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Abstract

As human life expectancy keeps increasing, ageing populations present a growing challenge for 

clinical practices. Human ageing is associated with molecular, structural, and functional changes 

in a variety of organ systems, including the kidney. During the ageing process, the kidney 

experiences progressive functional decline as well as macroscopic and microscopic histological 

alterations, which are accentuated by systemic comorbidities like hypertension and diabetes 

mellitus, or by preexisting or underlying kidney diseases. Although ageing per se does not cause 

kidney injury, physiologic changes associated with normal ageing processes are likely to impair 

the reparative capacity of the kidney and thus predispose older people to acute kidney disease, 

chronic kidney disease and other renal diseases. Mechanistically, cell senescence plays a key role 

in renal ageing, involving a number of cellular signaling mechanisms, many of which may be 

harnessed as interventional targets for slowing or even reversing kidney ageing. This review 

summarizes the clinical characteristics of renal ageing, highlights the latest progresses in 

deciphering the role of cell senescence in renal ageing, and envisages potential interventional 

strategies and novel therapeutic targets for preventing or improving renal ageing in the hope of 

maintaining long-term kidney health and function across the life course.
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1. Introduction

Ageing is defined as a progressive loss of functional reserve with a significant decline in 

adaptive homeostasis capacity to external or internal stress, resulting in a rise in the risk of 

disease and death (Grimley Evans, 2000). Due to improved living conditions, socioeconomic 

status and health care, human life expectancy has increased dramatically while mortality has 

significantly reduced in the past several decades. As a result, rapid ageing of the world 

population is a major global demographic trend. The U.S. Census Bureau and the National 

Center for Health Statistics predict that 80.8 million Americans will be 65 years old or older 

by 2040, representing approximately 21.6 % of the population. Among them, the number of 

people 85 years and older is projected to be 14.4 million in 2040, a 123 % increase from 6.5 

million in 2017 (Administration for Community Living, 2019). In Europe, the population 

aged 65 and over will account for 28 % of Europeans by 2060 (Martin et al., 2014). 

Likewise, in China, the world’s most populous country, people aged 65 and above will 

increase to 400 million by 2050, accounting for 26.9 % of the population, and 150 million 

will be 80 years old or older (Fang et al., 2015). Human ageing is associated with molecular, 

structural, and functional changes in a variety of organ systems, including the kidney. During 

the ageing process, the kidney experiences progressive functional decline as well as 

macroscopic and microscopic histologic alterations. Age-related renal impairment has 

become an imminent challenge to clinical practice. To improve age-related renal 

impairment, it is essential to decipher the pathobiology of kidney ageing.

2. Basic changes in the ageing kidney

The kidneys are the key organs responsible for removing metabolic waste products and extra 

fluid from the body. The kidneys receive approximately 20–25 % of the cardiac output, filter 

about 200 L of blood every day and generate roughly 1.5 L of waste-containing urine. Thus, 

under physiologic conditions, the kidneys are highly metabolic organs, which withstand 

considerable oxidative stress and are susceptible to the ageing process. In actuality, the 

kidneys are among the organs with the most prominent changes during the normal ageing 

process (Long et al., 2005).

2.1. Macroscopic and microscopic structural changes

On the macroscopic scale, renal ageing manifests as roughness of the kidney surface as well 

as elevated formation and size of simple renal cysts (Hommos et al., 2017). Simple kidney 

cysts can form in one or both kidneys but do not result in enlargement of the kidneys. Their 

formation is seemingly associated with ageing because they are common among people 

greater than 40 years old. Simple cysts are usually harmless and have long been considered 

of little clinical significance. However studies have demonstrated that simple renal cysts 

correlated with hypertension (Chin et al., 2006), decreased renal size and functional 

changes(Al-Said et al., 2004; Al-Said and O’Neill, 2003), and may be an early sign of 
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potential damage (Grantham, 2012). Kidney volume is an important indicator of renal 

impairment. Two early studies used ultrasound or computed tomography scan in hundreds of 

adult volunteers and patients with no kidney disease and demonstrated that kidney volume 

progressively declined with age (Emamian et al., 1993; Gourtsoyiannis et al., 1990). It was 

estimated that the parenchymal thickness of a kidney decreased 10 % per older decade of 

age regardless of gender. Recent studies with larger sample sizes replicated the above 

findings. Roseman et al.(Roseman et al., 2017) assessed kidney volume by magnetic 

resonance imaging in 1852 adults and found that the kidney volume declines by about 16 

cm3 per decade after 60 years of age. In addition, Wang et al.(Wang et al., 2014) evaluated 

1344 potential kidney donors by contrast-enhanced CT imaging and demonstrated that 

kidney volume declines at 22 cm3 per decade after the age of 50. Interestingly, Wang and 

colleagues also found that renal cortical volume progressively declines with age whereas 

medullary volume increased until 50 years of age, resulting in a net decline in total kidney 

volume after 50 years of age in normal individuals. Collectively, there is roughly a 20~25 % 

difference in kidney mass between the ages of 30 and 80 years of age (McLachlan and 

Wasserman, 1981).

These macrostructural alterations are associated with underlying histologic changes on the 

microscopic level including nephrosclerosis, glomerular basement membrane thickening 

(Nyengaard and Bendtsen, 1992), mesangial broadening, and increased accumulation of 

extracellular matrix in ageing kidneys (Silva, 2005b). Nephrosclerosis (Fig. 1) is the 

pathologic hallmark of ageing kidneys, characterized by nephron loss, hypertrophy of 

remaining nephrons, and arteriosclerosis, which is thought to be the initiating factor for 

ageing-related renal changes (Silva, 2005b; Takazakura et al., 1972; Zhou et al., 2008). 

