 
with the decline in the glomerular filtration rate33. 
Kidney resident podocytes undergo hyper-trophy with a 
limiting proliferation capacity due to the loss of nearby 
cellular niches in aging34. However, due to the gradual 
loss of nephrons, podocyte hypertrophy starts  
to fail, resulting in capillary collapse, periglomerular 
fibrosis, and podocyte detachment34. Age-dependent 
overproduction of proinflammatory cytokines causes 
changes in vascular motor activity. Likewise, stress 
activators can exaggerate vascular motor changes35. 
Increased levels of endostatin, thrombospondin-I, and 
the decline in vascular endothelial growth factors in 
aging cause a chronic loss in perfusion, capillary 
network, and nephron36. Loss of pericytes in aging 
kidneys has also been correlated with the deteriorated 
capillary architecture in aging37. Elevated mitochondrial 
aberrations in resident tubular cells cause the 
accumulation of spoiled macromolecules and enhanced 
release of oxidative stressors, thus limiting the filtration 
capacity of renal tubules38. Exposure to chronic 
inflammatory milieu by the circulating blood in the 
kidney tends to challenge renal parenchymal cells 
constantly, thus causing accumulation of cells with the 
senescence-associated secretory phenotype (SASPs)39. 
The transient presence of these SASPs in the kidney 
somehow increases renal recovery and promotes 
immune surveillance. However, age-associated aberrant 
accumulation of SASPs in renal walls promotes immune 

filtration and recruitment of immune cells via the 
increased adhesion molecules, thus reducing renal 
recovery40, promoting renal fibrosis, and age-related 
glomerulosclerosis. Conclusively, immune filtration and 
SASPs insult the aged kidney and reduce its function 
significantly. 
 

Aging lungs: Persistent inflammation reduces vital capacity of 
lungs 

The epithelial components of the respiratory tract are 
the first line of defense against upcoming pathogens. 
The coordinated action of goblet cells, club cells, ciliated 
columnar cells, and club cells within the respiratory 
epithelium decides the fate of invading pathogen41. The 
resident and employed immune cells derived from 
lymphoid and myeloid progenitors42 carry forward this 
action. The respiratory epithelial cells can also secret 
cytokine, thus affecting the activity of proximal 
leukocytes43. The low-grade inflammation in aging has 
also been correlated with increased Streptococcus 
pneumoniae colonization in the upper and lower 
respiratory tract, thus causing frequent pneumonia-like 
symptoms44. Antigen-macrophage interaction helps 
process the immune signal and responds by releasing 
anti-/pro-inflammatory molecules. Local epithelial cells, 
alveolar macrophages, and interstitial macro-phages play 
a crucial role in fortifying respiratory response. 
However, studies have reported poor number and 
activity of alveolar macrophages in aging, causing a 
decline in various cellular functions, including 
inadequate response to pathogens, reduced phagocytosis, 
and flawed TLR signaling. Monocytes from aged/older 
adults show reduced TLRs expression with impaired 
detection of PAMPs45. On the other hand, when 
stimulated, they tend to produce imbalanced 
proinflammatory cytokines, i.e., increased TNF-α and 
IL-6. Interestingly, Alveolar fluid from older adults has 
higher levels TNFs, complement proteins, and IL-6, 
contibutede by SASPs, adding to the deregulated innate 
immunity46.  
 

Additionally, aging interrupts cellular signaling, 
i.e., RIG-1 signaling, disrupting type 1 interferon 
expression and leading to poor antiviral response at 
the organ level. Resident neutrophils that make a 
second line of defense are found abundantly in the 
lower respiratory tract of older adults and contribute 
towards age-associated inflammation. This has been 
implicated in influenza-associated mortality in the 
aged lung. An unusual PI3K signaling in aged 
pulmonary neutrophils has been positively correlated 
to tissue damage and aberrant inflammation47. 
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Similarly, lung resident dendritic cells display 
impaired cytokine production, antigen presentation, 
and phagocytosis in aging. Persistent inflammation in 
the lower respiratory tract reduces the vital capacity 
of respiration, resulting in poor oxygenation and 
increased compensatory respiratory rate. Overall, age-
associated decline in pulmonary function, mediated 
by various intrinsic factors affect the body as whole 
and promote severe COPD consequences48. 