Other features of nephrosclerosis include global glomerulosclerosis, tubular atrophy, and 

interstitial fibrosis, which are reminiscent of the changes observed in progressive chronic 

kidney disease (Sethi et al., 2017). After 30 years of age, approximately 6,000–6,500 

nephrons will be lost every year due to nephrosclerosis, or more specifically 

glomerulosclerosis (Denic et al., 2016, 2017). The upper limit of glomerular sclerosis in 

normal renal ageing was estimated to exceed 10 % according to cadaver studies (Chan et al., 

1990). However, the estimation of nephron loss in renal ageing may have been considerably 

underappreciated if it is solely based on the extent of glomerulosclerosis found in kidney 

biopsies (Keller et al., 2003). In support of this contention, a recent study of 1638 healthy 

kidney donors showed that the number of nephrons was reduced by 48 % in 70–75 year-olds 

as compared with 18–29 year-olds, whereas the number of globally sclerotic glomeruli 

increased only 15 % (Denic et al., 2017).

2.2. Clinical and functional changes

Age-related structural changes to the kidney are concomitant with a decline in kidney 

function, which is primarily assessed by total glomerular filtration rate (GFR). The exact 

rate of renal function decline associated with ageing has been extensively studied (Epstein, 

1996; Silva, 2005a, b). Bolignano et al. examined three cohorts and nine cross-sectional 

studies on age-related decline in renal function carried out from 1950 to 2012 and showed 

that the annual mean reduction in GFR ranges from 0.4 to 2.6 mL/min /year (Bolignano et 

al., 2014). After 35 years of age, the GFR falls by about 5–10 % per decade, as reported by 
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Glassock and Rule (Glassock and Rule, 2012, 2016). Approximately half of the people aged 

70 and above had an estimated GFR (eGFR) <60 mL/min/1.73 m2, as shown by a study 

involving 610 older community residents (Schaeffner et al., 2012). Theoretically, age-related 

decline of GFR is attributable to nephron loss, which mimics the pathobiology of a remnant 

kidney and increases the risk for kidney diseases (Denic et al., 2017). However, the decline 

in GFR is disproportionate to and much less than the loss of nephrons. This may plausibly 

be explained by hypertrophy and functional compensation of remnant nephrons (Schmitt and 

Melk, 2017), but is also likely due to sampling bias/error of kidney biopsies. As a matter of 

fact, it has been highly controversial whether age-related decline of kidney function is 

actually associated with nephron loss (Glassock et al., 2015). Hayman et al. suggested that it 

is hard to measure the loss of nephrons merely from biopsy sections because obsolete 

glomeruli could disappear without leaving negligible traces (Hayman et al., 1939). In 

agreement, Denic A et al. found that glomeruli may undergo sclerosis and atrophy in the 

process of kidney ageing and disappear most likely via tissue resorption (Denic et al., 2017). 

Aside from glomerular filtration function, another critical function of the kidney is exerted 

by renal tubules and includes urine concentrating capacity, sodium reabsorption, and 

potassium excretion (Michelis, 1990; Mimran et al., 1992; Sands, 2012). Though it has been 

less studied, there is evidence suggesting that renal tubular function also progressively 

declines with ageing.

Age-related decline of renal function has many implications. Due to a gradually impaired 

renal functional reserve, kidney ageing undoubtedly leads to increased susceptibility to acute 

kidney injury (AKI) (James et al., 2010) and chronic kidney disease (CKD) (Nitta et al., 

2013). Indeed, Americans aged 65 and above are at a heightened risk of end-stage renal 

disease, and drug-related nephrotoxicity (Nitta et al., 2013). This may affects the healthcare 

providers’ choice of medications when treating diseases, and is a major determinant of the 

outcome of both recipients and donors in kidney transplantation (Denic et al., 2016).

3. Cell senescence in renal ageing

Despite the progress made to increase our understanding of the pathophysiology of kidney 

ageing, the cellular and molecular mechanisms responsible for age-related processes in the 

kidney, such as nephron loss and extracellular matrix accumulation, remain largely elusive. 

A growing body of evidence suggests that renal cellular senescence may play a critical role 

in mediating kidney ageing and age-related diseases (Yang and Fogo, 2010). In addition, 

since human lifespan is a complex trait, the ageing processes of diverse organ systems 

including the kidney are also likely multifactorial and involve the intricate orchestration of 

genetic, environmental, and socioeconomic effects that regulate cellular senescence (Zhou et 

al., 2008).

3.1. Features of cell senescence

Cellular senescence is defined as irreversible cell cycle arrest in response to different types 

of cellular stresses, resulting in phenotypic changes of the cells featured by the inter-

dependent triad characteristics of senescence, including arrested cell growth, resistance to 

apoptosis, and senescence-associated secretory phenotype (SASP), in addition to 
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macromolecular damage and altered metabolism (Campisi and d’Adda di Fagagna, 2007; 

Gorgoulis et al., 2019). Cellular senescence is a central causative process of ageing and may 

lead to exhaustion of reparative potentials in the cell (O’Sullivan et al., 2017). Some 

unifying hallmarks have been commonly employed and allow the evaluation of cell 

senescence and age-related changes in diverse organ systems, including the kidney (Lopez-

Otin et al., 2013; Sturmlechner et al., 2017). Among these, the acidic senescence-associated 

β-galactosidase (SA‑β‑gal) activity detectable at pH 6.0 reflects an increase in lysosomal 

mass and is the most reliable and commonly used biomarker of senescent cells (Dimri et al., 