 

Aging brain: Synaptic failure and inflammation  
Aging causes accelerated cognitive decline and 

memory loss, making older people more vulnerable to 
neurological abnormalities and cognitive dysfunction. 
Both environmental and molecular factors contribute to 
the changes in the anatomical and morphological 
architecture of the aged brain. Neurodegeneration  
with cognitive decline and motor dysfunction is 
accompanied by systemic inflammaging49. Here, the 
blood-brain barrier (BBB) acts as a limiting  
boundary that separates the brain from the rest of  
the body. A persistent release of inflammatory cytokines 
such as TNF-α, IL-1 and IL-6, etc., increases BBB 
permeability resulting in the recruitment  
of inflammatory cells. A gradual dysfunction of 
microglial cells also contributes to inflammation in the 
brain. Presence of senescent-associated microglial cells 
in post-mortem Alzheimer’s brain has been positively 
correlated with neurodegeneration50. Microglial  

cells are homeostatically maintained by the interactions 
with neurons mediated by ligands such as CXCL1, 
CD47 and CD200. Accumulation of plaque-associated 
proteins, including amyloid-β, chromogranin, 
synaptophysin, tau, synapsin, EP-10 antigen, p65, along 
with vesicles, at synaptic junction makes synapse 
swollen and induces a loss in synaptic activity in aging51. 
This results in slowing down of nerve conduction 
leading to delayed response time. Though, delayed 
response time may also happen due to other reasons not 
discussed here. Any trauma in old age or age-related 
changes in the cerebral vasculature cause white matter 
injury resulting in a dysfunctional blood-brain barrier52. 
Accumulation of clonally-expanded-antigen-trained T 
cells near the deteriorated BBB has also been positively 
associated with aging and age-associated 
neurodegeneration53. Reports suggest older individuals 
recovering from or persisting with cardiac or respiratory 
conditions are frequently accompanied by a cognitive 
decline in aging. Besides, chronic cardiac abnormalities 
and stroke expedite the advancement of neuronal 
diseases like Alzheimer’s and vascular dimentia54. Thus, 
it can be stated that aging promotes chronic 
inflammation, and incomplete activation of immune 
cells in the aged brain can create an inflammatory state 
and contribute to microglial cell dysfunction. 

 

Figure 1 summerizes the effects of aging, in terms 
of immunity, on various organ systems of humans. 

 
 

Fig. 1 — Schematic representation of the effects of aging on various organ systems of human.  
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Conclusion 
Overall, aging does affect the physiological 

functions of different cells, and collectively, the same 
is manifested at organ levels. However, aging of the 
immune system can also specifically deteriorate 
physiological functions. The decline in physiological 
functions due to an aging immune system may not 
coincide with physical aging and sometimes even 
precedes. It may show loss of vital functions, 
aggravating overall aging. This aspect of an aging 
immune system has yet to be studied in detail. This 
review highlights the avenues for detailed study to 
slow down the loss of physiological function by 
addressing the inflammaging, which may improve the 
well-being of aged individuals. The immunological 
rearrangements in aging may boost physiological 
functioning and reduce age-associated mortality.  
 

Conflict of interest 
None declared. 

 

References 
1 Atamna H, Tenore A, Lui F & Dhahbi JM, Organ reserve, 

excess metabolic capacity, and aging. Biogerontology,19 
(2018) 171. 

2 Guo J, Huang X, Dou L, Yan M, Shen T, Tang W & Li J, Aging 
and aging-related diseases: From molecular mechanisms to 
interventions and treatments. Signal Transduct Target Ther, 7 
(2022) 391. 

3 Griffiths RD, Muscle mass, survival, and the elderly ICU 
patient. Nutrition, 12 (1996) 456. 

4 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 
Aca. Sci, 908 (2000) 244. 

5 Przybyla B, Gurley C, Harvey JF, Bearden E, Kortebein P, 
Evans WJ, Sullivan DH, Peterson CA & Dennis RA, Aging 
alters macrophage properties in human skeletal muscle  
both at rest and in response to acute resistance exercise.  
Exp Gerontol, 41(2006) 320. 