1995; Kurz et al., 2000). In addition, the expression levels of cyclin-dependent kinase 

(CDK) inhibitors, including p16INK4a, p21CIP1, p19ARF (in mouse), p14ARF (in human), 

p27KIP1 and p15INK4b, significantly increase, while proliferation markers like Ki67 is absent 

in senescent cells, which may be harnessed as parameters that reflect the magnitude of 

senescence (Krishnamurthy et al., 2004; Sharpless and Sherr, 2015; Wiley et al., 2017). In 

addition, senescent cells seem to be more resistant to apoptosis and have the potential to 

influence neighboring cells through secreted soluble factors, which are collectively known as 

the SASP (Hernandez-Segura et al., 2017). However, all these indicators are nonspecific and 

not unique for senescence. Hence, combined biomarkers are recommended to validate the 

presence of senescence (Matjusaitis et al., 2016). In various kidney diseases, SA-β-gal and 

p16INK4a appear to be detectable prior to the development of morphologic lesions, entailing 

that cell senescence is involved in the pathogenesis of renal diseases (Li and Wang, 2018).

3.2. Signaling pathways of cell senescence in renal ageing

A number of cellular signaling pathways have been implicated in cell senescence and renal 

ageing (Sturmlechner et al., 2017), mainly including the p53/p21 and p16/Rb pathways (Fig. 

2). In the initial response to DNA damages triggered by various stresses, DNA damage 

response signaling cascades, such as ATM, ARF, or the p53 network, are activated and 

increase p21CIP1 expression and/or induce the expression of p16INK4a (el-Deiry et al., 1993; 

Harper et al., 1993; Rayess et al., 2012). In turn, activated p21CIP1 and p16INK4a suppress 

the phosphorylation of CDK complexes and retinoblastoma protein (Rb) (Serrano et al., 

1993). Ultimately, cell proliferation is halted by Rb via inhibiting the activity of E2F, 

resulting in renal cell senescence and kidney ageing, which predispose the kidney to diverse 

injuries and impair the reparative capacity (Fig. 2) (Yang and Fogo, 2010). Klotho is an anti-

ageing single-pass transmembrane protein related to longevity and expressed mainly in the 

kidney (Lee et al., 2007). Klotho regulates the p53/p21 signaling pathway and is a major 

modulator of cellular senescence (Sopjani et al., 2015). Additionally, Klotho provides 

control over the sensitivity of many other signaling pathways, such as FGF23, trans-forming 

growth factor-β (TGF-β), cAMP, PKC, Wnt, and insulin/IGF-1 signaling (Kurosu et al., 

2005; Sopjani et al., 2015). Another important regulator of cellular senescence is SIRT1. 

Podocyte-specific knockdown of SIRT1 accelerated age-related glomerulosclerosis and 

podocyte loss in mice kidneys (Chuang et al., 2017). In contrast, a number of signaling 

molecules have been identified to exacerbate renal cell senescence and renal ageing. For 

instance, Wnt9a/β-catenin signaling seems to promote renal tubular senescence and renal 

fibrosis in diseased kidneys as evidenced by the upregulated expression of p16INK4a, p53, 

and p21, and increased SA‑β‑gal activity in renal tubules (Luo et al., 2018). More recently, 

converging evidence suggests that glycogen synthase kinase 3 (GSK3) plays a key role in 
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cell senescence and ageing. GSK3 is a highly conserved, ubiquitously expressed serine/

threonine protein kinase that was originally characterized to be a key transducer of the 

insulin signaling cascade and governs glycogenesis. Interest in GSK3 increased greatly with 

the realization that it also acts as a convergence point for multiple cell signaling pathways 

involved in inflammation, immunomodulation, embryogenesis, tissue injury, repair, and 

regeneration (Jope and Johnson, 2004). In C. elegans (McColl et al., 2008; Zarse et al., 

2011) and drosophila (Castillo-Quan et al., 2016), inhibition of GSK3 by lithium has been 

demonstrated to drastically increase lifespan. In addition, large-scale population-based 

epidemiological studies revealed that lithium levels in drinking water significantly correlate 

with longevity (Zarse et al., 2011), suggesting that GSK3 is likely a pro-ageing factor. In the 

kidney, particularly in glomeruli, the β isoform of GSK3 seems to be predominantly 

expressed (Zhou et al., 2016). The role of GSK3β in renal cell senescence and kidney ageing 

has been barely studied and warrants further research in future studies.

3.3. Different types of cell senescence

Cell senescence was first observed by Hayflick and Moorhead in human diploid cells 

(Hayflick and Moorhead, 1961), and later termed replicative senescence, characterized by 

low response in proliferation and ultimately cell-cycle arrest due to telomere attrition 

(Bodnar et al., 1998) (Fig. 3). In addition, cell senescence could also be triggered by stress 

scenarios such as oxidative stress (von Zglinicki, 2002), DNA damage (Sedelnikova et al., 

2004), mitochondrial dysfunction (Wiley et al., 2016), epigenetic stress (Petrova et al., 

2016), SASP elicited by primary senescent cells (Acosta et al., 2013), or diseases such as 

hypertension and diabetes (Westhoff et al., 2008), resulting in the activation of the p16/Rb 

pathway or ARF/p53 pathway and leading to stress-induced premature senescence (Fig. 3) 

(van Deursen, 2014). As a part of the homeostatic biological processes, acute senescence 

(Fig. 3) is a programmed event transiently activated in response to discrete stressors, and 

exerts beneficial effects on renal regenerative capacity after injury (Wen et al., 2015), 

limiting renal fibrosis (Wolstein et al., 2010), improving immune surveillance (Sturmlechner 

et al., 2017), and wound healing (Jun and Lau, 2010). In contrast, chronic senescence (Fig. 

3) is induced through a prolonged period of cellular stress or slow macromolecular damage, 

and sustained accumulation of senescent cells during chronic senescence is detrimental to 

natural renal ageing and may cause age-related kidney diseases (Baker et al., 2016). 

Moreover, evidence suggests that chronic cellular senescence contributes to reduce renal 

function, drive age-associated glomerulosclerosis (Baker et al., 2016), impair regenerative 

capacity of kidneys (Sturmlechner et al., 2017), and promote renal allograft rejection 

(Schmitt et al., 2015). Collectively, cell senescent may play a role not only in renal ageing 

but also in the pathogenesis of kidney diseases.

3.4. Senescence in renal parenchymal cells

As alluded to above, the kidney is constantly processing circulating blood and thereby is 

subjected to immense physiologic, metabolic, and hemodynamic stress. Renal parenchymal 

cells are challenged by both replicative senescence and stress-induced senescence 

(Sturmlechner et al., 2017).
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3.4.1. Glomerular cell senescence—Glomerular podocytes are a critical structural 

constituent of the glomerular filtration barrier (GFB) and determine the glomerular 

permselectivity. They are terminally differentiated neuron-like cells with limited potential 

for cell division and regeneration (Asanuma and Mundel, 2003; Pabst and Sterzel, 1983). 

Injury and loss of podocytes directly cause damage of the GFB and result in proteinuria and 

kidney diseases (Hara et al., 2001; Vogelmann et al., 2003; Ziyadeh and Wolf, 2008) 

featured by progressive glomerulosclerosis (Kim et al., 2001; Wharram et al., 2005). 

Podocytes also play a crucial role in age-related glomerular changes such as global 

glomerulosclerosis during renal ageing (Floege et al., 1997). In support of this notion, an 

analysis of normal human kidney specimens demonstrated that the podocyte nuclear density 

was more than 300 per 106 μm3 at less than 20 years of age compared with less than 100 per 

106 μm3 at 70~80 years of age, corresponding to a rate of decline in podocyte density to be 

approximately 0.9 % per year (Hodgin et al., 2015) possibly due to either reduced podocyte 

number per glomerulus or enlarged glomerular volume (Wiggins et al., 2005). As the major 

cause of age-related podocyte loss, podocyte senescence (Fig. 4) may manifest in the ageing 

kidney as hypertrophy, binucleate, detachment, cytoplasmic resorption droplets, and foot 

processes effacement, in parallel with increased expression of SASP (Ortmann et al., 2004; 

Verzola et al., 2008), ultimately leading to podocytes depletion and age-related global 

glomerulosclerosis (Wiggins, 2012). Recent evidence indicates that podocytes may be 

regenerated from other sources, such as parietal epithelial cells and bone marrow cells 

(Ronconi et al., 2009). Nevertheless, during renal ageing under normal conditions, podocyte 

proliferation and regeneration are likely negligible (Wanner et al., 2014). Aside from 

podocytes, glomeruli are composed of glomerular capillary endothelial cells and mesangial 

cells. With ageing, endothelial and mesangial cell numbers proportionally increases leading 

to mesangial matrix expansion along with the enlargement of glomeruli (Wiggins, 2012). 

However, the role of endothelial or mesangial cell senescence in kidney ageing has not been 

fully investigated.

3.4.2. Tubular cell senescence—Renal tubules account for over 90 % of renal mass 

and are mostly affected by kidney ageing. Indeed, hallmarks of cellular senescence, such as 

nuclear expression of p16INK4a, were found to be more pronounced in renal tubular cells 

than in other renal cell types during ageing (Melk et al., 2004). Experimental models 

demonstrated that a variety of injuries could induce cellular senescence and subsequent 

fibrosis in renal tubular epithelial cells (Jin et al., 2019). In the ageing kidney, the 

regenerative capability of renal tubular cells after acute insults significantly declines, 

concomitant with increased cell senescence and augmented SASP, which may impair renal 

tubular cell repopulation and promote fibrotic maladaptive renal repair, ultimately leading to 

an exacerbated AKI to CKD transition and accelerated kidney ageing (Li and Wang, 2018; 

Luo et al., 2018).

4. Renal ageing and kidney diseases

Although ageing per se does not cause kidney disease, ageing-related structural and 

functional changes in the kidney may predispose people to kidney diseases (Schmitt and 
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Melk, 2017). As a matter of fact, renal ageing is an independent risk factor for various 

diseases of the kidney and other organ systems (Sturmlechner et al., 2017).

4.1. Acute kidney injury

Advanced age is a primary risk factor for AKI. Increased susceptibility to AKI, especially 

nephrotoxic AKI or ischemia reperfusion injury, as well as diminished potential of recovery 

after AKI in older people are related to the decline of nephron numbers and GFR in aged 

kidneys (O’Sullivan et al., 2017; Sturmlechner et al., 2017). A study of Medicare patients in 

the United States showed that the prevalence of AKI for different age groups increased 

progressively from 26.8 (66–69 years of age) to 37.4 (70–74 years of age), 55.4 (75–79 

years of age), 77.1 (80–84 years of age), and 110.5 (≥85 years of age) per 1000 patient-years 

(Saran et al., 2018). Another study showed that dialysis-requiring AKI was more common in 

the elderly patients, indicating that AKI in the ageing population is likely more severe (Hsu 

et al., 2013).