6 Zhu Q-y, Tai S, Tang L, Xiao Y-c, Tang J-j, Chen Y-q,  
Shen L, He J, Ouyang M-q & Zhou S-h, N-acetyl cysteine 
ameliorates aortic fibrosis by promoting M2 macrophage 
polarization in aging mice. Redox Rep, 26 (2021) 170. 

7 Englund DA, Zhang X, Aversa Z & Le Brasseur NK, Skeletal 
muscle aging, cellular senescence, and senotherapeutics: Current 
knowledge and future directions. Mech Ageing Dev, 200 (2021) 
111595. 

8 Zhang X, Habiballa L, Aversa Z, Ng YE, Sakamoto AE, 
Englund DA, Pearsall VM, White TA, Robinson MM & 
Rivas DA, Characterization of cellular senescence in aging 
skeletal muscle. Nat Aging, 2 (2022) 601. 

9 Rathor R, Agrawal A, Kumar R & Suryakumar G, Aging and 
hypobaric hypoxia induced skeletal muscle protein loss: A 
comparative experimental study using rat model. Indian J 
Exp Biol, 59 (2021) 381. 

10 Sorensen JR, Kaluhiokalani JP, Hafen PS, Deyhle MR, 
Parcell AC & Hyldahl RD, An altered response in 

macrophage phenotype following damage in aged human 
skeletal muscle: implications for skeletal muscle repair. 
FASEB J, 33 (2019) 10353. 

11 Coulis G, Jaime D, Guerrero-Juarez C, Kastenschmidt JM, 
Farahat PK, Nguyen Q, Pervolarakis N, McLinden K, 
Thurlow L & Movahedi S, Single-cell and spatial 
transcriptomics identify a macrophage population  
associated with skeletal muscle fibrosis. Sci Adv, 9 (2023) 
eadd9984. 

12 Salminen A, Kaarniranta K & Kauppinen A, Inflammaging: 
disturbed interplay between autophagy and inflammasomes. 
Aging, 4 (2012) 166. 

13 Udomsinprasert W, Sobhonslidsuk A, Jittikoon J, Honsawek S 
& Chaikledkaew U, Cellular senescence in liver fibrosis: 
Implications for age-related chronic liver diseases. Expert 
Opin Ther Targets, 25 (2021) 799. 

14 Wang G-L, Salisbury E, Shi X, Timchenko L, Medrano EE& 
Timchenko NA, HDAC1 cooperates with C/EBPα in the 
inhibition of liver proliferation in old mice. J Biol Chem, 283 
(2008) 26169. 

15 Aravinthan AD and Alexander GJ, Senescence in chronic liver 
disease: Is the future in aging?. J Hepatol, 65 (2016) 825. 

16 Mehdi MM, Solanki P & Singh P, Oxidative stress, 
antioxidants, hormesis and calorie restriction: The current 
perspective in the biology of aging. Arch Gerontol Geriatr, 
95 (2021) 104413. 

17 Ogrodnik M, Miwa S, Tchkonia T, Tiniakos D, Wilson CL, 
Lahat A, Day CP, Burt A, Palmer A & Anstee QM, Cellular 
senescence drives age-dependent hepatic steatosis. Nat 
Commun, 8 (2017) 15691. 

18 Sheedfar F, Biase SD, Koonen D & Vinciguerra M, Liver 
diseases and aging: friends or foes? Aging cell, 12 (2013) 950. 

19 Poisson J, Lemoinne S, Boulanger C, Durand F, Moreau R, 
Valla D & Rautou P-E, Liver sinusoidal endothelial  
cells: Physiology and role in liver diseases. J Hepatol, 66 
(2017) 212. 

20 Bloomer SA & Moyer ED, Hepatic macrophage 
accumulation with aging: cause for concern?. Am J Physiol 
Gastrointest, 320 (2021) G496. 

21 Sharifi Kia D, Shen Y, Bachman TN, Goncharova EA,  
Kim K & Simon MA, The effects of healthy aging on right 
ventricular structure and biomechanical properties: A pilot 
study. Front Med, 8 (2022) 751338. 

22 Egashira K, Inou T, Hirooka Y, Kai H, Sugimachi M,  
Suzuki S, Kuga T, Urabe Y & Takeshita A, Effects of age on 
endothelium-dependent vasodilation of resistance coronary 
artery by acetylcholine in humans. Circulation, 88 (1993) 77. 

23 Triposkiadis F, Xanthopoulos A, Parissis J, Butler J & 
Farmakis D, Pathogenesis of chronic heart failure: 
cardiovascular aging, risk factors, comorbidities, and disease 
modifiers. Heart Fail Rev, 27 (2022) 337. 

24 Vendrov AE, Vendrov KC, Smith A, Yuan J, Sumida A, 
Robidoux J, Runge MS & Madamanchi NR, NOX4 NADPH 
oxidase-dependent mitochondrial oxidative stress in aging-
associated cardiovascular disease. Antioxid Redox Signal, 23 
(2015) 1389. 

25 Meschiari CA, Ero OK, Pan H, Finkel T & Lindsey ML, The 
impact of aging on cardiac extracellular matrix. Geroscience, 
39 (2017) 7. 

26 Tabas I & Lichtman AH, Monocyte-macrophages and T cells 
in atherosclerosis. Immunity, 47 (2017) 621. 



INDIAN J EXP BIOL, SEPTEMBER 2023 
 
 

672 

27 Yan C, Xu Z & Huang W, Cellular senescence affects 
cardiac regeneration and repair in ischemic heart disease. 
Aging Dis,12 (2021) 552. 

28 Leibowitz D, Yoshida Y, Jin Z, Nakanishi K, Mannina C, 
Elkind MS, Rundek T, Homma S, Sacco RL & Di Tullio 
MR, Factors associated with the progression of aortic valve 
calcification in older adults. Int J Cardiol, 381 (2023) 76. 

29 Giamouzis G, Dimos A, Xanthopoulos A, Skoularigis J & 
Triposkiadis F, Left ventricular hypertrophy and sudden 
cardiac death. Heart Fail Rev, 27(2022) 711. 

30 Kureel AK, Saini S, Singh B, Singh K & Rai AK, 
Compromised levels of CD6 and reduced T cell activation in 
the aged immune system. Biomarkers, 26 (2021) 483. 

31 Singh B & Rai AK, Loss of immune regulation in aged T-
cells: A metabolic review to show lack of ability to control 
responses within the self. Hum Immunol, 83 (2022) 808. 

32 Shirakawa K & Sano M, T cell immunosenescence in aging, 
obesity, and cardiovascular disease. Cells, 10 (2021) 2435. 

33 Haruhara K, Kanzaki G, Sasaki T, Hatanaka S,  
Okabayashi Y, Puelles VG, Harper IS, Shimizu A, Cullen-
McEwen LA & Tsuboi N, Associations between nephron 
number and podometrics in human kidneys. Kidney Int, 102 
(2022) 1127. 

34 Wiggins JE, Goyal M, Sanden SK, Wharram BL,  
Shedden KA, Misek DE, Kuick RD & Wiggins RC, Podocyte 
hypertrophy,“adaptation,” and “decompensation” associated 
with glomerular enlargement and glomerulosclerosis in the 
aging rat: prevention by calorie restriction. J Am SocNephrol, 
16 (2005) 2953. 

35 Ren S-C, Mao N, Yi S, Ma X, Zou J-Q, Tang X & Fan J-M, 
Vascular calcification in chronic kidney disease: an update 
and perspective. Aging Dis,13 (2022) 673. 

36 Kang D-H, Anderson S, Kim Y-G, Mazzalli M, Suga S-I, 
Jefferson JA, Gordon KL, Oyama TT, Hughes J & Hugo C, 
Impaired angiogenesis in the aging kidney: vascular 
endothelial growth factor and thrombospondin-1 in renal 
disease. Am J Kidney Dis,37 (2001) 601. 

37 Stefanska A, Eng D, Kaverina N, Duffield JS, Pippin JW, 
Rabinovitch P & Shankland SJ, Interstitial pericytes decrease 
in aged mouse kidneys. Aging,7 (2015) 370. 