4.2. Chronic kidney disease

CKD is diagnosed and staged according to levels of GFR and albuminuria based on the 

Kidney Disease Improving Global Outcomes (KDIGO) 2012 clinical practice guidelines. 

About half of people older than 70 years of age have an eGFR less than 60 mL/min/1.73 m2 

and thus meet the diagnostic criteria of CKD (Rule, 2018). Moreover, the incidence of CKD 

in the elderly is 3–13 times higher than that in younger individuals (Minutolo et al., 2015). A 

large study involving 47,204 Chinese adults showed that the rate of CKD for 18–39 year-old 

females was 7.4 %, increasing to 18.0 % and 24.2 % for 60–69 and >70 year-old females, 

respectively (Zhang et al., 2012). However, because the changes of the ageing kidney are 

similar to CKD pathology, the high incidence of CKD in the elderly population has been a 

topic of debate. Also, there is controversy over whether age-related decline in GFR 

represents kidney disease or merely functional decline of an older kidney (Minutolo et al., 

2015). Regardless, the amount of elderly people with CKD will continuously increase along 

with the progressively ageing population (Tonelli and Riella, 2014).

4.3. Diabetic nephropathy

The major changes in the kidney caused by diabetes or hypertension, such as 

glomerulosclerosis and arteriolosclerosis, are likely to be promoted by renal ageing (Martin 

and Sheaff, 2007). Renal tubular cells and glomerular cells positive for p16INK4a and SA‑β-

gal have been found in patients with type 2 diabetic nephropathy (DN) (Verzola et al., 2008) 

and in a mouse model of streptozotocin-induced diabetes (Kitada et al., 2014). Furthermore, 

in mice with streptozotocin-elicited diabetes, genetic knockout (KO) of p21 prevented the 

development of proteinuria and glomerular hypertrophy, despite the increase in TGF-β1 

expression levels, providing evidence that the cyclin kinase inhibitor p21 may be required 

for diabetic glomerular hypertrophy induced by TGF-β1 (Al-Douahji et al., 1999). These 

findings suggest that cell senescence is involved in the pathogenesis of DN and 

hyperglycemia accelerates senescence in DN.
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4.4. Polycystic kidney disease

Renal cell senescence is a fundamental cause of age- or disease-related parenchymal 

glomerular or renal tubular cell dropout or loss, ensued by fibrotic maladaptive repair and 

decline in kidney function. However, cell senescence does not always play a bad role in all 

kidney diseases. For instance, the homeostatic cell senescence is repressed in autosomal 

dominant polycystic kidney disease (ADPKD), which is characterized by an uncontrolled 

renal tubular epithelial cell proliferation with fluid secretion. Indeed, in kidneys from 

ADPKD patients and in animal models of PKD, p21 expression levels were significantly 

reduced (Park et al., 2007). In contrast, in a murine model of PKD, the CDK inhibitor 

roscovitine was able to promote cell senescence, marked by increased p21 expression and 

enhanced SA-β-gal staining, resulting in a mitigated progression of PKD (Park et al., 2009).

4.5. Other glomerular disease

It is well known that the ageing kidney is susceptible for certain types of kidney diseases but 

protected against others. For instance, older people have significantly higher incidence rates 

of membranous nephropathy and crescentic glomerulonephritis (Silva, 2005a). The 

underlying mechanism is largely unknown, but there is evidence demonstrating the 

amplified expression of p16INK4a in kidney specimens procured from patients with 

glomerular diseases suggesting that cell senescence contributes to glomerular injury (Sis et 

al., 2007). In contrast, the prevalence rates decease sharply with age in minimal change 

disease and lupus nephritis (Silva, 2005a), which involve systemic immune dysregulation, 

implying that immunosenescence might protect against these disease. In addition, although 

the incidence of IgA nephropathy is independent of age (Tumlin et al., 2007), cell 

senescence in renal tubular cells in kidney biopsy specimens, marked by the expression of 

p21 and p16INK4a, increased significantly in older patients with IgA nephropathy, suggesting 

that cell senescence is associated with IgA nephropathy progression (Liu et al., 2012).

5. Ageing and kidney transplantation

Kidney transplant has been the standard choice for renal replacement therapy for patients 

with end-stage renal disease (ESRD). Age has become a subject of heated debate for 

recipient and donor selection in kidney transplantation, as well as for the choice of 

immunosuppressive regimens (Martin and Sheaff, 2007). A number of studies have revealed 

that the rate of survival decreased while the risk of infection and adverse drug reactions 

increased substantially in older kidney transplant recipients (Silva, 2005a). However, despite 

the lower survival rate, older ESRD patients do benefit from kidney transplant and 

demonstrate an extended lifespan and an improved quality of life as compared with their 

peers treated by hemodialysis (Macrae et al., 2005; Silva, 2005a; Wolfe et al., 1999). On the 

contrary, the risk of acute renal allograft rejection is likely lower, most likely associated with 

immunosenescence. In support of this, a study of 145,470 renal transplant recipients showed 

that patients aged 55–75 had the lowest risk of death-censored allograft failure (Molnar et 

al., 2012). In agreement with this, another study involving 108,188 recipients also 

demonstrated better graft survival in older recipients (Tullius et al., 2010). In contrast, the 

most common cause of allograft kidney failure in older recipients is comorbidity-related 

death of the patient (Zhou et al., 2008). To this end, a recent study of 3,597 adult kidney 
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transplant recipients showed that older recipients (≥65 years) of older allograft kidneys 

experienced a higher risk of five-year mortality and were more likely to have acute rejection, 

delayed graft function, and lower kidney function, as compared with older recipients of 

young kidneys (Peters-Sengers et al., 2017). This is concerning because older ESRD patients 

are more likely to receive transplantation of older kidneys due to the increase in use of 

expanded criteria donor kidneys, including kidneys from older donors. As such, with the 

increasingly improved survival rate for aged ESRD patients on hemodialysis, the survival 

benefit of kidney transplant becomes less significant (Peters-Sengers et al., 2017). In order 

to improve the survival rate and minimize post-transplant mortality for older kidney 

transplant recipients, it is essential to carefully screen comorbidities and optimize the quality 

of donors.

In order to determine the mechanism underlying the poor performance of older allograft 

kidneys, Halloran and his colleagues examined the role of renal ageing (Silva, 2005a). It 

seems that kidneys from older donors have declined function, higher risk of graft failure and 

functional loss, reduced repair capacity after acute rejection, greater susceptibility to 

ischemia and drug toxicity, and higher incidence of immunogenicity (Li and Wang, 2018; 

Schmitt and Melk, 2017). A recent study of 133,824 living kidney donors showed that older 

age groups had higher risk of ESRD among nonblack donors (Massie et al., 2017). Another 

study including 889 living kidney donors showed that older age was associated with a lesser 

recovery of eGFR (Bellini et al., 2019). However, as compared with age-matched common 

people, older living donors did not demonstrate higher risk for renal failure or long-term 

mortality (Berger et al., 2011; Ibrahim et al., 2009). The controversies over the long-term 

consequences of kidney donation in older living donors warrants more large-scale studies. 

On the other hand, ageing allograft kidneys may have a better performance in young 

recipients. At least in experimental models, bone marrow-derived cells from young mice 

could alleviate renal ageing in aged mice (Yang et al., 2011). Consistent with this, in murine 

models of heterochronic parabiosis, youthful systemic milieu successfully alleviated renal 

injury in elderly mice after ischemia-reperfusion injury (Liu et al., 2018). These studies may 

provide a new avenue for making the best use of allograft kidneys from older donors and 

advancing our understanding of renal ageing.

Recently, some seminal findings suggest that cell senescence may explain some of the 

effects of ageing on graft outcome. In humans, increased cell senescence in kidneys from 

older donors was associated with impaired regenerative capacity of the allograft kidney in 

response to injury (Melk and Halloran, 2001) and thus increased the risk to ischemic injury 

and to develop post-transplant delayed graft function (Lim et al., 2013; Oberhuber et al., 

2012). In consistency, in experimental animal models, inhibition of kidney cell senescence 

may improve the outcome of kidney transplantation. Indeed, p16INK4a KO mice developed 

less fibrosis, attenuated tubulointerstitial damage, more renal tubular epithelial cell 

proliferation, and improved graft survival when receiving kidneys transplant from p16INK4a 

KO mice (Braun et al., 2012).
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6. Therapeutic strategies for renal ageing

Kidney function is a crucial predictor of longevity (Hediger, 2002). Hence, maintaining 

long-term homeostatic renal function is the primary goal of any interventions aimed at 

retarding or even reversing renal ageing (Schmitt and Melk, 2017). In recent years, great 

advances have been made to achieve this goal.

6.1. Calorie restriction

Almost 80 years ago, the beneficial effect of calorie restriction was first described. In rats 

subjected to life-long calorie restriction without malnutrition, median and maximal lifespan 

were considerably prolonged (McCay et al., 1989). Later, this finding was reproducibly 

corroborated by many other studies in a wide variety of species including nonhuman 

primates (Colman et al., 2009). The beneficial effect was extended from ageing to age-

related diseases and tumorigenesis (Weindruch and Sohal, 1997). The age-related changes in 

the kidney can also be modulated by caloric restriction. In calorie-restricted animals, age-

associated structural and functional changes in the kidney were mitigated and animals were 

resistant to diverse experimental kidney injuries (Calvo-Rubio et al., 2016). In humans, life-

long caloric restriction is not feasible, but the beneficial effects of even short-term calorie 

restriction have been unequivocally demonstrated, including reduced blood pressure, body 

weight, blood cholesterol, blood glucose, and attenuated atherosclerosis, as well as a 

decrease in blood urea nitrogen, creatinine, and uric acid (Walford et al., 2002). 

Mechanistically, calorie restriction lessens cell senescence via suppressing the activation of 

the mTOR signaling pathway, a nutrient-sensing signaling network that controls cellular 

metabolism (Inoki et al., 2012). Other underlying mechanisms include the inhibition of 

insulin and IGF-1 signaling, suppression of oxidative stress, induction of antioxidants (De 

Cabo et al., 2004), and improved mitochondrial function and autophagy (Ning et al., 2013; 

Nisoli et al., 2005).