38 Pourbagher-Shahri AM, Farkhondeh T, Talebi M, 
Kopustinskiene DM, Samarghandian S & Bernatoniene J, An 
overview of NO signaling pathways in aging. Molecules, 26 
(2021) 4533. 

39 Sturmlechner I, Durik M, Sieben CJ, Baker DJ&Van 
Deursen JM, Cellular senescence in renal ageing and disease. 
Nat Rev Nephrol,13 (2017) 77. 

40 Verzola D, Gandolfo MT, Gaetani G, Ferraris A,  
Mangerini R, Ferrario F, Villaggio B, Gianiorio F, Tosetti F 
& Weiss U, Accelerated senescence in the kidneys of 
patients with type 2 diabetic nephropathy. AmJ PhysiolRenal 
Physiol, 295 (2008) F1563. 

41 Hiemstra PS, McCray PB & Bals R, The innate immune 
function of airway epithelial cells in inflammatory lung 
disease. Eur Respir J, 45 (2015) 1150. 

42 Iwasaki A, Foxman EF & Molony RD, Early local immune 
defences in the respiratory tract. Nat Rev Immunol, 17 (2017) 7. 

43 Lloyd CM & Marsland BJ, Lung homeostasis: influence of 
age, microbes, and the immune system. Immunity, 46 (2017) 
549. 

44 Hinojosa E, Boyd AR & Orihuela CJ, Age-associated 
inflammation and toll-like receptor dysfunction prime the 
lungs for pneumococcal pneumonia. J Infect Dis, 200 (2009) 
546. 

45 Torrance BL & Haynes L, Cellular senescence is a key 
mediator of lung aging and susceptibility to infection. Front 
Immunol,13 (2022) 1006710. 

46 Aghali A, Koloko Ngassie ML, Pabelick CM & Prakash Y, 
Cellular senescence in aging lungs and diseases. Cells, 11 
(2022) 1781. 

47 Sapey E, Greenwood H, Walton G, Mann E, Love A, 
Aaronson N, Insall RH, Stockley RA & Lord JM, 
Phosphoinositide 3-kinase inhibition restores neutrophil 
accuracy in the elderly: toward targeted treatments for 
immunosenescence. Blood, 123 (2014) 239. 

48 MacNee W, Rabinovich RA & Choudhury G, Ageing and 
the border between health and disease. Eur Respir J, 44 
(2014) 1332. 

49 Heneka MT, Carson MJ, El Khoury J, Landreth GE, 
Brosseron F, Feinstein DL, Jacobs AH, Wyss-Coray T, 
Vitorica J, Ransohoff RM & Herrup K, Neuroinflammation 
in Alzheimer's disease. Lancet Neurol, 14 (2015) 388. 

50 Sanchez-Mejias E, Navarro V, Jimenez S, Sanchez-Mico M, 
Sanchez-Varo R, Nuñez-Diaz C, Trujillo-Estrada L,  
Davila JC, Vizuete M, Gutierrez A & Vitorica J, Soluble 
phospho-tau from Alzheimer’s disease hippocampus drives 
microglial degeneration. Acta Neuropathol, 132 (2016) 897. 

51 Masliah E, Honer WG, Mallory M, Voigt M, Kushner P, 
Hansen L & Terry R, Topographical distribution of synaptic-
associated proteins in the neuritic plaques of Alzheimer's 
disease hippocampus. Acta Neuropathol, 87 (1994) 135. 

52 Wang F, Cao Y, Ma L, Pei H, Rausch WD & Li H, 
Dysfunction of cerebrovascular endothelial cells: prelude to 
vascular dementia. Front Aging Neurosci, 10 (2018) 376. 

53 Honarpisheh P, Blixt FW, Conesa MP, Won W, d'Aigle J, 
Munshi Y, Hudobenko J, Furr JW, Mobley A, Lee J & 
Brannick KE, Peripherally-sourced myeloid antigen 
presenting cells increase with advanced aging. Brain Behav 
Immun, 90 (2020) 235. 

54 Goulay R, Mena Romo L, Hol EM & Dijkhuizen RM, From 
stroke to dementia: a comprehensive review exposing tight 
interactions between stroke and amyloid-β formation. Transl 
Stroke Res, 11 (2020) 601. 

 
 