6.2. Pharmacologic therapy

Though calorie restriction seems beneficial, long-term chronic calorie restriction makes it 

impossible to implement and reap the health benefits of an active lifestyle with regular 

exercise, and causes severe health consequences for humans (Schmitt and Melk, 2017). As 

such, it is appealing to explore pharmacological interventions for ageing. Some studies have 

shown that blockade of the renin-angiotensin-aldosterone system (RAAS) could alleviate 

cardiovascular ageing, reduce renal senescence in hypertensive rats, and improve 

mitochondrial number and function (Benigni et al., 2009; de Cavanagh et al., 2003; Westhoff 

et al., 2008). Although angiotensin-converting-enzyme inhibitors (ACEIs) and angiotensin II 

receptor blockers (ARBs) have been used for hypertension or other indications widely, 

evidence of their effects on natural renal ageing in men is lacking at present. Nevertheless, 

there is ample data in support of the beneficial effect of ACEIs/ARBs on general ageing. For 

instance, ARBs have been shown to extend lifespan in both mice and hypertensive rats 

(Benigni et al., 2009; Linz et al., 2000). Likewise, in normotensive adult Wistar rats fed with 

standard or palatable hyper-lipidic diets, long term treatment with the ACEI enalapril 

prolonged lifespan (Santos et al., 2009). Therefore, it is tempting to speculate that ACEIs/

ARBs may possess an anti-ageing effect on the kidney in men, though further studies are 
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warranted. Pioglitazone, a proliferator-activated receptor-γ (PPARγ) agonist, has been 

shown to alleviate age-related renal changes, including proteinuria, sclerosis, cell 

senescence, and the decline of GFR in naturally aged rats (Yang et al., 2009). The 

underlying mechanisms involve mitochondrial protection by activation of PPARγ with 

associated increased klotho and reduced protein kinase C-β and p66Shc phosphorylation in 

the kidney. Sodium-glucose cotransporter-2 (SGLT2) inhibitors, a new category of 

antidiabetic drugs, have been demonstrated to slow progression of kidney disease in type 2 

diabetic patients significantly (Wanner et al., 2016) and alleviate cell senescence of renal 

tubular epithelial cells in animals with type 1 diabetes (Kitada et al., 2014). This class of 

drugs may be a possible therapeutic strategy for renal ageing, though no direct evidence in 

natural kidney ageing has been obtained.

Rapamycin, an inhibitor of the mammalian target of rapamycin (mTOR), prevents cell 

senescence following activation of the mTOR pathway and delays premature ageing caused 

by phosphate (Iglesias-Bartolome et al., 2012; Kawai et al., 2016). Genetic or 

pharmacological inhibition of mTOR signaling has been reported to prolong lifespan of 

invertebrates (Lamming et al., 2013) and genetically heterogeneous mice (Harrison et al., 

2009), and delay ageing and age-related pathologies in model organisms (Bjedov et al., 

2010). Although the anti-ageing efficacy of rapamycin is conspicuous, it often has 

pleiotropic effects beyond ageing as an FDA-approved immunosuppressant. The side effects 

of long-term rapamycin treatment include viral or fungal infections due to its 

immunosuppressive activities in renal transplant recipients (Mahé et al., 2005), 

dermatological adverse events (McCormack et al., 2011), and metabolic changes such as 

hyperlipidemia, decreased insulin sensitivity and increased incidence of new-onset diabetes 

(Gyurus et al., 2011; McCormack et al., 2011). Thus, rapamycin is unlikely an optimal 

choice for the prevention of renal ageing in healthy individuals. AMPK is a major inhibitory 

signaling transducer upstream of mTOR. The AMPK activator metformin has been shown to 

prevent the induction of p16INK4a and p21CIP1 in cellular models of senescence (Noren 

Hooten et al., 2016). In vivo, metformin was shown to protect the kidney from diabetes-

induced hypertrophy and also prevent cisplatin or gentamicin-induced renal injury in mice, 

suggesting a feasible beneficial effect in mitigating renal ageing (Li et al., 2016; Morales et 

al., 2010). Furthermore, metformin has minimal side effects that are likely reversible. Hence, 

it is promising that metformin may be used safely in healthy individuals to prevent ageing 

and possibly age-related renal changes (Barzilai et al., 2016). Recently, there is evidence 

suggesting that activation of the nuclear factor-erythroid 2-related factor 2 (Nrf2), the master 

regulator of anti-oxidative responses, is able to extend lifespan in mice (Strong et al., 2016) 

and reverse premature ageing in cells (Kubben et al., 2016). In this context, bardoxolone, a 

potent Nrf2 activator, has garnered much attention because of the exciting efficacy in 

patients with type 2 diabetes and CKD observed early in the Bardoxolone Methyl Evaluation 

in Patients with Chronic Kidney Disease and Type 2 Diabetes (BEACON) Trial (Pergola et 

al., 2011). Unfortunately, this trial was later discontinued due to an unexpected significantly 

higher rate of heart failure events in patients randomized to bardoxolone treatment (de 

Zeeuw et al., 2013). Thus, further investigations are required to examine the efficacy and 

safety of bardoxolone or other Nrf2 activators in ageing and age-related renal changes due to 

their pleiotropic effects beyond ageing. In addition, lithium, an inhibitor of GSK3, has been 
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revealed to drastically increase lifespan in C. elegans and drosophila (Castillo-Quan et al., 

2016), and its levels in drinking water were associated with longevity in humans (McColl et 

al., 2008; Zarse et al., 2011). Despite the concern about nephrotoxicity of lithium at 

psychiatric doses, microdose lithium has been found to attenuate proteinuria, podocyte 

injury, and glomerulosclerosis in diverse experimental glomerular diseases (Xu et al., 2014; 

Zhou et al., 2016). However, the effect of microdose lithium on kidney ageing is unknown 

and merits further studies. Furthermore, therapeutic targeting of the anti-ageing gene klotho 

is under investigation via repurposing some existing approved drugs with klotho agonizing 

activities, including PPARγ agonists like thiazolidinediones (Youm et al., 2010).

Apart from the above, a seminal study by Baker et al. recently demonstrated that ablation of 

naturally occurring p16INK4a-positive cells in INK-ATTAC transgenic mice could attenuate 

age-related pathological changes in the kidney (Baker et al., 2016), suggesting that clearance 

of senescent cells is possibly a new therapeutic strategy for ageing and age-related diseases 

as mechanism-based targeted therapy (Childs et al., 2015). Senolytic drugs specifically 

targeting senescent cell apoptosis but not non-senescent cells have been invented, including 

navitoclax, dasatinib, and quercetin. A recent open label Phase 1 pilot clinical trial of 

dasatinib in combination with quercetin in patients with diabetic kidney disease 

demonstrated a considerable reduction in senescent cell burden in adipose tissue and skin 

biopsy specimens as quick as 11 days after completing 3 days’ treatment (Hickson et al., 

2019). However, so far little is known about the effect of those drugs on actual renal ageing. 

Nevertheless, these findings suggest that senolytic drugs will likely be a promising 

therapeutic strategy for renal ageing (Zhu et al., 2015). Considering the essential role of 

cellular senescence in physiological homeostasis, senescent cell-targeted therapy may have 

side effect concerns. Indeed, there is evidence suggesting that ablation of senescent cells 

could delay the cutaneous wound healing process (Demaria et al., 2014). Collectively, 

although a number of anti-ageing strategies seem inspiring for the prevention of renal ageing 

and age-related kidney diseases in experimental models, more clinical research is required to 

verify their efficacy and safety in men.

7. Conclusion

Renal ageing is a complex process, and has attracted much attention as the global population 

increasingly ages. Although the characteristic alterations of ageing kidneys have been well 

known, the distinction between natural ageing and age-related kidney diseases merits further 

elucidation. The exact cellular and molecular signaling mechanisms of renal ageing are still 

uncertain. Cell senescence plays a key role in renal ageing and serves as a hallmark of renal 

ageing. A number of therapeutic interventions have been tested in the hope of slowing 

kidney ageing and some have shown promising results. Novel senolytic therapy may open a 

new door to maintain human kidney health during the ageing process.
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Fig. 1. 
Histological characteristics of the ageing kidney. (a) Representative light micrographs 

showing normal histological characteristics in the healthy young kidney (periodic acid-

Schiff staining, ×100). (a1) The enlarged view showing a normal glomerulus. Scale bar, 100 

μm. (b) Representative light micrographs showing histological characteristics in the ageing 

kidney, including ischemic global glomerulosclerosis, focal tubular atrophy and interstitial 

fibrosis, and arteriolar hyalinosis (periodic acid-Schiff staining, ×100). (b1) Representative 

light micrograph highlighting nephrosclerosis in the ageing kidney. The arrow indicates 

global glomerulosclerosis, black arrowheads indicate focal tubular atrophy and interstitial 

fibrosis, and green arrowheads indicate arteriolar hyalinosis. (b2) The enlarged view 

showing a moderately hypertrophic glomerulus. Scale bar, 100 μm.
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Fig. 2. 
Cellular signaling pathways involved in cell senescence in renal ageing. In renal ageing, cell 

senescence signaling pathways are activated not only by stress factors or diseases, such as 

AKI, hypertension, diabetes, and cytotoxic drugs, etc, but also by ageing per se. The key 

signaling cascades implicated in renal cell senescence are p53/p21CIP1 and p16INK4a/Rb 

pathways, which in turn inhibit CDK complexes and Rb phosphorylation. Ultimately, these 

signals execute cell senescence via Rb suppression of the activity of E2F, characterized by 

cell proliferation arrest, apoptosis/proliferation imbalance and secretion of SASP factors. 

Hence, the repair capacity declines and the ageing kidney becomes more susceptible to 

injury. Klotho and SIRT1 have been shown as main modulators of cell senescence and 

inhibit cell senescence through regulating p53/p21CIP1 pathway. Whereas, Wnt9a accelerates 

renal fibrosis via promoting cell senescence signaling pathways, so does GSK3β. 

Abbreviations: AKI, acute kidney disease; CDK, cyclin-dependent kinase; GSK3β, 
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glycogen synthase kinase 3β; Rb, retinoblastoma protein; SASP, senescence-associated 

secretory phenotype.
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Fig. 3. 
Categorization of cell senescence. Two main types of cell senescence have been identified 

according to the different causes, i.e. replicative senescence, and stress-induced premature 

senescence (SIPS). Replicative senescence is caused by telomere attrition and characterized 

by low response in proliferation and ultimately cell-cycle arrest. SIPS is induced by various 

stressors, such as oxidative stress, DNA damage, mitochondrial dysfunction, epigenetic 

stress, and senescence-associated secretory phenotype (SASP) generated by primary 

senescent cells. There are also two classes of senescent cells in the process of senescence, 

i.e. acute and chronic senescent cells, which play different roles in kidney ageing. Acute 

senescence acts a beneficial role in renal regeneration after injury, renal fibrosis, immune 

surveillance, and wound healing, where the senescent cells transiently present and eventual 

eliminated by immune cells through immune surveillance process. In contrast, chronic 

senescence is elicited due to abnormal accumulation of senescent cells, inefficient clearance, 

or prolonged senescent signaling. It exerts deleterious effects in natural kidney ageing and 

age-related kidney diseases.
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Fig. 4. 
Changes of glomerular podocytes in kidney ageing. Transmission electron micrographs 

show (a) the typical morphology of normal glomerular podocytes in the healthy young 

kidney. Scale bar, 2 μm. (b) ultrastructural changes of glomerular podocytes in the ageing 

kidney, characterized by variable foot processes effacement (green arrowhead), podocyte 

detachment, cytoplasmatic absorption droplets (blue arrowhead), concomitant with 

thickening of glomerular basement membrane (red arrowhead). Scale bar, 2 μm.
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